q ) y " - %

»

Integrative modeling of
biomolecular complexes

Prof. Alexandre M.J.J. Bonvin
Bijvoet Center for Biomolecular'Research
Faculty of Science, Utrecht University
the Netherlands

a.m.j.j.bonvin@uu.nl

N

Solution NMR: 950, 900-cryo, 750, 600-cryo, 600US, 2x500 MHz 2017?: 1.2 GHz
Solid-state NMR: 800WB-DNP, 400WB-DNP, 700US, 500WB MHz

e-infrastructure: >1900 CPU cores + EGI grid (>110°000 CPU cores)
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The protein-protein interaction Cosmos




Adding the 3" dimension

((( Experimental Structures Computational Models )))

. . Homology
Peptlde-m.edlabd Model . Modeling
Interactions . e

Biomolecular

Domain-domain Docking

Interactions

Hybrid
Modeling

Macromolecular *’ \ .
Complex

for the sameo protein
7\

Strucaires showng g
muttiple conformanons

Stein et al. Curr Op Stuct Biol. 2011

y?% Universiteit Utrecht [Faculty of Science

Chemistry]

Structural coverage of interactomes

Unique interactions in interactomes

e ~7,500 binary
interactions in E.coli

e ~44,900 binary
interactions in
H.sapiens

E.coli H.sapiens

Statistics from [J with complete structures

Interactome3D
(2013-01) [0 with partial (domain-domain) or complete models
Mosca et al. [l with structures for the interactors (suitable for docking)
Nature Methods
2013 [ without structural data
éﬂl% Universiteit Utrecht [FaCUIty of Science
@‘§ Chemistry]
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Molecular Docking

miversiteit Utrecht [Faculty of Science
Chemistry]

Methodology
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Data Integration during Sampling

Global Search Information-driven Search
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’ég% Universiteit Utrecht [Faculty of Science
w Chemistry]

What is Integrative Modeling?

NMR Titrations  Cross-linking RDC, PCS Bioinformatics

[N EFRGSFSHL

‘ ¥ EFEGAFQHV
‘N & EFEPSYPHI
HID Exchange oy b Mutagenesis
& INTEGRATIVE & 88 MODELING

PRE, EPR, FRET @
N . cryo-EM, SAXS

M Universiteit Utrecht [Faculty of Science

w Chemistry]
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Why integrative modelling?

For Experimentalists
v New hypothesis to drive experiments
v’ Speed up structure determination

v Increase our understanding of function

For Modelers
v" Decrease high false positive rate

v’ Ease accu racy assessment

[Faculty of Science
Chemistry]

Universiteit Utrecht

N
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Related reviews

e Halperin et al. (2002) Principles of docking: an overview of search algorithms
and a guide to scoring functions. PROTEINS: Struc. Funct. & Genetics 47, 409-
443,

e Specialissues of PROTEINS: (2003) (2005) (2007) (2010) and (2013), which
are dedicated to CAPRI.

e de Vries SJand Bonvin AMJJ (2008). How proteins getin touch: Interface
prediction in the study of biomolecular complexes. Curr. Pept. and Prot.
Research 9, 394-406.

e Melquiond ASJ, Karaca E, Kastritis PL and Bonvin AMJ] (2012). Next challenges in
protein-protein docking: From proteome to interactome and beyond. WIREs
Computational Molecular Science 2, 642-651 (2012).

e Karaca Eand Bonvin AMJJ (2013). Advances in integrated modelling of
biomolecular complexes. Methods, 59, 372-381 (2013).

e Rodrigues JPGLM and Bonvin AMJJ (2014). Integrative computational modelling
of protein interactions. FEBS J., 281, 1988-2003 (2014).

[Faculty of Science
Chemistry]

Universiteit Utrecht
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Introduction
Information sources
Information-driven docking with HADDOCK

Incorporating biophysical data into docking

Conclusions & perspectives

Experimental sources:
mutagenesis

Advantages/disadvantages Detection

+ Residue level information - Binding assays

- Loss of native structure - Surface plasmon resonance
should be checked - Mass spectrometry

- Yeast two hybrid
- Phage display libraries, ...

