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NMoABMXXHOCTb — MacCLUTAObI

TepMquCKme kKonebaHus cBa3en u yrnos

AKT XMMUYECKOM peakumm

I'IepeKmoqume BOOOPOAHbIX CBsI3en B BOAE

N3meHeHne KoHdOopMaLmii BOKOBbIX pafnKanos

KoH@popMaLMOHHbIE NepecTporKM MOLBUXKHBIX
netenb

[pouecc cBa3biBaHWUS CybCTpaTa/anccoumnaumnm
npoayKTa

KoH(popMaunOHHbIe NepecTpomMKM JOMEHOB

donauHr

Mart. oxxugaHue BpeEMEeHU A0 XUMUYECKON peakuuun

(deMTOCEKYHAbI

deMTOCEKYHbI

[MkocekyHAbl

[uKocekyHabI

HaHocekyHAbl

HaHocekyHAbl

Mu KpPOCEKYHAbI-MUNNTUCEKYHObI

MWKPOCEKYHbI-MUAUCEKYHAbI

MI/IJ'U'IMCGKyH,EI,bI'LlaCbI



MopBUXXHOCTbL — KaK U3yyaTb?

ik N e

CnekynuMpoBaTtb Ha 3Ha4YeHuax B-dhakTopos

[lonyunTb 13 gaHHbIX AMP penakcaumm
JKCTPanoMpoBaTh U3 CTAaTUYHbLIX CTPYKTYP (MOP@UHTI)
N3yunTb rnaBHble KonebaTenbHble cTeneHn cBoboapl
[IlpoMogennpoBaTb METOAAMU MONEKYNSPHON ANMHAMUKM



MopuHr

[MTonynapHbI cnocob BM3yanu3aumum B CTaTbsIX HE-MOAENUCTOB

He HeceT noYTM HUKAKOW KOIMYECTBEHHOM VIHCI)OpMaLl,VIVI,TO}'IbKO BU3YyaJin3aLnA

NMA

AHanus rnasHbix konebaHun (Normal Mode Analysis)
BoluncneHme cmn, 4ENCTBYHOLLMX HA KAXKAbIM aTOM CO CTOPOHbI BCEX OCTalbHbIX
BblaeneHne oCHOBHbIX KonebaTenbHbIX cTeneHen cBoboabl

CaMble MeaieHHble cTeneHn cBo6oabl OTBEYAKOT CaMbIM BEPOATHbIM HAMNPABIAEHUAM
pa3BUTUA CUCTEMbBI B ANHAMUKE



A KaK Mbl MOX€EM paccymTaTb CUNbI?

Hy»XHO 3HaTb 3apAbl HA KaXXA0M aTOME, KECTKOCTb KaX A0 CBSA3M, YIna, TOPCUOHA, CUYy BaH-Aep-BaanbcoBbix

B3aMMOAENCTBUI ON9 KAXO0M napbl aTOMOB. Bua dyHKLMKM, 3a0at0Wein Kaxabli TUN B3aUMOLENCTBUS, U HYXKHbIE
3MMNUpPUYECcKne napaMeTpbl BMECTE Ha3bIBAKOTCS CUNOBBIM NOMEM.

e [lapameTpbl NnoabupatoTcs AN BOCNPOU3BEAEHUS MAaKPOCKOMUUYECKMX CBOMCTB (COXPAHEHME CTPYKTYpbI,

pagunyca rupaumm, NI0THOCTM BOAbI, TEMMEPATYpPbl KUNEHMS, KOOPANHALMOHHOIO YnCna MeTanna...)

e  (DyHKUMOHANbHas popMa NoaOGMPaETCS ANS HYXKHOIO YPOBHS BanaHca CKOPOCTH M TOYHOCTU CYETa



Perynauus

[1pu pabote c ntoboi 6enkoBo CTPYKTYpOMn B peasibHOCTU Mbl HA CAMOM Jene MMeeM
Aeno ¢ aHcambnem ee KoHGopMaumn.

