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MMMYHHaA cucTtema — rnaBHbIv 3aWUTHUK
opraHuM3ma.

Kak Mbl MOXeM UCNONb30BaTb NPUHLUNbI K
MeXaHU3Mbl MMMYHHOW CUCTEMBbI ANA
yAyYLleHMA 3aluUTbl, UCNONb3YA
KOMOUHATOPHYIO XMMUIO U Buonoruio?



Hob6enesckana npemus 1908 r.
no ousnoniormm unm MmeguumHe
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1845-1916 ‘ [laynb Ipnnx
1854-1915

OTKpbIN Makpodarn B 1882 r. geayuwka

[enylika coBpeMEHHOW reMaTon0rMm, UMMYHOJOM UMK,
COBPEMEHHOI0 BPOXXAEHHOMO UMMYHUTETA

XMMuoTepanmm n hapMaKkosormm.



Jlym [lacTep Smusib bepuHr

1908r. Hobenesckaa npemua B 061actu 1901 r. Hobenesckaa npemuna B obiactu
dunsnonornm n megnLUUHLI bnsmonornm nu meagmumHbl
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27.12.1822, — 28 .09. 1895 15.03.1854— 31.03.1917



Cycymy ToHeraBsa
Hobenesckas npemunsa 1987
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YTO MmoryT agenaTtb aHTUTENA?

-CBA3bIBATb aHTUreH/naToreH
-pa3pyLuaThb



28.02. 1901 - 19.08.1994

JTannyc MNonuHr
Hobenesckas npemMus no xmmmmn 1954,
Hobenesckas npemmst Mmupa 1962



Teopusa nepexoaHOro COCTOAHUA

Uncatalyzed
Transition State

AR
’ ~

Catalyzed

Transition State Product

Enzyme *Substrate

Enzyme *Product

DG= uncat-DG™ cat = DG-DGg

or kcat/kuncat = Kw/K



Yunvam /icenkc

15 aBsrycta 1927 — 3 aHBapa 2007



KaTtanutnyeckune aHtutena (Abzymes)

AntiBodies
ENzymes
ABzymes



Hobenesckasa npemua 1984 r. «3a Teopmio cneym@PuUHOCTH
PA3BUTUA U KOHTPOJIA MMMYHHOWU CUCTEMbI U OTKPbITUE
npMHunna obpasoBaHnus MOHOKJ/IOHAJIbHbIX AHTUTEN».

Ce3zap MunbLUTENH [bxopax Kenep
1927-2002 1946-1995
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Proc. Natl. Acad. Sci. USA
Vol. 92, pp. 2145-2149, March 1995
Immunology

Unexpectedly high
and SJL mice imm
a linkage to autoi1

DaN S. TaAwFIK*T, RACHEL CH#

*Department of Chemical Immunology, The
University, Faculty of Medicine, P.O. Box 1.

Contributed by Michael Sela, November
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substrate

‘C ipm\ TpexMepHasi CTpyKTypa akTUBHOIO CanTa
enzyme anti-active site (Ab1)
A AHTUUIUOTUIINYECKOTO aHTuTena 9AL

ym)

pmdm,L J\_substrate

M

His H35 175'8//’

Ser H99 17E8
\-~

(\- ‘
4

V

| Hls H35 97 8, .

I

Ser H99 9A8

HanoxeHre aKTUBHBIX IICHTPOB
ACTEPOTUTUUECKUX a03UMOB 9A 8
(3enensnit) u 17E8 (cunuii). \ :

Vkazansl quaasl Ser99 - His35.

