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Tool Type

I Front End |

l Backend |

| Interactive |
Desktop Client

| Website or App |

| Command line |
tool or script

| Laptop/
Workstation

IMuIticore Serverl

Proteins

Chemicals

Sequence & Features
(Uniprot)

SNPs & mutations |

Crystallography (PDB)

Purchasable Chemistry
Vendors (~20M)

Environmental Chemicals,

Metabolites, Drugs, |
Special Sets

Reactivity/Toxicity Patternsl

Small molecule
crystallography




Internal Coordinate Mechanics for
modeling&docking biological complexes

Harold
Scheraga

Energy, FF X, E(x,v, 2)

Dynamics Newton
F=ma

Stochastic o

sampling Inefficient,

Sample in IC




Square-Root Sampling

Ab initio folding of peptides with the Optimal Bias Monte ampling function
Carlo Minimization Procedure S IS

Abagyan, Totrov J. Comp. Physics, 1999 1apter in

Optimal Sampling: discrete states lications, Kluwer

THEOREM. The optimal random guessing strategy mtmmzzmg “the average number of

guesses is to guess with relative frequencies f1 and f, so that 'I £ (x0ax?
=1
.ﬁz S_l (Nguesses) = S81/hH + S/ fo-
f2 52

», let us set the derivative of (
Proof. Let us calculate the average number of guesses Nyyeses Until the correct answer

is given, provided that previous guesses are forgotten and thus each guess is independent.  §, / f12 -8 / f22 =0,
If in our random guessing strategy the probability of a correct guess in a single trial is

f, and the successful result can be achieved through the first correct guess (p; = f), the

first incorrect guess and the second correct guess (p, = (1 — f) f), the first two incorrect S / 2 S / 2
guesses and the correct guess (pa = (1 — f)? f), etc., the average number of guesses reads 1/ fi =%8/1,

Nguesses =p1+2p>+3ps+--

=f+20=-F+30 = f +--+nd =)+ =1/, filfr = (81/8)"2.
order for the above equation to hold for any arbitrary function dfj, we have
f, x)=-% ,/S x),

where ¢’ is the normalization constant equal to I S, (x)dx.



Fast Conformation Sampler and

Optimizer in Internal Coordinates
Z g

U
* A minimal subset of 7‘”\ %’
\‘ Y4

internal variables
* Collective moves
* Optimal Square-
root sampling
* Stochastic global
optimizer with
history feedback

Abagyan R., Totrov M. 1994, ICM JCC, BPMC JMB, 1997 Ligand Docking, Proteins.
Neves et al., 2011: Top scoring pose: 91% <2A cognate docking for 165 tasks, 71% <1A
Bottegoni G et al. ..multiple receptor conformations for VLS. PLoS One, 2011, Activity Cliffs 2015




D3R Grand Docking Challenge: 2017

Predict the
crystallographic poses of
36 ligands to FXR

Grand Challenge 2
Pose - RMSD - Compound: AVG - Best

Compound: AVG Best  Average  Pose 1

1

10

» 47 teams/methods submitted docking solutions for all ligands (dark bars)
e |CM was the top performer for both the ‘best’ pose and rank 1 pose
e 40 conformations in the FXR pocketome entry
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Docking: 7 Types of Pocket Flexibility

* Explicit Side Chains in Ligkdit and _dockScan
* 4D Docking / Ensemble Docking |
* SCARE (SCan Alanines & Refine)

* NMA or ICM Ligand-guided pocket varial'ionsMax

e Full ICM simulations with custom defined ii
space and restraints

Giovanni

* Hybrid protocols

Bottegoni et al. 2008 “SCARE..” JCAMD

Bottegoni et al. 2009 “4D docking: a fast and accurate account
of discrete receptor flexibility ..”, JMC

Husby, Bottegoni, Kufareva, Abagyan, Cavalli. Structure-based

predictions of activity cliffs. J Chem Inf Model. 2015




Ligand Guided
Model Building

3D Structures e.g., x-ray, NMR, in-silico models

Receptor ensemble Flexible backbone (and/or) side chains

EN-NMA, Monte Carlo ° ALi b er O
""""""""""" * Extension of _dockScan

Virtual Ligand Screening

Flexible ligand — Static receptor
with training set (1:1 ratio actives:decoys)

PBS / Linux cluster

Monte Carlo reﬁnementx AMER@ O &= v
| All-atom w/ top actives — \ l /

P | w/ or w/o restraints O — \egée( “
7 . e

i b \(\é

S e ——— b - —}\ l / S /

//’/Fitness function:

————— >

threshold reached? “ SELECTION )
e.g., AUC, NSQ_AUC, EF, Docking Score SRR STEP ey,
X/a’i”

YES

: O

Bisson, Cheltsov et al. 2006, PNAS
Katritch et al. 2008, 2011, ++ GPCR agonist binding revealed by modeling..,

Rueda et al. ALIBERO: Evolving a team of complementary pocket conformations
rather than a single leader (2012) J Chem Inf Mod




Prospective Prediction of Agonist-Bound
Pocket and Agonist Binding by ICM LGM
Model 2007-09, X-ray 2011

ROC Plot for VLS of TM5 Shifted Models
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Reynolds, Katritch, Abagyan, Identifying conformational changes of the b2
adrenoceptor that enable accurate prediction of ligand/receptor interactions and
screening for GPCR modulators, JCAMD, 2009

Katritch, Reynolds, Cherezov, Hanson, Roth, Yeager, Abagyan. Analysis of full and
partial agonists binding to beta(2)-adrenergic receptor suggests a role of
transmembrane helix V in agonist-specific conformational changes J Mo/
Recognit. 2009 Apr 7;22(4):307-318

Katritch V, Abagyan. GPCR agonist binding revealed by modeling and
crystallography , Trends PharmacolSci, 2011 Sep 6

Warne, et al., Schertler G, Tate C, The structural basis for agonist and partial
agonist action on a B, adrenergic receptor, Nature, 2011.

