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citoqrom P450-is qimiuri modifikacia 

1. citoqrom P450-is inaqtivacia 

fermentebze arsebuli tradiciuli Sexeduleba imis Sesaxeb, rom katalizuri aqtis 

dasrulebis Sedegad isini cvlilebebs ar ganicdian, ukanaskneli ori aTeuli wlis 

manZilze kritikulad iqna gadasinjuli. aRmoCnda, rom mravali fermenti reaqciis 

msvlelobisas qimiur modifikacias ganicdis da es gansakuTrebiT im fermentebs exebaT, 

romelTa funqcionirebac Tavisufali radikalebis, Jangbadis aqtiuri formebis da 

reaqciisunariani intermediatebis generirebas an realizacias ukavSirdebian [1-5]. 

modifikacia, upirveles yovlisa, inaqtivaciaSi vlindeba (cxrili 1). es movlena 

“TviTinaqtivaciis” saxelwodebiTaa cnobili. 

cxrili 1. 

katalizis procesSi Jangbadis aqtiuri formebiT 

fermentTa qimiuri modifikacia [2] 

 

fermentebi 
inaqtivaciis 

gamomwvevi agenti
qimiuri modifikaciis mizezi 

citoqromi P450 2B4 H2O2 cisteinis da meTioninis Jangva, 

hemis dakargva 

CuZn-superoqsiddismutaza H2O2 histidinis Jangva 

Fe-superoqsiddismutaza H2O2 triftofanis, histidinisa da 

cisteinis Jangva 

D-glukozooqsidaza H2O2 triftofanis, histidinisa da 

cisteinis Jangva 

qsantinoqsidaza H2O2 triftofanis, histidinisa da 

cisteinis Jangva 

qlorperoqsidaza H2O2 triftofanis, histidinisa da 

cisteinis Jangva 

laqtoperoqsidaza 
•HO  triftofanis, histidinisa da 

cisteinis Jangva 

glutaTionperoqsidaza 
−•

2O  triftofanis, histidinisa da 

cisteinis Jangva 

mieloperoqsidaza H2O2, ClO_ meTioninis, Tirozinis Jangva 

NADH-oqsidaza H2O2, ClO_ hemis dakargva 

  
Tavisufali radikalebis dagroveba ujredisaTvis gansakuTrebiT saxifaToa, radgan 

isini mravali paTologiuri procesis iniciacias iwveven. rodesac maTi koncentracia 

saSiS zRvars aWarbebs da ujredidan mocileba SeuZlebeli xdeba, ujredi apoptozs, 

anu winaswar daprogramebul “TviTmkvlelobas” mimarTavs. termini “apoptozi” (berZn. 

“foTolcvena”) SesaniSnavad gamoxatavs movlenis arss. mTeli rigi procesebis CarTvis 

Sedegad dazianebuli ujredi ki ar nekrozdeba, aramed ganlevas ganicdis. organelebi 

iSleba, makromolekulebi hidrolizdeba da isini sxva ujredebis mier sakveb da 

saamSeneblo masalad gamoiyeneba. 

fermentTa TviTinaqtivaciis movlena SeiZleba ganxilul iqnas, rogorc “apoptozi 

fermentul doneze”, ramdenadac am dros Tavisufali radikalebis generatori fermenti 

TviTon gamodis mwyobridan da ujredisaTvis arasasurveli intermediatebis warmoqmna 

safuZvelSive ispoba. aqve unda aRvniSnoT amJamad arsebuli, sakmaod damajerebeli 
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mosazreba imis Sesaxeb, rom modifikaciis gziT makromolekulebis inaqtivacia CarTuli 

unda iyos Sidaujreduli cilebis brunvis meqanizmSi, romlis saSualebiTac ujredidan 

maTi molekulebis mocileba regulirdeba. es garemoeba uaRresad mniSvnelovania yvela 

im situaciisaTvis, romelic qsenobiotikebisa da sxvadasxva wamlebis Warbi raodenobis 

organizmidan gamodevnasTanaa dakavSirebuli [1]. fermentTa inaqtivaciis molekuluri 

meqanizmi da ujredSi misi WeSmariti roli jer kidev safuZvlian Seswavlas moiTxovs. 

am mimarTebiT mogvepoveba Semdegi faqtebi: Jangbadis aqtiuri formebiT mravali 

fermenti JangviT modifikacias ganicdis; inaqtivacia SeiZleba ganxorcieldes 

fermentulad, qimiurad an radiolizurad generirebuli reaqciisunariani Jangbadis 

formebiT; Jangbadovani radikalebi cilis aqtiur centrTan axlos myofi aminomJavuri 

naSTebis modifikaciis unars amJRavneben da es reaqcia metad specifikuria; aqtiuri 

centris axlos aRZrulma struqturulma cvlilebebma konformaciuli Zvrebi da 

proteolizisadmi mgrZnobiarobis gazrda SeiZleba gamoiwvion.  

katalizuri ciklis procesSi citoqrom P450-is inaqtivacia sxvadasxva meqanizmiT 

SeiZleba ganxorcieldes (nax. 1). 
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nax. 1. oqsidazur reaqciebSi aqtiuri intermediatebis warmoqmna. 

RH – substrati;  
Fe – citoqrom P450-is hemuri rkina [2]. 

 

pirveli meqanizmi am hemoproteinis peroqsi-kompleqsis daSlis Sedegad aqtiuri 

droebiTi substratebis warmoqmnasTanaa dakavSirebuli. aseT reaqciisunarian 

intermediatebs miekuTvneba Tavisufali organuli radikalebi, epoqsidebi, N-oqsidebi, 

S-oqsidebi, aldehidebi, ketonebi da sxv. isini Tavis mxriv kovalenturad 

ukavSirdebian apocitoqrom P450-s da mis modifikacias iwveven. inaqtivaciis es 

meqanizmi SeiniSneba e.w. “gamanadgurebeli” substratebis Jangvisas, romlebic 

Seuqcevadad an TiTqmis Seuqcevadad ainhibireben ferments. substratis 
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reaqciisunariani jgufebis aqtivacias Tan sdevs prosTetul jgufTan an apofermentTan 

kovalenturad dakavSirebuli reaqciisunariani metabolitebis formireba. 

substratebs, romlebic citoqrom P450-is aseTi gziT inaqtivacias iwveven, 

“gamanadgurebeli” substratebi ewodebaT (mag., qloramfenikoli ukavSirdeba 

apofermentis lizinis naSTs; paraTioni, qloroformi ukavSirdebian cisteins da a.S.). 

isini fermentisadmi maRal specifikurobas avlenen. 

citoqrom P450-is inaqtivaciis meore meqanizmi dakavSirebulia katalizur ciklSi 

fermentis aqtiur centrze Jangbadis aqtiuri formebis (
−•

2O -is, 
•HO -isa da H2O2-is) 

generirebasTan. es SeiZleba araSeuRlebuli monooqsigenazuri reaqciebis Sedegic iyos, 

rodesac NADPH-is aRmdgeneli eqvivalentebi arasrulad xmardeba endogenuri Tu 

egzogenuri naerTebis hidroqsilirebas. superoqsiduli anionis generireba ZiriTadad 

citoqrom P450-is prerogativaa, radgan am procesSi sxva mikrosomuli gadamtanebis 

wvlili Zalian mcirea. citoqrom P450 upiratesad mis aqtiur centrze formirebuli 

H2O2-iT inaqtivirdeba, maSin rodesac 
−•

2O -is dismutaciiT miRebuli H2O2 inaqtivacis 

umniSvnelo efeqts iZleva [6-14]. 

saerTod, substratis qimiuri bunebidan gamomdinare, citoqrom P450-is inaqtivacia 

sami gziT SeiZleba ganxorcieldes [9]. esenia: 1.apofermentTan metabolitebis 

Seuqcevadi dakavSireba; 2. metabolitebis hemis rkinasTan TiTqmis Seuqcevadi 

dakavSireba; 3. hemis alkilireba an destruqcia. pirveli da mesame SeiZleba 

kombinirebuli iyos. hemis modifikacia misi Semdgomi dazianebiT, Seqcevad inaqtivacias 

iwvevs, maSin rodesac apofermentis modifikacia Seuqcevadia [15, 16]. 

amgvarad, “gamanadgurebeli” substratebis Jangvisas citoqrom P450-is inaqtivacias 

warmoqmnili reaqciisunariani intermediatebi (Jangbadis nawilobriv aRdgenili 

formebi) axdenen, romlebic hemis an apofermentis qimiur modifikacias axorcieleben. 

inaqtivacia ufro xSirad hemis degradaciis Sedegia, vidre apoproteinis destruqcia. 

aRniSnul gamokvlevebSi citoqrom P450-is P420-ad konversia ar daregistrirda. 

amasTan dakavSirebiT, ar SeiZleba gverdi avuaroT im gansxvavebuli monacemebis 

ganxilvas, romlebic arCakovis [17] laboratoriaSia mopovebuli: diTionitiT 

reducirebuli izolirebuli citoqrom P450-is izoforma 2B4 swraf inaqtivacias 

ganicdis autooqsidaciisas warmoqmnili Jangbadis aqtiuri tipebiT da es inaqtivacia 

araaqtiur citoqrom P420-ad konversiaSi gadasvlis fonze mimdinareobs. mikrosomul 

an liposomaSi CaSenebuli citoqrom P450 metad stabiluria feri- da fero-

mdgomareobebSi [18]. aqedan gamomdinare, gamoiTqva mosazreba, rom citoqrom P450-is 

inaqtivaciisaTvis aucilebelia Tavisufal-radikaluri safexuri, xolo citoqrom 

P420-ad konversia misi degradaciis Sualed safexurad SeiZleba CaiTvalos, radgan igi 

sakmaod arastabiluria da O2-is Tanamyofobisas advilad kargavs hems [19]. 

oqsidazur da oqsigenazur reaqciebSi formirebuli H2O2-iT hemis daJangva an 

dazianeba “gasaRebis” rols asrulebs citoqrom P450-is inaqtivaciaSi. mravali 

fermenti oqsidazuri sistemebiT ganicdis inaqtivacias. maT Sorisaa TviT citoqrom 

P450, NAD(P)H-oqsidazebi, qsantinoqsidaza da arafermentuli sistemebi, romlebic 

Seicaven askorbats, O2-s da Fe(III)-s an Fe(II)-s [20-22]. sakmaod detaluradaa 

Seswavlili baqteriuli glutaminsinTetazas JangviTi inaqtivaciis meqanizmi [23]. 

