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PREFACE

Leonid KRAVCHUK

First President of Ukraine and Head, Ukrainian Peace Council

he book, which you are read-
I ing, is the collection of sci-
entific articles written by
colleagues, friends and/or pupils of
academician of the National Acade-
my of Sciences of Ukraine Serhiy
Komisarenko and dedicated to his
70th Anniversary.

In my turn I wish also to con-
gratulate him with such a glorious
date and add several words, which
are not linked directly to science, but
to his state, diplomatic and social so-
ciety activities.

1990 and 1991 were, per-
haps, the most important years in
the modern history of Ukraine. In
March 1990 poky Verhovna Rada
(our Parliament) of Ukraine was
elected for the first time in a demo-
cratic way, and on July 9 Verhovna Rada proclaimed the State Sovereignty
of Ukraine.

In July 1990 I was elected as Chairman of the Ukrainian Verhovna
Rada and Vitaliy Massol — as Chairman of the Ukrainian Council of
Ministers (our Government). V. Massol started immediately formation of
the Government by suggesting to Verhovna Rada candidates to become his
Deputies and Ministers. At that time members of the Government were
elected by Verhovna Rada, and there were cases when there was quite a
serious struggle what candidates to elect between the “communist major-
ity” and “democratic minority” as they were called those days. Serhiy
Komisarenko was elected Deputy Chairman of the Council of Ministers
responsible for humanitarian matters almost unanimously, and it was then
when we met for the first time.
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A real intellectual came to the Ukrainian Government — member of
the Academy, intelligent, a person who was deeply understanding humani-
tarian processes. His responsibilities were vast — education and science,
medicine and social matters, culture and religion, youth and sports, radio,
TV, press etc. That was ideology — one of the most complicated spheres
of human activity.

Years 1990—1992, when Serhiy Komisarenko was working as Deputy
Chairman of the Council of Ministers and later Deputy Prime Minister
in the Government chaired by Vitold Fokin were very complicated. It was
a historic period of Ukraine’s transition to become independent state and
shortly after the proclamation of Ukraine’s independence, when the new
state, just being born, had to establish all state institutions, make own
legislation, in humanitarian area in particular. And Serhiy Komisarenko
was taking active part in drafting laws, concerning freedom of worship
and media, on social security and education, on science and healthcare,
on AIDS in particular. Special attention he paid to the development of
science, education and medicine, which were close to his profession and
interests.

For me, being the first person in the state, the most important was
that he initiated and was dealing not only with ordinary and every day
matters but with strategic ones, which were advancing country’s image.
As, for example, commemorating 50 anniversary of the tragedy in Babiy
Yar or conducting the World Congress of Ukrainians. He has analytical
and large-scale vision. This is a personality, which has made so much for
Ukraine and definitely will do more.

When Ukraine started its real diplomatic service I offered to Serhiy
Vasiliovych to become the first Ambassador of Ukraine in the United
Kingdom, and almost six years he was representing Ukraine with dignity
and honour in one of the most important for us countries. I remember with
pleasure one of the first visits abroad of the President of Ukraine. It was
February 1993. Reception by the Queen in the Buckingham Palace, nego-
tiations with British Prime Minister, ceremonial dinner hosted by the Lord
Mayor of London in the Guildhall, meeting with “British Ukrainians”,
visiting Edinburgh — everything was organized in the best way possible
with the participation of the Ukrainian Embassy under the leadership of
the Ambassador. We were meeting in Britain also later, when I was coming
there with lectures or seminars, dedicated to Ukraine. Ukrainian Ambas-
sador always assisted my visits and took active part in meetings, as, for
example, in Birmingham University.

In 1997 1 was elected Chairman of the Ukrainian Peace Council. I
consider my lasting peace activity, heading the Ukrainian Peace Council,
as an important and honorable public duty. My predecessors at this duty
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were prominent Ukrainian personalities as academician Mykola Seme-
nenko, academician Vassil Komisarenko (Serhiy’s father) and writer Oles
Honchar. 1 guess that it was quite natural that I have suggested to Serhiy
Komisarenko to be the first Deputy Chairman of the Ukrainian Peace
Council after his return from London having in mind his experience as a
statesman, diplomat and scientist. And it is already 15 years that he is my
trustworthy and dignified assistant in peace keeping activity in Ukraine.

70 years for scientist — member of the National Academy of Sciences,
for public figure — it is like reaching the top of the life’s mountain, when
the person becomes full of wisdom and experience and when he is capable
to make so much for his country and for his people. The main thing — is
to keep going. There is an oriental saying, that at the end of the road no-
body waits for a person who already left off the road. So, whatever are the
difficulties or obstacles, it is necessary to keep going the way, which one
has selected for his life.

I wish Serhiy Komisarenko many happy returns of the day and many
years of fruitful activity in his life.

ta yuHiB akageMika HAH VYkpainu C. B. Komicapenka, Ha-

NMUCAHMUX Ha Moro 4yectb Ta A0 Moro 70-piuyHoro oBijew. A, B
CBOIO Yepry, TeX X0o4y MPUBITaTU MOro 3 BaXKJIMBUM IOBiJICEM Ta A0Ja-
TU JAEKiJbKa CJIiB Ha MOro IIaHy, L0 MPSIMO HE CTOCYIOTbCSI HayKu, ajie
MOB’sI3aHi 3 JEPKAaBHOI, NUIJOMATUYHOIO Ta T'POMAJCHKOIO MisSIIbHICTIO
[OBLISIpA.

1990 i 1991 poku Oyau 4M He HAWBaXKJIMBIIIMMM B Cy4dacHiil icTopii
Ykpainu. Y 6epesni 1990 poky OyJio Brepiiie [eMOKpaTuuyHo obpaHo Bep-
xoBHY Pany YPCP, a 9 nunusa BepxoBHa Pana oronocuia npo JlepxkaBHuit
CYBEpeHiTeT YKpaiHu.

Y nunui 1990 poky meHe Oyio obpaHo l'osoBoo BepxoBHoi Pagu
YPCP, a B. A. Macona — TonoBoro Pamu MinictpiB YPCP. Birtaniii
AHpapifioBuu Bigpa3y nodyaB opMyBaTu CKjaa Ypsay — IPOINOHYBaTU
BepxoBHiii Pani cBoix 3acTynmHMKiB Ta MiHicTpiB. Tomi 4JjieHiB Ypsny
obupana BepxoBHa Paga, i HaBKOJIO JeIKMX KaHAMIATyp 4acTO TOYMU-
Jlacsl cepito3Ha GOpoThOa Mix, K TOAiI iX Ha3MBaaM, «KOMHOAPTiAHOIO
OiJIBIIIICTIO» Ta «IeMOKpaTMYHOIO MeHIicTio». Cepriit BacuiaboBuu OyB
o0paHuii Maiixe ogHOcTaliHO 3acTynmHUKOM losioBu Pagu MiHicTpiB
YPCP 3 rymaHiTapHUX NUTaHb i CTAaB, 3MAETHCS, EAUHOIO 3aMiHOIO Cepell
3acTynHuKiB B. A. Macona. Toai My i mo3HallOMUJIKCS.

Ho Ypsany YkpaiHu npuiILIOB CIpaBXHIN iHTEJIEKTyal — akKaleMik,
JIIOVHA, SIKa, MPUPOAHO, TIUOOKO PO3YMIETHCS Ha TYMaHITApHUX IMPO-

I : HUTa, 9Ky By ynTaere, € 30ipKol0 HAYyKOBUX CTATeil KOJIET, IPYy3iB
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Hecax. Jlo fioro moBHOBaXkKeHb MOTpANMJIM OCBiTa i Hayka, MeAULIMHA 1
colliaJibHi NMUTaHHS$, KYJIbTypa i peairis, MoJIoAb i CHOPT, padio, Teje-
OauyeHHS i mpeca TOLIO. A 1€ — iIeosorisi, onHa 3 HalCKJIaaHiluX cdep
JIIOICHKO1 JisI7IbHOCTI.

1990—1992 poku, konu Cepriii KomicapeHko mpallloBaB CIoyaTrKky
3actynHukoM lonoBu Pagu MinictpiB YPCP, a motiMm — 3acTynmHUKOM
[IpeMm’ep-minicTpa Ykpainu B Ypsnai nig kepiBHuuTBoM B. I1. ®DokiHa,
Oyau ayxe ckiaagHumu. lle OyB mepiod mepexony 0 He3aJIEKHOCTI
VYkpaiHu i Bigpasy Iricis i1 OrojolIeHHs, KOJU MOJIOAIM JepxkaBi, sgKa
10T HO Hapoaujacs, Tpeda Oyy1o po30yaoByBaTH BCi AepKaBHI iHCTUTYLII,
CTBOpPIOBATU CBOI BJIACHi 3aKOHM, 30KpeMa B rymaHitapHiii cdepi. 1 Cepriit
BacuaboBuY OpaB akKTMBHY y4acTh Y po3po0JIeHHI 3aKOHiB, 1110 CTOCYBa-
JIMCSI CBOOOAM COBiCTi, cCBOOOAM IIpecH i 3acobiB MacoBoOi iH¢opMaliii,
MNEHCiMHOro 3a0e3MeYeHHs i OCBITH, HAYKU i MEIUILIMHU, 30KpeMa IeplIo-
ro 3akoHy 1npo 6opots0y 3i CHIJdoM. OcobnuBy yBary BiH, 3pO3yMilJio,
OpuaiasaB mpobjeMaM HayKu, MEAULIMHU 1 OCBITH, 1110 OyJIu MOMy OJIM3bKIi
3a (haxoM i OCBiTOIO.

Hns meHe, sk nepuoi ocodbu B Jlepxkani, OyJ10 BaxXJIMBUM Te€, 110 BiH
OpaBcd He TLIbKU 3a S9KiCh IIPAKTUYHI CIIpaBM, ajie i BUPilllyBaB IMUTAH-
Ax, Hanpuknana, BigdHaueHHs1 50 pokiB Tparenii B babunomy fApy a6o
npoBeleHHsT BcecBiTHBOro KOHIpecy yKpaiHlliB. XapakKTep Y HbOIo —
aHaJiTUYHuUM, MaciTadbHuil. ToOGTO, 1Le JoAMHA, KA 3po0ujIa YMMaso
IJ1s1 YKpaiHu i 000B’SI3KOBO 11Ie 0araTo 3poOUTb.

Konu B YkpaiHi noyanu po30yaoByBaTU CIIPABXHIO AUIJIOMATUYHY
clyk0y, s1 3anpornoHyBaB CeprieBi BacunboBuuy cratu Ilociom Ykpainu
B bpuTtaHii, i BiH 3 4ecTi0 MaiiKe LIiCTh POKiB MPEACTaBAsSIB YKpaiHy B
ONHI} 3 HABaXXKJIMBILIKMX JJIsI HAC KpaiH. £l 3 BEJIMKOI0 IPUEMHICTIO 3ra-
IYI0 OOMH i3 nepiuux Bi3uTiB Ilpe3naeHTa Ykpainu 3a KopaoH. Lle 6yio B
motomy 1993 poky. Ilpuithsarta B Koponesu B bykiHremMcbkoMy masnatii,
neperoBopu 3 [Ipem’ep-minicTpom Benukoi bpuraHii, ypounCTOCTI y JI0p-
na-Mmepa JIoHgoHa, 3ycTpid 3 «OpUTAaHCHKUMMW» YKpaiHLSIMMU, BiJABigaHHS
EnunGypra — Bce Oysio opraHizoBaHo npodeciiiHo 3a yyacTio IToconbcTBa
Ykpainu mig kepiBauntBoM Ilocna C. B. Komicapenka. Mu 3ycTpivaaucs
B bpuTanii i mi3Hille, KOJX S MPUIXIXKAB TyAud 3 JeKLisIMU abo A
yyacTi B ceMiHapax, npucBsiueHux YkpaiHi. Cepriit BacuiboBuy 3aBxau
COpUSIB MOIM Bi3uTaM i OpaB aKTUBHY y4acTb Yy 3ycTpidyax, 30Kpema, y
bipMiHreMCbKOMY YHiBEpCUTETI.

VY 1997 poiti MmeHe 00paiu rosoBoro YKpaiHcbKoi Panu Mupy (YPM).
4 BBaxaio CBOIO MUPOTBOPYY [isIbHICTH Ha 4oOJi YKpaiHCbKoi Panu
Mupy BKpail BaXXJIMBUM i MTOYECHUM T'POMaJChKUM O0OB’sI3KOM. Moimu
nonepesHUKaMU Ha Lil mocanai (y paasgHcbKi yacu YPM mazna Ha3By
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VYKpaiHCbKUII KOMITeT 3aXUCTy MUPY) OyaM Taki 3HAKOBi A8 YKpaiHU
nocrari, gk akagemMik AH YPCP M. I1. Cemenenko, akanemik AH YPCP
ta HAMH VYkpainu B. I1. Komicapenko (6arbko Ceprist BacunboBuya) i
nucbMeHHUK-akageMik O. T. T'onuap. ymMato, LiJIKOM IIPUPOIHO, 110, Ma-
I04YY Ha yBa3i JAep>KaBHUI, IUIIJIOMAaTUYHUMI i HAYyKOBUI TOCBiJ akajeMika
i IMocna Ykpainu C. B. KomicapeHka, g 3amponoHyBaB MOMY ITiC/sl MO-
BepHEHHs 3 JIoHgoHa n0 YKpaiHU Iocany IeplIoro 3acTyIIHMKa T'OJIOBU
Ykpaincekoi Pagu Mupy. 3 Toro yacy, BxXe I’SITHaIlUSITh POKiB, BiH €
MOIM HAJiiHMM Ta JOCTOMHUM IIOMIYHMKOM Y MUPOTBOPYilA AisAbHOCTI.

CimaecsaT pokiB AJisl BUSHOTO — aKaJeMika, [IJisl TPOMaJChKOro Jistya,
11e, MOXHa CKa3aTu, CepeliMHa IIMPOKOI KUTTEBOI JOPOTrU, KOJU JIOAMHA
HabupaeTbCd MYIPOCTi, HOCBiAY i KOJM BOHA TaK Oarato MoOxe 3po0u-
TU OJIs1 CYyCHiJbCTBa, AJS1 CBOEi KpaiHMW. ['ojoBHe, He 3iiiTu 3 moporu!
OcCKiJIBKM € Taka CXigHa MYApPIiCTh, 10 Ha TOrO, XTO 3iMllIOB 3 JIOPOIH,
He Tpeba yekaTu B ii KiHLi. Chia, monpu Bce, HTU I0POrolo, siIKy oOpas.

Tox s 6axato CeprieBi BacuaboBuuy 1e 6araTbox i MmJIigHUX POKiB
Ha IIMPOKOMY XUTTEBOMY 1sixy! MHorii Bam ira!l

Iepwuii Ilpe3udenm Yxpainu, O Nl Besr 0
Tonrosa Yxpaiucokoi Paou Mupy < . JI. M. Kpasuyk




Boris PATON

President of the National Academy of Sciences of Ukraine,
Academician of NAS of Ukraine

T he book, which is proposed
to the readers, was writ-
ten by a big group of world
known foreign and Ukrainian scien-
tists — biologists and physicians,
representing science in 11 coun-
tries. The articles of the book are
dedicated to the urgent problems of
modern biochemistry and biotech-
nology, their indisputable influence
on medical sciences and on applied
medicine. The book is published on
the eve of the scientific conference
«Biochemistry and Biotechnology
for Modern Medicine» on the above
mentioned important biomedical
problems.

The initiator and active organi-
zer of this conference and of this
book is Professor Serhiy Vasiliovych Komisarenko — a prominent Ukrain-
ian scientist — biochemist and immunologist, Member of the National
Academy of Sciences and of the National Academy of Medical Sciences of
Ukraine, Academician-Secretary of the Division of Biochemistry, Physiol-
ogy and Molecular Biology of our Academy, who celebrates this year his
70th Anniversary on July 9.

Professor Komisarenko is directing successfully Palladin Institute of
Biochemistry of NAS of Ukraine from the beginning of 1989 with a break
for a diplomatic work in 1992-1998. He founded and developed fruitfully
a new scientific trend for our country — molecular immunology. His pro-
found investigations and knowledge made also crucial impact in studying
the exceptionally negative effects of low radiation on human immunity
after the Chornobyl Nuclear Power Plant accident.

It should be noted that the themes of the published book articles and
of the Conference coincide essentially with the trends of the research and
with scientific interests of Serhiy Komisarenko. Besides fundamental scien-
ce, Professor Komisarenko gives great attention to Biosafety problems, in
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particular — to the decrease of biological threats in Ukraine, heading the
Commission on Biosafety and Biosecurity at the National Security and
Defence Council of Ukraine.

In due time Academician Komisarenko combined efficiently his
scientific work with official statesman activities being Deputy Head of the
Council of Ministers of Ukraine, Vice Prime Minister of Ukraine and the
first Ukrainian Ambassador to the United Kingdom. Owing to his efforts
the British Antarctic station «Faraday» was transferred to Ukraine. The
station has become a centre of polar research in our country now and bears
the name of V. I. Vernadsky, our famous compatriot, a world-wide known
scientist.

I hope that this edition, prepared with the direct participation of
Professor S. V. Komisarenko, will be of interest for many scientists and
specialists engaged in biological sciences and medicine.

HWTra, 10 MPOIMOHYETHCI YMTauYaM, HaMKWCaHAa BEJIUMKUM KOJIEK-
TUBOM BCECBITHbOBIIOMMX 3apyOi>KHUX i BITYUM3HIHUX YYEHUX —
6iosioriB i MeaukiB 3 11 kpaiH. CTaTTi KHUTYM MPUCBSIYEHI aKTy-

aJbHUM MUTAHHSIM CydacHoi 0ioxiMii Ta 6i0TexHOJIOrii, iX 0€3yMOBHOMY

BIUIMBY Ha MEAMYHiI HAyKM Ta MpPaKTUYHY MeaAuLMHY. BoHa BUXOOUTH

JPYKOM J0 HayKoBOi KOH(epeH1il «bioxiMis i 0ioTexHOI0riss — cydacHii

MEIMUIIMHI» 1 CTOCYETbCS caMe LIMX BaXXJIUBUX MPOOJIEM.

IHiniaTopoM i aKTMBHUM OpraHizaTopoM KOH(EpeHIii i BUIaH-

H4 1iei MoHorpadii € Cepriii BacunboBuu KomicapeHKO — BUIATHUM

yKpaiHCbKUIM BYeHUI-0i0oXxiMiK 1 iMyHoJor, akageMik HamioHanbHOI

akajaeMii Hayk i HauioHanbHOI akaaeMmii MEAMYHMX HayK YKpaiHW,
akaneMik-cekperap BinmiseHHs O6ioximii, ¢iziojiorii i MOJeKyJsIpHOIi

OioJiorii HaIIo1 akajaeMii, SIKoMy 9 JIMIHS MTOTOYHOTO POKY BUIOBHUJIOCS

70 pokiB.

Axanemik C. B. KoMicapeHKO ycHiliHO o4yojto€ [HCTUTYT OGioximii

iMm. O. B. Ilannanina HAH Ykpainu 3 noyatky 1989 poky 3 nepepBoio Ha

JUMJioMaTudHy poooty y 1992—1998 pokax. BiH 3amouaTkyBaB i IJIigHO

PO3BMHYB JJIS1 HAIlIO1 KpaiHW HOBUMM HAYKOBMM HAIpsIM — MOJIEKYJISIDHY

iMyHosnorito. Mloro mu6oKi TOCHiIXeHHs i PyHTOBHI 3HaHHS Bimirpann

Ba’XKJIMBY POJib Y BUBUEHHI HaA3BMYaliHO HETaTUBHOIO BILIMBY HE TiJIbKU

3HAYHMX, ajie ¥ MaJMX 03 pajdiallil Ha iIMYHITeT JIOAMHU ITiCIs aBapii Ha

YopHOOMIBCHKiN aTOMHIM CTaHIII.

Cnig 3a3Ha4YMTHU, 1O TeMaTUMKa CTaTe omyOJiKOBaHOI KHWUIHU i

HayKOBOi KOH(epeHIil icTOTHO 30ira€Thcsl 3 HAyKOBMMM iHTepecamu i

HampsiMaMM JocCaiJxeHb akagemika Komicapenka. I1lo3a HaykoBo1o po0o-

11
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TOI0, IIPUCBSYEHOIO (DYHIAMEHTAJbHUM JIOCIiIXKEHHIM, NepedyBaoyu Ha
nocazi roiaoBu Kowmicii 3 6io0e3neku i 6iozaxucty npu Paai HalioHaabHOI
Oe3rneku i 000poHM YKpaiHM, BiH TaKOX Oarato yBaru Inpuiaijisie npoobJe-
MaM 0iobe3neku, 30KpeMa 3MEHILEHHIO 0io3arpo3 B YKpaiHi.

Csoro yacy akagemik C. B. KomicapeHko BMiJIo MOEAHYBaB HAyKOBY
po0OTy 3 BiANOBiAAJbHOIO AEPXKABHOMIO MiSJIHICTIO HA BUCOKMX I1OCaaax
3actynHuka l'onoBu Pagu MiHicTpiB YKpaiHu, Bille-mpem’ep-MiHicTpa
Ykpainu Ta nepuoro mnocja Ykpainu B CrnionyyeHoMy KoponiBcTBi
Benukoi bputanii ta IliBHiuHoi Ipiaanaii. 3aBasiku ioro 3ycusuisim bpu-
TAaHCHbKY aHTapKTUUYHY cTaHuilo «®Dapaneit» Oyno mepegaHo YKpaiHi.
3apa3 1L cTaHLisl cTaja LEHTPOM IMOJSIPHUX AOCHiIXeHb B YKpaiHi i
HOCUTD iM’ HAILOro CJaBETHOIO CITiBBITYM3HUKA, BYEHOIO 31 CBITOBUM
iMm’am — B. 1. BepHanacbkoro.

CnoniBaloch, 110 1€ BUIAHHS, IiATOTOBJIEHE 3a 0Oe3mocepeaHboIo
yuactio akagemika C. B. KomicapeHka, Oyae KOpMCHUM LIMPOKOMY KOJY
BUEHMX i (paxiBLIiB, SIKi LiKaBISIThCS PO3BUTKOM OiOJOTiYHUX i MEOAUYHUX
HayK.

Ilpezudenm HayionanvHoi
akademii nayk Ykpainu, W
akademix HAH Ykpainu b. €. I[lamon



Serhiy V. KOMISARENKO.
A WORD FROM THE EDITOR-IN-CHIEF

ear friends and colleagues,
D those who read these lines,

Please trust me that I am
writing them with special feelings.
70th Anniversary years is a wonder-
ful opportunity to stop, at least for a
moment, in the middle of every day
“whatever activities” and to recall in
the memory the most important and
most pleasant events that happened
during the life. And meetings with
colleagues belonging to the scientif-
ic community are indeed among the
most enjoyable of these memories.

But I will start by expressing my deepest gratitude to two of my di-
rect leaders. For two years (1990-1992) I was working in the Ukrainian
Government under the leadership of Leonid Kravchuk, first President of
Ukraine. He also appointed me as the first Ukrainian Ambassador to the
Court of Saint James’s. It was unique, I am sure, and positive life experien-
ce, donated by Fortune, and I am very grateful to Leonid Makarovitch for
that.

Under the leadership of academician Boris Paton, President of the
National Academy of Sciences of Ukraine, who is a unique personality
without any exaggeration, I have the honour to work either 47 years (if
counting all my work in the Academy) or over 24 years (from my election
as Director of Palladin Institute of Biochemistry). Whatever the count is —
all my “scientific” life was in the National Academy of Sciences. And here
I have either to stop or to write rather long essay on these 47 years.

This year we had a set of meetings where we met many friends. In
particular, it was during FEBS Congress-2013 in St.-Petersburg, at Par-
nas Conference in Jerusalem, in October 2013 and, certainly, during our
“Jubilee” Conference “Biochemistry and Biotechnology for Modern Medi-
cine” in Kyiv, on September 19-20. While organizing the Kyiv Conference,
the Organizing Committee has collected articles from possible lecturers
(participants of the Conference) and decided to publish them in a book un-
der the Conference’s title. Because the articles published in the book might
not be widely available for the scientific community, it was also decided to
divide these articles in two sets and to publish them in Palladin Institute’s
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two scientific periodicals — «Ukrainian Biochemical Journal» and “Bio-
technologia Acta” depending on the content. And here is the result — you
hold the book.

I know personally well almost all authors (or principal coauthors if
there are several per article). With some of them we are friends for over 40
years, with others - for not so long, but in any case we all are united by
the wonderful feeling of a friendly scientific community, by respect to each
other and by our common cause, to which we have devoted our lives — to
Biomedical sciences, though among contributors one may find biologists,
chemists and medical doctors. So I take this opportunity to express my
most sincere thanks to my friends-scientists from abroad (who work in 11
countries!), to my Ukrainian colleagues and to the coworkers from our
Institute of Biochemistry who were very kind to find time and to write ar-
ticles in my honour. Without everybody’s good will neither the Conference,
nor the book, nor the journals’ issues could not happen.

Most of the articles in this book written by my colleagues are devoted
to the scientific themes, on which 1 was either working myself with my
coworkers or which were in the sphere of my scientific interests. There is
only one exception in this context. It is the article written by the Nobel
laureate professor Aaron Ciechanover. But I am very grateful to Aaron for
the possibility to publish his article, which is based on his Nobel Prize
lecture, because it is directly linked to the themes of our Conference “Bio-
chemistry and Biotechnology for Modern Medicine”, and the latter gave
name to this book. I am also very grateful to Aaron for his good wishes,
which he had sent to my jubilee. Besides, in all his lectures, which I have
listened to (there were 5 or 6), professor Ciechanover was showing always
a slide as an example of a mistake experiment from the article by J.Monod
and M.Cohn with a conclusion on metabolic stability of E. coli proteins.
My memory immediately signaled that Jaques Monod was director of Pas-
teur Institute in Paris when I was working there in 1974-75, and Melvin
Cohn invited me to his lab to work on signaling in lymphocytes when I
visited him in the Salk Institute in 198]1.

Very nice to note that among authors where the majority is very fa-
mous scientists, most of whom are members of academies of sciences of
various countries, there are also very young but talented scientists. I am
confident that pretty soon they become well known to the world scientific
community, and I may only wish them (and myself as well) to follow my
good friend — former President of the Weizmann Institute, professor Mi-
chael Sela as an example of devotedness to Science and active scientific
longevity. He is participant in FEBS Congress-2013, in our Conferen-
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ce «Biochemistry and Biotechnology for Modern Medicine» in Kyiv on
September 19-20, in Parnas Conference in Jerusalem, and his article is
published in the book and in «Biotechnologia Acta» N4, 2013.

And the last but not at all the least. My special and deepest grati-
tude to the team from Palladin Institute of Biochemistry: Dr. Valentina
Danilova, head of the team, Ms. Tetyana Petrenko as well as Dr. Maya
Grigorieva, Dr. Asya Demyanenko and Ms. Olga Kiper who did all the job
for this book to become a reality. Thanks to all of you!

AHOBHI py3i i KOJEeru, XT0 YMTa€ Ui psaku!
IloBipTe, 9 nmuimy iXx 3 OCOOJMBUMHM MOYYTTIMU.
CiMaecsT poKiB — 1Ie 4yJoBa Harojga 3yIMUHUTHUCH, XOY HeE
HaAJOBro, y BUPi «BCUISKMX TMOBCSIKIAESHHUX HisSIBHOCTEM» Ta MEPEryisiHYy-
T B HaM’ITi HalBaKJIMBIilli Ta HAMOPUEMHIIII MOMii, IO TpamuJIMCS y
TBOEMY XUTTi. | 3ycTpiui 3 KojeraMmu 1o HayKOBOMY TOBAapUCTBY € UM HE
HaWMPUEMHIIIUMU cepel LUMX CHOraiiB.

AJe s TIOYHY i3 MOASKU ABOM MOiM Oe3rocepeaHiM KepiBHUKaMm. Iig
KepiBHULTBOM JleoHima Makaposnya KpaBuyka — Ilepioro Ilpe3naeHTa
Ykpainu — s npautoBaB aBa poku (1990—1992) B Ypsaai Ykpainu. Bin
ke mpu3HadyaB MeHe i Ilociom no CnonydeHoro KoponiBcrBa. To OyB
YHIKaJIbHUM i, S NMepeKOHAHWM, TMMO3UTUBHUINA XUTTEBUI NOCBiA, IKUMA
MeHi nomapyBania [ons, 3a mo s BasguHuid JleonimoBi Makaposuuy. Ilig
KepiBHMLTBOM akajneMmika bopuca €srenosuya Ilatona — Ilpe3unpeHrta
HanionanbsHoi akageMii HayK YKpaiHu i, 6e3 nepeOiJibleHHsI, YHiKaJabHOI
0COOMCTOCTi — $1 Malo YeCTh IpalloBaTh Maiixe 47 poKiB (SIKILO paxyBaTu
TepMiH poOOTH B Hallliii Akaaemii) uu noHaja 24 poku (3 yacy oOpaHHsI
MeHe ITUpeKTOopoM IHCTUTYTY Oioximii). AIKum Ou He OyB po3paxyHOK —
yCce MO€ «HayKoBe» XMTTS mpoxoauyao B HamioHanpHiN akageMii HayK
Ykpainu.

IIroro poky Oyyio AeKijabKa Haroj 3yCTpiTucs 3 OaraTbMma Ipy3s-
MU-BYeHUMU. 30KpeMa, 1e Oyno y aundi y Cankr-IlerepOyp3i mig yac
Konrpecy FEBS-2013, na IlapHaciBcbKili KoHdepeHLii B €pycaaumi B
KOBTHI i, 3BMYaiiHO, Ha Halliil «oBijekHil» KoHdepeHuii «bioxiMmis
i OioTexHoJorisl — cydacHiii meguuuHi» 19—20 BepecHs y Kuesi. Ilig
yac opraHizauii Kondepenuii y Kuesi, opraHizaliiHuil KOMITET
KoHepeH1ii 3i0paB cTaTTi MOXIMBUX JIEKTOPIB (i1 y4aCHUKIB) i BUPILLUB
onyOJIiKyBaTH iX y KHM3I ITiJ Ha3Bo1o 11i€i KoHPepeH1lii. 3 omisgay Ha Te,
110 CTaTTi, BUJaHi y KHM31 B YKpaiHi, MOXYTb OyTH Majlo JOCTYIHUMU
JIJIS HAyKOBOTO 3araJjty, OyJIo TaKOX BUPILLIEHO PO3AiJIMTH 1X 32 3MIiCTOM Ha
JIBi 4YaCTMHM Ta BUJATU Y JBOX HAYKOBMX yacomucax IHCTUTYTy OioxiMiil
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iMm. O. B. IMannagiHa — B «YKpaiHCbKOMY 0iOXiMiUuHOMY XypHaJji» Ta B
«Biotechnologia Acta». A ocb i pe3yabTaT — B pyKax Bu TpumaeTe KHUTY.

S ocobucro nobpe 3HaKoMuil 3 yciMa aBTOpaMM ab0 T'OJOBHUMU
CITiBaBTOpaMU, SIKIIO iX AEKiJIbKa Yy CTaTTi. 3 ACSIKUMU 3 HUX S TOBApU-
wmyo noHan 40 pokiB, i3 IeIKUMU — He TaK JOBro, ajie BCix Hac 00’eqHYE
yylI0Be MOYYTTA APYKHBOI KOJIeriaJIbHOCTi, MoBara oavH J0 OOHOIO i Te,
10 MU MPUCBSATUIN CBOE KUTTS COUIBHIN CIIpaBi — MeAMKO-010J0riYHUM
HayKaM, X04a B aBTOPCbKOMY KOJIEKTHUBI € i 0iojioru, i XiMiku, i Meau-
ku. ToxX g KOpUCTYIOCh HArogow, 1100 BUCIOBUTHU LIUPY HOOSIKY — MOIM
JIpy3siM-BUEHUM 3-3a KOPIOHY (sIKi mpaioioTh B 11 KpaiHax cBity!), MOiM
YKpaiHCBKUM KOJIeraM Ta CIIiBpOOITHMKaM Halloro IHCTUTYTY, sKi Oyiu
HACTiJIbKM JJacKaBMMM, 1100 3HAWTU 4Yac i MOXJIMBICTb HallMcaTU CTATTi
Ha MOIO 4YeCTh, 3a 110 ¢ IM LIUPO BASYHUI. be3 mo0poi Boii KOXHOIo 3
HMX LIi€1 KHUTU He OyJo O.

IlepeBaxkHa OiJNBLIICTh CTAaTE€ MOIX KOJIET IIPUCBSIYEHA HAYKOBUM Te-
MaM, SKUMU g 44 Oe3rmocepeaHbO 3aiiMaBCs 31 CBOIMUY CHiBpPOOITHMKAMU
OPOTITOM HAyKOBO1 MisSIJIBHOCTi, YW SKi OyJIM B KOJi MOIX HAyKOBUX
iHTepeciB. MOX/INBO, €IMHUM BUHSITKOM Y LIbOMY KOHTEKCTi € CTaTT
naypeara HoGeniBcbkoi npemii npogecopa AapoHa YixaHoBepa. Aje s
IyXe BASIYHUI AapOHY 3a HaJaHy MOXJIMBICTb OIyOJIiKyBaTu CTaTTIO 3a
Marepiasamu oro HobGeniBchKoi JIeKllii, TOMY 110 BOHa Oe3nocepeaHbo
MOoB’sI3aHa 3 TeMaMU Halloi KoHdepeHLii «bioximisa i 6ioTexHoJOrisT —
CyyacHill MeaMLIMHI», a Ha3Ba KOH(EPEHIIii cTaja Ha3BOI HAIOI KHUTU.
A takox AgKyl0 oMy 3a go0pi moOaxkaHHsI A0 MoOro ioBiyneto. Okpim
TOro, y KOXHil i3 CBOIX JIeKIIiii, sIKi 51 4yB (a ix Oyso 5 uu 6), mpodecop
YixaHoBep 1mokasyBaB sIK MpUKJIal MOMUJIKOBOIO €KCIIEPUMEHTY Claiy
3i crarrero 2K. MoHo ta M. KoHa 3 iXHiM BMCHOBKOM MHpPO METa0OJiuHY
CTabiJIbHICTh MPOTEIHIB, CMHTe30BaHUX E. coli. [laM’aTh Bigpa3sy migkasye,
o XKak MoHo 06yB aupektopoMm IHctuTyTy IlacTtepa, Koau s TaM mpa-
wioBaB y 1974—75 pokax, a B ysaboparopii MenBina KoHna B IHcTUTyTI
Counka g 0yB y 1981 poui. BiH Toni 3anpoliiyBaB MeHe IpailoBaTd B HOro
JlabopaTopii HaJ BUBYEHHSIM CUTHAJIIHTY B JiM(pOLMUTAX.

JyxXe NmpUEMHO BiA3HAYMTH, LIO CEpeld aBTOPiB, Ae MEepPeBaxaloTh
BiJOMi BY€Hi, Oi/IBIIICTh 3 IKUX € YWiEHAMU aKaJAeMiil HayK pi3HUX KpaiH,
€ 30BCiM MOJIOMi, aJie TaJJaHOBUTI, SIKi, 1 IEpeKOHAHWI, HEBIOB3i CTAHYTh
BiIOMMMHM HAyKOBOMY CBiTOBi. I TyT s iM (a TakoX i cO0i) MOXY TiJIbKU
nobaxaTu OpaTu IMpMKJIald 3 MOrO JABHLOro JApyra — KojauluHboro Ilpe-
3uneHTa BaitiimaHiBcbkoro IHctutyty, npodecopa Maiikna Cena, siKuii
€ 3pa3KoM BiggaHocTi Haylli Ta akTUBHOIO HayKOBOI'O JOBIoJIiTTs. Llboro
poky BiH € yyacHukoM y Konrpeci FEBS-2013, i B Haliii KoH(bepeHLii y
Kuesi, i B [lapHaciBcbKiit KoH(pepeH1ii B €pycaanmi, a Ooro cTarTsl Haj-
pyKoBaHa i B LIiii KHU3I, i B yacomnuci «Biotechnologia Acta» (N4, 2013).
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Hapeiuti octaHHe, aje BKpail BaxxiuBe. Mos oco6iauBa i 1upa nomsi-
Ka «koMaHai» IHctuTyTy Oioximii iM. O. B. Ilannanina HAH Ykpainu —
Jigepy «komaHau» K.0.H. B. M. Jlanunogiii, a Takox T. M. IleTpeHko,
K.0.H. M. B. I'purop’esiii, k.0.H. A. I1. lem’ssHenko ta O. M. Kinep, saki
JOKJIaJId BEJIMUYE3HUX 3YCUJIb abu 1151 KHUIa cTajia peajbHiCTIO.

JsKy1o iM ycim!

Hupexmop ITncmumymy
oioximii im. O. B. Ilaanadina
HAH Ykpainu,

akademixk HAH i HAMH

Yxpainu /0“7

C. B. Komicapenko



«A MAN OF FOUR» - Mr. KOMISARENKO IN MY EYES
HUANMING YANG, Ph.D.

Beijing Genomic Institute, China

1t is difficult for a man to be both a good professor and a good diplomat,

1t is very difficult for a man to be both a good researcher and a good politician,
1t is very very difficult to be a man of all the four, a good professor and a good
researcher, a good politician and a good diplomat.

only man I have ever met in my life until now in this world, Serhiy

E ven if it is very rare, I have found such one, a man of the four, the
Komisarenko, in Ukraine.

I have just met Serhiy a few times, in Beijing and in Seville, in my
institute and at an international meeting. I quickly recognized him com-
prehensive and could not but admit his great. I was not only impressed by
his professional knowledge and visions, but also by his professional manner
or style, a style of a general professor or a researcher.

It is well known that he has been one of the most versatile researchers
in the field of immunochemistry at the international level, and has
contributed to the field extensively. Also, it is all known to us that he is
prolific researcher and has multiple research directions, mainly in immu-
nochemical analysis of proteins and peptides, in molecular mechanisms of
lymphocyte activation and in interrelation between protein immunochemi-
cal structure and their biological function. His contribution to biosafety is
widely acknowledged that, under his guidance, it was found for the first
time that low doses of radiation depressing the natural immunity in hu-
man, when Chornobyl Nuclear Plant exploded in 1986. His books, his
hundreds of scientific papers in international journals and hundreds of lec-
tures at international meetings, as well as his numerous awards including
the most prestigious one for non-Chinese by the Chinese Central Govern-
ment, have enhanced his global reputation in the international scientific
community as somebody like me (even far worse), so called a researcher,
or a scientist.

It is also all known that he has been teaching for decades in Kyiv
State University and many other universities, on many subjects in the wide
fields of life science and biotechnology. His students, of bachelor, master,
and Ph. D.s, now «at every corner under the heaven» in Ukraine and
many other countries, would all acknowledge that he has shaped, at least
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helped shape, their life and careers as somebody like me, a professor or a
«teacher» as it is called in Chinese.

It is usual for a researcher and/or a scientist to hold some administra-
tive positions, like Serhiy’s numerous titles as secretary, head, or director of
a department, institute, or a university. It is also not that unusual for some
of them to be at high leveler, as a secretary of an academy who is respon-
sible for many divisions or Institutes, like some of my friends. However, it
was a really nice surprise to me when I was told that he is one of the most
important statesmen in Ukraine. He is the former Deputy Chairman of
Council of Ministers, Deputy Prime Minister responsible for humanitarian
sector including health care, culture, education, science, social security,
etc. almost everything I know and am interested in. He was even elected
as a candidate to the post of the President of Ukraine. I can promise now
that I had had voted for him if I had been a voter.

It is the general impression of scientists to the public that they are al-
ways thinking, or pretending to be thinking, in other words, not so social.
It is known that not every politician is a qualified diplomat. Again, Serhiy
is both. I was more surprised that he is a professional diplomat, the former
Ambassador of Ukraine to several important countries such as UK and
Ireland.

If you are also one of his friends, after listening to his stories about
his deeply loved nation, after reading his articles on Ukrainian culture and
politics, you would understand why he is the right person to be born in the
right country and live in the right time in its history, and has chosen the
right professions to have made the right contribution to his great nation, as
well as to the whole world, and why only he can be such «a man of four».

It is indeed a privilege to be a friend and a colleague of Mr. Komisaren-
ko, a real «man of four».



«OT JTETCKOW POTATKHU JI0 CTBOJIOBOM KJIETKW»
(orpsiBkM 13 Bocniomunanmii 0 C. B. Komucapenko)

IIpodeccop K. I1. 3AK — pykoBoautens 1adboparopuu
TOPMOHAJIbHON PETYISLIUU KPOBETBOPEHU S
MHcTUTyTa SHOIOKPUHOJIOTMMA U OOMEHA BELIECTB
umM. B. I1. Komucapenko HAMH Ykpaunbt

YeHb OBICTPO TEUET BpeMs, KOTOPOE HaM OTIIYIIEHO TeHaMU U

BceBpiminuM. JletsaT roga, a ¢ BO3pacTOM MOJHUEHOCHO MpPO-

HOCSATCSI U JeCATUJIeTHs. XOpOIIO TOMHIO TO BpeMs, Koraa
s B BO3pacTe 4yTh OoJjiee OBaallaTH JIET OB aclMpPaHTOM akKaldeMuKa
B. Il. KoMucapeHko B ero jjabopaTopuu 3HIOKpUHOJAOrMU B MTHCTUTYTE
BKCMEPUMEHTAJbHOM OMOJOrMM U Tatojioruu uMm. A. A. boroMmoJbla.

B «boromonblieBCKOM» caay BO3Jie MHCTUTYTA, TJE CTOSJI JIOM M TIe
XKUIU OIMKallne COTPYIHUKM M YYEHMKM AJieKcaHIapa AJieKCaHIpO-
BuYa boromMosblia, 1 HEOTZHOKpPATHO BCTpeyasl Majbuuka 5—6 jet, Oe-
ralolliero ¢ poraTkoi. DTo ObL1 MJaaaluuii cblH Moero 1meda — Cepéxa
KoMucapenko, B OynyieM — BUAHBINA yYEHBIN, aKaJeMUK, BUIIE-TIpE-
Mbep-MUHUCTP YKpauHbl U nepBbiii [locon YkpanHbl B Bennkobpurta-
Huu. A otkyaa porarka? Bacunwuii [1aBnoBuy npuBe3 u3 ['epMaHuKM MHOTO
J1ab0paTOPHOro 00OPYIOBAHMS, U CPEIN MUKPOCKOIIOB U APYTUX TOYHBIX
MpUOOPOB OBLIM 3aMevaTeTbHbIe PE3MHOBBIE TPYOKM, M OH KaK-TO CMY-
meHHo nonpocui MeHs: «KoHctantuH IleTrpoBny, He Morau Obl Bel nnm
3os JleonnaosHa (3. JI. YepHoropoBa — math Butanus Koporuua — pa-
6otasa momowHuuen B. I1., kak Mbl Bce Ha3biBau Bacunus I1aBiaoBuua)
oTpe3aTh AJS MOEro MJaAllero chiHa caHTUMETpoB 20 pe3nHOBOI TPyO-
ku? EMy KpaiiHe HeoOXOOMMO MJisl pOraTKu, Tak Kak y HUX CKOpPO OyayT
COPEBHOBAHMSI Ha METKOCTb».

Korma MHe cTajio M3BECTHO, YTO 3TOMY «MaJIbYMKY» UCIIOJHSETCS
70 net, s cHayaJia He MoBepuJ U 3anymaics. Heyxenu s 3Hakom ¢ Cep-
reem BacunbeBnuem yxe Oojee 60 yet? B konue 1951 roma cembst Ko-
MHCApPEHKO Mepeexasa ¢ yaulbl boromosblia B «10M MEIMKOB» Ha YJIULIE
I'opbkoro, u mepBble Tonbl MBI C Cynpyroii mHorga Bcrpedanu Ceprest —
LIKOJIbHMKA Ha yauue IlymkuHcKoi (rae XUau Mbl) Wiv Ha yauue Jle-
HUHA, PSAJOM CO IIKOJIOM, rae oH yuuics. [lozmHee — BuUaean MOJOIO-
ro, KpacMBOro IOHOIIY-CTyIeHTa MEIMIIMHCKOrO MHCTUTYTA. [Ipu ciaydae
Bacunuii [TaBnoBuu Bcerma ¢ ropaoCcThiO paccKa3bIBajl IMPO YCIIEXW CBOMX
CBIHOBE#, OCOOCHHO MJIAJIIero, KOTOPhI OTIIMYHO YYMJICS M B IIKOJE,
U B MEAWHCTUTYTE, U yKe B ILIIKOJEe CBOOOAHO BJIANE] aHTIUNCKUM SI3bI-
koM. EctecTBeHHO, 60Jiee TECHOE U OCMBICIIEHHOE 3HAKOMCTBO ¢ CepreeM
BacunbeBrueM COCTOSIIOCH 3HAYMTENIBHO TT03Xe, KOrJla OH CTaJl HayYHBIM
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coTpyaHUKoM MHcTtutyta 6uoxumuu um. A. B. Ilamnmaguna. ITpuyrHoi
Hallero 6;J1M3K0ro 3HaKOMCTBA U, AyMalo, Apy>KObl (HECMOTpPsI HA Pa3HUILY
B BO3pacTe) CTaJIo YK€ Ternepb MHOroJieTHee HayuyHOE COTPYAHMUYECTBO.
Okazanoch, UTO AJs pelleHMs] BaXXHEUIIMX HAyYHbIX MPo0JeM, KOTOpbIe
BO3HUKJIM B MO€ HayYHOM AesATeIbHOCTU, HEOOXOAMMBI ObLIM 3HAHUS U
ymeHus Ceprest BacunbeBrnya. HecMoTpsi Ha pasHuIly B Hallleid Hay4YHOM
crienuanu3anuu (1 — MopdoJior-reMarosior, a OH OMOXUMUK-UMMYHOJIOT),
a MOXeT ObITb MMEHHO M3-3a 3TOI pa3HMIIbl, Hallle COTPYIHUYECTBO, MO
MOEMY MHEHMUIO, 0Ka3ajoCh BeCbMa IJIOAOTBOPHBIM, M S XOUY OCTaHO-
BUTbCSl Ha 3TOM MOApPOOHEe, TaK KaK y MEHSI €CTb OCHOBAaHMSI CUMTATh,
4TO ITOT (pparMeHT Hay4yHOU nesitesibHOCTU akaaemuka Ceprest Komuca-
PEHKO MEHee BCEro M3BECTEH.

Oka3zaoch, uTo 0e3 juuHoro yuyactusi Ceprest BacunbeBuya u co-
TPYAHUKOB €ro JiabopaTopuu TPyAHO ObLIO Obl OTBETUTH HAa TaKue Kap-
JMHAJIbHbIE BOMPOCHhl KakK MOP@OJOrusi CTBOJOBBIX KJIETOK, ACHCTBUE
WOHU3UPYIOLIEro 00Jy4YeHUsI Ha OpraHM3M YesIoBeKa, BOZHMKILIETO B pe-
gysabrare aBapuu Ha YADC, u yyacTve UMMYHHOI CUCTEMBbI B IaTOr€HE3e
caxapHoro auaoera.

HMcropus Hauana uM3ydyeHUs! CTBOJIOBBIX KJIETOK B YKpauHE TaKOBa.
Onmnax bl Oynymnii akageMuk AH YCCP 3osa AnapeeBHa byteHko, mipo-
cMaTpuBas B OMOJIMOTEKe MOCAeAHME HOMEpa 3apyOesKHbIX reMaToJIOrr-
YeCKMX XXYPHAJIOB (3TO ObIJIO MpUOIM3UTEIBbHO B Mae 1969 roma), HaT-
KHYJach Ha CTaThl0, B KOTOPOM YIOMMHAJIOCh O HEU3BECTHOM € «stem
cell», aBastolIeics, O yTBEPXKJAEHUIO aBTOPOB, POJAOHAYAIbHUKOM BCEX
KJIETOK KPOBETBOPHOM M MMMYHHOI CHCTEM. ABTOpaMu 3TOi pabOThbI
oo J. E. Till u E. A. McCulloch. Henonro agymasi, oHa nocjaja um
CTaHJAPTHYIO OTKPBITKY MHCTUTYTA C MPOCHOOI BbICIATh €l MX MyOauKa-
uuu. ITponwno Mecsiia ABa, M OHa MoJy4uaa pernpuHTbl. C 3TOro U crana
«BEPEBOYKA BUTHCSI».

Kaxk usBectHo, J. E. Till u E. A. McCulloch nepBeiMu B 1961 romy
pazpaboTaji MeTOJ ONpeAesieHUs] Yuciaa MOJUIMOTEHTHBIX KPOBEHOCHBIX
KJIETOK Ha OCHOBAaHMHU MX CIOCOOHOCTHM OOpa30BbIBaTh KOJIOHUU B ceJjie-
3¢Hke. OHU noKa3aju, YTO OJHA CTBOJIOBAsl KJIETKa MpU €€ TpaHCILJIaH-
TallMM CMEPTEIbHO OOJYYEHHOMY XXKMBOTHOMY O00pa3yeT B €ro Cejae3€HKe
ONHY KojoHU10. Takue KJaeTKH, 00aaJarole cnocoOHOCThIO 00pa30BbI-
BaTb BeCh CHEKTpP 0oJiee 3pesibiX KPOBIHBIX 1 UMMYHHBIX KJETOK, CTaJu
0003HauyaTh Kak KoJioHHeoOpasywoiue enuHulbl cene3eHku (KOEc).

JIne Bnocnencteuu (T. R. Bradly, D. Metcalf, 1966; M. A. Moore,
D. Metcalf, 1974) 6b11 pa3zpaboTaH MeTON ONpeaeseHusl CTBOJIOBBIX KJle-
TOK B arapoBbIX KYJbTYpax, MO3BOJISIIOIINI BbISIBASITH KOMMUTUPOBAHHbIE
B OMpeAeEHHOM HalpaBJIeHUM Pa3BUTUSI KPOBETBOPHBIE KJIETKM, TakK
Ha3bIBaeMble KoJioHHeoOpasywiue equHulbl Kyasryp (KOEK). I1puuém

21



Biochemistry and Biotechnology for Modern Medicine

ATOT METO[ CTaJ MPUMEHUM JJIsl U3yYEHUsI TEMOMO3TUYECKUX CTBOJIOBBIX
kieToK (I'CK) He TOJNBbKO y KMBOTHBIX, HO, YTO OYEHb BaXXKHO, U Y YeJIO-
Beka. KcraTu, yMecTHO Takke OTMETUTb, YTO B MOCJENYIOIEM COCTOSIACh
U Ju4yHag BcTpeya 3. A. ByTeHKO M MeHSI ¢ OJHMM M3 COaBTOPOB 3TOr0
metona — M. A. Moore — B IIunyHae Ha IX KoHrpecce 1o cpaBHUTEIb-
Hoil sieiiko3osioruu B 1979 rogy. M. Myp okazajicsl o4eHb JIIOOE3HbBIM,
OTHOCHUTEIBHO MOJIOJAbIM, BICOKUM, CTPOMHBIM M KPACUBBIM MY>KUMHOM
C IPKUMU ToayObIMU T1a3aMu. MBI 001IaJIMCh C HUM I10 HECKOJIBKO pa3 B
JeHb B TEUEHUE HENE/U, TYJISIU Mo Oepery Mopsi, Kynajauch M, KOHEUHO,
TOBOPUJIA O CTBOJIOBBIX KJIETKaX.

B Teuenune OykBasbHO romga B jadboparopuu 3. A. ByTeHKo ObLIT XOpo-
wo HamaxeH Meton J. E. Till u E. A. McCulloch no onpenenenuio KOEc,
KOTOPBI U cefiuac ocTa€Tcsi B MUpPE OAHUM M3 OCHOBHBIX KJIACCUYECKHUX
METOOB I10 ONpPEIeICHUI0 KOJMYECTBA KOJOHMEOOpasyoluX KJeToK. B
HMucturyre npobaem onkonorun AH YCCP, koTopbIM Torma pyKoBOIUJI
onuH u3 Onmxaiiux apyseil u kojuier B. I1. KomucapeHko — akageMuk
AH YCCP P. E. KaBeukuii, OblIM HayaTbl CEPbE3HBIC UCCIEIOBAHUS 110
BBISICHEHMIO POJIM KOJJOHMEOOpa3yIolMX KJIETOK MpH JIeKo3e.

OnHako BceX MHTEpecoBaj BOIIPOC, KaK Xe BCE-TaKu MOpPdOIoru-
YECKU BBITJISIAUT CTBOJIOBasi KpOBETBOpHas KjeTka? B To Bpems cyiie-
CTBOBAJI0O MHEHHUE, YTO POJOHAYAIBLHOM KPOBETBOPHOM KJIETKOM SIBJISICTCS
remouuToOsacT. Ha cBeToonTMyeckoM ypoBHE B Ma3KaxX KOCTHOI'O MO3ra
U nepudeprulyeckoil KpoBd MOPQOJOTrMI0 reMoLuuTobIacTa pa3audyHbIe
reMaToJIorM OMMChIBaJIM HEOAMHAKOBO, @ HEKOTOPbIE aBTOPHI 1aKe OTpH-
Lajad ero cyuiectBoBaHue. IlepBoHavyaibHbIE MCCAENOBAHUS KJIETOUHBIX
cycneH3uit, oboraméHHbIXx KOEc, B cBEeTOBOM MUKPOCKOIIE TaKxKe dajiu
MPOTUBOPEUMBBIE PE3YJIbTATHI.

DTOT nepuoJ BpeMeHU coBMNaj C OYpPHLIM Pa3BUTHMEM YJbTPACTPYK-
TYPHOI LIMTOJOTUM Pa3IMYHbIX BUJOB KJIETOK U TKaHEW, 4TO ObLIO 00y-
CJIOBJICHO HEJaBHUM IOSIBJIEHUEM 3JIEKTPOHHBIX MUKPOCKOIOB BBICOKOIO
paspeuieHus s Oumosiornueckux uesneil. baaromapss HaCTOMUYKMBBIM YCH-
JIMSIM U aBTOpuUTETY akagemuka Bacunusa IlaBinoBuuya KomucapeHkKo (B
TO BpeMsl yKe TUPEKTOpa CO3IaHHOIO UM MHCTUTYTa 3HIOKPUHOJIOTUU U
oomeHa BemectB M3 YCCP) ogun u3 nepBbix B CCCP Takux MUKPOCKO-
noB Bbicokoro paspeuwieHust (JEM-7) ¢oupmsl Jeol (SIroHust) ObLT «Bblae-
JeH» s Hamero MHCTUTyTa, a OCHOBHYIO pabOTy Ha MUKPOCKOIIE MPO-
BOJMJIa Hallla J1abopaToprsi TOPMOHAJbHON PEryysiiii KPOBETBOPEHMSI.
B sT10i1 Xe n1adopaTopuu ¢ NOMOLLIBIO (PpaHIY3CKMX YUEHBIX — AUPEKTOpa
MHCTUTYTa naToiaoruu kjiaetku B [lapuxe npod. M. Bessis u ero 6imxaii-
1Iero COTPYAHMKA, 3aB. OTACJOM YJbTPACTPYKTYPHON LIMTOJOTUU, MU-
Jeiein u goopoxenarenbHoit mpod. G. Breton-Gorius BriepBbie B YKpa-
WHEe ObLI OCBOEH METOJ 3JEKTPOHHONH MHUKPOCKOIUM KJETOK KPOBU M
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KPOBETBOPHBIX OPraHOB C 3aKJIOUYEHHUEM MX B SMOKCUIHbBIE CMOJIbI (3MOH
U apanauT). Tak KaKk CBETOOINTUYECKME UCCIEAOBAHMS IO BbISICHEHUIO
MOpP(OJIOruM KpOBETBOPHOU CTBOJIOBOM KJETKM ObLIM TUCKYCCUOHHbI, TO
CTajJ BOIPOC: HEJb3Sl JU Pa3peliuTb 3Ty IMpoOJieMy C MOMOIIbBIO JIeK-
TPOHHOI MUKpocKonuu? OgHaKO IJ151 TOr0 HEOOXOAMMO ObLIO pacnoJa-
raTh npenapatamu BbicokooOoraméHHbIX KOEc. [ToaTomMy Mbl 3aHSIIMCH
MoJIydeHHeM O00OoralleHHOM KJIETOUHOI (pakiuu KocTHoro mo3ra (KM)
MblIlei, oonanatoiieit Bbicokoii KOEc. [I1s1 aToro ObL1 pa3padboTaH METOI
BBEIEHUSI MbIIIAM-IOHOPAM OKCHUMOYEBUMHBI U KOPTU30HA, KOTOPbIE MPH-
BOOMJIM K pe3koMmy yBenundeHuio (0onee yem B 30 pa3) KOEc. dns ewé
Oosblero odoraimeHus: KoHueHTpaToB KOEC 1 0cBOOOXIEHUS CyCIIeH3U
OT psifia KJETOUHBIX 3JIEMEHTOB, He OOJajaloliMX KOJOHHeoOpasyolei
CIOCOOHOCTHIO, MPOBOAUIOCH AU depeHlInalbHOe HEHTPpUPYTMpOBaHKe
B I'PaJIM€HTE IJIOTHOCTU ajibOyMKHA 1 nepKoja. Ceiluac 3TU METO/bI Bbl-
JISLASIT JOCTAaTOYHO TPUBUAJIBHBIMUA U MIPOCTBIMM, a TOTIa HaM MPUILLIOCh
3aTpaTUThb MHOTO YCUJIUI TTOKa BCE «3apadoTasio».

IIpu 271eKTPOHHO-MUKPOCKOIIMUYECKOM HMCCIEIOBAaHUU TaKUX 000-
rameéHHbIX KOEc KOHLIEHTpaToB ObLIO OOHApyXXeHO, YTO B HUX IpeBa-
JUPYIOT JUM@POLUTONON00HbIE MOHOHYKJEaphl auaMeTpom 8—10 MKM
C BBICOKMM $IIEPHO-LIMTOIJIa3MaTUYECKUM OTHOIIEHUEM, C OKPYIJIbIM
BYXPOMATUYHBIM SIIPOM C HEXXHBIM PUCYHKOM XpOMaTMHA U OJHUM-IBY-
MsI KOHTYPUPYEMbBIMM SIIPBIILIKAMU. Y3Kasl MOJOCKA LIMTOIIa3Mbl 3TUX
KJEeTOK Oblja OemHa opraHe/uiamMu. Mbl HaOdI0OAJIM TOJBKO HECKOJIBKO
MaJIbIX OKPYIJIBIX MMTOXOHJAPUM, MOYTHU TOJHOE OTCYTCTBUE IIEPOXO-
BaTOro 3HJOIJIA3MaTUUYECKOr0 PETUKYayMa, 30Hbl [oabaXu, rpaHyad U
JIM30COM, HO OHU MMeJIU OO0JIbIIOe YUCIO CBOOOAHBIX prubocoM. OOHa-
pPYXEHHbIE KJIETKU ObLIM OCTOPOXHO HAaMU Ha3BaHbl «KaHAWAATaMU B
reMoroaTuyeckue crBojioBbie KieTKu» (I'CK). JaHHbIe 00 yabTpacTpyK-
type KOEc 6buin ony6aukoBaHbl B 1974 1. B oueHb MPECTUXKHOM TOraa
xypHaJsie «Jdoknaabl Akanemun Hayk CCCP» (Kaseukuit P. E. u np.,
1974). D10 Obl1a nepBas rnevyaTHas padora B ObiBlieM CoBeTckoMm Corose
no mopdonoruu I'CK.

B nocnenytoiem as emi€ 0osbiiero yrouHeHus: mopgoiaoruu KOEc
U ycTpaHeHus npuMecu T-1uM@OoLUTOB B UCCIeayeMbIX 00pa3lax ux oo-
pabaTbiBaaM BBICOKOCHEUM(PUUHON aHTUCBIBOPOTKOM K T-nmummMmdouuTam,
4TO BBI3BIBAJIO AecTpykiiuio 6osiee 80% TuMOUUTOB. BBUAY HEKOTOPOro
CXOJICTBA MOJIOABIX JIMM(OLIMTONOAOOHBIX KJIETOK C HE3peJbIMU SPUTPO-
OJlacTaMy JOMOJHUTEIbHO UCIOJIb30BaIM METO YABTPALUTOXMMUUYECKOTO
BBISIBJIGHU S 9HJOTEHHOM MEePOKCHUIA3bI, a ISl YCTPAHEHU ST TTPUJIMITIAIOIIMX
KJIETOK MOHOILIMTapHO-MaKpodarajibHOro psijaa npenaparbl MHKYOMpOBaJIu
B CO, — MHKY0aTOpe B MJIACTUKOBBIX YAIUKAX WJIM C YACTUYKAMU JIaTEKCa.
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Mopdoaornyecku UASHTU(PULIMPYEMbIE HAMU KJIETKM B 0OOrallieH-
HbIX ppakuusax KM, obaamaloniye oueHb BHICOKOM KOJOHMEOOpa3yollei
CHOCOOHOCTBIO M Ha3BaHHBIe «KaHaumaTtamMu B 'CK», Obli oyeHb 06113~
ku K 'CK MbllIeid 1 MpuMaroB, ONMMMCAHHBIM BCEMUPHO MPU3HAHHBIMU
aBTOPUTETAMU: AUPEKTOPOM MHCTUTYTa paavodbuosoruu HuaepnaHmos,
npodeccopom A. W. van Bekkum u ero OGnukailiiuM COTPYOIHUKOM —
anekTpoHHoMuKpockonuctom K. E. Dike (van Bekkum A. W. et al., 1971;
Dike K. E. et al., 1973). Insa Hac ObLIO BaxKHbIM, YTO MOCJEIHUI TpU
JIMYHOM BCTpeue BLICOKO OLIEHMBAJ HalllM MCCJENOBaHMsI, OJHAKO Yy HAc
He ObIJIO CTOIPOLIEHTHOM YBEPEHHOCTU B TOM, YTO BCE€ OMMCAHHbIE HAMU
KJIETKM mpuHamiexaT K noaunoreHTHbIM ['CK. DTo yacTuuHO ObLIO 00-
YCJIOBJICHO €111€ YU TeM, UTO Ha MpernapaTtax Ajsl 2JIEKTPOHHOIH MUKPOCKO-
MUK He BCE KJIETKM CPe3aiMCh 9KBAaTOPMAJIbHO, U HE BCEraa MOXHO ObLIO
B HUX ONpPENeIUThb BCE LIMTOIIa3MaTuueckue opraHesibl. CieaoBaTeibHO
IJ1s1 6osee TouHOU uurtojgornueckoil naeHTudukauuu I'CK tpedoBasoch
pacroJjiaraTb TOMOJHUTEIbHBIM U HaAEXHBIM MapKepOM.

B 1975 rony u3 3apyOexHOl Hay4yHO KOMaHIMPOBKM BO3BpPATUIICS
C. B. Komucapenko, kotopsiii B 1974—1975 ronax pa6oran B MUHcTUTYTE
[Tacrepa B [1apuxxe B nadopatopuu mnpod. S. Avrameas. Ctpatuc ABpame-
ac OBLJT U3BECTHBIM UMMYHOLIMTOXUMHUKOM, KOTOPBI B 1966 rony BMecTe
¢ Koze YpusieM BrnepBble B MUpPE MPEAIOXUJ UCIOAb30BaTh (PepMEHT
MepoKCUIa3y U3 XpeHa B UMMYHOXMMMWYECKOM aHajuze. MHTepecHO OT-
METUTh, UTO U ABpameac, U YpudJb OblJIM yUYEHMKAMHU BbIAAIOLIETOCS
MMMYHOXMMUKaA U TepBoro aupekropa MHCTUTYTa Mo MCCaeq0BaHUIO
paka B Bunbxyude (Ppanuus), npocdeccopa Ilbepa I'pabapa, KoTopsIii
ObLI HMKEeM WUHBIM, Kak poauBiuiemcs B Kuee Iletpom HukonaeBuuem
I'pabapom, BnociaencTBUM akaaeMUKOM AKaaeMuu MeauluHbl OpaHUuu
M YYEHBIM, KOTOPbII M300pesl UMMYHO3JeKTpodope3. Bo3aMoxHO, Takxke
MHTEPECHO OTMETUTh, 4TO Bacunuii IlaBnoBuu KomucapeHKo ObLI Iep-
BbIM COBETCKMM YyueHbIM, noceTuBlIuM Ilerpa Hukonaesuua I'pabapa B
ero naboparopuu B Mucrutyte Ilacrepa B INapuxe B 1946 romy!

OpnHako BepHeMcs K uaeHtugukanuu I'CK. Eme 1o komaHaupoBKU
Bo @panuuto Cepreii BacuyibeBUY MbITaACsSd NPUMEHUTh NEPOKCUIAZY IS
MapKMpOBaHUsI aHTUTEJ, HO 6e3 ocoboro ycrexa. HayaB padorars B 1a00-
patopuu ABpameaca, C.KomucapeHKo cpa3y BbISICHWUJI, YTO MEPOKCHIa3a,
KoTopoii oH mojab3oBajicsi B CCCP, Obl1a HempuroaHa Ajasi UMMYHOXHU-
MUU. DTO ObLIM mpenapaTbl BeHrepckoir pupmMbl «PeaHan» ¢ oObsIBJIEH-
HOIi akTUBHOCTBHIO RZ = 0,6 (Ha camom gaene RZ Obio okoso 0,3—0.4,
rae ObIJI0 MHOTO MHAKTUBUPOBAHHOTO (DEpMEHTA), B TO BpeMsl, KOraa JJst
MUMMYHOXMMUYECKUX (M TPEXae BCEro A UMMYHOLMTOXMMUYECKUX)
HCCIeNOBAaHMI Ha/lo ObLIO MPUMEHSTh BHICOKOOUMILIEHHYIO MEPOKCHUIA3Y
¢ RZ = 3,0—3,2. Bo ®paHuuU TaKyl BbICOKOAKTUBHYIO IEPOKCHUIA3Y
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MnoJiyyajau B cyxoM jabay u3 pupmbl Curma, onHako B CCCP e€ He ObL10.
[TosTomy, nocne Bo3BpalueHus1 B Kues, Cepreii BacunbeBuy Hanmagua
Xpomarorpa@uueckyto OYMCTKY MaJIOaKTUBHOU «peaHaJIOBCKO MepoK-
cuaasbl» U CTall mojydarbh npenapathl ¢ RZ = 3,2. Takag nepokcuaasa
Obly1a MaeasbHa Kak sl (GepMEHTaTUBHOIO MapKMpPOBaHMS aHTUTEN, TaK
U IJIs1 MCCNIeIOBAaHUS KJIETOK, KOTOPbIe€ CUHTE3UMPOBAJM aHTUTENA MpPO-
TUB Nepokcuaasbl. bosiee Toro, B 1aboparopum UMMYHOXMMUM, KOTOpast
obl1a co3gana aisi C. KomucapeHko mociie ero Bo3BpalueHus: u3 ®paH-
LIMM, OH OCBOMJI B TO BpeMsl CaMblii COBPEMEHHbBIN METO/ MOJIyYeHUS U
npuMeHeHUs amruidduLmpyloiero komruiekca PAP (ITAIT: nepokcuna-
3a—aHTUTEJa MPOTUB MEPOKCUIA3bl), KOTOPbIN MO3BOJISI B pa3bl YCUIUTh
MMMYHOTMCTOXUMMYECKOE BbISIBJICHUE UCKOMbIX aHTUI€HOB (MJIM MapKe-
poB). UM ObLIa TakxXe IOJIlydyeHa aHTMCTBOJIOBOKJIETOUHASI ChIBOPOTKA,
kotopas ¢ nomoiubio ITAII-meTona 6bl1a MCHOIb30BaHA AJISI MAaPKUPOBKU
KOEc, comepxamuxcs B odorameHHbIX ['CK dpakuusx KM (Komucca-
penko C. B. u ap., 1986). [Ipuuém mapkupoBka I'CK npoBoauaack TMYHO
Cepreem BacuiabeBuueM, M BCe 3Tallbl 3TOrO TOHKOIO METOAA ObILIU BbI-
MOJHEHbI €r0 PyKaMHu.

DNIEKTPOHHO-MUKPOCKOMMUYECKME UCCIeI0BaHMS TIperaparoB, MoJy-
YeHHbIX ¢ ucnoab3oBaHueMm [TAII-koMrIuiekca, MOJHOCTHIO MOATBEPANIIN
MoJIydeHHble HaMM paHee JaHHble O TOM, uTo mpeamnojaraembie KOEc
SIBJISIIOTCS B OOJIBLLIMHCTBE CBOEM XapaKTEePHBIMU JTUMMOLUTONOAOOHBIMU
MOHOHYKJIEapaMU C 3yXpPOMAaTUYHbBIM SIIPOM U Y3KMM O0OIKOM IIUTOILIA3-
Mbl, OeqHOI opraHe/iaMu. BmecTte ¢ TeM, cpear MapKMpPOBaHHbBIX MOHO-
HYKJI€apoB BCTPEYaIUCh U JUM@POLIMTONOAOOHbBIE KJIETKM C MO3aUYHbBIM
pucyHKoM xpomartuHa. [losyuyeHHble TaHHbIE ObLIM HameyaTaHbl B psije
MPECTUXHBIX XXYPHAJIOB, B TOM 4UMcie U B nmybnaukaiusax EBponeiickoro
00l11leCTBa TeMaToJIOroB — M3BECTHOM XypHasie «Blut» (Butenko Z. A. et
al., 1983). DTu paboThl MONYUYUJIU MUPOBOE MPU3HAHUE U MHOTIOKPATHO
uutupytorcs. MHTepecHo, uto BeicokooumiieHHbie C. KoMucapeHko mnpe-
naparbl MEePOKCUIA3bl ObLIM TakXke C OOJIbIIMM YCIIEXOM MCIOJIb30BaHbI
JTOKTOpoM Ouojiormuyeckux Hayk B. A. MaiickuMm B jabopaTopuu aka-
nemuka AH YCCP ®. H. CepkoBa nisl uccieIoBaHUSI PeTporpaaHOro
TpaHCIIOpTa B CTPYKTYPbl TOJIOBHOTO MO3ra.

EcrectBeHHO, B TO Bpems, T.e. 6osee 30 jeT ToMy Haszaa, Mbl He
pacnoJjiarajii TOYHbBIMU MMMYHOJOTMYECKMMU MapKepaMu JJisl OIpene-
JeHus noaunotreHTHbIX 'CK u mx MHorux cyOkKjaaccoB Mo KJacTepam
auddepenurpoku (CD). He ObLI0, KOHEUHO, HU METOAOB LIMTO(IIYO-
PUMETPUYECKON COPTUPOBKU KJIETOK, SKCIPECCUPYIOLIMX Pa3inyHbIe
MeMOpaHHbIE aHTMI€HbI, HA BBIACJECHUS KJETOK C MOMOIIbIO MarHWUT-
HBIX LIAPUKOB, MOKPBITHIX MOHOKJIOHAAbHBIMU aHTUTelaMu (MACS), Hu
JIPYTUX METOAOB BbIAEAEHUS OTIAEAbHBIX MOMYJSLUN KjIeToK. B To ke
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BpeMsl MOJyYeHHbIE HAaMU TOINa JaHHbIE JaBaju IMepByl0 MH(OpMalnio
0 TOM, KakK MOP(OJOruuecKy BbITISAIT KJaeTKu ooweil nonyasuuu 'CK
(KOECc), xoTopbie 00pa3yioT KOJOHUU Y CMEPTEIBHO 00JIYUEHHBIX XUBOT-
HBIX, T.€. CAMBIX MOJIOJbIX KJETOK, JAIOIIMX HAaYaja0 BCEM KPOBETBOPHbBIM
Y MMMYHOKOMMETEHTHBIM KJIeTKaM opraHusma. MoXHO 3aMeTUThb, 4TO
HedaBHO coTpyaHuKaMu ¢upMbl Mitenus Biotec, pa3paboTaBLIUX MeTO.
COPTUPOBKHU KJIETOK C IMOMOIIbIO MAarHUTHBIX 1IAPUKOB, MTOKPBITHIX MOHO-
KJIOHaJIbHBIMU aHTUTeaaMu (mini MACS), Ob1J10 TOKa3aHO, YTO B BbICO-
KOOYMILIEHHBIX KOHLEHTpaTax KjaeTok CD34+, BbieIeHHbIX U3 KOCTHOIO
MO3ra 4ejoBeKa, COAECPXKATCs MPEeUMYILECTBEHHO JUM@OLUTONOA00HbIE
KJIETKM, TI0 CBO€H CTPYKType MomoOHble ONMMCAaHHBIM HaMM (paHee B
1974—1983 rr.).

C. B. KomucapeHko nmpuHMMajJ aKTUBHOE yyacTue B OpraHu3aluu
U MPOBEACHUU TEPBbIX ABYX BCECOIO3HBIX CMMIIO3MYMOB MO CTBOJIOBOM
KjaeTke, opranu3oBaHHbIX Akagemueit Hayk CCCP B Kuese B 1977 u
1983 romax, B 4aCTHOCTM CIIOCOOCTBOBAJI MPUIJIAILIEHUIO HEKOTOPBIX BbI-
JaIoLIUXCSI 3apyOekHbIX YUEHbIX, KaK, HanpuMep, Pobepra I'amio, Hu-
KoJsiaca DiiBpoHa MUTUYMCOHA U Jp., C KOTOPHIMU ObIJ XOPOIIO 3HAKOM.
[TpoBeneHue stux cumnosnymoB AH CCCP B KueBe Obl10 mpu3HaHUEM
JOCTUXXEHUSI YKpauHCKuX y4éHbix B uccienoBaHuu ['CK. B cummnosny-
Max NpuHUMaIu ydactue BuaHble yuéHble u3 CIIA, Benukobputanuu,
O®OPI, ®panuuu, Beurpuu, YexocnoBakuu, [Monbuim u, koneuno, CCCP.
C nporpaMMHBIM AOKJIaJ0M Ha MEPBOM cummno3uyme «ocTuxeHus u
TPYAHOCTU B MOPGOJOrn4ecKor UACHTU(MUKALIUU CTBOJOBBIX KPOBEHOC-
HBIX KJeTOoK» BbicTynuaa akagemMuk AH YCCP 3. A. byrenko.

K onHomMy M3 Hambosee 3HAUMMBIX PE3YyJbTaTOB HAyYHOrO COTPY.-
HUYeCTBa OTAeJa MOJIEKYJISIpHOU MMMyHoJoruu MHCTUTYTa OMOXUMMHU,
pykoBoaumoro Cepreem BacuiabeBuueM, c abopaTtopueii ropMOHaIbHOMN
peryasiuuu KpoBeTBopeHUs HCTUTYTa 9HIOKPUHOJOTMM M OOMeHa Be-
1LIECTB, KOTOPhIK ceilyac HocuT ums ero ocHosatensls — B. II. Komwuca-
PEHKO, CJIeYyeT OTHECTU TaKXKe M3yUYEHME JCUCTBUS MaJbIX 103 pajualiiu
Ha OpraHu3M 4YejoBeKa B CBS3U ¢ aBapueil Ha UYepHoObLIbCKOT ADC —
Tpareaueil Hauleii crpaHbl. B mepBbie ke mHu mocie aBapuu C. B. Ko-
MUCApEeHKO, KOTOPbIii B TO BPEMSI PYKOBOIUJ PECITYOJIMKAHCKON MeXBe-
JOMCTBEHHOM Hay4YHOI mporpaMmoit «MexaHU3Mbl UMMYHOCTUMYJISILIIW»,
MPEANPUHSII SHEPrUYHbIE YCUJIMS AJISl CO3MaHUSI BPEMEHHOIW Hay4YHOM
TPYIIIbI TT0 U3YUYEHUIO BIAMSHUS JOMYCTUMbBIX 103 00JydyeHusl, crieludu-
yeckoro mjist YADC criekTpa palMOHYKJIMAOB HA UMMYHHBIM CTaTyc ye-
JoBeka. He monyuuB nonaepxkkKy co cropoHbl M3 YCCP, oH oGparuics
3a Hell K HauaJbHUKY LIeHTpasibHOro BOEHHO-MEIMIIMHCKOTO yIIpaBJIeHUsI
CoBeTckoil apMuu, TeHepaa-MoJKOBHUMKY MEAMIIMHCKON CIyXKObl aKazae-
muky AMH CCCP ®. 1. KomapoBy ¢ npeajiokeHueM U3y4uTb UMMYH-
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HBII CTATyC Y BOGHHOCJIYXAIllUX, MOOMJIM30BaHHBIX 11s1 paboT Ha YADC.
®. . KoMmapoB noaaepxxaa MHULIMATUBY U J1ajl OpyYeHUe HadyaJIbHUKY
HayuHoro otaeia LIBMY nonakoBHuky C. W. YepHsiKy opraHu3oBaTh CO-
MPOBOXACHUE MpeAaraeMoro rnpoekrta. B Takywo «COOpHYI0» HayuyHYIO
rpynmny noa pykooactBom C. B. KomucapeHKO BOIIIM TaKue COTPYI-
Huku: oT Mucturyra omoxumuu uMm. A. B. [Mannanuna AH YCCP —
A. W. Jlykunos, H. I1. Kapnosa, I. H. ®omosckasi, C. 3. MuieHKo, oT
MHucTutyTa sHaokpuHogorun u oomeHa BeuiectsB M3 YCCP — K. I1. 3ax,
B. B. AdanacweBa, M. A. I'py3oB u b. M. Xomenko, or HUU oronapuH-
rosorun UM.A. C. Konomuituenko M3 YCCP — O. ®@. MejlbHUKOB U
M. b. Cam06yp, or MHCcTUTYTa TIpobieM oHkosioruu um. P. E. KaBeukoro
AH YCCP — H. M. bepexHasi, oT JIeHUHIrpaacKOro MHCTUTyTa BOGHHOI
MEIULIMHBI — ITOJKOBHUK Meacayxonl B. . Jleresa.

OO0BeKTOM HaOMIOAEHUSI CcTajla I'PyIMIa MOJOAbIX (MMPaAaKTUUYECKU Of-
HOTO BO3pacTa) MYKUMH U3 pa3HbIXx obyacteit ObiBuIero Coo3a, mpu-
HUMaBLIKMX y4yacTue B JMKBUAALMM TociaeacTBuil aBapun Ha YADC u
MOJYYUBIIUX JONYCTUMYIO 103y oonyueHus — 0,25 I'p, 4TO KOHTPOIUPO-
BaJOCh BCEMU MeTOoAaMM paauoMeTpuu. Ocolyio LEHHOCTb MpeacTaBIsiI
TOT (baKT, YTO MCCIEIOBAHUS MPOBOAMJIM HA OJHMX U TEX XK€ JIMLAX 10
MX HaIpaBJeHUS B 30HY aBapuu, BO BpeMsl pabOThl B «30HE» U IOCJIE Ha-
oopa no3sl, paBHoit 0,25 I'p. [1ocie Bo3BpallieHUs JIMKBUAATOPOB aBapuu
Ha MECTO ITOCTOSIHHOT'O XKUTEJbCTBA UX OOCJENOBaHUE MOBTOPSIOCH Ye-
pe3 Mecsl 1M yepe3 rof rnocje Habopa 103bl. bbl1o MpoBeaeHO AeTajibHOE
0o0cef0BaHUE MMMYHOJIOTMYECKUX M IeMaTOJIOTMYECKUX IapaMeTpoB,
KOTOpPbI€ CPaBHMBAJMUCh Y OMHOIO M TOTO € JMlA U3 JAHHOW I'PYMITbI
JUKBUAATOPOB, YTO MO3BOJISJIO YETKO MPOCIAEAUTh IMHAMUKY U3MEHEHUSI
ATUX MApaMETPOB Y KaxKJIOro U3 HUX, HUBEJUPYST MHAMBUAYAJIbHbIE pa3-
auyus B rpynne. [TnaHupoBaaoch MOBTOPUTH UCCIEIOBAHUE ITUX XKe JULL
yepe3 mTh JieT nociae padoTel Ha YADC, HO npomoskeHue padoThl He
cocrosiioch u3-3a pacnaga CCCP.

HecomMHeHHBIM OCHOBoOMoOJIaraloUIUM (PakTOpoM Jsl MPOBEACHU S
WCCJIEIOBAaHUI CTaJIO TO, UTO 32 HECKOJIbKO JIET 0 aBapuu B OTIEJIE€ MO-
JIEKYJIsIpHOI MMMYHojoruu, pykosoaumbiM C.B. KomucapeHko, ObL1
MpuoOpeTéH U OCBOEH IepBblil B YKpauHe (U, MO-BUIMMOMY, MEPBbIi
no-HacTtosiieMy ¢pyHKunoHupyowmuii B CCCP) yHMKaNIbHBINM B TO BpeMsl
npubop — jnaszepHbI NpoTouHblt LUTOGIYyopuMeTp EPICS-C dupmbl
Coulter ¢ onuueit 111 COPTUPOBKU KJIETOK. B oTaesne MosekyasipHO UM-
MYHOJIOTUM LUTOMIYOPUMETP MPUMEHSJIU IJIS1 M3yYeHUs JUMGOLIUTOB
MBILIM, HO KaK TOJIbKO ciayuyunack aBapust Ha YADC Cepreii BacunbeBuu
cBsi3asics ¢ kosuieraMu Bo @paHuuu, U eMy MpUCIaid Habopbl MOHOKJIO-
HaJbHBIX aHTUTEN K AU(MEOEPEHIUPOBOUYHBIM aHTUT€HAM JMM@POLUTOB
YyeJIoBeKa, UTO /a0 BO3MOXHOCTb KOJIMUYECTBEHHO OMpPenesiTh CyOrnomy-
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JISILIUOHHBINA COCTaB JUM@POLUMUTOB y JUKBUIATOPOB, a TaKXe BBIACJSTH
HY>XHbIE€ CyONONyJISILMU KJIETOK HA COPTUPOBIIMKE JISI MX TTOCIEAYOLIE-
I0 YABTPACTPYKTYPHOIo aHaiau3a Ha Mukpockomne JEM-100 ¢upmbl JEOL
B Hallleil JJabopaTopuu rOPMOHAJIBHOW PETYJISIIUU TeMOMNod3a.

B pesynabraTe mpoBeneHHBIX MCCAENOBaHU yke K KoHIy 1986 rona,
a ocobeHHo B 1987 romy, korma ObLIM 00pabOTaHbl JAHHBIE O BCEX y4acT-
HUKAaX 5KCIEPUMEHTA, a TAaKXKe TaHHbIe TTOBTOPHBIX UCCIEAOBAHUNA Y 9TUX
K€ YYaCTHMUKOB, TOJYYEHHBIE MO3Xe (Yepe3 MecCsIl WJIM JaXxe 4epe3 roia
MOCJie «BbIXOAA M3 30HBI OOJIyYEHUSI»), CTAJI0O OUYEBUAHBIM, UTO MaJible
no3bl paguanuu (0,25 I'p) mpakTUyecKU He MPUBOAMIIU K JOCTOBEPHBIM
U3MEHEHMSIM CO CTOPOHBI OOILEro Yucia JEHKOLUMTOB U JIEUKOLIUTAPHOMN
(opmyJibl, a TaKXXe CO CTOPOHBI «KJACCUUYECKMX» IOKa3aTejaeid MUMMY-
HUTeTa (KaK, HampuMep, YPOBHEN pa3HbIX KJIACCOB MMMYHOIJIOOYJIMHOB
B ChIBOPOTKE KpoBHM). B TO Xe Bpems OblJI0 OOHApYy>XE€HO CHUKEHUE aK-
TUBHOCTH, a TaK>X€ YMEHBIIEHUE OTHOCUTEJIILHOTO U aOCOJIIOTHOTO YMCia
CD56+ 6ompminx rpanyiocoaepxamux aumponutos (BIJI), koTopbie
CUUTAJIUCh MOP(POJOrMYeCKUM TOMOJIOIOM €CTECTBEHHBIX KJETOK-KHWJI-
nepoB (NK-kieTok).

VabpTpacTpyKTYpHBIM aHaJIM3 ocTaBlIuxcsl B KpoBu BIJI oOHapyxui
3HAYUTEJIbHBbIE HAPYLIEHUS WX CYOMUKPOCKOIMMYECKONH OpraHu3alvu.
Cnyctd roa nocyie o06ay4eHus y OOJBIIMHCTBA, HO HE Y BCEX M3 MCCie-
JOBAaHHBIX JIMII, ITPOU3OIILIO0 BoccTaHoBAeHUe ynciaa bIJI B KkpoBu, X0t
Yy MHOTMX U3 HUX (Iaxe y Tex, y Koro yucyio bI'JI BoccraHoBMIIOCH) OCTa-
BaJIMCh CYIIECTBEHHbIC HapylIEHUsI CYyOMUKPOCKOMMUYECKON CTPYKTYPbI
BbI'JI. MuTepecHO OTMETUTD, UTO Y HEKOTOPBIX TMKBUIATOPOB C OCOOEHHO
CHUXXEHHBIM KoIn4ecTBOM NK-KJIETOK, KOTOpbIE MPOAOJIKAJIU 00CIen0-
BaTbCs B YKpauHe, 4epe3 HECKOJIbKO JIET ObIJIM BbISIBJIEHBI 3JJ0KAaYECTBEH-
Hble HOBOOOpa30BaHUS. Y BCEX JIMKBUIATOPOB IMPU JIEKTPOHHO-MUKPO-
CKOIMMYECKOM MCCJIEIOBAHUM OTMEUYAIMCh TaKXKe OTYETIMBbIE U3MEHEHU S
yabTpacTpykTypbl CD4+ T-numdonuToB cpasy nocjie odnydeHus. B aToit
CTaTbe 51 J€TaJbHO HE OCTAaHABAMBAIOCH HA JAHHBIX, MOJYYEHHBIX B pe-
3yJIbTaTe MPOBEACHHBIX UCCIECAOBAHUMI. BOJBIIMHCTBO U3 HUX U3JTOXEHBI
B MoHorpaduu «Paguauuyss 1 uMMyHUTET 4denoBeka» (Kwues, 1994) non
penakuueit C. B. Komucapenko u K. I1. 3aka. Hackoiabko HaM M3BECTHO,
9TO ObUIM MEPBbIE B MUPE JaHHbIE, TTOJYUYEHHbIE B TO BpeMs Ha CaMOM
COBPEMEHHOM METOAMYECKOM YPOBHE O BJIMSIHUM MaJIbIX 103 paauallvuu
Ha CUCTEMY €CTECTBEHHOTO MMMYHUTETA Y JIIONIEH, KOTOpasi OTBEYaeT Ipe-
KJI€ BCETO 3a MPOTUBOBUPYCHBIM U IMTPOTUBOOMYXOJECHI UMMYHUTET. DTU
JaHHbIE MOXHO B IMOJHOW Mepe Ha3BaThb YHUKAJIbHbIMU, HO OHM HaXO-
IUJIKUCh B mpoTuBopeunu ¢ cyuiectBoBasiieir B CCCP koHuenmueit o
0€30MacHOCTU MaJibIX A03 paJvalluy IS 300POBbsSl YeJOBEeKA U MOATOMY
ObLIM BCTPEUYEHBI «B IUTBIKM» OCOOCHHO «I1€4aJIbHO U3BECTHBIM» B YKpau-
He reHepasom JI. UnpunbiMm u3 Mucturyra ouodpuzuku M3 CCCP, B
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KOTOpPOM, KaK 0Ka3aJ0Ch, UMMYHOJIOIMUYECKHE UCCIEI0BAHUS HAXOAUJIUCh
Ha cCaMOM HU3KOM YPOBHE.

I'maBHBIM apryMeHTOM HalllMX OMMOHEHTOB MPOTHUB IMOJYUYEHHbBIX
JAHHBIX ObLJIO YTBEPXKJICHUE O TOM, YTO HalAEHHbIE U3MEHEHMsI CBSI3aHbI
HE C BJAMSIHUEM MaJiblIX J03 paavalluM, a CO CTPECCOM, KOTOPBIN SKOObI
BJIMSIJI HA 3l0POBbE JIMKBUAATOPOB. BO3MOXHO, 4TO CTpecc BHEC CBOM
HEeraTUBHBIN BKJIa/, XOTs HEMOHSITHO, MOYEMY 3TOT BKJIajA (€CJIM OH ObLT)
CKa3bIBaJICsl HA CUCTEME NPUPOIHOIO (ECTECTBEHHOI0), a He aJallTUBHO-
ro uMMyHureta. bosee Toro, ucciaenoBaHus, MPoOBEAEHHbIE Yepe3 MeCsI]
U 4Yepe3 Toj Iocjie padoT B «30HE», KOIrIa CTpecc, MPUCYILIUi padboTe
okojio YADC, oTcyTcTBOBaJ, MOATBEPAUIN CHUXKEHUE MPUPOIHOTO UM-
MYHUTETA Yy JUL, MOJYYMBLIMX Majible 103bl 00ayuyeHus . Cepreit Bacu-
JIbeBUY MHUILIMMPOBAJ U JAajibHEllee uccieqoBaHWe HAlWJEHHOro HaMU
addekTa, HO yke Ha XMBOTHBIX. OH moroBopuiics ¢ akagemMukom AMH
CCCP b. A. JlanunbiMm — gupekTopoM MHCTUTYTA 3KCriepUMeHTaIbHOM
natosorun u tepanuu AMH CCCP — o npoBeaeHUM 3KCIEPUMEHTOB O
BJIMSIHUM MaJIbIX 103 paJualiuyd Ha mpumarax. [ljisi 3Toro cCoTpyniHUKU ero
otnena jgetaju B CyXyMU, BbIACISIIM JTUM@POLMUTHI 00JTYUEHHBIX 00€3bsIH,
MapKMpOBaJIy UX aHTUTEJIaMU U nepecbliaiu B Kues. Pe3ynabraTsl epBoit
K€ CEPUU DKCIEPUMEHTOB MOATBEPAMIIN PE3yJbTaThl, ITOJIYYEHHbIE paHee
y JMKBHUAATOPOB.

DTU AaHHBIE O BIAMSHUM MaJjbIX 103 paJuallui Ha MOKa3aTeau Mpu-
POAHOTO MMMYHMTETA y JIoIeil OblIM 3ampelleHbl 1 NyOoauKauuu
BILIOTH 10 1990—1991 romoB. Bo3mMoXHO, 3TO ObLJIO MOTOMY, UTO OHU
CTaBUJIM TOJ COMHEHUE HOPMBI, CYILIECTBOBABIINE Ha aTOMHBIX 3JEKTPO-
CTAaHUMIX WJIM HAa BOCHHBIX KOpabJsIX ¢ aTOMHBIMM ABuUrareasiMmu. U
ceiiyac OHM He OYE€Hb M3BECTHBI B YKpauHE BO MHOIOM M3-3a TOTO, YTO
npobyieMoii MeAULIMHCKUX nocieacTBuii aBapuu Ha YADC B Hailleit cTpa-
HE PYKOBOISIT IPEUMYILIECTBEHHO Te, KTO B 1986—1990 romax BbICTyIaj
B pycjie oUIIMaIbHOW MOJUTUKM OO0 OTCYTCTBUM BJIMSIHUSI MaJIbIX 103
panuainuy Ha 310pOBbe Jionei. B To ke BpeMs Hago OTHaTh JOJIXKHOE
akageMmuky AMH CCCP ®. 1. KomapoBy, 6e3 noaaepXKu KOTOPOIo u,
ectrectBeHHO, LIBMY Muno6oponst CCCP BblnmosHeHUE 3TOM pabdOThI
Ob1J10 OBl HEBO3MOXHO.

Otnen, pykoBoaumbiii Cepreem BacuibeBruem, crueall Takxe 00Jb-
IO BKJIaJ B M3yUYEHHE POJIM UMMYHUTETA B MaTOreHe3e caxapHOro aua-
bera 1- 1 2-To TUIA, SIBJIAIONIErocsd OMYOM 4YejoBeuecTBa. Kak u3BecTHO,
B HacToslliee BpeMsl HaOJI0daeTcsl pe3koe yBeJIMUYEeHME 4acTOThl 3TOrO
3abo0ieBaHMsI BO BCEM MHUpE, Hocsdllee xapakTep maHaemuu. Kak yxe
yKasbiBajioch, otaes Cepresi BacuibeBrya pacrionaraj Jla3epHbIM Mpo-
TOYHBIM LIUTO(MIYOPUMETPOM C COPTUPOBOYHOM MPUCTABKOM, MO3BOJISIB-
LIKM C TIOMOILIbIO MEYEHbIX MOHOKJIOHAJIbHBIX aHTUTEJ K COOTBETCTBYIO-
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IIIMM TMOBEPXHOCTHBIM aHTUTE€HaM JUM@OLMTOB HE TOJbKO OMpPEneasiTh
KOJIMYECTBO ONMPEAETCHHBIX CyONOMyasaumnii JMMGOLUTOB, HO U BbIACISTh
COPTUPOBKOM BBICOKOOUUILUEHHbIE (DpaKUU ITUMGPOLUTOB, YTO ObLIO OCO-
OCHHO Ba)XHO JJIs MCCJENOBAHUS YJABTPACTPYKTYPbl 3TUX KJeToK. Ilpu
TECHOM COTpYIHMYECTBE COTpyaHUKOB oTaena Cepres BacuiabeBuua
(. U. Jlykunos, H. I1. KapnoBa, C. 3. MuieHKo) U Halleil 1aboparo-
puu (M. A. I'py3oB) Obl1u BeinosHeHbl nepBble B CCCP u B YkpauHe
paboThl MO MCCAENOBAHUIO UMMYHO(MEHOTUIIA TUMPOLUTOB Yy OOJbHBIX
caxapHbIM 11a0eToM 1- M 2-ro TUIIOB, UTO JaJI0 BO3MOXHOCTh 00Jjiee TOY-
HO BBbISICHUTb HEKOTOpPbIE KapAWHaJIbHbIE BOIIPOCHI O POJIM UMMYHUTETA B
MaToreHe3e 3Toro 3abo0JieBaHUSI.

Kak u3BecTHO, MUK HAyYHOU IEATEAbHOCTU Y YYEHBIX MEIUKO-01O-
JIOTUYECKOro Mpoduisi 3HAYMTEJbHO AJIMHHEE U HACTYMaeT Mo3aHee, YeM
y (GU3MKOB M MaTeMaTUKOB, TaK KakK IMPUPOAHBINA TajJaHT OMOJIOTOB U
Bpaueii MOMOJHSETCS ellé U MHOTOJIETHUM XXU3HEHHBIM orbiToM. Creno-
BatenbHO Y Ceprest BacuiibeBuya octaéres elé 00JIbIIoi pe3epB BpeMeH!U
JJIsl JAJIbHEMIINX CBEPIUEHUU B 00JacTIX OMOXMMHUU U MOJIEKYISPHOM
WMMYHOJIOTUU.

B 3akuroueHre MHe Obl XOTEI0Ch OTMETUTD JJIsI MEHsI CaMO€ BaXKHOE.
[IpuBeneHHbIE BbIllle OTPHIBKU M3 MOMX BOCIIOMMHAHUN O TBOPYECKMX
KoHTakTax ¢ akageMukoM C. B. KomucapeHKo SIBASIIOTCS TOJbKO (par-
MEHTOM MOEro MCKPEHHE JIPY>KEeCKOro OTHOLIEHUSI K HEMY, €ro CeMbe U
K €ro 3aMeyaTeJIbHbIM POAMTENSIM, OT KOTOPBIX OH YHACJeI0Baa Jydlline
YyeJIOBeUECKMe KayecTBa. 3a MHOrMe roabl Moero 3HakoMmcTBa ¢ CepreeM
BacuibeBuueM OH HMKOIJA HE M3MEHSI IVIAaBHBIM YepTaM CBOEro Xapak-
Tepa — NPUHLUMIIMAJIBHOCTH, CIIPABEAJIMBOCTHU, CMEJIOCTH, MOPSIIOUHOCTH,
a TakXe JOCTYIMHOCTU U ITOOPOXEIATeIbHOCTU K JIIOASIM HE3aBUCHUMO OT
MX HAIMOHAJbHOCTU MJIM COLMaIbHOro nojioxxeHus. [IpusaTHo, 4To 32 3TK
K€ TObl €ro HeoTpa3rumasi yiablOKa MOYTU HE U3MEHUJIACH.
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Between the 1950s and 1980s, scientists were focusing mostly on how
the genetic code was transcribed to RNA and translated to proteins, but how
proteins were degraded had remained a neglected research area. With the
discovery of the lysosome by Christian de Duve it was assumed that cellular
proteins are degraded within this organelle. Yet, several independent lines
of experimental evidence strongly suggested that intracellular proteolysis was
largely non-lysosomal, but the mechanisms involved have remained obscure.
The discovery of the ubiquitin-proteasome system resolved the enigma. We now
recognize that degradation of intracellular proteins is involved in regulation of
a broad array of cellular processes, such as cell cycle and division, regulation
of transcription factors, and assurance of the cellular quality control. Not
surprisingly, aberrations in the system have been implicated in the pathogenesis
of human disease, such as malignancies and neurodegenerative disorders,
which led subsequently to an increasing effort to develop mechanism-based
drugs.

body proteins were viewed as essentially stable constituents that
were subject to only minor ‘wear and tear’: dietary proteins were
believed to function primarily as energy-providing fuel, which were in-
dependent from the structural and functional proteins of the body. The
problem was hard to approach experimentally, as research tools were not
available. Important research tools that were lacking at that time were sta-

T he concept of protein turnover is hardly 70 years old. Beforehand,

Abbreviations used: ODC, ornitihine decarboxylase; G6PD, glucose-6-phosphate dehydro-
genase; PEPCK, phosphoenol-pyruvate carboxykinase; TAT, tyrosine aminotransferase;
APF-1, ATP-dependent Proteolysis Factor 1 (ubiquitin); UBIP, ubiquitous immunopoietic
polypeptide (ubiquitin); MCP, multicatalytic proteinase complex (26S proteasome); CP,
20S core particle (of the proteasome); RP, 19S regulatory particle (of the proteasome).
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ble isotopes. While radioactive isotopes were developed earlier by George
de Hevesy (de Hevsey G., Chemistry 1943. In: Nobel Lectures in Chemistry
1942-1962. World Scientific 1999. pp. 5-41), they were mostly unstable and
could not be used to follow metabolic pathways). The concept that body
structural proteins are static and the dietary proteins are used only as a fuel
was challenged by Rudolf Schoenheimer in Columbia University in New
York City. Schoenheimer escaped from Germany and joined the Depart-
ment of Biochemistry in Columbia University founded by Hans T. Clarke
(1-3). There he met Harold Urey who was working in the Department of
Chemistry and who discovered deuterium, the heavy isotope of hydrogen, a
discovery that enabled him to prepare heavy water, D,0. David Rittenberg
who had recently received his Ph.D. in Urey’s laboratory, joined Schoen-
heimer, and together they entertained the idea of ‘employing a stable isotope
as a label in organic compounds, destined for experiments in intermediary
metabolism, which should be biochemically indistinguishable from their natu-
ral analog’ (1). Urey later succeeded in enriching nitrogen with N, which
provided Schoenheimer and Rittenberg with a ‘tag’ for amino acids and as
a result for the study of protein dynamics. They discovered that following
administration of "N-labled tyrosine to rat, only ~50% can be recovered
in the urine, ‘while most of the remainder is deposited in tissue proteins. An
equivalent of protein nitrogen is excreted’ (4). They further discovered that
from the half that was incorporated into body proteins ‘only a fraction
was attached to the original carbon chain, namely to tyrosine, while the bulk
was distributed over other nitrogenous groups of the proteins’ (4), mostly as
an aNH, group in other amino acids. These experiments demonstrated
unequivocally that the body structural proteins are in a dynamic state of
synthesis and degradation, and that even individual amino acids are in a
state of dynamic interconversion. Similar results were obtained using "N-
labled leucine (5). This series of findings shattered the paradigm in the
field at that time that: (1) ingested proteins are completely metabolized and
the products are excreted, and (2) that body structural proteins are stable
and static. Schoenheimer was invited to deliver the prestigious Edward K.
Dunham lecture at Harvard University where he presented his revolution-
ary findings. After his untimely tragic death in 1941, his lecture notes
were edited Hans Clarke, David Rittenberg and Sarah Ratner, and were
published in a small book by Harvard University Press. The editors called
the book ‘The Dynamic State of Body Constituents’ (6), adopting the title of
Schoenheimer’s presentation. In the book, the new hypothesis was clearly
presented: ‘The simile of the combustion engine pictured the steady state flow
of fuel into a fixed system, and the conversion of this fuel into waste products.
The new results imply that not only the fuel, but the structural materials are in
a steady state of flux. The classical picture must thus be replaced by one which
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takes account of the dynamic state of body structure’. However, the idea that
proteins are turning over had not been accepted easily, and was challenged
as late as the mid-1950s. For example, Hogness and colleagues studied
the kinetics of B-galactosidase in Escherichia coli and summarized their
findings (7): ‘To sum up: there seems to be no conclusive evidence that the
protein molecules within the cells of mammalian tissues are in a dynamic state.
Moreover, our experiments have shown that the proteins of growing E. coli are
static. Therefore it seems necessary to conclude that the synthesis and mainte-
nance of proteins within growing cells is not necessarily or inherently associated
with a ‘dynamic state’. While the experimental study involved the bacterial
B-galactosidase, the conclusions were broader, including also the authors’
hypothesis on mammalian proteins. The use of the term ‘dynamic state’ was
not incidental, as they challenged directly Schoenheimer’s studies.

