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Molecular	Mechanics,	Force	F.		

Protein	Modeling,	Analysis	and	Design	

PDB	to	Full	Atom	
Model	

Sequence-Structure	
Alignment	

Homology	
Modeling	

Loops	and	Ends	

Sampling,	Pred.	

Electrosta:cs	and	
Binding	Sites	

Ligand	Docking	and	Screening	

Combinatorial	or	de	novo	Design	

Effects	of	Muta:ons	and	SNPs	

Target	Predic:on	

3D-Docking	

Pocket	Scan	

3D	Ligand	Field	
Scan	

QSAR	
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Proteins	

Sequence	&	Features	
(Uniprot)	

SNPs	&	muta:ons		

Crystallography	(PDB)	

Chemicals	

Purchasable	Chemistry	
Vendors	(~20M)	

Metabolites,	Drugs,	
Environmental	Chemicals,	

Special	Sets	

Reac:vity/Toxicity	PaZerns		

Small	molecule	
crystallography	

Protein-Ligand	Interac:ons,	
Ac:vi:es,	Pockets	
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Front	End	

Interac:ve	
Desktop	Client	

Website	or	App	

Command	line	
tool	or	script	

Backend	

Laptop/	
Worksta:on	

Mul:core	Server	

Cluster	

Cloud	



Internal	Coordinate	Mechanics	for	
modeling&docking	biological	complexes	

X,		E(x,	y,	z)	

Newton	
F	=	ma	

	
Inefficient,	
Sample	in	IC	

					E(	ϕ	)	
					E	(	b,	α,	ϕ,	φ	)	

Lagrange/Hamilton	
L	=	T	-	E	
	
	
Efficient	stochas:c	
sampler	in	a	subset	
of	inter.	coordinates	

Energy, FF 
 
 
Dynamics 
 
 
 
Stochastic 
sampling 

Q	

with	Alex	Mazur,	1989	

with	Max	Totrov,	1992,94	

Harold	
Scheraga	



Square-Root	Sampling	
Deriva<on	of	op<mal	sampling	func<on	
Con<nuous	distribu<ons	
Zhou,	Abagyan,	1999,	chapter	in	
Rigidity	Theory	and	Applica5ons,	Kluwer	

Ab	ini<o	folding	of	pep<des	with	the	Op<mal	Bias	Monte	
Carlo	Minimiza<on	Procedure		
Abagyan,	Totrov	J.	Comp.	Physics,	1999	
Op:mal	Sampling:	discrete	states	



Fast	Conforma:on	Sampler	and	
Op:mizer	in	Internal	Coordinates	

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	
BoZegoni	G	et	al.	..mul:ple	receptor	conforma:ons	for	VLS.		PLoS	One,	2011,		Ac:vity	Cliffs	2015	

•  A	minimal	subset	of	
internal	variables	

•  Collec:ve	moves	
•  Op:mal	Square-
root	sampling	

•  Stochas:c	global	
op:mizer	with	
history	feedback		

	



D3R	Grand	Docking	Challenge:	2017	

ICM	

•  47	teams/methods	submiZed	docking	solu:ons	for	all	ligands	(dark	bars)	
•  ICM	was	the	top	performer	for	both	the	‘best’	pose	and	rank	1	pose	
•  40	conforma:ons	in	the	FXR	pocketome	entry		

Predict	the	
crystallographic	poses	of	
36	ligands	to	FXR	



Docking:	7	Types	of	Pocket	Flexibility	

•  Explicit	Side	Chains	in	LigEdit	and	_dockScan	
•  4D	Docking	/	Ensemble	Docking	
•  SCARE	(SCan	Alanines	&	Refine)	
•  NMA	or	ICM	Ligand-guided	pocket	varia:ons		
•  Full	ICM	simula:ons	with	custom	defined	
space	and	restraints	

•  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 

Giovanni	

Irina	

Max	



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	conforma<ons	
rather	than	a	single	leader	(2012)	J	Chem	Inf	Mod	

Ligand	Guided	
Model	Building	

•  ALibero	
•  Extension	of	_dockScan	



Prospec<ve	Predic<on	of	Agonist-Bound	
Pocket	and	Agonist	Binding	by	ICM	LGM	

Model	2007-09,	X-ray	2011	

•  Reynolds,	Katritch,	Abagyan,	Iden<fying	conforma<onal	changes	of	the	b2	
adrenoceptor	that	enable	accurate	predic<on	of	ligand/receptor	interac<ons	and	
screening	for	GPCR	modulators,		JCAMD,	2009	

•  Katritch,	Reynolds,	Cherezov,	Hanson,	Roth,	Yeager,	Abagyan.	Analysis	of	full	and	
par<al	agonists	binding	to	beta(2)-adrenergic	receptor	suggests	a	role	of	
transmembrane	helix	V	in	agonist-specific	conforma<onal	changes	J	Mol	
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	par<al	
agonist	ac<on	on	a	β1	adrenergic	receptor,	Nature,	2011.	