naCvenebia, rom inaqtivacia damokidebulia O2-isa da NAD(P)H-is Tanamyofobaze: 

stimulirebas ganicdis Fe(III)-iT da inhibirdeba katalaziT, Mn(II)-iT an EDTA-iT. 

sistemebisaTvis, romlebic arahemuri rkinis cilas (feredoqsins, putidaredoqsins) 

Seicaven, inaqtivacia inhibirdeba dimeTilsulfoqsidisa da manitolis tipis 

radikalebiT. dadgenilia, rom am fermentis JangviTi modifikacia asocirebulia erT 

suberTeulze histidinis erTi naSTis dakargvasTan da karbonilis jgufis gaCenasTan. 
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fermentis Semdgomi Jangva meore histidinis dazianebas iwvevs, magram inaqtivacia ar 

exeba meTioninis an SH-jgufebis daJangvas. 

reaqciisunarianobis mxriv Jangbadis aqtivaciis produqtebi erTmaneTisagan 

gansxvavdeba. TavisTavad H2O2 da 
−•

2O  ar arian Zlieri damJangvelebi. 
−•

2O -s dabali 

redoqs-potenciali gaaCnia, xolo H2O2 SedarebiT stabiluria. amdenad safiqrebelia, 

rom makromolekulebs isini efeqturad pirdapir ver uteven. amave dros cnobilia 
−•

2O -

is inaqtivaciuri unari iseT fermentebTan urTierTqmedebisas, rogoricaa katalaza, 

peroqsidaza, transferaza, laqtatdehidrogenaza da sxv. aSkaraa agreTve 

makromolekulebze 
−•

2O -is pirdapiri destruqciuli moqmedeba. amitom safiqrebelia, 

rom inaqtivaciis procesSi ZiriTad damJangvels 
•HO -radikali warmoadgens, romelic 

H2O2-dan haber-veisisa da fentonis reaqciis Sedegad miiReba: 

H2O2  +  O2 O2  +  HO  +  OH  
_.._

jamurad:

Fe  +  H2O2
2+ .Fe  +  HO  +  OH3+ _

Fe  +  O2
3+ Fe  +  O2

2+

 
hidroqsil-radikalebma, romelTac metad xanmokle sicocxlisunarianoba aqvT, 

SeiZleba imoqmedon, rogorc Zlierma damJangvelebma uSualod maTi generirebis 

adgilze, maSin rodesac H2O2 da 
−•

2O  formirebis adgilidan difuziis gziT did 

manZilze gadaadgildebian. H2O2-ma SeiZleba gaiaros ujredul da Sidaujredul 

membranul barierSi, xolo 
−•

2O  difuzias mxolod specifikuri aniongamtari arxebis 

gavliT axerxebs. superoqsid-anioni metad reaqciisunariani xdeba hidrofobul an 

metalTan koordinirebul ubnebSi. misi Tanamyofobisas hidroqsilis radikalebi 

cilebis fragmentacias iwveven. O2-s SeuZlia 
•HO -damokidebuli Jangvis pirvelad 

produqtebTan urTierTqmedeba, rac makromolekulebis destruqcias iwvevs [24]. 

citoqrom P450-is inaqtivacias sagrZnoblad amcireben fosfolipidebi da maTi es 

efeqti damokidebuli araa membranebSi fosfolipidebis Semadgenlobaze. inaqtivacia 

sustdeba anaerobul pirobebSi da aseve naxSirbadis monooqsidis an citoqrom b5-is 

Tanamyofobisas [25].  

hemis alkilirebiT gamowveuli inaqtivaciis erT-erTi TvalsaCino magaliTia 

bocvris RviZlis mikrosomebSi dodecinmJavas citoqrom P450-damokidebuli Jangva. am 

dros warmoqmnili aqtiuri intermediati _ keteni hemis acilirebas iwvevs, rac 

citoqrom P450-is inaqtivaciis mizezi xdeba [26]. amasTan dakavSirebiT uaRresad 

sayuradRebo Sedegebi miiRes helvigma da Tanaavt. [27, 28], rodesac maT analogiuri 

gamokvlevebi Caatares cercvidan miRebul citoqrom P450-ze da daadgines, rom 

cxovelurisagan gansxvavebiT, mcenareSi inaqtivaciis mTavari mizezi fermentis aqtiur 

centrSi hemTan axlos myofi erT-erTi aminomJavas (savaraudod, cisteinis an 

histidinis) nukleofiluri naSTis acilirebaa (nax. 2). 
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nax. 2. citoqrom P450-is inaqtivaciis savaraudo sqema helvigis da Tanaavt. [28] 

mixedviT. vertikaluri StrixiT naCvenebia mcenareuli citoqrom P450-is 

qimiuri modifikaciis Sedegad aminomJavas naSTTan warmoqmnili acilis jgufi, 

xolo horizontaluri StrixiT _ cxoveluri citoqrom P450-is hemTan 

warmoqmnili acilis jgufi. 

 

amgvarad, cxoveluri da mcenareuli citoqrom P450-is dodecinmJavaTi 

TviTinaqtivaciis procesSi erTi arsebiTi gansxvaveba vlindeba: cxovelur 

hemoproteinSi qimiur modifikacias hemi ganicdis, xolo mcenareulSi apofermenti. 

cxovelur citoqrom P450-Si hemi amdros srulad iSleba, fermenti mwyobridan gamodis 

da amis Sedegad kargavs Tavis katalizur aqtivobas. sxva viTarebaa gamovlenili 

mcenareul citoqrom P450-is SemTxvevaSi. Cvens laboratoriaSi [29] Catarebulma 

kvlevebma damajereblad gviCvenes, rom hemoproteini inaqtivacias ganicdis rogorc 

monooqsigenaza, magram imavdroulad maRal peroqsidazul aqtivobas amJRavnebs. 

sxvagvarad rom iTqvas, garkveul pirobebSi qimiuri modifikaciis Sedegad 

monooqsigenazas aqtiuri centri peroqsidazas aqtiuri centris analogad 

transformirdeba. gamovlenil efeqts adgili aqvs rogorc mikrosomul fraqciaSi (in 
vitro pirobebSi), aseve mTlian mcenareul qsovilSi (in vivo pirobebSi). 
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2. peroqsidazebi da citoqrom P450-is  

peroqsidazuli reaqciebi 

katalizur reaqciebSi mniSvnelovani roli peroqsidazas xuT Jangva-aRdgeniT 

mdgomareobas ekuTvnis. esenia aRdgenili (Fe+2 anu martivad, mdgomareoba 2), daJanguli 

(Fe+3 anu 3), I kompleqsi (Fe+5 anu 5), II kompleqsi (Fe+4 anu 4) dabolos, mdgomareoba Fe+6 

(oqsiperoqsidazaSi), romelic aRdgenili fermentis molekulur JangbadTan urTi-

erTqmedebiT miiReba [30]. CvenTvis sayuradReboa I da II kompleqsebi. 

I kompleqsi (mwvane feris) xasiaTdeba STanTqmis maqsimumebiT 407- da 658 nm-ebze. 

jorjis hipoTezis [31] Tanaxmad wyalbadis zeJangTan fermentis urTierTqmedebisas 

hemis rkina +3-dan daJangulobis Zlier maRal (+5) mdgomareobaSi gadadis da amis 

Sedegad oqso-ionebi FeO3+ (oqsenoidis analogi) warmoiqmneba. 

 I kompleqsis warmoqmnis kinetika safuZvlianadaa Seswavlili Cansis [32] klasikuri 

gamokvlevebiT. mis mier peroqsidazisa da H2O2-is urTierTqmedeba Semdegi martivi 

reaqciiT SeiZleba gamoisaxos: 

FeOH2  FeO  
3++  H2O2

K3.5 3+
+  2H2O (1)

 

am SemTxvevaSi fermentis porfirini da mexuTe aqsialuri ligandi sibrtyis qveviT 

imyofebian, xolo reaqciis siCqaris konstanta (K3) bimolekulur pirdapir reaqcias da 

peroqsidazas Jangvis mdgomareobis +3-dan +5-mde cvlilebas axasiaTebs. es reaqcia 

sinamdvileSi arc ise martivia, rogorc zeviTaa gamosaxuli: procesis malimitirebel 

stadias win uswrebs wonasworobis damyareba, xolo TviT procesi SeiZleba mravali 

stadiisagan Sedgebodes. 

H2O2-Tan an sxva damJangvelebTan peroqsidazas urTierTqmedebis siCqare pH-ze 

praqtikulad araa damokidebuli. katalazasTan ZmarmJavas zeJangis urTierTqmedebis 

Seswavlam aCvena, rom mJavas aradisocirebuli forma fermentTan gacilebiT swrafad 

reagirebs, vidre misi anioni. peroqsidazasTan H2O2-is reaqciisas ar SeiZleba gamo-

iricxos 
−
2HO -is upiratesi monawileoba, ramdenadac es anioni ufro Zlieri ligandia. 

I kompleqsis eleqtronuli struqtura didi xnis ganmavlobaSi diskusiis sagans 

warmoadgenda, vidre mesbaueris speqtroskopulma gamokvlevebma I da II kompleqsebSi 

rkinis ionis mdgomareobis analogia ar daadastures. am monacemebis Tanaxmad, Fe+5-is 

formaluri mdgomareobidan gansxvavebiT, I kompleqsSi Fe+4 mdgomareoba realizdeba, 

radgan rkinis ioni erT eleqtrons hemis porfirinis birTvidan iRebs, romelic I 
kompleqsSi kation-radikalis (PO+) saxiT imyofeba. dolfinma [33] aCvena, rom 

peroqsidazisa da katalazas I kompleqsebis STanTqmis speqtrebi mTeli rigi 

metalporfirinuli kompleqsebis π-kation-radikalebis speqtrebis analogiuria, anu 

Jangvis maRali xarisxis mdgomareobaSi myofi rkinis arseboba SeiZleba aixsnas 

porfirinis birTvis da rkinis atomze lokalizebul eleqtronebis spinuri 

urTierTqmedebiT. amgvarad, peroqsidazas I kompleqsSi erTi mJangveli eqvivalenti 

rkinis ionzea lokalizebuli, xolo meore _ hemoproteinis porfirinis birTvze. 

sayuradReboa, rom citoqrom c-peroqsidazaSi erTi mJangveli eqvivalenti fermentis 

aqtiuri centris erT-erT aminomJavur naSTzea lokalizebuli da ara porfirinul 

birTvze, rogorc peroqsidazaSia. 