BHewHMe cTUMyYnbl MOTYT COBUIaTb PaBHOBECUE B CTOPOHY TEX MU UHbIX
KOH(OPMaLUI:

CBsA3blBaHME HY)XHOI0 KOoakTopa
CBsi3blBaHWE noaxoasauero cybcrpaTta
dochopunmpoBaHue

[lpoTeonus

pH

CBsi3bIBaHME aNnnoCTepu4ecKMx MoaynaTopos



Apantaums K npaBuabHOMY cybcTpaTty

|jowy/jeay ‘ABiaus 9914 sqqIH)

Distance, A

E = AmiN(D202)*ATPsMg**
E* = AmiN(D202-H)*»ADPsMg**



CeneKTMBHOCTb aAE€HUNAT KUHA3DI

CUHUN -
OTKpbITas apo

dopMa

Cepbiv -
3akpbiTas holo
dopma c ATP

CHHWUI -
oTKpbITas holo
dopma c GTP

Cepbii -
OTKpbITag apo
dopMa



dukauum

Apantaumsa K KOBaJleHTHOM Moam

Anchor




[TapkuH (YyOUKBUTMH nnrasa, cepas) yzHaet GochopuUanpoBaHHbIA YOUKBUTUH (CUHUN),
a HeOoChHOpPUIMPOBAHHbLIN CBA3bIBAET rOPaA340 XYyXe
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Apantauus K paspesaHuio







Annocrepuyeckue MOAYNATOPbI
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Annoctepuyeckue MOAYNATOPbI

He Bcerna appekT oueBUAEH U3 KPUCTANNOrpa@uyeckmnx CTPYKTyp, Tak KaK CBA3biIBaHME
MOAYNATOpa BAMSIET HA AMHAMMYECKMe CBOMCTBA M aHCaMbb KOHbOPMaLMi, HO
KPUCTaNIn3auns BO3MOXKHa TONIbKO M3 KAaKOW-TO OQHOW KOH(MOpMaLmu.

Takke Mmopynaumsa nytem
COBUra HaCeNeHHOCTH
COCTOSIHMM BO3MOXHA Ha
nobOM M3 3TanoB BAO/b
peakuum.

|jowy/eoy ‘ABiaus 981} sqqIH

Distance, A

E = AmiN(D202)*ATP+Mg?*
E* = AmiN(D202-H)*ADPsMg?*
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Mouck annocrepuyecKkux CamTos

a C(Class B GPCR binding sites confirmed in structures

/e, "- ‘*‘

Class B GPCR T

i s KN X+ GPCRRAMP interface
S

148

Olcegepant

Ab antagonists CLR

Peptide binding site

Allosteric sites
CP-376395
MKO0893

NNCO0640

G protein H5

b Potential/predicted class B GPCR allosteric binding sites

Extracellular domain

r'\\. TM bundle/
m ECD interface
N2 Crosstalk
@ across dimers
< '

» . ;
; . Yeow ). OrthostericTM
:: binding site

DY — Intrahelical sites
__— PAM binding sites TM6

NAM binding sites

Dimer interfaces # Intracellular surface
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Mouck annocrepuyecKkux CamTos

fragment 1
site 6

site1 £ (777 /L ~ site 4
ketamine’) 2 Y '/s&
site 2 2+ 748 v (\N . Br- atom
——— s site 5
 Br-ethanol desflurane
site 7 4 Site 8
. Br- atom
ipid site 9
site 10

plus minus
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A KaK 310 BCe paboTtaeT-10?

Contact Matrix
1.67 0.83 0.17 1.03 1.67

0.83 1.57 0.67 1.45 0.33
0.17 0.67 1.70 1.64 0.36

Input: Protein 3D Structure
\ ) 1.03 1.45 1.64 2.00 1.25

1.670.33 0.36 1.25 1.97

Perturbation
Propagation Matrix

0.00 0.50 0.10 0.62

0.50 0.00 0.40/0.87 0.20

0.10 0.40 o.oo. 0.22
0.62 {I.,s?. 0.00 0.75
- 0.20 0.22/0.75 0.00

Output: Allosteric Coupling
Intensities (ACI)