Now, after more than seven decades of research in the field of intra-
cellular proteolysis, and with the discovery of the lysosome and later the
ubiquitin-proteasome system, it is clear that the field has been revolutioni-
zed. We now recognize that intracellular proteins are turning over exten-
sively, that the process is specific, and that the stability of many proteins
is regulated individually and can vary under different conditions. From a
scavenger, unregulated and non-specific end process, it has become clear
that proteolysis of cellular proteins is a highly complex, temporally con-
trolled and tightly regulated process that plays major roles in a broad array
of basic pathways. Among these processes are cell cycle, development, dif-
ferentiation, regulation of transcription, antigen presentation, signal trans-
duction, receptor-mediated endocytosis, quality control, and modulation of
diverse metabolic pathways. Subsequently, it has changed the paradigm that
regulation of cellular processes occurs mostly at the transcriptional and
translational levels, and has set regulated protein degradation in an equally
important position. With the multitude of substrates targeted and processes
involved, it has not been surprising to find that aberrations in the pathway
have been implicated in the pathogenesis of many diseases, among them
certain malignancies, neurodegeneration, and disorders of the immune and
inflammatory system. As a result, the system has become a platform for
drug targeting, and mechanism-based drugs are currently developed, one
of them is already on the market.

The lysosome and intracellular protein degradation

In the mid-1950s, Christian de Duve discovered the lysosome (see, for
example, Refs. 8 and 9 and Fig. 1). The lysosome was first recognized bio-
chemically in rat liver as a vacuolar structure that contains various hydro-
lytic enzymes which function optimally at an acidic pH. It is surrounded
by a membrane that endows the contained enzymes latency that is required
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Fig. 1. The lysosome: Ultrathin cryosection of a rat PC12 cell that had been loaded
Jor 1 hour with bovine serum albumin (BSA)-gold (5 nm particles) and immuno-
labeled for the lysosomal enzyme cathepsin B (10-nm particles) and the lysosomal
membrane protein LAMPI (15 nm particles). Lysosomes are recognized also by their
typical dense content and multiple internal membranes. Bar, 100 nm. Courtesy of
Viola Oorschot and Judith Klumperman, Department of Cell Biology, University
Medical Centre Utrecht, The Netherlands

to protect the cellular contents from their action (see below). The definition
of the lysosome was broadened over the years because it had been recog-
nized that the digestive process is dynamic and involves numerous stages
of lysosomal maturation together with the digestion of both exogenous
proteins (which are targeted to the lysosome through receptor-mediated
endocytosis and pinocytosis) and exogenous particles (which are targeted
via phagocytosis; the two processes are known as heterophagy), as well as
digestion of endogenous proteins and cellular organelles (which are tar-
geted by micro- and macro-autophagy; see Fig. 2). The lysosomal/vacuolar
system as we currently recognize it is a discontinuous and heterogeneous
digestive system that also includes structures that are devoid of hydro-
lases — for example, early endosomes which contain endocytosed receptor-
ligand complexes and pinocytosed/phagocytosed extracellular contents. On
the other extreme it includes the residual bodies - the end products of the
completed digestive processes of heterophagy and autophagy. In between
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Fig. 2. The four digestive processes mediated by the lysosome: (i) specific receptor-
mediated endocytosis, (ii) pinocytosis (non-specific engulfment of cytosolic droplets
containing extracellular fluid), (iii) phagocytosis (of extracellular particles), and
(iv) autophagy (micro- and macro-; of intracellular proteins and organelles)(with
permission from Nature Publishing Group. Published originally in Ref. §3)

these extremes one can observe: primary/nascent lysosomes that have not
been engaged yet in any proteolytic process; early autophagic vacuoles
that might contain intracellular organelles; intermediate/late endosomes
and phagocytic vacuoles (heterophagic vacuoles) that contain extracellular
contents/particles; and multivesicular bodies (MVBs) which are the tran-
sition vacuoles between endosomes/phagocytic vacuoles and the digestive
lysosomes.

The discovery of the lysosome along with independent experiments
that were carried out at the same time and that have further strengthened
the notion that cellular proteins are indeed in a constant state of synthesis
and degradation (see, for example, Ref. 10), led scientists to feel, for the
first time, that they have at hand an organelle that can potentially media-
te degradation of intracellular proteins. The fact that the proteases were
separated from their substrates by a membrane provided an explanation for
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controlled degradation, and the only problem left to be explained was how
the substrates are translocated into the lysosomal lumen, exposed to the
activity of the lysosomal proteases and degraded. An important discovery
in this respect was the unraveling of the basic mechanism of action of the
lysosome in autophagy (reviewed in Ref. 11). Under basal metabolic condi-
tions, portions of the cytoplasm, which contain the entire cohort of cel-
lular proteins, are segregated within a membrane-bound compartment, and
are then fused to a primary nascent lysosome and their contents digested.
This process was called microautophagy. Under more extreme conditions,
starvation for example, mitochondria, endoplasmic reticulum membranes,
glycogen bodies and other cytoplasmic entities, can also be engulfed by
a process called macroautophagy (see, for example, Ref. 12; the different
modes of action of the lysosome in digesting extra- and intracellular pro-
teins are shown in Fig. 2).

However, over a period of more than two decades, between the mid-
1950s and the late 1970s, it has become gradually more and more dif-
ficult to explain several aspects of intracellular protein degradation based
on the known mechanisms of lysosomal activity: accumulating lines of
independent experimental evidence indicated that the degradation of at
least certain classes of cellular proteins must be non-lysosomal. Yet, in
the absence of any ‘alternative’, researchers came with different explana-
tions, some more substantiated and others less, to defend the ‘lysosomal’
hypothesis.

First was the gradual discovery that came from different laboratories,
that different proteins vary in their stabilities, and their half-life times
can span three orders of magnitude, from a few minutes to many days.
Thus, the t,, of ornitihine decarboxylase (ODC) is ~10 min, while that
of glucose-d—phosphate dehydrogenase (G6PD) is 15 hours (for review ar-
ticles, see, for example, Refs. 13, 14). Also, rates of degradation of many
proteins were shown to change with changing physiological conditions,
such as availability of nutrients or hormones. It was conceptually difficult
to reconcile the findings of distinct and changing half lives of different
proteins with the mechanism of action of the lysosome, where the micro-
autophagic vesicle contains the entire cohort of cellular (cytosolic) proteins
that are therefore expected to degrade at the same rate. Similarly, changing
pathophysiological conditions, such as starvation or re-supplementation of
nutrients, were expected to affect the stability of all cellular proteins to the
same extent. Clearly, this was not the case.

Another source of concern about the lysosome as the organelle in
which intracellular proteins are degraded were the findings that specific
and general inhibitors of lysosomal proteases have different effects on dif-
ferent populations of proteins, making it clear that distinct classes of pro-
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teins are targeted by different proteolytic machineries. Thus, the degrada-
tion of endocytosed/pinocytosed extracellular proteins was significantly
inhibited, a partial effect was observed on the degradation of long-lived
cellular proteins, and almost no was detected on the degradation of short-
lived and abnormal/mutated proteins.

Finally, the thermodynamically paradoxical observation that the deg-
radation of cellular proteins requires metabolic energy, and more impor-
tantly, the emerging evidence that the proteolytic machinery uses the en-
ergy directly, were in contrast with the known mode of action of lysosomal
proteases that under the appropriate acidic conditions, and similar to all
known proteases, degrade proteins in an exergonic manner.

The assumption that the degradation of intracellular proteins is media-
ted by the lysosome was nevertheless logical. Proteolysis results from direct
interaction between the target substrates and proteases, and therefore it
was clear that active proteases cannot be free in the cytosol which would
have resulted in destruction of the cell. Thus, it was recognized that any
suggested proteolytic machinery that mediates degradation of intracellular
protein degradation must also be equipped with a mechanism that sepa-
rates - physically or virtually - between the proteases and their substrates,
and enables them to associate only when needed. The lysosomal membrane
provided this fencing mechanism. Obviously, nobody could have predicted
that a new mode of post-translational modification - ubiquitination - could
function as a proteolysis signal, and that untagged proteins will remain
protected. Thus, while the structure of the lysosome could explain the
separation necessary between the proteases and their substrates, and auto-
phagy could explain the mechanism of entry of cytosolic proteins into
the lysosomal lumen, major problems have remained unsolved. Important
among them were: (i) the varying half lives, (ii) the energy requirement,
and (iii) the distinct response of different populations of proteins to lyso-
somal inhibitors. Thus, according to one model, it was proposed that dif-
ferent proteins have different sensitivities to lysosomal proteases, and their
half lives in vivo correlate with their sensitivity to the action of lysosomal
proteases in vitro (15). To explain an extremely long half-life of a protein
that was nevertheless sensitive to lysosomal proteases, or alterations in
the stability of a single protein under various physiological states, it was
suggested that although all cellular proteins are engulfed into the lyso-
some, only the short-lived proteins are degraded, whereas the long-lived
proteins exit back into the cytosol: ‘7o account for differences in half-life
among cell components or of a single component in various physiological states,
it was necessary to include in the model the possibility of an exit of native
components back to the extralysosomal compartment’ (16). According to a
different model, selectivity was determined by the binding affinity of the
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different proteins to the lysosomal membrane which controls their entry
rates into the lysosome, and subsequently their degradation rates (17). For
a selected group of proteins, such as the gluconeogenetic enzymes phos-
phoenol-pyruvate carboxykinase (PEPCK) and fructose-1,6-biphosphatase,
it was suggested, though not firmly substantiated, that their degradation
in the yeast vacuole was regulated by glucose via a mechanism called ‘cat-
abolite inactivation’ that possibly involves their phosphorylation. However
this regulated mechanism for vacuolar degradation was limited only to a
small and specific group of proteins (see for example Ref. 18; reviewed in
Ref. 19). More recent studies have shown that at least for stress-induced
macroautophagy, a general sequence of amino acids, KFFERQ, directs,
via binding to a specific ‘receptor’ and along with cytosolic and lysosomal
chaperones, the regulated entry of many cytosolic proteins into the lysoso-
mal lumen. While further corroboration of this hypothesis is still required,
it can only explain the mass entry of a large population of proteins that
contain a homologous sequence, but not the targeting for degradation of
a specific protein under defined conditions (reviewed in refs. 20, 21). The
energy requirement for protein degradation was described as indirect, and
necessary, for example, for protein transport across the lysosomal mem-
brane (22) and/or for the activity of the H* pump and the maintenance of
the low acidic intralysosomal pH that is necessary for optimal activity of
the proteases (23). We now know that both mechanisms require energy. In
the absence of any alternative, and with lysosomal degradation as the most
logical explanation for targeting all known classes of proteins at the time,
Christian de Duve summarized his view on the subject in a review article
published in the mid-1960s, saying: ‘Just as extracellular digestion is suc-
cessfully carried out by the concerted action of enzymes with limited individual
capacities, so, we believe, is intracellular digestion’ (24). The problem of
different sensitivities of distinct protein groups to lysosomal inhibitors has
remained unsolved, and may have served as an important trigger in future
quest for a non-lysosomal proteolytic system.

Progress in identifying the elusive, non-lysosomal proteolytic system(s)
was hampered by the lack of a cell-free preparation that could faithfully
replicate the cellular proteolytic events - i.e. degrading proteins in a spe-
cific and energy-requiring mode. An important breakthrough was made by
Rabinovitz and Fisher who found that rabbit reticulocytes degrade abnor-
mal, amino acid analogue-containing hemoglobin (25). Their experiments
modeled known disease states, the hemoglobinopathies. In these diseases
abnormal mutated hemoglobin chains (such as sickle cell hemoglobin)
or excess of unassembled normal hemoglobin chains (which are synthe-
sized normally, but also excessively in thalassemias, diseases in which the
pairing chain is not synthesized at all or is mutated and rapidly degraded,
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and consequently the bi-heterodimeric hemoglobin complex is not assem-
bled) are rapidly degraded in the reticulocyte (26, 27). Reticulocytes are
terminally differentiating red blood cells that do not contain lysosomes.
Therefore, it was postulated that the degradation of hemoglobin in these
cells was mediated by a non-lysosomal machinery. Etlinger and Goldberg
(28) were the first to isolate and characterize a cell-free proteolytic prepa-
ration from reticulocytes. The crude extract selectively degraded abnormal
hemoglobin, required ATP hydrolysis, and acted optimally at a neutral pH,
which further corroborated the assumption that the proteolytic activity was
of a non-lysosomal origin. A similar system was isolated and character-
ized later by Hershko, Ciechanover, and their colleagues (29). Additional
studies by this group led subsequently to resolution, characterization, and
purification of the major enzymatic components from this extracts and to
the discovery of the ubiquitin signalling system (see below).

The lysosome hypothesis is challenged

As mentioned above, the unraveled mechanism(s) of action of the
lysosome could explain only partially and at times not satisfactorily, several
key emerging characteristics of intracellular protein degradation. Among
them were the heterogeneous stability of individual proteins, the effect of
nutrients and hormones on their degradation, and the dependence of intra-
cellular proteolysis on metabolic energy. The differential effect of selective
inhibitors on the degradation of different classes of cellular proteins (see
above but mostly below), could not be explained at all.

The evolution of methods to monitor protein kinetics in cells together
with the development of specific and general lysosomal inhibitors has re-
sulted in the identification of different classes of cellular proteins, long-
and short-lived, and the discovery of the differential effects of the inhibi-
tors on these groups (see, for example, Refs. 30,31). An elegant experiment
in this respect was carried out by Brian Poole and his colleagues in the
Rockefeller University. Poole was studying the effect of lysosomotropic
agents, weak bases such as ammonium chloride and chloroquine, which
accumulate in the lysosome and dissipate its low acidic pH. It was assumed
that this mechanism underlies also the anti-malarial activity of chloroquine
and similar drugs where they inhibit the activity of the parasite’s lyso-
some, ‘paralyzing’ its ability to digest the host’s hemoglobin during the
intra-erythrocytic stage of its life cycle. Poole and his colleagues metaboli-
cally labeled endogenous proteins in living macrophages with 3H-leucine
and ‘fed’ them with dead macrophages that had been previously labeled
with “C-leucine. They assumed, apparently correctly, that the dead mac-
rophages debris and proteins will be phagocytosed by live macrophages
and targeted to the lysosome for degradation. They monitored the effect of
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lysosomotropic agents on the degradation of these two protein populations,
In particular, they studied the effect of the weak bases chloroquine and
ammonium chloride (which enter the lysosome and neutralize the H* ions),
and the acid ionophore X537A which dissipates the H* gradient across the
lysosomal membrane. They found that these drugs specifically inhibited the
degradation of extracellular proteins, but not that of intracellular proteins
(32). Poole summarized these experiments and explicitly predicted the ex-
istence of a non-lysosomal proteolytic system that degrades intracellular
proteins: ‘Some of the macrophages labeled with tritium were permitted to
endocytise the dead macrophages labeled with '*C. The cells were then washed
and replaced in fresh medium. In this way we were able to measure in the
same cells the digestion of macrophage proteins from two sources. The exog-
enous proteins will be broken down in the lysosomes, while the endogenous pro-
teins will be broken down wherever it is that endogenous proteins are broken
down during protein turnover’ (33; the paragraph is copied verbatim; A.C.).

The requirement for metabolic energy for the degradation of both
prokaryotic (34) and eukaryotic (10, 35) proteins was difficult to explain.
Proteolysis is an exergonic process and the thermodynamically paradoxical
energy requirement for intracellular proteolysis made researchers believe
that energy cannot be consumed directly by proteases or the proteolytic
process per se, and is used indirectly. As Simpson summarized his findings
(10): “The data can also be interpreted by postulating that the release of amino
acids from protein is itself directly dependent on energy supply. A somewhat
similar hypothesis, based on studies on autolysis in tissue minces, has recently
been advanced, but the supporting data are very difficult to interpret. Howe-
ver, the fact that protein hydrolysis as catalyzed by the familiar proteases and
peptidases occurs exergonically, together with the consideration that autolysis
in excised organs or tissue minces continues for weeks, long after phosphoryla-
tion or oxidation ceased, renders improbable the hypothesis of the direct energy
dependence of the reactions leading to protein breakdown’. Being cautious
however, and probably unsure about this unequivocal conclusion, Simpson
still left a narrow orifice opened for a proteolytic process that requires
energy in a direct manner: ‘However, the results do not exclude the existence
of two (or more) mechanisms of protein breakdown, one hydrolytic, the other
energy-requiring’. Since any proteolytic process must be at one point or
another hydrolytic, the statement that makes a distinction between a hy-
drolytic process, and an energy-requiring, yet non-hydrolytic one, is not
clear. Judging the statement from an historical point of view and knowing
the mechanism of action of the ubiquitin system, where energy is required
also in the pre-hydrolytic step (ubiquitin conjugation), Simpson may have
thought of a two step mechanism, but did not give it a clear description. At
the end of this clearly understandable, but at the same time difficult and
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convoluted deliberation, Simpson left us with a vague explanation link-
ing protein degradation to protein synthesis, a process that was known to
require metabolic energy: ‘The fact that a supply of energy seems to be nec-
essary for both the incorporation and the release of amino acids from protein
might well mean that the two processes are interrelated. Additional data sug-
gestive of such a view are available from other types of experiments. Early in-
vestigations on nitrogen balance by Benedict, Folin, Gamble, Smith, and others
point to the fact that the rate of protein catabolism varies with the dietary pro-
tein level. Since the protein level of the diet would be expected to exert a direct
influence on synthesis rather than breakdown, the altered catabolic rate could
well be caused by a change in the rate of synthesis’ (10). With the discovery
of lysosomes in eukaryotic cells it could be argued that energy was required
for the transport of substrates into the lysosome or for maintenance of the
low intralysosomal pH for (see above), for example. The observation by
Hershko and Tomkins that the activity of tyrosine aminotransferase (TAT)
was stabilized following depletion of ATP (36) indicated that energy could
be required at an early stage of the proteolytic process, most probably be-
fore proteolysis occurs. Yet, it did not provide a clue as for the mechanism
involved: energy could be used, for example, for specific modification of
TAT, e.g. phosphorylation, that would sensitize it to degradation by the
lysosome or by a yet unknown proteolytic mechanism, or for a modifica-
tion that activates its putative protease. It could also be used for a more
general lysosomal mechanism, one that involves transport of TAT into the
lysosome, for example. The energy inhibitors inhibited almost completely
degradation of the entire population of cell proteins, confirming previous
studies (e.g. 10) and suggesting a general role for energy in protein catabo-
lism. Yet, an interesting finding was that energy inhibitors had an effect
that was distinct from that of protein synthesis inhibitors which affected
only enhanced degradation (induced by steroid hormone depletion), but
not basal degradation. This finding ruled out, at least partially, a tight
linkage between protein synthesis and degradation. In bacteria, which lack
lysosomes, an argument involving energy requirement for lysosomal degra-
dation could not have been proposed, but other indirect effects of ATP hy-
drolysis could have affected proteolysis in E. coli, such as phosphorylation
of substrates and/or proteolytic enzymes, or maintenance of the ‘energized
membrane state’. According to this model, proteins could become suscep-
tible to proteolysis by changing their conformation, for example, following
association with the cell membrane that maintains a local, energy-depend-
ent gradient of a certain ion. While such an effect was ruled out (37), and
since there was no evidence for a phosphorylation mechanism (although
the proteolytic machinery in prokaryotes had not been identified at that
time), it seemed that at least in bacteria, energy was required directly for
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the proteolytic process. In any event, the requirement for metabolic energy
for protein degradation in both prokaryotes and eukaryotes, a process that
is exergonic thermodynamically, strongly indicated that in cells proteolysis
is highly regulated, and that a similar principle/mechanism has been pre-
served along evolution of the two kingdoms. Implying from the possible
direct requirement for ATP in degradation of proteins in bacteria, it was
not too unlikely to assume a similar direct mechanism in the degradation
of cellular proteins in eukaryotes. Supporting this notion was the descrip-
tion of the cell-free proteolytic system in reticulocytes (28, 29), a cell that
lacks lysosomes, which indicates that energy is probably required directly
for the proteolytic process, although here too, the underlying mechanisms
had remained enigmatic at the time. Yet, the description of the cell-free
system paved the road for detailed dissection of the underlying mechanisms
involved.

The ubiquitin-proteasome system

The cell-free proteolytic system from reticulocytes (28, 29) turned out
to be an important and rich source for the purification and characteriza-
tion of the enzymes that are involved in the ubiquitin-proteasome system.
Initial fractionation of the crude reticulocyte cell extract on the anion-ex-
change resin diethylaminoethyl cellulose yielded two fractions which were
both required to reconstitute the energy-dependent proteolytic activity that
is found in the crude extract: The unadsorbed, flow through material was
denoted fraction I, and the high salt eluate of the adsorbed proteins which
was denoted fraction II (38) (Table). This was an important observation
and a lesson for the future dissection of the system. For one it suggested
that the system was not composed of a single ‘classical’ protease that
has evolved evolutionarily to acquire energy dependence [although such
energy-dependent proteases, the mammalian 26S proteasome (see below)
and the prokaryotic Lon gene product have been described later|, but that
it was made of at least two components. This finding of a two component,
energy-dependent protease, left the researchers with no paradigm to follow,
and in attempts to explain the finding, they suggested, for example, that
the two fractions could represent an inhibited protease and its activator.
Second, learning from this reconstitution experiment and the essential de-
pendence between the two active components, we continued to reconstitute
activity from resolved fractions whenever we encountered a loss of activi-
ty along further purification steps. This biochemical ‘complementation’
approach resulted in the discovery of additional enzymes of the system,
all required to be present in the reaction mixture in order to catalyze the
multi-step proteolysis of the target substrate. We chose first to purify the
active component from fraction 1. It was found to be a small, ~8.5 kDa
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Resolution of the ATP-dependent proteolytic activity from crude reticulocyte extract
into two essentially required complementing activities (adapted from Ref. 38; with
permission from Elsevier/Biochem. Biophys. Res. Commun.)

. Degradation of [*H]globin (%)
Fraction
-ATP | +ATP
Lysate 1.5 10
Fraction I 0.0 0.0
Fraction 11 1.5 2.7
Fraction I and Fraction I1 1.6 10.6

heat stable protein that was designated ATP-dependent Proteolysis Factor
1, APF-1. APF-1 was later identified as ubiquitin (see below; I am using
the term APF-1 to the point where it was identified as ubiquitin and then
change terminology accordingly). In retrospect, the decision to start the
purification efforts with fraction I turned out to be important, as fraction I
contained only one single protein - APF-1 - that was necessary to stimu-
late proteolysis of the model substrate we used at the time, while fraction I1
turned out to contain many more. Later studies showed that fraction I con-
tains other components necessary for the degradation of other substrates,
but these were not necessary for the reconstitution of the system at that
time. This enabled us not only to purify APF-1, but also to quickly deci-
pher its mode of action. If we would have started our purification efforts
with fraction 11, we would have encountered a significantly bumpier road.
A critically important finding that paved the way for future developments
in the field was that multiple moieties of APF-1 are covalently conjugated
to the target substrate when incubated in the presence of fraction II, and
the modification requires ATP (39, 40; Fig. 3 and 4). It was also found
that the modification is reversible, and APF-1 could be removed from the
substrate or its degradation products (40).

The discovery that APF-1 was covalently conjugated to protein sub-
strates and stimulates their proteolysis in the presence of ATP and crude
fraction II, led in 1980 to the proposal of a model according to which
protein substrate modification by multiple moieties of APF-1 targets it for
degradation by a downstream, at that time an yet unidentified, protease
that cannot recognize the unmodified substrate; following degradation,
reusable APF-1 was released (40). Amino-acid analysis of APF-1, along
with its known molecular mass and other general characteristics raised
the suspicion that APF-1 was ubiquitin (41), a known protein of previ-
ously unknown function. Indeed, Wilkinson and colleagues confirmed
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Fig. 3. APF-1/Ubiquitin is shifted to high molecular mass compound(s) following
incubation in ATP-containing crude cell extract. ' I-labelled APF-1/ ubiquitin was
incubated with reticulocyte crude Fraction Il in the absence (open circles) or presen-
ce (closed circles) of ATP, and the reaction mixtures were resolved via gel filtration
chromatography. Shown is the radioactivity measured in each fraction. As can be
seen, following addition of ATP, APF-1/ubiquitin becomes covalently attached to
some component(s) in fraction 11, which could be another enzyme of the system or its
substrate(s) (with permission from Proceedings of the National Academy of the USA;
published originally in Ref. 39)

unequivocally that APF-1 was indeed ubiquitin (42). Ubiquitin had been
first described as a small, heat-stable and highly evolutionarily conserved
protein of 76 residues. It was first purified during the isolation of thymo-
poietin (43) and was subsequently found to be ubiquitously expressed in all
kingdoms of living cells, including prokaryotes (44). Interestingly, it was
initially found to have lymphocyte-differentiating properties, a characteris-
tic that was attributed to the stimulation of adenylate cyclase (44, 45). Ac-
cordingly, it was named UBIP for ubiquitous immunopoietic polypeptide
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Fig. 4. Multiple molecules of APF-1/Ubiquitin are conjugated to the proteolytic sub-
strate, probably signalling it for degradation. To interpret the data described in the
experiment depicted in Figure 2 and to test the hypothesis that APF-1 is conjugated
to the target proteolytic substrate, '>I-APF-1/ubiquitin was incubated along with
crude Fraction 11 (Figure 3 and text) in the absence (lane 1) or presence (lanes 2-5)
of ATP and in the absence (lanes 1, 2) or presence (lanes 3-5) of increasing con-
centrations of unlabeled lysozyme. Reaction mixtures resolved in lanes 6 and 7 were
incubated in the absence (lane 6) or presence (lane 7) of ATP, and included unla-
beled APF-1/ubiquitin and 1251-labeled lysozyme. CI1-C6 denote specific APF-1/
ubiquitin-lysozyme adducts in which the number of APF-1/ubiquitin moieties bound
to the lysozyme moiety of the adduct is increasing, probably from 1 to 6. Reactions
mixtures were resolved via sodium dodecyl! sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized following exposure to an X-ray film (autoradiography)
(with permission from Proceedings of the National Academy of the USA; published
originally in Ref. 40)
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(44). However, later studies showed that ubiquitin was not involved in the
immune response (46), and that it was a contaminating endotoxin in the
preparation that generated the adenylate cyclase and the T-cell differen-
tiating activities. Furthermore, the sequence of several eubacteria and ar-
chaebacteria genomes as well as biochemical analyses in these organisms
(unpublished) showed that ubiquitin was restricted only to eukaryotes. The
finding of ubiquitin in bacteria (44) was probably due to contamination of
the bacterial extract with yeast ubiquitin derived from the yeast extract in
which the bacteria were grown. While in retrospect the name ubiquitin is
a misnomer, as it is restricted to eukaryotes and is not ubiquitous as was
previously thought, it has remained the name of the protein. The reason
is probably because it was the name that was first assigned to the protein,
and scientists and nomenclature committees tend, in general, to respect
this tradition. Accordingly, and in order to avoid confusion, I suggest that
the names of other novel enzymes and components of the ubiquitin system,
but also of other systems as well, should remain as were first coined by
their discoverers.

An important development in the ubiquitin research field was the
discovery that a single ubiquitin moiety can be covalently conjugated to
histones, particularly to histones H2A and H2B. While the function of
these adducts has remained elusive until recently, their structure was un-
raveled in the mid 1970s. The structure of the ubiquitin conjugate of H2A
(uH2A; was also designated protein A24) was deciphered by Goldknopf
and Busch (47, 48) and by Hunt and Dayhoff (49) who found that the two
proteins are linked through a fork-like, branched isopeptide bond between
the carboxy-terminal glycine of ubiquitin (Gly”™) and the e-NH, group of
an internal lysine (Lys'"”) of the histone molecule. The isopeptide bond
found in the histone-ubiquitin adduct was suggested to be identical to the
bond that was found between ubiquitin and the target proteolytic substrate
(50), and between the ubiquitin moieties in the polyubiquitin chain (51,52)
that was synthesized on the substrate and that functions as a proteolysis
recognition signal for the downstream 26S proteasome. In this particular
polyubiquitin chain the linkage is between Gly’® of one ubiquitin moiety
and internal Lys* of the previously conjugated moiety. Only Lys*-based
ubiquitin chains are recognized by the 26S proteasome and serve as pro-
teolytic signals. In recent years it has been shown that the first ubiquitin
moiety can also be attached in a linear mode to the N-terminal residue
of the proteolytic target substrate (53). However, the subsequent ubiquitin
moieties are generating Lys**-based polyubiquitin chain on the first linearly
fused moiety. N-terminal ubiquitination is clearly required for targeting
naturally occurring lysine-less proteins for degradation. Yet, several lysine-
containing proteins have also been described that traverse this pathway,
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the muscle-specific transcription factor MyoD for example. In these pro-
teins the internal lysine residues are probably not accessible to the cog-
nate ligases. Other types of polyubiquitin chains have also been described
that are not involved in targeting the conjugated substrates for proteolysis.
Thus, a Lys®-based polyubiquitin chain has been described that is probably
necessary to activate transcription factors (reviewed recently in Ref. 54).
Interestingly, the role of monoubiquitination of histones has also been
identified recently, and this modification is also involved in regulation of
transcription, probably via modulation of the structure of the nucleosomes
(for recent reviews, see, for example, Refs. 55, 56).

The identification of APF-1 as ubiquitin, and the discovery that a
high-energy isopeptide bond, similar to the one that links ubiquitin to
histone H2A, links it also to the target proteolytic substrate, resolved at
that time the enigma of the energy requirement for intracellular proteolysis
(see however below) and paved the road to the untangling of the complex
mechanism of isopeptide bond formation. This process turned out to be
similar to that of peptide bond formation that is catalyzed by tRNA syn-
thetase following amino acid activation during protein synthesis or during
the non-ribosomal synthesis of short peptides (57). Using the unraveled
mechanism of ubiquitin activation and immobilized ubiquitin as a ‘co-
valent’ affinity bait, the three enzymes that are involved in the cascade
reaction of ubiquitin conjugation were purified by Ciechanover, Hershko,
and their colleagues. These enzymes are: (i) El, the ubiquitin-activating
enzyme, (ii) E2, the ubiquitin-carrier protein, and (iii) E3, the ubiquit-
in-protein ligase (58, 59). The discovery of an E3 which was a specific
substrate-binding component, indicated a possible solution to the problem
of the varying stabilities of different proteins — they might be specifically
recognized and targeted by different ligases.

In a short period, the ubiquitin tagging hypothesis received substan-
tial support. For example, Chin and colleagues injected into HelLa cells
labeled ubiquitin and hemoglobin and denatured the injected hemoglobin
by oxidizing it with phenylhydrazine. They found that ubiquitin conjuga-
tion to globin was markedly enhanced by denaturation of hemoglobin and
the concentration of globin-ubiquitin conjugates was proportional to the
rate of hemoglobin degradation (60). Hershko and colleagues observed a
similar correlation for abnormal, amino acid analogue-containing short-
lived proteins (61). A previously isolated cell cycle arrest mutant that loses
the ubiquitin-histone H2A adduct at the permissive temperature (62), was
found by Finley, Ciechanover and Varshavsky to harbor a thermolabile El
(63). Following heat inactivation, the cells fail to degrade normal short-
lived proteins (64). Although the cells did not provide direct evidence
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for substrate ubiquitination as a destruction signal, they still provided the
strongest direct linkage between ubiquitin conjugation and degradation.

At this point, the only missing link was the identification of the down-
stream protease that would specifically recognize ubiquitinated substrates.
Tanaka and colleagues identified a second ATP-requiring step in the retic-
ulocyte proteolytic system, which occurred after ubiquitin conjugation (65),
and Hershko and colleagues demonstrated that the energy was required
for conjugate degradation (66). An important advance in the field was a
discovery by Hough and colleagues, who partially purified and characteri-
zed a high-molecular mass alkaline protease that degraded ubiquitin ad-
ducts of lysozyme but not untagged lysozyme, in an ATP-dependent mode
(67). This protease which was later called the 26S proteasome (see below),
provided all the necessary criteria for being the specific proteolytic arm of
the ubiquitin system. This finding was confirmed, and the protease was
further characterized by Waxman and colleagues who found that it was
an unusually large, ~1.5MDa enzyme, unlike any other known protease
(68). A further advance in the field was the discovery (69) that a smaller
neutral multi-subunit 20S protease complex that was discovered together
with the larger 26S complex, was similar to a “multicatalytic protein-
ase complex” (MCP) that had been described earlier in bovine pituitary
gland by Wilk and Orlowski (70). This 20S protease was ATP-independent
and has different catalytic activities, cleaving on the carboxy-terminal side
of hydrophobic, basic and acidic residues. Hough and colleagues raised
the possibility - although they did not show it experimentally - that this
208 protease could be a part of the larger 26S protease that degrades the
ubiquitin adducts (69). Later studies showed that indeed, the 20S complex
is the core catalytic particle of the larger 26S complex (71, 72). However, a
strong evidence that the active ‘mushroom’-shaped 26S protease was gen-
erated through the assembly of two distinct sub-complexes - the catalytic
20S cylinder-like MCP and an additional 19S ball-shaped sub-complex
(that was predicted to have a regulatory role) - was provided only in the
early 1990s by Hoffman and colleagues (73) who mixed the two purified
particles and generated the active 26S enzyme.

The proteasome is a large, 26S, multicatalytic protease that degrades
polyubiquitinated proteins to small peptides. It is composed of two sub-
complexes: a 20S core particle (CP) that carries the catalytic activity, and
a regulatory 198 regulatory particle (RP). The 20S CP is a barrel-shaped
structure composed of four stacked rings, two identical outer a rings and
two identical inner B rings. The eukaryotic a and B rings are composed
each of seven distinct subunits, giving the 20S complex the general struc-
ture of a_B, B, ,a, .. The catalytic sites are localized to some of the B subu-
nits. Each extremity of the 20S barrel can be capped by a 19S RP each
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composed of seventeen distinct subunits, nine in a “base” sub-complex,
and eight in a “lid” sub-complex. One important function of the 19S RP
is to recognize ubiquitinated proteins and other potential substrates of the
proteasome. Several ubiquitin-binding subunits of the 19S RP have been
identified, although their biological roles and mode of action have not been
discerned. A second function of the 19S RP is to open an orifice in the
a ring that will allow entry of the substrate into the proteolytic chamber.
Also, since a folded protein would not be able to fit through the narrow
proteasomal channel, it was assumed that the 19S particle unfolds sub-
strates and inserts them into the 20S CP. Both the channel opening func-
tion and the unfolding of the substrate require metabolic energy, and in-
deed, the 19S RP “base” contains six different ATPase subunits. Following
degradation of the substrate, short peptides derived from the substrate are
released, as well as reusable ubiquitin (for a scheme describing the ubiqui-
tin system, see Fig. 5; for the structure of the 26S proteasome, see Fig. 6).

Concluding remarks

The evolution of proteolysis as a centrally important regulatory
mechanism has served as a remarkable example for the evolution of a novel
biological concept and the accompanying battles to change paradigms.
The five decades journey between the early 1940s and early 1990s began
with fierce discussions on whether cellular proteins are static as has been
thought for a long time, or are turning over. The discovery of the dynamic
state of proteins was followed by the discovery of the lysosome that was be-
lieved - between the mid-1950s and mid-1970s - to be the organelle within
which intracellular proteins are destroyed. Independent lines of experi-
mental evidence gradually eroded the lysosomal hypothesis and resulted in
a new idea that the regulated degradation of intracellular proteins under
basal metabolic conditions via a non-lysosomal machinery. This resulted
in the discovery of the ubiquitin system in the late 1970s and early 1980s.
Interestingly, modifications of different target substrates by ubiquitin and
ubiquitin-like proteins are now known to be involved in all aspects of lyso-
somal degradation, such as in the generation of the autophagic vacuoles,
and in the routing of cargo-carrying vesicles to the lysosome (see below).
Modifications by ubiquitin and ubiquitin-like proteins are now viewed,
much like phosphorylation, as a mechanism to generate recognition ele-
ments in trans on target proteins to which downstream effectors bind. In
one case, generation of Lys*-based polyubiquitin chains, the binding ef-
fector is the 26S proteasome that degrades the ubiquitin-tagged protein.
In many other cases, different modifications serve numerous proteolytic
(lysosomal) and non-proteolytic functions, such as routing of proteins to
their subcellular destinations. We were fortunate at the beginning of our
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1

Fig. 5. The ubiquitin-proteasome proteolytic system. Ubiquitin is activated by the
ubiquitin-activating enzyme, E1 (1) followed by its transfer to a ubiquitin-carrier
protein (ubiquitin-conjugating enzyme, UBC), E2 (2). E2 transfers the activated ubiq-
uitin moieties to the protein substrate that is bound specifically to a unique ubiquitin
ligase E3 (A and B). In the case of RING finger ligases, the transfer is direct (A3).
Successive conjugation of ubiquitin moieties to one another generates a polyubiquitin
chain (A4) that serves as the binding (A5) signal for the downstream 26S proteasome
that degrades the target substrates to peptides (A6). In the case of HECT domain
ligases, ubiquitin generates an additional thiol-ester intermediate on the ligase (B3),
and only then is transferred to the substrate (B4). Successive conjugation of ubiquitin
moieties to one another generates a polyubiquitin chain (BS) that binds to the 26S
proteasome (B6) followed by degradation of the substrate to peptides (B7). Free and
reusable ubiquitin is released by de-ubiquitinating enzymes (DUBs)(8)
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studies to have in mind a clear distinction between lysosomal and non-
lysosomal proteolytic systems not knowing what we know nowadays that
the two processes are linked to one another and are mediated via similar
modifications. Had we known that, our route would have been much more
complicated.

With the identification of the reactions and enzymes that are involved
in the ubiquitin-proteasome cascade, a new era in the protein degradation
field began at the late 1980s and early 1990s. Studies that showed that the
system was involved in targeting of key regulatory proteins - such as light-
regulated proteins in plants, transcriptional factors, cell cycle regulators
and tumor suppressors and promoters - started to emerge (see for example
Refs. 74-78). They were followed by numerous studies on the underlying
mechanisms involved in the degradation of specific proteins, each with its
own unique mode of recognition and regulation. The unraveling of the hu-
man genome revealed the existence of hundreds of distinct E3s, attesting to
the complexity and the high specificity and selectivity of the system. Two
important advances in the field were the discovery of the non-proteolytic
functions of ubiquitin such as activation of transcription and routing of
proteins to the vacuole, and the discovery of modification by ubiquitin-like
proteins (UBLs), that are also involved in numerous non-proteolytic func-
tions such as directing proteins to their sub-cellular destination, protecting
proteins from ubiquitination, or controlling entire processes such as au-
tophagy (see for example Ref. 79) (for the different roles of modifications
by ubiquitin and UBLs, see Fig. 7). All these studies have led to the
emerging realization that this novel mode of covalent conjugation plays
a key role in regulating a broad array of cellular process — among them
cell cycle and division, growth and differentiation, activation and silencing
of transcription, apoptosis, the immune and inflammatory response, sig-
nal transduction, receptor mediated endocytosis, various metabolic path-
ways, and the cell quality control - through proteolytic and non-proteolytic
mechanisms. The discovery that ubiquitin modification plays a role in
routing proteins to the lysosome/vacuole and that modification by specific
and unique ubiquitin-like proteins and modification system controls au-
tophagy closed an exciting historical cycle, since it demonstrated that the
two apparently distinct systems communicate with one another. With the
many processes and substrates targeted by the ubiquitin pathway, it has not
been surprising to find that aberrations in the system underlie, directly
or indirectly, the pathogenesis of many diseases. While inactivation of
a major enzyme such as El was obviously lethal, mutations in enzymes
or in recognition motifs in substrates that do not affect vital pathways or
that affect the involved process only partially, may result in a broad array
of phenotypes. Likewise, acquired changes in the activity of the system
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Fig. 6. The Proteasome. The proteasome is a large, 26S, multicatalytic protease that
degrades polyubiquitinated proteins to small peptides. It is composed of two sub-com-
plexes: a 208 core particle (CP) that carries the catalytic activity, and a regulatory
198 regulatory particle (RP). The 20S CP is a barrel-shaped structure composed of
Jfour stacked rings, two identical outer o rings and two identical inner B rings. The
eukaryotic o and B rings are composed each of seven distinct subunits, giving the 20S
complex the general structure of a, B, B, o, . The catalytic sites are localized fo
some of the B subunits. Each extremity of the 208 barrel can be capped by a 195 RP
each composed of 17 distinct subunits, 9 in a “base” sub-complex, and & in a “lid”
sub-complex. One important function of the 195 RP is to recognize ubiquitinated
proteins and other potential substrates of the proteasome. Several ubiquitin-binding
subunits of the 195 RP have been identified, however, their biological roles mode of
action have not been discerned. A second function of the 19S5 RP is to open an orifice
in the o ring that will allow entry of the substrate into the proteolytic chamber. Also,
since a folded protein would not be able to fit through the narrow proteasomal chan-
nel, it is assumed that the 198 particle unfolds substrates and inserts them into the
20S CP. Both the channel opening function and the unfolding of the substrate require
metabolic energy, and indeed, the 195 RP “base” contains six different AT Pase subu-
nits. Following degradation of the substrate, short peptides derived from the substrate
are released, as well as reusable ubiquitin (with permission from Nature Publishing
Group. Published originally in Ref. 83). a. Electron microscopy image of the 26S
proteasome from the yeast S. cerevisiae. b. Schematic representation of the structure
and function of the 26SA proteasome
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Fig. 7. Some of the different functions of modification by ubiquitin and ubiquitin-
like proteins. A. Proteasomal-dependent degradation of cellular proteins (see Fig. 4).
B. Mono or oligoubiquitination targets membrane proteins to degradation in the lyso-
some/vacuole. C. Monoubiquitination, or D. a single modification by a ubiquitin-
like (UBL) protein, SUMO for example, can target proteins to different subcellular
destinations such as nuclear foci or the nuclear pore complex (NPC). Modification
by UBLs can serve other, non-proteolytic, functions, such as protecting proteins from
ubiquitination or activation of E3 complexes. E. Generation of a Lys63-based poly-
ubiquitin chain can activate transcriptional regulators, directly or indirectly [via re-
cruitment of other proteins (Protein Y; shown), or activation of upstream components
such as kinases). Ub denotes ubiquitin, K denotes Lys, and S denotes Cys. (with
permission from Nature Publishing Group. Published originally in Ref. 83)
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can also evolve into certain pathologies. The pathological states associated
with the ubiquitin system can be classified into two groups: (a) those that
result from loss of function - mutation in a ubiquitin system enzyme or
in the recognition motif in the target substrate that result in stabilization
of certain proteins, and (b) those that result from gain of function - ab-
normal or accelerated degradation of the protein target (for aberrations in
the ubiquitin system that result in disease states, see Fig. 8). Studies that
employ targeted inactivation of genes coding for specific ubiquitin system
enzymes and substrates in animals can provide a more systematic view
into the broad spectrum of pathologies that may result from aberrations in
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7

Hormal degradation rates
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Fig. 8. Aberrations in the ubiquitin-proteasome system and pathogenesis of human
diseases. Normal degradation of cellular proteins maintains them in a steady state
level, though this level may change under various pathophysiological conditions (upper
and lower right side). When degradation is accelerated due an increase in the level of
an E3 (Skp2 in the case of p27, for example), or overexpression of an ancillary pro-
tein that generates a complex with the protein substrate and targets it for degradation
(the Human Papillomavirus E6 oncoprotein that associates with p53 and targets it for
degradation by the E6-AP ligase, or the cytomegalovirus-encoded ER proteins US2
and US11 that target MHC class I molecules for ERAD), the steady state level of the
protein decreases (upper left side). A mutation in a ubiquitin ligase [such as occurs in
Adenomatous Polyposis Coli - APC, or in E6-AP (Angelmans’ Syndrome)] or in the
substrate’s recognition motif (such as occurs in p-catenin or in ENaC) will result in
decreased degradation and accumulation of the target substrate
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ubiquitin-mediated proteolysis. Better understanding of the processes and
identification of the components involved in the degradation of key regula-
tory proteins will lead to the development of mechanism-based drugs that
will target specifically only the involved proteins. While the first drug, a
specific proteasome inhibitor is already on the market (80), it appears that
one important hallmark of the new era we are entering now will be the
discovery of novel drugs based on targeting of specific processes such as
inhibiting aberrant Mdm2- or E6-AP-mediated accelerated targeting of the
tumor suppressor p53 which will lead to regain of its lost function.

Many reviews have been published on different aspects of the ubiqui-
tin system. The purpose of this article was to bring to the reader several
milestones along the historical pathway along which the ubiquitin system
has been evolved. For additional reading on the ubiquitin system, the
reader is referred to numerous review articles written on the subject (for
some older reviews, see for example Refs. 81, and 82). Some parts of this
review, including several Figures, are based on another published review
article (Ref. 83).
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ON THE NOTION OF SYNERGY OF MONOCLONAL
ANTIBODIES AS DRUGS
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started with the attachment of chemotherapeutic drugs by a weak

covalent link to antitumor antibodies, at that stage still polyclonal
[1-3]. Spacers such as dextran or polyglutamic acid were used to allow
high drug load. At a later stage the antibodies were biotinylated, whereas
the drug was attached to avidin, allowing a two stage drug targeting to the
tumor [4]. During these experiments we noted that there was no need to
covalently attach the drug to the antibody, which by itself had some antitu-
mor activity. For example, when monoclonal antibodies (mAbs) to epider-
mal growth factor receptor (EGFR) were injected together with cisplatin
[5] they exerted a strong synergistic effect on the ability to reduce the size
of tumors (KB human epidermal carcinoma). This early observation, of a
synergistic effect on cancer between an antibody and a chemotherapeutic
drug, has paved the way for an extensively used clinical protocol [6].

To further explore ways to enhance therapeutic efficacy, we addressed
the mechanism underlying tumor inhibition by mAbs to receptor tyrosine
kinases such as EGFR/ErbB-1 and HER2/ErbB-2. One mechanism at-
tributes tumor growth inhibition to the ability of anti-receptor mAbs to
induce endocytosis and degradation of the receptors. The mAbs down-
regulate the receptor leading to attenuated ligand-induced signaling po-
tency and duration. To enhance antibody-mediated endocytosis of these
cancer-causing receptors we introduced combinations of mAbs and found
that epitope-distinct mAbs to the same receptor (homo-combination) can
significantly enhance the rate of receptor breakdown in KB cells over-ex-
pressing EGFR [7]. Further, when combined, the mAbs synergize in terms
of growth inhibition of N87 human gastric carcinoma over-expressing
HER2 [8]. The combinations act in synergy if they are directed against
distinct epitopes, i.e. sufficiently remote from each other on the receptor.
The mAbs then cross-link the receptors and efficacy of immunotherapy is
attributed to receptor cross-linking and size of antibody-receptor clusters
formed at the cell surface. The clusters are rapidly removed, a step which
dictates the rate of endocytic clearance, receptor down-regulation and ex-
tent of signaling blockade [6].

E fforts to initiate a specific approach to immunotherapy of cancer
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A mechanistically distinct approach simultaneously targets two dif-
ferent receptors, such as targeting both EGFR and HER2 (hetero-com-
bination) or a receptor (e.g., HER2) and an anti-angiogenic growth factor
(VEGF, using Avastin-bevacizumab). The extracellular domain of human
ErbB presents adjacent or overlapping determinants harboring multiple
antigenic sites. Depending on the site, a mAb can be dormant, propagate
tumor growth or mediate a distinct detrimental effect. It can disturb ligand
binding, interfere with heterodimer formation that induces signal trans-
duction, or interfere with any other pathway not yet identified. Scientific
rationale suggests that combining two mAbs to two epitopes on the same
receptor, or two mAbs to the two receptors, can target different pathways.
They may perturb the cancer cell by inducing a collaborative damage of
simultaneously impaired functions often by differing but complementary
mechanisms of action of the two mAbs.

While conducting experiments with various combinations of antibod-
ies to HER2, we noted an interesting observation: an antibody which by
itself exerted no effect on tumor growth in animals was nevertheless able
to enhance the tumor-inhibitory effect of an otherwise weakly inhibi-
tory mAb. Another interesting observation relates to the target epitopes.
Our most effective mAb combinations always included an antibody di-
rected to the dimerization arm of HER2, a region permitting HER2 to
form heterodimers with EGFR and ErbB-3. Whether these observations
can be generalized and applied to tumor markers other than HER?2 is an
intriguing issue, the elucidation of which requires additional investigation
and broader repertoires of mAbs to HER2. The current challenge is to
identify pathway-specific therapies and explore their potential additive or
preferably synergistic effects, while avoiding excessive toxicities.

Our study was recently extended to human pancreatic carcinoma, a
malignancy with extremely poor prognosis, which is largely considered in-
curable. We compared the effects of nine homo- and hetero-combinations
of mAbs to EGFR or HER2, on the growth of human pancreatic carci-
noma BXPC3 expressing moderate level of EGFR and low level of HER2.
MADs to the two receptors inhibited tumor growth in animals as single
agents but acted in synergy and were more effective when paired in homo-
combinations, exerting improved inhibition. Anti-HER2 mAbs, despite
the low HER?2 receptor, acted as important partners in collaborating with
mADbs to EGFR to form highly inhibitory pairs. These hetero-combina-
tions acted in synergy and were the most effective in generating long-term
inhibitory activity.

The low effectiveness of therapeutic mAbs and the evolution of patient
resistance call for deeper understanding of mechanisms that underlay im-
munotherapy. Because the superiority of mAb combinations extends to
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tumor cell cultures, it may be assumed that in addition to cellular respons-

es,

non-immunological mechanisms also contribute to antibody synergy.

Translation of these lessons to clinical applications may enhance patient
response and delay acquisition of resistance.
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7.
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Mexcoynapoonsiii npoekm «IIpomeom uenoeexa» (I1I14), aeararouuii-
cs noeuveckum npodoadcenuem npoekma «lenom uenosexa», Hauam 23 ceH-
msabpsa 2010 eo0a. B coomeemcmeuu ¢ 2eHOUeHMPUHHbIM NOOXO00OM, UENAbH)
IIITY seasemcs nodeomoska kamanoea écex 0eAK08 4ea06eKa U pacuiug-
poska cemu ux ezaumodeticmeutl. Tpyonocmu peaaruzayuu I1ITY9 éo3nuxarom
ecaedcmeue mozo, 4mo cam 00veKm Uuccaedo8anus — NPOMeoM — 20pas-
0o caoxcHee eenoma. OCHOBHOU NpobaeMoll a8Asemcst HedoCmamo4Has 4y6-
CMBUMEeNbHOCHb NPOMEOMHbIX Memo0o8, He N0380AAIuds 0emeKmupoeams
HU3K0- U Y1bmpaHu3koxkonuinvle Oeaku. [lioxas eocnpou3zeodumocms npo-
MeoMHbIX Memodoé U Omcymcemeue mak Ha3vleaemo2o «3040Mmo20» CMaHoap-
ma s81a5emcsi 8Mopoll OCHOBHOU cA0dcHOcmbio 6 peaauzayuu 11149, Tpemos
npobaema — >5mo OUHAMUHHBIL XApaKkmep npomeoma, e2o HecmabuabHOCMb 60
épemeHu. B cmamove paccmampuearomcs 603MOJNCHbIE 8apUAHMbI NPe0doe-
HUSL SMUX CAONCHOCMEl, NPensImMCmEYIuux ycneuHomy evinoanenuro 1114,

2010 rogy mexayHapomHasi opraHuzainusi «[IpoTeoM uesoBeka»

(Human Proteome Organization, HUPO) oduiuaabHO OTKphLIa

rjo0anbHbIi TpoekT «IIpoteom uenoseka» (I1T1Y). [TepBoouepen-
HOM 3ajaueil MpoeKTa SBJISIeTCSl BbISIBJIEHUE XOTs Obl ogHOro Oejika, Ko-
aupyeMmoro KaxabiM 13 20300 reHoB yenoBeka [1]. C nmomolbio KoJauye-
CTBEHHOI Macc-crnekTpoMmeTpuu (MS) u ahppuHHBIX peareHTOB B paMKax
MpoeKTa MJIAHUPYETCS OXapaKTepU30BaTh BHYTPUKJIETOUHYIO JIOKaIM3a-
LIAI0 OEJIKOB U OCHOBHBIE MonupuuupoBaHHbIe (hOpMHbI [2]. XpoMocoMO-
ueHtpuuHas yactb [1ITY (Chromosome-centric, C-HPP) HanpasneHa Ha
pacliMpeHue 3HaHWI O MPOTeOoMe YesIoBeKa IMyTeM IJyOOKOro MoHuMa-
HUS pOJv Kaxaoro reHa. @yHaaMeHTabHbIE aclleKThl, CBSI3aHHbBIE C BO3-
HUKHOBEHMEM W Pa3BUTUEM IMATOJOTMUYECKMX COCTOSIHUM U BBISIBJCHUEM
HOBBIX OMOJIOTMYECKUX MApKepOB, UCCIAENYIOTCSI B paMKaX BTOPOM 4acTU
[1I14, opueHTupoBaHHO# Ha 3a0oneBaHusl (Biology/Disease, B/D-HPP).
B nocnennee necsitunerue B pamkax peanusauuu nHuuuatus HUPO no
KUCCJIENOBAHUIO MPOTEOMa pa3MYHbIX TKAaHE U OpraHoB (ITPOTEOM IJ1a3-
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MBI, IPOTEOM II€UEeHU, MPOTEOM MO3ra yejoBeka W Ap. [77]) ObLIM 3aj10-
>K€Hbl OCHOBBI JIJIsI 9TOM YacTu MpOEKTa.

C 2008 roma mexnyHaponaHoit opraHusanueit «[Iporeom uenoBeka»
OpraHM30BaH M TMPOBEIECH PsiJi HAyYHBIX COBEIAHUM, MOCBSILEHHbBIX BO-
npocaM OIpeaeseHusl Leiei, MoaXoa0B U METOAUYECKUX PEKOMEHIAIINI
K peanusauuu [1T1Y [78, 3]. [Inanupyercsi, 4TO pe3yJabTaTOM BbIMOJIHE-
Hus | aTana npoekTa (IIMTENBHOCTHIO 6 JIET) ¢ MCIIOJIb30BAHWEM Macc-
CIIEKTPOMETPUUYECKUX TOAXON0B OYyAyT MAEHTU(DUILIMPOBAHbBI OCHOBHbIE
(HeMoauULIMpOBaHHBIE) OeJIKM YeJoBeKa B pa3audyHbIX TKaHsx; 11 atan
[ITTY (n1uTenbHOCTBIO 5 JIET) HampaBJieH HA UACHTU(hUKALIMIO MOIUdU-
LIMPOBAHHbBIX OEJIKOB, T.€. MPONYKTOB peaau3allMyd OMHOHYKJICOTHUIHBIX
MOJUMOP(MU3MOB, a TakXe OeJKOB, BO3HMKAIOIIMX B XOJE ajJbTepHATHB-
HOTO CIJIaCMHIA WX MOCTTPAHCASLIMOHHBIX MOAUGUKALIMA.

IIpoekT «IIpoTeom yeaoBeKa» CpaBHUBAIOT C IMPOeKTOM «I€HOM yeso-
Beka» (I1I'Y), KoTophlil ObLI YCIIEIIHO 3aBepllieH 0oJiee AeCATU JIET Ha3al
[4, 5]. Koneunoii uenbio I[1I'Y ObLIO aeKoaMpoOBaHUE BCEro reHoma, Io-
CJIeI0OBaTebHOCTh KOTOPOr0 KOHTEKCTHO He3aBUMCHMMAa M MHAMBUIYyalbHA
g yejaoBeka. CeKBeHMpPOBaHME 1IeJ0ro reHoMa B Hauvase 1990-x kasza-
JIOCh HepeaJibHOM 3ajJayeil, 1 Ha MpoBeAeHMe padOT ObLIO MOTPAayeHO B
obweit cioxxHoctu okoso 3 mupa. gon. CHIA (1 ocHoBaHMe OBLIO CEK-
BeHupoBaHo 3a 1 mout. CIIA) [6, 7]. Peanu3auus reHOMHOIrO MpOeKTa
npuBeia K pa3BUTUIO TexHojoruii [8], u ceiivac 3a 1 nonnap CLLA moxeTt
ObITh cekBeHUpoBaHO yxke 100 muH. ocHoBaHuil [9]. CekBeHUpoBaHUE
reHoMa uejioBeKa MpUBeJO K MOJYUYEHMIO MPOAYyKTa, BOCTpeOOBAaHHOIO
Ha MEIMILIMHCKOM PbIHKE M IMPEICTaBSIOIEro OONbIIYI0 LIEHHOCTh JJIsI
(yHnameHTaabHbIX MccaenoBaHuil. TeM He MeHee HallM CeroAHSIIIHUE
3HaHUS O (PYHKIMM I€eHOMa OrpaHMYMBAIOTCS B OCHOBHOM 3KCIPECCU-
pyeMoOii 4acThlo, KOTopasl cocTaBiisieT He Oosiee 1,5% paciumdpoBaHHOI
nocaenoBarenbHocTu JJHK [10]. Co3maHue aHaJorM4HoOro Karajora OeJ-
KOB B IIPOTEOMUKE MOXET CTaTh XOPOIIeil OCHOBOM /1JIs pa3BUTHSI HOBBIX
JUAarHOCTUYECKUX MOAXOA0B U Tepanuu [J].

Ilo cpaBHEHUIO C TEHOMHBIMM TeXHOJOrMsIMKU Havaja 1990-x coBpe-
MEHHBbIE TIPOTEOMHbIC TEXHOJOTMU OoJjiee MepcrneKTUuBHbI [13], MOCKOIb-
KY B OJHOM 3KCIIEPUMEHTE MOTYT OBbITh BbIsIBJIeHBI 10 10 ThIC. OEJIKOB
[14]. Tem He meHee, peanusanus [1ITY comnpsikeHa ¢ psiaoM CIOXHOCTEH,
KOTOpbIe OyIyT pacCMOTPEHBI Jajee. DTU CIOKHOCTA — HEIOCTaTOYHAsI
YyBCTBUTEJbHOCTh MPOTEOMHBIX TEXHOJOIWI, OTCYTCTBUE «30JI0TOIO
CTaHAapTa» U HECTaOWUJILHOCTh MPOTEOMa BO BPEMEHU — CBSI3aHbI C (PyH-
JaMEHTaJIbHbIMU Pa3IU4YMsIMU TEHOMUKU U TTPOTEOMUKHM.
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He,HOCTaTO‘IHaﬂ YYBCTBUTCJIBHOCTD MPOTCOMHBIX TEXHOJIOTHIA.
Hpeuen YYBCTBUTECJIbHOCTH AHAJIUTHYCCKHUX METOIA0B

B reHOMHBIX TEXHOJIOTUSIX C TIOMOIIBIO TTOJUMEPa3HO-1IEITHON peak-
uuu (ITLP, 15) onHa MoseKkyjia B OMOJOrMYECKOM 00pa3le MOXET ObITh
aMIIMUIIMPOBaHa JJIs TTOBLIIICHNS €€ KOHLIEHTpAallUuKU 0 Tpeaesia oOHa-
pyxeHus. B mpoTeomMuke cuTyalusi IpOTUBOIIOJIOXKHAS, TTOCKOJIBKY MOKa
HET TEXHOJIOTUM MJIS perjMKalMyd MOJIeKya Oejika, TO OCHOBHOMW IpO-
onemoii peanuzauuu [1ITY sBnsieTrcs HemocTaToyHasl YyBCTBUTEIBHOCTh
BBICOKOITPOM3BOANTEIBHBIX aHAJTUTUUECKUX METOIOB [16].

HawnbGonee 4yBCTBUTENBHBIE MacC-CIEKTPOMETPUUYECKUE NETEKTOPHI
MOTYT OOHapyXMBaTh aHAJUT, MPUCYTCTBYIOIINI B KOHLEHTpPALUU 10
10-® moneit Ha autp (M) [81]. Takasgs 4yBCTBUTEIHLHOCTb OKa3bIBACTCSI
JOCTATOUHOM MJISI AETEKLIMU OEJIKOB, TIPUCYTCTBYIOIINX B CJICHOBBIX KO-
auuyectBax (MeHee 1000 mojekyn B 1 MK oGpasia), mpu 3TOM B KOH-
TEKCTe OMOJIOTMYECKMX 00pa3lioB Mpeaesl YyBCTBUTCIBHOCTH COCTaBISICT
10-8—10-1 M, BciencTBHe OOIIEH CIOXKHOCTU M BBICOKOTO TMHAMWYECKOTO
JIuarna3oHa 0en1koB B OmoMmarepuaie [17].

[Ipu uccrnegoBaHUM MpoTeoMa OEIKU-MUILIEHM 3apaHee He orpe-
JeJIEHBI, TT0O3TOMY IPOOOIOATrOTOBKA M (PpaKLIMOHUPOBAHUE, BIUSIO-
LIMe Ha KOJUYECTBO BBISIBJICHHBIX OCIKOB, Haxke 0ojee 3HAYMMBI, YeM
¢u3nyYecKkre CBOMCTBA MacC-CIIEKTPOMETpUUYEeCKUX aeTekTopoB [18]. B
3D-3KkcriepuMeHTaxX, KOTOphIe 00ECIeYnBaIOT BCECTOPOHHEE MCCIIEIOBA-
HUE MpoTeoMa, OeJKKM B HAaTUBHOM OMOJIOTMUYECKOM 00paslie cHavaja pas-
JIeJISI0TCs Teb-duiabrpanmeii [14] niam n3osnekTpudyeckuMm (pokKycrupona-
HueM [19], mocie yero Kaxaasg pakiusl TUAPOJIUIYETCS TPUIICUHOM U
oOpasyronmecsd Ipyv 3TOM MENTUILI aHAJIU3UPYIOTCS ¢ nomMolbio 2D-LC-
MS/MS. Takoii MeTon MaAeHTU(UKALMU OEJTKOB, U3BECTHBIN TaKXke Kak
MeToI «MHOromepHoi naeHtuduxkanum» (MudPIT), npusen K 6biIcTpoMy
nepexony ot ooHapyxeHus 100 monunentuaos [20] K 0OHapyXEHUIO ThI-
c4 OEJIKOBBIX MOJICKYI.

I1pu uccnenoBaHuM npoTeoMa Apoxkeil ¢ ucroiabzoBanueM LC-MS/
MS 1 oByLIKM Macc-CIEKTPOMETpa MOHHOTO LIMKJIOTPOHHOTO Pe30HaHCa
¢ ipeodpa3oBanueM Dypre, ObUIM 00HApyKeHbI TpruMepHO 2000 pa3any-
HBIX OCJIKOB, IIPU 3TOM CaMblii HU3KOKOITUITHBIN OEJIOK MPUCYTCTBOBAJ B
100 kornusx O6enka Ha KJeTKy [21]. YuuTbiBasi, uyTo KjaeTka Saccharomyces
cerevisiae coctapiser npuMmepHo 30 mxm? (~3x10-* ;1) [82], mpenen oOHa-
PYXEHUSI OMHOro OejiKa B KJIETKE COOTBETCTBYET KOHLIeHTpamuu 10-4 M.
[TaTe ner cmycTd, rpymnna moi pyKOBOACTBOM MaHHA C MCITOJIb30BaHM-
€M KoMOMHMpoBaHHOro nomxoma Ha 6a3e Orbitrap/MudPIT uaeHTudu-
nuposaia 10000 6enkoB B KJIeTOUHBIX Ju3aTax: Muo3uH 5B (NeXtProt
NX_ QO9ULV0) 6b11 oObHapyXeH Ha ypOBHE MPUMEPHO IMSITU KOIMUI Ha
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1 knerky HelLa, uto coorBeTcTBYyeT KOHUEHTpauuu 5x10-3 M [14]. 3a-
BUCHUMOCTb KOJIMYECTBA UIACHTU(PUUIMPOBAHHBIX OEJKOB OT TEXHOJOIMU
MpoOOIOArOTOBKM HAOJI0AAETCs TaKXKe B MPOTEOMHBIX KCIIEpUMEHTAaX,
BBITIOJIHEHHBIX IO cTpaTteruu «top-down» [23, 24].

BoliienpuBeneHHbIE TTPUMEPbl MOKa3bIBAIOT, UTO pasiaesieHue Oe-
KOB SIBJSIETCSl pelliaroiM (GakTopoM A8 NMPOBEAEHUS MaHOPaMHBIX
MPOTEOMHBIX MCCJIEAOBAaHUM, HO TPU 3TOM B HACTOSIILEE BpeMs TOJbKO
70% OCHOBHBIX (MAacTepHBIX) OEJIKOB MOTYT OBITH ONpEAeJIeHbl Ha MpPO-
TEOMHOM YPOBHE€ C MCIOJIb30BAHUEM MacCC-CIEKTPOMETPUUYECKUX MO/~
xomoB [1]; MacuiTabHOe pazielieHue yBeJIMUMBAEeT pacxod Ouomarepuala,
MPUBOAS K HEM30EXHON IMoTepe aHAJUTOB. AJIBTEPHATUBHBINA MOAXON K
MOBBILLIEHUIO YYBCTBUTEJIBHOCTU MS OCHOBaH Ha TapreTHHIX (LIeJIeBBIX)
MeToaax.

TapreTtnas (uesieBas) NpoTeOMHKA

IIpenBaputenbHasa nHpopmanus ais ITITY MoxeT ObITh MOJIydyeHa C
ucrnoab3oBaHueMm TexHojorun MudPIT; netanbHast Karanorusauusi mpo-
TeoMa (MocjenoBaTe/ibHbI aHaJu3 0eJKOB KaXJ0ro reHa) ImpoOBOIMTCS
C TIOMOILIBIO TapreTHO# (ueeBoii) Macc-cnekTpoMeTpuu [3]. TapreTHbiit
MOJX0/A, OCHOBAaHHBIM Ha MacC-CHEKTPOMETPUYECKOM METOIe MOHUTO-
pUHIra MHOXeCTBeHHBbIX peakuuii (MPM), obGecnieunBaeT 4yBCTBUTEIIb-
HocTb A0 10 M, mo3BoJjisisi 0OHapyXKUTh AECATKU OCJIKOBBIX KOMUK B
IPOXKEeBON KJeTke [25]. 47 pa3iuuyHbIX O€IKOB B KOHLEHTpauuu 1 Mkr/
M (10 M) ObLi 0OHapy>KeHbI B MJa3Me C MOMOILbIO MYJIbTUIIEKCHOTO
MPM [26]. I'pynne mox pykoBoacTBoM Kappa ymanoch TOCTUUB Ipeie-
Ja yyBCTBUTEJNbHOCTU A0 1 Hr/ma (102 M) ¢ Mcnonb3oBaHWEM METOK
crabuyibHbiMU HU30Tonamu (SID) 1 MPM uneHTudukauuu O6e1KoB, 10-
0aBJICHHBIX B MJa3My KpoBHM 4YejioBeka [27]. DTa Xe rpymnmna npuMeHu-
JJa MPM MeTon, 1Jisd KOJMYECTBEHHOTO OHpele/ieHUsT CPeAHEKOIMMIMHBIX
OEJIKOBBIX MapKepOB MOBPEXACHUS MUOKapaa, B TOM YKCJie, TPOMIOHUHOB
[28]. Whiteaker ¢ konieramu MCIOJb30BaaM aHTUMNENTUIHbBIE aHTUTENA,
4TOOBI HOCTUYDb mpeaena obHapyxeHus 102 M Ha 10 MKJI mja3mbl U
rnokasaju, 4To mpenea odHapyxeHus B 10-5 M (nr/mj) Bo3MOXeH MpU
oOoralleH1Uu TeNnTUa0B U3 0oblIuX 00beMOoB T1a3Mbl (1 mu) [30]. XoTs
SID-MPM wmeTon pa3BuBacs Kak METOA KOJMYSCTBEHHOro aHaJiu3a, OH
MOXET ObITh MCIOJb30BaH W s BbISIBJICHUS MOAMMUIIMPOBAHHBIX OeJi-
KOB B OMoJjlormyeckux oopasuax [31].

Hauunas ¢ uaMepeHusi HECKOJIbKUX MENTUAHBIX aHAJIUTOB, TapreT-
HBII moaxod ObicTpo pa3BuBaeTcs. CerogHst kommnaHus Biognosys (Llio-
pux, IlIBeiiliapus) npeajaraeT KoJuyecTBeHHbIN aHanu3 100 OenkoB B
onHoM MPM metone, onTUMU3UPYS BpeMsl yaepKUBaHUSI IPOTEOTUIINYE-
ckux nenTuaoB [83]. JlaHHasi KOMIaHUS OKa3bIBAaeT COACUCTBUE XpaHUIIM-
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mwy MPM panHbix [84], KOTOpbIE MOTYT OBITh MCHOJIBL30BAaHbI A1 BbIOOpA
TaK Ha3blBa€MbIX «UPE3BbIYAHO YCHEUIHBIX» (T.€. moaxonsaiuux ajas MS)
CUHTETUYECKMX MENTUI0B, YTOOKI pa3padboratb MPM MeTon ajs aHain3a
TapreTHhIX 0eJIKOB. DTO AJOCTUKEHME TOKa3bIBaeT, YTo noreHuuaal MPM
MeTojIa JaJIeKO He hcueprnaH U ero NpuMeHeHHe MOXET 00ecrneumnTh, pak-
TUYECKU, HeOrpaHUYEHHbIe Bo3MOXHOocTU st TT1TY.

ITocKonbKy 3KCNEPUMEHTAJbHBINA 3Tall XPOMOCOMOLIEHTPUYHOMN Ya-
ctu ITYY cBs3aH ¢ BBISIBIEHMEM MAacTepHbIX OelKoB, To meton MPM
MOXeET ObITh IPUMEHEH IJ151 BBISIBJICHUS OJHOIO 3a IPYruM OEJIKOB B OMO-
JornyeckoM obpasue [33]. I[Ipu Takom MoAXone MCHOAb3YIOTCS METOMIbI
OnonHGpOpMaTUKU [JIs1 pa3pabOTKU in silico criycKa IrepexoaoB, KOTOphIe
BbIOMPAIOTCS B KaueCTBE MUKOB C BHICOKMM YPOBHEM OTBETa M BOCIIPO-
U3BOIMMOCTHU U3 TepeuHsi MS/MS ¢dparmMeHTOB AJ1s1 UCCEAYEMOIO IIPO-
TeoTUITMUecKoro rnentuaa [26, 34]. McxonHble mepexoabl MPUMEHSIIOTCS
JJIS1 aHaJIrM3a OMoIpoObl B cTaTMdeckoM pexkume MPM ¢ ucnojib3oBaHUEM
Tpex- u deTbipex- LC/MS. OueHka u3dMepeHuil MOXET MPOBOIUTHLCS C
KCMOJIb30BAHUEM aBTOMATU3UPOBAHHBIX CTAaTUCTUUYECKUX MHCTPYMEHTOB
[35], a uaeHTU(dUKaLMsA NeNTUIa OCHOBaHA HAa 3HAUYMTEJIBLHOM COBIIAC-
HUU MEXIY CITMCKOM MCXOMHBIX IMEPEXON0oB U CreKTpaMu oOpa3loB [85].
[ToBTOpeHUEe crarmueckux skcrepuMeHToB MPM nist Heckonbkux (OT
JBYX JIO TISITH) MPOTEOTUMUYECKUX TMENTUIOB OejiKa MO3BOJSIET KOMIU-
JIUPOBATh HECKOJIBLKO T'PYIIIT MEPEXOOB C COOTBETCTBYIOIIMMM BpeMeHaMU
yIaepXKuUBaHUS B Oeokcrenuieckuit inHaMmudeckuii MPM-merton. Dtu
OesiokcrieliMduruecKkre nepexoabl 3aTeM OObEAMHSIOTCS B MYJBTUILIEKC-
HbIIA aHAJIM3 U MPOBEPSIOTCI C MPUMEHEHUEM OMOMpPOObI, KOTOpas yxke
KCMOJIb30BaJach sl pa3pabOTKU OTACIbHBIX METOMOB.

IIpeononenne TepMOAMHAMHYECKOTO Dapbepa ¢
HCIO/Ib30BAHHEM HEOOPATHMOIO CBS3bIBAHUS

B naiueit naboparopun MPM ucnosib30Baiu A8 ONpeaesieHus IIpo-
TEOTUITMUYECKUX TIENTUI0B, 3aKOAUPOBAaHHBIX 18-i1 XpoMOCcOMOIi HeMOA M-
(puLMpoBaHHBIX OEIKOB B IJIa3M€ KPOBH, MEYEHU M DKCTpaKTax KJIETOK
auaun HepG?2 [36]. B HacTosiiee BpemMs JeTeKTUpOBaHO 0Kojio 80% Ma-
CTepHBIX OCJIKOB, KOOIMPYEMbIX Ha 3TOM XpomocoMe [86] mpu mpexpeie
oOHapyxkeHus1 101> M.

B HaieM monxone Mbl MCXOIMM U3 MPEANOJOXEHUS, YTO TPOTEOM-
HbIE TE€XHOJOTMU OTrpaHUYEHbl OOHApy>KEHUEM MUJIJIMOHOB (B JIyYlleM
cllyyae, ThICS4) KOMui 0eJKOB B OMOJIOrMYecKoM marepualjie. Teopetuue-
CKM yCMeX B MPOTEOMUKE OyAeT JOCTUTHYT TOJBKO TOTJa, KOraa KOHIIEH-
TPallMOHHbIN Mpenes oOHapyKeHMsI TIOHU3UTCS 10 YPOBHS OOHApYKEHUSI
OIHOI MoJiekyabl B 1 1 6uomarepuana (102* M), nocturas oOpaTHOro
yucia ABorajapo (ogHa Mosiekyia Ha 1 1 pactBopa) [16]. IIpenmnosaranocs,
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YTO YYBCTBUTEJIbHOCTb I€TEKTUPOBAHMSI O€IKa MOXET ObITh YBEIMUYEHA C
TMOMOILIbIO HEOOPAaTUMOIO0 XMMHUYECKOTO CBI3bIBAHUS OCJIKOB U3 OOJIbIINX
00beMOB OHMomarepuasa. B cepuu s3KCeprMMEHTOB ¢ IIPUMMEHEHUEM aTOM-
HO-CUJIOBOII MMKPOCKOITMU 1 C UCMOJb30BAHUEM XMMUYECKOTO (PUILIMHIA
aHaauTa ¢ (POTOAKTUBUPOBAHHBIMU AHTUTEJIAMU, HAM YAAJIOCh JOCTUYb
ypoBHs aetekuuu 107 M mpotus ypoBHs 10> M, KoTopblii HabJII0-
JaeTcsi mpyu oopaTMMOM cCBsi3biBaHUM [37]. JlanbHellne 3KCIepuMEHThI
rnokasaju, 4To HeoOpaTumoe cCBsI3bIBaHUE OeaKoB ¢ rpaHyiaamMu BrCN-
Cedaposbl, NO3BOJISIET PErMCTPUPOBATH MTPOTEOTUTMYECKUE TIENITUIbI J0-
OaBJIEeHHBIX 0€JIKOB 10 YPOBHS KOHLeHTpauuu — 1078 M, T. e. omHa Korus
Oenka B 1 MKJI mjia3Mbl KPOBM.

st peleHUs1 MpooOieM YyBCTBUTEIBHOCTA U YCIELIHOW peasiu3a-
uuu ITITY, HeobxoguMo onmupaThbCs Ha UCCACAOBAHUS TPaHCKPUIITOMA,
B KOTOPBIX Pe3YyJIbTaThl BbIPAXXAIOTCS HE B €IMHUIIAX KOHLUEHTPALMU, a B
konunuectBax konuit MPHK [38, 39]. Paborast B n1uamna3zoHe CBEpXHU3KUX
KOHILIEHTpalUii, yTI0OHO ornepupoBaTh KOMUSIMU OejiKa, a HE KOHLIEHTpa-
LIMSIMU, TaK KakK 3TO MO3BOJISIET CPABHUTD PE3YJIbTaThl TPAHCKPUITTOMHbBIX
U IDPOTEOMHBIX 3KcnepuMeHTOB [40]. XOTs KOHLEHTpaluu OejIKa sIBJIs-
IOTCSl OOLUECMPUHSITHIMU B NpoTeoMuKke [41], mpu 4yBCTBUTEIbHOCTU B
MOJIb/JI, COOTBETCTBYIOIIIEE KOJIMYECTBO KOMUI OeKa MOXET ObITh JIETKO
noacuuTaHo kak npoussegeHue LODYV/ NRA, npu oobeme obpa3sua, V,
u LOD — yyBCTBUTEJIBHOCTH METOAA U3MeEpeHUsI, N, -00paTHOE 4KCIIO
AsBorazapo, ~102* [16]. Hanpumep, koHueHTpauus 10-'®* M cooTBeTCTBYyeT
OIHOM MoJieKyJie Oenka B 1 MKJ, Toraa Kak Takas Xe KOHLIEHTpalus
B HepG2 xinetke ¢ oobeMom 1013 1 (kaxkmasi KjaeTKa MMeeT AUaAMETP
~ 8 MKkM) [42], npupaBHuBaetcs: K 107 MoJieKys1 B KJETKe, T. €. OAHA MO-
Jekyna 6enka Ha 10 munnuapaoB KiaeTok. [TockosibKy ogHa Komust 0eaka
B o0beMe HepG2 kiieTkM cOOTBETCTBYeT KOHLeHTpauuu 10-° M, gocTtu-
raeMoil COBpeMEeHHbIMU MacC-CIEKTPOMETPUUECKMMU METOIAMU, TO IJIsI
KJIETOYHOM MPOTEOMUKM JaJibHel11Iee MOBbIIIEHE YYBCTBUTEIbHOCTU HE
TpeOyeTcsi. DTa runoTe3a Obljaa Obl BepHa, €Cau Obl B MAacC-CIIEKTPOMETP
MOXHO OBIJIO 3arpy3uTh OJHY KJIETKY; B peaJbHOCTU TPEOYIOTCS ThICSIUU
U Jaxke MUJUIMApIbl KJIETOK JJIsI MOJIydyeHUsl OEJKOB B KOJMYECTBAX, J10-
CTaTOYHBIX JIJIS MACC-CHEKTPOMETPUUECKUX U3MepeHUll. B oObIuHOM uC-
CJIeIOBaHUM C MCIOJIb30BaHMEM JBYMEpPHOro 3jieKTpodopesa Zappacosta
C KoJUIeraMu IoKaszaju, 4To HeooxonuMo MUHUMYM 200 ¢moneit Oenka
(2x10® kyeTok mJis1 geTeKuuu Oejka, mpucyTcrByomiero B 100 konusix/
KJeTKy) [43]. JIns ucciaenoBaHUs MpOTeoMa OJHON KJIETKM, HEOOXOAMMO
JNOCTHYb YYBCTBUTEIBHOCTU YPOBHS OJHOM MOJIEKYJIbl Oejika Ha NeCSITKU
THICSIY WJIM Ja’Ke MUJIJIMOHOB KJIETOK. Takasi 4yBCTBUTEIbHOCTb MTO3BOJISI-
€T MPOU3BECTM MHBEHTApU3allMio NpOTeOMa OTACJIbHOIO OpraHa, Hampu-
Mep: 1 r neyeHu coaepXUT 129 MUJJIMOHOB KJieTOK [44], mosToMy ogHa
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Korus Oenka Ha 10 MUIJIMOHOB KJIETOK HEpeaKoe SIBJieHHWe B MaclluTade
opraHa.

B 3aBepiiieHre 00CYKIE€HUS YYyBCTBUTEIbHOCTU MPOTEOMHBIX METO-
JIOB, CJE€IYeT OTMETUTb, UYTO YMUCJIO BUIOB OejiKa, MPUCYTCTBYIOLIMX B
KOHKPETHOM KJIETOYHOM Martepuaje U OMOJOrMYeCKMX XKUIKOCTSIX, OCTa-
€TCs1 HeM3BEeCTHBIM. B KJleTKe mpesronaraeTcsi CHUXEHUE AMHAMUYECKOTO
nuarna3oHa KOHLEHTpaluii 0ejka B MPOTUBOMNOJOXHOCTD IJa3Me Kpo-
BM, KOTOpasi UMEET UCKJIIOUMTENbHbIM AMHAMUYECKUI nuana3oH — 00-
nee 10 mopsinkoB [17]. Beicokuit fTMHAMUYECKUIA AUAIIa30H O3HAYaeT, YTO
mJja3Ma OpeacTaBiseT coOOi CIOXHYIO CMECh Pa3HOOOpPA3HBIX OEIKOB U3
pa3aUYHbIX TKaHeil u kjeTok [45]. IIpu Tom, uTo 1000 OEOoK Teo-
PETUYECKU MOXET MPUCYTCTBOBATh B IMJa3Me, 9KCIEPUMEHTAJbHO B Hel
00HapY>KEHO BCEr0 HECKOJILKO ThICSIY 0eIKOB [46]. MBI cooO1aimu 06 3Kc-
MepruMEHTAIbHOM TOAX0/E K OlLIEHKE Yucja BUAOB Oejika, MPUCYTCTBYIO-
KX B mja3me [37], corjlacHO KOTOpoMy OesiIK1 B OMOIpoOe pa3aelisiiuch
2D-a5eKTpodope3oM 1 BU3YaJM3UPOBAIUCh OKpalllMBAHUEM pa3JIU4yHOM
YyBCTBUTEJIBHOCTU B auara3zoHe ot 10-° mo 10-'2 M. Mcnoab3ys 3TOT Me-
TO[, MOACYUTAHO, YTO MPOTEOM I1J1a3Mbl TEOPETUYECKU COCTOUT MPUMEP-
HO u3 10° pa3IMYHBIX TUIIOB OEJIKOB.

OTcyTcTBHE «30JI0TOTO CTAHIAPTA»

CooTBeTCTBUE MEXAY YYBCTBUTEIBHOCTbHIO aHAJIUTUUYECKOTO MeTola
U KOJIMYECTBOM NETEKTUPYEMbIX OEJIKOB sIBJISIETCSI OCHOBOM 1JIsI pa3pa-
OOTKM HOBOTO MOAX0/Ia K MPOTEOMHOM cTtaHaapTuidaluu. Ha ocHoBaHuu
BKCMEPTHOIN OLIEHKM, XPOMOCOMO-LIEHTpUYHAs Tapaaurma (1o KpaiHei
Mepe Ha IepBOM 3Tarle) MO3BOJIUT 000NTU MPOoOIeMy HU3KON BOCIIPOM3-
BOOVMOCTU U OLIMOOYHBIX UASHTU(pUKALIMI OeKa.

TpaauimoHHo MpobJemMa cTaHIapTHU3alMKU B IPOTEOMMKE OCHOBBIBA-
€TCSl Ha HECKOJIBbKMX OYeBUIHBIX cooOpaxeHusix [13, 47]. B coorBeTcTBUM
C KOHIIEMIMEeNH MacuTabupoBaHUS MPOTEOMUKU JAJIsI COXpAHEHUSI BOC-
MPOU3BOAUMOCTA U YYBCTBUTEJIBbHOCTU HEOOXOIMMO PYyKOBOJACTBOBATHCS
CTaHJApTHBIMU pabouuMu mpoueaypamu (standart operating procedures —
SOP) u npeaHaauTUYEeCKUM KOHTposieM IpoueccoB [48]. SOP momaxHbI
00BbEeAMHUTH OTOOpP OOpa3LoOB U YCJAOBUSA XPAaHEHUSI KIMHUYECKUX 00-
pasuoB. Hanpumep, 1151 CHUHHOMO3IOBOM >KMIKOCTH ObljIa TTOKa3aHa Cy-
LLIECTBEHHAs MoTepsi Bcex A-B MENTUIOB MPpU 3aMOpakKMBaHUU 00pa3loB
[49]. CranmapTusalnus o0pa3luoB TKaHM, MOJYYEHHBIX TTOCMEPTHO WJIU C
MOMOILbIO OMOIICHM, SIBJISIETCS ellle 0oJiee CIOXKHOMN 3amadyeil, MOCKOIbKY
U3MEHEHMsI B TKAaHU MOTYT IPOMCXOAUTh yXe yepe3 20 MUH 1mociie 3a00-
pa obpazua. s pelueHuss npobjieMbl U3MEHYMBOCTU TKaHelt, Espina u
Muller npeaoXuin YHUBEpPCAJIbHbIN (PUKCUPYIOIIUI pacTBOP IJIsI CTa-
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OuJIM3allMM U COXpaHEHUS OEJKOB, HYKJIEMHOBBIX KMCJIOT U TKaHEBOW
cTpyKTypHI [50].

CunbHasg BapuabeIbHOCTb HaOJIIOJAETCS U NPU aHAJIUTUUYECKOM
aTane o6paboTKu 00pa3uoB, TAe A AJOCTUXEHUS 00Jiee BBHICOKOU 4yB-
CTBUTEJBbHOCTU Y YBEJIMYEHUS TOKPBITHS MPOTeOMa MCCeI0BaTeNN W3-
MEHSIOT YK€ OIlyOJMKOBaHHBIE IIPOTOKOJIbI. BianssHre npoOonoaroToBKHU,
npedpakIMOHUPOBaHUS, XpomaTorpaduu U MeTonoB MS mnpu aHaiuze
00pa3LoB TKAaHU U KJIETOYHBIX JIM3aTOB OBLIM PacCMOTPEHbI B paboTe
Altelaar u Heck [51]. Ucnonb3oBaHUe COPTUPOBKU (PIyOPEeCUEHTHO aK-
TUBUPOBAHHbBIX KJIETOK, JJa3€pHOI MUKPOAUCCEKIINH, MPEeaBAPUTEIbHOTO
pasneneHus1 merogoM SDS-PAGE u npsmoro LC-MS aHanuza B 3Kc-
MepUMEHTE MO3BOJISIET BapbMpPOBaTh TAKMMM MapaMeTpaMM KakK Heo0xo-
JUMO€ KOJIMYEeCTBO OMoMarepuajia U YKUCIO OOHApYyXeHHBbIX OenlkoB. B
3aBUCMMOCTHU OT IPUMEHSIEMOI0 MPOTEOMHOI0 METOIa U OT KOJMYeCTBa
obpaboTaHHOro Guomarepuasa, YUCIO UACHTUPULUPYEMbIX OCJIKOB M3-
MeHmIoch ¢ 1006 mo 6664 BumoB (benka).

TapretHsie MeToabl Ha 6aze MRM (multiple reaction monitoring)
00J1a1a10T BBICOKOI BOCHPOM3BOAMMOCTBIO, UTO CYLIECTBEHHO oObJierya-
€T pellleHue BONpoca CTaHAapTu3aluuu ux npuMmeHeHus. B HauumoHanb-
HoMm uHcTtuTyTe paka (Mepunenn, CIIA), Obl10 MpoBeaeHO MCCIea0Ba-
Hue «Multilab», 1ieJ1bI0 KOTOPOro SIBJISLIACH OLIEHKA BOCHPOU3BOAMMOCTU
u HagexHocTu SID-MRM-MC metona njs ornpeneieHus] KOJIMYECTBA
NenTuaoB U 0eJkoB B IadMe yejoBeka [52]. CeMb pa3IMUHBIX OEJIKOB
KCMOJIb30BAJNCh B KaueCTBE N00AaBJACHHbBIX 30HJ0B B JIEBSTU KOHLIEHTpa-
LMSIX; Kaxaasi KOHLUEHTpalus 30HAa U3Mepsijach B TPeX TEXHUUYECKUX
nosropax. BHyTpu- u MexabopaTopHasi U3MEHUMBOCTb Pe3yJIbTaTOB U3-
MepeHUil oleHMBajach 1Mo Koadduuuenty Bapuauuu (CV) co 3HaueHU-
eM Huxe 25%. Ha ocHOBe IMOJIydeHHBIX pe3yJbTaToOB IMPUBEICHHOIO HC-
cJieoBaHus ObLI clejdaH BbIBOA, YTO TapreTHbIM moaxon obecreyrBaeT
BBIMIOJIHEHUE BOCITPOM3BOAMMOIO M3MEpPEHUsT OENKOB, MPUCYTCTBYIOIIMX
B KOHLIEHTpALMIX OT BBICOKMX 10 cpeaHux (Boiie 104 M) B Hedpakiyo-
HUPOBAHHON ILJIa3Me C JIMHEHHBIM TMHAMUYECKUM IMAMa30HOM B TPU
nopsinka. OgHaKo, HEeCMOTPS Ha rnociaenytouuii crporuii SOP, HeckobKo
CUTHaATyp MEeNTUI0B He ObLIM oOHapyxeHbl B MRM aHanu3ze, yka3biBas
Ha TO, YTO BTOT MeTon (KaK W Apyrue) 3aBUCUT OT 0OpabOTKU IpoO,
BKJII0Yasi GppakiiMOHMPOBaHUE, 00eCCONIMBaAaHME 1 HEMOJHOe (hepMeHTa-
TUBHOE paclueneHue [52].

Paznuuuss B MS/MS 1OMCKOBBIX ajJirOpUTMax U 0a3ax JaHHBIX aMU-
HOKMCJIOTHBIX MOCJIEI0BAaTEIbHOCTEN SIBISIOTCS UCTOYHUKOM OOIIMX He-
COOTBETCTBUI B mepeyHe uaeHTU(MKaLUil O0elkoB. B cpaBHUTEIbHOM
KUCCJIEIOBAHUM OLICHUBAJUCH ISATh HauOosiee MOMYJSIPHBIX aJTrOPUTMOB
noucka MS/MS criekTpoB 0eJIKOB B I1Jla3Me€ KPOBU C MCIOJb30BaHUEM
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J1abopaTOpHOro cripaBoYHO-uHGpopMmannoHHoro ¢oHga (CUP) npotus
0a3bl JaHHBIX MOCJEAOBATEeJIbHOCTM MeXIyHapooHOTO MHAeKca Oeka
(IPI) [53]. B 3aBUCMMOCTH OT ITOMCKOBOI'O MeXaHMU3Ma, ObLJIIO OOHAPYXKEHO
526 nenTuAHBIX uaeHTUGUKALMN 1 aulnb 335 (63%) u3 HUX OBLJIM TOYHO
ornpejesieHbl Ha OCHOBE KOHCEHCyCa YeThIpeX ajJirOPMTMOB, XOTSl BCE MC-
XOIHbIE CIIEKTPbl ObLIM CreHEepMpOBaHbl B omHOU ygaboparopuu. Ilocne-
nytomee MultiLab uccrnengoBaHue ObLIO BBIIIOJHEHO C MCIIOJb30BaAaHUEM
KOHTpPOJBHOro obpasua (3kBUMoJsipHas cMmech u3 20 6enkoB) u MS/MS
CIIEKTPOB, MOJYYEHHbIX BEAYILIMMU IIPOTEOMHBIMU JIabopatopusiMu [54].
HecMmoTpsi Ha OTHOCUTENBHO MPOCTYIO CMECh OEIKOB, MPUCYTCTBYIOLIMX
B CPaBHUTEJIBHO BBICOKMX KOHLIeHTpanusax (10-°—10-2 M B 3aBUCMMOCTH
OT pa3BeACHMSI CyXMX KOHTPOJIbHBIX 00pa3loB), TOJbKO ceMb, U3 27 ja-
OopaTopuii mpaBUIbHO onpeaenuan Bce 20 6enkoB. LleHTpalin3oBaHHbII
aHaJU3 pe3yJbTaTOB MO3BOJIUJ ClEJaTh BbIBOM, YTO OOJBIIMHCTBO J1a00-
paTopuii MoOJy4yaloT BbICOKOKAYeCTBEHHbIe MS naHHBbIE [JIs1 BbISIBJICHMS
Bcex 20 OeKOB UM BbISIBJIEHHbIE HECOOTBETCTBMSI, CKOPEE BCEro, BbI3BAHbI
pa3IMYMsIMU MEXIY aJropuTMaMy aHajiuza U 06a3amMu JaHHbIX.

HectabunbHOCTh 6a3bl JTAHHBIX MOCJIEA0BATEIbHOCTEN SBJISETCS €LIE
OIHUM MCTOYHMKOM HECOOTBETCTBUI MpU UAECHTU(DUKALIMU OEJIKOB, IMO-
JIydeHHBIX ¢ noMolbio MS. [IpobGiema paccmaTpuBaiach B OTHOLLIEHUU
yeTblpex caMbIX TMomnyiaspHbix 0a3 maHHbIX: [PI, UniProtKB, NCBInr u
Ensemble [55], roe HauOonblei cradbuabHOCThIO oOnamaeT UniProtKB,
TOrJa Kak M3MeHeHUs uaeHTugukaropoB Oeiaka B IPI ormevaercs mpu-
MepHO B 10% ciydaes.

OCHOBHOI1 MpUMEpP MCMOJIb30BAHUS CTaHIAPTU3ALIMU MOXHO HaOJII0-
natb B nipoekTe ITIIITY (ITpoekT «IIpoTeom miaa3Mbl KpOBHU UesIOBEKa»),
B paMKax KOTOporo OblJ1 pa3paboTaH IOAXOHd AJS PEelIeHUS MpoOsJeM,
BO3HUMKAIOLIUX MPU cOOpe, MHTEerpallMu, aHaJu3e U paclpoCTpaHEHUU
MOJYYEHHBIX JaHHBIX BO BceM Mupe [56]. CyTh JaHHOTO MOAX0Ia COCTOUT
B Pa3BUTUM MOMAEAM NAHHBIX, MHCTPYKTUPYIOLIUX BbIMOJHEHUE MPUHSI-
ThIX PEKOMEHIALIMI 151 TIOIyUYeHUsI U JaJbHEeNIIe myoauKauu JaHHbIX
UAeHTU(UKALIUKU NeNnTUaAoB U 0enkoB [57]. B cooTBeTCTBUM C MOMEINbIO
JAHHBIX ObLJI CO3IaH PENO3UTOPUIA, YIOBIETBOPSIOIIMIT KOHKPETHBIM Tpe-
OoBaHUSIM IpoekTa. Takoe cTporoe yrnpaBieHHE TaHHBIMU B pe3yJibTare
no3poyiniio nonyyuTh B pamkax IIITITY crnucok u3 3024 mHoronenTua-
HbIX MIeHTU(hUKALIMK Oejika B Mjaa3Me KpOBU YeoBeKa, KOTOPbIA cTaj
CIIPAaBOUYHUMKOM JIs1 pa3IMYHbIX TUMOB aHau3a [58].

Hapa6otku IIIIITY u pe3yabraThl MCCAENOBaHUS OIBITHOIO 00Opas3-
11a, MOJy4YeHHbIE TPYIIoi 1oa pykKoBoacTBoMm Bell, pekoMeHA0BaHHOTO
HUPO, noka3bIBaioT, YTO CTaHAAPTU3ALUS MOXKET CTaTh «y3KMM MECTOM»
nng ITITY [46, 54]. ITo HalieMy MHEHMIO, YYaCTHUKHM MEXIYHAapOIHOro
npoekTa ITITY moaKHBI COCPEOOTOUYNTHCS Ha PelleHUU NpOoOJeMbl CTaH-
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JapTu3alu, UCHOJIb3ys UMEIoIecs] BO3MOXHOCTU IpoTeoMa [59], a He
CTaHAAPTU3UPYSI METOIbI MCCAENOBaHUS TPOTEOMa, KaK 3TO MpeliaraeTcs
CEerofHsI.

XPpOMOCOMO-LIEHTPUYHBIM MOAXOM JAET BO3MOXHOCTh MEPECMOTPETh
KOHLIEMIIMIO CTaHAApPTU3allMM, TaK KaK IPU €ro UCIOJIb30BaHUU CENYeT
YUUTBIBATh TOJbKO YYBCTBUTEIBHOCTb aHAJIUTHUUYECKOIO METoJa 1 ol1Iee
KOJIMYECTBO O€jiKa, B3SITOrO IJIS aHajau3a U3 OMOJIOTMYECKOro odpasia.
HaHHbIe, TIpencTaBieHHbIe B paboTre ApuyakoBa ¢ coaBT. [37] ans 2DE,
MO3BOJIMJIM HaM MPEIJIOXUTh CAeAYIOly0 (hopMyay (CM. JOMOJIHUTEb-
Hble JaHHBIE 3), BbIpaXKawllyl0 YMCJIO OeJIKOBBIX BUAOB B oOpasue (N)
Kak ¢yHKIUIO AByX napamerpoB: LOD (limit of detection) u KoJinuecTBO
0enka B mpobe (Q), BBeAeHHBIE IJIs1 BBIINOJHEHUS aHAJIUTUYECKON IpO-
LIEAYPbI; BHITISAAT CIEAYIOIIUM 00pa3oM:

4 (1)
LOD"’
rae kodGUUUeHThl @ U b 3aBUCAT OT TUIMa OuMomarepuaaa (Hampumep,
a = 6,4x103u b = 0,47 nna nna3mel KpoBu, uiu a = 4,3x10° u b = 0,79
nns HepG2 kuetok). KoHeuHo, ¢opMmysia TakKe 3aBUCUT OT TUIIA IPO-
TEOMHOI TEXHOJIOTUMU.

LOD 06bLia npenjioxeHa B Ka4eCTBE MEpPbl UyBCTBUTEIbHOCTU TPO-
TEOMHBIX TEXHOJIOTMI, BbIpa>k€HHON B BUZI€ HUXKHEW I'PaHUIIbI OIpe/e-
JneMoii KoHLeHTpauuu Oenka [16]. Ha ocHoBanuu ¢opmyisl (1), MOXHO
cliesaTh HECKOJIBKO MPEANoJ0oXEeHWi: HanpumMep, cHuxkeHrue LOD npuBo-
OUT K UAEHTUIUKALMKU OOJbIIEro YKMcjia BUAOB Oejika, a UMEHHO:

ecim LOD, < LOD,, to N, > N,.

B npoTuBHOM ciyyae, yBeanMuuMBasi KOJUYECTBO OMomMaTepuasa, MOX-
HO MOJIYYUTb OOJIbIIE BUJAOB O€sKa:

ecim Q, > 0,, 0o N, > N,.