II kompleqsi, anu mdgomareoba 4 (wiTeli feris) xasiaTdeba STanTqmis maqsimumebiT 

417, 530 da 561 nm-ebze. igi miiReba H2O2-Tan peroqsidazas urTierTqmedebisas sxvadasxva 

aRmdgenlebis (aromatuli aminebis, fenolebis, askorbatis, ferocitoqrom c-s, 
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ferocianidis, iodidis, nitritisa da sxv.) Tanamyofobisas. or ukanasknel 

aRmdgenelTan reaqcias Tan axlavs protonis moxmareba. varaudoben, rom II kompleqss 

feril-ionis (FeO2+) struqtura gaaCnia da +4 Jangvis xarisxis rkinis (II) ions Seicavs. 

amas adasturebs mesbaueris speqtrebic. II kompleqsi radikaluri meqanizmiT reagirebs 

aRmdgenelTa molekulebTan da sawyis ferments Fe+3 Jangvis xarisxiT ubrundeba. II 
kompleqsis warmoqmnisa da moxmarebis zogierT kanonzomierebas gamosaxavs me-2 da me-3 

gardaqmnebi: 

3+Fe  +  H2O  +  AH.

FeO  
3+ +  AH2

FeO  
2+ +  AH2

FeO  (2)

I kompleqsi II kompleqsi

(3)

2+
+  H2O  +  AH.

 
zogierTi mkvlevari peroqsidazebisa da sxva hemoproteinebis hemuri rkinis maRal 

daJangul mdgomareobis arsebobas undoblobiT ekideba, Tumca rkinis ionisaTvis aseTi 

mdgomareobebi araorganul qimiaSi sakmaod kargadaa cnobili [34]. FeO2+ da FeO3+ ionebi 

arseboben mJava xsnarebSi da Sesabamis kationebs, xolo tute xsnarebSi Sesabamis 

hidroqsidebs warmoqmnian. perferitioni )FeO( 2
3

−
 da ferationi )FeO( 2

4
−

 rkinis +4 da 

+6 mdgomareobebiT xasiaTdebian da arseboben tute areSi, maSin rodesac mJava areSi 

isini swrafad iSlebian Jangbadis gamoyofiT. peroqsidazebSi rkinis maRali valenturi 

mdgomareobis stabilizaciaSi did rols asruleben misi liganduri garemocva da 

aqtiuri centris aminomJavuri naSTebi. ase magaliTad, pirSuSxas peroqsidazas II 
kompleqsSi Fe+4 mdgomareoba Semdegnairadaa stabilizebuli: erTi mJangveli 

eqvivalenti rkinis atomze, xolo meore porfirinis birTvzea lokalizebuli, romelic 

π-kation-radikalis saxiT arsebobs. naCvenebia aseTi radikalis warmoqmna pirSuSxas 

cink-peroqsidazaSi [35]. misi daJangvisas K2IrCl6-iT, erTi eqvivalentiT Raribi 

peroqsidaza miiReba, romlis STanTqmis speqtri peroqsidazebis I kompleqsis msgavsia, 

xolo epr-signali 2g-faqtoriT xasiaTdeba. daJanguli cink-peroqsidaza SeiZleba 

xelaxla aRdges sawyis mdgomareobamde K3IrCl6-iT. rkinis maRalvalenturi 

mdgomareobis stabilizaciaSi arsebiTi roli SeiZleba Seasrulos fermentis aqtiurma 

centrma. mag., citoqrom c-peroqsidazas I kompleqsi stabilizebulia fermentis aqtiuri 

centris aminomJavebis naSTebis Tavisufali radikalebiT. I kompleqsis warmoqmnasa da 

stabilizaciaSi, sul cota, citoqrom c-peroqsidazas aqtiuri centris oTxi 

aminomJavuri naSTi mainc monawileobs: distaluri histidini-52, arginini-48, 

proqsimaluri histidini-174 da distaluri triftofani-51. 

arsebobs monacemebi imis Sesaxeb, rom fermentis Sualedi formebis (I da II 
kompleqsebis) substratebTan urTierTqmedebis dros adgili aqvs peroqsidazas, wyal-

badis zeJangsa da substrats Soris sammagi kompleqsis warmoqmnas [36], citoqrom P450-

is katalizuri ciklis msgavsad. 

mkvlevarTa ramdenime jgufma [37-44] miiRo oqsenoidis anu I da II kompleqsebis 

analogebi, romlebsac aramarto fermentTa Sualeduri kompleqsebis struqturis 

imitacia, aramed maTTvis damaxasiaTebel reaqciebSi monawileobac SeuZliaT. 

miRebulia citoqrom P450-is, peroqsidazisa da katalazas II kompleqsis 

struqturuli da funqciuri analogebi [41-44]. zogierTi rkinis (III) porfirinebis 

orbirTvuli zeJanguri kompleqsebi N-meTilimidazolis, piridinis an piperidinis 

moqmedebisas [PFeIV=O]2+-tipis naerTebad gardaiqmneba [42-44]. am SemTxvevaSi ori 

SesaZlo reaqcia mimdinareobs: 
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2PFeIII_OO_FeIIIP → 2PFeIII_O_FeIIIP + O2  (4)  

2PFeIII_OO_FeIIIP + 2B → 2[BPFeIV=O]    (5)  

sadac, B-piridini, piperidini an N-meTilimidazolia. 

[BPFeIV=O]-Si rkinis ionis mdgomareoba I da II kompleqsebSi misi mdgomareobis 

analogiuria (cxrili 2). 

cxrili 2. 

citoqrom P450-isa da misi kompleqsebis struqturuli modelebi 

modeluri sistema modelis daxasiaTeba 

OEP_FeIIICl + 2-iodozo-

meta-qsiloli 

oqsenoidis, anu citoqrom P450-is kompleqs I-is, 
katalazisa da peroqsidazas modeli: [FeV=O]3+

 

PFe_OO_FeP + N-meTil-

imidazoli [PFeIV=O] 
citoqrom P450-is kompleqs II-is, katalazisa da 

peroqsidazas modeli: [FeIV=O]2+
 

 

sadac OEP _ 2,3,7,8,12,13,17,18-oqtaeTilporfirinis dianionia. 

 

1972 wels o’braienis [45] laboratoriaSi pirvelad iqna naCvenebi, rom citoqrom 

P450-s peroqsidazas Tvisebebi gaaCnia. fermenti sterolebis hidrozeJangebis 

spirtebad aRdgenas akatalizebs wyalbadis iseTi donoris Tanamyofobisas, rogoric 

N,N,N,N’-tetrameTil-p-fenilen-diaminia (TMPD). am SemTxvevaSi peroqsidazul 

aqtivobaze gavlenas ar axdenen CO, azoti, EDTA da 2-fenil-2-propanoli. mxolod 

mcire mainhibirebel (20%-iT) moqmedebas avlenda natriumis azidi. mikrosomebis 80°C-

mde gacxelebiT peroqsidazuli aqtivoba 95%-iT qveiTdeboda. 

RviZlis mikrosomebis peroqsidazul reaqciebze damTrgunvel moqmedebas 

amJRavneben mikrosomuli redoqs-jaWvis substratebi, kerZod, I tipis substratebi: 

androstendioni, testosteroni, 17β-estradioli, aminopirini, heqsobarbitali da 

linolis mJava. maT mier gamowveuli inhibireba 65-34%-s aRwevs, maSin rodesac II tipis 

substratebi _ anilini, imidazoli, piridini, kortikosteroli da n-oqtilamini 

peroqsidazul aqtivobas 83-50%-iT aqveiTeben. aRmoCnda agreTve, rom sxva hemSemcveli 

naerTebisagan (hematini, methemoglobini, citoqromi c, citoqrom P420) gansxvavebiT 

yvelaze maRali peroqsidazuli aqtivoba citoqrom P450-s gaaCnia. 

citoqrom P450-is peroqsidazul reaqciebSi wyalbadis donorebad SeiZleba 

gamoyenebul iqnas NADH an NADPH [46]. eqsperimentul monacemTa erToblioba [45, 46] 

imaze miuTiTebs, rom peroqsidazul aqtivobas citoqrom P450-is daJanguli forma 

flobs. am aqtivobas CO imitom ar ainhibirebs, rom igi kompleqsirebas mxolod 

hemoproteinis aRdgenil formasTan ganicdis. gamoTqmulia mosazreba, rom 

hidrozeJangebTan citoqrom P450-is urTierTqmedebisas warmoiqmneba peroqsidazas I 
kompleqsis analogiuri forma [47], romelSic hemuri rkina SeiZleba Jangvis maRal 

xarisxSi imyofebodes:  

P450_Fe3+

ROOH ROH

TMPD NAD(P)H
P450_Fe5+ (6)
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cnobilia, rom pirveladi alifaturi spirtebi peroqsidazas substratebs ar 

warmoadgenen [48]. miuxedavad amisa, virTxis RviZlis mikrosomebi da maRali sisufTavis 

citoqrom P450 akatalizebs spirtebis aldehidebamde Jangvis reaqciebs [49]. kumilis 

hidrozeJangiT da citoqrom P450-is an katalazas monawileobiT spirtebis daJangvis 

unari alifaturi radikalis zomis zrdis mixedviT mcirdeba. citoqrom P450 

gansakuTrebiT efeqtur katalizators warmoadgens kumilis hidrozeJangiT eTanolis 

daJangvaSi, maSin rodesac citoqrom c, hemoglobini da peroqsidaza spirtis Jangvas 

praqtikulad ar axorcieleben. fenobarbitaliT mikrosomebis induqcia 5-jer zrdis 

kumilis hidrozeJangiT eTanolis Jangvas [50].  

arasasurveli damatebiTi procesi, romelic Tan axlavs mravali substratis 

hidrozeJangur Jangvas, TviT am naerTebis mxridan citoqrom P450-is destruqciaa [51, 

52]. kumilisa da mesameuli buTilis hidrozeJangebi aramarto citoqrom P450-s, aramed 

mikrosomul jaWvSi eleqtronTa transportis mniSvnelovan komponents _ citoqrom b5-

sac Slian [52]. 

