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ABSTRACT

A challenge in protein—protein docking is
to account for the conformational changes
in the monomers that occur upon binding.
The RosettaDock method, which incorpo-
rates sidechain flexibility but keeps the
backbone fixed, was found in previous
CAPRI rounds (4 and 5) to generate dock-
ing models with atomic accuracy, provided
that conformational changes were mainly
restricted to protein sidechains. In the
recent rounds of CAPRI (6-12), large
backbone conformational changes occur
upon binding for several target complexes.
To address these challenges, we explicitly
introduced backbone flexibility in our
modeling procedures by combining rigid-
body docking with protein structure pre-
diction techniques such as modeling vari-
able loops and building homology models.
Encouragingly, using this approach we
were able to correctly predict a significant
backbone conformational change of an
interface loop for Target 20 (12 A rmsd
between those in the unbound monomer
and complex structures), but accounting
for backbone flexibility in protein—protein
docking is still very challenging because of
the significantly larger conformational
space, which must be surveyed. Motivated
by these CAPRI challenges, we have made
progress in reformulating RosettaDock
using a “fold-tree” representation, which
provides a general framework for treating
a wide variety of flexible-backbone dock-
ing problems.
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INTRODUCTION

Protein—protein interactions play important roles in cellular processes
and elucidating structures of these complexes will undoubtedly contribute
to our understanding of their function. However, only a small fraction of
the structures solved experimentally are of protein—protein complexes! and
it is therefore important to develop computational docking methods that
can reliably predict the structure of a complex starting from the structures
of the uncomplexed monomers. Many docking methods have been devel-
oped over the years (see reviews?™4) and a community-wide double-blind
experiment, CAPRI, has been organized since 2001 to evaluate the perform-
ance of different docking methods and provide a comprehensive review of
the status of this field.>~

RosettaDock,lO’11 a part of the Rosetta software suite, uses the Monte
Carlo minimization!2 to sample the rigid-body degrees of freedom in 3D
Cartesian space while treating sidechain flexibility explicitly, and the search
is guided by a physically based free energy function dominated by an all-
atom Lennard-Jones potential, solvation energy,!3 and an explicit hydrogen
bonding potential.14 The power of the method has been demonstrated in
the previous CAPRI rounds (4 and 5) in which high-resolution models of
atomic accuracy were created unambiguously when conformational changes
were mainly restricted to protein sidechains.!> However, the approach fails
when there is significant backbone conformational change upon binding
because the rigid-backbone approximation is no longer adequate. In this
study, we present the results of our predictions in CAPRI rounds 6-12.

MATERIALS AND VMIETHODS
Prediction protocol

A literature search was conducted prior to computation to retrieve rele-
vant biological information, which could be potentially used as constraints.
Special attention was paid to possible sources of information on the inter-
nal backbone flexibility within each partner. When possible, several solved
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RosettaDock in CAPRI Rounds 6-12

structures of the protein partners (and their homologues)
were compared. For each target, the standard fixed-back-
bone RosettaDock protocol was used to perform global
docking followed by local refinement from each of the
low-energy cluster centers as described previously.1®
Backbone flexibility was introduced in a target-dependent
manner as described in the results section. Final model
selection was based on the total energy of the entire sys-
tem and if present, biological information was taken into
account as well. When backbone flexibility was modeled
explicitly, the interface energy (the difference between the
total energy of the complex and the total energy when
the two partners are separated) was also used to reduce
noise introduced by optimizing regions far away from
the interface.

Loop modeling

A method for loop modeling was implemented to
model backbone variable regions during docking if neces-
sary. The details of the method have been described else-
where (Wang C, Bradley P, Baker D. Protein—protein
docking with backbone flexibility. Submitted for review).
Briefly, the method incorporates the cyclic coordinate
descent (CCD) algorithm16 for loop closure into the
Rosetta loop modeling method developed previously
by Rohl et all7 The method starts from an initial loop
conformation generated by randomly inserting local pep-
tide segments (“fragments”) into the loop region and
performs a series of Monte Carlo CCD minimizations,
first in the low-resolution stage and then in the high-re-
solution stage. Within each cycle of Monte Carlo CCD
minimization, the backbone conformation of the loop
region is perturbed first, and then the loop is closed by
the CCD algorithm. After the gradient-based energy min-
imization is carried out with respect to the loop back-
bone and all sidechain torsional degrees of freedom, the
resulting conformation is subjected to acceptance or
rejection according to the Metropolis criterion.