BonopoaHbie cBsI31 0003HAYCHBI
NYHKTUPHBIMU JIMHUSIMU

AHTI/II/II[I/IOTI/IHI/I‘IGCKOG AHTHUTCJIO K AKTUBHOMY LICHTPY

aHGTI/IHXOJII/IHBCTepEBI)I O6J'IaI[a€T CHOCO6HOCTBIO KOBAJICHTHO CBJiA3BIBATDH
(hochOopOopraHuvYECCKUE SIIbI sl e BSERT




KoBasenTHas cenekiusa MoIeKyasl reactibody nmpoTus
docopopraHnuyeCKUX HEpBHO-TIaPaIMTUIECKUX areHTOB

Phage-display
screening.
Reshetnyak et al, JACS 2007

Griffin.1 scFv library

Conversion of scFv antibodies into full-

size antibody
Kurkova IN et. al. Dokl Biochem Biophys. 2009.

NO2

X-phosphonate

-~ | Crystallization and
structural

Reactibody A17 o6pasyer pepMeHTONIOZOOHBIN aKTUBHBIH
IIEHTP C ITyOOKOM MOJIOCTHIO0 U HYKIEOPUIBHBIM OCTaTKOM

THUPO3HNHA Hd JHE KdpMdHad

Reshetnyak et al., JAm.Chem.Soc. 2007, Ponomarenko et al.
Acta Chrystal. D, 2014Smirnov et al. PNAS. 2011



A.17 antibody has unusual deep cavity with
nucleophilic tyrosine at its base

|

1. Smirnov, I. Kurkova et al, PNAS 2011



Mpea-cywecTBYOLWMA NPUMUTUBHBIN aKTUBHbBIV LEHTP aHTUTena A.17
cTepeocenekTMBHO B3anmoaencteyeT ¢ P(R)-n3omepom mMonekynbl ¢pocdoHaTa.

OP compound

Trp109
1. Smirnov, I. Kurkova et al, PNAS 2011,Ponomarenko et al A
Crystal. D, 2014, Smirnov et al. Chem. Biol. Inter. 2013.
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CO3PEBAHMUE
AHTUTEJI

IN SILICO




MZ
IgM Y B cells Follicle Mature follicular
B cells
IgD v
cD21 0
sii i
PRE-BCR-MEDIATED B B R
Bone marrow POSITIVE SELECTION X
. A

l I .‘\‘//’
?
Intermediate) —p [ | .10 pro-B |~ [ Large pre-8 |~ | Small pre-B | —» Immgture —» | Mature B
DH'TO‘JH VH'TO'DJH VL’TO‘JL

REARRANGEMENT REARRANGEMENT REARRANGEMENT o —
urrent Opinion in Immunology

Early
e -




HampaBnenHas 5BOJIONMS HOBBIX OMOKaTaIM3aTOPOB

substrates reactibody

S1 R oro
6pNP

in silica

(0]
S2 R2<jors
(})pNP

R4 \E/OR1
S3 OpNP ‘: o Ve
chemical design ' functional analysis
ITC data
X-Ray
enhanced reactivity

S1

in vitro

functional analysis

S3 Belogurov et al., FEBS Lett., 2012
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ITPUMEHEHHUE QM/MM:

PacnrmpernHpre BO3MOXHOCTH JJIA
HMHTAI[HH HECKOJIBKHX IT€PEXOJHBIX
COCTOSHHH H BEIOOpA OIITHMAIBHOH
OpHEHTAIJHH MAaTPHI[bI H IIPOAYKTA.



KoMOGUHaLUUA MHCTPYMEHTaNbHbIX U BblYUCNUTENIbHLIX METOA0B MOXKET
paccMaTpUuBaThCA Kak 3(pdexTuBHan CTpaTterna NonyvyeHUun
UCKYCCTBEHHbIX Guokatanusaropos de novo.

Modification Covalent intermediate Turnover

PR £ 5
! ‘\\ [ReAb--OP-X] —» [ReAb-OP--X] ‘!' ‘\‘

! ' b [
ReAb + OP-X / ’ \‘ J \ [ReAb-OP--NuH] /
— ReAb_oP 1 — \

\
\ ReAb + OP-Nu
[Nu_H+] --------
ReAb + OP-X < [ReAb--OP-X] — [ReAb-OP--X] - ReAb-OP ——— " [ReAb-OP--NuH] = ReAb + OP-Nu
X

Hybrid QM/MM
and MD
approach



MexaHusM rufiponmsa napaokcoHa Ig-mapaokcoHasoii.