[IBMXeHuns
OpTOCTEPMYECKOTO

M annocTepmyeckoro CamToB
CKOpPpenMpoBaHbl

YT1006bI 3TO JOCTUrANOCh,
LOJIKHBI ObITb MEXAHU3MBbI
nepenayun nHpopmaumu
yepes CTpyKTypy benka

[lpeanonaratoT Hann4ue
nyTen nepenayu
MHPOpMaLMn Yepes
CTPYKTYPHble BO3MYLLEHMS.
X MOXHO NonbITaTbCA
BblAENMTb HA OCHOBAHUM
CKOpPpeMpOBaHHOCTH
NBMXEHUN OCTAaTKOB BO
BpEMEHU MU aHANN3a

CTaTUYHbIX CTPYKTYP
19



A Kak 370 BCe paboraeT-T0?

b [
A/89 A119
ol Il
Importance
d 0 0.02 0.04 0.06 0.08 0.10 012 0.14 0.16 0.18 0.20

Start - A/87 - A/106 - End
Start - A/87 - A/89 - A106 - End "
Start - A/86 - A/B7 - A/106 - End GGG
Start - A/109 - A/108 - End NG
Start - A/86 - A/109 - A/108 - End NG
Start - A/86 - A/87 - A/89 - A/106 - End [IINEGTTNEGEGEG
Start - A/87 - A/106 - A119 - End N
Start - A/58 - A/94 - A/91 - A/89 - A/106 - End NN
Start - A/58 - A/94 - A/91 - A/89 - A/87 - A/106 - End [N
Start - A/87 - A/89 - A/106 - A/119 - End [N

Cepep OHM paboTaeT Ha cTaTMyYeCcKoM KapTe KOHTAKToB no ogHomy PDB

20


https://dokhlab.med.psu.edu/ohm/#/

[epepbiB
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3apaum MoaenupoBaHus

[penckasaHune CTPYKTYpbl, B KOTOPYHO
CBEPHETCS NOC/eA0BaTENbHOCTD

[lonyyeHne nHpopmaumu o
MNOABMXXHOCTM U KOH(OPOPMALIMOHHbIX
aHcaMbnax

[lonyvyeHne nHoOpMaLmMM 0 MEXAHU3MAX
NPOLECCOB N UX IHEPreTUYeCKnx
napaMeTpax

3apaum aoM3amHa

[Mogbop nocnenoBaTenbHOCTM ANS
peanu3auum 3a0aHHON QYHKLUK,
OMMCAHHOM Yepe3 MHPOopMaLMIo O

CTPYKTYype

22



[MpeackasaHue CTPYKTYpbl

MopenuposaHue no roMmonoruu
Ecnun ectb CTpyKTYpa y poACcTBEHHOMO 6enka, B34Tb €€ KakK TEMMNENUT M aAanTUPOBaThb

TpepuHr

Ecnn HeT cTpyKTyp pOACTBEHHbIX OENKOB, MOMbITATLCA " NPUMEPUTL’
nocnenoBaTenbHOCTb HA HAbOPp pa3nMyHbIX GOAA0B, NYYLWNI MCNONb30BaTb Kak
TeMMIenT

Knowledge-based donpuur
Mcnonb3oBaHue Kakon-nmbo nudpopmaummn ns PDB, HO HEe TEMNNENTOB LENTNKOM

A6-uHUWKO PonauUHr (M3 NepBbIX NPUHLIMIMOB)
He ncnonb3oBatb TEMNAENUT AU Kakmne-nmbo CTaTUCTUYECKME AaHHbIEe

23



Rosetta

PperMBOpPK AN HAaNUCaHUS NPOTOKOJIOB
MO NpencKkasaHuio CTPYKTYpbl (MCXOAHO)
W Ou3anHy (Bnocnencrenm) 6enkos