B,AR agonists comparison 4 years later

100% identical contacts for ligand core
Rmsd, ;g core=0.5 A,

RMSD =0.9A

pocket



JOURNAL OF ‘
CHEMICAL INFORMATION
AND MDODELING pubs.acs.org/jcim

FOCUS — Development of a Global Communication and Modeling
Platform for Applied and Computational Medicinal Chemists

Nikolaus Stiefl,*" Peter Gedeck,* Donovan Chin,® Peter Hunt,! Mika Lindvall,* Katrin Spiegel,”
Clayton Splringer,§ Scott Biller,§ Christoph Buenemann,# Takanori Kalnalzawa,V Mitsunori Kato,§’V
Richard Lewis,” Eric Martin,™ Valery Polyalkov,l Ruben Tommasi,® John van Drie,” Brian Vash,®
Lewis Whitehead,® Yongjin Xu," Ruben Abagyan,O Eugene Raush,® and Max Totrov®

specifically Kenji Namoto, David Wayne Hughes, Paul Butler,
Gregory Landrum, Sandra Mueller, Joerg Muehlbacher, Finton
Sirockin, Simona Cotesta, Marc Litherland, Rajeshri Karki,
Yipin Lu, Robert Pulz, Catherine Leblanc, Sabina Pecchi,
Gabriel Gamber, Jay Knowles, Michael Dechantstreiter, and
Thomas Dice. We also thank Jose Duca for supporting the
project during the last three years. On the Molsoft side, we
thank Andrew Orry, Crystal Crawford, Levon Budagyan, Polo
Lam, Irina Kufareva, and Elena Arnauto v

) NOVARTIS

Stiefl et al. JCIM, 2015




Brian Marsden, SGC
David Damerell, SGC
Arman Sahakian, Molsoft

Big Data © :

Capture and Create

Integrate
Search and retrieve



Three in One

* Workstation GUI Client (eg
CM-pro, Focus, Scarab

CM based backend units
models, screens, homolo
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Training
Videos

MolSoft Webinar: Ligand Design
using ICM 3D Interactive Ligand...

1,695 views * 2 years ago

iMolview
3,743 views * 4 years ago

(11 Tube]

Wl g {
MolSoft Molecules in Silico

Home  Videos Playlists Channels Discussion About

Uploads

f " oy
5 ‘ Ve
XSed® e
: \( p N
1:14 3 .
ICM 3D Ligand Editor: Distance Ligand Editor - Ligand editing in

Restraints and Tethers in Docking 2D and commit changes to 3D.
17 views * 3 weeks ago 6 views * 3 weeks ago

Webinar: Ligand Design using the ICM Chemist Webinar - July 2015
ICM 3D Fully Interactive Ligand 176 views + 3 months ago
223v + 2 months ago

Explicit / Hybrid Docking: Fully
flexible side-chains in the ICM..

17 views + 3 weeks ago

Install MolSoft ICM Nodes for
KNIME
88 views + 11 months ago

ICM Molecular Editor Tutorial MolSoft - Fully Interactive 3D

e - m

How to re-dock a ligand using

Webinar: Molecular Graphics,
Movies, and Fully Interactive 3
293 views + 2 months ago

Webinar: Linking Protein
Structure, Sequences and..
161 views « 1 month ago

MolSoft MolCalcProp in KNIME

59 views + 11 months ago

4D Docking in the Ligand Editor.

169 views * 1 year ago

Introducing MolScreen from

Covalent Docking Tutorial in ICM-

166 views * 1 year ago Ligand Editor v3.8 MolSoft's ICM-Pro desktop.. MolSoft. Pro
254 views + 1 year ago 457 views + 1year ago 49 views + 1 year ago 486 views * 1 year ago
< ¥ - ’ o 1 |
5 r ~ - "
i - y w'rb K %’
oy | ?
— - P @&
T E 58:01 : 123
Protein Structure Modeling and Linking Protein Sequence to 3D Introducing ICM version 3.8 Molecular Graphics, Movies, and How to make a movie from a
Analysis Webinar Structure using the ICM... 563 views * 1 year ago Fully Interactive 3D Documents. series of slides.
1,872 + 1yearago 778 views 964 views * 1year ago 69 views *
| 5 - = A = = = . — = — —
| . e G L e . e
| " 3 0,
“'(}3?

HiH L 126
Alignment Annotation in ICM

76 views *

Highlighting Sequence Identity in
the Ligand Binding Pocket usin
140 views * 1 year ago

1 year ago

Webinar: Structure Based Lead
Discovery using ICM Virtual

MolSoft Webinar: Ligand Based
Lead Discovery using Atomic...
488 views + 2 years ago

Il L 305 |

Editing an Alignment in ICM

80 views + 1year ago

MolSoft Webinar: Ligand Design
using ICM 3D Interactive Ligan...