OxupaeTcsl TakxKe, 4TO, MCIOJIb3ys METOA C MaKCUMaJIbHBIM (bU3HU-
yecku pejieBaHTHBIM LOD (T. e. ogHa MoJieKyJia 0enka Ha 1 J1), MOXHO
paccyuTaTh 00llee YUCIO BUAOB OeIKa MPU YCIOBUM OTCYTCTBUSI OTPAHU-
YeHUI B KOJIMUecTBe 0o0pa3la, a UMEHHO:

N—-N__at LOD—-0u Q — . @)

Mertonpbl, ucroab3yeMble i UACHTU(GUKALIUU OEJIKOB MPU XPOMO-
COMOLIEHTPUYHOM TIOIXOZE, TOXE MOXHO CpaBHUBaTh, yKa3biBasg LOD u
KoanyecTBO Oenka B oopasue Q. Mepa craHzapTU3allMi MOXET ObITh KOp-
PEeKTHO (popMasiM30BaHa KaK BEPOSITHOCTh aHAJMTUYECKOTO METoaa s
paciundpoBku N OeJKOB B onpeaeeHHOM Tuie ouomarepualia. TouHOCTh
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9KCIIepMMEHTAa Oy/leT BblpakeHa KOJIMYECTBEHHO B BUJI€ OTKJOHEHUS TO-
JIydeHHOro 3HaueHus1 N OT OXMIAeMOro 3HaueHMWsl, paCCYMTAHHOro IO
dopmyne (1), yautsiBas 3HaueHust LOD (xapakTepucTuka aHaJIUTUYECKO-
ro kKaHajia uHdopmanuu) u Q (xapakTepucTuKa MjaHa 3KCIEPUMEHTA).
Mpbl oxxuaaeM, YTO XpOMOCOMO-LIEHTPUYHBIM MOAX0A JaCT HaM BO3-
MOXHOCTb pacCMaTpUBaTh MPOOJIEMY «30J0TOr0 CTaHIapTa» IOA HOBBIM
yIjoM 3peHus. Hanpumep, 4uMciio penpe3eHTaTUBHBIX OCHOBHBIX O€JIKOB,
KOAMPYEMbIX FT€HaMU XpOMOCOMBIIS, B HacTosiliee BpeMsi COCTaBJISIET
okojio 280 [60]. Ha HauayibHOM 3Tarie, HE CJIEIYET COCPEAOTOUMBATHCS
Ha BbISIBJICHUU BCEX OEJKOB, KOAMPYEMbIX XPOMOCOMOI, TTOCKOJIbKY HE
BCE IOCJIEI0BATEIbHOCTU 3KCIIPECCUPYIOTCS U YYBCTBUTEIBHOCTb COB-
pEeMEHHBIX METOAOB orpaHuyeHa [16, 41]. [Ipu ucnosb3oBaHUU CTaH-
JNapTHBIX aHAJTUTUYECKUX METOIOB (Ha OCHOBE MCMOJIb30BaHUS aHTUTEJ/
MS-texHos0r1it), MPOTOKOJ AO0JKEH 00eCIeYnBaTh BOCIPOU3BOINUMOE JIe-
TEKTHMpPOBaHME B KOHKPETHOM oOpa3slie OrMomarepuaa, 1o KpaitHeil mepe,
nopsiaka 80% 6enKoB, KOTUPYEMBIX ONpPENeIeHHON XPOMOCOMOIA.

IIpoTeoMHKka — CHTyanMOHHASI HAYKA

[IpuHATO cuUTaTh, YTO MPOTEOM 3IOPOBOTO YeJIOBEKA JMHAMUYECKU
U3MEHSETCS C TeueHHeM BpeMeHU. Ha oCHOBaHMM 3TOro MOXHO Tpe.-
MOJIOXXUTh 3aBUCUMOCTb PE3YJbTaTOB 3KCIIEPMMEHTOB, KaK IpaBUJIO, OT
BHEIIHUX (PAaKTOPOB, BIMSIOLIMX Ha CyObeKT ucciaenoBaHus [47]. You-
BUTEJbHO, HO 10 HACTOSIILIEr0 BPEMEHU CUCTEMAaTUUYECKUE MPOTEOMHbBIC
WCCJIEIOBAHUS TSl MOATBEPXKACHUS CTeNeHU MHAMBUIYaJIbHbIX Bapyalvii
YpOBHS OeJjika B IJla3Me KPOBM UeJIOBeKa MJIM B TKaHSX YeJoBeKa — He
MPOBOAMJINCH. Mes MHAMBUAYyadbHON M3MEHUYMBOCTU MpoTeoMa Oblia
3aMCTBOBaHa U3 MOJIEKYJISIPHOI (DU3MOJIOTUU U CTIOPTUBHON MEIULIMHBbI,
Ie M3ydajcsl OTBET 3M0POBBIX JIIONEH, UCIBITYEMbIX Ha BHEILIHUE pa3-
OpaxxuTead. boJlblIMHCTBO BBIBOMOB OBbLIO CAEJIAHO IO pe3yJbTaTaM MC-
CJIeIOBaHUI PeryasiTOPHbIX MOJIEKYJI: U3MEHEHU S IUCTAaTUOHWHA T1JIa3Mbl
rnocJjie 3aBTpaka [61], usmMeHeHust B cucrteMe akropa I pocta MHCyIMHA B
YCJIOBUSIX OCTPOro aeduiuTa SHepruu [62], u3BMeHEeHUS B MOIEISIX TO/I-
KJlacca JIMMONPOTEMHOB HU3KOM TJIOTHOCTU TOCJIE TUEThl C MOHMXKEHHbBIM
comepXXaHUeM Xupa y MyXX4uH [63] u mHorue npyrue. B uccienoBanusx,
CBSI3aHHBIX C U3MEPEHUEM OIMHOYHOIO OeJiKa IJIa3Mbl — TPAHCTUPETHHA,
ObLJIO TTOKA3aHO, YTO €ro YPOBEHb MOXET U3MEHUTHCS B OTBET Ha 30-Mu-
HYTHOE BO3JIECTBHE BHICOKOYACTOTHOTO 3JIEKTPOMArHMTHOrO TOJIsl, CO3-
JaBaeMOro cOToBbIMU TesiehoHaMu [64]. OnmHAKO aBTOPHI COIJIACUJINCH C
TeM, YTO HabJII0aeMble U3MEHEHUS B YPOBHE OEJIKOB MJIa3Mbl TaKXKe MOT-
JI1 ObITh BBI3BAHBI CTPECCOM, KOTOPBI TOOPOBOJIbIIBI UCMBITAJIUM BO Bpe-
Ms 3a060pa KpoBu. M3ydyeHue BAMSHUS MUKPOTrpaBUTAllMU Ha 3M0POBBIX
NO0OPOBOJIBLIEB, TTOKA3aJl YABOEHNE YPOBHS 9KCIPECCUU B2-UHTETPUHOB B
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HelTpoduiax nepudepruueckoil KpoBu dyepes 65 mHei Mmocsie MOIoKEHMs
TeJa roJIOBOM BHU3, a MOCJIe OKOHYAHUS TUITOKWUHE3UU — BEPHYJICS K UC-
XOIHOMY ypoBHIO [65]. CTeneHb 3KCIpeccuu 0ejika B TKAHU TOXKE MOXKET
MEHSITbCS: HallpuMep, YPOBEHb OMNpeAe/IeHHbIX O€JKOB, MOJYYeHHBIX U3
MUHeaJIbHOMN eJyie3bl KPbIChl MOKa3bIBaeT 00Jiee YeM IMSTUKPATHBIE LIUP-
KagHble u3MeHeHus1 [66]. C npyroii CTOPOHBI, pe3yJbTaThl BHICOKOIIPO-
uzBogutTenbHbIX LC-MS/MS skcnepyMeHTOB Ha MbIIIaX He IoKas3aau
CYILIECTBEHHBIX pa3jMuMuii B TPOTEOME MO3ra, 00yCJOBJICHHBIX CTapeHUEM
[67].

HemHorue nmeroiiuecst akTbl 00 MU3MEHEHUSSIX TPAHCKPUIITOMA OT-
NEJbHOTO YeJIoBeKa IMpPearoaraloT COOTBETCTBYIOIIYIO AMHAMUYHOCTD
nporeoMa. JlaHHBIX 00 MyJbTUOEJIKOBBIX HCCIACAOBAHUSIX WU3MEHEHUN
MpoTteomMa y MJIEKONMUTAIIMX onybJrukoBaHO HeMHoro. Ha ocHoBaHuu
0030pa uccienoBaHuil ¢ npuMeHeHueMm 2-DE mis1 aHanu3a ria3mMbl KpOBU
Obl1 clejlaH BbIBOM, UTO M3MEHEHMSI SIPKOCTU CBETOBOI'O MSTHA B 310-
POBOIi KOHTPOJILHOI TPYIINE COMOCTaBUMBI C U3MEHEHUEM IpU 00JIE3HU
B CPaBHEHMHU C KOHTPOJIbHOI oreHkoi [69]. Corzett ¢ coaBT. U3yYMJIU
M3MEHEeHHUs TpoTeoMa IIa3Mbl KPOBM UeJIOBEKa C MCMOJb30oBaHUEM 2-D
DIGE u ormeTtusu, uyro CV usmeHsicsa ot 10 1o 90% co cpenHuM 3Ha-
yeHueM 23% Tpu CyObeKT-00bEKTHOM aHaJIM3e U JIUIIb 21 TSITHO OEIKOB
umesio CV > 50% [70]. UnauBuayaJbHOE U3MEHEHUE XapaKTeprU30BaIoCh
cpenteit CV 10%, KOoTopoe CONMoCTaBUMO ¢ TEXHUYECKMMU M3MEHEHUSIMU
10 COOOILEHUIO aBTOPOB [71].

Merta-aHanu3 JuTepaTypbl BbISIBUJ pa3HUILYy Ha IBa MOpPsiAKa B OLIEH-
K€ KOIMUINHOCTU OEJIKOB IJIa3Mbl IJis1 300poBbIX Jitoaeit [72]. B 150 mHoO-
TOKOMUIHBIX OeJKax IMja3Mbl ¢ JAMana3oHOM KOHLeHTpauuii oT 107 mo
10-* M ypoBeHb OOJIBIIMHCTBA OCJIKOB M3MEHSJICS B ABa—TpHU pa3a, HO
MPU 3TOM TPUCYTCTBOBAJIM U BHICOKOAMHAMUWYHBIE BUJIbI, TAKME KaK JIU-
301IUM, KOTOPBIi n3meHsics ot 10-¢ mo 108 M.

OcHOBBIBasICh Ha BbIIlIECKa3aHHOM, TpeThsl mpoodsema I1T1Y craHo-
BUTCS OYEBUIHOM: MPOTEOMUKA 3aBUCUT OT CUTYyallMU, TJ€ TOJbKO OJHA
MHOCJIeA0BaTeIbHOCTh TeHOMa MOXET ObITh (YCJIOBHO) IIpeACTaBjICHA B BUJIE
KOHTEKCTHO He3aBMCUMOI enuHulbl. [locienoBaTebHOCTh reHOMaA $SIB-
JsieTcsl MGpPOBBIM MPOAYKTOM, KOTOPbIA MOXET OBbITh MPEAJIOXKEH Ye-
JIOBEKY M, OJHAXIbl MPEIOCTABIEHHBI, OH COXpaHsET CBOE 3HAUYEHME
Ha miuTenabHoe Bpems. Hampumep, amepukaHckasi komnanus 23andMe
(Kanugopuus, CIIIA) nponBUraetT BbICOKOMUJIOTHOE T€HOTUIIMPOBAHUE
OTJEJIbHBIX TEHOMOB, YTOOBI 00OECIEUYUTh 3aKa3urMKa CBOEBPEMEHHBIM 00-
HOBJIEHHEeM HMH(bOpMallUY, CBSI3aHHOW C MEAMIIMHCKHUM BO3AEUCTBHUEM
BHOBb OTKPBITBIX MyTalluii y HaceleHus [88].

Takoil moaxon HEMPUMEHUM K MPOTEOMY UesIOBeKa, TaK KaK HEBO3-
MOXHO TOJIYYUTb MPOTEOM B BUJE MOCTOSIHHOIO CHUMMKAa, HEU3MEHHOIO
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B cBoeM 3HauyeHuM. BmecTo aToro ydyactHuku IIITY moikHBI cocpeno-
TOYMUTHCSI Ha pa3pabOTKe TEXHOJOTMU «KaapoBoro ¢uabMa» [73]. Takoi
«(punabM» OyaeT MHOOPMATUBEH, €CJIM XPOMOCOMOUEHTPUYHBINA MOAXO/
npeanojaraeT yriyoJaeHHOe M3ydyeHHe abeppaHTHbIX (PYHKUUI, IIPO-
JTUKTOBaHHOE MOJIMMOp(uU3MaMu, MyTallusIMu, U30(hopMaMU UJIU MOIU-
(¢ukanueit cocrossHuss 6enkoB [13]. [IpuMeHsisi TapreTHBIM MOAXOM, IMPU
KOTOPOM 0c000€ BHUMAaHUE YIeJIseTCS OrpaHMYeHHOMY Habopy pa3pado-
TaHHBIX O€JIKOB, MOXXHO OyIEeT MpOCJeXKWBaTh BpEMEHHOW MaTTEepH Mpo-
Teoma [74].

Ha camom peiie oxxupgaemasi USMEHYMBOCTh IPOTEOMa CIIOCOOCTBY-
eT pa3BuTuio uaoTHO (asbl III1TY, Tak Kak HEKOTOphle HEeAOCTaIoLIue
OeJIKK MOTYT ObITh BBISIBJCHBI IIyTeM cOopa 0O0pa3loB BHYTPU U MEXIY
cyobekTamu. IIpobaemy I1ITY, cBSI3aHHY10 ¢ UI3MEHUYMBOCTBIO IPOTEOMA,
MOXHO PEeLIMTb OObIYHBIM IyTEM, €CJIM HayaTb ¢ OTOOpa KOHTPOJbHOM
TPYMIIbI JUI, TIIATEJbHO MPOBEPEHHBIX COBPEMEHHBIMU KJIMHUYECKUMU
Metonamu. st pycckoii yacTu mpoekTa [36] Mbl MCIIOJIb3yeM TPYMITY 3110-
POBBIX JOOPOBOJIBLIEB, BbIACPKABIIMX XXECTKHME YCIOBUST a3POKOCMUYECKOMN
nporpaMmbl [75]. TakuM cnocoOoM MOXHO BBIBECTH CPEIHUIA HMPOTEOM
MJ1a3Mbl, XapaKTEPHbIN 1151 «aOCOJIOTHOIO 310POBbs». AJIbTE€pHATUBHbBIN
MOAXO0J COCTOUT B OCMOTPE OTHOCUTEJIbHO 30POBBIX JIIOAEH, HE UMEIOIIX
SBHBIX MATOJIOTMUYECKUX Moka3aHuii [71, 76]. CpenqHuili poTeOM ILIa3Mbl
KPOBHU 4eJIoBeKa MOXHO CyMMUPOBATh MO TaHHBIM 3TOW I'PYIIIbl, aHAJIO-
TMYHO MHOTHMM MCCJIeJOBAaHMSIM, BKJIo4asl KpynHoMaciuTabHbiid TTITITY
[46].

[Tpu s11060M M3 3TUX MOAXOAOB JOJIXKHA ObITh BBIMIOJIHEHA OCEBAasl BbI-
OOpKa ¢ MCNOJAb30BAHUEM WHAMBUAYAJTBHOIO «BHYTPEHHETO KOHTPOJSI»
[74]. CkaHupoBaHUE BPEMEHHBIX U3MEHEHUI TTO3BOJIUT MPOBOAUTH OoJiee
YyBCTBUTEJbHbBIE SKCIEPUMEHTbI, KOTOPbIE€ MOT'YT MPUBECTU K OTKPBITUIO
O6uomapkepoB OoJiee 3(PPEKTUBHO, YeM MpPU MPOCTOM CPABHEHUU OIM-
HOYHBIX 00pa3loB, MOJYUYEHHbIX MPU UCCIEAOBAHUM TPYMIl CUJIbHO He-
noxoxux Jjoaeit [73, 76]. C passutuem MRM MeTonoB a1 HedpaKLyo-
HUPOBAHHOW MJa3Mbl [52], MYJIBTUIJIEKCHBI aHAIU3 OeJIKOB-MMUILECHEN
OyzeT METOJIOM BbIOOpA A5 UCCIIEAOBAHUS U3BMEHUYMBOCTU MPOTEOMa Tpu
JIOCTaTOYHO BBICOKOM YPOBHE UYBCTBUTEIbHOCTH.

Htak, Tpu npobiaeMbl — «y3KH€ MeCTa» B MPOTEOMHBIX TEXHOJIOTU-
SIX, @ UMEHHO: YyBCTBUTEJIbHOCTb, OTCYTCTBUE «30JIOTOTO CTaHIApTa» U
JTUHAMUYHOCTb B KOIMMMIMHOCTU O€JIKOB, NOJKHBI ObITh PELIEHBI B paMKax
peanuzauuu I1ITY. B 3aBUCUMOCTH OT YCHEXOB B IMPEOAOJICHUM ITUX «Y3-
KUX MecT», BbinosHeHue I1ITY mo3BoaMT BHECTU CYLUIECTBEHHBIN IIpak-
TUYECKUI BKJIAJI B Pa3BUTHUE MEAUIIUHBDI.
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PaGoTa BbInoiHeHa B pamKkax nporpaMmbl «IIpoteom yenoBeka» Poc-
CUICKOM aKaJeMUU MEIULIMHCKMX HayK MpU Toaaepkke MUHHUCTEpCTBa
oOpaszoBaHusg n Hayku P® (cornameHue No 8274).

CHROMOSOMOCENTRIC APPROACH TO OVERCOMING
DIFFICULTIES IN IMPLEMENTATION OF INTERNATIONAL
PROJECT HUMAN PROTEOME

A. 1. ArchakoV', V. G. Zgoda', A. T. Kopylov', S. N. Naryzhny"?,
A. L. Chernobrovkin', E. A. Ponomarenko', A. V. Lisitsa'

'V. N. Orekhovich Scientific-Research Institute of Biomedical
Chemistry, Russian Academy of Medical Sciences, Russia;
2Petersburg Nuclear Physics Institute at National
Research Centre Kurchatov Institute, Russia

The international project Human Proteome (PHP), being a logical
continuation of the project Human Genome, was started on September 23,
2010. In correspondence with the genocentric approach, the PHP aim is
to prepare a catalogue of all human proteins and to decipher a network
of their interactions. The PHP implementation difficulties arise because
the research subject itself — proteoma — is much more complicated than
genome. The major problem is the insufficient sensitivity of proteome
methods that does not allow detecting low- and ultralow-copy proteins.
Bad reproducibility of proteome methods and the lack of so-called «gold»
standard is the second major complicacy in PHP implementation. The
third problem is the dynamic character of proteome, its instability in time.
The paper deals possible variants of overcoming these complicacies, pre-
venting from successful implementation of PHP.
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POJIb MYJBTUJIOMEHHOI CTPYKTYPBI
YPOKHMNHAS3BI B PEI'YJIALINN POCTA
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Axmueamop naasMuHoceHa YPOKUHA3HO20 MUNA, UAU YPOKUHA3A
(uPA), npedcmaensem coboli MHO2OPDYHKUUOHANbHBII OEN0K, UeParUuUil 0Co-
OVI0 pecynsimopHyr poab 8 COCYOUCMOL CMmeHKe U 004a0aruuil cnocobHO-
CMbI0 3anycKams NpomeoAumuHecKue U CueHaabHble Kackaodwl.. B cmamoe
CYMMUPOBAHBL NOAYHEHHble ABMOPAMU Pe3YAbmamyl U OAHHble AUMepamypol,
Kacarowuecs: poau YPOKUHA3bL 8 PeMOOeAUPOBAHUU KPOBEHOCHbIX COCY008 U
aHeuoeenese. B nacmoswee epems ypokuHazy MOXNCHO paccmampueamos Kax
nepcneKkmueHylo MuuleHb 015 8030elicmeull, HanpasaeHHblX Ha NPOPUAAKMU-
Ky pecmeH0308, npedomepaujeHue HecamueHo2o pemooeiuposanus apmepui,
CIMUMYAAYUIO POCMA COCYO08 NPU UUEeMUYECKUX 3a004e6aHUAX U NoJasieHue
aHeuoeeHe3a npu OHKO0A02UHEeCKUX 3A001e8AHUSAX.

60-¢ ronbl B CBSI3M C MPOrPEeCcCOM B MEIMIIMHE 0CO00e BHUMaHUE

HccreaoBaTeliel MpUBIEKIN Mpoiecchl puopuHonusa. B 1952 rony

B Mo4Ye OblIM OOHApy>KEeHbI «KMHa3bl», CIIOCOOHBIC MpeBpallaTh
njaasMuHoOreH B miaa3muH [1]. B 1954 rony ynanoch BBIAEIUTb U OYHU-
CTUTH (DEPMEHT, HENIPEPHIBHO BbIICJISIEMbIIA C MOYOIM, HA3BAHHBIN B CBSI3U
C OTUM YPOKWHA30M, UJIU YpOPUPUHOIU3OKUHA30H [2, 3]. DTOT (pep-
MEHT CIOCOOEH BbI3bIBaTh (DUOPMHOIN3 aHAJOTMYHO M3BECTHOM K TOMY
BPEMEHM CTPENTOKMHA3€e, NEUCTBYSI HE MPSIMO KaK (PUOPUMHOIUTUYECKUI
(epmeHT, a yepe3 akTuBalLMIO IUIa3MuHOreHa [4]. C Tex mop ypokuHasa
HEeTpPepbIBHO TMpUBJIEKaaa K cebe BHUMaHUe UCCeaoBaTeei, U K HaCTOsI-
1IeMy BpeMeHM onybankoBaHo 6osee 16 000 crareii, TOCBAIIEHHBIX 3TOMY
(bepmeHTy. YcTaHOBJIEHO, UTO YPOKMHA3a MPEACTABIISIET COOON MYJIBTHUIO-
MEHHBbI MHOTO(MYHKIIMOHAJIbHBIN O€I0K, MpeBpallaloIMi M1a3MUHOTeH
B IIa3MUH, KOTOPBIK IMTOMUMO PErysiuu (GpUOpUHOIM3a OCYILIECTBISICT
aKTUBaLIMIO (paKTOPOB POCTA, MOAYJISLINIO LIUTOKMHOB, IIEAIMHT-PELEI-
TOPOB, (PEHOTUIIMYECKYIO TPaHC(HOPMALIMIO KJIETOK, SKCIPECCUI0 OEIKOB
1 aKTUBAIIMIO TIPOTEOJUTUUYECKMX KACKalI0B. DTN MeXaHU3Mbl 00ecTieun-
BalOT CTUMYJISILIMIO MUTPALMUA U TIpoavdepaliu KJIETOK MO ACUCTBUEM
YPOKMHAa3bl, KJIIOUEBbIX ITPOLIECCOB PEMOACIUPOBAHMUS apTepuid, Iporpec-
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CHPOBaHMS aTepoCKJiepo3a, pecTeHo3a Iocje MPOoLEeayp peBacKysipu3a-
1IMM U aHTUMOreHe3a INpu uileMuu TKaHeil. bonee 20 jset Hazam Hamu
ObLJIM HayaThl UCCJAEIOBAHMS IO BBISICHEHUIO MEXaHU3MOB y4acTUsl ypoO-
KMHa3bl B Mpolieccax peMOACJIMPOBaHUS COCYIOB M aHruoreHeza. Mbl
HaAESJINCh, UTO U3YYEHUE POJIM OTACJIbHBIX JOMEHOB YPOKMHA3bl B pa3-
JUYHBIX QYHKILMUIX 3TOro 0ejka IMO3BOJMUT HaM pa3paboTaThb Ha OCHOBE
MOIUGUILIMPOBAHHBIX (POPM YPOKMHA3bI JIEKAPCTBEHHbIE TTpenaparhl, BJUSsI-
olIYe Ha 3TU mpouecchl. s 3Toro ObLIM CO3MaHbl PEKOMOMHAHTHBIE
KOHCTPYKIIMU, TTO3BOJISIIOIIIME CUHTE3MPOBATh pa3Hble (POPMbl YPOKMHA3bI
U ee oTmeJbHble JToMeHBI (puc. 1), apdeKThl KOTOPHIX HCCAEA0BATUCH
Ha MOJEJISIX MUTpaLlMM U TNpojudepalui COCYAUCTbIX KJIETOK in Vitro u
MOJIEJISIX PEMOICIMPOBAHUSI COCYIOB M aHTMOreHe3a y XUBOTHBIX in Vivo.

CTpyKTypa ypOKHHa3bl

YpokunHaza CMHTe3UpyeTCsl SHAOTEIMATbHBIMUA U TJIaJIKOMbBIIIEUHbI-
MM KJIETKAMU COCYIOB, BIMTEJIUAJbHBIMU KJIeTKamMu, pubpobdiaacTtamu,
MOHOLIMTaMU/MaKpodaraMmu, a Takxke KJIeTKaMu 3J0KaYeCTBEHHBIX OMYy-
XoJIell pa3au4yHOro mpoucxoxaeHus [S—7]. B cTpyKType ypOKHMHa3bl BbI-
NEJSIOT TpU JoMeHa — N-KOHILEBOI JOMEH, MOAOOHBIM 3MuaepMaTibHOMY
(akTopy pocta, KpUHIJI-A10MeH M C-KOHIIEBOW KaTaJlWTUUYECKUI TOMEH
(puc. 2). YpokrHaza ceKpeTupyeTcs KJIeTKaMu B BUJE OIHOLEIOYEUHOIo
MOJIUIIeNITUIA C MOJIEKYAsipHOi Maccoil 54 x[a u cocrosiiero u3 411
AMUHOKMCJIOTHBIX OCTaTKOB [7]. OmHoLenoyeyHasi ypoKrHa3a He CIioco0-
Ha TPOSIBJISITh MENTUIa3HYI0 aKTUBHOCTh B OTHOILLEHUU CUHTETUYECKUX
cyOCTpaToB, HO MPU B3aMMOACHCTBUMU C TJIA3BMUHOT€HOM CIIOCOOHA Mpe-
BpallaTh ero B Iia3MuH. [11a3MuH, B CBOIO ouepeb, SIBJISIETCSl aKTHBa-
TOPOM YPOKMHAa3bl U MEPEBOAUT OJHOLEIMOYEUYHYIO YPOKMHA3Y B JABYX-
LenoyeyHywo dopmy. JAByxiienoueyHas ypokrmHaza objanaer mpoTea3Hoi
AKTUBHOCTBIO KaK IO OTHOLIEHUIO K CUHTETUYECKMM CyOcTparam, Tak U
B OTHONIEHMH MJa3MMHOI€Ha, MIPUYEeM CKOPOCTh paCIlIeNICHUs TLJIa3Mu-
HOTeHa ABYXleNouyeuHol ypoKMHa3oi 0ojee yeM B 200 pa3 Bbille, 4yeM
onHouernoyeuHoi (gopmoii [8]. B cocynucToii cTeHKe Mia3MHUH paclLerisi-
eT (UOpUH, YTO CHOOCOOCTBYET PAaCTBOPEHMUIO TpoMOa, U HapsAdy C ypo-
KMHAa30i aKTUBUPYET MaTPUKCHBbIE MeTasuionpoTerHassl (MMIT). MMII
B CBOIO OYepelb paclICeIUISIIOT 0eJKM BHeKJieTouHoro marpukca (BKM)
Y KOMIIOHEHTHI 0a3ajibHOIl MeMOpaHbl, TaKMe KaK KoJljlareH, (puopoHeK-
TUH U JaMuHUH [9]. [IpoTeonuTryecKnii Kackaa Ha MeMOpaHe BeleT K
HaIlpaBJe€HHOMY IBUXXEHUIO KJETOK Osaromapsi paspylieHUIO MeXKJe-
TOYHBIX KOHTAaKTOB U JIOKaJbHOMY pacuiernjeHnuio BKM. Kpome Toro,
aKTUBALMS U/UJIW BbICBOOOXIEHUE JIATEHTHBIX U CBSI3AHHBIX C MaTpPUK-
coM (baKTOPOB POCTa CIOCOOCTBYET TaKKe YCUJICHUIO XeMOTAaKTUYECKOIO,
MUTPALIMOHHOTO 1 MPpoJudepaTuBHOTO OTBETOB COCYIUCTHIX KJIETOK.
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Puc. 2. Cmpykmypa ooHouenoueynoil u 0gyxuyenoueunol ypokuHnaswi: P — domen,
nodobHbLll pakmopy pocma («pocmogoil» domer), K — kpunea-domen, I1 — npomeo-
Aumu4eckuli 0omer
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B nByxuienoueuyHoi ypoKHMHa3e MOJIUIIENTUAHBIE Lenu: A (Jierkas) u
b (Taxxenast) — coenmHeHbl MeX Ay co0oi nucyabduaHoi cBsi3bio Cysl48-
Cys279. A-1ienb BKIIIOYAET B Ce0s1 «pOCTOBOI» IOMEH, MOAOOHbIN (haKTopy
pocra (growth factor like domain; GFD) u KpuHIJI-IOMeH, a MPOTEOIU-
TUYECKUI TOMeH BXoauT B coctaB b-uenu. I1o cBoeil CTpyKType «pocTo-
BOI» TOMEH TOMOJIOTMYEH 3nuaepMaibHOMYy (akTopy pocta. IToxoxeit
CTPYKTYPOI1 00/1a1al0T MBIIIUHBIN 3nuaepMaibHblil pakTop pocta mEGF
u TpaHchopmupytomnii ¢pakrop pocta oo TGF-o [10]. KpuHria-nomeH
BOBJICUEH B PETYJSLIMI0 MUTPAllMM KJIETOK IOJA AEWCTBUEM YPOKMHAa3bl
[11], a Takxke obecrneyMBaeT B3aMMOIECHCTBUE C I'e€lIapUHOM 4Yepe3 TpU
MOCJIeI0BATEIbHO PACIOJOXKEHHBIX aMUHOKMCIOTHBIX ocTaTka Argl08-
Argl09-Argl10 [12]. KpuHIJI-TIOMEH COAEpPKUT yYaCTKU CBS3bIBAHUS C
MHTMOUTOPOM aKTuBaTtopoB IutasMuHoreHa PAI-1 [13] u uHTerpuHamu
[14, 15] Tak:ke 1moka3aHO, YTO KPUHIJ-AOMEH IMPUMHUMAET yJyacTHUe B CTa-
OMJIM3alMy KOMIIJIEKCAa YPOKMHA3bl ¢ YPOKUHA3HBIM peuentopoM [16].
ITo cBoeil cTpyKType OH rOMOJIOTMYE€H KPUHIJ-IOMEHAM TaKuX OEeJIKOB,
KakK aKTHMBaTOp MJja3MUHOreHa TkaHeBoro Tumna (tPA), mia3smuHoreH, npo-
TpoM0OUH, pakTop XII u anonunonporeuH [17]. Hanboapiast romoorus
Ha0JII01aeTCsl CO BTOPbIM KPUHIJI-IOMEHOM TKAaHEBOrO aKTHWBaTopa IJjas-
MuHoreHa. Ho, HecMOTpsi Ha 3TO, 3TU AOMEHbI O0Jadal0T Pa3aUuYHbIMU
CBOWCTBaMU CBSI3bIBaHUS: KPUMHIJI-I0MeH tPA B3auMopaeicTByeT ¢ moJjo-
>KUTEJbHO 3apsi)KEHHBIM OCTAaTKOM JIM3WMHa y GuOpUHA, a KPUHIJI-IOMEH
YPOKMHAa3bl CBSI3bIBAETCS C MOJMAHUOHHBIMM MOJIEKYJaMU, TAKMUMU KakK
renapvH. Ml 3To0 CBOMCTBO BbIAEISIET KPUHIJI-IOMEH YPOKMHAa3bl U3 BCEX
OCTaJIbHBIX KPUHIJIOB. [IpoTeonuTuyeckuii JOMEH COAEPKUT aKTUBHBIN
HeHTp ypokuHasbl His204/Asp255/Ser356 u ocylluecTBIsIeT aKTUBALIMIO
MJ1a3MUHOT€Ha, KOHBEPTUPYS €ro B MJa3MHUH, POTea3y C IIMPOKOM CyOo-
CTpPaTHOM creuMUUHOCTBIO, a TakKXke psjaa (GakTopoB pocTa U MaTPUKC-
HbIX METaJJIONPOTEUHA3.

Curnaausanmsi ypoKuHa3bl

HomeH, nogoOHbIN (akTopy pocTa, obecnedynBaeT BbICOKOAPPUH-
HOe CBsI3bIBaHME YpOKMHa3kl ¢ ee peuentopoM UPAR/CD87 (Kd ~ 10—
10 M) [18,19]. Peuientop ypoKuHa3bl JOKAJM3YyeTCs B OCOOBIX BISIUM-
BaHUSX TJIa3MaTUYeCKON MeMOpaHbl — KaBeoJsiaX, KOTOpble CoaepxKaT
00JIbIIIOEe KOJIUYECTBO TJIMKOC(HUHTOIUITUIOB, COUHTOMUEINH, TOJU-
(dochorHO3UTHUABI U XOJiecTepos. Peuentop ypoKMHa3bl 3asKOPEH Ha
MeMmOpaHe uepe3 raukosuidocharuauartosuton (F'OU) u He umeer
TpaHCMEMOpaHHBIX YUYaCTKOB, UYTO O0ECIEUMBAET €ro BHICOKOW CTENEeHbIO
MOJABUXHOCTU B TlJIa3MaThyeckoit MemOpaHe [18]. OH cocTouT U3 Tpex
JIOMEHOB, TOMOJIOTMYHBIX O CTPYKType (puc. 3).
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HomeHbl pelentopa GOpMUPYIOT MPakKTUUYECKU HENMpepblBHBII
B-cioit. Bce Tpu nomeHa coOpaHbl B MPaBO3aKPyYEHHON OpUEHTALIUU,
bopMupyst pakTUuecKU II00yaAsIpHbIA pelientop. B LeHTpe rmo0ynbl Ha-
XOIUTCS LIEHTPaJIbHasi KOHycooOpa3Hasl MOJIOCTh IiyouHoi 19 A, koro-
pasi copMUpoBaHa B-CKJIaa4yaTbiMU CAOSIMU Tpex noMeHoB. [Ipuyem nmpu
B3aMMOACUCTBUY C YPOKMHA30i MPOUCXOAUT CMEILIEHUE TPEThEro TOMEHA
0osee yeMm Ha 12 A 1 cOnmMXeHUE MEPBOrO U BTOPOro JOMEHOB, U B3au-
MOJIEMCTBHE MEXY 9TUMU JOMEHAMU OCYILECTBJISIETCS 3a CUeT KOHTaKTa
mexny His47—Asn259 u Arg53—Asp254 [20]. Panee Obl10 moka3zaHo, 4TO
B «pOCTOBOM» JTOMEHE YpOKMHa3bl 3a BzauMoaeincTteue ¢ UPAR oTBeyaror
AMUHOKMCJOTHBIE OCTaTKU, PACIIOJIOXEHHbIE C OAHOW CTOPOHBI IJIOCKO-
ctu Q-nietnu Asn22, Tyr2425, 11e28, u Trp30 [21]. HemaBHO moyiyyeHHBIE
HaMM pe3yJibTaThbl MPEAIoaaraloT HOBbIi MEXaHM3M CBSI3bIBAHUSI POCTOBO-
ro JIOMe€Ha YpPOKMHa3bl C PELENTOPOM, IPU KOTOPOM OTCYTCTBUE UYETKOM
BTOPUYHOI CTPYKTYpPbl YPOKMHA3bl HE BJIMSJIO HAa B3aMMOJEUCTBUE C pe-
uentopoM [22]. IIpu 3TOM BCce Tpu AOMEHA YYacTBYIOT B ()OpPMUPOBAHUU
BbICOKOA(D(OUHHOIO ydyacTKa CBSI3bIBAHUS C YpoKMHa3oi. MMeroninecs
JaHHbIE TTO3BOJISIOT MPEANOJOXUTb, UTO MPU CBI3bIBAHUU YPOKMHA3bI
C BbICOKOAM(MUHHBIM pEeLIeNTOPOM 3KCITIOHUPYIOTCS YYACTKM B KPUHIJI-
JIOMEHE [JIS1 B3aUMOJAEUCTBUS ¢ APYTMMU MUILEHSIMU Ha MOBEPXHOCTU
KJIeTKM U 3amycka murpauuu [23]. Ilpu B3auMoaeicTBUM YPOKUHA3BI C
YPOKMHA3HBIM PELIENITOPOM MPOUCXOAUT COJMKEHUE TIEPBOTO U TPETHETO
JOMEHa, TaKUM 00pa3oM, MPOUCXOAUT 3aMbIKaHUE pELENnTopa B KOJb-
LI0 ¥ 3KCIOHMpPOBaHUE aKTUBHOro yyactka —SRSRY— Mexay nepBbiM U
BTOpbIM JoMeHamu [24]. IIpu 3TOM 3KCIOHUPYIOTCS YyYaCTKM, OTBEUalO-
1IME 32 CUTHaJIbHbIe (DYHKILIMU PELerTopa, a Takxke o0pa3yloTcsl obliue
MecCTa CBSI3bIBAaHUSI C O€IKaMy BHEKJIETOUHOIO MaTpuMKca U MHTErpvHa-
MM, 00pa3oBaHHbIE M YPOKKMHA30l, U peuentopoM. Kpome Toro ObLIO
MOKa3aHo, 4TO0 pekoMOMHaHTHBII UPAR co cliuBKONM MeXay IEepBbBIM U
BTOPBIM IOMEHAMM 00J1aia] UIEMHTUYHOM KOHCTAHTOM CBSI3bIBAHMUSI, YTO
1 HaTUBHBINA peuenTtop [25]. Takum oOpa3oM, CBsI3bIBAaHKWE YPOKMHA3bI C
peLenToOpoM MHIYLIMPYET UBMEHEHUS PELIENTOPHOIO OejiKa, BaXXHbIE A5
peanusanuu psaa GU3MoJornyeckux MpoLeccoB, a PELENTOp, CBI3bIBASICh
C YPOKMHA30l, U3MEHSET €€ CBOMCTBA.

CBsi3aHHas ¢ PELENTOPOM OJHOLIeNIOYeYHasl YPOKMHA3a aKTUBUPYET-
cs TJ1Ia3MUHOM OoJiee 3(pdeKTUBHO, yeM cBobomHas [26]. Kpome Toro, B
kommekce ¢ UPAR/CD87 ypokuHaza menieHHee MoaBepraeTcsl OTIIEI-
nenuto nomeHa GFD non neiictBueM mia3muHa. B omiMuume ot nojHo-
pa3MepHoro 6eyika popMa ypOKMHAa3bl, JUIIEHHAs «POCTOBOrO» IOMEHA,
HE TOJIbLKO He criocoOHa B3auMmopeiictBoBaTh ¢ UPAR/CDS87, Ho u moa-
BepraeTcst ObICTPOMY SHIOLMTO3Y M BHYTPUKJIETOUHOM Aerpagainuu. Ta-
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Puc. 3. Cmpykmypa ypokunasrnoeo peyenmopa. Peuyenmop npedcmaenen 6 gude no-
€1e0068aMeAbHOCMU AMUHOKUCAOMHBIX OCIAMKO08 (a.0.), cocmosuell u3 mpex dome-
noe: A1 (1-77 a.o.), A2 (93—177 a.0.) u /I3 (193—272 a.o.). Cxemamuuro yKa3aH
cocmas eAuK03UAPoCHamuoUIUHO3UMOAbHOCO AKOPS, CBA3bIBAIOUE0 peuenmop C
NnAa3ZMamu4ecKoll MemopaHol

KM obpaszoM, UPAR criocoOCTBYeT yBEIMUEHUIO BPEMEHU «IIOJTYKU3HI»
(yHKIIMOHAJILHO aKTMBHOM yPOKMHA3bl HA MOBEPXHOCTU KJIETKU [27].
151 ocylecTBACHUS BHYTPUKIIETOUHOM curHaausanuu uPAR/CD87
HeoOXomnMMo 00pa3oBaHME KOMILJIEKCA PELeNnTopa ¢ TpaHCMeMOpaHHBIMU
oenkamu. uPAR/CDS87 Takxe MOXeET B3aMMOJEICTBOBAaTh C MHTErpUHA-
MU, TAKMMU Kak JedkouuTapHbiii B2-unterpuH Mac-1 (CD11b/CDI18), a
Takxke Bl-, B3-MHTETpUHBI U C pEeLIEITOPOM BUTpOHEKTHHA a(V)BS [28,29].
YpoknHaza MOTUMUILIMPYET B3aMMOACIHCTBUE PELENTOpa ¢ MHTErPUHAMM
[30]. B3aumoneiictBue ypokrHasbel ¢ UPAR/CDS87 BbI3bIBa€T BHYTPUKIIE-
TOYHYIO CUTHAJIM3alIMI0, KOTOpas OMOCpeayeT MUTPAIIAIO TJIaJOMBIIICy-
HbIX KJIeTokK (I'MK), ¢dubpobaacTtoB 1 Apyrux KJETOK, a TaKXe KJIETOY-
Hyl0 aaresuio, npoaudepauuio u audpdepeHuuposKky [31]. Ypokunaza
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MOXKET OJHOBPEMEHHO CBSI3bIBATbCSl C JBYMSI pelieNTOpaMU Ha IOBEpX-
Hoctu KjaeTku: ¢ UPAR/CDS87 uepe3 GFD u ¢ unrerpunom Mac-1 uepes
KPUHIJ- U OPOTeONUTUYECKUIA JoMeHBbI [15]. Kpome Toro, KpuHII-IOMEH
YPOKMHAa3bl MOXET CBSA3bIBATbCS C APYTUM, MOKa HEIOCTAaTOYHO M3yYeH-
HBbIM, cielU(pUUIECKUM pelernTOpoM YpoKuHa3skl [11]. KpuHII-noMeH Tak-
K€ BOBJIEUEH B MHAYKIIMIO BHYTPUKJIETOYHOW CUTHAJMU3ALUMU, MUTPALIUU
U aAre3uu Kjiaetok [23, 32].

A-lienib ypOKMHAa3bl CIIOCOOHA B3aMMOJEICTBOBATh C peLeNTOpaMu
ceMmeiicTBa JIUMNONpoTenHOB HU3KoM roTHocTu (LDLR): 6enkom, poa-
CTBEHHBIM PELIENTOPY JTUIONPOTEMHOB HU3KOM IJIOTHOCTU/PELIENITOP o -
makpornodyiauna (LRP/a, MR) u peuentopoM JMINONPOTENHOB OYEHb
Huskoi miaotHoctu (VLDLR) [31]. DTu peuenTtopbl o6ecriednBalOT MH-
TE€pHAJIM3ALMIO C TIOBEPXHOCTU KJIETKU KOMILJIEKCa YPOKMHA3bl C MHTMOM-
TOPOM 4epe3 SIMKM, OKailMJieHHbIe KjaTpruHOM. CpoacTBO ypOKMHa3bl K
atuMm peuentopam (Kd ~ (1-2)-10-* M) xyxe, 4yeM CpOACTBO K peLienTopy
uPAR/CD87 (10-°—10-° M), B cBsI3u ¢ 3TUM BbICOKOa(p(PMHHOE B3aUMO-
nerictBue ypokuHasbsl ¢ UPAR/CD87 moxeT npenoTBpalliaTh CBSI3bIBAHUE
ypokuHasbl ¢ LRP/a-MR u nocnenyrouiyio ee nerpagaunio [34]. Duuo-
uuTo3 ypoknHasbl yepe3 LRP/o,-MR vin VLDLR mHayumpyeT takxe
BHYTPUMKJIETOUHYIO CUTHAJIMU3alMIO U aare3uio KJetok [35].

CurHasbHble 2 (HEKThl YPOKMHA3bl MOTYT OBbITh ONOCPEIOBAaHbI KakK
uepe3 uPAR/CD87, LRP/a,-MR, Tak u yepes apyrue, CBA3bIBaIOLLINE YPO-
KuHaz3zy, oenku [36] (puc. 4). [TokazaHo, 4TO MUTpalUsl, UHIYLIMPOBAH-
Hasl ypOKMHA30i, acCOLIMMPOBaHa ¢ akTuBauuei Src- u Janus-kunHa3s [31].
uPAR/CD87 xonpeuunuTupyeTcsi ¢ TUPO3UHOBBIMU TMPOTEMHKMHA3aMU
Hck, Fyn, Lyn, Frg, Jakl, and Tyk2 [31, 37]. XemoTakcuc, UHIyLUPYEMblii
ypokurHa3oi, ornocpenoBaH G-o6enkamu (I'TA-cBs3bIBaIOIIMMU OEIKAMU)
[37]. CBasbiBaHue ypokuHasbl ¢ UPAR/CD87 npuBoguT K akTUBaLlUU
kuHa3 Hsk-, FAK-, MAP-kuna3 (p38, ERK1,2 (p42/44)), nakcuiaanHa,
npoteuHkuHasdbl Cé¢ (PKCé¢), dpochopuninpoBaHuio LIUTOKEPATUHOB 8 U
18, 6enka pl30CAS u JHK-cBsI3bIBalOLIMX aKTMBAaTOPOB TPAHCKPUILIU
STAT-1 u STAT-2 [31]. CsasbiBanue ypokuHassl ¢ LRP/a,-MR Bener
K aKTMBallUM MpoTeMHKaHa3bl A ¢ BoBlieueHUueM Gs-0enkoB [38]. s
WHIYKIUW KPUHIJI3aBUCUMOM MUIPALMU IO NEMCTBUEM YPOKMHA3bl He-
obxonuma crietupuueckass akruBauus p38 MAP-kuHa3zHoro kackana c
aktuBanuein Mmajgoro I'T®D-cesasbiBatoniero 6eiaka Rho [39]. B kierkax
DHJOTENUS YPOKHMHA3a akTuBUpyeT MAP-KKMHa3HYI0 CUTHAIU3ALMIO T10-
cpenctBoM cBsizbiBaHUSI ¢ UPAR/CDS87 u akTuBauuu nporemHkuHasbl C
[40].

uPAR/CD87 0bl1 naeHTUDUIMPOBAH B KOMILJIEKCE C HEKOTOPbIMU
ceMeicTBaMU MHTETpUHOB, TakuMu Kak 1, B2, B3 u BS5 [41—45]. Kommo-
HEHTbl MaTpUKCa CIIOCOOCTBYIOT BhIOOpOUYHON accouanuu UPAR/CD87 u
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Kopeuenmopsi:
WHTerpmHsl, Ccoo
Man6P-R, UPA
gp130, GFD ‘
uPARAP, uPAR €3y
LRP/a2-MR, H, /N
Peuentopsb!
XeMOKMHOB
Agreaus
KNeTok WrHanusauus
Small GTPases: Ras, Raf,
RhoA, Rac1
NR-TK: Src, Hsk
MAPK: p38, p42/44 (Erk1,2
JAK: Jak1, Tyk2
PBK,FAK —"
TF: STAT 4,STAT1-2,

Anreaus, Murpauus, nponudepauus,
AndbepeHUMpPOBKa KNeToK

Puc. 4. Bzaumoodeiicmeue ypoxunaswl ¢ peyenmopom (UPAR/CDS87) u kpuuen-
cesazviearouum obeaxom (KP) unoyuyupyem eHympukiemouHvle cUeHAAbHble KACKAObL,
gedyujue K adeezuu, muepayuu, npoaugpepauyuu u oupgepenuyuposxe kiemok. GFD —
domeH, nodobHblil pakmopy pocma, PD — npomeoarumuueckuii domen; GPI — eauxo-
suagocamuduisunozumonsvhsill aKopb;, VN — eumponexmun; PAI-1 — uneubumop
aKkmueamopoe naazmuroeena; scupA — odnoyenoueunas ypokunaza, LRP — pe-
uenmop aunonpomeunos Huzkou naomuocmu; LRP/a,-MR — 6enok, podcmeennbiil
peuenmopy JAUNONPOMEUHO8 HU3KOU NAOMHOCMU/Deyenmop o.2-makpoeaobyiunHa;
MAPK — mitogen-activated protein kinases; JAK — tyrosine protein kinases; STAT —
M HK-cea3viearoujue akmusamopvt mpanckpunyuu, TF — ¢pakmopor mpanckpunyuu;
PI3K — gpocpourozumud—3—xkunaza; FAK — kunaza goxasvnoix konmaxmos; NR-
TK — nepeyenmopnas mupozunxunasa;, Man6P-R — mannosza-6-gocham/peyen-
mop uHcyauHonodobrnoeo gpaxkmopa pocma II; gpl30 — cuenanvHbili NOCPEOHUK UH-
mepaeiikuna 6; uPARAP — benok, accouuupo8antuiii ¢ YypOKUHAZHbIM PEUenmopom
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uHTerpuHOB. Tak, UPAR- 1 B3-MHTErprHbI CIOCOOHBI OOPA30BbIBATH KOM-
IJIEKChI TOJILKO Ha BUTPOHEKTUMHE, HO HE Ha TaKUX cyOcTparax, Kak (u-
OpPOHEKTHUH, JJAMUHUH WJU MOJUIU3UH. MHTErprH oS KOJIOKAJIU30BAJICH
¢ uPAR Ha ¢puOpoHEKTUHE, a5 U ov — Ha BUTPOHEKTUHE, a a3 U B6 — Ha
namuHuHe [44]. uPAR/CD87, cBsi3biBasich ¢ Bl-uHTerpuHaMu, OJOKUPYET
UX aire3auBHbIe (PYHKIIMU, HO, B TO XK€ BpeMsl, yepe3 COOCTBEHHbIE YUyacT-
KM CBSI3bIBAHMSI C BUTPOHEKTUHOM CTUMYJUPYET KJIETOUHYIO aAre3uio Ha
BUTpoHekTHHe. UPAR-3aBrcuMas aare3us Ha BUTPOHEKTUHE KOppeaupyeT
¢ hbopMUpPOBAaHUEM MEMOPAHHOIO KOMILIEKCa, BKJIIOYAIOIIEr0 MHTErPUHbI
B1, kaBeoauH u uPAR [43]. Takxxe Bl- 1 BUTPOHEKTUH3aBUCUMbIM O0Opa-
30M YPOKMHA3a CTUMYJIMPYET MUTPALIMIO KJIETOK paka rpynu MCF-7 [46].
OnHuM U3 OCHOBHBIX MapTHepoB Komruiekca UPA-uPAR sasisercs ao,p, -
uHTterpuH. [lokazaHo, 4TO ypoKMHa3a CTUMYJMPYET (DOPMUPOBAHNE KOM-
njekca uPAR-a B, Ha kietkax MDA-MB-231, uto conpoBoxaaercs pac-
MJacTbiBaHUEM KJIeTOK U (ochopunupoBanueM FAK (6enok dokaibHOI
aJare3nu) Ha TakKMx cyOcTparax, Kak (puOpOHEKTUH U KoyulareH 1-ro Tuma
[47]. ObOpasoBaHue KoMILIEKca Mexay a,p, 1 UPAR B smuTeananbHbIX
KJIETKaX MPUBOAUT K aKTUBALIMM Src-KMHA3 U 3HAYUTEJIbHOMY CHUXKEHUIO
akcnpeccun E-kaareprHa ¢ mocjieayloiyM pa3pylieHueM MeXKJIeTOU-
HBIX KOHTAKTOB [48]. Takxxe ObLIO MOKa3aHO, YTO PELENTOP YPOKHUHA3bI
MOXET CBSI3bIBATBHCS C PSIIOM MHTErPMHOB Ha cocenHeil KJjeTtke — a4pl,
a6Bl u a9B1, cmocoOCTBYS TEM CaMbIM MEXKJIETOUHOMY B3aUMOJCHCTBUIO
u aare3un. Accounaivsi UPAR ¢ a5B1 nHTErpyHOM B KJIeTKax KapLMHO-
mbl HEp-3, akcnpeccupyomux BeICOKMI ypoBeHb UPAR, obecnieunBaeT
KJIETOUYHYIO aare3vto Ha (puOpOHEKTUH, COMPOBOXAAEMYIO aKTHBallUeil
ERK1/2. Accounarust uPAR ¢ a5p1 nHAyLMpYEeT B MHTErpUHE TOSIBICHE
JOMOJIHUTEIBHOIO caiiTa nsi ¢puOpOHEKTUHA B JONOJHEHUE K CBSI3bIBa-
omeMy RGD-caiity. HemaBHo Ha uPAR Obl1 maeHTUdULIMpPOBAaH caliT
cBsa3biBaHUs ¢ a5pl Bo BTopoMm nomeHe (130—142 a.o.) Tem He MeHee as
CBSI3bIBAHUSI C MHTETPUHOM HEOOXOAMMBI BCE TPU JOMEHA pelienTopa Kak
B cJlyyae BUTPOHEKTHHA U YPOKMHAa3kI [49].

ITokazaHo ¢dyHKIMOHaNbHOE B3aumoneiicteue uPAR c¢ p2-
WHTErpMHAMU, HAlpUMep, pelentopoM KommiaeMeHTa 34-ro tuna (CR3,
CDI11g/CD18, Mac-1) [44]. uPAR/CD87, Mac-1 u Src-kunHa3sl (p60™",
pS53/56M", p58/64hk, p59%r) 0Opa3yroT eaMHBII PeLeNTOPHBIM KOMILIEKC
Ha moBepxHocTU MoHouuToB [50]. BzaumoneiictBue uPAR ¢ Mac-1 uH-
ruoupyeT CocOOHOCTb MHTErpMHA CBI3bIBATHCS CO CBOMM JIMTAHIOM,
(pubprHOreHoM, M3-3a OJIM3KOrO PACIOJIOXEHHUSI YyYaCTKOB CBSI3bIBAHUS
¢dudpunorena (I momeH) u uPAR [51]. TpexMoJieKyJIsIpHBII KOMILIEKC
uPA — uPAR — Mac-1 peryaupyer KJETOYHYIO aAre3uio, MUTPALIUIO U
(puOpUHOAU3 U YCUJIMBAET ONOCPEAOBAHHYIO YPOKMHA30i aKTUBALIMIO
nja3MuHOreHa. beakoBbiii HHTMOUTOP ypokuHasbel PAI-1 cBs3biBaeTcs u
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nHakTuBupyeT UPA—uPAR koMIuiekchl. DTO HE TOJbKO OrpaHUYMBAET
OpoTeoin3, HO U ocBoOoxaaeT Mac-1 oT MHrMOMpOBaHUSI, OIOCPEIO-
BaHHoro uUPA—uPAR. PAI-1 MoXeT TakxXe MOJHOCTbIO OJIOKMPOBATh KaK
uPAR-, TaK ¥ av-MHTErpUHONOCPENOBAHHOE CBSI3bIBAHWME BUTPOHEKTHUHA,
yKa3biBasi TEM CaMbIM, YTO BCE TPU PELENTOpAa MOTYT CBS3bIBaTb BUTPO-
HEKTUH CXOOHBIM obpa3oM. B cocynucteix I'MK mpoucxoaut 3aBUCUMOE
OT YypOKMHAa3bl U ee peuerntopa GochopuaupoBaHue BUTPOHEKTHHA Ka-
3eMHKMHA30i-2, Beaylllee K YAyUYIIEHUIO ero CBSI3bIBaHMSI C MHTErpuHa-
mu 1 uUPAR/CD87 [52]. HegaBHO Obl1 OOHapy>keH MeMOpaHHBI OeJIoK,
accounupoBaHHbiii ¢ UPAR (UPARAP unu Endol80), KkoTopblii MpUHU-
MaeT yyacTue B MHTEpHAJM3alMU KojjareHa Ajsi €ro BHyTPUKJIETOUHOMN
nerpaganuu. Kommiaeke uPAR ¢ uPARAP wurpaet KiioueBylo poib B Ae-
rpagauuu matpukca [53].

HenaBHO Mbl BbISIBUJIM HOBBIN CUTHaJbHBIM MyTh YPOKMHA3bI, 3a-
BUCHUMBIIA OT €€ KPUHIVI-IOMEHAa M acCOLMUPOBAHHBIA C ee ObICTpOi
TpaHCJOKallMel B SIAPO C MOMOILBIO HYKJICOJIMHA, YTO TO3BOJSIET YpO-
KMHa3€ y4acTBOBaTh B peryasiliuu TpaHcKpunuuu reHoB [32]. C moMo-
LI KJETOYHOW BU3yaJM3allMU YPOKMHA3bl METONOM (PyopeclieHTHOMI
MUKPOCKOINUHU B KJieTkax Hela Mbl mokaszaiu CylliecTBOBaHME SIACPHOM
TpaHCJIOKAUMKU ypoKMHa3bl (puc. 5). Kak BUAHO Ha puc. 5, TpaHCIOKa-
LIMS1 YPOKMHA3bI B SIIPO HE 3aBUCUT OT MPUCYTCTBUSI POCTOBOIO IOMEHA
ypoKuMHa3bl. B TO e BpeMsi HalM4yuMe B MOJIEKYJE YPOKMHA3bl KPUHIJI-
JIOMEHa 0Ka3aJIoCh 00s13aTe/IbHbIM ISl €€ SIAEPHON TpaHCIOKalMuu. Ypo-
KMHa3a, MIPOHUKHYB B PO, BbI3bIBAET KCIPECCUIO TJIaJKOMBbIILIEYHOTO
a-akTuHa. [Ipy nmoBpeXxaeHUM 3aBUCMMOE OT YPOKMHAa3bl MpeBpalleHue
(p1OpobaaCTONOIOOHBIX KJIETOK B MUOOIACThI, KJIETKU MUTPUPYIOT, TIPO-
JUhEpUPYIOT, YTO BaXKHO MPU Pa3BUTUU KOHCTPUKTUBHOIO PEMOJEIUPO-
BaHUS COCY/IOB.

Posib MeXXI0MEHHBIX B3aUMOEHCTBUIA B MOJIEKYJe
YPOKMHA3bI B CTUMYJISAIAM MUTPAUMH KJIETOK

KpuHI-noMeH BOBJIEUEH B PEry/siliMi0 MUTpallMKU KJIETOK MOJ JAeii-
CTBHUEM ypOKMHa3bl [11] 1 mpuHUMAET ydyacThe B CTAOMJIM3ALUM KOMILJIEK-
ca YPOKMHA3bl C YPOKMHA3HBIM penentopoM [16, 54]. JlaHHbIe, MOJTy4YeH-
HbIe B Hallel JlabopaTopuu, CBUACTEIbCTBYIOT O TOM, YTO KPUHIJI-IOMEH
YPOKMHA3bl, a Takxe dopma, JHMIIEHHAass POCTOBOTO JOMEHa, KoTopasi
HE CBSI3bIBAETCS C «KJIACCUYECKUM» YPOKMHA3HBIM PELENTOPOM, CIIO-
COOHBI BhI3bIBATh aKTUBaLUIO P38- u p42/44-MAP-K1HA3 U MUTPALIIO
kjaetok. ITokazaHo, yTo Ha moBepxHOCTU I'MK KpPUHIJI-ZOMEH CBSI3bI-
BaeTCs ¢ OEJKOM, KOTOPBI OTJIMYAETCS OT YPOKMHA3HOrO pelenTopa v
uHTerpuHOoB [11]. B aToM cilyyae akTWBaLlMsI MUTpalMU II0J IEHCTBUEM
KPUHIJI-IOMEHA MOXET MPOUCXOAUTh U 0€3 yyacTusl YPOKMHA3HOIO pe-
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i WT-scuPA ii DAPI iii Merge

i AGFD-scuPA i DAPI iii Merge

Puc. 5. Tpaucaoxkayus ypoxuna3swol 6 kaemouroe 0po. Kaemku Hela unxybupoeaiu
30 mun 6 npucymcmeuu 10nM namuenou ypoxuuazvl (WT-scuPA, eepxuuii pso)
uau ypokuHna3swl 6e3 pocmoeoeo domena (AGFD-scuPA, nuxchuii pad), 3amem eusya-
AUBUPOBAAU C NOMOWBI0 anmumen K ypoKuHase uau sdepHoeo kpacumens DAPI
Merge — Hanodxcenue u300pasicenuti, NOAYHEHHbIX NPU GUIYAAUIAUUU C NOMOUHIO
aHnmumen K ypokunase uau DAPI

nentopa. Hamu 6s10 nmokaszaHo [11], yto ¢popMa ypoKHMHa3bl, JUILIEHHAS
KPUHIJI-AOMEHA, HE 00J1aJaeT XeMOTaKCMYECKUMHU CBOMCTBAMM, HECMOTPSI
Ha CMOCOOHOCTb CBSI3bIBATHCS C YPOKMHA3HBIM penentopoM. Ilpu cpas-
HEHUU XeMOTAaKCUUECKUX CBOMCTB pa3JIMUHbIX (POPM YyPOKMHA3bI Mbl BbI-
SICHWJIW, YTO HaTMBHAasl YPOKMHAa3a U YPOKMHa3a 0€3 pOCTOBOIrO JOMEHA
MPOSIBJISIIOT XEMOTAKCUYECKYI0 aKTUBHOCTb, B3AUMOACUCTBYS WU TOJIb-
KO C KPWHIJICBSI3bIBAIOIIUM OEJIKOM, WJIM C YPOKMHA3bIM PELIENITOPOM U
KPUHIJICBS3bIBAIOIIUM OEJIKOM.

IIpoBeneHHbIE HAMU CTPYKTYPHBIE MCCIAENOBAHUS yKa3aJu Ha I0O-
TEHILMAJbHYI0 BO3MOXHOCTb CYIIECTBOBAHUS BHYTPUMOJEKYJISIPHBIX
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B3aMMOECUCTBUI MeXYy KPUHIJI-IOMEHOM M POCTOBBIM JOMEHOM YypPO-
KMHa3bl, KOTOPbIE BJIUSIOT Ha €€ XeMOTaKCUUYeCKMe CBOicTBa. Mbl 0OOHa-
PYXUJIM, YTO KPUHIJ JOMEH CIIOCOOEH KOHKYPUPOBATh C PELIENITOPOM 3a
CBSI3bIBAHUE C MMMOOMJIM30BAHHOI HATHMBHOM YPOKMHA30M, a UMEHHO C
€€ POCTOBBIM JIOMEHOM. YPOKMHa3a ¢ MOAMMUIIMPOBAHHBIM POCTOBLIM
JIOMEHOM HE€ TOJIbKO HE€ CBSI3bIBajlach C KJIETKAMM, HO M HE aKTUBUPOBa-
na murpanuio [55, 56]. C ucnojb3oBaHueM 3TOM (OPMbI Mbl TTOKa3aJiH,
YTO KPUHIJI-IOMEH B COCTaBe MOAMMUIIMPOBAHHOW YPOKMHAa3bl B3au-
MOJIEMCTBYET ¢ MOIUMUILIMPOBAHHBIM POCTOBBIM IOMEHOM BHYTPHU OIHOM
U TOM XK€ MOJIEKYJIbl, UTO HE MO3BOJISIET KPUHIJIY CBSI3bIBATHCSI C POCTO-
BbIM IOMEHOM MMMOOMJIM30BAHHON HAaTMBHON ypokMHa3bl. Haiium naH-
HbI€ MO3BOJUIN MPEANOJOXUTh, YTO POCTOBOM U KPUHIJI-IOMEHBI MOTYT
B3aMMOJIEMCTBOBAaTh MEXIY COOOM KaK B COCTaBe OQHOI MOJIEKYJIbI, TaK
U B COCTaBe Pa3HbIX MOJIEKYJ, €CJU BHYTPUMOJIEKYJISIPHbIE B3aMMOIEH -
CTBUSI pa300ILUEHBI MO/ BJIMSIHAEM CBSI3bIBAHUS C APYrMMU OejkaMu. Tak-
K€ MOXHO TPEAIOJOXUTb, YTO POCTOBOM TOMEH SKPaHUPYET KPUHIJI B
MOJIEKYJIe€ YPOKMHA3bl U «HE MO3BOJISIET» MOCAEIHEMY CBI3aThCsl CO CBOMM
pEeLEeNnTOpoOM 10 TeX IOp, ITOKa POCTOBOI JTOMEH HE CBSIKETCS C pelienTo-
pOM ypoKHMHa3bl. B3aumoneiicTBue YpOKMHA3HOTO pelenTopa ¢ pocTo-
BbIM JIOMEHOM YPOKMHAa3bl BbI3bIBA€T 3KCIIOHUPOBAHUE KPUHIJI-IOMEHA
U TO3BOJISIET €eMY B3aMMOIENCTBOBATh C JOIMOJHUTEIbHBIMUA MUILIEHSIMU
KJIETOYHOI MeMOpaHbl («<KpUHIJICBSI3bIBAIOILIMM OE€JIKOM» U MHTETpUHAMU)
[23]. TToka3zaHO Tak:ke, YTO B3aMMOMAEICTBUE YPOKUHA3bl C €€ «KJIaCCH-
yeckuM» peuentopoM (UPAR) BbI3bIBaeT «lepMUCCUBHBIIN» 3(PGeKT as
B3aUMMOJIEUCTBUS KPUHIJI-IOMEHA C IPYTMMM MUILEHSIMU Ha TTOBEPXHOCTU
KJIeTKM. Ha ocHOBe HalllMX JaHHBIX MOXHO MPEAINOJOXUTb, UTO «KJac-
CUYECKUIl» pelienTop YPOKMHA3bl CIYKUT «aJAarTOPOM» JIJISI YPOKMHA3bI,
a MpU CBSI3bBIBAHWM KPUHIJI-JIOMEHA YPOKMHA3bl CO CBOMM PELENTOPOM
MPOUCXOAUT HEMOCPEACTBEHHAs! aKTUBAIMsI BHYTPUKJIETOUHOM CUTHAIM-
3allMM U CTUMYJISILIASI MUTPALIMU KJIETOK.

HenaBHo MBI MoKa3aiu CyleCTBOBAaHME Ha KJIETKAX 00NOAHUMENbHbIX
YHacmK08 C843bl6aHuUs 0458 YPOKUHA3bI, ONVH U3 KOTOPBIX B3aMMOJCHCTBYET
C YPOKMHA30M Yepe3 ee MPOTEOIMTUYECKUIA JoMeH [27], Toraa Kak Apyroi
MPOSIBJISIT CIOCOOHOCTh CBSI3bIBaTh KPUHIJI-IOMEH. B3aumoneiicTBue co
BTOPBIM YYAaCTKOM HE€ 3aBMCEJIO OT MPUCYTCTBUS B CTPYKTYPE YPOKMHA3bI
«POCTOBOIO» JIOMEHA M MPUBOAMJIO K CTUMYJISILIUM YPOKMHA30M MUTpa-
uuu kiaetok [11]. Takxke ObLIO YCTAaHOBJIEHO, UTO HA MOBEPXHOCTU KJIETOK
MOXET MPOUCXOAUTh oOpa3oBaHue (OPMbl YPOKMHA3BI, JUILEHHONH pOCTO-
BOI'O JIOMEHa, KOTopas He criocobHa cBa3biBaThes ¢ UPAR. YpokuHaza 6e3
POCTOBOIO JOMEHA moaBeprajaach Inpu 3ToM obicTpoMy LRP-3aBucumomMy
SHJIOLIMTO3Y M BHYTPUKJIeTOYHOU Aerpagauuu [27]. [TockoiabKy OBLIO I10-
Ka3zaHo, yTo LRP omocpenyeT akTuBaluMoO MUIpalliy U Mpojudepanuu
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KJIETOK, a TaK>e BOBJIEYEH B PEryJIsIIMI0O MPOHUIIAEMOCTU COCYAMCTOMN
CTeHKHU [57], MBI IPEeANOJI0XKUIN, YTO HOBasl MUILLIEHb, COBMeCTHO ¢ LRP,
MOXET o0ecrneuuBaTh CBsI3bIBaHWE YPOKMHAa3bl 0€3 «pOCTOBOrO» ITOMEHA
C MOBEPXHOCTBIO KJIETOK, a TaKXXe MPUHMMATh y4yacTHe B PEryJsliU ee
(bepMeHTATUBHOM M XeMOTAaKTUYEeCKO aKTUBHOCTU. Hamu Obliia oGHapy-
>K€Ha HOBasi MUILEHb CBSI3bIBAHMS YPOKMHA3bl Ha MOBEPXHOCTU KJETOK,
ominyHast oT UPAR/CDS87, — ¢dubynun-5 [58]. Ynasoch ycTaHOBUTH, YTO
YpPOKMHAa3a cnocoOHAa HENOCPEeACTBEHHO B3aMMOIEUCTBOBATh C (pUOyIM-
HOM-5 yepe3 NMPOTEOTUTUYECKUI JTOMEH.

AHanu3 CcBSA3BIBAHUSI MYTAaHTHBIX (opM (UOYJIMHA-5 ¢ UMMOOU-
JIM30BaHHOW (hOpMOIi YpOKMHAa3bl MoKa3aJl, YTO YPOKMHa3a CBSI3bIBaeT-
cs ¢ popmamu pudynuHa-5, comepxamiumMu C-riaoO0yasipHbIil TOMeH, U
He cBsS3bIBaeTCs ¢ (UOYIMHOM-S, JUllIeHHBIM C-II00yasIpHOrO AOMeE-
Ha. Takum oOpa3oM, yyacTOK CBSI3bIBAaHUSI C YPOKMHA30l HaXOAMTCS B
C-rno0ynsipHoM noMeHe (uOynrnHa-5 (AaMUHOKUCIOTHbIE ocTaTKu 320—
448). ®uOyInH-5 CONepKUT B CBOCH CTPYKTYpe 5 KaJabLUNCBSA3bIBAIOLINX
MOBTOPOB, TOMOJIOTMYHBIX 3MUAEpMaibHOMY (aKTopy pocTa. Mbl Bbl-
SICHWUJIM, YTO HATMBHAsl CTPYKTYypa KaJIbLIMHACBSA3bIBAIOIIMX TOMEHOB He-
obOxonuMa IJisl CBsA3bIBaHUS (pUOYIMHA-5 U YpOKMHA3bl. XOTsI YPOKMHA3a
CBSI3bIBaeT (PUOYIMH-5 yepe3 MPOTECOIUTUYECKU JOMeH, (PUOYIUH-5 He
SIBJISIETCSl €€ CyOCTpaToOM M He OKa3bIBaeT BAMSIHUS Ha aMUAOJUTHYE-
CKYI0 aKTUBHOCTb YpOKMHa3bl. [Ipu 3TOM (pUOYIMH-5 MHTUOUPYET pe-
aKIMI0 aKTMBALlMM TJIA3MUHOI'€HA OJHOLIETIOYEUHON YPOKMHA30i. Mbl
nokasaju, 4yTo B KJjeTKax JuHMM MEF, a Takxe nmu3arax TKaHei JIerko-
ro MbIlIei, JUIIEHHBbIX TeHa (uOyauHa-5, ynaieHue reHa ¢uoynnHa-35
MPUBOAUT K CHUXEHUIO aKTMBHOCTM YPOKMHA3bl KaK B JM3aTax KJETOK
qunuu MEF, tak n nmu3atax jierkoro mbiiud. OmHako uOyauH-5 yBe-
JIMYMBaeT aKTUBHOCTb YPOKMHA3bI in Vivo, HE BJIMsISI Ha YPOBEHb €€ 9KC-
npeccun. OKazanaoch, UYTo (UOYIMH-S5, CBS3BIBASICH C TPOTEOJUTUUECKUM
JOMEHOM, 3auuiaetT uPA oT nogaBjieHUsl €€ aKTUBHOCTU MO AEHCTBUEM
(usznonornueckoro nHruoutopa PAI-1. PAI-1 oOpa3yeT 3KBUMOJISIPHbII
KOBAJIECHTHBI! KOMIIJIEKC C aKTUBHBIM LIEHTpOM UPA, MOJHOCTbIO UHIU-
Oupysl ee akTUBHOCTb. DOpMUpPOBAHUE TAHHOTO KOMILJIEKCA MPUBOAUT K
ObICTpoMY 3HAOLMTO3Y Komilaekca UPA—uPAR c¢ KjieTOUHOM MOBEPXHOCTHU
u gerpagauuu uPA. B orcyrcTBumM (ubyanHa-5 MpoucxomouT mepepac-
MpenejeHue CoAepXXaHusl YPOKMHA3bl B €€ KOMILJIEKCEe ¢ MHTMOMTOPOM
PAI-1. TakuM oOpa3om, BeicokoadPruHHOE CBA3BIBAHHUE OIHOLEIIOYECYHOM
YPOKMHAa3bl C UHTETPUHCBS3bIBAIOILIMM O€JIKOM BHEKJIETOYHOIO MaTpuKca
(puOy1MHOM-5 KOHLEHTPUPYET €€ B CBSI3AHHOM C MaTPUMKCOM BUE, Mpe-
MSTCTBYS €€ aKTUMBALMM Miaa3MUHOM. [lojlydyeHHBbIe TaHHbIE MO3BOJISIIOT
MPEINOJ0XUTh, UTO HA JUAUPYIOLIEM Kpae MUTPUPYIOLLIEH KieTKu (op-
MUPYETCS KOMILIEKC, BKJIIOUAIOIIUKM YpPOKUHA3y U (PUOYIMH-5, a TaKxke
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uPAR, narepajibHO acCOMUPOBaHHbIMA ¢ UHTerpuHaMu. Ilpu yBeanyeHun
aKcrpeccuy (puOyaIrMHaA-5 TOABUXHOCTh KJIETOK CYIIECTBEHHO CHUKAETCS
U HaboAaeTCs MHIMOMPOBAHUE XEMOTAKTUUYECKMX CBOMCTB YPOKMHA3HI.
Panee Ob110 MOKa3aHO, YTO B CTPOMAJIbHBIX KJIETKAaX MBIIIN (PUOYIUH-5
MHTMOMpPOBAJl 3aBUCUMYIO OT Bl-MHTerprHa U (pUOPOHEKTUHA TUIIEPIKC-
npeccuto MMII-9 [59]. Kpome Toro, usBecTtHo, 4To pubyIuH-5 B cO-
CYAMUCTOM CTEHKE CBI3aH C TPOIOARJIACTUHOM, KOTOPBII B3aMMOICHUCTBYET
C MHTETpUHAMU U JIOKAJMU3yeTCs Ha 3JIaCTUUYECKMX BoJIoKHax [60]. Ot-
cyTcTBUE (DUOYJIMHA-S y TPAHCT€HHbBIX MbILLIEH MTPUBOAMUIO K HAPYLIEHUIO
9JIJACTUYHOCTU COCYAMCTOM CTEHKMU, YTO MOXET UMETh 3HAYEHUE MpU pe-
MOJEJIMPOBAHUM COCYJOB, OMHAKO 3THU aCIEKThl TPEOYIOT NajbHei1lero
usydeHus. [loaydyeHbl NpOTUBOPEUYMBbIE JaHHbBIE, Kacaloluecs BAUSHUS
(pubynuHa Ha aHruoreHe3. Tak, y XXMUBOTHBIX, JIMILIEHHbIX F'eHa (UOYIU-
Ha, OTMEYaJIMCh MOJABJCHME OITYyXOJEBOro aHIMOreHe3a M MOBBIILIEHHOE
oOpa3oBaHue aKTUBHBIX (hopM Kuciopoaa [61], B Toxe BpeMs ObLIO IO-
Ka3aHo in Vvitro v in vivo;, 4T0 (PUOYJIMH-5 MOXET OJIOKMPOBATb AHTUOTE-
He3, MHAYLUPYS aHTUAHTUOT€HHBbIM TPOMOOCIOHAMH-1 U NpensTCTBYs
curHanmzauuu VEGF(165) u a5B1-uHTerpuHOBBIM perienTop (puOpOHeK-
ThHA [62]. B TO e BpeMs U3BECTHO, YTO IPU CBSI3BIBAHMU YPOKMUHA3bI C
€€ peLenTopoM npoucxoaut B3auMonaeicteue UPAR ¢ aSp1-uHterpuHom,
Beayllee K CUTHaJIU3alUM U CTUMYJISILIMM aire3u U MUTPALMU KJIETOK
[63]. B cBsI3M ¢ BBILIEU3IOXKEHHBIM OOHAPYXXKEHHBI HAMM MEXaHU3M MO-
>KET UMETb 3HAYeHME JJISl PEeryJisiliiu MPOLIeCCOB aHTMOreHe3a U peMojie-
JIMPOBaHUSI COCYIIOB.

BaxXHbIMU TIpeacTaBasIOTCS MOJYYEHHbIE HEJABHO TaHHbBIE O TOM,
YTO KPMHIJI-IOMEH YPOKMHAa3bl MOXET HAIpsIMylO CBSI3bIBAThCS C aSB3-
WHTETPUHAMU U BbI3bIBAaTh BHYTPMKJIETOUYHYIO CUTHAJM3alMIO, aKTHBa-
LU0 U aare3uio HeulTpoduiaos [14, 64]. DTu gaHHBIE TOBOPSAT O TOM,
YTO KPUHIJI-IOMEH YPOKMWHAa3bl BOBJIEUEH B peajM3allMi0 €e MpoBOCIHa-
JUTENbHBIX 3((HEKTOB, UTO HEOOXONMMO YUUTHIBATh MPU CO3JaHUU TIpe-
napaToB, MHrHOMpywoux 3pdexkTol ypokruHadsl. KpoMme Toro, ToT akr,
YTO KPUHIJI-IOMEH YPOKMHAa3bl CIIOCOOEH CBSI3bIBATbCSl C MHTETPMHAMMU,
MPUBEJI HEKOTOPBIX MCCleA0oBaTeNe K 3aKJIIOUEHUIO, YTO, BEPOSITHO, Ha
MOBEPXHOCTU KJIETKM TPU B3aMMOACHCTBMM YPOKMHA3bl C €€ KJlaccuye-
ckuM peuentopoM UPAR MHTErpMHbI B3aUMOACKUCTBYIOT OJHOBPEMEHHO
C KpPUMHIJI-IOMEHOM YpPOKMHAa3bl U ¢ ee peuentopoM UPAR, BMecTe 3TOT
KOMIIJIEKC U BbI3bIBA€T BHYTPUKIJIETOUHYIO CUTHAJIM3aLMIO [65].

IIpoTeosuTnyeckmii Kackaa, HHAYIMPYEMbIii YPOKHUHA30

OnHOM M3 OCHOBHBIX (DYHKLMI YPOKUHA3bI SIBJISIETCS MPOTECONIUTH-
yecKasg aKTMBAallUs IUIa3MUHOINE€HA B IJIa3MUH TPU PACIUCIIJICHUM OIU-
HOYHOI TeNTUIHON CBSI3M B Mja3MuHoreHe (Arg’t'—Val’¢?). I1masmuH
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SIBJISIETCS. BHEKJIETOYHOI IIPOTEMHA30M C LIMPOKON CyOCTpaTHON CIielu-
(pruHOCTHIO U 007agaeT PUOPUHOIUTUYECKUMU CBoOiicTBaMU. TKaHeBoOI
aKTUBATOp TJa3MUHOIEHa SIBJSIETCSI OCHOBHBIM /151 OCYLLECTBIIEHUS (pub-
PUHOJIMTUYECKON (DYHKIIMU U PEryJisiliuu TeMocTasa, Toraa Kak ypoKu-
Ha3a MIrpaeT pojb B aKTUBALlMU MJa3MUHOI€HA Ha MOBEPXHOCTU KJe-
TOK. DPDEKTUBHOCTh AaKTUBALIMU TJIAa3MUHOT€HA YPOKMHA30M, TJITaBHBIM
00pa3oM, 3aBUCUT OT €€ cBiI3biBaHUS ¢ UPAR Ha MOBEpXHOCTU KJIETOK
[66]. TTpoypokmnHa3a, cBI3aHHasI C TOBEPXHOCTBIO KJIETOK, BCTPEUAETCs C
IUIa3MUHOM, JIOKaJIM30BaHHBIM Ha KJIETOYHOM MOBEPXHOCTU [67], mocie
Yyero MpoypoKMHa3a aKTUBUPYETCS IJIA3MUHOM [26], ¥ MOJOXMTEIbHAS
oOpaTHasl CBSI3b 3aMbIKAeTCsl, TaK KakK M IMJa3MUH, U JABYyXlleroyeuHas
YPOKMHAa3a MOTYT B3aMMHO aKTUBUPOBaTb HEAKTUBHBIE (POPMBI APYT ApY-
ra. CBsi3bIBaHUE YPOKMHA3bl C PELIEITOPOM COIMPOBOXKIAETCS CHUXKEHUEM
€ro JiaTepajbHOM MOABUXHOCTHU U JIOKAJIM3allMel pelentopa npeumylie-
CTBEHHO Ha yYyacTKax MEXKJIETOYHBIX KOHTAKTOB, TEM CaMbIM JIOKaJIU3Yysl
MPOTEOJUTUYECKYIO0 aKTUBHOCTb, ONOCPEIOBAHHYIO YPOKMHA30M, Ha JIU-
JTUPYIOLLIEM Kpae MUTPUPYIOLIEH KJIeTKH [68].

I[Tomumo pubpuHOIM3A TJIA3MUH TaKKe y4yacTBYeT B pacllerieHUuu
0eJIKOB BHEKJIETOUHOTO Marpukca 1 0a3ajabHOU MeMOpaHbl, TAKUX KakK
(pubpuHoOreH, JaMMHUH, KojjaareH. KpoMe Toro, mjpiasMuH OINOCPEayeT
aKTUBALIMIO MAaTPUKCHBIX METAJJIONPOTEMHA3, B TOM YMCJIe KOoJlJlareHasbl
(MMII-1), ctpomenuszuna (MMII-3) u xenatuHasel B (MMII-9) [69].
ITytem oOpa3oBaHus MJa3MMHA YpOKMHAa3a obecredyuBaeT pacllereHue
OCHOBHbIX KOMIIOHEHTOB BHEKJIETOYHOI'O MaTpuKca, ociabjaeHre MexXKJie-
TOYHBIX KOHTAKTOB M MOBBILIEHUE BHYTPUTKAHEBOU MOABMKHOCTU KJie-
TOK, NMPUHUMAs y4yacTue B PEryjsiiMU aHTUOreHe3a, PeMOAeIMPOBAHMS
COCYJIOB, POCTa U METAaCTa3upPOBaHUSI PAKOBbLIX OIYXOJIEH.

MBI 00HapyKUJIM, YTO YPOKMHA3a CTUMYJIUPYET 00pa30oBaHuE U Bbl-
cBoboxaeHue 92 kDa MarpukcHoit MetanonporenHadsl MMII-9/xena-
tuHasel b B Monouutax auHuii THP-1 u U937 [70, 71]. Dkcnpeccus
MMII-9 B knetkax THP-1 non aeiicTBreM ypoKKMHa3bl HE 3aBUCUT OT 00-
pa3oBaHMs MJa3MUHa, U HE BOCIPOU3BOAMUTCS MpPU ACUCTBUM Ha KJIETKU
TKaHEeBOro akKTUBaTopa Mnjaa3MuHoreHa. Kataautuyeckasi akTUBHOCTb ypO-
KMHAa3bl He SIBJIsIETCS 00sI3aTeAbHBIM yCIOBUEM A8 akcripeccun MMII-9
kiaetkamu THP-1, o0paboTaHHBIX YPOKMHA30M, U, II0-BUIMMOMY, JpyTrue
JIOMEHBbI YPOKMHA3bl TaKXKe BOBJIEYEHBI B ATOT IpOLiecC.

g oLeHKM pojau CTPYKTYPHBIX JoMeHOB UPA B 3kcmpeccuu
MMII-9 B MoHOLMTaX, Mbl U3MepsIM BbicBOOOXAeHHe MMII-9 THP-1
KJIETKAMM, KOTOpbIE ObLJIM CTUMYJIMPOBAHbI PEKOMOMHAHTHBIMU (hOpMa-
MU YPOKUHA3BL: «IUKUM Tul» UPA (r-uPAwt) ¢ HeM3MeHEeHHOI TIepBUYHOM
ctpyktypoii; r-uPAH/Q 06e3 kKaraauTu4eckoil aKTUBHOCTU B pe3yJbTaTe
dameHbl His204 Ha GIn204 B aktuBHOM LeHTpe; r-uPA-GFD 06e3 po-
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croBoro gomeHa; r-uPAH/Q-GFD 6e3 pocToBoro gomMeHa ¢ 3aMEHOU B
akTUBHOM LieHTpe; r-uUPA-KD 6e3 kpuHri-gomeHa; LMW-uPA, Hu3koMo-
JlekyJisipHas popma uPA, KaTaJIuTU4ecKy aKTUBHAs, HO 0€3 pOCTOBOro U
KpUHII-ToMeHOB; U 1-KD, comexaluuii ToJbKO KPUHIJI-TOMEH.

Ilo cpaBHEHMIO C OCTaJbHBIMU KOHCTPYKTaMM, «IUKUI TUI» UPA
obysagaeT HaumbOOJbIIEH CIIOCOOHOCTHIO MHAYLIMPOBATH BBICBOOOXKAE-
Hue MMII-9 knerkamu THP-1. BoizbiBath 3kcnipeccuto MMII-9 takke
cnocooHbl r-uPAH/Q, r-uPA-GFD, r-uPAH/Q-GFD u r-uPA-KD, Ho
creneHb 3¢ deKTa B 3TOM cilaydyae HUXKe, 4yeM B NpucyTcTBuu r-uPA (Ha
40—80% B ToM cayuae, korna 20 HM OenkoB ObLI0 H100aBieHO K THP-1
kiaetkaM). LMW-uPA u r-KD He 061agai0T CrioCOOHOCTBIO BbI3bIBATh BbI-
ceoboxaeHue MMII-9 knerkamu THP-1.

Hamm naHHble CBUIETENbCTBYIOT O TOM, YTO YpPOKMHa3a CIocoOHa
WHIYLIMPOBaTh 00Opa3oBaHWE MATPUKCHOM METaJIONpPOTeUuHa3bl-9 B MO-
HOLMTaX, U 3TOT 3(p@deKT onocpeayercs akTuBauueiir MAP-kKuHa3HOro
curHajabHoro nytu MEKI1/ERKI1,2, a TakxXe IpOUCXOAUT MHpU ydya-
CTUU apaxuJIOHOBON KMCJIOTbI, 00pa3ylollieics B pe3ysbTaTe peakiluu,
KaTaJau3upyeMoil LUTO30JbHOI (opmoit pochonunaszer A2 [72]. Ko-
HEYHOI TOYKON TMPUJIOXKEHUS ITOrO MYTU MOXET SIBIASITbCS aKTHUBaLMsI
TpaHcKpumnuuoHHoro ¢daktopa NFkB, aktuBupymlouero paboty reHa
MMII-9, a Takxe, BO3BMOXHO, psila IpYTMX MPOBOCHAJMTEIbHBIX I€HOB.
Ha ocHoBaHMM 3TMX JaHHBIX MOXHO MoJiaraTb, 4TO (hakKTOp HEKpo3a
OMYyXoJIel TaKXe SBJISIETCS MPOMEXYTOUYHBIM 3BEHOM IIpoliecca nepeaayu
BHYTPUKJIETOYHOIO CUI'HAaJja, BbI3bIBalollero oopazoBanue MMII-9. O6
9TOM CBUIETEJbCTBYIOT IMOJYyYE€HHbIE HAMU JaHHbIE, YKa3blBalOlIME Ha
BO3MOXXHOCTb IOJIaBJICHUST CIIOCOOHOCTH YPOKMHA3bl K 00pa30BaHUIO Ma-
TPUKCHOM MeTalJIONpOTeMHa3bl-9 B MPUCYTCTBUU IpenapaTa etanercept,
OJIOKMPYIOLLIETO B3aUMONIENCTBYE (paKTOopa HEKpo3a OIMyXoJeil ¢ ero KJjie-
TOYHBIMM pelentTopamu. B memoMm mpouecc obpazoBanusi MMII-9 nox
NENCTBUMEM YPOKMHA3bl IOCTAaTOYHO CJIOXKEH M BKJIIOYAET B Ce0s1 KaK CTHU-
MYJSIMI0O KOMIIOHEHTOB KJIETOYHOIO CUTHAJIMHTa, TaK U 0Opa3oBaHUeE
MPOMEXYTOUHBIX (DAKTOPOB, B YACTHOCTU (PaKTOpa HEKpo3a OIyXOJeH,
SIBJISIIOLLIETOCSI MOIIHBIM TPOBOCHAJUTEIbHBIM ar€HTOM.

B Halem HegaBHeM McCIeIOBAaHUM ObLIO OOHAPYXKEHO, YTO YPOKMHA-
3a cTuMyaupyet akcnpeccuto MMII-9 u o6pazoBaHue ADPK B KyabTHUBU-
pyeMbIX (prbdpobaacTax (CTaTbsl HallpaBjeHa B Ie4aTh). AHTUOKCUIAHT 30-
CeJIeH HUBEJIMPYET CTUMYJIMpPYIOIIee BAUSIHUE YPOKMHA3bl HA 9KCIPECCUIO
MMII-9 B ¢pubpobaactax. CxoqHbIM, HO O0Jiee BbIpaXKeHHBIM IEHCTBUEM
obnagan ¢akTop Hekposa omyxoseil anbda. [lonyyeHHbIe JaHHBIE CBU-
JETEIbCTBYIOT O TOM, YTO YPOKMHAa3a MOXET PEryjuMpoBaTh 3KCIPECCUIO
MMII-9 3a cyeT o6pazoBanusi ADPK B pubpobaacTax, UTO MOXET UTPpaTh
BaXKHYIO POJIb B CTUMYJISILIMM MUTpauuu (puodpo01acTOB U pa3BUTUU KOH-
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CTPUKTHUBHOIO (HEraTMBHOIO) PEMOJECJIMPOBAHUS COCYAOB 3a CUET yTOJI-
LIEHUS aJBEHTULIMH.

YpokunHaza Takke MPUHMMAET yyacTUe B aKTUBAllUM U BbICBOOOX-
JNeHUU psijia (aKTOPOB POCTa, CBSI3aHHBIX C MEXKJIETOYHBIM MAaTPUKCOM.
Tak, ObLJIO MOKa3aHO yyacTUE€ ypPOKMHa3bl B aKTMBALMU (pakTOpa pocta
rernatouutoB (HGF), Kotopblii cekpeTupyercsi CTpoMaabHbIMU (PprUOpo-
OslacTaMu B BUJI€ OIHOLIEIIOYEYUHOT0 OMOJIOrMYECKM HEAKTUBHOIO Ipe.-
mectBeHHUKa [73]. KpoMe Toro, ypokmnHasza IpUHUMAET ydyacTUEe B akK-

tuBauun VEGF-189 [74] u nmia3MuH3aBUCMMbIM 00pa3oM B aKTUBALIMU
TGF-B [75] u Cyr6l [76].

Anre3us U MUTpanms

Bbb110 MokazaHo, YTO YpOKMHAa3a CIOCOOHA CTUMYJIMPOBATh MUTpa-
LU0 BHAOTENUANbHBIX [77], raaKoMbIIIEUHBIX [78], anuTeanaabHbIX
KJeToK [79] u MoHouuToB [80] HE3aBUCHMMO OT €€ MPOTEOJUTUUYECKOMN
akTUBHOCTHU. CyIIeCTBYeT HECKOJIBKO MOJIEJIeN yJyacTusl ypoKMHa3bl B 3a-
nycke KjeTouHo murpanuu. UPAR urpaet BaxkHylo pojib B 00pa3oBaHUU
KJIACTEPOB MHTETPUHOB M CUTHAJbHBIX MOJIEKYJ, YTO HEOOXOMMMO IJIsI
3¢ (EeKTUBHOI TMepenauyu CUTrHajda OT MHTErPUMHOBBIX pelenTopoB [51].

Hamu Obl10 yCTaHOBJIEHO, YTO KPMHIJI-AOMEH YPOKMHAa3bl OIocpe-
IyeT ee XeMoTakchuuyeckue 3(p@eKThl Ha TJaJIKOMBILIEUYHbIX KjeTKax [11].
Tak, KpMHIJI-IOMEH ypOKMHa3bl, a Takxke (opma, JMIIEHHasi pOCTOBOrO
JIOMEHAa, KOTOpasl He CBSI3bIBACTCSI C «KJIaCCMUYeCKUM» pelierntTopoMm uPAR/
CD87, cnocoOHBI BbI3bIBATh akTuBauuw p38 u p42/44 MAP-kuHa3 u
MUTIpaluio KJIeToK. B cepuu paboT nmokazaHa akTUBalLIMSI CEPUH-TPEOHU-
HOBBIX KMHa3, Takux Kak KnHa3sel ERK/MAPK non geiictBuemM ypokKuHa-
3bl [37, 50, 80]. [Ipy MHrMOMpOBaHUM JAHHOrO MYyTH, YPOKMHA3a WU €€
KPUHIJI-IOMEH, He CIIOCOOHBI aKTUBUpoBaTh Murpauuio [39]. [MokazaHo,
yTO Ha noBepXxHOCTU I'MK KpUHII-IOMEH CBSI3bIBACTCS C OE€JIKOM, KOTO-
pbiit oTanyaeTcsd oT UPAR M MHTerpvMHOB, U aKTUBaLUMS MUTPALUU MO
JelCTBUEeM KPUHIJI-IOMEHA MOXKET IIPOUCXOAUTh M 0e3 ydyactus uPAR
[11]. bonee Toro, ¢popmMa ypOKMHAa3bl, JUIIEHHAs KPUHIJI-AOMEHa, He 00-
JlalaeT XeMOTaKCMYECKMMM CBOMCTBAMU HECMOTPSI Ha CIIOCOOHOCTh CBSI-
3piBaThcsd ¢ UPAR [11]. TeM He MeHee, B ciaydyae aKTUBALlUU MUTpaLldU
IO ACMCTBUEM IIOJIHOPA3MEPHOM YPOKMHA3KI, B CTPYKTYpPE KOTOPOM MpHU-
CYTCTBYIOT KaK POCTOBOM, TaK U KPUHIJI-IOMEHbI, 0Ka3aJoCh HEOOXOMU-
MBIM CBSI3bIBaHHE 00OMX AOMEHOB CO CBOMMM peuentopamMmu — UPAR u
«KpUHTIJCBs3bIBaoIIMM 6ekom» (KCB).

IIpouecc KjIeTOYHOM MUTpallMi MOXHO pa30UTh Ha HECKOJILKO 3Ta-
TOB:

1) CeasbiBaHue ypokunHa3bl ¢ UPAR Ha rj1aiKoMbIIIEYHBIX U SHAO0TE-
JIMAJIbHBIX KJIETKAaX MPUBOIMUT K aKkTuBalus Jak/Stat-curHajabHOro myTH.
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Janus kuna3sbl, Jakl u Tyk2, obpasyoT Komiuiekc ¢ uPA-uPAR Ha nunu-
pyIolIeM Kpae KJIETKHU, YTO, B CBOIO O4Yepellb, MPUBOAUT K TPAHCIOKALIMU
daxktopoB Statl, Stat2 u Stat4 B ssapo KJeTKu [52]. MUTrpalLlMOHHbII OTBET
onocpenyetcst Tyk2/PI3-K/RhoA/Rho KuHa3HBIM IyTeM.

2) Ilocnenyoiue cUrHajabHble MYTU TPeOyloT accouuanuu uPAR c
PDGFR-b u 3aBucsT OT ero KuHa3HOW aKTMBHOCTU 1 B3aMMOJAEUCTBUS C
PI3-K uepe3 Tyr740/Tyr751.

3) Hanee, aktuBauusi STAT1 ypokuHa3oii Takxke TpeOyeT accolua-
uuu peuentopoB 1 PDGFR-knHa3HOI aKTUBHOCTHU, OAHAKO HE 3aBUCUT
ot PI3-K.

MeTtoaoM cOMMMYHONMpPEUUNUTALMK ObLJIO TTOKa3aHO, YTO MpHU B3au-
moaercTBuU ypokuHasdbl ¢ UPAR B I'MK mpoucxoguT ux accoluanus
¢ PDGFR-b, nocyie yero mpoucxoguT ero akTUBALIMSI U TUMEpPU3ALMSL.
[Ipryem as aToro mpouecca He TpeOOBaICsS MPOTEOJIUTUUYECKUI TOMEH
ypokuHasnl [81]. PDGFR-b criocob6en B3aumoneiictBoBath ¢ STATI1 u
HEMOCPeNCTBEHHO ero ¢ochopuinpyeT. ABTOPHI MpPearnoJaraloT riaBHYO
poab STATI B peryasiuuMu KJAeTOYHOU mpojaudepalud U B MOBBILLIEHUU
BpeMeHu murpauuu I'MK Ha ypokuHa3y nyTeMm 3aMelJIeHUs KJIETOYHOIO
nukiaa (puc. 6).

Takzke ObLIO TTOKa3aHO, 4TO akTUBaLusad ERK MoxeT ObITh orocpeno-
BaHa obpazoBaHueM koMIuiekca UPAR ¢ EGFR [82]. Roztocil u coaBTopbI
MoKa3ajiu, YTO KPUHIJI-IOMEH YPOKMHA3bl 3alyCKaeT KJETOYHYIO MUTpa-
uuio yepes Gai, conpsixeHHblil ¢ G-6enkoM PI3-K 3aBucumblii mporecc,
B kotopoM yuacTtByeT EGFR u Bkitouaer B cedst ERK1/2 u p38MAPK
[83]. [Tpuuem murpaiusi, BeI3BaHHAs KPUHIJI-IOMEHOM, OKa3aJjach Ijia3-
MUH3aBUCUMO 1 MMP-3aBrucuMoii, TO €CTh IPU CBSI3bIBAHUU YPOKMHA-
3pl ¢ UPAR KJleTKa ¢ mOMOILbI0O HAIlpaBJAEHHOIO MNPOTEOIM3a pacuyuila-
€T cebe MyTh, a KPMHIJI-IOMEH YPOKMHAa3bl 3aMyCKAeT BHYTPUKJIETOUHBIM
CUTHAJIMHT, KOTOPBIA CMOCOOCTBYET HEMOCPEACTBEHHO IBUKEHUIO KJIETKMU.

Ha nunun onyxonesbix kjaetok MCF-7 6b110 noka3aHo, uto uPAR u
Bl-MHTErpuMHbI yYacCTBYIOT B MUTPALIMU, CTUMYJIMPOBAHHON YPOKMHA30M,
MOCPEICTBOM aKTMBallMM CUTHAJbHOIO Kackaja ¢ ydyactueM Ras, MEK,
ERK u MLCK [46]. Takxke ObLJI0 ITOKa3aHO, YTO 00pa30BaHME KOMILJIECK-
ca UPAR — (puOpOHEKTUH-UHTETPUHOBBIN pelenTop ¢pudpoHeKTHUHA avfp]l
MPUBOIUT K TOBbIIIEHUIO YpoBHS akTuBauun ERK [84].

MeToaoM COMMMYHOIPELMNUTALIMKA ObIJIO IOKa3aHO CBSI3bIBa-
Hue uPAR ¢ HepeuenTopHbBIMU Src TUPO3MHOBBIMM KMHa3zaMu: pS9hn,
pS53/56"", p53/59hsk, pS5tEr [85], p60~n, pS3/pS6Mn, pS6&pS9tck, p59ter [50].

Ha nouyeuHbix sHAoTenuanbHbIX KieTkax auHuu TCL ObL10 ycTa-
HOBJIEHO, 4YTO Kjactepuzauusd UPAR u ypokurHaza ¢ IIOMOIIbIO MOHOKJIO-
HaJbHBIX aHTUTEJ criocoOcTBoBasa accouuanuu KuHasel JAK1 ¢ uPAR,
BCJIECTBUE YEro Mpoucxoanyio pochopuarpoBaHue U nuMmepusanus Statl
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U MHAYLUMPOBAjach siAepHasi TpaHCIOKaLMsl, TIPUBOASILAS K €r0 CBSI3bI-
BaHUIO co cneuuduueckumu caiitamu Ha JIHK GAS (cailT aktuBanuu
nHTepdepoH-y) U ISRE (MHTeppepOHCTUMYIMPOBAHHBINA 2JEMEHT OT-
BeTa). bojee BeposATHO, YTO CUTHAJ BHYTPb KJETKU ONMOCpEAyeT OeI0K
gp130, koTophiit TakXe cojiokonu3oBaics ¢ UPAR [86]. MHTepielikuH-6-
peuenTop-P (gpl30) sBasETCI HMTOKMHOBBIM PELIENITOPOM, KOTOPBINA CBSI-
3bIBaeT IUTOKUHEI, HarpuMep 1L—6, u mpruHUMaeT yJyacThe B aKTUBALIMU
Src-kuHa3 u Jak/Stat curHanasHoro nytu. benok gpl30 Takke MOXeT ac-
couuunpoBarbcs ¢ UPAR u aktuBupoBats JAK/STAT-myts [85,86], uTO
MO3BOJISIET MPEAIOJOKUTh €ro PoJib B KAYECTBE TPAHCMEMOPAHHOIO ajar-
Tepa, CayxXalllero Ajs nepeaayd CUrHajga OT YpPOKMHa3bl BHYTPb KJIETKMU.

