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HAYKOBI 3AIINCKMH YkpaiHcbKoro 6ioxeMidyHoro inctutyty, Tom I, 1926 p.

MEPETHE CTOBO

B usowy nepmomy ToMi HavkoBHX 33aNHCOK" BHAPYKOLMING
HAYEOBL Tocaian, nepeke 1eal B Y Epatacerin bloxewigris erk-
Tyrl nporarom 1925-26 axagemianore poxy. Otme, poanondrice
COOR LA4LUICTE 3 ontHd 1925 poxy | odigifiuo eiakpered
S-ro anctonana 1925 poxy, Yepaiucexdd oxemivauf [HeTHTYT
R Neowy 3bipaaky # poduare mlacvmos cROTE waywneid podoTi
A8 nepwefi pik (CHYDOUHA.

Vpdiuceksld  Bioxesmiqudd IHCTHTYT 00CTAN 2 KOJMLEILBOT
LAVEDED- IoCFiauel xateapd GioxeMi’ (0 &ve 11 KepORHEHEOM)
npn Xaprieckeiv Moamunis lucTuTyT; BOBL CBOERY TIRIBHICTH
i crRopuAd BCl norpifni aaM opramisauil TQ iCHYUAHHE CaMD-
CTUHOUG  HAYKOBO=-A0Cai 4000 [HCTHTYTY  yuouBd.  Sposydiie
pid, Lo od¥KoRa podoTa Bickedivnora [HCTETYTY b 10l Hpo-
RANNTR 7anl pnboTy HAYKOBO-I0CALTROT KATEADH GioxeM!l, cawo
cofam, AUl Haveosl Npodaesdl [OpHMIPo, OUTasHA Gloxemil
ABITAMINDA), HAL AKWMH APALDDLIE KATEIpd Dioxemil, Ovaw
i GyayThk cepen Tax npofacy, mo VX PO3BAATH CTARHTRE cofbi
za ulas ¥Yepalacexwfd Bloxemivewd IrctaTyr.

Bioxemin muuscuuR, o WHPOKOMY POIYMIHB], NHTARER OpO
LIHD 2RAGKDHAIHY 38J03 Hi EIHI-:IiLI}' PE SO, fioxesdin rogaoe-
HOPD MO3EY — OCE T NCHORHA] ﬂpﬂﬁ-‘EEMH. Mo HHEHYAOTO AKATE-
MITHOTD POEY OVAH NpeaMerod HayROBHX JOCNIZE cniepofiT-
pukin [HeTnTy Ty, JLocainh  yeix TpeOX QHKAIR NHTAHE, 3K REAN
Ha ociae 1926 pory, | CRASAH MATEPIHA LA ULOUe 3Gipudka,
HEL'ILLEE TpH I'IIIIHT.I.i MPHCAFY9EAD BHRBYAHBKE TOrG, $SIK  GNIHERE
EAPAKTED XAPYiR HA MPONECH CHHTEIH T4 OKHCHEAHR, HA RYCae-
ROMAHORY BHMIEY miguac ceOpOyTY TH Ha JNiAAEA HCYAIHY.
Opvra opans, oopiy TOrQ, BHCHITAKHE, 4K TAE CAMO BILAMBAR
Ul BVCARBOTANODY DHMIHY [DepYYH 40 YBArH UYKOP KPOBH)
Gpar ¥ xapuya¥ piTaMinie O, ax | dpak miradieie &, B, L, daxi
BMIIEAN woTHpH npami 3 Ginxemil ariTamiBos. ,'!_F:I ML
5 OMNN MPMCEANCHD NHTAEHED PO 2lMHE BLACYTHIY ¥ Xapnax
AiTamixis wd CHUTESH TINYPOEQT Ta TAMKYPORORR HHCIOT.
Hasuwy (MOCTY) Apam NEpERefcHD, oG BRYBHTH, B HKiA
mipli pHawaueri 8 nonepeaAlx opauax Bioxemivnoro IncTHIVTY
TH HAVKORO-HOCALANOT wareéapn GioXemil NOPYIIEHHA RHMIHH
POUTORHE 2 APITAMINOIH 3BAEMATE 04 posnanls pyAkwii dopaa-
koBol 33403, B choMift npanl RARMANOCE BEAHHE 4BITAMINCIN
(NOMiN2DPHTY] HE KPCATHEOBY BUMINY B modxy, JLaabwy npanmn
npHCcEAYeHa Oioxewii smoaxy., Micrare Bond B coGi Hacalakw
AOUALAUHEE, WO BACRITANHTE piaMs QYHIT HePROBHX 1CHT-
(e ua Ixui xedioni oporech. JLaa amiuena ael npaol, npaCER-
geni ToOMY, MOd BHABHTH, AKY CAMC pOIH Binorpae GOpPIaKoR:
ANNORA B N[ANCCRE MOTHIHHEHEH Td B KPEATHACRIA ARMIAL
[po xpeaTHaosY oHMiny nogano B G PHHEY 1 OCTAHAW N]aLH.

Aupertop HeTETYTY
fipog. A. [lazaadin



Ho 90-piuus The Ukrainian Biochemical Journal

INEPEJTHE CJI0OBO I'OJIOBHOI'O PEJAKTOPA

Sxmo By, aHOBHUE YuTavyy, TPUMAETE B pyKax Hall )KypHas He Brepiue (i CoAiBaloch, He BOCTAHHE),
TO Hapasi Ma€eTe 3MOT'y JOJTYYHTHCS JI0 BiJI3HAYCHHsI HOTO cllaBHOTO 90-piuHOTO FOBIJICIO 1 PO3JILIMTU 3 HAMU
BEJIMKY PajicTh 13 1i€i HArOqu.

Jlnst MeHe BenMKa 4ecTh CKJIACTH TMEpPEIHE CIOBO A0 IOBUICHHOr0 HOMEpa YacoIucy, 1o HOro BBaXka-
I0Th PIAHUM HE TiIbKM Ol0XiMiKH, a i BUeHi, OJIM3bKi JO HAC 32 CBOIMHM HayKOBUMH iHTepecaMu. Temep BiH
mae Ha3By «The Ukrainian Biochemical Journal» (ckopoueno UBJ), i e He mpocTo AaHWHA CHOTONEHHS
HaWUNOMMpPEHIIiN y CBITI MOBI HAyKOBLIB, aje i CBIAUYEHHS TOTO, IO YKpaiHChbKa (yHIaMEHTaIbHA HAyKa €
OPTaHiYHOIO CKJIAJO0BOIO CBITOBOI, SIKOIO BOHA, BIIACHE, OyJia 3aBK/IH.

Mu nparsemo 3pooutu «The Ukrainian Biochemical Journal» HacnpaBai nmomynspHUM MiKHAPOTHHM
KypHaJoM, ajie OyeMo BiABEPTi: O CyTi, BiH 1 AOTeNep 3aIHIIAEThCS «YKPaTHCHKUM O10XIMIYHHM .. .», TIO-
IIpH Te, 10 cepell aBTOpiB € i iHo3eMHi BueHi. Y Tomy, mo UBJ € Ginbn ykpaiHChKUM, HIXK MI’)KHAPOIHUM,
XTOCh BOAadae HENOJIIK, 1HII BBA)XKAIOTh I MEPEeBaror, OJHAK, BiH JIHCHO OyB 1 3aJUIIAETHCI €IUHUM
010XiMIYHHUM 1, BOJHOYAC, OJJHUM i3 KpalluX BITYM3HSHHUX YACOIMUCIB JUIs MyOiKalii HayKOBUX IMpalb i3
PI3HUX rajxysei HayK «po KUTTs». CKIaJHO HaBiTh YSBUTH, IKa KiJIbKICTh YUECHHX OMyOIiKyBalia pe3yib-
TaTH cBOiX pochimkeHs B UBJ (a0o y 3BuuHOMYy st Betepanis Oioximii — YBXK), Ta ckinbku craTeii cramu
OCHOBOIO TXHIX KaHIUJATCHKHX 1 JOKTOPCBKUX aucepTaliil 3a 90 pokis!

Ha roBinesix mepeayciM 3rayroTh BUJAATHUX YUCHUX — aKaJIEMiKiB, UJICHIB-KOPECIIOHCHTIB, BIJIOMHX
CBOIMH 37100yTKaMH y BiJIOBITHUX Taly3sX JOKTOPiB HayK. MU i3 BASYHICTIO 1 INIMOOKOIO MIAHOKO 3ralyeEMO
HAIIUX YYHUTENiB — marpiapxiB BiTumsHsHOi Oioximii: O. B. [Manmagina, M. @. ['ymoro, B. O. Beninepa,
. JI. ®epamana Ta inmmx. Came BOHU PO3BHHYIIH yKpalHCBKY 0i0XiMIYHY HayKYy, 3100yJH 1if 4ecTh 1 c1aBy.
AJie 32 HUIMH — COTHI, 1 COTHI y4eHUX — MOJIOJUX (1 HEe 30BCiM) — aBTOpIB 1 CIIIBAaBTOPIB cTaTel, OnmyOIiKOBaHUX
B YBX 3a meii yac, sKi X04 1 He HaJIEKaTh A0 KOropTu KopudeiB, mpoTe camMe BOHU HECIH T'OJOBHUH Ts-
rap eKCrepuMeHTa bHOl HayKH. | came BoHM OynM HalYUCICHHIIIMMU TBOPISIMH KYpHaJIy Ha BCIX eTamax
Horo cranosneHHs. [Ipaiioroun B HayKOBHX JaOoparopisx, Ha BUPOOHMITBI, Y MEIULUHI, B CLILCBKOMY
rOCHOAapCTBi, TOOTO TaM, A€ MOTPiOHI iXHi 3HAHHS Ta JIOCBiJl, BOHU MPUHOCITH KOPUCTH HAYIll, CYCIIIbCTBY
i kpaini. He MOXHa pUHATITHO HE 3rajiaTH 1 HAlllUX PELEH3EHTIB — BUCOKOKBAi(hiKOBAaHUX 1 JIOCBITYCHUX
EKCIEPTiB y BIAMOBIAHUX TaJIy3sX HaYK, sIKi pOOHIIN 1 pOOJISITH BATOMHM BHECOK Y IiJIBULLICHH ST HAYKOBO-TE0-
PETHUYHOTO 1 METOIOJIOTTYHOTO PiBHS YaCOIHUCY.

OTKe, )KypHaJI MOKE MUIIATUCA CBOIMH JOcATHEHHAMH. “FOBisip” 3 pokaMu BUTIIAAE efalli MOJIO-
M (TOOUBITHCS HAa OOKIaAMHKY!) Ta po3yMHImMM (mounTaiiTe omyOnikoBaHi ctarti!). Toxx mpuiTaemo
OZIMH OJJHOTO 1 TUX, XTO TaK YW 1HAKIIE MPUYETHUH JI0 IOBiJICI0, TA 3aTrajioOM YCiX, XTO IPUCBSITHB CBOE YKUTTS
4y He HalfIikaBimiii Ta HalicyyacHimii Hayui y csiti — BIOXIMII.

Axaodemix HAH i HAMH Yxpainu
C. B. Komicapenxo



ISSN 2409-4943. Ukr. Biochem. J., 2016, Vol. 88, N 5

J0 90-PIY4Ys1 THE UKRAINIAN BIOCHEMICAL JOURNAL

Iemopuunuii exckypce

T'osi0BHI penakTopu sKypHaIy Penaxuiiini koJierii :kypHaay

Peoaruyitina xonezia (1949 p.):

A. B. Ilannanin (eon06. peoaxmop),

. JI. ®epaman (3acm. 20108. pedaxmopa),
B. O. Bemninep,

M. @. I'ynui,

A. 1. Cunakosa

O. B. Manaaxgin
31926 1o 1973 p.

Peoaryiiina xonezis (1973 p.):

M. @. I'ynwii (eon08. pedaxmop),
A. 1. CunaxoBa (3acm. 20108. pedakxmopa),
O. €. llleBuenxko (ion. cexpemap),
S1. B. Beuik,

B. O. beminep,

B. II. Bennr,

B. A. I'purop’eBa,

B. I1. KopoTkopyuko,

M. 1. Kypcbkuid,

P. B. Harosels.

M. ®. I'yamii
3 1973 no 1981 p.

Peoaxyivina xonezis (1981 p.):
B. K. Jlinko (e01086. pedaxmop),
A. B. bednik (3acm. eonos. pedaxmopa),
10. /1. Xononosa (sion. cexkpemap pedxonezii),
B. O. Bemninep,
K. M. Bepemeenko,
JI. JI. I'pomaiuieBceKa,
M. @. I'ynnii,
I1. A. Kaniman,
B. I1. KopoTkopyuxo,
C. M. Kycens,
M. €. Kyuepenxo,
B. K. Jlimko I X. Manyxa,
31981 10 1989 p. I. B. Tpoinpxuk.




Mo 90-piuusi The Ukrainian Biochemical Journal

C. B. Komicapenko
31990 1o 1992 p.

I'. B. lon4eHko
31993 1o 1998 p.

C. B. Komicapenko
3 1998 p. 1 norenep

Peoakyitina xonezis (1990 p.):

C. B. Komicapenko (eoro6nuil pedaxkmop),

10. [I. Xonomnosa (3acm. eonoenoco pedakmopa),
C. O. KocrepiH (3acm. 201061020 pedakxmopa),
H. B. OctpoBcbka (6ion. cexpemap),

B. A. bepesin, A. A. bonnupes,

M. M. Benukuii, O. I1. JlemueHko,

I'. B. lonuenko, M. 1. KamiHcbKuiA,

C. O. Kyninos, M. /1. JIynux,

A. B. Puanuu, M. ®@. Crapony0,

1O. B. Xmenescokui, I1. I1. Yasio.

Peoaxuyiiina xonezis (1998 p.):

I'. B. lonueHko (conosnuti pedaxmop),

C. O. Kocrepin (3acm. eonos. pedaxmopa),
0. M. ®enopoB (3acm. 20106. pedakmopa),
A. I1. Jlem’stueHKoO (8ion. cekpemap),

1O. I. I'y6epkuii, H. M. T'yna,

I1. A. Kaniman, M. /1. Kypcbkuit,

M. €. Kyuepenko, M. K. Manuiuesa,

. O. Menbauuyk, M. ®@. Ctapony0,

10. B. XmeneBcoekuid, FO. J1. Xomomosa.

Peoaryitina xonezis (2016 p.):

C. B. Komicapenko (ecoro6nuil pedakmop),

C. O. KocrepiH (3acm. 201061020 pedaxmopa),
0. C. Mukorma (3acm. 201081020 pedaxmopa),
M. B. I'purop’eBa (sion. cexpemap),

B. €. Nocenxko, lO. 1. I'ydcbkuii,

H. M. I'yna, B. K. Ki0ipes,

B. C. Kpagens, C. C. ManrorTa,

O. I1. Marumesceka, M. M. MycieHKo,

C. I1. Cunopenko, JI. /1. Bapbaners,

M. M. Benukuii, I. M. Tonctanosa.



ISSN 2409-4943. Ukr. Biochem. J., 2016, Vol. 88, N 5

1926 p.

1934 p.

1937 p.

1939 p.
1940 p.

1946 p.

1949 p.

1949 p.

1951 p.
1958 p.
1960 p.

1965 p.

1966 p.
1968 p.

1969 p.

1973 p.
1974 p.

1978 p.

1980 p.

1981 p.

10

3a penakiiero akaaemika O. B. [Tannaaina BUXOIUTh MEPITUNA TPUMIPHUK Ky pHATY
i1 Ha3BoK0 «HaykoBi 3amucku YKpaiHCHKOTO 010XeMITHOTO IHCTUTYTY».

Kypnan 3miHioe Ha3By 3 «HaykoBi 3amucku VYKpaiHCBKOro 010XeMIYHOTO
IHCTUTYTY» Ha «YKpaiHCbKU OloxeMiuHu# XypHaD» (ToMm 7, Ne 1).

3MiHa Ha3BU )KypHay Ha «bloxeMIYHUM KypHaAI.

3MiHa Ha3BH )KypHATY Ha «BloXIMIYHUT KypHAT.

Cexkperapem penakuii npuzHaueno O. 5. PamOy (tom 15, Ne 3).

[epmmii micnABOEHHUI BUITYCK )KypHaIly. 3aCTYITHUKOM PEAAKTOpa MPU3HAYEHO
yieHa-kop. 1. JI. @epamana (tom 18, Ne 1).
3MiHa Ha3BU JXypHAIy Ha «YKpaiHCbKHM 010XIMIYHUI Ky pHAT.

Sk nomaTok A0 KypHally BUXOAHWTH MEPIIUH 1 € TMHUNA aBTOPCHKUN TIOKKIHUK 10
tomiB 1-20 YBX, 1926-1948 pp. (tom 21, Ne 1).

o penakiiitaoi koserii kpim O. B. ITannagina (pemakrop) i . JI. depamana (3acT.
penaktopa), Bxoaats B. O. beninep, M. @. I'ynui, I. 1. Cunakosa.

Jlo penakuiitHoi koserii Bxonuts P. B. Yarosens (Tom 23, No 3).
[TounHato4u 3 ILOTO POKY, KYyPHAI BUXOAUTH PEryIsIpHO — 6 HOMEPIB HA PIK.

CrBopena niepiia pegakiiiiaa paga: O. O. Boiinap, C. 3. I'xunbkuit, [1. M. 3y0eHko,
B. II. Koporkopyuko, K. M. Jleyrcekuii, A. C. Oxanenko, [. B. CaBuipkuii,
I'. B. Tpoinpkuii, A. M. YreBcokuii, €. @. [llampaii (tom 32, Ne 6).

Briepirie 3ampoBakeHO HOBY TOCAy «BiJAIMOBIIATBHHUI CEKpeTapy, Ky 00iiimae
B. I. Cunxka (tom 37, Ne 3).

Penaxtropom xxypuany npaigtoe I. M. [[3106a (10 1967 p., Tom 39, No 1-4).

BinnoBigansaum cekpetapem ctae T. I. MatsmeBcbka (Tom 40, Ne 4).
Binnosigansaum cexpetapem crae O. €. lleBuenko (Tom 41, Ne 6).

T'onoBuuM penaktopom ctae M. @. I'ynuii (Tom 45, Ne 2).

Jo penxonerii Bxoquth O. C. Huneposud (Tom 46, Ne 1).

Jo penxonerii Bxonuth B. K. Jlimko (tom 50, Ne 1).

3MiHa Ha3BU KypHaTy Ha «YKPaUHCKUH OMOXUMUUYECKUM

XKypHa». 3 HOro poKy KypHal iHaekcyetscst B SCOPUS.

[Ipu3HauaeThcs HOBa MOcCaja «HAYKOBUU pemakTopy». HaykoBuMH pemakTopamu,
MOYMHAK0YH 3 10ro vacy, ctatoTh: C. O. Kyninos, S. B. benik, FO. JI. Xonomosa,
M. 1. Kypcekuii, A. I. Xanmypanos, O. M. ®enopos, C. O. Kocrepin, O. C. Mukora.

T'onoBuuMm penaktopom ctae B. K. Jlimko (tom 53, Ne 4).



Jlo 90-piuus The Ukkrainian Biochemical Journal

1982 p. BianosimansauM cekpetapem crae M. B. Kpurmens (tom 54, Ne 4),

1986 p. YBX nepeBuaacThcs aHTITIHCHKOI0 MOBOKO BUIABHUIITBOM
«Allerton Pressy, Hero-Mopk (10 1991 p.).

1988 p. BianosimansauMm cekpetapem crae O. €. IlleBuenko (tom 60, Ne 1).

1990 p. BianosimansauM cekpetapem ctae H. B. OctpoBcrka (Tom 62, Ne 3).

1990 p. T'onoBuuMm penakropom ctae C. B. Komicapenko.

1992 p. 3MiHa Ha3BU KypHay Ha «YKpaiHCbKUI O10XIMIYHUHN Ky pHAID.

1993 p. lonoBHuM penpaktopom crae I B. Jlonuenko.

1996 p. Binnosigansaum cexpetapem crae A. I1. Jlem’ssHeHKo (ToM 68, Ne 4).

1998 p. 1 lomoBuuM pemnaktopom ctae C. B. Komicapenxko (tom 70, Ne 5).

JoTernep

2012 p. i BinmoBigansanM cekpetapem ctae M. B. I'purop’eBa (tom 84, Ne 1).

JoTerep

2014 p. [TounHaroum 3 MBOrO POKY, XKypHadl BuxoauTh mix Ha3Bow «The Ukrainian

Biochemical Journaly.

2015 p. CrtBOpeHo okpeMuii caidT xkxypHaiy http://ukrbiochemjournal.org

Konexmue peoaxyii The Ukrainian Biochemical Journal: O. M. Kinep, A. Il Jem’sinenxo,
M. B. I'pucop’esa, C. I Topxosa (nepwuti pso, 3niea nanpaso);, C. O. Kocmepin, T. M. Ilempenxo,
C. B. Komicapenxo, O. C. Muxowa (Opyeuii psio, 31i6a Hanpaso)
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THE UKRAINIAN BIOCHEMICAL JOURNAL:
YACHU I BUKJ/IUKH

VY uwomy poui The Ukrainian Biochemical Journal (Ukr. Biochem. J., a6o UB.J) BUTIOBHIOETHCS
90 pokiB. Bik noBaxxHui, aje AJist )KypHaJIiB BiH HE € IPUYNHOIO HABITh 11 KOPOTKOI'O MEPETIOYHH-
Ky: abo HJIen y HOT'y 3 4acoM (a I11e Kpalle — BUTIEPEIKAEII Yac), a00 3HUKAEIT 3 TTOJIS 30py HAyKOBOT
CHUJIBHOTH.

3acHoBaHu# y 1926 pomi BumatHum yuenum Onekcanapom [lannaniaum sik «Haykosi 3anucku
VYkpaincbkoro 6ioxemiunoro iHcTuTyTy/Berichte des Ukrainischen Biochemischen Institutesy», xyp-
HaJI HEOTHOPA30BO 3MIHIOBAB Ha3BY, (hOpMaT, BUTJISI, CTUIIb — CBIT HABKOJIO TTOCTIHHO 3MIHIOETHCH,
HayKa 1 TeXHOJIOT1 CTPIMKO PO3BUBAIOTHCS, 1 KOXKHA 3MiHA MPUHOCUTH HOBI BUKJIMKH, SIKI BUMAara-
FOTh BIJITTOBI/II.

VYrpoaosxk 90 pokiB CBOro iCHyBaHHS KypHajl OyB CBIJIKOM Ta YYaCHUKOM JIMHAMIYHOTO PO3-
BUTKY Ol0XIMIYHOT HAayKH: JOCIHIPKEHHS 010X1Mil HEpPBOBOI Ta M’S30BOi TKaHWH, OKHCIIOBAJIbHHUX
MPOIIECiB, BITAMiHIB, TOPMOHIB, €H3UMIB, IPOTEiHIB, HYKJIETHOBUX KUCJIOT, a 3 YaCOM — JIOCIT1KCHHS
CTPYKTYPHO-(YHKITIOHATBHUX BJIACTUBOCTEU OI0JIOTTUHMX MaKPOMOJIEKYJ Ta HAJAMOJIEKYJISPHHUX
KOMILJIEKCIB, BUBUEHHSI MEXaHI3MIB €H3UMAaTH4YHOIO KaTaJi3y, 3’ICYyBaHHS 10HHUX, MOJEKYJISIPHUX
Ta MEMOpaHHMX MEXaHI3MIB BHYTPIIIHbOKJIITUHHOI CUTHAMI3aLli. Y XKypHall TaKOXX MaJM MicIle
HalaKTyaJbHIII NUTAaHHS 13 CyMIDKHUX HayK: KJITHHHOI Ta MOJIEKYJspHOI Oionorii, Oiodisuku,
61oopraniuHoi Ximii, ¢papmakosorii, OiorexHosorii. Pe3ynbraTi cBOiX HayKOBUX JOCIIJIXKEHb ApY-
KyBaJIl Ha CTOpIHKax «YKpaiHChKOro O10XIMIYHOIO XKypHally» Takl BUIATHI BUEHI, K aKaJeMiK
AH CPCP, AH YPCP ra mictbox eBponeiicbkux akaaemii O. B. [lannanin, akagemiku AH YPCP
B. O. beniuep, M. ®. I'ynuii, P. B. Uaroseus, unen-kopecnionienTr AH CPCP 1 AH YPCP . JI. ®ep-
JIMaH, a TakoX ixH1 y4HI W mocmigoBHuku — akageMiku HAH Vkpainu C. B. Komicapenko,
C. O. Kocrepin, B. K. Jlimxko, I. X. Manyka, I. B. €nbcbka, 1. O. MenbHUYYK, 4WICHH-KOPECTIOH IeH-
™ HAH Vkpainu H. M. I'yna, I'. B. Jlonuenko, E. B. Jlyroscokoii, M. B. Ckoxk.

I'mo6amnizanist Ta 1OCSITHEHHS 1HQOPMALITHUX TEXHOJIOr1H OCTaHHIX JIECATUIITh OCTABUJIN T1e-
pen xypHasioMm HoBl BUMoru. 3 1978 p. YBX inaekcyeThcst B HallOUIbIIH y CBITI pedepaTrBHii 0a3i
nanux Scopus. XKypHain takox pedepyeTsest ado iHAeKCyeThest B 6azax PubMed/Medline, Chemical
Abstracts Service (CAS), CrossRef, Index Medicus, Current Contents, Science Citation Index, Journal
Citation Reports Ta inmmux. 3 2010 p. YBX Hanae cBoi enekTpoHH1 Bepcii 1 po3MIILLIEHHS Ha cailTi
Hanionanbhoi 0i6niorekn Ykpainu imeni B. I. Bepnaacekoro, a 3 2011 p. — na nopranax EBSCO
komnaHii Elsevier. ¥ 2016 p. nogano 3asBy npo BkiatoueHHst UBJ 1o nourykoBoi miargopmu Web of
Science kommnanii Thomson Reuters.

OOMIH i7esMH, HayKOBUMH pe3yibraraMy, (akTamMyd BUMAara€ LIIUPIIOr0 BHKOPUCTaH-
Hsl aHTJIIACHKOT MOBHU 1 BIATOBIIHUX 3YCHJIb JUIS MIABUIIEHHS PEHTHHTY HAYKOBOTO KypHAIy. Y
2013 p. Ha3Ba «YKpaiHCHKOTO 010XIMIYHOTO KYpHAIY» 3apeecTpOBaHa aHTIIHCHKOI MOBOIO — «The
Ukrainian Biochemical Journaly. SIx nacmigok Oyno 3mineHo roro inaeke ISSN, a B 2015 p. xypHan
oTpumaB Takox iH1ekc ISSN n7s cBo€i 0OHIaitHOBOI Bepcii.

3MiHM B 1H(QOPMALIIHUX TEXHOJIOTISIX CIIOHYKAIOTh BIIPOBAJKYyBaTH IMEPEIOBI TEXHOJOTII 1
B HayKOBY KOMYHiKaIlifo. OOOB’I3KOBUM €JIEMEHTOM HayKOBOTO IMEPIOJUYHOTO BUIAAHHS CHOTOJHI
€ MOro MpUCYTHICTh OHJAlH, MPUYOMY HE MPOCTO MPUCYTHICTh, a HASABHICTb CYy4acHOrO caii-
Ty, J00pe «BUAMMOIO» MOHIYKOBUMHM CUCTEMAaMH, 3pO3YyMLIOr0 Ui MIXKHApOAHOI CHIJIBHOTH,
3py4YHOro /Uil KOPUCTYBauiB, 13 IpaBUJaMH J/JIsl aBTOPIB, 3MICTOM HOMEDPIB, pedepaTHUBHOIO
1H(popMalli€l0, MOBHUMHU TEKCTAMH CTaTel Ta CIHCKOM JIITepaTypH, 0GOPMIIEHUM BiJANOBIIHO 10
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MDKHApOIHUX CTAHIAPTIB, apXiBOM, MOLTYKOM 1 OararbMma iHIIMMHU QyHKIiAMH. Came Takuil HOBUI
CallT — yKpaiHCHKOIO, aHTJIIMCHKOIO Ta POCIMCHhKOI0 MOBaMH — cTBOpeHo Juisi UBJ HasecHi 2015 p.
(http://ua.ukrbiochemjournal.org/). Kpim Toro, HasBHiCTb Takoro okpemoro caiitry UBJ 1103BO-
JuIa 3poOUTH HACTYIHHUH KpOK — 3apeecTpyBaTucsa B areHTcTBI CrossRef nms orpumanns mud-
posoro inentudikaropa DOI (Digital Object Identifier). Tenep xoxHUI HOMEp XypHaTy, KOXHa
ony6iikoBaHa B HboMy cTaTTs Mae DOI — muiax 1o nokymeHTa B [HTepHETI.

Penakuist KypHayly MOCTIHHO BIOCKOHAIIOE POOOTY 3 aBTOpaMH, CIPSMOBYIOUM 3yCHILIA
Ha MIiJBUIICHHS SKOCT1 BUKJIAAy nmomaHux marepianiB. Y 2011 p. Oyno 3ampoBajkeHO MOJBiiHE
aHoHIMHe pereH3yBaHHs. 3 2013 p. BinOyBa€eTbcsl MOCTYOBUM MEpeXi] Ha MIXKHAPOIHI CTaHApTH, a
came: Bunrycku UBJ i crarti oTpumytoTh DOI; aHOTaIIi1 10 cTaTeii cTanu CTPYKTYPOBaHUMH, CITHCOK
JiTepaTypH NepeKiagaeThbcsl aHTIIHCHKOI0 MOBOIO 3T1THO 3 MIKHAPOJHUMU CTaHAapTamMu (6€3 I[boro
MOCUJIAHHS HE MOXKYTh OyTH OMpalbOBaHi Ta BKIIOYEHI 10 )KOAHUX PEHTHHTOBUX OLIIHOK); 10 CKJIa-
Iy peAaKIiiHOI KoJeril yBIHIIUIM iHO3eMHI HayKOBLII; pelaKIlisi He IpUiiMae cTaTeil, aBTOPH SKUX HE
JTOTPUMYIOThCS €BpOINEHCHKOT KOHBEHIIIT PO 3aXUCT XpeOeTHUX TBAapHH, 110 BUKOPHCTOBYIOTHCS
JUTSL TOCIITHUX Ta IHIIWX HAyKOBHUX IliNiei. JloTpuMaHHS IIUX MI>KHAPOAHUX CTaHIAPTIB J03BOJISIE
TOYHIIIE 11eHTU(]IKYBaTH aBTOPiB, CTBOPIOBATH IXHi Ipodii Ta 3a100iraTtu BTpaTi cTarell y cucTeMi
aHaJli3y opraHisailiii Ta aBTOPIB.

HaTtoMmicTh, BayKJITMBUM HAIMPSMOM TMOJAIBINOI POOOTH 3 MiABUIICHHS npecTwKHOCTI UBJ, Ma-
OyTb, Ma€ CTaTH PO3MIMUPEHHS reorpadiuHoro i IHCTUTYIIHHOIO KoJia aBTOpiB *KypHaiy. Bimoma
PEKOMEH 1AL «YHUKATH Ky PHAIIB, III0 MAIOTh OLIBIIICTH cTaTeil 3 1-5 kpain abo 5—10 opranizartiii»
(http://wokinfo.com/). Hapasi cutyauist 3 UBJ € came Takoro (puc. 1): 3 250 HayKOBHX CTaTe, Haj-
pykoBanux y 2013-2015 pp., 6inbme nonoBuHu (136) HaaiMIIIM 3 'ATH YCTaHOB, 1 Maiike BCi — 3
YKpaTHCbKUX 1HCTUTYTIB.

IHCTUTYT Bioximii im. O. B. MNannagiHa . 74
HAH Ykpainu, Knis | ]

KuiBcbkniA HauioHanbHWI yHiBEpCUTET |
imeHi Tapaca LLleB4yeHka | | 26

JIbBIiBCbKMI HaLiOHaNbHUI YHiBEpCUTET

imeHi IBaHa ®paHka .._J 14

IHcTUTYT Mmikpobionorii Ta Bipyconorii
im. 1. K. 3abonotHonro HAH Ykpainu, Kuis ——— =

IHCTUTYT MonekynsipHoi Gionorii
i renetukn HAH Ykpainun, Kuis

JIbBIBCbKUI HaLiOHANbHUI MeaUYHUIA _l 9
yHiBepcuTeT imeHi [laHuna Manuubkoro | i

IHcTuTyT Bionorii TBapuH HAAH Ykpainu, JlbBiB .:: ] 8

IHcTUTYT Gionorii kniTnH HAH Ykpainu, lbBis | 7

HauioHanbHuMi yHiBEpcUTET Giopecypcis

i npupofoKopuCTyBaHHA Ykpainu, Kuis || 4
HauioHanbHU Meguy4Hui yHiBepcuTeT 1 .
im. O. O. Boromonbus, Kuis = 4
0 20 40 60 80

Puc. 1. Ton-10 ycmanos 3a xinvkicmio naykogux cmameti, onyonixosanux ¢ UBJ y 2013-2015 pp.
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Bumesrajgani HOBOBBEJCHHS MMPUHECTH MO3UTUBHI pe3yasratu. Y 2016 p. 10 KypHaIy cTa-
JM HaJXOOUTH poOOTH 3 KpaiH, mo He nepedysanu y ckiani CPCP, 1 BukoHaHi He y cmiBmpari 3
YKpaTHCbKMMH HayKOBISIMU — 3 Typeuuunu, [unaii, Ingonesii, Ipaky. Takum duHOM, ayauTopis Ta
KOJIO aBTOPIB ’KypHAJIy TIOCTYTIOBO 3MIHIOETHCS 3 PEr10OHAIBHOI Ha MIXKHAPOIHY.

3i 3MiHOIO Ha3BH KypHaJ B3SB KypcC Ha MOBHUN Nepexia 3MICTy Ha aHTJIIHCBKY MOBY. Tak, y
2002-2006 pp. anrmiiicekoro Oyio onmyOmikoBaHo 5,8% HaykoBux crareld, y 2014 p. (micns nepeiime-
HyBaHHs KypHaiy) — 15%, 1 B 2015 p. — 6inbiue nonoBuHH (puc. 2). I[lounnatoun 3 2016 p., HayKOBi
ctaTTi B UBJ myOmiKyOTHCSI BUKJIFOUHO aHTJ1HCHKO0 MOBOIO. Ha 1TboMYy eTarri BaX THBUM YHHHUKOM
CTa€ MOEHAHHS 3yCUIIb aBTOPIB, PELICH3CHTIB, PEJAKTOPIB 1 epekagadiB. 3po3yMiso, o peUTHHT
KypHaIy 3aJIe)KUTh, HACAMIIEPE], BiJl aKTyaJIbHOCTI Ta HAYKOBOI SIKOCTI OIyOJIIKOBAaHUX B HHOMY
poOit. YTiM, MOBa Ta JIOT1YHA MOCIIAOBHICTh BUKJIAY, HAJIS)KHE O(hOPMIICHHS OAeP)KaHUX HAYKOBUX
pe3ynbrariB, mpodeciiiHuii nepexaan podasiTh CTATTIO «YUTA0EIBHOIO», ICTOTHO BIJIMBAIOTH Ha ii
LIUTYBaHHS 1 BIATIOBIIHO HA iIMIIAKT-(aKTOp KypHAIY.
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2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

# YKpaiHCbka m Pocincbka & AHrniicbka

Puc. 2. Cmpyxmypa scyprany 3a mogorw onyonikosanux pooim, 2006—2015 pp. [lpumimra: Y 2013 p. 6 o0nomy
3 HOMepI8 «YKpaincbko2o OioXiMiuH020 JCYypHATYY 0VI0 ONYOIIKOBAHO MAMEPIAIU MIDCHAPOOHOI KOHpepenyii
3 Oioximii «Biochemistry and Biotechnology for Modern Mediciney, wo nosicnioe i0HOCHO 8eaUKULL 8I0COMOK
nyoaiKayiti aHeaitlcbKo MOBOI 8 MOMY POy
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Pik

Puc. 3. 3acanvna Kinekicme yumyeans, Ompumanux 3a cmammsmu, onyonikoeanumu ¢ UBJ, 3a mpu nonepeoni
poxu. ([cepeno: http://www.scimagojr.com/journalsearch.php?q=21100395051&tip=sid&clean=0)
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Puc. 4. loxasznux npecmusxcnocmi UBJ — inouxamop SCImago Journal Rank (SJR).
(IDicepeno: http://www.scimagojr.com/journalsearch.php?q=21100395051&tip=sid&clean=0)

Kpim Toro, 3a gqanumu Scimago Journal & Country Rank 3 2013 p. 3pocTae KiJbKICTh IUTYBaHb
crateil, omyomikoBanux B UBJ (puc. 3).

BiamoBigHO 3pocTae i Moka3HUK mpecTkHOCTI )xypHary — SJR (puc. 4). Sk Bimomo, SJR
BPAaxOBY€ BIUIMBOBICTH INOCHJIaHb, TOOTO MOCHJIAHHS 3 MPECTHXKHOTO JKypHAIIy 3apaxOBYEThCS 3
OLJIBIIIOI0 Barolo, Hi’K MOCUJIAHHS 3 MEHII MPECTHKHOT0. TaKuM YMHOM, 1Iel MOKa3HUK € He3alexk-
HUM BiJ1 001aCTi1 3HaHB 1 BPaXOBYE JIUIIC PIBEHB )KYPHAJIB, Jie OyJI0 3apeeCTPOBAHO ITUTYBAHHSI.

[To3uTuBHY AWHAMIKYy JIEMOHCTPYE W CTaTHCTHKA BiaBimyBaHb caiita UBJ (puc. 5). 3a pik
miciist cTBOpeHHs y TpaBHi 2016 p. MicsguHa KIJIBKICTh BI3UTIB csArHyna 6472 npu 3990 «yHikaabHUX

7000
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—#— Wi aAnkH Blngiayeaul B KinekicTs BladTia |

5000
4000

3000
2000
1000

Puc. 5. [lomicsauni nokaznuku 8i08idysanus nogoeo cavima UBJ 3 uacy cmeopents 0o eepecns 2016 p. sxnouno.
Hpumimka: «Yuikanvui 6iosioyeauiy — xiavkicms xocmis (IP-adpec), axi 6idsioanu cavm (Xmo nepezisinys
NPUHAUMHI OOHY CMOPIHKY). L]s yugpa 6i003epkanioe KinbKicms pisHUX GI08I0Y6aUis, K 3aUWAU HA CAUm
npomsicom 00H020 OHs. «Kinbkicms 8i3umisy — HOBUM GI08I0YE8AUEM 88ANCAEMBC MAKULL, K020 He OY10 HA
catimi nonao 60 xeunun
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BiBimyBauax». [1icis 3po3yMisioro nagiHHs BiABIAyBaHb Y JITHI MICSIIl BIIMMYCTOK KUIBKICTh BI3UTIB
1 BIZIBITyBa4iB 3HOBY I0YaIa 3pOCTaTH.

FikFsa
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Puc. 6. Biocomok nepeensmnymux cmopinox na cavimi UBJ 3a IP-adpecamu giosioysauis y 2015 i 2016 poxax

Maiixe MoJOBHHA CTOPIHOK HA CalTI XKypHAITY MEPErTIsIHyTa BiJBiAyBayaMu i3 3aKOPAOHHUMHU
[P-agpecamu (puc. 6):

3a nepiox 3 2011 o 2015 p. y )xypHaui HaapykoBaHo 420 crareit 3araibHuM oocsrom 438,4 aB-
TOPCHKUX apKYIIiB, 3 HUX OTJISAIIB — 52, eKCIIepUMEHTaIbHUX po0iT — 335 1 cTareit 3 ictopii Gioximii —
29. Huxye HaBeIeHO ICSKI 1HIIT CTaTUCTUYHI JIaHi, 1110 XapaKTePU3YIOTh poOOTY )KypHAITy B OCTaHHI

Ta6nuys. Pobomu, naopykosani ¢ UBJ y 2011-2015 pp.

2011 2012 2013 2014 2015
3arajpHa KUJIBKICTh
crareu 72 77 87 96 83
OO0cHr, aBT. apKyIIiB 71,8 84,9 108.,6 89,3 83,8
Ornsaau 7 7 15 12 11
ExcnepuMeHnTanbHi
poboTH 59 64 67 78 67
CratTi 3 icTopii 610xiMmii 6 6 5 6 6

[Tpumitka: ¥V 2013 p. B oqHOMY 3 HOMEPiB «YKpAiHCHKOro 0i0XiMIYHOTO KypHaIy» OyJo omyOiiKoBaHO Marepiain
MiKHapoaHoI KoH(pepeHIii 3 6ioximii «Biochemistry and Biotechnology for Modern Mediciney, 1110 OSICHIOE BiJTHOCHO
BEJIMKHUI 00CAT XKypHAIY Ta KiJIBKICTh OIyOJiKOBAaHUX CTAaTEeH B TOMY POLI.
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3ararnbHa KinbKicTb
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Tumor necrosis factor (TNF) superfamily receptors and TNF apoptosis inducing ligands play an im-
portant role in the realization of TNF function and control tumor growth. The TNF-related pathways are
controlled by endoplasmic reticulum stress signaling, which has a crucial role in the control of cell prolifera-
tion and tumor growth. Furthermore, the inhibition of IREI (inositol requiring enzyme-1), which is a central
mediator of endoplasmic reticulum stress sand mainly responsible for cell proliferation and apoptosis, leads
to suppression of tumor growth through specific changes in the expression of genes encoding transcription
factors, tumor suppressors, angiogenesis and apoptosis related proteins, including TNF superfamily recep-
tors and TNF apoptosis inducing ligands. Therefore, changes in the expression level of TNF-related genes
encoding TNF superfamily receptors and apoptosis inducing ligands possibly reflect metabolic reprogram-
ming of cancer cells upon inhibition of IREI-mediated endoplasmic reticulum stress signaling and correlate

with suppression of glioma cell proliferation.

Key words: TNF superfamily receptors, TRAIL, decoy receptors, IREI inhibition, glioma cells.

tifunctional pro-inflammatory cytokine that

belongs to the tumor necrosis factor (TNF)
superfamily. TNF is a highly pleiotropic cytokine
with multiple activities other than its originally dis-
covered role of tumor necrosis in rodents. TNF is
now understood to play a contextual role in driving
either tumor elimination or promotion [1, 2]. It is
now clear that TNF has many different functions in
cancer biology. In addition to causing the death of
cancer cells, TNF can activate cancer cell survival
and proliferation pathways, trigger inflammatory
cell infiltration of tumors and promote angiogenesis
and tumor cell migration and invasion. These effects
can be explained by the diverse cellular responses
that TNF can initiate through distinct signal trans-
duction pathways, opening the way for more selec-
tive targeting of TNF signalling in cancer therapy
[3, 4]. This cytokine is involved in the regulation of a
wide spectrum of biological processes including cell
proliferation, differentiation, apoptosis, lipid metabo-
lism, and coagulation. It has been implicated in a
variety of diseases, including autoimmune diseases,

T umor necrosis factor alpha (TNFA) is a mul-
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insulin resistance, and cancer [2, 5]. TNFA is mainly
secreted by macrophages and can induce cell death
of certain tumor cell lines. Knockout studies in mice
also suggested the neuroprotective function of this
cytokine.

The tumor necrosis factor superfamily
(TNFSF) contains about thirty structurally related
receptors and about twenty protein ligands that bind
to one or more of these receptors. TNFA can bind
to, and thus functions through its receptors (mem-
bers of tumor necrosis factor receptor superfamily:
TNFRSF) TNFRSF1A/TNFR1 and TNFRSF1B/
TNFR2 as well as through Fas-related death re-
ceptors have been discovered and include death
receptors (DR3, DR4, DRS, and DR6), also known
as TNFRSF25, TNFRSF10A, TNFRSF10B, and
TNFRSF21, correspondingly [3, 6-9].

Death receptors have an extracellular region
containing varying numbers of cysteine-rich do-
mains and an intracellular region that contains the
death domain. The death receptors are activated in a
ligand-dependent or independent manner and trans-
duce apoptotic signals via their respective intracel-
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lular death domains. In addition to death receptors,
several decoy molecules have also been identified
and include decoy receptor 1 (DcR1), DcR2, DcR3,
and DcR4, also known as TNFRSF10C/TRAILR3,
TNFRSF10D/TRAILR4/TRUNDD, and TNFRS-
F11B or osteoprotegerin (OPG), correspondingly
[10, 11]. The inhibitory decoy receptors (DcR1 and
DcR?2) co-expressed with death receptor 4 and 5 on
the same cell can block the transmission of the apo-
ptotic signal.

Tumor necrosis factor-related apoptosis-indu-
cing ligand (TRAIL) or Apo2 ligand (Apo2L) is a
member of the TNF superfamily of cytokines that
induces the process of cell death (apoptosis) upon
binding to its death domain-containing transmem-
brane receptors, death receptors 4 and 5 [12,13].
TRAIL is a cytokine that is produced and secreted
by most normal tissue cells. Importantly, TRAIL
preferentially induces apoptosis in cancer cells while
exhibiting little or no toxicity in normal cells. To
date, research has focused on the mechanism of apo-
ptosis induced by TRAIL and the processes involved
in the development of TRAIL resistance. TRAIL-
resistant tumors can be re-sensitized to TRAIL by
a combination of TRAIL with chemotherapeutics or
irradiation. Studies suggest that in many cancer cells
only one of the two death-inducing TR AIL receptors
is functional [14]. Schematic representation the role
of TNFA superfamily receptors and TNF apoptosis
inducing ligands (TRADD and TRAIL) in the regu-
lation of apoptosis, cell survival and proliferation is
shown in Fig. 1.

The extrinsic apoptosis pathway is activated
when certain members of the tumor necrosis fac-
tor receptor superfamily are oligomerized by their
cognate ligands that are members of the TNF super-
family. The apoptosis-inducing capacity of a mem-
ber of the TNFRSF relies on the presence of a death
domain in the intracellular portion of the receptor
protein. Such receptors are also referred to as death
receptors. Binding of a TNFSF ligand to a TNFRSF
receptor that is expressed on the surface of a cell
results in the formation of a receptor proximal pro-
tein complex. This protein complex is the platform
for further signaling events within the cell [15]. In
case of death receptors like TNF-related apoptosis-
inducing ligand receptor 1 (TNFRSF10A/DR4/
TRAILR1), TNFRSF10B (DRS5/TRAILR2/KILL-
ER), CD95 (Fas), or TNF receptor 1 (TNFRI1), this
complex is termed death-inducing signaling complex
(DISC). The compositions of the various DISCs have

been intensively studied in the last decade. For the
CD95 and the TNFRSF10A/TNTRSF10B DISCs, it
is now clear that the adaptor protein Fas-associated
death domain protein (FADD) forms part of these
complexes and is necessary for recruitment of the
proapoptotic signaling molecules caspase-8 and
caspase-10 [15]. Recruitment of these proteases al-
lows for their activation at the DISC and subsequent
induction of apoptosis. The caspase-8 homologous
cellular FLICE-like inhibitory protein (cFLIP) can
also be recruited to the DISC, which acts as an
anti-apoptotic regulator by interfering with activa-
tion of caspases 8 and 10 at the DISC. Interestingly,
treatment of TRAIL-resistant tumor cells with pro-
teasome inhibitors renders these cells sensitive for
TRAIL-induced apoptosis [15].

Tumor necrosis factor receptors

Several tumor necrosis factor receptors
(TNFRSF1A/TNFR1 and TNFRSFI1B/TNFR2)
and Fas-related death receptors (TNFRSF) have
been discovered and include DR3/TNFRSF25,
DR4/TNFRSF10A, DR5/TNFRSF10B, and DR6/
TNFRSF21 [8,14,16]. These receptors contain an
extracellular region containing varying numbers of
cysteine-rich domains and an intracellular region
that contains the death domain. The death receptors
are activated in a ligand-dependent or independent
manner and transduce apoptotic signals via their
respective intracellular death domains. Recent evi-
dence suggests that tumor suppressor protein p53 up-
regulates the expression of death receptors Fas and
DRS, and thus, may mediate apoptosis in part via Fas
and/or DRS.

The DR3, also known as TNFRSF25 and
LARD (lymphocyte-associated receptor of death), is
a lymphoid-specific death domain containing recep-
tor regulated by alternative pre-mRNA splicing [17].
Recently, it was shown that bee venom inhibits cer-
vical tumor growth through enhancement of death
receptor expressions and inactivation of nuclear fac-
tor kappa B (NF-«kB) in mice [18]. Similar inhibitory
effects of bee venom on cancer growth in primary
human cervical cancer cells were also found. This
inhibition of cancer cell growth was mediated by the
induction of apoptotic cell death in a dose dependent
manner [18]. Agreed with cancer cell growth inhibi-
tion, the expression of FAS, DR3 and DR6 as well
as death receptor downstream pro-apoptotic proteins
including caspase-3 and BAX were concomitantly
increased, but the NF-xB activity and the expres-
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Fig. 1. Schematic representation of the role of tumor necrosis factor alpha (TNFA) superfamily receptors
(TNFRSF) and TNF apoptosis inducing ligands (TRADD and TRAIL) in the regulation of apoptosis, cell

survival and proliferation

sion of BCL-2 were inhibited by treatment with bee
venom in tumor mice, human cancer cells and hu-
man tumor samples as well as cultured cancer cells.
In addition, deletion of FAS, DR3 and DR6 by small
interfering RNA significantly reversed bee venom-
induced cell growth inhibitory effects as well as NF-
kB inactivation [18].

The DR4/TNFRSF10Aand DR5/TNFRSF10B,
also known as TRAIL-receptors 1 and 2, have pro-
apoptotic properties, and pro-apoptotic receptor ago-
nists targeting these death receptors hold promise for
cancer therapy based on their selective ability to kill
malignant versus healthy cells [19]. It was shown
that TRAIL induces tumor-selective cell death by
engaging the pro-apoptotic death receptors DR4 and
DRS5 in a wide variety of tumor cells while sparing
vital normal cells [20, 21]. The antitumor potential
of the TRAIL pathway has been targeted by seve-
ral therapeutic approaches including recombinant
TRAIL and TRAIL-receptor agonist antibodies
among others. Interest in sensitizing tumor cells to
TRAIL-mediated apoptosis has driven investiga-
tions of TRAIL-receptor gene regulation, though
regulation of the TRAIL gene has been less studied.
Furthermore, TRAIL serves as a pro-apoptotic ef-
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fector molecule in the immune surveillance of can-
cer that is conditionally expressed by immune cells
upon stimulation via an interferon-response element
that was identified in early studies of the TRAIL gene
promoter. The regulation of TRAIL gene expres-
sion involves several modalities of gene regulation
including transcription factors, epigenetics, single-
nucleotide polymorphisms and functionally distinct
isoforms [20]. There is data that toll-like receptor 3
(TLR3) induces cell death via death receptors and
mitochondria by up-regulating the transactivation of
p63 isoform alpha (TAP63alpha), which is a crucial
regulator downstream of TLR3 [22].

The activation of cell-surface death receptors
represents an attractive therapeutic strategy to pro-
mote apoptosis of tumor cells. For this aim several
recombinant human Apo2L/TRAIL and monoclo-
nal agonist antibodies directed against death recep-
tors-4 or -5 have been investigated [23]. Recently,
it was shown that agonistic TNF-related apoptosis-
inducing ligand receptor-specific human monoclo-
nal antibodies (TR1-IgMs) are attractive antitumor
therapeutics [24]. These antibodies dramatically in-
hibited tumor growth in a xenograft model through
the caspase activation cascade and in human tumor
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cell lines bound to TRAILRI, activated the cas-
pase signal, and induced strong apoptosis (100-fold
higher compared with the IgG form which did not
demonstrate ideal apoptosis-inducing capacity in
the absence of additional antibodies) [24]. It is in-
teresting to note that cancer cells acquire TRAIL-
resistance and thus avoid TRAIL-induced apoptosis
and that PTBPI/HNRNPI1 (Polypyrimidine Tract
Binding Protein 1/Heterogeneous Nuclear Ribonu-
cleoprotein Polypeptide 1), a splicer protein that is
associated with pre-mRNAs in the nucleus and ap-
pears to influence pre-mRNA processing and other
aspects of mRNA metabolism and transport and
plays an important role in energy metabolism, is
highly expressed in TRAIL-resistant human colon
cancer DLD-1 [25]. Moreover, silencing PTBP1 by
using siRNA for PTBP1 (siR-PTBPI) resulted in a
significant increase in TR AIL-sensitivity along with
the switching of pyruvate kinase muscle (PKM) iso-
forms from PKM2 to PKMI, leading to impaired
Warburg effect, because the intracellular ATP levels
were significantly increased and the production of
lactate decreased. Notably, siR-PTBP1 canceled
the resistance by increasing the expression level
of TNFRSF10B/DR5 and effectively inducing the
translocation of DRS5 to the cell surface membrane.
Also, siR-PTBPI1 up-regulated the expression level
of cysteine-rich angiogenic inducer 61 (CYR6];
CCN1), which contributed to the enhanced sensitivi-
ty to TRAIL-induced apoptosis [25].

Nogueira et al. [26] have shown that TNFRS-
F10B/DRS interacts with the core microprocessor
components Drosha and DGCRS, thus impairing
processing of primary let-7 miRNA in pancreatic
cancer cells and opened new horizons of miRNA
regulation. It has been shown that Xenografting
TNFRSF10B silenced pancreatic cancer cells in
SCID-mice indicated that there was notable suppres-
sion of tumor growth [26]. Recently, it was shown
that the TRAIL pathway is selectively activated
by small molecule ONC201/TIC10 in tumor cells
[27]. The anti-tumor activity of ONC201 has been
demonstrated in several preclinical models of can-
cer, including refractory solid tumors, a transgenic
lymphoma mouse modeland pediatric non-Hodgkin's
lymphoma (NHL) cell lines. ONC201 caused a dose-
dependent reduction in the cell viability of NHL cell
lines that resulted from induction of apoptosis [27].
An induction of TRAIL and its receptor TRAILR2/
DRS5 was also observed in these cell lines. Further-
more, dual induction of TRAIL and TNFRSF10B/

DRS appeared to drive the observed apoptosis in
these lymphoma cells.

Recently, Li et al. [28] have shown that TNFRS-
F10B/DRS5 participate in the apoptosis of Hep G2
cancer cells, which are significantly enhanced by the
combination of cisplatin with chrysin, a natural fla-
vonoid widely found in various plants and foods and
demonstrated effective anti-cancer activity. Cisplatin
in combination with chrysin increased the phospho-
rylation and accumulation of p53 through activating
ERK1/2 in Hep G2 cells, which led to the overex-
pression of the pro-apoptotic proteins TNFRSF10B/
DRS5 and Bax and the inhibition of the anti-apoptotic
protein Bcl-2 [28]. In addition, combination of cis-
platin and chrysin promoted both extrinsic apopto-
sis by activating caspase-8 and intrinsic apoptosis
by increasing the release of cytochrome ¢ and acti-
vating caspase-9 in Hep G2 cells and other human
cancer cells that are resistant to cisplatin [28]. It
was also shown that (E)-2,4-bis(p-hydroxyphenyl)-
2-butenal (a MRP) induces apoptosis in human
non-small-cell lung cancer (NSCLC) cells by p38
MAPK-mediated suppression of NF-xB and activa-
tion of TNFRSF10B/DRS5, TNFRSF25/DR3, and
TNFRSF21/DR6, which then activates the caspase-3
and caspase-9 pathways [29]. Inhibitory effect of (E)-
2,4-bis(p-hydroxyphenyl)-2-butenal on the growth
of NSCLC cells due to induction of apoptosis was
concentration- and time-dependent. Concomitantly,
it significantly increased the expression of apoptotic
proteins such as cleaved Bax and p53, but down-
regulated the expression of anti-apoptotic proteins
Bcl-2, the inhibitor of apoptosis protein-1 and -2.
Of the death receptors activated, only TNFRSF10B
knock down with siRNA reversed the effect of (E)-
2,4-bis(p-hydroxyphenyl)-2-butenal. Moreover, only
pretreatment with a p38 MAPK inhibitor reversed
(E)-2.,4-bis(p-hydroxyphenyl)-2-butenal-induced cell
growth inhibition, increase in cleaved caspase-3, -9
and TNFRSF10B expression, and NF-kB inactiva-
tion [29].

To achieve optimal clustering of TNFRSF10B/
DRS5, a novel multivalent nanobody approach was
taken with the goal of generating a significantly
more potent DRS agonist [30]. Thus, trivalent DRS
targeting nanobodies mimic the activity of natural li-
gand, and furthermore, increasing the valency of do-
mains to tetramer and pentamer, markedly increased
potency of cell killing on tumor cells, with penta-
mers being more potent than tetramers in vitro. The
increased potency was attributed to faster kinetics of

21



ISSN 2409-4943. Ukr. Biochem. J., 2016, Vol. 88, N 5

death-inducing signaling complex assembly and cas-
pase-8 and caspase-3 activation. Moreover, in vivo,
multivalent nanobody molecules elicited superior
anti-tumor activity compared to a conventional DR5
agonist antibody, including the ability to induce tu-
mor regression in an insensitive patient-derived pri-
mary pancreatic tumor model [30]. Therefore, many
agonistic monoclonal antibodies specific for TRAIL
receptors induce apoptosis in multiple tumor cell
types, but some TRAIL receptor-expressing tumor
cells, including Jurkat T cells, are resistant to TRAIL
receptor-specific monoclonal antibody-induced apo-
ptosis. Kobayashi et al. [31] constructed a chimeric
antigen receptor (CAR) of a TRAIL-receptor 1-spe-
cific single chain variable fragment (scFv) antibody
(TRAIL-receptor 1-scFv-CAR), which killed Jurkat
T cells via TRAIL-receptor 1-mediated apoptosis.

Recently, it was shown that methyl jasmonate,
a botanical hormone that serves as a signal transduc-
tion intermediate and regulates cell death in stressed
plants, induces cell cycle arrest, apoptosis and non-
apoptotic cell death selectively in cancer cells [32].
The molecular mechanism through which methyl
jasmonate induces apoptosis in human non-small cell
lung cancer (NSCLC) was studied. It was found that
methyl jasmonate triggered apoptosis via the DDIT3/
GADDI153-TNFRSF10B/DR5-CASP axis. Thus, me-
thyl jasmonate treatment significantly decreased the
expression of CFLAR (CASP8 and FADD-like apo-
ptosis regulator, an inhibitor of CASP8) in NSCLC
cells, and ectopic expression of CFLAR partly pro-
tected cells from methyl jasmonate-induced apop-
tosis [32]. The activity of pro-apoptotic genes ex-
pression such as TNFRSFIOBDRS or TP63 is also
regulated by the LTR12 from endogenous retrovirus
9 [33, 34]. When treating testicular cancer cells with
HDAC inhibitors as well as the death ligand TNF-re-
lated apoptosis-inducing ligand (TRAIL), rapid cell
death was observed, this depended on TNFRSF10B
expression [34]. The promoter activity of LTR12 is
largely confined to the testes, silenced in testicular
carcinoma, but reactivated in testicular cancer cells
by broad-range histone deacetylase (HDAC) in-
hibitors, which also induce LTR12 activity in cells
derived from many additional tumor species [33].
Moreover, HDAC inhibitors also cooperate with
cisplatin to promote apoptosis in testicular cancer
cells. ERV9-LTRs not only drive a large set of hu-
man transcripts, but a subset of them acts in a pro-
apoptotic manner [34].