arCakovisa da misi TanamS. mier [53, 54] Catarebul iqna gamokvleva, romelic miznad 

isaxavda mikrosomuli Jangvis tipiuri substratis _ N,N-dimeTilanilinis (DMA-s) 

monooqsigenazuri meqanizmiT Jangvis Seswavlas, anu DMA-sTan kompleqsSi citoqrom 

P450-iT stimulirebuli aRdgenis gavlenis dadgenas am substratis N-demeTilirebis, 

p-hidroqsilirebisa da N-Jangvis reaqciaTa siCqareebze. NADPH-citoqrom P450-

reduqtazuli reaqciis mastimulirebel faqtorad gamoiyeneboda Mg2+-is ionebi [55, 

56]. aseTi midgoma sakmaod originaluri iyo hidroqsilirebis meqanizmSi kompleqsis 

aRdgenis reaqciis rolis srulad gamosavlenad: hidroqsilirebis jaWvSi 

reduqtazuli reaqcia Tu marTlac malimitirebelia, maSin Mg2+-is daxmarebiT misi 

siCqaris gazrdas erTi substratis Jangvis samive tipis reaqciis stimulireba unda 

moexdina. am SemTxvevaSi substratad DMA-s gamoyeneba amis srul saSualebas iZleva. 

misi gardaqmnis SesaZlo gzebi mocemulia sqema 1-ze: 

N
CH3 CH3

N
CH3 CH3

N
CH3 CH3

OH

N
H CH3

O

NADPH + O2

N,N-dimeTilanilini

(DMA)
N-oqsid-N,N-dimeTilanilini

N-monomeTilanilini

N,N-dimeTil-p-aminofenoli

+ CH2O
N-demeTilireba

N-Jangva

p-hidroqsilireba

+ H2O

+ H2O

 
 

sqema 1. dimeTilanilinis Jangvis gzebi RviZlis mikrosomebSi. 
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Mg2+-is sxvadasxva koncentraciebis moqmedebis Seswavlam DMA-s N-demeTilirebasa 

da p-hidroqsilirebaze gansxvavebuli mastimulirebeli efeqtebi gamoavlina. 

aqtivaciis koeficientebi Sesabamisad 1.5 da 2.2-s Seadgenda. N-demeTilirebis 

maqsimaluri stimulacia miiRweoda 15 mmoli MgCl2-is Tanamyofobisas. p-

hidroqsilirebisaTvis aucilebeli aRmoCnda Mg2+-is ufro maRali koncentraciebi. rac 

Seexeba DMA-s N-Jangvas, masze am metalis gamaaqtiurebeli moqmedeba ar gamovlinda da 

am Sedegs avtorebma orgvari axsna misces: demeTilireba da hidroqsilireba an NADPH-

specifikuri flavoproteinis meSveobiT ar xorcieldeba, an N-JangvaSi sxva, Mg2+-

isadmi aramgrZnobiare flavoproteini monawileobs [53]. 

DMA-s peroqsidazuli gziT Jangvis procesi saundersisa da neiloris [47, 57] 

mieraa Seswavlili. am avtorebs detalurad aqvT ganxiluli cdis msvleloba da Cvenc 

aq ucvlelad mogvaqvs misi aRwera (sqema 2). 

 

 

N(CH3)2

C6H5N(CH3)2, CH3COOH-Si+

C6H5N(CH3)2, CH3COOH-Si+

C6H5N(CH3)2, CH3COOH-Si+

(CH3)2N N(CH3)2

ufero

II

(CH3)2N N(CH3)2
+

mwvane

III

N(CH3)2

N(CH3)2

(CH3)2N N(CH3)2

I a
dimeTilanilini

lurji

Seferiloba

narinjisferi

IV
++

+

yviTeli

. I

 
 

sqema 2. dimeTilanilinis peroqsidazuli meqanizmiT Jangva [47, 57]. 

 

ZmarmJavaSi (pH 4.5) ganzavebul DMA-s xsnars emateboda fermenti da H2O2. 

sareaqcio are jer yviTldeboda (I stadia), magram male Seferiloba muq mwvaneSi 

gadadioda (II stadia). warmoiqmneboda cisferi naleqi, xolo xsnari mwvanedan mewamul-

lurj Seferilobas iRebda. mwvane xsnars Tu Warbad daemateboda wyalbadis zeJangi da 

peroqsidaza, Cndeboda Jolosferi, romelic swrafad brundeboda mwvane ferSi (III 
stadia). 

Jangvis damTavrebis Semdeg naleqi ifiltreboda da calkeuli komponentebi 

qromatografiiT calkevdeboda. kvalis saxiT bevri Seferili nivTiereba gamovlinda, 

xolo ZiriTad produqts TMPD warmoadgenda (gavixsenoT, rom es nivTiereba, 

sterolebis peroqsidazuli meqanizmiT JangvaSi wyalbadis donoris rols asrulebs 

[52]). 

sqemaSi moyvanili II naerTis warmosaqmnelad, romelic DMA-s p-mdgomareobidan 

wyalbadis mocilebis Sedegad miiReba, aRniSnulma mkvlevarebma ori alternatuli 

meqanizmi warmoadgines: maTgan umartivesis Tanaxmad, Tavdapirvelad generirdeba I 
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naerTis Tavisufali radikalebi, romlebic tetrameTilbenzidins (II-s) warmoqmnian. 

meore meqanizmi gulisxmobs, rom reaqciis pirvel stadias warmoadgens 

dimeTilanilinidan eleqtronis mogleja da ion-radikalis (I-is) warmoqmna. aseT 

nawilakebs protonTa eliminirebiT SeuZliaT gaormageba da H-is mocileba. rogorc ar 

unda iyos, swrafad qrobadi yviTeli Seferiloba (I stadia) SesaZloa labiluri 

radikaluri nawilakebis (I-isa da II-is) TanamyofobiT iyos ganpirobebuli. 

warmoqmnili TMPD-s nawili naleqad gamoyofas aswrebs, maSin, rodesac darCenili 

nawili Semdgom Jangvas ganicdis. marTlac, ganzavebul ZmarmJavaSi am naerTis 

peroqsidazuli Jangvis substratad gamoyenebisas, pirveldawyebiTi momwvano-yviTeli 

Seferiloba muq mwvane SeferilobaSi gadadioda. Semdgomi JangviT xsnari narinjisfer 

Seferilobas iRebda. amgvarad, SeiniSneboda igive Seferilobebi, rogorsac adgili 

hqonda DMA-s Jangvisas II da III stadiebze. 

xsnaris mwvane feri ganpirobebulia III kation-radikalis TanamyofobiT, romelic 

TMPD-dan eleqtronis mowyvetisas warmoiqmneba. Semdgomi Jangvisas kidev erTi 

eleqtroni ixarjeba, ris Sedegadac IV-is qinoiduri struqtura miiReba. masze 

gadasvla dakavSirebulia rezonansis SesaZleblobaTa SemcirebasTan da amitom Tan unda 

sdevdes feris intensiur matebas. varaudobeb, rom IV stadiaze narinjisferi 

Seferiloba ganpirobebulia IV-is dikationiT, romelic Sualedi naerTis rols 

TamaSobs mcire raodenobis Seferil nivTierebaTa warmoqmnaSi da romlebic TavisTavad 

muxtis gadamtan kompleqsebs warmoadgenen. sayuradReboa erTi faqti: DMA-s arc 

monooqsigenazur da arc peroqsidazul JangviT garaqmnebSi oqsidazuri sistemebis 

Mg2+-iT gaaqtivebis SemTxvevaSic ki ar figurirebs am substratis N-Jangvis Semdeg N-

oqsidis warmoqmna. rogorc zeviT aRiniSna, N-JangvaSi monawile flavoproteini 

aramgrZnobiarea magniumis ionebis mimarT [58]. 

Cvens mier [29, 59-62] dadgenilia, rom praqtikulad yvela is JangviTi procesi, 

romelic mikrosomebSi mimdinareobs, met-naklebi xarisxiT citoqromi P450-is 

araaqtiur citoqrom P420-ad Seuqcevad konversias iwvevs. simindis 7-dRiani 

aRmonacenebis fesvebSi mikrosomebis citoqromuli komponentebis Semadgenlobis 

Seswavlam aCvena, rom masSi ZiriTadad citoqromi P450 dominirebs. mikrosomebis “asakSi 

SesvlasTan” (7-9 dRiani) dakavSirebiT SeiniSneba citoqrom P450-is Semcireba da 

citoqrom P4520-is Semcvelobis zrda, rasac imavdroulad fraqciaSi peroqsidazuli 

aqtivobis ganuxreli zrdac Tan axlavs (nax. 3). analogiuri suraTi SeiniSnaeba 

“axalgazrda” (7-9 dRiani) nazardebidan gamoyofili mikrosomuli fraqciis 120 wT-iani 

intensiuri aeraciisas: citoqromebis P420/P450-is Tanafardobis 5-jer zrdas 

peroqsidazuli aqtivobis 1.5-jer mateba Seesabameba (nax. 4). 
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nax. 3. mikrosomebSi citoqrom P450-isa da P420-is Semcvelobis da peroqsidazuli 

aqtivobis cvlilebebi mcenaris asakisagan damokidebulebiT [29]. 

1 _ citoqromi P450;  
2 _ citoqromi P420;  
3 _ peroqsidazuli aqtivoba. 
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nax. 4. citoqromebis P420/P450-is Tanafardobisagan damokidebulebiT. peroqsidazuli 

aqtivobis cvlilebebi mikrosomebis 120 wT-iani aeraciis pirobebSi [29].  

1 _ peroqsidazuli aqtivoba;  
2 _ P420/P450. 
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“xandazmuli” (14-dRiani) mcenareebidan gamoyofili mikrosomebisa da pirSuSxas 

peroqsidazuli preparatis speqtrulma analizma maTi absoluturi identuroba 

dagvidastura, kerZod, orive STanTqmis maqsimums 420 nm-ze amJRavnebs, xolo 

diTionitiT aRdgenisas maqsimumis 432 nm-ze wanacvleba xdeba. wyalbadis zeJangs hemi 

kvlav daJangul mdgomareobaSi gadahyavs. analogiuri speqtrebi gaaCniaT naxSirbadis 

monoqsidiT aRdgenil maT kompleqsebsac. aqedan gamomdinare, naTeli xdeba, rom 

mikrosomaSi arsebobs hemoproteini, romlis hemis mdgomareoba peroqsidazas hemis 

identuria. 

gel-filtraciuli qromatografiis analiziT dadginda, rom mikrosomuli fraqcia 

or hemoproteins Seicavs, romelTagan peroqsidazuli aqtivoba mxolod ∼100 kD 

molekuluri masis mqones gaaCnia (nax. 5). cilis es masa ar Seesabameba peroqsidazis 

fermentuli cilis preparatis molekulur masas (40 kD). meore, SedarebiT dabali 

molekuluri masis (10-15 kD) mqone hemoproteini citoqrom b5-s warmoadgens. fraqciaSi 

identificirebulia arahemuri cilac (∼30-40 kD), savaraudod _NADPH-citoqrom 

P450-reduqtaza.  
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nax. 5. mikrosomuli fraqciis gelfiltraciis qromatograma [29].  