OcCHOBHbIe COCTaBNAOLLME:

bubnuoteka potamepos

bubnnoTeka 0CTOBHbIX reOMeTpuit

[lpouenypa reHepauum KOHGoOpMaumm
CKOPUHM-QYHKUMS NS OLEHKM 61aronpuaTHOCTH
KOH(pOopMaLum

e [Ipouenypa NpUHATMS/OTOPAKOBbIBAHMUS
KOH(pOopMaLum




Select residues using
ResidueSelectors

Define side-chain identity and

organization by TaskOperations

/’\

Mover

TN

ScoreFunction
evaluates
whether new
conformation
is accepted

o

ScoreFunction

New conformation
is created during a move

E.qw Lennard—Jones for attractive or repulsive interaction

E

é’-bond

elec
disulf

m

Hydrogen bonding allows buried polar atoms
Electrostatic interaction between charges
Disulfide bonds between cysteines

25



E

\ rotamer
EBBtorsion )
ESOW Implicit solvation model penalizes buried polar atoms

EBBto,sion Backbone torsion preferences from main-chain potential
otamer  Oide-chain torsion angles from rotamer library
E:'ef Unfolded state reference energy for design

E.qw Lennard—Jones for attractive or repulsive interaction
Ehbond Hydrogen bonding allows buried polar atoms

clec Electrostatic interaction between charges
Egsur Disulfide bonds between cysteines

26



Rosetta: ou3auH

[Mogbop Habopa cybonTUManbHbIX NOC/E40BATENbHOCTEN NOA 33a4aHHYIO CTPYKTYpPY

Yalle Bcero cTpykTypa onucbiBaeTcs Yyepes nonoxeHue octoa. Camblit NPUMUTUBHBIN
NpOTOKON paboTaeT C HEM3MEHSAEMBIM MONOXKEHMEM OCTOBA. bonee npoaBuHYTbIE MOTYT
ero c/ly4aliHblM 06pa3oM LIEBENIUTb UK MONHOCTbIO NepecTpamBaTh.

27



Ioun3auH
CBSAI3bIBAaHUS
ManbiX MONEKYN

IBP

z HO

» Solve \
—

D. Rosetta Contact Pool
RotamerSets Rotamers Rotamers
5 b
'§ )'.‘ <
o

-8y




UH CBA3bIBAHUA MaJlbIX MOJ1EKY

4

nu3sa

Match

Source




AusaiH dbepMmeHTOB: cTabunusauma TS

B B ot
a D H ;
O,N O,N " O,N CN
F— O X
N — N e

/ Mg

0. O's OH

HX
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AusaiH dbepMmeHTOB: cTabunusauma TS

7
L
H’N\(O N
—-—

2

co,
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AusaiH dbepMmeHTOB: cTabunusauma TS

Ynanocbk coenaTb HEeCKOJIbKO Ae-HOBO He ypoaetcs ynyywaTb yXXe nmetowmecs
bepMeHTOB (o9 peakLumn, He hepMeHTb!
MMEKLWLMNX CBOEro epMeHTa B
npupone): 1) Owwnbka s BblqmcneHmf cKopa
BbllLe, YEM OXMOAEMbIA pe3ynbTaT
1) Tonbko 1 cragma 2) WmMerwowmecs pepmeHTbl 3TO yxKe
2) Jlwboe ymcno > 0 = ycnex UTOI O,ONTOM 3BONOLMKN — NPOCTbIE
3) Crpyktypa TS nonydeHa ns KM pelweHns (HanpuMep, eANHUYHbIE
MOAeNMpOoBaHUS 3aMeHbl) ncyepnatol. Tpebyetcs
MaclWwTabHbIn peausanH
3) QueHb NpoCTO CIOMATb

He n3BecTHbl paboTbl N0 yCnewHoMy Ae-HOBO AM3anHYy GepMEHTOB A8 C/IOXHbIX
peakuumn (6onbwe 1 ctaguu, HanMume KohakTopoB/KOPEPMEHTOB)

32



OnTumMu3sauma cBA3biBaHUA

«PQL... ..PQQ..
-~ Immunogenic Gluten Epitopes ' b POl
«.PQQ... pOL il PQQ
~PQA.. QL @

Computational
Protein Design
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Collecting
sequences