The TRAIL is a potent and specific inducer
of apoptosis in cancer cells, but not all pancreatic
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cancer cells respond to this apoptosis inducing li-
gand. To overcome resistance and improve the ef-
fectiveness of TR AIL-based therapies the constructs
were created expressing soluble TRAIL variants
that were rendered specific for either TRAILR1/
DR4 or TRAILR2/DRS5 by amino acid changes
in the TRAIL ectodomain. It was shown that the
TRAILR1/DR4 specific variant had higher apopto-
sis-inducing activity in human pancreatic carcinoma
Colo357 cells as well as PancTul cells that were addi-
tionally sensitized by targeting of X-linked inhibitor
of apoptosis protein (XIAP), also known as inhibitor
of apoptosis protein 3 (IAP3) [35]. Furthermore, the
TRAILRI specific recombinant protein (DR4) was
more efficacious than recombinant wild type TRAIL
on Colo357 xenografts in nude mice. Thus, synthetic
biological approaches can potentially enhance the
therapeutic efficacy of TRAIL-based therapies in
pancreatic cancer, suggesting that they can possibly
become part of individualized and tumor specific
combination treatments in the future [35]. Most glio-
ma cells are also resistant to TRAIL-induced apop-
tosis and this resistance to TRAIL limits its poten-
tial use as a drug for therapy of glioma. Khan et al.
[36] have shown that evodiamine, a major bioactive
compound of the Chinese herb Evodiae fructus, sen-
sitizes U87 glioblastoma cells to TRAIL and inhibit
cell growth in a dose-dependent manner; however,
TRAIL alone failed to exert any cytotoxic effect.
Combining TRAIL with evodiamine significantly
increased the apoptotic rate of U87 glioblastoma
cells, as compared to evodiamine treatment alone
through increased expression of death receptors DR4
and DR5 as well as caspase-8 and cleaved caspase-3
[36].

It is interesting to note that mitochondrial divi-
sion inhibitor-1 (MDIVI-1), also known as dynamin
1-like (NDMIL), is able to enhance the sensitivity of
human ovarian cancer cells to death receptor ligands
including TRAIL, FAS ligands, and TNFA [37]. Im-
portantly, the combination of TRAIL and NDMIL
has no apparent cytotoxic effect on non-transformed
human cells, indicating a significant therapeutic win-
dow. This effect is mediated by caspase-8 and not by
the two important pro-apoptotic Bcl-2 family pro-
teins Bax and Bak [37].

Hypoxia is a major problem that impairs the
sensitivity of human cancer cells to death by apop-
tosis. Certain miRNAs that regulate apoptotic genes
including miR-210 can be induced by hypoxia, re-
sulting in cell apoptosis. Tse et al. [38] observed a
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significant induction of miR-210 in primary ovarian
follicular cells exposed to hypoxia, and gene ontolo-
gy analysis further highlighted the potential roles of
miR-210 in cell proliferation, cell differentiation, and
cell apoptosis through a number of miR-210 target
apoptotic genes, including TNFRSF10B/DRS, de-
leted in liver cancer 1 protein (DLC1), STE20-like
serine/threonine-protein kinase (SLK), RNA binding
motif protein 25 (RBM25), and ubiquitin-specific-
processing protease 7 (USP7) [38]. Moreover, ec-
topic expression of miR-210 would result in down-
regulation of these apoptotic genes. On the other
hand, the inhibition of miR-210 promoted apoptotic
cell death and the expression of apoptotic marker -
caspase 3 in follicular cells under hypoxic treatment,
supporting the regulatory role of miR-210 in ovarian
cell apoptosis [38].

Recently, it was shown that apoptosis induced
by TRAIL in PC-3 cells is enhanced by inhibition of
transient receptor potential melastain 7 (TRPM?7), a
bifunctional protein with dual structure of both ion
channel and protein kinase, which participate in a
wide variety of diseases including cancer [39]. The
influence and potential function of TRPM7 on the
PC-3 cells apoptosis induced by TNF-related apopto-
sis inducing ligand (TRAIL) was also demonstrated.
The expression of TRPM7 is up-regulated in PC-3
cells after treating with TRAIL and subsequent in-
duction of apoptosis. Furthermore, the suppression
of TRPM7 by TRPM7 non-specific inhibitors not
only markedly eliminated TRPM?7 expression level,
but also increased the apoptosis of TRAIL-treated
PC-3 cells, which may be regulated by the phos-
phatidyl inositol 3-kinase/protein kinase B signaling
pathway accompanied with up-regulated expression
of cleaved caspase-3, TRAIL-receptor 1/DR4, and
TRAIL-receptor 2/DRS5 [39].

TNFRSF21 (death receptor-6, DR6) is an or-
phan TNF receptor superfamily member and is
expressed ubiquitously with high expression in the
lymphoid organs, heart, brain and pancreas. Ectopic
expression of DR6 in some cell lines leads to apopto-
sis and activation of the JNK and NF-kB pathways.
Some tumor cells overexpress DR6, typically in con-
junction with elevated anti-apoptosis molecules. DR6
show normal development with no gross pathology
in any major organs. In the absence of DR6, B-cells
show increased proliferation, cell division and cell
survival upon mitogenic stimulation (anti-CD40
and LPS) [16]. Thus, DR6 plays an important regu-
latory role for the generation of adaptive immunity.

In addition, TNFRSF21 is highly expressed in many
tumor cell lines and tumor samples. Interestingly,
both of its transcriptional and cell surface expres-
sion are regulated by the NF-kB pathway and metal-
loproteinase in some tumor cell lines, respectively.
The role of DR6 as an apoptosis-inducing receptor
is less clear and perhaps cell type dependent [16].
It is interesting to note that DR6 can bind the amy-
loid precursor protein via the protein extracellular
regions, inhibits synapse formation and is important
for APP-induced dimerization and activation of cell
surface TNFRSF21/DR6 [40].

Mirzaei et al. [41] have shown significant
changes in the expression profile of apoptotic genes
in the AGS (gastric adenocarcinoma), 5637 (bladder
tumor), and U-87MG (brain tumor) cell lines trans-
fected with OCT4BI1, a newly discovered spliced
variant of transcription factor OCT4, which is pri-
marily expressed in pluripotent and tumor cells.
This variant of transcription factor OCT4 is signifi-
cantly overexpressed in tumors, where it endows an
anti-apoptotic property to tumor cells. The expres-
sion of TNFRSF1IA/TRADD, TNFRSF21/DR6,
TNFRSF10B/DRS, TNFRSF11B (decoy receptor
osteoprotegerin, and CASP7) is up-regulated in all
three examined cell lines following OCT4BI1 sup-
pression with irrelevant siRNAs and down-regulated
in cells transfected with OCT4B1 [41]. Thus, with
some minor exceptions, the suppression of OCT4B1
caused up-regulation of pro-apoptotic and down-
regulation of anti-apoptotic genes in tumor cells.
Jang et al. [42] studied effect of the suppression of
adenine nucleotide translocase-2 (ANT2) by short-
hairpin RNA (shRNA) on the resistance of breast
cancer cells to TRAIL-induced apoptosis in vitro
and in vivo in breast cancer cells, which frequently
expressed high levels of ANT2. It was shown that
ANT?2 shRNA treatment sensitized MCF7, T47 D,
and BT474 cells to TRAIL-induced apoptosis by up-
regulating the expression of TRAIL death receptors
4 and 5 (DR4/TNFRSF10A and DR5/TNFRSF10B)
and down-regulating the TRAIL decoy receptor 2
(DcR2/TNFRSF10D). In MCF7 cells, ANT2 knock-
down activated the stress kinase c-Jun N-terminal
kinase (JNK), subsequently stabilizing and increa-
sing the transcriptional activity of p53 by phospho-
rylating it [42]. Furthermore, ANT2 shRNA-induced
overexpression of DR4, DRS and TRAIL sensitiza-
tion were blocked by a p53 inhibitor, suggesting that
pS3 activation plays an important role in the tran-
scriptional up-regulation of these death receptors.
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However, ANT2 knockdown also up-regulated DR4
and DRS in the pS3-mutant cell lines BT474 and T47
D [42]. Treatment of the cells with a demethylation
agent or JNK inhibitor prevented the ANT2 shRNA-
induced down-regulation of DcR2 and activation of
pS3. In experiments in vivo using nude mice, ANT2
shRNA caused TRAIL-resistant MCF7 xenografts
to undergo TRAIL-induced cell death, up-regula-
ted DR4/TNFRSF10A and DR5/TNFRSF10B and
down-regulated the TRAIL decoy receptor 2 (DcR2/
TNFRSF10D). Moreover, co-treatment with adenine
nucleotide translocase-2 shRNA and TRAIL effi-
ciently suppressed tumor growth in these mice [42].

At the same time, there is cell type specifici-
ty of signaling from membrane receptors to their
downstream cell-type dependent transduction net-
works [43]. It was shown that similar response
of most cells to the same stimulus presented high
functional similarity. Likewise, in cancer cells most
signaling networks were generally dysfunctional
and less complete than in normal cells. However,
glioma emerged hyper-activated the transduction
mechanism in malignant state. Receptor ATP6AP2
and TNFRSF21 induced rennin-angiotensin and
apoptosis signaling were found likely to explain the
glioma-specific mechanism [43]. The ubiquitin-pro-
teasome system (UPS) has been shown to regulate
TRAILR members suggesting that pharmacological
inhibition of the UPS may be a novel strategy to aug-
ment TRAIL-based therapies and increase efficacies.
Recently, an inhibitor of proteasome deubiquitinase
activity b-AP15 was identified, and exposure of tu-
mor cell lines to this inhibitor resulted in increased
TRAILR2 expression and enhanced sensitivity to
TRAIL-mediated apoptosis and cell death in vitro
and in vivo [11].

Therefore, tumor necrosis factor receptors and
Fas-related death receptors play an important role
in the regulation of apoptosis and cell proliferation
through downstream cell-type dependent transduc-
tion networks and are regulated by multiple factors.

Tumor necrosis factor-related
decoy receptors

In addition to death receptors, several decoy
receptors have also been identified and include de-
coy receptor 1 (DcR1), also known as TNFRSF10C/
TRAILR3/TRID, DcR2, also known as TNFRS-
F10C/TRUNDD, DcR3, also known asTNFRSF6B,
and DcR4, also known as TNFRSF11B or osteo-
protegerin (OPG). The decoy receptors, which lack
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the pro-apoptotic death domain, do not transduce
apoptotic signals but rather compete with the death
receptors for ligand binding and thereby inhibit
ligand-induced apoptosis [10, 14]. DcR1 is not ca-
pable of inducing apoptosis, and is thought to func-
tion as an antagonistic receptor that protects cells
from TRAIL-induced apoptosis. This gene was
found to be a pS3-regulated DNA damage-inducible
gene. However, p53 also regulates the expression of
TRAIL decoy receptors DcR1 and DR2. Although
the significance of p53-dependent regulation of de-
coy receptors remains unclear, evidence suggests
that DcR1 appears to inhibit p53-mediated apoptosis.
It is, therefore, possible that p53 may blunt its DR5-
dependent apoptotic effects by controlling the levels
of decoy receptors. Pro-apoptotic ligand TRAIL
engages the apoptotic machinery through two pro-
apoptotic receptors, TRAILR1/DR4/TNFRSF10A
and TRAILR2/DR5/TNFRSF10B. This cell death
program is tightly controlled by two antagonis-
tic receptors, TRAILR3/DcR1/TNFRSF10C and
TRAILR4/DcR2/TNFRSF10D, both devoid of a
functional death domain, an intracellular region of
the receptor, required for the recruitment and the ac-
tivation of initiator caspases. Upon TRAIL-binding,
TRAILR4/DcR2 forms a heteromeric complex with
the agonistic receptor TRAILR2/DRS leading to re-
duced caspase-8 activation and apoptosis [44]. The
inhibitory decoy receptors (DcR1 and DcR2) co-
expressed with death receptors (DR4 and DRS) on
the same cell can block the transmission of the apo-
ptotic signal and also regulate TRAIL sensitivity at
a supracellular level and thus represent a mechanism
by which the microenvironment can diminish tumor
TRALIL sensitivity [10].

The tissue restricted expression of the decoy
receptors on normal but not cancer cells provides a
therapeutic rational for the development of selective
TRAIL-mediated anti-tumor therapies. It was shown
that the membrane expression of decoy receptors for
TRAIL DcR1 and DcR2 is greater in the normal
endometrium than endometrioid endometrial can-
cer [45]. Moreover, the TNFRSF10C copy number
variation in patients with colorectal cancer is asso-
ciated with distant metastatic disease [46]. DcR2/
TRAILR4 promotes tumor growth and resistance to
apoptosis in cervical carcinoma Hela cells through
AKT, may contribute to cervical carcinogenesis [44].
Furthermore, this decoy receptor can directly inhibit
TRAIL-induced cell death at the membrane and also
trigger the activation of signaling pathways leading
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to cell survival and proliferation in HeLa cells. Shin
et al. [46] demonstrate that the TNFRSF10C/DcR1
as well as TNFRSF10A/DR4 and TNFRSF10B/
DRS5 participate in apoptotic and antioxidant effects
of vitisin A, derived from wine grapes, the under-
lying antitumor mechanism in prostate cancer cells.
Upregulation of TNFRSF10B/DR5 and production
of reactive oxygen species mediate sensitization of
PC-3 prostate cancer cells to TRAIL induced apop-
tosis by vitisin A [47]. Combined treatment of PC-3
cells with vitisin A and TRAIL increased the pro-
duction of reactive oxygen species, DRS promoter
activity, its cell surface expression, and enhanced
cytotoxicity. Furthermore, the reactive oxygen spe-
cies inhibitor NAC and silencing of DR5 by siRNA
transfection inhibited the ability of combination to
generate ROS [47].

Recently, it was shown that epigenetic inac-
tivation of TRAIL decoy receptors TNFRSF10C
and TNFRSF10D in the majority of cervical cancer
patients downregulated expression of these decoy
receptors and confers sensitivity to TNFRSF10C/
trail-cisplatin combination therapy in cervical cancer
[48]. Moreover, the cervical cancer cell lines harbo-
ring epigenetic inactivation of TRAIL decoy recep-
tors effectively activate downstream caspases sug-
gesting a critical role of inactivation of these genes
in efficient execution of extrinsic apoptotic pathway
and therapy response. Analysis of TNFRSF10D/
DcR2 DNA-methylation status in melanoma patients
revealed that methylated TNFRSF10D is associated
with the survival of melanoma patients [49]. There
is data that the increased DcR2 protein levels might
play a role in TRAIL resistance in solid tumors and
that hypoxia, which is an important feature of solid
tumors and renders tumor cells resistant to some
chemotherapeutic agents, including TRAIL, is re-
sponsible for this effect [S0]. Thus, hypoxia upregu-
lated DcR2 protein expression on the cell surface
membrane in five different human colon cancer cell
lines (HCT116, HT29, SW480, SW620, and WiDr).
In contrast, hypoxia had no effect on TNFRSF10A/
DR4, TNFRSF10B/DRS, or TNFRSF10C/DcR1
protein levels [50]. Furthermore, hypoxia-inducible
factor la played a crucial role in up-regulation of
the transcription of DcR2, but that neither p53 nor
NF-kB contributed to this regulation. Moreover,
TRAIL-induced cell death was attenuated under hy-
poxic conditions [50].

Mansour et al. [51] have recently shown that de-
coy receptor 1 mediates malignant glioma resistance

to temozolomide, which is used widely to treat this
tumor. Resistance to temozolomide has been related
to the induction of anti-apoptotic proteins including
the transcription factor NF-kB, which has been sug-
gested to participate in promoting the survival of
cells exposed to chemotherapy. It was shown that the
decoy receptor DcR1 as a temozolomide response
gene induced by a mechanism relying upon pS0/NF-
kB1 through NF-kB-binding site identified in the
promoter of TNFRSF10C/DcR1 gene [S1]. Moreover,
both loss-of-function and gain-of-function studies
reveal that the atypical IxB protein, Bcl3, is also re-
quired for induction of DcR1 by temozolomide.
DcR3/TNFRSF6B also protects against apop-
tosis because it can neutralize the cytotoxic ligands
TNFS14/LIGHT, TNFSF15 and TNFSF6/FASL.
Higher DcR3 expression was related to the status of
invasion, lymph node metastasis and recurrence in
bladder urothelial carcinoma [52]. Overexpression
of DcR3 was found in bladder urothelial carcinomas
and cell lines, with significant elevation as compared
to normal bladder tissues and negatively correlated
with caspase-3 and positively associated with Bcl-2,
VEGF, and p53. Thus, decoy receptor 3 may play
an important role as an oncogene in tumorigenesis
and progress of bladder urothelial carcinoma via
influencing related pathways of apoptosis, prolifera-
tion and angiogenesis [52]. DcR3 is also involved in
development and prognosis of female reproductive
cancers, including cervical cancer, ovarian cancer,
and breast cancer [53]. Recently, it was shown that
the alteration of decoy receptor 3 leads to resistance
of idiopathic pulmonary fibrosis fibroblasts to Fas li-
gand-dependent apoptosis [54]. These fibroblasts in-
teract with collagen matrix, and aberrantly activated
Akt increases DcR3 expression and protects these
cells from the FasL-dependent apoptotic pathway.
TNFRSF6B is also induced by TNFA-induced pro-
tein 8, a recently identified protein that is considered
to be associated with various malignancies, inclu-
ding esophageal, breast, gastric, and pancreatic can-
cer [55]. The expression of DcR3 is regulated by the
mitogen-activated protein kinase (MAPK)/MAPK
kinase/extracellular signal-regulated kinase (ERK)
signaling pathway. The expression of TNFA-induced
protein 8, ERK1/2 and DcR3 in the tumor tissues
of GC was significantly increased compared with
paracarcinoma tissues and TNFA-induced protein
8 expression positively correlated with DcR3 and
ERK1/2 levels, which may be involved in the cell
apoptosis of gastric and pancreatic cancer [55, 56].
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The level of DcR3 protein and ERK1/2 phosphoryla-
tion in pancreatic carcinoma cells is up-regulated
and RNAi knockdown of DcR3 expression reduced
resistance to FasL-induced apoptosis and elevated
expression of caspase 3, 8 and 9 as well as reduced
ERK1/2 phosphorylation [56]. Thus, DcR3/TNFRS-
F6B enhances ERK1/2 phosphorylation and opposes
FasL signaling in pancreatic cancer cells.
DcR4/TNFRSF11B, also known as osteoprote-
gerin (OPQG), acts as decoy receptor for TNFSF11/
RANKL and thereby neutralizes its function in
osteoclastogenesis. TNFRSF11B may also act as a
soluble decoy receptor for TNFSF10/TRAIL, plays
an inhibitory role in TRAIL-induced cell apoptosis
and protects against TRAIL-mediated apoptosis
[57]. OPG was initially discovered to contribute to
homeostasis of bone turnover due to its capability
of binding to receptor activator of nuclear factor-
kB (NF-kB), but apart from bone turnover, OPG
plays important and diverse roles in many biologi-
cal functions. Upon TRAIL-binding, OPG forms
a heteromeric complex with the agonistic receptor
TRAILR2/DRS leading to reduced caspase-8 acti-
vation and apoptosis. Along with inhibiting TRAIL
induced apoptosis, it can induce proliferation by
binding to various cell surface receptors and thus
turning on the canonical cell survival and prolifera-
tive pathways as well as induces angiogenesis, one of
the hallmarks of cancer, thus facilitating cancer pro-
gression, especially breast cancer [57]. Furthermore,
osteoprotegerin has tumor-promoting roles in the
pathogenesis of lymphangioleiomyomatosis, contri-
butes to the metastatic potential of cells with a dys-
functional TSC2 tumor-suppressor gene, selectively
induced migration and stimulates proliferation of
cells cultured from explanted lymphangioleiomyo-
matosis lungs, which is characterized by cystic lung
destruction, lymphatic infiltration, and abdominal
tumors [58]. The expression of OPG mRNA was sig-
nificantly increased in lung nodules and serum OPG
level was ssignificantly higher in lymphangioleio-
myomatosis patients than in normal volunteers.
Bosman et al. [59] have shown that recombi-
nant human tumor necrosis factor-related apoptosis-
inducing ligand (thTRAIL) D269H/E195R is specific
for TNFRSF10B/DRS5 and displays a significantly
decreased affinity to osteoprotegerin and overcomes
TRAIL resistance mediated by the bone marrow mi-
croenvironment, which provides important signals
for the survival and proliferation of hematopoietic
and malignant cells. OPG also participates in osteo-
clast differentiation induced by vascular endothe-
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lial growth factor, a key cytokine for angiogenesis,
which increased the osteoblastic the receptor activa-
tor of nuclear factor kappa-B ligand (RANKL)/OPG
ratio and induces osteoblast proliferation, migration,
and invasion potentials in vitro [60].

Moreover, DcR2/TRAILR4 promotes tumor
growth and resistance to apoptosis in cervical car-
cinoma HeLa cells and can also exhibit, in a ligand
independent manner, signaling properties in the cer-
vical carcinoma cell line Hela, through Akt [44].
Ectopic expression of TNFRSF10D/TRAILR4 in
HeLa cells induced morphological changes, with cell
rounding, loss of adherence and markedly enhanced
cell proliferation in vitro and tumor growth in vivo,
but disruption of the PI3K/Akt pathway using the
pharmacological inhibitor LY294002, siRNA targe-
ting the p85 regulatory subunit of phosphatidylino-
sitol-3 kinase, or by PTEN over-expression, partially
restored TRAIL-mediated apoptosis in these cells
[44]. Moreover, the Akt inhibitor, LY294002, resti-
tuted normal cell proliferation index in HeLa cells
expressing TNFRSF10D. TNFRSFI0D is a p53 tar-
get gene and its overexpression or CCNG?2 gene, a
negative cell cycle regulator, induces cell cycle arrest
and may contribute to thiopurine resistance [61]. At
the same time, cross-platform array screening identi-
fies TNFRSF10D and thrombospondin 1 as well as
ubiquitin carboxy-terminal hydrolase L1 as genes
frequently silenced by methylation in melanoma,
which was shown in a large panel of melanoma cell
lines and resected melanomas [62].

Decoy receptors also regulate TRAIL sen-
sitivity at a supracellular level and thus represent
a mechanism by which the microenvironment can
diminish tumor TRAIL sensitivity. Moreover, these
receptors do not only act in a cell-autonomous or
cis-regulatory manner, but also exert trans-cellular
regulation originating from stromal cells and affect
tumor cells, highlighting the potent inhibitory effect
of decoy receptors in the tumor tissue and the neces-
sity of selective targeting of the two death-inducing
TRALIL receptors to maximize efficacy [10, 14]. To-
dorova et al. [63, 64] have shown that TNF-related
apoptosis-inducing ligand receptor 4 is controlled
by poly(ADP-ribose) polymerase-13 (PARP13), also
known as ZC3HAV1 and zinc-finger antiviral protein
(ZAP), which is an antiviral factor, regulates cellu-
lar mRNA post-transcriptionally and functions as a
pro-apoptotic factor by destabilizing TR AILR4 tran-
script. PARP13 binds RNA via its four CCCH-type
zinc-finger domains and targets it for degradation
by recruiting cellular messenger RNA decay factors
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such as the exosome complex and XRN1. PARP13
binds to and regulates cellular mRNAs in the ab-
sence of viral infection. Knockdown of PARP13 re-
sults in the misregulation of hundreds of transcripts
including TRAILR4/DcR2. PARPI13 destabilizes
TRAILR4 mRNA post-transcriptionally in an exo-
some-dependent manner by binding to a region in its
3" untranslated region. As a consequence, PARP13
represses TRAILR4 expression and increases cell
sensitivity to TRAIL-mediated apoptosis, acting as
a key regulator of the cellular response to TRAIL
[63]. Post-transcriptional regulation of RNA is an
important mechanism for activating and resolving
cellular stress responses. Moreover, these functions
of PARP13 are important components of the cellular
response to stress. In addition, the ability of PARP13
to restrict oncogenic viruses and to repress the pro-
survival cytokine receptor tumor necrosis factor
(TNF)-related apoptosis-inducing ligand receptor 4
suggests that it can be protective against malignant
transformation and cancer development [64].
Recently, it was shown that the expression of
TRAIL and TRAIL receptors as well as TRAIL-
induced apoptosis is significantly increased in hepa-
tocellular carcinoma by interferon-o and celecoxib,
a cyclooxygenase-2 inhibitor, respectively, because
cyclooxygenase-2 is overexpressed in this carcinoma
cells and is considered to play a role in hepatocar-
cinogenesis [65]. Thus, interferon-a and cyclooxy-
genase-2 inhibitor synergistically inhibit cell prolife-
ration in a dose- and time-dependent manner and
cooperatively mediateTR AIL-induced apoptosis in
hepatocellular carcinoma [66]. Moreover, the regu-
lation of interferon-a- and COX-2 inhibitor-induced
cell death is impaired in a subset of TR AIL-resistant
cells. It was also shown that doxorubicin-induced
recruitment of death receptor 5 to the cell surface
impacts the enhanced apoptotic effect that can be
longitudinally monitored by apoptosis imaging [66].
It is interesting to note that pancreatic tumor sam-
ples have increased levels of nuclear TRAILR2/
DRS5/TNFRSF10B and that this form of TRAILR2
inhibits maturation of the microRNA let-7 in
pancreatic cancer cell lines and increases their pro-
liferation [67]. Moreover, knockdown of TRAILR2
increased Drosha-mediated processing of the let-7
microRNA precursor primary let-7 (resulting in in-
creased levels of mature let-7), reduced levels of the
let-7 targets (LIN28B and HMGAZ2), and inhibited
cell proliferation. Nuclear TR AIL-R2 inhibits matu-
ration of the microRNA let-7 in pancreatic cancer

cell lines and increases their proliferation [67]. Gup-
ta et al. [6] found that a limonoid tetranortriterpene,
azadirone, sensitizes human cancer cells to TRAIL,
induces death receptors DRS5 and DR4 signaling,
down-regulates of cell survival proteins, and up-
regulates of proapoptotic proteins.

Thus, targeting TRAIL and TRAIL recep-
tors, which control many aspects of tumor cell death
(Fig. 1), is important in the treatment of cancer be-
cause defective apoptosis contributes to the survival
of cancer cells [10, 13, 14, 19, 68]. TRAIL-targeted
therapy with an outlook towards the future included
recombinant human proteins, small molecules and
agonistic monoclonal antibodies targeting death re-
ceptors that trigger TR AIL-mediated apoptosis.

Endoplasmic reticulum stress modulates
the expression of TNF-related genes

Recently, it was demonstrated the expression
of most TNFA-related genes responsible for endo-
plasmic reticulum stress, which had been shown to
trigger cell proliferation through reprogramming
genome and cell death through apoptosis [69-71].
Apoptosis related proteins TNFRSF10D/TRAILRA4,
TNFRSF10B/TRAILR2/DRS5, TNFRSF21/DR6,
TRADD, TNFRSF11B/OPG, TNFAIP1, TNFAIP3,
and TNFSF7/CD70 were among them. The endo-
plasmic reticulum (ER) is the primary organelle
able to activate a distinct cellular stress response,
termed the unfolded protein response in which an
aggregate of misfolded proteins triggers activation
of a complex set of signaling pathways to execute a
resolution to the causative stress. Malignant tumors
utilize the endoplasmic reticulum stress response to
adapt to stressful, environmental conditions [72-74].
The rapid growth of solid tumors generates micro-
environmental changes in association to hypoxia,
nutrient deprivation and acidosis, which induce new
blood vessels formation and cell proliferation and
surviving [72, 74]. Those processes rely on the ac-
tivation of endoplasmic reticulum stress signalling
pathways. UPR is mediated by three interconnected,
endoplasmic reticulum-resident sensors. IREI (inosi-
tol requiring enzyme-1), also known as ERN1 (endo-
plasmic reticulum to nucleus signaling 1), is the most
evolutionary conserved sensor that responds to pro-
tein misfolding with a highly tuned program aimed
to either resolve the stress or direct the cell towards
apoptosis in the case rectification is not viable; thus
making it a key regulator of life and death processes
[71, 73, 75, 76].
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Inhibition of IREIl significantly decreases
glioma cell proliferation and tumor growth and af-
fects the expression of numerous genes responsible
for regulation of cell proliferation, surviving and
apoptosis including TNFA related genes [69, 70, 75,
77-84]. Thus, inhibition of IREI signaling enzyme
activity causes a strong increase (more than 8-fold)
in the levels of TNFRSF21 mRNA, which is known
as death receptor 6, in U87 glioma cells (Fig. 2). It
is interesting to note that the changes observed in
the above studied gene, which has relation to TNF-
directed apoptosis, correlate well with slower cell
proliferation in cells harboring dnIREI, attesting
to the fact that endoplasmic reticulum stress is a
necessary component of malignant tumor growth
and cell survival [72, 74, 80, 83]. There is data that
TNFRSF21/DR6 induced apoptosis through a new
pathway that is different from the type I and type II
pathways through interacting with Bax protein [85].
Moreover, B-cells lacking TNFRSF21/DR6 show
increased proliferation rate and cell survival upon
mitogenic stimulation [16]. However, this gene is
highly expressed in many tumor cell lines and tu-
mor samples and the role of TNFRSF21/DR6 as an
apoptosis-inducing receptor is less clear and perhaps
cell type dependent.
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Another death receptor, DRS/TNFRSF10B, is a
receptor for TRAILR2 and can initiate the extrinsic
apoptotic pathway characterized by the recruitment
of death domains, assembly of the death-inducing
signaling complex (DISC), caspase activation and
ultimately apoptosis. At the same time, TNFRS-
F10B/DR5 mRNA expression is down-regulated
upon inhibition of IRE1 signaling enzyme (Fig. 2).
Therefore, the changes observed in the TNFRSFI10B
gene, as initiator of apoptosis, do not correlate with
slower cell proliferation in cells harboring dnIREI.
It is possible that TNFRSF10B/DRS facilitate only
endoplasmic reticulum stress-mediated apoptosis
and inhibition IREI-mediated endoplasmic reticu-
lum stress signaling causes down-regulation of this
gene expression, because recently it was shown
that DDIT3/CHOP and KAT2A proteins regulate
TNFRSF10B expression and endoplasmic reticulum
stress-mediated apoptosis in human lung cancer cells
via formation of the KAT2A-DDIT3-phospho-JUN
complex and knockdown of KAT2A down-regulated
TNFRSF10B [86].

At the same time, significant up-regulation of
TRAILR4/TNFRSF10D/DcR2 and TNFRSF11B/
DcR4/OPG in glioma cells upon inhibition of IRE1
was observed (Fig. 2). These decoy receptors lack

—ia

TNFRSF1A

Fig. 2. Expression of DR6/TNFRSF21, DR5/TNFRSFI0B, DcR4/OPG/TNFRSF1IB, TNFRSFI10D/DcR2/
TRAILR4, and TNFRSFIA/TNFRI mRNAs in glioma cell line U87 (Vector) and its sublines with a deficiency
of both protein kinase and endoribonuclease of the signaling enzyme IREI (dnIREI) measured by gPCR. The
expression values of TNF receptor superfamily member mRNAs were normalized to B-actin mRNA expression
and represented as percent control (vector, 100%); mean + SEM; n = 4; * P < 0.001 versus control [69]
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the pro-apoptotic death domain, could not induce
apoptosis and have been shown to play an inhibi-
tory role in TRAIL-induced cell apoptosis [11, 44,
57]. The induction of TNFRSF10D and TNFRSF11B
mRNAs in glioma cells upon inhibition of IRE1 cor-
relates with down-regulation of TNFRSF10B/DRS.
Similar negative correlation was observed in breast
cancer cells treated by short-hairpin RNA for sup-
pression of adenine nucleotide translocase-2 (ANT2)
[42]. Suppression of ANT2 restores susceptibility of
breast cancer cells to TRAIL-induced apoptosis by
activating JNK and modulating TRAIL receptor
expression: up-regulating the expression of TRAIL
death receptors 4 and 5 and down-regulating the
TRAILR4/DcR2 [42].

Interestingly, the silencing of TNFRSF10D
is related to melanoma genesis [49]. It is possible
that TRAILR4/TNFRSF10D as well as TRAILR2/
TNFRSF10B have relation to regulation of endoplas-
mic reticulum stress-mediated apoptosis. Moreover,
modulation of CCAAT/enhancer binding protein
homologous protein (CHOP)-dependent TRAILR2/
TNFRSF10B/DR5 expression by nelfinavir sensi-
tizes glioblastoma multiform cells to tumor necrosis
factor-related apoptosis-inducing ligand (TRAIL)
[70]. Therefore, a better understanding of the mecha-
nisms underlying TRAILR4/TNFRSF10D as well as
TRAILR2/TNFRSF10B is required.

Tian et al. [70] have shown that nelfinavir treat-
ment led to endoplasmic reticulum stress-induced
up-regulation of the TNFRSF10B/DRS expression.
This transactivation was mediated by the tran-
scription factor CCAAT/enhancer binding protein
homologous protein (CHOP). Furthermore, endo-
plasmic reticulum stress-induced ATF4 up-regu-
lation was responsible for modulation of CHOP. In
contrast, DR4 receptor expression was unchanged
by nelfinavir treatment. Combining nelfinavir with
TRAIL led to a significantly enhanced level of apop-
tosis that was abrogated by siRNA silencing of DRS.
Thus, nelfinavir-induced endoplasmic reticulum
stress modulates DRS expression in human glioblas-
toma multiforme cells and can enhance TRAIL ef-
ficacy [70].

Endoplasmic reticulum stress-induced sensiti-
zation of p53-deficient human colon cancer cells to
TRAIL-mediated apoptosis through upregulation of
DRS was observed by Edagawa et al. [87]. They have
shown that the stress response gene ATF3 is required
for endoplasmic reticulum stress-mediated TNFRS-
F10B/DR5 induction upon zerumbone and celecoxib

in these colorectal cancer cells. Both agents activa-
ted PERK-elF2a kinases and induced the expression
of activating transcription factor 4 (ATF4)-CCAAT
enhancer-binding protein (C/EBP) homologous pro-
tein, which were remarkably suppressed by reactive
oxygen species scavengers. In the absence of ATF3,
the induction of DR5 mRNA and protein was ab-
rogated significantly, and this was associated with
reduced cell death by cotreatment of TRAIL with
zerumbone and celecoxib [87]. By contrast, exo-
genous expression of ATF3 caused a more rapid and
elevated expression of DRS, resulting in enhanced
sensitivity to apoptotic cell death by TRAIL/zerum-
boneor TRAIL/celecoxib. A reporter assay demon-
strated that at least two ATF/CAMP response ele-
ment motifs as well as C/EBP homologous protein
motif at the proximal region of the human DRS5 gene
promoter were required for zerumbone-induced DR5
gene transcription. Thus, ATF3 is an essential trans-
cription factor for p53-independent TNFRSF10B/
DRS5 induction upon both zerumbone and celecoxib
treatment and this may be a useful biomarker for
TRAIL-based anticancer therapy [87]. Essential
role of ATF3 transcription factor in synergistic
cancer cell killing by a combination of histone de-
acetylase (HDAC) inhibitors and agonistic anti-DRS
antibody through ER stress in human colon cancer
cells was also shown by Liu et al. [88]. In this case
they used the combination of TRAIL/agonistic anti-
DR5 monoclonal antibody and agents that increase
the expression of DR5, which is expected as a novel
anticancer therapeutic strategy. It was shown that six
different HDAC inhibitors activated endoplasmic re-
ticulum stress sensor PERK and elF26 and induced
the ATF4/ATF3/CHOP pathway in p53-deficient hu-
man colon cancer cells. This resulted in an increased
expression of DRS on the cell surface and sensitized
cells to apoptosis by agonistic anti-DRS monoclonal
antibody. Stress response gene ATF3 was required
for efficient DRS induction by HDAC inhibitors, and
DRS reporter assay showed that ATF3 play crucial
role for the HDAC inhibitors-induced activation of
death receptor 5 gene transcription [88].

Recently, it was shown that hypoxia, which is
a major problem that impairs the sensitivity of hu-
man cancer cells to death by apoptosis, affects the
expression of most TNFA related genes responsi-
ble for apoptosis in gene specific manner and that
inhibition of IREI significantly modulates effect of
hypoxia on these genes expression in glioma cells
(Fig. 3 and 4) [69].
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Fig. 3. Effect of hypoxia (3% oxygen — 16 h) on the
expression levels of TNFRSF2I/DR6 mRNA (by
qPCR) in control glioma cells (Vector) and cells with
a deficiency of IREl (dnIREI). TNFRSF2I mRNA ex-
pressions values were normalized to [-actin mRNA
expression and represented as percent control (con-

trol glioma cells transfected by vector, 100%,); mean
+ SEM; n =4 [69]

Hypoxia strongly suppress the expression of
TNFRSF21/DR6 mRNA (8.3-fold) in control glioma
cells and inhibition of IRE1 significantly reduces ef-
fect of hypoxia on this mRNA expression (Fig. 3).
Thus, TNFRSF21 gene expression is responsive
to hypoxia preferentially through IREI signaling
pathway of endoplasmic reticulum stress [69]. At
the same time, hypoxia slightly down-regulates the
expression level of TNFRSF11B/DcR4 mRNA in
control glioma cells (-19%), but inhibition of IRE1
strongly enhances this effect of hypoxia (2.4 fold
down-regulation) (Fig. 4). It is interesting to note that
the expression of genes encoding for TNFRSF10B/
DRS5/TRAILR2 as well as TNFRSFIA/TNFR1
does not change significantly in control glioma cells
treated by hypoxia; however, inhibition of IREI
introduces sensitivity of these gene expressions to
hypoxia (up-regulation 39 and 47%, respectively)
[69]. These results demonstrate that the expression
of TNFRSFI0B and TNFRSFIA genes is resistant
to hypoxia in wild type glioma cells, but inhibition
of the IREI activity leads to up-regulation of these
genes expression. At the same time, the expression
level of TNFRSF10D/TR AILR4/DcR2 mRNA is up-
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Fig. 4. Effect of hypoxia (3% oxygen — 16 h) on the
expression levels of TNFRSF11B/DcR4/OPG mRNA
(by qPCR) in control glioma cells (Vector) and
cells with a deficiency of IREI (dnIREI). TNFRS-
F1IB mRNA expressions values were normalized
to B-actin mRNA expression and represented as
percent control (control glioma cells transfected by
vector, 100%); mean = SEM; n = 4 [69]

regulated by hypoxia in glioma cells independent of
IREL1 signaling enzyme function [69]. There is data
that the increased DcR2 protein levels might play a
role in TRAIL resistance in solid tumors and that
hypoxia, as an important feature of solid tumors, and
renders tumor cells resistant to some chemothera-
peutic agents, including TRAIL, up-regulates this
decoy receptor, but has no effect on TNFRSF10A/
DR4, TNFRSF10B/DRS, or TNFRSF10C/DcR1 pro-
tein levels [50].

Because TRAIL-mediated apoptosis of cancer
cells is responsible for endoplasmic reticulum stress
and oxidative stress new approaches are created: an-
ticancer drugs for the modulation of these stresses
[89, 90]. It is important that targeting of endoplas-
mic reticulum stress response induced apoptosis
in gliomas [89]. The endoplasmic reticulum func-
tions as a multifunctional organelle and as a well-
orchestrated protein-folding unit. It consists of sen-
sors which detect stress-induced unfolded/misfolded
proteins and it is the place where protein folding is
catalyzed with chaperones. Protein folding and the
generation of reactive oxygen species as a protein
oxidative byproduct in endoplasmic reticulum are
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crosslinked. An endoplasmic reticulum stress-in-
duced response also mediates the expression of the
apoptosis-associated gene CHOP and death receptor
5. The endoplasmic reticulum stress induces the up-
regulation of tumor necrosis factor-related apopto-
sis inducing ligand (TRAIL) receptor and opening
new horizons for therapeutic research [90]. These
findings can be used to maximize TRAIL-induced
apoptosis in xenografted mice. This review sum-
marizes the current understanding of the interplay
between ER stress and ROS. It is important that
natural products and drugs have shown potential in
regulating endoplasmic reticulum stress and reactive
oxygen species in different cancer cell lines. Drugs
as inducers and inhibitors of ROS modulation may
respectively exert inducible and inhibitory effects
on endoplasmic reticulum stress and unfolded pro-
tein response. Reconceptualization of the molecular
crosstalk among ROS modulating effectors and en-
doplasmic reticulum stress will lead to advances in
anticancer therapy [89].

To date, the majority of studies on TRAIL re-
ceptors have explored the role of these receptors as
initiators of apoptosis. However, sporadic reports
also suggest that TRAIL receptors can lead to other
outcomes such as cytokine and chemokine produc-
tion, cell proliferation and cell migration. Indeed, al-
though transformed cells frequently express TRAIL,
most do not undergo apoptosis upon engagement of
these receptors, and a significant effort has been de-
voted toward exploring how to sensitize such cells to
the pro-apoptotic effects of death receptor stimula-
tion [41, 85, 91-93].

POJIb PELEIITOPIB TNF TA
TNF-3AJIEJ)KHUX JIITAH/JIIB,
110 IHAYKYIOTh ANIOITO3,
3A POCTY NYXJIMH
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CyneppoanHa penenTtopiB (akropa HEKpo3y
nyxiuH (TNF) ta TNF-3anexHux Jiranfis, 1o
IHYKYIOTh arolTo3, BIAIrpaloTh BaXKIUBY POJb Y
peamizanii ¢yHkiii TNF 1 KOHTpONIOIOTH picT myX-
suH. 3anexHi Big TNF nwisxu perynsiii KoHTpo-

JIOIOTHCS CUTHAJIAMH, OTIOCEPEAKOBAHUMH CTPECOM
€H/IOMJIa3MAaTHYHOTO PETUKYJIyMa, SKUH BiJlirpae
KJIIOYOBY pOJIb Y KOHTPOJI mpodidepanii KIiTHH
Ta POCTY IMYyXJIMH. bijblle TOro, MPUTHIYCHHS
IRE1 (inositol requiring enzyme-1), sSikuii € LeH-
TpaJbHUM MEIiaTOpOM CTpecy eHJOoIIa3MaTny-
HOTO PETUKYJIyMa i 3HaYHOI0 MIpOIO BiJIMOBiJA€E 32
npomidepaniro i anonTo3 KIITHH, OMOCEPEIKOBYE
IOPUTHIYEHHS POCTY MyXJIWH HUISIXOM criel(iaHmX
3MiH B eKcrpecii reHiB. Cepell HUX BaXKJIMBE MicIe
3aiiMaloTh Ti IeHH, M0 KOJAYITh TPAHCKPUIILIHHI
(akTopu, MyXJIUHHI CyIPECOpH, a TAKOXK MPOTETHH,
BIAIMOBIJAJIbHI 3a aHrIOreHe3 1 aloITo3, BKIIIO-
yaroun cyneppoauny peuentopiB TNF ta TNF-
3aJI)KHHUX JIIraHdiB, SKi iHAYKYIOTh amonrto3. Ta-
KHM 9YMHOM, 3MiHH piBHS ekcripecii TNF-3anexuux
IeHiB, LI0 KOAYIOTh MPOTEIHU CYNEPPOAHHH
peuentopiB TNF ta TNF-3anexxHux jgiranmaiB Mox-
JIMBO BiJII3€PKANIOIOTh META00IIYHE pernporpamy-
BaHHS NyXJWHHUX KIITHH 32 yMOB 1HTiOyBaHHS
IREIl-onocepekoBaHOTO CHUTHAIIOBAHHSI CTPECY
€H/IOTIa3MAaTHYHOTO PETHKYJIyMa 1 KOPEIIOITh 13
MPUTHIYEHHSIM Tpoltidepantii KIiTHH [ITiOMH.

Knwouosi cClIoBa: CyneppoarHa
perentopie TNF, TRAIL, nmekoi-penentopu,
npuraiderds IRE1, xmituau rioiomu.
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UHAYLIHUPYIOIUX AIIOINTO3, IPU
POCTE OIIYXOJIEN
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CymniepceMelcTBO perenTopoB (pakTopa HEKPO-
3a onyxoneit (TNF) u TNF-3aBUCHMBIX JTUTaHJIOB,
HHIYIHUPYIOIUX afloINTO3, UTPAlOT BAXKHYIO POJIb B
peammzanuu GyHkuun TNF 1 KOHTpOTUPYIOT POCT
omyxojnei. 3aBucumele oT TNF myTu perynsmuun
KOHTPOJIUPYIOTCSl CUTHAJIAMH, OINOCPEIOBaHHBIMH
CTPECCOM 3HJIOMIA3MATHUECKOT0 PETUKYIyMa, KO-
TOPBIIl UrpaeT KIIOYEBYIO pOJib B KOHTPOJIE MPO-
mudepanuu KJIETOK U pocTa onyxoieid. boiee Toro,
yraerenue IRE1 (inositol requiring enzyme-1),
KOTOPBII SIBJISIETCA LEHTPAJIbHBIM MEIUaTOPOM

31



ISSN 2409-4943. Ukr. Biochem. J., 2016, Vol. 88, N 5

cTpecca 3HJIOIUIA3MATHUYECKOrO0 PETUKYJIyMa U B
3HAUUTEIBHOW CTENEeHH OTBeYaeT 3a npoiudepa-
LU0 U aIllONTO3 KJIETOK, ONIOCPENYET YTHETEHUE PO-
CTa OMyXoJiel MmyTeM crerupuIecKux U3MEHCHHU I
B JKcripeccuu reHoB. Cpenu 3THX I'€HOB Ba)kKHOE
MECTO 3aHMMAIOT T€, KOTOPbIE KOJUPYIOT TpPaHC-
KPUIIUOHHBIE (aKTOPBI, CYNPEecCOpbl OIyXOJeH,
a TaK)e MPOTEUHBI, OTBETCTBEHHBIE 32 AHIMOI'CHES
U aloNTO3, BKJIIOUAs CyNEPCEMENCTBO PELENITOPOB
TNF u TNF-3aBUCHMBIX JIMTAHIOB, UHIYLHPYIO-
mux anonTo3. Takum 0Opa3oM, U3MEHEHHS YPOBHS
skcrpeccu TNF-3aBUCHMBIX T'€HOB, KOTOPBIE KO-
JUPYIOT IMPOTEHUHBI CYNEPCEMENCTBA PELENTOPOB
TNF n TNF-3aBUCUMBIX JTUTAaHI0B BO3MOXKHO OTO-
OpakaloT MeTaboJIn4Yeckoe penporpaMMHpPOBaHHE
OITYXOJIEBBIX KJIETOK NMPH MHTHOMPOBAHUH OTIOCPE-
nosanHoro IRE1 curnanmura crpecca saornia3ma-
TUYECKOI0 PETUKYIIYMa U KOPPEIUPYIOT C yIHETE-
HUeM nponudepannu KIeTOK TTTHOMBIL.

KnioueBbie ciloBa: cynmepceMeicTBo pe-
uentopoB TNF, TRAIL, aexoii-penenTopsl, yrue-
tenue IRE], xaeTku riimoMEl.
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PREDNISOLONE AND VITAMIN D, MODULATE
OXIDATIVE METABOLISM AND CELL DEATH PATHWAYS
IN BLOOD AND BONE MARROW MONONUCLEAR CELLS

1. O. SHYMANSKYY, O. O. LISAKOVSKA, A. O. MAZANOVA,
D. O. LABUDZYNSKYI, A. V. KHOMENKO, M. M. VELIKY

Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine, Kyiv;
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The study was designed to evaluate reactive oxygen species (ROS)/nitric oxide (NO) formation and
apoptotic/necrotic cell death elicited by prednisolone in peripheral blood and bone marrow mononuclear
cells and to define the efficacy of vitamin D, to counter glucocorticoid (GC)-induced changes. It was shown
that prednisolone (5 mg per kg of female Wistar rat’s body weight for 30 days) evoked ROS and NO overpro-
duction by blood mononuclear cells (monocytes and lymphocytes) that correlated with increased cell apo-
ptosis and necrosis. In contrast, prednisolone did not affect ROS/NO levels in bone marrow mononuclear
cells that corresponded to lower level of cell death than in the control. Alterations of prooxidant processes
revealed in mononuclear cells and associated with GC action were accompanied by vitamin D, deficiency in
animals, which was assessed by the decreased level of blood serum 25-hydroxivitamin D, (250HD.). Vitamin
D, administration (100 IU per rat daily for 30 days, concurrently with prednisolone administration) com-
pletely restored 250HD, content to the control values and significantly reversed ROS and NO formation in
blood mononuclear cells, thus leading to decreased apoptosis. In bone marrow, vitamin D, activated ROS/NO
production and protein nitration that may play a role in prevention of prednisolone-elicited increase in bone
resorption. We conclude that vitamin D, shows a profound protection against GC-associated cellular damage
through regulating intracellular ROS/NO formation and cell death pathways.

Key words: osteoporosis, prednisolone, vitamin D, blood/bone marrow mononuclear cells, reactive oxy-
gen/nitrogen species, nitric oxide, apoptosis, necrosis.

glucocorticoid (GC) therapy are emerging

health problem that limits GC use for the
treatment of patients with various inflammatory and
autoimmune diseases, allergies and lymphoprolife-
rative disorders. Osteoporosis is among the most
devastating side effects of chronic GC administra-
tion associated with significant alterations of mineral
metabolism and bone formation [1]. Glucocorticoid-
induced osteoporosis causes an increase in bone
fractures, delays healing of fractures, and affects the
quality of life.

It is known that osteoblasts, together with oste-
oclasts, control the amount of bone tissue and regu-
late bone remodeling. The underlying mechanism
of osteoporosis is associated with the prevalence of
osteoclast-dependent bone resorption over its osteo-

S everal adverse effects caused by long-term
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blast-mediated formation and mineralization leading
to loss of bone mass and mineral density [1]. GCs
modify osteoblastic and osteoclastic cell differen-
tiation, number, and function either directly or via
influencing the recruitment of their precursors from
the bone marrow [2]. Osteoblasts were shown to be
originated from bone marrow mesenchymal progeni-
tor cells. Multinucleated osteoclasts are the principle
bone resorbing cells that derive from hematopoietic
precursors of the monocytic lineage common to pe-
ripheral blood monocytes, macrophages and myeloid
dendritic cells. Pre-osteoclasts circulate in monocyte
fraction of the peripheral blood until they reach the
sites of bone resorption.

A common pathologic feature of GC-induced
cell disturbances is the development of oxidative
stress. Although the effects of prednisolone on cell
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function are largely mediated through glucocorticoid
receptors and metabolic changes, recent studies have
demonstrated the involvement of reactive oxygen
(ROS)/nitrogen species (RNS)-induced modifica-
tions of critical cellular macromolecules in modula-
tion of signal transduction cascades and cell death
pathways [3]. We have previously described and dis-
cussed the pathological role of synthetic glucocorti-
coid prednisolone in activation of ROS/RNS-media-
ted hepatocellular death [4]. Currently, insufficient
attention was focused on the generation of active me-
tabolites of oxygen and nitrogen in progenitor cells
as one of the major determinants contributing to cell
dysfunction and abnormalities of bone remodeling.

Alleviating excessive prooxidant reactions
might be a promising strategy to prevent or delay
the onset of pathological changes induced by GCs.
The positive effects of vitamin D, (cholecalciferol) in
maintaining functional activity of different cells may
be useful in correcting cellular dysfunction caused
by glucocorticoid therapy. Being a ligand for nuclear
receptor (VDR), the hormonally active form of vi-
tamin D, (1,25 (OH),D,) regulates the expression of
a variety of nuclear genes [5]. The recent discove-
ry of VDR in different cell types has expanded the
known function of 1,25(0OH),D, from a role in cal-
cium homeostasis to physiological process of bone
formation/resorption and immune cell modulation.
Vitamin D, acting via VDR has been implicated in
the mechanisms by which cells proliferate, differen-
tiate, become functionally active or die [6]. Never-
theless, the possible pathogenetic role of impaired
vitamin D, metabolism in the mechanism of GC-
induced side effects on bone tissue remodeling still
requires better understanding.

Growing evidence suggests that inadequate
supply with vitamin D, is a crucial factor that signifi-
cantly increases the risk of a number of common pa-
thologies, such as cancer, cardiovascular, infectious,
autoimmune and diabetes mellitus [6]. We have re-
cently found that chronic liver injury associated with
long-term prednisolone action can be a major cause
of vitamin D, deficiency because liver is known to
play a principle role in the synthesis of the prohor-
mone — 250HD, [4]. Available scientific data also
show that vitamin D, possesses direct and indirect
antioxidant effects in normal and diseased states,
effectively inhibiting lipid peroxidation and oxida-
tive damage to proteins in cells of different types,
that leads at the structural level to improvement and
better preservation of cellular integrity (cell protec-
tive effect) and restoration of functional activity of

damaged cells [7]. Vitamin D, is thought to provide
anti-inflammatory, immunomodulatory and cyto-
protective effects in various tissues [5, 6]. However,
there is a lack of consistent information regarding
the vitamin D, ability to prevent ROS/RNS-mediat-
ed cell dysfunction associated with the deleterious
effects of long-term prednisolone administration in
bone marrow.

The present study was therefore aimed at inves-
tigating prednisolone-associated modulation of ROS/
nitric oxide (NO) formation and cell death pathways
in mononuclear cells from peripheral blood and bone
marrow and to evaluate how vitamin D, adminis-
tered concurrently with prednisolone attenuates GC-
induced disturbances.

Materials and Methods

Animals. Female Wistar rats weighing
100 £ 5 g had unrestricted access to food and wa-
ter and were housed in temperature and humidity
controlled rooms. Animals were randomly divided
into 3 groups: 1 — control rats (n = 8); 2 — rats that
orally received prednisolone at a dose 5 mg/kg of
body weight (daily for 30 days, n = 8); 3 — rats that
orally received prednisolone at a dose 5 mg/kg of
body weight and 100 IU of vitamin D, (daily for 30
days, n = 8). All animal procedures were performed
in accordance with international recommendations
of the European Convention for the Protection of
Vertebrate Animals used for Research and Scientific
Purposes (Strasbourg, 1986), General Ethical Prin-
ciples of Animal Experimentation, approved by the
First National Congress on Bioethics (Kyiv, 2001).

Peripheral blood and bone marrow mononu-
clear cell isolation. Peripheral blood mononuclear
cells were isolated using Histopaque-1083 (Sigma,
USA) in accordance with the standard manufactu-
rer’s protocol. Bone marrow cells were obtained as
briefly described below. Rat femurs were excised,
dissected and bone marrow cells were harvested
by repeated flushing of the femoral cavities with
1 ml syringe using phosphate-buffered saline (PBS)
10 times. Total marrow isolate was collected by
centrifugation at 400 g for 1 min at 4 °C and re-
suspended in PBS. The resultant cell suspension
was filtered through successive 70 and 40 pm nylon
cell strainers followed by washes at 400 g for 5min
at 4 °C. Subsequently, red blood cells (RBC) were
lysed with RBC Lysis Buffer and the bone marrow
mononuclear cells were washed twice, centrifuged
and final pellet was resuspended in PBS.
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Serum 250HD.,. Blood was obtained by cardiac
puncture for mononuclear cells isolation and analysis
of serum 25-hydroxyvitamin D, (250HD,). The con-
tent of 25-hydroxyvitamin D, in serum was assayed
using a commercial ELISA kit (The IDS 25-Hydroxy
Vitamin D EIA, USA) as described by the manufac-
turer’s protocol.

DCFH oxidation measurement. Fluorescence
detection of intracellular reactive oxygen species
(ROS) production was analyzed using the fluoro-
genic probe 2'7'-dichlorodihydrofluorescein diace-
tate (DCFH-DA; Sigma, USA). ROS generated by
cells oxidizes DCFH-DA to produce highly fluo-
rescent green compound (2',7'-dichlorofluorescein).
Isolated cells (approximately 0.5:10°) were incuba-
ted in Hank’s balanced salt solution with DCFH-
DA concentration of 10 pM for 30 min (37 °C) in
a humidified atmosphere of 5% CO,. Subsequently,
the cells were washed, centrifuged, resuspended and
fluorescence was measured with an EPICS XLTM
flow cytometer (Beckman Coulter, USA) using the
excitation/emission wavelengths of 485/530 nm. Re-
sults were expressed as a relative fluorescence of the
samples in comparison to control. Analysis of the
results of all studies obtained by flow cytometry was
performed using the FCS Express V3 software.

Evaluation of nitric oxide synthesis. Intra-
cellular nitric oxide production in isolated cells
was estimated using the specific fluorescent probe
4,5-diaminofluorescein diacetate (DAF-2DA; Sigma,
USA). Upon entering the cells, the diacetate bond of
the probe is cleaved by intracellular esterases libera-
ting DAF, which specifically reacts with the nitric
oxide (II), producing the fluorescent 4,5-diamino-
fluorescein triazole as an indicator of NO production
in the cell. Immediately after isolation, the cells (ap-
proximately 0.5:10°) were incubated in Hank’s balan-
ced salt solution with dye concentration of 10 uM
for 30 min (37 °C) in a humidified atmosphere of
5% CO,. The fluorescence intensity was measured
by EPICS XLTM flow cytometer (Beckman Coulter,
USA) using the excitation/emission wavelengths of
495/515 nm. Results were normalized to control cells
and expressed as a relative fluorescence intensity.

Detection of cell death (apoptosis vs. necrosis
assay). Annexin V-EGFP/propidium iodide (PI) dou-
ble staining was used to differentiate apoptotic vs ne-
crotic cells. In brief, 5 pl of Annexin V-EGFP (Ab-
cam, USA) and 5 pl of PI (Sigma, USA) (50 pg/ml)
were diluted with 500 pl of binding buffer and then
the mixture was added to the samples (5-10° bone
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marrow or blood mononuclear cells). Cells were in-
cubated at room temperature, in the dark, for 15 min
and analyzed by an EPICS XLTM flow cytometer
(Beckman Coulter, USA) using the excitation/emis-
sion wavelengths of 488/530 nm and 530/645 nm,
respectively. A minimum of 10,000 cells in gated
region was analyzed and results were interpreted by
the percentage of total cells appearing in each quad-
rant.

Western blot analysis of 3-nitrotyrosine. Whole
bone marrow cell extracts were prepared as de-
scribed previously [8]. Bone marrow cells isolated
from rats were lysed in RIPA buffer containing pro-
tease inhibitor cocktail (PIC, Sigma, USA). Samples
of 50 pg of protein were loaded on 10% SDS poly-
acrylamide gel. After electrophoresis, the proteins
were transferred onto nitrocellulose membranes. For
protein signal detection, the samples were blocked
with a phosphate-buffered saline containing 5% fat-
free milk and 0.05% Tween-20 for 1h at room tem-
perature. The membrane was than incubated with
anti-3-nitrotyrosine antibody (1:4000; Millipore,
USA) overnight at 4°C. After extensive washing,
the membrane was incubated with horseradish-per-
oxidase conjugated anti-mouse secondary antibody
at a dilution of 1:1000 for 1 h at room temperature.
The bands were visualized by enhanced chemolumi-
nescene agents p-coumaric acid (Sigma, USA) and
luminol (AppliChem GmbH, Germany). To provide
equal protein loading, membranes were incubated
with anti-B-actin peroxidase conjugated antibody
(1:50 000; Sigma, USA) for 1 h. The immunoreactive
bands were quantified with Gel-Pro Analyzer 32.