1 _ A280;  
2 _ A432;  
3 _ peroqsidazuli aqtivoba.  

sveti _ 50×1.6 sm;  

geli _ ULTROGEL AcA 44;  
eluenti _ 0.05% Na-SDS 1/30 M fosfatis buferSi (pH 7.4). 

 

monooqsigenazuri meqanizmis peroqsidazuliT Senacvlebis suraTi savsebiT aSkarad 

gamoikveTa flavonoidebis mikrosomuli Jangvis SeswavliT [59]. am mizniT Cvens mier 

gamocdil iqna meToqsilirebis gansxvavebuli xarisxis mqone oTxi flavonoidi. maTi 

SerCeva im mosazrebiT moxda, rom ori maTgani (nobileteni da 5-OH-nobiletini) unda 

daJanguliyo monooqsigenirebiT (O-demeTilirebiT), xolo ori (limocitrini da 
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kvercetini), romlebic ukve hidroqsilirebul produqtebs warmoadgenen, 

peroqsidazuli Jangvis meqanizmiT unda gardaqmniliyvnen. garda amisa, cxovelur 

obieqtebSi es nivTierebebi monooqsigenazebis mZlavr induqtorebad iTvlebian [63]. 
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(3,5,7,3',4'-pentaoqsiflavoni)  
 

nobiletini da 5-OH-nobiletini mikrosomebSi mxolod NADPH-is Tanamyofobisas 

iJangebian (nax. 6). amis Sedegad sareaqcio areSi adgili aqvs formaldehidis 

dagrovebas. kosubstratad H2O2-is gamoyeneba mocemuli reaqciis msvlelobaze gavlenas 

ar axdens, e. i. aRniSnuli flavonoidebidan meTilis jgufis mocileba 

monooqsigenirebis gziT xorcieldeba. kinetikuri mrudis platoze gasvlis Semdeg 

NADPH-is ganmeorebiTi damateba registrirebad cvlilebebs aRar iZleva. es imaze 

miuTiTebs, rom am momentSi O-demeTilirebis substrati mTlianadaa daxarjuli da 

reaqcia damTavrebulia. warmoqmnili produqtebis Semdgomi Jangva (misi koncentraciis 

Semcireba) am SemTxvevaSi ukve H2O2-damokidebuli xdeba, anu monooqsigenirebuli 

flavonoidi amjerad ukve peroqsidazas substratadaa gadaqceuli. limocitrinisa da 

kvercetinis NADPH-damokidebuli Jangva mikrosomul fraqciaSi saerTod ar 

xorcieldeba da reaqcia mxolod H2O2-is TanamyofobiT mimdinareobs (kvercetinis 

Jangvis mrudi mocemulia nax. 7-ze).  
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nax. 6. nobiletinis Jangva eTiolirebuli simindis 7-dRiani nazardebis fesvebis 

mikrosomebSi. sainkubacio xsnaris (3ml) Semadgenloba: 1/15M fosfatis buferi 

pH 7.4; 0.33 mg/ml mikrosomuli cila; 100 µM NADPH; 15 µM H2O2; 25 µM 

nobiletini [59]. 
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nax. 7. kvercetinis Jangva eTiolirebul simindis 14-dRiani nazardebis fesvebis mik-

rosomebSi. sainkubacio xsnaris (3ml) Semadgenloba: 1/15 M fosfatis buferi pH 

7.4; 0.33 mg/ml mikrosomuli cila: 100 µM NADPH; 15 µM H2O2, 25 µM  

kvercetini [59]. 

 

amgvarad, mcenareul mikrosomebSi meToqsilirebuli flavonoidebi 

monooqsigenazuri, xolo hidroqsilirebuli _ peroqsidazuli meqanizmebiT 
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gardaqmnebian. am ori reaqciis Tanmimdevruli Senacvleba citoqrom P450-is qimiuri 

modifikaciis anu araaqtiur citoqrom P420-ad misi konversiis Sedegia.  

citoqrom P450-is iseT qimiur modifikacias, romlis drosac adgili aqvs 

fermentuli moqmedebis meqanizmis Senacvlebas, ufro esadageba termini 

“transformacia”, radgan igi ukeTesad asaxavs movlenis arss. 

cotoqrom P450-is qimiur modifikaciaSi mniSvnelovan adgils ikavebs NADPH-is 

Tavisufali (hidroqsilirebasTan araSeuRlebuli) Jangva. am procesis msvlelobas 

citoqromebis P420/P450-is Tanafardobis 10-jer zrda da peroqsidazuli aqtivobis 1.8-

jer zrda Seesabameba. aseve, mikrosomul membranaSi intensiuri lipoperoqsidaciisas 

peroqsidazuli aqtivoba ormagdeba. citoqrom P450-is peroqsidazad maqsimaluri 

transformacia miiReba mikrosomuli Jangvis substratis _ 3,4-benzpirenis 

gardaqmnisas, rodesac P420/P450 Tanafardobis 25-jer zrdisas peroqsidazuli 

aqtivoba sammagdeba. SedarebiT dabali xarisxis transformacia axlavs mikrosomuli 

redoqs-jaWvis meore tipiuri substratis _ dimeTilanilinis Jangvas (monacemebi 

diagramebis saxiT warmodgenilia nax. 8-ze). 
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nax. 8. simindis 7-dRiani eTiolirebuli nazardebis mikrosomebSi peroqsidazuli 

aqtivobebis cvlilebebi aeraciisa da sxvadasxva substratebis Jangvisas [61]. 

 

miRebuli Sedegebis asaxsnelad Cvens mier gamoTqmul iqna mosazreba, rom citoqrom 

P450-is amgvar transformacias sainkubacio areSi warmoqmnili Tavisufali radikalebi 

unda iwvevdnen. cnobilia, mag., rom NADPH-is Tavisufali Jangvis procesi oTxi 

gansxvavebuli gziT SeiZleba warimarTos [64]: 

NADPH + 2O2 → NADP + H+ + 2 −•

2O    (7) 

NADPH + H+ + O2 → NADP+ + H2O2   (8) 

2NADPH + 2H+ + O2 → 2NADP+ + 2H2O2  (9) 

NADPH + H+ + O2 + XH → NADP+ + XOH + H2O (10) 
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pirveli sami reaqcia oqsidazuria, xolo meoTxe hipoTezuri endogenuri 

substratis (XH) monooqsigenazuri meqanizmiT Jangvas asaxavs. pirveli reaqciis 

Sedegad superoqsiduli anion-radikali )O( 2
−•

 warmoiqmneba. mikrosomuli fraqciis 

aeraciisas Jangbadis mudmivi miwodeba aCqarebs sareaqcio areSi endogenuri NADPH-isa 

da substratebis Jangvas. imis gamo, rom am ukanasknelTa raodenoba uaRresad 

limitirebulia, Sesabamisad efeqtic dabalia. am mosazrebis Sesamowmeblad SevecadeT 

gamogvevlina is aqtiuri intermediati, romelic citoqrom P450-is citoqrom P420-Si 

gadasvlas iwvevs da monooqsigenazuri aqtivobis peroqsidazuliT Secvlas 

ganapirobebs; kerZod, SevecadeT dagvedgina, aris Tu ara es nawilaki superoqsiduli 

anion-radikali, romelic, rogorc cnobilia, zogierTi substratis Jangvisas uSualod 

citoqrom P450-is aqtiur centrze generirdeba [1-3]. am mizniT Cvens mier Catarebul 

iqna eqsperimenti [62]: mikrosomul fraqciaSi TanmimdevrobiT Segvqonda NADPH, 3,4-

benzpireni, taironi (4,5-dihidroqsi-1,3-disulfomJava), katalaza (EC 1.11.1.6) da am 

pirobebSi polarografiulad vakvirdebodiT Jangbadis cvlilebebis dinamikas (nax. 9).  
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nax. 9. simindis eTiolirebuli nazardebis mikrosomuli fraqciis mier 3,4-benzpirenis 

NADPH-damokidebuli Jangvis polarograma. 0.067 M KH2PO4-Na2HPO4 buferi, 

pH 7.4;K3,4-benzpireni – 0.01 mM; NADPH – 0.24 mM, mikrosomuli fraqcia 1.0 

mg/ml [62]. 
 

polarografiuli mrudidan Cans, rom pirveli ori naerTis damatebisas 

registrirdeba Jangbadis STanTqma, xolo taironi, romelic superoqsiddismutazas (EC 

1.15.1.1) dabalmolekuluri, membranaSi ganvladi analogia da superoqsiduli anion-

radikalebis damWerad iTvleba (2H++2 −•

2O →H2O2+O2), Jangbadis moxmarebis mrudis 

mimarTulebis mkveTr cvlilebas iwvevs, rac Jangbadis gamoyofis maCvenebelia. 

analogiuri efeqti gaaCnia katalazasac, romlis moqmedebiTac warmoqmnili wyalbadis 

zeJangi aseve iSleba Jangbadis gamoyofiT (2H2O2→H2O+O2). 

am eqsperimentiT (Tumca arapirdapiri gziT) dasturdeba, rom 3,4-benzpirenis 

NADPH-damokidebuli Jangvisas marTlac adgili aqvs superoqsiduli radikalebis 
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warmoqmnas, romlebic moqmedeben citoqrom P450-is hemze da mis Tvisobriv da 

raodenobriv cvlilebebs iwveven. 

taironi da katalaza gamocdil iqna N,N-dimeTilanilinis NADPH-damokidebuli 

Jangvisa da Fe2+-iT inicirebuli mikrosomuli arafermentuli lipoperoqsidaciis 

procesis mimarTac: arc erT SemTxvevaSi adgili ar aqvs Jangbadis gamoyofas; e.i. 

aRniSnul procesSi superoqsiduli radikalebi ar generirdebian. rogoc Cans, lipidTa 

zeJanguri Jangvisas  Jangbadis sxva tipis aqtiuri formebi warmoiqmnebian. 

citoqrom P450-is peroqsidazad transformiaciis procesi aSkarad SeiniSneba 

mcenaris asakSi SesvlasTan dakavSirebiTac. simindis 7-dRiani eTiolirebuli 

nazardebis fesvebidan miRebul mikrosomul fraqciaSi citoqrom P450-is raodenoba da, 