1,695 views * 2 years ago

Making Sequence Alignmentsin  How to dock to two molecules.
ICM - Linking Sequence and... 174 views * 1 year ago
1 year ago

301 views *

K e
1 ’
F) A .
P
iMolview ICM-Browser & ActivelCM
3,743 views + 4 years ago 698 views * 4 years ago



Ligand Editor
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Computational Fragment Screen: =

Examples of high-confidence fragment poses versus real ligands \

Bluish white -18.8 Red -22.7

p =0.055 p=0.011 Bluish white Purple Red
p=0.2 p=0.047 p=<0.005
PDB 4KSP (b-RAF kinase) N

Phenol fragments in PDB 1QKM (ER)

PN
o:(@ o=<”© {j



Covalent Inhibitors: screening & design

[ @ Define Covalent Ligand Modification P = ]
Dodking Project
coVDod - 2. Load reactions
e 1. Select residue
Modified Residue X Graphical Selection (1res) « .
. to be modified )
Reaction Covalent_Mechanisr v Load Default Reactions
Use All Reactions

R1 R
-

] RS ;;\:‘ o - ‘\R‘ R‘\R‘ 0
"2 A‘ = b “:"(,‘3” = ;z:(°
{ K R “’K
the reaction(s) that}
—_— e

ur screening ligands

= S Kﬁk"

(o J[ coms ]

Protease with a covalent inhibitor screened by ICM



From Pocket Analysis to 3D Models
Cys-proteases from parasitic worms

Kevin Widmer, Basel,
Masterarbeit, 2016
Collaboration with
Conor Caffrey, UCSD

1d=37 nSeq=22

QC. . .#.....##% . H NW.

Necpain 94 QCDS S VFKT N W

—1 Na CP6 102 QCSE TQATFKTGHA N W
—~Acan CP1 111 QCYQ L str[Nu

L Acey CP1 110 QCYQ L VYS T N W

Na CPS 111 QCMD LVSVFANBHE N W

Acey CP2 116 QCFK L MFDr[Nh

Na CP2 16 QCST r KFATNH

Na CP3 112 QCAG S ‘FGbNh

g Pl 10 QCSE G V”W

LNa CP4 10 HCSE G kFIIN\

Na CP7 100 QB VY N gntng

. Sman CP 94 QCLE 1 Fl.“N

1 CathB 102 QCDN : KFLI!NH

CathZ 83 QCGE 1 ‘I.AMNﬁ

133 QCKN . hFFtNu

133 QCDG - hFo‘Nﬂ

132 QCQN AFQ,L}M

B 132 QCEN . hFLnNh
CathH 135 QCHQ xmtnu

1 Cruzipain 19 QCSS - WM L NW
1 CathF 280 QCKM hmqn,ﬂ
CathC 252 QCQE . V FL L NHA N W




4 h <
Bennet at al. An electrostatic mechanism for Ca2+-mediated
regulation of gap junction channels. Nature Comm, 2016

Totrov, Abagyan. Rapid boundary element solvation electrostatics
calculations in folding simulations: successful folding of a 23-
residue peptide. Biopolymers. 2001;60(2):124-33



ICM pocket Finder

Jianghong An, Maxim Totrov, R.

Abagyan. (2005) Pocketome:
Comprehensive ldentification&
Classification of Ligand Binding
Envelopes, Mol. Cell Proteomics




e Color Pocket by Residue SC
* Occlusion Shading



IN THEORY THERE (S
NO DIFFERENCE.

BETWEEN THEORY MD
PRACTICE. IN
PRACTICE THERE (5,




Docking to the Pocketome

www.pocketome.org
Poc‘ketome.ucsd.edu

Moleculars
Cellular

Protfeomics

Volume 4, Number 6, June 2005 www.mcponline.org

In this issue

Kufareva |, et al. Pocketome: an encyclopedia
An, Totrov, Abagyan, 2005 of binding sites in 4D. Nucleic Acids Res. 2012

The pocketome




Profiles of relevant Patient Cells

v

v
Optimal Match with one or few
drugs

Substantlal Multl target Pharmacology



Targets of Drugs are under-Discovered
and the binding is under-Quantified

3 targets :

For each Drug we need to Know:

- Drug thérapeuﬁc concentration
- pDc = -Log,,( Dc)

- Kd, IC50, EC50 to the ta rget

- Toxicity (LD50 values)

- Drug-Drug Interactions

[TD]/[T()] ~ Do/(K<

4 targets

+D,)

30



Chembl
Database

Example:
Acitivites of
Bosutinib
above the
trough drug
levels + a
margin to
achive > 75%
inhibition
pDc+0.5