HO-H 4 on HO-H 4 oH HO-H  hoH HO-H 5. H-OH
H o H—y’ .y s
4 Yo —= o Yo —= g.tftot —= o B,

yr37 03 Ty ¥ 08 Ty OQ) Ty gb

B e B E ke ke

N02 N02 N02 02
Ground State Complex Early Transition State Late Transition State Product Release
(GSC) (ETS) (LTS) (PR)

|
The QM computed mechanism of TS development for step 1 of WTIgP reaction with paraoxon; the classic

Sy2(P) mechanism with tbp geometry is initiated by early proton transfer followed in 5-20 fs by late TS O—-P
bond formation.



The in silico maturation scheme

ME! oTo6panu 23 aMHHOKHICIOTH, KOTOPBIe IIPU MyTaluu B Arg Moriu o6pasossiBaTh H-cBass (<3,2 A) ¢
docdaTHBIM pparMeHTOM IIapaOKCOHA.
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Experimental validation
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Combinatorial estimation

DTanbl palfMOHAIBHOTO OTPAaHUYeHU pa3Mepa O1OINOTeKu:

Orpanunuenue 10 11 mosgpHBIX OCTaTKOB U OrpaHUYeHNEe IIePeCTaHOBOK J0 YeThIpex 3a
paslIporpammupoBanme 7 amuHOKuCIOT-HoHOPOB H-CcBa3u (Arg, His, Lys, Ser, Thr, Trp, Tyr) u 3
mytanuii Glu, Asp u Ser nys oGecriedeHns o0IIETO KMCIOTHO-IEIOYHOrO KaTanusa 1yr37

Pacuersr QM/MM noxasanu:cucTeMsl ¢ MyTaliueil aHHOHHONM aMHMHOKMCIIOTHL He aBaIi KOBaJIeHTHOM

peakIMUHAWIYYllINe yCIIelTHble 3allyCKU ObUIH moxy4deHsl ¢ Arg, Lys u His B monoxenusax 35, 47
JIETKOH 1Ienu

Smirnov et al. Science Adv. 2016



Cuneprus QM/MM u MeTaguHaMHWKH ITO3BOJIZE€T TeHEPUPOBATh KaTA/IMTHYeCKHe BADUAHTHI aHTUTEJI C
BBICOKO# PeaKTHBHOCTBHIO ¥ CTEPeOCIIeM(PHIHOCTHIO.

QMMM Funnel metadynamics
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Mokrushina et al., PNAS 2020
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MESSAGE

KombuHamopHasa ceneKyus
nenmuoHbIX AHMU2eHOo8 0114
CO030aHUsA Hoabix Nooxoos CAR-
mepanuu

Stepanov et al. Science Adv., 2018

Jingi Huang, Stepanov Alexey et al. Leukemia, 2019



Autocrine-based selection of ligands that target lymphoma cells utilizing redirected CTLs
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Catalytic Chimeric Antigen Receptor for the Remote Control
Over Therapeutic T Cells

60% efficiency
OFF oN @ |
||||II
tunable

Covalent binding

Prepared folic acid-diketone
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folic acid-1,3-diketone

Cancer cell 38C2 catalytic antibody
with Folate Receptor CART cell
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AusKahn, DAS LEBEN DES MENSCHEN /Franckh'sche Verlagshandlung, Stuttgart /

Der Mensch als Industriepalast (Yenosek Kak npomsiwineHHbIl 08opey), LLiImymeapm, 1926 2. Xpomonumoezpagus. HayuoHanbHasA
mMeOuyuHcKasa bubauomeka. ®puy KaH (1888—1968) MooepHucmcKas susyanusayus KaHom nuuwesapumesnsHol u dbixamenbHol cucmem
KOK «MpOMbIUIeHHO20 080pYaA», HA CAMOM 0esle XUMUYEeCKOo20 3a8004d.
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