Fold-tree based docking

During CAPRI rounds 6-12, we reformulated the tra-
ditional RosettaDock using a “fold-tree” representation!8
to provide a general framework to incorporate backbone
flexibility into protein—protein docking (Wang C, Bradley
P, Baker D. Protein—protein docking with backbone flexi-
bility. Submitted for review). The integration of back-
bone/sidechain torsional and rigid-body degrees of free-
dom allows optimization of all relevant degrees of free-
dom simultaneously. In the prediction of the last few
targets, we introduced backbone minimization during
docking using the fold-tree based approach in addition
to the standard fixed-backbone docking.
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Table |
Summary of Performance in CAPRI Rounds 6-12
Receptor- |_rmsd L_rmsd

Target ligand Type® (AP (A) F_nat® #h/m/a/i
T20 HemK-RF1 U-H 2.34 (4)  7.74 (4) 0.36 (8) 0/0/3/7
T21 Orc1-Sir1 u-u 6.72 (4) 32.151 (4) 0.12 (4) 0/0/0/0
T24 Arf1-ArfBD U-H 6.285(2) 18.86(2) 0.23(2) 0/0/0/0
T25 Arf1-ArfBD U-B  11.547 (8) 30.36 (9) 0.06 (4) 0/0/0/0
T26 TolB-Pal u-u 1.06 (1) 243 (1) 054 (1) 0/6/1/3
T27 Hip2-Ubc9 u-u 269(9) 5.98(9) 0.42(9) 0/0/8/2
T28 NEDD4L dimer H-H ~ 10.01 (9) 17.26 (9) 0.00 0/0/0/0

Values are for the best of our 10 submitted models and those which are also best
over all CAPRI submissions are shown in bold. The rank of the model is shown
in parentheses.

“Starting structures: B, bound; U, unbound; H, homolog unbound.

Measures according to CAPRI assessors (http://capri.ebi.ac.uk). I_rmsd: interface
backbone rmsd; L_rmsd: ligand backbone rmsd; F_nat: Fraction of native contacts.
“Counts of models according to accuracy: h, high; m, medium; a, acceptable; i,
incorrect.

Rosetta@Home and distributed computing

A large amount of docking computation for the pre-
dictions of target 27 and 28 was carried out on Rosetta@
Home (www.boinc.bakerlab.org), a distributed comput-
ing project running Rosetta software on personal com-
puters of volunteers from all over the world using the
Berkeley Open Infrastructure for Network Computing
(BOINC) technology (www.boinc.berkeley.edu). The sub-
stantial computing resources allowed us to rapidly test
multiple approaches for incorporating backbone flexibil-
ity, which would not have been possible with in-house
computing resources.

RESULTS

The variability of the targets led us to develop a target-
tailored protocol for most of the targets in rounds 6-12.
These protocols are described here in detail for each tar-
get separately and the results are summarized in Table I.

Target 20: HemK and RF1

The docking task was to predict the complex structure
of E. coli HemK and release factor 1 (RF1). HemK meth-
ylates a glutamine in the “Q-loop” of release factors
in vivo.19 The E. coli HemK structure2 (pdb code: 1t43)
is a binary complex with the methyl-donor product
S-adenosyl-L-homocysteine. Another HemK orthologue
structure from T. Maritima?! (pdb code: 1nv8), contains
in addition the methyl-acceptor product N5-methylglut-
amine (MEQ), which provides a strong constraint about
the location of the methyl-acceptor glutamine when the
release factor binds to HemK. Superimposing these two
structures also reveals one loop region in HemK (from
Glu189 to Phe201) with considerable structural variations
and hence likely to be flexible. For the other docking
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Figure 1