[ chembl_Bosutinib \/ Bosutinib_targets '\

o

=

2

16

20

24

28

32

36

40

44

48

52

56

60

64

68

72

76

80

84

88

92

96

100

i
uniprot_id ABL1_HUMAN

fullname Tyrosine-protein kinase ABL1
pact

uniprot_id LCK_HUMAN

fullname Tyrosine-protein kinase Lck
pact

uniprot_id
fullname
pact S

uniprot_id STK35_HUMAN

fullname Serinefthreonine-protein kina:
pact

uniprot_id MINK1_HUMAN

fullname Misshapen-like kinase 1
pAct S

uniprot_id YN_HUMAN

fullname Tyrosine-protein kinase Lyn
pACt | O

uniprot_id EPHA3_HUMAN

fullname Ephrin type-A receptor 3
pAct 8.24

uniprot_id MP2K5_HUMAN

fullname Dual specificity mitogen-activ
pAct 8.09

uniprot_id MP2K2_HUMAN

fullname Dual specificity mitogen-activ
pAct 8

uniprot_id EPHA2_HUMAN

fullname Ephrin type-A receptor 2
pAct 7.74

uniprot_id ERBB4_HUMAN

fullname Receptor tyrosine-protein kin
pAct 759

uniprot_id M3K2_HUMAN
fullname Mitogen-activated protein kin|
pAct 7.52

uniprot_id EPHB1_HUMAN
fullname Ephrin type-B receptor 1
pAct 7.48

uniprot_id IKK N

fullname  Inhifftor df nuclear factgakap

pAct 72

uniprot_id TYRO3_HUMA /
nase recep

fullname Tyrosine-protei
pAct 721

uniprot_id DMPK_HUMAN
fullname Myotonin-prote]
pAct 7.04
uniprot_id
fullname M

N
lactivated proté

pAct 7

uniprot_id DDRl_HUMAVN

fullname  Epithelial dischi co
pAct 6.92

uniprot_id DDR2_HUMAN
fullname Discoidin domain-containing r
pAct 6.85

uniprot_id STK4_HUMAN

fullname Serine/threonine-protein kina:
pAct 6.72

uniprot_id KC1D_HUMAN

fullname Casein kinase | isoform delta
pAct 6.62

uniprot_id TEC_HUMAN

fullname Tyrosine-protein kinase Tec
pAct 6.55

uniprot_id TAOK3_HUMAN

fullname Serinejthreonine-protein kina:
pAct 6.47

uniprot_id FER_HUMAN

fullname Tyrosine-protein kinase Fer
pAct 6.44

uniprot_id DUSTY_HUMAN

fullname Dual serine/threonine and tyr
pAct 6.42

uniprot_id M3K13_HUMAN

2
uniprot_id M4K5_HUMAN

fullname Mitogen-activated protein kin
pact

uniprot_id ERBB3_HUMAN

fullname Receptor tyrosine-protein kin
pact

uniprot_id GAK_HUMAN

fullname Cyclin-G-associated kinase
pAct —

uniprot_id BTK_HUMAN

fullname Tyrosine-protein kinase BTK
pact R

uniprot_id HCK_HUMAN

fullname Tyrosine-protein kinase HCK
pACt | A

uniprot_id SLK_HUMAN

fullname STE20-like serine/threonine-
pAct

uniprot_id STK10_HUMAN

fullname Serine/threonine-protein kina:
pAct 815

uniprot_id M4K4_HUMAN

fullname Mitogen-activated protein kin
pAct 8.09

uniprot_id M4K1_HUMAN

fullname Mitogen-activated protein kin
pAct 7.82

uniprot_id EPHA4_HUMAN

fullname Ephrin type-A receptor 4
pAct 7.74

uniprot_id EPHAS_HUMAN

fullname Ephrin type-A receptor 5
pAct 757

uniprot_id SIK1_HUMAN

fullname Serinefthreonine-protein kina:
pAct 752

uniprot_id MST4_HUMAN STK26_HUMAN
fullname Serinejthreonine-protein kina:
pAct 7.43

uniprot_id U| MAN
fullname Tyrosing-protein kinase receg
t ;

mpe? dl SIK3_HUMAN
fullngme  Serine/threonine-protein kina:

Iniprot_iQ®
fullname
pAct 6"

UMPBN
g ivated protein kin

e/threonine-protein kina:

fullnam® ing oni
e N‘(
uniprot_id Cl UMAN

fullname Dual specificity protein kinase|fullname Tyrosine-protein kinase Fes/F| fullname | Phosphorylase b

pAct 652
uniprot_id MAST1_HUMAN

fullname Microtubule-associated serini|fullname BMP-2-inducible protein kinas fullname

pAct 6.46
uniprot_id IRAK4_HUMAN

8
uniprot_id YES_HUMAN

fullname Tyrosine-protein kinase Yes
pact

uniprot_id SRC_HUMAN

fullname Proto-oncogene tyrosine-pro
pAct

uniprot_id FRK_HUMAN

fullname Tyrosine-protein kinase FRK
pact

uniprot_id ACK1_HUMAN
fullname Activated CDC42 kinase 1
pACt BT

uniprot_id BLK_HUMAN

fullname Tyrosine-protein kinase Blk
pACt BB

uniprot_id M4K3_HUMAN

fullname Mitogen-activated protein kin
pAct “

uniprot_id BLK_MOUSE

fullname Tyrosine-protein kinase Blk
pAct 814

uniprot_id EPHB2_HUMAN

fullname Ephrin type-B receptor 2
pAct 8.08

uniprot_id M3K19_HUMAN

fullname Mitogen-activated protein kin
pAct 78

uniprot_id MP2K1_HUMAN

fullname Dual specificity mitogen-activ
pAct 772

uniprot_id NTRK2_HUMAN

fullname BDNF/NT-3 growth factors rec
pAct 757

uniprot_id TNIK_HUMAN

fullname TRAF2 and NCK-interacting pr
pAct 75T

uniprot_id STK33_HUMAN

fullname Serinejthreonine-protein kina:
pAct 7.43

uniprot_id KSYK_HUMAN

fullname Tyrosine-protein kinase SYK
pAct 7.28

uniprot_id KIT_HUMAN

fullname Mast/stem cell growth factor
pAct 714

uniprot_id WEE2_HUMAN

fullname Weel-like protein kinase 2
pAct 7.03

uniprot_id KC1E_HUMAN

fullname Casein kinase | isoform epsilc
pAct 6.96

uniprot_id HIPK4_HUMAN

fullname eodomain-interacting prc

pAct
I HUMAN
ne Serine onine-protein kina:
6.77

6.68

MWy Of_id E2AK4 | iprot_id KC1A
H ™ 2 ha kifage GCN Ct fulhegn)
@ pAct .55
uniprot_id _HUMAN