PeuenTop ypokmHasbl, B3aMMOIEHCTBYS] C MHTETpUHAMU, BIUSET
HE TOJIbKO Ha KJIeTOUHble (DYHKIIMU, HO U Ha aAre3uOHHO3aBUCHUMYIO
BHYTPMKJIETOUHYIO cuUrHanu3anuio. [Ipyu GioKuMpoBaHUU 3TOro B3aMMO-
JEUCTBUS MPOUCXOAUT OJOKMPOBKA aCCOLMAlMU CEeMeNCTBa Src-KMHa3
¢ B-uHTerpuHamMu. bbuio mokaszaHo, yTo UPAR crabunusupyeTr KaBeo-
JIMH — WUHTETPUHOBBIN KOMIIJIEKC, B TO BpeMs KaK 4JIeHbl ceMelcTBa Src
COEMUHSIOTCS C B-1LIeNbl0 MHTETPpUMHA Yepe3 KaBeoauH-1. BzaumoneiicTere
SIC C MHTerpMHAMM HEOOXOAMMO ISl 3alycKa aAre3MOHHO3aBUCHMOI KJle-
TOYHOI MUTpauuu. 1 KJIeTOYHOI MUTpallui HeOOXOAUM Leblii Habop
0O€JKOB, OCYLIECTBASIOIIMNX (PU3NUECKYIO CBSI3b MEXAY BHEKJIETOYHBIM
MaTPUKCOM M LIUTOCKeaeTOM. B Takux ¢okaJibHBIX KOHTaKTaX COIep-
XaTcsl MHTerpuHbl — peuentopsl BKM, a menu akTvMHa NpUKpereHbl
K LIMTOMJIa3MaTUYECKON CTOPOHE C MOMOIIbI0 BUHKYJIMHA, MaKCUJIMHA
U TanuHa [87]. Murpupymolluas KjaeTka pa3pyliaeT KoHTakTel ¢ BKM u
rnepecTparvBaeT MX Ha MUTPUPYIOLIMI Kpaii KjeTku [88].

Ha nuHusIx pakoBbIX KJIETOK Oblja MoKa3aHa (PyHKIMOHAIbHAsI acCco-
muauusg uPAR ¢ Src 1 FAK (kuHa3bl (hoKaJbHBIX KOHTAKTOB) U TO, UTO
Src 1 FAK coBMeCTHO y4yacTBYIOT B 3allyCK€ BHYTPUKJIETOUHOW CUTHAJIM-
3alMU s KJIeTOUHO murpauuu [89].

M3BecTeH elle onMH MeXaHU3M BIMSIHUSI YPOKMHA3bl HA MUTPALIAIO
KJIETKH, 3aKJIOYAIOIIUIACS B COIMXEHUU JOMEHOB 1-To 1 3-ro pelientopa
npu B3aumonaeuctsuu uPA ¢ uPAR. Ilpu 310l CTpyKTYypHOI MepecTpoii-
Ke peLernTopa IMPOMCXOAUT BhICBOOOX AEHME MocaeaoBareabHOCTH SRSRY
Mexay 1- 1 2-bIM JOMEHaMU, KOTOpasli CTUMYJIUPYET MUTPALIMIO MOHOLIM-
TOoB, puodpoodaactoB 1 TMK. Ecinu Bo BpeMs B3auMOIEHCTBUS YPOKMHA3bI
n uUPAR He mpoucxoguT MHIMOMPOBAHUS MPOTEOJTUTUUYECKOTO TOMEHA
YPOKMHAa3bl, OHa CIIOCOOHA «pPacKyChIBaTbh» YYacCTOK MEXIY TEepPBbIM U
BTOpbIM HoMeHOM UPAR, Tem cambiM, BoicBoOOX1asi SRSRY. briio nmo-
kazaHo, yTo FPRLI1 (romonor fMLP-peuenTopa) onocpenyer KJIeTOUYHYIO
MUTpalmio, BeI3BaHHYI0 3KcnoHupoBaHueM SRSRY [80]. Takxe ObLIO
MOKa3aHO, YTO IPU CTUMYASLUU KJIETOK ITUM MENTUAOM MPOUCXOAUT
akTuBauus p56/pS9hck Tmpo3mHoBoil KMHa3bl yepe3 G-o6enku [90].
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Kjeller u coaBTOpbl Mokazanu, uto UPAR, B3aumMoneicTBysl ¢ BU-
TpoHeKTHHOM, nHULuupyeT pl30Cas/Rac-3aBUCHMBIf CUTHAJIBHBII MYTh,
MPUBOASIIMI K peopraHu3allMi aKTUHA U TOBBILIEHUIO KJIETOUHOMN MOI-
BUKHOCTHU, U B TO K€ BpPEMsI CJIY>KUT B KaYeCTBE aJir€3MOHHOIO pelLienTo-
pa, HeoOXOMMMOro AJIsl 3TUX mpoueccoB [91].

DHIOLHUTO3

YcraHOB/IEHO, YTO MHTEpHAJU3allMsl YPOKMHA3bl, a TakKXe APYTUX
JIMTaHIO0B Yyepe3 pelenTopsl, nomodHblie peuentopy LDL, compoBoxaaeT-
Cs aKTUBALIMEN CUTHAJIbHBIX CUCTEM KJIETKM, MPUBOISIICH K aKTUBALIMU
BHYTPUKJIETOUHBIX IpOTeMHKKWHA3. Yepe3 nocienoBaTeabHOCTA Asn-Pro-
X-Tyr peuentopsl, poacTBeHHbBIe peuenTopy LDL, B3auMoaeicTBYIOT C
LIMTOMJIa3MaTUUYeCKUM afdanTepHbIM OekoM Dab-1, 4To mpuBogUT K CBSI-
3bIBAHUIO U PETYJMPOBAHUIO aKTMBALMK HEPELIENTOPHBIX TUPO3UHOBBIX
KMHa3 ceMmeiicTB Src u Abl [92], a Takke Oejka tau, cTaOMIM3UpPYIOLIE-
ro mukpotpyoouku [104]. Unensr cemeiictBa LDLR Ttakxke nmpuHuMaioT
yuyactue B aktTuBauuu MAPK-3aBUCHMMOro CUrHaJIbHOTO MYTU U BIMUSIOT
Ha aaresuto KieTok [35]. Kpome toro, 66110 nokasano, uto LRP/a -MR
acCOLIMMPOBAH C reTepoTpuMepHbIMU G-0eiKaMu U TIPUHUMAET yJyacTue
B aktuBauuu PKA [38]. MHTepHanmu3alus ypoKrMHasbl, a TakKxXe APYrux
JmranaoB yepe3 LRP comnpoBoxaeTcsl akTUBaLlMe CUTHAJIbHBIX CUCTEM,
HarpuMep, MPOMCXOAUT aKTUBALIUS MPOTEMHKMHA3BI A. Takxke ObLI0 Mo-
kazaHo LRP-3aBucumoe BausHue uPAR Ha ypoBeHb akTuBamuu Racl
B KJIETKAX MBIIIMHBIX 3MOpUOHANbHBIX (pubpodsacToB [93]. MHTEpecHO
TaK>Xe OTMETUTb, YTO TOCJI€ MHTEepHaAu3auu Komruiekca uPA-uPAR-
PAI-1 ¢ nomombio LRP u ero nerpananuu B auzocomax uPAR peunpky-
JIUPYeT Ha KJIETOUHYIO TTOBEPXHOCTh, MPUYEM MPEUMYIIECTBEHHO B HOBO-
oOpasytolrecs: okaabHble KOHTAKThl Ha JUAMPYIOLIEM KOHIIE KJIETKU
[94]. g Murpauuu KiaeTKyu HEOOXOIMM MPOLECC SHAOLIMTO3a KOMILIEKca
ypokrHa3a-uPAR-PAI-1 ¢ panpHelIMM nepepacrpeneaieHueM pelernTopa
Ha JUAUPYIOIIMIA Kpal KJIeTKu. Takxe Oblja mokKazaHa OJHOBPEMEHHAs
WHTEepHAJM3alMsl YPOKMHA3HOIO pelienTopa U MHTerpuHa o6era-1 [95].

Ha puc. 7 npencraBieHO cXxeMaTU4YeCKOE€ M300pa’k€HUE OIHOr0 U3
BO3MOXHBIX BApUAHTOB COOBITUI B KJIETKE, MPOUCXOSIIUX MPU KJIETOU-
HOW MUTpally, BBI3BAHHOW YPOKMHA30M.

IIpommdepanus u anonto3

MuToreHHasi aKkTUBHOCTb YPOKMHAa3bl HAOII00a/IaCh HA MHOTUX TH-
nax KJeTOK, B TOM YHCJIe€ Ha YeJIOBEYECKUX BMUIAECPMaJIbHBIX KJIETKaXx,
HOPMaJIbHBIX M 3JI0KQUeCTBEHHBIX KJIETKAX MOYKU U KJIETKaX MeJIaHOMBbI
[96, 97]. HenaBHUe McclienoBaHUS TMOKa3aiu, UYTO IMpoaudepaiust pako-
BBIX KJIETOK 4YeJIOBeKa 3aBUCUT OT B3aumoaercTBusa Komiuiekca uPA-uPAR
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¢ MHTerpuHaMmu, 4to BeaeT K aktTuBauuu p38 MAPK [98]. Gyetko u ko-
JIETU TIOKa3aJiu, UTO y MblIlIeid, HOKAyTHBIX 110 YPOKKMHAa3e, npoJudeparus
T-kneTok okazanach cHUXXeHHO# [99]. Ha pakoBbIx KjeTKax Obljaa IMoKa-
3aHa CIIOCOOHOCTb POCTOBOIO AOMEHA YPOKMHA3bl 3aIyCKaThb KJETOUHYIO
npoaundepaumo Ha ocTeobnacTornogoOHbIX kiaeTkax [100], kieTkax mena-
HoMmbl [101], K1eTkax ocTeocapkoMbl yenoBeKa SaOs—2, paKOBBIX KJIETKaX
MoJiouHoi xene3sl [102, 103]. IIpuuem ajst 3Toro apdekra HeoOXOIUMbBIM
aBsI0Ch pyKo3unupoBanue Thrl8 B poctoBoMm ngomeHe ypokurHasbl [104].
Gandhari 1 coaBTOpHbI MoJjaraloT, YTO MUTOT€HHAas aKTUBHOCTb YPOKMHA-
36l onocpeayercst yepe3 ERK/MAPK-curHanbHblil 1yTh, 3alycKaeMbIii
MHTErpuHAMU. YPOKMHAa3a MOXeT cTuMmyarpoBath cuHTe3 [JHK u nposau-
depanuio 'MK cocynoB He3aBUCMMO OT MPOTEOJUTUYECKON aKTUBHOCTU
u B3aumoneiictBust ¢ UPAR [101,105]. YpokuHa3za MOXeT TakxKe WHIY-
LIMpoBaTh Mposudepalnio KJIeTOK MOCPEACTBOM aKTHUBALIMKU KOMILIEKCa
uPAR/CDS87, kazeMHKMHAa3bI-2 U TPAHCIIOPTHOI'O OejKa HyKJieoJuHa [52].
HyxneonuH peryaupyeT TpaHCKpuIiuuio 1 peruiukanuio JJHK, poct kie-
TOK U aHruoreHes [32].

MHorue Tunbl KJETOK, BbIAEJEHHbIE M3 3JJ0Ka4eCTBEHHBIX 00pa3o-
BaHUM Yy YEJIOBEKA, TAKMX KaK pakK XeJayaKa, MOJOYHOU KeJIe3bl, IPSIMOK
KMILIKHU, OCTEOCApKOMa M pak JIEFKOro YCTOMYUBHI K anonmo3y [106]. He-
JaBHUE UCCAENOBAHUSI OTMETUINU KOPPEISLMIO MEXIY CUCTEMOM YPOKHU-
Haza-peLenTop U YyBCTBUTEIbHOCTbIO KJIETKU K 3allporpaMMUpPOBaHHOMK
cMeptu. Gutierrez 1 COaBTOPbl YCTAHOBUJIM, UTO MPU MMILIAHTALlUU KJIe-
TOK (prbpocapkombl T241 B MBIIlIb ¢ HOKAYTOM IO YPOKMHa3¢ yMEHbIIIa-
eTcsl npoaudepalivsi KJIETOK OIMYXOJM W TOBBIIIAETCS WHAYLIMPOBaHUE
anonTo3a [107]. I1pu BekTOpHOI TpaHC(hEKUMU aHTUCMbICIOBOM SiIRNA Kk
YPOKMHAa3€e MPOMCXOAMJIO CHUXKEeHME Mpojindepaliii U MOBbILLIEHUE aroll-
TO3a KJIETOK paka MoJouHoi xkene3sl MDA-MB-231, a ripu 3K30reHHOM
J00aBJIEeHUM UM MHKYOAllMM 3TUX KJIETOK ¢ UPA mpoMcXoouT aKTUBaLUS
ERK/MAP xuna3s [102]. bonee Toro, npu nukyoupoBanuu MDA-MB-231
KJETOK ¢ aHTuTeslaMu K UPA, KoTopbie OJOKMpPOBAIM B3aMMOMACHCTBUE
uPA-uPAR, Habnonanock cHUXKeHUE KoaudecTBa (hocdopuimpoBaHHBIX
ERK/MAP kxuHa3 u nosilieHue arnonrto3a [108]. I1pu GiokupoBaHuMn
crietguyeckumu aHtutenamu uPA nnu uPAR npoucxonuiio onuHakoBoe
MOBBILLIEHUE arnonTo3a KJeTok. [lokazaHo, uto aktuBupoBanue MAPK/
ERK mnogsiao skcnpeccuio UPA u1 uPAR. AHTHManonTo3Hble CBOMCTBA
ERK/MAPK, BeposiTHO, MOT'YT OBbITh CJIEACTBMEM MX CIIOCOOHOCTHU K aK-
TUBaALlMM KWHa3 ceMeiicTBa Rsk, KoTopble B cBOIO ouepenb ¢ochopuim-
py1oT 6ejiok BAD — OTBETCTBEHHBIN 3a allONTO3 U TPAHCKPUMILIMOHHBIN
daxkTop CREB (cAMP response element binding protein) — oTBeTCTBEH-
HbIl 32 BbikKMBaHuMe KieTku [109]. O6a Rsk onocpenoBaHHBIX MexaHU3Ma
MPUBOAAT K anornTto3dy. Wick 1 coaBTOpbI MoKa3aau MOJOKUTEIbHYIO0 KOp-
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peasuuio Mexay ypoBHeM Bcl-2 B 3710KaueCTBEHHBIX KJETKaX IJTMOMbBI C
3KCIpeccrueil MeTaJIONPOTeMHA3 U IIOBEPXHOCTHOM YPOKMHA30M. ABTOPHI
npearnojaramT, 4To Bcl-2 B pakoBBIX KJIETKaX CIOCOOCTBYET KJIETOUHOM
MUTpalMy U UHBAa3UM, BIMSS Ha 3Kcnpeccuio UPA u MetaiionpoTenHas
[110]. OnuH M3 BaxHeiMX (HaKTOPOB, OMOCPEAYIOLINIA alloNTo3, — pe-
uenTop rudenu kjuerok Fas (CD95), npuHaanexaiiuii K ceMeiictsy TNF
(bakTOp HEKpo3a Oomyxoju). DTOT PELENTOpP COCTOMT M3 BHEKJIETOYHOI
yacTH, B3auMoneicTylowein ¢ aurangom FasL (CD95L) u BHyTpukIe-
TOYHOM YacTH, OTBETCTBEHHON 3a mepenavyy CUrHajioB anonTo3a. Barnhart
M COaBTOPbI MOKa3aJu, 4To Ipu MHKyOauuun FasL ¢ onyxojieBBIMU KJIET-
KaMU, KOTOpble cymnepakcrpeccupyoT Fas, mpoucxonuT MOBbILLIEHUE
KJIETOYHOU MOIBMUXXHOCTU MHBa3uM. biokupoBaHue aHTuTenamu uPA
CHUKaJI0 naHHble 3ddeKThl. ABTOpHI IpeanoaarapT, yTo FasL moxer
WHAYUUPOBaTh TpaHCKpunuuio reHoB NF-kB, ERK/MAPK w uPA [111].
Alfano 1 coaBTOpHI MMOKa3aliu, YTO ypoBeHb 3Kcrpeccur UPAR mosoxu-
TeJIbHO KOPPEJUPYET C YCTOMUYMBOCTBIO K aIoONTO3y B JIMHMSIX KJIETOK:
BIUTEIMATbHBIX TUTMEHTHBIX KJETKAX CETYaTKM U SMOPUOHATBHbBIX 2IU-
TeJrabHbIX KJIETKaxX No4ku. BzanmoneicTBue ypokrHasbl ¢ UPAR mpu-
BOJAMJIO K MOBBIIIEHUIO peryasiuuMu aHtuanonto3dHoro Bcl-xL, ¢akrtopa,
KOTOpBIA HEOOXOAUM AJIS1 3aBUCUMOI OT YPOKMHAa3bl aHTUAINOIITO3HOM
akTuBHOCTHU [112, 113].

PaHee mMbl mokazanau, 4TO A CTUMYJISIUMUA MUIPALIMU COCYIMCTBIX
I'MK non geiicTBMEM YpOKMHa3bl HEOOXOAMMO Haju4yue €€ MPOTEOJIu-
TUYECKU aKTUBHOro gomeHa [114]. Kpome Toro, Mbl 0OHapy>KUJIM HOBBIN
CUTHAJIbHBIA MEXaHU3M BOBJICYEHHBII B PEryJsiliuio Mpoardepaluu KJie-
TOK U pemoaearpoBaHus aptepuil. Mcnonb3ys siRINA Mbl foKaszanau, 4To
B cocynuctbhix I'MK ypokuHaza cTuMyaupyeT oOpa3oBaHME aKTUBHBIX
¢dopM Kucopoaa 3a cyeT CTUMYIAumnu aKcrpeccud NADP-okcnaas noxl,
nox4 u phox22 [115] u, TakuM 006pa3oM, CTUMYJUpPYeT Npoaudepaluio
I'MK. Ha puc. 8 npeacraBieHO cxeMaTUYeCKOe M300pakeHre MeXaHU3-
MOB, CIOCOOCTBYIOIIMX Mpojaudepaluu KJIeTOK Ioja AEHCTBUEM YpPOKU-
Ha3bl.

PemoeanpoBanne coCyJI0B H yPOKHHA3A

PemonennpoBaHue cocynoB MpeacTaBisieT coboil mpoliecc aganTa-
LIMU, BKJIIOYAIOIIUN B ce0s1 THICSIYM CTPYKTYPHBIX U (PYHKIIMOHAJbHBIX
M3MEHEHU COCYAUCTON CTEHKU, KOTOPbIe BOBHMKAIOT MPU 3a00JI€BaHUSIX,
CTapeHUU U MOBpeXAcHUM cocyna [116]. MexaHU3MBbI, yJyacTBYIOIIME B
peMoIeTMPOBaHUM COCYAMCTON CTEHKU BKJIIOYAIOT TUIIEPIIAa31I0 MHTUMbI
U MEIUU, U3MEHEHU S BHEKJIETOUHOIO KOJIJIareHa M 3JIaCTMHA, a TaKXKe 9H-
JoTearuaabHO PyHKLIMU 1 pubpo3a. M3-3a CIOKHOCTU U MHOXECTBEH-
HOCTH TPOLIECCOB TPYIHO OOHAPYXKUTh €NMHBIA MEXaHU3M, CITIOCOOCTBYIO-
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MpoTeonuTUYECKWE KacKaas!

PD {nnazmuH, MMIT)
uPAR \ ]
AxTuBauma/oceobomaeHue
dakTopos pocta  [lerpaflaums
(FGF-2, TGF-B, BKM

BHyTpHKneToMHas NADP-oKcuaass HGF, VEGF)
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MNponudgepaums KNeTok

Puc. 8. Cxema mexanuszmos, cnocobcmeyrouux npoaugepayuu Kiemoxk nod oeii-
cmeuem ypoxkunaswl. uPA — ypokunaza; uPAR — peyenmop ypoxunazvi uPAR/
CDS87; GFD — domen, nodobunuiii pakmopy pocma; PD — npomeosumuueckuii do-
men; MMII — mampukchubie memanronpomeunasol; FGF — ¢akmop pocma ¢uo6-
pobaracmos; PDGF — mpombouyumapnuii pakmop pocma;, HGF — ¢gpaxmop pocma
eenamoyumos; VEGF — cocyoucmo—asndomeauanvuuiii pakmop pocma; NADP —
HukomuHamuodadeHunounykseomudgpocgpam; BKM — enexsemounvili mampukc

LM HeOJAaronpusITHOMY PEMOICIMPOBAHUIO COCYIOB. MHOIroJETHHUE
uccieaoBaHus (yHKIMIA aKTUBAaTOpa MJa3MUHOIeHa YPOKMHA3HOTO TUITA
(YpOKMHa3bl), a TaKXKe €ro BIMSHUS Ha pa3jUuvyHbIe MaTo(pU3N0JIOrnYe-
CKHMe MEXaHM3Mbl PEMOIEIUPOBAHUS apTepuii IPUBEIN HAC K 3aKJII0Ye-
HUIO, YTO MMEHHO YPOKMHAa3a SBJISIETCS KJIIOYEBBIM PEryJsiTOPOM PEMO-
JEJTMPOBAHUS B CTEHKE COCYIOB IOCJIE MEXaHUUECKOIO MOBPEKICHUS.
IMocyie BHYTPUCOCYAMCTOrO MOBPEKACHUS TIPU aHTUOILIACTUKE, CTEH-
TUPOBAaHUM MU aTepod3KTOMUM y 20—30% OONBHBIX B TeueHUEe 6 MecslieB
pa3BUBaeTCd MOBTOPHOE CYy>KEHME MPOCBETAa apTepUM MU pecTteHos [117].
TpoMmOoTHUecKasi 1 BOCHaJIMTeIbHAs peaKlMM HAUYMHAIOTCI C MOMEH-
Ta MOBPEXACHUSI COCyla M JOCTUTAIOT MaKCMMYyMa: IepBas — B TEUCHUE
MepPBbIX YaCOB, BTOpasi — MEPBBIX-BTOPBIX cyTOK (puc. 9). I1pn 3Tom 1u-
TOKWUHBI U (paKTOPBI pOCTa, BhIAEISIEMbIC TPOMOOLIMTAMU U JICHKOLIUTAMU,
aktuBupyoT MK, KoTopble HaUMHAIOT NPOIU(EPUpPOBaTh U MUTPUPO-
BaTb U3 MEIMU B MHTUMY. DTHU MPOLECCH JOCTUTAIOT MaKCUMyMa Ha 7-i1
JIEHb M 3aKaHUYMBAIOTCS uyepe3 Mecdll mocje nmoBpexaeHusi. Ha BTopoit
HeJeie IPOMUTPUPOBABIINE KJIETKM HAYMHAIOT YCUJIEHHO CUHTE3MPOBaTh
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OCHOBHbIE NpoLecChl peMoaenpoBaHus
apTepui nocne BHYTPUCOCYAUCTOro

noBpexgeHun
Bpevs K Nospexaerme
— JnacTUYeCKUi
B mevenue J cnasm
1 waca
1_ Tpomboa
7 el
FCKes BocnaneHue
B mevenue Murpauua 1 nponudepauma
I wecaya KINEToK
- Mpoaykuua / pemogenuposaHue BKM
dopmMupoBaHNe HEOUHTUMbI W
B mevenue . HEeoaaBEeHTULINK
daecalyes

KoHCTpUKTUBHOE pemoaenvpoBaHue aprepuit

CyxeHue npoceeTa

Puc 9. Pemodeauposarue apmepuil nocae Hympucocyoucmoeo nospedcdenus. BKM —
BHEKNeMOYHbLI MAMPUKC

MAaTpPUKC, 3TOT IPOLECC TOCTUTaeT MaKCMMyMa 4depe3 3 Mecslia M Mpo-
JOJIKaeTcss OKoJIo 6 MecsiieB. Bce 3Tu mpoliecchl IPUBOAAT K pa3BUTHIO
HEOMHTUMBI, (PaKTUUYECKU HOBOM OJISIIIKM, U K PEMOICIMPOBAHUIO CO-
CYIUCTOM CTEHKH, UTO B KOHEUHOM UTOre BEIAET K CYXXKEHHUIO MPOCBETa U
BO3BpaTy CUMITOMOB UIIeMUM (cTeHoKapauu) [118]. Mbl mmokasanu, 4To
ypOKMHa3a (MpsIMO MJIM OMOCPEIOBAaHHO — Yepe3 aKTUBALIMIO MJIa3MKMHA,
MPUHUMAET YYacTUE BO BCEX ATUX Ipolieccax.

[ToBbIllIEeHHOE coiepXXaHUE YPOKMHA3bl B Nepudeprueckoil KpoBU
0OJIbHBIX, MOABEPrarIIMXCsl AaHTUOIIACTUKE M CTEHTUPOBAHUIO KOPOHAp-
HBIX apTepUii, COOTHOCUTCS C BBICOKMM PHUCKOM Pa3BUTHUSI PECTEHO30B, U
SIBJISIETCSl TIPEAMKTOPOM aHTMOrpacuyeckKu IMOATBEPKICHHOIO KOpOHap-
Horo pecreHo3sa [5, 119, 120]. Mbl 0O0HapyXWJIU, UTO AHTUTEH YPOKMWHA3bI
U €€ aKTMBHOCTb B IJa3Me€ KPOBM CYILIECTBEHHO BBIIIE y MAllMEHTOB CO
CTeHOKapauei, 4eM y 310pOBbIX 100poBoJbleB [121]. MBI u apyrue aBTO-
pbI MOKa3aju, 4YTO KCIPECCUsI U aKTUBHOCTb YPOKMHA3bI MOBBIIIEHbI B
I'MK u Mmakpodarax aTepocKaepOTUUYECKUX, a TaKXKe PECTEHOTUUYECKUX
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Onsiek B apTepusix yenoBeka [122]. bblio BBISIBJIEHO, UTO B aTe€pOCKJIE-
POTHUYECKOM OJIsIIIKE YPOKMHA3Y 3KCIPECCUPYIOT MPEMMYIIECTBEHHO aK-
TUBUMpoOBaHHbIe Makpodaru [123]. [1oBbllIeHHAsT SKCOIPecCusl YPOKUHA3bI
U ee pelienTopa 0OHAapyXKMBAETCS B aT€POCKJIEPOTUYECKON OJISIILIKE, YTO
MOXET CIOCOOCTBOBATH YCUJIEHHOMY IPOTEOM3Y, O0YCIOBIMBAIOILIEMY
HecTaOUIbHOCTD OsiuKY [123, 124]. [ToBbllLIEHWE 3KCIIPECCUN YPOKMHA-
3bl MaKkpodaramu yCKOpsieT MporpeccCupoBaHre aTepocKaepo3a U paHHIO
CMepThb TpaHCreHHbIX Mblieit [125]. [ToMmumo 3Toro, ABASISACH (haKTOPOM
XeMOTaKcHca JJIs1 TIaJKOMBIIIEYHbBIX KJIETOK, JEHKOIIMTOB U MOHOLIMTOB/
MakpodaroB ypokrHasa [55, 99], skcrpeccupoBaHHasi B aTEPOCKJIEPOTH -
YyecKom OJIsIIIKe, MOXeT crnocoocTBoBaTh Murpauuu I'MK, euie 6oJiblieMy
MPUBJICYCHUIO MOHOLIMTOB/MakpodaroB B OJSIIKY M, TAKUM 00Opa3oMm,
MPUBOAUTH K POCTY U «JI€CTAOUIU3ALMU» OJISIIKU. YPOKMHA3a MOXET
aKTMBUPOBAaTb MATPUKCHbIE METaIJONPOTEMHA3bl U BbICBOOOXIATh CBSI-
3aHHbIE C MAaTPUKCOM (haKTOPbl POCTA, B YACTHOCTH TPaHC(HOPMUPYIOIIUIA
dakTop pocta B (TGF-B1), ocHoBHO#1 (pakTOp pocTa pubpobaacToB u
rpaHyJoOLUT-MaKpodar KOJOHUECTUMYJIUPYIOLIUK (pakTop, KOTOpbIE aK-
THUBHO YYacCTBYIOT B Ipoleccax areporeHesa [75, 126]. B to ke Bpems
camu (paKkTOpbl POCTa CTUMYJIUPYIOT MUTPALIMIO U XEMOTAKCUC KJIETOK U
CIOCOOHBI MOBBIIIATH KCIPECCUI0 YPOKMHA3bl MOHOLIMTaMU/MaKpodara-
MU U IJIaJKOMBIIIEYHBIMU KjaeTkamu [55, 127].

Hecnenuduueckas BocnaauTesbHasi peakiys COCYIUCTON CTEHKHU Ha
MOBPEXIEHME — BaXHOE 3BEHO IMaToreHe3a Kak pecTeHo3a, Tak U aTepo-
ckJjeposa [128, 129]. Ha monenu skcneprMeHTaIbHOM OaJJIOHHOM aHTMO-
IJIACTUKU MBI MOKa3ajau, YTO MPUBJAEYEHUE B COCYI MOHOLIMTOB MOXET
ObITb OHUM M3 MEXaHM3MOB BJIMSIHUSI YPOKMHA3bl HA PEMOJCIMPOBAHUE,
TaK KaK MOHOLIMTHI SIBJISIFOTCSI MICTOYHUMKOM LIMUTOKMHOB M POCTOBBIX (DaK-
TOPOB. DTO MOATBEPXKIAETCS MOAYYEHHBIMU HAMUW JAaHHBIMU O TOM, YTO
YpPOKMHAa3a yBeIUMYUBaeT cogepxkaHue B cteHke cocyga MPHK — ogHoro
U3 OCHOBHBIX MPOBOCIAIUTEIbHBIX (PaKTOPOB, CEKPETUPYIOIIMXCS MOHO-
uuraMmu/mMakpodaramu — daktopa Hekposa omyxoseil anbda (TNF-a)
U (pepMeHTa, OCYLIECTBIISIIOLIETO €ro MpeBpallleHue B aKTUBHYIO (opMy
(TACE — TNF-o converting enzyme). HaHeceHue ypoKuHa3bl BbI3bIBa-
JI0 3HauuTeNbHOE yBeanueHue skcnpeccun kak TNF-a, tak u TACE no
CPaBHEHMIO C €€ YPOBHEM B KOHTPOJIbHOM rpymrie, B TO BpeMsl KaK Ha-
HeCeHME TKAHEeBOro akTHMBaropa MJja3MMHOreHa rnoaodHoro addexra He
okasbiBasio [130]. ®akTop Hekposa onyxoJeii-a (TNF-a), BboipabaTbiBae-
MBbIIi MOHOLIMTaMU/Makpodaramu, HeldTpoduiaMu, a TakKXKe CTPYKTYp-
HbIMU KOMITOHEHTaMM COCYAMCTON CTEHKM (IIaAKOMBIILIEUHBIMU KJIET-
KaMu U dubpobdiactaMu), SIBISIETCS BaKHBIM MOCPEIHUKOM pPa3BUTUS
BOCMAaJICHUsI U BbI3bIBA€T 0Opa30BaHUE U CEKPELIUIO MPOBOCATUTEIbHbBIX
(hakTopoB (MHTepJeliKUH-10, KOpPTUKOCTEpOU b, MpocTariaHauHbI) [131].
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HecmoTpst Ha TO, UTO M TKAHEBOI aKTHMBATOP MJIa3MUHOIE€HA, U YpO-
KMHa3a aKTMBMPYIOT MJa3MUHOIEH ¢ 00pa3oBaHMEM IMJa3MMHA, UX POJib
B peMoAeaupoBaHUM apTepuil pasiunyHa. I[lociae 0aJIIOHHOIO IMOBpPEX-
JIEHUSl apTepuur SKCMPECCUsl TKAHEBOI0, U YPOKMHA3HOTO aKTHMBAaTOPOB
MJa3MUHOT€HAa IVIAAKOMBIIIEUHBIMU KJETKaAaMU MeIUU ObICTPO BO3pac-
taeT [6]. MBI moka3ajau, YTO DKCIPECCUsT YPOKMHA3bI MOBBIIIACTCS YKe
yepe3 6 4acoB IOCJIe TIOBPEXISCHMS M OCTAeTCsl MOBBIIIEHHON B TeYeHUE
4 nmHeil B MeAMU M pa3BUBaMolleiics HeouHTUMe [132], To ecThb B TeueHUe
TOrO BpEMEHHU, HAa KOTOPOE MPUXOAUTCS aKTUBHas mpoaudepauunsa 'MK
B MEIMU U UX MUTpalst B GOpMUPYIOLLYIOCS HeoMHTUMY [6]. Ha monenn
peMoneMpoOBaHUs apTepril, MHAYLIMPOBAHHOIO CHUXXEHUEM KPOBOTOKA,
Mbl TaK>Xe OOHApy>XWJIM, YTO COAepKaHWE YPOKMHA3bl KOPPEIUPOBAJIO C
POCTOM HEOMHTUMBI, TOTJa Kak coiepkaHue TKAHeBOro aKTHBaTopa Ijia3-
MUHOIeHa KOPPEJMpOBaJO C MO3UTUBHBIM PEMOJEIUPOBAHUEM apTEPUid
[133].

B Hacrosiiiee BpeMsi YCTaHOBJIEHO, UTO YPOKMHA3a SBsIeTCsl 00s13a-
TEJbHBIM YYaCTHUKOM peaKIMU cocyla Ha rospexaeHue [7, 134—136]. B
HUCCIENOBAaHUSX Ha TPAHCTE€HHBIX XXMBOTHBIX [137] 1 apTepusix MpuMMaToOB
[138] ObLIO ycTaHOBJIEHO, YTO YPOKMHA3a SIBJSIETCS KJIIOUEBbIM (DAKTOPOM
pPa3BUTHSI HEOMHTUMBI. BblJIO BBISIBJIEHO, UTO OTCYTCTBME IeHa YpPOKMHAa-
3bl, TaKXXe€ KaK M OTCYTCTBUE T'€HOB OOOMX aKTHMBAaTOPOB IJa3MMHOreHa
OTHOBPEMEHHO MPUBOAUT K IMOAABJIEHUIO pOCTa HEOMHTUMBIL. [Ipryem y
9TuX Mbllied I'MK HEOMHTHMBI ObLIM JUIIEHbl CIOCOOHOCTU MUIPHU-
poBatb. HecrmocooHocts MK neULIMTHBIX MO YpPOKMHA3€e MBILIEH K
MUTpalMU, a CJIeI0BAaTEIbHO U K (DOPMUPOBAHUIO HEOMHTUMBI, MOXET
ObITh OOYCJIOBJIEHA YYaCTUEM YPOKMHA3bl B paCLIEIJIEHUM BHEKJIETOYHOIO
maTtpukca [137]. TpaHcreHHasi TMIIEpPIKCIPECCUs YPOKMHA3bl B UHTUME
cocy/la Y KpOJIMKOB C aT€POCKJIEPO30M CTUMYJIUPYET KOHCTPUKTUBHOE
pemonenupoBaHue aptepuu [123]. CBs3biBaHME YPOKMHA3bl C PELIENTO-
poM uUPAR/CDS87 obGecrieurBaeT HarpaBJIeHHYIO JIOKAJIbHYIO Jerpaaaiuio
OCJIKOB BHEKJIETOUHOIO MaTpMKCa IO HaIMpaBJE€HUIO JBUXKEHUS KJIETKM.
Tem He MeHee, OTCYTCTBME I'eHa YPOKMHA3HOIO PEelErnTopa He OKa3blBaJo
BJIMSIHUSI HA OTBET COCYAMCTOM CTEHKM Ha IMOBPEXJIEHUE IO CPABHEHUIO
¢ MblliamMu aukoro tuna [139]. DToT (akT yka3blBaeT Ha NMpeuMyllle-
CTBEHHOE 3HAUYeHME ISl 3a>KMBJIEHUSI COCYAMCTON CTEHKU HE3aBUCSILIMX
OT pelienTopa CUTHAJIbHBIX MyTel, aKTUBUPYEMbIX YPOKMHA3OM.

C ucrnoib3oBaHUEM PEKOMOMHAHTHBIX (hOPM YPOKMHA3bl, KOTOPbIE
ObLIM IIOJIydYeHbI B Jlabopatopuu reHHoi nHxeHepun PKHIIK Pocmen-
TEXHOJIOTMI, a TaKXe HeUTpaau3yolIUX YPOKMHA3y aHTUTEI, TIPeAoCTaB-
JIEHHBIX T'pyInoil nHxeHepHoit ummyHojoruu PKHIIK PocmenrexHo-
JIOTU M PEKOMOMHAHTHOIO TKAHEBOIO aKTHMBAaTOpa MJa3MUHOI€Ha MbI
OOHApYXWJIM, YTO B OTJAMYME OT HATMBHOW YpPOKMHAa3bl MPOTEOJUTHYE-
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CKM HEaKTUBHasl peKOMOMHAHTHAsl YPOKMHA3a HE CTUMYJIMpoBaia odpa-
30BaHW€ HEOMHTHMMBbI U HEOAJBEHTUIIMU, BbI3blBaja MEHEE BbIpaXkKeHHOE,
4yeM B KOHTpoJIe, YTOJIIEHUEe MEIMU U YMEHbIIEHUE MPOCBeTa apTepuu
(puc. 10). Ee addexT Obl1 Onuxe K 3hEPEKTy HEUTPaIU3yIOLIUX YPOKU-
Ha3y aHTUTEJ, KOTOPbI€ MOAABJISJIM POCT HEOMHTUMbI U IMpeaoTBpalla-
JIU Cy>XE€HUE TPOCBeTa apTepuu, BbI3BaHHOE OalIOoHMpoBaHUEeM. B To ke
BpeMs1 popma ypokuHa3bl ¢ MoauduuupoBaHHbiM GFD, HecrocoOHas
CBSI3bIBATbCSl C YPOKMHA3HBIM PELIENITOPOM, BbI3biBajia 3(p(eKThl, aHaJIO-
TMYHbIE HATUBHOM ypokuHase [132].

IlonyyeHHbIe JaHHbBIE MO3BOJIUIN YTBEPXKIAATh, UTO in Vivo ISl CTU-
MYJISILIMM MUTPALMU KJIETOK UM PEMOJEIUPOBAHUS apTEepUil mperumylie-
CTBEHHOE 3Hau€HUEe MMEET MPOTEOIUTUUYECKasT aKTUBHOCTh YPOKMHA3HI.
Ot 3dekThl BecbMa crieuMMUUHbBI 11 YPOKUHA3bI 1, BEPOSITHO, 00Yy-
CJIOBJIEHBI HE TOJIBKO €€ CIIOCOOHOCThIO K 00pa30BaHMIO IMJIa3MUHA, TakK
KaK TKaHEeBOW aKTHMBATOp IJIa3MMHOT€Ha OKa3biBaj MPOTHBOMOJOXHOE
nevictBue [140]. OueHuBasi BIUsSIHUE 3K30I€HHOM YpOKMHAa3bl Ha MOKa-
3aTeJIM TeOMETPUYECKOr0 PEMOICIMPOBAHUST apTEPUM MOCIe OaTIOHUPO-
BaHUSsI, Mbl OOHAPYKUJM, YTO OHA HE TOJbLKO CTUMYJUPYET POCT HEO-
WHTHUMBbI, HO BbI3bIBA€T KOHCTPUKTUBHOE PEMOJAEJIMPOBAHUE apTEPUU
(yMeHblIIeHHEe TJIOLIAAM, OMUChIBAEMOI HAapy>KHOM 3J1aCTUUYHON MeMOpa-
HOM M yBeJMYEHUE COOTHOIICHUs MHTUMa/Menusi). TKaHeBOil aKTUBaTOP
MJ1a3MUHOI€Ha, HAIIPOTUB, BbI3bIBAJ MOJOXUTEIbHOE PEMOACIUPOBAHNUE,
Hapsiiy ¢ MoJaBjJeHUEM pocTa HeOMHTUMBI [140].

OtpuuaresbHOE peMoieIMpPOBaHNE apTEPUU SIBJISIETCS OMHUM U3 OC-
HOBHBIX MEXaHM3MOB MO3HEr0 Cy>KeHMsI IPOCBeTa apTepyM MOCje aHIMO-
riacTuku 6e3 creHTupoBaHus [141]. CriocoOHOCTh YPOKMHA3bI BbI3bIBATh
KOHCTPUKTHUBHOE PEMOJEIUPOBAHUE MOBPEXIEHHONW apTepUu MOXET
ObITH OOYCJIOBJIEHA €€ BJIMSHUEM Ha aJBeHTULIMIO cocyna. HaHeceHue
Ha aJBEHTMIIMIO SK30T€HHOW YPOKMHA3bl CTUMYJMPYET €€ pOCT, MPOJIM-
(epalMio KJIETOK M aKKyMYJSILUIO a-aKTUHMIOJOXUTEIbHbBIX KJIETOK U
MOHOIIMTapHO-MaKpodarajibHyl0 MHOUIbTPALIMIO, a HEUTpaIU3yIoll1e
YPOKMHA3y aHTUTEeJIa, HAMPOTUB, YMEHbIIAIOT KOJIUYECTBO KJIETOK COK-
paTUTENbLHOTrO (PeHOTUIA U MOAABISIOT POCT HEOABEHTULIMM B OTBET Ha
noBpexaeHue [142]. IIpu stom, HeakTuBHast ypokuHasa (UPA-H/Q) u
TKAHEBOI aKTMBATOP IMJa3MHWHOI€HA HE OKa3blBAalOT CTUMYJIMPYIOLIEro
BJIMSIHUSI Ha aKKYMYJISIHUIO 0-aKTUHITOJIOXMTEIbHBIX KJIETOK U MaKpo-
(haroB B MOBpexXIEHHON aABEHTULIMU, UTO YKa3bIBaeT Ha OMpenesoliee
3HAYEHME MPOTEOJTUTUYECKON aKTUBHOCTU YPOKMHA3bl AJIs OCYILIECTBIIC-
HUS 3TUX IPOLIECCOB.

Bo mMHorux pabotax moka3zaHa B3aMMOCBS3b MEXIY PEMOACIMPOBA-
HUEM COCY/IOB M 3KCIIpeCcCUeil MaTPUKCHBIX METAJONpPOTENHA3, MPEeX/e
Bcero MMII-2 u MMII-9, ocyuiecTBasolux Aerpajgaluio BHEKJIETOU-
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Puc. 10. Pemodeauposanue coHHOU apmepuu KpbiCbl NOCAE SIKCNEePUMEHMANbHOL 0a.1-
JAOHHOU AHRUONAACMUKYU U HAHeCeHUsl pPa3Au4HbiX (opmM peKoMOUHAHMHOU YPOKU-
Ha3zbl. [Ipedcmaeaeno uzmenenue naowaou npoceema apmepuu (I111) u naowadu,
ONUCHIBACMOU HAPYICHOI Inacmu4Holl memoparoiu (HIM), connou apmepuu Kpwvicol
Ha 4-e cymku nocae 06aANOHUPOBAHUS U HAHECEeHUS YPOKUHA3bl HamueHou (uPA),
¢ moougpuyuposanuvim pocmogvim domernom (UPA/GFD), npomeosumuuecku Heak-
muenoti (uPA H/Q) u neiimpaauzyrowux ee anmumen. Konmpoab — HaHeceHue 4u-
cmoeo eean. * P < 0,05. B kaxcdoii epynne no 9 scuommuix

Horo MaTtpukca [143—145]. BoBieyeHue cucteMbl MaTPUKCHBIX METaJlJIO-
MpOTEerHA3 B MPOLECC 3aKMBJIEHUSI paHbl MoOcje 0aJJTOHHOIO MOBPEXe-
HUS JOKa3bIBaeT U TOT (DAKT, YTO YBEJIMUYEHUE IKCIIPECCUU MHTUOUTOpA
MMII — TIMP-1 nonaBisgeTr pa3BUTHE HEOMHTUMBI [146], B TO BpeMs
Kak y Mbileit ¢ gepuuutom TIMP-1 obpa3oBaHrMe HEOMHTUMBI IOCIIE
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2JIEKTPUUYECKOr0o MOBPEXIESHUSI OeApEeHHOU apTepuu ObLIO Oosice BhIpa-
KeHHbIM. Mcnoib3oBaHue pa3auuyHbiX HHIMoMTOpoB MMII nipuBoauio K
3aMeJICHUI0 00pa30BaHKsI HEOMHTUMBbI U TOJABJICHUIO MUTPALIUU TJIal-
KOMBIIIEYHBIX KJ1eTOK [147]. I3BeCTHO Takke, YTO Mexay (puOpuHOIM-
TUYECKON CUCTEeMOI (CMCTeMOI aKTMBATOPHI IJIa3MUHOIreHa—TJIa3MUH) U
CHUCTEMOI MATPUKCHBIX METAJJIONPOTENHA3 CYIIECTBYET TeCHOE (hYHKIIMO-
HaJibHOe B3aummoneiictBue [139, 144]. Panee Obl1l0 Mmoka3aHO, UTO ypoO-
KMHa3a MOXET He3aBMCUMO OT Mja3MKMHa Oyiarogapsi COOCTBEHHON Mpo-
TEOJMTUUYECKO aKTUBHOCTU akTuBUpoBaTb MMII [148]. MBI noka3zanu
BIUsIHUE YpOoKMHa3bl Ha akcrpeccuio MPHK MMII-9 B kjneTkax MOHO-
uuTapHbix JuHui [70—72]. KpoMe Toro, B HalleM MCCIEI0BaHUU in Vivo
Mbl OOHApYXXWJIM, YTO aKTUMBATOPbI IJa3MUHOI€HA TMO-Pa3HOMY BIIMSIIOT
Ha aKcrnpeccuio u aktuBauuio MMII-2 1 MMII-9 B GannoHUpoOBaHHOM
COHHOI apTepuM Kpbichl [149]. Tak, Bo3pacTaHue B MOBPEXJIEHHOM CO-
Cyle YpOKMHAa3bl CTUMYJIUpPYET yBeaudeHue skcnpeccun MMII-2 u 00-
pa3zoBaHue aKTUBHBIX ¢opM MMII-2 u MMII-9 B paHHHE CPOKM IOCIIE
OalJIOHUPOBaHUS. YBeJIMUYEHHE B COCY/le TKAHEBOIr0 aKTHMBaTOpa IJIa3Mu-
HOreHa, HalmpoTUB, yMeHblaeT a3kcrnpeccuio MMII-2 1 He BiusieT Ha 00-
pa3oBaHMe aKTUBHBIX (DOPM ATUX (PEPMEHTOB. DTOT (PAKT MO3BOJUI HAM
MPEeAnoJoXUTh, YTO YPOKMHA3a U TKAHEBOW aKTHUBATOp IJIAa3MUHOIEHA
MOTYT MO-pa3HOMY BJIMSTh Ha 3KCIPECCUIO TEHOB, KOAMPYIOIIUX OCJIKH,
y4acTBYIOILIME B PEMOJEIMPOBAHUM apTEPUIA.

i BBISICHEHUSI MEXaHM3MOB Pa3JIMUHOIO BJIMSHMS aKTHBAaTOPOB
IUJIa3MMHOT€HAa Ha PEMOIEIMPOBAHUE COCYIOB, Mbl IIPOBEJIU UCCISI0BAHUE
9KCIIPECCUM T'€HOB B 0aJIJIOHUPOBAHHOM COCYJE MPpU HAHECEHUU Ha HEero
YPOKMHAa3bl 1 TKAHEBOIO aKTMBAaTOpa Mjaa3MMHOreHa. Mbl OOHapyKUJIu,
4YTO YPOKMHA3a OKa3blBajia BIMSHUE Ha SKCIPECCUIO OOILIMPHON TPYMITbI
MPOBOCHAJIMTEIbHBIX TEHOB U F€HOB, PEryJIUPYIOLIUX METab0IM3M MUTO-
XOHApUI U oKcuagaTuBHbIN cTpecc [150]. M3mMeHeHMe 3KcIpeccuu TeHOB,
YYacCTBYIOILLIMX B PEryJsSlMU BOCHAJIEHUS, MOA ACUCTBUEM YpPOKMHA3bl U
OTCYTCTBUE MOAOOHBIX UBMEHEHMIA TIOJl NIEHCTBUEM TKaHEBOIO aKTHBaToOpa
MJa3MUHOT€Ha CBUIETEJLCTBYET O TOM, YTO BOCHAJMUTEJbHBINA KacKal,
BEPOSITHO, BOBJICYEH B CTUMYJISILIMIO POCTa HEOMHTHUMBbI, KOHCTPUKTUBHOE
peMoJieIMpoBaHue U, KaK CJIeICTBUE, YMEHbIIEHUE TTPOCBeTa apTepuu Mo
JIEICTBUEM YPOKMHA3HI.

HenaBHue uccienoBaHus IOKasaju, YTO OKCUAATMBHBINA CTpecc,
BO3HMKAIOLIMI B OTBET Ha MOBPEXJIEHUE COCYIMCTOM CTEHKHU, UrpaeT
BaXXHYIO pOJib B IaTOreHe3e CepAeYHO-COCYIUCThIX 3a00JeBaHU, MO-
CKOJIBKY CMOCOOCTBYET HEOJAronpusiTHOMY PEMOAEJIMPOBAHUIO COCY-
noB [151]. M3BecTHO, 4TO 0Opa3zoBaHuE CYNEPOKCUA-paaurKasa SBISETCS
OIHUM M3 KJIOUEBBIX MPOLECCOB, PETyJUPYIOIINX COCYAUCTBI TOHYC U
nponaudepauuio 'MK B crenke cocyna [152]. IloBbllieHHast 3KCIIpec-
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cust NADP-okcuga3 B 6aJJIOHUPOBAHHOM apTepuu IIpeacTaBiisieT coboit
BaXXHbI MEXaHW3M CUTHAJIM3AlLIMU, PETYJUPYIOLIEH POCT HEOMHTUMBI,
peMmonenupoBaHue apTepuu u ateporeHe3 [153]. Mbl oOHapyXUWJIU, YTO
cTuMyJsiLust oopaszoBaHust ADK u peryisiuust 3KCIpecCuu reHOB, OKa3bl-
BaIOLIMX BJAWSHWE HA OKCUIATUBHBINA CTPECC, B MOBPEXJIECHHOW apTepuu
MOCJIe IKCIIEPUMEHTAIbHON 0AJUJIOHHOM aHTMOIIACTUKM in Vivo, Onocpe-
IYIOT YCUJIEHHOE AeJIeHUe KJIETOK Mo AeicTBUEeM ypokuHasbl [115, 154].
DTOT HOBBIM PENOKC3aBUCUMBIM MEeXaHU3M ACHCTBUS YPOKUHA3bl MOXET
0Ka3aTbCsd KJIIOUEBbIM B PEryJSILIMM POCTa HECOMHTUMbI U PA3BUTHUU HE-
0J1aronpusATHOrO PEMOACIMPOBAHUS COCYAUCTOM CTEHKU. MBI Moka3asiu,
4YTO ypOKMHa3a crocoOHa moBbilIaTh 3Kcrpeccuio NAD(P)H okcupas u
MPONYKLMIO aKTUBHBIX ¢popM Kuciaopoaa (ADPK) u peryiupoBaTh IpOJIU-
depaunio 'MK kak ayrokpuHHBIN (hakTop pocta. HemaBHO Hamu ObLIM
MOJIyYEHBI HOBBIC TAHHbBIC, PACHIUPSIOLINE MPEACTABIECHUS O CUTHAJIbHBIX
MyTSAX, PETYJIMPYEMbIX YPOKMHA30M, U YKAa3bIBAIOIIME HA YHUKAJIbHYIO U
MHOTO(YHKIIMOHAJIBbHYIO TIPUPOLY YPOKMHA3bl. MBI TTOKa3aau, 4YTO YpoO-
KMHa3a CrocoOHa TPaHCJIOLMPOBATLCA B SAPO U, TAKUM OOpa3oM, pery-
JIMPOBATh 3KCIIPECCUI0 TeHOB [32].

Ha puc. 11 cymmupoBaHbl MEXaHU3Mbl BJIMSHUS YPOKKMHA3bl HA pe-
MOAECIUPOBAHUE apTEPUI.

AHrHOreHe3 M ypoKMHa3a

AHruoreHe3 mnpeacTaBigeT codoii 00pa3oBaHME HOBBIX KalMWJLISIPOB
OT MOCTKANUWJUJISIPHBIX BEHYJ, KOTOPOE OCYLIECTBISIETCS yepe3 aKTUBa-
LIMIO 3HIO0TEIUATbHBIX KJIETOK, SKCIIPECCHIO B HUX MPOTEMHAa3, Aerpajia-
LIMI0 BHEKJIETOYHOI'O MaTpMKca, Mpoaudepalnio 1 MUTpaluIo 3TUX KJie-
TOK, 00pa3oBaHUe MMM MEPBUUYHBIX BbICOKOIPOHUIIAEMbBIX COCYIMCTBIX
CTPYKTYP, MOCJIEAYIOLIYIO CTAOMIN3ALIMIO U «B3POCIEHUE» 3TUX CTPYKTYP
3a cueT ImpuBjedyeHUs nepuuutoB U 'MK, a Takxke opraHu3zalLuyd UX B
CJIOXHYIO TPEXMEPHYIO COCYAUCTYIO ceTh [155]. OCHOBHBIM CTUMYJIOM K
aHTMOTeHe3y MpU (PU3HOJOTMUYECKUX U MATOJOTMUYECKUX COCTOSIHUSIX SIB-
JISIETCS HEOCTAaTOK KMcaopona (TUITOKCUS UM UILeMUsT), KOTOPbIA uepe3
aKTMBATOP TPAHCKPUMLMUU (PAaKTOPOB aHTMOTreHe3a — MHAYLMPYEMbIid T1-
nokcued paktop-1 (HIF-1), uHayuupyeT 3KCIPECCUI0 MHOTUX aHTHUO-
TFeHHBIX (PaKTOPOB U, MPEXJIe BCEro, OCHOBHOIO PEryjsTopa aHIMOreHe3a
KaKk B 3MOpPMOHAJIbHOM, TaK U B MOCTHATaJbHOM IE€pUOJE Pa3BUTHUS Op-
ranusma — VEGF u ero peuentopoB. VEGF uszbuparenbHo CTUMYIUPYET
npoaudepaluio U MUTPALIMIO SHAOTeAUAIbHBIX KjaeToK (DK), ux mpen-
IIECTBEHHUKOB U MOHOLIMTOB, 3KCHPECCUPYIOLIUX PELENTOPhl K HEMY,
yBEJMYMBAET COCYIUCTYIO MPOHULIAEMOCTb, CIIOCOOCTBYSI MPOINOTEBAHUIO
0€JIKOB IJ1a3Mbl B OKOJOCOCYIMCTOE MPOCTPAHCTBO, HEOOXOAMMOE IS
murpanuu 9K, nHIyLupyeT aKcnpeccuto sHaoTeananbHoin NO-crHTa3bl
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Ponb ypOKMHa3bl B pEMOAENMPOBaHUN apTEpUii
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-

PocT u pemofienipoBaHWe KpOBEHOCHLIX COCYA0B

Puc. 11. Mexanusmbt pecyrayuu pocma u pemooesuposanus apmepuii noo delicmeu-
em ypoxuuasvl. uPA — ypoxunaza; uPAR — peuenmop ypoxunaszvi uPAR/CDE87;
BKM — enexaemounsiii mampuxc, MMII — mampukcHble Memaiionpomeurasol

n obpazoBaHue NO, 4TO CMOCOOCTBYET Ba3omWJIaTallMUM U CTUMYJIUPYET
SKCMPECCUIO TIPOTEMHA3, pa3pyllIaloUX CBsI3U Mexay DK 1M BHEKIETOU-
HbIM MaTPUKCOM, YTO HEOOXOIMMO JJIsl HAINlpaBJACHHOW MUTpallUU KJie-
TOK.

g MHAUMauuu mpolecca aHTMoreHe3a HeoOxoauMa JecTabuiv-
3alMs cocyla — ocjiabjeHue MEeXKJIETOUHBIX KOHTAKTOB MEXAYy SHI0-
TeJMaJbHBIMU KJIETKAMU, pa3pyllieHue 0a3ajbHO MEeMOpaHbl, a TaKxke
JIOKAJIbHBIH MPOTEOJN3 MAaTPUKCHBIX OEJIKOB IJIsl TOrO, YTOObI SHAOTEIU-
aJIbHble KJIETKU WJIM UX TPEIIIeCTBEHHUKU U3 LUPKYJIUPYIOIIe KpoBU
MOIJIM MUTPUPOBATh U (OPMUPOBATh HOBBIE cocynbl [156, 157]. [ToaTomy
aHTMOTeHe3 HEBO3MOXEH 0e3 aKTHMBallMM BHEKJETOYHOIO MpOTeoJiu3a,
OCYLIECTBJISIIONIETOCS. 32 CYET KaTaJIM3MPyeMOro ypokKnHa3oii o0Opa3o-
BaHUS MJa3MMHA Ha MOBEPXHOCTU KJeTKU. M3BecTHO, 4TO ypoKuHa3a
U €€ PEeLenTop WIrparoT BaXXHYIO poJb B Ipoleccax aHruoreHesa [155].
DHoTeauaabHble KJIETKH, B KOTOPBIX TUIIEPIKCIIPECCHpOBaHa YPOKMHA-
3a, XapaKTepU3ylTcs 00JbllIeii MHBAa3UBHOCTLIO in Vitro, 4eM MHTAaKTHHIE
[158]. B KJIIMHMYECKUX UCCIEAOBAHMX MOKA3aHO, YTO IKCIIPECCUSI YPOKU-
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HA3HOTro peLenTopa XxapaKTepHa JJisi HauboJiee «arpeCCUBHBIX» KJIETOK B
OMYyXOJIM Y JIJIS1 COCYZIOB, PACTYILMX MO €€ Kpalo, 1 MOXET ObITh MapKepoOM
aKTHMBHOI'O OMYyXO0JIEBOrO aHTMoreHe3a v MetactasoB [159]. MU3BecTHO, 4TO
WHOUIBTPALUS TKaHEl MOHOLMTaMu/MakpodaraMu, CeKpeTUpyomnuMu
aHTMOTeHHbIe (PaKTOPHI, CITIOCOOCTBYET aHruoreHe3y [160], a mupKynupy-
O11IM€ MOHOLIMThI UTPAIOT OMpPENeIeHHYIO POJib B pa3BUTUM KoJlIaTepasei
[161]. YpokuHa3za 1 ee pelenTop CTUMYIUPYIOT aKKyMYJISIIMIO MOHOILIU-
TOB/MakpoaroB B TKaHSIX M YYacTBYIOT B Pa3BUTUM BOCHAJUTEIBHOTO
OTBETa KakK IMpPpU PEMOAEIMPOBAHUM apTepuil, TaK U MpU apTepUOreHe-
3¢ [5, 162]. YpoknHa3a u oOpa30BaBIUMIICS TOI €€ ACHCTBUEM IJIA3MUH
VWHULMUPYIOT pa3pylleHue OeJIKOB 0a3ajibHOM MeMOpaHbl, TAKUX KaK
(puOpoHeKTUH U JaMUHUH. OHU TaKXe MOTYT aKTHBUPOBATh U/WUJIU BbI-
CBOOOXAaTh JAaTEHTHbIE MAaTPUKCHBIE METAJJIONPOTEMHA3bl, a4 TaKXe aH-
ruoreHHble (aktopsl pocra, B yactHoctu VEGEF, bFGF, HGF, TGFB u
PDGF, koTophnie B CBOIO ouepeab CIIOCOOCTBYIOT MUTPALIUU HIOTEIUATb-
HBIX KJIETOK, UX MHBa3uu u npojudepaunu [18,73,75,77,81,95,155]. Ypo-
KMHa3a OIrnocpeayeT aHrTMoreHHble 3(p(peKThl HEKOTOPbIX (PaKTOPOB pocTa
Osiarogapsi Kak MpoOTEOJUTUYECKON aKTUBHOCTU, TaK U CBOMM HEMpPOTEO-
JIMTUYECKUM CBOVICTBAM.

Pe3ynbTaThl HalllMX UCCAEIOBAHUI CBUIETEIBCTBYIOT O TOM, YTO ypO-
KMHa3a KakK KJIIOYEBOW PEryJsiTOp BHEKJIETOUHOIO IMPOTEOIM3a U PeMO-
NEJIMPOBAHUS TKaHEW sIBJIsIeTCS (DAKTOPOM, OMOCPEAYIOIIMM CUTHAJbl K
3aIycKy aHruoreHesa [5, 155]. IloBbllleHUE 3KCOPECCUU YPOKMHA3HI B
SHAOTEJMAJIbHBIX KJIETKaX yBEJIMYMBAeT MX MHBA3MBHBINM MOTEHIIMA, a
no0aBeHUE aHTUTEJ, OJIOKUPYIOIIMX YPOKWHA3HBINA PELENTOp WU TPO-
TEOJUTUYECKYIO0 aKTUBHOCTb YPOKMHA3bl, MOXET MOJAABISTh MUIPALIUIO
SHAOTENMATBbHBIX KJIETOK M 00pa3oBaHME KANMUJUISIPONOAOOHBIX CTPYK-
Typ [163, 164]|. biokama ypokuHasHoro peuentopa (WPAR/CD87) ¢ mo-
MOIIIbIO ceuu(PUUYECKMX aHTUTE MOAABJIsIET MHAYLUpPYeMble (DaKTO-
poM pocta ¢pudbpobdiactoB (bFGF) u sHmorenuanbHbIM (paKTOpPOM pocTa
cocynoB (VEGF) murpanuio sHA0TeIMaJIbHBIX KJIETOK U 00Opa3oBaHue
KanuJIsiponogo0OHbIX TpyOouek B (pubpuHOBOM MmaTpukce [165]. Takke
ObLJIO MOKAa3aHOo, YTO B KJIETKAaX SHAOTENUS YpOKMHa3a akTuBupyer MAP-
KMHA3HYIO CUTHAJIM3alUI0 nocpeacTBoM cBs3biBaHUs ¢ UPAR/CDS87 u
aKTMBalMKU TNpoTeMHKKUHa3bl C Oyiarogapsi MpoTEeOJIUTUYECKONW aKTUB-
HOCTH YpOKMHAa3bl, YTO BEAET K MMUIPALIMU 3HAOTEJMAJIbHBIX KJIETOK U
aHruoreHesy [40]. ¥V Mbliieii, HOKQyTUPOBAHHBIX IO T'€HY YPOKMHA3HI,
MoAaBJIeH apTEePUOreHe3 B UIlIEeMU3MPOBAHHON KOHEYHOCTU M aHTUOTeHE3
B cepaue, a VEGF He criocobeH cTUMYIMpPOBaTh aHTUOTeHe3 B MEPUMH-
(hapkTHOI1 30HE, B TO BpeMsl KaK y AMKKX MbIIIEH OH OKa3blBaeT BbIpa-
>KEHHBIN aHTHMoreHHbI 3¢ dekT [166]. Kpome Toro, VEGF ctumynupyer
DKCIIPECCUI0 YPOKMHA3bl B COCYIMCTHIX SHIOTEIMATbHBIX KJIeTKax [167].
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AHruoreHe3 B ceryatke, muHayuupoBaHHblii HGF, takxe omocpemoBaH
yBeJIMUEHUEM aKTMBHOCTM ypoKuHa3bl [168]. HapyiieHue B3aumoneii-
CTBUSI YPOKMHA3bl C €€ PeLenTOPOM MHTMOUPYET YCUJIEHUE MUTpPallMOH-
HOM Y MHBA3WBHOW aKTUBHOCTU 3HAOTEIUAIBHBIX KJIETOK IO AEACTBUEM
HGEF. Ot naHHbIe MOATBEPXKIAIOT, YTO YPOKMHA3a OMOCPEAYET aHTHO-
reHHble 3 @deKThl (PAKTOPOB POCTA. YPOKMHA3a MOXET TaKXKe CTUMYJIM-
poBaTh aHTMOreHe3 Oarofapsi akTUBALIMM BHYTPUKJIETOYHOI CUTHAIM3a-
LMY B BHIOOTEJMANbLHBIX KieTKax [40].

Mpbi uzyvanu 3¢p¢GeKTbl BHYyTPUMUOKAPAUAIBHOTO U BHYTPUMbILIEY-
HOI'0 BBEIEHMS MJa3MUIHON KOHCTPYKLMM C KoMIlTuMmeHTapHoil JITHK
(xIHK) ypokuHasbl (4ejioBeKa, KPbICHI M MBIIIIM) HA MOAEISIX UIIEMUU
3aHEell KOHEYHOCTU Yy MBIIIM U KpbIChl U MH(PapKTa Muokapaa (UM) y
KpeIchl [164,169]. Bpl1o mMoka3aHo, YTO YpPOKMHA3a CTUMYJIMPYET pa3BU-
THE KaluJUISIPOB U apTepUOJ U YBEIMUYMBAET aKKYyMYJISILIMIO MaKpodaron
B nepurH@apKTHON 30HE, YMEHbIIaeT pa3Mmep dopmupyrolierocs MM,
yBEJMYMBAET BACKYJISIpU3alIMIO, YCKOPSIET BOCCTAHOBJIeHUE Nepdy3uun u
MpeaoTBpallaeT pa3BUTUE HEKpPO3a B MIIEMU3UPOBAHHONW KOHEYHOCTU
(puc. 12).

D¢ HEeKTUBHOCTD MIa3MUIHON KOHCTPYKILMU C T€HOM YPOKMHAa3bl
Obl1a Oym3Ka K 3¢ (GEKTUBHOCTU MOMOOHON KOHCTPYKIIUU, COAepKalleit
red VEGF, npu 3ToM ypokunHa3a He BbI3bIBajla OTeK KOHeYHOCTU. Cremy-
€T 0C000 MOAYEPKHYTh, YTO HU B OHOM U3 CJAy4yaeB BBEACHUS MIa3MUJ
opu UM u MlIeMUM KOHEYHOCTU HE OBbLIO OTMEUYEHO (POPMUPOBAHMUS
aHruoM. IlonydyeHHbIe pe3yabTaThl CBUIETEIbCTBOBAIN O TOM, YTO F€HHAs
Tepanus MyTeM MNpsSMbIX BHYTPUMUOKAPAUAIbHbBIX/BHYTPUMBILIEYHbBIX
MHDBEKLM pacTBopa miasmuabl ¢ KJIHK ypokuHasbsl MoxeT 3(p(peKTUBHO
CTUMYJIMPOBAaTh aHTUO- W apTepUOreHe3 M yaydluaTh nep@y3uio uileMu-
3UPOBAHHBIX TKaHeil. Mbl mpeamnosaraeM, 4To Ipexonsiiee yBeIuyeHue
conepXaHusl YpOKMHa3bl B MIIEMU3UPOBAHHBIX TKAHSIX MOXET MPUBECTU
K CTUMYJISILIMM aHTUO- U apTepuoreHesa Ojarogapsi akTMBAllMU JIATEHT-
HbIX ¥ BBICBOOOXKIEHUIO CBSI3AHHBIX B MATPUKCE aHTMOT€HHBIX (DAaKTOPOB
pocta; K aktuBauuu MMII, ctTumyasuuMy Murpauvu U npojudepanuu
DK u I'MK cocynoB; NOTEeHLIUPOBAHUIO OEMCTBUS aHTHMOTEHHBIX (haK-
TOPOB; MPUBJICUYEHUIO MOHOLIMTOB B YYacTOK MIIEMMU U MOCJIEAYIOLIeH
CeKpelMd UMW aHTMOTeHHbIX (haKTOPOB U LIMTOKMHOB; IMpenoTBpalle-
HH1IO TpoMOO3a COCYIOB, KOTOPBIN CIAYXKHUT JOMOJHUTEIbHBIM (hPaKTOPOM,
yCYryonsIolMM HIIEMUIO TKaHEW MpW HapyILIEHUSIX MarucTpajbHOro
KpoBoTOKa. Mcnonb3oBaHue KOMOMHUpPOBaHHOM reHHoit Tepanuu VEGF
C YPOKMHA30i MO3BOJISIET B 2 pa3a CHU3UThL A03y miaasMmuiabl VEGF 6e3
notepu 3P(PEKTUBHOCTA U YMEHBIIUTL ITOOOYHOE IEHCTBHE Tepanuu
VEGFEF, nposBisiolieecss B pa3BUTUU OTeKOB. Ha ocHOBe IMia3MUAHBIX
reHetTuueckux KoHcTpykumii ¢ kIHK ypokxunaser 1 VEGF-165 co3na-
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Puc. 12. Bausnue npsamoeo 6eedenus naasmuo ¢ eenamu ypokuraswvl u VEGF Ha an-
euoapmepuoeenes 6 cepouye KpviCol U UeMU3UPOBAHHOU KoHeuHocmu mblu. a — Ko-
AUYECMB0 KANUAAAPO8 U apmepuos 6 nepuun@apkmuoli 30ne Ha 14-ii denv nocae UM
u eeederus naazmud (*P < 0,05). 6 — Pazmep chopmupyrouecocss nocmurgpapkmuozo
pyoua Ha 14-e cym nocae nepeesasku ITHA u unsexyuu naazmud. launvie npedcmaes-
JNeHbl 8 eude OMHOueHUs naowadu pyoua k naowadu JIK na nonepeunvix cpesax
cepdua. Beepxy — okpacka cpe3oe cepdua no Mansopu: 60oeamasn KoatraeeHom 006-
aacmo pyoua OKpaulueaemcs 8 CUHUL ueem, a JCU3HecnocoOHblll muokapd JIXK — 6
KpacHolil. 8 — 60ccmanogeHue nepghy3uu No0oOweeHHOU 00Aacmy UeMU3UPOBAHHOU
€60l KOHeHHOCMU Mblull (1a3epHoe 00NNAepO8CKoe CKAHUPOBAaHue, npumep 6HU3Y)
nocae esedenus naazmud. 3a 100% npunam Kpogomox 6 HeuueMu3upoeanHoi npa-
601l KOHEHHOCMU; 2 — OUEHKA PAa36Umus OMeKa no U3MEeHeHUr) COOMHOUEHUS] MACCbl
Mbluybl K macce meaa motuu. *P < 0,05; **P < 0,01
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HbI JIEKApCTBEHHbIE Mpernaparbl A1 TeHHOM Tepanuu, KOTOpbIe MPOLLIN
TOKCUKOJIOTMYECKUE UCCIEAOBAHUSI U MIAHUPYIOTCS A KIMHUYECKUX
WUCIBITAaHUI y OOJIbHBIX C UIIEMKUE HUXXHUX KOHEUHOCTEA.

C npyroif CTOpOHBI, «CBSI3bIBAIONIMIA TENTUI», 00pa3yloliuiics B
pe3yJsibTaTe MPOTEOJMTUYECKOro pa3pylleHUs] YPOKMHAa3bl MJIa3MUHOM
WY METaJUIONpOTernHa3aMu B nojioxkeHus1x Lys135—Lys136 nan Glul43—
Leul44, 6aokupyeT B3auMOIECHCTBUE YPOKMHA3KI C €€ PELENTOPOM U BbI-
3bIBa€T MOJABJICHWE MUIPALMU 3HAOTEIUATbHBIX KJIETOK M aHTMOTreHe3a
in vivo, CTUMYJIMPOBAaHHbBIX aHTMOT€HHBIMU (DaKTOpaMu poOCTa, B TOM YMC-
Jie B ormyxojisgx [64]. B To ke BpeMsi, ObIJI0 0OHAPYKEHO, YTO «CBSI3bIBAIO-
LMK MEeNTUI» COCOOEH 3alycKaTh BHYTPUKJICTOUHYIO CUTHAJIU3ALUIO U
CTUMYJIMPOBATh MUI'PALIMIO, CBS3BIBASICH C aVBS MHTErPUHOM, KPOME TOrO,
MpPU 3TOM B3aMMOJAECUCTBUU YCUJIMBAETCS MUTPALIMsI, BbI3bIBaeMasi poCTO-
BbIM JIOMEHOM YPOKMHA3bl MpPU CBI3bIBAHUU C PELENTOPOM YPOKMHA3bI
[170]. Kak 6b110 0OHapy>KeHO B MOCJIEeIHEM MCCIeIOBAHUN, pa3HbIe yUacT-
KM MOJIEKYJIbl YPOKMHA3bI, BXOASIIME B COCTAB «CBSI3bIBAIOILETO MENTHIA»
MO-pa3HOMY BJIMSIIOT Ha KJIETOUHYIO Murpauuio. Tak, yyactku 135—143 u
135—158 nuHrubupyot, Toraa, Kak y4actok 144—158 crumynupyeT KJieTO4-
HYI0 MUTPALIMIO, YTO MOXKET MPEACTABISITh COO0ON YHUKAJbHbBI MEXaHU3M
peryasiiuyd MUTrpalMyd B 3aBUCUMOCTH OT YCJOBUI, B KOTOPBIX MPOUC-
XOAUT Pa3HbI MPOTEOJUTUUYECKUI MPOLECCUHT MOJIEKYJIbl YPOKMHA3bI
[171].

KpuHr1 1 aMuHOTepMUHAIbHBIN (PparMeHThl YPOKMHA3bI, HE COAep-
JKallUe «CBSI3bIBAIOLLEr0 MEeNTHAA», MOTYT MOAABISTh MUTPALIMIO 3H0-
TeJMaJbHBIX KJIETOK U (DOPMUPOBAHKE KaNUJISIPOIIOAOOHBIX CTPYKTYP
[165,172]. HepaBHO HamMM TOJIy4YeHBI JAHHBIE O HETaTUBHOM BIIUMSTHUU
MPOTEOJUMTUUYECKN HEAKTUBHBIX PEKOMOMHAHTHBIX (POPM YypPOKMHA3bI
(uPA HQ u amuHOTEepMMHAJILHOIO (pparMeHTa) Ha CIIOHTAHHYIO MUTpa-
LIMIO DHJOTENIUATbHBIX KJIETOK. MBI MoOKa3ajau CIOCOOHOCTh aMUHOTEP-
MUMHaJbHOIO (hparMeHTa MoaaBsiTh CTUMYJIMPOBAHHBIM OCHOBHBIM (haK-
TOpOM pocTta (pudpodIacTOB aHTHMOreHe3 in vitro. IlonyueHHbIe pe3yJibTaThbl
YKa3bIBalOT Ha BO3MOXHOCTb MCIIOJIb30BAHUSI CUHTE3MPOBAHHBIX HaAMM
MPOTEOJUTUYECKN HEAKTUBHBIX PEKOMOMHAHTHBIX KOHCTPYKIMIA YPOKU-
Ha3bl IJIS1 PEeryISILIMM MUTPALIMM SHAOTEJINATbHBIX KJIETOK 1 MOJABICHMUS
HEOaHTHUOreHe3a.

Takum oO6pa3oM, MHOTOUMCJEHHbIE MCCJENOBaHUS MOKa3aau, YTO
YPOKHMHA3a, SBJSSICh MYJbTUIOMEHHBIM MHOTO(pYHKIIMOHAIbHBIM O€Ji-
KOM, peryjupyeT KJIETOYHYIO aare3uio, MUrpaluio v npojudepaiuio,
Onaromapsi cBoeil crielu(uYecKoil MPOTEOJUTUUECKON aKTUBHOCTHU, 00-
pa3o0BaHMIO TJIA3MUHA, PACLIEIJIEHNIO BHEKJIETOYHOIO MaTpUKCa, CBSI3bI-
BaHUIO C pelieNTOpaMu, B3aMMOJEHUCTBUSIM €€ TIOMEHOB JPYTr C IPYroM,
c OeJKkaMM MaTpMKca M MHTErpMHAMM, a TaKXe aKTUBALlMU CJIOXHOM
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BHYTPUKJIETOYHOI curHaausauuu. MHorue 3(p¢peKThl ypOKMHA3bl MO-
IryT OBITH OOYCJIOBJIEHBI €€ SIACPHOI TpaHCIOKalluel, B3auMOIEUCTBUEM
¢ (aKkTOpaMu TPAHCKPUIILUU U €€ BJIMSIHUEM Ha SKCIIPECCUIO T'€HOB.
Bce 3Tu cBOWCTBA YpOKMHA3bl OMPEACISIOT €€ KJIIYEBOE 3HAYEHUE B
npoleccax pocta U peMOACJIMPOBAHUS COCYIOB. YUMUTHIBAS POJb YpO-
KWHAa3bl B COCYAUCTOM DPEMOJEIMPOBAHUM MpenapaThl, HalpaBJCHHbIC
Ha MHTMOMPOBAHUE YPOKMHA3bI, MPU JIOKAJTbHOM MCIIOJb30BAHUU MOTYT
MpeAoTBpallaTh PECTEHO3UPOBAHME MOC/E OaJUIOHHONW aHTMOIJIACTUKMU.
M3BeCTHO, UTO aTepOCKIIEPOTUYECKUE OSIIKU UMEKT CUCTEMY KPOBO-
CHAOXEHMUS, a 9KCIIEPMMEHTAJILHOE TTOaBJICHUE KPOBOCHAOXKEHU S aTepo-
CKJIEPOTUYECKUX OJISIIIEK MOXET MPUBOAUTH K YMEHBIIEHUIO UX Pa3MEPOB
B 3—4 paza. TakuM oOpa3oM, MoaaBjJieHUEe aHTMOreHe3a, MHIYLIUPYEeMOIo
YPOKMHA30, MOXHO pacCMarpuBaTh KaK BO3MOXHBINA CIIOCOO JI€YEHU S
aTepoCKJIepO3a U 3JI0KAYECTBEHHBIX HOBOOOpa3zoBaHui. B ToO xe Bpems
JIOKaJIbHas T€HHasl Teparus C UCMOJIb30BAHUEM KOHCTPYKIIUKA YPOKMHA-
3bl, B TOM YMCJI€ €€ MYTaHTHBIX (DOPM, UpE3BbIUAHO MepCHeKTUBHA sl
CTUMYJISILMUA aHTMOT€HE3a MPU UILEMUYECKUX 3a00JIeBaHUSX, YUYUTHIBAS
OTCYTCTBUE MOOOYHBIX 3(h(PHEeKTOB, KOTOPbIMU 00JaAal0T (paKTOPhl POCTa
MPU UX TEPANIEBTUYECKOM MCIOJb30BAHUU. MyJIbTUIOMEHHAS CTPYKTYpa
YPOKMHA3bl U €€ KJII0UeBasl PEryJsiTOpHas poJjib B COCYIUCTOM CTEHKE
MPEIOCTABISIOT YHUKAJIbHBIE BO3MOXHOCTHU KaK JJIs1 UCCCIOBAHUS MeXa-
HU3MOB (PYyHKIIMOHUPOBAHUS COCYAUCTON CTEHKHU, TaK U AJs pa3paboTKu
HOBEUIIMX TEPANIEBTUYECCKUX TTOAXOIOB I MPAKTUYECKOTO MCMOJIb30BA-
HUSI YPOKMHA3bl U €€ (hparMeHTOB B MEIMIIMHCKOM MpaKTUKe AJs Jieue-
HUS pa3JIMYHbIX MaTOJOTUIA.

ROLE OF MULTIDOMAIN STRUCTURE OF UROKINASE
IN REGULATION OF GROWTH AND REMODELING
OF VESSELS

V. A. Tkachuk'?, O. S. Plekhanova', 1. B. Beloglazova,
E. V. Parfenova’

'Russian Cardiologic Research-Production Complex,
RF Ministry of Public Health, Moscow, Russia;
2Faculty of Fundamental Medicine, Lomonosov Moscow
State University, Russia;
e-mail: plekhanova@mail.ru

Urokinase type plasminogen activator, or urokinase (uPA), is a multi-
functional protein which plays special regulatory role in the vascular wall
and can actuate the proteolytic and signal cascades. The authors’ results
and literature data concerning the role of urokinase in remodeling blood
vessels and angiogenesis are summarized in the paper. At the present stage

120



B. A. Tkauyk, O. C. Ilnexanosa, U. b. Bbenoenasosa, E. B. Ilapghenosa

urokinase may be considered as a promising target for the effects di-
rected to prophylaxis of restenoses, to preventing of negative remodeling
of arteries, stimulation of vessels growth under the ischemic diseases and
suppression of angiogenesis under oncologic diseases.
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Ribosomal protein S6 kinases (S6Ks) are principal regulators of cell
size, growth and metabolism. Signaling via the PI3K/mTOR pathway media-
tes the activation of S6Ks in response to various mitogenic stimuli, nutrients
and stresses. To date, the regulation and cellular functions of S6Ks are not
Sfully understood. Our aim was to investigate and characterize the interaction
of S6Ks with the novel binding partner of S6Ks, Tudor domain containing 7
protein (TDRD7), which is a scaffold protein detected in complexes involved
in the regulation of cytoskeleton dynamics, mRNA transport and translation,
non-coding piRNAs processing and transposons silencing. This interaction was
initially detected in the yeast two-hybrid screening of HeLa cDNA library and
further confirmed by pull-down and co-immunoprecipitation assays. In ad-
dition we demonstrated that TDRD7 can form a complex with other isoform
of S6K - S6K2. Notably, both isoforms of S6K were found to phosphorylate
TDRD7 in vitro at multiple phosphorylation sites. Altogether, these findings
demonstrate that TDRD?7 is a novel substrate of S6Ks, suggesting the involve-
ment of S6K signaling in the regulation of TDRD7 cellular functions.

ibosomal protein S6 kinases (S6Ks) belong to the AGC family of
R Ser/Thr kinases and are implicated in the regulation of cell size,

growth and metabolism. Mammalian cells express two isoforms
of the kinase, S6K1 and S6K2, which are encoded by different genes
(RPS6KB1 and RPS6KB2, respectively) [1—5]. Both genes encode short
and long splicing isoforms of S6Ks via the use of alternative translational
start sites [1]. The predominant short (70 kDa) isoform of S6K1 is locali-
zed mainly, but not exclusively, within the cytoplasm, while a nuclear lo-
calisation sequence (NLS) found within the N-terminal (23 aa.) extension
of long S6K1 isoform (85 kDa) may target it to the nucleus [1, 2]. Simi-
larly, the long (56kDa) isoform of S6K?2 differs from the short (54 kDa)
splicing version by the presence of the NLS [3, 4] located within the N-
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terminal (13 aa.) extension. At the same time, both S6K2 isoforms contain
an additional NLS at the C-terminus, which determines their predominant
nuclear localization in quiescent cells [5].

Deficiency of both S6Ks is associated with a profound decrease in cell
viability [6]. The observed phenotype can be rescued by the expression of
either S6K isoform. The activity of S6 kinases is regulated by phosphoryla-
tion/dephosphorylation events in response to various extracellular stimuli
[7, 8]. Treatment of cells with growth factors, cytokines and hormones
leads to a rapid activation of S6Ks, while growth inhibitory agents, such as
steroids and TGF#, suppress their activities. Signalling via the PI3K and
mTOR pathways, induced by growth factors or nutrients respectively, are
the key events in the activation process of S6Ks [9—11].

At present, more than twenty known substrates have been described
for S6Ks, but only few of them have well defined functional consequences
[12].

A number of S6K-binding partners have been implicated in regulating
its kinase activity, including small GTPases Racl and cdc42, protein kinas-
es PDK1 and PKCy, protein phosphatases PP2A and PPI and cytoskeletal
protein neurabin [8, 12—14].

Here, we report the identification of a novel S6K1/2 binding
partner,Tudor domain containing 7 protein (TDRD?7), which is known as a
scaffold protein with molecular weight of approximately 130 kDa. TDRD7
was originally identified as a binding partner of Ser/Thr PCTAIRE?2 ki-
nase [15]. Further investigations have led to the discovery of TDRD7 in a
complex with ik3/Cables — cyclin-dependent kinase binding protein [16].

TDRD?7 is localized on the periphery of mitochondria and together
with other members of tudor-family (TDRD1/MTR-1, TDRD6) has been
implicated in the formation of polar/germinal granules (nuage), which
contain Dicer and microRNAs. These structures are involved in the mi-
croRNA pathway and the formation of a ribonucleoprotein complex in
spermatids [15, 17—19].

Other research groups suggested the involvement of TDRD7 in the
complex with TACC1-chTOG-Aurora kinase A, which controls mRNA
fate in conjunction with microtubule organization and the maintenance of
cell polarity [20].

TDRD?7 contain several unique domains in its structure. In particular,
there are three LOTUS domains at the N terminus, which are associated
with small RNA pathways in the germline [21]. A distinctive feature of
TDRD?7 is the presence of Tudor domains (Tudor 1 (460-582aa), Tudor 2
(649-776aa) and Tudor 3 (909-1027aa)). It is a large conserved domain,
initially described in proteins associated with nucleic acids [22, 23]. Recent
studies demonstrated that Tudor domains are specialized in the recognition
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of methylated lysine or methylated arginine sites, and are involved in chro-
matin remodelling (through histones dimethylation and RNA processing)
[22—24]. Moreover, Tudor domain-containg proteins were shown to have
chaperone-like activity, especially in the process of macromolecular com-
plex formation [18, 22, 24—27].

In this study, we describe for the first time regulatory complexes be-
tween ribosomal protein S6 kinases (S6K1 and S6K2) and TDRD7. Spe-
cific phosphorylation of TDRD7 by both isoforms of S6K has been dem-
onstrated in vitro, but the functional consequence of the TDRD7-S6K1 and
TDRD7-S6K2 association in mammalian cells remains to be investigated.

Materials and Methods

Production and purification of fusion proteins. Full-length coding se-
quence of TDRD7 and several cDNA fragments (F1 (1-290 aa); F2 (181-
411 aa); F3 (381-620 aa); F5 (620-873 aa); F6 (860-1098 aa) were amplified
by PCR using specific oligonucleotides. Amplified cDNA fragments were
purified and cloned into pET30a vector (Novagen) in frame with the N-
terminal and C-terminal 6His-tags. The expression of 6His-fusion recom-
binant proteins was performed in BL21 DE3 E. coli strain by induction
with IPTG for 3 h at 30 °C. Recombinant His-TDRD?7 fusion proteins
were affinity purified on TALON resin (BD-Clontech, USA) from soluble
fractions according to the manufacturer’s recommendations. The qulity of
purified fusion proteins was analysed by SDS-PAGE.

EE-S6K1 and S6K2 proteins were purified from insect cells infected
with recombinant S6K1 or S6K?2 baculoviruses as previously described (14).

Reagents, antibodies and cell culture. Generation of anti-TDRD7 mAbs
(specific to 181-411aa sequence), anti-S6K2 mAbs (2B) (specific to the
N-terminal region of S6K2) and anti-S6K1 polyclonal antibodies (specific
to the C-terminal region of S6K1) has been described previously [28—30].
Anti-His antibodies were purchased from Santa Cruz.

Human embryonic kidney cells HEK293 (obtained from ATCC) were
maintained at 37 °C and 5% CO, in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS; Life Tech-
nologies, Inc.), 50 U/ml penicillin and 50 pg/ml streptomycin.

TDRD7-S6K1 pull-down assay. 0.1 ug of 6His-tag TDRD7 fusion pro-
teins were incubated with HisLink resine (Promega) for 1 h at 4 °C in
lysis buffer (20 mM Tris-HCI (pH 7.5), 150 mM NacCl, 1% Triton X-100,
50 mM NaF, 5 mM EDTA, and a mixture of protease inhibitors (Roche
Molecular Diagnostics, Meylan, France). The beads were then washed
three times and incubated at 4 °C for 3 h in the same buffer with 50 ng
of baculovirally produced EE-S6K1 protein obtained previously [31] (Pa-
nasyuk et al., 2006). Bound proteins were eluted by boiling in Laemmli
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sample buffer, resolved by SDS-PAGE, transferred to PVDF membrane
and detected by immunoblotting with anti-S6K1 polyclonal antibodies.

Immunoprecipitation. Supernatants of HEK 293 cells were prepared
from total lysate and subjected to immunoprecipitation using appropriate
antibodies and protein A-Sepharose beads (Amersham). Briefly, 1ug of
mAbs in a total volume of 1 mL was incubated at 4 °C for 3h with su-
pernatnats, containing 500 pg of total cellular protein and 15 pL of 50%
slurry of protein A-Sepharose preliminary washed with lysis buffer. Then,
beads were washed three times with ImL of lysis buffer and boiled for 5
min in Laemmli sample buffer.

Immunoblolot analysis. Immune complexes or total cell lysates were
separated by SDS—PAGE. Resolved proteins were electroblotted onto
PVDF membrane and treated with appropriate antibodies as described
previously [28]. The antigen—antibody complexes were detected using the
ECL system (Millipore).

Far-Western blot analysis. EE-S6K1 (0.4 pg/line) was resolved by SDS-
PAGE and transferred to PVDF membrane. The membrane was blocked
with 2% BSA in TBS buffer (S0mM Tris-HCI, pH 7.4, 150 mM NaCl) for
1 h at 4 °C. Membrane strips were incubated in TBS buffer for 14 h at 4
°C with one of the recombinant TDRD7 peptides (F1, F2 or F6) diluted to
1 ug/ml or GST as a control. After washing three times with TBS-T (TBS
buffer with 1% Tween 20), strips were incubated with anti-His antibodies
for 1 h at 4 °C in TBS buffer, washed three times with TBS-T and incu-
bated with anti-rabbit secondary antibodies in 1 : 5000 dilution (Promega,
USA) for 1 h at 4 °C. Alternatively, strips were incubated with anti-S6K1
antibodies according to the procedure described above. Finally, the anti-
gen—antibody complexes were detected using the ECL system (Millipore).

In vitro kinase assay. 0.1 pg of recombinant EE-S6K1 or EE-S6K?2 was
incubated with 10 uCi [y-*?P] ATP and 0.2 pg of purified TDRD?7 proteins
as substrates in 30 pl of kinase assay buffer (10 mM MOPS, pH 7.2, 5 mM
B-glycerophosphate, 0.5 mM EGTA, 10 mM MgCl, and 0.5 mM DTT).
GST protein (Abcam) was used as a negative control for S6Ks. We used
myelin basic protein (MBP) from Millipore to test the activity of S6Ks, as
it is commonly used as a substrate for determining the activity of protein
kinases in vitro [32, 33].

The reactions were carried out at 30 °C for 1 hour and stopped by
adding Laemmli sample buffer. Protein complexes were separated by SDS-
PAGE, and phosphorylation of substrates was visualized by autoradiogra-
phy, using Agfa X-ray films.
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Results

The yeast twohybrid screen of a HeLa cDNA library with S6K1 as a
bait allowed us to identify a number of known and novel binding partners
[34]. Among them, 17 cDNA clones contained full-length coding sequence
for TDRD7 protein. Notably, all cDNAs had 5 non-coding sequences of
various lengths and therefore originated from different mRNAs. The inter-
action of wild type S6K1 with TDRD?7 in yeast cells was also confirmed in
mating assay [34]. In this study, we focused on examining the specificity of
TDRD7/S6Ks interaction in vitro and in mammalian cells, and on testing
TDRD7 as a substrate for S6K1 and 2.

S6K1 interacts with TDRD7 in vitro. To confirm the interaction be-
tween S6K1 and TDRD?7, recombinant proteins were used in in vitro
binding assays. The EE-tagged S6K1 was generated using baculovirus ex-
pression system and assessed for its capability to interact with a panel of
His-TDRD7 fusion proteins bound to the HisLink resin (see Matherials
and methods). The specificity of interaction between His-TDRD7 proteins
and S6K1 was analysed by immunobloting with anti-S6K1 antibodies. As
shown in Fig. 1A, specific interaction was only observed between EE-
S6K1 and the F6 fusion protein, corresponding to the C-terminal region
of TDRD?7.

Furthermore, we confirmed the interaction between EE-S6K1 and the
C-terminal region of TDRD7 by Far-Western blot analysis. As Fig. 1B shows,
the C-terminal fragment of TDRD?7 interacts specifically with EE-S6K1
and this interaction is possibly mediated via the Tudor domains.

TDRD7 forms a complex with S6K1 in vivo. The association of S6K1
with the C-terminal fragment of TDRD?7 in a pull-down assay and Far-
Western blot encouraged us to test the interaction between endogenous
S6K1 and TDRD7 in HEK 293 cells. For this purpose, we analyzed
TDRD7 complexes immunoprecipitated from HEK 293 cell lysate using
anti-TDRD7 mAbs [28]. The presence of S6KI1 in the immune complex
was detected by specific anti-S6K1 antibodies. As shown in Fig. 1C, S6K1
forms specific complex with TDRD7 in HEK293 cells. In a control ex-
periment, we coupled anti-GFP mAbs to beads and probed them with cell
lysates. No binding of endogenous S6K1 with anti-GFP beads was detected
in this analysis.

S6K?2 interacts with TDRD7 in HEK293 cells. Our finding of the
TDRD7/S6K1 complex in mammalian cells, prompted us to investigate
whether TDRD7 has the potential to interact with the second S6K iso-
form, S6K2. Endogenous S6K2 was immunoprecipitated with anti-S6K?2
mAbs (2B) specific to the N-terminal regulatory region and the immune
complexes probed in Western blotting with anti-TDRD7 mAbs. The data
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presented in Fig. 2 clearly indicate that TDRD7 is specifically co-immu-
noprecipitated from HEK?293 cell lysate with S6K?2.

Both S6K isoforms phosphorylate TDRD7 in vitro. To address func-
tional consequences of the TDRD7-S6K1 and TDRD7-S6K2 interactions
in mammalian cells, we examined whether S6K1 or/and S6K2 can phos-
phorylate TDRD7 in vitro. Initially we performed a bioinformatic analysis
of TDRD7 amino acid sequence for the presence of potential S6K1 or
S6K2 phosphorylation sites, using different online resources, including
PhosphoNET (www.phosphonet.ca), HPRD (www.hprd.org), PSP (www.
phosphosite.org), PPSP (http://ppsp.biocuckoo.org) [32, 35—37].

Bioinformatic analysis revealed the presence of several potential phos-
phorylation sites for S6Ks in TDRD7. Notably, some of these phospho-
rylation motifs were located in F1, F2, F5 and F6 TDRD7 constructs
(Fig. 3A). In total, the analysis revealed five potential sites for S6 ki-
nase phosphorylation (according to the highest predicted score) within the
TDRD7 sequence. Two of them (Ser35 and Ser92) are located within the
F1 fragment, one (Ser319) in F2, two (Thr837 and Ser862) in F5 fragment
and one (Ser862) in the C-terminal F6 fragment. The highest probability
was for Ser319 and Ser862, mapped to peptides F2 and F6, respectively
(Fig. 3A).

To verify the bioinformatic prediction, we performed an in vitro S6K1
and S6K?2 kinase assay using as a substrate different His-TDRD7 fusion
proteins. The data presented in Fig. 3C clearly indicate that both S6K1 and
S6K?2 readily phosphorylate F2, F5 and F6 proteins. No phosphorylation
of FI and F3 was detected in several independent experiments. High level
of S6K1 and S6K?2 autophosphorylation in this assay indicated the use of
highly active recombinant S6Ks.

Discussion

In summary, our results demonstrate for the first time that both S6K1
and S6K2 directly interact with TDRD?7 protein in vitro and in mamma-
lian cells. In addition, bioinformatic analysis revealed the existence of seve-
ral S6K1 and S6K2 phosphorylation sites in TDRD7 (presumably Ser319,
Thr837 and Ser862). Phosphoryaltion of TDRD7 by recombinant S6K1/2
was confirmed in in vitro kinase assay.

The functional consequence of TDRD7-S6K1 and TDRD7-S6K2 in-
teractions in cells is intriguing and remains to be answered. Although the
role of TDRD?7 in cell is still insufficiently studied, nevertheless this pro-
tein is of a great interest due to its presence in complexes that are involved
in the regulation of gene silencing, small non-coding mRNA processing,
mRNA transport and translation, microtubule dynamics and centrosomal
organization [13, 15]. The above data allow us to speculate that S6Ks may
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IP:aS6K2 (2B)
— 170kDa
WB: aTDRD7 '
’ W e | 130k0a
— 58kDa
e e P

Fig. 2. In vivo association between S6K2 and TDRD7. S6K2 was immunoprecipi-
tated from cell lysates with anti-S6K2 (2B) mAbs. The immune complexes were eluted
by boiling in Laemmli sample buffer, resolved by SDS—PAGFE and analysed by anti-
TDRD7 mAbs and anti-S6K2 C-terminal polyclonal antibodies. Beads incubated
with anti-S6K2 (2B) or HEK 293 lyzate along were used to test the specificity of
co-immunoprecipitation

influence TDRD7 adaptor functions through site-specific phosphoryla-
tions, which can drive the formation of regulatory complexes, consisiting
of signalling proteins and RNAs.

Subcellular localization of TDRD7/S6K1 and TDRD7/S6K2 com-
plexes is another interesting question which remains to be examined. It
has been previously reported that TDRD7 is localized to P-bodies and
so-called germinal granules (for germ cells), which are mainly detected
in close proximity to mitochondrial and nuclear membranes. Notably,
TDRD7 was also detected in cytoplasmic structures of unknown func-
tions [18]. It was speculated that these cytosolic structures may contain the
TACC-chTOG-PCTAIRE-TDRD7 complexes, involved in mRNA trans-
port and the regulation of translation [20]. We can not exclude that the
phosphorylation of TDRD7 by S6K1 or/and S6K2 may influence TDRD7
association with other proteins/RNAs and its subcellular localization.
Taking into account that S6K1 and S6K2 possess NLS-motifs, the interac-
tion with TDRD?7 also may be important for the regulation of S6K1 and/
or S6K2 nucleocytoplasmic shuttling.
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Therefore, further investigation of theTDRD7-S6K1 and TDRD7-

S6K?2 functional complexes in cells could shed light on many hidden as-
pects of S6Ks signalling within the cell.
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NMMYHOCYIIPECCHUA ITPU BEPEMEHHOCTU
N PUCKU ITPU BUPYCHbBIX UTHPEKIINAX

O. U. KHCEJIEB

DI'BY «<HUHU epunna» Munzopascoupazsumus PD, C.-Ilemepbype

H3z0anue, 6 komopom npeonosaeaemcs hnyoaukayus 3mou cmamol,
noceauero KObunero naueeo evidarouecocs Koaneeu akademuxy Hayuonano-
Hoti akademuu Hayk Yxkpaunsvt C. B. Komucapenko. /lna nac, eco koanee, oH
0€e3yCA08HO OMHOCUMCSL K YUCAY U3BECMHBIX YYEHbIX, 0esimeabHOCHb KOMOopo-
20 pacnpocmpansemcs om macuima6oé Hayuonanvnoil akademuu 0o pabomot
ounaomama, 00 epaxcoaHuHa YKkpaumnl, 8Heculeeo 6KAa0 é pasgumue U cma-
HoeneHue Hoeeuuwel ucmopuu Yxpauuol. Hckpenne padyem HAUUOHAAbHBLL
CNPOC HA MAKYH AUMHOCMb, ONpedensiemblil, 6epOsSMHO, U npeouecmeayruietl
buoepagueli 8vi0aroujecocs y4erHo2o U 3auHmepeco8aHHOCMbio 6 Gopmuposa-
HUU AUMHOCMeEU HAYUOHAAbHO20 U MeNCOYHAPOOH020 Macumaoa.