Statistics. Data are expressed as mean = SEM
for at least six rats per group. Student’s ¢-test was
used for all analyses and values of P < 0.05 were
considered to indicate statistically significant dif-
ference. All calculations were performed using the
Microsoft Excel software for ¢-test analysis.

Results and Discussion

As a close relation exists between vitamin D,
deficiency and increased risk of most deleterious side
effects induced by glucocorticoids, we conducted an
assessment of 25-hydroxyvitamin D, (250HD,) level
in blood serum as a reliable biomarker of vitamin D,
bioavailability. Those rats that chronically received
prednisolone demonstrated severe vitamin D, defi-
ciency, since more than 2.5-fold decrease in 250HD,
was found in blood serum compared with the control

group (Fig. 1).
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Fig. 1. Effects of prednisolone and vitamin D, ad-
ministration on 25-hydroxyvitamin D, level in
blood serum of three animal groups: 1 — control;
2 — prednisolone administration; 3 — prednisolone
and vitamin D, administration. All data are presen-
ted as mean = SEM (n = 8); * P < 0.05 vs. control,
# P < 0.05 vs. prednisolone administration

These results indicate the negative effect of
prednisone on the metabolism of cholecalciferol,
which may be linked to significant changes in pro-
tein content and activity of vitamin D, 25-hydroxy-
lase isoenzymes in liver cells that we have previ-
ously established [9]. Vitamin D, treatment led to
complete restoration of 250HD, level. On the back-
ground of prednisolone-induced impairment of vi-
tamin D, metabolism and D,-deficiency significant
changes in oxidative metabolism were detected.

Oxidative/nitrosative stress associated with
increased generation of reactive oxygen and nitro-
gen species as well as impaired effectiveness of an-
tioxidant defense has recently been recognized as
one of the key mechanisms in the pathogenesis of
various disorders associated with 250HD; deficiency
[10]. To clarify whether alterations of oxidative me-
tabolism are involved in the development of cellular

dysfunction associated with GCs, we examined the
levels of free radicals formation in mononuclear cells
isolated from peripheral blood and bone marrow
using DCFH-DA. As DCFH-DA has no specificity
in detecting actual oxygen species [11], we use the
term ROS as it is generally accepted to encompass
the initial species generated by oxygen reduction,
as well as their secondary reactive products. DCFH
oxidation that reflects the intensity of pro-oxidant
processes in cells, are presented in Table 1.

It was found that chronic administration of
prednisolone stimulated ROS production in isola-
ted blood mononuclear cells by 35% compared with
the control animals. Vitamin D, treatment showed
antagonistic effect on the level of ROS generation
induced by glucocorticoid hormone. In contrast to
mononuclear blood cells, the rate of ROS forma-
tion in bone marrow cells remained unchanged after
prednisolone administration. Despite the fact that
prednisolone had no influence on ROS production in
bone marrow cells, vitamin D, treatment slightly in-
creased the level of intracellular oxidants when com-
pared with the control and GC-administered groups.

Cytotoxic and mutagenic effects of ROS/RNS
are caused by increased free radical oxidation of
physiologically important macromolecules. Moreo-
ver, redox modulation of cellular signaling by NO
is central to regulation of cell proliferation, differen-
tiation and death pathways. To assess the potential
involvement of nitric oxide and its metabolites in
the mechanism of prednisolone-induced changes
we next investigated the levels of NO production
by isolated cells. It was found using NO-sensitive
fluorescent probe, DAF-2DA, that administration of
prednisolone results in a significant elevation of NO
synthesis in blood mononuclear cells (by 30%) as
compared with controls (Fig. 2).

Vitamin D, diminished the level of NO forma-
tion in these cells compared with the group of ani-
mals administered with the glucocorticoid. Similarly

Table I Intracellular ROS production in mononuclear cells isolated from rat bone marrow and peripheral
blood after prednisolone and vitamin D, administration, (M +m, n = §)

Prednisolone Prednisolone
Groups Control, a.u. administration, and vitamin D,
a.u. administration, a.u.
Mononuclear cells from peripheral blood 4523 +£21.2 668.7 + 46.31* 535.1 +£23.6*
Mononuclear cells from bone marrow 150.5+9.9 140.9 + 10.4 186.3 + 13.7%

Note: the ROS levels are shown as mean (fluorescence intensity, a.u. — arbitrary units) = SEM; * P < 0.05 vs. control,

# P <0.05 vs. prednisolone administration.
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Fig. 2. Effects of prednisolone and vitamin D, administration on nitric oxide formation in rat peripheral
blood mononuclear cells. Representative histograms of DAF fluorescence (count — the number of events; FLI
LOG — fluorescence intensity) (4); quantification of DAF oxidation documented by flow cytometry analysis:
1 — control; 2 — prednisolone administration; 3 — prednisolone and vitamin D, administration (B). Results are
shown as mean = SEM (n = 8); * P < 0.05 vs. control, * P < 0.05 vs. prednisolone administration

to what we observed in the case of DCFH oxidation, Given that free oxygen and nitrogen species
no changes in nitric oxide formation were seen in under the conditions of their excess production can
bone marrow cells in the group of animals that re- mediate either regulatory or cytotoxic effects on
ceived prednisolone (Fig. 3). Vitamin D, treatment cells, it was essential to define whether dependence
enhanced NO production to the level almost 2.5-fold exists between the intensity of ROS/RNS forma-
as much as in the control group. tion and cell death following prednisolone and vi-
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Fig. 3. Effects of prednisolone and vitamin D, administration on nitric oxide formation in mononuclear cells
isolated from rat bone marrow. Representative histograms of DAF fluorescence (count — the number of events;
FLI LOG - fluorescence intensity) (4); quantification of DAF oxidation documented by flow cytometry analy-
sis: I — control; 2 — prednisolone administration; 3 — prednisolone and vitamin D, administration (B). Results
are shown as mean + SEM (n = 8); * P < 0.05 vs. control, * P < 0.05 vs. prednisolone administration
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tamin D, administration. Quantitative evaluation
of apoptosis and necrosis using Annexin V-EGFP/
PI double staining was analyzed by flow cytometry.
As shown in Table 2, the rate of blood mononuclear
cells with apoptosis and necrosis raised to 14.70 and
10.52% of total cells after prednisolone administra-
tion compared with 11.50 and 7.91% in control rats,
respectively. Treatment with vitamin D, prevented
prednisolone-induced apoptosis without affecting
cell necrosis. Prednisolone provided opposite effect
on cell death within the bone marrow as compared
with peripheral blood mononuclear cells. Following
prednisolone administration, a significant reduction
of Annexin V-EGFP* and PI" cells to 6.87 and 0.95%
from 12.85 and 2.07% in control was established. Vi-
tamin D, caused a marked increase in apoptotic cell
death compared with prednisolone without influenc-
ing the number of necrotic cells.

Apoptosis in rat bone marrow cells after vita-
min D, treatment can potentially be ascribed to ex-
cess ROS/RNS production. To further confirm that
the occurring cell death correlates with oxidative-ni-
trosative damage to biomolecules, we measured the
level of 3-nitrotyrosine by western blotting (Fig. 4).

It is known that tyrosine residues of proteins
are sensitive targets for the active nitrating agent
peroxynitrite (ONOO-), which is formed by interac-
tion of nitric oxide with superoxide anion radicals.
Therefore, the content of 3-nitrotyrosine is regar-
ded as a specific and reliable marker of nitrosative
stress. As Fig. 4 depicts, there was no difference in

protein nitration between prednisolone-administered
and control groups. Compared with prednisolone-
administered rats, bone marrow cells displayed
a 2.3-fold induction of nitrosylated proteins after
cholecalciferol treatment that corresponds to the
level of ROS and NO production by these cells.

Collectively, our findings indicate the develop-
ment of essential prednisolone-induced alterations
of oxidative metabolism and cell death pathways
that can be discussed from two following points of
view, namely (1) how discrepancies in the effects of
prednisolone and cholecalciferol on ROS/RNS pro-
duction in blood cells and bone marrow cells can be
interpreted; and (2) what the functional consequen-
ces of the described disturbances could be for bone
formation/resorption.

Revealed alterations of oxidative metabolism
elicited by chronic prednisolone administration are
clearly consistent with the results of cell dysfunc-
tion published previously [3, 12]. Excessive GCs-
evoked production of ROS and oxidative stress
were observed in a variety of cell types [13, 14]. By
contrast, recent evidence also suggests a protective
role of hormonal therapy against oxidative damage
to cells [15]. Discrepancies in glucocorticoid ability
to modulate pro-/antioxidant status of cells could be
accounted for by different experimental conditions.
They include doses and administration routes, ex-
perimental models, endogenous versus exogenous
GC excess, underlying disease for which GCs were
administered; and most importantly, there is increa-

Table 2. Evaluation of apoptotic (Annexin V-EGFP-positive) and necrotic (Pl-positive) mononuclear
cells isolated from rat bone marrow and peripheral blood after prednisolone and vitamin D,administration,

MEtm; n=23)

Control Prednisolone administration | Prednisolone and vitamin

D, administration
Group Annexin Annexin Anngxin
V-EGFP*, % P, % V-EGFP*, % PT’, % V-EGFP*, % P, %

Blood
mononuclear
cells 11.50 + 1.02 791 +0.45 1470 + 1.31* 10.52 £0.84* 9.31 +£0.61* 9.24 + 0.55
Bone marrow
mononuclear
cells 1285+1.09 207+0.13 6.87+049* 095+0.06* 8.12 +0.63" 0.78 +£0.04

Note: Mononuclear cells from bone marrow and peripheral blood were stained by Annexin V-EGFP and PI and analyzed
by flow cytometry. Summarized data of all measurements are presented as mean (fluorescence intensity, a.u.) = SEM,
* P <0.05 vs. control, “P < 0.05 vs. prednisolone administration.
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Fig. 4. Effects of prednisolone and vitamin D, administration on the levels of nitrated proteins in bone mar-
row: I — control; 2 — prednisolone administration, 3 — prednisolone and vitamin D, administration. Western
blot analysis of total bone marrow lysates was performed using the antibody against 3-nitrotyrosine. Rep-
resentative immunoblot (4) and quantification of three experiments (B) are shown. The mean protein expres-
sion level was quantified as the sum of the densities of immunoreactive bands in each track corresponding to
proteins with molecular masses from 50 to 130 kDa. Protein levels were normalized to p-actin. All data are
shown as mean = SEM (n = 6); * P < 0.05 vs. control, *P < 0.05 vs. prednisolone administration

sing evidence that early effects may be opposite to
effects of prolonged GC action in therapeutically
relevant doses.

We can hypothesize that negative impact of
chronically administered prednisolone on cellular
function may be mediated via impaired interaction
of glucocorticoid receptors with prooxidant and/or
inflammatory transcription factors to repress tran-
scriptional activity, i.e. transrepression. More recent-
ly it has been proposed that transrepression mediates
most of the beneficial effects of GCs, whereas trans-
activation promotes most of their adverse effects
[16]. The possible reason for prednisolone-associated
cell injury may lie in the inhibitory glucocorticoid
action on the expression of factors that not only fa-
cilitate ROS/RNS formation but also reduce or limit
oxidative stress.

In the present study we followed the prevention
paradigm to diminish pathogenic changes caused
by chronic administration of prednisolone using
concurrent vitamin D, treatment. Our results have
clearly shown the antioxidant effect of vitamin D,
in blood mononuclear cells, while prooxidant action
of cholecalciferol on bone marrow progenitor cells
was observed. The potent antioxidant activity of vi-
tamin D, has been reported by others [6, 7]. At the
same time several studies also suggest an increase
in ROS/RNS production [17]. The dual behavior re-
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vealed in different tissues shows that the outcome
from challenge with an oxidative stress may have
relevance to the integration of a series of intracel-
lular signaling mechanisms that depending on cell
type involved could both protect against or promote
oxidative-nitrosative stress. Modulation of oxidative
metabolism by vitamin D, can largely be mediated
by the effects of its hormonally active metabolite —
1,25-dihydroxyvitamin D, through VDR [5]. Over-
all, vitamin D, may effectively regulate the rate of
free radicals formation in liver cells and their sur-
vival via changes of pro/antioxidant and pro/anti-
apoptotic genes expression [5-7].

Our data may also have significance for under-
standing a pivotal role of ROS/RNS in osteoblast and
osteoclast formation from progenitor marrow cells
in the regulation of bone remodeling by steroids. Al-
though glucocorticoids were shown to inhibit bone
formation through increasing the death of mature
osteoblasts and blocking osteoblastic differentiation
from precursor cells, the character of steroid action
on osteoclast activity and bone resorption is still a
controversial subject. Sustained stimulation of bone
matrix degradation by isolated osteoclasts incubated
with GCs as well as their cytotoxic effects on os-
teoclasts have been reported in recent studies [18].
The increase in osteoclast-mediated bone resorption
is likely responsible for the initial bone destruction



1. O. Shymanskyy, O. O. Lisakovska, A. O. Mazanova et al.

after GC administration. In contrast, chronic expo-
sure of high GC doses has inhibiting effects both
on bone formation and resorption [19] that largely
corresponds to experimental design of the present
investigation. Notably, prednisolone-induced patho-
logical changes in bone tissue were confirmed in our
previous studies by assessment of bone formation/re-
sorption markers indicative of osteoporosis develop-
ment.

In spite of the fact that there is still no clear
explanation for a direct effect of GCs on osteoclas-
tic precursors, GCs could modulate recruitment
of osteoclasts. Our findings may suggest that pre-
osteoclast maturation rather than their formation is
impaired in GC-induced osteoporosis. Demonstrated
here decreasing effect of prednisolone on apoptosis
of bone marrow cells that occurs concomitantly with
unchanged rate of ROS/RNS production, most likely
reflects the enhancement of bone marrow cells pro-
liferation. As osteoclasts are formed from marrow-
derived cells that circulate in the monocyte fraction,
we also isolated blood mononuclear cells enriched
in monocytes to evaluate oxidative metabolism and
apoptosis. An increase in oxidative stress and apo-
ptotic death of blood mononuclears suggests a pos-
sible prednisolone-induced inhibition of osteoclast
differentiation from an early stage of circulating pre-
cursor cells. Together, these data are in accordance
with a systemic suppression of osteoclast activation
by prednisolone that can be related to glucocorticoid
influence on early precursors of osteoclasts in the
bone marrow and their subsequent differentiation
rather than on mature osteoclasts of bone tissue.

It seems quite likely that vitamin D, can abro-
gate prednisolone-induced disruptions of key steps
in the differentiation and activation of osteoblasts
or/and osteoclasts by modulating intracellular re-
dox state as well as survival and death pathways in
progenitor cells. Based on the evidence that reac-
tive oxygen species act as signal mediators in cell
differentiation, the established ability of vitamin D,
to induce ROS and NO production in bone marrow
may suggest additional role for cholecalciferol, be-
yond its capacity to increase bone mineralization,
to promote osteoblast/osteoclast differentiation from
hematopoietic precursors. Simultaneous increase in
osteoblast and osteoclast formation with subsequent
activation of these cells naturally can lead to aug-
mentation of bone turnover that ameliorate predniso-
lone-evoked loss of bone mass and mineral density.
Because of the recent observation that nitric oxide

can counter prednisolone-induced osteoporosis [20],
induction of NO synthesis in bone marrow cells by
cholecalciferol can also be referred to as an impor-
tant mechanism of osteotropic action of vitamin D,

In summary, the present study provides support
for ROS/RNS and mononuclear cells from blood and
bone marrow as therapeutic targets in prednisolone-
induced osteoporosis. It was shown that ROS/nitric
oxide production and cell death are differentially
regulated by prednisolone depending on cell type.
All the alterations associated with GC action were
accompanied by vitamin D, deficient state of animal
organism. Vitamin D, co-administration with pred-
nisolone and restoration of 250HD, content may
prevent osteoporosis by normalizing impaired oxi-
dative metabolism in mononuclear blood cells and
stimulating NO pathway in bone marrow cells. This
indicates that vitamin D, has potential usefulness
in the prevention and/or treatment of pathological
changes associated with the chronic administration
of glucocorticoids.

NPEJAHI30JIOH I BITAMIH D,
MOJYJIOIOTh OKUCHUM
METABOJII3M I LIIJISIXU
KJITUHHOI 3ATUBEJI
MOHOHYKJIEAPIB KPOBI TA
KICTKOBOI'O MO3KY

L O. Hlumancoxkuu, O. O. Jlicakoscwvka,
A. O. Masanosa, /{. O. Jlabyoszuncekutl,
A. B. Xomenxo, M. M. Beauxuu

[acTuTyT Gioximii im. O.B. INamranina,
HAH VYkpaian, Kuis;
e-mail: ishymansk@inbox.ru

[IpoBeneHo OIIHKY IHTEHCHBHOCTI T€HEPyBaH-
Hsa akTuBHUX (opMm kucHiO (ROS)/okcuny azory
(NO) i mnsxiB anmonTHYHOI/HEKPOTUYHOT 3aruderni
MOHOHYKJIeapiB neprupepruIHoi KpoBi Ta KICTKOBOTO
MO3KY 3a Jii TIpPeAHI30J0Hy 1 BCTaHOBJICHO
eexTuBHICTh BiTaMiHy D, y 3amo6iranni po3BuT-
Ky riirokokopTrkoi (GC)-1HayKOBaHUX TOPYIIEHb.
[Moka3aHo, 10 BBEACHHS MPEAHI30NOHY (5 Mr Ha
1 xr Macu Tina murypiB-caMullp JiHii Wistar mpoTs-
rom 30 IHIB) 3yMOBJIFOBAJIO HaIMIPHE MTPOyKYBaH-
Hs ROS Ta NO B MOHOHYKJICapax KpoBi (MOHOIIUTH
i miMdonuTH), MO KOPENIOBAIO 3 ITiABUIICHUMU
PIBHSIMH amoONTHYHOI 1 HEKPOTHYHOI 3arubeni
KIiTiH. Ha mporuBary 1npoMy, NpeaHI30JIOH HE
BIUIMBaB Ha reHepyBaHHs ROS/NO B MoHOHY-
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KJIeapax KIiCTKOBOTO MO3KY, L0 MPHBOAMIO [0
3HIJKEHHsI piBHSI 3aru0eii KJITHH y TOpIBHAHHI
3 KOHTpoJeM. BwusiBieHi 3MiHHM NPOOKCHIAHT-
HUX TPONECIB CYNPOBOIKYBAJINUCS PO3BUTKOM
nedinuty Bitaminy D, y TBapuH, AKMHA OLiHIOBaIH
3a  3HIDKEHHSM KOHLEHTpAlii CHUPOBATKOBOI'O
250HD,. Beenenns mypam sitaminy D, (100 MO
B JieHb TpoTsiroM 30 JTHIB OJTHOYACHO 13 BBEICHHSIM
MPE/IHI30JIOHY) TOBHICTIO BIJIHOBJIIOBAJIO BMICT
250HD, 110 piBHS KOHTPOJILHUX 3HAYEHb Ta ICTOTHO
3HIKYBaso npoaykyBanHs ROS i NO B kiiThHax
KPOBI, 110 TPUBOAMIIO JI0 3HIKEHHSI iX anonrtosy. Y
KJIITUHAX KICTKOBOTO MO3KY BBEJICHHs BiTaMiny D,
CIPUYMHIOBAJO TocuiieHe yTBopeHHs ROS/NO
Ta HITpyBaHHS MPOTEiHIB, IO MOXE BiAirpaBaTH
poib y 3amo0iraHHi iHIYKOBAaHOI MPEIHI30JI0HOM
iHTeHcugikamii pezopouii KicTkoBoi TKaHUHU. Ta-
KHM YHUHOM, BITaMiH D, e(heKTHBHO MPOTHUJIIE TIO-
LIKOPKEHHIO KJIITHH, aCOLiOBAHOMY 13 TPHUBAIHM
BBEJICHHSIM IPEAHI30JIOHY, 3a0€3MeUy0un peryJis-
TopHM BIIUB Ha popmyBanHs ROS/NO Ta nuisixu
KJIITUHHOI 3aru0erti.

KnmoduoBi cioBa: OCTEONOpO3, MPEHi-
30JI0H, BiTaMiH D,, MOHOHYKJI€apu KpOBi/KiCTKOBOTO
MO3KY, aKTUBHI ()OPMU KUCHIO/a30TY, OKCHJ] a30TY,
aronTo3, HEKPO3.

NPEAHHU30JIOH U

BUTAMMUH D, MOJI}’.JII/IPYIOT
OKHUCJIUTEJBHBIU METABOJIN3M
U IIYTHU KJIETOYHOM T'MBEJIX
MOHOHYKJIEAPOB KPOBHU

N KOCTHOT'O MO3TA

U A. Hlumanckuu, O. A. Jlucakoéckas,
A. A. Maszanosa, /]. O. Jlabyo3unckuil,
A. B. Xomenxo, H H. Beauxuui

WucturyT Onoxumunu um. A. B. [Tannagnna,
HAH VYxpannsl, Kues;
e-mail: ishymansk@inbox.ru

IIpoBeneHa oreHKa WHTEHCHUBHOCTH TIeHepa-
uuu akTuBHBIX (GopMm kuciopomga (ROS)/okcuma
azora (NO) u myTe#l amonTH4eCKOW/HEKpOTHUYEe-
CKOIi TH0eIM MOHOHYKJIEapHBIX KJIETOK nepudepu-
YEeCKOH KPOBU M KOCTHOTO MO3ra Ha ()OHE BBEJICHUS
MPETHU30JIOHA, a Takke onpeneieHa 3(pdekTus-
HOCTh BUTaMuHa D, B IpesoTBpaIleHHU Pa3BUTHS
rirokokopTukon]; (GC)-UMHAYIUPOBAHHBIX H3Me-
Henuit. [lokazano, uto nmpenHn3os0H (5 Mr Ha 1 kr
MAaccChl Tella caMOK KpbIc JuHHH Wistar B TeueHUe
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30 nHeit) BbI3bIBAJI Ype3MepHYI0 npoaykiuio ROS
u NO B MOHOHYKJI€apax KpOBHU (MOHOLUTHI U JTUM-
(OUUTEI), YTO KOPPEIMPOBAIO C TOBBIICHHBIMU
YPOBHSIMU allONTHYECKONH M HEKPOTHUYECKOH Tuode-
JU KJIETOK. B IpOTHBOMONIOXKHOCTH 3TOMY, MpEa-
HU30JIOH He BiMs1 Ha reHepupoBanue ROS/NO B
MOHOHYKJIeapaxX KOCTHOI'O MO3Ta, 4TO IPUBOAMIIO K
CHIDKEHHUIO YPOBHSI THOENIN KJIETOK 110 CPaBHEHHUIO
C KOHTpoJIeM. BBIsIBJICHHBIE M3MEHEHHUS MPOOKCH-
JAHTHBIX IPOLIECCOB CONMPOBOXKIATUCH Pa3BUTHEM
neduuura BUTaMMHa D, y JKMBOTHBIX, KOTOPBIH
OLICHMBAJIM 110 CHUYKEHUIO KOHLEHTPALMK ChIBOPO-
Toynoro 250HD,. Beeenue kpbicam Butamuna D,
(100 ME B nenn B Teuenune 30 mHEH OJHOBPEMEHHO C
BBEJICHUEM INPEIHN30JI0HA) IOJTHOCTHIO BOCCTaHAB-
nuBano conepxanne 250HD, 10 ypoBHs KOHTPOIIBb-
HBIX 3HAYeHWH W 3HAYMTEIHHO CHIXAJO BBHIPabOT-
Ky ROS 1 NO B kneTkax KpoBH, YTO MPHBOJIUIO K
CHI)KCHMIO aronTo3a. B kieTkax KOCTHOTO MoO3ra
BBEJICHUE BUTaMHUHA D, BBI3BIBAJIO yCHJIEHHOE 00-
pazoBanrie ROS/NO u HUTpOBaHUE TPOTEHHOB, YTO
MOYXET WUTpaTh pojib B MPEIOTBPALCHUU WHIYIHU-
POBAHHOTO MPEIHU30JI0HOM IMOBBIIIEHUS] pe30pO-
MM KOCTHOM TKaHu. Takum oOpasom, Butamun D,
3(G(PEKTUBHO MPOTHBOACHCTBYET MOBPEKICHUIO
KJIETOK, aCCOIIMMPOBAHHOMY C MPOAOJIKUTEIBbHBIM
BBEJCHUEM IMPEIHU30JI0HA, oOecreynBas perysis-
TopHOE BozaeicTBre Ha popmupoBanre ROS/NO u
ITyTH KJIETOYHON rnOemu.

KinrodeBbie €IJI0Ba: 0CTeONnopo3, MpeaHu-
30JI0H, BUTAMHH D,, MOHOHYKJIEApHBIC KIIETKH KPO-
BH/KOCTHOT'O MO3Ta, aKTUBHBIE (POPMBI KUCIOPOIa/
a30Ta, OKCHJ] a30Ta, aroITo3, HEeKPO3.
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CALIX[4|ARENE C-90 AND ITS ANALOGS ACTIVATE ATPase
OF THE MYOMETRIUM MYOSIN SUBFRAGMENT-1
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R. V.RODIK? V. 1. KALCHENKO’, S. O. KOSTERIN'
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Numerous female reproductive abnormalities are consequences of disorders in uterus smooth muscle
(myometrium) contractile function. In this work, we described activators of ATPase, which could be used for
development of effective treatments for correcting this dysfunction. Myosin ATPase localized in the catalytic
domain of myosin subfragment-1 transforms a chemical energy deposited in macroergic bonds of ATP into
mechanical movement. It was shown that calix[4]arene C-90 and its structural analogs functionalized at the
upper rim of macrocycle with four or at least two N-phenylsulfonyltrifluoroacetamidine groups, are able to
activate ATP hydrolysis catalyzed by myometrium myosin subfragment-1. It was shown with the method of
computer modeling that N-phenylsulfonyltrifluoroacetamidine groups of calix[4]arene C-90 interact with re-
sponsible for binding, coordination and the hydrolysis of ATP amino acid residues of myosin subfragment-1.
The results can be used for further research aimed at using calix[4]arene C-90 and its analogs as pharmaco-
logical compounds that can effectively normalize myometrium contractile hypofunction.

Key words: myosin subfragment-1, ATPase activity, calix[4]arene C-90, docking, myometrium smooth

muscles.

yometrium contractile function is asso-
M ciated with the activity of the main struc-

tural and contractile protein of uterus
smooth muscle — actomyosin, in which myosin ex-
hibits enzyme activity, namely the ability to hydro-
lyze ATP. Myosin ATPase, localized in the catalytic
domain of subfragment-1 (S1 or head), is called a
biomolecular motor. It uses the free energy of ATP
hydrolysis deposited in ATP macroergic bonds for
cyclic changes in the structure of the myosin head.
The conformational changes in myosin active site
due to ATP hydrolysis are enhanced with the assis-
tance of switch 1, switch 2, relay and converter and
transferred to the regulatory domain — lever arm,
which plays an essential role in the generation of
force and movement [1-3]. As a result, myosin moves
along the actin filament causing the muscle contrac-
tion. That is why myosin catalyzed ATP hydrolysis
is considered as one of the most important processes
in the molecular mechanism of the myometrium con-
traction.
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The known pathologies of uterus contractile
function (weak labor contraction, preterm birth,
miscarriage, atony, hypo- and hypertonicity of the
uterus, etc.) occur due to the uterine smooth mus-
cle contraction-relaxation dysfunction [4].Therefore,
it is vital to develop new effective pharmacological
substances capable of normalizing uterine func-
tion. The molecular basis for designing potentially
bioactive compounds could be calix[4]arenes — syn-
thetic macrocyclic phenol oligomers, which have a
cup-shaped structure with various (by their chemi-
cal nature) substituents at the upper and lower rims.
Calix[4]arenes formed by four functionalized arene
fragments are characterized by rather a flexible
macrocycle conformation, low toxicity of the matrix
and the ability to penetrate into the cell. All these
properties make calix[4]arenes promising agents for
developing new effective drugs [5, 6].

Calix[4]arenes are able to modify the functional
activity of certain proteins, particularly the activity of
enzymes. We have previously shown that calix[4]a-
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rene C-90 (5,11,17,23-tetra(trifluoromethyl(phenyl-
sulfonylimino))-methylamino-25,26,27,28-tetrapro-
poxy-calix[4]arene) at concentration of 100 uM
activated ATPase of the myometrium actomyosin
complex more than 2-fold [7]. Veklich et al. [8]
showed that 100 uM calix[4]arene C-90 effectively
(by 75% relative to control) inhibited the activity of
Ca,Mg?*-ATPase in the fraction of uterus plasma
membrane myocytes, and practically did not affect
the activity of Mg?*-independent Ca*-dependent
ATPase, Na",K'-ATPase and Mg**-ATPase localized
at the same membrane structure.

The aim of this study was to investigate the ef-
fect of calix[4]arene C-90 and its structural analogs,
such as calix[4]arenes C-956, C-957, C-960, C772,
C-716, C-715, as well as the calix[4]arene cup itself
without substituents (C-150), and the structural frag-
ment of the C-90 molecule — N-(4-ethoxyphenyl)-
N'-(phenylsulfonyl)-trifluoromethylacetimidoamide
(M-1) on the ATPase activity of myosin S1, which is
a myosin catalytic unit, isolated from uterine smooth
muscle. Using computer modeling we investigated
the mechanisms of action of calix[4]arene C-90 and
its analogs on the hydrolytic activity of myosin S1.

Materials and Methods

Preparation of actomyosin was obtained from
swine uterus smooth muscle by the modified Barany
method [9]. Preparation of myosin S1 was obtained
from swine actomyosin by the modified Suzuki
method [10]. The purity of the samples was con-
trolled by PAAG-SDS electrophoresis [11].

ATPase activity of myosin S1 was determined
in a 96-well plate at 37 °C in an incubation medium
(total volume 0.1 ml) of the following composition
(mM): tris-HCI buffer (pH 7.2) — 20, KCI — 100,
CaCl, - 0.01, MgCl, — 5, ATP — 3 (standard condi-
tions). Protein (myosin S1) concentration was 20 pg/
ml. Incubation time was 5 min. Samples containing
all components of the incubation medium without
myosin S1 were taken as control of non-enzyme
ATP hydrolysis. The amount of inorganic phosphate
cleaved from ATP during hydrolase reaction was de-
termined by the Chen method [12], by measurement
of optical absorbance of the solution at 820 nm using
a microplate reader pQuant (Biotek Instruments,
Inc., USA) and expressed as P. nmol min"-mg™ pro-
tein.

In the experiments on the effect of ca-
lix[4]arenes on the ATPase activity of myosin S1 we
used standard incubation medium, to which 10 pl of

a 1 mM solution of calix[4]arenes (to a final concen-
tration of 100 pM) was added. The value of ATP-
hydrolase activity in the absence of calix[4]arenes in
the incubation medium was taken as 100% (0 point).

Calix[4]arene C-90, its analogs, as well as ca-
lix[4]arene cup (C-150) and the model structure
M-1 (Fig. 1) were synthesized and characterized
using NMR techniques and IR spectroscopy in the
Phosphoranes Chemistry Department of the Insti-
tute of Organic Chemistry, NAS of Ukraine headed
by Corresponding member NAS of Ukraine Prof.
V. 1. Kalchenko. Synthesis of calix[4]arene C-90
has been described previously [13, 8]. Calix[4]arene
studied in the work:

C-90 (5,11,17,23-tetra(trifluoromethyl(phenylsulfo-
nylimino))-methylamino-25,26,27,28-tetrapropoxy-
calix[4]arene);

C-772 (5,11-di(trifluoromethyl(phenylsulfonylimi-
no))-methylamino-17,23-di-tert-butyl-26,27-dipropo-
xycalix[4]arene);

C-716 (5,17-di(trifluoromethyl(phenylsulfonylimi-
no))-methylamino-11,23-di-tert-butyl-25,27-dipropo-
xycalix[4]arene);

C-960 (5,17-di(trifluoromethyl(phenylsulfonylimi-
no))-methylamino-26,28-dihydroxy-25,27-dipropo-

xycalix[4]arene);

C-957 (5,11,7-tri(trifluoromethyl(phenylsulfonyl-
imino))-methyl-amino-23-tert-butyl-26,28-dihydro-
xy-25,27-dipropoxycalix[4]arene);

C-956 (5,11,17,23-tetra(trifluoromethyl(phenylsul-
fonylimino))-methylamino-25,27-dioctyloxy-26,28-
dipropoxycalix[4]arene);

C-150 (26,28-dihydroxy-25,27-dipropoxyca-
lix[4]arene);

M-1 (N-(4-ethoxyphenyl)-N'-(phenylsulfonyl)-
trifluoromethylacetimidoamide);

C-715 5,17-di(trifluoro)acetamido-11,23-di-tert-bu-
tyl-26,28-dihydroxy-25,27-dipropoxycalix[4]arene.

Calix[4]arenes were dissolved in dimethylsul-
foxide (DMSO) and diluted with water to the de-
sired concentration. Compound M-1 was dissolved
in water.

The apparent activation constants K, and Hill
coefficients n, were calculated using the concen-
tration dependence of calix[4]arenes effect on the
ATPase activity of myosin S1, plotted in logarithmic
coordinates according to the linearized Hill equa-
tion:

log (V. .~ WIV-V)l=n,logK —ng,lg4,
where V' is specific enzyme activity, V) is specific
enzyme activity in the absence of activator in the
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Fig. 1. The structural formulas of the studied calix[4]arene C-90 and its analogs (A)
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Fig. 1. Schematic representation of calix[4]arene molecule with numbered atoms (B); and schematic repre-
sentation of calix[4]arene C-90 with numbered atoms (C)

incubation medium, V_is maximal enzyme activi-
ty (at the saturating concentration of activator), 4 is
the activator concentration in the incubation medium
[14]. Statistical processing of the obtained data was
performed using standard methods of variation sta-
tistics [15]. Kinetic and statistical calculations were
performed using MS Excel software.

In the experiments the following reagents
were used: serum albumin, EGTA, EDTA, ATP,
ascorbic acid, tris, dithiothreitol, acrylamide,
(Sigma, USA), glycine (Merck, Germany), N,N'-
methylenebisacrylamide (Acros organics, Belgium)
N,N,N’,N'-tetramethylenediamine (Reanal, Hun-
gary), and other reagents (R-grade, Ukraine). The
solutions were prepared in water purified on Crystal
Bio System (Adrona, Latvia). The water conductance
was less than 0.9 uS. The concentration of the di-
valent metal cations in solution was determined by
Mohr method.

Computer modeling of the interaction be-
tween ligands (calix[4]arene C-90 and its analogs,
model bindings) and receptor (myosin S1) was per-
formed using AutoDock software, version 4.2 [16].
In our research, we used the enzyme three-dimen-
sional structure with the 1b7t identifier in RSCB
PDB [17]. Computer modeling of the calix[4]arene
C-90 structural peculiarities was carried out using
HyperChem 7.01. Molecular dynamics calculations
were carried out by the MM2 method with the semi-
empirical methods (CNDO).

AutoDockTools software was used for prelimi-
nary “processing” of interacting molecules. 100 runs
of Lamarkian genetic algorithms (population size —
100, the maximal number of energy evaluations —
106) were conducted. To analyze and visualize the
docking results we used the programs Chimera [18]
and Yassara [19]. Calculation of the minimal total
binding energy was performed considering Van der
Waals forces, electrostatic and hydrophobic interac-
tions, and hydrogen bonds. The optimal ligand posi-
tions in the complex “receptor-ligand” were deter-
mined according to the energy values obtained by
docking software calculator for binding energy in
complex "receptor-ligand". Thus, we selected a series
of complexes with the lowest total energy, and then
calculated the optimal geometry of the complexes
and determined the most energetically preferred ar-
rangement of the ligands in the space of myosin S1
binding domain.

Results and Discussion

In our previous studies, it was shown that
100 pM calix[4]arene C-90 effectively activated
(more that 2-fold) ATP hydrolysis catalyzed by swine
myometrium actomyosin [7]. The enzyme activity of
actomyosin complex is associated with the operation
of the active center of myosin ATPase localized in
the catalytic domain of myosin S1. The myosin head
is the main catalytic and functional unit of myosin.
Even in the isolated state, it retains the properties of
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native myosin, such as the ATPase activity and the
ability to interact with actin.

The study of the effect of 100 uM calix[4]arene
C-90 on the ATP-hydrolase activity of myometrium
myosin S1 showed that myosin head, similar to acto-
myosin complex, activated enzyme ATP hydrolysis,
and the activating effect was 76 £ 23% compared to
control (without the addition of calix[4]arene) taken
as 100%. Greater effect of calix[4]arene C-90, com-
pared to myosin S1, on the ATPase activity of myo-
metrium actomyosin complex may be account for the
presence of actin and regulatory proteins in the com-
plex, which activate ATP hydrolysis and can probab-
ly be affected by calix[4]arene. The calix[4]arene
C-90 influence on the actomyosin ATPase activity
can be also realized owing to its ability to bind to
the myosin head. That is, it was assumed that one
of the targets of the calix[4]arene C-90 action on the
contractile complex is myosin S1.

To identify the substituents, which are responsi-
ble for the calix[4]arene C-90 activating effect on the
myosin head ATPase, we investigated the influen-
ce of structurally similar to C-90 calix[4]arenes:
C-956, C-957, C-960, C772, C-716, C-715, as well
as the calix[4]arene cup itself without substituents
(compound C-150) and the model compound M-1 on
the ATP hydrolysis catalyzed by myosin S1 (Fig. 1).

The structural formulas of calix[4]arene C-90
and its analogs are presented in Fig. 1.

The obtained results have demonstrated (Fig. 2)
that calix[4]arene cup C-150 without substituent
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groups at the upper rim at a concentration of 100 uM
practically did not affect the ATPase activity of myo-
sin S1. Model non-macrocyclic compound M-1 at a
concentration of 100 uM tended to slight activation
of ATP hydrolysis catalyzed by myometrium myo-
sin S1 compared to the control (without the addition
of calix[4]arenes).

Calix[4]arene C-715 with two fert-butyl and
two trifluoroacetamide groups at the upper rim at
a concentration of 100 uM practically did not affect
ATP hydrolysis catalyzed by myosin S1 compared
to control.

Other studied calix[4]arenes C-956, C-957,
C-960, C-772, and C-716, which have at least two
substituent groups inherent in calix[4]arene 90 at the
upper rim, at a concentration of 100 uM enhanced
the ATPase activity of myosin S1.

It was also found that calix[4]arene C-772 ex-
hibited the highest (after calix[4]arene C-90) activa-
ting effect. Calix[4]arene C-772 has two phenylsulfo-
nyltrifluoroacetamidine and two fert-butyl groups at
the upper rim. Two propoxy groups at the lower rim
were substituted for two hydroxyl groups. This ca-
lix[4]arene at a concentration of 100 uM activated
myosin S1 catalyzed ATP hydrolysis by an average
60% compared to control.

Compound C-716 has two phenylsulfonyltri-
fluoroacetamidine groups and two tert-butyl groups
and differ from calix[4]arene C-772 in geometric
(proximal and distal) position of the substituents at
the macrocyclic platform. Calix[4]arene C-716 at a

C-716  C-960 C-957

C-956 M1 C-150 C-715

Fig. 2. Effect of calix[4]arene C-90 and its analogs on the ATPase activity of myometrium myosin SI (M £+ m,
n = 6). The ATPase activity in the absence of calix[4]arenes was taken as 100%
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concentration of 100 uM activated myosin SI cata-
lyzed ATP hydrolysis by almost 50% compared to
the control.

ATPase activity of myosin Sl in the presence
of 100 uM of the compound C-960, which does not
contain fert-butyl group at the macrocycle upper rim,
increased by an average 43% compared to control.

The activating effect of the compound C-957,
which has three N-phenylsulfonyltrifluoroacetami-
dine groups at the upper rim, at a concentration of
100 pM was found to be on the average 40% relative
to control.

The compound C-956, which differs by the
presence of two lipophilic octyl groups at the lower
rim, activated ATP hydrolysis by 32% at an average
compared to the control.

In our further research, we focused on the
study of the kinetic characteristics of the action of
calix[4]arenes, which exhibited the greatest activa-
ting effect (more than 50%) on the enzyme cata-
lyzed ATP hydrolysis, namely, calix[4]arenes C-90
and C-772. To determine characteristic constants
of the effect of these calix[4]arenes on the myosin
ATP-hydrolase activity, we studied the dependence
of ATPase activity on the calix[4]arenes concentra-
tions (10-3-10* M) (Fig. 3).

The values of apparent activation constants K,
and Hill coefficients n, for calix[4]arenes C-90 and
C-772 were almost the same (Table 1).
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Table I Kinetics parameters of calix[4]arenes ef-
fect on the ATP-hydrolase activity of myometrium
myosin S

Calix[4]arenes Constant Hill coefficient,
K, uM n,

C-90 345+93 22+03

C-772 343+ 1.6 1.9+0.7

Comparing the obtained data as to the effect of
the calix[4]arene C-90 structural analogs on the ATP
hydrolysis catalyzed by myosin S1, it should be noted
that the activating effect of these calix[4]arenes is de-
fined by the structure of the macrocycle upper rim.
Calix[4]arene C-90 analogs, which contain phenyl-
sulfonyltrifluoroacetamidine groups at the macro-
cycle upper rim, activated the myosin S1 ATPase.
Propoxy groups at the lower rim of calix[4]arenes
C-772, C-716, C-960 and C-957 and octyloxy groups
at the lower rim of calix[4]arene C-956, which are
responsible for higher hydrophobicity of these com-
pounds compared to calix[4]arene C-90, had a small
effect on the ability of these calix[4]arenes to activate
the myosin S1 catalyzed ATP hydrolysis. Amid all
studied calix[4]arenes (except C-150 and M-1), only
calix[4]arene C-715, which contains trifluoroacet-
amide groups instead of phenylsulfonyltrifluoroacet-
amidine groups, did not exhibit the activating effect.

C-90
C-772

60 80 100 120

Calixarene concentration, uM

Fig. 3. Concentration dependence of the effect of calix[4]arenes C-90 and C-772 on the ATPase activity of
myometrium myosin SI (M £ m, n = 5). The ATPase activity without addition of calix[4]arenes was taken as

100%
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Thus, phenylsulfonyltrifluoroacetamidine residues at
the upper rim of calix[4]arene C-90 and its studied
analogs are most likely to define their activating ef-
fect on the ATPase activity of myosin S1.

Interestingly, the calix[4]arene C-90 affected
differently the activity of important enzymes in-
volved in the functioning of the uterus SM and re-
lated to providing energy for its contraction (myosin
ATPase), as well as the maintenance of intracellular
ion homeostasis (plasma membrane ATPase). Thus,
the specific enzyme activities of Mg**-independent
Ca?*-dependent ATPase and Mg?'-dependent —
Na'",K'-ATPase and Mg**-ATPase of plasma mem-
branes are not sensitive to the action of calix[4]arene
C-90 [8]. At the same time, this compound at a
concentration of 100 uM inhibited effectively the
activity of Ca?",Mg?"-ATPase localized at the same
membrane structure [8]. As it was shown in our
study the calix[4]arene C-90 effectively activates the
ATPase activity of myosin S1. Different susceptibili-
ty of ATPases of the contractile protein and plasma
membrane of uterus myocytes to the calix[4]arene
C-90 action can be attributed to their structural and
functional peculiarities related to the role of these
enzyme systems in myocytes. This fact should be
borne in mind when studying the calix[4]arene C-90
influence on the contractile and electrical activity of
myometrium cells.

To understand the molecular mechanisms of ca-
lix[4]arene C-90 the activating effect on myometrium
myosin S1 catalyzed ATP hydrolysis, we performed
computer modeling of the interaction between this
compound and the S1. First, we searched for the op-
timal conformations of the calix[4]arene C-90 mole-
cule using molecular mechanics (force field MM?2).
At that, some energy-minimized conformers were
selected. The total energy of these structures was re-
calculated using the semi-empirical method (CNDO
field) and then one structure with the lowest total
energy was chosen.

The total energy of cali[4]arene C-90 after the
“minimizing” was 410.6 kcal/mol. It was a cone-
shaped conformation with small deviations in the
positions 5 and 28 of the calix[4] arene’s “cup”. The
distance between nearest oxygen atoms of propoxy
residues at the lower rim was about 0.3 nm. The
phenyl moieties of the two substituents extended
from the C10 and C13 atoms of the calix[4]arene’s
C-90 upper rim were arranged distally. Moreover,
these substituents are located almost orthogonal to
the macrocycle plane and easily accessible to inter-
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molecular interactions. At the same time, phenyl
moieties of two other substituents at the upper rim
extended from the C5 and C28 atoms are aligned in
parallel.

We also developed three-dimensional models
of calix[4]arene C-90 analogs and performed “mini-
mization” of their total energy. We obtained the
following values (kcal/mol): C-715 — 272.2, C-716 —
293.7, C-772 — 278.5, C-956 — 417.3, C 957 — 367.2,
C-960 — 286.4, M-1 — 49.6, C-150 — 104.6. It is ob-
vious that with the increasing of the complexity of
calix[4]arene structures their total minimal energy
increases.

Development of three-dimensional model of
calix[4]arene C-90 and “minimization” of its total
energy enabled us to perform the computer mode-
ling of potential sites of interaction between ca-
lix[4]arene C-90 and myosin S1. Also, we studied
calix[4]arene C-715 with two tert-butyl and two
trifluoroacetamide groups at the upper rim, ca-
lix[4]arene C-150, which is calix[4]arene cup itself
without any functional groups, and non-macrocyclic
model compound M-1. The presence of binding sites
at the studied ligands with S1 was confirmed by the
values of the calix[4]arenes minimal binding energy
and the amino acid environment. Given the size, ge-
ometric conformation and the presence or absence of
certain substituent groups, it was expected that the
calix[4]arenes C-90 and C-715 would have different
affinity for the myosin S1 binding sites, and that the
ligand-binding sites of the studied compounds would
be formed with the involvement of different amino
acid residues of the polypeptide chain.

It is known that myosin active center is formed
with participation of: seven-stranded -sheet linked
with P-loop (Gly176-Lys187), switch 1 (amino acid
residues Gly230-Phe243) and switch 2 (amino acid
residues Ile461-Ser471), and 50 kDa “upper” subdo-
main, relay (amino acid residues Leu475-Glu506)
and converter (amino acid residues Phe716-Glu772),
which are shown to be important for binding, coor-
dination and the process of ATP hydrolysis. These
structures are also involved in and spreading the
conformational changes from myosin ATP-hydrolase
center to the actin-binding site, affecting the position
of myosin regulatory domain and its movement rela-
tive to actin filaments [2, 3].

P-loop (phosphate-binding loop) is a glycine-
rich motif with conserved Lys182 residue that trans-
fers a charge + 1 and forms hydrogen bonds with
the oxygen of - and y-phosphates of ATP. Serl78
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and Thr186 contain polar side chains, which facili-
tate interaction with the substrate. Thr186 stabili-
zes y-phosphate by a hydrogen bond and oxygen of
Thrl86 hydroxyl reacts with Mg?*', essential for ATP
binding and hydrolysis. Glul87 provides additional
contact with Mg-ATP.

P-loop does not undergo substantial conforma-
tional changes upon binding and further hydrolysis
of ATP, whereas the conformation of the switches 1
and 2 is dependent to a great extent on the presence
or absence of nucleoside triphosphate y-phosphate
[2]. Switches 1 and 2 also contain a large number
of reactive groups. The conserved switch 1 con-
tains three residues with side polar chains (Asn237,
Ser240, and Ser241) [20]. Switch 2 has three uni-
versal conserved residues, two of which (Asp460
and Glu465) transfer a formal charge 1 [2]. The salt
bridge between Arg219 of switch 1 and Glu465 of
switch 2 prevents the release of the ATP hydrolysis
products at the myosin active site up to the moment
when myosin head binds to the actin. It is assumed
that Glu465 of the smooth muscle myosin plays im-
portant role in the positioning of the water molecule
in the active site of the nucleophilic attack on the
ATP y-phosphate [1].

Given the complex structure of calix[4]arene
C-90, which contains both the hydrophilic amidine
and hydrophobic phenyl groups at the upper rim,
as well as its large size, at first, it was necessary

to analyze myosin Sl surface for possible binding
sites (Fig. 4, 7). In so doing we primarily considered
“cavity” close to the myosin S1 active site (Fig. 4,
2). Calix[4]arene C-715 was taken as a comparison
pattern.

It was found that calix[4]arene C-90 can be
complexed with the enzyme in the area, which is
structurally close to the high-affinity binding site
of Mg?, which is involved in ATP binding and ca-
talysis of its hydrolysis. This myosin S1 site is close
to the switch 2 and contacts with the switch 1 and
P-loop, near to the relay helix. Under these condi-
tions two substituent groups (1 and 2) at the upper
rim of calix[4]arene C-90 interact with the amino
acid residues in the areas closest to the nucleoside
binding center. The other two groups (3 and 4) and
calix[4]arene C-90 cup are fixed in the “cavity” of
the myosin Slmotor domain farther away from the
ATPase site by some amino acid residues. In particu-
lar, the phenyl moieties of the calix[4]arene cup and
the side groups of calix[4]arene C-90 are fixed by
the residues of aromatic amino acids Tyr274, Tyr282,
Phe464, Phe467, and Phe469.

It is obvious from the obtained experimental
data that the phenylsulfonyltrifluoroacetamidine
clusters of calix[4]arene C-90 and its analogs are
likely to define their activating effect on ATPase of
myosin S1. Therefore, it was essential to identify,
with which amino acid residues of the enzyme, the

Fig. 4. 1 — Docking of calix[4]arene C-90 into myosin SI molecule. Colors in the figure: P-loop — turquoise,
switch 1 — green, switch 2 — pink. 2 — Analysis of functionally active site of myosin to identify the most likely
binding region of calix[4]arenes C-90 (purple) and C-715 (red); cavities are marked by the green net
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calix[4]arene C-90 phenylsulfonyltrifluoroacetami-
dine groups can interact. By docking of calix[4]-
arene C-90 into myosin subframent-1, it was found
that one of the residue 1 extends from C13 of ca-
lix[4]arene cup. Under these conditions nitrogen
(N33) of this residue reacts with Thr235, and nitro-
gen (N59) — with Thr234 and Glu279, oxygen (062)
interacts with Arg242, and oxygen (O63) interacts
with Arg236. The phenyl ring of this cluster is in
the steric interaction with Phe464. Moreover, this
phenylsulfonylamidine residue may directly affect
functionally important residue Serl78, containing
polar side chain, which facilitates interaction with
the substrate [20]. Other functionally important
phenylsulfonyltrifluoroacetamidine residue 2 ex-
tends from C10 of calix[4]arene cup. Nitrogen (N82)
of this residue interacts with Glu465, oxygen (094)
interacts with GIn276. The phenyl ring of the residue
is in the steric interactions with Tyr274 (here, the
steric effect is a factor that includes the influence of
calix[4]arene and amino acids conformation and/or
spatial arrangement on their interaction).

Two other phenylsulfonyltrifluoroacetamidine
residues 3 and 4, presumably, perform a secondary
but yet important function. They help calix[4]arene
C-90 to take the most optimal conformational posi-
tion. Under these conditions the positively and nega-
tively charged atoms of this residues interact with
polar side chains of amino acid residues — Arg271,
Arg570, Asn572, Ser277, Asp468 and Glu675 (Fig. 5,
1). However, we cannot exclude that these residues

interact with allosteric regions of myosin S1 and af-
fect the operation of the active center.

Amino acid residues Serl78, Arg236, GIn276,
Glu675, Glu279, Glu465 and two water molecules
(in Fig. 6 marked as small red spheres), involved in
the enzyme structure stabilization, can form hydro-
gen bonds. Fragments of the calix[4]arene cup are
arranged in the space formed by the amino acid
residues: Phe464, Phe467, Phe469, involved in n-7-
stacking interactions; and the residues: Thr234,
Thr235, Ser277, 1le466, and 11e477, involved in steric
interactions.

Thus, binding of calix [4] arene C-90 with
myosin S1 occur owing to hydrogen bonds, m-7t-
stacking interactions between aromatic rings of the
calix[4]arene cup and aromatic rings of hydropho-
bic amino acids of myosin head, as well as steric
interactions. The presence of the hydrophobic plat-
form and the side residue phenyl groups at the up-
per rim of calix[4]arene C-90 can facilitate its fixing
on the enzyme hydrophobic sites. Some amino acid
residues, involved in the fixing of the side groups
of the calix[4]arene C-90 upper rim, are part of the
myosin S1 seven-strand -sheet and bound to it poly-
peptide regions of switch 1 and switch 2.

We also performed computer modeling of
the interaction between calix[4]arene C-715 and
ligand-binding sites of myosin S1 (Fig. 5, 2). Hy-
drophobic cup of calix[4]arene C-715 is fixed by
hydrophobic cluster — aromatic amino acid residues
Phe467, Phe469, Phe472, and Tyr274. Some of these

Fig. 5. The structure of the calix[4]arene C-90 (1) and the calix[4]arene C-715 (2) complexes with amino acid
residues of myosin SI (obtained by docking of the ligand into myosin SI)
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amino acid residues are involved in the fixing of
calix[4]arene C-90 cup. However, configuration of
calix[4]arene C-715 in the structure of myosin S1 dif-
fers from calix[4]arene C-90 (Fig. 4, 2), which can
be a result of the lack of the significant substituent
groups of the calix[4]arene C-90 upper rim. Fixa-
tion of the fert-butyl and trifluoroacetamide groups
of calix[4]arene C-715 in this region occur owing
to such amino acid residues as Lys428, Ser270,
Serd71, Ser590, and Ile466. Positively and negatively
charged atoms of calix[4]arene C-715 interact with
polar side chains of amino acid residues — Arg271,
GIn276, Gln473, and Glu474.

The obtained values of the total energy (Ta-
ble 2) for each amino acid residue of myosin SlI,
which interacts with calix[4]arenes C-90 and C-715,
indicate the ability of these residues to interact with
the studied ligands, as well as the distance, in which
these interactions occur, and geometric parameters
of these interactions. Here, the geometric parameters
of interaction mean the arrangement of calix[4]arene
and the protein amino acid residues relative to each
other that affects the conformation of this interac-
tion and the distance between the interacting sites
of calix[4]arene and amino acids, that in turn affects

the energy parameters. High energy value for a par-
ticular amino acid residue may indicate a stronger
bond between the studied calix[4]arene and the cor-
responding residue.

As it can be seen (Table 2), the number of
myosin SI amino acid residues that interact with
the substituent groups of calix[4]arene C-90 was
significantly greater than that of interacting with
substituent groups of calix[4]arene C-715 that cor-
relates with a smaller size of the latter. Moreover,
two amino acid residues (Arg271 and GIn276) were
revealed to be common for fixation of the substituent
groups of both calix[4]arenes. When comparing their
energy characteristics, it is evident that Arg271 and
GIn276 are located at the greater distance from the
functional groups of calix[4]arene C-715 compared
to calix[4]arene C-90 that can cause the different
ability of calix[4]arenes to interact with these amino
acid residues. Obviously, the stronger binding of
myosin subragment-1 with Arg271 and GIn276 of
calix[4]arene C-90 occurred.

To analyze the obtained results we investiga-
ted the calix[4]arenes C-90 and C-715 binding sites
with myosin S1 as to hydrophobic and hydrophilic
environment, as well as electrostatic interactions

Table 2. The energy characteristics of the myosin SI amino acid residues, which interact with the substi-
tuent groups of calix[4]arenes C-90 and C-715 (results of docking of the studied ligands)

C-90 C-715
Amino acid No residue (rT;zlij;lz;gii;’) Amino acid No residue (E;ilij;i;%ﬁ)

Arg 236 16.7887 Arg 271 3.43011
Arg 242 5.55218 GIn 276 7.7219
Arg 271 0.307643 Gln 473 1.70776
Arg 570 0.51949 Glu 474 5.6253
Asn 572 5.27188 Ile 466 0.783888
Gln 276 4.65522 Lys 428 0.406284
Glu 279 2.1556 Ser 270 3.07315
Glu 465 1.90631 Ser 471 6.4307
Glu 675 8.24882 Ser 590 0.800814
Phe 464 2.56445

Ser 178 1.80049

Ser 277 9.63614

Thr 234 2.35446

Thr 235 8.39194

Tyr 274 4.47047
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Fig. 6. Analysis of the binding sites of calix[4]arenes C-90 (turquoise) and G-715 (green) with myosin SI in
terms of 1 — hydrophobic (red) and hydrophilic (blue) environment; 2 — electrostatic environment: red is posi-

tive, blue is negative

(Fig. 6). Presumably, the presence of four complex as
to their composition side clusters at the upper rim of
calix[4]arene C-90, compared to two tert-butyl and
trifluoroacetamide groups of calix[4]arene C-715,
enabled calix[4]arene C-90 to interact with the large
number of functionally important amino acid resi-
dues and thereby affect ATP hydrolysis. Our research
showed that the quite large calix[4]arene platform is
important in the direct interaction with the enzyme,
while substitutions in the upper rim define a vector,
in which calix[4]arene is directed.

We also investigated the possible interaction of
calix[4]arene cup C-150 and model non-macrocyclic
compound M-1 with myosin Sl1. It was found that
calix[4]arene C-150 is most likely to interact with
the enzyme in the area, which is rich in hydropho-
bic amino acid residues. In this case, calix[4]arene
C-150, in contrast to calix[4]arene C-90, is located
farther from the enzyme active center, and its hy-
drophobic cup is fixed by the following amino acid
residues: Phe467, Phe469, Glu473, Thr231, Ser237,
and Asp320. The absence of the side cluster limits
the ability of calix[4]arene C-150 to interact with the
enzyme active center and influence on its activity.

The obtained experimental data as to the model
fragment M-1, which is ¥ part of calix[4]arene C-90
and tends to activate ATP hydrolase of myosin S1,
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are consistent with the results of computer mode-
ling. It was shown that M-1 is able to interact with
some amino acid residues, involved in fixation of
calix[4]arene C-90 (data are not shown). The presen-
ce of phenylsulfonyltrifluoroacetamidine cluster
and hydrophobic phenol ring in the structure of M-1
facilitates interaction between M-1 and amino acid
residues of S1. However, the interaction of one sub-
stituent group of calix[4]arene C-90, which is in the
M-1 structure, with amino acid residues of myosin
S1 probably does not refer to all sites of the enzyme
related to the calix[4]arene C-90 activating the effect
on ATPase.

The hydrolysis of ATP is accompanied by con-
formational changes in the myosin S1 structural ele-
ments, which form its active center [20, 21]. First of
all, it concerns important for binding, coordination
and realization of ATP hydrolysis P-loop, switch 1
and switch 2. The found myosin SI amino acid resi-
dues, which can interact with substituent groups of
calix[4]arene C-90, belong to the mentioned above
structures. Calix[4]arene C-90 interacting with the
three main loops of the myosin ATP- hydrolase site
(Fig. 4, 1) is likely to influence the conformational
flexibility of the enzyme structure and to stabilize
the conformation of these loops in the position most
favorable for dissociation of Pi from Mg-ADP com-
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plex, and thus activate ATP hydrolysis. In our study
using docking, we found that phenylsulfonyltrifluoro-
acetamidine residue of calix[4]arene C-90, attached
to C10 of its cup, interacts with Serl78 of myosin
S1 phosphate-binding loop. The polar side chain of
Ser178 facilitates interaction of ATP with the myosin
active center [1] that contributes to ATP hydrolysis.
We have also shown that nitrogen (N82) of phenyl-
sulfonyltrifluoroacetamidine residue extended from
C4 of calix[4]arene C-90 cup (Fig. 5, I), takes part
in the interaction with Glu465 of myosin S1. It is
known that Glu465 in the structure of smooth mus-
cle myosin is essential for the water molecule assem-
bly in the enzyme active center for the nucleophilic
attack on gamma-phosphate of ATP [1]. Probably,
upon binding of calix[4]arene C-90 with Glu465,
the “active” water molecule changes its position in
the myosin active center, more intensively attacking
ATP macroergic bonds and positively affecting nuc-
leosidetriphosphate hydrolysis catalyzed by myo-
sin Sl.