pAct 6.48
uniprot_id BMP2K_HUMAN

pAct 6.46
uniprot_id ROCK2_HUMAN

4
uniprot_id ABL2_HUMAN

fullname Abelson tyrosine-protein kina
pact

uniprot_id FGR_HUMAN

fullname Tyrosine-protein kinase Fgr
pact

uniprot_id FYN_HUMAN

fullname Tyrosine-protein kinase Fyn
pact

uniprot_id M4K2_HUMAN

fullname Mitogen-activated protein kin
pact | BT

uniprot_id STK24_HUMAN

fullname Serinefthreonine-protein kina:
pACt BT

uniprot_id EPHB4_HUMAN

fullname Ephrin type-B receptor 4
pAct “

uniprot_id BMX_HUMAN

fullname Cytoplasmic tyrosine-protein
pAct 81

uniprot_id EPHA8_HUMAN

fullname Ephrin type-A receptor 8
pAct 8.05

uniprot_id EGFR_HUMAN

fullname Epidermal growth factor rece
pAct 7.74

uniprot_id NTRK1_HUMAN

fullname High affinity nerve growth fac
pAct 7.66

uniprot_id SIK2_HUMAN

fullname Serine/threonine-protein kina:
pAct 754

uniprot_id CSK_HUMAN

fullname Tyrosine-protein kinase CSK
pAct 7.49

uniprot_id TXK_HUMAN

fullname Tyrosine-protein kinase TXK
pAct 7.4

uniprot_id M3K3_HUMAN

fullname Mitogen-activated protein kin
pAct 727

uniprot_id MLTK_HUMAN

fullname Mitogen-activated protein kin
pAct 711

uniprot_id SRMS_HUMAN

fullname Tyrosine-protein kinase Srms
pAct 7

uniprot_id MERTK_HUMAN

fullname Tyrosine-protein kinase Mer
pAct 6.96

uniprot_id FAK2_HUMAN

fullname Protein-tyrosine kinase 2-bet
pAct 6.87

uniprot_id KCC2G_HUMAN

fullname  Calcium/calmodulin-depender
pAct 6.74

uniprot_id NUAK2_HUMAN

fullname NUAK family SNF1-like kinase
pAct 6.66

isoform alpha

uniprot¥id WHKG1_HUMAN
inase gamr
pAct

uniprot_i

6.47

PMYT1_HUMAN
mbrane-as

pAct 6.
uniprot_id STK3_HOMAN

fullname Interleukin-1 receptor-associ: fullname Rho-associated protein kinas|fullname  Serine/threonine-protein kina:

pAct 6.44
uniprot_id CSF1R_HUMAN

pAct 6.44
uniprot_id ULK2_HUMAN

pAct 6.43
uniprot_id ULK3_HUMAN

fullname Macrophage colony-stimulatir| fullname Serine/threonine-protein kina: fullname Serine/threonine-protein kina:

pAct 6.42
uniprot_id MYLK_HUMAN

pAct 6.35
uniprot_id LRRK2_HUMAN

pAct 634
uniprot_id WEE1_HUMAN

fullname Mitogen-activated protein kin fullname Myosin light chain kinase, smc/fullname Leucine-rich repeat serinejthr| fullname Weel-like protein kinase

pAct 632

pAct 631

pAct 6.3

pAct 6.29



Multi-target pharmacology: friend of foe?
Discovery of Useful Additional

Activities of Existing Drugs

MTP opportunities
* Better drugs for a specific target
* Additional targets for specific drugs

e Targets for a drug with unknown mechanism
of action



Dysregulated Hedgehog Pathway.
Smoothened Receptor

Cyclopamine: teratogen from
Corn Lily.

Hh-pathway: embryonic
development, differentiation,
cancer




Converting Pocket Ensembles
with Co-crystallized Ligands
into Docking/Binding Models

From Score to pKd or AG? 2008, Kufareva et al., JIMC, Profiling Kinases
- Target Speciﬁc Score shifts 2010, Park et al. JCAMD, 17 Nuclear Receptors
- Re-trained docking Score 2014, Chen et al., FMC, 37 Pocket/Ligand Ensembles

- Full pKd training on docked poses 2016, Lam et al., (MolScreen), >3000 Models

e Screening for a real multi-target profile of drugs

* Repurposing drugs or reviving abandoned candidates

* Predicting targets of hits from phenotypic assays

* Predicting adverse effects of drugs and environmental
chemicals, additives and metabolites

k ki Pocket Selection: Rueda, et al. 2012, Alibero, JCIM
AG/ ~ w,‘ E, Bottegoni G, Rocchia W, Rueda M, Abagyan R, Cavalli A. Systematic
/ k

exploitation of multiple receptor conformations for virtual ligand screening. PLoS One. 2011




Pocketome-derived Target Screen:
Docking-Model Types and Outputs

DPC Docking to Pocket, (343)

Multi-conformational, 4D
 Template assisted, DP
e Selection, single cluster
* Pose + Class plus Activity (plC50)

DFZ: Docking to Ligand (s04)
Fle|dS, Z-SCOre (normalized docking Score)

KCC: 2D Random Forest: (1139)

. Pocket driven or APF-Superposition
* Multiple Clusters
* Pose + Activity (pP, pIC50)




~3000 MolScreen Models clustered

A o

model NAME Wt NOFLG AUC  ClassAUC pKdAUC Q2 R2pkd RMSE |~lg & Tools\ /i€ Tree

59 dfaEsR2 |Estrogen receptor beta 3 1450 9398 9389 ND 060 058 0.6} e R S S S e e