C. B. Komucapenxo — 6uoxumuk, Hawt koareea. Ilosmomy s doseo
dyman Hao mem, Kakou mamepuan Hanpasume 6 HObuieinoe uzoanue, 4mo
Modcem Obimb HAUbONee UHMEPECHBIM U 3AMEMHbIM Celiuac U He ycmapeem 6
Oauxcatiuiue 200bl. S evibopan npobaemy, 8 KOMOPOU COHemMarOmcsi Camoble bl-
darouuecs 00OCMUNCEHUS COBPEMEHHOU OUOXUMUU U MOAEKYAAPHOU OUOoA0UU.
Ilpu smom ona HeéepossmHO OAU3KA C NPAKMUYECKUM BONPOCAM 30PABOOXPA-
HeHus u Hauteu xcusnu. IlIpobaemy, komopas Oviaa 6bt om Hac danrexou, ecau
Obl He Oblaa Obl 3aeepuieHa npoepamma «leHom uenoeeka» u He cocmosnoCh
Obl OMKpbImMue BaXdCHeuwUx YHKYUU SHO02EHHbIX Pemposupycos, GHeopue-
WUXCS 8 2eHOM Yenogeka bonee 25 man. niem Hazao. U, koneuro, sma npobne-
Ma 3axeamvléaem ceouM Opamamu3mom, maKk KaxK poab SHOOEHHbIX BUPYCO8
0KA3aAach 8AMNCHOU He MOAbKO 8 HAuleM NPOUCXONCOeHUU U POICOeHUU, MaK
KaK ¢ Smumu upycamu Ces3aHbl MHO2Ue PUCKU PA38UMUs OCHOBHbIX 8UO0E
namoanaoauu 4yenosexka: om becnaodus 0o 6one3uell bepeMeHHOCMU, OM PUCKA
pa3eumus 310Ka4ecmeeHHblX 3a001e6aHUl 00 CUCMEMHOU namoao2uu u ay-
MOUMMYHHbIX npoyeccos. U, enaernoe, umo caedyem u3 NOHUMAHUS POAU IH-
002eHHbIX BUPYCOB 6 HAUleM 2eHOMe, IMO BbICOKUU PUCK BUPYCHbIX 3a001e6a-
HUull npu bepemernnocmu. Pewenue smoti npobnemvl 6 3Ha4uMeNbHOU cmenexHu
3acayea 08yX HanpasAeHull HayKu — CO8PEMEHHOU OUOXUMUU U MOAEKYAAPHOU
buonoeuu:

1. U3yuenue cmpoenus eenoma uenosexa.

2. Pacuwughposka cmpoenus u ()yHKYulli uMMyHopeuenmopos.

Ilosmomy moii 6vibop ocmarnosuacA Ha caedyowux 3azadkax Oepe-
MEHHOCIU:

— Kakum obpazom obecneuueaemcs UMMYHHAsS npueuieeuss niooa u
pazeumue moaepaHmHocmu,
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— KaKue MexaHusmbl 1excam 6 0CHoge (YHKYUOHANbHOU UMMYHHOCY-
npeccuu npu 6epemeHHOCmu;

— noyemy uH@exkyuu npedcmaesiom ocobyio onacHocme 045 bepe-
MEHHbBIX HCeHUUH,

— cywecmeyem AU K00 KOHMPOAS. UMMYHHOU CUCIeMbl U NOAb3YIOMCS
AU 5MUM K0OOM 8Upycwl?

Ha smu eonpocbt He03MONCHO 0blA0 Obl OMEemMuUms U U3y4amo Ux
6 OdaavHeliuiem Oe3 pyHOAMEeHMAAbHbIX Memo008 U 3HAHUU OUOXUMUU, MO-
AEKYAAPHOU 6UO0N0UU, PEHMeeHOCMPYKMYPHO20 AHAAU3A NPOCMPAHCIMBEHHOU
CMpYKmypbl 0e4K08, 2eHOMHbIX UCCAe008AHUI, MO eCMb 8Ce20 Moo, YMo CO-
cmaensiem 0CHO8Y pabomovl COBPEMEHHbIX OUOXUMUKOB U HAULe20 Y8aNcaemMo2o
toounsapa axademuxa HAH Yxpauno C. B. Komucapenko.

ocJie TTaHJIEMUM TOHKOHTCKoro rputma 1968/69 rr. oTHOIEHME
K TPUIIIY BHOBb ITOCTENEHHO CTaJ0 U3MEHSThCS KaK K OMacHOMU
JUTST KU3HU MH@peKuuu [1—4].

BriepBrie 3a MHOTHE TObI 3a00J1€BA€MOCTh TPUIITIOM B CAMOM Havalie
nangemuu 2009 r. ObICTPO pacnpocTpaHsIach CPEAU MOJIOABIX JIIOAEH, He
COCTaBMJIM MCKJIFOUEHME M KEHIIWHBI IeTOpOmXHOro Bo3dpacrta. [ocniura-
nu3anus 0epeMeHHBIX KEHIIIMH BO MHOTMX CTpaHax M pernoHax Poccum
HocuJjia MaccoBblil xapakTep [1]. HecMoTpst HA OTHOCUTEIBHO HEBBICOKUIA
ypoBeHb pacnpoctpanHeHus rpumnma ntul, H5N1, yxe B nepuon ¢ 2005 o
2008 r. HaYaaM perMcCTPUPOBATHCS OCIOXKHEHHbBIE ClIydyar OOJIE3HU Cpenu
OEpEeMEHHBIX XEHIIUH [2].

Tsxxenoe Teuenue nanaemudeckoro rpunmna HIN1pdmO09 y 6epemen-
HBIX XEHIIMH 00paTUI0 Ha cebs ocoboe BHMMaHMe. Bo MHoOrux ciyya-
sIX 3a00JIEBAEMOCTH TPUIIIOM y OEpEeMEHHBIX BO3HUKJIA HEOOXOOAMMOCTh
B OKa3aHUM TIOMOIIM B TajlaTaX MHTEHCUBHOM Tepanuu. B yuiepoe ot
mangemun 2009/11 rr. rubenp 6epeMEHHBIX XEHIIMH OT TPUIITA SIBIISET-
CA caMbIM 3HAUUTEJIBbHBIM U ApPaMaTUYECKUM COOBITHEM, CPAaBHUMBIM C
ONMKMCaHMEM TaKUX Ke ABJIEHUI B repuon «ucnanku» 1918 roma [1, 5, 6].

BmecTe ¢ TeM, BBISIBUJIOCH M OYEBUIHOE OTCTaBaHUE B MOHUMAaHUU
MIPUPOILI MHOTHUX IPOLIECCOB, COIYTCTBYIOIIMX OepeMeHHOCTH [6—8]. B
MEepPBYIO OUepeab 3TO OTHOCUTCS K (DYHKIIMOHAJIBLHON MMMYHOCYTIPECCHUH,
obOecrieunBalollell KOHTPOJb 3a BbIHAIIMBAHUEM TLIOAa 0€3 MMMYHOJIO-
rudeckoro koHgpaukra. OKa3aaoch, YTO UMMYHOCYIIPECCUBHBIN Oapbep
MEXy MOJIyaJlJIOTeHHBIM TLJIONOM M MMMYHHOM CHUCTEMOI MaTepUHCKOTO
opranu3ma o0ecreunBaeTCsl KJIIUYeBBIMU OeIKaMU 3HAOTEHHBIX PEeTPO-
BUpycoB [8, 9]. [ToaToOMy UMMYHOCYIIpECCHUSI TIPU TPUIIIEC Y OepEMEHHBIX
JKEHIIIWH CBSI3aHA CO B3aMMOJCMCTBMEM 3K30T€HHBIX BUPYCOB TpUIINa U
SHJIOTEHHBIX PETPOBUPYCOB TIALIEHTHI. DaKTUUECKN peub UIET O B3aMMO-
JNEHCTBUM SHIOTEHHBIX PETPOBUPYCOB TJIALICHTHI M 9K30TC€HHBIX MH(}EK-
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LIMOHHBIX BUPYCOB, UCIOJb3YIOIIMX UACHTUYHBIA MEXaHU3M UMMYHOCY-
npeccuu [6, 8, 10].

Ilepen TeM Kak mepeiTH K 00CYKISHUIO MPOOJeMbl NaHIEeMUYECKOIO
rpuMnma npu 6epeMeHHOCTH CJAEAYET OTMETUTh, YTO OMACHOCTh Pa3BUTUS
TSIKEJIEHIIMX OCIOXKHEHUI CBsI3aHa He TOJIbKO ¢ rpurinoM. [Ipu 6epemeH-
HOCTU OITACHOCTb MpeACTaBisieT (hakKTUuyecku Jitobast nHopekuus. Kpome
rpuIna, He MEHbIIYIO OMACHOCTb IMPEACTaBASIOT LIMTOMEraJoBUpYyCHasI
WHpekns1, MHPEeKLUMOHHbIA MOHOHYKJIE03 U BUpYyC DrictaitHa—bapp,
KOpb, FeMOpparuyeckue Juxopaaku. Bce aTo cBsizaHoO ¢ TeM, UTO UHDEK-
LIMOHHBIE BUPYCHI MCMOJb3YIOT TAKOU e MEeXaHU3M MUMMYHOCYIPECCUH,
KaK M 3HJOT€HHbIE BUPYChI, B 3HAUUTEJbHOI CTENEeHU oOecreyurBaroiue
3alMUTY MOJYaJaJOr€HHOro IJIofa OT MaTePUHCKOM UMMYHHOI CHUCTEMBI.

Ha npumepe rpurnmo3Hoil MHGpEKLIUU B3aUMOIEHCTBHE BUPYCOB
rpUMIla U HIOTEHHBIX PETPOBUPYCOB IMPOSIBISETCS CO BCE OYEBUIHO-
CTbhlO, & YUUTHIBAsI MAaCCOBOCTb 3TON MH(pEKIIUU YUCIO KIMHUYECKUX Ha-
OJIIOAEHUIT HEeCpaBHEHHO OOJIblIE, YeM MpU KaKUX-TUOO0 APYrux mHgek-
LUSIX.

Oco0eHHOCTH rpumnmna npu GepeMeHHOCTH

B nepuon mannemuu rpurmna 2009/10 rr. 6epeMeHHbIe XXEHIIUHbI OT-
HOCWJIMCh K HauboJjiee MPUOPUTETHBIM IpylnaM puUcKa, TakK Kak y Oe-
peMeHHBbIX 3a00JieBaHKE T'PUIINOM Yalle MPOTeKaeT B TskKenaoil dopme,
a BbIOOp CPENCTB JieueHUs1 KpailHe orpaHuyeH. «CUHIpPOM OepeMEeHHBIX
>KEHIIWH TIPY TPUIIME» CAenyeT KBaJUMUIIMPOBAaTh KaK pa3BUTHE UHGEK-
LIMOHHOTO TIpoliecca Ha (poHEe OCTPOii UMMYHOCYIIpEeCCUM, Koraa (pusuo-
JJorM4yecKasi MMMYHOCYIpeccusl, CBsI3aHHasi ¢ 0epeMEeHHOCTbIO, SIBJISIETCS
(poHOM, Ha KOTOpPBIIf HAaKJaAbIBA€TCS BO3IEHCTBHE BUPYCOB Ha MMMYH-
Hylo cuctemy [1, 6, 8, 10, 11—14]. Boiee TOro, MOJIHUEHOCHOE TEYCHUE
rpumnrma y 0epeMeHHBIX XXEeHIIMH B HEKOTOPbIX CAydasX HarlOMUHaeT 1o
KJIMHMYECKON KapTUHE W COCTOSIHUIO UMMYHHOI CUCTEMbI FeMopparuye-
CKYIO JIMXOpajaKy D0osa, XapaKTepu3yolIylocs 0COObIMU MeXaHU3MaMU
MoAaBJICHUSI UMMYHHOM cUCTeMbI Xo3guHa [15, 16].

Ilo manHbIM UccaenoBaHuii akagemuka PAMH B. B. Maneesa rpunn
y 6epeMeHHbIX XEHILUH MOXET MPUBOAUTH K CJAEAYIOLIUM OCJIOXHEHUSIM:

— CIIOHTaHHBI adopT;

— MPEXJACBPEMEHHbBIE POJIbI;

— MJaleHTapHasi HeAOCTaTOUHOCTb;

— PIC (pecnupaTopHbIii TUCTPECC-CUHAPOM);

— aHTeHaTaJibHasl TMOeJb MJo/a;

— sH1edasonaTrsi HOBOPOXIACHHBIX;

— LepeOpaibHbIi Tapajuy U MEPTBOPOXIECHHOCTD;

— HM3KUI BEC IPU POXJICHUMU.
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ITo manHbIM BenokpuHuIIKONM ¢ coaBT. [17] 4acToTa JieTaJIbHbIX MC-
XOIOB OT I'pUIIIA, OCJIOXHEHHOrO MHEBMOHMEH, Y MaTepeil cocTaBisiia
2,5%, a nepuHaTajabHble IoTepu — 8,3%. OTMEUeHO TakXKe, UTO pomopas-
pellieHHe B pasrap OoCJI0XHEeHHoro naHaemuyeckoro rpunmna HIN1pdm09
COIPSIKEHO ¢ MPOrpecCUpoOBaHMEM IOJIMOPraHHONW HEAOCTATOYHOCTH, TO-
BBIIIEHUEM PHUCKA MAaTEPUHCKOM CMEPTHOCTU M BBICOKOU MEpUHATAJIbHOMN
3aboseBaecMocThIO. ['punmnosnas nadpekuus HINIpdm09 conpoBoxnanach
HE TOJIbKO TTHEBMOHUSIMU, HO M BBICOKOM YaCTOTOM pa3BUTHS T'€CTO30B,
(beTorralieHTapHOI HEAOCTAaTOYHOCTM, XOJIeCcTaza U MaJIoBoaAus. Y MmJa-
JEHIIEB OT MaTepeil C rpUIMNO3HbBIMU MHEBMOHUSIMU Yallle pa3BUBaJIMCh
BHYTPUYTPOOHasi MTHEBMOHMUS, 1iepeOpaibHasl UIIEMKsI, BHYTPUKETYI0U -
KOBbIE€ KPOBOM3JIMSIHUS, CYIOPOXHBIA U BEreTOBUCLIEPAIbHBIA CUHIPO-
MBI, TpaH3UTOpHAs AUCPYHKIMI MUokapaa [17]

Cnenyer oOpaTuTh BHMMaHKE Ha BBICOKYIO YAaCTOTY Pa3BUTHUSI CUH-
JpoMa MOJIMOPTraHHOM HEAOCTAaTOYHOCTU Y O€peMEHHBIX >XEHIUWH, WH-
unupoBaHHbIX BUpycom HINIpdm09 (1, 7, 14], xapakTepHOi 1151 TaKUX
0c000 omacHbIX MH(pEKLUI, KaK remopparmyeckasi Juxopaika D0oja
[15, 16]. CucTteMHOe TOpakeHWe OPraHOB CUJIBHO OCJIOKHSET TEUEHMUE,
HarpuMep MHEBMOHMU U JbIXaTeIbHOM HETOCTaTOYHOCTH, W YacTO SIBJISI-
€TCs MPU3HAKOM Iepexofa 3a00ieBaHUsI B TEpMUHAJIbHYIO (hasy.

I1o obmeMy MHEHUIO CIIELMAJINCTOB, TPUIII Y O€peMEHHBIX XKEeHIIUH
yallle BbI3bIBACT TSKEJbIe OCJIOXHEHMSI, BKJIOYasi THEBMOHUIO [12—14].
OnHolt M3 MPUYMH TSXKEJbIX OCJIOXHEHUI TPUIINA U CMEPTEIbHBIX MCXO-
JIOB cpeay OepeMEeHHBIX XKeHIIUH SIBJSIETCS (PU3MOJIOrMYECKOe COCTOSTHUE
MMMYHHOM cucTeMbl Ipu 6epeMeHHoCTH. O011asi UMMYHOCYTIpeCCUsI ITPU
OepeMEHHOCTH CBsI3aHa C HEKOTOPHLIMM FOPMOHAMU (XOPUOHUYECKUM TO-
HaJOTPOIMHOM, MPOreCTEpOHOM), MeTabOJIM3MOM, CUHTE30M aJibda-de-
TOIPOTENHA U IpyruMu akTtopamu [9].

MmmyHocynpeccus Ipyu OepeMEeHHOCTU IIPOSIBIISIETCS C1a00il peak-
1uel Ha TyOepKYJIMHOBBIN TECT, JJUTEIbHBIM PaHO3aXKMBJIEHUEM, CHUXE-
HUeM OaKTepULUIHOW aKTUBHOCTM IJa3Mbl KPOBU U MHOTMMU APYTUMU
npusHakamu [9, 11]. I[Ipy 6epeMeHHOCTU OTMEYeHa PEMUCCUSI ayTOUM-
MYHHBIX 3a00JIeBaHUI, HallpUMep, peBMaTrouaHoro aptpura. Ilpu satom
MPU3HAKU PEMUCCUM TOSBISIIOTCS YX€ B INEPBbI TPUMECTp OepeMeH-
HOCTH, YTO CBUAETEJLCTBYET O PAHHEM Pa3BUTUU UMMYHOCYIIPECCUBHBIX
npoueccoB. bepeMeHHOCTb He BbI3bIBAET CYILIECTBEHHBIX U3MEHEHUI B
ryMOpaJbHOM MMMYHMTETE, YTO JEeJaeT ero OYeHb Ba’KHbIM B 3alIUTE OT
uHpeKLuit B 3TOT niepuox [7, 11, 18].

Ellle oqHa mpuuyMHa TSXKEJI0ro T€YEHHUsl TPUIINa U APYTUX pecnu-
paToOpHbIX MH@EKI A Mpu 6epeMEHHOCTU CBSI3aHA C BBICOKOM MOTpeo-
HOCTBIO B KUCJIOpOJE€ OpraHu3ma MaTepu M Iuiofa. IloryiolieHue Kuc-
JJopojia MPOrpecCMBHO YCUJIMBAETCSI BO BTOPOM U TPEThEM TPUMECTPaX
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o6epemeHHocTH [9]. PacTyumii rjion oka3plBaeT AaBJieHUE Ha auadparmy,
4TO JeJIaeT JAbIXaTeJbHblE TBUXKEHUS 3aTPYyAHEHHbBIMU, OCOOEHHO MpU (hu-
3UYECKOM Harpy3ke u IBUKeHMU. IloaTomy 1000e CHUXeHUue PYyHKLUNA
JIETKMX CUJIBHO OTpakaeTcsi Ha 0OILEM COCTOSIHUM OepeMEHHBIX KEHIIMH.
boinee Toro, mpu 6epeMEHHOCTH 13-3a BBICOKOI MOTPEOHOCTU B KMCJIO-
poze MOBbILIEHA YYBCTBUTEJNbHOCTh K TMMIOKCHMU. B ciyuyae pa3Butus
TMNOKCUY HabJI01aeTcsl BHICOKUN YPOBEHb MPOAYKIIMU ACCTPYKTUBHBIX
aKTUBHBIX (popM Kucjaopona. CBoOOAHBIE paauKaabl KUCIOPOIAa CHUXKA-
0T COCOOHOCTD JIETKMX M MJALIEHTbl K TPAHCIOPTY KUCI0poaa, a Mpu
pPa3BUTHUM T'PUIIa BbI3bIBAIOT F'€HEPaJM30BaHHYIO MPOBOCHAJIUTEIbHYIO
peakumio [19—21]. AkTruBHbIE (DOPMbI KUCIOpOAA SIBIASIIOTCS MHIYKTOpa-
MU TPAHCKPUITUMOHHBIX (PAKTOPOB, PEryJupyloliuX aKTUBHOCTh I'€HOB,
KOIMPYIOLIMX MPOBOCHAJUTENbHbIE HIUTOKUMHBI. Ha aTOM hoHE BO3MOXKHO
pa3BUTHUE HapyLIEHU MUKPOLMPKYISILUU U CBEPTbIBAHUS KPOBM, UYTO
MPUBOAUT K TAKMM I'PO3HBIM OCJIOKHEHUSIM, KaK TPOMOO3 JIErOUHOI ap-
TEpPUU.

KpoMe aTux, Xopollo u3BEeCTHBIX MPUUMH MMMYHOCYHpeccuu, 00-
Jiee BaxKHO€ 3HaU€HUE MMEET IMOAaBAeHWE KJIETOYHOr0O MMMYHHOI'O OTBETa
[6, 9, 20, 22]. B mpoCThIX TeCTaX YCTAHOBJIEHO, YTO CHIBOPOTKA OEpeMeH-
HBIX XEHILIMH Ha BCeX 3Tanax 0epeMeHHOCTH IMOAABSIET Mpoaudepaluno
MOJUMOPGHOSIIEPHBIX TUMMOLIUTOB. DTO CBUIAETEIbCTBYET O TOM, UYTO
nopu O0epeMEHHOCTU BbIpabaThIBAIOTCSI (haKTOPbl KOHTPOJISI KJIETOYUHOTO
MMMYHHOTO OTB€Ta, HalpaBJiEHHbIE Ha 3allMTy IIoAA OT peaklMu Ma-
TEPUHCKOM MMMYHHON CUCTEMbl Ha 4YyKEPOJAHbIE aHTUICHBbI ILJIONA, Ha-
YyHasl ¢ paHHEro 3MOpUOHAJIbHOro pa3Butus [9, 11].

Bingaue rpunmno3Hoii nH(GEKIUN HA N0

M3BecTHO, UTO IIPU TSIXKEJIOU THIEePTOKCUYEeCKo (popMe rpummna Ha-
O1romaeTcs BbICOKasl BUpeMUsl (TaK HasblBaeMasl BUpPYCHasl Harpyska), B
pe3yJbTaTe KOTOpOi MPOUCXONUT UH(MULIMPOBaHKE MaKpodaroB ¥ MOHO-
LIMTOB, CITIOCOOCTBYIOIIMX TUCCEMUHALIMM BUPYCHOU MHMEKIIMU 10 KPO-
BEHOCHOMY pyciy. EcTecTBEHHO, B 3TUX YCJIOBHUSIX MOXKET MPOUCXOAUTh
WHUIIMPOBAHUE TUIALIEHTHl U MPOHUKHOBEHNE BUMpYca yepes3 IlalieHTap-
HbIlt 6apbep [7]. B psje UCTOUHMKOB YTBEPXKIAETCS, UTO BUPEMUS — He-
yacrtoe siBjaeHue rpu rpumnre (4,7,13,18), u riaueHTapHas nepegadya Bupyca
MpU OOBIYHOM CE€30HHOM TpUIINE TaKXKe MPOUCXOAUT ITOCTAaTOYHO PEIKO
[7, 23]. BmecTe ¢ Tem, ucclieqoBaHUsI Ha XXMBOTHBIX CBUIETEJILCTBYIOT O
TOM, YTO MH(MULIMPOBAHUE TLJIOAA MOXET MPUBECTU K PsAY HEraTMBHBIX
nocieacTBuil. Hanmpumep, ycTaHOBJIEHO, YTO MpeHaTaJbHasl TPUITIIO3HAsI
WHGEKIKS y MbIlIei BbI3bIBa€T 3HAUMTEJIbHbIE TUCTOJIOrMYECKUEe U3Me-
HEHUS B TOJJOBHOM MO3ry (6,23). Takxke M3BECTHO, YTO IOCJIECACTBUEM
rpunmna y 0epeMeHHbIX XEHIIUH MOTYT ObITh MOBEACHYECKME U3MEHE-
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HUS B paHHeM JeTckoM Bo3pacte [23]. C rpumnno3Hoii nHdeKLeil miona
CBSI3bIBAIOTCS TaKME TCUXUYECKME COCTOSIHMSI, KaK ayTusMm [23]. B Gonee
MO3/JHEM BO3pAacTe MOIYT MPOSIBUTHCS Takue 3a00JieBaHMsI, KaK 00Jie3Hb
ITapkuncoHa [6, 23].

Kak yxe yka3blBajJoCh, HEOJIaronpusITHbIE UCXOAbl O€pEeMEHHOCTU
ObLIM 3aperuCTPUpPOBAaHbI BO BpPEeMsl M MOCJE BCEX MPEIbIAYyLIMX TaH/Ie-
Muil rpunmna. Bo Bpemsi mangemuu rpunma 1918 roga peructpupoBaics
YAMBUTEIBHO BBICOKMI YPOBEHb CIIOHTAHHBIX a00OPTOB U MPEXAEBPEMEH-
HBIX ponoB (10 5,6%) [3—7, 23]. [1lo naHHBIM HEKOTOPBIX MCCIeIOBAHUI
4yacToTa CMOHTAHHOTO abopTa CYIIECTBEHHO BO3pacTaeT y OepeMeHHBIX
KEHIIUH MPU Pa3BUTUM Y HUX TPUITIIO3HOM TTHeBMoHuM (10 50%) [5]. B
Mepuoj a3uaTcKoi maHaemMuu rpumnmna 1957 roga 3aperucTpupoBaHO yBe-
Ju4eHue 1eeKTOB pa3BUTHUS LIEHTPAIbHOW HEPBHOM CUCTEMBbI CpEeIU HO-
BOPOXJIEHHBIX [23]. B 3TOT e nepuroa oTMeyeHa TakKe BBICOKasl 4acTOTa
BPOXJIEHHBIX MOPOKOB Pa3BUTHUS APYTMX OPraHoB, CIIOHTAHHOW MOTEepU
OepeMEeHHOCTHY, BHYTPUYTPOOHOI TMbeu mjIoaa U NpexkaIeBpeMeHHbBIX pO-
10B [23]. 3yyeHue BAMSIHUS CE30HHOI I'PUIIIIO3HONM MH(MEKILIMU Ha TLIOM
OblIM MPOTHBOpPEUMBBLI. BMecTe ¢ TeM, CTaTMCTMYECKUE MUCCIIeNOBaHUS
CBSI3U BPOXJEHHBIX Ne(EeKTOB Pa3BUTHUS C MEPEHECEHHOU TI'PUIIIO3HOMI
vHpeKIMeil Ha paHHUX CpOKax 0€peMEHHOCTHU CBUJIETEIbCTBYIOT O MOBbI-
LLIEHHOM pUCKe MX pa3BuTus [23]. CTaTUCTUYECKU 3HAYMMAasl aCCOLMALINS
C TPMIINIOM YCTAaHOBJIEHA JJis TaKuX Ne(eKTOB, KaK pacuiejrMHa I'yobl ¢
uin 6e3 Bolubeld MacTu, a Take HEPBHOM TPyOKU M BPOXIEHHBIX MOPO-
KoB cepaua. OyeHb Ba>kKHBIM BBIBOJOM psijia UCCAEIOBAHUI MOCAENCTBUI
TpUIIIA SIBJSIETCS CHUXXEHUE pUCKa pa3BUTHUS Ae(DEKTOB pa3BUTUS MMYyTEM
KCMOJIb30BAaHUS XKApOMOHMXAalOIIel Tepanuu U npuema (hoaueBoil Kuc-
JIOTBI 10 U BO BpeMsl paHHeil 6epeMeHHOCTH [23].

B nocnenHue rombl Bce yaile oOCYKIAIOTCSI HEBPOJOTMUYECKHUE OC-
JoxxHeHus rpurnma [25]. HelipoTporHbie cBoiicTBa BUPYCOB T'pHUIIIA,
MpOSIBASIIOIIMECS Y MAaHAEMUYECKUX BUPYCOB IPEACTABJSIOT OCOOYIO
OMaCHOCTb MPU MAaCCOBOM PaCIpOCTPAaHEHUM UH(EKIIMU Cpear HEBAKIIU-
HUPOBaHHBIX Jitoneil [24]. B psime uccienoBaHuii BhISIBISIETCSI BO3MOXKHAs
CBSI3b MEXIY MNEPEHECEHHBIM MAaTEPbI0 T'PUIIOM U JETCKOU JICMKEMUEN,
mu3odpeHueit, 6oae3Hb0 IlapkuHCOHA 1 ayTU3MOM, HEBPOJIOTMYECKUMU
3a00IeBaHUSIMU, META00OIMYECKUMU paccTpoiictBamu [23]. B GonbiinH-
CTBE€ MCCJIEOBAaHUI yTBEPXKAACTCS, YTO Ha paHHUX CpOKax O€epeMEeHHOCTU
JUXopaaKa JJisl TJIoaa SIBJASIETCS OMacCHbIM CUMIITOMOM, TaK KakK B 3THUX
clyyasix HaOJtogaeTcsl HapyllleHWe B pa3BUTUU HepBHOI TpyOku [23]. Pa3-
BUTHE MMEHHO 3TUX Ae(PEKTOB MOXHO IMPEIOTBPATUTh MyTeM IMpPUMEHE-
HUS XKapoMoOHMXKaloIIMX (rmapaleraMosia) CpeacTB U (POJIMEBON KUCIOThI
[23].
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Takum obpa3oM, rpuIno3Has MHGEKIMS onacHa Kak JJIsi MaTepyuH-
CKOIro opraHusMma, Tak M s 1oga. B HayuyHoii nuteparype [3, 4, 13]
OMMCaHbI CIyyaM, KOrJa Ha TPETheM TPUMECTpPE T'PUIIIO3HAss MHMEKIIUS
MpUBOAMJIA K TMOeM MaTepu, a aKyllepaM YAaBajoCh CHACTU TOJBKO
pebenka [12—14]. Yaiue runepToKCMUeCKUI TPUIII C MTHEBMOHUEN 3aKaH-
YMBaeTCs Kak JJIsl MaTepu, TaK U mjonaa ¢parajabHbIM HMcxoaom [23].

MMeHHO 03TOMY HEOOXOMMMBI MCCJIEIOBAHUSI MOJIEKYJISIPHBIX MeXa-
HU3MOB COYETAaHHOM MMMYHOCYIIPECCUU Y OepeMEHHBIX KEHIIMH C TPUII-
MO3HOM MHMEKIIMe 111 pa3pabOTKU Mep YIpaBICHUSI 3TUMU Ipoliecca-
MU Y CHUXEHUSI CMEPTHOCTHU OT 3TOi MHpeKuuu [6, 24].

Otnanennbie 3NUAEMHOIOTHYECKHE MOCJIEICTBUSA
BHYTPUYTPOOHOr0 MH()UUIMPOBAHKS TJIOAA BUPYCOM TpUMNA

Crenyer Tak>Xe UMETb B BUY, UTO MaccoBasi 3a00JIeBa€MOCTb I'PUII-
MOM Cpeau OepeMEHHBIX XEHIIWH B MEPUOJ MAHAEMUU MPEACTABISET
OIPEJIEJEHHYIO OMACHOCTb IJ1s1 (POPMUPOBAHUS TIOKOJICHUS AETEN, Yy KO-
TOPBIX BUPYC TPUIINIA MOT BOMTH, CTaTh TOJEPAHTHBIM U TEPECTaThb ObITh
JY>XEPOIHBIM, pAacIiO3HABaeMbIM UMMYHHOI CUCTEMOIi rmaToreHoM [6, 18,
20]. DTo 03HavaeT, YTO NpyU UMHPULUPOBAHUHU TLJIOAA BUPYCOM BUPYCHBIE
AHTUTEHBbI MOTYT MEPEUTU B pa3psiii KOMIIOHEHTOB, HE BbI3bIBAIOIIUX aK-
TUBHOTO MMMYHHOTO OTBeTa. [lociencTBusi 3Toro rnpouecca pasjainyHbl,
HO, B MEPBYIO OY€pellb, MOTYT MPUBECTU K TOMY, YTO NE€TH, POXKIACHHbIC
B 9THUX YCJOBHUSX, B CBI3U C OTCYTCTBUEM MMMYHHOIO OTBE€Ta Ha I'PUII-
MO3HY10 MHPEKIIUIO CTAHOBSATCI XPOHUUYECKUMU HOCUTEJISIMU TIEPCUCTU-
pPYIOILIIMX BUPYCOB TPUIIIIA B YCIOBUSAX aKTUBHOM LIUPKYJISLIMU BUPYCOB
¢ OMM3KOM aHTUIECHHOM CTPYKTYpPOH. YUYUTHIBAs NJAUTEJIbHBIN aHTUICH-
HBII apeiid BUPYCOB IpuIlNa U UMKJIUYHOCTh MaHIEMUI, MOXHO Ipe-
MOJIOXUTb, UTO B OINPENCTECHHBIN MEPUOI KU3HU XPOHUUECKUE HOCUTEIU
MEPCUCTEHTHBIX BUPYCOB I'PUIITNIA MOTYT BHOCUTD CYILIECTBEHHBIN BKJIAJ B
U3MEHYMBOCTb LIMPKYJIUPYIOIIUX BUPYCOB rpurimna. [Ipu noareepxaeHuu
Takoro (peHoMeHa BIEPBbIE MOXHO TOAOUTU K OOOCHOBAHWIO aHTPOIO-
HO3HOM KOHLECIILWY IIPOUCXOXACHUS MMaHIEMUMA I'PUILIIA, IPEII0KEHHOU
MHoro JeT Ha3an akagemukom AMH CCCP A. A. CMoponuHLeBbIM [25].
B TakoM ciyyae 6eccriopHasi 300HO3HasI TEOPUS C IPUPOIHBIM pe3epBya-
pPOM BUPYCOB TPUIIIA TUIA A MOXET ObITh YACTUYHO JOIMOJIHEHA BEPOSIT-
HbIM BKJIQJIOM TOMYJISILIAN YEJOBEKA B AMUAEMUYECKUE U MAaHAEMUYECKUE
MPOLECCHI TTI00abHON LMPKYJISALUNA BUPYCOB rpurna. [Ipumupenue nByx
KOHLEMIIMMI, KaK 3aBEpPIICHUE OCTPOM MTUCKYCCUU OTEYECTBEHHBIX BUPY-
COJIOTOB O MIPOUCXOXJICHUU TAHJAEMUU TpUIna, ObLJIO Obl MOJE3HBIM IS
rapMOHM3alLMU B3LJISA0B B 3TO 00JacTU U 0ojiee OOBEKTUBHOM OLEHKU
BKJIaJla YEJIOBEUYECKOM TMOMYJISILIMU B SBOJIOLMIO BUPYCOB rpunmna. EcTh
psA APYTUX apryMEHTOB, MOBBILIAIOIIMX HAYYHYIO LIEHHOCTb TAKOTO IMOI-
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XoJa K MOHMMAHUIO 3TOM CI0XKHOI mpoobaeMmbl. Heobxonumo Takke IOMI-
YepKHYTb, YTO B paMKaX HOBBIX MPEACTABICHUN BO3MOXHO OOBSICHEHUE
20-JIeTHUX LIMKJOB KPYIMHbIX SMUACMUN U TTaHAEMMIA.

BosBpaTy BUpycOB IpuIina B HUPKYISLMUIO U UX YCTOMUYMBOM LIUPKY-
JSILIMU MOTYT CIOCOOCTBOBATh XPOHMYECKHWE HOCUTEIW BUpyca WU IO-
MyJISILMS JIIOAEH, TOJEPAaHTHBIX K BUPYCY, KOHTaKTUPOBABIIKWE C JAaHHBIM
MOATUIIOM BHpyca B yTpobe MaTepu.

I[TostoMy, Bo3Bpaluasicb K runotesze akagemuka AMH CCCP
A. A. CMoponuHIiieBa MOXHO C/eJaTh BbIBOI, YTO aTPOMOHO3HBIM BKJIAJ
B MaHAEMUUYECKHE MPOLIECChl OCTAETCsl CUJIbHO HEAOOLEHEHHBIM [25].

MoJiHHEHOCHOE TeYyeHHe TPUNNa ¥ MMMYHOCYTpeccHs

ITon MOJIHMEHOCHBIM T€YEHUEM MHQEKIIMOHHOIO 3a00J€BaHUS T0-
HUMaeTcs pa3BUTUE MH@EKIIMOHHOIO Ipoliecca ¢ KpailHE KOPOTKUM
MHKYOALIMOHHBIM MEPUOAOM, OBICTPBIM B TeueHME 1—2 CyTOK pa3BUTHEM
OCHOBHBIX CUMIITOMOB 3a00JI€BaHUS U TMOSIBJICHUEM MPU3HAKOB TS KEbIX
OCJIOKHEHMI yKe Ha 3—5-i1 JeHb 3aboneBaHus [6, 26]. Tlepexon B Tsxke-
JIOE COCTOSIHME C HapyllIeHWeM OCHOBHBIX (DYHKIIMI opraHu3Mma, MposiB-
JISIOIIMICS TTpU3HAKAMU CUCTEMHOIO MOpaXKeHUsl OpraHoB, HaOJII01aeTCst
yXe Ha 5—6-ii IeHb MocJe TOSBACHUS TEPBBIX CUMIITOMOB MH(MEKIINU
[1, 7, 26].

O0630pHas cratbs S. Lapinsky [18] mocBsiiieHa cpaBHUTEILHOMY aHa-
JIU3Y KJIMHUKU U JICYEHUS TPUIINA y OEpeMEHHbIX 1 UMMYHOCYTIPECCUB-
HBIX MalueHTOB. Takoe coyeTaHue Pa3JMUYHBbIX TPYIN OOJbHBIX I'PUII-
TIOM TO3BOJISIET peaibHO OLIEHUTDH OOLIKME TTPU3HAKW TEUEHUS TpUIIIa MpU
OEpPEeMEHHOCTU U CUCTEMHOM, JIEKapCTBEHHOM IMOIaBJICHUM UMMYHUTETA
y, HarpuMep, OOJBHBIX ¢ TpaHcIUIaHTanueir opraHoB [18]. TToaTomy Oe-
peMEHHbIE€ XEHIIMHbl OTHECEHbI KaK psii APYTUX T'PYIIl MNAallMEHTOB K
OOLLIMPHBIM KOTOpTaM UMMYHOKOMITPOMEHTUPOBAHHKIX 00abHBIX. K ma-
LIMEHTaM C MMMYHOCYIIpecCueid OTHOCATCS OOJIbHbIE MOC/E Mepecanku
KOCTHOTO MO3ra, TpaHCIUIAaHTAllMU TMOYEeK M APYTUMX OPraHoB, OOJIbHbIC
BUY-uHpexueid, 00JbHbBIE C COOTBETCTBYIOLIMMU HACJIeACTBEHHBIMU
3aboneBanussMu [18]. HecMoTps Ha OJM3KYI0 KJIMHUYECKYIO KapTUHY
MMMYHOCYIIPECCUM MpPpU Pa3IMUHBbIX 3a00J7€BaHUSAX U OEPEMEHHOCTH,
HeoOxoauMa KJjlacCuuKanus 3TUX COCTOSSHUM. UIMMyHOCynpeccuio rpu
OEpPEeMEHHOCTHU CJIeyeT BbIACAUTb B OTACIbHBIN KJIMHUYECKUI (peHOMEH
B COOTBETCTBUM C YCJIOBUSIMU €€ Pa3BUTHSI U HAMPABJEHHOCTbIO Ha 00ec-
MeyeHue TOJEPaHTHOCTU K aHTUreHaMm 1uiona [9, 10].

M3BecTHa BbICOKAsI YyBCTBUTEJIBHOCTD MAIMEHTOB, HAXOASIIMXCS Ha
MMMYHOCYIIPECCUBHOI Tepamnuu Iocje olepaluuii Mo TpaHCHJIaHTallUuU
OpraHoB, K pa3JIMYHbIM MHpekuusam [18]. B nepByio ouepeab 3TO OTHO-
CUTCS K LIATOMEraJJOBUPYCHOI MH(EKIIMU, U3BECTHOI CBOEH BhlcoYaiiiei
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MMMYHOCYIIPECCUBHOCTBIO [18] U siBisIOLIEHCS cepbe3HO mpobiemMoi
MocJie orepalnuii Mo TpaHCcIUIaHTauuu opraHos [6, 18]. UMMyHocymnpec-
CHBHasi aKTMBHOCTb BUpYyCa HaKJaJbIBaeTCS Ha JIEKAPCTBEHHYIO MMMY-
HOCYMNpPECCUI0 U MPUBOAUT K OECHpensaTCTBEHHON peruiMKalluu BUpyca
U ObICTpOIl reHepaau3auuy MHPEeKUUU. Takoil e MOJHUEHOCHBIN THUIL
TeYeHUs1 3a00JIeBaHUSI XapaKTePeH ISl OMIMOPTYHUCTUYECKUX UHPEKIINIA,
Harnpumep, y BUU-nHGuumpoBaHHBIX 00JbHBIX [6, 18].

B cratbe Dubar ¢ coaBt. [27] UMMYHOCYNIpeCCUBHBIE COCTOSIHUS
BKJIIOUEHBI, Hapsily ¢ 0EpeMEHHOCTBIO, B MepeyeHb MPEMOPOUIHBIX CO-
CTOSIHUU, CIMOCOOCTBYIOIIMX PA3BUTHUIO TSXKEJbIX OCJIOXHEHUI TI'pUIIIA.
OnHako, Kak OyneT BUIHO TPU AaJbHEHIIEM pacCMOTPEHUM TPOOJIEMBI,
MMMYHOCYTIpeccusl y OEpeMEHHbIX XEHIIMH HOCUT creuudUUYecKuint xa-
paKTep, HalpaBJEHHbIN, ITaBHBIM 00pa30M, Ha KJIOYEBbIe KJIETOUYHBIE
BJIEMEHThl UMMYHHOI cuctembl [9, 10].

Kak yxe yka3bIBajoch, B T€UeHUE CE30HHBIX MUAEMMUYECKUX BCIIbI-
LIeK T'pUMNa M MPOIIeAIINX MaHAEMUUN cpead OepeMEHHBIX XEHIIUH
perucTpupoBagach BbICOKAsl YACTOTA OCJIOXHEHHBIX (DOPM TPUIIMO3HOMN
MH(PEKIUY MO0 CPaBHEHUIO C APYTMMM KaTeropusiMu IalueHToB [7, 23,
26]. D10 gBunock ocHoBanueM g CDC u BO3 oTHectn 6epeMeHHBIX
JKEHIIIMH K I'pyIIiaM pucka B MEPUOIbl paclpOCTpaHEHUS TrpuIna B ce-
30HHBIC TIEPUOAbLI U B MEPUOABI pa3BUTUI MaHaeMuii [26]. 'punno3Has
MHGEKLMS SBASETCS ONMacHbIM 3a00JeBaHMEM KakK JJis MaTepu, Tak U
pedenka [7]. [To ganubiM CDC Haubosiee 4aCTbIM OCJIOXHEHUEM T'PUII-
na st 0epeMeHHOCTU sIBsieTcsl crioHTaHHbIM adopT wuau (11 u 111 Tpu-
MeCTp) — MHpeXAeBpeMeHHbBIE poabl [26, 27].

B cBsi3u ¢ atum CDC B Hauane nanaemuun 2009 roga (HIN1) nnu-
LIMMPOBAJ CHELMAJbHYIO MpOrpaMMy MOHUTOPMHIA CJIy4yaeB IMaHIEMU-
YeCcKOro TpMIINa cpeau 0epeMeHHbIX XeHIIMH. Yxe K 10 mas 2009 rona
cneuuanuctamu CDC Obln mpoBeAeH AeTalbHbIM aHanui3 20 ciyyaeB
TPUIIIO3HOM MH(MEKUMU cpenu OepeMeHHbBIX XeHIIUH [26]. B 15 cioyua-
X AUArHo3 I'puIllia ObLJI MOATBEPXKIAEH Ja0OpaTOPHO, a B OCTAJIbLHBIX 5
cayyasix MpeanojoXUTebHbI IMarHo3 rpuimmna Obl MOCTaBJeH Ha Oc-
HOBEe KJIMHUYECKUX MPU3HAKOB 3a0ojeBaHus1. M3 20 mauueHTOK 3 ObLIU
rocnuTaaIu3upoBaHbl, a ogHa 13 Hux norubina B IIMT. Ilo3gHee dumcio
cJy4aeB IpUIMIIO3HON MHMEKIUU cpeard 0epeMEeHHBIX XEHIIMH TMporpec-
CHBHO YBEJIMYMBAJIOCh, COOTBETCTBEHHO BBIPOCJIO U YMCJIO CMEPTEIbHbBIX
ucxonos [7, 17].

M3 pmanHoro nokiana [7] Leiaecoodbpa3HO MPpUBECTU BeCbMa ITOKa3a-
TeJbHBII IpuMep — ciydaid 3aboneBaHus rpunnoM HINI1 ¢ MonHueHOC-
HBIM T€YeHHEM Yy OepeMeHHOM XeHIIUHBI 33 JeT [26].

IMamuenTtka A, 33-x jet, Ha 35 Henesle O6PEMEHHOCTU C CUMIITOMaMU
MMAJITUM, CYXOro KalllJisl M HEBBICOKOM Juxopaakoi 15 ampens obcaeno-
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Bajach y aKkyliepa-ruHekojora. O0liee cocTossHUE MallMeHTKHU OLleHMBa-
JIOCh KaK yJIOBJIETBOPUTEJbHOE U MAalMEHTKE He Oblja Ha3HaueHa Kakasi-
nubo tepanus. [TanreHTKa MpMHUMaJa TOJAbKO MpeHaTaJlbHbI KOMILIEKC
BUTAaMMWHOB HECMOTPSI Ha TO, YTO Y Hee B aHaMHe3e OblIo 3a0oJieBaHUE
MCoOpUa3oM U Jierkoir actMoit. IlaneHTka He mpeanpuHUMaa HUKaKuX
MyTeLIeCTBUM, B TOM uucjiae B MeKCUKY, M He MOIJia 3apa3uThCsl TPUITIIOM
BHe MecTa InpoxuBaHus. IloctaHoBKa OBICTPOro TecTta Ha I'pUII OblLia
MOJIOXUTENbHON. Yke 19 ampeinsi, ToO ecTb yepe3 4 mHsS OosibHasl Oblia
o0cenoBaHa B MECTHOM OTIEJIEHUU SKCTPEHHON MEAWIIMHCKON MOMOIIU
C MPU3HAKaMU MPOrPeCCUPYIOLIEH AbIXaTeJIbHON HEAOCTATOYHOCTH, BBICO-
KOM JIMXOpaJaKoil 1 MpOAYKTUBHBIM KaulieM. B pe3ynbrare majabHeuIlero
00cenoBaHMsl MallMEHTKE ObIJ MOCTaBJIEH JAMArHo3 TSXKEJOro Jero4yHoro
IUCTpecc-CUHIpoMa, ¢ HaceienrueM O, okono 80% 1 4acToTOi AbIXa-
Hus 30/mMuH. Ha peHTreHorpamme BbISIBJIEHBI IBYCTOPOHHUE Y3€JKOBbIC
nHOUAbTpaThl. [lalimeHTKa HyXJ1ajdach B BEHTUJISLIMM JIETKMX U Oblia
nomeleHa B ITT Ha MexaHMYeCKY10 BEHTUISLMIO. B 3TOT ke 1eHb Oblia
OpoBeAeHAa onepalus KecapeBa ceyeHus1. HoBopoxXIeHHbIA peOeHOK ObLI
310pOB U oTnpaBjieH nomMoil. TosbKo ¢ 28 ampess naluueHTKa craja npu-
HUMaTbh OCEJIbTAMUBUP B Ka4eCTBE MPOTMBOBUPYCHOM TE€panuu B cOUYETa-
HUM C aHTMOMOTUKAMMU U IbIXaTeJbHON moaaepkkoi. IlaimeHTka ymepia
04 masa 2009 rona [26].

M3 npuBeaeHHON BBIMUMCKU MOXHO CIeIaTh CIEAYIOLIUE BbIBOABI:

1. Yepe3 4 ngHS mocjie MepBbIX OTHOCUTEIbHO CIA0BIX CHUMIITOMOB
rpunma HINI y mauydeHTKH pa3BUJIOCh TSXKEJIO€ OCJIOKHEHUE B BUIE JIbI-
XaTeJIbHOM HeIOCTaTOUHOCTH C ITHEBMOHMYECKMMU OoYaraMu U IMepexoaoM
B TSIKEJIbI OCTPbIM pecnupaTopHbIii cuHApoM. DakTuuecKu mepexon B
TSIKEJIBIM JIETOYHBI AUCTPECC-CUHAPOM IPOM30IIIe] B TEUEHUE CYTOK.
TepMuHanbHOE COCTOSIHUE Y MALIMEHTKM Pa3BUJIOCh B Te€UeHME CyTOK. Po-
Jopa3pelleHue ObIJI0 OCYILECTBICHO MyTeM KecapeBa CeUeHHUsl ISl crace-
HUS XM3HU pedeHKa U MaTepu.

2. KpaiiHe mo3mHee Hayajo MPOTHUBOBUPYCHOM M MPOTUBOBOCIIA-
JIUTENbHOW Tepanuu (MaluMeHTKa MMela B aHaMHe3€e Mcopuas M JIErKYo
acTMy), BEpOsITHEE BCEro B 3HAUMTEJIbHOW CTENEHU OIPENeUI0 MCXO.
3abosieBaHud. IlepBble CUMIITOMBI 0OJIE3HU Y HALIMEHTKU IMOSBUIMUCH 15
anpesnsi, 19 anpenst nocryrieHue B ITUT, a Tonbko 28 ampesnst ObL1 Ha-
3HA4Ye€H OCEJIbTaMUBUD.

3. CoBeplIeHCTBO OKa3aHMsl MOMOIIM B IajaTaX MHTEHCUBHOMN Te-
panuu (BO3MOXHOCTb AJMTEIbHOIO MOAAEPXAHUS XXU3HEHHO BaXKHBIX
(GyHKLIMIA MpPU TAXKEAbIX MOPaXEHUSX JIETKKUX) TMO3BOJIUIO MPOAJIUTH
>KU3Hb MauueHTKu 1o 04 mas.

Crosb ObICTpOE pa3BUTHE 3a00JIeBaHUSI XapaKTEPHO MJISI UMMYHO-
CYIPECCUBHBIX OOJIbHBIX WJIM TMALIMEHTOB C TSXEJIbIM MPEeMOPOUIHbBIM
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(oHom. B ciyuae ¢ 6epeMeHHBIMU XEHIIIMHAMU €CTh OCHOBAHUSI B 3Ha-
YUTEJIbHON CTEMEHU OTHECTU OBICTPOE Pa3BUTHE OCIOXHEHUM 3a cueT
(busmnosornyeckoii MMMYHOCYIPECCUM U OTCYTCTBUSI aKTUBHOM MPOTHUBO-
BUPYCHOMI 3allMThl, KaK OTBeTa Ha MHpekuuio [18].

B nenom, B 3apyOeXXHBIX U OT€YECTBEHHBIX KJIMHUYECKMX 0030pax
MOXHO J€TaJbHO MO3HAKOMUTLCS C MPAKTUKOM JeUeHUs TTaHIeMUYeCKOro
rpunma HIN1pdm [1, 6, 7, 13, 16]. O0OpaiaeT Ha cebs1 BHUMaHUE TyOIu-
Kalus Mo JAeTaJibHOMY ONMMCAHMWIO MPaKTUKMU B 3TOT Iepuon Bo PpaH-
uuu [27]. B ctaTbe moagpoOHO onucaHbl KJIMHUKA, TeUeHHUE 3a001eBaHMs,
poJIb MPeMOpOMAHOro (hoHa B pa3BUTUM OCIOXHEHUH, MpaKTUKA JeUECHUSI
OCJIOKHEHUI rpurra y oepeMeHHbIX XeHIUUMH B [T [27]. Breicokuii
YPOBEHb OKa3aHMsI MEAMIIMHCKON MOMOILIU OEpeMEHHBIM XEeHIIMHAM MTPU
rpurne odecrieuns Bo @paHunuy Hanbojiee HU3KYIO CMEPTHOCTb T10 CpaB-
HeHuio ¢ CIIHA u ABctpanueit [7, 27]. B OOJbIIMHCTBE Cly4yaeB aBTOPLI
[27] ormeualoT nBa pakTOpa, UTPAIOIIMX KJIHOYEBYIO POJb B Pa3BUTUU
OCJIOKHEHUA:

— Mo3aHee oOpalleHue 32 MEAMIIMHCKON MTOMOIIIBIO;

— Mo37Hee Ha3HaYeHUe MPOTHBOBUPYCHOM Tepamnuu.

Onepexasi U3JIOXKeHUe, «CUHAPOM OepeMEHHbBIX XEHIIUH MPpU T'PUII-
re» cieayeT KBaau@uiMpoBaTh, Kak pa3BuTHe MHPEKIIMOHHOIO Mpoliecca
Ha (poHEe NJIUTENbHOM, BbI3BAHHOU OEPEMEHHOCTbIO, UMMYHOCYIIPECCUU,
Korjaa AeMCTBME BUPYCOB HA MMMYHHYIO CUCTEMY HaKJaJblBaeTcsl Ha (pu-
3MOJIOTMYECKYI0 UMMYHOCYTIpeccuio 6epemeHHbIX [27]. Ewe pa3 cienyet
HAIlOMHUTb, YTO MOJTHUEHOCHOE T€YeHWE IpUMIia y OEpEeMEHHBIX KEHIIMH
B HEKOTOPBIX CJIyyasiX HAaIlIOMMHAET MO KJIMHUUYECKON KapTUHE U COCTOSI-
HUI0 UMMYHHOM CHUCTEMbI reMopparmueckylo Juxopaaky Doomaa [15, 16].
Takoe HeoxXHAaHHOE CpaBHEHUE OyaeT 0OOCHOBAHO HMIKE.

IIpupona m MmexaHu3Mbl IMMYHOCYTIPECCHH NPU OePEMEHHOCTH

MexaHU3Mbl UMMYHOCYTIPECCUM Y OEPEMEHHBIX KEHILIMH 10 HACTOS-
1Iero BpeMEHU OCTalTCsl HelmocTaTouyHOo udydyeHHbIMU [8—10]. Kak yxe
YKa3bIBaJIOCh, CYILIECTBYET OOIlCEe IMPEACTABICHUE O TOM, UTO MPEUMY-
LLIECTBEHHO TOPMOHAJIbHBIN (DOH, CBOMCTBEHHBIII OEPEeMEHHOCTH, UTPaeT
HanboJiee BaXHYIO pojib B MMMYHHOM CTaryce B T€YeHUE OEPEMEHHOCTU
[9]. Cpenn pakTOpPOB, BBI3BIBAIOIIUX MMMYHOCYIIPECCUIO OTMEYaloTCs
MPOrecTepoH U OOLIUI TOPMOHAIBHBIN (POH, OeTa2-MUKPOIIOOYINH, allb-
(da-deronporenH u npyrue (HakTopbl, XapaKTepHbIE 151 OEpPEeMEHHOCTHU.
Haub6onee BaxXHBIM (aKTOPOM SIBJISIETCS OOLLAsi UMMYHOCYIIPECCUBHASI
AKTUBHOCTb IJ1a3Mbl Y CBIBOPOTKH KPOBU OEPEMEHHBIX XEHIIMH, HA0JI10-
Jaemasi yxKe ¢ caMbIX paHHUX CPOKOB OepeMeHHOCTH [9].

Ha panHux cragusx 6epeMEHHOCTH B3aUMOIECUCTBUE MEXIY UHBA3U-
pyrouuMK (etansbHbIMU TpodobiacTaMu U MAaTEPUHCKUMU JIeLUayalb-
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HbIMU KJIETKAMU SIBJISIETCSI KpUTUUYECKUM. [l 3TOro Heobxoauma Ko-
OpAMHALIMS DKCIPECCUU POAUTEIBCKUX aHTUTEHOB, PEryJMPYIOLIUX 3TO
B3auMmozaeiicteue [9, 28]. MuBaszus TpodobsacToB, ¢ OJHON CTOPOHBI,
JOJIXKHA CTUMYJIMPOBATbCS, a C IPYTOi — >KE€CTKO KOHTPOJUPOBATHCS IO
r1yOMHE TIPOHMKHOBEHUSI B CIIM3UCTYIO O0OJIOUKY MATKU. DTO TpebdyeT
BKCIIPECCUM CUCTEM (CUTHAJIOB), 00ecreuyrBalolMX Aerpaaaiunio TKaHe,
(hakTOpOB, MOAABJISIIOIIMX 3TOT MPOLIECC, U MPOMOTUPYIOLLIMX perapaluio
U aHTHOTEHE3.

Kpome aToro, mjion A0XeH ObITh 3allMILEH OT MMMYHHOIR cucTe-
Mbl MaT€pMHCKOr0 OpraHu3Ma COOTBETCTBYIOIIMM 0apbepoM U MMMYHO-
CYIIPEeCCUBHBIMU CUTHaJlaMu. JlenuayaibHble MOHOHYKJIEAPHbIE KJIETKU
cekpetupyotr UOH-y, NJI-4 u WUJI-10. Pan dhakTopoB cekpeTupyercs
NK-knerkamu u makpodaramu. UPH-y saBasieTcs MopdoreHeTuUeCKuM
(hakTOpOM poCTa CiMpajeBUAHON apTEPUM, PEMOJEIMPOBAHUS U WHBA-
3UU TKaHel U, BEPOSITHO, KOHTPOJsI Thl-KJeToOuHOro MMMYHHOIO OTBETa
niona [28].

OpHoBpemeHHas1 akcrpeccuss MJI-4, BeposiTHO, HeoOxoauma AJsi
nonaBiaeHuss Thl-umMmyHHoro orseta. Mia-10 MoxeT Takxe OBITb He-
00XOAMMBIM B KauecTBE MMMYHOCYIpeccopa B IMOAABJIEHUM aKTUBALUU
NK-KJIETOK ¥ IMTOTOKCMYECKUM PEryjsiTOpoOM 4pe3MepHON MHBa3UU
tpodobaactoB. Kak WUJI-4, Tak u NJI-10 B COBOKYIHOCTHU C IPYTUMU JIO-
KaJbHbIMM (paKTOpaMu, BKJIIOUYass TOPMOHbI U POCTOBbIE (PaKTOPbI, KOH-
TpoaupyloT auddepeHHnpoBKY Makpodaros [28]. JlenumayaibHble MaKpO-
(haru skcnpeccupyloT reHbl, KOHTPOJIMPYIOLIME MHBa3UI0 TPodobJacTOB
(MMP-9, A2M), anruorene3 B mianeHTe (IGF-1, GAS-6, PROSI) u knu-
peHc anontotudeckux kjetok (FN1, CI1Q).

®parmMeHTHl (arouMTUPOBAHHBIX KJIETOK IPE3eHTYIOTCS MaKpoda-
raabHbiM HLA 11, HO B C1Jly HU3KOTO YPOBHSI 3KCOPECCUU 3TUX KOMIIO-
HEHTOB IJIJaBHOTro KoMIuiekca rucrocobmectumocty (HLA) He mpuBoasT K
akTuBaUuM T-muM@POLUTOB, a, HAOOOPOT, BLI3LIBAIOT CyIpeccrio. Makpo-
(haru skcnpeccupyoT peuentopbl UMMyHoperyiasiuuu — MRC-1, CD9,
TREM-2, NRP-1, CD209, koTopble OCYLIECTBJISIOT PEryasiliui0 aKTUB-
HOCTU MakKpodaroB ¥ KOOIEepaluio KJIeTOK UMMYHHOI cuctemsbl (puc. 1).
Makpodaru cekpetrupytot 6enku CCL18, IDO, PGDS, CCL-2, koTtopsie
peryJmpyoT MUTpaluio JuM@ouuToB U Makpodaros [28].

HeuuayaabHble MOHOHYKJIEAPHBIE KJIETKM aKTMBHO CEKPETUPYIOT
IFN-y, TNEF, IL-4, IL-10 u TGF-B. BeposiTHO, B nipoliecce 6epeMeHHO-
CTU 3TU LIUTOKUHBI PEryJupyloT UMMYyHHBIN oTBeT Thl-tuna. Ilpeamno-
JlaraeTcsl Takxe, YTO CMHTE3 LIMTOKMHOB HEOOXOIMM Ha TepMUHaJbHOM
cTaiuy OEPEMEHHOCTU IJIsI 00ecrneuyeHrs] UMMYHHOM 3allUMThl POKEHUIL
U yCTpaHEHU S AJIUTEIbHON MMMYyHoOcynpeccuu [28].
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HpoBeHocubIR

cocya Perynaumxa CCL-2

‘. aurworenesa  MOBANMIUMS
'\ mMaxpodarcs
IFM-y 1oF
pemope GASE L4
cocyaon PROS1 | e R0 Aeswaymn T-
-=="8 Aumarweni | HAETOK
= — ___ nnoga-
e - - : PP TALEHE
= . 7 HLATI
— (st . K CYyNPEcCHBHBIM
AHTHBALHA 1 - IL-4 deHoTHRAM
M- RNETOK aii -0
4 CCL-18
V. J INDO
4 PGDS
TREM-2
MMPS  cpong
UnTroToxcHyacKan A0 MEC.1 daroumroa
anTH NRP-1
cD3
Kommpons Parynmusm
R AP eI
ol AWTHIEH R
rpodiofinacron i
Y FIPOTHIEDE OC MW T MV o —
| | LHTGEHHLE Ty
-@J@ ‘ 0 l@ ------------------------- . Cgﬂ_e,z*
Ry B Anonros
Tpodobnact

Puc. 1. Cxema xoonepauuu kaemox UMMYHHOU cucmembvl U mpoghobaacmos 8 pas-
sUMUU NAAUEHMbl U KOHMPOAS UMMYHHOU cucmembl 8 npouecce bepemenrocmu [28].
OcHogHble 0603nauenus Ha pucynke: NK — namypaavHole KuniepHoie kaemku, MO —
maxpogaeu. KposenocHvie cocyovt, eHuzy — mpogobaacmsl — uneasus mpogobaa-
cmoe, anonmomuyeckue Kiemku (UHBA3USA 8 COHeMaHUU ¢ dIAUMUHAYUel KAeMOK —
pemodeauposarue mxanetl). Ocmanvhole 0003HAYEHUS OMHOCAMCS K PEUenmopam u
beaxam (HAUMeHOBAHUS OaHbL 8 MENCOYHAPOOHOU HOMEHKAAMYpe), KOHMPOAUPYIOUUM
5 0CHOBHbBIX NPOUECCO8: aHeUO2eHe3, BKAIOUAs POCI CMBOA08bIX CRUPAAEGUOHBIX ap-
meputi, akmuenocmv NK-xaemok, peeyasuuro uneasuu mpogobaacmos. Maxpoghaeu
0CYUeCmenstom KOHmMpoab UHBA3UU Mpodhobaacmos U anonmos KAemox — pemooe-
AUPOBAHUE MKAHEl U IAUMUHAYUUIO KACOK UMMYHHOU cucmembl U mKaHel MamKu,
KOHMPOAb hpe3enmayuu aHmueerog niooa, cynpeccuro T-aumgpouumos u KoHmponb
monepanmuocmu. OcHOBHble NOACHEeHUs 0aHbl 8 meKcme

MN3yuyeHne HUTOKMHOB JAeT TOJbKO MOBEPXHOCTHYIO KAPTUHY COCTO-
SIHUSI UMMMYHHOI CUCTEMBI, TaK KaK HE ITO3BOJISIET OLIEHWTb COCTOSIHUE
OTAENBHBIX cyononynsauuii TuM@ouunToB. I103TOMy aKTUBHO pa3BMBAIOTCS
JIpyTUE MOAXObI, MO3BOJSIONIE 60/€e OOBEKTUBHO OLIEHUTH IKCIPECCUIO
reHoB U cocTossHue T-kiaeTok. OmHaKo OOJBIIMHCTBO 3TUX MCCIIEI0BA-
HMI HE CBSI3aHBI C 9BOJIIOLIMOHHBIMU NPEACTABICHUSIMU 00 0CO00i poJin
MMMYHHOI CUCTeMbI IpU OEPEMEHHOCTU M CTPOCHUM T'€HOMa YeJIOBEKa.
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B nocneaHue roabl pacliMpuInMCh UCCIEI0BAHUS 9KCIIPECCUM FeHOMa
B Mpoliecce pa3BUTUS TUIALIEHTH U OepeMmeHHOocTU [8§—10, 28]. DTU HcC-
cJenoBaHuUS B OiuvKaiiiliee BpeMs MpUBEAYT K pacliMppoBKe MEXaHU3MOB
Koomnepauuu 3HIOIreHHBIX peTpoBUpPYcoB (DPB) M KJIeTOYHBIX T'€HOB B
pPa3BUTUM U FeHETUYECKOM KOHTposie (yHKLMI miaueHTsl [6, 8, 10, 19].
MmmyHocymnpeccust ¢ yuactuem DPB HocUT reHepasin30BaHHbIN Xapak-
TEp, TO €CTb OHA HE JIOKaJI1M30BaHa TOJIbKO B IialieHTe. [loaToMy noHsiTue
MMMYHOCYTIPECCUBHOr0 0apbepa MaaleHThl JOCTaTOYHO YCJIOBHO, HO MPU
9TOM OYEBMIHO, YTO OCHOBHBIE MEXaHM3Mbl UMMYHOCYIIPECCUU peaTnu3y-
I0TCSI MMEHHO B IIalieHTe Ha rpaHule Matb/rmion [19, 22]. MexaHu3Mbl
reHepaju3alu 3KCIPecCuu MMMYHOCYIpecCuBHbIX reHoB OPB oka3za-
JIUChb YHUKAJbHBIMUA U HEMOCPEACTBEHHO CBSI3aHHBIMM C CEKPETOPHBIMU
(GYHKLUSIMHU MIaLIEHTApHBIX KJIETOK [6].

OnHaKo Helb3s1 He OTMETUTh, UTO U3YUYEHUE T€HETUYECKOr0 KOHTPO-
Js1 MopdoreHes3a MIaleHThl U 3BOJIOLIMOHHON POJIM SHAOT€HHBIX PETPO-
BUPYCOB B 3BOJIIOLIMU MJIALIEHTAPHOCTU U UMMYHOCYIIPECCUBHOI 3alllUTe
MJjoaa OT peakluMii UMMYHHOI CUCTEMbl MaT€pU OCYILECTBISIETCS Ma-
paJuieJIbHO C OCHOBHBIMM MCCJIEIOBAHUSIMU B 3TOM 00JjlacTu 0e3 mpsiMoit
CB3M ¢ (pu3mnosiorueit u nartojiorueit 6epeMeHHocTH [6, 8, 22]. DBomoLu-
OHHas cBsi3b DPB u MH(pEKLUMOHHBIX BUPYCOB HEOXUIAHHLIM 00Opa3om
MPOSICHSIETCS HAa YPOBHE MEXaHM3MOB MMMYHocymnpeccuu [8, 29]. Takoit
MOAXON OKa3aJicsl HauboJiee MepCHeKTUBHBIM MPU U3YYEHUM MPOOIeMbl
TSKEJIOTO TeUEHUS TpuMIa y 0epeMeHHbIX XXeHIIUH. CleayeT OTMETUTD,
YTO YEThIPE OCHOBHBIX JOCTHUXEHMSI COBPEMEHHON MOJEKYJISIpHOW OMO-
JIOTUM MPUBEIU K BO3MOXHOCTHM JOCTUXKEHHUS TJYOOKOTO MOHUMAaHMSI
MEXaHU3MOB MMMYHOCYIIPECCMU UM MEXaHU3MOB Pa3BUTHUS OCJIOXHEHUM
MH(EKIMOHHOM NaTOJIOTUX MpU OEPEeMEHHOCTMU:

— pacurgpoBka GYHKIMIA KIOUYEBbIX T€HOB SHIOT€HHBIX PETPOBU-
PYCOB B ILJIALIEHTE;

— pacunppoBKa CTPYKTYpbl T-KJIETOUHBIX PELIENTOPOB U MEXaHMU3-
MOB aKTUBaLMU T-KJIETOK;

— WIEHTU(DUKALIMS UMMYHOCYIIPECCUBHBIX TOMEHOB Y O€JIKOB PeTpO-
BUPYCOB U MH(EKILIMOHHBIX C BHICOKUM YPOBHEM MAaTOr€HHOCTH;

— OTKPbITHE 3K30COMHOTO MYyTHU CEKPELUUMU MMMYHOCYPECCUBHBIX
JNETEPMUHAHT B IJIALIEHTE.

DHIOreHHbIEe PETPOBUPYCHI, MJIALEHTA
U IUIALEHTAPHbIE IMMYHOCYTIPECCOPDI

ComectHo ¢ B. M. TTokpockuM [1] Ha Popyme MHPEKLIMOHUCTOB
Poccuu B mapte 2010 roga Oblna BriepBble MpeACTaBIeHA HOBasl KOHLEI-
LIS UMMYHOCYNpEeCcCHr y OepeMEHHBIX XEHIIMH, Ha OCHOBE KOTOPOM
BO3MOXHO pellleHre MHOTUX BOIIPOCOB IATOJIOTMU OEPEeMEHHOCTU M BbI-

153



Biochemistry and Biotechnology for Modern Medicine

COKOI YyBCTBUTEJBHOCTU OEPEMEHHBIX XEHIIUMH K TPUMINO3HON MHDEK-
uuu. KoHueniuys ocHoBaHa Ha OOBbSICHEHUM MEXaHU3MOB I'eHepaau3aluu
MMMYHOCYTIPECCUHU, COMYTCTBYIOLIENH OEpEeMEHHOCTH, B CBSI3U C IKCIpPEC-
creil UMMYHOCYTIPECCUBHBIX 3JieMeHTOB OPB mialeHTsl 1 X roMoJioroB
y MHGEKIIMOHHBIX BUPYCOB, B TaHHOM Cjiydae y BUPYCOB rpumnia [6, 26].
MMmyHocynpeccusi, BbI3BaHHAsl BUPYCOM T'PUIIIA, UCMOJb3YIOIIUM TaKon
K€ MOJIEKYJISIDHBIIA MEXaHMU3M, KaK 3HJIOT€HHbIE PETPOBUPYCHI, TPUBOIUT
K HACTOJIbKO CHMJIbHOMY OMCOajaHCy B 3THUX Ipoleccax, YTO COCTOSTHUE
MMMYHHOI CUCTEMbI OpraHu3Ma 6epeMeHHOI MpUOIMXKAETCs K Mapajinygy.
Poiib peTpoBUpycOB B 00ecriedeH MTMMYHOCYIIPECCUBHOIO Gapbepa IJja-
LIEHTHI, B MEPBYIO OYepeb, MOATBEPXKIAETCS TEM, YTO TJIalleHTa OTHOCUT-
Cs1 K €IMHCTBEHHBIM OpraHaM MJIEKOMHUTAIOUIUX, B KOTOPOM HaOJ101aeTCs
BbICOKas 3Kcrpeccusi reHoB DPB 1 mpoayKiivsi BUPYCHBIX YaCcTUL SHI0-
TE€HHBIX PeTPoBUPYCOB [8, 29]. bojee Toro, B miaaleHTe IKCIPECCUPYIOTCS
rOMOJIOTM O€JIKOB €nv 3HAOTE€HHBIX PETPOBUPYCOB, KOTOPhIE B Ipoliecce
BBOJIIOLIMU (PYHKIIMOHAIBHO ArddepeHIIMpoBaHbl HA BbIMOJHEHUE (PYHK-
YA cIusHUS U UMMYyHocynpeccuu [29]. Tlpu aToM (yHKUMU TeHEeTu-
YeCKOro KOHTpoJisi MopdoreHe3a miaaleHTbhl 00beAMHEHbI ¢ QYHKIIMSIMU
UMMYHocyTipeccuu [6, 29]. ¥V GONBIIMHCTBA APYTUX BUPYCOB, HAIIpUMEp
BUY-1, sty GyHKUMU 00BbEAMHEHBI B OOUH AOMeH causHus [6, 30]. Uc-
KJIIOUEHUEM SIBJISIIOTCS MH(MEKIIMOHHbBIE BUPYChI, BKJII0Yasi BUPYC TPUIIIIA,
o0Jiajaolle He3aBUCUMbIMU IETEPMUHAHTAMU UMMYHOCYITIPECCUU B He-
CTPYKTYpPHBIX Oenkax [6, 31, 32].

KoHuenuuss uMMyHOCynpeccuu y 0epeMeHHbBIX KEeHIIUH OCHOBA-
Ha Ha MOHMMAaHWU MEXaHU3MOB T'€HepaJM3alluy TMOIaBJICHUs] OCHOBHBIX
(pyHKIIMI KJIETOUHOrO MMMYHUTETA, COMYTCTBYIOLIETO OEpEeMEHHOCTU B
CBSI3U C BKCIpeccueil MMMYHOCYIIPECCUBHBIX 2JIEMEHTOB 3HIOTE€HHBIX
peTpoBUpPYCOB IutaLeHTHI [1, 6]. Ha puc. 2 npencraBieHa 3KCIpeccus 3H-
JOTeHHBIX PETPOBUPYCOB B TKAHSIX XXMBOTHBIX U yeyoBeka [8, 10].

Kak BUAHO U3 puc. 2, BBICOKMI YpPOBEHb 3KCIIPECCUM SHAOTEHHOTO
Bupyca HERV HabnogaeTcsl TONbKO B MJjaleHTe. B OOJbIIMHCTBE IPYTrUx
TKaHeil ypOBEHb IKCIPECCUM (IO TeHY env) HOCUT MOPOroBblid (0a3MCHBII)
XapakTep, HO yalle Bcero TpaHckpumius DPB orcyrcTyer [6, §]. B nep-
BYIO OYepellb BICOKMIA YPOBEHb SKCIIPECCUU OTHOCUTCS K OejikaMm env.

CtpykTrypa reHoMa petpoBupyca HERV BKaouaeT B cebsl TeHbI gag,
pol n env (puc. 2). Bce reHbl HeoOXoguMbl IJis1 periukauuu (pol), o0-
pa3oBaHMsl BUPYCHBIX YacTUIl — Kancuaauuu (gag) u odpasoBaHus Oei-
KOBO—JIUINUAHONW 000JI04KU (env). LTR — ninMHHBIE KOHLIEBbIE MOBTOPHI
HEOOXOOMMBI /i1 MHTerpauuu U pernHTerpauuu (puc. 2). bemok env mno-
JIy4rJ1 Ha3BaHWE CUMHILIMTHHA 32 €ro COCOOHOCTh K 00pa30BaHUIO CUHIIM-
Tusi. CyTb 3TOro Inpoiiecca CBOAUTCS K CAUSTHUIO MOHOSIIEPHBIX KJIETOK B
KpynHble TpohoOaacTHble CUHLIUTHAJIbHBIE — MHOrosaepHblie. Ilpu orpa-

154



0. U. Kucenes

]
LEpEp
e

- O0E

- 00t

- 005

- 009

E 0 |

- 00g

L 00

holeBlood
CO14. hhonocytes o
CO33. &lojd -
CD&G. HECel= 4

cog.
CO2. "Teells 4
BOCAY, Dentritic Cells H
EDH1_II|9. BCEllz.nag._sel..

ISRl A

2T B Iymphoblasts
Emﬂﬁ?_ﬁ.dmhelial R

Cerebellum Paduncles
arebellum
Globus Pallidus

. ons
SubthalamicMucleus
emporal Lobe

. Occipital Lobe
Cingulgte Cortex
hiadulladblongata
Parietal Cobue
Caudatenuclaus
Thalamus
Fetalbrain
Hypothalamus
Spinalcond

Prefrontal Cortex
1‘1‘1111{%13!3
ihhalebrain
Sheletalhduzcle

. . Tongue
SuperiorCervical Ganglion
Trigeminal Gan "hlc:!n
in
Arioventriculariode
Ciliary Ganglion
DorsalRoot Ganglion
Crvary

Pppendix

ez Corpus
Heart

CO71._Eard Erg,-'tHUgdr
. roi
= Placenta —

ng

Prostate

_ Thyroid
Lymphoma.burkitt .= Eél. E
Leukemia.promiyelocytic . HL.GO
. Lymphoma burkitt.=. Daudi. H
Leukemia .chronichby elogenous kG632 4 H
Leukemialymphoblaztic MOLT 4.
Cardiachtyocytes
. Bmoothhduscle
Bronchial Epithelial Cells
Colorectaladenocanzinoma
. Testiz
Testiz Germn Cell
Testiz Intersitial
. TestisLeydigCel
Testiz Seminiferous Tabule
Pancreas
Fanc)l;e;ja_tu:lslet B !

ipocyte o
I:Il.lteyn-.tgﬁ B H
Fetal Thyroid
Fetallung

U

UL

[

 Pituitary
Salivarygland
Trachea
Qlfactory Bulb
Adrenal Cortex H
PAdrenalgland -
Bonemamaw H
Thymus - H
Lymphnode 4
Tonsi
Fetalliver
Kidney

i

T 1
oo ow
[ ) [

T T T T T T
- 8] 1] £ h o
[ [ [ [ [ [
= =

= = = = = =
Puc. 2. Dxcnpeccus sndocennozo pemposupyca HERV 6 mkauax uenosexa [8]

0. 4

155



Biochemistry and Biotechnology for Modern Medicine

HUYEeHUU 00pa30oBaHMsl CUHIMUTUAIBHBIX CTPYKTYP MPOUCXOAUT Hapylle-
HUE€ pa3BUTUS IJIALICHTHl MU BO3HUMKAET HEBO3MOXHOCTb MMILJIAHTALIUMU
0JIacTOLIMCTHI M BbIHAIIMBaHUs mjoaa [29]. Takum obpa3om, B mpolecce
pa3BUTUS MJIALEHTHI TPOMCXOAMUT MOJTHOLIEHHAST SKCIIPECCUST peTPOBUpYyCca
HERYV, obecneurBaloiias Mop@oreHes3 IialeHThl, YTO OAHOBPEMEHHO CO-
MPOBOXAAeTCs 00pa30oBaHUEM WHTPALMCTEPHAJIbHBIX BUPYCHBIX YaCTUIL
(cm. puc. 3).

NmMmyHocynpeccBHBIE JOMEHbI BUPYCHBIX H
MJIANEHTAPHBIX 0€JKOB: CHHIMTHH 1 M CHHIHMTHH 2

benok env perpoBupyca HERV obnagaeT ¢pbl030reHHbBIMU U 00pa-
3yloluMu cuHIuTUi ¢pyakuusamu [8,10]. Tlo ueHTpy TpaHCMeMOpaHHOM
YacTHU JIOKAJM3YEeTCs TaK Ha3blBa€Mblii MMMYHOCYIPECCUBHBIN JOMEH
(UCH). B conbminHcTBe cinyyaeB UC] nokaiusyeTcsl B HEMOCPEACTBEH-
Ho#l Onm3octu oT nentuaa caussHus (puc. 3). Jlokanuzanus UCJI, mo-
BUIMMOMY, UMEET NMPUHLUNKUAJIbLHOE 3HauyeHue. BrnepBbie 3TOT 1OMEH
uaeHtuduponaH B Buae nentuga CSK-17 y sHIOreHHBIX peTPOBUPYCOB
[10]. CepaueBUHHBI — KOPOBBII JOMEH 3TOro OejiKa OTIMYAETCsl BBICO-
Kol ruapodoOHOCTHIO, 00OralleH ocTaTKaMu JeMlIIMHA U TIpeacTaBiieH
rekcanentuaoM LDLLFL, KoTopblil B 0OJBLIMHCTBE cliydyaeB (hJIaHKHUPO-
BaH TOJIOXMTEIbHO 3apsi)KEHHBIMU aMUHOKHUCIOTHBIMM OocTaTkKamMu [32].
Takas xe 3aKOHOMEPHOCTb BBISIBJISIETCS MPU CPAaBHUTEJIbLHOM aHaJMU3e
MCJl — nocnenoBaTeIbHOCTEN peTPOBUPYCOB XMBOTHBIX U yejoBeka. Ha
puc. 4 npuBeneHa nepsuuyHasi ctpykrypa MCJl peTpoBupycoB B cpaBHe-
Huu ¢ nentugom CSK-17.

Ha puc. 4 BUIHO, YTO «KOPOBBIE» ITOCJIEIOBATEIBHOCTH, O0OOTralleH-
HbIe JIEUIIMHOM, MPAaKTUYECKM UAECHTUYHBI Y Bcex npencraBurtenein MCJI
[6, 33]. B mepBy1o ouepenb ciaeayeT OTMETUThb, UTO OOIIas CTPYKTypa
MNC-nocnenoBaTebHOCTEN coBNaAaeT y MH(PEKIIMOHHBIX U SHAOTC€HHBIX
petpoBupycoB. Tak, mocie nuaneHTudukauuu MCJ y peTpoBUpycoB aHa-
JIOTUUHBIN JOMEH C TAKUMU K& (PYHKUMSIMU ObLI BbIsIBJIIEH B Oenke GP2
BUpYyca reMopparudyeckoin auxopaaku D6oma [33].

Kak yxe yka3swiBaJioch, 3BoJioluss DPB y minaneHTapHBIX XXUBOT-
HBIX IIpUBeEJa K pa3lejcHUI0 U (PyHKIUIMOHAJbHOU AU E@EepeHLIMPOBKE
NByX reHoB env: env-ERVWEI n envFRD, cOOTBETCTBYIOLLIMX Y YeJOBEKa
cuHIUTUHY 1 1 cuHuutuny 2 [34—36]. Ha puc. 5 npencraBieHa cxeMa
CTPOEHMS U MPOCTpAHCTBEHHas Mojaeab Oeiaka env F-MLV peTrpoBupyca
MbILeit [34].

Cyl1IeCTBEHHBIM OTJIMYMEM ABYX JTOMEHOB SIBJISIETCS HaJMUUE B BU-
pycocneuuduudeckoin (envMLV) mocienoBaTebHOCTU TONOIHUTEIHLHOTO
MOJIOXKUTEIBHO 3apsixKeHHOro octarka jusnHa (K), uto MoxeT ObITh HE00-
XOOUMBIM i1 00Jiee BbICOKOM MMMYHOCYIIPECCUBHOI aKTUBHOCTU [34].
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Puc. 3. Tenemuueckas cmpykmypa (Kapma) 3HO02eHHO20 Pemposupyca 4eno8exa
(HERYV) ¢ ykazanuem oaunnvix KoHyegvlx noemopos (LTR) u eenos, xooupyroujux
beaxu gag, pol, env. A — na kapme beaxa videnenvt domenvl nogepxnocmuoil (1)
u mpancmembpannoiu (TM) uacmeii. B npedeasax mpancmemopannoi wacmu (T/)
gvidenenvt FP — nenmud causnusn (goroxcun), ISD — ummynocynpeccushwiii 00-
men (UCH), TMI — mpancmembpannviii domeH, opueHmupyowuii 6eiox env — @
membpane. b — mopghoeenes cunyumuompogobaacma u A0KAAU3AUUS IHOOLEHHBIX
supycHvlx wacmuy, [8]

Ha puc. 5 BbiaeneHa mocjienoBaTebHOCTh PETPOBUPYCHOIO OEJiKa env,
SIBJISTIOLLASICS KJTIOYEBOM B MPOSIBJICHUU MMMYHOCYIIPECCUBHBIX CBOMCTB
Bupyca. OgHako GJaHKUpyloUue nocjaenonareabHOCT ¢ N- u C-KOHILIOB
JIOMEHa 00ECIeYMBaIOT KaK OMpeaeIeHHYI0 KOH(OPMALIMI0 OCHOBHOTO J0-
ME€Ha, TaK M peaJu3alMio ero akTUBHOCTU. M301MpoBaHHbBIE CUHTETUYEC-
kue nenTtuabl — romosiorn MCJI cyliecTBEeHHO YCTYIalOT B aKTMBHOCTH
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FeLVplSE QNRRGLDILFLQEGGL
HTLV-1/2gp2leE QNRRGLDILFLQEGGL
ERV3 Env QNRLALDYLLAQEEGV
HERV-W Env.  LQNRRALDLLTAERGGL
o CSK-17 LQNRRGLDLLFLKEGGL

Puc. 4. llepeuunas cmpykmypa umMmyHOCYNPeCCUBHBIX DOMEHO8 PempOoBUPYCO8 JICU-
80mMHbIX U yenosexa [33]

A _m ™ |

nc ™

- " H’M‘ Cant Knusep,mam Hiliﬂ. KI’/ uTA
W“ [ o W
U I

14 23

LQNRRGLDLLFLGLC
R F

LONRRGLDLLFLKEGGLCAA — envMLV
AVVLQNRRGLDMLTAAQGGI Cunuurun2 — UCJ]

Puc. 5. Cmpoenue beaxa F-MLV Env u eeo or0302eHHbIX U UMMYHOCYNDECCUBHBIX
demepmunanm [34]. A — modens Geaka env, céepxy 6 sude mpex «ienecmKoe» npeo-
cmaenen nosepxHocmublil domer, coedunennviti ¢ TMJI] moavko cyavgheudpunvrvimu
ceszamu. TMJI maxace npedcmasnen 6 eude mpumepa. Cnupaisu MOHOMEPO8 U30-
eHymbl 8 nocaedosamenvHocmu, coedutsouwerr N- u C-KoHuesble 2enmanosmopbl.
B smom domene nokaruzyemcs nocaedosamenvrocmo UCJ, komopas necmomps Ha
2udpoghobHOCMb IKCNOHUPOBAHA HA NosepxHocmu mMoaekyavl. Ha puc. 4 makoace 6bi-
deneHbl AMUHOKUCAOMHbIE OCIAMKU, onpedeasiouue QYHKYUOHANbHYIO AKMUBHOCb
domena, obecneyusaroujue HeobX00uUMy0 N10KAAbHYIO KOHpopmauuro. B — nocaedo-
samenvrocmu MCJ eupycnoeo 6eaka envMLV u cunyumuna 2

CTPYKTypaM, OJM3KUM K TIPUPOIHON KaK Yy BUPYCHBIX OEJIKOB, TaK U y
cuHuuTrHa 2 [6, 34—36]. KpoMe CTpYKTYpHBIX OrpaHWYEHUII Ha YPOBHE
UMMYHOCYTIPECCOPHBIX OEJIKOB CYILIECTBYIOT U OTpaHMYCHMSI B UX TpaHC-
MopTe M B3aMMOACHCTBUU C KJIETKAMU MMMYHHOI cucTeMbl. OueBuI-
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HO, YTO JIEHCTBUME MMMYHOCYIPECCOPOB HE OrpaHMYEHO IIalleHTapHbIM
GapbepoM.

NmmyHocynpeccrBHBIE 1OMEHbI SHIOTEHHbIX PETPOBUPYCOB:
CXOJICTBO C COBPeMEHHbIMU MH()EKINOHHBIMH BUPYCAMH

B uccnenoBaHMsIX UMMYHOCYIIPECCOPOB PETPOBUPYCOB YCTAHOBJICHO,
4TO OJ1s1 UHEKLMOHHBIX peTpoBupycoB UCII saBasitoTcst (paKTOpOM IaTo-
reHHoctu [33]. I1peaBapurenbHble uccaegoBanus VCJl y BUpycoB rpurima
MPUBEJIM K TAaKOMY K€ BbIBONY: BbICOKOMATOr€HHbIE BUPYCHI TpUIlNa OT-
JINYAIOTCS BBICOKMM YPOBHEM MMMYHOCYIPECCHBHOU aKTMBHOCTHU IPU
COXpaHEHUU CMOCOOHOCTHU K MHAYKIIMU «IMTOKWUHOBOTO 1ITOpMa». bosee
TOro, y naHaeMuuyeckux BupycoB romosioru MCJI nokanuzoBaHbl HE TOJb-
Ko B O6enke NSI1, Ho u B 6enke NS2 [37].

CpaBHuTeabHbINM aHalu3 cTpyKTypbl MCJI y GoJiee 0OLIMPHBIX TPYIIIT
BUPYCOB ITOKa3aJj, YTO MOAOOHbBIE TOMEHbI CBOMCTBEHHBI MHOTMM BUpYCaM
KMBOTHBIX 1 4ejoBeKa, a y Bupyca BAY-1 gaHHBIIN DJOMEH JIOKaJIU3y-
€TCSl B HEMOCPEACTBEHHON OJIM30CTU OT MeNnTuiaa CAusHUs — (akTopa
MHBA3MBHOCTU BUpPYCa, OMPEIESIOIIEro ClIOCOOHOCTh K 3((HEKTUBHOMY
nHuuuposanuio T-numpouuTon [31]. [Ipu 3Tom B pabore Curanosa
[31, 32] mpencTaBiieHbl MPUHLUIIHAJTILHO HOBBIE MEXaHU3MBbI ACHCTBUS
KaK TENTUAOB CAUSHUS, TaK U OJMXKAWIIMX K HAM JOMEHOB, M3BECT-
HbIX Kak MCJI. CoriaacHo ¢ JaHHBIMU 3Tol paboThl [32], Kak (hblo30reH-
Hble menTuabl, Tak ¥ nentuabl Tuna MCJ Moryt nposiBiassTh UMMYHO-
Moayaupytomne GyHKIuu. UMMyHOMORYSILIMS B 9TOM Claydyae MOXET
OCYLIECTBJSThCA MYTEeM TpaHCMeMOpaHHOro B3aumoaeucTBusa ¢ TM]I
TCRa-perenTopoB, SBIASIOIMIMMUCS KJIOUEBbIMU (paKTOpaMu aKTUBALIUKU
T-mumdonuToB [6, 31, 32]. HeiicTBUTeAbHO, GbloXUH Tnentuasl BUY-1
gp4l obGnagaloT ONpSIMBIM MHTUOMPYIOIIMM IEMCTBUMEM Ha aKTHUBALIUIO
T-numdouuToB, 3(pheKTUBHO NMomaBisast UX (GYHKLUU B YCIOBUSIX NCH-
cTBUS aHTUreHHoro ctumyia [31]. Takoe couetaHue (pyHKUMNA CIAUSHUS U
MMMYHOCYMPECCUU HEOOXONUMO, MO-BUANMOMY, BceM T-TuMGOTPOITHBIM
BUpYCaM IS IPEeIOTBpaIlleHUsI aKTUBALIMKM MPOTUBOBUPYCHOM 3alIMTHI B
caMoM Havajie mHpekuuu [6,31].

Ha puc. 6 npencrasiaeHbl nociaenoBareabHOcT MC-10MeHOB y pas3-
JUYHBIX PETPOBUPYCOB. B mpomokeHre 3TOro nepeuyHsi Ha puc. 6 mpu-
BoauTcs nepBuuHas crpykrypa MCJI 6osee 1mpoKoro rnepeuyHsi BUPYCOB,
BKJIIOYasi TakuMe BMPYChl, KaK IIMTOMETaJOBUPYC, BUPYChl IreMopparu-
yeckux Jnuxopanok [32, 33]. IMocnemoBarenbHocTu misgs BUY-1, nuro-
MerajoBupyca U psiia Ipyrux oco0O OIMacHBbIX BUPYCOB MpeACTaBJIEHBI
¢ 00J1IaCTbIO TENTUIOB CAUSHUS, XapaKTEPHONH OCOOEHHOCTbIO KOTOPBIX
SIBJISIETCSI 00OTallleHHOCTh ocTaTKaMu raunuHa (G).

159



Biochemistry and Biotechnology for Modern Medicine

HIV gp41 FP AVGIGALFLGFLGAAGSTMGARSMTLTVQARQL

LASV FP GTFTWTLSDSEGKDTPGGYCLTRWMLIEAELKCFGNTAV
LCMV FP GTFTWTLSDSSGVENPGGYCLTHWMILAAELKCFGNTAV
MOPV FP GLFTWTLSDSEGNDMPGGYCLTRSMLIGLDLKCFGNTAI
TACV FP AFFSWSLTDPLGNEAPGGYCLEKWMLVASELKCFGNTAI
CKS-17 LONRRGLDLLFLKEGGL
SEBOV ILNEKAIDFLLREWGGT
ZEBOV ILNRKAIDFLLQRWGGT
MARV LINRHAIDFLLTRWGGT
Fr-MLV LONRRGLDLLFLKEGGL

TMD TcRa CP — kopossriid nentug GLRITLLLKY

Puc. 6. Cpasnenue nocaedosamenvrHocmell pa3Au4uvix 8UPYCHbIX 0eaKko8 no dome-
HaM, NPoABAAWUM UMMYHOCynpeccopHyto akmusnocmsv (MCI) [32,33]. Cokpa-
wenus: HIVgp4l FP — eupyc ummyHnooepuyuma uenoseka — BUY, FP — ¢hvro30-
eennviti nenmud, TMD — mpauncmembpannviti domer, CSK-17 — cunmemuueckuii
eenmadexanenmuo 6eakoe oborouku pemposupyca kowek (FelV), LASV FP — eu-
pye Jlacca, LCMV FP — eupyc aumgpouyumaprozo xopuomerurneuma, MARV — eu-
pyc 6oae3nu Mapbypea, MOPV — eupyc Monea, SEBOV — eupyc D6oaa, wumamm
Cydan, ZEBOV — wmamm 3aup, TACV FP — eupyc Taxapube, TCRo. TMD —
mpancmembpannviii domen T-kaemounoeo peyenmopa, TCRa CP «kopoebviti nen-
mud» mpancmembpannoeo domena T-kaemounoeo peyenmopa

MuiieHblo g noreHumaabHbix caiitoB MCJ (puc. 6), aBagercs
00J1acTh KOPOBOTO menTuaa TpaHcmemopanHoro cermeHta TCRa [32, 33].
CrenyerT euie pa3 oOpaTUTh BHUMaHUE, YTO Yy OOJBIIMHCTBA BUPYCOB UM-
MYHOCYIIPECCOPHBIN «KOPOBHI» NOMeH (JIAaHKUPOBAH MOJOXUTEIbHO
3apsIKEHHBIMU apTMHUHOM WM JIM3MHOM, 4YTO, BEPOSITHO, CYIIECTBEHHO
st ero cBsi3biBaHUSI ¢ TCRa u antureHamu HLA. DTOT yHUKaIbHBII
MEXaHU3M ACUCTBUSI BUPYCOCHEUMMPUUECKUX MENTHUIOB OOpbhIBAET Ha ca-
MOM HayajbHOM 3Tamne peakuuio T-TuMOOIMTOB Ha BUPYCHBIE U JPYTrUe
QHTUIEHBI U OJIOKMpPYET paclo3HaBaHUE YYXXKEPOAHBIX AHTUTEHOB B Opra-
Hu3Me [6]. JlaHHBIIT MeXaHU3M JIeHCTBUSI OBICTPO peain3yeTCsl B YCIOBUSIX
AKTUBHOM PENpOAYKIIUM U TUCCEMUHALMU BUpyca B opranusme [6, 41].

VIMMyHOCYnIpecCHBHBIE IOMEHBI MAHIEMHYECKHX BHPYCOB I'PHINA

I'punnosHoii MHMEKIUM, BBI3BAHHON IITAMMaMM C TTOBBIIIIEHHBIM
YPOBHEM MATOT€HHOCTH, XapaKTepHOI, B MEPBYIO Oouyepelb, MJIsI TaHJe-
MHUUYECKMX BUPYCOB, CBOMCTBEHHO /IBAa OCHOBHBIX IapaoKca:

— Tporpeccupyolias B npolecce pa3BUTUs 3a00JeBaHUSI UMMYHO-
CymnpeccHs Ha TpaHU MMMYHOIIapaanya;
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— LIMTOKMHOBBIU 1ITOPM — MpPeaeIbHO BHICOKUI YPOBEHb MPOBOCIIA-
JIUTEJIbHBIX IUTOKMHOB B Mepru@epruyecKoii KPOBU U MTOPAXKEHHbBIX TKAHSIX
[1, 24, 30, 38].

HMMmyHocynpeccust pu IpUIine sIBIseTcs, KaK MpaBuo, CIeACTBUEM
JerikorieHuu. OCoOEHHO ATO XapaKTEPHO ISl 3a00JieBaHUSI, BbI3BAHHOTO
BupycoM HS5NI |2, 24]. MexaHu3Mbl pa3BUTUS JICMKOIIEHUN TPU TPUIIIIE
M3BECTHBI U CBSI3aHbl ¢ MHOUIIMPOBAHUEM MaKpodaroB U MOHOLMTOB U
MX MacCOBBIM aronTo30M, BbI3BaHHBIM AeiicTBueM Oenka PB1-F2 [39, 40].
BMmecTte ¢ Tem, sneiikoneHus1 MeHee XapakKTepHa ISl MaHAEMUYEeCKOro
rpunmna HINIpdm(09 [24], Tak KaK OTKpbITasi paMmka cuuTbiBaHust PB1-F2
y 3TOr0 BUpYyca MPaKTUUYECKU TTOJTHOCThIO ejeTupoBaHa. [loaTomy y maH-
nemuyeckux BupycoB HINI 1918 rona u HIN Ipdm09 cyiecTBeHHOE 3Ha-
yeHue umeroT MC-gomennl 6enkoB NS1u NS2 [37].