Thus, calix[4]arene C-90 and its analogs, name-
ly calix[4]arenes: C-956, C-957, C-960, C-772, and
C-716, which have at least two functional phenyl-
sulfonyltrifluoroacetamidine groups at the upper
rim, at concentration of 100 uM, activated ATPase
of the myometrium myosin S1; whereas the ca-
lix[4]arene cup without substituent groups C-150
and the model non-macrocyclic compound M-1 did
not exhibit an activating effect. Computer modeling
revealed that the phenylsulfonyltrifluoroacetamidine
groups of calix[4]arene C-90, which is likely to de-
fine its activating effect on the enzyme, reacted with
the important for binding, coordination and realiza-
tion ATP hydrolysis amino acid residues of the myo-
sin S1 polypeptide chain.
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bararo mnaronorii penpogyKTHUBHOI CHCTE-
MU B JKIHOK € HAaCJiIKOM HOPYIIEHHS! CKOPOTIMBOI
(hyHKIIT TIageHBKOTO M’si3a MaTKH (MiOMETpis).
VY 3B’I3Ky 3 MM BHHHKAE MOTpeda B po3poOIeHH]
e(eKTUBHUX METOMIB KOPEKIlii TaKWX MOPYIIEHB.
MiosunoBa ATPa3a nmepeTBoproe XiMiuHY €HEprio,
JIETIOHOBaHy B MakpoepriyHux 3B’si3kax ATP, y
MEXaHIuHY 31 CIPSIMOBaHHM PYXOM 1 JIOKaJi30BaHa
B  KaTaJiTHYHOMY  JOMeHi  cyOdparmenra-1
miosuny. llokazano, mo xamikc[4]laper C-90 Ta
HOro CTPYKTYpPHI aHAJOTH, SKi (hyHKITIOHATI30BaH1
Ha BEpPXHHOMY BIHIII MaKpOIHMKIY YOTHpMa abo
npuHaiiMHI  ABoMa N-deHincyabhoHIITpUpTOp-
areTaMiIMHOBUMH TPYTIaMH, aKTHBYIOTh T1ApOIIi3
ATP, karamizoBanmii cybdparmeHTOM-1 Mio3uHY
MiOMETpisl. MeTomoM KOMIT'IOTEPHOIO MOJEIIO0-
BaHHS BCTAaHOBJIEHO, 10 N-(heHINCyabhoHINTPHU-
(hropareraMiTMHOBI rpynu  Kamikc[4]apeny
C-90 B3aeMOIIIOTH 3 AMIHOKWCJIOTHHUMHU 3aJIUIII-
KaM#l TOJINeNTHUAHOTO JaHIora cyodparmen-
Ta-l MIO3MHY, BaXJIMBUMH ISl 3B’SI3yBaHHS,
KOOpIMHAII Ta 3IIHCHEHHS MpoIecy TiApomi3y
ATP. Opepxani pe3ynbTaTd y TOAAIBIIOMY MO-
KyTh OyTH BHUKOPHCTaHI B JOCII/DKEHHSX, CIIPS-
MOBaHMX Ha BUKOpUCTaHHs Kaimikc[4]aperny C-90
Ta HOro aHaJoriB SIK CHOJNYK, 34aTHUX €(EKTHUB-

HO HOPMaJi3yBaTH CKOPOTIHBY TilMOQYHKIIIFO
MiOMETpisl.
KnaouoBi cioBa: cyOo¢parment-1

Mmio3uny, ATPa3na akTuBHICTB, Kamikc[4]apen C-90,
JIOKIHT, TJIaZIeHbK1 M’S134, MaTKa.
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MHorue natojoru pernpogyKTHBHOM cHCTe-
MBI y KCHIIUH SBJISIOTCS CJICACTBUEM HapyIICHHUH
COKPATUTENbHON (YHKIMM IMIAAKUX MBI MaTKU
(Muometpus). B cBs3u ¢ 3THM BO3HMKaeT HEOOXO-
JTMMOCTH pa3paboTky APPEKTUBHBIX METOIOB KOP-
peKkuuu Takux HapyweHuid. MuosunoBas ATPaza
IIpeBpaIlaeT XMMUUECKY0 SHEPT U0, ACTTOHUPOBAH-
HYI0 B Makpoapruueckux cBs3ax ATP, B mexanuye-
CKYIO C HAIpPaBJICHHBIM ABM)KCHHEM, U JIOKaJIH30-
BaHA B KAaTaJUTHYECKOM JOMeHe cyOdparmenTa-1
muo3uHa. [lokazano, uto kanukc[4]apen C-90 u ero
CTPYKTYpHBIE aHaJOrd, (yHKIHNOHAIM30BAHHBIC
[0 BEpXHEMY 0001y MAaKpOLMKJIAa YEThIPbMa HIIH
o KkpaiftHelr Mmepe AByMsi N-QeHmicynb(poHuITpH-
(TopaneTaMuIMHOBBIMU T'PYNIaMH, aKTUBUPYIOT
runponn3 ATP, xatanuznpoBanHsblii cyOdparmen-
TOM-1 MHO3KMHA MUOMETPHUsL. METOZOM KOMITBIOTEP-
HOT'O MOJEIIMPOBAHUS YCTAHOBJICHO, YTO N-(eHu-
CyIbGOHUNTPUPTOPALETAMUANHOBBIE  ['PYIIIIIBI
kanukc[4]apena C-90 B3aeMOJEHCTBYIOT ¢ AMHUHO-
KHCJIOTHBIMM OCTaTKaMH IOJIUIENTHIHONW LEeNH
cyOdparmenTa-l MuHO3MHA, BaKHBIMH [JISl CBSI-
3bIBAHUS, KOOPAMHALMU U OCYIIECTBICHUS IPO-
necca ruaponusza ATP. IlonydeHHble pe3ysbTaThbl
B JaJbHEHIIEM MOI'YT OBITh HCIIOJIB30BAaHBI B HC-
CJICZIOBAaHMSX, HAIPABJICHHBIX HAa HCIIOJIb30BaHHE
kanukc[4]apena C-90 u ero aHaJloroB B KauecTBE
COeMHEHUH, CITOCOOHBIX 3(h(PEeKTHBHO HOPMATU30-
BaTh COKPATUTEIbHYIO 'MIOQYHKINIO MHOMETPHSI.

KnwoueBpie cunoBa:cydbpparment-1 muo-
3uHa, ATPa3nas aktuBHOCTH, Kanukc[4]apen C-90,
JIOKUHT, TJIaJIKUE MBIIIIbI, MaTKa.
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Mpycobacterium tuberculosis ANTIGENS MPT63
AND MPT83 INCREASE PHAGOCYTIC ACTIVITY
OF MURINE PERITONEAL MACROPHAGES
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Macrophages (M®) are the most described and characterized target and host of mycobacteria. Like
other cells of innate immunity M® have a wide range of receptor molecules which interact with different
pathogen associated molecular patterns (PAMPs). Immunodominant proteins MPT63 and MPTS3 that are
synthesized in abundance by Mycobacterium bovis or Mycobacterium tuberculosis strains could be involved
in development of tuberculosis infection. The aim of this study was to search for effects of these mycobacterial
antigens on target cells. For this aim full-sized sequences of MPT83 (rMPT83full) and MPT63 antigens were
cloned into plasmid pET24a(+). The increase of phagocytic activity of murine peritoneal macrophages was
demonstrated, but not of macrophage-like cells from J774 cell line, which were treated by rMPT63 and rMPT-
83full proteins for 24 h. This effect of such antigens can be considered as a way to facilitate the consumption
of mycobacterial cells by macrophages to avoid other effector mechanisms of innate and adaptive immunity.

Key words: Mycobacterium tuberculosis, Mycobacterium bovis, macrophages, phagocytosis, MPT63,

MPTS3.

l : nowledge about mechanisms of pathogene-
sis and development of tuberculosis (TB) is
rapidly growing. The arising of multidrug-

resistant strains of Mycobacterium (MDR-TB) pro-
motes finding new effective therapeutic agents. In-
teractions of bacterial pathogenic factors with target
molecules lead to particular effects in host. Thus, the
investigation of features and functions of a number
of tuberculosis bacilli antigens is a prerequisite for
prevention and treatment of TB.

The genome of Mycobacterium contains con-
sists of about 3989 genes that encode functional
products, only 30% of them performing the known
functions and 70% being classified as hypothetical
[1]. Identification of cellular and molecular targets
for immunodominant proteins MPT63 and MPT&83
could fill certain gaps in understanding the mecha-
nism of tuberculosis pathogenesis. Also, it remains
unclear whether some M. tuberculosis antigens, in-
cluding MPT63 and MPT&3, are involved in avoiding
bacteria degradation in endosomes. Therefore, the
study of the role of M. tuberculosis proteins with un-
known functions in the development of infection in
susceptible hosts is one of the priority tasks.
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The innate immune system, including M@, is
the main chain of all immune networks, which is re-
sponsible for elimination and deactivation of numer-
ous pathogens. However, inner environment of M@
is a favorable place for reproduction and survival of
M. tuberculosis [2]. Apparently, active phagocyto-
sis of different bacilli by M@ leads to pathogen lysis
and future patient recovery. However, pathogenic
mycobacterial strains survive inside macrophages
by arresting the normal maturation of their phago-
some and limiting fusion with pre-formed lysosomes
[3]. Obviously, the components of bacteria cell wall
and some proteins products are involved in these
processes.

MPT63 is 16kDa secreted protein that had rela-
tively high expression level in mycobacteria. First-
ly this antigen was obtained from M. tuberculosis
culture fluid in 1991 by Nagai and colleagues [4].
Analysis of the nucleotide sequence of mpt63 identi-
fied open reading frame, and it was shown that the
protein consists of 159 amino acids and contains
two components: a signal peptide that has 29 amino
acids and entire MPT63, which contains 130 amino
acids [5]. The orthologs MPB63 from M. bovis and
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MPT63 from M. tuberculosis have difference of one
nucleotide in their gene sequences but are not dis-
tinguished in functional products. The recombinant
MPTG63 isolated from Escherichia coli and natural
protein of M. tuberculosis MPT63 did not differ by
the results of serological tests [6, 7].

Moreover, homologs of MPT63 have been
found in different strains, but polyclonal antibodies
against MPT63 from M. tuberculosis do not cross-
react with them [8, 9]. Some mycobacterial species
have mpt63 gene which are not translated into pro-
tein product [8]. Therefore, rMPT63 is a valuable
target for immunological studies.

Though the function of MPT63 remains un-
known, there have been few studies of MPT63 effect
on in vitro systems. However there is little informa-
tion available about targets of MPT63 on cells and
activation cascades associated with them. As a rule,
bacteria proteins have effect on cytokine production,
such as tumor necrosis factor alpha (TNF-o) and
interleukin 6 (IL-6). Degranulation and release of
histamine and hexaminidase from mast cells caused
by MPT63 is demonstrated [10]. Surprisingly, that
other M. tuberculosis antigens ESAT-6 and MTSA-
10 showed a similar result.

Another important immunodominant antigen
of M. tuberculosis is a membrane binding lipopro-
tein MPT83 [11]. This molecule is one of the ligands
for toll-like receptor 2 (TLR-2) and could bind with
human TLR-2 with affinity about 4.42x10-8 M [12].
Also M. tuberculosis has a number of molecules that
bind and activate TLR-2 (lipoproteins LpqH, LprG,
LprA and PhoSl, lipoarabinomanan, lipomanan and
phosphatidylinositol mannoside (PIM). Prolonged
stimulation of macrophages with these ligands leads
to the production of immunosuppressive cytokines
(including IL-10 and IL-4) and reduction of major
histocompatibility complex (MHC) class II expres-
sion and inhibition of antigen processing [13]. Proba-
bly, TLR-2 is not the only possible target for MPT83.
Thus, MPT83 stimulation of M@ from TLR-2 knock-
out mice resulted in a significant increase of TNF-a,
IL-6 and IL-12 synthesis, although lower than for
wild-type mice macrophages [14]. Similarly, the
blocking of TLR-2 with antibodies reduces but not
abolishes MPT83 effects [12].

Chambers and colleagues [12] offered that gly-
cosylated and acetylated protein could take influen-
ce on matrix metalloproteinase (MMP) expression
through interaction with TLR-2, TLR-1 or TLR-4.
Nevertheless, it was shown that recombinant protein

(not glycosylated and not acetylated) could activate
the production of metalloproteinases too. The above
evidence provides the value and adequacy for using
the recombinant proteins MPT63 and MPT83 in in-
vestigation of their functions.

According to the literature macrophages and
macrophage-like cells are the main target of myco-
bacteria, but for many Mycobacterium antigens the
functions have not been found yet. Our goal was to
show some effects of M. tuberculosis/M. bovis anti-
gens MPT63 and MPT83 on selected cells models.

We have chosen two models to achieve the
objective, primary culture of macrophages from
peritoneal cavity of mice and macrophage-like cells
of J774 cell line source which is also murine. Effects
could differ after treatment of primary culture and
malignant cells by antigens. The absence of regis-
tered changes in phagocytosis assay in J774 cell line
has focused our investigation on peritoneal mac-
rophages only.

We previously cloned MPT63 and fragment of
MPT83 that corresponded to sequence 115-220 aa of
fasciclin-like domain (FLD) (94-217 aa) [6]. In the
current study we focused on the effects of rMPT63
and rMPT83full on macrophages phagocytosis
activity. Our results have shown that both rMPT63
and rMPT83 increase percentage of macrophages
that actively consume EGFP expressed E. coli.
Moreover, such influence of recombinant antigens
did not depend on E. coli expression system, because
control proteins, which were expressed and obtained
from similar expression system, had no effect on
phagocytosis.

Materials and Methods

Mice and cells. BALB/c female white mice (30-
35 g of body mass) were used in the experiments.
Mice were kept in cages of research vivarium, fed
a standard diet and had free access to water. The
animals (n = 12) were used for obtaining peritoneal
macrophages.

The experiments are consistent with the re-
quirements of the European Convention for the Pro-
tection of Vertebrate Animals used for Experimen-
tal and Other Scientific Purposes (Strasbourg, 1986)
and with ethical norms as laid down in the laws of
Ukraine.

Sterile saline was injected in the plot of peri-
toneal cavity. Belly was massaged gently for M@
washed per 1 min. A small patch of skin was cut by
scissors without damage of the peritoneal cavity in-
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tegrity. Using a syringe carefully selected fluid with
cells and transferred it to clean dishes. The liquid
was centrifuged during 5 min at 300 g, the super-
natant was collected and cells were washed twice
in phosphate buffered saline (PBS). Cells’ precipi-
tate was resuspended in RPMI-1640 medium with
L-glutamine, 50 mg/l cefalotin and with addition
fetal bovine serum (FBS) to final concentration of
10% and transferred to a new dish. Peritoneal M@
and macrophage-like cells of J774 cell line were
cultivated in cell culture flasks and maintained at
37 °C in a humidified incubator in 5% CO, atmos-
phere. After M@ adhesion to the bottom of the dish
there are twice washed by PBS from on the medium,
serum and red blood cells. Cells were removed by
30 mM EDTA solution in PBS for 15 min at 37 °C
and active mixing.

Cloning of MPT83full in Escherichia coli.
Fragment of mpt83(full) gene was amplified by
PCR from vaccine strain M. bovis BCG-Russia by
2 oligonucleotides: MPT83 L SP 5-TGGATCCAG-
CACCAAACCCGTGTCGCA-3" and MPT83 L ASP
5-AATCTCGAGCTGTGCCGGGGGCATCAG-
CA-3". PCR amplification was performed under the
following conditions: incubation at 94 °C for 3 min;
28 cycles at 94 °C for 30 s, at 55 °C for 30 s and at
72 °C for 1 min; and extension at 72 °C for 7 min.
PCR products were extracted and purified using
Genelet Gel Extraction Kit. Plasmid DNA was ob-
tained by Genelet Plasmid Miniprep Kit. All ma-
nipulations were performed according to the manu-
facturer's manual recommendations. The amplified
mpt83(full) gene was ligated with the E. coli expres-
sion vector pET24a(+) (Novagen, Germany) using
BamHI and Xhol restriction sites. The obtained con-
struct was used to transform E. coli Rosetta (DE3)
host cells (Novagen, Germany) for protein expres-
sion. Several clones verified with PCR were frozen.

Immobilized-metal affinity on-column chro-
matography of His-tag proteins. MPT63 and
MPT83full expressed E. coli cells were grown in
LB medium with 50 pg/ml kanamycin and 1% glu-
cose at 37 °C and active mixing (250 rpm) to optical
density A, , 0.3-0.5. The expression of mycobacte-
rial proteins was induced by 1 mM isopropyl-p-D-
thiogalactopyranoside (IPTG). Cell precipitates of
MPTG63 expressed E. coli were resuspended in wash
buffer (50 mM Na ,HPO,, (pH 8.0), 0.5 M NaCl),
which contains 6 M urea and treated on ice with ul-
trasonic disintegrator Labsonic (Sartorius, Germa-
ny) and centrifuged during 20 min at 13,000 rpm.
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The supernatant was applied to a pre-equilibrated
Ni-NTA agarose (Qiagen, Germany) column and
washed with 6 M urea buffer. Elution of purified
proteins was conducted in buffer with 250 mM imi-
dazole and 6 M urea. After purification recombinant
protein was dialyzed in PBS (0.8% NaCl, 0.02%
KCl, 0.144% Na HPO,, 0.024% KH_PO,, pH 7.4).

MPT83full expressed E. coli cells were resus-
pended in PBS and were treated and centrifuged as
described above. MPT83full protein extraction was
carried out in non-denaturating conditions using
wash buffer without urea reagent.

SDS-PAGE and Western blotting. Protein mole-
cules were separated by 10% SDS-PAAG electro-
phoresis under denaturating condition in Tris-tricine
buffer system. We used a buffer sample that con-
tained B-mercaptoethanol for prevention of dimers
formation and buffer without disulfide reduction
components. Staining was performed using Coomas-
sie Brilliant Blue G-250. Protein concentration was
determined by densitometry using special computer
program TotalLab TL120.

Protein transfer to nitrocellulose membrane
was performed using semi-dry Western blot during
2 h and current strength 38 mA in the buffer which
contained 25 mM Tris-HCI, pH 8.3, 20% methanol,
192 mM glycine.

After transferring the membrane was blocked
by 5% non-fat milk dissolved in PBS during 1 h at
37 °C. Then the membrane was washed three times
by T-PBS (0.8% NaCl, 0.02% KCl, 0.144% Na,HPO ,
0.024% KH,PO,, 0.04% Tween-20, pH 7.4) and in-
cubated with anti-His tag antibodies (1:3000) conju-
gated with horseradish peroxidase. Bands have been
detected by 3,3'-Diaminobenzidine tetrahydrochlo-
ride (DAB) chromogenic substrate.

Flow cytometry and Phagocytosis assay. Peri-
toneal M@ and macrophage-like cells from J774 cell
line incubated in cell culture flasks (1x10° cells/dish)
with tMPT63, tMPT83 and mCherry (0.25x10° mM)
as a control for 0.5, 1, 2 and 24 h. After cultiva-
tion the macrophages were incubated with EGFP
expressed E. coli cells during 30 min at 37 °C in
the ratio of 100 bacterial cells per one macrophage.
Cells were washed from not phagocytized bacteria
and in PBS-BSA (0.8% NacCl, 0.02% KCI, 0.144%
Na HPO,, 0.024% KH_PO,, pH 7.4, 2% BSA). Sam-
ples were analyzed by flow cytometry (Beckman
Coulter Epics XL) using FL1 channel laser and cali-
brator with 50 000 total events/sample.
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The temperature, lack of sodium azide meet
conditions for active uptake of EGFP expressed
Escherichia by macrophages. Bacteria with the ac-
cumulated protein fluoresces actively even after the
takeover by macrophages. Green laser channel was
identified increase in fluorescence, which means an
increase of phagocytized bacteria by a permanent
amount of macrophages.

Results and Discussion

Vector construction for rMPT83full expres-
sion. Full mpt83 gene was amplified by PCR (Fig. 1,
A) and cloned into vector for protein expression
pET24a(+) (Novagen, Germany) by restriction sites
BamHI and Xhol (Fig. 1, B). The number of copies of
pET24a-mpt83(full) vector were amplified in E. coli
DHI10B strain. The mpt63 gene was cloned into
pET24 vector previously [6].

E. coli Rosetta DE3 strain cells were trans-
formed by pET24a-mpt83. Cells were grown on
solid culture medium LB at 37 °C with addition of
selective antibiotic kanamycin. Selected clones were
tested for the presence of the correct inserted gene
fragment by PCR (Fig. 1, C). The expected amplified
fragment length was approximately 900 b.p.

A 1 M B
length, b.p.

3000

1000

1000
600
500
400

300 500

200
100

Expressed recombinant proteins obtaining
and purification. Selected clones of MPT83full
and MPT63 expressed E. coli were induced with
I mM IPTG and incubated for 4 h at 30 °C with
intensive aeration. His-tag labeled proteins were
isolated by IMAC on Ni-NTA agarose (Qiagen, the
Netherlands). Elution was performed by competitive
displacement of protein molecules with 250 mM
imidazole solution in wash buffer under denaturing
(MPT63) and non-denaturing (MPT83full) condi-
tions. Final fractions had been analyzed by 10%
SDS-PAGE (Fig. 2, A). Also, the electrophoretic
mobility of the rMPT83full protein depends on the
presence or absence of disulfide reduction compo-
nent in sample buffer (Fig. 2, B).

The cloning of the full length tMPT83 my-
cobacterial protein was needed to study the effect
of all sequence of the antigen, but not only FLD
rMPT83(115-220) [6], on M®. Despite the lower
yield of protein from 1 liter of E. coli culture, full-
size MPT83 was identified in the soluble cytoplas-
mic fraction that gives it in correctly folded con-
formation. In contrast, FLD rMPTS83 (115-220) was
identified in insoluble inclusion bodies (Fig. 2, A).
Furthermore, full-size MPT83 does not form dimers,

length,
b.p.

1000

500

Fig. 1. Construction of pET24a-mpt83(full) vector for protein expression. A — the mpt83(full) gene amplified by
PCR from M. bovis-BCG Russia. B — construct of mpt83(full) gene sequence cloning into pET24a(+) vector by
restriction sites BamHI and Xhol. C — correct gene insert from E. coli transformed cell colonies was verified

by PCR within pair pET-oligos
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Fig. 2. Electrophoresis assay of novel obtained protein MPTS83full. A — lane 1 and 2 — insoluble and soluble
fractions of E. coli cell lysates, which contain non-purified MPT83full. Lane 3, 4 — MPT83full purified on
Ni-NTA agarose under denaturing conditions. Lane 5, 6 — FLD rMPTS83 obtained and purified under denatu-
ring conditions. Samples 7, 8, 9 — BSA for protein concentration calibration. B — electrophoretic mobility of
MPTS83full within the sample buffer without (lane 1) and with (lane 2) disulfide bonds reduction reagent DTT.
Different mobility of MPTS3full provides existence of the inner disulfide bond

unlike its short analog (Fig. 2, B; Fig. 4). This also
proves the value feasibility of using the product of a
full gene sequence in which the N’-terminal amino
acids play a potentially important role in protein
folding. Therefore, the action of FLD rMPTS83 (115-
220) on phagocytosis assay was not studied.

Primary culture but not malignant mac-
rophages have higher phagocytic activity after 24 h
rMPT63 and rMPTS83full stimulation. For phagocy-
tosis test we used a transformed green fluorescent
protein E. coli, according to the protocol described
in Gille et al [15]. Protocol has been tested on J774
cells. Phagocytosis level was estimated by flow cy-
tometry in order to obtain data for the large number
of cells.

After tMPT63 and rMPT83full stimulation
the number of phagocytic peritonecal M® was
increased. However, any significant differences in
phagocytosis level for incubation period of 30 min,
1 or 2 h was not found. However after 24 h rMPT63
and rMPT83full stimulation of peritoneal M® the
number of phagocytic cells was increased twice.
The control proteins did not lead to such effect and
the number of phagocytic cells was at the level of
unstimulated cells (Fig. 3, 4, B).

Unlike peritoneal murine M@ the malignant
macrophage-like cells from J774 cell line were not
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characterized by any increase in phagocytosis, even
after 24 h of stimulation.

The goal of our study was to investigate by
flow cytometry the quantitative parameters of
phagocytosis of EGFP expressed E. coli cells by
mouse M@ under application of mycobacterium
proteins to them. Flow cytometry allows analyzing a
larger sample of cells compared with the conventional
microscopic analysis [16, 17]. Furthermore, the
method allows an objective quantitation of the
phagocytic activity to give two parameters, such
as phagocytic rate and index. The present results
show that the phagocytic activity of cultured mouse
peritoneal M@ increased after the exposure to
rMPT63 or rMPT83full. While preincubation of the
cells with mCherry or EGFP showed a negligible
change in the amount of actively phagocytic M®, we
concluded that the effect of IMPT63 and rtMPT83full
was specific.

There are two potential ways to increase
activity of phagocyte link of innate immunity of the
host. First of them is the increase of the number of
phagocytic cells which intake the same number of
particles (e.g. EGFP expressed E. coli). Another way
implies intensification of phagocytosis activity of
each individual cell, which is belonging by constant
rate to cell population. However, intensification of
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Fig. 3. Recombinant MPT63 and MPT83full induce active intake of EGFP expressed E. coli by peritoneal
macrophages after 24 h preincubation. The level of bright luminous macrophages after EGFP expressed
E. coli capture was observed by flow cytometry after exposure to MPT63 and MPT83 compared to control
antigen. The percentage of actively phagocytic cells was increased 2 times for both mycobacterial antigens
(A, B) compared with unstimulated macrophages and stimulated by mCherry

phagocytosis also may occur by both mechanisms
simultaneously.

Using flow cytometry we have shown not only
the increase of the intensity, but also of the number
of phagocytic cells, which grew twofold in both
cases under the action of studied mycobacterial
proteins. The percentage of stained cells increased

to 19.1% after MPT63 treatment in comparison with
10.5% of intact (without treatment) cells and 10.9%
which were in preincubation with mCherry and to
19.8% after MPT83full stimulation in comparison
with 10.5% of intact cells and 10.9% which were
pre-incubated with mCherry (Fig. 3). Furthermore,
this effect was caused by long-term stimulation of
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Fig. 4. Dimers of FLD rMPTS83 identified by Western
blot with anti-HisTag-HRP conjugate

cells. Treatment of mouse M@ for 0.5, 1 and 2 h
had no effect on the increase of phagocytic activity
compared with control samples. This effect was
caused only after 24 h of incubation, which was
probably related to changes in gene expression than
to release from the inner cell store molecules which
had been involved in phagocytosis.

The fact that malignant mouse macrophage-
like cells from J774 cell line did not respond to
the effect of mycobacterium proteins observed in
primary cultures of M@ is to be discussed. Some
malignant cell lines have excessive activation,
including phagocytic activity rate [18]. Therefore,
we cannot detect changes in phagocytic activity of
these cells under stimulation with mycobacterial
proteins. Also we suppose that molecular targets
of the investigated proteins on the cell surface may
be expressed on discrete population at the distinct
stage of differentiation, which is better represented
in primary culture.

The control antigens, like EGFP and mCherry,
which were used in the phagocytosis assay, as well
as rMPT63 and rMPT83full, were cloned in identi-
cal prokaryotic expression system and obtained and
purified under the same conditions. So, we can ex-
clude the effect of contamination and hence the effect
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caused by the bacterial wall components, like other
features of products from recombinant origin.

For many infection diseases M@ provide the
last niches for pathogen degradation and elimina-
tion, whereas mycobacteria can evade and coexist
with these cells of host organism. Tuberculosis ba-
cilli affect M@ and persist in these cells avoiding
endosome-lysosome fusion [3]. As a result, vesicles
do not become acidic and bacteria survive.

The authors proposed that M® were the first
target of MPT63 and MPT83 proteins of mycobacte-
ria and theirs receptor molecules are localized at the
surface of these cells. Also, we suggest that these
immunodominant mycobacterial proteins facilitate
bacteria cell phagocytosis for their survival inside
M@. This can represent one of the ways how bacteria
could escape from the environment outside the cell
in the organism, which has many factors of innate
and adaptive immunity that can eliminate pathogen.

As a consequence of phagocytosis mycobacte-
ria are able to grow and reproduce within phagocyte.
Perhaps, one of the many actions of MPT63 and
MPTS3 could be directed precisely to such “speci-
fic” protecting of the pathogen from the host immune
system. Of course, this is only the first evidence, and
further study of these antigens is required.

Thus, obtained previously MPT63 and for the
first time cloned and obtained MPT83full streng-
then phagocytic function of immune system cells.
The value of full-size antigen in comparison with
its short fragment FLD rMPT83(115-220) obtained
previously in our lab shows its identification in the
soluble fraction, which indicates the correct folding
of molecules in spite of a lower yield of new pro-
tein. The ability to induce phagocytosis by products
of contamination of prokaryotic expression system
(e.g. lipopolysaccharide (LPS), teichoic acids) were
offset by no increase of phagocytosis after control
proteins treatment despite the same plasmid DNA,
where their genes were inserted and obtained and
purified by the same methods as for MPT63 and
MPTS3. The investigated effect caused by the chosen
mycobacterial antigens was observed in the primary
culture, but not in malignant cells, probably due to
genetic determinism over activation of the latter. The
enhancing of bacteria phagocytosis by macrophages
after the exposure to mycobacterial antigens can be
explained as the deception of immune system by my-
cobacteria, seeking to be captured by phagocytes for
future survival and reproduction within the host.
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AHTUTI'EHWU Mycobacterium tuberculosis
MPT63 TA MPTS83 NIABUILLYIOTH
DATOHUTAPHY AKTUBHICTb
NEPUTOHIAJIBHUX MAKPO®ATIB
MU
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Maxkpodaru — HaWOINBIOI ONMMCaHa Ta oOXa-
pakTepu3oBaHa MilleHb Ta KIITHHA-Xa3diH AJIs
MikoOaKkTepii. [, sik #f IHIIUM KJIITHHAM ITPUPOTHO-
ro iIMyHITeTY, MaKkpodaraMm mpuTaMaHHU I ITUPOKU I
CIEKTP PELENTOPHUX MOJICKYJI, 110 B3a€MOJIIIOThH
i3 pI3HOMAHITHUMH TATOT'€HACOI[IHOBAaHMMH MO-
JeKyJISpHUMM  NAaTTepHaMH. IMYHOOOMiHAaHTHI
anturenn MPT63 ta MPTS83, wmo npoaykyroTb-
csl B 3HA4YHIN KiNbKOCTI B mTamax Mycobacterium
bovis Ta Mycobacterium tuberculosis, MOXXyTb Oy TH
3aydeHi 0 pO3BUTKY iHGekmii. Meroro Hario-
ro JIOCIHIJDKEHHS OYB MONIYK ACAKUX €(EeKTiB IUX
MiKoOaKTepiaJbHUX aHTUTESHIB Ha KJIITHHU-MIIIICHI.
Jnst uporo OyJo KJIOHOBAHO ITOBHOPO3MIpHHM
antTuren MPT83 ta MPT63 B mmasmigniii JTHK
pET24a(+). Ilokazano 3pocTtaHHs (aronuTapHOi
aKTHBHOCTI MakpodariB i3 TepUTOHEANBHOI II0-
POKHHHHM MHUIII, ajie He MakpoharomnoaioHux
KirituH niHii J774, sxi Oynu ctumynboBaHi IMPT63
ta rMPT83full mporsrom 24 rox. Edexr mux
AQHTUTEHIB MOXKHA PO3IIISLIATH SIK CIOCIO CHpHSH-
HS 3aXOIUICHHS MikoOakTepid mMakpodaramu st
YHUKHEHHS 1HIIMX MEXaHi3MiB [ii MPUPOAHOTO Ta
Ha0yTOTO IMYyHITETY.

Knodgosi clmoBa: Mycobacterium
tuberculosis, Mycobacterium bovis, Maxpodaru,
(parouuros, MPT63, MPTS3.
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Makpocdaru — Hanbosiee onucaHHasi 1 OXapakK-
TEpHU30BaHHAsI MUIIECHb U KJIETKA-XO3SUH JUISl MU-
kobakTepuil. U, kak v ApyruM KJIETKaM €CTECTBEH-
HOI'0 MMMYHHUTETA, MaKpodaraM Npucy Ll IHPOKHUH
CIIEKTP PELENTOPHBIX MOJIEKYJI, B3aUMOJAEHCTBYIO-
OIMX C pa3HOOOpa3HBIMM IAaTOI€HACCOLUHUPOBAH-
HBIMHM MOJIEKYJISIPHBIMM HarTepHaMu. MMmyHOmO-
MUHaHTHbIE aHTUreHsl MPT63 u MPT83, xoTopsie
OPOAYLUHUPYIOTCS B 3HAUUTEIBHOM KOJIHYECTBE B
mrammax Mycobacterium bovis m Mycobacterium
tuberculosis, MOTYT OBITH 3aJIeHICTBOBaHBI B Pa3BU-
Tun uHpekunH. Llenpro Hamero nccienoBanus ObLI
MOVUCK HEKOTOPBIX APPEKTOB ATUX MHUKOOAKTEepH-
aJbHBIX AHTUT'CHOB Ha KJIETKU-MUIIeHU. [yt 3TOrO
ObUIM KJIOHMPOBAHBI TOJIHOPa3MEpPHbIE aHTUIEHBI
MPTS83 u MPT63 B murazmunoit JIHK pET24a (+).
ITokazan pocT ¢arouuTapHOi aKTUBHOCTH MakKpo-
(aroB B NepuTOHEATBHOW MOJIOCTH MBILIM, HO HE
Makpodaronofo0HBIX KJIETOK JUHUHU J774, KOTO-
peie ctumynupoBanuck TMPT63 u rtMPT83full nHa
npoTsokeHNH 24 4. D heKT 3THX aHTUTEHOB MOYKHO
paccMaTpuBaTh Kak CIIOCOO CONEHCTBUS 3axBaTy
MUKOOAaKTepHil Makpodaramu BoO M30eKaHHUE NIPy-
TUX MEXaHU3MOB JICUCTBUSI €CTECTBEHHOI'O U NPH-
00peTEeHHOr0 MMMYHHUTETA.

KnoueBnbie cnoBa: Mycobacterium
tuberculosis, Mycobacterium bovis, Maxpodaru,
(haromuros, MPT63, MPT&3.
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MUTATION OF katG IN A CLINICAL ISOLATE
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ON CATALASE-PEROXIDASE FOR ISONIAZID ACTIVATION
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Mutations in katG gene are often associated with isoniazid (INH) resistance in Mycobacterium tu-
berculosis strain. This research was perfomed to identify the katG mutation in clinical isolate (L8) that is
resistant to INH at 1 ug/ml. In addition to characterize the catalase-peroxidase of KatG L8 and perform the ab
initio structural study of the protein to get a more complete understanding in drug activation and the resistan-
ce mechanism. The katG gene was cloned and expressed in Escherichia coli, then followed by characteriza-
tion of catalase-peroxidase of KatG. The structure modelling was performed to know a basis of alterations
in enzyme activity. A substitution of A713G that correspond to Asn238Ser replacement was found in the LS
katG. The Asn238Ser modification leads to a decline in the activity of catalase-peroxidase and INH oxidation
of the L8 KatG protein. The catalytic efficiency (K /K, ) of mutant KatG, . . respectively decreases to 41
and 52% for catalase and peroxidase. The mutant KatG, ... also shows a decrease of 62% in INH oxida-
tion if compared to a wild type KatG (KatGwt). The mutant Asn238Ser might cause instability in the substrate
binding site of KatG, because of removal of a salt bridge connecting the amine group of Asn238 to the
carboxyl group of Glu233, which presents in KatGwt. The lost of the salt bridge in the substrate binding site in
mutant KatG created changes unfavorable for enzyme activities, which in turn emerge as INH resistan-

Asn238Ser
ce in the LS isolate of M. tuberculosis.

Key words: Mycobacterium tuberculosis, INH resistance, katG, catalase-peroxidase.

uberculosis (TB) is well known as an infec-

I tious disease that is caused by Mycobacte-
rium tuberculosis. The disease is currently
ranked as the seventh most common causes of death
in the world, and still estimated to remain in the top
10 causes of death untill 2030. Recently, TB is re-
ported as the second leading cause of death in adults
and recorded as the deadliest of all infectious disea-
ses. Indonesia is classified as a country with the
large number of TB cases and occupies the fifth rank
of the 22 countries with high potential of TB. In the
country, there are about 500,000 new cases of TB
annually and 175,000 of them are deaths [1, 2]. Two
percent of new cases and twelve percent of the recur-
ring cases of TB found in Indonesia are the multid-

rug-resistant (MDR) cases [1]. A better understan-
ding in the antituberculous drug resistance is needed
to make easy in the TB therapy.

Isoniazid (isonicotinic acid hydrazide; INH)
has commonly been recommended by the World
Health Organization (WHO) to treat tuberculosis
since 1952 because the drug has a high bactericidal
effect and a low price [3]. The bactericidal effect of
INH as TB drug depends on catalase-peroxidase of
M. tuberculosis which is encoded by katG gene. The
enzyme plays a role to convert isoniazid absorbed
by the M. tuberculosis to be in active form, an isoni-
cotinoyl acyl radical, to trigger the death of myco-
bacteria. This might occur because an isonicotinoyl
acyl radical is a potential inhibitor for enoyl-acyl
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carrier protein reductase (InhA) and -ketoacyl-acyl
carrier protein synthase (KasA), the two key en-
zymes for the biosynthesis of mycolic acids, a cell
wall component of mycobacteria [4, 5].

KatG mediates the sensitivity of M. tuberculo-
sis to INH. The katG deficiency strain of M. tuber-
culosis, which is resistant to INH, can restore the
sensitivity to INH when it is complemented with
a functional katG [6]. Meanwhile, total deletion of
katG gene in M. tuberculosis raised resistance to
INH [6-8]. Nevertheless, the loss of catalase-peroxi-
dase in M. tuberculosis has not yet explained com-
pletely the mechanism of INH resistance, because
the total deletion of katG is rarely found in clinical
isolates [4, 9].

It has been reported that 50-70% of INH-re-
sistant M. tuberculosis strains are associated with
the mutation in the katG gene [3, 4]. The mutation
types are very diverse, with missense mutations
being the most common alteration. The mutations in
katG also reveal unique types in INH resistant strain
from different geographical areas. The frequency
of mutation types in katG is often only associated
with drug resistance and rarely linked directly to the
change of INH sensitivity or to the effect of the en-
zymatic activity of KatG. The katG mutations that
affect catalase-peroxidase activity have been found
in either all part of the gene and encode the N-ter-
minal or the C-terminal part of the protein [10, 5].
Many variants of KatG associated with INH resist-
ance exhibits a decrease in catalase-peroxidase ac-
tivities. The decreasing scale of the activity among
the mutants of katG does not directly correlate with
INH resistance [11, 12]. This is the basis of the argu-
ment that the INH resistance in clinical isolates is
not linked directly to the ability of variants of KatG
in INH activation.

The mutant KatG Ser315Thr, that is commonly
found in clinical isolates and associated with INH
resistance, decreases the activities of catalase-per-
oxidase and INH oxidation [13, 14]. The amino acid
Ser315 in KatG is closely put in the active environ-
ment. So that, the genetic modifications in this part
are easily understood as the producer of importantly
affected enzymatic function and thus isoniazid re-
sistance. As many as 50% variants of katG as-
sociated with INH resistance are not modified in
Ser315Thr. Biochemical analysis of variants of katG
other than Ser315Thr is necessary to examine the re-
lation between INH resistance with the changes in
the function and structure of the mutants.
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Some clinical isolates of INH-resistant M. tu-
berculosis from Indonesian TB patients are not mu-
tated at codon 315 of katG. Among these isolates, an
isolate, namely L8 isolate, shows resistance to INH
at 1 ug/ml. This paper shows the correlation of katG
mutation in the isolate with the biochemical proper-
ties of catalase-peroxidase, especially for isoniazid
oxidation. This paper also examines the ab initio
structural study of the mutant KatG L8 with the aim
of gaining a more complete understanding of drug
activation and the resistance mechanism.

Materials and Methods

Bacterial strains and plasmids. A clinical iso-
late of M. tuberculosis was obtained from sputum of
a TB patient in Bandung, Indonesia. Escherichia coli
TOP10 (Invitrogen, Carlsbad, CA) was used as hosts
for cloning of katG of INH resistant and sensitive
M. tuberculosis. The E. coli BL21 (DE3) (Promega,
Madison, USA) was employed as an expression host
of KatG. The plasmid pGEM®-T (Invitrogen) and
pCold II-DNA (Kinki University) were used as a
cloning and expression vector, respectively.

Preparation of chromosomal DNA. Chro-
mosomal DNAs of M. tuberculosis of wild type and
clinical isolates were prepared by an alkaline lysis
method in 5 mM Tris-Cl buffer (pH 8.5) containing
0.5% (b/v) Tween-20 and 0.2 mg/ml proteinase K
at 50 °C for 60 min. The mixture then was heated
at 95 °C for 5 min. Cellular debris was collected at
12,000 g for 10 min and the supernatant containing
chromosomal DNA of M. tuberculosis was used for
PCR [15].

Amplification of katG gene. The full length
of the katG gene was amplified by the polymera-
se chain reaction (PCR) technique using FG and
RG primers (Table 1). PCR was performed in a
total reaction volume of 50 pl containing 50 ng
cromosomal DNA; IxPCR buffer (20 mM Tris—
HCI pH 8.4, 50 mM KCI); 0.1 mM of each primer,
200 pM dNTPs; 1.5 mM MgCl,; and 0.25 unit of
Taq DNA polymerase (Amersham). The amplifica-
tion process was done by a GeneAmp® PCR System
2700 (PerkinElmer), and set at the following steps:
pre-denaturation at 94 °C for 4 min, 25 cycles of de-
naturation at 94 °C for 1 min, annealing at 57 °C
for 1 min, and an extension at 72 °C for 3 min. The
process was terminated by post-elongation at 72 °C
for 7 min. All PCR products were analyzed using
agarose gel electrophoresis and purified by GFX pu-
rification kit (Amersham).
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Table 1. The oligonucleotide primers for
sequencing of katG gene
Name of Nucleotide sequence
Primer of primers (5'—3")

SP6 promoter catacgatttaggtgacactatag

T7 promoter  taatacgactcactataggg

FG gttattgaattcgatgcccgageaacacccac
RG ttcatagcggccgegegeacgtcgaacctgte
KF gcagatggggctgatctacg

FDPRK cgacgagttcgccaagge

Cloning of the katG gene. The PCR products
corresponding to the katG gene was inserted into
pGEM®-T vector, then the recombinant vector
was used to transform E. coli TOPI10 using the
CaCl, method. [16] Transformants were screened
in Luria Bertani (LB) solid medium containing
ampicillin 100 pg/ml, 5-bromo-4-chloro-3-indolyl-
B-D-galacto-pyranoside (X-gal) and isopropyl B-D-
thiogalactoside (IPTG). The target transformants
which carried recombinant pGEM-T-katG plasmid
were selected by a restriction analysis.

DNA sequencing. The nucleotide of the
katG gene in the recombinant plasmid was se-
quenced by an automatic nucleotide sequencer (ABI
PRISM, Macrogen, Seoul, Korea). The recombinant
pGEM®-T, namely pGEM-T-katG was used for DNA
template. All oligonucleotides primers used for the
sequencing were presented in Table 1.

Alignment analysis. The katG genes of wild
type and clinical isolate of M. tuberculosis were ana-
lyzed in silico by aligning the nucleotide sequenc-
es of the genes and their deduced amino acid se-
quences, using the SeqManTMII and MegAlignTM
DNASTAR program (Lasergene). The nucleotides of
the genes were also compared with katG nucleotides
in Genbank (accession number X68081).

Subcloning of the katG gene. The katG gene
fragment in pGEM-T-katG was taken by digestion
of plasmid recombinant with Ndell and Xbal. The
digestion product was purified and inserted into
plasmid pCold IT DNA, which previously had been
digested with the same restriction enzymes. The
ligation product was transformed to E. coli BL21
(DE3) and the transformed bacteria were then grown
on a selective LB agar plate.

KatG gene expression. A single colony of
E. coli BL21 (DE3) containing recombinant plasmid
(pCold II-katG) was cultured in LB liquid medium

containing ampicillin 100 pg/ml, then followed by
shaking at 37 °C to obtain an optical density (OD)
at A 600 nm approximately of 0.4-0.5. The culture
was then immediately cooled at 15 °C for 30 minu-
tes without shaking. To induce the expression of re-
combinant protein, the culture was added by 0.1 mM
IPTG, and followed by shaking at 15 °C for 24 h.
The culture was then centrifugatedat 5,000 g for
10 min to harvest the cells. The resulted cells were
washed and re-suspended in 50 mM potassium phos-
phate buffer (pH 7.0), and then disrupted by sonica-
tion. The cellular debris was removed by centrifuga-
tion at 12,000 g for 15 min. The KatG protein that
remained in the supernatant was then purified.

Protein purification. The recombinant protein
of KatG was purified by affinity chromatography
using HisTrapTM-HP column (GE Healthcare, Frei-
burg, Germany) containing Ni-sepharose matrix.
The purification steps were run according to the
manufacturer’s protocol. The recombinant protein
was eluted gradually by 50 mM K-phosphate buffer,
pH 7.0, containing imidazole of 50-200 mM. The
purified protein was analyzed by a sodium dodecyl
sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE).

Catalase-peroxidase activity and INH oxida-
tion assays. The recombinant KatG was assayed re-
garding its activity on catalase-peroxidase and INH
oxidation. Catalase activity was determined by the
Patti and Bonet-Maury method, based on the formed
color from the reaction of titanium with H O, [17].
The reaction was carried out in 10 mM K-phosphate
buffer pH 7.0 with a total volume of 1 ml containing
12.5 mM H,O, substrate and KatG protein. The
enzymatic reaction was stopped by the addition of
2.5 ml of titanium reagent, in turn the formed yel-
low color was observed at A 410 nm [17]. One unit
of catalase activity was defined as the amount of en-
zyme decomposing 1 mmol of H,O, per min.

Peroxidase activity was determined by reacting
of 100 uM o-dianisidine in 100 ml of 50 mM potas-
sium buffer (pH 4.5) containing 25 mM fert-butyl
hydroperoxide (t-BHP) with 12.5 mM H,O,. The
absorbance of the reaction product, i.e. o-diani-
sidin quinone diimine was observed at A 460 nm
(e,5 = 11.86 mM"-cm™) [13]. One unit of peroxidase
activity was defined as the amount of enzyme that
catalyzed the formation of one pmol product per min
at 30 °C.

The activity of katG on INH oxidation was
carried out by the Shoeb method [18]. A mixture
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of 0.65 g KatG protein in 10 mM phosphate buffer
pH 7.0 was reacted with 13.1 mM phenol and
6.25 mM H,O, in a total volume of 3 ml at 37 °C
for 7 min, then followed by addition of 2.4 mM
INH. The reaction was continued at 37 °C for
1 h [18]. The absorbance of the reaction product,
i.e. benzo-quinone was monitored at A 444 nm
(e,,, = 0.393 M"-cm™). One unit of the activity was
defined as the amount of enzyme that catalyzes the
formation of benzo-quinone product per min at
37 °C.

Structure alignment. Three-dimensional
structure of the mutant KatG protein was generated
by SWISS-MODEL, an automated protein homology
modeling server, using the known crystal structure
of a wild type KatG protein structure (PDB code
1SJ2) as a template. The minimization of the struc-
tural model was conducted with Amber 10 [19]. The
modeled structure was visualized using PyMOL 1.3
(www.pymol.org). Root mean square deviation of the
model was compared to the 1SJ2 structure by Super
Pose version 10.

Results and Discussion

Cloning of katG gene from INH-resistant
M. tuberculosis strain. The open reading frame
(ORF) of katG gene from L8 Isolate of INH-resistant
M. tuberculosis strain was amplified by PCR using
FG and RG primers. The 2.2 kb fragment of PCR-
product then was inserted in pGEM-T vector (3.0 kb)
to construct pPGEMT-katG recombinant. The recom-
binant plasmid exhibited two fragments (3.0 and
2.2 kb) then it was digested by both EcoRI and Notl
restrction enzymes (Fig. 1). The 3.0 kb fragment cor-
responded to pGemT vector, and the 2.2 kb fragment
had the size of the katG gene. The 2.2 kb fragment
of L8 isolate carried a mutation, the guanine instead
of adenine at position 713 (Fig. 3).

The katG gene was then subcloned to pColdII-
DNA as expression vector. Insertion of katG frag-
ment (2.2 kb) in vector pCold II-DNA (4.3 kb)
yielded a pCold II-katG recombinant (6.5 kb). Sin-
gle digestion of the recombinant with Ndel and
Xbal restriction enzymes yielded a DNA fragment
(6.5 kb), respectively, while the digestion with both
the enzymes yielded two fragments consisting of
2.2 and 4.3 kb (Fig. 2). The nucleotides sequences
of the katG gene from the L8 M. tuberculosis isolate
showed a substitution of adenine to guanine at posi-
tion 713 compared to the katG from INH suscepti-
ble M. tuberculosis, the H37Rv strain (Fig. 3). The
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mutation altered the amino acid of KatG protein, the
serine instead of asparagine at posistion 238 through
in silico translation (Fig. 3).

The KatG expression. To express the katG,
the E. coli BL21 (DE3) that bring pCold-katG re-
combinant was grown in LB medium containing am-
phicilin, then followed the induction of the culture
with [PTG. After the cell of E. coli was collected by
centrifugation, the cell pellets were lysed to release
its extract protein. Analysis of the extract protein in
SDS PAGE showed a high intensity of protein band
with a molecular mass of 80 kDa that belonged to
KatG protein (Fig. 4).

Catalase-peroxidase activities of mutant
KatG, ... The kinetic properties of catalase-
peroxidase of mutant KatG, ... and wild type
had been determined, i.e. K, K _ and K /K, . The
mutant KatG, ... exhibited the K /K| value for
catalase and peroxidase lower than KatGwt. The
K_ /K, value mean as the catalytic efficiency of en-
zyme. The high K_ /K, suggested that an enzyme
could bind its substrate effectively and decompose
its substrate into a product well, and vice versa.
KatGwt has K_ /K, value as 8.62x10* M-S for
catalase and 1.99x10° M-S for peroxidase. Mean-
while KatG, ... mutants have alow K /K, value,
i.e. 5.12x10* M'-S"! for catalase and 0.96x10° M'-S"!
for peroxidase (Table 2). In addition to the ki-
netic properties, the mutant KatG, ... took also
a declining activity to oxidize INH. The mutant
KatG, ..., activity in oxidation of isoniazid re-
mained 42.5% from that of KatGwt (Fig. 5).

Structural Model of mutant KatG
Structure modeling of KatG, ... was done to
know the effect of amino acid substitution in the mu-
tant protein. Superposition of Ca framework of the
mutant model with the KatGwt structure exhibited
root mean square deviations (RMSD) of 0.073. This
result showed that The mutant KatG, ... shared
similiar structure with KatGwt of M. tuberculo-
sis H37Rv. Moreover, the amino acid substitution
of Asn238Ser found in the mutant KatG L8 elimi-
nate the salt bridge interaction around the substrate
binding site, which connects between the amine
group in side chain of Asn238 residue with the car-
boxyl group of Glu233 in KatGwt (Fig. 6).

KatG is the only enzyme in M. tuberculosis
that could generate isoniazid susceptibility. There-
fore it plays a central role in the development of at
least one type of isoniazid resistance [20]. Mutations
in katG are often associated with INH resistance. A
substitution of adenine to guanine at position 713 in

Asn238Ser®
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Fig. 1. The restriction map of pGemT-katG recombinat. Marker DNA 1/HindIIl (M), the 2.2 kb fragment of
PCRproduct from L8 and H37Rv isolate (I and 2); The purifykatG (3); the pGemT-katG pGemI-katG (L8
and H37Rv) which digested by EcoRI and Notl (4 and 5). Each digestion resulted two fragmens at 3.0 kb and
2.2 kb. The 3.0 fragment correspond to pGemT vector, then the 2.2 kb fragment correspond to the katG gene

katG gene that correspond to Asn238Ser replace-
ment was found in the L8 clinical isolate which had a
resistance level to INH at 1 pg/ml. Minimal inhibitor
concentration (MIC) of INH for growing M. tuber-
culosis has been reported as 0.02 to 0.06 pg/ml [3].
The INH resistance is classified as a low level for
MIC value <1 pg/ml, and a high level for MIC value
> 1 ug/ml [21]. Many papers showed that the level
of INH resistance of clinical isolates of M. tubercu-
losis are not directly correlated with the number of
mutations in katG. There are many clinical isolates
resistant to INH at low level, having multiple muta-
tions in katG, and vice versa, single mutation is con-
nected with high resistance to INH [5, 21, 22].

Direct relationship between mutation in katG
with INH resistance phenotype is still insufficient
to understand the emergence of INH resistance in
clinical isolates, because the mutation events might
connect with other biological traits. As confirmation
that the substitution Asn238Ser connected with INH
resistance in clinical isolate of L8, it was determined
the activities of catalase-peroxidase and INH oxida-
tion by the mutant.

The mutant KatG, ... of the L8 isolate ex-
hibited lower catalase and peroxidase activity than
that of KatGwt. The mutant has a binding affinity

23.130 pb
9.416 pb
6.557 pb

IEER

4.361 pb

2.322 pb ==
2.027 pb —

Fig. 2. The restriction map of pCold 1l-katG recom-
binant. Marker DNA A/HindIIl (M), pCold 1I-DNA/
Xbal (1), pCold Il-katG/Ndel (2), pCold Il-katG/
Ndel + Xbal (3). Dygestion of the recombinant with
both the enzymes yielded two fragments consisting
of 2.2 and 4.3 kb
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713
To0 TIE/]\‘ T20 T30
IIIIIIIIIIIIIlIIIJII II.‘IIIIIII!IIIIII!I
COGEAGGEECCEAACEeAR L CECAC T CCATEEOCEoT
katG Mtb —» crnenGaearCeAACEa AL CdCGEACCCCATEROCG0R
H37Rv
5 Mﬂuﬁﬂw
kats INH
M —* [CCGGAGGEECCEAACGYCARCCEEEACCCCATGECOGCE
katG INH™ &!ﬂ. J'u.l ) .
Mith =+ [CCGGAGGGGCCGAACGECRGQCCEERCCCCATRECCG0G!

Fig. 3. Nucleotides alignment of the katG of INH resistant M. tuberculosis strain (L8) againts the katG from
INH sensitive strain (H37Rv) and GenBank. Comparing with H37Rv and genbank katG, The L8 katG exhibited
a varian nucleotide at position 713, guanine instead of adenine, then substituted Asn with Ser at position 238.

Mutation is marked with a red oval

to the substrate is lower than the KatGwt, because it
has a value of K|, for each catalase and peroxidase,
1.4 times higher than KatGwt (Table 2). Substitution
Asn238Ser reduced 40% of substrate binding affini-
ty for catalase-peroxidase of the mutant. Comparing
with KatGwt, the mutant KatG, ... also displayed
a decrease of K value by 17% for catalase and 32%
for peroxidase. This means that the mutant lost 17
and 32% ability of catalase and peroxidase respec-
titively in the converting of substrate into product.
The catalytic efficiency that symbolized by K /K|,
for the mutant KatG, .. decreased by 41% for
catalase and 52% for peroxidase activity (Table 2).
The mutant KatG, ... decreased in both the
binding affinity and the converting activity of sub-
trate into product. Several papers reported that the
catalase-peroxidase activity among variants of katG
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were not correlated with the resistance level of INH
[11, 12]. This can be triggered due to the measure-
ment of enzyme activity in vitro, but it is connected
directly with INH resistance phenotype which is ac-
tually derived from the in vivo process.

The INH oxidation test of KatG, ... showed
that the mutant lost 62% of the activity compared
with that of KatGwt (Table 2). The Asn238Ser
modification in KatG of INH resistant isolate (L&)
is connected with the decline in the activity of cata-
lase-peroxidase and INH oxidation of the protein.
Decreasing of catalytic efficiency (K, /K,,) of mutan
KatG, ... as 41% for catalase and 52% for per-
oxidase accompanied the reduction of 62% in INH
oxidation activity of the mutant. The decline of INH
activation in many variants of KatG, i.e. Alal10Val,

Asp735Ala, Alal39Pro, Ser315Asn, Leu619Pro, and
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Fig. 4. Electrophoregram of KatG protein in SDS
PAGE. Protein marker (1), crude extract of KatG
(2), purify product of L8 and H37Rv KatG (3 and 4).
The KatG protein was eluted by 100 mM imidazole
buffer

Leu634Phe have exhibited a highly correlated with
the change level of catalase-peroxidase activity for
the mutants [23].

The catalytic function of KatG is carried out ef-
fectively by amino acid residues in the active site, i.e.
Arg-104, Trp-107 and His-108 residues in the distal
pocket, and His270, Trp321 and Asp381 residues in
the proximal pocket. INH binds to KatG via interac-
ting with amino acids in the distal pocket. Other
residues such as Val230, Asn231, Pro232 and Ser315
have been reported to be involved in interacting with
INH [24-26]. The stability in the active site environ-

Table 2. Kinetic parameters of catalase-peroxidase of KatGwt and KatG

900
800
700

600
500
400
300
200
100

Activity (U/ug protein)

KatGwt KatG(N238S)

Fig. 5. The INH oxidation activity of wild type and
mutant KatG

ment of KatG is required to support the INH activa-
tion by the protein.

The failure role of KatG in the INH activating
has been shown in detail by the mutant KatG_,
[12, 13, 27]. The Ser315Thr substitution in KatG
impacts on the shifting of substrate binding chan-
nel from 6.0 to 4.7 A [27]. Consequently the mutant
failed to bind the INH, and subsequently decreased
160 times in the INH activation compared with
KatGwt [14].