Sesabamisad, monooqsigenazuri aqtivoba maqsimaluria. momdevno dReebSi citoqromi 

P450 citoqrom P420-ad Seuqcevad konversias ganicdis, rasac paralelurad Tan axlavs 

peroqsidazuli aqtivobis zrda. 7-dRianTan SedarebiT 14-dRiani nazardebis 

mikrosomebSi P420/P450 Tanafardoba 30-32-jer, xolo peroqsidazuli aqtivoba 5-6-

jeraa gazrdili [65]. 

bunebrivia, asakze damokidebul citoqrom P450-is transformacias Tan unda axldes 

citoqrom P450-damokidebuli biosinTezuri procesebis intensivobis cvlilebebic. am 

sakiTxis kvlevisas, Sidaujreduli procesis modelad SerCeul iqna ligninis 

biosinTezis fenilpropanoiduri gza, romelSic ramdenime citoqrom P450-Semcveli 

monooqsigenaza monawileobs [66-68]. maTgan umTavresia dariCinmJava-4-hidroqsilaza, 

romelic fenilalanin-amiak-liazasTan erTad biosinTezis umniSvnelovanes ferments 

warmoadgens. kvlevis mizans Seadgenda imis dadgena, Tu rogor icvleba aRniSnuli 

procesis intensivoba citoqrom P450-is transformaciis pirobebSi. amisaTvis 

Seiswavleboda biosinTezSi monawile zemoTaRniSnuli fermentebis aqtivoba 7- da 14-

dRiani nazardebis mikrosomebSi. aRmoCnda, rom 7-dRianTan SedarebiT 14-dRiani 

nazardebis mikrosomebSi orive fermentis aqtivoba mkveTrad mcirdeba [65], e.i. 

citoqrom P450-is transformaciis pirobebSi mikrosomebSi wydeba dariCinmJavas 

hidroqsilirebiT mimdinare metaboluri gza, rasac Tan axlavs wina, amiak-liazuri 

reaqciis blokirebac.  

eTiolirebul nazardebSi, sadac fotosinTezi gamoricxulia, ligninis biosinTezi 

mniSvnelovnad unda iyos damokidebuli citoqrom P450-is aqtivobaze, ramdenadac am 

procesSi erT-erTi siCqare-malimitirebeli stadia _ dariCinmJavas p-kumarmJavad 

gardaqmna citoqrom P450-Semcveli monooqsigenaziT _ dariCinmJava-4-hidroqsilaziT 

(CYP73) katalizdeba [69]. rodesac mcenaris zrdas Tan sdevs citoqrom P450-is 

transformacia, cxadia, lignifikaciis procesic unda Seicvalos. amis dasadgenad 

vakvirdebodiT ligninis fraqciaSi radioaqtiuri (4-14C)dariCinmJavas niSandebuli 

naxSirbadis CarTvas [61, 65]. aRmoCnda, rom ligninSi 14C-is CarTva maqsimaluria 7-9 

dRis intervalSi, Semdeg ki mkveTrad mcirdeba (nax. 10).  



 23

 

100

50

7 9 11 13 15

ligninis fraqciis

radioaqtiuroba, %

.
.

.
. .

asaki, dRe-Rame
 

nax. 10. ligninis fraqciaSi dariCinmJavas 14C-niSnis CarTvis dinamika simindis 

eTiolirebuli nazardebis asakTan damokidebulebiT [60]. 

 

ligninSi radioaqtiuri niSnis CarTvis Semcirebis periodi mcenaris asakTan 

dakavSirebul citoqrom P450-is transformacias emTxveva. am eqsperimentis Sedegebi 

gviCveneben, rom citoqrom P450-is transformacia bunebrivi procesia da im bioqimiuri 

reaqciebis intensivobis daqveiTebas iwvevs, romlebic am hemoproteiniT katalizdebian. 

 

 

3. NADPH-citoqrom P450-reduqtazas SesaZlo funqciebi  

citoqrom P450-is peroqsidazad transformaciis pirobebSi 

citoqrom P450-is qimiuri modifikaciis Sedegad cxadia, monooqsigenazuri sistemis 

danarCeni komponentebi axal funqciur datvirTvas unda iZendnen. Cvens mier [70] 

dadgenil iqna, rom am hemoproteinis peroqsidazad transformirebis fonze NADPH-

citoqrom P450-reduqtaza aqtivobis maRal dones mainc inarCunebs (nax. 11), miuxedavad 

imisa, rom peroqsidazuli aqtivobis gamovlenaSi masze generirebuli superoqsiduli 

radikalebi ar monawileoben. aRniSnulidan gamomdinare, bunebrivad ibadeba kiTxva: 

Seqmnil viTarebaSi ra funqciur rols asrulebs NADPH-citoqrom P450-reduqtaza? 
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nax. 11. mikrosomebSi citoqrom P450-is Semcvelobisa da NADPH-citoqrom P450-
reduqtazuli aqtivobis cvlilebebi mcenaris asakisagan damokidebulebiT.  

 1 _ citoqromi P450; 2 _ NADPH-citoqrom P450-reduqtazuli aqtivoba [70]. 
 

aRmoCnda, rom reduqtazaze generirebuli 
−•

2O  upiratesad lipidur 

peroqsidaciaSia CarTuli (nax. 12). rogorc gamoirkva, lipidTa zeJangur Jangvas 

citoqromi P450 superoqsiduli radikalebis generatorad sWirdeba da hemoproteinis 

modifikaciis SemTxvevaSi am funqcias mTlianad reduqtaza iTavsebs. garda amisa, Cven 

SevZeliT gveCvenebina, rom lipidur peroqsidacias reduqtazuli aqtivobis mxolod 

naxevari (50%-mde) xmardeba da es savsebiT sakmarisia aRniSnuli procesis normaluri 

msvlelobisaTvis (nax. 12) [70]. reduqtazas darCenili enzimuri simZlavre mikrosomuli 

redoqs-jaWvis sawyisi komponentebis saSualebiT ujredis energetikul procesebs 

emsaxureba [65]. aseTi kavSiris ganxorcieleba mikrosomidan mitoqondriaze 

eleqtronTa transmembranuli migraciis gziTaa SesaZlebeli [71, 72]. 
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nax. 12. NADPH-citoqrom P450-reduqtazas SesaZlo funqciebi citoqrom P450-is 

transformirebis pirobebSi. eleqtronis transportis is gza, romelic am dros 

aRar funqcionirebs, gadaxazulia [65]. 



 25

 

mcenaris ujredSi mikrosomebidan mitoqondriaze eleqtronebis gadatanis SesaZlo 

gzebis arsebobisa da meqanizmebis dasadgenad Cven farTo eqsperimentuli kvleva 

CavatareT [65, 72]. cdebis erT seriaSi mikrosomul fraqcias vainkubirebdiT NADPH-

Tan, raTa redoqs-jaWvis komponentebi winaswar aRdgeniliyvnen (nax 13). nikotinamiduri 

kofermentis srul xarjvas vafasebdiT 340 nm-ze misi STanTqmis maqsimumis SemcirebiT. 

citoqrom b5-is aRdgenis maqsimumis miRwevis Semdeg mikrosomebs vamatebdiT 

mitoqondriebis fraqcias. citoqrom b5-is Jangvis paralelurad am SemTxvevaSi 

SeiniSneboda citoqromebis c1c-isa da aa3-s aRdgena. maSasadame, ujredis am organelaTa 

uSualo kontaqtisas mikrosomidan mitoqondriaze redoqs-eqvivalentebis 

transmembranuli migracia xorcieldeba da am procesSi pirdapir arian CarTuli 

mikrosomuli NADPH-citoqrom P450-reduqtaza da citoqromi b5. aqve unda SevniSnoT, 

rom cxovelur obieqtebSi mikrosomebsa da mitoqondriebs Soris reducirebadi 

eqvivalentebis ormxrivi transmembranuli migracia da masSi am organelaTa citoqrom 

b5-ebis SesaZlo monawileoba gamovlenilia gasuli saukunis 70-80-ian wlebSi [73-75]. 
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nax.13. mikrosomuli da mitoqondriuli citoqromebisa da NADPH-is aRdgenis kinetika 

kombinirebul sistemaSi mitoqondria+ mikrosoma [72]. 

 

ganxiluli monacemebi yovelgvar safuZvels gvaZleven misaRebad CavTvaloT 

mosazreba imis Sesaxeb, rom citoqrom P450 yovelTvis ar warmoadgens mikrosomuli 

redoqs-jaWvis mudmiv terminalur komponents da saerTod, monooqsigenazuri sistema 

membranaSi, Cveulebriv, disocirebuli, da ara erT kompleqsad Sekruli agregatis 

saxiT unda arsebobdes. rogorc Cans, NADPH-citoqrom P450-reduqtazasTan da 

citoqrom b5-Tan dakavSireba da monooqsigenazur sistemaSi gaerTianeba mas Semdeg 

xdeba, rodesac citoqrom P450 substrats ikavSirebs da Tanmimdevrulad ferment-

substratis pirveli an sammagi kompleqsis meore eleqtroniT aRdgena xdeba saWiro. am 

hemoproteinTan endogenuri an egzogenuri substratis dakavSireba im regulatorul 

signals warmoadgens, romlis Sedegadac disocirebul mdgomareobaSi myofi redoqs-
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jaWvis komponentebisagan monooqsigenazuri kompleqsi yalibdeba. sxva SemTxvevaSi, 

rodesac amis saWiroeba araa (mag., NADPH Tavisuflad iJangeba, citoqrom P450 

substrats ar Jangavs, an peroqsidazadaa transformirebuli), NADPH-citoqrom P450-

reduqtazasaTvis eleqtronis aqceptoris funqcia SeiZleba citoqromoqsidazurma 

sistemam Seasrulos. amisaTvis aucilebelia ujredSi mikrosomebisa da mitoqondriebis 

uSualo kontaqti da am SemTxvevaSi eleqtronTa gadatana am ori struqturuli 

warmonaqmnis b-tipis citoqromebis gziT ganxorcieldeba. imis gamo, rom mikrosomuli 

citoqrom b5-is redoqs-potenciali (+24 mV) yvelaze axlosaa mitoqondriuli 

citoqrom b-s redoqs-potencialTan, aRmdgeneli eqvivalentebis am gadatanas ar unda 

axldes energiis raime SesamCnevi kargva. 