Universiteit Utrecht [Faculty of Science
Chemistry]




Experimental sources:
cross-linking and other chemical modifications

o) ©

Advantages/disadvantages Detection

+ Distance information between - Mass spectrometry
linker residues

- Cross-linking reaction problematic

- Detection difficult

&% Universiteit Utrecht [Faculty of Science

@ lﬁ§ rer Chemistry]

Experimental sources:
H/D exchange

D,0

2

Advantages/disadvantages Detection
+ Residue information - Mass spectrometry
- Direct vs indirect effects - NMR 15N HSQC

- Labeling needed for NMR

ég% Universiteit Utrecht [Faculty of Science

w Chemistry]
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Experimental sources:
NMR chemical shift perturbations

Ga
LS

E—

15N

1H
Advantages/disadvantages Detection
+ Residue/atomic level - NMR 15N or 13C HSQC
+ No need for assignment if

combined with a.a. selective labeling
- Direct vs indirect effects
- Labeling needed

[Faculty of Science
Chemistry]

Other potential experimental sources

e Paramagnetic probes in combination with NMR

¢ Cryo-electron microscopy or tomography and
small angle X-ray scattering (SAXS) ==> shape
information

¢ Fluorescence quenching
e Fluorescence resonance energy transfer (FRET)

o Infrared spectroscopy combined with specific
labeling

ég% Universiteit Utrecht [Faculty of Science

K

Chemistry]

6/16/16



Predicting interaction surfaces

e In the absence of any experimentalinformation
(other than the unbound 3D structures) we can
try to predict interfaces from sequence
information?

e WHISCY:
WHat Information does Surface
Conservation Yield?

Alignment Propensities Surface smoothing
EFRGSFSHL
EFKGAFQHV ]
EFKVSWNHM 4 - + @ -
LFRLTWHHV L 777777 l
IYANKWAHV I s 2
EFEPSYPHI Interface propensity predicted true
http://www.nmr.chem.uu.nl/whiscy De Vries, van Dijk Bonvin. Proteins 2006

[Faculty of Science
Chemistry]

ﬁiﬂ % Universiteit Utrecht

Predicting interaction surfaces

e Several other approaches have been described:
— HSSP (sander & Schneider, 1993)
- Evolutionary trace (Lichtarge et al., 1996)
— Correlated mutations (Pazosetal., 1996)
— ConsSurf (Armon etal., 2001)
- Neural network (zhou & Shan, 2001) (Fariselli et al., 2002)
- Rate4Site (Pupko etal., 2002)
- ProMate (Neuvirth et al., 2004)
— PPI-PRED (Bradford & Westhead, 2005)
— PPISP (Chen & Zhou, 2005)
— PINUP (Liang etal., 2006)
— SPPIDER (Kufareva etal, 2007)
— PIER (Porolo & Meller, 2007)
- SVM method (Dong et al., 2007)
- ... and many more since then

— Our recent meta-server: CPORT (de Vries & Bonvin, 2011)

See review article (de Vries & Bonvin 2008)

éwgﬁ % Universiteit Utrecht

[Faculty of Science
Chemistry]

6/16/16
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Interface prediction servers

PPISP (zhou & Shan,2001; Chen & Zhou, 2005)
http://pipe.scs.fsu.edu/ppisp.html
ProMate (Neuwvirth et al., 2004)
http://bioportal.weizmann.ac.il/promate
WHISCY (De Vries et al., 2005)
http://www.nmr.chem.uu.nl/whiscy
PINUP (Liang et al., 2006)
http://sparks.informatics.iupui.edu/PINUP
PIER (Kufareva et al., 2006)
http://abagyan.scripps.edu/PIER
SPPIDER (Porollo & Meller, 2007)
http://sppider.cchmc.org

Consensus interface prediction (CPORT)
haddock.science.uu.nl/services/CPORT

[Faculty of Science

Chemistry]

CPORT webserver

CPORT

@BonvinLab

WELCOME TO THE UTRECHT BIOMOLECULAR INTERACTION WEB PORTAL >>

CPORT Is an alg for the of p in-pi Interface residues. It combines six interface
prediction methods into a consensus predictor.

