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Genome Transcriptome Proteome

~20-25,000 genes - - -------- »  ~100000transcripts - - - - ------3  >1,000,000 proteins
Alternative promoters Post-translational

Alternative splicing modifications
mRNA editing
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VICTOYHUKN TETEPOreHHOCTH
NPOTEOMaA
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CKonbKo NpoTeodopmM COCTaBMAKT MPOTEOM

yerioBeka?r
[eHo TpaHCcKpUNTO [1poTeo
MO H M OHIT + Qa1+ AC +
[ AC [NMTM
~2x10% ~7x10%-6x10° ~6 x 10° +
reHo TPAHCKPUMNTO npoteodop
B B M
Human ~ 33 000 cnnanc-eapuaHTOB
tSMSS-PrO ~ 78 000 0OAHOAMWHOKUCIOTHbIX
Oct 2017 SaMEH
~53000T1TM
- Gaudet et al., 2017, Nucleic Acids Res - Ponomarenko et al., 2016, Int J Anal Chem

- Aken et al., 2017, Nucleic Acids Res - Aebersold et al., 2018, Nature Chem Biol
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KaTteropun [NTM

* 1. OrpaHnU4YeHHbIN NN KOHTPOIMMPYEMbIU
NpOTEe0NIn3, OCyLeCcTBNAeMbIN «BHELLUHEN»
npoTeason UN1 NnyTemMm aBToKaTtanusa.

« 2. KoBaneHTHoEe npmncoeanHeHne XMMN4YeCKnx
rpyrn K KOHUeEBOU aMNHO- NJTA Kap6OKCVIprI'II'Ie
norimnenTngHou Uerin.

3. [lpucoeanHeHne XMuMn4eCKnx rpynn K
OOKOBbLIM rpynrnam aMMHOKUCIIOTHbIX
octatkoB. Mogndukauunm aTom Kateropum
YCTaHOBIMEHbI AN 15 KAHOHNYECKNX
aMWHOKMCNOTHbIX OCTaTKOB



Tunbl NOCTTPAHCNALMOHHBLIX
MOANPUKaLIUA

Twun octatka Tvn moguukaunm

Arg - methylation MeTUnupoBaHue

Asn - N-linked glycosylation, rmukosunmpoBaHue
Asp - phosphorylation, pocdopunmpoBaHme

Cys - phosphorylation, hydroxylation, formation of

disulfide bridges, docdopunmpoBaHue, rmgpokcunupoBsaHne, obpasoBaHme ancynbMUaHbIX
MOCTUKOB

GIn - protein cross-linking by glutaminase, 06pasoBaHne MeXXMoneKkynapHbIx cessen (Gin-Lys) ¢
yyYacTMeM TpaHcrnytamassbl

Glu - methylation, carboxylation, MeTunpoBaHue, kapbokcMnupoBaHmne

Gly - hydroxylation followed by C-terminal amide

Formation, rugpokcunupoBaHne m obpasoBaHnemM C-KOHLEBOM aMUHOTPYyNnbI

His - phosphorylation, dooctopunmposaHmne

Lys - methylation, acetylation, ubiquitination, MeTUNMpoBaHune, aueTUInpoBaHue,
yOUKBUTUHUPOBaHME

Met - oxidation to sulfoxide, okMcneHme oo cynbgokcunga

Pro - hydroxylation, rugpokcunmupoBaHue

Ser - phosphorylation, O-linked glycosylation, dpocdopunmnposanHune, O-rnMko3nnNMpoBaHme
Thr - phosphorylation, O-linked glycosylation, dpocdopunupoanune, O-rnmko3nnmupoBaHme
Trp - C-linked glycosylation (mannosylation), C-rnMko3nnnpoBaHue (MaHHO3MNMPOBaHME)
Tyr - phosphorylation, doochopunuposaHune



[MocTTpaHCNAUMOHHLIE MOaAUMUKALMN OENAT Ha:
eMOAMdOUKaLMKN raBHOW Lienu;