EYPELIQILLODQUSNIEA
ENLQRISLLIeYUIDVTE
FINUWLEVLLNSOVDV T
OMVEVIAHLLQOMAFILTX
NTENEARY L DostiAlee Y

Backbone
generation

(Z_

Pseudo-symmetric
template

"_i k& YL
a8 ’}»{? \
N
Tty T

w0y &

Blade 1 SPSGVAVDSAGNVYVTSEGMYGRVWILATGSTGTTVLPFNGLY
Blade 6 TPLAVAVDSDATVYVADRG-NDRVVELT - - - -GQTVLPFTGID
Blade 4 DPOGVAVDNSGNVYVTDTD-NNRVVELEAESNNQULPFTDLT
Blade 5 APWGIAVDEAGTVYVTEHN-TNQUVKLLAGSTTSTVLPFTGLN
Blade 2 QPQGLAVDGAGTVYVTDF - -NNRVWTLAAGSNNQTVLPFDGLN
Blade 3 YPEGLAVDTQGAVYVADRG-NNRVVKLAAGSKTQTVLPFTGLN

Ancestral sequence

Consensus
sequence

Calculating
consensus

4
s

|
- e NN T PO BB wNm e

Repacking and
minimization

—_—

f

P R AT R TSR e W e

Side-chain
placement

—

Symmetrical
backbone

K{Eri;?&‘w;ﬁ :
s ;

Sequence
mapping

x
reconstruction .
RMSD

Blade & S

Blade 4 o, IR
Blade 1 \;&1?‘& \ );
Blade 5 ' ; 9»

Blade 3 N X ey

Blade 2
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Backbone-based de novo au3ainH

(]
™




OnTMMKM3aLMUA CBA3bIBAHUA KOMIIEKCA

RMSD

E

-520
-570

-620

Design score per sequence
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a-toroid DHR64 DHR10© DHR53 Honey-comb lattice




Class Average Projection

Density

39



Brian Koepnick, Jeff Flatten, Tamir Husain, Alex Ford, Daniel-Adriano Silva, Matthew J. Bick, Aaron Bauer, Gachua
Liu, Yojiro Ishida, Alexander Boykov, Roger D. Estep, Susan Kleinfelter, Toke Nergard-Solano, Linda Wei, Foldit

FOld It! Players, Gaetano T. Montelione, Frank DiMaio, Zoran Popovic, Firas Khatib, Seth Cooper and David Baker. De novo
protein design by citizen scientists Nature (2019).

[ ] ® Foldit - 1504: Large Monomer Design

d " ‘2.2%1
e CEFT TSI
x 5,000 - - B

X S —
$dNETLEE4dd

vi
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Josh A. Miller, Firas Khatib, Seth Cooper, Scott Horowitz. Introducing Foldit Education

FO '.d It ! E d u Cati o n Mode Nature Structural & Molecular Biology (2020).

WIGGLE uses a method called 'minimization’ to make
very small changes that reduce the energy of ycur
protein (increasing your score).

Back Next

41



FoldIt! Education

7105 of 8000

Ramachandran Map

This is the Ramachandran Map, or Rama Map. It '
shows the secondary structure of the protein in

terms of the two different angles that make up the
protein backbone, phi (x-axis) and psi (y-axis).

Back Next

ARG T

ARGININE
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Foldlt! Standalone

Robert Kleffner, Jeff Flatten, Andrew Leaver-Fay, David Baker, Justin B. Siegel, Firas
Khatib and Seth Cooper. Foldit Standalone: a video game-derived protein structure
manipulation interface using Rosetta. Bioinformatics (2017).
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CASP

Community Wide Experiment on the Critical Assessment of Techniques for Protein
Structure Prediction

e The High Accuracy Modeling category will include domains where the majority of submitted models are of sufficient accuracy
for detailed analysis. This category replaces the previous Template Based Modeling category.

e The Topology category (formerly Free Modeling) will assess domains where submitted models are of relatively low accuracy.
The Contact and Distance Prediction category will assess the ability of methods to predict contacts and inter-residue
distances.

e The Refinement category will analyze success in refining models beyond the accuracy obtained in the initial submissions. For
each target, one of the best initial models will be selected, and reissued as the starting structure for refinement.

e The Assembly category will assess how well current methods can determine domain-domain, subunit-subunit, and
protein-protein interactions. As in CASPs 11-13, we hope to work closely with CAPRI in this category.

e The Accuracy Estimation category will assess the ability to provide useful accuracy estimates for the overall accuracy of
models and at the domain and residue level.

e The Data Assisted category will assess how much the accuracy of models is improved by the addition of sparse data. Targets
for which such data are available will be re-released after initial data independent models have been collected, together with the
available data. Data types are expected to include crosslinking data and SAXS.

e The Biological Relevance category will assess models on the basis of how well they provide answers to biological questions.
Target providers will be asked to say what questions prompted the determination of the experimental structure. The usefulness
of the models in answering those questions will be compared with the that of the experimental structures.