100%	iden:cal	contacts	for	ligand	core	
RmsdLIG_CORE=0.5	Å,	
RMSDpocket			=	0.9Å	

β2AR	agonists	comparison	4	years	later	



S:efl	et	al.	JCIM,	2015	



Scarab	

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

Big	Data	J	:	
•  Capture	and	Create	
•  Integrate	
•  Search	and	retrieve	



Three	in	One	

•  Worksta:on	GUI	Client	(eg	
ICM-pro,	Focus,	Scarab)		

•  ICM	based	backend	units	
(models,	screens,	homology)	

•  Mobile	or	Web	dissemina:on	



Training	
Videos	



Ligand	Editor	

Three	Point	Core	
Replacement	

Fragment	Linking	



Computa<onal	Fragment	Screen:	
Examples	of	high-confidence	fragment	poses	versus	real	ligands		

Phenol	fragments	in	PDB	1QKM	(ER)	
PDB	4KSP	(b-RAF	kinase)	



Covalent	Inhibitors:	screening	&	design	

Protease	with	a	covalent	inhibitor	screened	by	ICM	



From	Pocket	Analysis	to	3D	Models	
Cys-proteases	from	parasi:c	worms	

Kevin	Widmer,	Basel,	
Masterarbeit,	2016	
Collabora:on	with	
Conor	Caffrey,	UCSD	



Boundary	Element	(REBEL)	electrosta:cs	

Bennet	at	al.		An	electrosta<c	mechanism	for	Ca2+-mediated	
regula<on	of	gap	junc<on	channels.		Nature	Comm,	2016	
	
Totrov,	Abagyan.		Rapid	boundary	element	solva<on	electrosta<cs	
calcula<ons	in	folding	simula<ons:	successful	folding	of	a	23-
residue	pep<de.	Biopolymers.	2001;60(2):124-33	



ICM	pocket	Finder	
Jianghong	An,	Maxim	Totrov,	R.	

Abagyan.	(2005)	Pocketome:	
Comprehensive	Iden5fica5on&	
Classifica5on	of	Ligand	Binding	
Envelopes,	Mol.	Cell	Proteomics	



•  Color	Pocket	by	Residue	SC	
•  Occlusion	Shading	





Docking	to	the	Pocketome	

Kufareva	I,	et	al.	Pocketome:	an	encyclopedia	
of	binding	sites	in	4D.	Nucleic	Acids	Res.	2012	

www.pocketome.org	
Pocketome.ucsd.edu	

An,	Totrov,	Abagyan,	2005	

~3000	ensembles	



Drugs

MULTIPLE Drug Targets (the Pocketome)

Profiles of relevant Patient Cells

Optimal Match with one or few 
drugs

Substan<al		Mul<-target	Pharmacology	



Targets	of	Drugs	are	under-Discovered	
and	the	binding	is	under-Quan:fied	

3	targets	

4	targets	

DrugBank	
For	each	Drug	we	need	to	know:	
-  Drug	therapeu:c	concentra:on		

-  pDc	=	-Log10(	Dc	)	
-  Kd,	IC50,	EC50	to	the	target	
-  Toxicity	(LD50	values)	
-  	Drug-Drug	Interac:ons	

[TD]/[T0]	≈	D0/(Kd+D0)	
Number	of	concurrent	targets	



Chembl	
Database	

•  Example:	
Aci:vites	of	
Bosu<nib	
above	the	
trough	drug	
levels	+	a	
margin	to	
achive	>	75%	
inhibi:on	

•  	pDc+0.5	



Mul:-target	pharmacology:	friend	of	foe?	
Discovery	of	Useful	Addi:onal	
Ac:vi:es	of	Exis:ng	Drugs	

MTP	opportuni:es	
•  BeZer	drugs	for	a	specific	target	
•  Addi:onal	targets	for	specific	drugs	
•  Targets	for	a	drug	with	unknown	mechanism	
of	ac:on	