cnobilia, rom Zn2+ (10-6 M) sunTqviTi jaWvis III kompleqsSi b da c1 citoqromebs 

Soris arsebuli FeSIII-klasteris blokirebas iwvevs [76, 77]. amitom mcenaridan miRebul 

mikrosomebisa da mitoqondriebis kombinirebul sistemaze dayenebul Cvens cdebSi 

movelodiT, rom citoqrom b-ze eleqtronebis migraciisas Zn2+ daaqveiTebda 

citoqromebis c1c-sa da aa3-is aRdgenis siCqares. sinamdvileSi miviReT sapirispiro 

Sedegebi: Zn2+-is moqmedebis Sedegad adgili hqonda mitoqondriul citoqromebze 

eleqtronTa gadatanis siCqaris SesamCnev zrdas (nax.13). amasTan dakavSirebiT 

gamovTqviT varaudi, rom sunTqviTi jaWvis FeSIII-klasteris blokirebisas SeiZleba 

eleqtronis satransporto gzis Suntireba moxdes da eleqtronebi mitoqondriuli 

citoqrom b-s gverdis avliT, mikrosomuli citoqrom b5-idan uSualod c1c- da aa3-

citoqromebze moxvdnen (nax. 14). am SemTxvevaSic Sualed gadamtanad 

perimitoqondriuli citoqrom b5 unda funqcionirebdes [65]. 
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nax. 14. mikrosomuli redoqs-jaWvidan mitoqondriaze eleqtronebis migraciis SesaZlo 

gzebi. daStrixuli isriT aRniSnulia Zn2+-iT blokirebuli ubani [72]. 
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amrigad, citoqrom P450-is peroqsidazad qimiuri modifikaciisas NADPH-citoqrom 

P450-reduqtaza da citoqrom b5 axal, energetikul funqcias iZenen, rac mitoqond-

riuli sunTqvis jaWvis aRmdgeneli eqvivalentebiT damatebiT uzrunvelyofaSi 

mdgomareobs. qsenobiotikis ujredSi moxvedrisas NADPH-is mikrosomuli Jangvis 

SeuRlebuli sistema energetikulidan kvlav detoqsikaciur reJims ubrundeba. 

qimiuri modifikaciis gziT citoqrom P450-is peroqsidazad transformacia 

ujredis saerTo detoqsikaciur potencials ki ar amcirebs, aramed garkveulwilad 

aZlierebs kidevac. am dros monooqsigenazas peroqsidaza enacvleba, romelic 

qsenobiotikebis JangviT degradaciaSi aranakleb rols asrulebs. saqme imaSia, rom 

zogierTi mkvlevaris TvalsazrisiT mcenareebSi organuli toqsikuri naerTebis 

ZiriTadi nawili peroqsidazebiT iJangeba [78]. es hipoTeza eqsperimentulad 

dasabuTebul Semdeg mosazrebebs eyrdnoba:  

_ mcenareebSi peroqsidazas farTo gavrcelebas; 

_ fermentis maRal swrafvas sxvadasxva qimiuri struqturis mqone  organuli 

qsenobiotikebis mimarT;  

_ universalur substratul specifikurobas.  

es Taviseburebebi gansazRvravs peroqsidazas aqtiur monawileobas mTel rig 

detoqsikaciur procesebSi. qsenobiotikebis hidroqsilirebis reaqciebSi mcenareuli 

peroqsidazebis monawileobaze mravali faqti miuTiTebs, mag., sxvadasxva mcenareebis 

peroqsidazebs SeuZliaT daJangon N,N-dimeTilanilini [79], 3,4-benzpireni, 4-nitro-o-
fenilendiamini [80], 4-qloranilini [81], fenoli, aminofluoreni, paraoqsiacetani-

lidi, dieTilstilbestroli, hidroqsibuTiltoluoli, hidroqsianizolebi da sxv. 

[82]. triTiumiT niSandebuli meTilis jgufis Semcveli [C3H3] TNT-s gamoyenebiT 
naCvenebia, rom pirSuSxas peroqsidazas sufTa preparats SeuZlia iseTi Znelad 

dasaJangi jgufic ki daJangos, rogorsac TNT-s meTilis jgufi warmoadgens [83].  
mravali ucxo naerTis Jangvis dasawyisSi citoqrom P450-s SeuZlia funqcionireba, 

rogorc monooqsigenazas, SemdgomSi ki Jangva gaagrZelos peroqsidazad 

transformirebulma hemoproteinma. am SemTxvevaSi qsenobiotikis degradacia 

fermentTa urTierTSenacvlebis principiT xorcieldeba. Cvens laboratoriaSi 

naCvenebi iqna, rom qsenobiotikTa Jangvis procesSi erTmaneTs SeiZleba Seenacvlon 

aramxolod monooqsigenaza da peroqsidaza, aramed fenoloqsidazac [84-86]. am 

fermentebis koordinirebuli moqmedeba mravali ucxo naerTis JangviTi degradaciis 

procesis mTavar regulatorul meqanizms unda warmoadgendes. 

ganxiluli faqtebis Sejerebas erT mniSvnelovan daskvnamde mivyavarT: 

cxoveluri ujredebisagan gansxvavebiT, romelSic Tavisufali radikalebi hemis 

modifikaciis da misi Semdgomi destruqciis gziT citoqrom P450-is srul inaqtivacias 

iwveven, mcenareul ujredSi am hemoproteinis qimiuri modifikacia ise xorcieldeba, 

rom citoqrom P450 Tavis katalizur aqtivobas peroqsidazas saxiT inarCunebs. e.i. 

mcenareuli fermenti mxolod Tvisobriv gardaqmnas _ transformacias ganicdis. am 

dros citoqrom P450-damokidebuli Sidaujreduli metaboluri procesebis 

intensivoba qveiTdeba. citoqrom P450-is transformaciis Sedegad monooqsigenazuri 

sistemis Semadgenel komponentebs Soris adre arsebuli funqciuri kavSiri wydeba da 

isini axal funqciebs iZenen. aseTi transformaciiT mcenareuli ujredi, erTi mxriv, 

cxoveluris msgavsad Tavidan icilebs agresiuli intermediatebis generators _ 

citoqrom P450-s, meore mxriv, cxovelurisagan gansxvavebiT, amave ferments 

peroqsidazas funqcias aniWebs. am gziT ujredi iZens ferments, romelsac erTdroulad 

qsenobiotikebis Jangva da agresiuli H2O2-is likvidacia SeuZlia. swored amaSi unda 

mdgomareobdes qimiuri modifikaciis gziT citoqrom P450-is transformaciis 

biologiuri azri. 
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citoqrom P450-is qimiuri modifikacia 

reziume 

bolo ori aTeuli wlis manZilze bioqimikosTa da, kerZod, enzimologTa intensiuri 
kvlevis sagnadaa qceuli metad saintereso movlena, romelic amJamad fermentis qimiuri 
modifikaciis saxeliTaa cnobili da fermentuli aqtivobis sruli an arasruli 
SewyvetiT (inaqtivaciiT) an moqmedebis meqanizmis SecvliT (transformirebiT) vlindeba. 
modifikacias gansakuTrebiT is fermentebi ganicdian, romelTa funqcionirebac 
Tavisufali radikalebis, Jangbadis aqtiuri formebis da reaqciisunariani 
intermediatebis generirebas an realizacias ukavSirdeba. zogadad rom iTqvas, qimiuri 
modifikaciis fenomeni, upirveles yovlisa, oqsidazuri sistemebisaTvisaa 
damaxasiaTebeli. 

fermentTa TviTinaqtivacia SeiZleba ganxilul iqnas, rogorc „apoptozi“ (berZn. 
„foTolcvena“) – „TviTmkvleloba” fermentul doneze, ramdenadac am dros Tavisufali 
radikalebis generatori fermenti TviTon gamodis mwyobridan da ujredisaTvis 
arasasurveli produqtebis warmoqmna safuZvelSive ispoba. arsebobs damajerebeli 
mosazreba imis Sesaxeb, rom modifikaciis gziT fermentTa inaqtivacia CarTuli unda iyos 
Sidaujreduli cilebis brunvis meqanizmSi, romlis saSualebiTac ujredidan maTi 
molekulebis mocileba regulirdeba. es garemoeba uaRresad mniSvnelovania yvela im 
situaciisaTvis, romlebic dakavSirebulia qsenobiotikebisa da samkurnalwamlo 

saSualebebis Warbi raodenobis organizmidan gamodevnasTan. Jangbadovani radikalebi 
cilis aqtiur centrTan uSualo siaxloveSi myofi aminomJavuri naSTebis modifikaciis 
unars amJRavneben da es reaqcia metad specifikuria. aqtiur centrSi aRZrulma 
struqturulma cvlilebebma SeiZleba gamoiwvion konformaciuli Zvrebi da 
proteolizisadmi mgrZnobiarobis gazrda. 

katalizuri ciklis procesSi citoqrom P450-is inaqtivacia sxvadasxva gziT 
SeiZleba ganxorcieldes. erTi maTgani am hemoproteinis peroqsi-kompleqsis daSlis 
Sedegad aqtiuri, droebiTi substratebis warmoqmnas ukavSirdeba. aseT reaqciisunarian 
intermediatebs miekuTvnebian Tavisufali organuli radikalebi, epoqsidebi, N-oqsidebi, 
S-oqsidebi, aldehidebi, ketonebi da sxv. isini Tavis mxriv kovalenturad ukavSirdebian 
apocitoqrom P450-s da mis modifikacias iwveven. inaqtivaciis es meqanizmi SeiniSneba 
zogierTi substratis Jangvisas, romlebic Seuqcevadad ainhibireben ferments. 
substratis reaqciisunariani jgufebis aqtivacias Tan axlavs prosTetul jgufTan an 
apofermentTan kovalenturad dakavSirebuli reaqciisunariani metabolitebis 
formireba. iseT substratebs, romlebic citoqrom P450-is aseTi gziT    inaqtivacias 
iwveven, „gamanadgurebel“ substratebs uwodeben. 

citoqrom P450-is inaqtivaciis meore meqanizmi dakavSirebulia katalizuri ciklis 
ganxorcielebisas fermentis aqtiur centrze Jangbadis aqtiuri formebis ( −•

2O -is  •HO -
sa da H2O2-is) generirebasTan. es SeiZleba araSeuRlebuli monooqsigenazuri reaqciebis 
Sedegic iyos, rodesac NADPH-is aRmdgeneli eqvivalentebi arasrulad xmardeba 
endogenuri Tu egzogenuri naerTebis hidroqsilirebas. 