— oTwenneHne N-KOHUEBOro octatka METUOHUHA,

— OrpaHNYeHHbIN NPOTeonn3 — yaaneHune parmeHTa 6ernka, KotTopoe
MOXET MPONCX0ANTb C KOHLUOB (OTLUENSIEHNE CUTHATBbHbIX
nocriegoBaTenibHOCTEW) UNK, B OTAENbHbIX CIyYasX, B cepeanHe
MONeEeKynbl (Co3peBaHNe UHCYNNHA);

— npucoeguHeHne pasnuyHbIX XMMUYECKUX rPynn K cBOBOAHBIM aMUHO-
n kapbokcunsHon rpynnam (N-aumnnpoBaHme, MMPUCTOUNUPOBAHUE U
ap.);

'MoandmKaumm DOKOBLIX LIENEN aMUHOKUCIIOT;

— npucoeguHeHne nnn otenneHne HebonbLMX XMMNUYECKUX TPy
(rmukosunmpoBaHue, pocdopunmposaHme u ap.);

— npucoegnHeHne NMnNnaoB U yrrineBo4opoaos;

— W3MEHEHMe cTaHOapTHbIX aMUHOKUCIIOTHBIX OCTATKOB Ha
HecTaHOapTHble (0ObpasoBaHMe LUNTPYIINHA);

— obpasoBaHne gmcynbduaHbIX MOCTUKOB MEXAY OCTaTKaMu LWMCTEUHA;

*ripycoegmnHeHne Hebornblunx benkos (CymounmpoBaHmne u
yOUKBUTUHNPOBAHME).
‘Mogundomnkauua rema gns remonpoTeNHOB
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MHorune 6enku n cekpetTmpyemble NenTuabl NpeTepneBatoT pasfnyHble
CTPYKTYPHbIE U3MEHEHUSA B pe3dyribTaTe KOTPAHCALMOHHbIX K
NOCTTPAHCNALUMOHHLIX MOoAuMuKauuii, T.e. BO BPEMSA UK Mocrie 3aBepLueHnd
X cuHTe3a pudbocomamun. OnmcaHo okono 200 pasnnyHbIX
NOCTTPaHCNSAUMOHHBIX MoaUUuKaunim 6enkos. Ponb 60nbLWMHCTBA 3TUX
MoaMdmKaLunn He BbISICHEHA; HEKOTOpPbIE U3 HUX ClyYanHbl U, NO-BUOMMOMY,
He UMelT PYHKUMOHASIbHOIo 3Ha4YeHUs, HO eCTb N Takne, KOTOPbIE BaXKHbI
014 XKXU3HW KITETKK, TaK KaK OHU TLLATEeNbHO KOHTPONUPYHTCA
cneunuyecknmMmn goepmeHTamu.,

Moaudukaunm nponcxogaT B aHAoMNIasmaTnydeckom petukynyme P u
annapare [onbaku. B aTux opraHennax , Hanpumep, epMeHThI
rMUKO3NNMpoBaHunst 400aBna0T K 6enkam CrnoXHble Lenn ocTaTKoB caxapos,
obpasys rmmMKonpoTenHbl. EANHCTBEHHbLIN M3BECTHbIN Cry4vaWn
[JIMKO3NIIMPOBAHUSA B LIMTO305€ KIETOK MIIEKONMUTaLWMX - 3TO AoDaBneHue K
6enkam N-aueTunrniokodammHa. OgHako MHOXECTBO APYrMX KOBareHTHbIX
MoamdmKauum NpoTEKAET B MNeEPBYIO oMepeab UMEHHO B LINTO30S1€.
HekoTopble U3 HMX cTaburnbHbl U HEODXOAUMBI AN aKTUBHOCTU Benka,
Hanpumep, KoBarneHTHoe npucoeanHeHmne KobepmMeHToB (BUOTUHA,

NMNOEBOW KNCNOTbI U NnpuaokcanbdocdaTa).
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[Tocne 3aBepLueHnst TpaHcnsaumm bonbLuas YacTb OernkoB
noaBepraeTcs ganbHENLLNM XUMUYECKUM MoaudpmKaumam,
KOTOPbI€ Ha3bIBAKOTCA MOCTTPAHCASALUMOHHBIMU MOoAUUKaLnamu.
3BeCcTHO Boriee ABYXCOT BapnaHTOB NOCTTPAHCMSLUOHHbIX
Moandukaummn 6enkos.