60  dpcESR2  Estrog ptor beta 0 1450 BB.96 W0 sses o043 wD 07|87 rﬁg:‘;:i foe
61  kccESR2 lw receptor beta 49 1454 9425 ND 9619 055 ND  0.7) L ' 1459
@ 2 ° - - £SR2, 1450
63  kccMORY | i« ccESR2, 1454
64 _ dfaMDR1, 1032
= TkceMor1, 1274
6

AfaDu1l, 1757
TkccDM11,1757

]

g

o
o
I~

poptide Y receptor type 5
Transient receptor potential cation channel
P2X purinoceptor 7

@ G- @.| @ . table: 1967 rows, 23 columns (29 selected records); cluster tree: 421 clusters, size range(1-326)

583338
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Individual models: performance and
training details

e Load Panel -> Check Model Performance:

Html Documents 3]

mcpHERG_doc '\

Dataset

hERG inhibition only data was downloaded from ChEMBL18 and
ChEMBL20, they were converted to pIC50 value. Only compounds
with pIC50 > 5. (i.e. 10 micro Molar) were defined as positives.
90% of ChEMBL18 compounds were assigned to training set. The
remaining 10% of ChEMBL18 compounds plus the new unique
compounds in ChEMBL20 were assigned to external test set. To
the training set, additional inactive compounds from PubChem
assay: AID588834 was added as decoy. To the external test set,
approved drugs were added as decoy. The final training set
consists of 1557 actives and 4987 inactives (total: 6544 cpds).
Whereas the final extemnal test set consists of 341 actives and
2005 inactives (total: 2346 cpds).

Training

A random forest classification model was trained using the 6544
training set compounds. The AUC of the external test set of 2346
compounds was 91.6%; the Matthew's coefficient was 0.586.

Predicted Value

A predicted value >0.5 indicates higher probability of being a hERG
inhibitor. Users are advised to set their own decision cutoff based
on acceptable balance between sensitivity/precision in the ROC
curve table.

Median # Training Ligs: 270

Median external Q%; 0.65
Median external AUC: 96%

| Workspace Panel | Html Documents |

All_Models_kcc \/ All_Models_dfz \/ All_Models_dfa \/ All_Models_dpc \/ ADMET_properties \/ McpHERG_ROCs \

rateTP

901
80
70
60
501
40-
304
201
10/

["Header \/ Filter\/ [%¢ HERGclass .. \

<2-;B§ERGclass ROC, AUC:91.6%, EF at 1%FP:26.3

/—’

P

v 7

/

/’

10 2

0 30 40

50
rateFP

60

70

80

90 100




Best Docking Pose to g0 with c- pKd

[AlMarget \/T_test \/ T_tmppanel \/ modelPairwise \/ targetPair < |»| 3D Graphics

IpKd-‘-|Q
g
Iy
<
=
LRl N

. dfa dpc, dfz models are based on dockl_hg

e pKd prediction based on random forest training if 3D
methods fail or are not accurate enough

33



Discovering MOA with the Pocketome
Parasitic flatworms and Praziquantel

Schistosomiasis: 200-400M N )OH

 Some develop CNS symptoms &Np
Hydatid disease (Echinococcus) 0
Cysticercosis: brain /muscl e by eggs Carter Center—Assisted Praziquantel Treatments for Schistosomiasis

Nigeria, 1999-2009

1,200,000 -

and larvae of the pork tapeworm

1,000,000

800,000

Praziguantel against tapeworms 600,000

and flukes (schisto: single dose) 3B

PZQ is extremely well tolerated. 2°°'°°: s — .
But .. The MOA is unknown and
resistance is imminent Collaboration with

Pauline Cupid, Brian Roth
Charles Cunningham,
Praziquantel target screen Jonathan Marchant
Nature Comm. (submitted)




Docking PZQ-R/S to 343 4D pockets

Target

5-hydroxytryptamine receptor 2B
5-hydroxytryptamine receptor 2B
Muscarinic acetylcholine receptor M2
Muscarinic acetylcholine receptor M3
Kappa-type opioid receptor

D(3) dopamine receptor

Muscarinic acetylcholine receptor M3
Kappa-type opioid receptor

Delta-type opioid receptor

Muscarinic acetylcholine receptor M2
Adenosine receptor A2a

Adenosine receptor A2a

Delta-type opioid receptor

Beta-2 adrenergic receptor

Beta-2 adrenergic receptor

D(3) dopamine receptor
Corticotropin-releasing factor receptor 1
Corticotropin-releasing factor receptor 1

Code
5HT2B
5HT2B
ACM2
ACM3
OPRK
DRD3
ACM3
OPRK
OPRD
ACM2
AA2AR
AA2AR
OPRD
ADRB2
ADRB2
DRD3
CRFR1
CRFR1

pPvalue

1.48
1.18
1.13
1.12
0.81
0.79
0.78
0.76
0.45
0.48
0.39
0.82
0.23
0.05
0.55
0.68

Mol_pKd pKd_Error

6.33
5.88
5.81
5.80
5.26
5.22
5.20
5.16
4.25
3.54
3.44
2.41
ND
ND
ND
ND

1.44
1.44
1.24
1.20
1.28
1.28
1.20
1.28
1.23
1.24
1.26
1.26
1.23
1.27
ND
ND
ND
ND

Drug
(R)-PZQ
(S)-PZQ
(R)-PZQ
(R)-PZQ
(S)-PzQ
(R)-PZQ
(S)-PZQ
(R)-PZQ
(S)-PZQ
(S)-PzQ
(R)-PZQ
(S)-PZQ
(R)-PZQ
(R)-PZQ
(S)-PzQ
(S)-PzQ
(S)-PzQ
(R)-PZQ