CPORT predictions can be used as active and passive residues in HADDOCX, using the prediction
interface,

REFERENCE FOR USE OF THE CPORT server

$.3. de Vries and A-M.J.J. Bonvin

"CPORT: a Consensus Interface Predictor and its Performance in Prediction-driven Docking with HADDOCK™
PloS One, 6 ©17695 (2011).

The supplementary material for this article with all docking data can be found here.

Protein structure to predict
Sequence alignment

Submit a file OR a code if you want to include WHISCY predictions
Otherwise, leave blank
Sequence alignment file to submit Choose File 1o file selectad
Piease specify the format of your alignment
or: fil in & PDB code to use the corresponding HSSP alignment
POB code

Prediction threshold to use

Threshold Very sensitive (recommended for HADDOCK) #

Submit

Universiteit Utreche haddock.science.uu.nl/ services/CPORT/

[Faculty of Science

Chemistry]

6/16/16
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Combining experimental or predicted
data with docking

e a posteriori: data-filtered docking

- Use standard docking approach
- Filter/rescore solutions ‘ ‘ ‘®
e a priori: data-directed docking -

- Include data directly in the docking
by adding an additional energy term
or limiting the search space

voey) B ] ¥)

g~ \

0) ©) 6, 4%)

Universiteit Utrecht [Faculty of Science
7 Chemistry]

Overview

fhtroduction

Information sources

Information-driven docking with HADDOCK
Incorporating ‘biophysical data into docking
Conclusions & perspectives

6/16/16
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HADDOCK:
An integrative modeling platform

Incorporates ambiguous and
low-resolution data to aid

the docking
mutagenesis
Capable of docking up to 6 R B |
molecules U Ry
Cross-linking \

Symmetries can be leveraged l”) f’j

Powerful algorithms to HID exchange
handle flexibility at the B .:,g.aj
interface b n‘ Shapese
Bicinformatic pradictions
:"“"’,“ NMR anisotropy dma
Final flexible refinement in v —p w \:p b t)
explicit solvent e D i esiritas, i

One of the best performing
software in CAPRI

&% Universiteit Utrecht [Faculty

of Science

w Chemistry]

Data-driven docking with HADDOCK

List of interface residues List of interface residues
for protein A for protein B
3 Effective distance djagef
\ calculated as
8

5 (ST ]

1
6
m=1 k=1 ne=1 dmﬂ

ENOE !
P
Ambiguous Interaction Restraint: « ,’}”y"
a residue must make contact with any a0 11
residue from the other list 2RI .
Lo s digtance [A)
Different fraction of restraints (typically
50%) randomly deleted for each docking trial
to deal with inaccuracies and errors in the -1y if r<L
0 if L<r<U
- = ENOE=
information used NOE U-r? if U<r<s$
. Ac-Uyl4B@-U+C if r> 8§
é&% Universiteit Utrecht (Nilges & Brunger 1991) [Faculty of Science
w Chemistry]

6/16/16
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Searching the interaction space in
HADDOCK

e Experimental and/or predicted information is combined
with an empirical force field into an energy function
whose minimum is searched for

* Vyotential = Vbonds® . +vangles\o/

+ Viorsion \_9_./'
+ Vion-bonded >\ ’( >/r;(

+ Vexp
Van der Waals electrostatic
e Search is performed by a combination of gradient
driven energy minimization and molecular dynamics
simulations

&% Universiteit Utrecht [Faculty of Science

| >

Chemistry]

Classical mechanics

¢ Molecular dynamics: generates successive
configurations of the system by integrating
Newton’s second law

r(t,)

v
o7 |
o()
F&»ﬂn)—\
l W(r,)

v

[Faculty of Science

Chemistry]

6/16/16
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HADDOCK docking protocol

-

\

% Universiteit Utrecht

A
o

reminiscent of NMR structure calculations

[Faculty of Science

N [ N
\&/\‘/

Succession of energy minimization and molecular dynamics protocols

Chemistry]

HADDOCK docking protocol

\

Universiteit Utrecht

Rigid-body Energy Minimization

Rigid-body protocol allows generation of several

thousand of models in a short period of time.