[ToCTTpaHCNAUMOHHbIE MOANdIMKALMN MOTYT perynmpoBaTthb

* NPOAOITKUTENBHOCTb CYLLECTBOBAHUA DESKOB B KNeTKe,

* NX PepMeHTaATUBHYO aKTUBHOCTb

* 1 B3aMMOOEUCTBUSA C ApYyrumMn denkamu.

B page cny4aeB NoCTTpaHCNAUMOHHbIE MOAUMUKaLUN SBNSOTCS
oba3aTenbHbIM 3TanoM co3peBaHuns berka, B NPOTUBHOM crly4vae
OH OKa3blBaeTcAa YHKLUMOHaNbLHO HeaKTUBHLIM. K npumepy, npu
CO3peBAHMN NHCYITMHA N HEKOTOPbIX APYrMX ropMOHOB HEOBX04NM
OrpaHUYEeHHbIN NPOTEONIN3 NONUMNENTUAHOW LEenn, a npu
co3peBaHnn 6enkoB nnasmaTndeckon MmembpaHbl —
[MUKO3NNNPOBaHME.



[NocTTpaHCcNAUMOHHbIE MoandUKaLMm MOryT ObITb
KaK LLIMPOKO pacnpocTpaHEHHbIMY,
TakK U pegKknMm, BMNOTb 40 YHUKATbHbIX.

[Ipmepom yHuBepCcanbHOU Mmoandukaymm
CIY>XUT YOUKBUTUHUPOBaHME (NPUCOEgNHEHNE K
Oenky uenn n3 HECKOSIbKMUX MOMNEKYIST KOPOTKOro
benka yOMKBUTUHA), KOTOPOE CNYXUT CUrHaNom
K pacLUEenreHnto 3Toro dbenka nporeacomon.
[lpyron pacnpocTtpaHeHHON Mogndukaumnen
ABMAETCA [MNKO3NNNPOBaAHNE — CYUTAETCH, UTO
OKOIO MNONOBMHbI DENKOB YeroBeka
[MNKO3NNNPOBAHO.



Peakune [NTM

K peaoknmv moandoukaumam OTHOCAT
TUPO3UHNPOBaHNE/OETUPO3INHUPOBAHNE U
nonurnMuunupoBaHue TybynuHa.

OanH 1 TOT e Bernok MOXeT NoaBepraTbC
MHOIOYMCNEHHbIM MoaudUKaunam. Tak,
[UCTOHLI (D6enkn, BxoasiLme B COCTaB
XpoMaTuHa Yy 9yKapuoT) B pasHbIX YCNOBUSAX
MOryT nogsepraTtbcsa bonee yem 150
pa3n4YHbIM MoaNdUKaL MM




ObLwaga nocrnegoBaTeNbHOCTbL MO YacToTe
BCTPEYaeMOCTU (OT OOSbLUErO K MEHbLLUEMY):

docdopunmpoBaHmne
aLleTunmpoBaHue,
N-rnmkosmnunpoBaHue
amMmaupoBaHme
MeTUNnMpoBaHue
rMAOpPoOKCUNMpoOBaHme
O-rnukosnnmpoBaHue
yOUKBUTUHNPOBAHME



Cpeau n3BeCTHbIX B HAacTosLlee BpeMsi Moandukaumm
onucaHa ofHa, Ype3Bbl4alHO BaXXHas A9 4OCTaBKu OEnKoB K
MeCTYy Ha3HadeHuq. [pucoegnHeHne XXUPHOU KUCNOThI K
benky HanpaensgeT ero K onpegeneHHsIM membpaHawm,
obpalleHHbIM B LIMTO30/S1b .