Dysregulated	Hedgehog	Pathway.		
Smoothened	Receptor	

Cyclopamine:	teratogen	from	
Corn	Lily.		
Hh-pathway:	embryonic	
development,	differen:a:on,	
cancer	



Conver:ng	Pocket	Ensembles		
with	Co-crystallized	Ligands		
into	Docking/Binding	Models	

•  Screening	for	a	real	mul:-target	profile	of	drugs	
•  Repurposing	drugs	or	reviving	abandoned	candidates		
•  Predic:ng	targets	of	hits	from	phenotypic	assays	
•  Predic:ng	adverse	effects	of	drugs	and	environmental	
chemicals,	addi:ves	and	metabolites	

2008,	Kufareva	et	al.,	JMC,	Profiling	Kinases	
2010,	Park	et	al.	JCAMD,	17	Nuclear	Receptors	
2014,	Chen	et	al.,	FMC,		37	Pocket/Ligand	Ensembles	
2016,	Lam	et	al.,	(MolScreen),		>3000	Models	
	
	
	

Pocket	Selec:on:		Rueda,	et	al.	2012,	Alibero,	JCIM	
	BoZegoni	G,	Rocchia	W,	Rueda	M,	Abagyan	R,	Cavalli	A.	Systema<c	
exploita<on	of	mul<ple	receptor	conforma<ons	for	virtual	ligand	screening.			PLoS	One.	2011	

From	Score	to	pKd	or	ΔG?	
-  Target	specific	Score	shiIs	
-  Re-trained	docking	Score	
-  Full	pKd	training	on	docked	poses	



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

DPC:	Docking	to	Pocket,	(343)	
•  Mul:-conforma:onal,	4D	
•  Template	assisted,	DP	
•  Selec:on,	single	cluster		
•  Pose	+	Class	plus	Ac:vity	(pIC50)	

DFZ:		Docking	to	Ligand	(504)	
Fields,	Z-Score	(normalized	docking	Score)	

DFA:	Docking	to	Ligand	Fields+Act	training	(1035)	
•  Pocket	driven	or		APF-Superposi:on	
•  Mul5ple	Clusters	
•  Pose	+	Ac:vity	(pP,	pIC50)	

KCC:	2D	Random	Forest:	(1139)	



~3000	MolScreen	Models	clustered	

31	



Individual	models:	performance	and	
training	details	

•  Load	Panel	->	Check	Model	Performance:	

Median	#	Training	Ligs:	270	
Median	external	Q2:	0.65	
Median	external	AUC:	96%	



Best	Docking	Pose	to	go	with	c-pKd	

33	

•  dfa,	dpc,	dfz	models	are	based	on	docking	
•  pKd	predic:on	based	on	random	forest	training	if	3D	

methods	fail	or	are	not	accurate	enough	



Discovering	MOA	with	the	Pocketome	
Parasi:c	flatworms	and	Praziquantel	

Praziquantel	target	screen		

•  Schistosomiasis:		200-400M	
•  Some	develop	CNS	symptoms	

•  Hyda5d	disease	(Echinococcus)	
•  Cys5cercosis:	brain/muscle	by	eggs	

and	larvae	of	the	pork	tapeworm	

•  Praziquantel	against	tapeworms	
and	flukes	(schisto:	single	dose)	

•  PZQ	is	extremely	well	tolerated.	
But	..	The	MOA	is	unknown	and	
resistance	is	imminent	 Collabora:on	with		

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



Docking	PZQ-R/S	to	343	4D	pockets	



Predic:ng	a	
human	target	of	
the	schistosomal	
drug	Praziquantel	

Collabora:on	with		
Pauline	Cupid,	Brian	Roth	
Charles	Cunningham,	
Jonathan	Marchant			
Nature	Comm.	(submiZed)	



Pep:de	docking	

MHC	Class	1	(8-10)			Class	2	(15-25)	

Ab Initio Prediction of Peptide-MHC 
Binding Geometry for Diverse Class 
I MHC Allotypes   (4D docking) 
Bordner, Abagyan,  Proteins, 2006 

Cross	docking	of	ILSAVGIG			



Bordner	AJ,	Abagyan	R	
Ab	ini<o	predic<on	of	pep<de-MHC	binding	
geometry	for	diverse	class	I	MHC	allotypes.	
Proteins,	2006	May	15,	63,	512-26	

MHC	1	pep<de	cross-docking:	
mul<ple	pocket	conforma<ons	

HLA-A	*0201	pep:de	binding	pocket	
• Grids	from	2	alterna:ve	conforma:ons	
• Full	BB	&	SC	Sampling	un:l	convergence	
• 	N-	and	C-	terminal	Hbonds	as	d.restraints		
• Atomic	refinement	



BeZer	ICM	Force	Field:	ICMFF	
•  First	ideas	:		ICFF	Seva	Katrich	et	al.	2003	
•  Current	QM-based	ICMFF:		

– SoIer	flexibility	model,	3-param	VW,	ε=2,	
beZer	combina:on	rules,	torsion	profiles,	..	