Simultaneous docking of max. 6 molecules,
resembling in vivo complex assembly (vs.
sequential docking)

Typically, 10.000 conformations are sampled but

only the best 1.000 are written to disk.

Rotational and translational optimization of the

interacting partners, guided by the data-driven
energy function.

Rigid-body energy minimization guided by restraints for fast sampling
in the absence of data, define restraints between centers of mass

[Faculty of Science

Chemistry]

6/16/16
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HADDOCK docking protocol

\ Semi-flexible simulated annealing

3-step process that increasingly allows more
flexibility at the interface: rigid-body, side-chain,
backbone + side-chain.

Torsion angle dynamics allows for faster
integration time steps, while sampling relevant
motions.

Flexibility reproduces conformation changes up to
, typical of small induced fit.

Typically, the 200 best models of it0 undergo
refinement.

Flexible simulated annealing in torsion angle space at the interface region
thorough optimization reproduces small conformational changes

m Universiteit Utrecht [Faculty of Science

w Chemistry]

HADDOCK docking protocol

\ Refinement in explicit solvent

Short molecular dynamics simulation in explicit
solvent to refine residue-residue contacts,
mainly electrostatics, at the interface.

Position restraints on backbone heavy atoms
ensure conformation remains largely the same.

Explicit solvent models include TIP3P water and
DMSO (membrane mimic).

Typically, all models of itl are refined, i.e. there
is no selection between itl and itw.

Refinement in explicit solvent to optimize the contacts at the interface
can beused in isolation to refine and score existing models

ﬂ.@ Universiteit Utrecht [Faculty of Science

w Chemistry]

6/16/16
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HADDOCK docking protocol

Separate proteins 5 \\h-.. LY
and apply random ™ ot
rotations .

Semi-flexible simulated

annealing in torsion angle

space;

1) Rigid body search

2) SA with flexible side-chains
at interface

3) SA with flexible side-chains
and backbone at interface

Final refinement in
explicit water E g 5
Clustering and analysis

Sorting of clusters
according to the >
HADDOCK score & "

[Faculty of Science
Chemistry]

Universiteit Utrecht

HADDOCK & Flexibility

e Several levels of flexibility:
e Implicit:

- docking from ensembles of structures

- Scaling down of intermolecular interactions
e Explicit:

- semi-flexible refinement stage with both side-
chain and backbone flexibility during in torsion
angle dynamics

- Final refinement in explicit solvent

[Faculty of Science
Chemistry]

Universiteit Utrecht

6/16/16
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Energetics & Scoring

e OPLS non-bonded parameters (Jorgensen, JACS 110, 1657 (1988))

¢ 8.5A non-bonded cutoff, switching function, €=10

e Clustering of solutions

Score

¢ Ranking of based on cluster-based HADDOCK score:

Rigid: Score = 0.01 E,ir + 0.01 Eygw + 1.0 Egjec + 1.0 Egesoiv — 0.01 BSA
Flexible: Score = 0.1 E,jir+ 1.0 Eygw + 1.0 Egjec + 1.0 Egesoiv — 0.01 BSA
Water: Score = 0.1 E5ir + 1.0 Eygw + 0.2 Egjec + 1.0 Egesolv

- E.i ambiguous interaction restraint energy

- Edesolv: desolvation energy using Atomic Solvation Parameters
(Fernandez-Recio et al JMB 335, 843 (2004))

- BSA: buried surface area

&% Universiteit Utrecht [Faculty of Science

w Chemistry]