J
<eh

(R)-PZQ

5-hydroxytryptamine receptor 28
S-hydroxytryptamine receptor 28
Muscarinic acetylcholine receptor M2
Muscarinic acetylcholine receptor M3
Kappa-type opioid receptor

D(3) dopamine receptor

Muscarinic acetylcholine receptor M3
Kappa-type opioid receptor
Delta-type opioid receptor
Muscarinic acetylcholine receptor M2

D

PZQ

e

(R)-PZQ

ol

(S)-PZQ

pPvalue pKd

(R)-PZQ

(s)-PzQ
(R)-PZQ
(R)-PZQ
(s)-PzQ
(R)-PZQ
(5)-PzQ
(R)-PZQ
(5)-PzQ
(s)-PzQ

(s)-PzQ

Figure 1

§ O 5-HT2A PZQ
0+ ~ 100 m 5-HT2B
i~ @ A 5-HT2C
o
S & 75 ]
- 2 L
0:.) @ 504 ™ | |
£ o
8 20 |]_: 254 1
© I [
o © {606 BHBHOLoBBBEHL OB
° 0 3 5 M
& A 5-HT2A
a ® m 5HT2B (R-PZQ
L 40 ~ 10091 O 5-HT2C
§ 75 n
o
Q. ™ u
E ; D 504 »
100+ . mm ¥ B
3 }:I—: 254 [ ]
3 T
2 w 2B RARBALARERRRARAKRA
g 5 0 3 ) EA
=2 .
s 3 A 5HT2A S)-PZQ |
= | < ol m sHT2B (5)-PzQ
5 509 o 3 O 5-HT2C
£ \ 5
g \ % 754 [e)
D 25 \ @ * L
T m  SB206553 = I
° ® PZQ -\.. e , . A
- o BaRABRRRAARARRARARNS
4 40 9 -8 7 6 5 4 3 10 3 % M

Log [Drug] (M)

Log [Drug] (M)

Predicting a
human target of
the schistosomal
drug Praziquantel

Collaboration with

Pauline Cupid, Brian Roth
Charles Cunningham,
Jonathan Marchant
Nature Comm. (submitted)




MHC Class 1 (8-10) Class 2 (15-25)
a2 (xl Bl (xl

Ad Al Docking flexible
a, .B B, phosphorylated peptide
to a repector

(PYLRVA to V-SRC SH2)

oss docking of ILSAVGIG

Ab Initio Prediction of Peptide-MHC
Binding Geometry for Diverse Class
| MHC Allotypes

Bordner, Abagyan, Proteins, 2006




MHC 1 peptide cross-docking:
multiple pocket conformations

HLA-A *0201 peptide binding pocket

*Grids from 2 alternative conformations
*Full BB & SC Sampling until convergence

* N- and C- terminal Hbonds as d.restraints
*Atomic refinement

Bordner AJ, Abagyan R

Ab initio prediction of peptide-MHC binding
geometry for diverse class | MHC allotypes.
Proteins, 2006 May 15, 63, 512-26



Better ICM Force Field: ICMFF

e Firstideas : ICFF seva Katrich et al. 2003
 Current QM-based ICMFF: I-CM_iCJLp;S;del

e dockScan

— Softer flexibility model, 3-param VW, €=2, . “utant*
better combination rules, torsion profiles, .. -protbesign

1 2 r ._
~ o -
0- —_yl <
| ‘ D
30+ i . ') i
. v ’ e .
j e . > DA - \ ‘
‘.\ 3 o
R
g0 s > :
d L ! o . | : s/
180+ - y f,a ~
™ ! |

1801502090 60 -30 0 3O 60 90 120150180
Phi

Arnautova, Abagyan, Totrov. RNA; 2015 (glycoproteins) and 2011 (loops,
peptides). All-Atom Internal Coordinate Mechanics(ICM) Force Field for
Hexopyranoses and Glycoproteins. J Chem Theory Comput. 2015

W




Difficult: 12-residue peptide docking

Performance: 1.5 hours on 1 CPU




pdb| ad1 ad2

31b9 08 05
3202 05 04
33gq1 09 14
33bs4 B3 05
320xw 13 0.8
41tw6 10 038
3vgg 26 28
Tuop 1.1 0.6
42 09 08
444 09 07
2npl 13 23
3 36 37
3nfk 28 33
Anvr 41 39
3| 48 50
Ster 48 24
1svz 34 51
3t
3dg] 49 45
3y 50

4nnr 57 54

3upv 3.0 47

N NN NNOOOOOoOU Lttt AN DN

vina1l

09
1.1

13
06
1.1

05
07
03
29
05
04
2.1

10
48
27
52
40
37
33
35
06
09

vina2 | surl sur2 ’ gl ’ g2 ’ g3 ‘ g4 ‘
04 02 03 03 02 03 04
08 13 55 05 05 04 04
09 05 03 08 04 06 06
04 04 04 07 03 04 04
11 250 83 07 10 07 22
sol7B 78 23 27 22 13
0 07 07 06 04 04 04
06 04 03 06 58 08 05
04 04 26 07 37 43 04
06 05 06 06 08 05 04
03 08 07 03 04 03 04
19 11 08 28 45 25 48
oolZBN 14 13 15 07
12 03 03 10 27 33 18
11 27 24 45 62 62 42
52 34 28 20 16 12 20
45 41 27 21 06 17 07
07 23 2307762 35 43 29
40 17 18 46 14 04 31
23 12 50 48 58 38 49
ool 67/l @8 o5 07 06 12
08 07 09 23 15 09 14
13 34 29 16 26

s 48 29 13

32, 54 45 07 14

06 16 22 38 35 51 34
12 06 10 55 3288 13
13 09 04 32 26 12 11
26 20 25 35 34 30 17