By using a structure model, the basis of a de-
crease in the catalytic efficiency for catalase-per-
oxidase and INH oxidation activity in the mutant
KatG, .. Was described. In the KatGwt structure,
the amino acid 238 is put closely to the substrate
binding site, i.e. Asnl137, Val230, Asn231, Pro232
and Ser315 residues. It is found that Asn231 residue
makes hydrogen bond with Glu233 and Van Der
Walls interaction with Asn236. These interactions

sn238Ser

o Kinetic parameters
Activity Isolate K. ) K, (mM) K_K, (M-S

Catalase

Wild type KatG H37Rv 272.3 3.16 8.62x10*
KatG (Asn238Ser) L8 227.5 4.44 5.12x104
Peroxidase

Wild type KatG H37Rv 49.0 0.25 1.99x10°
KatG (Asn238Ser) L8 333 0.35 0.96x10°
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Fig. 6. Illustration of Asn238Ser substitution effect in KatG LS. Superposition of mutant KatG structure (LS)
(vellow) to the KatGwt (red) (4). The blue rod-shaped amino acids represented the residues for subtrate
binding; green rod-shaped amino acids represented catalytic residues, and magenta are the residue for cross
links. In the KatGwt, the Asn238 stabilized the active site environment through linkage to the Glu233 and
Asn236 (B). In the mutant KatG L8, the Ser238 residue could not make interaction with Glu233

are stabilized by the presence of salt bridge which
connects between the amine group in side chain of
Asn238 residue with the carboxyl group of Glu233
in KatGwt (Fig. 6). This salt bridge was lost due to
modification of Asn238Ser in the mutant KatG LS.
The lost of the salt bridge created unfavorable for
enzyme activities, then in turn it emerged the INH
resistance in the L8 isolate of M. tuberculosis. The
model analysis of KatG, ... should be further con-
firmed by a real crystal structure of the mutant.
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Myranii B TeHi katG dYacTo TOB’s3aHi
i3 pesucTeHTHiCTIO mTaMy Mycobacterium
tuberculosis no i3oHiazuny. JlocmipkeHHs MpoBe/e-
HO 3 METOIO BHSBIICHHS MyTalii katG B KIIHITHOMY
i3omsari (L8) 3 M. tuberculosis, cTidikumm 10
i30HIa3uay 3a KoHIeHTparii 1 Mkxr/miu. Y poGoti
OXapaKTeprU30BaHO KaTaiasy-nepokcunaszy KatG
L8 i mpoBeneHo BHBUEHHS CTPYKTYPH MPOTEIHY 3
METOO TIUOIIEe 3pO3YMITH TMPOIeC aKTUBAIii mpe-
mapary i MexaHi3M PEe3UCTEHTHOCTI 10 HhOro M.
tuberculosis. I'en katG OyB KIOHOBaHUMU 1 eKCIIpe-
coBauuii B Escherichia coli, BUBYEHO BIIACTHUBOCTI
katanasu-nepokcugasu KatG. [Iposeneno moaento-
BaHHS CTPYKTYPH NPOTEIHY IS 3’ICyBaHHS TPH-
YUH 3MIHHM E€H3MMaTUYHOI aKTUBHOCTI. BcraHOB-
JICHO 3aMilleHHs Karanasu-nepokcuaasu A713G,
mo Bigmosimae 3amini Asn238Ser B L& katG.
Momudikamis Asn238Ser y mpoteini L8 KatG mpu-
3BOAMJIA JI0 3HWIKCHHS aKTUBHOCTI KaTaja3u-Iie-
pOKcHIa3u 1 OKHCIeHHS i30Hiazuay. Karamitmana
eexrusnicts (K_/K|,) myrantHoro KatG, ...
3MEHIITyBaJlach JIJIs KaTanasu i mepokcumasu 1o 41 i
52%Bignosinno. Mytant KatG Aan238se, TAKOIK BHIIKY-
BaB OKHCJICHHS 130Hia3uay Ha 62% MOPIBHIHO 3 IH-
kum tunom KatG (KatGwt). [TokazaHo, o myTtaiis
Asn238Ser Moke TPU3BECTH O HECTAaOITHLHOCTI B
cnony4Hiit ginsaii KatG yepes BUIydeHHS elek-
TPOCTATHYHOTO 3B’A3KY, IO 3’€HYE aMiHOTPYIy
Asn238 i3 kapOokcunbHOO Tpymor Glu233, saxa
npenctasieHa B KatGwt. Brpara enektpoctaTnu-
HOTO 3B’SI3KY B MICIIi 3B’I3yBaHHS CyOCTpaTy B My-

tanta KatG, 3HMKY€ aKTHBHICTh EH3UMIB,
sn238Ser R
o, B CBOIO YEpry, 3yMOBIIOE PE3UCTEHTHICTH

M. tuberculosis no i3onia3uay B i3omsti L8.

Knwouosi cioBa: Mycobacterium
tuberculosis, pe3sUCTEHTHICTH 110 i30Hia3uny, katG,
KaTalia3a-epoKCH/Iasa.

MYTAUMUA katG B KINHUYECKOM
HN3O0JUATE Mycobacterium tuberculosis:
BJUAHUE HA KATAJIA3Y-
NEPOKCHUAA3Y, AKTUBUPYIOUIYIO
N30HUA3U
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MyTanuu B rese katG 4acTo CBS3aHbI C PE3H-
CTEHTHOCTBIO mTamma Mycobacterium tuberculosis
K M30HHMA3UAY. DTO HCCIICIOBAHNUE IPOBEICHO s
orpezesieHUs] MyTauuu katG B KIMHUYECKOM H30-
nsare (L8) ¢ M. tuberculosis, ycTOMYUBBIMHA K H30-
HUa3uIy NpH KoHUeHTpauuu | Mxr/mi. B paGote
oxapaKkTepu3oBaHa KaTanasza-nepokcugasza KatG
L8 1 BbImoJIHEHBI NEpPBOHAYAIbHbBIE CTPYKTYpPHBIC
UCCIIEOBAHUS MPOTEUHA C LENbI0 0oJee MOJHOro
NOHUMAaHMSI IPOLecca aKTUBALMY IIperapara U Me-
XaHU3Ma PE3UCTEHTHOCTH K HeMy M. tuberculosis.
I'en katG Obul KIOHMPOBAH U IKCIPECCUPOBAH B
Escherichia coli, 3areM n3ydeHBI CBOHCTBa Kara-
na3sl-nepokcunaspl  KatG. Ilposeneno Monenu-
pOBaHUE CTPYKTYpPbl NPOTEHHA ISl BBIICHEHHUS
OPUYUH U3MEHEHMS] SH3UMATHUECKOH aKTHBHOCTH.
YCTaHOBJIEHO 3aMEILICHHE KaTaJla3bl-IePOKCHIa-
36l A713@G, uTto cooTBEeTCTBYET 3ameHe Asn238Ser
B L8 katG. Momuduxarnus Asn238Ser B mpoTenHe
L8 KatG npuBoauia K CHUKEHUIO aKTUBHOCTH Ka-
Taja3bl-IIEPOKCUAA3bl M OKHCICHUS H30HUA3MJA.
Karanuruyeckas spdexruBnocts (K /K, ) My-

TAHTHOI'O KatGAsnBSSer YMEHbIIAJIACH I KaTaJla3bl
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u nepokcuaassl 10 41 u 52% coorBeTcTBeHHO. My-
tant KatG, ... TaKkKe CHUKAJ OKMCIECHUE H30HHU-
azuna Ha 62%, 1o cpaBHEeHHIO ¢ TUKUM ThuioM KatG
(KatGwt). [lokazano, uto myTarus Asn238Ser mo-
JKET MPUBECTH K HECTAOUIILHOCTH B CBS3BIBAIOIIEM
yuactke KatG wu3-3a ynajneHus 3JIEKTpOCTaTH4e-
CKOH CBSI3U, COCNUHSIONICH aMuHOTpyny Asn238
¢ kapOokcunpHOM rpynmoi Glu233, koTopast mpea-
crapiena B KatGwt. [loteps ameKkTpocTaTuaeckoro
B3aWMO/ICHCTBHS B MECTE CBA3BIBaHUS cyOcTpaTa B
myTante KatG, ... CHMIKA€T aKTMBHOCTH JH3H-
MOB, 4YTO, B CBOIO OY€pEe/b, OOYCIIOBIMBACT PE3H-
CTEHTHOCTh K M3oHUa3uny M. tuberculosis B n30-

nare LS.

KnoueBrie cinoBa: Mycobacterium
tuberculosis, pe3UCTEHTHOCTH K U30HUA3ULY, katG,
KaTaJjia3a-rmepoKcu/iasa.
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EFFECT OF NITRIC OXIDE DONOR SNAP ON GABA
RELEASE FROM RAT BRAIN NERVE TERMINALS

A. S. TARASENKO

Palladin Institute of Biochemistry, National Academy of Sciences of Ukraine, Kyiv;
e-mail: tas@biochem.kiev.ua

In this work we investigated the effect of nanomolar concentrations of nitric oxide on the release of
gamma-aminobutyric acid (GABA) from rat brain nerve terminals using a radioisotope method with PH]GABA
and a spectrofluorimetric method with Ca’*-sensitive probe Fluo-4 AM. It was shown that in the presence of
dithiothreitol (DTT), nitric oxide donor SNAP at concentration, in which it produces NO in the nanomolar
range, caused Ca’**-independent FH]GABA release from nerve terminals. The applications of 4-aminopyri-
dine (4-AP) and nipecotic acid (NA), as the inducers of GABA release from vesicular and cytoplasmic pools,
showed that the maximum of SNAP/+DTT-induced PH]GABA release was registered at 10" min of incuba-
tion and coincided in time with significant increase (almost double) in NA-induced PH]GABA release. At this
time point, 4-AP-induced release of PH]GABA was drastically reduced. At the 15" min of incubation of nerve
terminals with SNAP/+DTT, the opposite picture was observed.: the decrease in NA- and increase in 4-AP-in-
duced PH]GABA release. Thus, nitric oxide in the form of S-nitrosothiols at nanomolar concentrations causes
Ca’*-independent GABA leakage from synaptic vesicles into cytosol with subsequent release from nerve ter-

minals. The reuptake of the neurotransmitter and its re-accumulation in synaptic vesicles occur later.

Key words: nitric oxide, GABA release, vesicular and cytoplasmic pool.

itric oxide (NO) is a unique signalling
‘ \ ‘ molecule that is involved in key body’s vi-
tal processes. In the central nervous sys-
tem, nitric oxide modulates the efficiency of synaptic
transmission and affects the formation of prolonged
connections between neurons that underlies the cog-
nitive brain functions: memory and learning. The
physiological function of NO in brain is closely re-
lated to its ability to modulate the release of neu-
rotransmitters. Freely diffusing into the presynaptic
terminal, nitric oxide affects the release of almost all
known classes of neurotransmitters, exhibiting both
stimulating [1] and inhibitory [2] effects on neuro-
transmission. Some authors believe that NO acting
on the presynapse exhibits multidirectional effect,
namely reducing the stimulated release of neuro-
transmitters and, at the same time, increasing the
spontaneous release of neurotransmitters [3].
GABA is one of the key inhibitory neurotrans-
mitters, which controls neural tissue excitability
and affects high integrative brain functions. /n vivo
GABAergic neurotransmission can be modulated
by nitric oxide released from NO-containing drugs,
glial cells or postsynaptic nerve terminals due to
the activation of, for example, postsynaptic NMDA-
type glutamate receptors [4]. Concerning the latter,
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NO acts as a retrograde messenger that diffuses into
presynaptic terminals and modulates neurotransmit-
ter release. It was shown that the release of GABA
from nerve terminals can occur via the classical
pathway, exocytosis [5], as well as via plasma mem-
brane GABA transporter reversal [6]. There is also
an opinion that NO, affecting the GABAergic ter-
minals, engages both pathways: inhibiting exocyto-
sis and stimulating the transporter-mediated GABA
release [7].

Ambiguity and sometimes contradictory data
on the effect of NO on the release of neurotrans-
mitters can be a result from different redox-status
of NO molecule (NO*, NO-or NO") of nitric oxide
donors generally used in experiments [8]. Therefore,
the effects of NO can be mediated by activation of
different intracellular signaling pathways, in particu-
lar, S-nitrosylation of neuronal protein thiol groups
[9] or activation of soluble guanylate cyclase [10].
Concentration of nitric oxide also plays an important
role, since at its high concentration mechanisms of
oxidative stress, mitochondrial dysfunction and ex-
citotoxicity are activated [11].

Given the aforementioned, the aim of this work
was to study the effect of low (nanomolar) con-
centrations of nitric oxide on GABA release from
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isolated rat brain nerve terminals (synaptosomes).
As the NO donor, we used SNAP (S-nitroso-N-
acetylpenicillamine), which belongs to the class of
natural metabolite of nitric oxide. Biological effect
of S-nitrosothiols is mediated via direct effect of NO
molecules spontaneously released due to homolytic
S-N bond cleavage, as well as via a transnitrosation
reaction — nitrosonium ion (NOY) transfer to thiol-
containing compounds (peptides, enzymes, etc.). In
the range of SNAP concentration from 0.1 to 1 mM,
the concentration of free NO is found to be in the
nanomolar range from 20 to 100 nM [12].

Materials and Methods

All animal experiments were performed in ac-
cordance with the rules and regulations of the Euro-
pean Convention for the Protection of Vertebrate
Animals used for Experimental and Other Scientific
Purposes (Strasbourg, 1986). Male white Wistar rats
weighing 150-200 g were used in the study. Animals
were maintained in standard cages under natural
light conditions on standard rodent diet with free ac-
cess to food and water. In the experimental day, the
animals were decapitated under chloroform anesthe-
sia, after that, hippocampus and cerebral cortex were
immediately isolated and homogenized in cool isola-
tion medium consisting of: 0.32 M sucrose, 0.2 mM
EGTA, 5 mM HEPES, pH 7.4 using glass Poter ho-
mogenizer (clearance 0.2 mm). Purified fraction of
isolated nerve terminals (synaptosomes) were pre-
pared using Cotman method [13], by suspending pre-
cipitate after the last centrifugation in standard cool
oxygenated incubation medium composed of (mM):
NaCl - 126, KCI - 5, CaCl, - 1, MgCl, - 1.4,
NaH,PO, — 1, HEPES — 20 (pH 7.4), d-glucose —
10. All the procedures were carried out at 0-4 °C.
Protein concentration was determined by the Lowry
method in Larson modifications [14].

GABA release from synaptosomes was de-
termined using radioisotope method with tritiated
GABA (5%107 M). To prevent degradation of neu-
rotransmitter, the experiments were carried out
in the presence of aminooxyacetic acid (100 uM),
GABA-transaminase inhibitor. The [*H]GABA re-
lease from synaptosomes without adding stimulating
agents was taken as the basal release. SNAP-induced
release was calculated as the difference between the
[P’H]GABA release in the presence of SNAP and the
basal release. GABA release from vesicular pool
was induced by addition of 4-aminopyridine (4-AP)
and determined as difference between 4-AP-induced

[P*H]GABA release from control synaptosomes and
synaptosomes preincubated with SNAP. GABA re-
lease from cytoplasm pool was induced by nipecotic
acid (NA). 4-AP/NA was added to synaptosomes at
different time points their incubation with SNAP,
and after 5 min the aliquots were centrifuged at
12 000 rpm for 15 sec and the supernatants were col-
lected. The content of [PH]JGABA in the supernatant
was measured using a liquid scintillation counter
Tracor Analytic Delta 300 with ACS scintillation
liquid, and was expressed as a percentage of total
[F*H]JGABA in synaptosomes. Results are presented
as mean £ SEM.

Relative changes of ionized calcium levels
within synaptosomes were assessed using fluores-
cent Ca**-sensitive probe Fluo-4 AM according to
standard procedure. Kinetic measurements were
performed using a spectrofluorometer Quanta-
Master 40 (PTI, FelixGX-4.1.0) at A_ = 496 nm and
A, = 518 nm. Criteria for synaptosome functionality
were their responses to application of calcium iono-
phore A 23187 (final concentration 5 uM) and KCl
(final concentration 30 mM). Statistical data proces-
sing and graphing were performed using Microsoft
Origin Pro 9.0 software. Statistical significance was
calculated using ANOVA with Bonferroni correc-
tion for multiple comparisons. The differences were
considered significant at P < 0.05 / n (where 7 is the
number of determined parameters).

The following reagents were used in the experi-
ments: ["H]GABA (94 Ci/mol), ASC scintillation
liquid (Amersham, UK), 4-aminopyridine (RBI,
USA), SNAP (S-nitroso-N-acetylpenicillamine),
dithiothreitol, nipecotic acid, Ficoll-400, aminooxya-
cetate, d-glucose, HEPES (Sigma, USA), Fluo-4 AM
(Invitrogen, USA) and other reagents (Reachim,
Ukraine).

Results and Discussion

The first step in our study of the effect of ni-
tric oxide on GABAergic nerve terminals was time
measurements of the amount of radiolabeled GABA
released from synaptosomes during their incubation
with SNAP. As it can be seen (Fig. 1, 4), 10 min af-
ter addition of SNAP (100 uM) to [PH]JGABA-loaded
synaptosome, the amount of the extrasynaptosomal
neurotransmitter (minus basal release) was insignifi-
cant (1.1 £ 0.52%). This indicates that SNAP itself,
which at this concentration spontaneously releases
NO in a concentration of several nM [15], had little
effect on the inhibitory neurotransmission. Howe-
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ver, the picture drastically changed in the presence
of | mM DTT in the incubation medium. According
to the literature and our data, the biological effect of
S-nitrosothiols, including SNAP, is significantly en-
hanced in the presence of low molecular mass thiols
that is associated with the formation of the highly
reactive intermediates and additional NO release
due to fast SNAP cleavage [15, 16]. As it is seen
in Fig. 1, the amount of [*H]GABA released from
the synaptosomes at the 5" min of the SNAP action
was 5.19 £ 0.52%, and at the 10" min of incubation,
this value increased to 8.05 + 0.24%. However, fur-
ther elevation in the extrasynaptosomal ["H]GABA
level was not observed, and, on the contrary, at the
15" min of incubation the level of [PH]GABA sharp-
ly dropped to almost 1.19 £+ 0.78% that is likely to
reflect the dynamic [PH]JGABA uptake into synap-
tosomes. The assumption about the mechanisms for
this SNAPADTT effect will be made later. It should
be only noted that DTT itself stabilized presynaptic
terminals reducing the basal release of radiolabeled
neurotransmitter (Fig. 1, the second column).

SNAP/ADTT-induced release of [*H]GABA
was found to be insensitive to the absence of calcium
ions in the incubation medium (Fig. 1, B), indica-
ting that the release does not occur due to classical
synchronous exocytosis. Ca?*-independent neuro-
transmitter release under the action of NO has been
described previously [10, 17], and can be a conse-
quence of the involvement of intracellular calcium
stores and activation of spontaneous GABA release.
The spontaneous process, unlike synchronous, is
believed to occur asynchronously and triggered by
calcium 1ons, which are released from intracellular
stores into cytosol [18]. Thus, the next step of the
study was to clarify the involvement of intracellular
calcium stores in SNAP/+DTT-induced [*'H]JGABA
release.

Relative changes in the concentration of ionized
calcium inside synaptosomes [Ca*]. were assessed
using a fluorescent probe Fluo-4 AM, which after
cleavage by intracellular esterases and binding with
calcium ions emits in the green spectral band. As it
is shown in Fig. 2, 4, addition of SNAP (100 pM)
to a suspension of synaptosomes preincubated
with DTT (I mM) in Ca*-free medium (+0.1 mM
EGTA) was not accompanied by a change in Fluo-4
fluorescence that indicated a lack of increase in
[Ca*]. upon action of nanomolar concentrations
of SNAP. However, the addition to synaptosomes
of Ca*-ionophore A-23187 (5 uM) led to a fluores-
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Fig. 1. PH]GABA release from synaptosomes under
the action of SNAP (100 uM) and/or DTT (I mM)
in the Ca**-containing (4) and Ca**-free/+0.1 mM
EGTA (B) incubation medium; mean = SEM, n = 4,
*P <0.05 ** P <0.0]

cence burst due to an increase in the concentration
of calcium released from intracellular store — mito-
chondria and endoplasmic reticulum. Other criteria
of synaptosome functionality was the application of
KCI (30 mM), which, as expected, did not affect the
fluorescence intensity of Fluo-4 in Ca*-free medi-
um (Fig. 2, A), however caused a sharp increase in
fluorescence in the presence of 1 mM Ca?** (Fig. 2,
B). The latter is related to the influx of extrasynap-
tosomal calcium into synaptosomes through poten-
tial-regulated channels due to KCl-induced plasma
membrane depolarization. It should be noted that the
addition of 100 uM SNAP/ADTT to synaptosomes in
the Ca*'-containing medium also did not affect the
calcium concentration in synaptosomes (Fig. 2, B),
and this allows us to hypothesize that SNAP/A+DTT-
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Fig. 2. Relative changes in ionized calcium level inside synaptosomes under the action of SNAP/+DTT
(100 uM/l mM) in Ca**-free /+0.1 mM EGTA (A) and Ca’*-containing (B) incubation medium. Responses to
the addition of KCI (30 mM) and A 23187 (5 uM) served as the criteria of synaptosome functionality. The typi-

cal curves are demonstrated

induced [PH]GABA release does not occur by exo-
cytosis (spontaneous and/or synchronous), but rather
by engagement of other mechanisms as, fot instance,
transporter-mediated.

To check this assumption, we carried out a se-
ries of experiments aimed to find out from which
pools, vesicular and/or cytoplasmic, GABA is re-
leased under the action of SNAP. To this, we used
potassium channel blocker 4-AP, which induces

Ca?*-dependent GABA release predominantly from
vesicular pool [19], and NA, which, having the
higher affinity to GABA transporters than GABA,
is captured by transporters and transferred into cells
in exchange for "cytoplasmic" GABA [20]. As it is
seen in Fig. 3 (red columns), the addition of 4-AP
(2 mM) to synaptosomes at the 5" and 10" min of
their incubation with SNAP/ADTT (100 uM/1 mM)
was accompanied by a gradual decrease in the 4-AP-
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Fig. 3. NA- and 4-AP-induced FH]GABA release from synaptosomes preincubated with SNAP/+DTT for vari-
ous periods of time; mean = SEM, n = 3, * P < 0.05; ** P < (.01

induced [*’H]GABA release from vesicular pool, in-
dicating its considerable depletion. However, at the
15" min of incubation, the vesicular GABA pool
was significantly restored, as evidenced by further
increase in 4-AP-induced [?’H]GABA release (com-
pared to the 10" min of incubation).

Thus, the question arises: what happens to ve-
sicular GABA pool at the 5" and 10™ min of synap-
tosome incubation with SNAPADTT? We suggest
that GABA is likely to leak from vesicles into cyto-
plasm and then releases out of synaptosomes. This
assumption is supported by our data obtained in the
experiments with nipecotic acid (100 pM). We ob-
served a gradual increase in NA-induced GABA re-
lease from cytoplasmic pool at the 5" and 10" min of
SNAPAHDTT action (Fig. 3, grey columns). Analysis
of NA- and 4-AP-induced [*H]GABA release from
synaptosomes clearly demonstrated that these pro-
cesses are opposite-directed, that is, a decrease in
vesicular GABA content was accompanied by an
increase in the [PH]JGABA level in cytoplasm. And
conversely, a decrease in cytoplasmic [*H]GABA
concentration at the 15" min of incubation was
correlated with the accumulation of GABA inside
synaptic vesicles and, as a consequence, with an in-
crease in the amount of [*H]GABA additionally re-
leased from vesicles under the action of 4-AP. Thus,
these results allow us to assume that SNAP/+DTT
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causes GABA release from vesicles into cytosol fol-
lowed by its release out of synaptosomes, presumab-
ly, via reverse operation of GABA transporter.
NO-induced GABA release owing to the rever-
sal of its transporters was previously demonstrated
by G. Lonart and K. M. Johnson, who had found that
hydroxylamine and S-nitroso-L-cysteine caused the
release of dopamine and norepinephrine from stri-
atal and hippocampal slices via pathway that was
blocked by the inhibitors of their reverse uptake [21].
It should be noted that if the transporter-mediated
neurotransmitter release was previously considered
as a pathological process, which occurred, for exam-
ple, upon ischemic or traumatic brain injury [22], but
now there are experimental evidences of the involve-
ment of transporters in the neurotransmitter release
under physiological conditions. Thus, Falkenburger
et al [23] showed that electrical stimulation of the
brain subthalamic nuclei led to the transporter-
mediated release of dopamine from dopamineergic
dendrites in the substantia nigra, providing com-
munication between neurons. Non-vesicular, trans-
porter-induced GABA release, according to other
authors [24], contributes to maintaining of the extra-
cellular GABA concentration at the level sufficient to
activate the high affinity GABA receptors and thus,
participates in the formation of tonic inhibition.
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GABA transporters can operate in the reverse
direction due to the disturbance of their dynamic
equilibrium. One of the reasons for this is the change
in the intracellular neurotransmitter concentration.
It was shown that anticonvulsants such as gabapen-
tin and vigabatrin, which irreversibly block GABA
transaminase, caused an increase in the cytosolic
concentration of GABA and, consequently, its re-
lease from the nerve terminals owing to reverse op-
eration of transporters [25]. In our work we also as-
sumed that SNAPADTT-induced PH]GABA release
might be transporter-mediated, however an increase
in the cytoplasmic concentration of ’H]GABA is
probably caused by another reason.

It is known that the accumulation of neuro-
transmitters in the synaptic vesicles is coupled with
proton transfer into the vesicles, so the increase in
cytoplasmic GABA concentration might be due to
disruption in the function of a vesicular H"-ATPase,
which forms the H-gradient. Previously, we have
shown that the addition of SNAP/+DTT to synap-
tosomes caused a dissipation of the synaptic vesi-
cle proton gradient that is most likely the result of
cytosolic ATP depletion owing to inhibition of
mitochondrial respiration by nitric oxide [15]. The
maximum of H'-gradient dissipation was observed
at the 10" min that is fully correlated in time with
the maximum of [PH]JGABA release from cytosol
pool. The vesicular proton gradient was restored at
the 15" min of incubation with SNAP+DTT and this
process coincided with a decrease in the extrasynap-
tosomal concentration of [*"H]JGABA (Fig. 1, 4) and
its re-accumulation inside vesicles (Fig. 3).

Thus, considering the above results, we can
conclude that in the nanomolar range of concentra-
tions, nitric oxide in the form of S-nitrosothiols in
the presence of SH-reducing compounds may cause
Ca?*-independent GABA release from synaptic vesi-
cles into cytosol followed by its release from nerve
terminals presumably due to reverse operation of
GABA transporters. This process is accompanied
by a decrease in the concentration of neurotransmit-
ter within the vesicles and, hence by a decrease in
further GABA release by exocytosis. This view on
the mechanism of presynaptic action of nitric oxide
allows reconciling the contradictory literature data
that have shown both stimulating [26] and inhibi-
tory [27] effects of NO on the neurotransmission. A
similar opinion about multidirectional action of NO
has been previously expressed by other researches
[3, 7], in particular, Sequeira et al. believe that NO

affecting the GABAergic terminals inhibits the exo-
cytotic and stimulates carrier-mediated GABA re-
lease [7]. However, unlike Sequeira, we assume that
the decrease in neurotransmitter release by exocy-
tosis occur not so much due to the inhibition of the
process itself, but rather to the release of partially
depleted vesicles.

In summary, it should be noted that it is quite
possible that the effect of nitric oxide on GABAer-
gic neurotransmission may be realized by the in-
volvement of other pathways, in particular in case
of higher NO concentrations, since a high oxidative
potential of nitric oxide provides this molecule with
unique properties.

BILIUB JOHOPA OKCUJY A30TY
SNAP HA BUBLJIbHEHHSI TAMK

13 HEPBOBUX 3AKIHUEHb MO3KY
1Y PIB

A. C. Tapacenxo

[acTuTyT Gioximii im. O. B. [Tannanina
HAH VYkpainn, Kuis;
e-mail: tas@biochem.kiev.ua

Y po6oTi MH JOCHIKYBajdud BIUIMB HaHO-
MOJISIDHUX KOHLEHTpAI[id OKCHUAY a30Ty Ha
BuBinbHeHHsT [AMK (rama-amiHOMacIsIHOT KHC-
JIOTH) 3 HEPBOBHUX 3aKiHYeHb MO3Ky wHIypiB. Jlis
OI'0 BUKOPUCTOBYBAJIM PaJiOi30TONHUN  Me-
ton i3 [FHJTAMK ta cnekrpodayopumMeTpud-
HUI MeTox i3 3actocyBaHHsM Ca*'-uyTIHBOro
30812 Fluo-4 AM. IlokaszaHo, 110 B TPUCYTHOCTI
mutiorpeirony (JATT) nonop okcuay azory SNAP
y KoHUeHTpallii, mo Buaijasgse NO B HaHOMOJSP-
HOMY Jiamas3oHi, crnpuunHioe Ca’’-He3anexHe
suBiabHeHHs [PH]JTAMK i3 HEepBOBHX 3aKiHUEHb.
3acrocyBanHs  4-aminomipuamny  (4-All) Ta
HinekotuHOBoi kucinotu (HK) sk iHgyKkTOpiB
BuBinbHEeHHsT [AMK i3 BesukymsipHOoro Tta IH-
TOIJIA3MATHYHOIO TMYJIB TMOKa3ano, IO MaKCH-
MyM  SNAP/A+TT-iHagyKkoBaHOTO  BUBIJTBHEHHS
FHITAMK mnpunagae wa 10-Ty XxB iHKyOamii i
30iracTbcss B 4Yacli 3 Maiike BABI4l 301JBIIEHUM
sBusinpHendsaM [PH]JTAMK 3a gii HK. V wmeii gac
4-ATl-ingyxoBane BuBinbHeHHsS [PHJTAMK ictoT-
HO 3HWXKyBanocs. Ha 15-if xB inkyOamii cuHanTo-
coM 13 SNAP+ATT crnocrepiranacs MpOTHIICKHA
kaptuHa: 3MmeHmeHHss HK- 1 30inmbmiennst 4-All-
inaykoBanoro BuBineHeHHS [PH]TAMK. Takum du-
HOM, y HAHOMOJISIDHOMY Jliala30Hi KOHIICHTpAIii
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OKCHJ a30Ty y BUTJISIII S-HITPO30TIONIB 3yMOBITIOE
Ca?"-nesanexxne ButikanHs [AMK i3 cuHan-
TUYHUX BE3UKYJ Y IIUTO30Jb 13 HACTYIHUM KOO
BUBUIBHEHHAM i3 HEPBOBHX TepMiHayed. Y rmo-
JAJBIIOMY BiJIOyBa€ThCS 3BOPOTHE 3aXOIUICHHS
HelpoMeniaTopa i Horo peakyMyJisiiisi B CHHAIITHY-
HUX BE3HKYJax.

Knmo4yoBi ciloBa: OKCH]I a3oTy,
BuBibHeHHs | AMK, Be3ukynsipHUii Ta IUTOILIA3-
MaTHUYHUH TYIL.

BJUAHUE JOHOPA OKCHUJIA A3O0TA
SNAP HA BBICBOBOKJAEHUE 'AMK

U3 HEPBHBIX OKOHYAHUI MO3TA

KPBIC

A. C. Tapacenxo

WucTuTyT Onoxumun um. A. B. [Tannaguna
HAH VYkpannsl, Kues;
e-mail: tas@biochem.kiev.ua

B paGote MBI nccnenoBaiy BIUSHUE HAHOMO-
JIAPHBIX KOHLEHTpAIMi OKCHJa a30Ta Ha BBICBO-
ooxnenne 'AMK (ramMmma-aMHHOMACISTHOH KHC-
JIOTBI) U3 HEPBHBIX OKOHYAaHWMN Mo3ra Kpbic. [lis
3TOTO HCIONB30BAIN PAJUOU3OTOMHBIN METOH C
FHITAMK u cnektpodayopuMeTpru4ecKuii MeTo
¢ Ca*-yyBcTBUTENBHBIM 30HA0M Fluo-4 AM. Tlo-
Ka3aHo, 4TO B npucyTcTBun qutnorpentona (ATT)
noHOop okcuaa azota SNAP B KOHIIEHTpaliu, Bbljie-
nstrorieit NO B HAHOMOJISIPHOM JTHAra30He, BhI3bIBA-
et Ca*-nezaBucumoe BbICBOOOXAeHHe [*HITAMK
13 HEpBHBIX OKoH4aHUU. [Ipumenenue 4-amuHO-
mupunuHa (4-All) ¥ HUNEKOTHHOBOW KHCIIOTHI
(HK) B kauecTBE HMHIYKTOPOB BBICBOOOXKICHHUS
I'AMK ¢ Be3uKyNIsSpHOTO W LMTOIIa3MaTHYECKO-
ro MyJIOB TMOKa3zajo, 4To MakcumMyMm SNAP+HITT-
HHIYIMPOBaHHOTO BBICBOOOXKAeHUS [*HTAMK
npuxoautces Ha 10-10 MUH UHKYOAIlMK U COBIIAacT
10 BPEMEHH C ITOYTH BIBOE YBEIWYEHHBIM BBICBO-
o6oxnennem [PHJTAMK noz neiicreuem HK. B oo
Bpemsi 4-All-uHnynupoBaHHOE BBICBOOOXKIEHNE
[FHJTAMK cyiecTBeHHO cHIKamoch. Ha 15-i Mun
nakyOanun cuHantocoM ¢ SNAP+HITT nabmrona-
Jlach TPOTHUBOIIOJIOKHAS KapTHHA: YMEHBIIEHNE
HK- u yBenuuenue 4-All-uHAYyIMPOBAHHOTO BBI-
ceoboxaenus [PHJTAMK. Takum obpa3zom, B Ha-
HOMOJISIDHOM JMamla30He KOHIIEHTPAIMi OKCHJI
a30Ta B BUJE S-HUTPO30THOJIOB BhI3biBaeT Ca’'-
HezaBucuMoe BbITekaHne [AMK u3 cunantuue-
CKMX BE3WKYJ B IIMTO30JIb C MOCJEAYIOUIUM €ro
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BBICBOOOXKJICHHEM W3 HEpPBHBIX TepMHHaleH. B
JATbHEHIIEM POUCXOAUT OOpaTHBIN 3aXBaT HEW-
pomenuaropa U ero peakkyMmyJisiusi B CHHaITH4e-
CKHMX BE3UKYJIAX.

KraroueBble ci10Ba: OKCHA a30Ta, BHICBO-
o6oxnenne 'AMK, Be3sukynspHbI U IUTOIIA3MA-
TUYECKUH TYJI.
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PROTEIN KINASE Akt ACTIVITY IN HUMAN
THYROID TUMORS

B. B. GUDA, V. V. PUSHKAREYV, O. V. ZHURAVEL, A. Ye. KOVALENKO,
V.M. PUSHKAREYV, Y. M. TARASCHENKO, M. D. TRONKO

State Institution V. P. Komisarenko Institute of Endocrinology and Metabolism,
National Academy of Medical Sciences of Ukraine, Kyiv,
e-mail: pushkarev.vm@gmail.com

We studied the expression and activation of the main effector protein kinase of phosphatidylinositol-
3-kinase cascade (PI3K) — Akt in conventionally normal tissues, benign and highly differentiated (with and
without metastases) human thyroid tumors. There was a difference in the Aktl amount in tumor tissue com-
pared with normal tissue in papillary carcinomas and tissue of multinodular goiter. Akt expression both in
tumor and conventionally normal tissues of follicular adenoma was significantly lower than in follicular car-
cinoma. The lowest level of Akt expression was observed in tissues of multinodular goiter. Total activity of all
three isoforms of Akt1/2/3 was lower in tumors compared to conventionally normal tissue. Thus, Akt activity
(according to Thr308 phosphorylation) is not associated with proliferative processes in the tumor tissue of
the thyroid. Apoptosis level detected in these tissues was not associated with the protein kinase activity either.
Possible mechanisms of signaling cascade PI3K/Akt inhibition in thyroid tumors are discussed.

Key words: thyroid gland, benign and malignant tumors, signaling cascade PI3K/Akt.

roliferative processes in tumor cells are con-
P trolled by two main pathways: PI3K/Akt and

mitogen-activated protein kinases (MAPK).
The latter actually regulates cell division. PI3K/Akt
prepares a cell for division.

Akt, also known as protein kinase B (PKB),
belongs to a family that combines protein kinases C,
cAMP-dependent and cGMP-dependent kinases.
The gene encoding Akt was identified as a part of
the genome of the murine leukemia transforming vi-
rus (v-akt murine thymoma viral oncogene homolog)
in 1977 and classified as an oncogene. The man's Akt
family includes three evolutionarily conserved iso-
forms: Aktl (including 3 splicing variants), Akt2
and Akt3 (2 splicing variants). Akt isoforms play
a key role in various cellular processes including
apoptosis, growth, proliferation, polarity, migration,
DNA repair, glucose transport, metabolism, skeletal
muscle and cardiomyocytes contractility, angiogene-
sis and self-renewal of stem cells. Dysregulation of
Akt activity is associated with malignant transfor-
mation of cells, cardiovascular disease, type 2 dia-
betes, muscular hypotrophy and neurodegenerative
diseases [1].

90

Signaling cascade PI3K/PDK/Akt is involved
in the regulation of protein synthesis and cell ener-
gy supply, i.e. in preparation of a cell for mitosis.
Moreover, this signaling cascade inhibits apoptosis,
promotes the survival of tumor cells and is activated
in many types of cancer [2]. Furthermore, mutations
and amplification of individual components of PI3K/
Akt pathway causes malignant transformation of
cells of different origins, including thyroid [3], while
inhibiting the cascade with specific inhibitors en-
hances the therapeutic effect of anticancer drugs [4].
Akt activity is mainly regulated through phospho-
rylation of Thr308 and Ser473 amino acid residues
by PDK1 and mTORC?2 kinases, respectively.

A significant increase of proliferating cell nu-
clear antigen (PCNA) in thyroid tumors, especially
in aggressive tumors with metastases, indicating a
substantial increase of proliferative processes was
demonstrated previously [5]. The aim of our work
was to ascertain the expression and activation pecu-
liarities of Akt as the phosphatidylinositol-3-kinase
cascade main effector kinase, and the apoptosis level
in human thyroid normal tissues, benign and malig-
nant tumors.
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Materials and Methods

The study was conducted on patient’s postope-
rative material obtained in the surgical department
of the Institute. All patients signed informed consent
before surgery to the use of the postoperative ma-
terial for research. As conventionally normal tissue
unaltered thyroid tissue was taken, which by mor-
phological criteria did not differ from normal. After
removal thyroid tissue was immediately placed on
ice and quickly frozen at -80°C.

To determine Aktl and phospho-Aktl/2/3
(phospho-Thr308) in thyroid homogenates Abcam
(UK) ELISA kits ab176658 were used. To determine
cleaved PARP ELISA kits ab119690 of the same
company were used. Measurements were performed
on microplate reader of Bio-tek Instruments (USA)
at a wavelength of 450 nm. The study was performed
in 3 replications. The number of transformed tissue
samples was 3 (follicular carcinoma and multinodu-
lar goiter) and 6 (follicular adenoma, encapsulated
tumor papillary carcinoma and non-encapsulated tu-
mor papillary carcinoma). Tissue was homogenized
in a Retsch TissueLyser II homogenizer (Germany)
in a special kit provided buffer that prevents proteins
degradation and dephosphorylation. Protein concen-
tration in the lysate was determined with a Novagen
(USA) BCA protein assay kit.

The experiments results were presented as
M + m; n = 3-6. t-Student test was used to compare
these data groups.

Results and Discussion

Table 1 shows that there is a fairly high level
of Akt expression in all studied tissues, both normal
and tumoral. The content of Aktl in conventional-
ly normal and tumor tissue of follicular carcinoma
(FTC) and follicular adenoma (FA) did not differ
significantly, in contrast to papillary carcinomas
(PTC) and goiter (MNG), where the level of kinase
in tumor tissue exceeded the one in conventionally
normal tissue almost 2 times (Table 1). It should be
noted that Akt expression both in tumor and conven-
tionally normal tissues of FA was significantly lower
than in FTC tissues. The lowest level of Akt expres-
sion we observed in multinodular goiter (Table 1).

It is known that disruption of the PI3K/Akt
pathway as a result of Ras, PTEN, PIK3CA genes
mutations and amplifications is one of the reasons
for thyroid papillary carcinoma genesis [3], although
RET gene rearrangements and mutations in genes

Table 1. Aktl expression in different types of thy-
roid tumors

“sormal tosae | Tanstormed

(OD) tissue (OD)

FTC 0.360 + 0.042 0.335 £ 0.048
FA 0.221 £0.032 0.182 £ 0.073
iPTC 0.198 £ 0.013 0.327 £ 0.072*
nPTC 0.228 + 0.004 0.416 = 0.146*
MNG 0.092 + 0.006 0.159 £ 0.026*

Note. In the table and further figures: FTC — follicular
carcinoma, FA — follicular adenoma, iPTC — papillary
carcinoma (encapsulated tumors), nPTC — papillary car-
cinoma (non-encapsulated tumors), MNG — multinodular
goiter. OD — optical density at 450 nm per mg of protein,
M £+ m; n =3 (FTC, MNG) and 6 (FA, iPTC, nPTC);
* difference between conventionally normal and tumor
tissues is significant, P < 0.05

encoding the protein kinases of MAPK cascade are
more typical of this type of cancer. It is harder to
explain the lack of difference in the Aktl expression
in follicular carcinomas compared to the normal tis-
sue, since PI3K catalytic subunit — PIK3CA — gene
activating amplification and mutations are found
more often in the FTC — 10-15 and 24% of cases,
respectively [3].

A different picture was observed regarding
Aktl1/2/3 activation (Fig. 1). The level of phospho-
Akt in conventionally normal tissue of all tumors
was considerably higher (almost 8.5 times for the
FTC and more than 18 times for nPTC) than in tu-
mor tissue, and was practically absent in encapsu-
lated papillary carcinomas (Fig. 1). Thus, contrary to
expectations, the Akt activity in papillary and folli-
cular carcinomas and follicular adenomas was either
absent or substantially suppressed, indicating a lack
of link between the protein kinase activation by the
PI3K/PDK-1 pathway (phosphorylation of Thr308
residue) and enhanced proliferative processes in thy-
roid tumors, which we observed in the same samples
previously [5].

It was established that in tumor tissues Akt
suppresses apoptosis by inhibiting caspase-9, pro-
apoptotic protein Bad, FKHR and FOHO transcrip-
tion factors; affects the activity of cell cycle inhibi-
tors p21, p27, Gsk-3p protein kinase and the state
of Mdm2 — a tumor suppressor p53 regulator — that
generally causes cell cycle dysregulation and un-
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Fig. 1. Aktl/2/3 activity in different types of thyroid
tumors in conventional units. Data normalized with
regard to total Akt amount. *Difference between
conventionally normal and tumor tissues is signifi-
cant, P < 0.05

controlled proliferation; activates IKK and NF-xB-
dependent signaling pathway, promoting tumor cell
survival, angiogenesis and metastasis formation;
increases tumor growth through mTOR activation
[2, 6]. Furthermore, excessive Akt activation leads
to tumor resistance to radiation and chemotherapy
[7, 8]. Therefore, we determined the apoptosis level
by cleaved PARP larger fragment (89 kDa) amount,
which is characteristic for apoptotic responses. Fig. 2
shows that the PARP fragment amount in papillary
carcinomas and goiter doesn’t differ significantly
from conventionally normal tissue. In follicular car-
cinoma samples cleaved PARP amount is higher, and
in follicular adenoma samples it is lower compared
to conventionally normal thyroid tissue.

It was expected that increased Akt activity/con-
tent would lead to apoptosis intensity reduction and
vice versa. However, increased amount of cleaved
PARP against reduced kinase activity was observed
only in follicular adenoma tissue (Fig. 2). Thus, Akt
content and activity are not related to the apoptosis
level in the studied tissues.

The fact of considerable kinase activity inhi-
bition in thyroid carcinomas deserves special atten-
tion. A possible explanation for this are data indi-
cating that Akt might participate in the replicative
senescence of normal and tumor cells [9-12], a phe-
nomenon, that along with apoptosis inhibits tumor
growth. In addition, Akt can stimulate apoptosis [13]
and inhibit the breast cancer cells migration [14].
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Fig. 2. Cleaved PARP (89 kDa) amount in different
types of thyroid tumors. *Difference between con-
ventionally normal and tumor tissues is significant,
P<0.05

Cell cycle regulator (inhibitor of cyclin-de-
pendent kinases) p21VA™! is phosphorylated only by
Aktl, that negatively regulates the cell cycle and
proliferation [14]. Thus, under certain conditions
Akt may show anti-proliferative and cancerostatic
properties. This phenomenon was first demonstrated
regarding MAPK and was named oncogene toxicity.
It was shown that although Ras and Raf oncogenes
are often involved in malignant transformation of
thyroid cells, constitutive activation of this cascade
in tumor tissues leads to growth arrest and senes-
cence in many cases [15-18]. For example activated
Ras or c-Raf-1 cause cell growth arrest by producing
and secreting autocrine/paracrine factor LIF (leuke-
mia inhibiting factor) in human medullary thyroid
carcinoma cells [15]. Sustained activation of Raf/
MEK/ERK signaling pathway causes growth arrest,
accompanied by corresponding cell cycle regula-
tors states changes (pRB dephosphorylation, E2F1
down-regulation and p21VAf! up-regulation), specific
changes in cells morphology and c-Myc or RET ex-
pression in LNCaP, U251, and TT human tumor lines
(the latter - medullary thyroid carcinoma) [17].

Cancer cells induce special protective mecha-
nisms, such as the heat shock protein mortalin syn-
thesis [19], which inhibits MAPK expression and ac-
tivation and thus protects cells from aging, growth
arrest and apoptosis. Therefore, it is possible that, as
is the case with MAPK [5, 16, 17, 19], thyroid tumor
cells initiate special defense mechanisms that inhibit
Akt activation and thus protect themselves against
oncogene toxicity — senescence and cell cycle arrest.
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Another question that arises in the analysis of
the obtained data is how a tumor cell replaces inac-
tive Akt — one of the major protein kinases that con-
trol growth, energetics and cell division. The likely
answer is contained in the works that suggest Akt
replacement by other protein kinases in PI3K signa-
ling pathway, including Sgk3 (serum/glucocorticoid
regulated kinase) [20].

There is also the possibility of alternative Akt
activation through Ser473 residue phosphorylation
of mTORC2 and DNA-PK protein kinases comple-
xes. However, it is known that such phosphorylation
stimulates full Akt activity and, consequently, sup-
presses apoptosis by inhibiting FOXO proapoptotic
protein family [21], which we have not observed in
most thyroid tumors (Fig. 2). In addition, a number
of protein kinases that are involved in oncogenesis,
activate Akt, phosphorylating other amino acid resi-
dues of the kinase. Thus, Ackl (TNK?2) phosphoryla-
tes Tyrl76 residue; Src and RTK6 — Tyr215, Tyr315
and Tyr326; TBKI1 (TANK-binding kinase 1) —
Thr195, Ser378, Ser473 [22].

Thus, our findings indicate that Akt activity
(by Thr308 phosphorylation) is not associated with
thyroid tumor tissue proliferative processes. Apopto-
sis level, which was determined in the same tissues,
does not correlate with the protein kinase activity
either.

AKTUBHICTbh NPOTEIHKIHA3HU Akt
Y NYXJUHAX IIUTONOAIBHOI
3AJIO3U JIIOAUHHN

b. b. I'yoa, B. B. Ihwkapvos, O. B. JKypaseno,
B. M. Ihhwrkapvos, A. €. Kosaneriko,
0. M. Tapawenxo, M. J]. Tponvro

Y «HCTUTYT eHIOKPUHOJIOTiT Ta 0OMiHY PEYOBHH
im. B. I1. Komicapenka HAMH VYxkpainny, Kuis;
e-mail: pushkarev.vm@gmail.com

BuBuanu ekcripecito Ta aKTHBAIiI0 T'OJOBHOT
edexTopHOI poTeiHKiHA3U PodaTHANITIHOZUTON-3 -
kinaszHoro kackany (PI3K) — Akt B HopMaJIbHUX TKa-
HUHaX, JOOPOSKICHUX Ta BUCOKOTU(EepEHITI HOBAaHUX
3NMosIKicHUX (i3 MeractazamMu Ta 0e3) MyXJIHWHAaX
HIUTONOMIOHOT 3aymo3u  JiroauHu.  CrocTepirain
BimMiHHOCTI momo BMmicty Aktl y myxnuHHIHA
TKaHWHI MOPIBHSIHO 3 HOPMaJbHAUMH TKaHWHAMU B
ManuISIPHAX KaplIMHOMAaXxX Ta y TKaHWHI 0aratoBy3-
nosoro 300y. Excripecist Akt sik y myXJiMHax, Tak
1 B yMOBHO HOpMallbHill TKaHWHI (ONIKYISIpHOI

aZcHOMHM Oyja BIpOTiHO HUXK4Ye, HIXK y TKa-
HUHAX QONIKYJISIPHOI KapUuHOMH. HalHMK4ui
piBenb ekcmpecii Akt crocrepiraiun B TKaHHWHAaX
OaraToBy3noBoro 300y. CymapHa aKTHBHICTh BCiX
Tpbox i30popm Aktl/2/3 Oyna HMKYOIO B MyXJIH-
HaX TMOPIBHSHO 3 HOPMAJBbHOIO TKAaHWUHOIO. Takum
yuHOM, akTuBHICTH Akt (3a ¢ochopuinyBaHHIM
Thr308) He noB’13aHa i3 mposihepaTUBHUMHU MPO-
1ecaMu B NMYXJIUHHIA TKaHWHI NIUTONOIOHOT 3a-
no3u. PiBeHb amonTo3y, sSIKHH BH3Ha4YaBCsS B IUX
caMHX TKaHWHaX, TAKOXX HE KOPEJIOE 3 aKTUBHICTIO
IPOTETHKIHA3H. OOroBopIOIOTHCS MOXJIHBI
MEXaHi3MHU MPUTHIYEHHSI aKTHBHOCT1 CUTHAJIEHOTO
kackany PI3K/Akt y myxauHax mmuTomonioHoi 3a-
JO3H.

KnmoyoBi cunoBa: mMUTONOAIOHA 3a51034a,
JOOPOSIKICHI Ta 3JIOSIKICHI ITYXJIMHU, CUTHAJIBHUHN
kackan PI3K/Akt.

AKTUBHOCTbB IPOTEMHKHWHA3bI
Akt B OITYXOJIAAX ATOBU IHOM
KEJE3bI YEJIOBEKA

b. b. I'yoa, B. B. Ihhwxkapés, E. B. JKypasenw,
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WN3ydanu  3KcOpeccMld W AKTUBAILUIO
TJIABHOM 3¢ deKTOopHOI NIPOTEUHKHUHA3BI
(hochaTHAMITMHO3UTOJI-3-KUHA3HOTO Kackasa

(PI3K) — Akt B HOpMaJIBHBIX TKaHsX, JTOOpoKaue-
CTBEHHBIX W BBICOKONU(DPEPEHIIUPOBAHHBIX 3JI0-
KaueCTBEHHBIX (C MeTacTazamMu U 0€3) OIIyXOJsX
IIUTOBUJIHOM jkeJe3bl uenoBeka. Habmoganu pas-
au4us B koiudectBe Aktl B OMmyxoseBOM TKaHH 110
CpPaBHEHMIO C HOPMaJIbHBIMU TKaHSAMH B MAMUILIAP-
HBIX KapIHOMaxX M B TKAaHW MHOT0Y3JI0BOTO 300a.
Okcnpeccusi Akt Kak B ONMyXoJid, Tak U B YCIOBHO
HOpPMaJbHON TKaHU (OJUTUKYISIPHOH aJE€HOMBI
ObLTa TOCTOBEPHO HUKE, YeM B TKaHAX (DOJITHKY-
nspHON KapruHOMBI. CaMbIil HU3KUH YPOBEHb 3KC-
npeccuu Akt HaOMrOMAMH B TKAHSX MHOTOY3JI0BOTO
300a. CyMMapHasi akTHBHOCTh BCEX TpeX H30(opM
Aktl/2/3 Oblia HUXKE B ONMYXOJISIX IO CPABHEHUIO C
HOpMaJIbHOM TKaHbI0. TakuM 00pa3om, aKTHBHOCTh
Akt (mo dochopunuposanuto Thr308) He cBszana
¢ MpoJudepaTHBHBIMHU MPOIECCAMHU B OITYXOJIEBOU
TKaHU HIMTOBHJIHOM ’KeJe3bl. YPOBEHHb arorTo3a,
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KOTOPBIA OMpPENEesiCs B ATUX K€ TKAHAX, TaKXKe
HE KOPpEeIUpPYeT C aKTUBHOCTBIO MMPOTEHHKHWHA3BI.
OO06CyxaaroTcss BO3MOXKHBIC MEXaHH3MBI I0/IaBJIC-
HUS aKTUBHOCTHU cUrHanbHOro kackana PI3K/Akt B
OITYXOJISIX IIIUTOBHUTHOM YKEIIC3HI.

KnwoueBrie crmoBa: MU TOBHUIHAA XKCJIC34,

JI0OPOKAYECTBEHHBIC U 3JI0KAY€CTBEHHBIE OIYXOJIH,
curanbubiil kackaa PI3K/Akt.
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DETERMINATION OF FREQUENCIES OF ALLELES,
ASSOCIATED WITH THE PSEUDODEFICIENCY OF LYSOSOMAL
HYDROLASES, IN POPULATION OF UKRAINE

N. V. OLKHOVYCH, N. G. GOROVENKO

State Institute of Genetic and Regenerative Medicine, NAMS of Ukraine, Kyiv;
e-mail: nolhovich@gmail.com

The pseudodeficiency of lysosomal hydrolases described as a significant reduction in enzyme activity
in vitro in clinically healthy individuals, can lead to diagnostic errors in the process of biochemical analysis
of lysosomal storage disease in case of its combination with pathology of another origin. Pseudodeficiency
is mostly caused by some non-pathogenic changes in the corresponding gene. These changes lead to the in
vitro lability of the enzyme molecule, whereas in vivo the enzyme retains its functional activity. To assess the
prevalence of the most common lysosomal hydrolases pseudodeficiency alleles in Ukraine, we have deter-
mined the frequency of alleles c.10554>G and c.* 96A>G in the ARSA gene, substitutions c.739C>T (R247W)
and ¢.745C>T (R249W) in the HEXA gene, c.1726G>A (G576S) and c.2065G>A (E689K) in the GAA gene,
¢.937G>T (D313Y) in the GLAI gene and c.898G>A (A3007) in the IDUA gene in a group of 117 healthy
individuals from different regions of the country and 14 heterozygous carriers of pathogenic mutations in
the HEXA gene (parents of children with confirmed diagnosis of Tay-Sachs disease). The total frequency of
haplotypes, associated with arylsulfatase A pseudodeficiency, in healthy people in Ukraine (c.1055G/c.*96G
and c.1055G/c.*96A haplotypes) was 10.3%. The frequency of ¢.739C>T (R247W) allele, associated with hexo-
saminidase A pseudodeficiency, among Tay-Sachs carriers from Ukraine was 7.1%. The total frequency of
o-glucosidase pseudodeficiency haplotypes in healthy individuals in Ukraine (c.1726A/c.2065A4 and c.1726G/
c.2065A4 haplotypes) was 2.6%. No person among examined individuals with the substitution c.937G>T
(D313Y) in the GLAI gene and c.898G>A (A3007) in the IDUA gene was found. The differential diagnostics of
lysosomal storage diseases requires obligatory determination of the presence of the pseudodeficiency alleles,
particularly the ones with high incidence in the total population. Ignoring phenomenon of pseudodeficiency
may lead to serious diagnostic errors.

Key words: lysosomal hydrolases, pseudodeficiency of the enzyme, allele frequency.

somal hydrolases is associated with the develop-

ment of severe neurodegenerative diseases —
lysosomal storage disorders [1]. However, some
individuals remain clinically healthy despite a sig-
nificant decrease in the activity of a certain enzyme,
determined by standard techniques. This phenome-
non is called “pseudodeficiency” of the enzyme [2].
In practice, this situation usually refers not to the ab-
solute deficiency of the enzyme activity but, rather,
to a decrease to the level which is lower than that for
heterozygous carriers, thus resulting in impossibili-
ty of distinguishing between such individuals and
patients with lysosomal storage disorders. The pseu-
dodeficiency phenomenon is described not solely for
lysosomal hydrolases, however, it is more common
for this group of enzymes.

I n most cases, the hereditary deficiency of lyso-
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It was established that in most cases, the pseu-
dodeficiency of lysosomal hydrolases is caused by
some polymorphic changes in the corresponding
gene [2]. Usually, these changes are non-pathogenic
and lead to in vitro lability of the enzyme molecule,
whereas in vivo the enzyme retains functional activi-
ty. Such changes may be inherited either indepen-
dently, i.e. in the absence of any other changes in
the corresponding gene, or in the combination with
pathogenic mutations. In the first case, any person
in the entire population, regardless of the aggrava-
tion with pathogenic mutations of the corresponding
gene, may carry the pseudodeficiency allele and ex-
press the decreased enzyme activity at biochemical
examination [3]. As for the other case, related to the
combination of inheritance and pathogenic muta-
tions, pseudodeficiency of enzyme activity is mostly
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manifested in heterozygous carriers of pathogenic
mutations [4]. Both situations can lead to serious
errors during biochemical diagnostics of lysosomal
storage disorders when the enzyme pseudodeficiency
and pathology of some other genesis are combined.
Therefore, to avoid false diagnosis, if a decreased
activity of the corresponding enzyme was deter-
mined in a patient, the biochemical test of lysosomal
enzymes, for which pseudodeficiency had been es-
tablished, should include the determination of pseu-
dodeficiency alleles. It is also essential to assess the
pathogenicity of the identified genetic changes at the
interpretation of the proband’s genetic analysis.

The most striking feature of the phenomenon of
lysosomal enzymes pseudodeficiency is rather high
incidence in the total population. For instance, popu-
lation-based studies in different countries showed
that 5 to 17% of the ARSA gene variants in the popu-
lation are represented by the variant associated with
arylsulfatase A pseudodeficiency [5-11]. At the same
time, other pseudodeficiencies, such as hexasomini-
dase A and B, B-mannosidase or -galactosidase
pseudodeficiency, occur quite rarely; at present only
single cases of such changes have been described
[12-14]. Therefore, to elaborate the most efficient
algorithms for laboratory analysis for differential
diagnostics of lysosomal storage disorders in a spe-
cific population, the frequency of alleles of pseudo-
deficiency of lysosomal hydrolases in this population
should be taken into consideration.

Our work was aimed at determining the inci-
dences of the most widespread alleles in genes 4ARS4,
HEXA, GAA, GLAI and IDUA, which cause the ar-
ylsulfatase A, B-hexasominidase A, a-galactosidase,
a-L-iduronidase and a-glucosidase pseudodeficiency
in the Ukrainian population.

Materials and Methods

The studies were conducted using blood sam-
ples from 117 unrelated volunteers with no signs of
lysosomal storage disorders in their clinical history
from all the regions of Ukraine and 14 heterozygous
carriers of pathogenic mutations in the HEXA gene
(parents of children with confirmed diagnosis of
Tay-Sachs disease).

All participants gave informed consent for the
study prior to the procedure of obtaining their blood
samples.

Genomic DNA was isolated from whole
peripheral blood with EDTA using Neogene com-
mercial sets (Ukraine). The determination of
¢.1049A>G and ¢.*96 A>G variants of ARSA gene
was performed by PCR method with subsequent
RFLP-analysis [8]. The design of primers and the
conditions of RFLP-analysis are presented in Ta-
ble 1.

Analysis of the products was performed by
electrophoresis in 8% PAAG followed by staining
with ethidium bromide solution.

Determination of substitutions c¢.739C>T
(R247W) and c.745C>T (R249W) in HEXA gene,
c.1726G>A (G576S) and c.2065G>A (E689K) in
GAA gene, ¢.937G>T (D313Y) in GLAI gene and
¢.898G>A (A300T) in IDUA gene was performed by
the allele-specific amplification method. The design
of primers for allele-specific amplification was de-
veloped by Neogene (Ukraine) (Table 2).