[Ipu aTOM, B npeaesax UMMYHOCYTPECCUBHBIX MOC/EN0BATEIbHOCTEM,
C OIHOI CTOPOHbI, BHICOKMI KOHCEPBATU3M «KOPOBOI» MOCJIEA0BATEIbHO-
ctu UCJI, ¢ npyroii CTOpOHBI, y LITAMMOB, OTJMYAIOLLIMXCS BbICOUaiiIei
MaTOreHHOCTbIO, MOXHO OTMETUTbH YCUJIEHUE KOHCEHCyca MyTeM BKJIIO-
YEeHUSI OCTATKOB apOMaTMUYeCKUX aMMHOKHUCIOT [24, 37], uto cOnmxkaet
3TU BUPYCHI ¢ BUpycoM D6oxaa [33]. Tak, y BupycoB «ucraHku» 1918 rona
u BupycoB H5N1 (A/VN.1203.04) B nonoxeHuu 143 nokanusyercs ocra-
TOK TMPO3MHA, a Y MeHee naroreHHoro Bupyca HINIpdm09 — TpeonunHa
(puc. 7).

benok NSI BupycoB rpumnia OTHOCUTCS K MHOro¢yHKILMOHAJIbHbIM
OenkaMm BupycoB rpurma tuna A [24]. [loaTomy npeacTaBiasieT MHTeEpeC
Jnokanuzauus U cBorictBa MCJI 1o OTHOLLIEHUIO K APYTUM (DYHKIIMOHAJb-
Ho BaxkHbIM gomeHam. MCJI G6enka NSI nokanusyercss mexny SH2- u
SH3-noMeHaMu 1 3KCIIOHMPOBAH Ha MOBEPXHOCTU MOJeKYJbl [24]. [TpuH-
uunuanbHoe otauuue MCI 6enka NSI oT aHaloroB y peTpoBUPYCOB
coctouT B ToM, uTo MCJI 10Kanu30BaH B HECTPYKTYPHOM OeJiKe, CUHTEe3
KOTOPOr0 MHAYLIMPYETCS B MH(MUIIMPOBAHHBIX KJIETKaX Ha paHHEH cTa-
IUu WHGeKIUu. B CBSA3M ¢ 3TUM JaHHBIM MEXaHU3M UMMYHOCYIIPECCUU
«BKJIIOUAETCSI» TO3/IHEE U 3aBUCUT OT aKTMBHOCTU PEMPOAYKIIMMU BUpYCa.
TakuM oOpa3om, 1Jisl MaHIEMUUYECKUX BUPYCOB rpUIia UMMYHOCYMpeC-
CHUS$ He clierieHa ¢ (paKTopaMy TPAaHCMUCCUBHOCTU 1M MHBa3uu. JleiicTBre
Ha (pyHKUUU JTUMGOLIUTOB OCYIIECTBISETCS MyTeM paclpoOCTpaHEHUS
(hakTOpa MMMYHOCYIIpeCCMM MpU aKTUBaLUUKU T-KJIETOK B OTBET Ha BU-
pycHy0 MH(pekuw. BeposaTHO, 3TO 00llee CBOMCTBO BbICOKOMNATOI'€H-
HbIX BUPYCOB, BbI3bIBAIOLIMX OCTPbI MHMEKIIMOHHBIK Mpouecc. DTUM U
00BSICHSIETCS MapaJoKC CYNEePUHAYKIIMU CUHTe3a LIUMTOKMHOB TPU TOIaB-
JIGHUU KJIIOYEBbIX PYHKUMK umMMmyHuTeTa [1, 24].
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CwrHan AECNOPTa U3
ENeTo4yHore Agpa

SpchexTopHBA
PHK-cERILIBAIOLMI Cwrnan snephed N Farsam CPEFA n PABPHY .
ROMEH NOKANWIALAA 1
] Ne@-aunnep |
19 38 80 g4 134 181 180 215
L W NS1
1 Tmﬁ“:i"“ T /| ‘z30ax
70 114 139 171 196 207,200 227 )
I e —— -\-""‘"'H-.__\__“ [ |.
“140-RLTLILLRAF-148 ' 227 EP/SKV 230
PDZ-cER3LIBAKWMHA
OOMEH

FSVIFNRLETLILLRAFTEEGAI — HIN1 NS1
ILNRKAIDFLLQRWGGT — B6ona

A/Teal/97 140-RLEALILLRAFT
A/HK /483/97 140-RLEALILLRAFT
A/VN/1203/04 140-RLEYLILLRAFT
A/HIN1/1918 140-RLEYLILLRAFT
A/Mallard/NY/ 140-RLETLILLRAFT
6750/1978(H2N2) 140-RLETLILLRAFT
A/C.-TleTep6./04/09 140-RLETLILLRAFT
FeLV plSE RRGLDILFLQEGG
CSK-17 LQNRRGLDLLFLKEGGL

Puc. 7. Cmpykmypa ummyHOCynpeccusuvix O0OMeHO8 IHO02EHHbIX Pempo8UpPYCos,
supycoe Doonra u epunna HINIpdm09. [locaedoeameavnocms nenmuda CSK-17 —
nepeoeo udenmugpuyuposarnnoco HCJI, enepevie udeHMUPUUUPOBAHHO20 Yy 3H-
doeennvix pemposupycoe [33, 37]. Ha pucynke npusedena noanas kapma Oeika
NS1 eupyca H5NI c eébidenenuem xapakmepHolX Mymauyuii U OCHOGHOU NOCAedo-
samenvhocmu MCJl. Huxce npusodamcs udeHmuuHbie 0OMeHbL 8UPYCO8 PA3AUUHO-
20 NPOUCXONCOCHUS U OMEYeCMBEHH020 U30AAMA NAHOeMUHeCKo20 upyca epunna
A/Canxkm-Ilemep6ype/07/2009 (HINIv—2009). Ilociedosameavrocmeo 3moeo ben-
Ka HeusMeHHa 015 6cex eeoepaghuuecKux Uzoaamos NAHOeMU4ecKoeo eupyca epunna
A/HINIv—2009

baok akruBamuu TcR — penentopoB nomenamu UCJI

OcHoBHoli MexaHu3Mm aeictBust MCJI cB3aH ¢ yHUKAJIbHBIM IIPOLIEC-
COM, KOTOPBII MMEET MPSIMOE OTHOIIEHUE K MMMYHOCYIPECCUM KaK MpHU
OEpPEMEHHOCTHU, TaK U MPU BUPYCHBIX MHPEKIIMAX. DTU MPOLIECCHl pean-
3yI0TCs Ha ypoBHe peuentopoB T-numdouutoB u NK-kjieTok, GyHKLUU
KOTOPBIX SIBJISIIOTCS KJIOUEBbIMY B KOHTPOJIE UMMYHHOIO 6apbepa B ILjIa-
LIEHTe U B 00eCIeUeHUN TTPOTUBOBUPYCHOM 3alIUTHI [6, 24].

162



0. U. Kucenes

Ha puc. 8 npeacraBiaeHbl cxembl cTpoeHUust TcR-penenTopa u ero
CUTHAJIbHBIX KOMITIOHEHTOB [42]. B obOnactu usyudeHusi crpoeHusi TcR-
peLenTOpoB U MEXaHM3MOB CaMOCOOPKM CHUTHAJbHOI'O PELENTOPHO-
ro KoMmruiekca T-KJI€TOK B MOCJAEAHUE TOAbl JOCTUTHYT 3HAYMTEIbHbIN
nporpecc. JTo CBSI3aHO B 3HAUMTEJIbHOM CTENMEHM C paclIMpPEeHUEeM Me-
TOAMYECKHUX BO3MOXHOCTE M3yYEHUSI B3aMMOIEUCTBUS OEJIKOB B KJe-
TOYHBIX MeMOpaHax [42]. KoHuenuusi ctpoeHus 1 GyHKIIMOHUPOBAHUS
T-KJ€TOYHOro CUIHAJIbHOIO KOMILIEKCAa pacCMOTpPeHa B psijie 0030pHBIX
cTaTeil, B KOTOPbIX JI€TaJbHO OMMCAaHbl CTPOEHUE U MEXaHU3MbI COOPKU
ATOrO CJIOXHOI'0 HaJAMOJIEKYJISIPHOrO 00pa3oBaHusl, ONPEAEISIONIero MyTu
M MEXaHU3Mbl pacno3HaBaHMs aHTUICHOB W akKTuBaluu T-mumdonuToB
[42]. B ctatbe Manolios ¢ coaBT. [42] aBTOpbI KpaTKO M3J1araloT U3BECTHbIC
MEXaHU3Mbl pacro3HaBaHUs aHTUTeHa T-KJIeTOUYHbIMU peLernTopamMu U B
BUJE TUIIOTE3bl MpeAiaraloT KOHLENIUIO CTPYKTYPHO-(PYHKIIMOHAIbHOMN
OpraHu3alMy HOBOIO TUIA CUTHAJbHOIO KOMILIeKca [42]. AHTUTreHHBbIe
MeNTUAbl UHULMUPYIOT T-KJIETOUHBIA KIMMYHHBI OTBET MyTeM B3aUMO-
JercTBus ¢ T-kieTouyHbIMU pelentopaMu. TCR — pelentopsl sSIBASIOTCS
OIHUMM U3 HanmboJiee CAOXKHBIX MO CTPOCHUIO U MEXaHU3MaM caMocOop-
KM KJIETOYHBIMM pPELIeTITOPAMU, COCTOSIIUMU U3 6 pa3sIUYHBIX CyObeau-
Hul. Pacno3HaBaHKe aHTUI€HA OCYILECTBJSIETCS a- U B-CyObeaMHULIAMU
cobctBeHHO TcR-penenTopa, a TpaHCMUCCUS CUTHAJa OCYLIECTBIISIETCS
cyobenunuiiamu CD3 B Buzie nuMepoB cyObenuHull de,ye U (¢ [42]. dns
rnepenayu CMrHaja B LIMTOMJIA3My KJIETOK, a 3aTéM B KJETOUHOE SIAPO
cyobenuHuiibl CD-KopelienTopoB JOJXKHBI BOMTH B COCTaB CUTHAJIbHOIO
KOMILJIEKca pelenTopa. DTa yacTh Mpoliecca Ype3BblUaiiHO BaxkHa AJsI
JUMEpU3ALNU o- U B-CyOBEAMHUL, YTO OO0siee NEeTaJIbHO OyIAET paccMo-
TpeHo Huxke. [locine numepusauum o- u B-cyobenunull TcR-peuentopa
U accoumanuu ¢ guMmepamu CD3-kopeuenTopoB npoucxoguT ¢ochopu-
nupoBaHue 10 TuposuHcoaepxainux MotuBoB (ITAM) B uuToniasMaru-
yeckux cyobenmHuuax CD3-kopelentopa, 4To NPUBOAUT K aKTUBALUMU
T-peuentopa.

MexaHu3Mbl akTUBalMU T-KJIETOUHBIX PELIENITOPOB B 3HAYUTEJbHOMI
CTENeHU MPOSICHUJIUCH MOCe UACHTU(MUKAIIUU TaK HAa3bIBAEMbIX «KOPO-
BbIX» IIENITUAOB, CIOCOOHBIX MHI'MOMPOBATh aKTUBalLuio T-pelenTopon
Ha craguu B3aumoneiictBus TcR-CD3 kommnoneHToB [42]. KiatoueBbiM
(hakTOpOM KOHLEMLIMU SBJSETCS TPUMOJajbHasl CUTHaJIbHAs CHUCTEMa
T-knerok, npenjoxeHHass aBropamu [42]. CyliecTBO KOHLEMNLUU CO-
CTOUT B TOM, YTO B OTJIMUME OT paHee MPUHSITOIO MHEHHUS O TOM, UTO
peLeNnTOPHbIN KOMILIEKC (PYHKIIMOHUPYET KAaK ABYXKOMIOHEHTHBIN- (-(
n CDey,ed, npennaraercs (yHKIIMOHUMPOBAHUE TPEX Pa3HBIX TUMEPHBIX
monyneit: CDye, 8¢ , [42, 43]. Kak Oyner BUAHO M3 JajIbHEAILErO U3J10-
JKEHMSI — 3TO OYEHb Ba’KHO Kak JJIsl paclliMPpPOBKU MEXaHMU3MOB JAEUCTBUS
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MMMYHOCYIIPECCUBHbBIX TOMEHOB KJIETOUHBIX (IJIALEHTApHBIX) U BUPYC-
HbIX O€JIKOB, TaK W CO3JaHUSI COOTBETCTBYIOIIMUX CPEACTB YIpaBJICHMS
pyHkuusamu T-KJIETOYHBIX pelenTopoB (puc. 8).

TCRap — Monysib npeacrapisieT coooil TporiHoi kommjiekc MHC—
nentun (aHtureH)—T'CR-peuenTop. M3 jaHHBIX MCClIeAOBAaHUS TPETUYHOM
CTPYKTYpbl yctaHoBJieHO, YTo TCR&e and TCRye Monyau o6pasyrorcs Tak-
K€ B pesyJibTaTe (popMUpOBaHUSI HAAMEMOPAHHbBIX TUCYIb(PUIHBIX CBI3EH
B Ipeaeiax UMMYHOIJIOOYJIMHONOAOOHBIX JOMEHOB. CTeXMOMETPUUECKU A
COCTaB KOMIIJIEKCOB MOXET BapbUPOBATh B 3aBUCUMOCTU OT JAOINOJHUTEb-
HBIX (BcomorareabHbix KomnoHeHToB CD3). LluToriazmaruueckue a0-
MEHBI 3, €, Y U (~-CyObeIMHMUIIbI B COCTaBe KOMILJIEKCA COCTaBJISIOT 1—3 KO-
MUY, HEeCYLMe TUPO3MHCcoaepKalue MOTUBBL: YxxLx6—8YxxL, koTopbie
rnocJjie crabuian3aluy auMmepa noaepraioTcss GochopuapoBaHUI0 MEM-
OpaHo-accolMupoBaHHBIMU KMHa3aMu [43]. CaMblii TpeacTaBUTEIbHbII
JOMEH KOMILJIeKca MoayJb ({ oOpa3yeT acCOLlMMPOBAHHBIM ¢ MeMOpaHa-
MU CIUpPaIb—CIUPaJbHbI KOMILIEKC U SIBJISIETCS KJIIOUEBBIM B IpoOliecce
TpaHCAYKUMU cuTHaa [43—46].

Ha puc. 8 npencraBieHbl cTpykTypHble Moneau TcRap — peuento-
pa u cyobenuHuibl CD3 8¢, ye¢ U ({ B BUJIE HEKOBAJIEHTHOCBSI3aHHBIX
IUMEPOB. AccollMalius KaxXJI0i M3 TpeX TUIIOB CyObeAMHUI] B IMMEP C
TcR-peuenTopoM ocyliecTBIIsIeTcs B TpaHcMeMOpaHHoOIt yacTu TcR yepes
B3aMMOJACHCTBUE C IMOJIOXKMTEIbHO 3apSI)KeHHBIMU aMUHOKUCIOTHBIMU
ocTtaTkaMu (0003HAU€HbI TOJYyObIM 1LIBETOM) M OTPULIATEILHO 3apsiXKeH-
HBIMU aMUHOKUCJIIOTHBIMU ocTaTKamMu TM — nomeHoB cyobenuHul CD3
U3 CUTHAJIbHOrO MoayJsi. B KauecTBe oTpuLIaTeIbHO 3apsS>KEHHBIX aMUHO-
KMCJIOTHBIX OCTaTKOB IpPEACTaBJIEHbI acliapariHOBasi UM TJyTaMUHOBAasI
kuciotel. ITAM — KoHCeHCyC-TIOC/IeA0BaTeIbHOCTh cailTa (pochopuin-
pOBaHMS TUPO3UH-KUHA30M [43—46].

Cnenyetr oOpaTuTh BHUMaHUE Ha BbICOKYIO romosiornio MC-nomeHoB
peTpoBUpYycOB U BupycoB rpunna. Bce MC-gomeHbI comepxaT oTpUlia-
TEJbHO 3apsi>K€HHbIE OCTAaTKM INIyTAMUHOBOM KUCJIOTHI, 00JaaatoT 0113-
KHUM YpOBHeM rujapo¢poOHOCTU, OOpeaeasioleil CIOCOOHOCTh K MHTe-
rpauMu B MeMOpaHbl, (hJJAaHKUPOBAHbI MOJIOKUTEIbHO 3apsi>KeHHBIMU
octarkamu apruHuHa (R) u nusuna (K).

BHyTpriMemMOpaHHbIe B3aMMOACHCTBHS TOMOJOTMYHBIX JTOMEHOB
KOMITIOHEHTOB KoMmIliekca TcR-penenTtopoB ocyllecTBaSIIOTCS Ha OCHOBE
ruapopOOHBIX B3aMMOACHCTBUIM, BaXXHEUIIMHI BKJAal B KOTOpPbIE CBON-
CTBEHEH OcTaTKaM JielllMHa W U30JelliMHa (MpeuMyIlIeCTBeHHO B3au-
MOJEUCTBUE JIEHLIUH-3UIINEP MOTUBOB). JIOMOJTHUTENbHBIN BKJIad B OU-
Mepu3alMui0 BHOCIAT apoMaTMYe€CKMEe aMMWHOKUCJIOTHBIE OCTaTKu [43].
CrnenyeT Takxe OTMETUTb, 4TO B mpeMeMmOpaHHoi objactu CD3 peuern-
TOPOB JIOKAJMU3YIOTCSl OCTaTKU LiMcTerHa. JIucynb@uaHble CBSI3U MEXIy
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A CDse TCReefd
£
I i

Tpancsvesabipanmsil 1osen

™ =

i

b Th region
D3 e MDVMSVATIVIVEICITGGLLLLVYYWSKEN
CD3 y LMAATISGFLFARIVSIFVLAVGVYFIAGD
CD3 & BLDPATVAGIIV IATLLLALGVFCFAGH
Consensus

B Perposupycuniii HCJ1 nomen RRGLD)” LLFLK

HC-pomens: Genxa NS1 supyca rpunna:

AHINV/C.-lerepbypr/04/09 RLE” TLILLRAFT

A/HINI/1918 RLE YLILLRAFT

IcRa CP- kopoestii nenmin GLR ILLLKY

Puc. 8 HUanocmpayus npouyeccoé eHympumembpauuol OJdumepuzauuu TcR-
peuenmopoé u ux adanmopHvlx moaekyr [43]. A — obwas uasocmpauyus opea-
Huzayuu u camocobopku TcR-peuenmopoe 6 komnaexce ¢ CD3-kopeyenmopom.
b — Cmpykmypa naomembpanuoii u mparncmembpanHoi obaacmeli KOMNOHEHMOB
xomnaexca TcR-peuyenmopa. B npemembpanuoil obracmu — 6 cmpyKkmype KOHcep-
8amueHo20 cmebas 8bl0eaeHbl NOCAe008aMeAbHO AMUHOKUCAOMHbIe OCMAMKU apel-
HUHA, YUCMeuHa, YUCMeuHa U 2AYMAMUHOBOU KUCAOMbL (BEPDMUKAALHO — YePHbIM
ygemom). Kpacunoim yeemom videnervt aMuHoKucA0muble ocmamku acnapaeura (D)
enymamunosoi (E) kuciomut [43]. B — nocaedosamenvnocmu M C-domenos nande-
muueckoeo eupyca 2009 (npusedena cmpykmypa omeuecmeenHo20 U30AAMa) U 6u-
pyca HINI-1918, eviz6asuieco «ucnanky», 6 cpasnenuu ¢ CP-kopoevim nenmudom.
B nenmuodax evl0enenvl AMUHOKUCAOMHbIE OCMAMKU, UMeIOWUe OMPULAmenbHblil
3apsd — acnapaeunogol kucaomwt (D) uau eaymamunosoii kucaomoi (E). Taxkas
cmpykmypa HCJl obecneuusaem gzaumodeiicmeue smux 00MeH08 ¢ «KOpPOGbLM» nen-
mudom TcRa-peuyenmopa [43]
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9TUMM OCTaTKaMHU LIMCTEMHOB MEPEBOMST AUMEP B COCTOSIHUE KOBaJICHT-
HOCBSI3aHHOTro auMepa. BeposiTHO, KOBaJleHTHOE CBSI3bIBAHWE U B3aUMO-
JeicTBUE TpaHCMeMOpaHHBIX ()ParMeHTOB II0 BCEi JJIMHE HEOOXOMUMO
111 ocieaytouero ocopuapoBaHus OCTaTKOB TUPO3UHA B Ipeaenax
TUPO3UHCOAECPXKALIEro LIMTOMIa3MaTU4YecKoro goMeHa: YxxLx6—8YxxL
(cM. Takxe puc. 8).

Ha puc. 9 npencrasieH obuiuit 60K Moaeseil, WILTIOCTPUPYIOIIAT
OTIEeJIbHbIE COOBITHSI B caMOCOOpKe MUMMYHopenenTopoB U neiicteue MCJ]
BUPYCOB Ha 3TU MPOLECCHI.

Ha puc. 9 BuaHo, yto aktuBauus T-TMMGOLIMTOB 3aBUCUT OT 0O0-
pa3oBaHusl KoMmIJIeKcoB TcR-pelienTopoB M MX KOpeLenTopoB, COCTaB-
JSIOIMX CTPYKTYPHYIO OCHOBY CHMTHajJbHOro aHcamb6is. OOpa3oBaHUe
KJlacTepa peuenToOpoB — HEOOXOAMMOE YCJIOBHUE OBICTPON aKTUBALUMU
T-knerouHoro orBeTa (puc. 9, b).

MC]I BupycoB nyTeM MHTerpauuu B MeMOpaHsl (puc. 9, B) 6iokupy-
o1 gumepusanuio. UCJl pa3nuyHbIX BUPYCOB B KayeCTBE MHTHMOMTOPOB
JUMepU3allMM MpeacTaBieHbl Ha puc. 9, T.

DTOT YHUKAJbHBI MEXaHU3M ACUCTBUST BUpPYCOCTIEIMPUUECKUX Men-
TUJ0B OOpbIBAET HA CAMOM HayaJIbHOM 3Tamne peakiuio T-1um@oLuToB Ha
BUPYCHBIE U JIPYTU€ aHTUTEHbI U OJOKMPYET pacrio3HaBaHUE YyKePOITHbBIX
AHTUTEHOB B OpraHu3Me. DTOT MEXaHU3M JIEMCTBUS ObICTPO peanu3yeTcs
B YCJIOBUSIX aKTMBHOM PENpPOAYKIIMU U TMCCEMUHALIMU BUPyCca B OpraHU3-
Me, SIBJISISICh KJIIOYEBbIM (haKTOpOM BUpPYJAeHTHOCTU. MccnenoBanus neii-
CTBUS BUpycoB Irpunna Ha NK-KJIeTKM CyILLECTBEHHO MPOSICHSIOT BHIOOP
BUpPYCOCIIELIM(PUUECKUX MULIEHENH CpeaIr MMMYHOKOMIIETEHTHBIX KJETOK
[47].

Kak yxe ykasbiBanoch, aeiictBue MCJl mialneHTapHbIX CUHLIUTU-
HOB HaIlpaBJIeHO Ha OJloKaay Mpe3eHTallMi aHTUT€HOB TJ10Ja UMMYHHOM
CUCTEMOI MaTepuHCKOro opraHusma [35]. J1as1 GOJbLIMHCTBA U3BECTHBIX
Bupycocrenuduueckux MCI ycTaHOBIEHO, YTO CUHTETUYECKUE UMMYHO-
cynpeccuBHbIe TtenTuabl — romosioru MCJI, u cooTBeTCTBYIOLLIME UM O€I-
KOBbIE JOMEHbI OJJOKMPYIOT aKTUBALIMIO U Mposudepannio T-mtuMmdpouuToB
yepe3 TCRa-penienTops [6, 24].

TakuMm o6pa3zoM, MEXaHU3Mbl UMMYHOCYIIPECCUU IIpU O€pPEMEHHOCTH
U BUPYCHBIX MHMPEKUUIX UASHTUYHbI W HaIpaBjJeHbl HA OIMH CIIEKTpP
peuenTtopoB [35].

JlonosHUTENbHBINM BKJIaA BUPYCOB B (DYHKIIMOHAJIbHYIO MMMYHOCY-
MPECCUIO pU OEPEMEHHOCTU MPUBOIMT K MOAABICHUIO HecnenpruIecKo-
ro U cneunguyeckoro MMMYHHOro oTBeTa y 6epemeHHbIXx. Ha puc. 10 Ha
YIIPOIIEHHOI CXeMe JeUCTBUS BUPYCOB HA MUMMYHOPELIEITTOPLI BUJIHO, YTO
0JioKajga 3TUX PELENTOPOB BKJIOUAET MPsSIMOE JEMCTBUE MMMYHOCYIIpeC-
copoB Ha TMJ/I nyTem uHTerpauuu B MeMOpaHbl. B aToli cxeme no0aBiieH
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BaXKHEHMILIUK 371eMEHT — 3K30COoMbI [32, 49]. DK30COMBI — 3TO YHUKaJb-
HbI CTPYKTYPHBII BJIEMEHT KJIETOUHBIX DHAOCOM, O0OecleYuBalolIni
TPAHCHOPT Y MEXKJIETOUHYIO peryasuuio ¢yHKLUui opraHusma [47—350].
DK30COMBI UCMOJIL3YIOTCSI BUPYCAMM W TUIALIEHTOM /JIsI TMCTAHTHOM pe-
TYJSIUMUA U KOHTPOJISI UMMYHocyTipeccuu [50—52].

Ha puc. 10 npeacraBieHa BUpycHas yactula, cyobenmHuna TcR-
pelieniTopa U curHaabHas cyobenunuiia CD3 — kopeuenropa. Ctpenkoi
BHYTpU MeMOpaHbl 0003HaYeHO B3aumoneicteue mexay TM-goMeHaMMu.
HMHuterpauus Bupycocneludruieckoro MMMyHOCYIIpeccopa B MeMOpaHbI U
0JIoKaaa B3aMMOJIENCTBUSI TPAHCMEMOpPaHHBIX JOMEHOB TPEACTABICHBI 2J1-
JIUTICOUHBIM 3JIEMEHTOM €O CTpesKoi. DYHKIMIO CIUSIHUS C KJIETOUHOMN
MeMOpaHOI BBIMOJIHSIIOT 3K30COMbI — HOCUTEJIM UMMYHOCYIIPECCUBHBIX
JEeTepMUHAHT O€JIKOB MJALEHTHI U BUPYCOB [53].

B cBg3M ¢ mOHMMaHMEM MMMYHOCYIIPECCHMBHONW aKTMBHOCTM Kak
BakHel1ero akropa MaTroreHHOCTU MaHAEMMUYECKMX BUPYCOB I'pUIMIIA
CYIIECTBEHHO PaCLIMPUJIUCh UCCIENOBaHUS COCTOSIHUS T-1um@ouuToB
npu rpurnmo3Hoi nHpekuuu [47]. Tak, ocoboe BHUMaHUE B HEKOTOPBIX
paboTtax yaensercs (pyHKLMOHAAbHONH aKTUBHOCTU NK-KJIeTOK Ha MoO-
JeJsiX J1abopaTopHOi rpurino3Hoii uHdekuuu [47]. U3BectHo, uto NK-
KJIETKA WUIpalOT KPUTHUYECKYIO POJib B 3IMMMHALIMM BUpyca rpunmna. B
pabote I'yo ¢ coaBrt. [47] ycraHOBJIeHO, 4yTo Bupyc PR8 obGnamaeT cro-
cobHocThio MH(puuUpoBath NK-kjnerku. B mpouecce penpoayKTuBHOMI
uHpexkun NK-KJeToK BUpyC I'pUIIA 3HAYMTEIbHO CHMXKAeT (PYHKIIMO-
HaJIbHYI0, LIMTOTOKCUYECKYI0 aKTUBHOCTh N K-KJIETOK B OTHOLLIEHUHU OMY-
XOJIEBBIX KJIETOK, UTO KOppeaupyeT ¢ mnoaaBieHueM skcrnpeccun NCRI,
NKG2D, NKprlc, Ly49D u CD244 peuentopoB. bosiee Toro, ata ¢yHK-
us BUpyca cBs3aHa ¢ OenkoM NSI1. OOpaiaeT Ha ceOss BHUMaHUE JIEii-
CTBUE BUpYCHOI pernponykuuu Ha peuentop NKG2D [47]. dusa atoro
KJIacca pelernTopoB IOJyYeHbl HauboJsiee CTPOrve J10Ka3aTelbCTBa IMpsi-
MO 3aBUCUMOCTHY (PYHKLIMOHAJIBHON aKTUBHOCTU OT BHYTpUMEMOpaHHOM
JUMEpHU3alMU C YYaCTHUEM MHOJSPHBIX aMUHOKHUCIOTHBIX OCTaTKOB B TM/I
(cM. puc. 8—9). Takxe cienyer oTMeTUTb, 4TO peuentopel NKG2D sB-
JISIIOTCS. MUILIEHBIO JJIS1 TUIALI@HTapHBIX UMMYHocynpeccopoB [47]. Takum
obpa3zom, aeiictBue Bupyca rpuina Ha NK-kJjieTKu coBnagaeT ¢ UMMYHO-
CYIPEeCCUBHON aKTMBHOCTBIO IIALIEHTHI, TaKXXe HampaBJeHHOU Ha 0J0-
Kany ux (pyHKIMOHAJbHOU akTUBHOCTU. CoOBMaIeHUE 3TUX MEXaHU3MOB
MO3BOJISIET OOBSICHUTD BbICOKYIO UYBCTBUTEIBLHOCTb O€PEMEHHBIX XKEHIIIMH
K TPUMILY U JAPYTMM BUPYCHBIM MH(MEKLUSIM, UCMOAb3YIOIIUM UIECHTUY-
HBI MeXaHU3M UMMYyHocynpeccuu [47].
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A
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Puc. 10. Modeav oeticmeus eupycocheyuguueckux HCI na oumepusayuio cy6o-
edunuuyst T-peyenmopa u cueHaivHoll cybsedunuysvt — ananroea CD3 — kopeuenmopa
[32, 50—52]. A — Oeiicmsue eupycrnoco UCJ — uneubumopa oumepuzayuu. b —
NEKMPOHHASL MUKDODOMOSPAMMA IK30COM — MPAHCHOPMHBIX CPEOCME NAAUEHMAp-
Hoix u eupycuvix UCIH [50]

DK30COMBI M ILIALIEHTA

Kak yxe ykasplBajgoCh paHee, B TeUeHUE OEpeMEHHOCTU IJs obec-
MEeYEHUs TOJEPAHTHOCTU MaThb—ILJIOM IJIALIEHTON MPOAYLUMPYETCS LIMPO-
KMl CEKTPp MMMYHOCYNpecCUBHBIX (pakTopoB [49—52]. Okazasioch, 4TO
JUIST UMMYHOCYTIPECCUBHOIO JEMCTBUS TIALEHTOM MCIONb3YIOTCS 9K30-
coMmbl [49]. UccrnenoBaHusl, TPOBOAMMBIE Ha 3K30COMaX M30JMPOBAHHBIX
OKCIUIAHTOB TUIALIEHTHI, 1al0T OCHOBAHMS Ipearnoyararb, 4YT0 UMMYHO-
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CYIIPEeCCUBHOE NEMCTBUE TLJIALIEHTAPHBIX 3K30COM M CIIOCOOHOCTbh K MH-
OYKIIMU arornTo3a JUMQOLIMTOB CBUACTEIbCTBYIOT 00 MX reTeporeHHOM
COCTaBe MO MMMYHOCYIPECCUBHBIM M aloONTOTUYECKUM KOMIIOHEHTAaM.
B uyactHoctu, FasL (Fas-nuranm) okasajicss HEOCHOBHBIM KOMITOHEHTOM
IJIAaLEHTaApHBIX 9K30COM, CIIOCOOHBIX K MHAYKIIMU aIloITo3a KJIETOK UM-
MYyHHOI cucteMsl [50, 51]

B cBsI3u ¢ 3TUM 3HAUUTENbHBIM MHTEpPEC MPEACTaBISIOT HUCCIEN0-
BaHUS IO BBISIBJIEHMIO MapKepoB IJIallEeHTapHbIX 3K30coM. OKa3ajoch,
yto Kpome nuraHgoB MHC u FasL oHu mocTositHHO coaepxaT 0eJioK
TSGI101 — knaccuyecKUii MapKep SHAOCOM U MOCTOSIHHBIM y4aCTHUK
BHYTPHUKJIETOUHOrO TPaHCIOPTa KJIESTOUHBIX U BUPYCHBIX O6enkoB [51]. Bece
9K30COMBI TUIALEHTHI COAepXXaT 3TOT Mapkep. JpyruMm mapkepom Iujia-
LIEHTApHbIX 9K30COM SIBJIsIeTCs (hypMHOBasl IpoTeasa, HeoOxoaumasl IJst
aKTUBALlMM TKaHEBBIX METAJJIONPOTEMHA3, 00ecreyrBalOIIMX WHBA3UIO
XopuoHa B MaTke. OpHaKo HE0OXONMMO O0paTUTh BHUMaHUE Ha 3aBUCH-
MOCTb MH(EKIIMOHHOW aKTMBHOCTH BBICOKOIATOT€HHBIX BUPYCOB IpUIIIa
H5NI ot ¢pypuHOBBIX TTpoTtenHas [6, 24, 30]. PacmpocTpaHeHre 3K30COM,
conepXxaluux (pyprHOBYIO MPOTEMHA3Y, MOXET CYIIECTBEHHO OTSATOLlIATh
TeUEHHUE «IITUYbEro» rpullna y 0epeMeHHbIX XeHIIUH [2].

AHanu3 AeUCcTBUS ILIALEHTApPHBIX 3K30coM Ha T-muM@oLUThl CBU-
JNETEJbCTBYET, UTO MX MMMYHOCYIPECCUBHOE JIEMCTBUE HAIpaBJEHO Ha
LIMPOKUI CHEKTP CyOnonyJasiliii 3TUX KJIETOK, YTO MOATBEPXKIAET Mpel-
MoJIOXXeHUe 00 MCIOJb30BAaHUM Pa3IMYHBIX KOMIIOHEHTOB perepryapa,
HarpaBJeHHbIX Ha 0J0Kaay aKTUBALIMU UMMYHOPELENTOPOB.

DK30COMBI MJIALIEHTHI TaK e, KaK 3K30COMbI JAPYTUX OPraHoB Ipea-
CTaBJISIOT CO00M HAHOBE3UKYJIbl TUIIMYHOI Mopdosoruu, odpasyoiiue-
Cs U3 SHIOCOMHBIX MYJBTUBE3UKYISIpHbIX Tejael, MBT npu ux caussHuu
C UMTOIIa3MaTUYecKoil MmeMOpaHoii. OcoOblii MHTepeC MJIsI TIOHUMAaHUS
MEXaHU3MOB MMMYHOCYIPECCUU NP OEPEMEHHOCTU MPEACTABISIOT MC-
caenoBaHus Hedlung ¢ coasrt. [51].

B »Tux uccnegoBaHusix ycraHoBjiaeHo, uTo Oenku MIC A u B, ot-
HocsIuecs: K koMruiekcooopasopatensam Leneit MHC 1 cunresupyrores
B IJIAlLIEHTE, KOTOPbIe OTHOCSITCS K JIMTaHAaM aKTMBMPOBAHHBIX peLen-
topoB NK-kietok NKG2D mnpoxonsit B CMHIMTUOTPOdOOIacTax BHY-
TPUKJIETOYHBIN «COPTUHI» B cUCTeMe Be3ukKyal MBT u BbeLOeNISIOTCS U3
KJIETOK ITyTEM 3K30LMTO3a C 00pa30BaHUEM TPAHCIIOPTHBIX 3K30CoM [S1].
JanpHeilue uccaenoBaHus nokasanu, 4yto UL-16-cBsa3biBatoiinii 6e1oK,
OTHOCSIIIUIACS KO BTOpomy cemeiicTBy auranagoB NKG2D, takxe 3kc-
npeccupyercs B miateHTe. [Ipy 3ToM nmoauepKuBaeTcsi, UTO IKCIPECCUST
3TOro OejlKka HUKaK He CBsI3aHa C IJlaleHTapHoi nHdekuuein [IMB. N3y-
YeHUe BHYTPUKJETOYHOTO pacrnpeaesieHusl 3Toro 0ejika Mmokasaso, YTo
OH HakaIruiMBaeTcsl U 3aiaepxuBaeTcss B MTB. JIns uccienoBaHus ce-
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KpeLUU BYX, YKa3aHHbBIX BbIlIE JUTaHIOB MCIOJIb30BaJIU KYJIbTUBALIUIO
OKCIUIAHTOB TKaHel IlaleHThl. B pesynbTaTe yCcTaHOBJIEHO, YTO O€KHU
ULBP1-5 u MIC-A u B (MHC-nuranasl) BbIACISIOTCS U3 KJIETOK B CO-
cTaBe 9K30coM. M3011MpoBaHHbBIE 9K30COMbI, COfepKalllue 3TU JIMTaHIbl
akTUBUpPOBaHHBIX peuenTtopoB NKG2D BbI3bIBaJii CHUXEHUE COAEpXKa-
Hus 3tux peuentopoB Ha NK-, CD8(+)- u ramma-aensra—T-KjaeTKax, 4To
MPUBOAMJIO K MAACHUIO UX LIMTOTOKCUYECKON aKTUBHOCTU O€3 BIAMSTHUS
Ha nep@OpPUH3aBUCUMBbIN JTUTUYECKUIN MTYTh. DK30COMO3aBUCUMBINA MyTh
cekpeuuu quranaoB MHC 1 sBisieTcst anbTepHaTUBHBIM ITyTeM CEeKpeLuu
mianeHTapHbIX JurangoB NKG2D B oTanunMe OT CMHTE3a pacTBOPUMON
(opMbl (He cBI3aHHOI ¢ MeMOpaHaMM) 3TUX OeJaKoB [51].

TakuM 0o06pa3oM, OJHON M3 MUILEHEH MMMYHOCYIIPECCUBHBIX Ijia-
LIEHTapHbIX 3K30coM sBsoTcs peuentopbl NK-kinerok — NKG2D, urto
TakKKe XapaKTepHO IJIsl TPUIINO3HON nHpekuu [47]. JleTaibHO MeXaHU3-
Mbl ACUCTBUSI UMMYyHOCyIpeccopoB Ha NK-KjeTku onucaHbl B OTAE/b-
HBIX CTaThIX U MOHorpaduu [6, 51—56].

DTU uccaenoBaHKs MPOU3BOAST BIleYaTIEHWE HACTOSIIEro MpopbiBa
B MOHMMaHUM MEXaHM3MOB KOMMYHMKAILUI MpU OEPEMEHHOCTU U T'eHe-
paJiM3alluy MPOLECCOB UMMYHOCYIPECCUMU.

CnenaH BbBIBOI, YTO MMMYHHasl M30JSLMS WM TPUBUJIETUS TIoAa
obecrneuynBaeTcs ABYMSI ME€XaHM3MaMM PaclpOCTpaHEHUSI MMMYHOCY-
MPEeCCHU, OAUH U3 KOTOPbIX OCYLIECTBIISIETCS MyTEM BbIACJIECHMST 3K30COM
C MMMYHOCYIIPECCMBHOM aKTUMBHOCTbIO B oTHOolueHUM NK-kietok [51].
PesynbraThl 3TUX MCCIeI0BaHUI cpa3y NMPUBJIEKJIM BHUMaHUE U CTalu
MpeaMEeTOM OOCYXX/IEeHWSI MEXaHW3MOB 3allMThl TJIOA OT MOTEHIIMAIbHOMN
arpeccuu co CTOPOHBI MAaTepPUHCKOM MMMYHHOI cucteMsl [10, 51].

HanmeHee M3yyeHHBIM aClEKTOM B CTPOCHUU U (PYHKIIMOHAJbHOM
AKTUBHOCTU 2K30COM SIBJISIETCSI UX YYaCTME B PEryJsiliMU CUTHaJIbHBIX
MpoLIeCCOB B KJjeTKax. JJaHHbIe O NeMCTBUM MJIALIEHTAPHBIX 9K30COM Ha
CUTHAJIbHbIE CUCTEMBbI KJIETOK CBUJIETEIbCTBYIOT O HEOOXONMMOCTU B MPO-
lecce 0EpeMEHHOCTU JUCTAHTHOTO KOHTPOJS 3a CUTHAJbHBIMU MpPOLEC-
caMu KJIETOK MaTepUuHCKOro opraHmusma [S1].

OnHako caMbIM TMOPa3UTEJbHBIM SIBJSIETCS y4YacTHe MJIalleHTapHbIX
9K30COM B KOHTpPOJIE 3KCIIPECCUM T'€HOB IIyTeM Hcrojb3oBaHus MUPHK
[53]. ABTopamu [184] monyueHa oudnmoreka Manbix PHK u3 ToTanbHO
PHK mnnaneHTHl 1 yTeM ceKBeHauuu BhisiBiaeHbl MUPHK, criennduyHbie
st maaueHThl. K cnenupuuHbiM aast miaaneHTel MUPHK Ob1iu oTHe-
cenbl MIRS517A, otHocsimuecst K kKnactepy MuPHK B 19-i1 xpoMocome
yenoBeka. MuPHK cekperupoBaiuch KjieTKaMM ILIALEHTHI B (hOpMe 3K-
30COM U BBISIBJISUIMCH B Mepucepruueckoin KpoBu. AHaJIU3 QyHKIIMOHAIb-
Hoil akTuBHOCTM MIRS517A moka3sai, 4yto 31oT Kjiacc MUPHK BoBjieueH B
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KOHTPOJIb CUCTEM Tepelayl BHYTPUKJIETOUHBIX CUTHAJIOB (DaKTopa HEK-
po3sa omnyxoJjeii [53].

Cospmaercs BrieyaT/ieHUE, YTO Mbl HAXOAUMCS TOJIBKO Ha IMEepBOM 3Ta-
e paci@poBKHU KOja, ONMpeaeIsioero MexaHu3Mbl apTUTYPHOrO Ha-
0opa UMMYHOCYIIPECCOPOB — MOJICKYJISIPHBIX 2JIEMEHTOB KOHTPOJS MM-
MYHHOI CUCTEMBbI MPe3eHTAIllMM aHTUTEHOB 1 Pa3BUTHUS TOJEPAHTHOCTH.

IMMUNOSUPPRESSION UNDER PREGNANCY AND RISKS
UNDER VIRAL INFECTIONS

0. 1. Kiselev

Scientific-Research Institute of Influenza, Ministry of Health and
Social Development, Russian Federation, St.-Petersbourg

The paper is devoted to studying the mechanisms of combined im-
munosuppression in pregnant women with influenza infection to develop
arrangements for controlling these processes and for decreasing mortality
from this infection. In this connection the author is dwelling on the fol-
lowing problems:

- How are the fetus immune privilege and tolerance development pro-
vided?

- What mechanisms do underlie the functional immunosuppresion
under pregnancy?

- Why are the infections especially dangerous for pregnant women?

- Is there the code of the immune system control, and do viruses use
this code?

The paper deals with the problem of influence of endogenic viruses,
which have penetrated the human genome more than 25 million years ago,
on the great number of risks of development of various kinds of human
pathologies: from infertility to pregnancy diseases; from development of
malignant tumors to system pathology and autoimmune diseases.
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Cancer is a disease, which explicitly illustrates success, failures and
challenges of the modern biomedical research. Technology development has
been the driving force of improvements in the cancer treatment. Introduction
into clinical practice of genomics, RNA profiling and proteomics technologies
has provided a basis for development of novel diagnostic, drugs and treat-
ments. In this chapter, contributions of OMICs technologies to personalization
of cancer diagnostics and treatment are discussed. The focus is on technologies
that showed capacity to deliver diagnostics that may be used in the clinic as
routine tests. Three clinical cases are presented to illustrate already available
individualized cancer diagnostics.

1. Why OMICS technologies are needed for treatment of cancer?

Cancer still kills people. It was easier to send a man in the outer space
or to the Moon, than to improve survival of patients having advanced
and metastatic cancers. This highlights complexity of cancer as a disease,
which is apparently much higher than to build and launch a space rocket.
Carcinogenic transformation of cells is accepted as the main cause of can-
cer [1—4]. Carcinogenic transformation is defined as a number of changes
in the cell physiology, which lead to expansion of malignant cells in the
body, corrupting the normal physiology, and ultimately killing the person.

The key conclusion of more than 50 years of intense studies is that the
collected knowledge has not reached the critical mass required to find a
cure against cancer. The oncogenes and tumor suppressor model has been
a great step forward [1—4], but it is clear today that carcinogenic transfor-
mation of cells is the result of interaction of hundreds of molecules. Out
of the hundreds of these cancer-promoting genes, RNAs, proteins and

Abbreviations: MPS, massive parallel sequencing; NGS, next generation sequencing;
FISH, fluorescence in situ hybridization; CGH, comparative genomic array; ChiP, chro-
matin immunoprecipitation; PCR, polymerase chain reaction; ABPP, activity-based pro-
teome profiling; NMR, nuclear magnetic resonance; FMDXx, functional molecular diag-
nostic; MS, mass spectrometry.
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metabolites many are the same as they are in the normal cells. It is their
corrupted activity, mis-localization, and misplaced interactions that make
them tumor-promoting (Fig. 1). This confusion has only underlined the
complexity of cancer.

A solution to the complexity problem has been proposed by intro-
duction of technologies for comprehensive study of carcinogenesis. These
technologies focused on studies of genomic DNA (genomics), RNAs (tran-
scriptomics), proteins (proteomics) and metabolites (metabolomics) [5—7].
Historically, introduction of nucleotide microarrays to study expression of
RNA was the first strong contribution to the comprehensive exploration
of carcinogenesis [8]. Development of the microarrays was possible due to
successes of technologies for synthesis of oligonucleotides and production
of cDNA on a large scale and in automated way. A chip-printing technol-
ogy was another component of the success. Development of sequencing
technologies, especially of massive parallel sequencing, has given boost to
comprehensive studies of genome for the clinical diagnostics [9]. Compre-
hensive studies of the proteome are still waiting for a wide use of intact
protein analysis technology. Current technologies of mass spectrometry, 2D

TUMOR SUPPRESS0ORS
and ONCOGENES

[0 "o "o I

NORMAL and TUMORIGENIC genes and proteins

Model 1

SYSTEMIC TUMORIGENESIS by cancer-promoting
interactions of normal and tumorigenic genes and proteins.

Fig. 1. Two models of tumorigenesis. The first model explains tumorigenesis by in-
volvement of tumor suppressors and oncogenes (upper part). The second model ex-
plains tumorigenesis as a systemic effect of normal and tumorigenic genes and proteins
(lower part). The difference is that the systemic tumorigenesis model postulates that
even normal genes and proteins may contribute to tumorigenesis, if their interaction
networks shift from the normal physiological reactions to the disease promotion
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gel and other electrophoresis, or liquid chromatography are not providing
quality that is required for full description of the human proteome [10, 11].
However, the situation may change with introduction of ZP-technology
[12]. The least developed of the OMICs technologies is metabolomics.
The high variability of physico-chemical and structural properties of the
metabolites makes it challenging to detect and identify all metabolites by a
single technology. Despite all shortcomings, OMICs studies have become
essential for success in treatment of cancer, due to their ability to the
comprehensive analysis. Therefore, there is no alternative to development
of fast, reliable, informative and cost-efficient OMICs technologies for
diagnostics and treatment of cancer.

2. Genomics

Since the discoveries that the genomic DNA carries hereditary infor-
mation, and is the white-print of the most of the living creatures, study of
genes or genomics, has been a subject of intense developments. This excite-
ment was translated in a slogan that “cancer is the disease of genes”. The
slogan’s correctness is questionable today, as the non-genomic mechanisms
may have a strong impact on tumorigenesis. How many genes do humans
have? What is the structure of these genes, as introns and exons? What
type and how many mutations are in the genome of a given patient? What
are epigenetic changes in the genes? All these questions have importance
for understanding carcinogenesis, and subsequently for treatment of cancer.

Technologies for studies of genome, which may have a value for clini-
cal applications are discussed in this section (Fig. 2). These technologies
have been developed to the extent that they may be applied in the clinic for
diagnostics, selection of treatment and monitoring of a patient’s response.

2.1. Massive parallel sequencing (MPS/NGS)

The excellent research on biochemistry of DNA paved the way to de-
velopment of DNA sequencing techniques. The first generation DNA se-
quencing methods are Maxam-Gilbert fragmentation and Sanger’s dideoxy
base-termination techniques [13, 14]. However, these techniques in their
original forms were too cumbersome for being used in the clinical practice.
The step toward clinic was by introduction of automated sequencers [15].
Automation allowed detecting gene mutations of the clinical importance.
However, it was still far from a comprehensive analysis of the whole ge-
nome of a patient in the routine clinical practice. Faster and affordable
methods were needed, and they come with development of massive parallel
sequencing (MPS), known also as the next generation sequencing (NGS).

MPS is based on parallel sequencing of short fragments of DNA,
which are then aligned to produce gene sequences (Fig. 2A). The size of
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Fig. 2. Presentation of genomics and transcriptomics technologies that may be used
in clinical diagnostic. A) Massive parallel sequencing technologies. Two main parts
of MPS are indicated. The first is preparation of nucleic acids for sequencing reac-
tions. This is done by preparing single molecule suspensions, or by anchoring nucleic
acids to a solid surface. The second part is enzymatic reactions to read the sequence.
The reactions include polymerase or ligase reactions, and the sequence reading is
by detecting incorporation of defined nucleotides which are added to the reaction in
cycles. B) Schematic presentation of CGH array, FISH and ChIP technologies. Am-
plifications or deletions of genomic DNA are detected by CGH arrays as increased or
decreased relative signal of the test DNA in comparison to the control normal DNA.
Binding of specific DNA probes to the chromosomal regions in FISH assays indicate
regions of amplifications, deletions and translocations. For ChlP, immunoprecipita-
tion of specific regions of DNA allows detection and profiling of only these regions, for
example detection of transcriptionally active regions, or DNA regions interacting with
specific proteins, or epigenetically silenced regions
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sequenced fragments is from 30 to 700 bases, depending on the sequencing
method and instrumentation [16, 17]. This relatively short length of the
sequenced fragments imposes limitations on the quality of definition of the
complete genes sequence.

MPS has been used successfully for analysis of mutations in genes,
with the emphasis on the exon analysis. Focus on exons allows generation
of data which could be used in clinical diagnostics within relatively short
assay time. As an example, the full exon sequencing and detection of the
mutation profile of a tumor cells may be completed within 30 days [18, 19].
The second example is the contribution of MPS to profiling of mutations
in different sub-types of cancer, providing insights into molecular hetero-
geneity of tumors [19]. Understanding this heterogeneity is essential for
development of personalized treatment of patients. The expectation is that
MPS will become a standard and routine examination of cancer patients.
The nearest years will show whether this expectation will indeed be reali-
zed in better treatment of patients.

2.2. CGH, PCR, FISH and ChIP tests

Pre-MPS era had given rise to a number of methods to assess struc-
ture and mutations of the genes (Fig. 2B). Comparative Genomic Hy-
bridization Array (CGH) was used to detect gene aberrations on the whole
genome level [20]. However, the resolution power of CGH arrays has been
in the range of 5 kB to 0.2 kB, and variations in the gene structure have
been the core information delivered by CGH [20].

Fluorescence in situ hybridization (FISH) is used to detect rearrange-
ments of selected genes, e.g. deletions, amplifications and translocations
[21, 22]. Clinical application of FISH is limited by its low number of moni-
tored DNA fragments, and relatively large work-load for performing the
test. Multiplexing FISH by using different probes with different detection
wavelength, and use of nano-devices to minimize and automate the test
are 2 developments which make FISH still useful in the clinical diagnostic
[21, 22].

Polymerase-chain reaction (PCR)-based analysis of the genomic DNA
is used less and less in the clinical diagnostics. The niche for PCR has be-
come analysis of pre-selected mutations [23]. However, PCR is more used
for analysis of RNAs than genomic DNA. Chromatin Immuno-Precipi-
tation (ChIP) has proven the high informative value in studies of chroma-
tin re-arrangements and methylation of the genomic DNA [24]. Therefore,
the unique information which may be delivered by ChIP tests is the profile
of epigenetic changes in the genome. On the other hand, complexity of the
ChIP tests limits its clinical applications.
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Complexity and low automation level of the CGH array, FISH, PCR,
and ChIP tests are major hinders for their use in routine clinical diagnos-
tics (Fig. 2B). Cost efficiency of these assays is also lower, as compared to
tests with the recent developments of MPS. Therefore, each of the genome
profiling technologies will have their niches. MPS will with high probabil-
ity dominate the whole genome profiling, while CGH, FISH, PCR and
ChlIP tests will focus on selected genes and genome areas.

3. Transcriptomics

Historically, mRNA profiling by expression arrays has been the first
true OMICs technology. The ground of this technology was laid by ex-
cellent works on the biochemistry of oligonucleotides and generation of
cDNA. PCR-based analysis of mRNA expression was competing with the
RNA expression arrays, but PCR was inferior due to the higher complexi-
ty and lower robustness. mRNA profiling has also been proposed for the
clinical diagnostics. However, the arrival of the massive parallel sequencing
technologies has given the real boost to RNA profiling by providing flexi-
bility, speed and additional information about mRNA, microRNAs and
long non-coding RNA, e.g. expression and mutations [25].

3.1. Massive Parallel Sequencing of RNAs

MPS technologies used for profiling of RNAs are similar to those
used for profiling genomic DNA, but the focus is on mRNA, siRNA/
miRs, and IncRNA. The difference is only in preparation of samples for
analysis [26—29]. RNAs are more sensitive to degradation, located in nuclei
and cytoplasm, and have different sizes as compared to the genomic DNA.
These features make challenging MPS of RNAs, as variability in quality of
the samples would be reflected in discrepancies of produced data. Despite
the challenges, information delivered by MPS of RNAs allows a better
insight into molecular activities in the tumors. A number of examples con-
firmed the value of RNA MPS for making clinical decisions [30, 31]. For
example, MPS sequencing of RNAs in tamoxifen-resistant breast cancer
cells identified 1728 RNAs associated with the resistance. This number of
the affected RNAs indicates that the acquisition of the tamoxifen resist-
ance is a complex process with involvement of many activities. On the
other hand, this study opens for better monitoring of the resistance, and
that is most important, it provides the basis for selection of more efficient
treatment by combined blocking of the key RNA-related regulators of the
resistance [31].
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3.2. Expression arrays

RNA expression arrays are undergoing evaluation of their use in the
clinical diagnostic. Only 5 years ago, RNA expression arrays were at the
leading edge of entering clinical diagnostic. The limitation at that time was
not in the technology itself, but in applicability of the generated informa-
tion for diagnostic and making decision about treatment. While measuring
expression of RNA provided large volumes of information for research pur-
pose, this information was difficult to translate into diagnostic and prog-
nostic values. The reasons were discrepancies between mRNA expression
and expression and activity of the corresponding proteins. Another critical
limitation was not sufficient robustness of the arrays. As an example, RNA
microarrays from different suppliers could produce different detection val-
ues for the same RNAs [32].

The niche for RNA expression arrays is changing from the all-gene
coverage approach to measuring a set of RNAs of importance for specific
type of cancer or a set of cancer drugs. Such arrays are combined now
with dedicated systems biology tools to extract disease-relevant informa-
tion. For example, the arrays have been used to identify long non-coding
RNAs associated with breast cancer [33]. MicroRNA arrays are another

novel niche-approach that may be the way to discover cancer-associated
microRNAs [34].

3.3. PCR-based analysis

PCR-based RNA analysis is in the situation similar to RNA expres-
sion arrays. Notably, PCR-bases analysis is not anymore considered for
a comprehensive full-transcriptome screening of RNA expression. PCR-
based analysis is currently used for measuring defined sets of up to 100
different RNAs, predominantly mRNAs. For example, focused analysis of
expression of the key genes involved in acute myeloid leukemia unveiled 19
up-regulated and 25 down-regulated genes [35]. An important advantage
of the PCR-based assays is their technical simplicity. Such assays may be
used even in a small size laboratory, and for the low cost. Introduction
of companion diagnostics into clinical practice also contributes to the
niche-development of PCR-based tests. As examples, PCR-based tests of
mutations in BRAF, EGFR, BCR-ABL, PDGFRs and MEKI1 genes are
proposed to the clinic as companion diagnostics of drugs acting on these
kinases [36, 37].

Thus, MPS technologies have begun to dominate a comprehensive
RNAs profiling, while RNA expression arrays and PCR-bases assays are
specializing in measurements of pre-selected sets of RNAs. It should be
noted that the recent developments of systemic analysis tools have strongly
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contributed to extraction of information useful for clinical diagnostics,
prognostic and selection of treatment.

4. Proteomics

All known anti-cancer drugs act directly on proteins or require pro-
teins for their activity [38]. This makes proteomics essential for diagnostics
and selection of treatment. Early approaches of monitoring expression of
the drug targets have shown their positive contribution to cancer diagnostic
and treatment. Such approaches are currently a standard of routine diag-
nostics, and are applied overwhelmingly by using immunohistochemistry
(IHC). Measurements of the expression of Her2, EGFR, ER, PgR in
tumors by IHC are standards when an oncologist has to decide about use
of Herceptin, Iressa, or antihormonal therapy [39]. The drawback of such
approaches is in the limited number of measurements, as a single assay
measures only one protein. That is why a comprehensive profiling of the
whole proteome has been expected to improve diagnostics. As the mini-
mum, the clinical oncologists need to evaluate a drug target itself, and all
proteins which may affect drug efficacy [40]. This requires to measure in
a single assay up to thousands of proteins. This is why proteomics experi-
ences strong pressure to deliver good diagnostic tools.

Proteomics technologies may be classified on the basis of what they
study, e.g. proteins, peptides or epitopes, how they separate the ana-
lytes, and what they detect to identify proteins. Studying proteins or their
products peptides, or protein epitopes, are the main cut-off points for de-
liverables of the proteomics technologies (Fig. 3). Peptidomics approaches
by the Liquid Chromatography-Mass Spectrometry/Mass Spectrometry
(LC-MS/MS) have recently been popular [41, 42]. However, LC-MS/MS
is not capable of detecting and identifying the intact proteins and their
isoforms. Therefore, there were too low correspondence of claimed identi-
fication of proteins, and the real impact of these results on the clinical di-
agnostics [42]. 2D gel electrophoresis (2D-GE) has been the technology to
study intact proteins [43—45]. However, 2D-GE has limited protein separa-
tion capacity. Novel intact-protein proteomics techniques have been under
development [12, 43]. The protein arrays are considered of being closest to
enter routine clinical diagnostics. Proteomics has also other technologies
for separation and identification of proteins, which are too laborious to be
used in clinic. Therefore, in this section I focus on proteomics technolo-
gies which may have an impact on the clinical diagnostics, intact-protein
proteomics, peptidomics and protein arrays (Fig. 3).
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Fig. 3. Proteomics technologies that may be used in clinical diagnostic. Proteomics
technologies to study intact proteins, peptides and protein epitopes are indicated. What
these technologies measure, and type of delivered information are mentioned. Pluses
indicate current and expected in the nearest years levels of application of the technolo-
gies in the routine clinical diagnostic

4.1. Intact-protein proteomics

The key feature of the intact-protein proteomics is that the studied
analytes are proteins. Therefore intact-protein proteomics is the most in-
formative profiling of the proteome among all proteomics technologies.
Despite such importance, technologies of the intact-protein proteomics
have not had capacities to describe the whole proteome. Variability of
physico-chemical properties of proteins has been the main barrier.

2D-GE has been the most common technique of the intact-protein
proteomics. Classical 2D gels may separate up to 5,000 proteins in one gel.
pH zoom-in gels were reported to separate between 7,000 and 10,000 pro-
teins [43—46]. Recently developed ZP-technology may be the breakthrough
of the intact-protein proteomics, with its capacity to separate more than
20,000 proteins in a single run [12]. Separated proteins have to be identi-
fied, and today the best identification technique is mass spectrometry.
MALDI TOF mass spectrometry has been successfully used in combina-
tion with 2D gels.
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2D-GE and ZP-technology have been used for cancer diagnostic in
the clinic (see examples in the section #6 below). However, these tech-
niques are rather labor intensive, and are not enough well automated for
routine use in a clinical diagnostic laboratory. The use of these techniques
has been in the translational cancer research, and in managing a limited
number of patients. To be suitable for use in the routine clinical diagnostics
at a large scale, an instrument with fully automated manipulations would
be required. For the moment, all attempts to create such an instrument
have not been successful.

Other techniques employed in the intact-protein proteomics are free-
flow electrophoresis, capillary electrophoresis and liquid chromatography
[46—49]. However, none of these techniques is capable of detecting all pro-
teins of the human proteome, and providing sufficient separation of even
those proteins that were detected. Significant efforts have been invested in
development of protein mass spectrometry. However, mass spectrometry is
unlikely to succeed in analysis of full-length proteins due to limitations of
the ion optics and physical properties of sub-atomic particles. Therefore,
significant developments should be made to prove that these techniques
have a future in the clinical diagnostics.

The intact-protein proteomics has another advantage over other pro-
teomics technologies, as it allows unbiased analysis of protein activities.
For example, it allows the detection of all kinases which may be inhibited
by a tested kinase-inhibiting drug [50]. The comprehensiveness of the tests
means that it would be analyzed not only intended target of the drug, but
also all kinases in the tested tumor. This provides information about ef-
ficacy of the drug, and about potential off-target and side-effects. Among
other activities which can be tested by the intact-protein proteomics, there
are acetylation, ubiquitylation, PARylation, proteolysis, and glycosylation
[51]. Taking into account introduction in the clinical practice drugs af-
fecting these post-translational modifications, the diagnostic value of the
intact-protein proteomics is going to increase.

4.2. Peptide-based proteomics

Peptide-based proteomics is strongly associated with use of mass spec-
trometry [41, 42]. The focus of mass spectrometry on peptides is because
of two limitations. The first limitation is due to biochemistry of proteins,
and the second is due to the physics of ions and sub-atomic particles. The
biological limitation is because of the enormous complexity of the mass
spectrum of an intact protein. Many combinations of isotopes distribution
in an intact protein, and multiple charge ionizations of the protein make it
challenging to obtain a well defined protein spectrum of the high resolu-
tion. On top of that, if there is a mixture of proteins with the molecular
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masses in the same range, separation of these proteins by mass spectromet-
ry would be very difficult to achieve. The physical limitation is imposed
by changing mass values of proteins in different conformations and as
polymers. Atomic interactions change the total energy of the protein as
compared to the sum of masses of the amino acids. The energy change is
relatively low for peptides, and it does not have a significant effect on the
mass value of the peptide. However, for the molecules of mass higher than
20,000 daltons, the change of energy may be in the range of 900 MeV.
This may be translated in the mass change corresponding to more than
0.7 dalton, as 1 atomic mass unit is equal to 931,49 MeV. Such uncertainty
of the mass of large molecules makes irrelevant applications of the high
resolution mass spectrometry. What is the reason to rely on the resolution
of less than 0.001 dalton, if the uncertainty of masses due to the large size
of the intact proteins is of more than 0.7 dalton?

However, mass spectrometry has a potential to be used in the clini-
cal diagnostics. The niche of mass spectrometry-based diagnostics is in
measurements of a limited set of peptides, which then would serve as
biomarkers. The types of peptides to be measured define type of mass
spectrometry technology. For example, MALDI TOF mass spectrometry
is used to detect peptides ionized from a tumor section [52]. While detec-
tion of the peptides flying in the instrument is rather robust, the challenge
is to control ionization of the peptides. Variations in ionization are due to
differences in composition of the tissue in its different areas, thickness of
the section, and slightest differences in application of the matrix. Variab-
le ionization efficiency generates false differences in distribution of the
measured peptides in the tissue. Proposed solutions with using internal
controls may help to overcome the ionization problem, but it will compli-
cate the technology. Such a complication would have a negative impact on
the clinical applications of MALDI MS imaging. Other issues of MALDI
MS imaging are technical problems of the size of the laser beam, speed
of the spectra acquisition, and processing of the collected data [52]. Taken
together, they show that MALDI MS imaging is not yet ready to enter
routine clinical diagnostics.

However, when peptides are the biomarkers, mass spectrometry may
be the method of choice. As an example, the detection of peptides in
brain may have a diagnostic value [53]. With controlled sample prepara-
tion methods and internal MS standards, mass spectrometers may become
standard equipment in the clinical laboratory. In 2013, the cost of a good
quality mass spectrometer is affordable for specialized diagnostic laborato-
ries. Another important initiative is generation of the Peptide Atlas, which
provides peptides that may be used as internal standards [54]. When such
peptides are added to the samples, it provides a reference of the quality of
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analyte detection, and for the quantification of the marker peptide in the
sample. Thus, peptide-based proteomics is dominated by mass spectrom-
etry, and may be used in diagnostics based on the detection of peptides as
markers.

4.3. Protein arrays

Among all proteomics technologies, protein arrays are the most ad-
vanced on the way into routine clinical use. Protein arrays measuring
expression of a defined set of proteins are the most probable candidates
for the routine diagnostics [55—57]. The protein array technology is well
developed, and it has been extensively tested. To generate a protein array, it
is required to select names of proteins and epitopes to be detected. Gene-
ration of capturing agents, e.g. primary antibodies, detection reactions,
e.g. secondary antibody and a signal generation system, and selection of a
format for the array — all these steps can be done with the already available
and robust methods.

Thus, the strong side of protein arrays is the well established tech-
nologies and knowledge of the targets to be measured. The weak side is
the need to ensure stability and specificity of the capturing molecules, e.g.
antibodies. Another weak side of the protein arrays is the lack of unbiased
analysis. With the arrays, one gets an answer only to questions about pre-
defined proteins. If there is an off-target effect, it would be difficult to
identify it with the arrays. Therefore, protein arrays may be a great tool
for companion diagnostics, when measurements of up to 100 targets are
required for diagnostic.

5. Metabolomics: mass spectrometry and nuclear
magnetic resonance spectrometry

Metabolome represents very diverse set of chemical compounds in the
human body. Nucleic acids and proteins have single polymeric structures
of nucleotides or amino acids, respectively, even if the monomers may be
quite diverse. However, metabolites are much more diverse as chemical
structures. Metabolites are different types of polymers, e.g. glycans and
lipids, and non-polymeric low molecular weight organic and inorganic
molecules [58, 59]. This chemical diversity of metabolites creates a big
challenge for their comprehensive analysis.

On the other hand, metabolomics keeps promise of being of high im-
portance for diagnostics. Robust metabolome profiling of patients would
contribute to prediction of drug pharmacokinetics, and response of the
body to treatments. Metabolic syndrome and metabolic insufficiency are
among the most serious complications in treatment of cancer. Metabolome
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profiling would provide a tool to predict response to treatments, and there-
fore takes its part in the clinical diagnostics.

Nuclear magnetic resonance (NMR) and mass spectrometry are two
techniques which dominate in studies of metabolites [58—60]. However,
none of these techniques have yet capacity to be incorporated in the rou-
tine clinical practice. NMR has the best efficiency in identification of
metabolites, but sensitivity has not been sufficient for application of NMR
to small quantities of clinical samples. Notably, the quantities of metabo-
lites in clinical samples are estimated at the picomolar level, while NMR
requires micromolar quantities [58—60]. Mass spectrometry has higher
sensitivity, but the drawback is in identification of ionized metabolites.
Ionization degree and stability, or rather instability, of metabolites upon
ionization limits coverage and identification of metabolites, and therefore
application of mass spectrometry [58, 60]. The physical principles of NMR
and MS, and the physico-chemical features of metabolites suggest that
NMR may take the lead. This is because physics of NMR allows enhanc-
ing sensitivity, and it may pave the way to the breakthrough in metabo-
lome-based diagnostics.

6. Integration of OMICs technologies in personalized
cancer diagnostics: examples of applications

Clinical OMICs technologies are at different stages of development,
and therefore deliver results of different quality. For diagnostics, the quali-
ty is defined by the type of measured analytes, comprehensiveness of the
coverage of all analytes, sensitivity of detection, suitability of primary data
for an analysis, and ability to deliver results to support diagnostic and se-
lection of treatment. In this section, I would like to give examples of how
OMICs technologies may help in management of patients.

When a patient arrives to a Hospital, a decision is to be made about
type of diagnostics to be applied. The samples for diagnostics may be blood
and/or tumor biopsy as a surgically resected tumor or as a needle biopsy.
The blood is used for preparation of circulating tumor cells (CTC), immu-
nological tests, and use of the blood cells for mutation analysis of selected
genes. The tumor material is used for preparation of an organ culture,
primary tumor cells, and for biochemical tests.

Functional Molecular Diagnostics (FMDx) evaluates responsiveness of
individual patient’s tumors to different drugs by testing responsiveness of
the living tumor samples in organ culture (Organ Culture FMDXx), testing
targets and modulators of the drugs’ action (Functional Biochemical As-
says), and by unbiased testing of the tumor’s proteome profile (Proteom-
ics FMDx). These assays measure in a real time how the patients’ tumor
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may respond to different drugs before the patient is offered treatment, and
whether the tumor is of an aggressive type (Fig. 4).

In this section, examples of diagnostic with the use of OMICs tech-
nologies are presented. The Functional Molecular Diagnostic (FMDx) was
developed to help oncologists in diagnostics and selection of treatment.
FMDx consists of a number of tests to evaluate a molecular profile of a
tumor, predict development of the disease, and select treatment tailored
to the patient. The presented here examples describe 3 clinical cases. For
the reason of the patients’ integrity, no personal details are provided. The
descriptions are to illustrate how OMICs technologies were integrated in
the diagnostic efforts.

Case 1. Personalization of treatment with Proteomics FMDx

A lump was detected in both breasts of a woman. The lumps were
removed surgically. No spreading to the lymph nodes, and no metastases
were detected. The question of the oncologists was whether these 2 tumors
were related, i.e. primary tumor in one breast and metastasis in the other,
what is prediction of aggressive development of the disease, and which
drugs would be most suitable for this woman.

The aliquots of the lumps were prepared for the proteomics study,
by extracting proteins and performing proteome profiling (Fig. 5). 2D
gel electrophoresis and mass spectrometry were used for generation of the
proteome profiles of the tumors. The intact-protein proteomics was ap-
plied, which allowed detection of multiple isoforms of the tumor proteins.
MALDI mass spectrometry was used to identify proteins, and the systems
biology was used to build a network of relations between the tumor-related
proteins. The network topology analysis and exploration of functional do-
mains represented by the network, indicated that the tumors were of the
similar profile. It means that the tumors in both breasts had the same
origin, suggesting metastasis. However, the proteome profiles showed that
the tumors were not of the aggressive type, and therefore unlikely that the
disease would relapse. Immunohistochemistry tests did not provide con-
clusive basis for selection of chemotherapy or adjuvant therapies. Therefore,
the results of Proteomics FMDx ensured oncologists that the most efficient
treatment would be by applying tamoxifen, and restrain from chemo- and
other adjuvant therapies. The woman has been regularly monitored for
recurrence. Thus, for this patient a combination of the proteomics and sys-
tems biology allowed to conclude about prognosis of the disease develop-
ment, select the most suitable treatment, and preserve quality of life.
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Case 2. Personalization of treatment with Organ Culture FMDx

A patient was diagnosed with metastatic pancreatic cancer. Surgery
was not applicable, due to multiple metastases. The oncologist required
information about efficiency of drugs which were considered for treating
this patient.

Biopsies of the primary tumor and metastases were collected. Or-
gan culture samples were prepared immediately after resection of the tu-
mors. Organ culture samples were prepared by using FMDx proprietary
technique, and were exposed to drugs. The oncologist was interested in
response to 5-fluorouracyl, oxaliplatin and gemcitabine. Two additional
drugs were also tested. The first is an inhibitor of EGF receptor kinase,
Iressa, and the second drug is an inhibitor of TGFp type I receptor Kki-
nase, SB431542. During incubation of the tumor tissues with the drugs,
it was observed very strong effect of 5-fluorouracil, significant but partial
response to oxaliplatin and gemcitabine. Iressa and SB431542 both showed
cell-killing effect, but the response was partial (Fig. 6A). In parallel, Func-
tional Biochemical Assays were applied to the tumor samples. These tests
showed significantly enhanced activity of pro-mitogenic kinase Erkl/2 as
compared to the Erkl/2 activity in the control carcinoma cells (Fig. 6B).
Other biochemical tests showed that EGF and TGFp signaling pathways
were active, but at the levels comparable to the control carcinoma cells. The
biochemical tests indicate that inhibitors of Erkl/2 pathway, e.g. MEKI or
Raf inhibitors, may have a strong inhibitory impact on the tumor growth
for this patient. The tests confirmed also that Iressa and SB431542 indeed
may have tumor-suppressing effect. Thus, the Organ Culture FMDx and
biochemical tests provided the oncologist with information about efficacy
of the tested drug, and indicated that the combination of chemotherapy
with adjuvant therapy may be beneficial for the patient.

Organ Culture FMDx delivers informative results during the first 2
weeks of culturing. Longer culturing leads to changes in structure of the
tumor tissue, and changes in physiology of tumor cells. These changes af-
fect pattern of the cell response to the drugs. However, longer culturing
allows obtaining primary culture of tumor cells which detach from the
tumor tissue. These primary culture cells may be further used for research
purposes. For this patient, a culture of primary cells was obtained. Thus,
Organ Culture FMDx delivered information about sensitivity of the tumors
of the patient to the selected drugs.

Case 3. Generation of individualized cancer vaccine

There is a strong confidence among oncologists that as long as the
vital functions of a body are not compromised, there is a chance of curing
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even advanced cancer. One of the curation strategies is deciphering of the
molecular profile of the tumor, and finding combination of drugs which
may kill this tumor. These strategies are mentioned in descriptions of the
cases #1 and #2. The case #3 describes the strategy to employ immuno-
logical protective mechanisms of the patient’s body.

The idea of the individualized cancer vaccine is based on the fact that
the body is capable to recognize the tumor epitopes, but the response is
too weak to remove the tumor. Therefore, boosting of the anti-tumor im-
munity is required. Currently, the first type of the anti-tumor vaccines is
based on identification of tumor-recognizing lymphocytes, which are then
expanded in vitro, and injected in the patient. The second type of vaccines
is based on identification of tumor antigens which stimulated immunologi-
cal response, even though weak and not sufficient to eliminate the tumor.
These antigens are then purified, and used to boost the anti-tumor im-
mune response.

The presented here case is an example of how such an antigen-based
vaccine could be developed (Fig. 7). The patient described in this case
could not be subjected to biopsy, due to the weak general condition and
numerous metastases. Therefore, a blood sample was taken, and plasma
was prepared. The plasma was used to detect tumor-specific antigens. The
antigen array was prepared by 2D-GE, and transferring of separated pro-
teins from the gels on the membranes. The transferred tumor proteins were
probed with the patient’s plasma, and with plasma of healthy individuals.
To discriminate tumor and non-tumor antigens further, protein arrays from
the non-tumor samples were prepared, and probed with plasma from the
patient and from healthy individuals. All these tests allowed identifica-
tion of 2 strong tumor-specific antigens (Fig. 7A). These antigens were
then tested as a scratch-test on the patient. As expected, the antigens
showed immunological reactions, with one of the antigens showing reaction
justifying use of this antigen for development of the individualized vaccine
(Fig. 7B). This selected antigen was prepared in quantities required for vac-
cination. The antigens were purified, and were subjected to tests of chemi-
cal purity, toxicity and sterility. The last test before application of such
a vaccine is the scratch-test of responsiveness on the patient. The result
was considered positive when there was observed a swelling and redness
response after 2 days. Thus, application of proteomics allows generation of
truly individual cancer vaccine.

Prospective

Complexity of cancer requires comprehensive evaluation of tumors
and patients. Therefore, OMICs technologies have come to stay. We may
expect significant improvements in quality of results delivered by profiling
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of genome, transcriptome, proteome and metabolome of a cancer patient
and her/his tumors. Cost efficiency of OMICs technologies will allow per-
forming such profiling on every patient. As an example, FMDx is already
affordable for routine use in the cancer clinics.

Developments of OMICs technologies are promoted by the combi-
nation of biochemistry, cell and molecular biology, engineering, physics,
chemistry and mathematics. When in 1961 Yurij Gagarin opened the era
of manned space flights that was the result of collaboration between many
different professionals. The same is valid for cancer — to make a break-
through and find cure of cancer, a single discovery is not enough. It has
to be a combined effort. And the biggest challenge is to create such an
organization which would focus on fighting cancer with understanding
complexity of this disease and hosting diverse expertise.
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1. The Biological and Toxin Weapons Convention (BTWC) was
opened for signature on 10 April 1972 and entered into force on 26 March
1975. The Co-Depositaries for this Convention are the Russian Federation,
the United Kingdom and the United States. This Convention was the first
one to totally prohibit the development, production and stockpiling of a
class of weapons of mass destruction — that involving the use of biological
agents and toxins as weapons. The Ukraine was one of the original States
Parties who signed the Convention on 10 April 1972 and for whom the
Convention entered into force on 26 March 1975. The central prohibition
is set out in Article I of the Convention [1] under which:

Each State Party to this Convention undertakes never in any circum-
stances to develop, produce, stockpile or otherwise acquire or retain:

(1) Microbial or other biological agents, or toxins whatever their origin or
method of production, of types and quantities that have no justification for
prophylactic, protective or other peaceful purposes;

(2) Weapons, equipment or means of delivery designed to use such agents
or toxins for hostile purposes or in armed conflict.

2. In accordance with Article XII of the Convention, Review
Conferences have been held at five year intervals — in 1981, 1986, 1991,
1996, 2001/2, 2006 and 2011 — to review the operation of the Convention,
with a view to ensuring that the purposes of the preamble of the Convention,
... are being realized. In addition, it is required that Such review shall take
into account any new scientific and technological developments relevant to the
Convention. It is thus evident that the continuing and effective implemen-
tation of the Convention requires that the States Parties carrying out the
five yearly Review Conferences need to be advised of any relevant new
scientific and technological developments and of what their significance

T Previously the Director-General of the Chemical and Biological Defence Establishment,
Porton Down, UK from 1984 to 1995.
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is for the Convention and what should be done in order to ensure that the
effectiveness of the Convention is maintained.

3. The need to be able to provide sound scientific advice to policy
makers and diplomats in government in each State Party is thus enshrined
in the BTWC. And, it is also evident that the delegations sent by States
Parties to the Review Conferences will need to include qualified and
knowledgeable scientists who will be able to provide advice to the delega-
tions during the Review Conferences on approaches to be adopted by the
delegation as well as how to respond to scientific and technical information
submitted and recommendations made by other delegations.

4. Although Review Conferences take place at five year intervals, the
practice has been adopted since the decision of the Fifth Review Conferen-
ce in 2002, to have an intersessional programme during which the States
Parties are each year to discuss and promote common understandings and
effective action on specified topics first at an annual Meeting of Experts
and then subsequently at an annual Meeting of States Parties. As might
be expected, the delegations sent to the Meeting of Experts need to include
qualified and knowledgeable scientists who will be able to provide advice
to the delegations during the Meeting of Experts at which scientific and
technical details are discussed and debated in regard to the specific items
so as to ensure that the ideas captured in the Annex to the Meeting of
Experts are correctly expressed and can lead to being agreed in the sub-
stantive paragraphs of the subsequent Meeting of States Parties later that
year that will be considering the same specific topics.

QUALIFIED AND KNOWLEDGEABLE SCIENTISTS

5. For scientists to be effective in providing advice to the policy makers
and the diplomats, there are several essential characteristics that the scien-
tist is required to have.

Awareness and understanding of the BTWC

6. An essential prerequisite for any scientist providing advice to policy
makers and diplomats on the BTWC is an understanding of the Conven-
tion and an appreciation of what the various Articles of the Convention
oblige States Parties to do. In addition, the scientist needs to be aware of
the extended understandings that have been agreed by the States Parties
at the successive Review Conferences. This overall awareness and under-
standing is essential if the advice is going to be credible and helpful to the
policy makers and diplomats.

7. In addition, the advice will be much more effective if the scientist
is also aware of what the last Review Conference has decided — the Final
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Report of the Review Conference and, in particular, its Final Declaration
and its Decisions and Recommendations set the scene for the current In-
tersessional Period and have decided the specific topics to be discussed in
order to promote common understandings and effective action.

Ability to analyse, summarise and express relevant scientific aspects

8. Another essential prerequisite is that the scientist providing scien-
tific advice is able to analyse and summarise the relevant scientific aspects
of the particular topic on which advice is to be given to the policy makers
and diplomats. Such analysis has to be able to identify the key elements
that are relevant and these need to be expressed so that the implications
in regard to the various elements of the Convention are clearly appreciated
and understood by the policy makers and diplomats. In other words, the
relevant scientific aspects have to be analysed, summarized and presented
in the context of the Convention together with proposals as to what steps
should be taken by the policy makers and diplomats. Throughout, the
scientist has to be answering the question that the policy makers and dip-
lomats will be asking themselves about the scientific aspects — “So what?”
In other words, what do the scientific aspects mean in the context of the
Convention.

Awareness of the risks to humans, animals and plants

9. One of the extended understandings that the States Parties have
agreed at the successive Review Conferences is encapsulated in the lan-
guage relating to Article 1 of the Convention in the Final Declaration [2]
of the Seventh Review Conference that states:

1. The Conference reaffirms the importance of Article 1, as it defines the
scope of the Convention. The Conference declares that the Convention
is comprehensive in its scope and that all naturally or artificially created
or altered microbial and other biological agents and toxins, as well as
their components, regardless of their origin and method of production and
whether they affect humans, animals or plants, of types and in quantities
that have no justification for prophylactic, protective or other peaceful
purposes, are unequivocally covered by Article 1. [Emphasis added]

This makes it clear that the prohibition in the Convention applies to
microbial and other biological agents and toxins that affect humans, animals
or plants. It consequently follows that the scientists providing policy advice
on the BTWC to the policy makers and diplomats need to be aware of
the activities being carried out by the World Health Organization (WHO)
[3], the World Animal Health Organization (OIE) [4] and the Food and
Agriculture Organization (FAO) [5] in regard to countering outbreaks of
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human, animal and plant diseases and to promote human health security,
animal health security and food security.

10. These scientists providing policy advice need also to be aware that
the terminology used in regard to terms such as biosafety, biosecurity and
food security can be different in the WHO, OIE and FAO arenas than that
used in the context of the Convention.

Awareness of the risks to the environment

11. As the prohibition in the Convention relates to microbial and other
biological agents and toxins that affect humans, animals or plants, it will be
appreciated that there is a close relationship to the environment. Conse-
quently, the scientists providing advice need also to be aware of the Con-
ventions and Protocols that relate to the environment — and in particular
to the Convention on Biological Diversity and its associated Cartagena
Protocol on Biosafety.

The Convention on Biological Diversity (CBD) [6] was the result of an
increasing global awareness that:

The Earth’s biological resources are vital to humanity’s economic and
social development. As a result, there is a growing recognition that biologi-
cal diversity is a global asset of tremendous value to present and future
generations. At the same time, the threat to species and ecosystems has
never been so great as it is today. Species extinction caused by human
activities continues at an alarming rate.

The CBD was opened for signature on 5 June 1992 at the United
Nations Conference on Environment and Development (the Rio “Earth
Summit”) and entered into force on 29 December 1993. It has currently
193 Parties to the Convention.

12. A particular element of the CBD arises from Article 18 Technical
and Scientific Cooperation which requires that:

1. The Contracting Parties shall promote international technical and
scientific cooperation in the field of conservation and sustainable use of
biological diversity, where necessary, through the appropriate international
and national institutions.

2. Each Contracting Party shall promote technical and scientific coopera-
tion with other Contracting Parties, in particular developing countries, in
implementing this Convention, inter alia, through the development and
implementation of national policies. In promoting such cooperation, spe-
cial attention should be given to the development and strengthening of
national capabilities, by means of human resources development and in-
stitution building.
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3. The Conference of the Parties, at its first meeting, shall determine how
to establish a clearing-house mechanism to promote and facilitate techni-
cal and scientific cooperation.

The clearing-house mechanism addressed in paragraph 3 of Article
18 has as its mission the requirement to contribute significantly to the
implementation of the Convention on Biological Diversity through effec-
tive information services and other appropriate means in order to promote
and facilitate scientific and technical cooperation, knowledge sharing and
information exchange, and to establish a fully operational network of Par-
ties and partners.

13. Closely associated with the CBD is its Cartagena Protocol on
Biosafety [7]. This addresses the movements of living modified organisms
(LMOs) resulting from modern biotechnology from one country to anoth-
er. It was adopted on 29 January 2000 as a supplementary agreement to the
Convention on Biological Diversity and entered into force on 11 September
2003. It establishes an advance informed agreement (AIA) procedure for
ensuring that countries are provided with the information necessary to
make informed decisions before agreeing to the import of such organisms
into their territory. The Protocol contains reference to a precautionary
approach. The Protocol also establishes a Biosafety Clearing-House to
facilitate the exchange of information on living modified organisms and
to assist countries in the implementation of the Protocol. It has currently
166 Parties to the Protocol. The Ukraine Profile is available at http://bch.
cbd.int/about/countryprofile.shtml?country=ua.

14. Article 22 of the Protocol addresses Capacity Building and requires
that:

1. The Parties shall cooperate in the development and/or strengthening
of human resources and institutional capacities in biosafety, including
biotechnology to the extent that it is required for biosafety, for the purpose
of the effective implementation of this Protocol, in developing country
Parties, in particular the least developed and small island developing
States among them, and in Parties with economies in transition, including
through existing global, regional, subregional and national institutions
and organizations and, as appropriate, through facilitating private sector
involvement.

2. For the purposes of implementing paragraph 1 above, in relation to
cooperation, the needs of developing country Parties, in particular the
least developed and small island developing States among them, for fi-
nancial resources and access to and transfer of technology and know-how
in accordance with the relevant provisions of the Convention, shall be

206



Graham S. Pearson

taken fully into account for capacity-building in biosafety. Cooperation in
capacity-building shall, subject to the different situation, capabilities and
requirements of each Party, include scientific and technical training in
the proper and safe management of biotechnology, and in the use of risk
assessment and risk management for biosafety, and the enhancement of
technological and institutional capacities in biosafety. The needs of Parties
with economies in transition shall also be taken fully into account for such
capacity-building in biosafety.

15. Closely related to the biosafety requirements for the Protocol is
the initiative taken by the United Nations Environment Programme to
implement the Global Environment Facility (GEF) Initial Strategy on Bio-
safety [8] which was adopted in November 2000. This Strategy aims to as-
sist countries preparing for the Cartagena Biosafety Protocol through the
establishment of National Biosafety Frameworks (NBFs). The NBF is a
combination of policy, legal, administrative and technical instruments that
are set in place to address safety for the environment and human health in
relation to modern biotechnology. As at 30th May 2012, 119 countries have
completed the majority of development of their National Biosafety Projects
and their draft NBFs are available online [9]. This includes the draft Na-
tional Biosafety Framework for the Ukraine. hese projects have generated
a wealth of in-country experience in building capacity for biosafety.

16. These National Biosafety Frameworks are highly relevant to the
initiatives being taken to strengthen biosafety and biosecurity under the
BTWC and scientific experts advising national diplomats and policy makers
need to be aware of their relevance.

17. There are also, as might be expected, relevant activities in regard
to education and awareness. Thus the Convention on Biological Diversity
in its Article 13 Public Education and Awareness requires that:

The Contracting Parties shall:

(a) Promote and encourage understanding of the importance of, and the
measures required for, the conservation of biological diversity, as well as
its propagation through media, and the inclusion of these topics in educa-
tional programmes; and

(b) Cooperate, as appropriate, with other States and international organi-
zations in developing educational and public awareness programmes, with
respect to conservation and sustainable use of biological diversity.

Likewise the Cartagena Protocol on Biosafety in its Article 23 Public
Awareness and Education requires that:
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1. The Parties shall:

(a) Promote and facilitate public awareness, education and participa-
tion concerning the safe transfer, handling and use of living modified
organisms in relation to the conservation and sustainable use of biological
diversity, taking also into account risks to human health. In doing so, the
Parties shall cooperate, as appropriate, with other States and international
bodies;

(b) Endeavour to ensure that public awareness and education encompass
access to information on living modified organisms identified in accordan-
ce with this Protocol that may be imported.

There are consequently clear benefits to States Parties to the BTWC if
those scientists providing advice to diplomats and policy makers are aware
of the international and national activities associated with the Convention
on Biological Diversity and its Cartagena Protocol on Biosafety.

Awareness of CBRN risks and preparedness

18. Whilst it may be thought that scientists providing advice to dip-
lomats and policy makers need only be aware of the life sciences, their
advice will be much more effective if they are also aware of the broader
chemical, biological, radiological and nuclear risks as to an increasing
extent countries are coordinating their preparedness for CBRN incidents
whether accidental or deliberate.

19. The Chemical Weapons Convention. The CWC [10] is closely re-
lated to the BTWC and it prohibits the development, production and stock-
piling of chemical weapons. In Article I General Obligations it requires
that:

1. Each State Party to this Convention undertakes never under any cir-
cumstances:

(a) To develop, produce, otherwise acquire, stockpile or retain chemical
weapons, or transfer, directly or indirectly, chemical weapons to anyone;
(b) To use chemical weapons;

(c) To engage in any military preparations to use chemical weapons;

(d) To assist, encourage or induce, in any way, anyone to engage in any
activity prohibited to a State Party under this Convention.

and in its Article II Definitions and Criteria states that:
For the purposes of this Convention:

1. “Chemical Weapons” means the following, together or separately:
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(a) Txic chemicals and their precursors, except where intended for pur-
poses not prohibited under this Convention, as long as the types and
quantities are consistent with such purposes;

(b) Munitions and devices, specifically designed to cause death or other
harm through the toxic properties of those toxic chemicals specified in
subparagraph (a), which would be released as a result of the employment
of such munitions and devices,

(c) Any equipment specifically designed for use directly in connection with
the employment of munitions and devices specified in subparagraph (b).

2. “Toxic Chemical” means:

Any chemical which through its chemical action on life processes can
cause death, temporary incapacitation or permanent harm to humans or
animals. This includes all such chemicals, regardless of their origin or of
their method of production, and regardless of whether they are produced
in facilities, in munitions or elsewhere.

As the BTWC addresses Microbial or other biological agents, or toxins
whatever their origin or method of production it is evident that there is — and
rightly so — an overlap between the two Conventions with chemicals such
as toxins being prohibited under both Conventions.

20. The Chemical Weapons Convention opened for signature on 13
January 1993 and entered into force on 29 April 1997. It currently has 188
States Parties. The CWC has concentrated in its first fifteen years on the
destruction of declared chemical weapons stockpiles — the Convention in
Article 1V requires that Each State Party shall destroy all chemical weapons
... Such destruction ... shall finish no later than 10 years after entry into force
of the Convention. In addition, Part IV(A) of the Verification Annex to the
Convention includes provisions should a State Party believe that it will be
unable to ensure the destruction of all Category I chemical weapons not later
than 10 years after the entry into force of this Convention then the Executive
Council can grant an extension — howeyver, it is specified that Any extension
shall be the minimum necessary, but in no case shall the deadline for a State
Party to complete its destruction of all chemical weapons be extended beyond
15 years after the entry into force of this Convention. The Convention is
now focusing much more on the non-proliferation and other requirements
required by the Convention and the activities of the Organisation for the
Prohibition of Chemical Weapons are more closely related to those being
carried out by the States Parties to the BTWC.

21. The 1925 Geneva Protocol. This is the Protocol for the Prohibition
of the Use in War of Asphyxiating, Poisonous or other Gases, and of Bacte-
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riological Methods of Warfare [11] which was signed at Geneva on 17 June
1925. This notes that:

Whereas the use in war of asphyxiating, poisonous or other gases,
and of all analogous liquids, materials or devices, has been justly con-
demned by the general opinion of the civilised world; and

Whereas the prohibition of such use has been declared in Treaties to
which the majority of Powers of the world are Parties; and

To the end that this prohibition shall be universally accepted as a part
of International Law, binding alike the conscience and the practice
of nations;

and goes on to declare that:

Declare:

That the High Contracting Parties, so far as they are not already Par-
ties to Treaties prohibiting such use, accept this prohibition, agree to
extend this prohibition to the use of bacteriological methods of warfare
and agree to be bound as between themselves according to the terms
of this declaration.

The High Contracting Parties will exert every effort to induce other
States to accede to the present Protocol. Such accession will be noti-
fied to the Government of the French Republic, and by the latter to
all signatory and acceding Powers, and will take effect on the date of
the notification by the Government of the French Republic.

22. It should be noted that at the Seventh Review Conference of the

BTWC, the States Parties agreed in their Final Declaration [12] in regard
to Article VIII of the BTWC that:
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41. The Conference appeals to all States Parties to the 1925 Geneva
Protocol to fulfil their obligations assumed under that Protocol and urges
all states not yet party to the Protocol to ratify or accede to it without
further delay.

42. The Conference acknowledges that the 1925 Geneva Protocol, which
prohibits the use in war of asphyxiating, poisonous or other gases, and of
bacteriological methods of warfare, and the Convention complement each
other. The Conference reaffirms that nothing contained in the Convention
shall be interpreted as in any way limiting or detracting from the obliga-
tions assumed by any state under the 1925 Geneva Protocol.

43. The Conference stresses the importance of the withdrawal of all res-
ervations to the 1925 Geneva Protocol related to the Convention.
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44. The Conference recalls the actions which States Parties have taken
to withdraw their reservations to the 1925 Geneva Protocol related to the
Convention, and calls upon those States Parties that continue to maintain
pertinent reservations to the 1925 Geneva Protocol to withdraw those
reservations, and to notify the Depositary of the 1925 Geneva Protocol
accordingly, without delay.

45. The Conference notes that reservations concerning retaliation, through
the use of any of the objects prohibited by the Convention, even condi-
tional, are totally incompatible with the absolute and universal prohibition
of the development, production, stockpiling, acquisition and retention of
bacteriological (biological) and toxin weapons, with the aim to exclude
completely and forever the possibility of their use.

46. The Conference notes that the Secretary-General’s investigation
mechanism, set out in A/44/561 and endorsed by the General Assembly
in its resolution 45/57, represents an international institutional mechanism
for investigating cases of alleged use of biological or toxin weapons. The
Conference notes national initiatives to provide relevant training to experts
that could support the Secretary-General’s investigative mechanism.

23. Universal adherence to the Geneva Protocol by all States, including
all States Parties to the BTWC, has been an agreed politically binding
commitment since 1980, reaffirmed by every subsequent Review Conferen-
ce that has issued a Final Declaration. It should be noted that the original
statement, in the Final Declaration which the First Review Conference
agreed on 21 March 1980, called on all States not yet parties to the Geneva
Protocol to ratify or accede to it at the earliest possible date; the Second
Review Conference on 26 September 1986 urged them to adhere to it at
the earliest possible date; the Third Review Conference on 27 September
1991 urged them to accede to it without delay, as did the Fourth Review
Conference on 6 December 1996, the Sixth Review Conference on 8 De-
cember 2006 and the Seventh Review Conference on 22 December 2011.

24. Secretary-General Mechanism for Investigation of Alleged Use [13].
Article VI of the BTWC states that:

(1) Any State Party to this Convention which finds that any other State
Party is acting in breach of obligations deriving from the provisions of
the Convention may lodge a complaint with the Security Council of the
United Nations. Such a complaint should include all possible evidence
confirming its validity, as well as a request for its consideration by the
Security Council.

(2) Each State Party to this Convention undertakes to cooperate in car-
rying out any investigation which the Security Council may initiate, in
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accordance with the provisions of the Charter of the United Nations, on
the basis of the complaint received by the Council. The Security Coun-
cil shall inform the States Parties to the Convention of the results of the
investigation.

25. At the Seventh Review Conference, the States Parties to the
BTWC agreed in their Final Declaration [14] in regard to Article VI that:

29. The Conference invites the Security Council:

(a) to consider immediately any complaint lodged under this Article and
fo initiate any measures it considers necessary for the investigation of the
complaint in accordance with the Charter;

(b) to request, if it deems necessary and in accordance with its Resolution
620 of 1988, the United Nations Secretary-General to investigate the al-
legation of use, using the technical guidelines and procedures contained
in Annex I of United Nations Document A/44/561;

(c) to inform each State Party of the results of any investigation initiated
under this Article and to consider promptly any appropriate further action
which may be necessary.

26. The Secretary-General’s Mechanism (SGM) for the investigation
of alleged use of chemical, biological and toxin weapons derives from
a mandate established by the United Nations General Assembly in its
resolution 42/37C of 1987 and reaffirmed by the United Nations Security
Council through its resolution 620 (1988). Under this mandate, the Secre-
tary- General is requested

fo carry out investigations in response to reports that may be brought to
his attention by any Member State concerning the possible use of chemi-
cal and bacteriological (biological) or toxin weapons that may constitute
a violation of the Geneva Protocol or other relevant rules of customary
international law in order to ascertain the facts of the matter and to report
promptly the results of any such investigations to all Member States.

Investigations of alleged use will be conducted according to technical
guidelines and procedures (A/44/561 Annex I) which were endorsed by
the General Assembly in 1990. The appendices to the technical guidelines
and procedures were updated in 2007.

27. Security Council Resolution 1540(2004) [15]. In 2004, the Secu-
rity Council decided that all States shall refrain from providing any form of
support to non-State actors who attempt to develop, acquire, manufacture,
possess, transport, transfer or use nuclear, chemical or biological weapons
and their means of delivery, and requires all States to adopt and enforce
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appropriate effective laws to this effect. The resolution also requires all
States to establish various types of domestic controls to prevent the pro-
liferation of such weapons and their related materials. A Security Council
Committee was established pursuant to resolution 1540 to report to the
Council on the implementation of the resolution. Security Council resolu-
tion 1977 (2011) extended the mandate of the Committee until 25 April
2021.

28. The 1540 Committee has prepared matrices for 179 of the Member
States of the United Nations which following approval by the Commit-
tee in November and December 2010 are available at http://www.un.org/
s¢/1540/1540matrix.shtml. This in OP 2 - Biological Weapons (BW) re-
quests States to answer the question:

Does national legislation exist which prohibits persons or entities to engage
in one of the following activities? Can violators be penalized?

in regard to some 14 activities:

1 manufacture/produce

2 acquire

3 possess

4 stockpile/store

5 develop

6 transport

7 transfer

8 use

9 participate as an accomplice in above-mentioned activities
10 assist in above-mentioned activities

11 finance above-mentioned activities

12 above-mentioned. activities related to means of delivery
13 involvement of non-State actors in above-mentioned. activities
14 Other

29. In addition, the matrix in OP 3 (a) and (b) - Account for/Secure/
Physically protect BW including Related Materials requests States to answer
the question:

Are any of the following measures, procedures or legislation in place to
account for, secure or otherwise protect BW and Related Materials? Can
violators be penalized?

in regard to some 17 categories;

1 Measures to account for production
2 Measures to account for use
3 Measures to account for storage
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4 Measures to account for transport

5 Other measures for accounting

6 Measures to secure production

7 Measures to secure use

8 Measures to secure storage

9 Measures to secure transport

10 Other measures for securing

11 Regulations for physical protection of facilities/materials/ transports
12 Licensing/registration of facilities/persons handling biological materials
13 Reliability check of personnel

14 Measures to account for/secure/ physically protect means of delivery
15 Regulations for genetic engineering work

16 Other legislation/ regulations related to safety and security of biologi-
cal materials

17 Other

30. The matrix in OP 3 (c¢) and (d) and related matters from OP 6 and

OP 10 - Controls of BW including Related Materials requests States to an-
swer the question:

Which of the following legislation, procedures, measures, agencies exist
to control border crossings, export/import and other transfers of BW and
Related Materials? Can violators be penalized?

in regard to some 26 categories:
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1 Border control

2 Technical support of border control measures
3 Control of brokering, trading in, negotiating, otherwise assisting in sale
of goods and technology

4 Enforcement agencies/authorities

5 Export control legislation in place

6 Licensing provisions

7 Individual licensing

8 General licensing

9 Exceptions from licensing

10 Licensing of deemed export/visa

11 National licensing authority

12 nteragency review for licenses

13 Control lists

14 Updating of lists

15 Inclusion of technologies

16 Inclusion of means of delivery

17 End-user controls
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18 Catch-all clause

19 Intangible transfers

20 Transit control

21 Trans-shipment control

22 Re-export control

23 Control of providing funds

24 Control of providing transport services
25 Control of importation

26 Extraterritorial applicability

27 Other

These matrices provide a valuable resource that can be drawn upon by
the States Parties to the BTWC in promoting the implementation of Article
IV of the Convention.

31. The completed matrices for the Ukraine are available at:

http://www.un.org/en/sc/1540/docs/matrices/Ukraine revised matrix.
pdf

and provide detailed information on the legislation and procedures that
apply in the Ukraine in regard to activities relating to biological weapons
as well as to chemical and nuclear weapons.

32. European Union Public Health Preparedness for Cross-Border
Health Threats [16]. On 8 December 2011 the European Commission
adopted a legislative proposal on the means to address serious cross-border
health threats. This proposal is to extend the existing co-ordination mech-
anism for communicable diseases to all heath threats caused by biological,
chemical or environmental causes. It provides for the assessment of risks
and the co-ordination of measures from communicable diseases to be ex-
tended to all heath threats caused by biological, chemical or environmental
causes.

33. United Nations Interregional Crime and Justice Research Insti-
tute (UNICRI) CBRN Risk Mitigation and Security Governance Pro-
gramme [17]. This was launched in 2004, in conjunction with the IAEA,
the OPCW, the ISU of the BTWC, the WHO, INTERPOL and the World
Customs Organization (WCO, to support the development of an integrated
CBRN approach that incorporates all international, regional and national
CBRN components into a common strategy. This entails the application
of a holistic approach through which all stakeholders, while operating au-
tonomously, can establish common goals, identify and manage resources
to achieve these goals, clearly allocate responsibilities and tasks, elaborate
functioning channels of communication, create a security culture based
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on common learning, and ensure that lessons learnt are incorporated and
absorbed throughout the whole system.

34. A closely associated element of this programme is to establish re-
gional CBRN Centres of Excellence [18]. Such centres are seen as a corner-
stone of these activities by offering a coherent and comprehensive approach
covering legal, regulatory, enforcement and technical issues. It is evident
that a number of projects will involve the Ukraine including one launched
in January 2013 entitled Knowledge development and transfer of best practice
on bio-safety, bio-security, bio-risk management.

Conclusions

35. This paper has sought to give an indication of the breadth of
activities that scientists need to be aware of if they are to be effective in
providing advice to the policy makers and the diplomats in Government.
It needs to be recognised that the policy makers and diplomats engaged in
a particular activity such as the Biological and Toxin Weapons Convention
(BTWC) may well not be involved in some of the other relevant activities
and thus be unaware of relevant developments in these other activities. The
value that qualified and knowledgeable scientists can bring is thus conside-
rable as they are able to analyse the situation across the range of relevant
activities and can use their knowledge to make soundly based proposals
that will frequently be acceptable to their fellow scientists in other dele-
gations.