BaxxHou pyHKUMEeN DOCPONHO3IUTUAOB ABMHAETCA TakK
Ha3blBaeMas skopHaa PyHKUNS - K HUM MPUKPENIaoTCS
MHOIrOYMCNEHHbIE DENKM HAaPY>XHOW MOBEPXHOCTU KIETKN. [N
docdhonHO3NTUOOB, CryXXalmx AKOpeM MeMOpaHHbIX OENKOB,
XapaKkTepHO BbICOKOE coaepXaHne MUpUCTUHOBOW KUCOThI. B
SKOPHbIX oCcPOonHO3NTMOAX MHO3UTOSbHAsA YacTb Nunuaa
rmmkonmanpoBaHa. CBsA3b OENKOB C
doocdhonHoO3NTNArNMKAHaAMKM OCYLLIECTBAETCA Yepes
KOHLUEBOW 3TaHONMaMUH.

OnpepneneHHble KOBarneHTHble Mogndomnkaunm, nponcxogsiime
B LIMTO30s1e, 00paTUMbI U cnyXaT Ans perynsauum akTMBHOCTY

MHOrux 6enkoB. MHOrme KneTouHble NPoLEeCChl PeryrmpytoTcs
nvrem obnaTumvoro chocchonmninoOrRAHING -




[TprmMepbl PYHKUMOHANBHO-3HAYNUMbIX
[MTM

Lintoxpom P450 17A1, CYP17A1 (17a-
rmapokcunasa-17,20-nmasa) aBnsieTca Kno4yeBbiM
depmeHToM buocnHTesa aHgporeHoB. Lintoxpom P450
17A1 (CYP17A1) - oOuH N3 HEMHOIMX LIUTOXPOMOB P450,
y4yacTBYHOLNX B ODNOCUHTE3E CTEPOUIOB, KOTOPbIN
noaBepraeTca doocdopunuposaHuto. INpun aTom
npepgnonaraeTcs, YTo NOCTTPaAHCNALUNOHHAA
MoamnduKaums okasbiBaeT BIMAHME Ha KaTalins.
CYP17A1 kaTtanusupyeT 17a-rugpokcunupoBaHme
cTepoungHoro cybcrtpara (nperHeHonoHa nnm
nporectTenoHa) v nocnenvioltiiee oonazoBaHuve
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MexaHn3m oocopunnmpoBaHna, Katanm3npyembiv
KNHa30ou

Kinase catalyzed protein phosphorylation

ATP Kinase = ADP

Substrate o Substrate

® Phosphatase



MHorme n3 nocTrpaHCcnAUNOHHbLIX MogndUKaLnn
SBMAKOTCA KPUTUYECKUMU NS OMONOrn4eckom
aKTUBHOCTW NenTUAoB unn 6enkos.

B yacTtHocTK, KapbokcnmammgmpoBaHme C-KOHLIEBOIO
muunHa Gly akTuBUpYeT OKCUTOLIMH M BA30MNPECCUH ,
nepeHocC cynb@orpynnbl Ha OCTaToK Tyr B
XONELIMCTOKUHUHE-8 OKa3blBAETCH KPUTUYECKUM ON4A
NpoABIIEHNSA ero akTUBHOCTW B NO4XKenyao4yHOU Xernese.
N-AueTtunmpoBaHue beTa-aHaopdurHa ONOKUPYET ero
OMNMOUOHY0 aKTUBHOCTb, TOr4a Kak aueTunmpoBaHme
MEeNaHOUUTCTUMYNUPYIOLLLIErO TOPMOHAa YCUNUBAET ero
BIINSIHWE HA CUHTE3 MENAHUHOB .