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

ICM	Scripts:	
•  _loopmodel	
•  _dockScan	
•  _mutant*	
•  _protDesign	



Difficult:	12-residue	pep:de	docking	

Performance:	1.5	hours	on	1	CPU	



LEADS-PEP:	A	Benchmark	Data	Set	for	
Assessment	of	Pep<de	Docking	Performance	
Alexander	S	Hauser	and	Björn	Windshügel	
J.	Chem.	Inf.	Model.,	2016,	56	(1),	pp	188–200	
	
Ilatovskiy,		Abagyan,	2017			(in	prepara:on)	

Pep%de	docking	
benchmark	performance		
	#correct	out	of	53	
•  AutoDock:	12	/53	
•  Vina:	28	/53	
•  Surflex:	29	/53	
•  GOLD:	28	/53	
•  ICM:	42	/53	



Pep:de	Docking	example:			
12-aminoacid	pep:de	2w10	



Qin	L,	Kufareva	I,	Holden	LG,	Wang	C,	Zheng	Y,	
Zhao	C,	Fenal:	G,	Wu	H,	Han	GW,	Cherezov	V,	
Abagyan	R,	Stevens	RC,	Handel	TM	
Structural	biology.	Crystal	structure	of	the	
chemokine	receptor	CXCR4	in	complex	with	a	
viral	chemokine.	
Science,	2015		
	
	
	

CXCR4	

Chemokine	

Structure	of	CC	chemokine	receptor	2	with	
orthosteric	and	allosteric	antagonists.Zheng	et	al.		
Nature	2016	
Structural	basis	of	ligand	interac:ons	with	atypical	
chemokine	receptor	3.	
Gustavsson	et	al.	Nat.	Commun.	2017	
	
	
	



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

Hybrid	modeling	&	docking	protocols	
•  Stochas:c	op:miza:on	of	a	system	in	internal	coordinates	(ICM)	
•  Explicit	Flexibility	of	tails,	loops	and	sice	chains,	plus	Masking	
•  Integrated	ambiguous	experimental	restraints	



ACKR3-Nterm	and	CxCL12	

Structural	basis	of	ligand	interac<on	with	atypical	
chemokine	receptor	3.		Gustavsson	et	al.,			
Nature	Comm,	2017			(collabora:on	with	Handel	Lab)	



Homology	Modeling	

•  Single	muta:ons	(geometry,	
stability,	ppi,	ligand	binding)	

•  Search	for	template(s)	
•  Structural	alignments/edits	
•  Including	Ligand	
•  Loops	&	Ends	
•  Refinement	



	Bioinforma:cs	&	Modeling	

Da	Shi,	Dmitri	Svetlov,	Ruben	Abagyan,	and	Irina	Artsimovitch 		
Flipping	states:	a	few	key	residues	decide	the	winning		
conforma<on	of	the	only	universally	conserved	transcrip<on	factor	
Nucleic	Acid	Research,	2017	(in	press)	

RfaH	
NusG	

RfaH	
NusG	

ICM	modeling	and	bioinforma:cs:	
•  Alignments	of	several	hundreds	

sequences	for	RfaH	and	NusG	
•  Calcula:ng	Profiles/Logos,	

Sequence	Entropy,	Conserva:on	
•  Building	3D	models	of	RfaH	
•  Calcula:ng	ΔΔG	of	muta:ons	for	

conserved	yet	different	sites	
•  Priori:zing	experimental	muta:ons	

RfaH	
NusG	



Conclusions	
• 	Small	drugs	have	extensive	mul<-target-
pharmacology,	it	must	and	used	in	matching.	We	
need	to	use	the	known	and	discover	the	missing.	
• 	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	simula:ons	and	fuzzy	
experimental	restraints.			
• 	Recent	progress	in	predic<ve	pep<de	docking	
and	scoring	enables	complex	applica:ons.	
• 		Drug-pa<ent	data	helps	with	targets	discovery	
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