36. For the qualified and knowledgeable scientists to be effective it
is vital that the scientist providing scientific advice is able to analyse and
summarise the relevant scientific aspects of the particular topic on which
advice is to be given to the policy makers and diplomats. Such analysis
has to be able to identify the key elements that are relevant and these need
to be expressed so that the implications in regard to the various elements
of the Convention are clearly appreciated and understood by the policy
makers and diplomats. In other words, the relevant scientific aspects have
to be analysed, summarized and presented in the context of the Conven-
tion together with proposals as to what steps should be taken by the policy
makers and diplomats.

37. These qualified and knowledgeable scientists also have a continu-
ing responsibility once they have successfully explained the context of the
relevant scientific aspects to the policy makers and diplomats to then follow
through by encouraging the national policy makers to take appropriate ac-
tion nationally to implement the changes that would enhance the effective-
ness nationally of the implementation of the BTWC.
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38. Qualified and knowledgeable scientists who are effective in
providing advice to the policy makers and diplomats have an additional
bonus — in that they are well qualified to assist in raising awareness and
facilitating outreach to all those engaged in the life sciences about the is-
sues and the progress being made by the States Parties in strengthening the
effectiveness of the Biological and Toxin Weapons Convention and thereby
helping to make it a safer world for all of us.

Postscript

39. I have chosen to write this article on The Vital Importance of Pro-
viding Sound Scientific Advice to Policy Makers in Government in recogni-
tion of the outstanding contributions that Ambassador Professor Dr. Serhiy
Vasilyovich Komisarenko has made as a member of the delegation of the
Ukraine, which he has frequently led, to the meetings of the States Parties
to the Biological and Toxin Weapons Convention in Geneva over the past
eight years.
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The paper contends that the ongoing controversy surrounding the crea-
tion of a contagious H5N1 influenza virus has already exposed the severe
limitations of the possibility of preventing the hostile misuse of the life scien-
ces by dint of oversight of proposals and publications. It further argues that
in order to prevent the potential wholesale militarisation of the life sciences,
it is essential that life scientists become aware of their responsibilities within
the context of the Biological and Toxin Weapons Convention (BTWC) and
actively contribute their expertise to strengthening the biological weapons non-
proliferation regime.

“...The race is on for scientists to Gind out as much as they can about
H5N1 and detect any mutations that make it a human-to-human virus as soon
as possible. At least then they will know exactly what it is they are Gighting....
In many ways, it [influenza virus] is the perfect form of bio-terrorism - simple
yet devastating.”

Revill J. (2005) Everything you need to know about Bird Flu and what
you can do to prepare for it. (page 27) Rodale, London.

human infection with highly pathogenic avian influenza H5N1 vi-

rus [1]. 355 of these people died, but sustained human-to-human
transmission had not been demonstrated. Then in late 2011 it was reported
that life scientists in The Netherlands and the United States had shown
how the H5NI1 virus could be made contagious through the air in mam-
mals. This provoked a wide-ranging debate about whether, and how, the
work should be published, or, indeed, whether it should have been carried
out in the first place.

B y April 2012 there have been 602 laboratory-confirmed cases of

Whilst that debate has, at the time of writing this paper, not yet
finished, it is our contention that it has already exposed the severe limi-
tations of the approach to the responsibilities of life scientists which has
dominated discussions of the hostile misuse of the life sciences since 9/11
and the anthrax letter attacks in the United States. This approach, which
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is typified by the Fink Report [2] on Biotechnology Research in an Age of
Terrorism of 2004, suggests that as terrorists might misuse advanced life
science research, such dual-use dangers can be prevented by restrictions
(oversight) of project proposals and publications.

This paper begins by examination of the debate provoked by the at-
tempt to publish the papers on contagious H5N1 and argues that there are
good reasons why the bioterror/dualuse approach can only be relevant to a
small part of the problem of containing the potential hostile misuse of the
results of the ongoing revolution in the life sciences. That leads on to our
suggestion that the real problem is that biotechnology, like other scientific
and technological revolutions in the past, may, as pointed out by Profes-
sor Mathew Meselson [3] in 2000, be “intensively exploited, not only for
peaceful purposes but also for hostile ones.” In short, bioterrorism and the
exploitation of the results of advances in the life sciences by terrorists has
to be seen in the wider framework of the potential wholesale militarization
of the life sciences, and a much wider set of responsibilities than oversight
of projects and publications is required of life scientists if their work is to
be properly protected from misuse.

For this reason, the paper then briefly introduces the history of of-
fensive State-level biological weapons programmes during the last century
and the gradual development of the prohibition regime centred on the 1975
Biological and Toxin Weapons Convention (BTWC). It is argued that life
scientists’ responsibilities have to be seen within this wider framework and
the ‘web of preventive policies’ centred on the BTWC, and that the issue
of dual-use and bioterrorism is better understood as part of this wider
framework.

This then leads on to an examination of the discussions amongst
State Parties to the BTWC about awareness-raising and education of life
scientists during this century. The paper ends with our own reflections on
what needs to be covered in the education of life scientists for them to be
able to actively engage in effectively protecting their benignly-intended
work from misuse and an illustration of what might be done now to assist
State Parties in their deliberations on the implications of advances in the
life sciences through to the Eighth Five-Year Review Conference of the
BTWC in 2016.

The Contagious Lethal HSN1 Debate

The committee chaired by Gerald Fink produced its report on Bio-
technology Research in an Age of Terrorism in good part because of the
increasing concerns about terrorism. As the report noted [4] “[B]iotech-
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nolgy represents a ‘dual-use’ dilemma in which the same technologies can
be used legitimately for human betterment and misused for terrorism”.
Two points that are often forgotten are, first, that the committee viewed
bioterrorism as only part of [5] “a wide spectrum of potentially dangerous
activities” posed “by hostile individuals and nations”, and, secondly, that
the committee’s first recommendation read as follows [6]:

“We recommend that national and international professional socie-
ties and related organisations and institutions create programs to educate
scientists about the nature of the dual-use dilemma in biotechnology and
their responsibilities to mitigate its risks.”

We will return to both of these points later.

However, the Fink Committee is chiefly remembered for two quite
different points. First, it suggested that there were at least seven classes of
(mainly microbiological) research that were of sufficient concern to war-
rant oversight prior to being undertaken or published in full after being
carried out. These experiments included those which [7]:

“1. Would demonstrate how to render a vaccine ineffective...

2. Would confer resistance to therapeutically useful antibiotics or an-
tiviral agents...

3. Would enhance the virulence of a pathogen or render a nonpatho-
gen virulent...

4. Would increase the transmissibility of a pathogen...

5. Would alter the host range of a pathogen...

6. Would enable the evasion of diagnostic/detection modalities...

7. Would enable the weaponization of a biological agent or toxin...”

The committee went on to note, directly after listing these catego-
ries, that “[O]ver time...it will be necessary to expand the experiments of
concern to cover a significantly wider range of potential threats” and this
point was fully endorsed by the subsequent Lemon-Relman Report [8] of
the US National Academies.

Secondly, the Fink Committee recommended the setting up of a na-
tional committee to [9] “provide advice, guidance, and leadership for the
system of review and oversight we are proposing”. This in turn led to
the establishment of the National Science Advisory Board for Biosecurity
(NSABB) which has actively endeavoured to fulfil this remit. One of the
Board’s first endeavours, in 2005, concerned the publication of the se-
quencing and synthesis of deadly Spanish Influenza virus. They approved
publication, but it should be noted that the then editor of Science is on
record [10] as stating “So would I...have published the paper even if the
NSABB have voted otherwise? Absolutely...”
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So it is against that background of widespread ignorance of, and op-
position to, biosecurity considerations that current concerns about H5N1
have to be understood. And this is so even though in the years after 9/11
editors of leading science journal agreed to institute a biosecurity review
of publications of concern [11], grant giving organisations began to ask
applicants if they had taken biosecurity issues into account [12], the In-
terAcademy Panel published the principles of a code of conduct related
to biosecurity [13], and The Netherlands Academy of Science published a
specific biosecurity code of conduct [14]. Moreover, The Netherlands code
had the text of the BTWC as its first appendix, and the lead scientist in
the Dutch study on H5NI1 was part of the group that produced the code.

Of course, it is not possible at this stage to give a full account of what
happened in these H5N1 projects and attempted publications, but certain
facts are already known and allow for some conclusions to be drawn as
to the utility of the oversight system. The two studies first became widely
known when an article appeared in Science in November 2011 [15]. From
this article it was clear that both projects, at the Erasmus Medical Centre
in Rotterdam, the Netherlands, and at the University of Wisconsin, Madi-
son had been funded and approved for publication by the US National In-
stitutes of Health before they were submitted to Science (and Nature) when
the NSABB became involved. The Guardian quoted Paul Keim, chair of
NSABB, as stating [16] “[I]f this virus were to escape by error or terror, we
must ask whether it would cause a pandemic” and adding that:

“The probability is unknown, but it is not zero. There are many sce-
narios to consider, ranging from mad lone scientists, desperate despots and
members of millennial doomsday cults, to nation states wanting mutually
assured destruction options, bioterrorists or a single person’s random acts
of craziness.”

According to the deputy editor of Science about 1, 000 scientists were
already familiar with the details of the Dutch study [17]. This revelation is
curious, not least because the Netherlands group seems to have deviated
from the national Code of Conduct on Biosecurity and its provisions on
‘Research and Publication Policy’, according to which scientists should
[18]: “Screen for possible dual-use aspects during the application and as-
sessment procedure and during the execution of research projects.”

Still, it can reasonably be argued that there has been a degree of
‘over-hype’ in regard to the capabilities of terrorists to replicate papers that
report the results of cutting-edge research.

For example, one of the original experiments that caused concern
early in this century was the chemical synthesis of the polio virus [19].
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However, on closer examination it was found that crucial tacit knowledge,
which would not have been available from the published paper, was re-
quired to replicate the synthesis [20]. The team at the University of Wis-
consin-Madison [21]:

“...created a chimeric virus with the haemagglutinin protein from
HS5NI1 and the genes from the 2009 pandemic strain of HINI. It was an
artificial version of the same process though which wild viruses shuffle
their genes, known as reassortment...”

The mutant virus spread easily among ferrets, but did not retain its
virulence. The work in The Netherlands caused more concern. The virus
genome was first altered so that the mutant strain could easily attach to
mammalian nose and tracheal cells. However, the virus could not spread
between individuals through the air. To overcome the deficiency, the re-
searchers then exposed ferrets to the strain and used nasal fluids from the
already sickened animals to infect others:

“...After 10 rounds, the virus could spread through the air to infect
ferrets in neighbouring cages. The genome of the airborne strain differed
from the original one by just Give mutations...”

Moreover when this new mutant virus was implanted physically into
the trachea or nasal passages of ferrets, the animals died. Ferrets are
the surrogate organisms for such work on mammals and the use of pas-
sage through a series of animals is well known as a standard method of
increasing the virulence of a pathogen. According to Michael Imperiale, a
professor of microbiology and member of the NSABB, the technology of
making influenza viruses from DNA clones is widely available and “while
not simple, is not beyond someone with basic knowledge of molecular and
cell culture techniques” [22]. This in turn implies that tacit knowledge
requirements are unlikely to be as high if an attempt were made to repli-
cate that part of the work. Moreover, the reason that so many people were
thought to have knowledge of the Netherlands work was because it was
presented at an international conference on Influenza research in Malta
prior to being submitted for publication [23].

Throughout the period of dominance of the dual-use/bioterrorism
framework of understanding the threat it has been suggested that oversight
of projects and publications should be based on an assessment of the risks
as against the benefits of a research project or publication. Hence the re-
searchers who carried out these H5NI1 studies have argued that their work
could help in detecting the occurrence of a dangerous new virus, like the
ones they created, in nature, and in the development of vaccines against
such a new virus. Some scientists, however, have dismissed such claims as
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‘hollow’ emphasising that the “risk/benefit ratio is essentially infinite —
high risk relative to zero or near-zero benefit” [24], As an editorial in
Nature has underscored [25]:

“In practice, the immediate benefits are minimal. Surveillance of
influenza in animals is slow and patchy at best, and follow-up sequencing
of samples more so.

And the mutations that we know about are likely to be outnumbered
by those about which we are still ignorant...”

And, further, that:

“...Current techniques can produce vaccines only six months after a
pandemic emerges. Doing so faster and in much larger quantities is the
most urgent publichealth priority when it comes to planning for the next
pandemic. The mutant-Glu studies contribute little to this goal...”

The calling into question of whether the H5N1 research has any bene-
fits to society is more serious, perhaps, than many realise because the
BTWC clearly bans work that has no justification for peaceful purposes.
Article I of the Convention states that [26]:

“Each State Party to this Convention undertakes never in any circum-
stances to develop, produce, stockpile or otherwise acquire or retain:

1. Microbial or other agents, or toxins whatever their origin or method
of production, of types and in quantities that have no justification for pro-
phylactic, protective or other peaceful purposes...”

Now it may be objected that the Convention does not prohibit re-
search, but that is to ignore what State Parties have agreed at each Review
Conference in regard to Article I since 1991. As the Final Document of the
Seventh Review Conference of the BTWC in December 2011 stated [27]:

“The Conference notes that experimentation involving open air release
of pathogens or toxins harmful to humans, animals and plants that have
no justification for prophylactic, protective or other peaceful purposes is
inconsistent with the undertakings contained in Article 1.”

There certainly cannot be any doubt that some of these H5N1 experi-
ments involved demonstrating that the deadly virus was contagious through
the open air from infected ferrets to uninfected ferrets. The Netherlands
group made it clear that this was their objective when they pointed out that
[28] “[O]Jur research program aimed to test whether A/HS5NI virus could
acquire the ability to spread in aerosols in mammals, following similar ge-
netic changes as those identified in previous pandemic viruses...” Likewise,
the primary goals of the US team were to “evaluate the pandemic potential
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of H5N1 viruses” and “identify the molecular features required for adapta-
tion of avian H5N1 viruses in humans” [29].

It could, of course, be objected that what State Parties referred to
in their common understanding was large scale open-air tests. However,
as making an influenza virus contagious through the air is effectively to
weaponise it there must be reservation about such an objection. Further-
more, Article I1I of the BTWC states that [30]:

“Each State Party to this Convention undertakes not to transfer to
any recipient whatsoever, directly or indirectly, and not in any way to
assist, encourage, or induce any State, group of States or international
organisations to manufacture or otherwise acquire any of the agents, tox-
ins, weapons, equipment or means of delivery specified in Article I of the
Convention.” (emphasis added)

So it has to be asked whether publication of the H5N1 studies would
assist those with hostile intent in the acquisition of what is banned by Ar-
ticle L.

After careful deliberation and several hundreds of hours of discussion
in late 2011 the NSABB reached the conclusion that these papers could
not be published in full because of the risks of subsequent misuse. As one
of the Board members commented on the recommendation, “We don’t
want to give bad guys a road map on how to make bad bugs really bad”
[31]. However, this decision was then discussed by 21 influenza experts and
one ethicist at an international meeting at the World Health Organisation
(WHO) and that meeting had reservations about what the NSABB had
decided [32]. So upon a request by the NIH the NSABB again considered
the issue at another meeting that was addressed by the senior scientists of
the two groups. Following an intensive two-day discussion the members
of NSABB decided that the papers should be published in full. A crucial
factor for this decision was the new policy for oversight of dual-use re-
search of concern [33], which the US Government issued on the first day
of the NSABB meeting and which allowed classification of scientific work
on security grounds. So, in the absence of appropriate mechanisms for
disseminating research findings on a need-to-know basis, the Board was
left with the option of either stopping or allowing publication, and in such
circumstances they opted for the latter. One member of the Board was
quoted as saying [34]:

“...the group would likely have still reccommended that the studies be
redacted - published in abbreviated form - but the NSABB, as others, have
concluded that the option is unworkable.”
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Even then, however, some members had deep concerns. The eighteen
voting members of the Board were unanimously in favour of publication
of the work carried out in the USA, but six voted against publication
of the work done in The Netherlands. Similarly, the Dutch Government
discussed whether the results of the work carried out there had created
knowledge that might be too dangerous to export but eventually agreed to
publication [35]. Meanwhile, one of the NSABB members recently voiced
concerns about the way in which the second Board meeting (29—30 March
2012) had been organised. In a letter addressed to a senior NIH official,
Professor Michael Osterholm stated that the meeting “was designed to pro-
duce the outcome that occurred” representing a very “one sided” picture of
the riskbenefit of communicating the research results openly [36].

Specifically, he emphasises that “the Board received no formal or
informal presentation from those on the front lines of H5N1 animal sur-
veillance” and that the security briefing at which the risks of malevolent
applications of the mutation data were discussed was “incomplete” and
even “useless” [37].

Even though all of the NSABB deliberations took part behind ‘closed
doors’ and were never given detailed media coverage, several Board mem-
bers have commented on why they were opposed to the publication of the
studies, especially the one conducted in the Netherlands. In their view, the
main reason why the projects were problematic was that they fell into both
the fourth and the fifth categories of research of concern listed by the Fink
Committee. That is experiments that [38]:

“Would increase transmissibility of a pathogen... ” “Would alter the
host range of a pathogen...”

In addition, it can be argued that making deadly H5NI influenza
contagious would also come under the seventh of Fink’s categories. That is
an experiment that “[W]ould enable the weaponisation of a biological agent
or toxin”. This follows because Article 1.2 of the BTWC states [39] that the
prohibition covers “[W]eapons, equipment or means of delivery designed
to use such agents or toxins for hostile purposes or in armed conflict”,
whereby contagion though the air is clearly a means of delivery.

The reported views of knowledgeable members of the NSABB in the
period after the WHO meeting and before the second decision of the
NSABB are instructive in trying to understand why even in the con-
strained situation of the second meeting some people still voted against
publication of the work of the group from The Netherlands. David Relman
and Stanley Lemon co-chaired the follow-up report to that of Fink [40].
Relman was reported to have said [41]:
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“My bottom line: Fouchier started with a highly worrisome and some-
times lethal virus to humans and appears to have enhanced its transmis-
sibility by the respiratory route. Nothing said in recent days changes these
facts...”

And Lemon said bluntly [42]:

“The major concern has been about acquisition of the capability for
aerosol transmission of the virus to a mammal.”

Now people who have looked at such experiments of concern in detail
[43,44], state that it will frequently be possible for an oversight system to
suggest modifications at the project proposal stage that can avoid these
kinds of difficulty later.

It is, however, difficult to see how Fouchier’s experiment could have
been so modified because of its stated objectives. It has to be reiterated
that Fouchier has been open about the objective of the work throughout
the recent public debate [45]:

“Our research program on H5NI virus transmission, which led to
submission of one of the papers that has stirred up so much recent con-
troversy, aimed to investigate whether and how HPAI [Highly Pathogenic
Avian Influenza] H5N1 virus can acquire the ability to be transmitted via
aerosols among mammals and whether it would retain its virulence...”

Given the shambles amongst the scientific community it is hardly sur-
prising that politicians have begun to step in on behalf of the wider society.

A senior US Congressman summarised the present disarray amongst
life scientists with a series of questions to the White House science advi-
sor. These questions well illustrate how little life scientists have been able
to accomplish in protecting their work from hostile misuse over the last 10
years. The Congressman’s questions were [46]:

1. “How does NSABB weigh the potential risks and benefits of dual-
use research? When does it advocate against publication?

2. What systems exist to identify and, if necessary, control early stage
dual-use research?

3. ...What is the government’s current system for disseminating legiti-
mate dual-use research worldwide? How is that system being implemented
with respect to the articles in question?

4. Is the NIH’s review system adequate to identify potentially danger-
ous dual-use research? Why did it fail to identify the avian flu research
until it was completed and submitted for publication?”
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These are very difficult questions and might lead to the conclusion
that oversight really is unworkable. If that position is accepted, then there
is little need for dual-use/biosecurity education of life scientists because
either everything that can be done is allowed, or politicians will decide
what can be done. This particular example of the creation of a contagious
lethal H5N1 virus, and the difficulty of agreeing what should be done
about it, should certainly give everyone pause for thought. Meanwhile, it
is noteworthy that the team in the Netherlands has already “identified an
addition mutation that results in ferret-to-ferret transmission without the
need for repeated passage of the virus in ferrets” [47]. However, we think
oversight still has a role to play both in lessening difficulties by allowing
modification of individual projects, but more fundamentally, in laying the
foundations for a much wider understanding of the risks and the result-
ant responsibilities of life scientists.Above all, for research oversight to be
effective, the life science community as a whole needs to be sensitised to
the dangers posed by the potential misuse of life science knowledge and to
how those can be mitigated. It is to such wider understanding, awareness-
raising and education that should come out of the avian influenza debate
that we now turn.

The Wider Responsibilities of Life Scientists

In contrast to the narrow view of the potential dangers enclosed in
the dual-use/bioterrorism framework, for over two decades there has been
a well-articulated view that what is needed to prevent the militarisation of
the modern life sciences is an integrated “web of preventive policies” that
will persuade anyone thinking of going down that path that the costs will
far outweigh the benefits [48]. Furthermore, given that there were a series
of offensive biological weapons programmes by major States in the last cen-
tury [49, 50] it has to be understood that these policies have to be centred
on the 1975 BTWC. The web of policies would, for example, include:

- Effective intelligence; Co-ordinated export controls;

 As strong as possible BTWC implemented in-depth nationally;

- Sensible biodefence against validated threats; and

» A clear international determination to respond vigorously to any
violation of the norm embodied in the prohibition regime.

What is of interest here is the State Parties’ understanding of in-depth
implementation of the BTWC nationally.

Article IV of the BTWC requires that State Parties take measures to
prohibit and prevent what is banned in Article I, and the meaning of ‘pre-
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vent’ clearly involves life scientists. At the Second Review Conference of
the BTWC in 1986 State Parties agreed, in relation to Article IV, that [51]:

“The Conference notes the importance of: - inclusion in textbooks
and in medical, scientific and military educational programmes of infor-
mation dealing with the prohibition of microbial or other biological agents
or toxins and the provisions of the Geneva Protocol [of 1925].”

And similar statements have been repeated at subsequent Review Con-
ferences. So there is no doubt that an aware and educated life science com-
munity worldwide is essential for the strength of the prohibition regime.
Clearly, there is much that such an educated and engaged community
could contribute to preventing the hostile misuse of their work. For ex-
ample, Synthetic Biologists have investigated measures that could help to
ensure that those with hostile intent cannot easily order dangerous material
from commercial companies [52].

However, it is also abundantly clear that most practicing life scientists
have little or no understanding of the Convention, or of their responsibili-
ties under the Convention. As a major Working Paper by 12 State Parties,
including the USA and the UK, for the Seventh Review Conference states
[53]:

“Life scientists do not often consciously consider the possibility that
their work could be of relevance to a biological weapons programme or
other wise misused to cause harm to people, animals or plants or to render
critical resources unusable...”

Unsurprisingly, therefore, State Parties considered what might be done
to raise the awareness and education of life scientists in their annual meet-
ings in 2005 and 2008 so that scientists could become better engaged, for
example, in the development of codes of conduct and oversight systems.

Indeed, in 2008 State Parties agreed on the value of a series of edu-
cational measures that would include [54]:

i. “Explaining the risks associated with the potential misuse of the
biological sciences and biotechnology;

ii. Covering the moral and ethical obligations incumbent on those
using the biological sciences;

iii. Providing guidance on the types of activities which could be con-
trary to the aims of the Convention and relevant national laws and regula-
tions and international law;

iv. Being supported by accessible teaching materials, train-the-trainer
programmes, seminars, workshops, publications, audio-visual materials...”
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In their 2011 Working Paper the 12 State Parties detailed what they
had done in order to carry out such awareness-raising and educational
activities [55]. Additionally, nongovernmental organisations have reported
their efforts to develop and make available relevant teaching materials,
train-the-trainer programmes, and seminars and workshops [56]. Yet it is
obvious that a great deal more will have to be done in order to elaborate
and implement comprehensive national strategies on education in biosecu-
rity so that life scientists will be in a position to contribute their expertise
to preventing the future militarisation of the life sciences.

In that context, it is hardly surprising that State Parties to the BTWC
at the Seventh Review Conference agreed to have a Standing Agenda Item
(SAI) for their meetings through to the next review on “Review of develop-
ments in the field of science and technology related to the Convention”,
and that two of the sub-items under this SAI would be [57]:

“(d) voluntary codes of conduct and other measures to encourage re-
sponsible conduct by scientists, academia and industry.

[and]

(e) education and awareness-raising about risks and benefits of life
sciences and biotechnology.”

Unfortunately, what is also evident is that, given the limited time
available for the annual meetings at Expert and State Party levels, and the
very crowded agenda, it is unlikely that State Parties will be able to make
substantive and cumulative progress on these sub-topics before the Eighth
Review Conference without considerable help from the scientific commu-
nity in providing input to the meetings, and analyses of the outcomes, in
2012, 2013, 2014 and 2015.

Our view is that a comprehensive strategy on awareness-raising and
education will have to be developed by each State Party and its imple-
mentation carefully monitored if significant progress is to be ensured [58].
However, if progress is well reported to the annual meetings of the BTWC,
there is a hope that a rapid evolution of best practices will be possible. In
that regard, our own experience strongly suggests that educational pro-
grammes need to begin by adding the issues of biosecurity and dual-use
to the range of topics, such as plagiarism and fraud that scientist are
increasingly made aware of and cautioned about in courses on the respon-
sible conduct of research [59]. But we also consider that this basic aware-
ness-raising has to be supplemented, whatever the problems of teaching
such material to scientists [60], with some straightforward material on how
philosophers deal with ethical questions [61]. It should then be possible
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for scientists to think more clearly about their responsibilities in relation
to experiments that raise dual-use concerns. We have certainly found that
scientists who have become aware of the potential dangers are very seri-
ous about their responsibilities in protecting the results of their work from
misuse [62]. Nevertheless, as the HSN1 experiments of concern discussed
here have demonstrated all too clearly, responsibility cannot be discharged
solely at the level of the individual scientist’s projects and publications. It
is necessary that a wider framework of understanding is developed so that
dual-use and bioterrorism are seen as only part of a much wider problem of
protecting the life sciences from large scale militarisation. Then the much
wider range of actions that can be taken will become available to the life
science community as a whole. Of course, it is noteworthy that the chal-
lenge of dual-use is not unique to the life science, but arises in other fields
of study, such as chemistry, as it has already been demonstrated [63].
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Current knowledge of the mechanisms of blood coagulation does not
provide an answer to one pivotal question: why is, in contrast to a pathological
thrombus, the growth of normal hemostatic clot after blood vessel injury sud-
denly terminated? In the present paper, we summarize the results of our inves-
tigations that give an answer to this question. We show that the surface of fibrin
clot in the circulation is coated with a thin metastable layer of fibrinogen which
is not able to support adhesion of blood cells. Consequently, platelets and leu-
kocytes, the cells expressing adhesive integrins, are incapable of consolidating
their grip on the surface and washed away by blood flow, thereby preventing
the thrombus propagation. The cells that escaped this fibrinogen shield and
reached a solid fibrin matrix use an additional mechanism — the ability to
activate plasminogen bound either to the surface of cells or to fibrin. Plasmin
formed at the interface between the cells and the clot locally degrades fibrin re-
sulting in the fragmentation of the surface rendering it unstable, non-adhesive
and therefore non-thrombogenic. Thus, the growth of hemostatic thrombus is
halted by two mechanisms, fibrinogen- and plasminogen-dependent, both of
which are based on the same principle — the generation of the mechanically
unstable, non-adhesive surface.

is a highly regulated event. The process ensures that a blood clot is

sufficiently strong to seal the breach and prevent the loss of blood,
however does not cause vessel occlusion and thrombosis. Hemostasis and
thrombosis are related events, but the former is a normal protection from
bleeding after injury, while the latter is a consequence of a disease. And
the structure of the plug at the site of injury and pathological thrombus
is strikingly different. The diagram (Fig. 1) shows a composition of blood
clot. It is formed mainly from aggregated platelets and fibrin. The process
starts with accumulation of platelets at the site of injury. Tissue factor is
expressed immediately followed by activation of thrombin and fibrin for-
mation. In the end of the process, the surface of the thrombus is covered
with a fibrin cap, the accumulation of fibrin reaches a plateau and the
growth of the entire thrombus is stabilized [1—3]. Using antibody against
fibrin and platelets we could see (Fig. 2) the formation of fibrin layer which
shields the platelet plug.

T he formation of a hemostatic thrombus during blood vessel injury
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Fig. 1. Composition of normal hemostatic thrombus which is formed in response to
vascular injury

While this hemostatic process has been extensively studied for more
than a century, many questions remain. The main unanswered problem
is how the growth of hemostatic thrombus in a high-pressure circulatory
system is contained and what mechanisms limit its propagation. It is well
known that after the fibrin clot covers the platelet plug, only very few
platelets and leukocytes stick to its surface [4—7]. This finding is puzzling
in light of the fact that fibrin is highly adhesive for platelets, at least in the
experiments performed in vitro. Regardless, it seems obvious that fibrin de-
posited on the surface of haemostatic clots in vivo must not be adhesive be-
cause if not curtailed, uncontrollable platelet adhesion can readily lead to
their activation and thrombus propagation. Obviously, continuous throm-
bus growth would lead to pathological thrombosis. Likewise, adhesion of

Top view Bottom view Cross-section

Fig. 2. Formation of fibrin cap on the surface of thrombus. Platelet plug was formed
on collagen by plasma under flow. The clot was labeled with fluorescent antibody
against platelets (red) and against fibrin (green)
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leukocytes, which are known to contain potent fibrinolytic enzymes, must
be regulated to allow early hemostasis to proceed unchallenged until the
growth and stability of the blood clot is established. Therefore, a proper
balance between adhesive and anti-adhesive mechanisms operating on the
surface of fibrin clots in circulation may play an important role in the
control of thrombus formation, stability, and timely dissolution. In spite
of the obviousness of this idea, the fact that the surface of fibrin clots in
circulation is not adhesive for blood cells is unappreciated.

Another unresolved question is why the antiadhesive mechanisms that
effectively halt the growth of normal hemostatic thrombi fail in patho-
logical situations. Hemostasis and thrombosis are related events in that they
both trigger similar molecular and cellular mechanisms; yet, thrombotic
episodes often lead to an uncontrollable growth of blood clots resulting
in vascular occlusion. Furthermore, not only their outcomes vary, but it
is uncertain why the morphology of hemostatic and pathologic thrombi
is strikingly different. It is well known that clots formed in the arterial
diseases and in deep vein thrombosis invariably manifest a laminated struc-
ture with alternating layers of aggregated platelets and fibrin enmeshed
with erythrocytes (so called, lines of Zahn, Fig. 3).

In this paper, we review our recent findings that support the idea for
the existence of a universal mechanism that limits uncontrolled expansion
of hemostatic clots in circulation and may be responsible for restraining
their premature lysis. We propose that a factor which determines the non-
thrombogenic nature of blood clots and also guards their integrity in ear-
ly hemostasis is the limited adhesiveness of their surface. As such, this
mechanism represents a new aspect of hemostasis.

Fig. 3. The structure of arterial thrombus consists of alternate layers of ag-
gregated platelets (white) and plasma clot with captured red blood cells (red).
From http.//library.med.utah.edu
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The discovery was born from a very simple cell adhesion experiment
in which fibrinogen is used as a ligand for cellular integrins. In these as-
says, cells are added to the wells coated with fibrinogen or other proteins.
After some time, cells are washed away and adherent cells are counted.
We observed that when fibrinogen is adsorbed on the surface at increasing
concentrations, adhesion of platelets and leukocytes exhibits an unusual
peak-like behavior (Fig. 4) [8]. Cell adhesion is maximal at low concen-
trations of fibrinogen and then sharply declines as more fibrinogen is ad-
sorbed on the surface. This behavior is counter-intuitive because, typically,
the increase in the density of adsorbed ligands results in the increased
adhesion. Yet, fibrinogen adsorbed at high density is virtually nonadhesive.
This abnormal behavior is exhibited only by fibrinogen, but not by other
plasma proteins. For example, adhesion of cells to immobilized fibronectin
exhibits a normal dose-dependent pattern (Fig. 4).

Based on the initial analyses of the “adhesion peak”, we hypothesized
that fibrinogen adsorbed at low concentrations is attached directly to the
solid surface. Therefore, cells that engage such molecules would adhere
strongly. We further hypothesized that fibrinogen adsorbed at higher con-
centrations would bind to the molecules that have already been immobi-
lized on the surface forming a second, more flexible layer. Thus, these cells
would adhere to the adhesive layer consisting of loosely bound fibrinogen
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Fig. 4. Adhesion of monocytic cells to fibrinogen and to fibronectin. Effect of protein
coating concentration on cell adhesion
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molecules and be less capable of consolidating their grip on this “fake”
substrate, and detach when flow is applied.

Since fibrinogen molecules do not self-associate in solution, there
should be a trigger that initiates this process. Indeed, fibrinogen adsorbed
on the surface undergoes conformational changes and acquires the proper-
ties of fibrin [9—12]. Hence, upon its immobilization, unfolded fibrinogen
may generate the fibrinogen-binding activity. To characterize fibrinogen
interactions, we determined the dissociation constants of its complexes
using surface plasmon resonance (SPR). Intact fibrinogen was coupled to
the chip, and the SPR profiles across a range of fibrinogen concentrations
flowed over the protein surfaces were examined. No binding of soluble
fibrinogen to intact fibrinogen was detected. However, when intact fibrino-
gen on the chip was treated with SDS or urea, it formed a complex with
intact soluble fibrinogen with a K of 2.1 pM which was similar to that
obtained for the interaction of fibrinogen and fibrin (1.47 uM) [8]. Thus,
an initial contact of fibrinogen with various surfaces may initiate the pro-
cess of its self-assembly.

The surface of blood clots in circulation is continuously exposed to
high concentrations of fibrinogen. It is well established that fibrinogen
forms complexes with fibrin and can self-associate without thrombin ac-
tivation, forming aggregates. Therefore, by virtue of its ability to interact
with fibrin clots, fibrinogen can be deposited on their surface. We found
that similar to adsorption on hard surfaces, fibrinogen deposited on the
surface of fibrin clots imparts them antiadhesive properties [8, 13]. No-
tably, when clots are pretreated with soluble fibrinogen, it accumulates in
a thin superficial layer of the clot (Fig. 5A) [14]. Fig. 5B illustrates adhe-
sion of leukocytes to fibrin clot under flow. In this experiment, cells flow
through a capillary made in the fibrin gel. While a massive accumulation
of adherent cells is observed in the buffer, the presence of a physiologi-
cal concentration of fibrinogen strongly reduces adhesion. Taken together,
these experiments led us to the idea that adsorption of fibrinogen somehow
modifies the surfaces rendering them nonadhesive.

Although attractive, the idea that immobilization of fibrinogen on
the surfaces results in its self-assembly and the formation of the layer re-
quired independent experimental evidence. We used atomic force micros-
copy (AFM) to demonstrate the ability of fibrinogen to form a multilayer
matrix and measured the adhesiveness of this structure. Visualization of
fibrinogen deposited on the surface showed that as the concentration of
fibrinogen increases, its adsorption changes from a monolayer, in which
the molecules are clearly discernible and attached directly to the surface,
then to the bilayer and then to the material which has an appearance of a
thick soft matrix (Fig. 6) [15]. Using nanolithography, which is one of the
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Fig. 5. Accumulation of fibrinogen on the surface of fibrin. Confocal image of fibrin
gel incubated with the solution of fluorescent labeled (Alexa-488) fibrinogen (A).
Effect of soluble fibrinogen on adhesion of monocytic cells to fibrin under flow condi-
tions. Suspension of calcein-labeled U937 cells with or without fibrinogen (2.0 mg/ml)
were perfused through capillary casted in fibrin gel (B)

capabilities of AFM that allows us to scratch the deposited fibrinogen ma-
terial and determine its thickness we were able to calculate the number of
layers in the fibrinogen matrix. Given that a single fibrinogen molecule has
a height of 1.2 nm [16] and the matrix that is deposited at high concentra-
tions has a height of about 7-8 nm, we conclude that the matrix contains
approximately 7 layers.

With the data indicating that adsorption of fibrinogen on various sur-
faces indeed results in its deposition as a multilayer matrix, the question
was why the assembled multilayer is much less adhesive than the mono-
layer. Using AFM-based force spectroscopy, we found that there is a cor-
relation between the growth of the fibrinogen matrix and its adhesiveness.
As soon as fibrinogen is deposited in the form of bilayer, its adhesiveness
sharply declines (Fig. 7A) [15]. The subsequent increase in the number of
layers results only in an incremental decrease in adhesion.

Why does fibrinogen multilayer limit cell attachment? Fig. 7B and 7C
show how strikingly different is the morphology of monocytic cells on the
fibrinogen monolayer and multilayer. In the first case, the cells spread and
adhere strongly. On the multilayer, however, they remain round and did not
engage many adhesion sites. Scanning microscopy of platelets demonstrate
similar differences in the cell shape when they adhere to the “naked” fibrin
gel or the gel coated with soluble fibrinogen (Fig. 7D and 7E) [13, 17].

This phenomenon can be explained by the properties of adhesion re-
ceptors, integrins, which provide a physical link between the cytoskeleton
and the surrounding matrix. Increasing evidence suggests that integrins
participate in these processes by responding and transmitting mechanical
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Fig. 6. Atomic force microscopy based imaging of fibrinogen adsorbed on mica at
coating concentration 0.1-1.0 ug/ml, monolayer (4) and 2-20 ug/ml, multilayer (B).
Dependence of the thickness of fibrinogen layer on coating concentration (C)

stresses across the plasma membrane. Physical forces sensed by integrins
are transduced into intracellular chemical signals which, in turn, result in
changes of cell behavior. These forces are developed during cell adhesion
when integrins engage their ligands in the extracellular matrix. As cells
attach, they pull on their surroundings, probing the rigidity of substrates.
Therefore, the physical properties of extracellular matrices appear to rep-
resent the main signal used by cells to probe adhesiveness of the surface.
Rigid surfaces generate strong signals and, as a result, firm adhesion and
vice versa, the cells that engage soft matrices are not capable to initiate
sufficiently strong signaling and attach weakly. When integrins pull on the
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Fig. 7. Dependence of adhesion forces developed between the AFM tip and concentration
of coated fibrinogen (A). Visual microscopy of adherent monocytic cells that spread
on monolayer of fibrinogen (B) and stay round on the non-adherent surface of the
multilayer (C). Scanning electron microscopy of adherent spread platelets (D) and
non-adherent round cells (E) on mono- and multilayer correspondingly
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fibrinogen monolayer, which can be viewed as a non-extensible rigid sub-
strate because the fibrinogen molecules are directly attached to the hard
surface, this substrate does not readily yield and this can generate strong
pulling forces sufficient to induce strong signaling leading to cell spreading
and strong adhesion. Fibrin can also be viewed as a non-extensible sub-
strate because all the fibers are interconnected. In contrast, when a cell
pulls on the fibrinogen multiayer, which is basically an extensible soft
matrix, the linkages yield because the layers separate and it prevents force
generation and activation of signaling molecules required for cell spread-
ing. Under applied force as it occurs in the circulation, such cells would be
easily washed away by flow.

The explanation for this behavior was obtained in the experiments in
which we compared the force-distance curves generated on the fibrinogen
monolayer or bilayer. One of the parameters that can be extracted from
these curves is the adhesion length which is a length when the AFM tip
begins to retract from the surface but is still in contact with the substrate.
The analyses of adhesion lengths demonstrated that while the fibrinogen
monolayer is virtually non-extensible (0.1 nm) the bilayer can be extended
to 3.5 nM, suggesting that the molecules held by weak interactions in two
layers can be separated. Thus, a simple transition from the monolayer to
bilayer initiates a sharp decrease in adhesion forces. Hence, the fibrinogen
bilayer represents a minimal structural unit responsible for the formation of
nonadhesive fibrinogen matrix. Since the concentration of fibrinogen in the
circulation is high it apparently is always deposited as a multilayer. There-
fore, the second parameter which is useful in the characterization of the
physical properties of the fibrinogen matrices is the maximal interaction
length. As the AFM tip retracts from the surface, it pulls the fibrinogen
matrix producing multiple rupture events until it finally loses the contact
with the matrix. The point where the AFM tip loses the contact with the
matrix is defined as the maximal interaction length. The interaction length
for the fibrinogen multilayer was determined to be about 60 nm, i.e. the
fibrinogen matrix that is deposited as a 7-nm layer can be extended up to
8-fold of its initial height under the applied tensile force. This remarkable
property of the multilayer fibrinogen should certainly impact integrin-
mediated cell adhesion.

Indeed, the data of molecular force spectroscopy are supported by
experiments using single cell force microscopy [15]. In these experiments,
a single cell is attached to a tipless AFM cantilever and the optical setup
allows for constant monitoring of the cell during each approach-retraction
cycle. In our experiments, we used cultured monocytic cells or cells trans-
fected with leukocyte and platelet integrins. The surface of mica is coated
with different concentrations of fibrinogen to obtain a monolayer or a
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Fig. 8. Diagram of single cell force microscopy experiment: monocytic cell is covalently
bound to cantilever and attached to fibrinogen substrate (A); bottom view (B);
dependence of detachment force on the structure of fibrinogen coating (C)

multilayer. The cell is brought in contact with the fibrinogen matrix and
then detached (Fig. 8). The maximal forces required to detach a cell from
a substrate are again the highest when a cell is attached to the fibrinogen
monolayer whereas the multilayer develops low adhesion forces with cells.
Thus, the combined AFM-based strategy not only confirmed our initial
hypothesis but provided unique insights into the mechanisms underlying
the construction of the new nanoscale biological material and origin of its
potent antiadhesive properties. In our most recent study, we showed that
the flexible aC regions of the fibrinogen molecules grasp each other dur-
ing the multilayer construction providing thus the molecular basis for its
self-assembly [17].

Dependence of cell adhesion on the substrate rigidity prompted us to
explore other mechanisms that potentially could prevent cell accumula-

244



V. K. Lishko, 1. S. Yermolenko, N. P. Podolnikova, T. P. Ugarova

tion at the site of injury. Another plasma protein, plasminogen, interacts
with fibrin, is present in plasma at a relatively high concentration and
could potentially modify the surface of fibrin clots. Furthermore, affinity
of plasminogen for fibrin increases when the surface of a clot is “nicked”
with plasmin, resulting in the generation of new binding sites and strong
superficial accumulation of plasminogen. In addition, various cells, in-
cluding leukocytes and platelets, can assemble and activate plasminogen
on their surface. Similar to fibrinogen, plasminogen accumulates in a thin
superficial layer of fibrin; as a consequence, fibrin lysis is restricted to a
very narrow zone from the clot surface [18]. Therefore, it was reasonable
to assume that when blood cells contact a clot, they activate fibrin- or
cell-bound plasminogen, resulting in lysis of the superficial fibrin layer, its
fragmentation and destabilization of the surface. Hence, such plasminogen
shell could potentially influence cell adhesion.

In a series of experiments, we showed that binding of plasminogen
to fibrin inhibits cell adhesion and that the conversion by leukocytes and
platelets of fibrin-bound plasminogen into plasmin is the mechanism re-
sponsible for this antiadhesive effect [14, 19]. Furthermore, plasminogen
exerts the antiadhesive effect not only when it binds to the surface of fi-
brin clots but when it has been added to cells (Fig. 9). Since many cells,
including U937 that we used in our experiments, assemble the components
of plasminogen activation system and the receptor for plasminogen activa-
tor uPA, the antiadhesive effect arises from the plasmin activity generated
by cells. Indeed, the addition of PPACK (the inhibitor of serine proteases)
to cell suspension completely restores adhesion. In addition, tranexamic
acid, which is known to interact with lysine-binding sites of plasminogen
and prevents its binding to U937 cells, almost completely abolished the
inhibitory effect of plasminogen.

When fibrin gels were first treated with plasminogen and then washed
to remove non-bound plasminogen, inhibition of adhesion was ~90% as
compared with non-treated gels. Antiadhesive effect of plasminogen is
concentration-dependent, with an IC,, 0.5 uM which corresponds to the
range of K, values (0.3-1.2 pM) previously reported for the interaction of
plasminogen with fibrin clots or with fibrin immobilized on plastic. Thus,
in both systems, when present in the solution or adsorbed on the fibrin
surface, plasminogen is capable of blocking cell adhesion due to its conver-
sion to plasmin. It is important to note that in the latter case, activation of
plasminogen takes place at the interface between fibrin and adherent cells.

In addition to leukocytes, platelets adhere to fibrin via an integrin-
dependent mechanism and assemble the components of the plasminogen
system, including plasminogen and plasminogen activators uPA and tPA.
Therefore, we have sought to examine whether activation of fibrin-bound
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Fig. 9. Effect of plasminogen on adhesion of monocytic cells to fibrin clots. (A) — Cell
adhesion when plasminogen was adsorbed on cells and added to fibrin with or without
PPACK or tranexamic acid; (B) — Cell adhesion when plasminogen was adsorbed on
the fibrin clot in the presence or in the absence of PPACK or tranexamic acid. A dot-
ted line shows control cell adhesion in the absence of plasminogen

plasminogen by platelets can alter their adhesion in the same way as we
observed for leukocytes. However, coating of the fibrin gel with plasmi-
nogen did not decrease platelet adhesion (Fig. 10A). This was in marked
contrast to U937 cells, whose adhesion was abolished by this procedure
(Fig. 10B). To understand the difference between adhesion of platelets and
that of U937 cells, we measured plasmin activity generated during adhesion
of these cells to plasminogen-treated fibrin. Whereas plasmin was genera-
ted by U937 cells, no activity was detected with platelets isolated from the
platelet-rich plasma. However, the addition of tPA to platelet suspension
resulted in the generation of plasmin and inhibition of platelet adhesion to
plasminogen-coated fibrin (Fig. 10). Also, in initial experiments, we veri-
fied that resting monocytes isolated from peripheral blood did not activate
plasminogen and adhere to fibrin gel strongly with or without adsorbed
plasminogen. But when suspension of monocytes was pre-incubated with
tPA, the loss of monocyte adhesion coincided with the production of plas-
min. These results indicate that monocytes and platelets are capable of
activation fibrin-bound plasminogen to plasmin in the presence of plas-
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Fig. 10. Relationship between adhesion of platelets (4) and monocytic cells (B) to
plasminogen-coated fibrin gel and their ability to activate plasminogen. Grey bars
show the fluorescence of adherent cells (left ordinate). Clear bars show (right or-
dinate) plasmin activity of platelets and monocytic cells incubated with or without
plasminogen

minogen activators the concentration of which rises during vascular injury
and thrombus formation.

To demonstrate the effect of plasminogen under permanent shear
forces, a situation more relevant to physiologic conditions, we used a flow
chamber consisting of a capillary performed within the fibrin gel. Suspen-
sions of U937 cells containing plasminogen were perfused at a flow rate
between 25 and 350 sec™!. After perfusion, the tubes were flushed with the
buffer to remove non-adherent cells. As shown in Fig. 11, in the presence
of plasminogen, adhesion is markedly reduced. In fact, fibrin gel perfused
with plasminogen retained only few cells.

The above experiments showed that cell attachment to fibrin bound
plasminogen causes rapid generation of plasmin, which degrades the sur-
face of fibrin clots rendering them non-adhesive. Remarkably, the surfaces
remains non-sticky for the second round of adhesion of U937 cells, even
in the presence of PPACK or tranexamic acid. Moreover, platelets which
do not generate plasmin in the absence tPA, also do not adhere to the
“postadhesion” gels. These results strongly indicate that during the second
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Fig. 11. Effect of plasminogen on adhesion of monocytic cells to fibrin gel under flow
condition. The cells were suspended in a buffer with or without (control) plasminogen
and perfused through the fibrin gel containing the inner capillary at a flow rate
0.1 ml/min for 5 min. After this time, the capillary were flushed for additional
12-14 min to remove non-adherent cells. Adherent cells were viewed in microscope at
10x objective

round of adhesion, plasmin per se is not responsible for the antiadhesive
effect. Also, plasmin-mediated cleavage of cell surface integrins does not
contribute to the defective cell adhesion. Therefore, the structural altera-
tion of the surface of fibrin produced by plasmin generated by cells during
the first round of adhesion is responsible for the inability of clots to sup-
port subsequent cell adhesion.

To assess the extent of proteolysis, we determined the amount of fibrin
cleaved by generated plasmin. The amount of digested fibrin was estimated
by measuring radioactivity released in the solution from gels prepared from
125]-]abeled fibrinogen after adhesion of U937 cells. It was found that only
approximately 0.2% of fibrin is released from the gel as a result from
proteolysis by adherent cells. Thus, plasmin generated by adherent cells
appears to produce only minor decomposition of the surface. When such
“postadhesive” gels were treated with SDS to remove loosely bound fibrin
fragments, the adhesiveness of fibrin clot was restored.

Since both fibrinogen and plasminogen exert potent effect, we exa-
mined the interplay between two antiadhesive systems, non-proteolytic
fibrinogen-dependent and proteolytic plasminogen-dependent, operating
at the same surface of fibrin clot. When fibrin clots are exposed to fibrino-
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Fig. 12. Model of the mechanisms preventing growth of thrombus in the site of injury.
(A, B) Plasma fibrinogen interacts with the surface of fibrin clot, forming a layer
consisting of loosely bound molecules. This results in the formation of a “feeble”
adhesive substrate. Flowing cells can engage either the solid fibrin matrix followed by
spreading and firm adhesion (A), whereas cells that engage loosely bound molecules in
the fibrinogen layer slip of, not being able to resist the shearing force of the flow (B).
(C) Activation of plasminogen on the surface of fibrin clot by plasminogen activation
system results in the generation of plasmin which degrades the superficial fibrin layer.
Degraded fibrin molecules are not able to hold cells under flow
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gen and plasminogen simultaneously, as it would occur in the circulation,
the deposition of fibrinogen on the surface of a clot prevents activation
of fibrin-bound plasminogen by transiently adherent cells. The precise
mechanism by which the simultaneous adsorption of fibrinogen and plas-
minogen abolishes activation of plasminogen by cells will require further
study. However, the simplest interpretation of the observed phenomenon is
that the fibrinogen due to its abundance in the circulation produces a ma-
trix which masks the surface-bound plasminogen and precludes its physical
contact with cells.

The above experiments show that two fibrin-binding proteins, plasmi-
nogen and fibrinogen, strongly reduce adhesion of leukocytes and platelets
to fibrin clots, highlighting a possible role for these plasma proteins in
surface-mediated control of thrombus growth and stability. In particular,
adsorption of fibrinogen on fibrin clots renders their surfaces non-adhesive,
while the conversion of surface-bound plasminogen to plasmin by tran-
siently adherent blood cells results in degradation of a superficial fibrin
layer, leading to cell detachment in flow. Although the mechanism whereby
these proteins exert their antiadhesive effects-proteolytic and non-proteo-
lytic- seems different, the outcome is the same: the formation of mechani-
cally instable surface that does not allow firm cell attachment (Fig. 12).

The existence of two potent antiadhesive mechanisms, fibrinogen- and
plasminogen-dependent, raises a question of their potential contribution to
the nonadhesive properties of the fibrin clot surface. Because of the clear
superiority of the fibrinogen-dependent system, it is uncertain under which
circumstances the plasminogen-dependent system may play a significant
role. One of the possibilities is the heterogeneity of the clot surface. Recent
studies using a novel technique that allowed the imaging of the thrombi
developed in large vessels demonstrated that the surface of clots displayed
variable spatial intensities of the platelet-, fibrin- and fibrinogen-specific
fluorophores, indicating a non-uniform coverage of clots with fibrinogen
[3]. Therefore, plasminogen and fibrinogen may accumulate at different
regions of the clot. Another possibility is that the contribution of the two
antiadhesive systems may be altered in pathological conditions. Further
studies of the distribution of fibrinogen and plasminogen on the surface of
clots in vivo and in model systems in vitro may help to define the localiza-
tion and roles of the two antiadhesive systems.

The surface-mediated control of thrombus growth and stability is
a new concept. Although the fact that the surfaces of stable hemostatic
thrombi are covered with fibrin has been long known, a paradox as to
why fibrin, a highly adhesive substrate for platelets and leukocytes in vitro,
does not effectively support adhesion of these cells in circulation has not
been addressed. We propose that the reason for the loss of reactivity of
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fibrin clots for platelets and leukocytes is the ability of fibrin to bind both
fibrinogen and plasminogen resulting in the assembly of a potent anti-
adhesive system that guards clots from excessive cell accumulation. This
protective mechanism may fulfill a dual purpose. First, it will prevent the
accumulation of platelets, thereby halting the overall process of thrombus
propagation. Second, it will prevent the recruitment of leukocytes whose
premature adhesion with a concurrent release of proteolytic enzymes may
compromise the thrombus stability essential for early hemostasis. The ef-
ficiency of both fibrinogen- and plasminogen-dependent processes ob-
served in vitro in conjunction with supporting evidence from in vivo studies
suggests their physiological relevance. Thus, surface-mediated control of
thrombus growth and stability may represent a previously unrecognized
aspect of hemostasis.
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It was shown by monoclonal antibodies (mAbs) that BBN-region of
fibrin desA molecule (BBI1-53) comprises the polymerization site including the
peptide bond Bp14-15. This site participates in the second stage of fibrin po-
lymerization — lateral association of protofibrils. In the BB15-53 fragment
was also found the site called “C”, which together with the site “A” participate
in the first stage of polymerization - the protofibrils formation. The model of
the primary intermolecular interaction of fibrin was designed. It was found by
mAb 11-4d the site (“c”) in the N-terminal half of y chain of the fibrin D-
region. This site participates in the protofibrils formation and is complement to
site “C” as we assume.

We have discovered two neoantigenic determinants. One of these deter-
minants exposes within the coiled-coil fragment Bp126-135 of fibrin as a result
of fibrinopeptide A splitting off from fibrinogen by thrombin. The structural re-
arrangements discovered in this site of the fibrin molecule are necessary for the
Jfollowing protofibrils lateral association. The second neoantigenic determinant
is localized in the fragment Bp134-190 of D-dimer formed after plasmin deg-
radation of fibrin stabilized by FXIIla. We have obtained the fibrin-specific
mAb Fnl-3C to the first determinant and D-dimer-specific mAb 111-3b to the
second one.

Three mAbs were obtained against the o.C-region of fibrin(ogen) mol-
ecule. It has been experimentally shown by of one of them that o C-domains is
connected with the fibrinopeptides B in fibrinogen and fibrin desA molecules,
but removes from the core of the molecules after fibrinopeptides B splitting off
by thrombin. Two other mAbs specifically inhibit the fibrin polymerization by
blocking two unknown polymerization sites within the o C-region.

The test-systems for the soluble fibrin and D-dimer quantification in
human blood plasma were designed on the basis of mAb Fnl-3C and I11-3b
as “catch’-antibodies and mAb I1-4d as a “tag”- antibody, respectively. The
clinical trials of the test-systems were carried out in Ukraine. It was shown
that for the prediction of postoperative thrombotic complications and monitor-
ing the efficiency of antithrombotic therapy the simultaneous quantification of
soluble fibrin and D-dimer before the operation and at different time intervals
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after the operation is required. Only in this case it is possible to get informa-
tion about the state of the balance between blood coagulation and fibrinolytic
systems, and determine the degree of the threat of thrombosis.

ibrinogen (Fg) is a protein playing the main role in functioning of
F blood coagulation system [1]. It has a dimeric structure where two

subunits are formed by three polypeptide chains: Aa, B and y. The
fibrinogen molecule consists of a central E, two peripheral D-regions and
two extended oC-regions.

The E-region, consisting of (Aal-104, BB1-133, y1-72)2, is formed by
the N-terminal segments of all six polypeptide chains. The two D-regions,
each comprising of Aal05-219, BB134-461 and y73-411 in the C part of
the molecule, have the globular BC232-461 and yC170-411 nodules. The
extended oC-regions (Aa220-610) consist of an unstructured flexible aC-
connector (Aa220-391) and a more structured oaC-domain (Aa392-610)
[2, 3].

The peripheral D-regions are connected with the central E-region by
two long flexible coiled-coil connectors each of which consists of polypep-
tide fragments Aa48-161, BB79-193, y23-135. The N-parts of these frag-
ments include Aa48-104, Bp79-133, y23-62 and belong to the E-region. The
C-parts Aal05-161, BB134-193, y63-135 belong to the D-region (Fig. 1).

The splitting off of fibrinopeptides A (FpA) — Aal-16 from fibrinogen
(Fg) by thrombin results in the formation of desA fibrin (Fn) with two
exposed polymerization sites called A-knobs [4]. The two A-knobs inter-
act with a-holes in the two D-regions of the other Fn molecules forming
protofibrils. The protofibrils associate laterally, giving rise to fibrils and,
finally, the three-dimensional fibrin net. At the stage of protofibril and
fibril formation thrombin splits off of fibrinopeptides B (FpB) — Bpl-14
from Fn desA molecules exposing the B-knobs which are involved in the
process of protofibril lateral association interacting with the b-holes in the
D-regions of the other molecules [5].

Two steps of fibrin polymerization — protofibrils formation and their
lateral association — are carried out by the intermolecular and interprotofi-
bril binding of specific polymerization sites [6, 7]. Polymeric fibrin is
stabilized by factor XIIla [8]. After polymeric fibrin formation plasmi-
nogen is activated on fibrin surface by tPA and transformed into plasmin
[9, 10]. Plasmin splits polymeric fibrin stabilized by factor XIIla forming
E-fragment and D-dimer.

Monoclonal antibody (mAb) can be obtained against antigenic deter-
minant (epitope), which can coincide or be located closely to the polym-
erization site of fibrin molecule. Such a mAb presumably inhibits fibrin
polymerization by blocking the polymerization site or the neighboring one.
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C-domai |
aC-domain “ aC-region (Aa220-610)

y-nodule

v-nodule coiled-coil connector F ¥

| D |
I I

Fig. 1. The model of fibrinogen molecule created with graphics system PyMol on the
base of X-ray and NMR analysis of fibrin(ogen) fragments [2]. Aa-chains — blue;
Bp-chains — green; y-chains — red

MAD can also “recognize” minor alterations in the epitope conformation.
That is why mAbs have been used as molecular probes for localization of
unknown antigenic determinants and/or polymerization sites [11, 12].

The tactics of our investigations was following:

- obtaining of antigen for mice immunization: native or slightly dena-
turated fibrin(ogen) molecules or their fragments;

- obtaining of mAbs;

- selection of mAbs and obtaining their Fab-fragments, which both
specifically inhibit fibrin polymerization;

- electron microscopy for determination of fibrin polymerization stage,
which is inhibited by the mAb and Fab-fragment.

- epitope localization in fibrin(ogen) molecule for mAb — inhibitor;

- synthesis of the peptide, which imitates the amino acid sequence of
fibrin molecule in the monAb epitope region;

- testing of the synthetic peptide inhibitory action on fibrin polym-
erization.

Three types of monoclonal antibodies of different specificity have been
obtained against the N-terminal disulphide knots of fibrinogen and fibrin.
Their effects on distinct stages of fibrin polymerization have been studied.
These antibodies were shown to be directed against various epitopes of the
BpI-53 fragment of the fibrinogen molecule. The mAbs had different effects
both on the rate of protofibril lateral aggregation and on the final turbidity
of fibrin clots. The mAbs were of three specificities: mAb 2d-2a and its
Fab-fragment inhibited the rate of lateral aggregation of protofibrils and
decreased the turbidity of the final clot; those from clone B-4C accelerated
the polymerization, but did not affect the clot turbidity; and those from
clone D-IB did not have any effect on either fibrin polymerization or fi-
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nal clot turbidity and served as the negative control. The most interesting
results were obtained with mAb 2d-2a, epitope for which was localized
in fibrin desA fragment including the peptide bond Bp14-15 [13]. This
mAD and its Fab-fragment inhibited the lateral association of fibrin desA
protofibrils (Fig. 2) by blocking the site comprising amino acid residues
located around the peptide bond Bpl4-15. We suggested that N-terminal
part of fibrin desA BB-chain concludes one of the active sites involved in
protofibril lateral association. Fibrinopeptide B does not need to be split
off for functioning of this site. Interestingly that only one mAb mole-
cule can bind to one of two its epitopes in dimeric fibrin desA molecule
blocking one peptide bond Bp14-15 and inhibiting 60% of fibrin polyme-
rization. In such a case, thrombin may split off only one fibrinopeptide
B from fibrinogen. However, two Fab-fragments of this mAb can bind to
both epitopes in fibrin desA, blocking them and inhibiting about 100% of
polymerization. This mAb has been used as catch-antibody in our ELISA
test-system for fibrinogen quantification in human blood plasma after its
dilution in 200 times [14].

D-dimer of human fibrin was also used as antigen to obtain mono-
clonal antibodies. We have obtained 16 hybridomas producing mAbs of
different specificity. MAb I11-3b binds D-dimer with K, = 1.4x10"® M
without cross-reaction with fibrinogen and fibrin. The epitope for this mAb
is located in fibrin(ogen) fragment BB134—190 (Fig. 3). The latter site is
buried in the coiled-coil structure of fibrin(ogen), but it is exposed as a
neoantigenic determinant (NAD) in D-dimer upon plasmin hydrolysis of
fibrin [15]. MADb I1I-3b has been used in our ELISA immunodiagnostic

2.0
{5 \ fdesAABB

1.0 1
fibrinogen+thrombin
0.5 =
fdesAA
0

1 2
[mADb]:[fdesA]

Fig. 2. Dependence of the rate of protofibrils lateral association (V) on the concentra-
tion of mAb 2d-2a
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test-system as a catch-antibody for quantification of D-dimer in human
blood plasma [16].

Only two of these 16 hybridomas produced mAbs of the IgG-class that
inhibited fibrin polymerization. MAb II-4d inhibited fibrin polymeriza-
tion to 100% at a molar ratio mAb : fibrin = 1.0. Fab-fragments of the
mAD inhibited fibrin polymerization completely at the same molar ratio
(Fig. 4.1). The epitopes for the mAbs studied are situated in the NH,-
terminal part of the y-chain in fibrin D-domain. Electron microscopy
showed that fibrin was in monomeric form in the presence of these mAbs
or their Fab-fragments (Fig. 4.2). Thus, these mAbs inhibit the initial
step of fibrin polymerization, i.e. protofibril formation. Only one site of
protofibril formation located in COOH-terminal half of the D-domain
y-chain is known now named “a” site, which is complementary to the “A”
site in the central E-domain of fibrin molecule. Our experiment with im-
mobilized GPRP showed that the “a” site in fibrin D-fragment preserved
its binding activity to GPRP when the D-fragment was complexed with
mAbs-inhibitors of fibrin polymerization. Thus, these two mAbs inhibit
fibrin polymerization not by blocking the sites “a”, but either by blocking
another (inconsistent with “a”) unknown specific site of polymerization in
D-domain or by steric hindrance of highly organized fibrin polymerization
process [17]. MADb I1-4d has been used in three our immunodiagnostic
test-systems for fibrinogen, soluble fibrin and D-dimer quantification in
human blood plasma as the tag-antibody [14, 16, 18]

Bp 134-190 Bp 126-135

Fig. 3. The scheme of epitopes localization for mAb 1I-3c and mAb I11-3b in fibrin
and D-dimer molecules, respectively
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Four mAbs of the IgGl class to the thrombin-treated N-terminal di-
sulfide knot of fibrin, secreted by various hybridomas, have been selected.
Epitopes for two mAbs 1-3C and I1I-10d were located in human fibrin
fragment BB15—26, and epitopes for mAbs I-5G and 1-3B were in fragment
Bp26—36. Three of these mAbs, I-5G, I-3B and III-10D as well as their
Fab-fragments decreased the maximum rate of fibrin desA and desAB po-
lymerization up to 90—95% at a molar ratio of mAb (or Fab-fragment) to
fibrin of 1 or 2. The fourth mAb I-3C did not influence on fibrin desAB
polymerization and inhibited by 50% the maximum rate of fibrin desA
polymerization. These results suggest that these mAb-inhibitors block a
longitudinal fibrin polymerization site. As the mAbs retard both fibrin
desAB and fibrin desA polymerization, one can conclude that the polyme-
rization site does not coincide with polymerization site ‘B’ (BB15-17). To
verify this suggestion, the polymerization inhibitory activity of synthetic
peptides BBSSARGHRPLDKKREEA(12—26), BSBLDKKREEA(19—26),
BBAPSLRPAPPPI(26—36), BBAPSLRPAPPPISGGGYRARPA(26—46)
and BBGYRARPA(40—46), which imitate the various sequences in the
N-terminal region of the fibrin BB-chain, have been investigated. Pep-
tides Bp12—26 and BB26—46, but not Bp40—46, Bp19—26, and Bp26—36,
proved to be specific inhibitors of fibrin polymerization. The IC,; values
for BB12—26 and Bp26—46 were 2.03x10-* and 2.19x10-* M, respectively.
Turbidity and electron microscopy data showed that peptides Bp12—26 and
BB26—46 inhibited the fibrin protofibril formation stage of fibrin polymeri-
zation. The conclusion was drawn that fibrin fragment Bp12—46, named as
the site “C”, took part in fibrin protofibril formation simultaneously with
site “A” (Aal7—19) prior to removal of fibrinopeptide B. A model of the
intermolecular connection between fragment Bp12—46 of one fibrin desA
molecule and the D-domain of another has been constructed (Fig. 5) [7].

While the fibrin protofibril formation mechanism is well-studied, the
protofibril lateral association mechanism remains elusive. The initial in-
teraction of fibrin monomers leading to protofibril formation is realized
mainly by the pair of complementary centers A:a. An additional site “C”
of protofibril formation is localized within the E domain [7]. The protofi-
bril lateral association is realized by the lateral interactions of the D-D
dimers from the neighboring protofibrils. The interacting fragments were
determined as y 350-360 and y 370-380. The interprotofibril D-D dimer
interactions lead to formation of so called D-tetramers [19].

However, Kollman et al [20] have discovered antiparallel contacts of
fibrinogen coiled-coil fragments in the crystals of human fibrinogen and
proposed the possibility of intermolecular coiled-coil interactions during
the fibrin protofibril lateral association. We obtained earlier [21] the fibrin-
specific mAb Fnl-3c, which reacts with fibrin and does not react with fi-
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brinogen and D-dimer. The NAD of this mAb formed during fibrinogen to
fibrin transformation was localized preliminary within the BM118-V133
fragment, which is the part of the coiled-coil connector of the fibrin(ogen)
molecule. It was shown that mAb I-3c and its Fab-fragment specifically
inhibit the stage of fibrin protofibril lateral association (Fig. 6). Thus,
we suggested that this region also participates in the process of the fibrin
protofibril lateral association [21].

Turbidity analysis and electron microscopy, showed that the synthetic
peptide imitating fibrin fragment Bp121-138, but not Bp109-126, also in-
hibits the step of the fibrin protofibril lateral association. SPR analysis
revealed that mAb Fnl-3C interacts with the peptide BB121-138. This mAb
also interacts with human, horse, and rabbit fibrins, but not with cow and
rat fibrins. Alignment of the amino acid sequences of these fibrins allowed
us to identify the residue BBK130 as crucial for the mAb Fnl-3C epitope
formation and to propose that the epitope in human fibrin is formed by
the amino acid residues of the Bp126-135 fragment. With the help of elec-
trophoretic and ELISA parallel analysis we demonstrated that the exposi-
tion of the epitope is not the result of the removal of the aC-regions from
the bulk of the molecule during the fibrinogen-fibrin transformation. SPR
analysis reveals that the exposition takes place as the result of FpA split-
ting in a monomeric fibrin [22]. The analysis of the mutations in the of
coiled-coil connector of the fibrin molecule corresponding to Bp111-141,
which impair fibrin polymerization, demonstrates that these mutations al-
ter the structure of this fragment, but not its surface. Contrariwise, the
mutations in the fragment Bp158-170 of the coiled-coil connector alter the
surface. The comparative conformational analysis of the fibrinogen and
fibrin molecules suggests that the fragment of the coiled-coil connector
corresponding to BB126-135 is more flexible in fibrin. The mobility of the
fragments of the molecule around this fragment is higher in fibrin than
in fibrinogen. Thus, we suppose that FpA splitting by thrombin leads to
structural rearrangements in the human fibrin fragment of the coiled-coil
connector, which includes polypeptide fragments Aa91-103, BB126-135 and
v69-77. These structural rearrangements provide fibrin protofibrils with a
capability to associate laterally forming fibrils. The other fragment of the
coiled-coil connector including BB158-170 may act as one of interprotofi-
bril contact sites (Fig. 7).

MAD I-3C has been used as a “catch”-one in double-sandwich ELISA
for soluble fibrin quantification in human blood plasma [18].

Monoclonal antibodies FnlI-2M [23], I-5B and 1-6B [24] to the aC-
region of the human fibrin(ogen) have been obtained. The epitope for
mAbs FnlI-2M, I-5B are localized within the fibrin fragment Aa240-491
and for mAb I-6B — within Aa509-602 fragment. By virtue of the monAb
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Fig. 5. The model of the intermolecular connection between the D-domain of one fi-
brin desAA molecule (blue) and BB12—46 (magenta) of another. The model was pre-
pared with PYMOL [17] on the basis of the X-ray analysis data of chicken fibrinogen
[18] and human D-dimer bound with synthetic peptide GPRP [19]
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Fig. 6. The influence of mAb Fnl-3C and its Fab-fragment on polymerization of fibrin
produced in fibrinogen+thrombin reaction in turbidity analysis (1). The dependence
of the maximum rate of the fibrin polymerization V, (A), final turbidity of fibrin clots
Ah (B) and the lag time © (C) on molar ratio of mAb Fnl-3C or its Fab-fragment
to fibrin. (2) Electron micrographs of negatively contrasted structures formed during
polymerization of fibrin produced in fibrinogen—+thrombin reaction in 135 s from start
of the process: in the absence mAb Fnl-3C or Fab-fragment (A); in the presence of
mAb Fnl-3C (B) or its Fab-fragment (C). The bars represent 200 nm
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Fnll-2M, which react only with fibrin desAB and does not react with
Fg and fibrin desA it was found that aC-regions are connected with FpB
in the fibrinogen, monomer and polymer fibrin desA. However, the oC-
regions move away from the core of the fibrin desA molecules after FpB
cleavage by thrombin from fibrin desA in protofibrils, resulting in enhanc-
ing lateral association of protofibrils. It was been confirmed by ELISA
and method of surface plasmon resonance (SPR) that monAb Fnll-2M

Bp M "",“.‘_, r e e
4 LV :':, v
SABTTISS:

-~ “Stuctural® regior

Called-coll domalin L

Fig. 7. (A) The localization of five human fibrinogen mutations in B 111-141 and in
the corresponding a-chain fragments that alter the structure of this coiled-coil frag-
ment in mutant fibrinogens: Kyoto IV (BB S1l1ldel), Lyon (Bf M118K), Epsom (Bp
N137-E141 del) and Plzen (Ao N106D) are shown as red sticks and Caracas VI (Aa
N&0del) is shown as magenta sticks. The suggested epitope for mAb Fnl-3c (B 126-
135) is in orange. (B) The localization of the amino acid residues where the structural
alterations take place in the four mutant fibrinogens: Lima (Aa R141S), Niigata (Bp
N160S), Longmont (Bp R166C) and San Diego Il (y Y114H) are shown as sticks.
The novel sites Aa N139 and BB N15§ of oligosaccharide attachment in fibrinogens
Lima and Niigata are blue. The amino acid residue BB 166, where an individual
cysteine from the medium attaches to B 166C in fibrinogen Longmont (BS R166C),
is blue. In fibrinogen San Diego Il the buried hydrophobic Y114 (cyan) is replaced by
H. (C) The location of the SLA/NAD “structural” site corresponding to Bp 111-141,
the “contact” site corresponding to Bf 158-170, and the “hinge region” (Ao 91-103,
BB 126-135 and y 69-77) in the human fibrin(ogen) molecule (PDB ID: 3GHG). The
“structural” site and the hinge region are on the border between the D- and E- parts
of the coiled-coil domain. The “contact” site is in the C- terminal part of the coiled-
coil connector on the lateral side of the D-region of the molecule
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does not react with fibrinogen, monomeric and polymeric fibrin desA, but
react with fibrin desAB. Thus, accessibility of this monAb to its epitope
exists only in fibrin desAB. These results are direct experimental evidence
that aC-regions (Aa220-610) are bound FpB in fibrinogen and fibrin desA
molecules, but move away from the core of the molecule only after removal
of fibrinopeptides B (FpB) by thrombin. These data and the results of the
other authors let us to design the three-dimensional structural computer
models reflecting of aC-regions spatial orientation in fibrinogen, fibrin
desA and fibrin desAB molecules (Fig. 8) [23].

It was investigated that mAbs I-5B and I-6B decreased the maximum
rate of fibrin desAB polymerization up to 90% and 76.2%, respectively,
at their equimolar ratio to fibrin. These results suggest that these mAbs-
inhibitors block the sites into aC-region, which take part in protein-protein
interactions during the fibrin polymerization. The mAbs I-5B and 1-6B
may be used as tag-antibodies together with fibrin-specific “catch”-an-
tibodies 1-3C for quantification of the earliest forms of soluble fibrin in
human blood plasma with the aim of early diagnostics of thrombophilia.

Soluble fibrin and D-dimer are the most specific markers of activation
of the blood coagulation cascade and the threat of thrombosis. We have
designed three immunoassay test-systems for D-dimer, soluble fibrin and
fibrinogen quantification in human blood plasma on the basis of D-dimer-
specific, fibrin-specific and fibrinogen-specific monoclonal antibodies. The
forth test-systems was designed for simultaneous quantification of these
molecular markers (Fig. 9). The clinical trials of the test systems were car-
ried out in Ukraine. The high informativity of soluble fibrin quantification
as a prognostic indicator of the threat of thrombosis at hip replacement
(Fig. 10) and abdominal aorta (Fig. 11) was shown. Independent D-dimer
quantification is uninformative. For the prediction of postoperative throm-

APty " sites AurlE!E-élﬂ
——

‘LFPA

{3 el ‘3&‘ Frwne B "i'

Fig. 8. The models of fibrinogen, fibrin desA and fibrin desAB were done with
PyMOL and Modeller9vi0
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botic complications and monitoring the efficiency of antithrombotic thera-
py the simultaneous quantification of soluble fibrin and D-dimer before
the operation and at different time intervals after the operation is required.
Only in this case it is possible to get information about the state of the
balance between blood coagulation and fibrinolytic systems, and determine
the degree of the threat of thrombosis.

Conclusion

A hundred of mAbs against neoantigenic determinants of fibrinogen,
fibrin and their fragments were obtained. In this review we focused on 14
of them, that were used to obtain the new fundamental scientific informa-
tion or to develop immunodiagnostic test-systems, which have strategic
importance for diagnostics of the threat of thrombus formation.

The arrows at the Fig. 12 point at the sites of fibrinogen and fi-
brin molecules, the mAbs are directed to. Thus, mAb 2d-2a was obtained
against the epitope, which consists of amino acid residues located around
the peptide bond Bp14-15 cleaved by thrombin. This MAb reacted with
fibrinogen and fibrin desA but doesn’t with fibrin desAB. These molecules
keep the fibrinopeptides B uncleaved. Using 2d-2a mAb we showed for
the first time the existence of the site of fibrin protofibrils lateral associa-
tion within the BBN-domain. This site functions before fibrinopeptides
B cleavage off. This work was continued and 4 other mAbs against BBN-

Fig. 9. The immunoassay test-systems for D-dimer, soluble fibrin and fibrinogen and
its simultaneous quantification in human blood plasma designed by Palladin Institute
of Biochemistry of National Academy of Sciences of Ukraine and LLC “Diaproph”
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domain (BB1-64) were obtained. Two of them were directed to site BB15-
25, and others to Bp26-36. Using these mAbs we discovered that there
is not only the site of the protofibrils lateral association in the region of
BpN-domain, but also the site, which takes a part in the first stage of fib-
rin polymerization — protofibrils formation.

MADb I1I-3b obtained in this work reacts only with D-dimer, but
doesn’t with fibrinogen and fibrin. By virtue of this mAb test-system for
quantification of D-dimer in human blood plasma was developed to diag-
nose the hemostasis disorders. Other MAb 11-4d allowed us to locate the
fibrin polymerization site in the NH -terminal part of y-chain of D-region,
which does not coincide with the polymerization site “a”. MAb 11-4d,
which reacts with fibrinogen, soluble fibrin and D-dimer, has been used
for the design of three immunodiagnostic test-systems for quantification of
these molecular markers of thrombophilia in human blood plasma as the
tag-antibody.

By virtue of fibrin-specific mAb Fnl-3C we discovered an neoanti-
genic determinant in fibrin molecule, which is exposed after the conver-
sion of fibrinogen into fibrin. This determinant is located in Bp126-135
and coincides with the epitope for mAb I-3C and with the site, which
plays functional role in the fibrin protofibrils lateral association. Using this
mAb the functional role of coiled-coil connector of fibrin molecule in the
fibrin polymerization was showed for the first time. MAb I-3C reacts only

i
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aC
11-3b |Bp134-1 \—:#_“ 4 MAR
~ (BB15-53)

DD-specific

Fnl-3d] (8p126-134) S Bps Y ot ad

‘ , S R ctag» y88-240)
Fibrin-specific - al \F o
nll-2M1-5B81 (Aax240-401)

Ll

Fig. 12. The model of fibrinogen molecule, where are shown the mAbs and localiza-
tion of epitopes for them
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with fibrin, does not react with fibrinogen and D-dimer and can be used
in double-sandwich ELISA test-system for soluble fibrin quantification
in human blood plasma as a “catch”-mAb for diagnostics of the threat of
thrombus formation.

Finally, three mAbs to aC-connector of fibrinogen were produced.
MADb II-2M of IgM class allowed us to confirm binding of aC-connector
to fibrinopeptides B in fibrinogen and fibrin desA molecules. The presence
of two polymerization sites in C-terminal parts of aC-connector was also
shown using other mAbs I-5B and 1-6B.

Thus monoclonal antibodies proved to be very useful for discovering
unknown antigenic determinants and polymerization sites within the fibrin
molecule; for the study of the three-dimensional structure of the fibrin
molecule and for designing of test-systems to diagnose the threat of the
intravascular thrombus formation.
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Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion chan-
nels initially discovered in muscles and neurons and further found in many
non-excitable cells. The present review summarizes the results of studies per-
formed in the Department of Molecular Immunology during the last dec-
ade and concerning the structure and functions of nAChRs in B lymphocytes
and in mitochondria, as well as the role of nAChR-specific antibodies in the
development of neurodegenerative disorders like Alzheimer disease.

addition to its functions as a neurotransmitter, regulates vital cel-

lular processes like proliferation, survival, adhesion and motility.
Consequently, receptors to ACh of both nicotinic and muscarinic type
initially studied in excitable nerve and muscle cells, are now being found
in numerous animal tissues, [1—3], and their prototypes have been recently
reported in bacteria [4].

Nicotinic acetylcholine receptors (nAChRs) are ligand-gated ion
channels discovered in the neuromuscular junctions and fish electric organs
and further found in the central and autonomic nervous system, as well as
in many non-excitable cells [5]. Structurally, they are either homo- or hete-
ropentamers composed of various combinations of structurally homologous
subunits. Muscular receptors are composed of (al),B1yd(e) subunits and are
similar in all parts of the body. Neuronal type nAChRs, which are also
expressed in non-excitable cells, are much more heterogeneous: they con-
sist of a2-al0 and B2-B4 subunits combined either as homomers (a7, a8,
a9) or heteromers (a3p2, a3(a5)p4, 04dp2, etc; reviewed in [6]). Homomeric
a7 nAChRs are considered to be the most evolutionary ancient; they are
found in both neurons and non-excitable cells to control the cell viability
[7]; motility [8], as well as angiogenesis [9] and inflammation [10].

The nAChRs were considered related to immune processes when
it was found that muscular dystrophy Myasthenia gravis can be caused
by autoantibodies against muscular nicotinic receptor [11]. Further, the
antibodies specific to different nAChR epitopes were generated artificially
as the tools to study the subunit composition and functions of nicotinic

3 cetylcholine (ACh) is an evolutionary ancient mediator, which, in
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receptors expressed in various animal tissues. In particular, muscular type
nAChRs were found in the thymus and were considered as the possible
immunogens stimulating autoantibody production upon autoimmune mya-
sthenia [12]. In parallel, nicotinic receptors in immune cells attracted at-
tention as potential targets of nicotine causing immunosuppressive effects
on both the cellular and humoral immunity in smokers [13]. However, the
main efforts were directed to study the expression and role of nAChRs in
T lymphocytes, whereas those expressed in B lymphocytes were obviously
underestimated. The studies performed in the Department of Molecular
Immunology, Palladin Institute of Biochemistry, during the last decade
were aimed to fill this gap by investigating the subunit composition, role
and mechanisms of functioning of nAChRs expressed in B lymphocytes.

Generation of antibodies against nAChR subunits

The first step to achieve this goal was creating the instruments capable
to target specific nAChR subtypes in B lymphocytes. For this purpose, we
generated a panel of both polyclonal and monoclonal antibodies against ex-
tracellular epitopes of a3, a4, a5, o7, B2 and p4 nAChR subunits. The anti-
bodies were directed against synthetic peptides corresponding to the frag-
ments of alpha (a3(181-192), a4(181-192), a5(180-191), a7(179-190)) or beta
(B2(190-200), p4(190-200)) subunits either participating directly or located
closely to the acetylcholine-binding site [6]. The peptides were synthesized
in Hellenic Pasteur Institute, Athens, Greece (the group of Prof. S. Tzar-
tos) and in Shemyakin-Ovchinnikov Institute of Bioorganic Chemistry,
Moscow, Russian Federation (Prof. V. Tsetlin). Since the peptides were
quite different in amino acid composition, the resulting antibodies were
assumed to distinguish between homologous subunits and to selectively
influence the functions of certain nAChR subtypes. The specificity and
functional properties of these antibodies were tested in the established
cell lines and in the neurons of several autonomic ganglia expressing cor-
responding nAChRs by means of immunocytochemistry, immunoenzyme
techniques like Western blots and Cell ELISA, fluorescent flow cytomet-
ry and electrophysiology approaches to study both acetylcholine-induced
membrane currents and excitatory post-synaptic potentials (EPSP) [14—16].
It was demonstrated that the antibodies were both subunit-specific and
functionally potent: they blocked membrane currents induced by externally
applied acetylcholine [14], as well as electric potentials stimulated through
excitation of nerve endings [15]. These studies were performed in col-
laboration with the laboratory of Prof. V. Skok in Bogomoletz Institute of
Physiology, Kyiv. One of these antibodies (mAb 1D6, a3(181-192)-specific)
was used to explore the structure of corresponding epitope within the na-
tive nAChR molecule. By means of NMR it was shown that mAb 1D6,
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which effectively bound native a3-containing nAChRs in flow cytometry,
stabilized a3(181-192) peptide in an extended conformation suggesting its
similar structure within the whole receptor molecule [17]. This work was
performed in collaboration with Dr. M. Marraud from Ecole Polytech-
niques, Nancy, France. Antibody against a9(11-23) fragment was obtained
later and was tested immediately in B lymphocytes [18].

Structure and functions of nAChRs in B lymphocytes

Having proved the specificity of instruments (antibodies), we used
them to screen the nAChRs expressed on the surface of normal mouse B
lymphocytes and of several mouse and human cell lines of B lymphocyte
origin. It was found that, in contrast to autonomic ganglia, which ex-
pressed mainly a3(a5)B4 and a7 nAChRs, B lymphocytes exposed a4(aS)
B2, a7- and a9-containing nAChR subtypes [18]. Their relative quantities
were changed along with the B lymphocyte maturation: the immature
newly generated B lymphocytes within the bone marrow expressed mainly
a4p2 nAChRs, while the mature B lymphocytes in the periphery were
mainly o7-positive [19]. a9 subunit was much less numerous, but its expres-
sion increased in the lymphocytes of a7-/- mice indicating that it could
compensate the absence of a7 subunit (this experiment was performed in
collaboration with Prof. S. Grando from University of California, Irvine,
USA) [18]. In addition, long-term exposure to nicotine resulted in the
increase of surface nAChRs of both a4B2 and a7 subtypes, similarly to
neuronal nAChRs in the brain, which were shown to be up-regulated in
smokers or experimental animals exposed to nicotine [20]. The relative
density of nAChR subtypes was different in mice of two strains, C57B1/6
and BALB/C, indicating that the expression levels of different nAChR sub-
units were genetically determined [18]. The binding of subunit-specific an-
tibodies was verified and confirmed by the binding of nAChR-specific ra-
dioligands, epibatidine and a-bungarotoxin. Epibatidine binds heteromeric,
mainly o4p2 nAChRs, while a-bungarotoxin is specific for a7-containing
nAChRs. We found that B lymphocyte-derived X63-Ag-8 myeloma cells
expressed on average 10170 = 1100 [*H]-Epibatidine (total) and 6730 *+ 370
['>’I]-a-Bungarotoxin (surface) binding sites per cell, thus reflecting the
presence of both homomeric and heteromeric nicotinic receptors [21]. Nor-
mal mouse B lymphocytes contained 12200 + 3200 of epibatidine-binding
sites and 3130 + 750 of a-Bungarotoxin-binding sites per cell [22].

The density of nAChRs on the surface of B lymphocytes increased
not only upon their maturation, but also upon activation, both in vitro
with anti-CD40 antibody and in vivo upon immunization with a protein
antigen [23]. This data indicated that the nAChRs might be important for
regulating B lymphocyte functions. We addressed this question by studying
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the effects of specific nAChR ligands on B lymphocyte proliferation and
antibody production.

The first experiments were performed in mouse B lymphocyte-derived
hybridoma cells [21]. It was found that nicotine stimulated hybridoma cell
proliferation but decreased antibody production. In contrast, o7-specific
snake toxins (a-cobratoxin and “weak” toxin) inhibited cell proliferation
but increased antibody production. The snake toxins for these studies were
obtained and provided to us by the group of Prof. V. Tsetlin.

To study the role of nAChRs in normal B lymphocytes we employed
several experimental approaches including the use of knockout mice
lacking a4, o7 or B2 nAChR subunits, as well as pharmacological instru-
ments specific for different nAChR subtypes. These experiments were per-
formed in collaboration with the laboratory of Prof. Jean-Pierre Changeux
at Pasteur Institute in Paris.

It was found that mice lacking nAChR a4, B2 or a7 subunits had
less IgG in the blood and IgG-producing cells in the spleen, but showed
stronger immune response to both protein antigen in vivo and CD40-
specific antibody in vitro than the wild-type mice. These results indicated
that signalling through nicotinic receptors affected both the pre-immune
state and activation of B lymphocytes in the immune response, possibly via
CD40-dependent pathway [22].

To further address this question and to exclude a possible contribu-
tion of neuronal regulation to the development of immune cells, we cre-
ated chimera mice, which lacked certain nAChR subunits (subtypes) in a
fraction of immune cell precursors only and compared the propagation of
either the wild-type or nAChR-deficient B lymphocytes in irradiated hosts
[19]. It was found that bone marrow B lymphocytes lacking either p2 or o7
nAChR subunits propagated much less efficiently than the wild-type cells
bearing corresponding nAChR subtypes. Similar dependence was found
for T lymphocytes developing within the thymus. In contrast, the propa-
gation of both B and T lymphocytes in the spleen was dependent on the
presence of o7 subunit only; moreover, the effect of the nAChR subunit
presence or absence was observed only when mice consumed nicotine with
the drinking water. These data confirmed our previously made observa-
tion on the differential expression of the two nAChR subtypes along with
the B lymphocyte activation and on the pro-proliferative role of nico-
tine. They also indicated that the endogenous ligand for B lymphocyte-
expressed nAChRs was present in the bone marrow and thymus, but not
in the spleen. These experiments were performed in collaboration with
Drs. R. Grailhe and F. Agenes from Pasteur Institute in Paris.

The observed effect of the nAChR subtype presence on the T lym-
phocyte development suggested a general role of cholinergic regulation
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in hematopoiesis. To study this question in more details, we compared
the numbers of different blood cells and their precursors within the bone
marrow and spleen of either the wild-type mice or those lacking a7 or 2
nAChR subunits. It was found that either the absence of a7-containing
nicotinic receptors in knockout mice or their desensitization in mice
chronically treated with nicotine decreased the number of myeloid and
erythroid progenitors and junior cells. In contrast, the absence of B2-
containing receptors favored myelocyte generation and erythroid cell matu-
ration. Both erythroid and myeloid progenitor cells bound more a4-specific
antibody than their mature forms, while the binding of a-cobratoxin and
a7-specific antibody was also high in mature cells. It was concluded that
the development of both myeloid and erythroid cell lineages is regulated
by endogenous cholinergic ligands and can be affected by nicotine through
a7- and o4B2-containing nicotinic receptors, which play different roles in
the course of these cells maturation [24]. This work was performed with the
help of Dr. A. Zverkova from Hemathology and Transfusiology Institute,
Kyiv.

Returning to B lymphocytes, we were further interested in the mecha-
nism of the nAChRs involvement in regulating their activation in the im-
mune response. To address this question, we investigated the localization
of different nAChR subtypes on the B lymphocyte surface in relation to
known B lymphocyte markers like B220 (CD45R), CD23, BCR (IgM),
CD40 or FcyR (CD16/32). B220 seemed to be non-related, since B lym-
phocyte purification with B220-coated magnetic beads did not affect the
nAChR-specific antibody binding. Double staining of purified B lym-
phocytes with the fluorescently labeled anti-IgM, anti-CD23, anti-CD40
or anti-CD16/32 in the presence of unlabeled antibodies against various
nAChR subunits demonstrated that the binding of anti-IgM and anti-
CD23 was affected with the antibodies against o4, 2 or B4 subunits; the
binding of anti-CD40 was affected with the antibodies against o7 or o9
subunits, and the binding of FcyR-specific antibody was not affected by
the nAChR-specific antibodies. It was suggested that a4p2(p4) nAChRs
were located close to BCR and CD23 on the B lymphocyte surface, while
a7 and 09 nAChRs were close to CD40. To either confirm or disprove
this suggestion, we developed a Sandwich ELISA approach, in which the
wells of immunoplates were coated with the antibody against the whole
extracellular domain (1-208) of o7 nAChR subunit, while the captured
antigen was revealed with a7(179-190)-specific, IgM-specific or CD40-
specific antibodies. The preparations of normal B lymphocytes, SP-2/0
hybridoma cells or mouse brain were used as the source of antigens. In the
brain, lacking both IgM and CD40, the captured antigen was detected with
a7-specific antibody only. In SP-2 cells, expressing CD40 but lacking IgM,
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the antigen was detected with either a7-specific or CD40-specific second
antibody. In B lymphocytes, the captured antigen was detected with all
three antibodies suggesting that the nAChRs were coupled to both IgM
and CD40. The whole extracellular domain 1-208 is quite homologous in
different alpha subunits; therefore, we could expect that o7(1-208)-specific
antibody bound any nAChR subtype present within the cell lysate. To re-
veal what nAChR subtypes are coupled to either IgM or CD40 in B lym-
phocytes, we applied a reverse assay, in which the plates were coated with
either anti-IgM or anti-CD40 and the bound antigen was revealed with the
antibodies against o4, o7 or a9 nAChR subunits. The antigen captured with
anti-IgM was revealed with anti-a4, whereas that captured with anti-CD40
was detected with anti-a7. This data clearly indicated that o7-containing
nAChRs were coupled to CD40, while 04p2 nAChRs to the BCR. The o9
nAChRs were located close to CD40 but not coupled to it.

To assess the functions of a4p2, a7 and 09 nAChRs in B lympho-
cytes we studied their proliferation in response to activation with either
anti-CD40 or anti-IgM (F(ab)’, fragments) in the presence or absence of
nAChR subtype-specific ligands and in B lymphocytes of the wild-type,
a7-/- or B2-/- mice [18]. It was found that B lymphocytes of both o7-/- and
B2-/- mice responded to anti-CD40 stronger than those of the wild-type
mice, whereas the cells of B2-/- mice responded to anti-IgM worse than
those of the wild-type or o7-/- mice. Inhibition of o7 and a9 nAChRs with
methyllicaconitine (MLA) resulted in considerable augmentation of CD40-
mediated B lymphocyte proliferation in cells of all genotypes; stimulation
of a4p2 nAChRs with epibatidine increased the IgM-mediated proliferation
of the wild-type and o7-/-, but not p2-/- cells. Inhibition of a9 nAChRs
with a-conotoxin PeAl exerted weak stimulating effect on CD40-mediated
proliferation. It was concluded that o7 nAChR fulfills inhibitory CD40-re-
lated mitogenic function, a4p2 nAChR produces a stimulatory IgM-related
effect, while a9 nAChR is a “reserve” receptor, which partly compensates
the absence of a7 nAChR in a7-/- cells (Fig. 1). In addition, the work of
our Italian co-authors (Dr. A. Viola group from University of Milan, Italy)
demonstrated that a7 nAChRs were recruited to immune synapse between
human T and B lymphocytes, both of which produced acetylcholine. These
data indicated that acetylcholine is an additional mediator to modulate
activation of interacting T and B lymphocytes.

To reveal if acetylcholine produced by B lymphocytes exerts any ef-
fect on the strength of B lymphocyte activation we applied the inhibi-
tors of acetylcholine esterase (piridostigmin, proserin and substance 547),
kindly provided by Prof. E. Nikolsky from Kazan State University, Russian
Federation. It was found that inhibiting acetylcholine degradation resulted
in the decrease in B lymphocyte proliferation stimulated by anti-CD40.
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Fig. 1. The scheme of nAChR subtypes localization and functioning in B lymphocytes

Conversely, application of hemicholine-3, which inhibits acetylcholine
formation, increased B lymphocyte proliferation [23]. These data clearly
demonstrated that endogenous acetylcholine produced by B lymphocytes
(the assays were performed in purified B lymphocytes sorted out from the
mouse spleen by magnetic procedure) is a negative regulator of their acti-
vation.

B lymphocytes are mediators of humoral immunity producing anti-
bodies against invading pathogens. To reveal if the nAChRs are involved
in regulating the antibody production by normal B lymphocytes we applied
several in vitro and in vivo approaches.

Mice lacking nicotinic receptor subunits a4, B2 or o7 had less serum
IgG and IgG-producing cells in the spleen, whereas the numbers of IgM-
producing cells and the levels of serum IgM were similar to those in the
wild-type mice. Knockout mice also had less antibodies against “natural”
antigens like myosin or tubulin [22]. These data indicated that the lack of
either a4p2 or a7 nAChR subtypes resulted in the narrowing of B lympho-
cyte antigen-specific repertoire and, therefore, nicotinic receptors were
needed to keep the broad spectrum of antibody specificities. In contrast,
mature B lymphocytes of mice lacking a4, B2 or a7 nAChR subunits
showed stronger IgG response to protein antigen in vivo than the wild-type
mice that was in accord with the negative regulatory role of acetylcholine
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discussed above. Wild-type C57Bl1/6 mice, when immunized with bovine
cytochrome ¢ (cyt ¢) together with o7-specific inhibitor MLA, demon-
strated faster and stronger primary IgM response than mice immunized
with cyt ¢ alone, but no difference in the secondary IgG response [23].
Consequently, B lymphocytes stimulated with anti-CD40 in vitro in the
presence or absence of MLA did not show any difference in the IgG to
IgM ratio [18]. It was concluded that the presence of (signaling through)
nAChRs positively influenced the initial numbers of antigen-specific B
lymphocytes but negatively regulated their response to protein antigens and
had no effect on the IgM to IgG switch in the course of immune response.

Special efforts have been and are still being applied to reveal the
mechanism of nAChR functioning in B lymphocytes. Preliminary data ob-
tained in collaboration with Prof. O. Lukyanetz from Bogomoletz Institute
of Physiology, Kyiv and Prof. P. Bregestovsky from Aix-Marseille Univer-
sity suggest that o7 nAChRs expressed in B lymphocytes do not function as
classical ion channels, but rather influence signaling of adjacent receptors
or initiate separate signaling pathways through conformational perturba-
tions of the nAChR pentamer caused by either agonist or competitive
antagonist binding.

Structure and functions of nAChRs in mitochondria

The data obtained demonstrated a crucial role of nAChRs for the hu-
moral immunity. Our further efforts were directed to elucidate the cellular
mechanisms underlying the observed effects. Staining with Annexin V and
propidium iodide revealed that the bone marrows of a7-/- mice contained
more apoptotic B lymphocyte precursors than those of the wild-type mice
[19]. Additional experiments performed with the cells of pre-B lymphocyte-
derived chicken DT40 cell line indicated that o7-specific agonist choline
improved the survival of these cells under the effect of H,O,, and its
positive influence was prevented by MLA [25]. This data attracted our
attention to the role of a7 nAChRs in the cell survival. The a7 nAChRs
expressed on the plasma membrane were shown to stimulate pro-survival
signaling pathways in various types of cells [7, 26]. Since H,O, is conside-
red to cause apoptosis by affecting mitochondria, we initiated experiments
to reveal the possible involvement of nAChRs in mitochondria functioning.

The presence of nicotinic receptors in mitochondria has initially been
discussed in connection with the neuroprotective role of nicotine. Then
it was shown that nicotine affected mitochondria respiratory chain in-
dependent of nAChRs [27]. However, in other studies, the decrease of
mitochondria membrane potential caused by ethanol was prevented with
specific a7 nAChR agonist 2,4-dimethoxibenziliden anabasein, and this
effect was blocked with MLA [28]. By studying isolated mouse liver mi-
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tochondria we demonstrated that functional a7 nAChRs, which had been
previously found exclusively on the cell plasma membrane, were expressed
in mitochondria outer membrane and regulated early pro-apoptotic events
like cyt c release [29]. The binding of a7-specific antibody with mouse liver
mitochondria was demonstrated by electron microscopy. Outer membranes
of mitochondria from the wild-type and p2-/- but not o7-/- mice bound a7
nAChR-specific antibody and toxins: FITC-labeled a-cobratoxin or Alexa
555-labeled a-bungarotoxin. Here we applied the two versions of sandwich
assays where the nAChRs were captured from the mitochondria membrane
preparation with the o7(1-208)-specific antibody, while the bound antigen
was revealed with either an o7(179-190)-specific antibody or a7-specific
toxin. This work was performed in collaboration with the laboratory of
Prof. V. Tsetlin (Shemyakin-Ovchinnikov Institute of Bioorganic Chemist-
ry, Moscow). o7 nAChR agonists (acetylcholine, choline or PNU-282987)
impaired intramitochondrial Ca?" accumulation and significantly decreased
cyt c release stimulated with either 90 uM CaCl, or 0.5 mM H,O,. The ef-
fect of agonists was similar to that of inhibitor of voltage-dependent anion
channels (VDAC), and VDAC was co-captured with the a7 nAChR from
mitochondria outer membrane preparation in sandwich ELISA. It was
concluded that a7 nAChRs are expressed in mitochondria outer membrane
to regulate the VDAC-mediated Ca?* transport and mitochondrial perme-
ability transition [29]. Similarly to a7 nAChRs expressed in B lymphocytes,
those found in mitochondria seemed not to function as classical ion chan-
nels, but to influence the adjacent proteins like VDAC through conforma-
tional perturbations caused by the binding of either agonist or antagonist
molecule (Fig. 2). This data indicated that, in addition to established anti-
apoptotic signaling pathways mediated by plasma membrane o7 nAChRs,
there is an endogenous, previously unrecognized cholinergic mechanism to
control mitochondria functions and their apoptotic susceptibility.

The presence of a7 nAChRs in mitochondria was further confirmed by
confocal microscopy studies performed with several human cell lines [30].