[TocKOsbKY 6OMbLUMHCTBO 3TUX MoAudmKaLnm -
TKkaHecneumnduieckme, nentuabsl, obnagarowime
pa3nn4yHOn BMONOrM4YEeCcKon akTUBHOCTbLIO, AOMKHbI ObITb
OOCTaBMNeHbI K pa3nnyHbIM TKaHAM B BUAE
npeawecTBEHHUKOB, rae OHM NpeTepneBaroT




MeaouunHckue acnektbl [NMTM
oenkoB. Ponb NNTM B

aAnarHoCcTuke oonesHeun.

*OKncnuTernbHbLIN CTPecc U
NMOCTTPaAHCNALNOHHAA OKUCIIUTEeNbHasA
MoauduKauma BKIKOYEeHbI B NaToreHes
MHOrmx 6one3Heu, BKo4vasa cepae4vHo-
cocyaucTble 3aboneBaHusA



MeauuunHckue acnektbl [1TM
OenkoB

OOpa3oBaHMe HUTPOTUPO3UHA 4YaCTO
CBA3bIBaeTCA C cepaevyHoO-coCyaAnUCTbIMMU
3aboneBaHUsAMU, 3a0onNeBaHNAMM NErkux,
AnabeTomMm n HempopereHepaTUBHbLIMU
3aboneBaHuaMu (bonesHb Anburenmepa,
6one3Hb [NapKMHCOHA).

YOoukButTunmnpoBaHHble uutoxpombl P450 2C6,
2E1, 2J3 ObINn naeHTUcduMpoBaHbI NpuU
UwemMumn cepaevyHou Mblilubl



MeaunuuHckue acnektbl [1TM
oenkoB. Ponb NMTM B
.06paAMIATHOCTUKE OOrie3Hen

doocdopunupoBaHue/gedpocdopunmpoBaHme
benkos - pewatowium Tun NTM ans
perynmpoBaHunga pasnnyHbiXx yHOaMeHTanbHbIX
KIMETOYHbIX NPOLIECCOB, TaKMX KaK POCT KNETOK,
MeTabonn3m 1 TpaHCcayKUuMsa curHana.
ObpaTtnmoe cbocchopunmpoBaHme benkos
OTBETCTBEHHO 3a perynnpoBaHmne aKCrnpeccum
reHa,

‘nponudoepaLmio KNeTok,

*andpdpepeHUnpoBaHme,

*TPaHCAYKUMIO CUrHana,

'‘MeTabonnam,

*anonTos,

*FOMEOCTa3, KNETOYHYIO nepeaadvy curHarnoB U



ObpaTtnmoe
doocopunmnpoBaHmne/gedochopunnpoBaHme
benkoB NPUBOAUT K UBMEHEHUSIM B CTPYKTYpPE,
aKTUBHOCTU, N USMEHEHUID Dernok/6enkoBblX
B3aMMOOeNCTBUN UM B3aMOOEUCTBUN
bernok/nuraHa B npegenax o4eHb KOPOTKOro
nepuoaa.



MeauuunHckue acnektbl [MTM 6enkos. Ponb NMTM
B AMArHOCTUKe bone3Heun

* [ MMKMPOBAHHbLIN reMorfiobuH cBsisaH C
* pasBuUTMEM amnaberta.

* [1pn pasBuUTUKN cepaevHO-CoCyancTomn NemMmnm
* YBENMNYMBAETCS KOHLIEHTPALMS

* YOUKBUTUHUITMPOBAHHOIO

* yutoxpoma P450 2C6, 2E1 n 2J3.
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ARTICLEINFO ABSTRACT

Four heme peroxidase superfamilies arose independently in evolution. Only in the peroxidase-cyclooxygenase
superfamily the prosthetic group is posttranslationally modified (PTM). As a consequence these peroxidases can
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Chapter 13

Cocaine and Posttranslational
Modifications of Neuronal Proteins

J.-A. Girault™**

! Inserm. Paris, France. *Universit’ Pierre et Marie Curie. Paris France, *Instisa du Fer d Mouin, Paris, France

SUMMARY POINTS

Cocaine activates phosphorylation pathways by stimu-
lating dopamine receptors.

Cocaine inhibits protein phosphatase-1 through phos-
phorylation of its inhibitor, DARPP-32, by cAMP-
dependent protein Kinase.