Analysis of the products was performed by
electrophoresis in 2% agarose gel followed by
staining with ethidium bromide solution.

Arlequin 3.5 software was used to assess al-
lele frequencies, their correspondence to the Hardy-
Weinberg equilibrium, value of linkage disequilib-

Table 1. Design of primers and conditions of RFLP-analysis of ¢.10494>G and ¢.*96 A>G of ARSA gene

variants
Presence of
Annea- . ..
lin Fragment Restriction | a restriction
Allele Primers g ; endonuc- site in case
tempera- s1ze .
lease of genetic
ture
replacement
5“-TTGATGGCGAACTGAGTGAC-3'
¢.1049A>G 58 °C 277 bp Bsrl +
5-CAGTGCAGGAGGCACTGAGG-3
06 ASG 5-GGTTTGTGCCTGATAACTTA-3' 61 °C 14 b Ddel N
“ 5 TTCCTCATTCGTACCACAGG-3' P ©
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Table 2. Design of primers for allele-specific amplification

Gene Allele Primers Fragment size
HEXA S“TTCCCAGGTGGAAGAAGTCG-3'
e.739C 5-GAAGGAGGTCATTGAATACGCAC-3’ 228 bp
<739T 5" TTCCCAGGTGGAAGAAGTCG-3'
5-GAAGGAGGTCATTGAATACGCAT-3'
CTA5C 5“TTCCCAGGTGGAAGAAGTCG-3'
5'-GAGGTCATTGAATACGCACGGCTCC-3' 224 bp
745T 5" TTCCCAGGTGGAAGAAGTCG-3'
5'-GAGGTCATTGAATACGCACGGCTCT-3'
GAA 176G 5-GCAGTGGAGATGATTACCCAGGTTC-3'
5'-GCG ATG GCT TCG GTC AGG CC-3' 306 bp
c1T26A 5'-GCAGTGGAGATGATTACCCAGGTTC-3'
5'-GCG ATG GCT TCG GTC AGG CT-3
< 2065G 5'“TGG CCT CCA CAG CTT GAT TT-3'
5'-CA GGA GCC GTA CAG CTT CAG CG-3' 521 bp
. 2065A 5'“TGG CCT CCA CAG CTT GAT TT-3'
5'-CA GGA GCC GTA CAG CTT CAG CA-3'
GLAI S-ACCTGTCTAAGCTGGTACCCTT-3'
c.937G 5-CTCAAGCCAAAGCTCTCCTTCAGG-3’
937T 5'-ACCTGTCTAAGCTGGTACCCTT-3' 88 bp
5'-CTCAAGCCAAAGCTCTCCTTCAGT-3'
IDUA 808G 5" TCCATCTCCATCCTGGAGCAG-3'
5'-CAGCCCACCAGCGGGTCCGC-3’ 113 bp
. 898A 5" TCCATCTCCATCCTGGAGCAG-3’
5'-CAGCCCACCAGCGGGTCCGT-3’

The allele-specific nucleotides are underlined.

rium, and incidences of haplotypes. The significance
level p = 0.05 was used to assess the statistical sig-
nificance of the differences.

Results and Discussion

To date, the pseudodeficiency of at least
eight lysosomal hydrolases: arylsulfatase A,
B-hexosaminidase A and B, f-hexosaminidase A,
a-galactosidase, -galactosidase, a-L-iduronidase,
a-glucosidase, and B-mannosidase has been estab-
lished (Table 3).

We studied the incidence of polymorphic alleles
of genes, associated with the pseudodeficiency of five
lysosomal enzymes, namely alleles ¢.1055A>G and
c.*96A>G in ARSA gene and alleles ¢.739C>T and
c.745C>T in HEXA gene, as alleles with the highest
incidence rate in many populations, as well as alleles
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c.1726G>A and c¢.2065G>A in GAA gene,c.937G>T
in GLAI gene and ¢.898G>A in /IDUA gene. The lat-
ter three have been chosen due to their relevance to
early and accurate diagnostics of the corresponding
diseases, related to specific enzyme replacement
therapy.

The alleles of the pseudodeficiency of other
lysosomal enzymes, such as [-galactosidase,
B-mannosidase and f-hexosaminidase A and B, were
not studied in this work.

Arylsulfatase A pseudodeficiency. It is known
that alleles c.1055A>G and ¢.*96A>G in ARSA gene
are the most common cause of the arylsulfatase A
pseudodeficiency in most populations [8]. They have
been discovered in individuals both with and with-
out pathogenic mutations in this gene. Therefore,
our assessment of the frequency of these alleles in
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Table 3. Alleles, which are associated with the lysosomal hydrolases pseudodeficiency

Disease, caused by the Alleles, associated with
Lysosomal enzyme . . Gene . Ref.
enzymatic deficiency enzyme pseudodeficiency
Arylsulfatase A Metachromatic ARSA | ¢.1055A>G (N350S) [3]
(EC 3.1.6.1) leukodystrophy ¢.*96A>G (polyA loss)
¢.1462C>T (Q488X)* [15]
c.1150G>A (E384K)* [16]
c.1136C>T (P379L)* [17]
c.511G>A (D17IN)* [15]
B-hexosaminidase Tay-Sachs disease HEXA | c739C>T (R247W) [4]
A (EC3.2.1.52) ¢.745C>T (R249W)
a-glucosidase Pompe disease GAA c.1726G>A (G576S) [18]
(EC 3.2.1.20) ¢.2065G>A (E689K)
o-galactosidase Fabry disease GLAI | c937G>T (D313Y) [19]
(EC3.2.1.22)
B-galactosidase GM1-gangliosidosis GLBI |c.1561T>C (C521R)* [14]
(EC 3.2.1.23) c.1594A>G (S532G)
c.1783A>T (R595W)
a-L-iduronidase Type I mucopolysaccha- IDUA | c.898G>A (A300T) [20]
(EC 3.2.1.76) ridosis (Hurler’s syndrome)
B-mannosidase B-mannosidosis MANBA | c1922G>A (R641H)* [13]
(EC3.2.1.25)
B-hexosaminidase A and B | Sandhoff disease HEXB |18 bp INS (HEX PARIS)* [12]
(EC3.2.1.52)
*Described single cases
the Ukrainian population included determination of A

the frequency of alleles c.1055A>G and ¢.*96A>G in
ARSA gene in 117 healthy individuals from different
regions of the country.

The total incidence of alleles was found to be
5.56% for the substitution of ¢.1055A>G and 4.7%
for the substitution of ¢.*96 A>G. The genotype
distribution among the investigated individuals cor-
responded to Hardy-Weinberg equilibrium for both
substitutions (P > 0.05). It is known that in the vast
majority of cases these two alleles are inherited to-
gether. A significantly linkage disequilibrium of al-
leles ¢.1055A>G and ¢.¥*96 A>G (> = 0.84, P < 0.05)
was observed in the investigated individuals. The
total incidence of the haplotype with two substitu-
tions (c.1055G/c.*96G haplotype) was found to be
9.4%. One person was homozygous for these two
alleles, and nine patients were heterozygous. The
isolated substitution ¢.1055A>G was revealed in two
heterozygous individuals. No isolated substitution

114 bp 277 bp
97 bp 159 bp
118 bp
17 bp
17 2 3 4 1 2

A — allele ¢.*964>G of ARSA gene (I — PCR frag-
ment before restriction, 2-4 — PCR fragments after
treatment with restriction endonuclease Ddel: 2,3 —
wild type allele, 4 — * allele 964>G heterozygous);
B —allele c.10554>G of ARSA gene (PCR fragments
after treatment with restriction endonuclease Bsrl:
1 —allele c.10554>G heterozygous, 2 — wild type al-
lele)
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¢*96 A>G was found in any of the cases. Thus, the
total incidence of haplotypes, associated with the
arylsulfatase A pseudodeficiency among the patients
from Ukraine (c.1055G/c.*96G and c.1055G/c.*96A
haplotypes) was 10.3%.

Hexosaminidase A pseudodeficiency. Two
substitutions, associated with hexosaminidase A
pseudodeficiency, namely ¢.739C>T (R247W) and
c.745C>T (R249W), were described for the HEXA
gene [4]. These substitutions were found in heterozy-
gous carriers of pathogenic mutations in HEXA gene
in all to date published cases. Therefore, to estimate
the frequency of these alleles in Ukraine we exami_
ned 117 healthy donors and 14 heterozygous carri-
ers of pathogenic mutations in HEXA gene (parents
of children with the confirmed Tay-Sachs disease)
for the presence of substitutions ¢.739C>T (R247W)
and ¢.745C>T (R249W) in HEXA gene. No individ-
ual with at least one of the mentioned substitutions
was found among the healthy volunteers. Among
the carriers of pathogenic mutations in HEXA gene,
there was one person (the father of a sick child) who
had substitution ¢.739C>T (R247W). Thus, the fre-
quency of allele ¢.739C>T (R247W), associated with
the hexosaminidase A pseudodeficiency, among the
carriers of pathogenic mutations in HEXA gene in
Ukraine was determined to be 7.1%.

Acid a-glucosidase pseudodeficiency. At pre-
sent, the acid a-glucosidase pseudodeficiency is as-
sociated with the substitutions ¢.1726G>A (G576S)
and ¢.2065G>A (E689K) in GAA gene [18]. Similar
to arylsulfatase A pseudodeficiency alleles, these
alleles occur regardless of pathogenic mutations
in the mentioned gene. Therefore, a group of 117
healthy volunteers was examined for the presen-
ce of these substitutions. The total incidence of
alleles, associated with the a-glucosidase pseudo-
deficiency, in our population was 0.43% for the sub-
stitution of ¢.1726G>A and 1.28% for the substitu-
tion of ¢.2065G>A. The distribution of genotypes
among the investigated individuals corresponded
to Hardy-Weinberg equilibrium for both substitu-
tions (P > 0.05). Linkage disequilibrium of alleles
c.1726G>A and c.2065G>A was less pronounced
than that for the arylsulfatase A pseudodeficiency
alleles (> = 0.33, p = 0). The total frequency of the
haplotype with two substitutions (1726A/2065A
haplotype) was 0.9% (Table 3). One person was
heterozygous for these two alleles. No isolated sub-
stitution ¢.1726G>A was observed in any of the in-
dividuals, and isolated substitution ¢.2065G>A was
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found in two individuals, which is consistent with
published data [21]. Thus, the total frequency of
haplotypes, which cause the a-glucosidase pseu-
dodeficiency, among the individuals from Ukraine
(1726A/2065A and 1726G/2065A haplotypes) was
determined to be 2.6%.

o-Galactosidase and a-iduronidase pseudo-
deficiency. The samples from 117 volunteers were
investigated for the presence of the substitution
¢.937G>T (D313Y) in GLAI gene (0a-galactosidase
pseudodeficiency) and the substitution ¢.898G>A
(A300T) in /DUA gene (a-iduronidase pseudodefi-
ciency). No person with the mentioned substitutions
was found among the examined individuals.

Arylsulfatase A is a lysosomal enzyme, a
deficiency of which results in development of me-
tachromatic leukodystrophy (MLD), a severe neu-
rodegenerative disorder [1]. It was shown that the
functionally active enzyme is produced in the cells
of individuals with the arylsulfatase A pseudodefi-
ciency, but it differs somewhat structurally from the
normal one due to the loss of one of three oligosac-
charide residues [3]. In most cases, the arylsulfatase
A pseudodeficiency allele is a complex of two mu-
tations in ARSA gene — c.1055A>G and c.*96A>G.
The first one corresponds to the substitution N350S
and substitutes asparagine for serine, impairing the
glycosylation site. The second substitution A>G in
the position *96 impairs the work of polyadenyla-
tion signal.

Analyzing the obtained results on the distri-
bution of the incidence of alleles c.1055A>G and
¢.¥*96A>G in ARSA gene, it should be noted that the
isolated substitution ¢.*96A>G does not practically
occur in Ukraine, as in other European populations
(Table 4) [8]. The total incidence of haplotypes asso-
ciated with the arylsulfatase A pseudodeficiency in
Ukraine is close to incidences, obtained by Middle
European researchers.

The lowest incidence is observed in Finland,
which is known for its peculiarities of gene inciden-
ces due to the demographic specificity of this count-
ry — a sparseness of first “settlers”, the isolation
due to low settlement density and geographic loca-
tion. The highest incidence is in Portugal and Great
Britain, which is close to the incidence of the aryl-
sulfatase A pseudodeficiency allele in America (to-
tal incidence of haplotypes is about 0.2) and on the
African continents (total incidence of haplotypes is
0.26—-0.33) [8, 22]. This may be related to the great
navigation history of these countries and the con-
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sequent migration of the population. The similarity
between the incidences of the arylsulfatase A pseu-
dodeficiency alleles in Ukraine, and those in Polish
and Turkish populations may also be explained by
the common centuries-long history and the popula-
tion migration.

The deficiency in hexosaminidase A activity,
which occurs due to the mutations in HEXA gene,
usually results in Tay-Sachs disease [1]. However,
there were described healthy individuals with pro-
nounced deficiency of hexosaminidase A activity in
vitro [4]. The vast majority of individuals with the
pseudodeficiency of the mentioned enzyme had one
of the polymorphic substitutions ¢.739C>T (R247W)
or ¢.745C>T (R249W) in the compound with patho-
genic mutation in HEXA gene. This combination led
to a considerable decrease in the hexosaminidase A
activity regarding the 4-methylumbelliferyl-derived
synthetic substrate (0-25% of the control value),
whereas the ability of this enzyme to hydrolyze the
natural substrate was not impaired. The studies of
the incidence of hexosaminidase A pseudodeficien-
cy alleles demonstrated that about 2% of carriers of
pathogenic mutations in HEXA gene among Ashke-
nazi Jews and 35% carriers of non-Jewish ethnici-
ty had one of the polymorphic substitutions in the
compound with the pathogenic mutation [4]. The
incidence of the hexosaminidase A deficiency al-
lele among the carriers of pathogenic mutations in
HEXA gene from Ukraine was found to be 7.1%. It
should be noted that all the families with Tay-Sachs
disease, examined by us, were of Ukrainian ethnici-
ty. Thus, the determined incidence of the hexo-
saminidase A pseudodeficiency allele is related to
the data for non-Jewish populations. Such high inci-
dence of hexosaminidase A deficiency alleles among
the carriers of pathogenic mutations in HEXA gene
of non-Jewish ethnicity may lead to false-positive
diagnosis of this disease.

The deficiency of lysosomal acid a-glucosidase
causes intralysosomal accumulation of glycogen,
primarily in muscle tissues, that results in a severe
progressive neuromuscular pathology — Pompe
disease or type II glycogenesis [1].

In view of the introduction of enzyme re-
placement therapy of the disease into clinical prac-
tice, there is now urgency for early diagnostics for
achievement maximized treatment efficiency. One of
the approaches to early diagnostics of Pompe disea-
se is the conducting of neonatal screening with the
assessment of the acid a-glucosidase activity in dry
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blood spot [21]. One of the difficulties in interpre-
ting results of such a study is the described phe-
nomenon of acid a-glucosidase pseudodeficiency
associated with two polymorphic substitutions in
the GAA gene — ¢.1726G>A (G576S) and ¢.2065G>A
(E689K) [18]. It was demonstrated that the substi-
tution c.1726 G>A often occurs in the cis-position
with the substitution ¢.2065 G>A, and leads to a
considerable decrease in the acid a-glucosidase ac-
tivity, to practically pathological levels, in healthy
individuals. In Asian population, the incidence of
the acid a-glucosidase pseudodeficiency allele is
rather high — 3.3-3.9% of the total population [18].
The isolated substitution ¢.2065G>A occurs with ap-
proximately the same incidence, whereas the isolated
substitution ¢.1726G>A was not found in any person.
The information about the incidence of substitution,
associated with acid a-glucosidase pseudodeficiency
in European populations is very limited (Table 5).
There are only published data on the incidence of
acid a-glucosidase pseudodeficiency alleles in the
Netherlands, which is very close to our results, in
contrast to the very high incidence of these alleles
among the population of Japan and China.

No substitution ¢.937G>T (D313Y) in GLAI
gene (a-galactosidase pseudodeficiency) or substitu-
tion ¢.898G>A (A300T) in /DUA gene (a-iduronidase
pseudodeficiency) were found in any of the tested
individuals. This indicates that the frequency of
such mutations in Ukraine is smaller than 0.004,
however, they may still be found. Therefore, in the
process of diagnostics of Fabry disease and type I
mucopolysaccharidosis, it is worth remembering that
the presence of the mentioned mutations in patients
requires obligatory further study to detect other dis-
ease-causing mutations.

Thus, taking into consideration the significant
clinical polymorphism and genetic heterogeneity of
lysosomal storage disorders, the differential diag-
nostics of this large group of hereditary diseases
requires a wide application of different biochemi-
cal and molecular-genetic methods. At present,
the assessment of the specific enzyme activity is a
method of choice not only at the stage of confirming
nosological diagnostics but also for examination of
family members of the sick person with the purpose
of medical and genetic consultation. Therefore, the
results of the enzyme activity assessment should
obligatorily be interpreted with consideration of the
data about the presence or absence of the pseudodefi-
ciency allele in the proband. According to our study,
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Table 5. Theincidence of acid a-glucosidase pseudodeficiency alleles in Ukraine (our study) and other populations [18]
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N.d. — the individual incidence of alleles and haplotypes was not determined

10.3% of the Ukrainian population is carrier of the
gene ARSA haplotypes associated with the arylsul-
fatase A pseudodeficiency, 2.6% of the population
is carrier of acid a-glucosidase pseudodeficiency al-
leles, and 7.1% of the carriers of pathogenic muta-
tions in HEXA gene from Ukraine are carriers of the
hexosaminidase A pseudodeficiency allele. Given a
sufficiently high frequency of certain alleles in the
total population of Ukraine, ignoring this phenome-
non at biochemical analysis can lead to significant
diagnostic errors.
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[cernomeinuT  aKTUBHOCTI  JII30COMHHX
rizponas, ONHCAaHUH K ICTOTHE 3HUIKCHHS
EH3UMAaTUYHOI aKTHUBHOCTI in Vitro y KIIHIYHO
3I0POBUX 0Ci0, 3arpoXkye TIarHOCTUYHUMH TI0-
MHJIKaMU 3a 010XIMIYHOI JIarHOCTHUKHU J130COMHUX
XBOpOO HAKONHMYEHHS B pasi HOro MOEJIHAHHS 3
NaTOJIOTIEI0 THIIOTO I'eHe3y. Y OLIBIIOCTI BUTIAIKIB
ncepnogedinuT 00OyMOBIICHHI TICBHHUMHU Hema-
TOTCHHUMH 3MiHAMH Yy BIJIMOBIJIHOMY T€Hi, SKi
MPU3BOIAATH IO JIAOLIBHOCTI CH3UMATHYHOI MO-
JeKYJM in Vitro, TOII SIK in vivo eH3uM 30epirae
(yHKIIOHAIBHY ~ aKTMBHICTB.  JIjs  OIlIHKHU
MOIIUPEHOCTI  HAMPO3MOBCIOJKCHIIMX  aJIeJliB
nceBaoePIUTyY JTI30COMHUX Tiapona3 B YkpaiHi
Hamu OyJl0 BU3HAueHO dacTory ajieniB c.1055A>G
1 ¢.¥*96A>G B reni ARSA, a Takox 3amin ¢.739C>T
(R247W) ta c.745C>T (R249W) B rTeni HEXA,
c.1726G>A (G576S) ta ¢.2065G>A (E689K) B reHi
GAA, ¢.937G>T (D313Y) B reni GLAI ta c.898G>A
(A300T) y reni IDUA cepen 117 3m0poBux ocid i3
pi3HUX perioHiB KpaiHu Ta 14 reTepo3UroTHUX HOCITB
naToreHHUX MyTaliil B reHi HEXA (0aTeku gitelt 3
MiATBEPKEHUM JiarHo3oM xBopobu Tes-Cakca).
CyMapHa 4acToTa TalIOTHIIIB, Ki 00yMOBIIIOIOThH
ncepaoneinuT apuicyibdarazu Ay 370pOBUX
oci6 (c.1055G/c.*96G Tta ¢.1055G/c.*96A ramioTu-
), nopisaroBana 10,3%. Yacrora anens ¢.739C>T
(R247W), acomiiioBanoro 3 tnceBaoaedinuToM
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reKkco3amiHiziasu A, cepel HOCIiB MaTOreHHUX
MyTaniil B reni HEXA 3 Ykpaiau cranosuna 7,1%.
CyMapHa yacToTa TaluIOTHIIIB, 5IKi 00YMOBIIOIOTh
nceBnoAeiuT O-TIIOKO3UAA3H B 3A0POBHX OCI0
(1726A/2065A Ta 1726G/2065A ramnotunu), cra-
HoBmiia 2,6%. Cepen 00CTeKEHUX BOJIOHTEPIB, SIKi
0 manu 3aminu ¢.937G>T (D313Y) y reni GLAI Ta
c.898G>A (A300T) y reni /DUA »omHOT ocobu He
BHUSIBIICHO.

3po0iieHO BHCHOBOK, M0 IHTEpHpETAalilo
pe3ynbTaTiB BU3HAYCHHS EH3MMAaTHYHOI aKTHB-
HOCTI y pa3i 010XiMiUuHOT A1arHOCTUKH JII30COMHUX
XBOpOO HAKOMUYEHHS HEOOXiJTHO IMPOBOHU-
TH 3 ypaxyBaHHAM JaHHX PO HAasBHICTH abo
BIICYTHICTh y Tpo0OaHaa ajeis mnceBaonedilnury.
SIKmo BpaxoByBaTH NOCUTH BEIUKY YacTOTy Aes-
KHX aJIeNliB y 3arajibHill MOMyJIsiii, TO irHOpYBaHHS
UBOTO SBHINA MOXE TMPU3BECTH MO0 3HAYHUX
JiarHOCTHYHUX MOMHUJIOK.

KnmodoBi ciroBa: JI30COMHI TiApojasH,
nceBaoaehiUT SH3UMATHIHOI aKTHBHOCTI, 9acTO-
Ta aJIeiB.
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[cermonepuUT aKTUBHOCTH JIM30COMHBIX
TUJIpOJIa3, OMMUCAHHBIA KakK CYIIECTBEHHOE CHHU-
J)KEHHE HH3UMATHUYECKONM aKTUBHOCTHU in Vitro 'y
KJIMHUYCCKH 3A0POBBIX JIMIL, I'PO3UT AUArHOCTU-
YECKUMHU OLIMOKAMHU B X0/1€ OMOXMMUYECKON auar-
HOCTHKHM JIM30COMHBIX OOJIE3HEH HAaKOIICHHUS
NPy €ro COYETAHWH C TATOJOTHEW WHOTO TeHe3a.
B OonbmnHCTBE ciydaeB mceBioaeuuur o0y-
CJIOBJICH OIPECACICHHBIMHU HCHNATOICHHBIMU H3-
MCHCHUAMU B COOTBETCTBYIOIIEM TI'CHC, KOTOPLIC
MPHUBOSIT K JTAOWMIBHOCTH DH3MMATHYECKOH MoJie-
KyJIbl in Vitro, TOTJA KaK in Vivo dH3UM COXpaHs-
eT (YHKIMOHAIBHYK aKTUBHOCTh. [l oOleHKH
pacmpocTpaHEeHHOCTH HaunboJyiee YacThIX aJiieseit
riceBnoneUIIMTa TM30COMHBIX THIPOJIa3 B YKpau-
HE ompeneisiu 4yactoTy ajieneh c.l055A> G u
¢.¥96A> G B rene ARSA, a Taxxke 3amen ¢.739C>
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T (R247W) un ¢.745C> T (R249W) B rene HEXA,
c.1726G> A (G576S) u ¢.2065G> A (E689K) B rene
GAA, c.937G>T (D313Y) Brene GLAI n c.898G> A
(A300T) B rene IDUA cpenu 117 3m0poOBBIX YEIIOBEK
U3 pa3HBIX PErHOHOB M 14 reTepo3UroTHBIX HOCH-
TeNel maTOreHHBIX MyTanuii B rene HEXA (poau-
TEJH JeTel ¢ TIOATBEPKICHHBIM JHAarHO30M 00Je3-
Hu Tes-Caxca). CymMapHasi 4acToTa TariOTHIIOB,
KOTOpbIe OOYCIIOBIUBAIOT TICEBAOJCHUIINT apHII-
cyabdarassl A y 3n0poBeix Jun (c.1055G/c.*96G
u ¢.1055G/c*96A rammoTumel), coctaBuiaa 10,3%.
Yacrora amrens ¢.739C>T (R247W), accoruupo-
BaHHOTO C TICEBIONE(HUIIMTOM TEeKCO3aMUHHUIA3I
A, cpenu HOCHTENIEH MAaTOTCHHBIX MyTallMil B TCHE
HEXA w3 Ykpaunsl coctaBuna 7,1%. CymmapHas
4acTOTa TaIJIOTHIIOB, KOTOpBIE OOYCIOBIHUBAIOT
NCEeBIOACHUIUT O-TIIFOKO3UAA3bl Y 30POBBIX JIHIL
(1726A/2065A u 1726G/2065A ramioTUIBl), paB-
Hstack 2,6%. Cpenu 00CIeI0BaHHBIX BOJIOHTEPOB,
KoTopble mMmenu Obl 3amensl ¢.937G>T (D313Y) B
reie GLAI n 3amensl c.898G>A (A300T) B rene
IDUA we HalIcHO HU OJTHOTO YEJI0BEKa.

CraenaH BBIBOJ, YTO MHTEPIPETAIUIO PE3YIIb-
TATOB OIpPEICIICHHS YH3UMATHUECKOH aKTHBHOCTH
MpU TPOBEICHUN OMOXMMHYECKOH THArHOCTHUKHU
JM30COMHBIX 0OJIe3HEH HAKOIICHHsI HEOOXOIUMO
MPOBOJIUTH C YYETOM JAHHBIX O HAJUYUU WIIH OT-
CyTCTBHHM y TIpoOaHma ajuiens TCeBAOACHHUIINTA.
Ecnu yuuThIBaTH A0OCTaTOYHO OOJIBIIYIO YAaCTOTY
HEKOTOPBIX aJijiesieil B 00IIel MOmyIsSIiH, TO HTHO-
pUpOBaHKE ITOTO SBJICHHUS MOKET IPUBECTHU K 3HA-
YUTEITBHBIM JUATHOCTUYECKUM OITHOKAM.

K JIOYEBBIC CJOBa: JU30COMHBIC FM,Z[pO-
Ja3el, TICEBIOACHUINT SH3UMATHUCCKONH aKTHBHO-
CTH, 4aCTOTa aJlJICJICH.
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MEASUREMENT OF METHIONINE LEVEL
WITH THE LC-ESI-MS/MS METHOD
IN SCHIZOPHRENIC PATIENTS
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The purpose of this study was to evaluate plasma methionine levels by using liquid chromatography
electrospray ionization-tandem mass spectroscopy (LC-ESI-MS/MS) in schizophrenic patients. A twelve-
point standard graph was drawn, and the recovery rate, the intra-day and inter-day coefficients of variation
(CV), the limit of detection (LOD), and the limit of quantification (LOQ) were evaluated. The y and R* values
of the standard graph equation were determined as 0.011x + 0.0179 and 0.9989, respectively, and the graph
remained linear until the 200 umol/l level. The intra-day coefficients of variation of the samples (n = 10) con-
taining 8, 28, and 58 umol/l methionine were determined as 2.68, 3.10, and 3.79%, respectively; while their
inter-day coefficients of variation were determined as 2.98, 3.19, and 3.84%. The LOD and LOQ values were
determined as 0.04 and 0.1 umol/l, respectively, while the mean recovery rates were determined as 101.7 and
99.3%. Plasma methionine values were measured as 21.5 (19.5-24,6) umol/l for the patient group, 17.8 (16.3-
20.1) umol/l for the control group, and the difference between the two groups was statistically significant
(p = 0.03). LC-ESI-MS/MS method represents a fairly sensitive, economic, and rapid analysis that requires
very little sample and is suitable for measuring methionine levels in schizophrenic patients.

Key words: Methionine, LC-ESI-MS/MS, limit of detection (LOD), limit of quantification (LOQ), schizo-

phrenic patients.

ethionine is a sulfur-containing amino
M acid that plays a very important role in

methylation reactions. As protein, lipid,
and DNA metabolisms, neurotransmitter synthesis
and detoxification processes all involve methylation
reactions, methionine is of vital importance for nor-
mal cellular functions [1, 2]. Methionine has been
demonstrated to be involved in many disorders such
as schizophrenia, depression, cardiovascular disea-
ses, and obesity. As any impairment of the homo-
cysteine-methionine cycle will affect serum me-
thionine levels, assessing plasma methionine levels
is fairly important for understanding their relation-
ships with diseases [3]. Nowadays, the correlation
of methionine with diseases is being investigated,
especially within the frame of methylation reactions.

Routine measurements of methionine are gene-
rally performed by using high-performance liquid
chromatography (HPLC), fluorescence polarization
immunoassay (FPIA), enzyme immunoassay (EIA)
and gas chromatography (GC). However, for rea-
sons such as its ease of preparation and its ability
to provide results rapidly, the liquid chromatography
electrospray ionization-tandem mass spectroscopy
(LC-MS/MS) represents a more suitable method for
routine assessments. Owing to its high sensitivity
and reliability, the use of LC-MS/MS is gradually
increasing in the field of medicine [4]. Although the
most common area of its use is currently the diagno-
sis of metabolic diseases, the LC-MS/MS method is
increasingly being used for the analysis and assess-
ment of many different compounds such as proteins,
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lipids, carbohydrates, and DNA. Mass spectrometers
are devices whose operating principle is based on
analyzing charged particles moving through a mag-
netic or electrical field, and by distinguishing them
from other charged particles according to their mass/
charge (m/z) ratios. In addition, mass spectrometers
are named according to their source of ionization. In
this study, we made use of the electrospray ioniza-
tion (ESI) method [5, 6].

Quantitative accuracy in LC-ESI-MS/MS is
ensured through the addition of a suitable inter-
nal standard (IS) at the beginning of the analytical
procedure. The addition of a known quantity of IS
eliminates — both during extraction and analysis —
all errors associated with substance losses, which
might occur at any stage. Thus, the use of an IS in
this method remedies systematic and random errors.
Deuterium-labelled compounds are commonly used
as an IS. Owing to their structural similarity, deute-
rium-labelled IS have the same chromatographic re-
tention time (RT) as the compound being analyzed.
In quantitative measurements, the density or area of
the sample will be proportioned with the density or
area of IS, and the sample’s concentration will be,
accordingly, determined from calibration curve [7,8].

There is only the limited number of published
studies in which the LC-ESI-MS/MS method is used
for the measurement of plasma methionine levels. In
addition, these studies generally provide different re-
sults due to the differences in their sources of ioniza-
tion, columns, mobile phases, mobile phase speeds,
and deproteinization solutions [3, 9, 10]. The aim of
the current study is to evaluate the possibilities of
HPLC-ESI-MS/MS method usage for measuring
plasma methionine levels.

Materials and Methods

Materials and solutions. The materials and
solutions used in this study included the me-
thionine standard (Fluka FL-64340), the inter-
nal standard L-methionine-D3 (Cambridge Iso-
tope Laboratory/DLM-431), LC-MS grade water
(Merck/1.15333.2500), DL-1,4 dithiothreitol (Merck/

D9779), LC grade acetonitrile (Merck/M1.00030),
LC grade formic acid (Merck/1.00264.1000), TFAA
(triflouroacetic acid) (Merck/8.08260.0100), LC
grade methanol (Merck/1.06008.2500), a Waters Al-
liance HPLC unit, and Waters Symmetry C8 reverse
phase column (2.1 x 100 mm, 3.5 um) (Muskegon,
Michigan, USA).

Case selection. Schizophrenia patients and
healthy controls were included in this study, with the
aim of evaluating the LC-ESI-MS/MS method with
regard to the measurement of plasma methionine
levels. In this context 62 patients aged 18-65 (26 fe-
males and 36 males with a mean age of 33.79 + 8.23
years), diagnosed with schizophrenia and schizoaf-
fective disorder according to the DSM-IV diagnosis
criteria (American Psychiatric Association, Diagnos-
tic and Statistical Manual of Mental Disorders, IV.
Edition 1994), and who gave their voluntary consent
regarding participation, were included in this study,
along with 57 healthy controls (23 females and 34
males with a mean age of 33.66 + 8.67 years). The
plasma methionine levels of both the schizophrenia
patients and the healthy controls were then measu-
red. The blood samples were collected into 6 ml K2
EDTA tubes, taken to a centrifuge within 15 min,
while being kept in an ice-filled container, and then
centrifuged at 4000 rpm for 5 min. Following cen-
trifugation, the plasma of these samples were sepa-
rated, transferred into four Eppendorf tubes, and
then stored at —80 °C for further evaluation.

LC-ESI-MS/MS analysis. Plasma methionine
levels were measured with an LC-MS/MS device —
in other words, a liquid chromatography tandem
mass spectrometry device (Waters Alliance HPLC;
Quattro Micro Triple Quadrupole Tandem Mass
spectrometer Waters, Milford, MA, USA).

The positive electrospray ionization was used
as the ionization method. Each analysis/test was
evaluated under the multiple reaction monitoring
(MRM) mode. The ions formed following decompo-
sition, as well as their retention time in the column,
their primary ion, secondary ion, and collision ener-
gy (CE) are provided in Table 1.

Table 1. The retention time, m/z value, and collision energy of the methionine measurements

Retention . . Secondary Collision energy
Analytes time (min) Primary ion [m/z] ion [m/z] CE [eV]
Methionine 1.35 150 103.8 15 eV
Methionine-D3 1.35 153 107.1 15eV
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The Waters Alliance HPLC unit and the Waters
Symmetry C8 reverse phase column (2.1x100 mm,
3.5 um) (Muskegon, Michigan, USA) were used for
the separation process. The mobile phase consisted
of 30% methanol and 0.1% formic acid, and was
evaluated at a speed of 250 pl/min. The conditions
used for mass spectrometry are provided in Table 2.

The first procedure for the determination of
plasma methionine levels involves reducing me-
thionine molecules bonded to proteins and to each
other through disulfide bonds by using dithiothrei-
tol (DTT). Following this, protein precipitating re-
actants such as methanol and trifluoroacetic acid
(TFAA) will be used to remove proteins from the
medium/environment (11). In this study, we used
acetonitrile, formic acid, and TFAA as precipitants.

Procedure for preparing solutions. The study
solutions were prepared in the following concen-
trations: internal standard L-methionine-D, at
100 pmol/l; methionine standard at 200 pmol/l; the
reducing agent DTT at 250 mM; and the precipita-
ting solution of acetonitrile, formic acid, TFAA
(triflouroacetic acid) at a ratio of 99.875:0.1:0.025 re-
spectively. The mobile phase was prepared by using
300 ml of methanol, 699 ml of LC-MS grade water,
and 1 ml of formic acid. The flow rate was adjusted
as 250 ul/min.

For the preparation of the blind solution, twice
the volume of acetonitrile was added to a plasma
pool consisting of 20 plasma samples, and the mix-
ture was centrifuged at 16,000 g for 3 min. The
supernatant was separated and diluted three times
with water, and then used as a blind solution. Con-
trol solutions were prepared by diluting the standard
stock solutions prepared with water with the blind
solution, such that final concentrations of 25 pmol/I

Table 2. Mass spectrometry conditions for the
measurement of methionine

Conditions Specifications
Injection volume 4 ul
Ionization mode ESI positive
Nebulizing gas pressure 55 psi
Capillary voltage 40 v

Type and pressure

of decomposing gas Ar, 5.0x107 mbar

Detector voltage 1600 v

and 50 umol/I of methionine would be obtained. The
control samples were stored at —40 °C.

Study procedure. Twenty pl of plasma (control
or standard) and 20 pl of 25 pmol/l internal standard
(L-methionine-D,) were mixed by vortexing for
10 s. Following this, 40 pl of 250 mM DTT was also
added, and the mixture was vortexed for 30 s and
then kept at room temperature for 5 min. Finally,
200 pl of precipitating solution was added, after that
the mixture was vortexed for 10 s, and then centri-
fuged at 13,000 g for 5 min. To perform readings,
the obtained supernatant was transferred in aliquots
of 20 ul into a culture plate with 96 wells, and then
placed into the device. The plasma, control, and
standard samples were read and measured using the
same procedure.

To test the applicability of the method, the
serum methionine levels of 62 patients diagnosed
with schizophrenia and of 57 healthy controls were
measured using the LC-MS/MS method.

Statistical analysis was performed by using
the Mann-Whitney U test on the SPSS 18 program.
P < 0.05 (95% significance level) were considered
statistically significant.

Results and Discussion

Methionine standard graph. To plot the
standard graph, the 200 pmol/l methionine standard
solution was first diluted with the blind solution to
obtain standard samples with cocentrations of 0, 1,
2, 5,10, 15, 20, 40, 80, 120, 160, and 200 umol/I.
For the evaluation of the matrix effect, all standards,
except for the blind solution, were prepared by using
water. Measurements were performed by applying
the procedure described above. Each standard was
read twice. The methionine content of the samples
and control solutions were calculated by using this
standard graph. The standard graph of methionine
was drawn by plotting the methionine concentra-
tion versus the peak area ratio of the methionine
standard to the L-methionine-D, internal standard. It
was observed that the graph was linear (R* = 0.9989)
(Fig. 1). The linearity of the standard graph prepared
with water was calculated as y = 0.0123x + 0.038
(R*=0.9998). After the standard graph was plotted,
the blind solutions were read and evaluated.

No peak was identified during the evaluation of
the blind solutions for methionine. After the standard
graph was plotted, the blind solutions were read and
evaluated (Fig. 2).

An example of a plasma methionine chromato-
gram for a patient is shown in Fig. 3.
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Fig. 1. Methionine standard graph

Following this, the control solutions prepared
at two different doses were measured twice, and
the mean value of these two measurements was de-
termined for each one of the control solutions. The
mean values for the 25 and 50 umol/l controls were
determined as 25.05 and 49.66 umol/l, respectively.
After the controls were evaluated, measurements
were performed on the samples. The intra-day re-
producibility, inter-day reproducibility and recovery
for methionine were evaluated.

A plasma pool was prepared using 20 plasma
samples. In this approximately 10 ml plasma pool,

090509_25 Smooth(Mn,2x2)

the methionine level was measured as 16.15 umol/L.
The plasma pool sample was transferred to 30 Ep-
pendorf tubes in equal aliquots of 10 ul. Solu-
tions with methionine concentrations of 0, 40, and
100 umol/l were prepared.

The 30 samples were divided into three sets of
ten. Following this, 10 pl of water and 10 pl of the
plasma pool solution were added to the first of the
three sets; 10 pl of 40 umol/l solution and 10 pl of
the plasma pool solution were added to the second
of the three sets; and 10 pl of 100 pmol/l solution
and 10 pl of the plasma pool solution were added
to the third of the three sets. The mixtures were all
vortexed for ten seconds, and then stored at —20 °C.

To evaluate yield (recovery), the samples pre-
pared at three different concentrations were con-
secutively measured ten times. Calculated yields
varied between 94.4-106.9%. The mean yield was
calculated as 101.7% and 99.3%. In the evaluation
of intra-day reproducibility, the mean concentra-
tions of the samples measured ten times within the
same day were 8.07, 28.53, and 57.49 umol/l. The
coefficient of variation (CV) was calculated as 2.68,
3.1, and 3.79%, respectively. To evaluate inter-day
reproducibility, the samples prepared at three diffe-
rent concentrations were measured on ten different
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Fig. 2. Chromatogram of blind solution for methionine
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Fig. 3. Methionine chromatogram of a patient

Table 3. Evaluation of intra-day reproducibility, inter-day reproducibility, and recovery for methionine

Number Methionine, Measured, Recovery Intra-day Inter-day

of Tests pmol/I pmol/I

N=10 0 8.01 £0.21 CV%: 2.68 CV%: 2.95

N=10 20 28.36 £ 0.88 101.7% CV%: 3.10 CV%: 3.19

N=10 50 57.68 £2.18 99.3% CV%: 3.79 CV%: 3.84
days, and their means and standard deviations were ly. The CV% values obtained in the evaluations of
calculated. The mean concentrations of the samples reproducibility and yield are presented in Table 3.
were determined as 8.01 + 0.21, 28.36 £+ 0.88, and Limit of detection (LOD), defined as the mini-
57.68 £ 2.18 umol/l, respectively, while their CV% mum concentration of methionine giving a peak area

was determined as 2.95, 3.19, and 3.84%, respective- three-fold the noise. Limit of quantification (LOQ),
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defined as the lowest concentration of methionine,
which can be measured in triplicate with a preci-
sion higher than 20% (11). Methionine content was
measured ten times in the 0.5 pmol/l sample, and,
based on the formula LOD = 3 x standard deviation,
the LOD was calculated as 0.04. Based on the for-
mula LOQ = 10 x standard deviation, the LOQ was
calculated as 0.1 pmol (9).

The mean plasma methionine level of the 62
schizophrenia patients and 57 controls were de-
termined as 21.5 (19.5-24.6) pmol/l and 17.8 (16.3-
20.1) pmol/l, respectively. The difference be-
tween the two groups was statistically significant
(p =0.03).

The amino acid methionine is known to be
involved in many diseases such as schizophrenia,
depression, cardiovascular diseases, and obesity.
It is an important mediator in the single-carbon
metabolism and methylation reactions [2, 3]. The
measurement of methionine levels is of considerable
importance for studies attempting to gain an under-
standing of the relationship between methylation
reactions and diseases. The liquid chromatography
electrospray ionization-tandem mass spectroscopy
(LC-ESI-MS/MY) is a fairly sensitive, low-cost and
reliable measurement method [6]. However, the LC-
MS-MS method is also associated with disadvan-
tages such as the requirement for preparation, and
experienced/specialized personnel.

In studies, standards must be prepared in con-
ditions similar to those of the matrix [11]. To inves-
tigate the matrix effect, we compared the calibration
curves prepared using water and plasma. The equa-
tions of the both curves were very close to one an-
other. The graph equation of the standards prepared
with water was y = 0.0123x + 0.038 (R* = 0.9998),
while the the graph equation of the standards di-
luted with blind solution was y = 0.011x + 0.0179
(R*=0.9989).

Total homocysteine levels were previously
evaluated with the LC-ESI-MS/MS method by Persi-
chilli et al. [11] in 2008, and by Li et al. [12] in 2008;
they described no significant differences between the
calibration curves of samples prepared with water
and plasma. These observations suggest that the LC-
MS/MS is a fairly sensistive method that is mini-
mally affected by environmental artefacts, owing to
its ability to separate/distinguish the molecules being
evaluated as primary and secondary molecules, and
to perform measurements in the presence of an in-
ternal standard. In measurements where the matrix
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effect is not taken into consideration, the method of
adding standards to the plasma is employed instead.
The obtained data indicates recovery. The recove-
ry minimizes the errors that might stem from the
matrix effect or the standard added to the samples
[11, 13]. The mean recovery values in our study were
of 101.7 and 99.3% that was better compared to other
studies. Weaving et al. (2006) reported recovery
values of 94.7 and 93.4%, while Gardner et al. (2013)
reported a recovery value of 97% [9, 10].

The first necessary procedure for the determi-
nation of plasma methionine levels is the reduction of
plasma-bound methionine molecules to free methio-
nine. To achieve this, tris(2-carboxyethyl)phosphine
(TCEP) and dithiothreitol (DTT) are commonly used
[14]. It has been previously demonstrated that, com-
pared to DTT, TCEP provides certain advantages
such as higher peaks, less noise (unnecessary sig-
nals), and greater stability in acidic and basic envi-
ronments. However, DTT is associated with better
reproducibility of results compared to TCEP [14].

Hempen et al. (2008) and Raifi et al. (2007)
used TCEP in their studies assessing homocysteine
levels [15, 16]. In the current study, we observed ir-
regularities in the chromatograms of samples pre-
pared with DTT and kept at —20 °C for more than
24 hours. We believe that this was due to the early
vaporization and oxidation property of DTT. We al-
ways prepared a fresh DTT solution for each test,
in order to eliminate any problems that might stem
from vaporization and oxidation during storage. This
might have contributed to the better intra- and inter-
day reproducibility values obtained in this study. In
the current study, the intra-day reproducibilities of
samples with 8, 28, and 58 pmol/l methionine were
between 2.6 and 3.7%, while the inter-day reproduci-
bilities of these samples were between 2.9 and 3.8%.
Weaving et al., on the other hand, determined that
the intra-day reproducibilities of samples with 20
and 50 pmol/l methionine were between 2.96 and
3.7%, while the intra-day reproducibilities of these
samples were between 11.1 and 12.7% [9]. As men-
tioned above, the recovery data of our study were
also comparatively better. These findings indicate
that our method was more sensitive than those used
in other studies. In addition, within the context of
this study, we used 30% methanol and 0.1% formic
acid in our mobile phase. On the other hand, Wea-
ving et al. used 50% acetonitrile and 0.1% formic
acid, while Gardner et al. used acetonitrile and 0.1%
acetic acid in their studies [9, 10]. Furthermore,
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our study also differed in that we used acetonitrile,
formic acid and TFAA for deproteinization, while
Gardner et al. used methanol for deproteinization.
Based on these data, it is possible to state that the
use of methanol in the mobile phase and the use of
acetonitrile, formic acid, and TFAA for deproteini-
zation represent preferable choices for obtaining bet-
ter CV% and recovery values.

The retention time refers to the time that passes
between the sample’s first entry into the column and
the highest detector response following its exit from
the column. While every substance has a different
retention time, the measured substance and its in-
ternal standard retention times’ are similar [14]. The
retention time is affected by many factors such as
the mobile phase content, the mobile phase speed,
the column length, and the diameter of pores cove-
ring the column. In our study, the retention time was
determined as 1.35 min. On the other hand, Gardner
et al. determined the retention time of four minutes
in their study [10], while Calderon-Santiago et al. de-
termined the retention time as 9.2 minutes [3]. The
retention time of our study was considerably shorter
than the times observed in these studies. The shorter
retention times we observed could have been associ-
ated with the use of methanol in the mobile phase,
and the use of acetonitrile, formic acid, and TFAA at
a ratio of 99.875:0.1:0.025 for deproteinization. Gard-
ner et al. and Calderon-Santiago et al. describe using
acetonitrile as the mobile phase, and methanol for
deproteinization. Shorter retention times are impor-
tant in that they allow a greater number of samples to
be evaluated within a shorter period of time. Shorter
analysis periods represent an important criterion for
measurement methods; in this context, our study
method permitted the evaluation of 33 samples in
one hour (including the ten minute pre-preparations),
while Gardner et al.’s and Calderon-Santiago et al.’s
methods permitted the evaluation of eleven and five
samples an hour, respectively [10, 3].

To increase selectivity and the limits of detec-
tion, samples are normally subjected to extraction
and chromatographic dissociation prior to MS pro-
cedures. Columns used for liquid chromatography
are important for the pre-preparation procedures of
LC-MS/MS. These columns are divided into two
groups as normal phase and reverse phase columns.
In this study, we made use of an HPLC unit and a
C8 reverse phase column. Reverse phase columns
present several advantages, such as a slower elution
rate, the associated slowing of peaks, and the fact

that smaller changes in the mobile phase result in
significant changes on the chromatograms [17]. For
these reasons, the reverse phase column was pre-
ferred for our study.

Other important parameters of application
studies include the LOD and the LOQ, with lower
values for these parameters indicating higher sen-
sitivity [10, 11]. In the current study, the LOD and
LOQ were determined as 0.04 and 0.1 pmol/l, re-
spectively. In their study investigating plasma me-
thionine levels with the LC-MS/MS method, Gard-
ner et al. identified an LOD value of 5 pmol/I [10].
Weaving et al., on the other hand, determined LOD
and LOQ values of 0.2 and 0.4 pmol/l, respectively,
in a similar study [9]. The considerably lower LOD
and LOQ values we obtained in comparison to other
studies indicated that our method had good sensitivi-
ty. We believe that these differences might have also
stemmed from the different substances we used in
the mobile phase and for deproteinization

In this study, where we evaluated plasma me-
thionine levels using the LC-ESI-MS/MS method,
the mean plasma methionine levels of 62 schizophre-
nia patients was identified as 21.5 (19.5-24.6), while
the mean plasma methionine levels of the 57 healthy
control was identified as 17.8 (16.3-20.1) pmol/l
(p = 0.03). The increased methionine levels in
schizophrenia patients suggest an association be-
tween schizophrenia and methylation reactions [1].
Studies have demonstrated a relationship between
the methylating amino acid methionine and the posi-
tive symptoms of schizophrenia [18]. Further studies
could also be performed on the correlation between
plasma methionine levels and other parameters of
the methylation cycle in schizophrenia patients.

Studies on the plasma levels of methionine
and amino acid, closely associated with methylation
reactions, are of considerable importance. The LC-
ESI-MS/MS method presents various advantages
over other methods, such as its ability to complete
analyses within a period as short as two minutes;
its ability to analyze samples containing mixtures,
without any derivation stages being necessary; its
ability to provide highly sensitive and reliable re-
sults when an internal standard is used; its suitabili-
ty for automation; its ability to perform numerous
tests within a very short period of time; its ability to
perform tests with very small amounts of sample, as
little as 20 ul; and its low ratio of false positive and
false negative results.

Owing to factors such as the use of freshly
prepared DTT solutions in our study, and the use
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of methanol and formic acid to prepare the mobile
phase, the LC-ESI-MS/MS method we employed
to measure plasma methionine levels was superior
compared to the methods of other studies in terms
of better inter-day reproducibility, LOD and LOQ
values, shorter retention times, and better mean re-
covery. Therefore, our study can serve as a reference
for the more accurate and exact determination of me-
thionine levels by LC-ESI-MS/MS.
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Mertoro Hamoro Iochi/pkeHHs Oyia OIliHKa
piBHSL METIOHIHY B TUIa3Mi KpOBI Malli€HTIB i3
mr30(PEHi€I0 3 BAKOPUCTAHHSM METOTY TaHAEMHOT
Mac-CrieKTpoMeTpii 1 piguHHOT xpomartorpadii 3
enextpocnpeii-ionizamieto (LC-ESI-MS/MS). Pos-
paxoBaHO WIBWJAKICTh BIJHOBICHHS, KOe(Dilli€eHTH
Bapiauii (CV), mexy BusiBneHHs (LOD) i mexy
kinbkicHoro BusHadeHHs (LOQ). 3xadyenus y i R?
CTaHJAPTHOTO TrpadiyHOro pIiBHIHHS CTAHOBHIIN
0,011x + 0,0179 1 0,9989 BinmorigHo. ['padik 3amu-
magcs JiHiiEM 10 200 MkMoiw/1. [IpoTsarom mHsS
CV mist3paskiB (n=10) i3 piBHeM MeTioHIHY 8,281 58
MKMOJIB/IT cTaHoBuIH 2,68, 3,101 3,79%, Bi OB AHO;
amibkaenni CV —2,98, 3,191 3,84%. 3nauenns LOD
1 LOQ cranoBuiau 0,04 1 0,1 MKMOJIB/J, BiITOBITHO;
cepemHs MBUIKICTH BigHOBIeHHS — 101,7 1 99,3%.
PiBeHb METIOHIHY B IJIa3Mi KpoBi XBopux OyB 21,5
(19,5-24,6) MKMOIB/1, ¥ TIIIa3Mi KPOBI KOHTPOJIBHOT
rpymu — 17,8 (16,3-20,1) Mmkmounb/m. Pi3auig 3HaueHb
MIX IBOMa TpynaMu OyJjia CTATUCTUYHO 3HAYYIIIO0
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(p = 0,03). IlpoBeneHi TOCIiIKSHHS TOKa3aIH, 1110
anani3z i3 Bukopucranusm LC-ESI-MS/MS e no-
CHTh YyTJIUBUM, CKOHOMIUHUM, 3DYUYHUM Ta MIBUJI-
KM METOJIOM JIIsl BU3HAUCHHS PiBHS METIOHIHY B
MAIIEHTIB 3 MTU30(PEHIELO.

KnmouyoBi cimoBa: MetioHid, meton LC-
ESI-MS/MS, wexa Bussmenas (LOD), wmexa
kimpkicHoro BusHadeHHs (LOQ), mamieHTH i3
mu3odpeHieto.

ONNPEAEJIEHUE YPOBHA
METHUOHUHA B IIJIASBME KPOBH
MNAIMEHTOB C N30 ®PEHUEN
METOJAOM LC-ESI-MS/MS
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Lens Hamiero uccienoBaHusI — OLCHUTH yPO-
BCHh METHOHWHA B ILJIa3ME€ KPOBH TMAIIUEHTOB C
MIM30(PpeHUEH ¢ MPUMEHEHUEM METO/Ia TaHICMHON
Macc-CIEeKTPOMETPUH U KUJKOCTHON XpoMarorpa-
¢un c osnexrpocnpeiri-uonnzaunein (LC-ESI-MS/
MS). PaccuntaHbl CKOPOCTh BOCCTAHOBIICHHU S, KO-
¢unuentr Bapuanuu (CV), npexen oOHapyKeHHS
(LOD) u mpenen KOIWYECTBEHHOT'O OIPEICICHHS
(LOQ). 3nauenust y u R? cranmapTHoro rpaduye-
ckoro ypasHenus coctaBisuin 0,011x + 0,0179 u
0,9989 cootBercTBeHHO. I'padhuk ocTaBascs JINHEH-
HbIM 10 3HadeHusa 200 mMxMmonb/1. B TeueHue mHs
CV nns o6pasmos (n = 10) ¢ conepkaHreM METHO-
HuHa 8, 28 u 58 MKMoIIB/1 cocTaBiasiu 2,68, 3,10
3,79%, cooTBeTCTBEeHHO; a MeXIHeBHBIE CV — 2,98,
3,19 u 3,84%. 3nauenus LOD u LOQ cocTaBisiin
0,04 m 0,1 MKMOJB/I, COOTBETCTBEHHO, CPEIHSIS
ckopocTh BocctaHoBieHuss — 101,7 u 99,3%. Co-
Jep’kaHue METHOHWHA B IIa3Me KPOBH OOJBHBIX
obu10 21,5 (19,5-24,6) MKMOJIB/NI, B IIa3Me KPOBH
KOHTPOJBHOH Tpymmsl — 17,8 (16,3-20,1) MKMOITB/.
Pa3Hnna 3Ha4eHWH MeXay IBYMS rpynmnamu Oblia
craTuctTudecku 3Haunumoi (p = 0,03). [IpoBenennsie
HCCJIENOBAHUS TIOKA3aJdd, YTO aHAJIU3 C HCIOJNb-
3oBagueM LC-ESI-MS/MS saBisteTcss H0CTaTOYHO
YyBCTBUTEJbHBIM, JKOHOMUUYHBIM, YIOOHBIM U ObI-
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CTPBIM METOJIOM ONpE/C/ICHHs YPOBHSI METHOHHHA
y MAIUEHTOB C N30 PEHUECH.

KnmoueBnie cimoBa: METHUOHHMH, MCTOI

LC-ESI-MS/MS, mnpenen o6napyxenus (LOD),
peet KommaecTBeHHoro onpeneneHus (LOQ), ma-
[UEHTHI C MHU30(QPEHUCH.
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50-piuyto HayKo80i | HAYKOBO-0p2aHi3aYiliHOT JiLIbHOCMI

C. B. Komicapenxa npuceauycmocs
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OJICKYJISipHA IMYHOIIOTiST — OIWH 13

HAMBaXKJIMBIIIMX HANPSIMIB CydYacHOI

o1iosorii 1 MPSAMUI «HAIIAT0K»
TpaguIiiHOl 1MyHOJOrii — BHHHKJIA, CHOPMY-
Basach 1 3poOWiia HAWBaKJIWBIII BIAKPUTTS 32
octanHi 50 pokiB. Lle Hayka iHTerpajibHa, OCKIJIbKH
BHKOPUCTOBYE JIOCSTHEHHSI 1 MeTomu Oioximii,
0i0(i3uKH, MOJICKYJISIpHOI OloJiorii, TEHETHKH,
IHIINX HAyK 1 CIpsIMOBaHA Ha BUBYECHHS OZHIi€l
3 TOJIOBHHX CHCTEM OpPraHi3My — IMYHHOi, OCHOB-
HUM TPHU3HAYEHHSM SIKOI € MATPUMKa aHTUTC€HHOT
cTablIbHOCTI BHYTPIIIHBOTO CEpEeNIOBUIA Opra-
Hi3My. IMyHHa cuctemMa OOpeThCS 3 UYHUCICHHUMH
3aXBOPIOBAHHSIMHU B OpraHi3Mi JIFOJIMHU 1 TBAPUH, 5K
3 1H(EKIITHIMH, TaK i 3 HOBOYTBOPCHHSIMH, 1 IIe
yacTille Tornepekae Yu Meperkokae iXx BUHUK-
HeHHI0. BonHovac mopyiieHHs IMyHHUX peakIii
€ TPUYMHOI0 0araThOX 3aXBOPIOBaHb, 1 MPaKTHY-
HO KOXHa XBOpoOa BILUIMBAaE€ HA CTaH IMYHITETY
OpraHi3My, sIKUi, y CBOIO Yepry, BU3Hauae nepeoir
3aXBOPIOBAHHSI.

IMyHoOIIOTisI B NEBHOMY CEHCI € yHIKalbHOIO
MEIMKO-0I0JIOTYHOK HAyKOH, TOMY [0 MAa€
BIIACHI BUCOKOYYTJIHMBI 1 BHCOKOCTICIIU(IUHI METO-
JI1 Ta BJIACHI 00’€KTH JOCIIJKCHHS PI3HOTO PiBHS
opranizanii (opraHd, TKaHUHH, KJIITHHH Ta MO-
JIEKYJU, O OepyTh y4yacTh y peaizamii QyHKIii
iMyHHOI cuctemn) [1].

[loza  TuMm,  JOCHiDKEHHS B rajiysi
(hyHAaMEeHTaJIbHOT IMYHOJIOTIT € TAKOX KOHYE BaXK-
JIUBUMH 1 JUIsI IHIIMX OI0JIOTTYHUX HAYK, OCKIJIBKH
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JAI0Th YHIKaJIbHY MOXJIHMBICTh YYEHUM MOJIe-
JIOBaTH 1 BUBYATH Ha PI3HUX PIBHSAX OpraHizarii
(MOJIEKYIISIDHOMY, CYOKIIITHHHOMY, KIITHHHOMY
1 MKKIITHHHOMY, @ TaKoX OPraHHOMY) 3aralibHi
010JIOT1YHI MPOLIECH, MOB’I3aH1 3 AudepeHIIialiero,
npoJidepaliiero Ta CMEPTIO KJIITHH, 3 MEXaHi3MaMHu
MiX- 1 BHYTpPIIIHBOKJIITHHHOI  CUTHaIi3aIlii,
Oprasi3alli€lo reHoMy B KJIITHHI, 3PEIITO BHBYA-
TH CTPYKTYPHY OpraHizaiiito Ta (pyHKI[IOHYBaHHS
MakpoMmoJsiekys. Hemapma KOJIMIIHI aKcioMu —
OJIMH TMPOTETH KOAYETHCS OJIHUM T'€HOM, a TIOTIM —
OJIMH TONIMENTUIHUN JAHIIOT KOJYETHCS OfI-
HAM T€HOM — Oylu CIpPOCTOBaHI caMme 3aBASKHU
MOJICKYJISIPHIN IMYHOJIOT11, KOJTH OYJI0 MOKa3aHo, 0
MOJICKYJIa IMyHOIJIOOYJIiHIB (2 TAKOX OKPEMO Ba-
KHH 1 JIETKHUI JTAHIFOT MOJIEKYJIH IMYHOTJIOOYJTiHIB)
KOJYIOThCSI JICK1IbKOMa TeHAMHU.