44



a, D b
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80 S 4088 Othwer groups
3 3 3 :
o
£
[
:; &) . g
= ©
8 2l 2
A aa]
40 = t
0 CASPIZ ® CASPI3 ol 2
s CASPY e CASPY (T
e CASP3 CASPY +
2 CASPS CASPE s
CAS? CASPS U
CAS?9 s CASP 10 )
- CASP11 —— CASP12 0 Y T Y
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Easy Target Difficulty Difficutt TM-score cut-off

CopeBHOBaHMe, NPOBOAUTCS pa3 B 2 roga
ABTOpbI CTPYKTYP NpUOEPXKMBAKOT UX NYBAMKALMIO M OTNPABAAIOT Kak 3aaayun Ha CASP

prnnbl COpEBHYKOTCA B NMPEANCKA3dHUN CTPYKTYPbl NO NOCNEONOBATENIbHOCTU
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AlphaFold

(B TR

- 1A-¢SLI0LL

- £0-0660L

- ¢d-0660L

- 1d-0660L

- 1d-¢S8960.L

- £0-¢S€S60L

AlphaFold
Other groups

1UNOD UIBWO

o

1.0

-off

TM-score cut

NGL/W4 + NS

02 03 04 05 06 07 08 09

Target
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Tiled L x 7 1D sequence and profile features

AlphaFold
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AlphaFold2
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‘ & embed

Protein sequence
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AlphaFold u (He)peBontouus

He nonyyaeM HMKakom MHpOpMaLMKM O rpouecce GonanHra

Yto penatb c MeTaMophammu?

Yto penatb ¢ 6enkaMm, NPUMHUMAKLWMMKU CTaOUNBbHYIO YKNAAKY TONbKO NPU CBA3bIBAHMUM
C napTHepoMm?

YTo penatb C KobepMeHTaMmM U KopakTopaMm?
UTo penatb C NOABUXHOCTbLIO?

brac B CTOPOHY yXe M3y4yeHHbIX 6enkoB

49



NoueMy noMoraeT KO3BONHOLUA?

91% K03BONHOLMOHMPYHOLWMX OCTAaTKOB HEMOCPEACTBEHHO KOHTAKTUPYIOT XOTS Obl B
O4HOM NpeacTaBuUTeNe CEMENCTBA.
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ML B cTpyKTYpHOU BUonoruu

Kak MOXXHO MCNONb30BaTb CTPYKTYpbl ansg ML?

ConoctaBuTb pmum no3mumaM B nocneposatenbHoctn (1D geckpunTop)
ConocTtaBuTb MUK Napam No3numim: MaTpumua pacctosHum (2D peckpuntop)
KaptupoBaTtb ¢puum Ha noBepXxHOCTb (2D peckpunTop)

PaboTaTb CO CTPYKTYpOM Kak TakoBoM (Bokcenusaumsa: 3D peckpunrtop)

51



A (€) XeINYos V

(#°0) 3nodouq

(Z1S) pairauuod Ajjn4

(#'0) 3nodouq

(2) uijoogxen

(z'0) Inodoug

Conv 3D
64@26x26x26

Conv 3D
64@28x28x%28

Input voxel

32x32x32
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3apgaum ML: ddG

[penckasaHue U3MEeHEHUs B SHePrum GonamnHra npu BHECEHUU 3aMeHbI. 3a4EM:
MHCTPYMEHT A9 cTabunm3aumnmn NnpombilNeHHbIX pepMeHTOoB. [pobnemMa: BbIGOPKHU.
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