<G s

40

22
46
15
25
43
23
s/
23
45
g5
85

icm1
0.3
12
0.8
0.3
1.6
44
0.6
0.8
0.9
0.8
12
0.9
3.0
0.5
1.0

53

08
12
19
30
07
28
04
08

18

32
1.1

06

21
33
36
20
0.9
22

. 1.8
. 85

35
38
1.6
38
1.0
12
14
16
7/
03
37,
41

icm30 ’

0.2
12
0.8
03
1.6
17
03
1.0
0.7
0.8
12
0.8
0.9
04
1.0
52
0.5
12
15
27
0.8
1.1
0.6
0.9
1.0
04
0.9
0.3
26
04
41
0.6
1.0
1.8
1.6
19
17
43
19
0.8
04
0.5
47
0.5
0.9
03
0.9
12

Peptide docking

benchmark performance
#correct out of 53

* AutoDock: 12 /53

* Vina: 28 /53

* Surflex: 29 /53

* GOLD: 28 /53

* ICM:42 /53

LEADS-PEP: A Benchmark Data Set for
Assessment of Peptide Docking Performance

Alexander S Hauser and Bjorn Windshugel
J. Chem. Inf. Model., 2016, 56 (1), pp 188-200

llatovskiy, Abagyan, 2017 (in preparation)



Peptide Docking example:
12-aminoacid peptide 2w10




Qin L, Kufareva |, Holde
Zhao C, Fenalti G, Wu
Abagyan R, Stevens RC; H
Structural biology. C
chemokine receptor vc 4 in'ca

viral chemokine.
Science, 2045

y

)
&
d

/ &
Structure fo.Bhemokine receptor 2 with -
bt al.
&

orthosteric and allosteric antagonists.Zheng
Nature 2016 | :
Structural basis of ligand interactions with atypi
chemokine receptor 3%

Gustavsson et al. Nat. Commun. 2017

i
i\ SERA
)93{"‘“‘*



Hybrid modeling & docking protocols

» Stochastic optimization of a system in internal coordinates (ICM)
* Explicit Flexibility of tails, loops and sice chains, plus Masking
* Integrated ambiguous experimental restraints
Receptor

B C D

- —
grid potential masked full-atom,
(ensemble) flexible

Chemical fields

E
® 0 © @~
HB HB

charge lipophilic
donor acceptor

F Ligand
—
full-atom, full-atom,
rigid flexible

G Residue proximity restraints

O @ O

explicit other
disulfide

Kufareva et al., Stoichiometry and geometry of the CXCR4 complex with CXCL12: Molecular modeling and experimental validation. PNAS 2014
Kufareva, Handel, Abagyan , Experiment-guided molecular modeling of protein-protein complexes involving GPCRs, Meth Mol Biol 2015




ACKR3-Nterm and CxCL12

:CXCL12

CXCL12:CXCL12

e CCX777

Structural basis of ligand interaction with atypical
chemokine receptor 3. Gustavsson et al.,

Nature Comm, 2017 (collaboration with Handel Lab)




Homology Modeling

Single mutations (geometry,
stability, ppi, ligand binding

Search for template(s
Structural alignments/edits
Including Ligand

Loops & Ends

Refinement

ID=20% pP=8.4
cypsch
Inré a
Inré a

cypsch
inr6é a
1nré a

cypsch
1nré a
inré a

cypsch
1nré a
1nré a

cypsch
1nré a
1nré a

cypsch
inré a
inré a
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Recruitment at ops site

RNA

Excluding
NusG

= K ol Inhibiting

Recruiting
30S u ) Rho

'Y

ICM modeling and bioinformatics:

Alignments of several hundreds
sequences for RfaH and NusG
Calculating Profiles/Logos,
Sequence Entropy, Conservation
Building 3D models of RfaH
Calculating AAG of mutations for
conserved yet different sites
Prioritizing experimental mutations

Bioinformatics & I\/Iodeling

IRl )

RfaH ————- MQSWYLLYCKRGQLQRAQEHLERQAV 777777777 NCLAPMITLEKIVRGKRTAVSE
NUSGMSEAPKKRWYVVQAFSGFEGRVATSLREHIKLHNMEDLFGEVMVPTEEVVEIRGGQRRKSER
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Da Shi, Dmitri Svetlov, Ruben Abagyan, and Irina Artsimovitch
Flipping states: a few key residues decide the winning
conformation of the only universally conserved transcription factor
Nucleic Acid Research, 2017 (in press)



Conclusions

* Small drugs have extensive multi-target- S
pharmacology, it must and used in matching. We = " 5
need to use the known and discover the missing. T
* The Pocketome (~3000) pocket ensembles and
superimposed ligand can be used for Target
Screening via docking combined with machine
learning.

* Complex modeling challenges can be guided by
Internal Coordinate simulations and fuzzy
experimental restraints.

* Recent progress in predictive peptide docking
and scoring enables complex applications.

* Drug-patient data helps with targets discovery
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