Predictions for selected CAPRI targets. The receptor and ligand (Table I) from the native complex are shown in orange and red, respectively; the unbound ligand structure
is shown_in green; the receptor and ligand from the predicted model is shown in cyan and blue, respectively. (A) Target 20 HemK-RF1: superimposition of the native

compl

and model 4, according to interface residues. The unbound ligand structur
native binding mode from being sampled in fixed-backbone docking. (B) Target 20 HemK-RF1: superimposition of the bound,

is aligned to demonstrate that severe steric clashes would have prevented the
unbound““ and predicted conformations

of the ligand only, highlighting the substantial movement of the loop upon binding. (C) Target 24 Arfl-ArfBD: Superimposition of the native complax24 and model 5 by
the receptor. Homology modeling successfully predicted the C-terminal region of the ligand, which was completely missing in the template, to form an o-helix, and the
helix was docked into a near-native rigid-body orientation. (D) Target 26 TolB-Pal: superimposition of the native cumplexZS and model 1 by the receptor. The model has

an interface backbone rmsd of 1.06 A.

partner, RF1, only the structure of its close homologue
(40% sequence identity) release factor 2 (RF2) was avail-
able22 (pdb code: 1gge). However, the equivalent “Q-
loop” region in this structure was completely disordered
and was therefore computationally remodeled.

We first excluded both flexible loops in HemK and
RF2, and carried out fixed-backbone global docking with
the remaining template. Then, we rebuilt the missing
loops onto the lowest-energy complex models (see Mate-
rials and Methods). The resulting docking models were
filtered based on the “methylation” constraint, and the
remaining full-length models underwent a second round
of rigid-body docking refinement. The subsequently
released structure of the “HemK-RF1” complex23 (pdb
code: 2bt3) shows that this protocol was successful: Our
best model has an interface backbone Ca rmsd of 2.34 A
with respect to the native complex [Fig. 1(A)], and after
superimposing the aligned template regions of RF1, the
backbone Ca rmsd for the “Q-loop” in our model to
that in the native complex is 4.8 A, as compared to
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11.8 A for that in the unbound RF2 structure [Fig. 1(B)].
As illustrated in Figure 1(A), the dramatic conforma-
tional change of the “Q-loop” makes it impossible for
fixed-backbone docking methods to identify (or even
sample) the correct binding mode because it would clash
badly with HemK.

Target 21: Orc1 and Sir1

The unbound structures for Orc120 (pdb code: 1m4z)
and Sir127 (pdb code: 1z1a) were provided as the start-
ing structures for docking. We found some experimental
information in the literature that supported that one do-
main within Sirl, the Orc interaction region (OIR), is
necessary and sufficient for the Sirl-Orc interaction.28
We therefore performed a fixed-backbone global docking
using Orcl and the OIR domain from Sirl only. The
evaluation shows that none of our predictions for this
target was correct. Post-assessment of the native Orcl-
Sirl complex structure?® (pdb code: 1zhi) indicates that
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the OIR domain in Sirl only partially contributes to the
Orcl-Sirl binding interface and without the remaining
part of Sirl the native binding mode could not be
selected based on energy criteria.