Haddock HADDOCK2.2- .
web portal

WeNMR/West-Life GR]D-MFR z
. 4

WELCOME TO THE WINME WED PORTAL >> PROFILE >>

e-infrastructure
+ > 7300 registered users

+ > 120000 served runs
sinceJune 2008

« > 33% on the GRID

Seavices

a

~

De Vries et al. Nature Prot. 2010
Van Zundert et al. J.Mol.Biol. 2016

%%% Universiteit Utrecht

6/16/16
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HADDOCK's user base

Trpe of Docked Sywteme

No. of Begatesed Users

No. of Joba Served

JFMAMI JASONDIFMAMI I A
0 08

[Faculty of Science
Chemistry]

Universiteit Utrecht

The HADDOCK PDB structure gallery
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[Faculty of Science
Chemistry]

Universiteit Utrecht
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Fully flexible small molecule docking

v acioae doching with HADDOCK. /

Can deal with complex molecules

in, a Fungal D« Targets the Bacterial

Science CelrWall Precursor Lipid i

Tanja Schneider, et al.
Science 328, 1 168 (2010);
AVAAAS DOI: 10.1126/science. 1185723

»
His18

;

&

——

Nterr---

Bes D-fy-GIu

W = Universiteit Utrecht [Faculty of Science
Chemistry]
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HADDOCK's adventures in CASP-CAPRI

B Tonerre deprest Mz < “Critical assessment of

r R predicted interactions”

http:/ /capri.ebi.ac.uk

e We only participated in the CASP-CAPRI round as server
and scorers

¢ Number of targets
e Lack of information
e Questionable biological relevance

e Two strategies:
e Ab-initio docking with symmetry restraints
¢ Template-based modelling

miversiteit Utrecht [Faculty of Science
Chemistry]

.| CAPRT Round 30
CASP-11 (2014)

Twu>0

Assessment of predicted protein complexes

. .. Lo
@ Marc F. Lensink Universae ul;:;ﬂ_-oorrﬂc
CNRS, University Lille North of France, France, CAPRI-MC B

Sameer Velankar
a PDBe European Bioinformatics Institute (EBI) UK, CAPRI-MC §
| Andriy Kryshtafovych '
LCDAVIS e pavis, us, case
0 Shoshana J. Wodak SiCkKidS

- = '{ VIB-VUB, Brussels Belgium & Hospital for Sick Childre..,

— § & University of Toronto, Canada, CAPRI-MC
gt o

CASP-CAPRI Session, CASP-11 meeting 2014

| oy

6/16/16
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CAPRI Predictor Ranking

Umeyama 13
Seok 15  SWARMDOCK 11 Tomii, Dunbrack 8
Zou 14 GRAMM-X 6 Nakamura 7
Weng, Vajda/ 13 |ZerD 3 Luethy 5
KR Sen DOCK/PIERR 1 Baker 3
Vakser, Grudinin, Wallner, Skwark 1

Fernandez-Recio

Lee
Tomii, Bates 8 ROSETTASERVER 9
Kihara 7 Zou,Weng 16 SEOK_SERVER
Sali 6  Kihara 15 RAPTOX-X_Wang, 1
Negi 5  Fernandez-Recio 14 b Lee
Zhou 4  Oliva, Grudinin 13
Tovchigrechko, 3 Gray 10
Eisenstein
LZERD
Ritchie
Lee
Xiao, Gray,
F ndez-Fuent: B g
DR Ranking by # of INTERFACES for which at least one acceptable
solution was obtained. In total 42 interfaces were assessed for
25 targets.
Recent developments
HADDOCK is now capable of using PowerfFit: fast and sensitive rigid body
cryo-EM data in combination with fitting in lower-resolution densities
all others_upportef:l sources of Van Zundert & Bonvin,J). Proteome. Res. 2015
information
Van Zundert & Bonvin, Structure 2015
DisVis: quantification
and visualization of the
information content of
distance restraints
Van Zundert & Bonvin,Bioinformatics 2015
U Universiteit Utrecht [Faculty of Science
g;_% Chemistry]