Chronic cocaine increases DARPP-32 phosphorylation
by Cdk5 which turns it into an inhibitor of cAMP-
dependent protein kinase. This makes DARPP-32 a
switch that enhances or decreases cocaine-induced
phosphorylation, depending on its own
phosphorylation.

Extracellular signal-regulated kinase (ERK) is acti-
vated by cocaine in neurons of the striatum, prefrontal
cortex, and extended amygdala, a step necessary for
several long-term behavioral effects of cocaine.

In striatal projection neurons ERK activation signals
the coincident activation of glutamate inputs (NMDA
receptors) reporting sensorimotor state and dopamine
inputs (DI receptors) reporting reward prediction error
or saliency.

Other protein kinases including Ca*" /calmodulin-
dependent protein kinase II. Akt. GSK3. and mTOR
may mediate some behavioral effects of cocaine.
AMPA and NMDA glutamate receptors are phosphor-
ylated in response to cocaine and this phosphorylation
increases their function and surface expression.

Many of the signaling pathways activated by cocaine
converge to the nucleus where they regulate phosphor-
ylation of various transcription factors, and thereby
expression of many genes.

Cocaine regulates postiranslational modifications of
histones including phosphorylation, acetylation, and
methylation, which influence gene expression.

The Newroscionc ¢ of Cocaine. DOL: Mtp: /M deiong/ IR 10EYEA 1203708000 20
© 2007 Bsevier lec. All rights mieval.

The effects of cocaine on posttranslational modifica-
tions vary depending on the cell type. They can be,
e.g.. in opposing directions in striatal projection neu-
rons which express the D1 or D2 dopamine receptor.

Many effects of cocaine on postiranslational modifica-
tions differ depending on the mode of cocaine adminis-
tration (acute, chronic, self-administration) and some can
be triggered by withdrawal or cocaine-associated cues.

KEY FACTS

Cocaine activates intracellular signaling pathways
mostly by stimulating dopamine receptors.

The stimulation of dopamine receptors in combination
with the activation of several other receptors. including
glutamate receptors, accounts for the acute effects of
cocaine.

Intracellular signaling pathways also lead to changes
in gene expression and in chromatin modifications that
are implicated in long-lasting effects of cocaine.

LIST OF ABBREVIATIONS

AMPAR

BDNF
CaMKII
Cdks
CK2
CcpP
CREB
DIR

a-amino-3-hy droxy-5-methyl-4-isoxazolepropionic acid
receptor

brain-derived newrotrophic factor
Ca®*/calmodulin-dependent protein kinase IT
cyclindependent kinase 5

casein kinase 2

conditioned place preference

cAMP-response element binding protein

D1 dopamine receptor

D2 dopamine receptor

32-kDa dopamine- and c AMP-regulated phosphoprotein

extracellular signal-regulated protein
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B nocieanne AecATUICTHS HCCICIOBAHIS MOICKYISPHBIX OCHOB PAa3BHUTHS COLMAIBHO 3HAYMMBIX 3a00NeBaHHI caeTaIn
Oonbuioii mar Bnepea Onarogapst pasBUTHIO BbICOKONPOM3BOAMUTEIbHBIX METOAOB TCHOMMKH U MPOTCOMHKH.
MHOro4HcICHHbIC HCCICAOBAaHHSA B paMkax raobanbHoil mporpammbsl “TIpoTeom uenoBeka” ObLIM HamnpaBlICHBI
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OCHOB OHKOJIOTHYECKHMX 3a0ojeBaHuil, a Takke MPHUBEACHBI MPUMEPBl, KOrjAa MOAM(MHLHMPOBAHHBIC OCIKH BHOCHT
HETIOCPEICTBEHHBIH BKIaA B MX pa3BuTHe. CKpUHUHT TakuxX 3HaunMbIX [1TM nmpumensiercst a1s IMarHOCTHKH M BbIOOpa
METOJOB JICUCHHSL.
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