Target 24 and 25: Arf1 and ARHGap10

In Target 24, the Arfl binding domain (ArfBD) of
ArhGap10 was modeled using the homologous structure,
the PH domain of B—spectrin29 (pdb code: 1btn). Nota-
bly, the 27 C-terminus residues of ArfBD do not align to
any region of 1btn. PSIPRED30 predicts high helical pro-
pensity for this region and when it was modeled by the
Rosetta ab initio folding method,3! the low-energy mod-
els indeed converged on a helical conformation although
the orientation of the helix was varied. The resulting
“helix-loop-helix” motif at the C-terminus of the ArfBD
model is consistent with an analysis on the complex
structures of GTPases (Arf and Rab family) with their
effector proteins, which reveals that in most cases the
GTPase-binding regions of the effectors are composed of
two o helices that are aligned along the interswitch
strands between switch 1 and switch 2 of the GTPases.32
We divided the ArfBD model into two parts: the core
structure (modeled based on 1btn) and the C-terminus
helix (modeled ab initio), and docked them individually
onto the structure of Arfl. Low-energy models were
screened to match the common interaction motif with
the two helices binding close to the switch 1 and switch
2 regions. We then combined these two individual bind-
ing interfaces together by superimposing Arfl and, if
possible, connected the two parts of ArfBD by rebuilding
the linker loop between them. Our approach did not
yield any correct prediction for this target. Post-examina-
tion of the native complex structure?4 (pdb code: 2j59)
shows that the C-terminus region of ArfBD does fold
into an a-helix as we postulated and also binds to the
interswitch B strands between switch 1 and switch 2 of
Arfl as seen in the common binding motif.32 However,
because the interface in the native complex structure is
largely constituted by that between the C-terminus helix
of ArfBD and Arfl, the sub-interface between the core
region of ArfBD and Arfl was not identified correctly
when they were docked alone. Consequently, some of the
submitted models have the C-terminus helix of ArfBD
oriented in a near-native rigid-body position but the
remaining core region in a completely wrong orientation
[Fig. 1(C)].

Target 25 consisted of the same protein—protein inter-
action, except that this time the bound ArfBD structure
(from 2j59) was given. Since in this case there were no
indications of backbone flexibility, we performed a fixed-
backbone global docking, followed by a local search start-
ing from the lowest energy cluster centers. The released
native complex structure showed that none of our pre-
dictions for this target was correct. The reason is prob-
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ably insufficient sampling: although the native complex
has very favorable energy, the minimal rmsd conforma-
tion found in the 200 lowest-energy structures in the
global search was 10 A away from the correct orientation,
not near enough to yield the correct orientation upon
minimization.

Target 26: TolB and Pal

The unbound structures of TolB33 (pdb code: 1c5k)
and Pal34 (pdb code: loap) were used to perform fixed-
backbone global docking. In the lowest-energy model
from the largest cluster, Pal binds to the propeller do-
main of TolB (residue 167-431) and this is consistent
with the results from yeast two—hybrid3’3 and mutagene-
sis3° experiments suggesting that the propeller domain is
important for binding of TolB and Pal. The interface on
the Pal side found in this model also matches experimen-
tal data suggesting that residues 89-130 of Pal are suffi-
cient to bind TolB,30 and that the Pal mutants T93I,
G101D, E102K, and E130K are deficient in formation of
the TolB-Pal complex37: Both E102 and E130 are
involved in salt bridges across the interface, and positions
93 and 101 cannot accommodate larger side chains due
to tight packing with TolB. The model after the local
refinement from this conformation was ranked first in
our submitted predictions. Comparison with the native
complex of TolB and Pal25 (pdb code: 2hgs) reveals that,
the model has, among all submissions, the highest frac-
tion of native contacts (54.3%), the best ligand Ca rmsd
(2425 A) and the best interface backbone rmsd (1.064 A).
In addition to the fixed-backbone local docking refine-
ment, we also applied the “fold-tree” approach to per-
form flexible-backbone local docking refinement in which
backbones of the short loops that connect the “propeller
blades” in TolB are optimized together with the rigid-
body degrees of freedom, but this does not produce
better models (according to the accuracy measures in the
CAPRI evaluation report).

Target 27: Hip2 and Ubc9S

The unbound structures of Hip238 (pdb code: lyla)
and Ubc93? (pdb code: 1a3s) were used to perform
fixed-backbone global docking. The lowest-energy model
obtained matched the expected biological constraint that
Lys14 of Hip2 is close to the catalytic Cys93 of Ubc9 to
allow sumoylation of Hip2 by Ubc9,40 and this model
was submitted as the top-ranking prediction after local
refinement. However, the experimentally solved complex
structure?] reveals two novel and unexpected binding
interfaces, which do not satisfy the sumoylation con-
straint. Model 9, which we selected due to its favorable
electrostatic interaction across the interface, was meas-
ured to be close to the second binding mode with inter-

proTEINS 761



C. Wang et al.

face backbone rmsd of 2.69 A and 41.5% of native resi-
due-residue contacts predicted correctly [Fig. 1(D)].