Came 1i€r0 HAWCKIAIHINION, HANI[IKaBIIIOK
Ta BKpail BaXJIMBOIO HAayKOIO M 3alliKaBUBCS
Cepriii BacuasoBuu Komicapenko, sxuii mep-
mUM B YKpaiHi 3armoyaTkyBaB HayKOBHU HampsM
JOCIIJIKEHDb — MOAEKYAAPHY IMYHOL02i10, CTBOPHB-
i B [HeTuTyTi Oioximii im. O. B. [Tannagina HAH
VYkpainn crnouarky naboparopilo iMyHOXiMii, a
MOTIM — BiJIUI 3 OJHOMMEHHOIO Ha3BOIO.

Bocenun 116010 poKy BUTIOBHIOETHCS 50 poKiB 3
TOro 4acy, ko mononuii Cepriii Komicapenko me-
pectynuB mnopir Incturyrty 6ioximii AH Vkpainuy,
MPOMIIIOB BCI 11a0J11 HAYKOBOT Kap’epH BiJi aciiipaHTa
JI0 JupeKTopa [HCTUTYTY 1 pa3oM i3 3amo4yaTkoBa-
HUM HUM HayKOBUM HAIPSIMOM JIOCIi)KEHb CTBO-
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PUB TOTYXXHY HAyKOBY IIKONY, HPEACTAaBHUKU
SIKO1, B CBOIO 4€pPry, CTAJIH BiIOMUMHU BUCHUMH SIK Y
HamIi# kpaiHi, Tax i 3a 1i MexxaMu.

[Ipo uayxosi i Haykoso-npakmuyni 3M00yTKN
CHiBPOOITHUKIB I[HOTO BNy, ajie TPOXHU IIHpIIe
HIXK 3asBJICHO Yy Ha3Bi, HIAEThCS Yy TpelCTaBICHIH
CTATTi.

Binain MonekynsipHOi iMyHOIIOTii Oepe cBiif 1o-
4aToK i3 BepecHs 1975 p., ko 3a iHiiaTHBOO aKa/l.
M. ®. I'ymoro 3 Binainy 6GiocuHTE3y Ta 010JIOTTYHUX
BIIACTUBOCTEH OiNlka Ha 4oJi 3 KaHA. Oi0Ji. Hayk.
C. B. Komicapenkom (tenep —akaa. HAH ra HAMH
VYkpainu, 1-p 6ioi. Hayk, mpod.) OyIio BUIIICHO TPy-
Ty 3 BOChbMH HAYKOBIIiB 1 JIOTTIOMI’>KHOTO TIEPCOHAITY,
sska Halyja crtaTycy Jiabopartopii imyHoximii. Y
1982 p. maboparopiro Oys0 MepeTBOPEHO Yy Biaaid
MOJIEKYJISIPHOI iMYHOJIOTiT, KEPIBHIKOM SKOTO 3
Toro 4acy i gorenep € Cepriit BacunpoBuu.

Jlaboparopist Oyma cTBOopeHa Ticus TIO-
BepuerHss C. B. KomicapeHka i3 HayKOBOTO
Bimpsmkenas no @panrii, Ae BiH TpaloBaB y
1974-1975 poxax B maGopaTopii iMyHOITUTOXiMii
Binninenns wmonexkynspHoi Oiomorii IHCTHTYTY
Ilactepa y [Ilapwxki mix KepiBHUIITBOM TIPO-
tecopa C. ABpameaca. Crmig 3ragaT, IO came
Crpatic ABpameac Ta YKo3e VYpienp mneprmmmu
B CBITi y 1966 polli BUKOPUCTATU €H3UM HEPOK-
cuoaszy i IMYHOXIMIYHOTO (iMyYHOEH3WMHOTO)
aHamizy. HameBHe, iMyHONepoKcHIa3HUH METOX

BU3HAUCHHS] aHTHUIEHIB UIsl J1arHOCTHUKM € 3apa3s
HAWTIOITUPEHIIIIUM Yy CBITI.

Sk posnoBigas Cepriit BacmipoBud, BiH 3Bep-
HyB yBary Ha podotu C. ABpameaca 3 BUKOPUCTaH-
HS TIEPOKCHIA3W Ta CHHTE3y IMyHOCOpPOEHTIB 3a
JIOTIOMOT'OI0 [Ty TAPOBOTO aJIbJIETi Ny, SIKi CTAIHU KJla-
cugHUMH, 1me y 1970 portri, Kown, micis 3aKiHYeHHS
acmipaHTypH, BiH 3a IOPaJOI0 CBOIO BUMUTENS —
akanemikaM. @.I'ymoro—3amikaBuBCsS iMYHOJIOTI€TO,
30KpeMa MexaHi3MaMu CHHTe3y aHTUTiI. s 1npo-
ro moTpiOHO OyJ0 BOJNONITH CyYacCHHMMH Ha TOH
yac MeToIaMHu iMyHOXiMigHOTO aHamizy. CrpoOu
CaMOCTIfHO 3B’$3yBaTH KOMEPIIHHY IepOKCH/Ia-
3y yropcekoi ¢ipmu «Peanan» 3 aHTUTeHaMu 4H
AHTUTIJIAMH 32 OMyOJiKOBAaHWMH METOIaMH OyIu
HEBJIAJIUMHU. SIK MOTIM 3’sicyBajiocs, 1151 HEpOKCHIa-
3a OyIa ay’ke HU3BKOI SKOCTI 1 He Moruia Oy TH BUKO-
puctana 0e3 T0IaTKOBOI XpoMaTorpadiyHOi OUHCT-
ku. Came B neit yac 10 Kuesa, Ha 3anpomenns AH
YPCP, mpuixaB oivH 3 HABiJOMINITUX IMYHOJIOTiB Y
CBITi, BHHaxXiTHUK IMYHOEIEKTPOope3sy, akaIeMiK
®panmysskoi Mmennanoi akaaeMii [’ep (Ilerpo Mu-
konaiioud) ['pabap. Ilerpo MuxomnaiioBuy OyB s10-
Ope 3Haiiomuii 3 akagemikamu AH YPCP P. €. Ka-
BenbkuM Ta B. I1. Komicapenkom i OyB BumTenem
C. ABpameaca. Y po3mosi i3 Cepriem Komicapenkom
BiH 3alliKaBUBCS HOr0 IJIaHAMH 3 BUBUCHHS CHHTE-
3y iMyHOrIOOymiHIB i cipusiB 3rofi C. ABpameaca
npuitasatu C. KomicapeHka Ha cTa)XyBaHHS B HOTO
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Konexmue 6id0iny monexynspnoi imynonoeii. Kuis, 1982 p. 3nisa nanpaso: 1-u pso: O. M. byxanesuwu,
H. B. Jloyenxo, H. Il. Kapnosa, M. Il [Imumpenxo; 2-u pso: I. M. ®Domoscvka, M. B. Crok;
3-u psio: C. B. Bacunenxo, H. B. Kaniseyw, M. I JKypascoxuii, /1. I. JIykinos, C. B. Komicapenxo, O. b. Tkauyk,

T. B. I'opowmnikosa, I I 'aticoponcvka

nmaboparopiro. 3a pik craxxyBanss C. B. Komicapenko
MTOBHICTIO OMAaHYBaB IMYHOIIEPOKCHUIA3HI METOIN
BUSIBJICHHSI CHHTE3y Hecleu(piqHNX 1 aHTHIIEPOK-
CHUIA3HUX aHTHTIN JiMporuTaMu Ta/abo Ta3ma-
THYHAMH KJIITHHAMH, CHHTE3YBaB pi3HOMaHITHI
IMyHOCOpPOEHTH, 30KpemMa Ha OCHOBI KOH TOTOBaHOT'O
i3 ceapo3or0 KOHKaHaBaJIiHy A, a TAaKOX IPOCITY-
xaB rorubIeHni Kypc imyHororii [lactepiBcbkoro
IHCTUTYTY, AKUH BUKJIaAAIH Hallkpari GpaHIry3bKi
Ta iHO3eMHI JIEeKTOpY. 3HAHHSA 3raJlaHoTro Kypcy Ta
neKii 3 MoJekynsapHoi Oiororii B Konex ne ®panc
JO3BOJIMJIM  HOMY OBOJIOJITH HalCy4dacHIIIMMHU
3HaHHSAMU 3  MOJEKYJSIpHOI Ta  KIITHHHOI
imyHomorii. Hampukiami cBoro mnepeOyBaHHS B
InctutyTi Ilactepa BiH 3ampomoOHYBaB CBOEMY
BuuteneBi — C. ABpameacy, a MOTIM 1 THPEKTOPY
InctutyTy — naypeary HobGeniBcpkoi mpemii JKaky
MoOHO BUKOHATH TPOEKT i3 BUBYCHHS 3B’SI3KY MiXk
reHaMH, sKi KOAYIOTh CHHTE3 IMYHOTJIOOYIiHIB,
Ta CTPYKTYpPOI IMYHOTJIOOYIiHIB, IO Majlo BKa-
3aTH Ha TIOXOKCHHS CHEIU(IIHOCTI aHTHTIN.
7K. MoHo BUsABHB HeaOHWSIKUU iHTepec 1 3amporio-
HyBaB C. KomicapeHKy T'paHT Ha J[Ba pOKH (3 TIPO-
JOBXKEHHSM) [IJI1 BHUKOHAHHS TPOEKTY CITITBHO
3 mpodecopom Il’epom Baccami i3 JKeHeBcbKoOro
yHiBepcutery. Ha »xanp, i3 ciMeifHUX oOCTaBWH
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Cepriii BacunboBu4 MaB TMOBEpPHYTHCS JOIOMY 1
MIPOEKT He OyB BUKOHAHWH. Ale MEeTOnIH, sKi Oyio
OITAaHOBAaHO HHUM B Ja0opaTopii IMYHOITUTOXIMii
B Ilapmxi, Hamami OyJo yCIIIIHO BUKOPHUCTAaHO B
IncturyTi Gioximii B Kuesi. Tinbku yropceky me-
poxcunazy dipmu «PeaHam» mOBeOoCh T0JATKOBO
YHUCTHUTH 10HOOMIHHOIO XpomaTorpadieto 10 RZ ne
mennie 3,0. Taka BUCOKOOYHIIIEHA MTEPOKCHIA3a J0-
3BOJIMJIA Y CIIBPOOITHHUIITBI 3 1abopaTopicro mpod.
K. I1. 3aka 3 [HCTUTYTy €HIOKPHHOIOTII i OOMiHYy
pedoBun MO3 VYPCP npoBoautu MapKyBaHHS
PI3HHUX TOMYJNSAiN TiMPOUHTIB Ta TependadyBaHO
CTOBOYPOBUX KIITHH [2], a TakoX pa3oM i3 rpy-
moro A-pa Oion. Hayk B. O. Maiicekoro (IacTutyT
(iziomorii im. O. O. boromonsist AH YPCP) pusua-
TU PEeTPOrpajiHUi aKCOHHUM TPAHCIOPT MEPOKCH-
Jla3u B HEPBOBIH cuctemi [3].

Ane TIOBEpHEMOCS 10 TI0YaTKy CTBOpEH-
Hs JabopaTopii iMyHOXiMii. 3 Orismy Ha Te, M0
BHBUEHHSI CTPYKTYpPHHX T€HIB, SKi KOAYIOTh
CTPYKTYpY iMyHOrnoOymiHiB, y Kwuesi Oymo He-
MOXJIMBUM (XO4a HeBAaJli crpoOu Oyiu), KijbKa
POKiB TIOCIIJIb TOJOBHUMH HAyKOBUMH Hamps-
MaMH JIOCII/DKeHb Jiaboparopii Oynu: eugueH-
HA MEeXAauizmié IMYHOMPONHOL [ NPOMUNYXAUHHOL
0ii’" ghochopopeaniunux noxXioHux HeopeamiuHo2o
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nipogocchamy ma pospodnenns i GUKOPUCANHS
MemoOi8 IMYHOXIMIYHO20 AHANI3Y NPOMEiHis O/
N00AILULIO2O BUSHAYEHHS MEXAHIZMIB8 MONEKYIAPHO-
20 pO3NI3HAGAHHS AHMUEHIE IMYHHOI CUCMEMOIO
Op2aHi3MY.

Hocmimxenns imyHoTtpormuoi nii  Gicdoc-
(hoHaTIB, MO0 MPOBOJUIUCS BUCHUMHU BIJILTY T
kepiBHunTBOM Cepriss Komicapenka, Oyiu uu we
Haunepwumu 6 ceimi. Biodin 6y maxooc ceped musx,
xmo nepuwum y CPCP 3acmocysaé imyHoeH3UuM-
HULlL  ananiz, npomoxogy yumopayopumempiio,
2IOPUOOMHY TEXHONO2II0  00ePACAHHS  MOHOKIIO-
HAIbHUX ~AHMUMIL  mMa  IMYHOXIMIYHUL — AHALi3
npomeinis. 3romom IMYHOXIMI4YHI METOIU
JIOCTTIJIPKCHHSI CTajd OCHOBOIO JUJIS CTBOPCHHS Yy
BIJITIJII BUCOKOYYTJIMBUX Ta BUCOKOCHEIH(DIYHUX
IMyHO/IIarHOCTUKYMiB, SIKI KOHYE HEOOXiTHi
JUIS  MEJWIMHHW, BETepUHApii, JJIS PO3BUT-
Ky 1MYHOOIOTEXHOJIOTII Ta MOHITOPHHTY CTaHy
JIOBK1JIJ1s TOLLIO.

VY mosti 30py HayKOBIIIB BiIAULY OyJI0O TaKOXK

JIOCTIJIXKCHHS MOJICKYIAPHUX MEXAHIZMI6 aKmusayii

aimghoyumis: OyIO0 BCTAHOBJICHO, IO AaKTUBAIlis
TiMOIUTIB, sKa TOB’s3aHa 3 1X mpoidepariero,
3aJIe)KHUTh BiJl 10HIB KaJbI[iIO 1 CYNPOBOIKYETHCS
3MiHOIO aKTUBHOCTi €H3UMIB IIEPETBOPECHHS aJICHO-
3MHY Ta HOTO MOXiTHUX Y KIITHHI.

VY Binaini Oyno cmeopeHo HU3Ky npomunyx-
JUHHUX — IMYHOMOKCUHIG, BUABIEHO He2amUSHUL
6NIUG HU3LKUX 003 padiayii Ha cucmemy npu-
POOHO2O IMyHImemy 6 JiKgioamopié asapii Ha
Yopuoobunvcokiti AEC, 00cnioxiceHo IMyHOXIMIUHY
CMPYKMYPY HeUPOMOKCUHY AnaMiny, Yyumoxpomy c,
MONEKYAPIOpuHo2ery ma iOpuHy Ha Pi3HUX CMAISX
11020 noaimepusayii, Ougpmepitino2o MOKCUHY i 020
peyenmopa, MiKoOaxmepii, Wo CNpUYUHIOIOMb Y-
OepKYIb03 THOUHU | MBAPUH, OOCAIONCEHO MAKOIC
ponb npomeinazoaxmugosanux peyenmopis (11AP)
ma HIKOMUHOBUX AYemuUIXONIHO6UX peyenmopie
nimpoyumis, npupooy NnoaipeakxmueHux
imynoznoobyninie (IIPII') ma 6aecamo inwozo.

Aute nipo Bce 1o nopsiiky. CriouaTky 3yImHHU-
MOCB Ha JIOCJIIJ[PKCHHI MEXaHi3MiB IMYHOTPOITHOI Ta
IPOTUIYXIMHHOI i1 hochopopraHiTHIX MOXiTHIX
HeopraniyHoro nipodocdary.

BuBuennsi mexaunizmy Oiosoriunoi aii ¢oc-
(aTHux anajoriB Heopraniunoro mipodocdary.
IMoxinni Heopraniunoro mipodocdary (PP) —
dbochonatu 1 Oichochonatu — Oyno BUOpaHO
JUIL BUBYEHHSI, BUXOAs4M 3 Toro, mo PP, Oepe
y4acTh y BEJHUKIH KiJTbKOCTI HaWBaKJIUBIIIUX CH-

3UMaTHYHHUX peaklii SK mpoxyKT abo cybcrpar
peaxuii, a TaKOXX BXOAUTH 0 CTPYKTYPH OaraTbox
MeTaboMITIB. 3B’3KH, 10 He Tigponizyorbes (P-C
y ¢ochonariB abo P-C-P y OGicdocdonaris), Ta
NOTYXHI KOMILJIEKCOYTBOPIOBalIbHI  BIIACTHBOCTI
(dhocdonaris JIO3BOJISLITN CIIO/IIBATHUCH Ha
MOKJIMBICTh TepTypOawii MeTa0oNmyHUX IIJISXiB
y KJiTHHaX 3a ix gomomororo. Xoda B jiTeparypi
Oynu nani, mo OicochoHaTH He BIUIMBAIOTH Ha
AKTHUBHICTh HU3KH €H3UMIB, 30KpeMa Ha aKTHBHICTh
nipodocdaraszu, ciiBpoOITHUKAMU Bi JA1Ty OYI10 M0-
Ka3zaHo, mo Oichocdonarn — epexTUBHI iHTIOITOPH
HeopraHiuHoi mipodocdarazn 1 OeSKHX IHIIMX
€H3UMIB, JIe YYaCHUKOM peakiii € HeopraHiuHHUN
nipodocdar [4].

YueHumu  Bigginy — Oyno  JIOCIIJIKEHO
010JIOTTYHY aKTUBHICTH, MEXaHI3M i1 Ta 3aJIS)KHICTh
AaKTUBHOCTI Bil CTPYKTypH OicocdoHaTiB — Ha
TOW dYac HOBOTO KJjacy JIKapChbKHX Ipenaparis,
BCTAHOBJICHO  IMYHOMOJYJSITOPHY  aKTHBHICTh
meTriieHOichocponoBoi kucinotu (MBDK). Otixe,
BBefieHHs: MB®K TBapunHam crnpuyuHiOBaio B
HUX TaJbMyBaHHS SK OIOCHHTE3y aHTHUTLI [0
T-3ameXHUX AaHTUTEHIB, TaK 1 peakuiil KIITHUHHOI
iMmyHnoi BixmoBigi. [anepmyBaBcs OiocuHTE3
antutin IgM-, IgE- Tta, ocoGmuBo, IgG-knacy.
Bmine MB®K, mo He mnpu3BOAMB O 3MiH Yy
cyOnonyisiiHOMy cKJaal JiMQpOUUTIB, OYEBUA-
HO, OyB 3B’13aHUH 3 i1 eekTOM Ha PyHKLIOHATBHY
akTuBHICTH T-kiiTuH. [Hm Oicdoconaru, 10
BuBUanucs (okcu- Ta aminonoxigHi MB®K),
HE BHSBISUIM IMYHOMOAYJISTOpPHOI [ii, Xo4a W
Oylmn  TOTY)KHHMH  KOMIIJIEKCOY TBOPIOBAJIbHH-
mu pedoBnHamu. MB®K Ta ii crpykTypHi aHa-
gorm — okcietumnigendichpochonora (OBDK),
aMiHo-MB®K Ta dochonornToBa kucioTu He Oyau
[UTOTOKCUYHUMH W HE rajibMyBalld pojidepariiro
TiMQPOUUTIB y KYJIBTYPi y BiJIOBIIb HA CTUMYJISILIIFO
miTorenamu. MB®K icToTHO He BIUIMBaJia HA CHH-
Te3 miMQonUTaMH TEBHHX iHTepielKkiHiB. Bona
HE TPOXOoJuja Kpi3b IUIAIICHTapHUN Oap’ep Ta He
crpaBisijga eMOpioTokcu4Hoi nii. BukopucroByto-
yn “C-MB®K 0Oyno BusBieno tpomism MB®K
J10 JiM(OITHUX KJIITUH 1 BU3HAYCHO KIHETHUYHI Ta
TEPMOJUHAMIYHI MapaMeTpu TPaHCHOPTYBAaHHS
MBOK y kmitunu. lle no3Bonmyio BBaykaTH, IO
MBOK mnotpamnnsie B niMQOIUTH KOOMEPaTHUBHO,
3aBASKYM T'PAJiEHTy KOHICHTPAIlil, 32 MEXaHi3MOM
nonermenol audysii i3 TpaHcnoprepoM. TpaHc-
nopryBanHs ranpMyerbcs PP, ta OB®K, ane ne
Heopraniunum Qocdarom (P), i He 3anexuTh
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BiJ iHTeHcHBHOCTI cuHTe3y ATP y kmituni. Byno
pO3paxoBaHO Ta BH3HAYEHO THIH CTPYKTYp-
HUX KOMILICKCIB, Yy CkJaal skux OichocdoHaTn
MICTSTBCSI B KJIITHHI, Ta TPOaHai30BaHO Ti BUAH
KOMIIJIEKCIB 3 OIOJIOTIYHO Ba)KIUBHUMH METajIaMH,
SIKI MOYKYTh B3a€EMOMISITH 3 €H3UMAaTHIYHUMHU CHCTE-
MaMH KJIITHUHH,

BuKOpHCTOBYIOUYH CTIONY KH, SIK1 BIIPI3HAIOTHCS
KiNBKIiCTIO (OCPOPUTBHUX TPYI, THIIOM 3B’I3KY
(P-C, P-O uu P-N) abo 3apsiioMm Ta po3mipoM MO-
JeKynu, OyJ0 JOCIHIPKEHO MEXaHi3M BILUIUBY
Oicocdonaris Ta hocoHATIB HA AKTUBHICTH HU3-
KU KJIIOYOBUX €H3MMiB nepeTBopenHs PP, abo tux
MOJIEKYJI, 10 CKIaay SKHX BXoauTh PP.. Jirm
BHCHOBKY, III0 OCHOBOIO IMYHOMOAYJISITOPHOI nii
¢doconariB, nepenycim MB®DK, € ii Tpomizm 10
nimpounTis. [lepenecenHs 1o 1iMGpOLUTIB Ta HAKO-
nuueHHs B HUX MB®K npu3BoauTh 10 rajbMyBaH-
Hs HeopraHiuHoi mipodocdarasu Ta MiJABHIICHHS
JIOKQJTbHOT KOHIIEHTpAIlii PP, a srogom — 10 mos-
BU PI3HOJIITAHJIHUX KOMILJICKCIB OicocdoHaTiB 3
10HaMU JBOBAaJIEHTHUX METAJIB 1 3 PP, Ta no 3MIHU
AKTUBHOCTI JISSIKHX €H3MMIB, 30KpeMa, HaIlpH-
knan, JIHK-3anexunoi PHK-nonimepasu 1, en3umin
MeTaboJIi3My Ty PUHIB TOIIIO.

Peszynomamu yux Haykoux 0ociiodcens cma-
Ju 0CHO6010 00Kmopcokoi ducepmayii Cepeisi Bacu-
nwosuua Komicapenka «buonoeuueckoe oOeticmaue
oucghochonamos u peeynayus UMMYHHO2ZO Omee-
may.

Cnipn3a3nauut, mo C. B. Komicapenko Hikoau
HE yHUKaB (I He YHHKA€ i HUHI) MOXKJIUBOCTI CKO-
pHucTaTUCs pe3ybraTaMy CBOiX (DyHAaMEHTaIbHUX
JOCIHIJIKeHb 3 TMPaKTHYHOIO MeToro. Tak, Ha mpo-
XaHHs [HCTUTYTY M’SICO-MOJIOYHOT TPOMHCIIOBOCTI
BiH IMPOBIB IMYHOXIMI4HE JOCIiIKEHHS MPOTEiHIB
MOJIOKa, 110 OyJI0O BUKOPUCTAHO TiJ Yac CTBOPECHHS
CYy4YaCHHMX MOJIOYHHMX CyMIIlel JAJis TONyBaHHs He-
MOBJIIAT. Y CKJaJli KOJIEKTHBY aBTOPiB IbOTO BUHA-
xony C. Komicapenko y 1979 poii OyB Biji3HauCHU I
HepxasHoto nipemiero Y PCP.

Ha ocHogi 6icocdonari y Bigaini Oyino cTBO-
PEHO AeK1IbKa MPOTOTUIIB MEIUYHUX Mpenaparis:
CHUHTE30BaHO NONIYPEemaHog8y KOMNO3uyiio, sKa
npaBuja 3a IMOOLTI30BaHUN IMYHOMOAYJISATOD 13
MICIIEBUM MPOTH3ANAIBEHUM Ta IMyHOCYTIPECHBHUM
e(eKTOM; 3aITPONOHOBAHO HOBU MPOTUITY XJIMHHUAN
npenapat «Mebdighon», skl YCHIIIHO TPOMILIOB
KJIiHIYHI BUMpoOyBaHHS, i 3apa3 HOro BHITyCKae
¢dipma BAT «Dapmakx» y Kuesi [5-7].
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Kminiugi gociikeHHs IIOKas3ajd, o 3a-
CTOCYBaHHS OpPUTIHATHLHOTO BITUH3HSHOTO
OichochoHaTy 3HAYHO TOKpANIye SKICTH IKHT-
TS XBOPHX OHKOJIOTIYHOTO mTpoduIro 3 MeTa-
cTazaMH B KICTKaxX ITyXJIMH Pi3HOI JIOKali3allii,
3MEHIITY€ iIHTEHCUBHICTE OO0JTIO 1 M ABUIITYE (i3HIHY
aKTUBHICTH TAII€HTIB. BcTaHOBIIEHO JTIKYBadbHUN
e(eKT mpermapaTty 3a MeTacTa3iB y KiCTKaX XBOPHX
Ha paKk MOJIOYHOI Ta MepeaMiXypoBoi 3aio3. J{ose-
JIEHO, IO TIpemapar CIpHsIe HOpMali3alii BMICTY
KaJBITII0 B CHPOBATIII KPOBI XBOPHX 13 METAacTa3aMH
B KiCTKaX i 3MEHIIICHHIO MPOSIBIB TEMOTOKCHYHOCTI
y pa3i HOro BKJIIOUCHHS B CXeMHU XiMioreparii [§].
Ha croci6 sikyBaHHS XBOPHX 13 3JIOSKICHUMH Ty X-
JUHAMM MOJIOYHOI 3ajo3u y 2001 p. onepkaHo ma-
TeHT [9].

I3 BUKOPUCTAHHSIM IMyHOTJIOOYJTiHIB
(arTHTIT) Ta dochopopraHiuHNX KOMIIJICKCOHIB
(aminoOichochonaTiB) Oyi10 CHHTE30Ba-
HO IMYHOBEKMOpPHI MOXeKyau, SAKi 30epiraiau
KOMILIEKCOYTBOPIOBAJIbHI ~ BJIACTHBOCTI  Oicdoc-
(hoHaTIB Ta aKTUBHICTH aHTUTUIL. Taki KOHCTPYKITii
TIPOTIOHYIOTHCS TUTST pazioiMyHOJIOKai3aIii
aHTHUTCHIB, MO OyJI0 TEPEeBIpeHO 3a 3B’SI3yBaHHS
IMYHOBEKTOPHHX MOJIEKYJ i3 pamioakTHBHUMH Ca
ta Tc [10, 11]. ¥ HaBeneHUX MOCTIHKESHHIX Opaiu
y4acTb A-p 6ioir. Hayk H. M. ['yna, kaum. 6iof. Hayk
I I TaitBoponceka, M. I'. Kypascekuit, H. I1. Kap-
soBa, I. M. Kosnecnikosa, O. I1. Ilenesina, I. M. ®o-
MoBchka Ta iHmI. [Ipemaparm docdonatiB Oyio
cuHTe30BaHO B IHcTHTyTi opraniunoi ximii HAH
Ykpainu 3a ygacTio Kaua. XiM. Hayk A. M. bopu-
cesnua, ipodecopiB 1. C. Ilempkica i M. O. Jlo-
3UHCBKOTO Ta B IHCTHTYTI MOJeKymspHOi OioJorii
im. B. O. Emremsrapnra AH CPCP 3a ydacTtio
kaua. xiMm. Hayk H. b. TapycoBoi Ta um.-kop. AH
CPCP P. M. XomytoBa. CHHTE3 TIOJIypETaHOBOL
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KOMIIO3HIIIT MPOBOAMJIM Y CIIBIpaIi 3 TPYIO
HAYKOBIIB [HCTHTYTY XiMii BHCOKOMOJICKYJISIPHUX
cnonnyk HAHY min kepiBHHLITBOM A-pa 0ioj. HayK
I. O. IIxakanze [12, 13].

Y Binaini OyJi0 TAKOXK CTBOPEHO IMYHOBEKTOPHI
MOJICKYJTH — LMYHOMOKCUHY JJIsI BUOIPKOBOTO PYyH-
HYBaHHS KJITHH-MillIeHel. 3 MeTOr0 1X CTBOPEHHS
MPOBOJIMJIM KOH OTaIlil0 aHTUTLI MPOTH TIOBEPXHE-
BUX aHTHUTEHIB Iy XJIMHHHUX KJIITHH (200 BTOPUHHUX
AQHTUIMYHOTJIOOYJIHOBUX aHTHUTI) 13 IUTOTOK-
CUYHUMH aHTHOIOTUKAMH — OJeOMiyemuHom ma
cmpenmonespuHom, K1 OyJo CHHTE30BaHO Tpod.
M. H. IlpeoGpaxencskoro B HaykoBo-mocmigHOMY
IHCTUTYTI 3 JOCHIJKCHHS HOBUX aHTHOIOTHKIB
AMH CPCP (auni — PAMH). Egexmusnicmo
cneyu@iuHux iMyHOMOKCUHIB Y KYIbMYPI 8UAGUNLACH
v 25 pasié euworo 3a «4UCmuily MoKCUH.

HocaigxeHHss iMyHOXiMiYHOI CTpPyKTypH
nporeiniB i menruaiB. BoxHouac y Bigini mpo-
BOJIMJIM JOCIIJKEHHS 1IMYHOXIMIYHOI CTPYKTYpH
MPOTEiHIB 1 MenTHIiB, ki Oynu nepmumu B CPCP
1 SIK1 IOYAJIMCS 3 aHAITIZY HEUPOMOKCUHY ANAMIHY —
OITHOTO 3 KOMITOHEHTIB OIKOJIMHOI OTPYTH, SIKUN
Oyno orpumano Big A.l. MipomraukoBa 3 [HCTUTYTY
Oioopraniunoi ximii AH CPCP (amHi — akanemik
PAH, ainctutyT Mae Ha3By [HCTHTYT GioopraHiuHOi
ximii im. M. M. lllemskina ta FO. A. OBunHHMKOBa
PAH). Anamin — e nentup i3 18 aMiHOKHCIIOT 13
JBOMa TUCYNb(ITHUMU 3B’SI3KAMHU, MOJIEKYJISIPHOIO
Mmacoro 2 038 Jla, 3 amimoBaHor C-KiHIIEBOIO Kap-
OOKCHJIBHOIO TPYNOI0 TiCTUIUHY, SKUH Oe3moce-
PEIHBO i€ Ha LEHTPaJbHY HEPBOBY CUCTEMY.

BukopucToByroun pamioakTUBHUH — anamin
Ta oro MoaudikoBaHi MOXiAHI B pagioiMyHHOMY
ananizi, C. B. Kowmicapenko Ta C. B. Bacwuien-
KO BCTaHOBWJIM, WIO IMYHOIOMIHAHTHUH emiTom
JIOKali3oBaHO HaBKono 13- Ta 14-ro apriHiHiB
anaMmiHy, 1 BiH MNPaKTUYHO 30ira€TbCcsi 3 HeM-
POTOKCHHHUM caiiTom MOJICKYJTH. Tomy
AHTUANIAMIHOBI AHTUTLIA MOXYTh OyTH MpO-
TEKTOPHUMHU y  pa3l  OTpyeHHS  amaMiHOM.
Enexmponno-imynoyumoensumamuunum  mMemo-
oom Oyno 35coeamo, WO anamin 365A3YEMbCs
i3 capxonemolo 2iadeHbKux M3i6, a BUKOpU-
CMaHHsA padioakmueHo2o0 anaminy nokasano, ujo
36’A3Y68aHHA i3 CUHANMOCOMAMU 20T06HO20 MO3KY €
cneyu@iunum i 060pomHUM.

IMyHOXIMIYHUE aHaMI3 yumoxpomy ¢ KOHS
oyno nposeaeno M. B. Ckok ta E. M. KaByHowMm 3
BUKOPUCTAHHSIM TENTHAIB Ta CHUHTETUYHOTO Yu-
moxpomy ¢, oiep:KaHuX B MOCKOBCHKOMY 1HCTUTYT1

TOHKHUX XIMIYHHUX TEXHOJOTIH MiJ KEePiBHUIITBOM
yir.-kop. AH CPCP P. II. €BcrurneeBoi. byno
iIeHTU(IKOBAHO AHTHTEHHI JAETEPMiHAHTH IUTO-
XpOMY ¢, IO PO3MIi3HAIOTHCS AHTUTIIAMH KPOJIS,
Ta Ti, M0 PO3MI3HAKTHCS MUIIAYUMU AHTUTIIAMU
pi3HUX KJaciB y AuHaMini iMyHHOI Biamosiai. Ta-
KO Oyno mokazaHo, mo IgG-aHTuTina 10 HUTO-
XpOMY ¢ PO3MI3HAIOTh KOH(OPMAIiiiHI aHTUTCHHI
JICTEPMIHAHTH Ha BCIA MOJIEKYJi Ta Ha il JOBTUX
¢parmentax 1-65 1 1-80, Tomi sk T-kiiTuHU
PO3MI3HAIOTHh TUIBKM KOPOTKI CHMHTETHYHI HENTH-
ou: 1-13, 14-22, 46-56, 57-77 i 92—-104. [lentuau
e(eKTUBHIIIE 32 HATUBHUH NPOTEIH CTUMYIIO-
Bajy Mpodjidepanito KITHH, IO CBIJYHIO PO
HEOOXiAHICTh MPOLECHHTY HUTOXPOMY € AJIA HOTO
iMyHHOTO po3mi3HaBaHHs [14].

Bkpaii uikasum, Ha nymky C. B. Komicapenka,
OyJo  JOCHIIUTH  4M  BiOYBAa€ThCS  3MiHA
CHenu(iuHOCT] AHTUTIA TPOTH YUMOXPOMY C Y
JIMHAMIIIl IMYHHOT BiJINOBii Ha [IeW MPOTEiH, TOOTO
YU HE TIOYMHAIOTH YTBOPIOBATHCS aHTHTIJIA POTH
IHIIUX aHTUTCHHHUX JCTEPMIHAHT Ha I[UTOXPOMI.
Sxmo 3miHa BigOyBaeThCs, TO BOHAa Morjia OyTH
a00 3a paxyHOK IHIIOTrO PO3Mi3HABaHHS aHTHTEHY,
a00 KOMIUIEKCIB aHTHUTEH—aHTHUTIJIa MPOTH YUMO-
Xpomy ¢ aHTHTEHIPE3CHTYIOUMMH KiiTHHaMu. Ha
Kab, 32 OpaKOM MENTUAIB YUmMoxpomy ¢ B Ti pOKH
IIO TIMOTE3y NEePEBIPUTH HE BAATIOCS.

3 ormsay Ha Te, WO Yumoxpom ¢ BHUXOIUTH
i3 MITOXOHIpiH 3a imeMii, JorivHuM OyJI0 TpPHUITY-
CTHUTH, IO BiH 3’IBISETHCS B KPOBOTOLI, 30KpeMa
3a iH(papKTy MioKapaa, i MOXe CTUMYJIFOBaTH yT-
BOpEHHS CIIeU(IYHIX aHTHUTLN, 5IKi, B CBOIO Yepry,
BIUIMBATUMYTh Ha HOro mepeOir. ¥ 363xy 3 yum y
8I00LNI MONEKYNAPHOL IMYHONO2IL OYI0 pO3POOAEHO
MemoO GUHAYEHHS] YUTOXPOMY ¢ i cneyugiunux
00 HbO20 awmumin 6 Kpoei mwoodell. Memoo 6yno
yeniwHo  anpobosano 6 Incmumymi  kapoionoeii
im. M. JI. Cmpasicecka Ons 0iacHOCmMuUKU YCKAAOHE-
Hoeo nepebdicy ingapxkmy miokapoa. Ha yeti memoo
ooepaicano agmopcwvke ceiooymeo [15].

PoGoTu 3 ananizy anaminy ta yumoxpomy c
oy nepurumu B CPCP poboTamu 3 iMyHOXIMIYHOTO
JIOCIII PKSHHS! MPOTETHIB 1 eI THIIB.

MouJaexyasipui MexaHi3MHu aKTHBaMil
aimponuriB. Ile i3 cepenunn 1970-x pokiB
C. B. KomicapeHko BBa)kaB, IO 3’ICYBaHHSI MO-
JICKYJISIPHUX MEXaHi3MiB aKTHBaIlil JIMQOIHUTIB
(cuenaniney 6 nimgoyumax) € OXHHM i3
HAaBaKJIMBIIIUX Yy MOJEKYJISIPHIH 1MYHOJIOT1I.
Y 3B’3Ky 3 MM BHUHHKJIU TaKi BaXKJIMBI IH-
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TaHHS: AKOI NPUpPOOU CUSHANU, WO Nepedaomb-
Csl 3 NOGEPXHI IMYHOKOMNEMEHMHUX KIIMuH 6i0
AHMU2EeHPO3NI3HABAILHUX PeYenmopis abo Kocmu-
MYISAMOPHUX peyenmopis y KImuny? saKi Mexanizmu
i AKi morexkyiu Oepymv yuacme )y RHOOANbULIL
nepeoadi cueHauy (Yu cueHanie) ycepeouni Kaimunu
00 i1 s0pa? sk akmugyemvcsi eKCpecis 6I0N0GIOHUX
eeHie ni0 uac axmusayii aimgoyumis, i SAKUM
YUHOM  3ANYCKAIOMbCA  AIbMEPHAMUBHI  ULTIAXU
nponigepayii abo oughepenyiayii nimpoyumis?
Crpanai, Ha nouatky 1980-x pokiB mpupona
i MeXaHi3M Mepeiadyi CHTHAJIB BiJ IJIa3MAaTHYHOL
MeMOpaHU IMYHOKOMIIETEHTHOI KJIITHHHU JI0 1i sijipa
Oynu Herifgomi. CamocriiiHo B KueBi Bupimmtu 1e
Oyyio HeMoxuBo. Ajie B Toi uac, B 1981 p., kaH/.
oion. Hayk C. B. Kowmicapenky Tpamnuiach Haro-
Ja CTaXyBaHHs y NPOTHPAKOBOMY LEHTpI iMeHi
Cnoan-Kerrepinra B Heio-Hopky B maGoparopii JIk.
XengeHna, skuit pazom 3 P. Kopdi Bigomuii cBoimu
poGotamu 3 BuB4YeHHS poii cGMP B akruBamii
nimgouuntie. B miit nabopatopii Cepriit Bacuibo-
BHY HIBUAKO OMIAHYBaB MemMoOU KiIbKICHO20 AHANI3Y
c¢GMP i cAMP ma cxaaony memoouxy GU3HAYEH-
Ha axmuenocmi cGMP-3anescnoi npomeinkinasu
B umimMdonuTax, a TakoX O3HalOMHBCA i3
riOpUOMHOI TEXHOJIOTIEI0, siKa BIEpIle Oyia 3a-
nponoHoBaHa B 1975 poui. Kpim Toro, B 1aboparopii
36irHeBa Jlap3iHkeBu4a BiH pO3IOYAB JOCIIKEH-
HS aKTUBamii JiMQOUUTIB HOBUM Ha TOW 4ac Me-
TOIOM — NPOMOKOGOI  YUMOQIYOpUMEempiero.
Omnanosani C. B. KomicapeHkoM mij yac cTaxxyBaH-
Hsa y CIIA meTtoau mizHinie Oysio BIPOBaKEHO Y
BiJLILTI MOJIEKYJIsipHOT iMyHoJor1i B Kuesi.
[MponoBxeHnHs poOIT 3 ypaxyBaHHSIM HasiB-
HUX METOJMYHHUX MOXKIUBOCTEH, B TOMY YHCIHI
poTOKOBOI uTOodIyoprumeTpii (3 1984 p. y Bigaini
OyB enunuii B CPCP akTHBHO QyHKIIIOHYIOUYHH ITPO-
TOKOBHI 1uTO(IyopuMeTp), BiaOyiocs y Bigmimi
MoJieKyJsipHoi iMmyHoJorii B Kuesi y 1980-11 poku.
Tak, 13  3acTOCyBaHHSIM
yumodayopumempii 6yJ0o JOCHIIHKEHO NapaMeTpu
KJIITUHHOTO IUKIY B CHHXPOHI30BaHUX KIITHHAX
(na mopeni mumayvoi razmouutomu MOPC-21), a
PAOIOIMYHHUM MemoOoM BUMIpSHO BMICT CAMP i
cGMP 3a pizaux ¢a3 kiniTuHHOrO HMKIY. JloBene-
HO, IIO JOJAaBaHHS €K30I€HHUX AHOYTHPHIBHUX
noxigaux cAMP i cGMP Tta mongynstopiB oOMiHy
cAMP (ineibimopa pocgoodiecmepasu cAMP i
akmueamopa adeHilamyukiasy) B CEPElOBUIIEC
KYJIbTUBYBaHHS HE CHPHYMHIOE MEPEPO3OIiT
niMm¢ouuTiB 3a hazamu HUKIY. T7006mo 3MiHa pieHs.
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NnpoOmMoKo8oi

YUKTTUHUX HYKIe0OmUOi6 He € OCHOBHOIO pe2yiisimop-
HOIO CUCMEMOI0 KIIMUHHO20 YUKILY 6 NiMPOYUmMax.
i mocmijpkeHHss OyJio TPOBEJACHO B  MEXKax
kanguaarcekoi nucepranii J[. 1. JlykinoBa Ta 3a
y4acTio kauj. 6ion. Hayk. C. M. TUXoHOBOI.

Jly»e BaKJIUBI JIOCIIIJUKEHHSI IMYHHOI CHCTe-
MU OyJIO TIPOBEJCHO Y BIMCHKOBUX — JIIKBiAAaTOPIiB
aBapii Ha YoproOuiscekiit AEC (1986 p.). Buko-
PHUCTOBYIOYM HAWCYYaCHIII METOIU JOCIIJIKEHHS,
BXKe Hampukinii 1986 p., Bcymeped odimiiHii B
Ti poku konuenuii, Cepriii BacunboBnu i3 Koie-
ramu BIEpIlIe JIOBiB, IO HEBEIHUKI JO03M CyMapHOi
pamianii (25 Oep) iCTOTHO TPUTHIYYIOTH CHCTeE-
My TPHPOJHOTO IMYHITETY, 30KpeMa 3HIKYIOTh
KUIBKICTh Ta aKTUBHICTh MHPHPOJHUX KIITHH-
KiJIepiB, SKi BiJMOBIJAIOTh 3a MPOTHUITYXJIHHHUN
Ta TPOTUBIPYCHUH IMYyHITET. 3 BHUKOPUCTAHHSIM
IPOTOKOBOTO IUTOMIYOPHUMETPY Ta MOHOKJIO-
HAJIBHUX aHTHUTLI MPOTH aHTUTEeHIB Audepeniarii

TiMQOIUTIB  JIIOJUHU  OyJI0  MPOAaHAJII30BAHO
KUIBKICHUH ~ CKJIaJ TOMyJSImii  JTiMQOIuTiB y
JKBIIATOPIB, a TMOTIM — 3a JOMOMOTOI COp-
TYBaJbHOTO TPUCTPOIO — HuTOo(QIyopuMeTpa —

neBHi JTiMpouuTr OyJ0 BHUIIJIICHO B OYHILICHOMY
BUTJISIIL JUJISL TTOJIAJIBINOT €JICKTPOHHOT MIKPOCKOITIT
B naboparopii npodecopa K. I1. 3aka B [HCTHTYTI
eHiokpuHoorii i odminy peuosun MO3 YPCP.
Byno 3mnaiizeHo cyTteBi MopdosioriuHi 3MiHH Y
OPUPOAHHUX KIITHHAX-KiJIepax.

JlonatkoBo, 11100 BIJKUHYTH  MOXJIMBHIA
BIUIMB CTpecy, CHiBpOOITHHKaMH BiJAiNy Ha
0a3i [HCTUTYTYy eKcrepuMeHTalbHOI Tepamii B
Cyxywmi OyJ0 TMpOBENEHO JOCIHIJKCHHS Ha MaB-
nax. OnmpoMiHEHHSI MaBIl J103aMH, PO3PaXOBaHUMU
BIJIMTOBITHO JI0 aHAJIOTTYHUX J103 JIsl JIkoJiek (25 Oep,
abo 250 wini3iBepTiB), MiATBEPIWIN PeE3yNbTaTh
HIOJI0 ICHYBAaHHS paJiallifHOrO iMyHOIEQIIUTY,
sxuii C. B. KoMicapeHko yske BIyYHO Ha3BaB TOJI
«gopHoOmIbchKUM CHIJTom».

Kutts  migTBEepAMIO  TPaBOMIPHICTH — Ta
CBOE€YACHICTh MPOBEJCHOI pOoOOTH, SIKa cTana mep-
UM 1 00’€KTHBHUM JIOCIIJKCHHSIM IMYHHOI CH-
CTEMH JIIOJICH, ONMPOMIHEHHMX TIiji 4Yac apapii Ha
YAEC. Pesynbratil 1IuX AOCHIKEHb OYJIO0 Bpaxo-
BaHO TiJ] 4Yac poOOTHU JIKBIATOPIB Ta BiJICEICHHS
MEIIKaHIIB 13 3a0pyJHEHUX TEPUTOpiH y OesmneuHi
pailioHu KpaiHu.

3 OTJISALY Ha ICHYBaHHS TAKKUX
iMyHOIE(DIIUTHUX CTaHIB B yMOBaX HEIOCTATHOCTI
eH3UMiB OOMiHy NypuHIB (B mepury uepry -
aZIcHO3MHJIe3aMiHa3M) Ta WYPUHHYKJICOTHIIB Y
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giMdoruTax i Ha Te, MO i €H3UMHU BiJIrParOTh
BXJIMBY pOJb Yy KIITHHHOMY MeTaboui3mi
B3araini, Cepriii BacunboBuu CTBOpPHB Yy Bigmimi
creliajbHy TPYIy 1 3ampocuB 10 ii KEepiBHULTBA
JOCBiueHoro Oioximika 3  Bigminy Oioximii
M’s3iB — KaHA. Oion. Hayk Mwukoay IlerpoBu-
ya [Imutpenka. Lliero rpymoro (M. II. [Imu-
tperko, O. M. Byxanesuu, T. B. ['opomHikosa),
a Ttakoxk acmipantom B. 0. VYmancekum 0Oyio
JIOCITIJIPKEHO PIi3HI BJIACTUBOCTI A0eHIIAMYUKIasu,
aodenosunoezaminazu, S-uyxaieomuoaszu, AMP-
aminoeioponasu, adeHiiamxiHa3u B JIIMQOIUTAX
TUMYyCa 1 Celie3iHKH 0e3 CTUMYJISLI Ta 3a BILIH-
BY IOJIKJIOHAJIBHUX aKTUBATOPiB. BHacmigok 1iei
po6otu y 1988 p. M. II. JIMUTpEHKO 3aXHUCTHUB
nuceptaiito «OoMmeH ad0eHO3UHA U AOCHUHHYKLEO-
MU0 u e2o pe2yisayus 8 aum@oyumaxy Ha 3700yT-
TSl HAYKOBOT'O CTYIEHs J-pa 010JI. HayK.
BnpoBajn:keHHs1 riOpUI0OMHOI TEXHIKH oep-
JKAHHSI MOHOKJIOHAJbHUX aHTHTIiN. Bukopucran-
HS CydYacHHMX METOAIB MOJIEKYJSIPHOI 1 KIIITHH-

HOi IMYHOJOTi, MPOTOKOBOi LUTO(GIyopUMETpii
JajJ0  MOXJIMBICTB HE TIJIBKU  MPOBOJHMTH
KITBbKICHUW ~ aHaji3 aHTUIEHIB, JIOKaJIi3yBaTH

AQHTUTEHW U aHTHUTIIa HA TOBEPXHI KIITHH Ta
y  BHYTPIIIHBOKJITHHHHX  CTPYKTypax, aje
W BHIUIATH OKpPeMi KJIITHHU JUISI TOAAJIBIIO-
ro ix aHamizy Ta KJIOHyBaHHs. BomHouac craio
3pO3yMIJIUM, IO MPOBEJICHHST BUCOKOCTICIIU(ITHOTO
1 TOYHOTO IMYHOXIMIYHOTO aHaJi3y € MPaKTUIHO
HEMOXKIIMBUM 0€3 KyJIbTYPH KJIITHH 1 BAKOPHCTAH-
HsI MOHOKJIOHAJIbHUX aHTUTLT (MKAT).

C. B. Kowmicapenko, oaun i3 neprux B CPCP,
YBIB y JOCIHIJKEHHS T1OpHIOMHY TEXHOJIOTIIO AJIS
OICP)KaHHS MOHOKIOHAILHUX AHIMUMIIL.

JIns bOro y BiJILIII i1 KEPIBHUIITBOM CTap-
LIOT0 HAayKOBOTO CHiBPOOITHHKA, KaH[. OioJ. Hayk
Ipunun MuxonaiBan KoJecnikoBoi Oyino cTBo-
PEHO «TIOpUAOMHY» TPyIy, sSKa OAepKaja Beu-
Ky KUIBKICTh KJIOHIB TiOpHUAOM — MPONYLIEHTIB
MKAT. 3okpema, Oy0 BUIIJICHO Ta MPOAHATI30BaHO
JeKinbKa aumumin 3 YHIKaJIbHUMHU  BIIACTH-
BOCTAMHU: HNPOMU OKPEeMUX JIAHYIO2I8 IHCYAIHY
TOOUHU, TNEPOKCUOA3U 3 XPOHY, YUNOXPOMY C
KOMs, — Heupocneyuiunux  npomeiuis,  npomu
VHIKAILHOT  QHMUSEHHOI  OeMepMIHAHMU — OYU-
WeHo2o0 Npomeinogo2o  depuamy  mybOepKyIiHy
MikoOakmepill  gequkoi poeamoi xyoobu, npo-
mu  pI3HUX enimonié MOJEeKYl HNAAZMIHO2EH),
Qibpunoeeny i/abo Giopuny ma ixuix gpaemenmis
TOLIO.

Hageneni BuIe m0cimiyKeHHsT 3aKJIajld OCHO-
BY ISl IMyHOOIOTEXHOJIOTTYHMX METOIIB 31 CTBO-
peHHS IMYHOMIIarHOCTHYHHUX Ta IMYyHOOIOJOTTYHHUX
npernaparis.

Bixxe B cepenuni 80-x pokiB XX CT. y Biaaiii
chopmyBaiocs ACKJIbKA TPy, K1 MPALOBaIN HaJl
PI3HUMH 00’ €KTaMH.

ImyHoximiuHMii aHaji3 nNpoTeiHiB  cH-
creMu 3cizamns kpoBi. [Ilicmas mnoBepHeH-
Ha 13 BigpsmkeHHs 1o @panuii y 1975 p.
C. B. KomicapeHko 3amporoHyBaB — aka.
B. O. Beniuepy, skuil TOII OYOJIIOBAB BiIIia
CTpyKTypu 1 ¢yHkuii Oinka, pa3oM mpoBeCTH
IMYHOXIMIYHE JOCIIKeHHS cucTeMu (piOpuHOreH —
¢iopun. Inmes Cepris BacunboBuua monsirana
y 3acCTOCYyBaHHI CHOYAaTKy MOHOCTEUH(IYHUX,
a moTiM 1 MKAT SIK MONEKYJISpHUX 30HAIB AJs
JOCIIJIDKEHHSI CTPYKTYpH @ibpun(oeen)y, TOUIYKY
HEOAHTUTCHHUX ACTEPMIHAHT, IO EKCIIOHYIOThCS
B IIPOILIECI IEPETBOPEHHS hibpunoceny Ha QibpuH,
BUSIBIICHHSI HeBi0OMUX YeHmpie noaimepuzayii
@ibpuny Ta BUBYCHHS MOJICKYJSPHUX MEXaHI3MiB
uporo npouecy. Bonogumup OnekcanapoBuy yxe
3alliKaBUBCSI 1[i€10 poOOTOI0, alie 3 opraHizaliiHuX
NPUYUH BOHA HE PO3MOYMHAJIACH aX JIO TOTO 4acy,
konu y 1985 p. 1o Bigainy MoJIeKyJIsipHOT iMyHOJIOT 11
3 Bigminmy cTpykTypu i ¢yHKmii Oinika He mepe-
HmoB kaHx. Oion. Hayk, cT. Hayk. cmiBp. Exyapn
BiraaiiioBuu JlyroBebkoii (HuHi — wi.-kop. HAH
VYkpainu, n-p 0ios. Hayk, mpod.) pa3oM 3i CBOEIO
rpynoto (imx. I. K. Torominceka ta C. I. Jleps-
CbKa), 1 JI0O BUKOHAHHS I[i€l TEMH HE JOJYYMJIACsT
«ridpunomMHay rpyna Ha youi 3 [. M. KonecHikoBoto
(K. O. JIstmxo, JI. M. JIutBunoBa, O. I1. KocTiouen-
ko, P. B. CraBHiiiuyK).

O0’eIHAHOIO TPYIIOK JIOCIIIIHUKIB OYJI0 oiep-
)kaHO HU3KYy MKAT 110 «CaMOCTIHHO» BHUIIICHUX
¢iOpunoreny, ¢iOpuHy Ha pI3HHUX  CTagisx
noximMepusanii Ta ixHix ¢parmentis. Lli aHTHTINA
JIO3BOJIMJIU BUSIBUTH HOBI, paHillle HEBIIOMI, CaliTu
Ha MoJjekyni (ibpuHy, o OepyTh y4acTh y HOro
noJiMepu3allii, Ta 3alpONOHYyBaTH MEBHI MEXaHi13MHU
nojiiMepu3antii Gpiopuny [16—18]. Pesynbratu mux
JIOCIIJKeHb 3axuIleHo narentamu [19-22]. Cun-
Te3 1 BUKopucTaHH MKAT sl TeopeTHYHUX
JOCHIIDKEHb MOJIEKYJISIPHUX MeXaHi3MiB TpomOo-
YTBOPEHHSI, OJHOYACHO JO3BOJMJIO 3HAUTH 1 BUKO-
puctatu Ti MKAT, O 3 gucokoio cneyugiynicmio
ma aginnicmio peazyganu i3 QiOPUHOLEHOM, PO3-
yuHHUM  pibpunom abo Oumepom D @pacmen-
ma giopunoceny (D—oumepom), 3a80aKu womy yi

123



ISSN 2409-4943. Ukr. Biochem. J., 2016, Vol. 88, N 5

Tecm-cucmema imynoensumua « DIAR-I'emocmasy ons 00HOUACHO020 KiNbKICHO2O 8U3HAYEHHS PIOPUHO2EHY),
PO3uUHHO20 Pibpury ma D—oumepy 6 niasmi Kposi 1oouHu

anmumina 6yno 6UKOPUCMAHO 3 Memoio po3pooKu
IMYHOCH3UMHUX Mecm-cucmem OJisl GUIHAYEHHS
3a3HAUEHUX MONIEKYIAPHUX MAPKePI8 Y NAaA3Mi KPOGI
MoOuHU (3axuweno nameumamu [23-25].

PoGoty B npomy Hampsimi Hagaini OyJo mpo-
JIOBXKEHO CHIJIBHO 3 BiIJINIOM CTPYKTYpH 1 QyHKIIIT
Ouiika, skuii y 2008 p. ouonus E. B. JlyroBcbkoit i
KYAH 3 BIAJIITY MOJIEKYJISIpHOT iMyHoJIorii OyJo me-
peBeneHo «riopuaoMuy» rpymy . M. KonecHikoBoi.
HertanpHile npo e acnekT poboTH i Horo mpak-
TUYHY 3HA4yIIiCTh HIocs B cTaTTi [26].

Craix 3a3Ha4MTH, 100 3a JOCHIIKEHHSI CHCTE-
MU TeMOCTa3y JIOAWHU Ta CTBOPEHHS BITYM3HSIHUX
JIIarHOCTHKYMiB,  30KpeMa  3a  JIOIOMOTOIO
BllacHO ojepxkaHux MKAT mix KepiBHUIITBOM
C. B. Komicapenka i E. B. Jlyroscekoro, B 2015 p.
rpyny HAyKOBLIiB IHCTHTYTy O0yJI0 Big3Ha4yeHO
Jep:xaBHOIO MpeMi€l0 YKpaiHM B rajysi HayKkH i
TeXHIKH.

JocaigxeHHsT MOJIEKYJISIPHUX MeXaHi3MiB
aktuBanii  JgimdomuTiB  OyJI0  TPOJOBKEHO
y BIOAIM  MOJEKYISpHOI iMYHOJIOTIi TpyIoo

Cnigpobimnuku 1abopamopii imyHonozii kiimunHux peyenmopie. Kuis, 2016 p. 3nisa nanpaso: Hayk. cnisp.
O. 1O. Jluxmyc, cm. Hayk. cnisp. JI. M. Kosanv, acn. K. P. Ycnencwra, 3a6. n1ab. unen-xop. HAH Yxpainu,

npog. M. B. Crox
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HAYKOBIIIB IT1J] KEPIBHUIITBOM KaHJI. 0i0J1. Hayk Ma-
punn BononumupiBun Ckok (HMHI — YJICH-KOP.
HAH VYkpaian, npod.). Cnig 3a3HaquTH, 1m0 Ha 0a3i
uiei rpymnu y 2012 p. Oysio cTBOpEHO J1abopamopiio
IMYHOII02I] KAITMUHHUX peyenmopie, 10 CKIaly sKOi
B pi3HI yacu Bxoausu: kauj. Oios. Hayk JI. M. Ko-
Basb, O. M. Kanamnuuxk, O. FO. JIuxmyc, I. JI. I'epra-
noBa, 1O. L. [lerpora, acm. K. P. Ycnencoka.

TonoBHMIT 00’€KT AOCHIIKEHb Tpynu (maii —
naboparopii) — HIKOMuHOGI AYEeMUIXONIHOBI pe-
yenmopu (HAXP), excrnpecoBaHi B LEHTpabHIN
HEpBOBIl cucTeMi, B IMyHHUX KJITHHaxX Ta Ha
BHYTPIIIHBOKJIITHHHUX OpraHeiax — MiTOXOHJIPIsiX,
a TakoxX aumumina npomu HAXP, AK YWHHH-
ku BBy Ha HAXP 3a (i3ionoriuHux yMmoB i sIK
IHCTPYMEHT JIJISI TOCIIi JKSHHSI.