6/16/16
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Overview

Ihtroduction

Information sources

Information=driven docking with HADDOCK
Incorporating biophysical data into docking
Conclusions & perspectives

Data Incorporation

[/ \

a priori: as Restraint | a posteriori: as Filter

http/vww cs . gmu.edu/~ashehu/?q=ProjectionGuidedExporation

Universiteit Utrecht [Faculty of Science
Chemistry]
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NMR Example: CSP-driven docking

e Ub-cleaving enzyme
- Josephin
e Which di-Ub linkage

type is cleaved, K48
and/or K63 linkage?

e Collaboration with Annalisa
Pastore (London, MRC)

SUBSTRATE

Nicastro et al., Plos One, 2010
ﬂ% Universiteit Utrecht [Faculty of Science

W Chemistry]

NMR Example: CSP-driven docking

Input for docking:

e CatalyticTriad
Binding-site-1 Binding-site-2 I .

inding-site e 2 Binding-sites
- CSP + Mutation

e FMD Protocol

%
/

Josephin
Nicastro et al., Plos One, 2010
m Universiteit Utrecht [Faculty of Science
w Chemistry]
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NMR Example: CSP-driven docking

3

Lys48-linkage

e

A et LB (s K48

3

Products (%)
i g

Ub Reaction

/41 K63

3

Nicastro et al., Plos One, 2010

Universiteit Utrecht [Faculty of Science
7 Chemistry]
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VN ‘e Overview
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Introduction
Information sources
Information=driven docking with HADDOCK

Incorporating biophysical data into docking
MS CCS as filters in docking

conclusions & perspectives
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Integration of shape information

Ion Mobility Mass Spectrometry

e Collision Cross Section (CCS): rotationally averaged
shape adopted by a given molecular ion under particular
gas phase conditions

£ §E

Collisional Cross Section (nm?)
g

g §

6 8 10
Mass (MDa)

Ruotolo et al.,
Nature Protocols, 2008

&% Universiteit Utrecht [Faculty of Sc!ence
w Chemistry]

Insight into cyanobacterial circadian timing:
the KaiB-KaiC interaction

Circadian clock controlled by the Kai system consisting
of three proteins: KaiA, KaiB and KaiC

Interactions define the phosphorylation status of KaiC
and control the phase of the cycle

Information from MS:

e From native MS: Stochiometry of the KaiB-KaiC complex
(6:1)

e From HD exchange: Binding interface and allosteric
effects upon binding

R Snijder et al. PNAS 111, 1379 (2014) [Faculty of Science
E§ Chemistry]

6/16/16

26



The KaiB-KaiC interaction: HDX

KaiB R74 .

protected

deprotected

’&!&% Universiteit Utrecht [Faculty of Science
w Chemistry]

The KaiB-KaiC interaction: HDX

[Faculty of Science
Chemistry]

6/16/16
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The KaiB-KaiC interaction: CCS

Collision cross section from MS allows to filter
the HADDOCKing solutions

cluster rank
#3 #4

g g 5145
) @D E
£

143.2 138.5 139.9

KKE

ccs
(nm~2)144.7 143.9 146.1 1422

95% ClI

cluster rank

% HADDOCK best scoring/most populated solution oFFCFfS
Universiteit Utrecht aculty o cience

Chemistry]

Overview

fntroduction

Information sources

Information=driven docking with HADDOCK
Incorporating 'biophysical data into docking
Conclusions & perspectives

6/16/16
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Conclusions

¢ (Information-driven) docking is useful to generate models
of biomolecular complexes, even when little information is
available

e While such models may not be fully accurate, they provide
working hypothesis and can still be sufficient to explain
and drive the molecular biology behind the system under
study

e ...and with a little bit of effort they can be validated!

¢ Information-driven docking is complementary to classical
structural methods

’éz% Universiteit Utrecht [Faculty of Science

w Chemistry]
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HADDOCK online:

* http://haddock.science.uu.nl
http:/ /bonvinlab.org/software

p
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