Target 28: Homodimer of the catalytic
domain of NEDD4L

This task requires the symmetrical docking of a
homology model with potential internal hinge flexibility.
The monomer structure of NEDD4L was built from its
homologue, HECT domain of SMURF242 (pdb code:
1zvd) and a symmetry docking method (Andre I, Bradley
P, Wang C, Baker D. Prediction of the Structure of
Symmetrical Protein Assemblies. Submitted for review)
was used to sample the rigid-body space with and without
hinge flexibility to find the dimer interface. An alternative
approach was tested where first the N-terminus domain of
the first monomer was docked to the C-terminus domain
of the second monomer, and the structure was completed
by creating a full homodimer based on symmetry criteria,
and evaluating whether the N- and C-terminus domains
of each monomer could be connected. Unfortunately,
none of these approaches was successful based on the eval-
uation report and no conclusion can be drawn as the
native complex structure has not been made available to
public yet.

DISCUSSION

We predicted models with at least acceptable accuracy
for three out of seven targets in CAPRI rounds 6-12.
This success rate (as well as the prediction accuracy) is
not as impressive as that achieved by RosettaDock in
CAPRI rounds 4 and 515 (six out of eight). Among these
seven targets, three (Target 20, 24 and likely 28) require
accounting for backbone conformational changes in the
docking protocol, and therefore are much more challeng-
ing to predict. However, these targets serve the aim of
the CAPRI experiment well, as they motivate us to
explore new approaches to incorporating backbone flexi-
bility explicitly in our docking predictions. Encourag-
ingly, our attempt of combining docking and loop mod-
eling successfully predicted the significant interface loop
conformational change in Target 20, and ab initio folding
correctly predicted the conformation of the C-terminus
region of ArfBD in Target 24. Inspired by these efforts,
we have reformulated the RosettaDock method using a
“fold-tree” representation, which provides a general
framework to treat various types of backbone conforma-
tional change in protein—protein docking (Wang C, Brad-
ley P, Baker D. Protein—protein docking with backbone
flexibility. Submitted for review).

The strategies used in the predictions of Target 20 and
Target 24 to handle backbone flexibility are similar in
that flexible-backbone regions (defined based on the
available experimental information) are dissected from
the rest of docking partners first and then built back
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onto promising docking solutions (after the remaining
docking partners are docked) to generate full-length
models. The success of this approach depends heavily on
whether the correct interface can be identified when the
remaining portions of the docking partners are docked.
For example, the interface between Arfl and ArfBD in
Target 24 was not ranked favorably in docking when the
C-terminal helix of ArfBD was not present, and therefore
no prediction was correct when the C-terminal helix of
ArfBD was added back.

Biological information played an important role in the
predictions, especially for targets with backbone confor-
mational change upon binding. The experimental data
collected for each target helps to define flexible regions
and types of movement on the one hand, and to signifi-
cantly reduce the space to be sampled on the other hand.
The successful predictions for Target 20 and Target 26
both benefit from the use of relevant experimental infor-
mation in docking. However, the lesson learned from
Target 21 and Target 27 suggests that such information
can be misleading and therefore should be used with
caution.

From a purely technical prospective, we have made
substantial effort in developing flexible-backbone docking
approaches in CAPRI rounds 6-12. However, it must be
noted that the rigid-body Z-DOCK approach43 was
more successful for a number of the targets. Z-DOCK
and other approaches employing softer potentials are less
sensitive to backbone conformational changes. Our com-
bination of explicit backbone optimization plus a strict
potential should be optimal in the high sampling limit
where the correct conformation is certain to be encoun-
tered, but with insufficient sampling the results can be
inferior to fixed-backbone sampling with a soft potential.
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