substratis qimiuri bunebidan gamomdinare, citoqrom P450-is inaqtivacia sami 
meqanizmiT SeiZleba ganxorcieldes. esenia:  

1. apofermentTan metabolitebis Seuqcevadi dakavSireba; 
2. hemis rkinasTan metabolitebis Seuqcevadi dakavSireba; 
3. hemis alkilireba an destruqcia. 
SesaZloa agreTve adgili hqondes pirveli da mesame meqanizmis kombinirebul 

moqmedebas. hemis dazianebisas modifikacia mis Seqcevad inaqtivacias iwvevs, maSin 
rodesac apofermentis modifikacia Seuqcevadia. 
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cxoveluri da mcenareuli citoqrom P450-is TviTinaqtivaciaSi erTi arsebiTi 
gansxvaveba vlindeba: cxovelur hemoproteinSi qimiur modifikacias ganicdis hemi, 
xolo mcenareulSi _ apofermenti. cxovelur citoqrom P450-Si hemi am dros srulad 
iSleba, fermenti mwyobridan gamodis da kargavs Tavis katalizur aqtivobas. sxva 
viTarebaa mcenareuli citoqrom P450-is SemTxvevaSi. warmodgenili naSromis avtorebis 
mier Catarebulma gamokvlevebma damajereblad aCvenes, rom hemoproteini inaqtivacias 
ganicdis, rogorc monooqsigenaza, magram is imavdroulad maRal peroqsidazul 
aqtivobas iZens. es kanonzomiereba citoqrom P450-is araaqtiur citoqrom P420-ad 
konversiis fonze vlindeba. mcenareSi peroqsidazul aqtivobas citoqrom P420 flobs!  

aseT mdgomareobaSi mcenareuli ujredi, erTi mxriv, cxoveluris msgavsad, Tavidan 
icilebs agresiuli intermediatebis generators _ citoqrom P450-s, meore mxriv ki 
cxovelurisagan gansxvavebiT, modificirebuli fermenti peroqsidazas funqcias 
asrulebs. amgvarad, qimiuri modifikaciis gziT ujredi iZens ferments, romelsac 
erTdroulad qsenobiotikebis Jangva da agresiuli H2O2-is likvidacia SeuZlia. swored 
amaSi unda mdgomareobdes citoqrom P450-is peroqsidazad transformaciis biologiuri 
azri. 
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Chemical Modification of Cytochrome P450 

Summary 

For the last two decades, a very interesting phenomena, which is known as the phenomena of 
chemical modification of enzyme, has become the subject of keen interest of biochemists and namely 
of enzymologists. It is revealed by full or partial ceasing (inactivation) of enzymatic activity or by 
change (transformation) of the mechanism of activity. Especially are modified enzymes, connected 
with generation or realization of free radicals, oxygen active species and intermediates with high 
activity. In general, chemical modification is characteristic of oxidizing systems. 
Self-inactivation of enzymes can be discussed as “Apoptosis” (Greek “leaf fall”) – “Suicide” on 
enzymatic level, as during this process, enzyme, generating free radicals is destructed, and formation 
of products undesirable for cell is ceased instantly. There is a corroborative supposition that via 
modification, inactivation of enzymes must be inserted into the mechanisms of intracellular proteins 
circulation, which regulates move out of proteins molecules from the cell. This fact is very important 
in all situations linked with the release of redundants of xenobiotics and other medicaments from the 
organism. The oxygenic radicals have potential to modify amino acid residue, locating near enzyme 
active site and this reaction is very specific. The structural changes, evoked in the active site can 
induce conformation changes and intensify the sensitivity towards proteolysis.  
Inactivation of Cytochrome P450 in the process of catalytic cycle can be accomplished via different 
pathways. One of them is linked with the process of formation of active temporary substrates due to 
destruction of peroxy-complex of hemoprotein. Such reactive intermediates are free organic radicals, 
epoxides, N-oxides, S-oxides, aldehydes, ketones, etc. They are covalently bound with apocytochrome 
P450 and cause its modification. Such mechanism of inactivation is detected at oxidation of 
substrates, which inhibit enzyme irreversibly. Activation of reactive substrates is accompanied by 
formation of reactive metabolites, covalently bound with prosthetic group or apoenzyme. Substrates 
inducing cytochrome P450 inactivation via such pathway are called “suicide” substrates. The second 
mechanism of cytochrome P450 inactivation is linked with generation of oxygen active forms 
( −•

2O , •HO , H2O2), due to catalytic cycle on enzyme active site. It can be the result of uncoupled 
monooxygenase reactions, when NADPH reducing equivalents are not completely consumed for 
hydroxylation of endogenous or exogenous substrates. According to chemical nature of the substrate, 
inactivation of cytochrome P450 can be accomplished via following three mechanisms: 

1. Metabolites irreversible binding with apoenzyme; 
2. Metabolites irreversible binding with hem iron; 
3. Hem alkylation or destruction. 

The first and the third mechanisms can be combined. Modification as a result of hem destruction 
causes reversible inactivation, but modification of apoenzyme is irreversible. 
There is one significant difference revealed between self-inactivation of animal and plant cytochromes 
P450: The subject of chemical modification in animal hemprotein is an hem, but in plant apoenzyme 
is modified. In animal cytochrome P450 hem is fully destructed, the enzyme is damaged and looses its 
catalytic activity. Another picture is seen in case of plant cytochrome P450. Investigations of the 
authors of the presented work confirmed that hemoprotein is inactivated as a monooxygenase, but 
simultaneously acquires high peroxidase activity. This regularity is revealed at the conversion of 
cytochrome P450 into inactive cytochrome P420. In plants cytochrome P420 have the peroxidase 
activity! 
In such state plant cell, on the one hand, similar to animal cell avoids generator of aggressive 
intermediates as a cytochrome P450, and on the other hand, unlike the animal cell, the modified 
enzyme acts as peroxidase in plant cell. Via chemical modification the cell acquires enzyme, capable 
to oxidize xenobiotics and liquidate simultaneously aggressive H2O2. This must be the biological sense 
of transformation of cytochrome P450 into peroxidase. 
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Химическая модификация цитохрома P450 

Резюме 

На протяжении последних двух десятилетии предметом интенсивного исследования 
биохимиков и, в частности, энзимологов, стало весьма интересное явление, известное как 
феномен химической модификации фермента. Оно проявляется в полном или неполном 
прекращении (инактивации), или изменении механизма действии (трансформации) активности 
фермента. Модификации особенно подлежат те ферменты, функционирование которых связано 
с генерацией или реализацией свободных радикалов, активных форм кислорода и 
реакционноспособных интермедиатов. Если обобщить, феномен химической модификации, в 
первую очередь, характерен для оксидазных систем. 
Самоинактивацию ферментов можно рассматривать, как «Апоптоз» (по греч. – «Листопад») – 
«самоубийство» на уровне фермента, так как при этом процессе фермент, генерирующий 
свободные радикалы, выходит из строя, чем блокируется основа образования нежелательных 
для клетки продуктов. Существует убедительные доводы, что инактивация ферментов путем 
химической модификации включена в механизм оборота внутриклеточных белков, с помощью 
которого регулируется удаление белковых молекул из клетки. Это обстоятельство является 
весьма значительным для всех случаев, связанных с выведением из организма ксенобиотиков и 
избытка лекарственных средств. Кислородные радикалы способны модифицировать 
аминокислотные остатки, находящиеся в непосредственной близости активного центра 
фермента, и эта реакция весьма специфичная. Структурные изменения, возникшие в активном 
центре, могут вызывать конформационные сдвиги и повышение чувствительности к 
протеолизу.  
В процессе каталитического цикла инактивация цитохрома P450 осуществляется разными 
путями. Один из них связан с образованием активных временных субстратов, в результате 
разрушения перокси-комплекса данного гемопротейна. К таким реакционноспособным 
интермедиатам относятся свободные органические радикалы, эпоксиды, N-оксиды, S-оксиды, 
альдегиды, кетоны и др. Они в свою очередь ковалентно связываются с апоцитохром P450 и 
вызывают модификацию фермента. Такого рода механизм инактивации наблюдается при 
окислении субстратов, необратимо ингибирующих фермент. Активацию реакционноспособных 
групп субстратов сопутствует формирование реакционноспособных метаболитов, ковалентно-
связанных с простетическими группами или апоферментом. Субстраты, вызывающие таким 
путем инактивацию цитохрома P450, называются «суицидными». 
Второй механизм инактивации цитохрома P450 связан с генерацией активных форм кислорода 
( −•

2O , •HO , H2O2) на активном центре фермента при осуществлении каталитического цикла. 
Это может быть результатом несопряженных монооксигеназных реакций, когда 
восстановительные эквиваленты NADPH неполно употребляются на гидроксилирование 
эндогенных и экзогенных субстратов. Исходя из химической природы субстрата, инактивация 
цитохрома P450 может осуществиться тремя механизмами: 

1. Необратимое связывание метаболитов с апоферментом; 
2. Необратимое связывание метаболитов с железом гема; 
3. Алкилирование или деструкция гема. 

Возможно также комбинированное действие первого и третьего механизмов. Модификация 
гема при его повреждении вызывает обратимую инактивацию, тогда как модификация 
апофермента является необратимым процессом. 
Разница между самоинактивациями животного и растительного цитохрома P450 весьма 
существенна. В животном гемопротейне химической модификации подвергается гем, а в 
растительной – апофермент. Гем животного цитохрома P450 полностью разрушается, фермент 
выходит из строя и теряет свою каталитическую активность. Другое обстоятельство в случай 
растительного цитохрома P450. Исследования авторов представленной работы убедительно 
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показывают, что гемопротейн инактивируетсяб как монооксигеназа, но он при этом 
приобретает высокую пероксидазную активность. Эта закономерность проявляется на фоне 
конверсии цитохрома P450 в. В растениях пероксидазной активностью обладает цитохром 
P420!  
В таком состоянии растительная клетка, с одной стороны, как и животная, избавляется от 
генератора агрессивных интермедиатов – цитохрома P450, с другой стороны, в отличие от 
животного, модифицированный фермент выполняет функцию пероксидазы. Путем химической 
модификации клетка приобретает фермент, способный одновременно окислять ксенобиотики и 
ликвидировать агрессивный H2O2. Именно в этом и состоит биологическая суть трансформации 
цитохрома P450 в пероксидазу.  
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