The results of subsequent studies, which are now being prepared for
publication, demonstrate that anti-apoptotic functioning of a7 nAChRs in
mitochondria involves activation of intramitochondrial kinases, first of all,
of PI3K/Akt pathway. Moreover, it now becomes evident that a7 is not the
only nAChR subtype expressed in mitochondria; others like a3p2 and a4f2
were also found and were demonstrated to maintain mitochondrial integ-
rity similarly to a7 nAChR subtype. Taken together, these findings offer a
novel view on the mitochondria protection in apoptosis and open the way
for its pharmacological regulation.
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Fig. 2. The scheme of a7 nAChR localization and functioning in the outer membrane
of mitochondria

Functional effects of nAChR-specific antibodies
and their possible involvement in the development of
neurodegenerative disorders like Alzheimer disease

Autoantibodies against nAChRs found in neuro-muscular junctions
are the main cause of autoimmune Mpyasthenia gravis [11]. Antibodies
against neuronal nAChR subtypes have been found upon several forms of
gangliopathy [31]. The brain has been for a long time considered defended
from immune attacks by the blood-brain barrier. However, more and more
data indicate that this defense is not absolute, and the antibodies and even
lymphocytes can penetrate the brain upon pathological conditions.

Alzheimer disease (AD) is a neurodegenerative pathology, which de-
velops in elderly people as a form of dementia accompanied by the im-
pairments of memory, space orientation, speaking and practical habits.
Pathogenesis of AD is characterized by the appearance of aberrant forms
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of beta-amyloid (A 1-42) producing extracellular insoluble inclusions
(“plaques”). It is also accompanied with the cholinergic deficit and the loss
of a4f2 and a7 nicotinic acetylcholine receptors (nAChRs) in the brain
neurons [32]. However, the exact reasons for this loss were not completely
understood. We hypothesized that a reduction of nAChRs in the brain
might be due to immune mechanism involving nAChR-specific autoanti-
bodies.

To test this we either immunized mice with an extracellular domain
of a7 nAChR subunit (a7(1-208)) or injected them with o7(1-208)-specific
antibodies generated in rabbits and examined the density of nAChRs both
in peripheral tissues and within the brain, as well as the functional conse-
quences of immunization/antibody injection. The recombinant a7(1-208)
domain was produced in the laboratory of Prof. S. Tzartos from Hellenic
Pasteur Institute in Athens. It was found that injected a7(1-208)-specific
antibodies decreased the a7 nAChR density on mouse B lymphocytes and
the numbers of Annexin V-positive B lymphocytes in the spleen. Immuni-
zation of mice with a7(1-208) resulted in connective tissue overgrowth and
infiltration of segmented neutrophils in the spleen (studied with the help
of Dr. S. Pavlovich from Bogomoletz Institute of Physiology, Kyiv), as well
as in decreased body weight compared to mice immunized with BSA. It
was concluded that a7 nAChR—specific antibodies were functionally active
regulating the lymphocyte survival, neutrophil migration, connective tissue
growth and body weight (Fig. 3, lower part) [33].

Further studies demonstrated that a7(1-208)-specific antibodies were
able to cross the blood-brain barrier to decrease the a7 nAChR density in
certain brain regions of mice. Antibody injection resulted in brain nAChR
decrease only if mice were co-injected with bacterial lipopolysaccha-
ride. Brain sections of immunized mice were analyzed for the binding of
['°I]-a-bungarotoxin and ['*’]]-epibatidine. A decrease in a-bungarotoxin
binding in striatum (nucleus accumbens and caudate putamen) accompanied
with an increase of epibatidine binding in the forebrain and caudate puta-
men was observed in mice immunized with a7 nAChR domain compared
to those immunized with BSA. Mice immunized with o7(1-208) demon-
strated significantly worse episodic memory compared to non-immunized
animals but did not differ from the controls in locomotor or anxiety-related
tests. These results showed that nAChR-specific antibodies penetrating the
brain upon induced inflammation caused a decrease of brain a7 nAChRs
and worsened the memory behavior of immunized mice. These experi-
ments were performed in collaboration with Dr. 1. Cloez-Tayarani and Dr.
S. Granon from Pasteur Institute, Paris [34].

We further asked if the antibodies of similar specificity can be found
in humans; if yes, what stimulates their production; and whether the
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Fig. 3. The effects of a7(1-208)-specific antibody performed in the brain and spleen

presence of such antibodies is related to Alzheimer disease. For this pur-
pose, we examined several groups of people including healthy individuals
of various age, children suffering from respiratory diseases and Alzheimer
patients with different forms of AD. The blood samples were provided by
Prof. S. Tzartos (Hellenic Pasteur Institute, Athens), Prof. N. Bachinskaya
(Institute of Gerontology, Kyiv) and Mrs Hanna Kravtsova (Institute of
Pediatry, Obstetrics and Gynecology, Kyiv). The antibodies capable to
bind o7(1-208) were found in the blood of both healthy humans and AD
patients. In healthy individuals, their capacity to compete with ['*-I]-a-
bungarotoxin for the binding to a7(1-208) increased with age. The level of
such antibodies was significantly elevated in children with severe form of
obstructive bronchitis. We also observed generation of such antibodies in
mice injected with Lewis lung carcinoma cells expressing both a4p2 and o7
nAChRs. Among AD patients, the level of a7 nAChR-specific antibodies
was significantly larger in people 62.5 + 1.5 years old with moderate or
severe AD stages (15.2 £ 1.3 MMSE scores) compared to those of 76 £ 1.5
years old with the mild (22.7 = 0.1 MMSE scores) AD stage. It was con-
cluded that o7(1-208) nAChR-specific antibodies found in the human
blood had been formed as a result of common infections accompanied
with the destruction of respiratory epithelium. Elevated blood plasma levels
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of a7(1-208) nAChR-specific antibodies were characteristic of the early-
onset AD and, therefore, were suggested as one of the risk factors for
the development of this form of the disease [35]. These experiments are
now being continued to reveal if prolonged presence of a7(1-208)-specific
antibodies in the brain can cause neurodegeneration and accumulation
of abberantly processed p-amyloid, which was shown to be coupled to a7
nAChR. Preliminary yet unpublished data allow suggesting that o7(1-208)-
specific antibodies cause redistribution of nAChR subtypes in the brain,
affect susceptibility of brain mitochondria to apoptogenic stimuli and fa-
vor accumulation of B-amyloid both in the cells and mitochondria of the
brain. Additional experiments performed in human glioblastoma U373 cell
line demonstrated that antibodies specific to the extracellular epitope of
a7 nAChR subunit stimulated production of interleukin-6 and, therefore,
could be regarded as pro-inflammatory agents for the brain astrocytes.

Taken together, the results obtained clearly demonstrated that o7-
specific antibodies were physiologically active and could both influence the
level of corresponding nAChRs expressed on the cell surface and stimulate
intracellular processes favoring local neuroinflammation and B-amyloid
accumulation (Fig. 3, upper part).

In conclusion, experiments performed in our group during the last
decade revealed that nAChRs play an important role in humoral immunity.
Being expressed in B lymphocytes, they regulate both the formation of
their antigen-specific repertoire in the course of development and activa-
tion in mature state. Different nAChR subtypes are present along with the
B lymphocyte maturation: a4f2 nAChRs are prevalent in immature B lym-
phocytes within the bone marrow, while o7 nAChRs are mostly found in
mature B lymphocytes in the spleen. Possibly, this difference corresponds
to different kinds of nAChR agonists present in the primary vs secon-
dary lymphoid organs. The bone marrow is innervated with cholinergic
nerve fibers; therefore, differentiation of the blood cells can be regulated
with neuronal acetylcholine through o4p2 nAChRs sensitive to nanomolar
doses of this agonist. In contrast, the spleen has no cholinergic inner-
vation; therefore, the nAChRs expressed in mature B lymphocytes can
be stimulated (or desensitized) either by choline, which is an a7-specific
agonist, or by acetylcholine produced by activated T and B lymphocytes
and affecting them locally within the immune synapse. a4p2 nAChRs
are localized in close proximity to the antigen-specific receptor (BCR)
and positively regulate its involvement in B lymphocyte differentiation.
a7 nAChRs are located close to CD40 and negatively regulate its signaling
in the course of B lymphocyte activation. a9 nAChRs comprise a minor
population capable of fulfilling functions similar to those of a7 nAChRs
and partially substitute them in o7-/- animals. In whole, the data obtained
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delineate the role of cholinergic mechanisms in humoral immunity under-
lying the observed immunosuppression in smokers constantly consuming
nAChR agonist nicotine.

One of the ways through which the nAChRs are involved in B lym-
phocyte differentiation is the support of cell survival. Our data have re-
vealed that, in addition to established pro-survival signaling pathway
starting from a plasma membrane o7 nAChR, there is an intracellular
pathway engaging the nAChRs expressed in mitochondria outer membrane.
This is the first example of functional nAChRs expressed in the intracellu-
lar organelles. Possibly, it belongs to the most ancient survival mechanisms
inherited by mitochondria from their hypothetic prokaryotic ancestor. This
novel finding raises a lot of questions concerning the mechanisms of the
nAChR targeting to and functioning in mitochondria that is the subject of
ongoing studies.

Finally, we have found that antibodies raised against extracellular por-
tions of nAChR subunits are not only reliable tools to study the nAChR
exposure on the cells or mitochondria, but play a significant physiological
role in vivo. Most importantly, they are able to penetrate the brain and to
impair memory with subsequent loss of brain o7 nAChRs and accumula-
tion of B-amyloid. The documented presence of such antibodies in humans
and their relation to the early-onset AD suggests a pronounced immuno-
logical component in pathogenesis of AD.

This work has been performed in the Department of Molecular Im-
munology of Palladin Institute of Biochemistry headed by Professor Sergiy
Komisarenko, the main contributors being Drs Olena Lykhmus, Lyudmyla
Koval, Galyna Gergalova and Olena Kalashnyk.
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SEEING IS BELIEVING! LIVE CONFOCAL IMAGING
OF MICROVASCULAR NETWORKS IN SITU:
MORPHOLOGY, Ca** SIGNALLING AND TONE

T. BURDYGA, L. BORYSOVA

Department of Cellular and Molecular Physiology, Institute of Translational
Medicine, University of Liverpool, Crown street, Liverpool, L69 3BX, UK

2- and 3-dimensional confocal imaging of Fluo-4 loaded ureteric mi-
crovesells in situ allowed us to demonstrate distinct morphology, Ca’* signal-
ling and contractility in myocytes of arcade arterioles and pericytes of arcade
venules. In myocytes and pericytes, Ca’*" signals arise exclusively from Ca**
release from the sarcoplasmic reticulum through inositol 1,4,5-trisphosphate
receptors. Ca®* transients in pericytes are less oscillatory, slower and longer-
lasting than those in myocytes. The data obtained suggest differences in the
mechanisms controlling local blood flow in precapillary arterioles and post-
capillary venules.

1. Confocal imaging of microvascular networks in situ

Imaging of microvascular networks in sifu is a dream of any vascular
physiologist and has always been technically challenging until recently
when techniques of live imaging of intact microvessels in intact tissue
[1, 2] or tissue slices [3] have been developed. A range of fluorescent, Ca**-
sensitive dyes along with a chemical strategy allowing them to be easily
introduced into intact cells have been developed [4]. The most successful of
these compounds for confocal imaging were non-ratiometric Ca?* sensitive
indicators fluo-3 and fluo-4. The development of confocal microscopy and
high-speed sensitive CCD-based cameras made possible to visualise local
and global changes in [Ca®]. within individual cells. Confocal microscopy
uses laser excitation of cell fluorescence with a pinholes, which excludes
out-of-focus light. This allows to obtain clear optical sections from much
thicker tissues samples. Seeing live images of the tiniest blood vessels in
the tissue is an absolutely amazing and exciting experience and provides
unique opportunity to investigate Ca?* signalling and vasomotor responses
in intact microvessels in their natural environment in an accessible and
stimulating way. The invisible becomes visible, revealing exceptional beauty
of morphology and exciting heterogeneity of Ca?* signalling in cellular and
subcellular levels in myocytes, pericytes and endothelial cells of micro-
vesels. It is well exemplified by comparing morphology and Ca?* signalling
of precapillary arcade arterioles and postcapillary arcade venules, which
parallel each other but belong to different parts of microvascular networks.
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Traditionally precapillary arterioles are seen as small resistance microves-
sels, involved in control of tissue blood flow, while postcapillary venules
are known to play a key role in control of extravasation of white blood
cells in response to infection or inflammation [5]. Close proximity of
these anatomically and physiologically different microvessels gives a unique
opportunity to compare their morphology, Ca?* signalling and vasomo-
tor responses to central and local vasoconstrictors and vasodilators under
identical experimental conditions, which will be briefly discussed in the
current paper.

2. Morphology of the arcade arterioles and venules

Figure 1 A shows confocal images of fluo-4 loaded arteriole/venule
pair (A, = 488 nM, A __ = 510 nM), obtained by the method developed
in our laboratory using Nipkow disc based confocal imaging system (For
details see [1, 2]). Figure 1A shows distinct morphology of arterioles and
venules. The wall of the arteriole has a single layer of closely opposed,
circularly orientated myocytes (Fig. 1Ai). Smooth muscle cells are spindle
shaped and depending on the diameter of the arteriole can make up to 2

Arteriole Venule

Fig. 1. Live images of ureteric arcade arteriole and arcade venule in situ. A: Images of
fluo-4 loaded arcade arteriole and venule. B: Images of arcade arteriole and venule
stained with phalloidin, SMC — smooth muscle cells, P — pericytes
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full turns around endothelium [2]. The postcapillary arcade venules are
surrounded by spidery pericytes, with stellate cell bodies giving slender cell
projections (Fig. 1Aii). These projections appear to be randomly oriented
with respect to the vessel axis, and overlap and/or attach to each other,
forming a complicated and dense (Fig. 1Aii). The processes interconnect
with each other leaving large gaps between them of different shapes and
sizes (Fig. 1Aii). These live morphological data are in good agreement with
those obtained with scanning electron microscopy [6, 7].

Both arteriolar myocytes and venular pericytes were stained in situ
with fluorescently labelled phalloidin in order to detect a-actin filaments
in the cells. Our data are in agreement with previous observations of Nehls
and Drenckhahn [8]. Both myocytes and pericytes of arcade arterioles and
venules were stained positively for a-actin (Fig. 1Bi, ii), suggesting both
media cells in these microvessels are contractile. The next we characterized
Ca?* signalling in myocytes and pericytes and related it to contraction in
arterioles and venules, respectively.

3. Ca?" responses of arteriolar myocytes and venular
pericytes to caffeine, phenylephrine and endothelin-1

3.1. Effects of caffeine

Ca?* release from the sarcoplasmic reticulum (SR), mediated by ry-
anodine receptors (RyRs) channels, can appear as Ca?* sparks or waves
and was shown to play a key role in control of vascular tone in small re-
sistance arteries [9]. Caffeine is a known activator of Ca?"-induced Ca?*
release (CICR) from the SR mediated by RyRs channels. By using caffeine
we aimed to answer the question whether myocytes of arcade arterioles and
pericytes of arcade venules posses functional RyRs. Caffeine (1-2 mM)
induced Ca?" oscillations in arteriolar myocytes, which showed variable
amplitudes and spatial spread but had no effect even in high concentra-
tions (20 mM) on Ca?* signalling in venular pericytes (Fig. 2Aii). These
data demonstrate the presence of functional RyRs channels in myocytes of
arcade arterioles, where they can be involved in control of local and global
Ca’" signalling but not in pericytes of arcade venules.

3.2. Effects of phenyephrine

The venous vessels have been reported to have no sympathetic nerve
supply and show no change in diameter when the sympathetic supply to
the muscle is activated [10].

We have used a non-hydrolysable analogue of noradrenalin, phe-
nylephrine (PE) to investigate responsiveness of arteriolar myocytes and
venular pericytes to topical application of catecholamine. In myocytes of
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Fig. 2. Effects of caffeine, phenylephrine and endothelin-1 on Ca** responses of
ureteric microvascular network in situ. A: Images of ureteric microvascular network
in situ showing Ca’* responses of myocytes of arcade arteriole (AA) and pericytes
of arcade venules (AV) to 5 mM caffeine (ii), SuM phenylephrine (PE, iii), and
5 nM endothilin-1 (ET-1, iv). B: Graph showing Ca’* transients induced by caffeine
(2 mM), PE (5 uM) and ET-1 (5 nM) in myocytes of AA and pericytes of AV. Note
that caffeine and PE produced Ca’* oscillations in myocytes of AA but had no effect
on pericytes of AV. ET-1 induced Ca’* oscillations in myocytes of AA and long lasting
Ca’* transient in pericytes of AV. TV — transverse venules, TA — transverse arterio-
les, PA — precapillary arterioles
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arcade arterioles as we reported before [2] PE (5-10 uM) induced asyn-
chronous Ca?" oscillations, which appeared as propagating Ca?* waves
(Fig. 2Aiii and 2B). Pericytes of the arcade venules were totally immune
to PE (Fig. 2Aiii and 2B), which agrees with the in vivo studies [10].

3.3. Effects of endothelin-1

We have studied the effects of endothelin-1 (ET-1), a highly potent
endothelium-derived vasoconstrictor on Ca?* signals and contractility of
arteriolar myocytes and venular pericytes. In myocytes of arcade arteriole
ET-1 (5 nM) induced asynchronous Ca?* oscillations, appeared as phasic
propagating Ca?* waves and accompanied by vasomotion, similar to those
induced by PE (Fig. 2Aiv, 2B). Pericytes also strongly responded to ET-1
with the large increase in intracellular Ca?*, which appeared as a long

Control

Arteriole

Venule

20 ym

Fig. 3. Effects endothelin-1 on Ca®* transients and contractility of myocytes of ar-
cade arteriole and pericytes of arcade venules in situ. Note that asynchronous Ca**
oscillations in myocytes (SMC) are associated with the regional vasomotion while the
long lasting Ca®" transient in pericytes (P) is accompanied by strong venoconstriction.
EC — endothelial cells
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lasting Ca?* transient (Fig. 2Aiv and 2B). This steady state rise of intracel-
lular Ca?* produced strong venocosntriction induced by contraction of the
pericytes’ processes (Fig. 3B). Our data demonstrate distinct mechanisms,
controlling Ca?* signalling in myocytes and pericytes induced by the same
agonist.

The application of Ca?"-imaging technology allowed us to demonstrate
distinct mechanisms controlling Ca?* signalling in myocytes and pericytes
of arcade arterioles and venules, respectively. The highly dynamic respons-
es evoked in smooth muscle cells by ET-1, for example, suggest that Ca?*
waves-like oscillations in myocytes control phasic contractile responses in
arterioles but long lasting Ca?* transient in pericytes control tonic contrac-
tile responses in venules. The future studies are needed to investigate the
mechanisms controlling Ca?* signalling and contractile activity in myo-
cytes and pericytes.
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This interdisciplinary study, performed with participation of research
workers of Palladin Institute of Biochemistry and Institute of Organic Chemist-
ry of NAS of Ukraine, is devoted to analysis of biochemical effects of some
calixarene methylene bisphosphonic acids (cyclic phenol oligomers) on two
well-known biological phenomenons — Mg?*-dependent ATP hydrolysis (myo-
sin subfragment-1 of myometrium smooth muscle was used as an example) and
fibrin polymerization.

Calix[4]arene C-97 (calix[4]arene methylene bisphosphonic acids) is a
macrocyclic substance, which contains intramolecular highly ordered lipophilic
cavity formed by four aromatic rings, one of which is functionalized at the
upper rim with methylene bisphosphonic group. At concentration of 100 uM,
this substance was shown to effectively inhibit ATPase activity of pig myo-
metrium myosin subfragment-1 (inhibition coefficient I, . = 83 £ 7 uM). At
the same time, this calix[4]arene causes significant (vs. control) increase of
myosin subfragment-1 hydrodynamic diameter, which may indicate formation
of an intermolecular complex between calixarene and myosin head. Computer
simulation methods (docking and molecular dynamics with addition of grid
technologies) enabled to elucidate the grounds of intermolecular interactions
between calix[4]arene C-97 and myometrium myosin subfragment-1, that in-
volve hydrophobic, electrostatic and n-r-stacking interactions, some of which
are close to the ATPase active centre. In view of the ability of calixarenes to
penetrate into the cell and their low toxicity, the results obtained may be used
as a basis for further development of a new generation of supramolecular effec-
tors (starting from the above mentioned substances, in particular calix[4]arene
C-97) for regulation of smooth muscle contractile activity at the level of ATP
dependent actin-myosin interaction.

Calix[4]arenes bearing two or four methylenebisphosphonic acid groups
at the macrocyclic upper rim have been studied with respect to their effects
on fibrin polymerization. The most potent inhibitor proved to be calix[4]arene
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tetrakis-methylene-bis-phosphonic acid (C-192), in which case the maximum
rate of fibrin polymerization in the fibrinogen + thrombin reaction decreased
by 50% at concentrations of 0.52-10:° M (IC.,). At this concentration, the
molar ratio of the compound to fibrinogen was 1.7 : 1. For the case of desAB
Jfibrin polymerization, the IC,, was 1.26-10-° M at a molar ratio of C-192 to
fibrin monomer of 4 : 1. Dipropoxycalix[4]arene bis-methylene-bis-phosphonic
acid (C-98) inhibited fibrin desAB polymerization with an IC., = 1.31-10-
* M. We hypothesized that C-192 blocks fibrin formation by combining with
polymerization site ‘A’ (Aal7—19), which ordinarily initiates protofibril forma-
tion in a ‘knob-hole’ manner. This suggestion was confirmed by an HPLC
assay, which showed a host—guest inclusion complex of C-192 with the syn-
thetic peptide Gly-Pro-Arg-Pro, an analogue of site ‘A’. Further confirmation
that the inhibitor was acting at the initial step of the reaction was obtained by
electron microscopy, with no evidence of protofibril formation being evident.
Calixarene C-192 also doubled both the prothrombin time and the activated
partial thromboplastin time in normal human blood plasma at concentrations
of 7.13-107 and 1.10-10° M, respectively. These experiments demonstrate that
C-192 is a specific inhibitor of fibrin polymerization and blood coagulation
and can be used for the design of a new class of antithrombotic agents.

lecular and cellular technologies in biochemistry, molecular biology

and biophysics, that is focused on the study of structural and func-
tional properties of biomolecules, supramolecular complexes and subcel-
lular and membrane structures, is based on the use of natural and artificial
effectors F (activators and inhibitors) for modifying activities of enzymatic,
transport, regulator and signaling proteins. Therefore, studing physico-
chemical and biochemical basis and mechanisms involving interactions of
small effector molecules with biomacromolecules and biomembranes has
become currently one of the basic problems of so called “contact biology”.
It would be no exaggeration to say that “contact” events play a crucial role
in realization of practically all fundamental biological phenomena that are
studied by transdisciplinary sciences of chemico-biological direction.

It is obvious that an artificial effector F pretending to form a “mo-
lecular platform” able to effectively regulate the functional activity of an
intracellular protein must satisfy, as minimum, the following conditions:
1) to be nontoxic and non-immunogenic for the organism; 2) to penetrate
rather well through the plasmatic cellular membrane; 3) to function as a
reversible mechanism; 4) to show a specific (selective) effect exactly on a
specific protein; 5) to be characterized by a relatively high affinity towards
a target protein (effector constant K, < 10> M).

O ne of most important methodological approaches, applied in mo-
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In the context of the above mentioned, much attention of researches
is currently devoted to phenol cyclic oligomers, calixarenes, as perspective
artificial effectors for different biochemical processes.

Calixarenes [1] are vase shaped macrocyclic compounds produced
synthetically by precise cyclo-condensation of p-substituted phenols and
formaldehyde, which possess intramolecular lipophilic cavities formed by
aromatic rings of the macrocyclic skeleton (Fig. 1). Calixarenes may be
easily functionalized at the upper or lower rims of the macrocyclic skele-
ton.

Due to their ability to form a variety of interactions — multi-site
hydrogen bonding, specific stacking, and generalized electrostatic interac-
tions — calixarene derivatives can be applied as valid recognition motifs
when developing synthetic supramolecular systems. They have the unique
ability to recognize and bind to the Host-Guest supramolecular complexes,
cations, anions and neutral molecules of appropriate size and architecture
[2]. These properties open wide perspectives for practical application of
calixarenes in different branches of chemistry, physics and biology [3, 4].

During the last 10 years, calixarene derivatives, especially water solu-
ble and amphiphilic ones, have been the subject of growing interest in the
field of biology. Highly diverse biomedical applications of these molecules
now include antibacterial, anticancer, antiviral, antithrombotic, mem-
branotropic activities, selective enzyme blocking and mimicking, as well as
protein complexation [5]. Calixarenes, substituted at the upper or/and lower
macrocyclic rim with biologically active functional groups, are considered
as promising compounds for treating many diseases [6].

We were interested in modifying the calixarene platform by bio-
inspired methylene bisphosphonates. Being structural analogs of natu-

| Upper Rim Modification |

Lower Rim Modification I

Fig. 1. Synthesis and structure of calix[4]arene

295



Biochemistry and Biotechnology for Modern Medicine

ral pyrophosphate, these compounds demonstrate versatile bioactivities
[7, 8]. The bioactivities of bisphosphonates were investigated in details
by S. Komisarenko in the Palladin Institute of Biochemistry, NAS of
Ukraine. There were revealed and carefully examined antitumor and im-
munomodulating activities of methylene bisphosphonic acid (MBPHA)
(Fig. 2) 19, 10].

Phosphonates and bisphosphonates are structural analogs of inorganic
pyrophosphate (PP,) and phosphate, accordingly; they were chosen for the
study a priori in consideration of the fact that PP, takes part as a product
or substrate in a large number of most important enzymatic reactions. It
also may be found in many metabolites. The presence of P—C bonds in
phosphonates and P—C—P bonds in bisphosphonates, which usually can-
not be hydrolyzed by enzymes, and strong complex forming abilities of
phosphonates suggest that these substances may be used for perturbation
of cell metabolic pathways; although, according to some literature data,
bisphosphonates do not influence the activity of a large quantity of en-
zymes, in particular pyrophosphatase. Unlike this opinion, S. Komisaren-
ko et al. showed that bisphosphonates were effective inhibitors of inor-
ganic pyrophosphatase and some other enzymes in reactions involving
inorganic pyrophosphate [11—16]. There was also shown antitumor effect
of MBPHA — the property, which needed further analysis and preclinical
investigations. In particular, there were investigated the mechanism of bi-
sphosphonate effect and dependence of enzyme activities on the structure
of bisphosphonates. MBPHA was shown to possess immunomodulatory
activity. Thus, when introduced to animals, MBPHA caused inhibition

o O
Ho Il II_oH

P R

HO OH

Methylene bis-phosphonic
acid

Cc-97

C-192

Fig. 2. Molecular structures of methylene bisphosphonic acid, calixarene methylene
bisphosphonic acid C-97 and calixarene tetrakis-methylene bisphosphonic acid C-192
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of both biosynthesis of antibodies to T-dependent antigens and cell im-
mune response reactions. It also inhibited biosynthesis of IgM-, IgE- and,
especially, IgG-class antibodies but did not influence the composition of
lymphocyte subpopulation. Other examined bisphosphonates (oxy- and
aminoderivatives of MBPHA) were strong complex forming substances
but did not possess immunomodulatory effect. MBPHA and its analogs —
oxyethylidene bisphosphonic acid, amino-MBPHA and phosphonoacetic
acid — showed no toxicity and did not inhibit lymphocyte proliferation
in culture when stimulated by mitogens. MBPHA did not essentially in-
fluence synthesis of specific interleukins by lymphocytes. It could not
go through placental barrier and showed no embryo toxic effect. Use of
4C-MBPHA made it possible to reveal MBPHA tropism towards lym-
phoid cells and determine kinetic and thermodynamic parameters of MB-
PHA transport into cells. The data obtained suggest that MBPHA could
penetrate into lymphocytes with a transporter through the concentration
gradient by means of the facilitated diffusion mechanism. Such transport
may be competitively inhibited by PP, and oxyethylidene bisphosphonic
acid (but no P.) and does not depend on the intensity of ATP synthesis in
the cell. There were calculated and determined types of structural com-
plexes that contain bisphosphonates inside cells and analyzed complexes
with biologically important metals, which may interact with cell enzymatic
systems [17].

Substances, which differed in a number of phosphoryl groups, type
of bonds (P—C, P—O or P—N) or charge and molecular size, were used
to study the mechanism by which bisphosphonates and phosphonates may
influence the activity of a number of key enzymes responsible for transfor-
mation of PP, or molecules including PP.. S. Komisarenko et al. came to
the conclusion that tropism for lymphocytes is the basis of immunomodu-
latory effects of phosphonates (first of all, MBPHA). Transport and ac-
cumulation of MBPHA in lymphocytes results in inhibition of inorganic
pyrophpsphatase activity and increase of local PP, concentration; later,
different ligand complexes of bisphosphonates with bivalent metal ions and
with PP are formed and some enzymes change their activity, in particular,
DNA-dependent RNA-polymerase II, enzymes of purine metabolism an
so on [18].

On the basis of bisphosphonates, several prototypes of medicinal sub-
stances were developed [19—21]. Thus, a polyurethane composition was
synthesized that might serve as an immobilized immunomodulator with
local anti-inflammatory and immunosuppressive effects. It was shown that
disodium salt of methylene bisphosphonic acid had antitumor properties,
which resulted in development of a new antitumor preparation MEBI-
FON that was tested clinically and is currently produced in Kiev by the
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Public company FARMAK VAT. With the use of immunoglobulins (an-
tibodies) and phosphoorganic complexons (aminobisphosphonates), there
were synthesized immunovector molecules with antibody activities that
conserved complex forming properties. Such structures were proposed, in
particular, for radioimmunolocalisation of antigens. It should be noted that
the above-mentioned investigations under the direction of S. Komisarenko
were realized together with the following research workers of the Palladin
Institute of Biochemistry, NAS of Ukraine: N. M. Gula, G. G. Gaivoron-
ska, M. G. Juravsky, N. P. Karlova, I. M. Kolesnikova, O. P. Penezina,
G. M. Fomovska and others. Bisphosphonate and phosphonate prepara-
tions were synthesized in the Institute of Organic Chemistry, NAS of
Ukraine by A. M. Borisevich with the participation of professors P. S. Pel-
kis and M. O. Losinsky and in the Engelgardt Institute of Molecular
Biology, AS of the USSR by N. B. Tarusova with the participation of
P. M. Khomutov, the corresponding member of AS of the USSR. Synthe-
sis of the polyurethane composition was realized together with a group of
scientists form the Institute of High-Molecular Compounds Chemistry,
NAS of Ukraine under the guidance of D.Sc. G. O. Pkhakadze.

This article describes the results of joint project of the Palladin In-
stitute of Biochemistry, NAS of Ukraine and the Institute of Organic
Chemistry, NAS of Ukraine focused on the synthesis, elucidation of bio-
logical activity and biopharmaceutical application of the calixarenes C-97
and C-192 functionalized with one or four biophoric methylene bisphos-
phonic acid groups in the upper rim (Fig. 2).

I. Synthesis and molecular structure of calixarene
methylene bisphosphonic acids

The main method for synthesis of metylene bisphosphonic acids con-
sists in using Arbuzov reaction of geminal dihalogenoalkanes with trialkyl
phosphites followed by hydrolysis of the esters formed [1]. However, at
synthesis of the calixarene methylene bisphosphonic acids, this method is
limited by availability of appropriate dihalogenoalkyl calixarenes.

Calixarene methylene bisphosphonic acids C-97 [23] is synthesized
from monoformyl calixarene 1 (Scheme 1). On the first stage, diethyl-
phosphite sodium salt is added to the C=0O bond of monoformyl calixa-
rene 1, according to the classical scheme of the Abramov reaction, with
formation of a-hydroxyphosphonate 2. Then, in the presence of sodium,
hydroxyphosphonate 2 diethyl phosphite cleaves water molecule to form a
phosphorylated quinonmethyde as intermediate (omitted in the scheme).
The quinonmethyde further reacts with diethyl phosphite to form calixa-
rene methylene bisphosphonate 3. Acid C-97 is obtained by consecutive
treatment of the ester 3 with trimethylbromosilane and methanol.
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(EtO),P(O)H (EtO),P(O)H
—_— —_—
Na
Na
1
1. Me,SiBr
t S
2. MeOH
Scheme 1

Calixarene tetrakis-methylene-bisphosphonic acid C-192 is synthe-
sized by the reaction of tetraformylcalixarene 4 with sodium salt of diiso-
propyl phosphite with formation of tetrakis-bisphosphonate 5, which after
subsequent dealkylation due to treatment with trimetylbromosilane and
methanol gives C-192 (Scheme 2) [2].

According to the '"H NMR spectra and molecular modeling data, the
acids C-97 and C-192 adopt the cone conformations. The both conforma-
tions are stabilized by intramolecular hydrogen bonds OH----O at the lower
rim of macrocycle. The conformation of C-192 is additionally stabilized
by the intramolecular hydrogen bonds between distal dihydroxyphosphoryl
groups of the upper rim (Fig. 3). The upper rim bonding makes the cone
C-192 more regular compared with C-97 one.
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Below, as examples of biological activity of calixarenes, we describe
our own transdisciplinary investigations, which illustrate the use of calixa-
rene methylene bisphosphonic acids (calix[4]arenes C-97 and C-192) as
inhibitors of two separate biochemical processes: the reaction of Mg?*-
dependent ATP hydrolysis, catalyzed by uterine smooth muscle myosin
sudfragment-1, and the process of fibrin polymerization and formation of
fibrin network of thrombus.

I1. Structure-functional basis of intermolecular
interactions of calixarene methylene bisphosphonic acid
C-97 with myometrium myosin subfragment-1

It is of importance to understand molecular and membrane mecha-
nisms that control the contractile function of smooth muscle, in particular
myometrium, in normal state and at pathological states with different dis-
orders; therefore, investigation of these questions is rather actual. The main
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C-97 C-192

Fig.3. Energy minimized conformations of the calixarenes C-97 and C-192

function of uterus in the female organism is baby carrying and delivery.
Disturbance of uterine smooth muscle motility in females often leads to
various pathologies — weak labour of childbirth, premature childbirth,
miscarriage etc. In this connection, there is need for development of ef-
fective methods of correcting disturbed contractile activity of myometrium
and, particularly, for investigations aimed at developing and examining
new pharmacological highly efficient substances capable of normalizing
uterine motility.

It should be noted that at present research workers of the Depart-
ment of Muscle Biochemistry (Palladin Institute of Biochemistry, NAS
of Ukraine) and the Department of Phosphorane Chemistry (Institute
of Organic Chemistry, NAS of Ukraine) have accumulated a number of
interesting experimental results concerning the influence of calixarenes
on transport and enzymatic activity of membrane-associated energy-
dependent cation-transporting systems of plasmatic membrane, sarcoplas-
mic reticulum and mitochondria of uterine myocytes. It was shown that
some calix|4]arenes may serve as rather selective and high-affinity inhibi-
tors of Mg?*, ATP-dependent sodium pump (calix[4]arenes C-97, C-99 and
C-107; 1,, < 100 nM) and calcium pump (calix[4]arene C-90; [ . = 20-
30 uM) in the plasma membrane with Ca?"-accumulation in mitochondria,
which is impossible in the presence of protonofore CCCP (calix|[4]arene
C-91) (here codes are given for calixarene compounds). Such membrane-
associated energy-dependent transport systems are directly involved in the
control of intracellular cation homeostasis (first of all, Ca** homeostasis).
Nevertheless, in case of muscles, in particular smooth ones, of great im-
portance for maintaining processes of electro- and pharmacomechanical
coupling is functioning of both cation transporting ATP-dependent systems
and ATP-hydrolase systems of contractile proteins. Different pathologi-
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cal states of the female reproductive system (including the ones caused by
hormonal disbalance) may lead to disfunction of the uterine contractile
complex, which is revealed in abnormal superprecipitation (in vitro) and
changes of actomyosin ATPase activity. At some pathologies (e.g., hyper-
trophy) with disordered contractile function of smooth muscles, including
myometrium, some changes may take place in the expression of myosin
isoforms and kinetics of actin-myosin interaction. Accordingly, screening
of reversible affine effectors of actin-myosin interaction (inhibitors, activa-
tors) is important for developing new pharmacological preparations capable
of normalizing uterine contractile function at pathological state of myo-
metrium.

Myosin ATPase transforms chemical energy, stored in ATP macroer-
gic bonds, into mechanical work that is accompanied by directed move-
ment; that is why this enzyme is also called a molecular motor [25]. Myo-
sin subfragment-1 (head, S1) is N-terminal part of myosin heavy chain and
consists of two domains: N-terminal globular motor (catalytic) domain,
which contains an active center of ATPase, and a site of actin binding, and
regulatory domain or lever-arm that is responsible for movement of myosin
relative to actin.

The following functional sub-domains were identified in the structure
of myosin S1: 7-stranded B-sheet (amino acid residues 116—127, 170—180,
248—257, 265271, 458—468 and 671—678), switch 2 helix (amino acid
residues 469—509), converter (amino acid residues 716—772) and SH2/SH1
hinge (amino acid residues 688—715); these sub-domains undergo substan-
tial conformational changes during energy transfer from ATP-hydrolase
centre to actin binding site [26].

ATP-binding site contains the sequence GLY-GLU-SER-GLY-ALA-
GLY-LYS-THR similar to sequences in active centers of other ATPases
[27]. ATPase active site is formed in part by the P-loop, Switch 1 and
Switch 2 polypeptides that are linked to the 7-stranded B-sheet; conforma-
tions of these structures are sensitive to the position and coordination of
y-phosphate. ATPase center has been identified as a pocket, from which a
gap is stretched to the actin binding site. When ATP binds to the myosin
S1, the pocket becomes closed while the gap expands and disturbs the
binding of S1 with actin; as a result, myosin subfragment-1 dissociates from
actin. When ATP is hydrolyzed by myosin ATPase to ADP and P,, actin
can again associate with S1, which facilitates releasing of ATP hydrolysis
products from the active center. When ATP is hydrolyzed, the presence
of associated actin is important for releasing of inorganic phosphate from
the nucleotide-binding pocket, since in its absence, the salt bridge be-
tween Arg,,. (switch 1) and Glu,,, (switch 2) inhibits the phosphate release
[14, 28]. Switch 2 a-helix transmits linear force (arising at ATP hydrolysis)
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from the active site to the converter domain; the last converts linear force
into a torque that rotates the lever-arm and enables the shift of myosin
relative to actin.

According to available literature, subfragment-1 is a self-sufficient
functional part of myosin molecule; it preserves the properties of native
myosin even in isolated state — that is, it displays ATPase activity and
ability to interact with actin [29, 30].

Earlier we showed the inhibiting effect of calix|[4]arene C-97 on
ATPase activity of myometrium actomyosin (inhibition coefficient
I, = 84 £ 2 uM) [31]. In this connection, the question arises concerning
the mechanisms of calix[4]arene C-97 effect on ATP-hydrolase activity of
(exactly) myosin subfragment-1. Subfragment-1 is a convenient model for
studying calixarene effects due to its high solubility in aqueous solutions
with low ionic strength (unlike myosin) and because its specific ATPase
activity is close to the myosin activity.

Below we provide some data obtained in the study of calix[4]arene
C-97 effect on ATP-ase activity of myometrium smooth muscle myosin
subfragment-1 and consider possible mechanisms of complex formation
between this calix[4]arene and myosin subfragment-1 (with the use of com-
puter simulation techniques — doking analysis and molecular dynamics).

At first, we will give some information concerning methodological
approaches used in the study.

Obtaining actomyosin and myometrium myosin subfragment-1. These
studies were performed by R. D. Labintseva and O. A. Bevza (Palladin
Institute of Biochemistry, NAS of Ukraine). Smooth muscle actomyo-
sin was purified from muscle tissue of pig uterus according to Barany
[32] and Weber [33] with some modifications. Myometrium smooth mus-
cle myosin subfragment-1 was obtained through actomyosin splitting by
a-chymotrypsin according to the method of Weeds and Taylor [34] with
some modifications. Separation and purification of subfragment-1 was
performed by ion exchange chromatography using column packed with
DEAE-Sepharose CL-6B and chromatographic system BioRad (USA).
Protein concentration was determined by Bradford method [35]; also, con-
centrational dependence of light absorption at 280 nm was used with the
curve standardized by serum albumin. Purity of smooth muscle myosin
subfragment-1 was controlled by electrophoresis in polyacrylamide gel with
sodium dodecyl sulphate according to Laemmli electrophoretic technique
[36]. In accord with electrophoretic data, myosin head had Mr ~ 100 kDa,
which corresponded to literature results [37]. Subfragment-1 was identified
as a fraction having a rather high ATPase activity — 68 + 9 umol P,/min
per Img of protein (M = m, n = 8).
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Determination of ATPase activity of myometrium myosin subfragment-1.
These experiments were done by R. D. Labintseva and O. A. Bevza (Pal-
ladin Institute of Biochemistry, NAS of Ukraine). ATPase activity of myo-
sin subfragment-1 was measured at 37 °C in an incubation medium (to-
tal volume 1 ml) of the following composition (in mM): tris-HCI buffer
(pH 7.2) — 20, KC1 — 100, CaCl, — 0.01, MgCl, — 5, ATP — 3 (standard
conditions). The quantity of inorganic phosphate P, removed from ATP
during hydrolase reaction was determined by Chen’s method [38].

Study of calix[4]arene C-97 effect on ATPase activity of myometrium
myosin subfragment-1. Kinetic measurements. These experiments were car-
ried out by R. D. Labintseva, O. A. Bevza and S. O. Kosterin (Palladin
Institute of Biochemistry, NAS of Ukraine). To study calixarene C-97
effect on ATP-ase activity of isolated myosin subfragment-1, aliquots of
calixarene solution in 50 mM tris-HCI buffer (pH 7.2) with the initial
concentration 10 mM were added to the standard incubation medium (see
above). Final calixarene concentration in the sample was 10—100 uM. The
value of ATP hydrolase activity, determined at the absence of calixarene
in the incubation medium, was taken for 100% (“zero point”). At studying
concentration dependence of calix[4]arene C-97 effect on the enzymatic
activity of myosin subfragment-1 ATPase, the values of the apparent inhibi-
tion coefficient 7, ; and Hill coefficient n, were calculated with the use of
linearized Hill graphs [39] according to the empirical equation

e[V, - V)/V] = - nylgl s + nylgl,

where V'is specific enzymatic activity, V, is specific enzymatic activity at
the absence of the inhibitor in the incubation medium and / is the inhibi-
tor concentration in the incubation medium. Typical value of the correla-
tion coefficient » was 0.97-0.99.

Photon-correlation spectroscopy experiments. This research was carried
out by O. Yu. Chunikhin, R. D. Labintseva and O. A. Bevza (Palladin In-
stitute of Biochemistry, NAS of Ukraine). Photon-correlation spectroscopy
(PCS) experiments were performed on the device ZetaSizer-3 Malvern
Instrument (Great Britain) equipped with the Multi computing correlator
type 7032 ce. Samples were irradiated by the helium-neon laser LGN-111
(A = 633 nm, power 25 mw) and laser radiation scattered at the angle 90°
was registered. Computer program PCS-Size mode v.1.61 [40] was used
to analyze the experimentally measured autocorrelation function and cal-
culate the function of distribution by hydrodynamic diameter (HDD) for
microparticles in the volume of the measuring cell. PCS was used to de-
termine average HDD and the function of distribution by dimensions for
particles of myometrium myosin subfragment-1 as well as for particles that
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are formed at interaction of myosin subfragment-1 with calix[4]arene C-97
(20, 60 ta 100 uM).

Computer simulation of the ligand-receptor interaction in the system
“calix[4]arene C-97 — myosin subfragment-1”. These experiments were
carried out by O. V. Bevza, R. D. Labintseva and O. A. Bevza (Palladin
Institute of Biochemistry, NAS of Ukraine). Computer simulation of the
ligand-receptor interaction for the system “calix[4]arene C-97 — myosin
subfragment-1” was performed using the softwere MVD 4.1.0. This pro-
gram allowed realizing several algorithms of searching for the optimal li-
gand position in the active site of the protein (a variant of the evolutionary
algorithm was used) [41]. Actually, docking of the ligand (calix[4]-arene
C-97) into the ligand-binding site (LBS) of myosin subfragment-1 was
realized in conditions of entirely ionized methylene bisphosphonic frag-
ment. Standard AMBER force field parameters were used for the metal ion
(Mg?*) [42]. When modeling interactions between calix[4]arene C-97 and
myometrium myosin subfragment-1, we realized so called “semiflexible”
docking (only ligand motility was taken into account) with selection of a
series of complexes having the lowest total energy of the ligand binding.
Calculation of the optimal geometry of the complexes formed and determi-
nation of energetically most advantageous spatial arrangement of calixarene
in the area of myosin molecule were performed taking into account van
der Waals, electrostatic and hydrophobic interactions, hydrogen bonds as
well as contribution of desolvation energy. In the investigation, there has
been used three dimensional structure of myosin subfragment-1 with the
identifier 1B7T in RSCB Protein Data Bank [43]. Molecular dynamics
of calix[4]arene C-97 interaction with LBS of myosin subfragment-1 was
investigated with the use of the Gromos96 force field [44]. The protein
model has been “placed” into a virtual cell in the form of cut octahedron
in such a manner that spacing from the protein to the cell walls did not
exceed 1.5 nm. The cell was “packed” with water molecule models (sol-
vent) — SPC (Single Point Charge). The water molecules were partially
substituted for Na and Cl ions to neutralize the system charge and simulate
the physiological ionic strength (0.1 M). “Counterbalancing” of the solvent
molecules was carried out during 0.5 ns with the protein atoms “attached”
to their initial coordinates. The temperature and the pressure were 298 K
and 1 atm, accordingly (Berendsen’s method was used) [45]. Following the
solvent molecule counterbalancing, additional minimization of the system
energy has been performed. Actually, MD simulation method was realized
using the same parameters as at the solvent “counterbalancing” except for
limiting the protein atom motility. The coordinates were recorded into the
initial trajectory file every 10 picoseconds. Motility of the calix|4]arene
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C-97 molecule in the course of molecular dynamics was visualized with
the use of the program UCSF Chimera 1.5.3 [46].

I1.1. Investigation by photon correlation spectroscopy of
calix[4]arene C-97 effect on the effective hydrodynamic
diameter (HDD) of isolated myosin subfragment-1

PCS method gives distribution of different molecules and supramo-
lecular structures in solution by their sizes. To determine HDD by PCS
method, Stokes-Einstein formula is used that is valid only for spheri-
cal particles [47, 48]. Therefore, molecular diameters determined by this
method will be close to the real ones only for globular proteins. When a
protein is far from spherical form, calculated HDD is a rather conventional
value.

Myosin head, main functional unit of myosin [49], is rounded or
pear-shaped [16]; therefore, the preparation of isolated myometrium myo-
sin subfragment-1 fits rather well for studying by PCS method the effect
of calix[4]arene on contractile proteins. There were determined average
subfragment-1 HDD and the function of particle size distribution. Isolated
myosin subfragment-1 had narrow spectrum of particles in the interval
from approximately 10 to 50 nm (Fig. 4). The size of most frequently
registered particles (= 50%) was close to 20 nm. There were also present
in small quantity particles with diameter close to 70 nm and particles less
then 20 nm. It was shown that the average (most probable) HDD of myo-
sin subfragment-1 was 22 £ 3 nm (M = m; n = 15). This value fits to the
literature data [50, 51].

Concentration dependence of calix[4]arene C-97 effect on the hydro-
dynamic indices of myosin subfragment-1 particles showed that calix|4]-
arene concentrations 20 and 60 puM did not cause significant changes of
myosin head HDD vs. control — only trend in HDD growth was observed.
Only at calix|4]arene concentration of 100 uM, myosin head HDD reli-
ably increased versus control: from 22 = 3 nm (control) to 33 £ 3 nm
(experiment) (Fig. 5). Control examination of calix[4]arene C-97 solution
in 50 mM tris-HCI (pH 7.2) failed to discover any light scattering micro-
particles.

Thus, calix[4]arene C-97 at a concentration of 100 uM caused a sig-
nificant (vs. control) increase of myosin subfragment-1 HDD, which indi-
cated the formation of a complex between calix|4]arene and myosin head.

Of interest is the fact that using photon correlation spectroscopy with
other supramolecular effector (activator) of myosin subfragment-1 ATP-
hydrolase (calix[4]arene C-107), we could observe time dependent changes
of myosin subfragment-1 HDD (data are not given). During the first 5 min
after calix[4]arene C-107 addition (60 uM), values of HDD increased from
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Fig. 4. The hydrodynamic diameter (HDD) distribution for myosin subfragment-1
particles. Photon-correlation spectroscopy method. The quantity of particles, equiva-
lent HDD of which corresponded to the values in the interval from HDD . to HDD,
with the accuracy 0.1% (according to the characteristics of the laser-correlation spec-
trophotometer), was taken for 100%. In the Figure, a typical experimental result is
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Fig. 5. Calix[4]arene C-97 increases the myosin subfragment-1 hydrodynamic diame-
ter (HDD) (M £ m; n = 6). Photon-correlation spectroscopy method
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25 nm (control) to 70—80 nm, but the next 10 to 15 min the size of myosin
head was stabilized at the HDD values of 45 nm (which is undoubtedly
more Vs. control).

I1.2. Examination of calix[4]arene C-97 effect on ATPase
activity of myometrium myosin subfragment-1

Study of calix[4]arene C-97 effect on myometrium myosin subfrag-
ment-1 ATPase showed that in concentration of 10 uM it almost did not
influence ATPase activity. At further increase of this calixarene concen-
tration, it inhibited myosin head ATPase in dose-dependent mode and
at 100 uM concentration the inhibiting effect vs. control was 60 * 5%
(M = m; n =5) (Fig. 6). According to the linearized graph in Hill coordi-
nates (Fig. 6, 7), inhibition coefficient /,, = 83 =7 uM (M £ m; n = 5).

When comparing calix[4]arene C-97 inhibition of ATPase activity for
actomyosin complex (/,; = 84 £ 2 pM) [52] and myometrium myosin
subfragment-1 (/,; = 83 £ 7 uM), one can see that myosin head and ac-
tomyosin complex display practically identical affinity towards this calix|[4]
arene. Of interest is the fact that Na*, K'-ATPase of plasmatic membranes
[40] has several orders of magnitude higher affinity for calix[4]arene C-97
(/,s = 98 £ 8 nM) as compared with actomyosin and myosin subfrag-
ment-1 ATPase [19]. This observation should be taken into account at
analysis of calix[4]arene C-97 effect on contractile and electric activity of
smooth muscle cells.

Using linearized graphs at analysis of concentration dependence of
subfragment-1 ATPase activity on calix[4]arene C-97, we also calculated
Hill coefficient n,, which amounts to 1.3 + 0.5 (Fig. 7). Therefore, this
value of Hill coefficient most probably suggests that myosin head may bind
only one molecule of calix[4]arene C-97.

Therefore, calix[4]arene C-97 effect on ATPase of contractile complex
may follow from its ability to bind with myosin subfragment-1; conse-
quently, myosin head is supposed to be one of targets by means of which
calix[4]arene C-97 may influence the contractile complex (based on the
above value of Hill coefficient n,,, the stoichiometry of binding is 1 : 1).

I1.3. Using the computer simulation method for examining
the structural basis of molecular interactions between calix[4]
arene C-97 and myometrium myosin subfragment-1

To understand the molecular mechanism of calix|4]arene C-97 inhibi-
ting effect on myosin subfragment-1 ATPase, it needs to have information
on three dimensional structure of the enzyme in complexes with substrate
or/and inhibitor. With this purpose, we carried out the computer simula-
tion for the interaction of calix[4]arene C-97 (as a separate ligand or cou-
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Fig. 8. Docking of calix[4]arene C-97 as a separate ligand into the active site of myo-
sin subfragment-1 (A) and docking of the paired ligand “calix[4]arene C-97 + ATP”
(B) at the presence of Mg?* as a cofactor

pled with ATP) with myometrium myosin subfragment-1 at the presence of
Mg?* as a cofactor (Fig. 8, A, B). Mg cation takes part in binding of ATP
to the active site and in the process of its hydrolysis.

An analysis of docking of calix[4]arene C-97 as a separate ligand
into the ligand binding site of myosin subfragment-1 suggests that residues
Asp,,,, Asn,,, Leug, and Gln,, may be involved in fixation of calix[4]-
arene phosphonate groups (the data are not shown in the Figure). Calixa-
rene fragments are oriented in the space formed by residues Ile,,,, Asn,,
and Lys., on one side, and by Tyr,,6, Arg,, and Arg,,, on the other. Be-
sides, positively charged nitrogen atom of Lys. residue is located next to
oxygen atoms of methylene bisphosphonate fragment (distance between
nitrogen atom of Lys . residue and ionized oxygen atoms of the phos-
phonate group is 0.31 nm). There were indentified bonds taking part in
calix[4]arene binding to a site close to the active centre of myosin S-1; they
are: hydrogen bonds, n-rn-stacking interactions between aromatic fragments
of calix[4]arene bowl and Tyr,, of benzene ring in myosin head as well
as electrostatic interactions with involvement of Arg ., Arg ., Asp,,, and
Lys,...
67gimultaneous docking of the paired ligand “calix[4]arene C-97
+ ATP” into the ligand binding centre of myosin subfragment-1 at the
presence of Mg?" revealed the possible formation of a complex between
calix[4]arene C-97 and ATP, which binds with involvement of amino acid
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residues to a site of myosin head close to the active centre; this is somewhat
different from results obtained with docking of calix[4]arene C-97 alone.
In addition, spatial orientation of calix[4]arene C-97 in the ligand binding
centre of myosin head differs: methylene bisphosphonate fragment of ca-
lix[4]arene at its interaction with ATP molecule becomes oriented towards
the active centre. Binding of the complex “calix[4]arene C-97 + ATP” to
a site close to the myosin S1 active centre is realized with participation
of hydrogen bonds, n-n-stacking interactions between aromatic rings of
calix[4]arene bowl and benzene rings of Tyr,,, and Tyr,, in myosin head
as well as electrostatic interactions with participation of Arg .. Residues
Asn, .. and Asn,,, which are rather close to oxygen atoms of phosphonate
groups, may form hydrogen bonds at interaction with ligand phosphonate
groups. It is also obvious that hydrophobic platform of functionalized ca-
lix[4]arene C-97 may contribute to the binding due to the interaction with
hydrophobic sites in the centre of substrate binding.

Table 1 shows amino acid residues of the active centre of myometrium
myosin S1, which are involved in interactions with calix[4]arene C-97 and
the complex “calix[4]arene C-97 + ATP”. According to literature, residues
Tyr,,., Arg,,,, Leug, and Lys  , enabled in fixation of calix[4]arene C-97
phosphonate groups, are incorporated into the 7-stranded B-sheet structure
of myosin subfragment-1, which is joined with polypeptide sites switch 1
and switch 2. These polypeptides participate directly in the ATPase active

Table 1. Amino acid residues of the substrate binding domain of myosin subfrag-
ment-1, which take part in binding of calix[4]arene C-97 in the case of its docking
as a separate ligand and when docking is performed for a couple of ligands “C-97 +
ATP” in the presence of Mg** as cofactor

C-97 + Mg?* | C-97 + ATP + Mg
Tyt Asny,
Arg,,, Pro,
Argug TyrlZG
Asn238 Arg127
Asp,,, Tyr,,,
Asny,, Glu,g,
Ile,), Asn
Leug, Asn,
Lys677 Asn321

Gln Ile

678 322
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centre formation [14]. Therefore, it is obvious that interaction of calix[4]-
arene C-97 with myosin subfragment-1 in the site located near the ATPase
centre of myosin will influence this centre conformation and, accordingly,
the process of ATP hydrolysis catalyzed by myosin subfragment-1.

Therefore, the results obtained by the method of molecular docking
indicate that: 1) calix[4]-arene C-97 may bind with myosin subfragment-1
to the site close to the active centre, which leads to conformational changes
in the last; 2) this calix[4]-arene may form a complex with ATP prior
to the interaction with the protein, which complicate access of nucleo-
side triphosphate to the ATP binding site. It may well be that both these
variants of calix[4]arene C-97 interaction with subfragment-1 may cause
their inhibiting effect on ATPase activity of myometrium myosin sub-
fragment-1. Nevertheless, it should be noted that the last variant cannot
explain considerable differences (almost three orders of magnitude) be-
tween affinity towards calix[4]arene C-97 for Na*,K*-ATPase and myosin
subfragment-1 ATPase (values of inhibition coefficient / ; is equal 100 nM
[29] and 80-90 uM, respectively).

Note that the docking method fails to take into account motility of
myosin S1 and ligands, which may occur in real conditions. Therefore, to
verify results obtained by the docking method, we investigated interaction
of calix[4]arene C-97 with the ligand binding centre of myosin subfrag-
ment-1 by the method of molecular dynamics taking into consideration the
motility of both the receptor (myosin subfragment-1) and the ligand.

The dynamic analysis of the calix[4]arene C-97 molecule position in
the ligand binding site of myosin subfragment-1 allowed to determine time
dependent deflections of the active site atoms from their initial state; this
deflections were characterized by changes of distances (in nm) between
calix[4]arene centre of mass and the nearest amino acid residue (Asn,,)).
Accordingly, there was plotted (at intervals of 4 ns) time dependence of
C-97 position in the ligand binding site of myosin subfragment-1. Analysis
of the deflections showed that initial calix[4]arene location was changing
noticeably starting approximately from 1 ns: calix[4]arene conformational
mobility increased and afterwards again decreased, which correlated with
the change of distance between calix[4]arene and Asn,, centers of mass.
Therefore, the interaction of calix[4]arene C-97 with myosin head is ac-
companied by time variation of calix[4]arene location. In the process of
molecular dynamics, the total energy of the system “calix[4]arene C-97 —
myosin subfragment-1” becomes somewhat lower; therefore, calix[4]arene
C-97 apparently takes up a more energy advantageous position in the li-
gand binding site of myosin subfragment-1. It was shown that calix|4]arene
C-97 molecule shifts relative to amino acid residue Asn,,, by about 1.81 A
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Fig. 9. Dynamics of hydrogen bonds generated between calix[4]arene C-97 and ami-

no acid residues of the ligand binding centre of the myosin subfragment-1

and that arrangement of calix[4]arene C-97 in the final binding location
is stable energetically.

The analysis of hydrogen bonds during 4 ns interval between calix[4]-
arene C-97 and amino acid residues of the subfragment-1 ligand binding
site (Fig. 9) shows that the number of hydrogen bonds enabled in the inter-
action between calix[4]arene C-97 and myosin head remains on the average
unchanged. Consequently, calix[4]arene location changes in the course of
molecular dynamics should be most probably caused by optimization of
hydrophobic and electrostatic interactions.

The method of 4 ns molecular dynamics was also used to identify
amino acid residues taking part in calix[4]arene binding to the ligand
binding centre of myometrium myosin subfragment-1 (Fig. 10). They in-
clude Tyr,,, Arg,,,, Leug, and Lys.. These residues take part in fixation of
calix[4]arene phosphonate groups that are located, according to literature
[14], next to the ATPase active centre. Overall, these results correlate well
with the data obtained by the docking method (see above).

The computer simulation results broadened out our notions about the
structural basis of intermolecular interactions between calix[4]arene C-97
and myometrium myosin subfragment-1. In particular, there was elucidated
the role of hydrophobic, electrostatic and n-n-stacking interactions between
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Fig. 10. Binding of calix[4]arene C-97 in the ligand binding centre of myosin sub-
fragment-1 determined by 4 ns molecular dynamics. The Figure shows amino acid
residues taking part in calix[4]arene binding to LBC of myosin subfragment-1. Dotted
lines show H-bonds between amino acid residues of subfragment-1 and the inhibi-
tor. Interactions of C-97 with myosin head include also n-n stacking interactions and
electrostatic bonds

calix[4]arene and amino acid residues of myosin subfragment-1, some of
which are close to ATPase active centre.

Thus, calix[4]arene C-97 inhibits effectively ATPase activity of myosin
subfragment-1 (/,; = 83 = 7 uM). This substance causes statistically sig-
nificant (vs. control) increase of the myosin head hydrodynamic diameter,
which is indicative of a complex formation between calixarene and myosin
head. The use of the computer simulation method resulted in identification
of amino acid residues, hydrophobic and electrostatic forces that take part
in interactions between calix[4]arene and myometrium myosin subfrag-
ment-1. The results obtained suggest that myosin head is one of targets for
calixarene effect on contractile complex of smooth muscle.

I1I. Calix[4]arene methylene bisphosphonic acids
as inhibitors of fibrin polymerization

The present study aimed to investigate the anticoagulant properties of
phosphorus contained calix[n]arenes [24, 53] in the last two steps of blood
coagulation: thrombin+fibrinogen reaction and fibrin monomer polymeri-
zation, which lead to formation of fibrin network of thrombus. Fibrinogen
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is a glycoprotein (MW =~ 344 kDa) composed of two monomeric units con-
nected by disulfide bonds. Each monomer consists of three non-identical
polypeptide chains Aa, BB and vy, also connected by disulfide bridges [54].
The NH,-terminal ends of all six polypeptide chains are situated in the
central region of fibrinogen known as the E-region. Two peripheral regions
of the molecule historically are called the D-region.

When blood coagulation system is activated, thrombin is formed from
prothrombin and attacks fibrinogen, splitting off two fibrinopeptides A
(Aal—16), and thereby exposing fibrin polymerization sites ‘A’ (Aal7—19)
[55]. Removal of fibrinopeptides A leads to a form of fibrinogen deemed
‘desA’, which polymerizes spontaneously to form two-molecule thick
protofibrils. Removal of fibrinopeptides B (‘desAB’) encourages lateral as-
sociations that lead to fibrils [56, 57]. The fibrils continue to associate,
branching and forming a 3D network: the framework of the blood throm-
bus [58]. It is widely accepted that the initial step of fibrin polymerization
(protofibril formation) is carried out by the intermolecular pairing of ‘A’
and ‘a’ polymerization sites of fibrin monomers. Site ‘a’ is a cavity (‘hole’)
that includes amino acid res-idues yGln,,,, yAsp,,,, YHis,,, and yAsp,,, and
is located in the yC-domain of the fibrinogen/fibrin molecule [59].

In particular, we have focused on compounds in which the molecu-
lar scaffold is decorated with methylene-bis-phosphonic acid groups. One
of these, calix|[4]arenetetrakis-methylene-bis-phosphonic acid (C-192), has
four such substituent groups (Fig. 2).

The experimental data presented in the following part of the arti-
cle were carried out by the research workers of the Department of Pro-
tein Structure and Function (Palladin Institute of Biochemistry, NAS of
Ukraine) and the Department of Phosphorane Chemistry (Institute of
Organic Chemistry, NAS of Ukraine).

Preparation of fibrinogen, fibrin desAB. These studies were performed
by G. K. Gogolinska and T. A. Pozniak (Koshel) (Palladin Institute of
Biochemistry, NAS of Ukraine). Human fibrinogen was prepared by sodi-
um sulphate precipitation from human plasma [60] DesAB fibrin monomer
was prepared as described previously [61].

Turbidity analysis of fibrin polymerization. These experiments were car-
ried out by T. A. Pozniak (Koshel), P. G. Gritsenko and E. V. Lugovs-
koy (Palladin Institute of Biochemistry, NAS of Ukraine). The effects of
compounds on fibrin polymerization were studied spectrophotometrically
at 350 nm as described previously [62]. The curve of increasing turbidity
during fibrin clotting shows the parameters: t, lag time, which corresponds
to the time of protofibril formation; V_ , maximum rate of fibrin polyme-
rization, which was defined by graphic calculation of the angle of the
tangent to the turbidity increase curve at the point of maximum steepness;

315



Biochemistry and Biotechnology for Modern Medicine

and Ah, final turbidity of fibrin clots. The polymerization of desAB fibrin
was studied at its final concentration 0.1 mg-mL-" in the polymerization
medium containing 0.05 M ammonium acetate (pH 7.4) with 0.1 M NaCl
and 1-10-* M CacCl,. The polymerization of fibrin formed in the fibrinogen
+ thrombin reaction was investigated at a final concentration of fibrinogen
of 0.1 mg-mL-" and thrombin of 0.4 NIH unitssmL-" in the same polyme-
rization medium.

Electron microscopy. These experiments were done by T. A. Pozniak
(Koshel), P. G. Gritsenko and V. 1. Chernishov (Palladin Institute of Bio-
chemistry, NAS of Ukraine). The samples of polymerizing fibrin produced
in the thrombin—fibrinogen reaction in the absence or the presence of
calixarene C-192 (10> M) were taken out of the reaction medium at vari-
ous times, placed on a carbon-coated grid for 2 min and then stained with
1% (w/v) uranyl acetate for 1 min. Transmission electron microscopy was
performed with an H-600 electron microscope (Hitachi, Tokyo, Japan)
operated at 75 kV. Electron micrographs were obtained at x50 000 mag-
nification.

The determination of association constants by the RP-HPLC method.
These experiments were done by S. O. Cherenok, O. I. Kalchenko and
V. I Kalchenko (Institute of Organic Chemistry, NAS of Ukraine). The
HPLC consisted of a high-pressure pump (type HPP 4001) (Laboratorni
Pristroje, Prague, Czech Republic) connected to a Rheodyne sample 7120
injector (Rheodyne, Berkeley, CA, USA) and an ultraviolet-visible detec-
tor (type LCD 2563) (Laboratorni Pristroje). The column (150-3.3 mm
inner diameter) was packed with Separon SGX CN (Lachema, Prague,
Czech Republic). The mobile phase was a mixture of methanol—water in
the ratio 50 : 50 (v/v), with the calixareneC-192additive at a concentration
in the range 1.48:10-* to 5-10-* M. The flow rate was 0.6 mL-min"'. The
concentration of the guests/analytes in solution for analysis was 10> M.
The solvent was identical to the mobile phase composition. The amount
of the sample injected was 0.51L. Each of the samples was analyzed five
times. All chromatograms were obtained at 20 °C. Association constants of
the calixarene complexes with amino acids Gly, Pro, Arg and tetrapeptyde
Gly-Pro-Arg-Pro (280—3395 M) were calculated from the dependence of
the 1/k’ value versus the calixarene concentration [CA] in the mobile phase
by Eqn (1) (Table 2):

o Ko/k-1/k)
! [CA]
Where k" and k' are the capacity factors determined in the absence

and presence of the calixarene in the mobile phase and [CA] is the calixa-
rene concentration in the mobile phase.
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Table 2. Concentration values of compounds that cause 50% inhibition of the
maximum rate of the polymerization of fibrin produced in the fibrinogen + thrombin
reaction

Compound IC,, M
C-192 1.26x10-¢
C-98 1.31x10-4
1. para-hydroxyphenyl-methylene-bis-phosphonic acid > 1.0x10-4
2. methylene-bis-phosphonic acid 0.72x10-#

PT and APTT assays. These experiments were carried out by
T. A. Pozniak (Koshel) and P. G. Gritsenko (Palladin Institute of Bio-
chemistry, NAS of Ukraine). The effects of calixarene C-192 on the coa-
gulation of human blood plasma were studied using a coagulometer (CT
2410 ‘Solar’, Minsk, Belarus). Reagents from Renam (Moscow, Russia)
were used to calculate PT and APTT. PT and APTT ratios were calculated
using the formula: t /t , where t_is the time of clot formation in blood
plasma without calixarene C-192 and t_ is the time of clot formation in
blood plasma with calixarene C-192.

Calix[4]arene methylenebisphosphonic acids
as inhibitors of fibrin polymerization

C-192 was studied with respect to its effects on fibrin polymeriza-
tion in two kinds of assay. In the first assay, the formation of fibrin was
followed directly after the addition of thrombin. In the second assay, pre-
viously prepared fibrin was dispersed and then allowed to repolymerize
under appropriate conditions. In both cases, fibrin formation was gauged
by turbidity measurements. Turbidity analysis showed that the compound
decreased the maximum rate of fibrin polymerization in the thrombin—fi-
brinogen reaction by 50% at a molar ratio of compound to starting fibrino-
gen of 1.7 : 1 (Fig. 11). The final turbidity of clots was decreased by 50%
at a molar ratio of 4.3 : 1 (compound : starting fibrinogen) (Fig. 11, C).
The lag-time was also increased strongly in the presence of C-192, indicat-
ing either an decrease of the rate of protofibril formation or, conceivably,
an increase of protofibril critical length (Fig. 11, B). Similar results were
obtained when calixarene C-192 inhibited the re-association of dispersed
desAB fibrin (Fig. 12, A=C); in this case, IC,; = 1.26:10¢ M.

Such a strong and specific inhibition by calixarene C-192 of both
the thrombin—fibrinogen reaction and the re-association of fibrin desAB
indicates that calixarene retards clotting not as a result of the inhibition
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Fig. 11. Turbidity analysis of the influence of C-192 on fibrin polymerization in the
fibrinogen + thrombin reaction. The dependence on calixarene C-192 concentration
is shown for (A) the maximum rate of fibrin polymerization V, , (B) the lag-time ¢
and (C) the final turbidity of fibrin clots Ah

of thrombin, but entirely because of the blocking of fibrin polymerization
sites.

We also performed electron microscopy studies to determine the stage
of fibrin polymerization that was inhibited by C-192. Transmission elec-
tron microscopy of the thrombin + fibrinogen media showed that fibrin
remained in monomer state in the presence of calixarene C-192 at its final
concentration of 10° M, whereas, at the same time, mature fibrils were
formed in the absence of C-192 (Fig. 13).

The results of turbidity analysis and electron microscopy indicate that
the inhibition by C-192 occurs at the first stage of fibrin polymerization,
presumably by blocking one of the sites of protofibril formation.

We also investigated the inhibitory effects of two structural fragments
of C-192: para-hydroxyphenyl-methylene-bis-phosphonic acid (1) and
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The dependence on calixarene C-192 concentration is shown for (A) the maximum
rate of fibrin polymerization V_ , (B) the lag-time t and (C) the final turbidity of
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ax’

methylene-bis-phosphonic acid (2) (Fig. 14). The results showed that these
constituents inhibit fibrin polymerization with considerably less activity:
the IC, value was > 1.0-10* M for 1 and 0.72-10-* M for 2.

It is of interest that the inhibitory activity of C-98, which has the
two methylene-bis-phosphonic acid substituents, is much less (Table 2)
(IC,, = 1.3110* M, indicating that the calixarene scaffold and the number
of phosphoryl groups in the molecule play a crucial role in the inhibitory
effect.

Furthermore, calixarene C-192 doubles both the prothrombin time
(PT) and APTT in normal human blood plasma at concentrations of
7.13.10° M and 1.10-10° M, respectively (Fig. 15). The molar ratios of
C-192 to plasma fibrinogen were approximately 21 : 1 and 3.3 : 1 for the
PT and APTT assays, respectively. The delays in clotting times in the
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Fig. 13. Electron micrographs of fibrinogen + thrombin reaction media in the absence
of C-192 (A, B), as well as in its presence (C, D). Scale bar = 100 nm
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Fig. 14. Two structural fragments of C-192: para-hydroxyphenyl-methylene-bis-
phosphonic acid (1) and methylene-bis-phosphonic acid (2)
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blood plasma coagulation experiments are what would be expected by the
inhibition of the fibrin polymerization from fibrinogen after the activa-
tion of the blood coagulation system. Electron microscopy confirmed that
C-192 inhibits the first stage of fibrin polymerization (i.e. the formation
of protofibrils).

Because this stage is fulfilled through the intermolecular binding of
the complementary sites ‘A’—’a’, it appeared to be certain that this inhi-
bition is a result of the blocking of site ‘A’ (Aal7-19, GlyProArg) by the
calixarene in a ‘knob-hole’ manner. To confirm that this was the case,
we employed HPLC to study complex formation between C-192 and the
synthetic peptide Gly-Pro-Arg-Pro, a synthetic analogue of the A knob;
the free amino acids Gly, Pro and Arg were used as controls. Associa-
tion constants of calixarene C-192 complexes with amino acids Gly, Pro,
Arg and tetrapeptide Gly-Pro-Arg-Pro in methanol—water mobile phase
(50 : 50, v/v) were determined as previously described [17, 18]. The addi-
tion of calixarene C-192 to the mobile phase decreased the capacity fac-
tor, k', of the guest molecules (Table 3). This confirms the formation of
inclusion host—guest complexes. There is linear dependence of 1/k’ versus
the concentration of C-192 in the mobile phase (Fig. 16); the correlation
coefficient is 0.98-0.99, indicating a 1 : 1 ratio of calixarene to Gly-Pro-
Arg-Pro in the complex.

In accordance with the molecular modelling data (Fig. 17, A, B),
there are two modes of C-192—Gly-Pro-Arg-Pro complexation. In the first
mode (A), cooperative electrostatic interactions of two proximal negatively-
charged phosphonyl groups with the Gly a-amino terminal group and the
Arg guanidinium residue play a principal role in complex formation. Most
of the tetrapeptide molecule is exposed outside the calixarene cavity. In
the second mode (B), the hydrophobic part of Gly-Pro-Arg-Pro molecule
is deeply embedded into the calixarene cavity. The complex is stabilized
by P-O-...H,N* electrostatic interactions of the phosphonyl group with the

Table 3. Values 1/k' of the guests and association constants KA (M) for their
complexes with calixarene C-192. RSD, relative standard deviation

Calixarene concentration KoM
Guest 00 | 148 | 25 | 354 | 500 R4D. %)
Lk
Gly 0.302 0.313 0.324 0.331 0.349 280 (10)
Pro 0.294 0.318 0.367 0.396 0.403 814 (26)
Arg 0.311 0.395 0.532 0.592 0.794 2576 (21)

Gly-Pro-Arg-Pro  1.287 1.754 2453 3.015 3.693 3395 (19)
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Fig. 16. Dependence of 1/k' for Gly, Pro, Arg and Gly-Pro-Arg-Pro on theC-192
concentration in the mobile phase

Gly amino acid residue, as well as by CH-z interactions of CH,-group in
the Pro residue with the calixarene aromatic ring. Hydrophobic forces can
additionally stabilize the complex in a water solution.

Thus, we have shown for the first time that C-192 is a powerful and
specific inhibitor of the final step of blood coagulation, fibrin polyme-
rization, and can be used as the basis for the design of new class of an-
ti-thrombotic agents. We found that the mechanism of C-192 inhibition
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C-192

Fig. 17. Two modes of energy minimized structures of calixareneC-192 complexed
with GlyProArgPro. (4) Cooperative electrostatic interactions of two proximal nega-
tively charged phosphonyl groups of C-192 molecule with Glya-amino terminal group
and Arg guanidinium residue. (B) The hydrophobic part of GlyProArgPro molecule is
embedded into the calixarene cavity

involves its effect on the first step of fibrin polymerization, protofibril
formation, which is carried out via intermolecular interactions of comple-
mentary polymerization sites ‘A’ and ‘a’ of fibrin molecules.

We have also shown that C-192 forms complex with synthetic peptide
Gly-Pro-Arg-Pro, which imitates polymerization site ‘A’ (Aal7 Gly-Pro-
Arg), suggesting that the inhibitory effect of C-192 may be a result of the
blocking of site ‘A’ by this calixarene.

The previous scientific experiments with healthy adult mice have
shown that the calixarene C-192 is median toxic compound (LD, is
780 mg/kg, perorally).

These experiments demonstrate that calix[4]-arene C-192 (calixarene
tetrakis-methylene bisphosphonic acid) is a specific inhibitor of fibrin po-
lymerization and blood coagulation can be used for the design of a new
class of antithrombotic agents.

We believe that our data make a contribution to modern knowledge
about biochemical and biophysical properties of calixarenes and the mo-
lecular mechanism of their interactions with proteins. Taking into account
the ability of calixarenes to penetrate into the cell and their low toxicity,
these data may be used as a basis for the further development of a new
generation of the supramolecular effectors for regulation of smooth muscle
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contractile activity at the level of ATP dependent actin-myosin interaction
and can be used for the design of a new class of antithrombotic agents.
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Some recent findings in the biotechnology of biologically important
nucleosides will be discussed, viz., (i) a new strategy of the cascade one-
pot transformation of D-pentoses into nucleosides based on the extension of
knowledge of the mechanism of functioning of the ribokinase (RK), phospho-
pentomutase (PPM), and uridine (UP), thymidine (TP) & purine nucleoside
(PNP) phosphorylases, and the role of different factors (structural, electronic,
stereochemical) in the glycoside bond formation, (ii) the modern chemistries
of the chemo-enzymatic syntheses of nucleosides, (iii) the transglycosylation
reaction using natural and sugar modified nucleosides as donors of carbo-
hydrate residues and heterocyclic bases as acceptors catalyzed by nucleoside
phosphorylases (NP).

fied analogues of great structural diversity and a broad spectrum

of biological activity. Analogues of natural nucleosides as well
as nucleoside antibiotics belong to the most important classes of antiviral
drugs, and they are extensively used in the treatment of a variety of can-
cers. Base and sugar modified nucleosides are very valuable constituents
of artificial oligonucleotides of medicinal potential making these oligom-
ers more stable in biological fluids and improving their targeting proper-
ties. The chemistry of many antiviral and anticancer drugs, as well as
building blocks for oligonucleotide synthesis remains a challenging problem
resulting in a high price of the desired compounds preventing them from
extensive therapeutic application and use in oligonucleotide business (for a
recent reviews, see [1—3].

An analysis of the state of the art of chemo-enzymatic synthesis of
nucleosides led us to conclusion that the chemo-enzymatic methodology
demonstrates a number of advantages over the chemical methods of nu-
cleoside synthesis, viz., high total yield of desired products, simplicity of
work-up of reaction mixtures and isolation of products, conform to the
principles of “green chemistry” to a greater extent vs. the fine organic syn-
thesis [1—3]. Up to the present, the vast majority of the modified nucleo-

N ucleosides embrace a large family of natural and chemically modi-
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sides have been synthesized by chemical methods. Despite the impressive
progress achieved in the development of chemical methods, production
of many antiviral and anticancer drugs, as well as other biologically ac-
tive compounds remains a challenge. This leads to high drug costs and,
therefore, prevents extensive biological trials and studies, as well as wide
therapeutic application. The need for the development of new strategies
became apparent in the late 1970’s.

The chemo-enzymatic (biotechnological) strategies are currently dis-
placing multistage chemical processes, and this allows performing the key
transformations with high selectivity and regio- and stereo-specificity. Con-
siderable progress in the production of biologically important analogs of
natural nucleosides has been achieved through the rational combination
of chemical and biochemical transformations. The use of recombinant
nucleoside phosphorylases (NPs) and N-deoxyribosyl transferases (NDTs)
as biocatalysts for the synthesis of natural nucleosides and their modified
analogs is of considerable importance for the creation of modern techno-
logical processes. Noteworthy that both groups of enzymes complement
one another and allow finding out a straightforward route to the desired
compound. The use of the chemo-enzymatic methods allows undoubtedly
improve the price-quality ratio in the production of many medical drugs.

The possible areas of application of nucleoside phosphorylases for the
synthesis of nucleosides, as well as the limitations of this methodology,
have been investigated in detail; however, several very interesting enzy-
matic synthetic reactions deserve special attention because they are cru-
cial for understanding the mechanism of synthetic reactions catalyzed by
these enzymes and may expand the scope of their practical use. It is well
documented that the N’-atom of purines plays a very important role in
the phosphorolytic cleavage of the glycosyl bond of purine nucleosides
and, it seems, in the reversed synthetic reaction catalyzed by E. coli pu-
rine nucleoside phosphorylase (PNP; product of deoD gene; EC 2.4.2.1)
as well, even though the mechanism of this reaction has not been ade-
quately studied. The finding that 3-deazapurines and 1-deaza-, 3-deaza-
and 1,3-dideazapurines (benzimidazoles, including fluoro-, chloro- and
bromo-substituted) are good substrates for PNP allows to suggest a key
role for two nitrogen atoms of the imidazole ring in the synthetic reaction
(for a discussion, see [1]). Namely, one of them is involved in the binding
of the heterocyclic base in the enzyme’s active site that may lead to an in-
crease of the nucleophilicity of the second nitrogen atom. This facilitates,
in turn, an attack by this atom on the electrophilic C1 carbon atom of
a-D-pentofuranose-1-phosphate and eventually results in the formation of
a glycosidic bond (Scheme 1) [2].

The mechanism of the synthetic reaction catalyzed by nucleoside
phosphorylases in general and PNP in particular remains unclear. The
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participation of two nitrogen atoms of benzimidazole in this reaction seems
to be obvious albeit there are two modes A and B of initial binding of the
substrate. The Check authors studied substrate properties of a number
of purine heterocyclic bases and their aza- and deaza-analogues using
partially purified E. coli PNP and gel-entrapped cells of an auxotrophic
thymine-dependent strain of E. coli as a biocatalyst for the transfer of the
2'-deoxy-D-ribofuranosyl moiety of 2’-deoxyuridine to bases. The reac-
tions proceeded regio- and stereo-specifically affording purine nucleosides
as well as 8-aza-2’-deoxyadenosine and 8-aza-2'-deoxyguanosine but no
substrate activity of 7-deazapurines was observed. It was thus concluded
that the presence of the nitrogen-7 of purines and their isosteric analogues
is a prerequisite for the reaction [4]. However, there are several exceptions,
viz., 5-aza-7-deazaguanine (1), 5-aza-7-deazaisoguanine (2) and N-(1,3,4-
thiadiazol-2-yl)-cyanamide (3) are substrates for bacterial and mammalian
purine nucleoside phosphorylases (PNP’s) (Scheme 2) [2].

These data imply that the mechanism of binding and activation of sub-
strate in the catalytic center of E. coli PNP is not uniform and prompted

0 MNH2 li'
QJKJ'N\ Qx é ' N\‘E‘*\N
N Sh NH, N K‘N’go N
1 2 3
Scheme 2

us to gain insight into the functioning of the enzyme and to search for new
substrates and inhibitors.

Results and Discussion

The main line of the present study based on the suggested by us new
strategy of nucleoside synthesis consisting in the cascade transformation of
pentoses into nucleosides through intermediate consecutive formation of a
pentofuranose-5-phosphate and a-D-pentofuranose-1-phosphate (PF-alP)
catalyzed by recombinant E. coli ribokinase (RK), phosphopentomutase
(PPM) and nucleoside (uridine, thymidine and purine nucleoside) phos-
phorylases (Scheme 3) [5]. Before an idea of the cascade transformation —
D(L)-pentose + base — nucleoside — was proved, the chemical synthesis
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of PF-alP was considered as an important supplementary approach to the
preparation of sugar and base modified nucleosides for biological and me-
dicinal application. The chemo-enzymatic nucleoside synthesis consisting
of the chemical preparation of PF-alP followed by an enzymatic con-
densation with heterocyclic bases seemed to be more versatile and rather
attractive.

Preparation of recombinant E. coli ribokinase (RK), phosphopentomutase
(PPM) and nucleoside phosphorylases (NP’s) on the practical level is of ut-
most importance for the project and this task was realized and all these
enzymes were obtained as they spend at work [2, 3, 5—7]. Taking into ac-
count the aims of the present study, the preparations of the aforementioned
enzymes have been obtained in different forms [lyophilized powders of
high enzymatic (>90% after 3-5 years storage at +4 °C) stability], solution
of a protein in diverse buffers| and different levels of purity (carefully puri-
fied for biochemical studies; sufficient purity for biotechnological studies).

A possibility of cascade one-pot enzymatic transformation of D-ribose or
2-deoxy-D-ribose into nucleosides employing pure recombinant E. coli ri-
bokinase (RK) [D-pentose — pentose-5-phosphate (D-PF-5P)], PPM [D-
PF-5P — a-D-pentofuranose-1-phosphate (D-PF-alP)], and nucleoside
phosphorylases (NP’s) (D-PF-alP + heterobase — nucleoside) coupled
with the appropriate pyrimidine or purine heterobases was demonstrated
(Scheme 4) [7]. Preliminary results of a caskade transformation of D-pen-
toses into nucleosides pointed to a reliability to develop practical methods
for the preparation of antileukemic drugs (Cladribine, Fludarabine, Clo-
farabine, Nelarabine) and a number of biologically important nucleosides.

We noted rather essential differences between the optimal reaction
conditions for RK [5], PPM [7] and recombinant E. coli nucleoside phos-
phorylases [6]. Bearing this in mind, we have optimized the one-pot reac-
tion conditions aimed at finding out a compromised composition of the
substrates allowing satisfactory function of the enzymes under investigation.
It was found that D-ribose, 2-deoxy-D-ribose, D-arabinose and 2-deoxy-
2-fluoro-D-arabinose are transformed into the respective nucleosides in
good yields; D-xylose as well as some 2(3)-deoxyfluoro-D-pentofuranoses
and L-pentofuranoses are not involved in the cascade transformation into
nucleosides. This study is continued.

Our studies unambiguously showed for the first time that 1,6-diphosphates
of D-hexoses are not necessary for the transformation of 5-phosphates of D-ri-
bose, 2-deoxy-D-ribose, D-arabinose and 2-deoxy-2-fluoro-D-arabinose into
the corresponding I-phosphates. This is one of the most important findings
because it essentially simplifies the application of PPM as a biocatalyst
within the one-pot cascade transformation of D-pentoses into nucleosides
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as well as for the transformation of chemically prepared 5-phosphates into
intermediary 1-phosphates and then into nucleosides (Scheme 4) [7].

The strategy of cascade one-pot synthesis of nucleosides suggested by
us [5, 7] is of interest for development of practical methods for the prep-
aration of biologically important nucleosides. It should be emphasized
that this strategy allows preparing B-D-ribo-, 2-deoxy-B-D-ribo-,
B-D-arabino- and 2-deoxy-2-fluoro-p-D-arabino-nucleosides of natu-
ral purine and pyrimidine (except for 2-deoxy-2-fluoro-p-D-arabino-
nucleosides) bases, as well as base modified nucleosides. Indeed, R&D
of this strategy led us to the simple and efficient preparation of anti-
leukemic drugs 2-chloro-2'-deoxyadenosine (Cladribine) from 2-deoxy-D-
ribose and 2-chloroadenine, 9-(p-D-arabinofuranosyl)-2-fluoroadenine
(Fludarabine) (D-arabinose + 2-fluoroadenine), 9-(2-deoxy-2-fluoro-p-
D-arabinofuranosyl)-2-chloroadenine (Clofarabine) (2-deoxy-2-fluoro-
D-arabinose + 2-chloroadenine) and 2-amino-9-(B-D-arabinofuranosyl)-
6-methoxypurine (Nelarabine) (D-arabinose + 2-amino-6-methoxypurine).
Moreover, preliminary results of the synthesis of a number of biologically
important nucleosides [e.g., 2’-deoxyribosides of 8-azapurines and 8-aza-
7-deazapurines (vide infra)] have validated this strategy [8].

Transfer of a pentofuranosyl moiety of commercially available nucleosides
or prepared by chemical methods to purine or pyrimidine bases catalyzed
by nucleoside phosphorylases (NPs) or N-deoxyribosyltransferases (DRT5s)
(“transglycosylation reaction”) was demonstrated to be a very efficient
methodology for the synthesis of a plenty of analogues of natural nucleo-
sides of biological and medicinal importance (for recent reviews, see, e.g.,
[1=3]). The bacterial nucleoside phosphorylases [purine (PNP), thymidine
(TP) and uridine (UP)] reversibly catalyze (i) the phosphorolysis of nucleo-
sides with an intermediary formation of o-D-pentofuranose-1-phosphate
(PF-alP), and (ii) the synthesis of new nucleosides in the presence of ex-
ternal heterocyclic bases. As distinct from nucleoside phosphorylases, DRTs
catalyze the direct transfer of the 2’-deoxyribofuranosyl moiety of donors
without intermediary formation of 2-deoxyribofuranose-1-phosphate. From
the viewpoint of practical synthesis of sugar and base modified nucleosides,
NP and DRT complement each other, but the latter have a strict specificity
towards substrates thereby limiting their application.

Base halogenated nucleosides of benzimidazole attract attention of re-
searchers since the pioneering studies by I. Tamm and his co-workers were
initiated in the early 1950’s of the last century (for a review, see [9]). Howe-
ver, the most important findings from the viewpoint of the biochemical
mechanism of antiviral activity of this class modified nucleosides [10] as
well as their possible practical application [11] have been published during
last two decades (reviewed in [12, 13]).
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It was earlier shown that benzimidazole (BI) and its derivatives with
substituents in the benzene ring are good substrates of E. coli PNP in the
transglycosylation reaction [1, 14—7]. In the present project, we studied
5,6-difluorobenzimidazole and its derivatives, one fluorine atom of which
is replaced with methoxy, ethoxy, isopropoxy, 4-morpholino and N-methyl-
piperazino groups, as acceptors of the D-ribofuranose and 2-deoxy-D-
ribofuranose residues in the transglycosylation reaction employing uridne
(Urd) and thymidine (Thd) [2’-deoxyuridine (dUrd)], respectively, as the
pentofuranose donors and recombinant E. coli UP, TP and PNP nucleo-
side phosphorylases as biocatalysts [18].

The reaction transglycosylation was employed for the synthesis of the
B-D-ribo- and 2-deoxy-B-D-ribonucleosides 4-15. The reaction conditions
have been optimized depending on the kind of a ribofuranose donor, the
donor/base ratio, and quantity of the recombinant E. coli enzymes and
temperature of the reaction. The use of readily available natural purine
ribonucleosides as donors of the ribofuranose residue in the transglycosyla-
tion reaction of BI allows employing PNP as the sole biocatalyst. On the
contrary, the use of uridine as a donor of the ribofuranose residue requires
two nucleoside phosphorylases for transglycosylation reactions, viz., the
recombinant E. coli uridine phosphorylase (UP) for the intermediary for-
mation of a-D-ribofuranose-1-phosphate (D-Rib-alP) that is accepted by
E. coli PNP for the synthesis of the BI ribosides. The efficiency of both
types of donors was tested in the transglycosylation of 5,6-difluoroben-
zimidazole and it was found that the use of uridine and two nucleoside
phosphorylases is preferable in terms of yield of the desired nucleosides.

It was found that the 3 : 1 to 10 : 1 molar donor/base ratio and the
use of 40 units of uridine phosphorylase (UP) per 1 mmol of uridine (60-
160 UP units for 2’-deoxyuridine]) and 155-400 units of PNP are necessary
to obtain the ribosides 4-15 in good yields calculated for isolated products
(Table 1). Reactions were conducted at 52 °C in the K,Na-phosphate buffer
(5-20 mM; pH 7.0) monitoring the formation of the products by HPLC,
the conversion of base into nucleoside(s) was >98.5%. It is noteworthy
that the synthesis of 2’-deoxyribosides was completed in 1-3 h, whereas
the frans-ribosylation proceeded much more slowly and 22-28 h required
achieving high yields of the reaction products. Similar trend was earlier
observed in the case of the ribo and 2'-deoxyribo nucleoside syntheses using
the whole E. coli cells as biocatalyst (Scheme 5) [18].

Regio-isomeric structure of all isolated nucleosides was proved by
scrupulous analysis of the '"H and *C NMR spectral data (incl. ['"H,'H]
& ['H,BC] 2D: COSY, HSQC, HMBC and NOE spectra).The predomi-
nant (OMe and OEt) or exclusive (OiPr, 4-morpholino and N-methylpip-
erazino) formation of the 5-substituted 6-fluoro-1-(B-D-ribofuranosyl)-
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Table 1. The synthesis of benzimidazole nucleosides

Yield for Ratio of isomers
Compd Pfr * R isolated
product (%) a b
4 Rib 77 -
-F
5 dRib 68 -

6 Rib 54 95 5
. -OMe

7 dRib 51 41 59

8 Rib 98 89 11
-OEt

9 dRib 85 70 30

10 Rib 75 100 —
1, -OiPr

11 dRib 65 96 4

12 Rib 0 75 100 —
/“‘-\/

13 dRib N 80 100 —

14 Rib -Me 79 100 -

/‘VN
15 drRib N 68 100 -

* Pfr = B-D-Pentofuranosyl (Rib — B-D-ribofuranosyl; dRib — 2'-deoxy-p-D-
ribofuranosyl).

UrdiuP - OH o tIF.‘E ENB?JE {{N R {xN F
o P o NoH| T * . "

=Ura or Thy =) -Fi N F .
durd or Thd(TP | HO X (OHH) Pir PIr
a-D-PL-1P . b
Scheme 5

benzimidazoles was observed. The formation of the regio-isomeric
5-fluoro-1-(2-deoxy-p-D-ribofuranosyl)-6-methoxy(ethoxy, i-propoxy)ben-
zimidazoles was observed in the trans-2-deoxyribosylation reaction of the
corresponding bases. The predominant or exclusive formation of the regio-
isomeric NV'-nucleosides with bulky 5-substituents of 6-fluorobenzimidazole
points to a large hydrophobic pocket in the E. coli PNP active site that can
accommodate these groups.

During recent years, the use of D-pentofuranose-1-phosphates (PF-1Ps)
as substrates of an enzymatic synthesis of nucleosides attracts much attention
[1=3]. It should be stressed that the enzymatic and chemical syntheses of
D-ribofuranose-1-phosphate and its 2-deoxy counterpart have rather reach
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prehistory. However, only recently a few interesting reports from the point
of view of the possible practical application have been published. There
are two lines of investigation in this area, viz., (i) biochemical (microbial,
enzymatic) retro-synthesis of 2’-deoxyribonucleosides employing the triose
phosphate isomerase (TRI) and 2-deoxy-D-ribose-5-phosphate aldolase
(DERA) enzymes and (i/) chemical synthesis of D-pentofuranose-1-phos-
phates (PF-1Ps) followed by the enzymatic condensation with heterocyclic
bases.

Within this line of investigation, the laborious preparation of the
a-D-pentofuranose-1-phosphates (PF-alPs) is a serious bottleneck of
this approach. However, despite rather complex synthesis of PF-alPs this
chemo-enzymatic methodology for the synthesis of biologically valuable
nucleosides represents an advisable alternative to an enzymatic transfer of
sugar fragment of nucleoside to heterocyclic base (“transglycosylation reac-
tion”) as well as to the microbial (enzymatic) retro-synthesis [1—3].

Scrutiny of the chemical methods for the preparation of pento(hexo)
furanose-1-phosphates as well as different methods of activation of the ano-
meric carbon atom shows that most of them are laborious and low-yielding.
As might be expected, the formation of anomeric mixtures was usually
observed, and only tedious crystallization-induced asymmetric transforma-
tion leads to the predominant formation of the desired dRF-alP (reviewed
in [1-3]). From the standpoint of simplicity, the method suggested by
MacDonald [19] for the synthesis of pyranose-1-phosphates seems to be
the most efficient one and prompted us to apply it for the synthesis of a-D-
arabinofuranose-1-phosphate (19; Ara’-alP) [20]. We focused our studies
on the development of practical chemical synthesis of PF-1Ps and selected
D-arabinose as a starting pentose bearing in mind that a plenty of purine
and pyrimidine p-D-arabinofuranosides manifest antiviral and anticancer
activities.

It is remarkable that Ara‘-alP synthesized by Wright & Khorana
was found to be inactive as a substrate for the pyrimidine deoxyriboside
phosphorylase of E. coli (thymidine phosphorylase, TP) and for the purine
nucleoside phosphorylase (PNP) of fish muscle [21]. These data taken to-
gether prompted us to synthesize Ara”-olP and to investigate its substrate
properties for recombinant PNP of E. coli.

Treatment of the peracetyl derivative of D-arabinose 16 with anhy-
drous phosphoric acid under MacDonald’ conditions followed by work-
up gave rise to the formation of the amorphous powder or viscous oil
consisting of a-D-arabinofuranose-1-phosphate (19; Ara-alP) and B-D-
arabinopyranose-1-phosphate (20; Ara’-pP) (ca. 50%, combined; the
19 : 20 ratio was from 1.5 : 8§ to 1 : 2, according to 'H NMR). The struc-
ture of both phosphates was proved by (i) the scrupulous analysis of the 'H
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and BC NMR spectra as well as ['H,'H] and ['H,"3C] 2D spectra of the
mixtures of different anomer ratio, (i/) comparison with the 'H and 3C
NMR data for the related 1-phosphates, and (iii) the comparative analysis
of the ab initio calculations of 1-phosphates of selected a-D-pentofuranoses
and two conformers, ,C*and 'C,, of p-D-arabinopyranose (Table 2).

In consent with experimental results, the ab initio calcula-
tions point to a higher stability of both possible conformers of p-D-
arabinopyranose-1-phosphate, viz., ,C* and 'C,, vs a-D-arabinofuanose-
lI-phosphate [AE = E(AP-B1P; ,C") — E(AP-p1P; *C,) = -11.7 kcal/mol;
[AE = E(AP-B1P; ,C") — E(AF-alP; O4-exo) = -26.9 kcal/mol] (Table 2).
It was previously shown that the ratio of a- and p-anomers strongly de-
pends on the reaction conditions implying the o/B-anomerization to the
thermodynamically more stable anomer and the possibility of furanose/
pyranose isomerization during the treatment of peracyl sugars with anhy-
drous phosphoric acid cannot be excluded. In toto, it appears to be rather
likely the formation of B-D-arabinopyranose-1-phosphate along with the
desired a-D-arabinofuranose-I-phosphate using peracetyl D-arabinofura-
nose as the starting compound. In this context, it is noteworthy that the
MacDonald method was successfully employed up to the present study for
the synthesis pyranose-1-phosphates [19]. To escape or diminish the forma-
tion of the pyranose-1-phosphates, we focused our further studies on the
preparation of new starting sugars, primary hydroxyl group of which would

Table 2. The ab initio geometry optimization of o(B)-D-pentofuranose(pyranose)-
1-phosphates (as mono sodium salts) (HyperChem, 8.1; in vacuo, basis set; medium
6-31G*)

Positive Conformation
Compound partial charge | Total (binding) of the
(1-Phosphate) at the Cl1 energy kcal/mol pentofurano-
carbon atom se(pyranose) ring
Ribo (RF-alP) 0.425 -808 850.3 Cl-exo
2-Deoxyribo (ARF-alP) 0.454 -762 140.7 C3-endo
Arabino (AF-al1P)? 0.464 -808 841.6 O4-exo
B-D-Arabinopyranose 0.410 -808 868.5 ,C" (more stable)
(AP-BLP) 0.451 -808 856.8 4C, (less stable)

2 g-D-arabinofuranose-1-phosphate is thermodynamically less stable vs both conformers of
p-D-arabinopyranose-1-phosphates, viz., ,C' and *C,; note that among the two pyranose
conformers the former is more stable than the latter. Colored data are for isomeric
compounds with analogous elemental composition.
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be protected with an acid resistant function. However, methyl 2,3,5-tri- O-
benzoyl-a-D-arabinofuranoside (17) was stable under MacDonald’s reac-
tion conditions and was recovered unchanged from the reaction mixture;
on the contrary, 1-O-acetyl-2,3,5-tri- O-benzoyl-D-arabinofuranose (18)
showed good reactivity, but gave a mixture of the I-phosphates 19 and 20
similar to that obtained from the peracetyl derivative of D-arabinose.

The mixture of isomeric phosphates Ara’-alP and Ara’-pl1P of dif-
ferent ratios was tested in the reaction with 2-fluoroadenine and 2-amino-
6-methoxypurine catalyzed by the recombinant E. coli purine nucleoside
phosphorylase (PNP). It was found that the pyranose phosphate Ara”-g1P
did not interfere with the reaction of the furanose phosphate Ara”-alP with
purine bases. Moreover, the rate of formation of 9-(B-D-arabinofuranosyl)-
2-fluoroadenine (Fludarabine) under optimum conditions [water solution
(pH = 7.0); 55 °C, 1-3 h] was found to be similar to that of the PNP
catalyzed condensation of a-D-ribofuranose-1-phosphate with 2-fluoroade-
nine. The reaction of furanose phosphate Ara’-alP with 2-fluoroadenine
is shifted towards the formation of Fludarabine and ca. 5% of the initial
base remained after 3 h in the reaction mixture, keeping of which at 14 °C
for 24 h resulted in crystallization of Fludarabine in 77% yield (Scheme 6)
[20].

As distinct from 2-fluoroadenine, the enzymat