Bnepwe 6  B-nimgpoyumax  eussneno
nasignicms HAXP. BecranoBneno, o B-nmiMmporutu
EKCIpecyTh o7-, 04- Ta 09-BMIiCHI CcyOTHIH
HAXP, sxi }izuuHO 3B’I3aHi 3 IMyHHHUMH pelen-
topamu  B-mimdonutiB. Bionogiono cuenanvhi
mexanismu HAXP ennugaromv Ha GUNCUBAHICTD
nonepeoHuxie B-nimgpoyumie  y npoyeci
oughepenyitosanns i Ha ix akmuseayilo 6 npoyeci
pO36umKy iMyHHoOi 6ionoeioi. Ilpu upomy 04-
BMicHI HAXP migTpuMyIoTh aKTUBaLiliHI TPOLIECH,
OIIOCEPEIKOBaHI aHTUTCHCTIEHU(PIYHUM pPeLenTo-
poM, a o7-BmicHi HAXP, HaBmaku, NMPUTHIYYIOThH
AKTHBAILI0, OMOCEPEIKOBaHY KOCTUMYJISITOPHOIO
Monekyioro CD40. a9-Bmicui HAXP Bukony-
I0Th «pe3epBHY» (DYHKIII0, YaCTKOBO 3aMillyIOUH
o7 HAXP 3a BiJICyTHOCTI OCTaHHBOT'O. 07-BwmicHi
HAXP BXOIATH 10 CKJIaJly IMyHHOI'O CHHAICY, IO
yTBOpIOEThes Mik T- 1 B-mimdonuramu B mporeci
aktuBauii. biaokyBanHs o7 HAXP aHTaronictom
MetuiutikakoHiTnHoM (MJIA) abo meceHcuTH3amis
3a OCTIHHOI MPUCYTHOCTI aroHicTa MPU3BOJUTH 110
nocuieHHs: aktupanii B-mimdonutiB Ta iMyHHOI
Bianogizi. lro podory 0ys0 Bix3HaueHo mpeMicio
im. I. I. MeunnkoBa HAH Ykpainn B 2012 poui.

HaiiBuma kinekicth o7 1 a9 HAXP
croctepiraetbes B Bl-miMdonurax nepuToHeanbHoi
nopokHuHH Ta B2-miMmpountax KpaloBoi 30HH
CEJIe3IHKM MHUII, MO0 CBIIYUTH MPO EBOJIOIIHHO
JIPEBHE IOXOKCHHS XOJIHEPriuHOi peryJssuii
ryMopajibHOl JTaHku iMyHiTeTy. Kpim Toro, Oyino
nokasaso, 1o o7 HAXP BijirparoTs BaXXJIUBY POJbh
y AiSUTBHOCTI perynsaTopHux B-nimponuris (Breg),
SIKI  CKJIAJIAIOTh CYIPECOPHY TUIKY T'yMOpajbHOI
IMyHHOT BiJIMIOBi/Ii, TPOAYKYIOYH POTU3ANATBHUAN
inTepneiikin-10 (1J1-10).

BusiBneno, mo MexaHi3M (yHKIIOHYBaHHS
a7 HAXP y B-mimdonurax, Ha BiAMIHY BiJ Tako-
ro B 30yAIMBUX KIIITHHAX, HE TOTPEOyE BIAKPUTTS
ioHHoro kanany camoro HAXP, a omocepenko-
BaHUH KOH(POpPMaLiMHUMHU 3MiHAMH B MOJIEKYIi
peuenTopa, sSKi BigOyBarOThCS 3a 3B’I3yBaHHS
creuuiuHUX JiranaiB. 3B’I3yBaHHs K aroHICTiB,
Tak 1 aHTaroHictiB o7 HAXP 3amyckae HH3KY
BHYTPIITHBOKJIITHHHUX TOJIH, SIKi OrocepeaKoBa-
HO BILIMBAIOTh HA BIAKPUTTS aenokepoBanux Ca*'-
kanaynie CRAC, mo npu3BOAHMTH 0 MiJIBUIICHHS
KOHICHTpalii ~ BHYTpimHbOKIiITHHHOrO  Ca?’.
Antutina mnporu o7 HAXP  cTHUMYIIOIOTH
npomidepaniro B-mimdonuTiBe MU He3aJIeKHO
Bix 3B’s3yBanHs CD40, mo TakoX CBIIYUTH PO
HAasIBHICTH CUTHAJILHUX MexaHi3MiB HAXP, e omo-
CEpeKOBAaHUX HOTro 10HHUM KaHaloM. Taxum yu-
HOM, y B-nimpoyumax a7 HAXP @yuxyionyroms
AK  MemabomponHi peyenmopu, GnIUGAIOYU HA
akmueayiio inwux peyenmopie i kananie [27].

Hani, ognepxani B JabopaTopii, TaKOX
BIJKPMJIM  HOBUH  XONIHEPriYHUH  MeXaHi3M
perynsuii  MimoxoHOpianbHo20 WAAXY IHOVKYID
anonmo3sy. Oyukuiero HAXP MITOXOH/piH € KOH-
TPOJb 32 YTBOPEHHSM MITOXOHIPIaJbHOI MOPH
nepexiZHoi MPOBIHOCTI, sIKa € JHKEPENOM Ipo-
anonTUYHUX (akTopiB 1 akTHBHHX (opM KHc-
HIO, II0 BHUBIJIBHIOIOTHCS B LHMTO301b. [lokasa-
HO, 10 akTuBalis HAXP MitoxoHapiii 3amobirae
BiJJKPUTTIO TTOPH 1 BUBITIBHEHHIO YUMOXPOMY C.

[Moniono no HAXP B-nimdouutis, MexaHizm
BIUIMBY HAXP Ha BIAKPUTTS MITOXOHIpianbHOI
nopu He MoTpedye ydacTi HOro iOHHOTO KaHa-
Ay 1 Moxe OyTH I1HIYKOBAaHUH 3B’I3yBaHHSIM
cnenu(iuHUX aroHiCTiB, aHTArOHICTIB, aJIOCTEPUY-
HUX MOAYJISITOPIB 1 aHTUTIJ.

OcTaHHIMYaCcOM JIOCITIJ)KSHH S CITIBPOOITHUKIB
naboparopii CHpSMOBAHO Ha BHU3HAYCHHS I10XO-
JOKSHHS MITOXOHIpiaibHiX HAXP Ta curHalis jis
ix noctaBku B MeMOpaHy MmiToxoHapiit. [lonepenni
pe3ynbTaTi A03BONSIOTH MPUITYCTUTH, 1110 o7 HAXP
MITOXOH/IPiH € MPOAYKTOM TOI'O CaMOro I'eHa, 1o i
HAXP, ekcipecoBanmii Ha I1a3MaTHYHI A MeMOpaHi.
Miroxouapianehuii o7 HAXP, momiOHO 710
BIJIITOBITHOTO PEIIENITOPA MIa3MaTHYHOT MEMOpaHH,
MICTUTB 3JIMIIKHU CiaJoBOI KUCIOTH, TOOTO MPOX0-
JIUTh TPAIULIMHUN [UISX TMOCTTPAHCIALIMHOTO
DJIIKO3WJIYBaHHST B KOMILIEKCI [OJIBIKI, OJHAK
BiJpi3Hs€ThCs Big MemOpanHoro HAXP 3a BMicToM
clajioBUX KHCIOT, PYKO3H 1 rajakTo3u. Takum yu-
HOM, CUCHATIOM, WO CRPAMOBYE Peyenmop Ha Mem-
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opany abo 6 MimoxoHoOpii, ModiCyme Oymu eaikauu,
npueoHani 0o noainenmuoHo2o aanyioza [28].

B naGoparopii AOCHIIKYETBCS TaKOK poO.ib
anmumin npomu o7-cyomuny HAXP y pozeum-
Ky Helpo3ananeHHss ma Heupooe2eHepamueHux
namonoeit, nodionux 00 xeopobu Anvyeetimepa.

Bimomo, 1110 o7 HA XP onocepenkoByOTh IPO-
THU3aMaJbHUA €PEeKT alueTHJIXONIHY B KIITHHAX
MOHOILIUTaPHO-MaKpOo(darajibHOrO TOXOMKeHHS. B
Jaboparopii IMyHOJIOTIT KJIITHHHUX PEIenTOPiB
BUSBIICHO, IO XPOHIYHE 3amajieHHs, CIPHUYH-
HEHE PEryJSIpHUMH 1HEKIIIMH OaKTepiliHOrO
ninononicaxapuny (JITIC) Brmpomoex 5 MicsIiB,
MPU3BOIMIIO JIO 3HWXKCHHS HIUIBHOCTI o7 HAXP
B MO3KY, HAKONWYECHHSI NAaToJIOTiYHOI (popMH
B-aminoigy(1-42) Ta TOTIpIICHHS eMi30IUYHOT
nam’siTi MUIIEH — CUMIITOMIB, XapaKTEPHHUX s
paHHBO1 (hopMu xBopoOH Aubireiimepa. [lomiOHi
CUMIITOMH CIIOCTEPIrajuCh BHACIIJIOK 1MYyHI3amii
MUIIeH Mo3akIiTHHHUM JoMeHoM 0.7(1-208) HAXP,
IO MPHU3BOAMIIO JI0 MPUCYTHOCTI B KPOBI aHTHUTLNI
npotu o7 HAXP. Mitoxonapii Mo3ky 000X Tpym
MUIIEH TaKOX MICTUIIU 3HM)KEHY MOPIBHSHO 3 KOH-
TPOJIBHUMH MHIIAMHU KinbkicTh o7 HAXP, Hako-
nuyyBanu B-aminoin (1-42) i Oynu 4yTIUBIIAMH
1o amonrroredHoi aii Ca?* i MEHII YyTIUBUMHU JI0
HopMalizytouoi aii aronmicra o7 HAXP. B o06ox
BUIAJKAX y MO3KY MHILIEH CIIOCTepirajn actpo-
LATO3 1 MIJBUIIICHUI piBEeHb Tpo3anaibHoro 1JI-6.
Jifimny BUCHOBKY MpO Te, MO aHTHUTIJIA TMPOTH
MO3aKJITHHHUX eniToniB o7 HAXP cnpHunHIOIOTH
B MO3KY 3allaJIeHHSI, SIKE € JOCTaTHIM JJIsl PO3BUTKY
HelpoJereHepaTUBHUX CUMIITOMIB XBOPOOH AJIbII-
reiimepa. Y mrozel i3 xBopoOorw AjblreiimMepa
(panns popma) OyJ10 BUSBIICHO M1 IBUIIICHUI PIBCHb
aBTOaHTUTLN npoTu o7 HAXP [29].

VY nopanbimioMy OyJio TOKa3aHO, IO HaBITh
kopoTkocTpokoBuii  BruB  JIIIC — mpoTsrom
TPHOX JIHIB MPH3BOAMB 10 3HIDKEHHS eKcrpecii
o7 HAXP mna piBai PHK i mporeiny B ycix
JOCIIIDKeHUX BiJAilax MO3Ky (ppoHTanbHIN Kopi,
rimokamii, cTpiaTymi Ta MO0304Ky). [Ipu mbpomy
B MO3KY 3HMXYBaJIach EKCIIpPECisi Ta aKTHBHICTh
anerunxoninectepasun (AXE) 1 migBumryBaBcs
BmicT MikpoPHK 132 i 212. Takum 4yuHOM, IpO-
TU3ANAJbHUNA e(EeKT aleTUIXONIHY (IKOMY CIpHS-
no 3HwkeHHs aktuBHOCTi AXE) HiBenoBaBcs
3HIKeHHsIM ekcripecii o7 HAXP. AnTtutina mpo-
TH MO3aKJIITHHHOI uvacTuHu o7 HAXP, BBemeHi
BHYTPIITHOBEHHO Ha (DOHI MOMepenHboi 1H €Ki
JITIC, mpoHUKaJIH 0 MapeHXIMU MO3KY, BXKE IOYH-
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Hatouu 3 15 XB micls BBEJCHHS, 1 HAKOMYYBAJIHNCh
B yCIX MOTO BijiNax, 3B’I3YIOUUCh 3 07-BMICHUMHU
KJIITHHAMH Ta HEPBOBHUMH BOJIOKHAMU. BBeseH-
HS aHTUTIJI HE MPU3BOIMIO JIO MOJAIBIIUX 3MiH
a7 HAXP ta AXE na ¢oni JIIIC, ane 3anobirano
nigBuiieHHo BMicTy MikpoPHK 132 i, ocobmu-
BO 212, AKi TaKOXX € YaCTHHOI IMPOTH3ANaIbHUX
MexaHi3miB. OTxe, a7 HAXP-cienndivni anTUTIIA
CIPHSUTH PO3BUTKY 3allaJieHHs HA eMireHeTHIHOMY
piBHI.

Ooepoicani 6  n1abopamopii  pe3yibmamu
c8i0uamsv Npo KIIOH08Y pONb 3ANANeHHS md Npo
BAJCIUBY NAMOLEHEMUYHY POJIb AHMUMIL NPOMU o.7
HAXP 6 pozeumky xeopobu Anvyeeiimepa.

Bin mouatky 1999 p. y Bigaim Mojexynsp-
HOI IMYHOJIOTil aKTHBHO TPAIIOE TPyTa MOJIOIUX
YYEeHUX IiJI KepiBHUITBOM KaHJ. Oion. Hayk [le-
Huca Boaogumuposuuya Koaudu (tenmep — a-p
Oion. Hayk), Ha OCHOBI sikoi y 2012 p. cTBOpeHO
nabopamopiio imyHobionozii, 10 CKJIaay siKoi BXO-
nuiau abo BXOJATH Temnep 3aB. jal., A-p 0i0j. HAyK
. B. Konub6o, kauja. 6ion. Hayk: C. I. Pomantok,
A. A. KabGepnrok, A. 1O. Jladunnes, H. B. Kopot-
keBud, O. C. Omiitank, T.A. Pequyk, K. O. [lanu-
Bona, acmipanTu: K. 0. Manoiinos, O. 1. Kpunina,
T. O. Uynina, A. A. CipoMOJIOT.

HayxoBi nmocimikeHHSI 1[bOTO KOJIEKTHBY BiJl
MoYaTKy OyJI0 CIPSIMOBAHO, TTO-TIEPIIIE, Ha KJIOHYBaH-
Hi B KJiTUHAX Escherichia coli TeHIB 11arHOCTUYHO
3HAYyIIUX IPOTEiHIB 30yIHUKIB iH(PEKIIHHUX XBO-
po6 (Hacammepen, mybepkyivbo3y i oughmepii), a,
MO-TIpyTe, — Ha ONEPIKAHHS PeKOMOIHAHMHUX OOHO-
JIAHYI0208UX 8APIAOENbHUX (DpacMenmie anmumin
(ScFv-anmumin) meTomoM ¢GaroBoro IUCILIISS Ta Ha
BHBUYCHHS TXHIX BJIACTUBOCTEH 1 MOXKJIMBOCTCH BH-
KOPUCTaHHS SIK KOMIIOHEHTIB J1iarHOCTUKYMiB.

Y nomanemioMy JOCHTIIKEHHs J1aboparopii
OyJI0O cOpsSMOBAaHO Ha 3’ICYBaHHS MOJICKYJSIPHUX
MeXaHi3MiB (QYHKIIOHYBaHHS Oupmepitinoco mox-
cuny Ta Moro peuentopa HB-EGF, a Takox Ha po3-
POOKY HOBUX IMYHOOIOTEXHOJOTTYHUX MPOAYKTIB.

Hugmepivinuii - moxcurn (JAT) € ocHOBHHM
¢dakTOopoM maTOoreHHOCTI 30yAHHMKa AaUQTepii
Corynebacterium diphtheriae. Bin € yHiKalbHUM
OakTepiaTbHUM TPOTEIHOM, SIKHH  BHOIPKOBO
3HUINYE TEeBHI KIITHHHI TOMYNSAMii 3aBIsSKU
4iTKiil (QyHKIIOHATBHIN criemiamizamii JOMeHiB,
0 JO3BOJISIE BHUKOPUCTOBYBAaTH IIe TOKCHH B
MPOTEIHOBIA  1HXKEHepii I KOHCTPYIOBaHHS
PEKOMOIHAHTHHUX TTOX1THUX 3 TEBHUMH 3aJaHUMHU
BIIACTHBOCTSIMH. 3aBIISIKH HEBEITUKUM PO3MipaMm IIs
MOJICKYJIa CTAHOBUTH 3HAYHHMM IHTEpEC JJisg CTBO-
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PEHHSI IITYYHUX MPOTETHOBUX MOJEKYH i3 TpaHC-
MOPTHOIO QYHKIII€I0, HATTPUKIIA]], IMyHOTOKCHHIB.
Y mabopatopii iMyHOOionOTii  po3pobie-
HO HHU3Ky HETOKCHYHUX pPEKOMOIHAHTHUX (iryo-
pecuentaux mnoxigaux T, sxi MoxyTs OyTH
3aCTOCOBaHi: MM JOCHIJKEHHS PEeLenTopoIo-
CEpEIKOBAHOTO 3B’SI3yBaHHS 1 TpaHCIOPTYBaH-
HS TOKCHUHY B KJITHHAX; JUJISi BH3HAYCHHS pIBHS
ekcripecii Ha kJitnHaxX pemenropa T — proHB-
EGF; nns imyHi3anii Ta onepkaHHs aHTHUTII TIPO-
TH Pi3HUX YaCTUH TOKCHHY, a TAKOXK JJIsI pO3pOoOKH
JIarHOCTUYHUX TECT-CUCTEM 3 METOI0 BHUSIBJIICHHS
TUQTEpiHHOrO TOKCHHY Ta AaHTUTOKCHYHHUX aHTUTII.
JAT cxiamaetbest i3 1BOX CyOOMUHHIL — A 1
B. Cybonmanms B 3abesmedye B3aeMomio 3 pe-
LIENTOPOM Ha TIOBEPXHI KIITHHU 1 TPAaHCIOKAIiIO
cyOoauHMII A TOKCHHY 3 €HJIOCOMH B IUTO-
30JIb YYTIUBUX KIITHH. @YHKYIOHAIbHI anaiocu
cyboounuyi B i3 ¢hnyopecyenmuoio mimkoio € nep-
CNeKMUBHUMU IHCMPYMEHMAMU Ol BUBYEHHS 32a-
Odanux euwge npoyecis. Y maboparopii Oymno oxmep-
JKaHO (PIIyOpECIeHTHI aHaioru cyOoomuHuili B Ta
miaTBEpIKeHO cnenn(iky ix B3aeMoAii 3 Uy TIUBH-
mu 10 il JAT kimituHaMmu MaBmu JiHii Vero.
byno 3arpoIrOHOBAaHO BUKOPUCTOBYBa-
T™d GIayopecleHTHI ToxXimHi cybommHHI B sk
IHCTpYMEHT A ineHTudikamnii pemenropa proHB-
EGF Ha noBepxHi KJIITHUH, a TaKOX JJIsI BUBYCHHS
B3aemonii i npornkueHHs [T B kimituny [30].
CyOonuuuniss B He BusiBIsSe KaTaliTUYHOI
akTuBHOCTI. CaMe TOMY BOHAa € HETOKCHYHOIO

[0 BIJHOIICHHIO JI0 HOpPMaJlbHMX KJIiTHH. [Ipo-
T€, OCKIIBKH cybommHUIsT B Moke OJIOKyBaTH
MITOT€HHY aKTHBHICTh PO3YMHHOI (popmu (akTo-
pa pocty — sHB-EGF, Bona moxxe po3risgaTucs sk
NOMeHYItIHULL NPOMUNYXAUHHUL npenapam.

OnHHUM 13 BaXJIMBUX 3aBJIaHb CIIIBPOOITHUKIB
nmabopatopii € po3poOka HOBUX METOIMIB in Vitro
JUIS. OIIIHKM KIJIBKOCTI TOKCHHHEUTPaIi3yIOUunuXx
nonikiIoHaNbHUX 1 MKAT, mo mo3Bonmio 6 yHUK-
HYTH BUKOpHCTaHHS akTUBHOTO [T 1 TOKCHHYY TIIH-
BUX JTabopaTopHUX TBapuH. Tak, Oyio 3amporoHo-
BaHO HOBUH METOJ| JUISl BUSIBJICHHSI TIPOTCKTHBHHIX
AHTHUTIJ Y CHPOBATIIl KPOBI, SKUH € Pi3HOBUIOM
tecty ToBI (Toxin Binding Inhibition Test — ramb-
MYBaHHS 3B’$13yBaHHS TOKCHHY), SIKHi 3aCHOBaHU I
Ha 37aTHOCTI aHTUTOKCUYHHUX aHTUTIN iHTiOyBaTn
3B’I3yBaHHs (pryopecieHTHOi B-cyOoauHuIi Tok-
CUHY 13 KJIITUHAMU JTiHiT Vero. Hosuil, 3anpononosa-
HUll 8 1aOOPamMopii, nioxio 01 OYIHKU AHMUMOKCUY-
HUX aHMumia € 0o emuyHuM ma 6e3neuyHiuum, i
MOdice YCRIWHO 3AMIHUMU MPAOUYIUHI Memoou me-
CMYGAHHA HA MEAPUHAX.

AKTUBHA IMyHI3allis Jtojied aHATOKCHHOM
HIMPOKO BHKOPUCTOBYETHCS JUISl MPODITaKTUKH
nudTepii, a TMacHBHA IMYyHi3aIis TiMmepiMyHHOIO
AHTUTOKCUYHOIO KIHCBKOIO CHPOBAaTKOIO — s
nikyBanHua audrepii. Ilpore ougpmepitinuii ana-
mokcun 1 KIHCbKa AHMUMOKCUYHA CUPOBAMKA
MalOTh HU3KY CEpHO3HHMX HenomikiB. Tomy Io-
IIyK HOBUX AaHTUTEHIB H aHTHUTLN, AKI MOXYTh
edexruBHO 3axuctutu Big HT, € akTyanbHuM 3a-
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BIAHHAM iMyHoOionorii B 60poTe0i 3 audrepieto.
TlopisHiotouu mokcuHHetimpanizyioui 1acmueocmi
aHmMUmin, wo 3’6110moucs nicaisa iMyHizayii 1abo-
PAMOPHUX MEAPUH PEKOMOTHAHMHUMU CYOOOUHU-
ysamu A i B J[T, cnispobimuuxu rabopamopii npode-
MoHcmpyeanu 30amHicms cyboounuyi B eupoonsmu
MOKCUHHEUMPANi3yioui aHmumina 6 1a60pamopHux
meapum (Kpoaie i Mypuaxie), ugo Oyio niomeepoiceHo
3 BUKOPUCMAHHAM SHYMPIHbOuwKipHo2o i ToBI-
mecmis, po3pooneHux Ons yici memu.

Opnepxani ~ pe3yiabTaTH  CBig4arh,  LIO
pexombinanTtHa ~ B-cybomununs AT 3xpar-
Ha 3aMIHUTH BUKOPUCTaHHS aHATOKCUHY IS
npodinakTuku audrepii i Moxe OyTH YCHIIIHO
BUKOpUCTAaHA [UISl 1HAYKLIi 3aXHWCHOI iMYHHOI
BiAMoBiAl mpotu nudrepii [31].

Jocnioocenns  pisnux wmamie E. coli —
npooyyenmie pexombinaumuux cyooournuys T
Corynebacterium diphteriae 3asepuunuce odep-
olcanuam namenmie [32—35], axi euxopucmano nio
yac po3poOKu IMYHOEH3UMHOI Mmecm-cucmemu
01151 KOHMPO10 RPOMUOUPmepiitnozo iMyHimemy
6 nonynauyii.

s cucmema mooice Oymu 3acmocosana 05
OYIHKU DIBHA AHMUMOKCUYHO20 IMYHIMemy y X60-
pux nio uac nepebiey iHgexyii, a maxooic 0 800-
CKOHANIeHHS Oughepenyitinol diaenocmuku ougpmepii
ma MOHIMOpUHEY CMAHy 3aXUWEHOCMI HacCeleH-
Hs 6I0 Oughmepii. Pospobnena mecm-cucmema
0a€ MOJNCIUBICINb BUSHAYUMNU 8MICI AHIMUMIT 00
K0oiCcHOI i3 cyboounuys /[T okpemo, wo mae Oinviu
OJlaeHOCIMUYHE 3HAYEHHS, AHIJC OaHi npo emicm
anmumin 0o yciei monexyau moxcuny. Pisenb
aHmumin 00 B-cy0oounuyi mokCcuHy xapakxmepusye
npomexmuHull iMyHimem, a HASAGHICMb AHMUMIIL
00 ¢cybodunuyi A ciouumes npo MONCAUGUL KOH-
maxkm 30 30YOHUKOM (Hocilicmgo abo Xxeopoba).
Ooeporcani wmamu E. coli K 12 ”inv” sbA i shB —
npooyyenmu HeakmugHux cyooounuyv A i B J{T —
daromv  ModCAUGICMb  00epacamu  OilaeHOCMUYHO
BAJICAUGT AHMUSEHHI CYOCMAHYIT 3 MIHIMATbHUMU
empamamu uacy, pecypcieé i 6UCOKUM GUXOOOM
Yinb0B0O2O NPOOYKMY.

AnantyBaHHS IMyHOGH3MMHHUX TECT-CUCTEM
s BusiBieHHs [T 1 aHTUTOKCMYHUX AHTHTIN 13
MPOTEKTUBHUMH BJIACTUBOCTSIMHU IO YMOB Mac-
mMTAa0HOr0 BUPOOHUIITBA MPOBOAMIM pPa3oM 3i
CHiBpOOITHUKAMHU aKI[iIOHEpPHOTo ToBapucTBa «Hay-
KOBO-BUpOOHMYa KommaHis «Jliampod — Men»
(KuniB) mumsixom peamizamii MOKpamieHHsT OCHOB-
HUX SIKICHUX XapaKTEPUCTUK TECT-CUCTEM, a CaMe:
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yymaugocmi (30amHocmi GUABIAMU NEPEGULYEHHS
KOHYenmpayii 00Cri0HCYy8ano20 mapkepa 6 3pas-
Kax naasmu Kpoei) i cneyughiunocmi (30amuocmi
VHUKQMU XUOHONOZUMUSHUX Pe3VIbmamie nio 4ac
00CRI0IICEHH S 3PA3KI8 NAAZMU KPOBI).

B  maGoparopii  imynoOionorii  Bigmiry
MOJIEKYJISIpHOI ~ iMyHosorii st po3poOKH
IMYHOOIOTEXHOJIOTTYHUX peareHTiB HOBOTO

MOKOJIHHS OCTaHHI 12 pOKiB MIMPOKO BUKOPH-
CTOBYIOTBCSI TEXHOIOTIi ¢pacogozo Oucnies. Taxk,
HaiBHy MwumIadyy O0i0Ti0TeKy OJHOJAHITIOTOBUX
BapiabempHUX ¢parMeHTiB aHTUTIT (ScFv) Oymo
BUKOPUCTAHO IJIs BHUIINCHHS ScFv aHTHTLI, 110
po3mizHatorh T. CmiBpobitHHMKamMu madopaTopii
(xama. 6ion. mayk O. C. OumiifHUK) OyJ0 CTBO-
peHo iMyHHY 0i0JiOTeKy MUIIAYUX T'EHIB
IMYHOTJIOOYJIIHIB Ta MICJIsl OJJHOTO LUKy BifOOpYy
Memooom  pazoeoco Oucnies 3 HEI BUIIICHO
JeKiabKa KJIOHIB ScFv aHTHTIN, M0 pO3Mi3HAIOTH
AT. Kpim toro, Oyno cTBOpeHO HaiBHY 0i0miOTEKY
TeHIB IMYHOTJIOOYNiHY JIOAMHH, SKa J03BOJU-
na onepkatu mojackki ScFv anturina no JT. Ta-
Kok oxepkaHo ScFv antutina no HB-EGF, siki y
NoAaNbIIOMY OYyJIO 3aCTOCOBAHO IJisi CTBOPEHHS
IMYHOJITIOCOM CIPSIMOBAHOI JIOCTaBKH JIIKaPCHKUX
PEUOBMH B MYXJIHMHHM, IIO0 HAJCKCIPECYIOTh OHKO-
mapkep proHB-EGF.

l'enmapunsp’sizyBanbHuii  (hakTOp pocTy —
HB-EGF — namexuTh 10 poAWHU emifepMalbHUX
poCTOBUX (PaKTOPiB, IKUA CHHTEIYETHCSA K MEM-
Opano-zasikopenuit  mocepenauk  proHB-EGF,
a 3aBOAKH il TO3aKIITHHHHUX IPOTEiHA3 MOXKE
MIEPEXOAUTH B pO34nMHHY (hopMy (paxTopa — sHB-
EGF. BaxmuBoro ocobnusictio HB-EGF € iioro
3/IaTHICTh BUCTYNATH B POJIi BUCOKOCTIEIIU(ITHOTO
peuentopa no AT, sxuii 3abe3neuye MpOHUKHEH-
Hsl TOKCHHY BCEpECIUHY KIITHHH Ta peaji3amiio
foro murTorokcnyHoi aii. Tomy pexoMOiHaHTHI
aHaJIOru UbOoro (hakTopa pocTy MOXYThH OyTH nep-
CHEKMUBHUM OIOMEXHOAO2IYHUM NPOOYKMOM T
Yac CTBOPEHHS HOBITHIX iMYHOEH3MMHHUX TeCT-
CHUCTEM ISl BHSIBJICHHS BMICTY NPOTEKTUBHHUX
npoTuAQTEepiiiHMX aHTUTIN Ta/abo HAsSBHOCTI MO-
nekyn aktuBHOro [T B 6ionoriuHux pignHax.

Tomy ocTaHHIM dYacoM CHiBpOOITHHKAMU
naboparopii (/1. B. Konmubo, C. I. Pomanroxk, H. B. Ko-
potkeBuy, A. 0. JlabuHies) Oyno po3poOiieHo mpo-
TOTHNM IMyHOEH3UMHHUX TECT-CUCTEM JIsI BHU3HA-
YeHHSI BMICTY MPOTEKTHUBHUX MPOTUINDTEPIHHUX
AHTHTII 1 MOJIEKYJI TOKCHHY B O10JIOTIYHUX piamHAX
Ha 0CHOBI pekoMOiHaHTHOT0 aHajora sHB-EGF mto-
nuan [36-38].
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Imynoensummna mecm-cucmema 01 KOHMPOTIO
npomuoupmepiiHo2o iMyHimemy 6 NORYaayii

3 MeTOl OWIHKM IMYHOI'€HHHMX BIACTH-
BOCTEH  YACTHHOK  NOII(IAKMUO-KO-2iKO0i0Y)
(PLGA), mokputux 1eno0io30i0 SK HOCIIB aHTH-
TeHy ISl TIepopasbHOI iMYyHi3alii, CHHTE30Ba-
HO J1Ba TUNH YaCTHHOK, SIKi MICTHJIN HETOKCUUHY
pexkoMbOinanTHyY cybomuuauito B JIT. 36impmenHs
KOHIIEHTpAIlii aHTUTOKCUYHUX AaHTHUTII y KpPOBI
OyJl0 BHSIBJIIEHO BXKe IICJIsI Mepiioi iMyHizaiii. Pe-
3yJIBTaTU JOCIIKeHb 1oKa3aiu, mo PLGA moxHa
PO3IIISIIATH SIK TIOTY>KHI KOMIIOHEHTH TIEPOPaJIbHUX
BakIuH [39].

KoxHOMY 3po3ymisia 3arpo3a 3axBOpPIOBaHHS
Ha TyOepKyJIbO3 JIF0/IeH 1 TBaprH. 3 OTJIsi Ty Ha Te, 1110
30yOHUK TyOepKynbo3y JroguHu Mycobacterium
tuberculosis mooice 3apadxcamu 6enuxy pozamy xy-
000y, a 30y0HUK mybepKyIbO3y 8eIUKOL poeamoi Xy-
006u — M. bovis mooice nepedasamucs 6i0 meapun
JMH00AM [ CHPUNUHIO8AMU 8 HUX MYOePKYIb03 (0CO0-
au6o 3a imynodepiyumuoeo cmany), y 1988 porri
KEepiBHHIITBO BeTepuHapHOi ciyxou YPCP 3Bep-
mynocs mo C. B. KomicapeHka 3 mpoxaHHSM pO3-
poOuTH cydacHWH, 9yTIHBUH 1 crienudidauii Me-
TOJI BUSIBJICHHSI HOCIICTBa MIKOOAKTEPiil y BETUKOT
poraroi xymobu. 3 miero metoro C. B. Komicaperko
3alpOCHB 10 BIOMITy KaHAWUATIB Oi0JN. HaykK
C. II. bo6poBauka ta K. Il. JIsmenka. Lii rpymi
BJIAJIOCS OUUCTUTHU NEBHI aHTUTCHU MIKOOAKTEpiH 1
NOpiBHATH 1X y M. bovis ta M. tuberculosis, a Ta-
KOX Yy CHiBOpalli 3 TiOPUIOMHOIO TPYIOK BiJIiTy
OJICp’KaTH HU3KY BIJIMOBIIHUX MOHOKJIOHAJIHUX
antutis. Ha xanb, Ha mouatky 1990-x 111 pobota
synunamiack — C. B. Komicapenko noixas 10 JIon0-
Ha [locnom Ykpainu y Benuko6puranii, C. I1. bo-
Oposuuk mnoixaB o llopryramii, a K. I1. Jlsmen-
ko — 1o CUIA nmponoBxyBaTtu HayKoBy poOOTy 3a
1HIIIOIO TeMaTukoro [40].

PoGoTanag BUBYEHHAM 30y THUKA TYOCPKYIHO-
3y MpojoBXKuiacs Bxe Hampukiaii 1990-x. Ocob-
JUBO BXXJIUBUMH IIi JTOCIIJDKEHHS CTajld y CBITII
3arpO3JUBO]I eI AeMIONIOTIYHOI cuTyarii B YKkpaini
Ha TyOepKy/IbO3 JIOAUHHU 1 TBAPUH. ToMY 6UGUeHHs
imynobionociunux eracmusocmeil  OlA2HOCMUYHO
saoicnueux anmueenie M. tuberculosis ma M. bovis
3 Memow GUKOPUCMANHS iX 0151 OIACHOCMUKU Ty-
Oeprynvo3y Oyno ekpaiu axmyaivHum. BUBUCHHS
MPOJIOBXKUIIOCS Bxke 11111 KepiBHUIITBOM J]. B. Konu-
ou. Tax, B mabopatopii imyHoOGiosorii Oyno Brepie
OJICP’KAHO PEKOMOIHAHTHI aHAJIOTM aHTUTCHIB I[i€l
Oaxtepii MPT63, MPTS83, xumepHoro mnpoTeiHy
MPT63-MPT83 1 po3pobneHo migxogu -0
JIarHOCTHKH TYOEpKYJIbO3Y 3 1X BUKOPUCTAHHSIM.

Busisunocs, mo nporeian MPT63 1 MPTS3, sxi
€ criiibHUMU 11 M. tuberculosis Ta M. bovis, € iep-
CIIEKTUBHUMH B PO3BUTKY iIMYHO/IarHOCTHKYMIB i
BaKI[MH Yepe3 IXHI0 BUCOKY IMYHOT€HHICTh. BmicT
aHTuTil 1o TyOepkyminy PPD 1 no anTureniB
MPT63 i MPT83 Oynmo BU3HA4YE€HO B EKCIIEpH-
MEHTaJbHOMY cTaji KopiB (94 mopocmii TBapuHH).
OneprkaHi pe3yabTaTH MiATBEPIKYIOTE, III0 HEMpPsI-
MU IMYHOSH3UMHHM aHaTi3 13 PeKOMOIHAHTHUMH
npoteinamu MPT63 1 MPT83 moxe Oy T BUKOpHCTa-
HUH 1i]] 9ac pO3pOOKH TECT-CUCTEM JIJIsl BUSIBICHH S
iHpiKyBaHHS TyOepKYyJIh030M KOpIB OJHOYACHO i3
BIKE 3BUYHUM TyOepKyninoM PPD. [lyist miiBuIeHH st
AHTUTEHHUX Ta IMYHOT€HHUX BJIACTHBOCTEH ITMX
npoTeiniB, ¢pparmentu reHiB MPT63 1 MPTS83 Oynu
3JIATI, IPY bOMY aHTUTEHHI BJaCTUBOCTI OfieprKa-
HOTO PEeKOMOIHAaHTHOT'O MPOTeiHy OyNu CIiBCTaBHI
3 BUXigHUMHU aHajoramu. AHTH-MPT83 1 antu-
MPT63 cupoBaTku po3mi3HaBalIM 3IUTUH MPOTETH
MPT63-MPTS83, a, orxke, BiH 30epirae aHTUTCHHI
BJIACTUBOCTI OaThKiBCbKMX HpoTeiHiB [41, 42]. 3a
numu Mmarepiagamu T. A. Pemuyk y 2011 p. 3axu-
CTHUB KaHAMIATCbKY AUCEPTALIIO.

Ha ocHoOBi oxepxaHux naHux B jaboparopii
PO3pO0IIEHO TiarHOCTUYHY TeCT-CHCTEMY HPOTH
Ty0epKy/JIb03y BeJHKOI poraroi Xxyao0u, siky Bxe
3apeecTPoBaHO B YKpaiHi. 3amportoHOBaHA TECT-
cucTeMa JUIsl BUSBIICHHS AHTUTINA A0 30yIKEHHS
TyOepKyIb03y, CIpHIHHEHOTO M. bovis y BEIHKOL
poraToi xy/1004 HeOOXi/IHa JJIsi CBOEYACHOT'O BUSIB-
JIeHHS iH(IKOBaHMX TBapWH Ha PiBHI CTaJla TBApHUH,
TBAapUH 13 JIATEHTHUM IepediroMm TyOepKyJibo3y, a
TaKOX TBapWH, aJlepriuHux 10 TyOepKyJiHy, KU
€ TIPUXOBaHUM JIXKepesIoM 30yIHUKa XBOPOOH, IO
BXKJIMBO IIiJ] 4aC MPOBEICHHS 03/J0POBYUX 3aXOJIiB
Ta JIJIs KOHTPOJIIO €Mi300THYHOI cuTyallii. Po3poOka
3axulIeHa MaTeHToM YKpainu [43].
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Tecm-cucmema Onsn susenrents anmumins 00 Myco-
bacterium bovis

Tecm-cucmemy 015 BUAGNEHHA AHMUMIL OO
M. bovis «IB-Chem Anti—Mycobacterium bovisy
3apeecmposano 6 [lepocasuii eemepuHapHiu i
gimocanimapuiu cayxcoi Yrpainu (TY YV 21.2-
05417288-001: 2014). Ilomenyitinuti 8upobHUK —
TOB «Hayxoso-0ocnione nionpuemcmeo «Bemepu-
HapHa meouyunay, Yxpaina, m. Xapxis.

Bpewri-pewt, ciaig HarojJocUTH Ha TOMY,
oo  OoJep)KaHi CHiBpoOITHUKaMHU  JrabopaTopii
iMyHOOIOJIOTIi pe3ynbTaTH € BaKJIMBHHUM €Ta-
OM  BIPOBAJ:KEHHSI  CY4acHMX  MeTOAiB
MOJIEKYJsIpHOI  OioJiorii B po3po0/ieHHs
AIarHOCTHYHHUX TECT-CHCTEM HOBOI'0 NMOKOJiHHS
HA OCHOBI peKOMOiHAHTHUX NPOTEIHIB.

CriBpOoOITHUKH TPYTIH i ] KEPIBHUIITBOM JI-pa
Oion. Hayk Ceprisi [lanacoBu4a boOpoBHUKA BUB-
YaloTh TaK 3BaHI MOAIPeakmuseHi IMyHO2I00VIiHU
(ITPIT"), sixi 3maTHI HecnenuQiuHO 3B’SI3yBaTUCh
i3 pI3HOMaHITHUMHU aHTHUT€HAMH, 30KpeMa 3 as-
moanmueenamu. JIOCHiPKEHHS IMYHOXIMIYHUX 1
6ionoriuaux BiaactuBocred [IPIIT mokaszamo, 110
BOHHU TPUHIIAIIOBO BiJPi3HAIOTHCS BiJl BIAOMHUX
paHille OPUPOOHUX AaHTUTUL. — Bcmanoeneno
mexauizm 63aemooii IIPII" 3 anmuzenamu, nokasa-
HO, WO IXHS peaKxmueHiCmb Modice RIOGUIYBATNIUCD
in vivo, wo 80HU MOJMCYMb ONCOHIZY8amu baxmepii,
ane cnpusilomv PO3GUMKY 3M0AKICHUX NYXAUH I,
MOJCTIUBO, CHPUSIOMb  PO3GUMKY  AMEPOCKIEPO-
3y 3 NpUYUHU IXHbOI 30amHOCMI 38’A3V8AMUCH 3
enoomeniem KposonocHux cyoun. IlokazaHo Takox,
mo peaktuBHiCTh cupoBarkoBux [IPII" 3pocTtae B
KijpKa pa3iB 3a 30iIbIIeHHS BiKY Jroned (Big 20 1o
70 pokiB), 0 MOKe OYTH HACIIJIKOM BIKOBUX 3MiH
IMYHHOI CHCTEMU OpTaHi3My.

Bin ciuns 2000 p. — o muctonaga 2010 p. y Bij-
JIiJTi MOJIEKYJISIPHOT iIMYHOJIOT11 Ha TIOCali CTapIIoro
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HAYKOBOTO CITiBpOOiTHHKa TmpaitoBania Harasmis
IOpiiBna €BroxkumoBa (1-p Giost. Hayk 32009 p.). Ii
HAYKOBI IHTepecH OYyJIO 30CEPEKEHO Ha 3’SICYyBaHHI
3B’13KY (PEHOTHIIOBHUX 3MiH KJIITHH i3 METa00113MOM
no3akmituaHoro wmarpukcy (ITKM). OcobGnuse
MICIIe 3aiiMaJI0 BUBYCHHS [IUX MMUTaHb Y KOHTEKCTI
PO3BHUTKY YCKIATHEHb yyKkpogoco Oiabemy. Pe-
3yJNBTaTH MPOBEAECHUX AOCIHIJKEHb MOKAa3alH, 0
MiBUILEHUI pPiBEHb TJIOKO3M CTUMYJIOE 30ara-
YEeHHSI MATPUKCY ME3aHTialbHUX 1 €HJ0TemalbHUX
KJIITHH BHCOKOMOJICKYJISIPHOIO 2idIVPOHOBONW) KUC-
aomor (I'K), ane MexaHi3M I[bOr0 SIBUINA Pi3HUH
JUIS  PI3HUX THUIIB KIITHH. Y MeE3aHTiallbHUX
KIJIITUHaX BiAOyBaeThCs aKTHBALis TpaHCPOpMY-
BanpHOTO (Qaktopa pocty Pl (TGFB1) tpombGo-
CHOHIUHOM-1, 110 30inbIrye exnpecito ['K-cuntasu
2 1 BIANOBIAHO CTHMYIJIOE CHHTE3 T1alypOHOBOI
kuciaoTd. B enporemianpumx kmituHax TGEB1
ctumymtoe 3B’13yBanHs 'K i peuentopamu CD44.
Hocnimxennst H. FO. €BnokumoBoi  Takox Oyiio
CIIPSIMOBAHO HA BUCGIMJICHHSA MEXAHIZMIG PO3GUM-
Ky YCKAaoOHeHb Yyykpogozo diabemy. Tak, Oylo mo-
Ka3aHo, 110 MepeyMOBOIO YTBOPEHHS Jiabe THYHIX
BUPA30K MOXKYTb OyTH MPUPOIKEHI 3MiHU CUCTE-
mu ['K-CD44 ¢ibpobnacti, a 30i7blIeHHS piBHS
TIIIOKO3W IPOBOKYE YTBOPEHHSI BUPA30K YHACIiJOK
AKyMyJIii  BHCOKOMOJIEKYJISIPHOI T1aJlypOHOBO{
KHUCJIOTH. YCKJIaJIHEHHS I[yKpPOBOIrO Jiabery Mo-
KYTh TAKOXK PO3BUBATHCS depe3 nucOaiaHc cUcTe-
MU KOarynsuist/QpiOpuHONi3 1 MiJBULICHHS PpiBHS
D-numepy ¢ibpuny (DD). Bceranosieno, mo DD
3HMIKY€E BMICT aHTHKOATYJISIHIHHOTO TenapaH Cyib-
(aTy B MaTpuKCi €HAOTETiaIbHUX KIITHH 1 BOIHO-
yac crumyinoe aktuBanito TGFBI1, mo npusBoauts
JI0 JOJAaTKOBUX TIATOJIOTTYHUX 3MiH MAaTPHKCY.
byno ecmanosneno, wo pospobuenuil y 6i00ini npo-
munyxaunnuti npenapam «Mebigony, npo axuil
Hwaa Moea euuje, 3MEHULYE MOAEKYISAPHY MACY
2lanypoHoeol kuciomu y Mampuxci ¢iopooracmie i
eHOOMeNIaNbHUX KIIIMUH, KA 3d YYKPo8o2o diabemy
30inbwena, i momy «Mebighon» mooce bymu Kopuc-
HUM Y JIKY8AHHT OlaOemMUUHUX UPA30K.

Y Bigaini mpamroe CT. HayK. CHIiBp., KaH].
Oion. Hayk B. A. laauubkuii, sSKUil NPOBOAUTH
CaMOCTiiiHy HayKOBY poOOTy 3 OioiH(OpMaTUKH Ta
eMireHeTHKH, MOB’s13aHy 3 mpolieMaMu iMyHOJIOTi]
Ta oHKonorii. Hoco meopemuuni docnioicenns ma-
10Mb BANCIUBE 3HAUEHHS Ol PO3YMIHHA MONEKVIAD-
HUX MeXaHi3Mi KaHYepoceHes).

[Min xepiBauurBoM Cepeis  Bacunvosuua
Komicapenka y Bigminl mpaioe TakoX epyna 3
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npobnem biobesnexu, biozaxucmy ma dioemuxu, 10
CKJaJy AKOI BXOJSTh KaHAuaTh Hayk I, JI. ['epea-
nosaiA. C. Maxcumosuu.

Kypatop rpynu akanemik HAH VYkpainu
C. B. Komicapenko ovontoe Komicito 3 6io0e3mnexku
i Olozaxucry mpu PHBO VYkpaimu. Bin Ttakox
mopiuHo, nourHarouu 3 2005 p., ouostoe (YU € 3a-
CTYITHHKOM IJIaBH) Jienieranii YKkpaiHnu Ha 3ycTpidax
B KeneBi kpain-yuacHuns KonBenmii i3 3a0o-
ponu Oionoriunoi i ToxcuHHOi 30poi (KBT3) Ta
Jerneramito YKpaiHu Ha 3ycTpidax KpaiH-yyacHHIIb
ABcTpainiiicbkoi Tpynu (EKCIOPTHUH KOHTPOJIB).
Mertoro poGoTu 3 0i00e3neku €, B MepIry 4epry,
PO3MOBCIO/)KCHHSI MIXKHAPOJHHUX 1 HAIlIOHAJIBHUX
iHpopMaLiifHUX MaTepialiB i3 mpodsem 6io0e3nexH;
[IPOBEICHHS MiKHApOJHUX KOH(EepeHIIiH,
ceminapiB i3 0io0e3neku 1 KBT3 miist kpain CxinHOl
i IliBgenHoi €Bponu, a TaKoX periOHaJBHUX
CeMiHapiB JUJIs MiJBUIICHHS 0013HAHOCTI Ta OCBITH
3 0ioOe3neku 1 6io3axucty B YKpaiHi.

[TincyMoBy10o4M HaBeJeHHI MaTepial, ciij 3a-
3HAYMTH, IO CMiBPOOITHUKY BiJA1ITY MOJIEKYIISIPHOT

—
T
;
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iMmyHosorii Ha wouni 3 akaza. C. B. Komicapenkom
i3 camMoro IoyaTKy MpaIoBaJId 1 MPOJOBKYIOTh
TLJTiTHO TIPAIfIOBATH HaJ/l BUKOHAHHSM aKTyaJIbHUX 1
HAJ[BAXJIUBUX (YHJIAMEHTAJIbHUX JOCIIKEHbB, K1
OJTHOYACHO CIPSIMOBAHO HA PO3MOBCHOJKCHHS JI0-
OyTHUX 3HaHb 1 Ha BUPILIEHHS TPAaKTHYHUX 3aBJaHb
MEIMIIMHU, Xap4OBOi, JIETKOi MPOMHUCIIOBOCTI, a
TaKOX CUIBCBKOTO rocromapcTsa, To0to Pro bono
hominis («nat. na Orazo Jlroounn») — NeBi3, SIKUN
cnoBigye Cepriii BacunboBuu Bripogox 50 pokiB
CBOET TBOPYOT JisIbHOCTI. Ha choroHi BiH pazom i3
CHiBpOOITHUKAMH Ma€ JIOCUTh BarOMHU JOPOOOK y
BUIJISIII aBTOPCHKUX CBIJIONTB 1 MAaTEHTIB YKpaiHU
ta CPCP (nonazn 80 naiimenyBaHnv). Ha oicanv, da-
JIeKO He 6CI 6OHU BNPOBAOICEHT Uepe3 HUZKY NPUUUH,
ceped SAKUX 20706HON, HA HAUWLY OYMKY, € Hecnpu-
AMAUSU THEECMUYIIHUL KAiMam 6 Oepiicasi ma
He20MmosHicmb Di3HeCy 00 PO3GUMKY HAYKOEMHOZO
CEKMOopy eKOHOMIKU.

VY BimuiJii BUKOHAHO 6 JOKTOPCHKUX Ta 28
KaH/IMJIATChKUX JHUCEPTAliiHUX poOiT. Binmin mae
HNIMPOKi MIKHAPOJAHI HAYKOBi 3B’SI3KH, 30Kpema 3

Konexmue cnispobimuuxie 6i00iny monexynsapuoi imynonozii. Kuis, 2015 p. 3niea nanpaso: I pao — cm. Hayk.
cnigp. I JI. I'epeanosa, mon. nayk. cniep. T. B. Iopownixosa, nayxk. cniep. O. FO. Jluxmyc, inowc. I kam.
M. O. Hexanrwx, inoic. I kam. O. I. Kpunina, cm. nayx. cnigp. O. C. Onitinuxk, inoic. 1 kam. T. O. Yydina, 3ae. 1ab.
I B. Konubo, Il pso — cm. nayk. cnisp. JI. M. Kosanw, cm. nayk. cnigp. A. C. Maxcumosuu, cm. HaAyK. Cnigp.
M. I. Kanrox, 3as. 6iodiny C. B. Komicapenko, 3ae6. 1a6. O. I1. [lemuenxo, inowc. I kam. A. A. Cipomonom, npos.
inote. K. FO. Manoiinos, inoc. I kam. 1. /[ Ilanac; 11 pso —3as. nab. M. B. Cxok, mon. Hayk. cniep. K. O. [lupues
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Iacturyrom Ilactepa B [lapmxki Ta EnniHcbkuM
Iacturyrom Ilactepa B Adinax, 3 YHiBepcuTeToM
mrary Heto-Hopk Croyn-Bpyk, 3 Hamionaneaum
arpapauM iHctutyToM INRA B Hanti (®panuis),
3 [lekiHCBKMM IHCTUTYTOM T'€HOMIKH AKaaemii
nayk KHP, 3 IuctutyTtom Oionorii Akagemii Hayk
nposinuii [langyns KHP Ta Gararema iHmmmu.
3a KOpIOHOM TPAIIOTh OnM3bK0 20 KOJUIIHIX
CHiBPOOITHUKIB BIILTY.

Poboma y 6i00ini monexynapnoi imynonoeii,
Oe 3a821c0u Nany8ala i namye oOpyachs poboua am-
mocghepa, menep, AK i paHiue, 3aIUUAEMbCI NPU-
6a0.1UB010 0J151 MANAHOBUMOL HAYK080I MON00I. Todw
Hausaxcausiui 6uUHaAxoou i enposadcenns y Bac,
odopoeuii Cepeio Bacunvosuuy, i Bawux yunie we
nonepedy. Bio wupozo cepys daxcaemo 8am ycim
yenixig!
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NEWS ITEMS

BOPUC ®EJOPOBUY CYXOMJIMNHOB

Mo 100-piuus 6i0 OHs HAPOOIICEHHS

18.07.1916 — 13.01.2004

iM’siMm  bopuca demopoBrua  TIOB’I3aHO

BigpomkeHHs y 1963 p. kadenpu Oioximii

y  ckmani  JIpBIBCBKOTO  JIep’KaBHOTO
yHiBepcuTeTy iMmeHi [Banma ®paHka, sKO BiH
KepyBaB YHponoBk 25 pokiB, a 3 1988 mo 1993
poKy — mpamoBaB mpodecopom miei kadempu.
Cepen HaykoBux iHTepeciB bopuca ®enoposu-
Ya TepeBaXkajau MMHUTAHHS JIOCHIJDKEHHS B Taiysi
pazmioGionorii i MojekynspHoi Oiosorii. Bin Ta
HOT0 TOCIIIOBHUKN 3pPOOMIIM BaroMuii BHECOK Yy
PO3BUTOK CTPYKTYypHO-MeTaOoiyHOi Teopii mii
IOHI3yIOUOTO  BHIIPOMIHIOBAHHS,  JOCIIJKCHHS
MIEPBUHHOI CTPYKTYPH T'eMOIpPOTEIHIB TBapwH 3a
pisHux marojoriii. Tak, mijg #oro KepiBHUIITBOM
OyJi0 BHUSIBJICHO OCHOBHI 3aKOHOMIPHOCTI  Jii
cyOJjeTanpbHHX Ta JIETAIBHUX JI03 10HI3YOUOTrO
BUIPOMIHIOBaHHS Ha CTPYKTYpPHO-(yHKIIOHATBHI
BIIACTUBOCTI KHCHEBO-TPAHCIIOPTHHUX IPOTEIHIB,
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a TaKOX MOJICKYJSPHI HPUHLHUIIN NPOTEKTOPHOI
Iii TIMOKCHYHUX Ta30BUX CyMIIIeH 1 JOCIiKEeHHS
MIEPBUHHOI CTPYKTYpPH MIOTIIOOiIHIB TBAPUH PI3HUX
BUIIB.

Bin 3anumuB Ham y cmanok noHan 350 Hay-
KOBUX IIpallb, NOTYXHY HayKoBy IwKoiy (49
KaHAUaTiB Ol0JIOT1YHUX HAYyK), IKa JOOpe 3HAHA K
y Hamriil kpaiHi, Tak i 3a 1i Mexxamu, amxe bopuc
®enopoBrd OyB MPEKPACHUM BHKJIAJa4eM 1 BUXO-
BaTeJeM HayKOBOI MOJIOII.

Unenn YxpaiHcbkoro Oi0XiMiYHOIO TOBapu-
cTBa, HaykoBLi [HcTuTyTy Oloximii HAH VYkpainn
nmo0pe 3HaIM Ta oBaxkanu npodecopa bopuca de-
noposuda CyXOMIIMHOBA — TaJIaHOBUTOT'O BUEHOT'O 1
MIPEKPACHY JIOIUHY.

TaxuM BiH OyB 1 TAaKUM 3aJTUIIAE€THCS B HAIII N
ram’sTi!
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THE NOBEL PRIZE IN PHYSIOLOGY OR MEDICINE 2016

Yoshinori Ohsumi

(Born in 1945, Fukuoka, Japan)

Tokyo Institute of Technology,
Japan

2016 was awarded to Yoshinori Ohsumi
"for his discoveries of mechanisms for auto-
phagy".

This year's Nobel Laureate discovered and elu-
cidated mechanisms underlying autophagy, a funda-
mental process for degrading and recycling cellular
components.

The word autophagy originates from the Greek
words auto-, meaning "self", and phagein, meaning
"to eat". Thus, autophagy denotes "self eating". This
concept emerged during the 1960's, when resear-
chers first observed that the cell could destroy its
own contents by enclosing it in membranes, forming
sack-like vesicles that were transported to a recy-
cling compartment, called the lysosome, for degrada-

T he Nobel Prize in Physiology or Medicine

tion. Difficulties in studying the phenomenon meant
that little was known until, in a series of brilliant
experiments in the early 1990's, Yoshinori Ohsumi
used baker's yeast to identify genes essential for au-
tophagy. He then went on to elucidate the underlying
mechanisms for autophagy in yeast and showed that
similar sophisticated machinery is used in our cells.
Ohsumi's discoveries led to a new paradigm in
our understanding of how the cell recycles its con-
tent. His discoveries opened the path to understan-
ding the fundamental importance of autophagy in
many physiological processes, such as in the adap-
tation to starvation or response to infection. Muta-
tions in autophagy genes can cause disease, and the
autophagic process is involved in several conditions
including cancer and neurological disease.

http://www.nobelprize.org/nobel prizes/
medicine/laureates/2016/
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THE NOBEL PRIZE IN CHEMISTRY 2016

Jean-Pierre Sauvage
(Born in 1944, Paris, France)
University of Strasbourg,
France

he Nobel Prize in Chemistry 2016 was

I awarded jointly to Jean-Pierre Sauvage,

Sir J. Fraser Stoddart and Bernard

L. Feringa "for the design and synthesis of molecu-
lar machines".

A tiny lift, artificial muscles and miniscule mo-
tors. The Nobel Prize in Chemistry 2016 is awarded
to Jean-Pierre Sauvage, Sir J. Fraser Stoddart
and Bernard L. Feringa for their design and pro-
duction of molecular machines. They have develo-
ped molecules with controllable movements, which
can perform a task when energy is added.

The development of computing demonstrates
how the miniaturisation of technology can lead to a
revolution. The 2016 Nobel Laureates in Chemistry
have miniaturised machines and taken chemistry to
a new dimension.

The first step towards a molecular machine was
taken by Jean-Pierre Sauvage in 1983, when he suc-
ceeded in linking two ring-shaped molecules toge-
ther to form a chain, called a catenane. Normally,
molecules are joined by strong covalent bonds in
which the atoms share electrons, but in the chain
they were instead linked by a freer mechanical bond.
For a machine to be able to perform a task it must
consist of parts that can move relative to each other.
The two interlocked rings fulfilled exactly this re-
quirement.
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Sir J. Fraser Stoddart
(Born in 1942, Edinburgh,
United Kingdom)
Northwestern University,
Evanston, IL, USA

o
..-:-i&i:.&?.?i'-:-i

Bernard L. Feringa
(Born in 1951, Barger-Com-
pascuum, the Netherlands)

University of Groningen,
the Netherlands

The second step was taken by Fraser Stoddart
in 1991, when he developed a rofaxane. He threa-
ded a molecular ring onto a thin molecular axle and
demonstrated that the ring was able to move along
the axle. Among his developments based on rota-
xanes are a molecular lift, a molecular muscle and a
molecule-based computer chip.

Bernard Feringa was the first person to develop
a molecular motor; in 1999 he got a molecular ro-
tor blade to spin continually in the same direction.
Using molecular motors, he has rotated a glass cylin-
der that is 10,000 times bigger than the motor and
also designed a nanocar.

2016's Nobel Laureates in Chemistry have
taken molecular systems out of equilibrium's stale-
mate and into energy-filled states in which their
movements can be controlled. In terms of develop-
ment, the molecular motor is at the same stage as
the electric motor was in the 1830s, when scientists
displayed various spinning cranks and wheels, una-
ware that they would lead to electric trains, washing
machines, fans and food processors. Molecular ma-
chines will most likely be used in the development
of things such as new materials, sensors and energy
storage systems.

http://www.nobelprize.org/nobel prizes/
chemistry/laureates/2016/



