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ABSTRACT RosettaDock uses real-space Monte
Carlo minimization (MCM) on both rigid-body and
side-chain degrees of freedom to identify the lowest
free energy docked arrangement of 2 protein struc-
tures. An improved version of the method that uses
gradient-based minimization for off-rotamer side-
chain optimization and includes information from
unbound structures was used to create predictions
for Rounds 4 and 5 of CAPRI. First, large numbers of
independent MCM trajectories were carried out and
the lowest free energy docked configurations identi-
fied. Second, new trajectories were started from
these lowest energy structures to thoroughly sample
the surrounding conformation space, and the lowest
energy configurations were submitted as predic-
tions. For all cases in which there were no signifi-
cant backbone conformational changes, a small num-
ber of very low-energy configurations were identified
in the first, global search and subsequently found to
be close to the center of the basin of attraction in the
free energy landscape in the second, local search.
Following the release of the experimental coordi-
nates, it was found that the centers of these free
energy minima were remarkably close to the native
structures in not only the rigid-body orientation but
also the detailed conformations of the side-chains.
Out of 8 targets, the lowest energy models had
interface root-mean-square deviations (RMSDs) less
than 1.1 A from the correct structures for 6 targets,
and interface RMSDs less than 0.4 A for 3 targets.
The predictions were top submissions to CAPRI for
Targets 11, 12, 14, 15, and 19. The close correspon-
dence of the lowest free energy structures found in
our searches to the experimental structures sug-
gests that our free energy function is a reasonable
representation of the physical chemistry, and that
the real space search with full side-chain flexibility
to some extent solves the protein-protein docking
problem in the absence of significant backbone confor-
mational changes. On the other hand, the approach
fails when there are significant backbone conforma-
tional changes as the steric complementarity of the 2
proteins cannot be modeled without incorporating
backbone flexibility, and this is the major goal of our
current work. Proteins 2005;60:187-194.
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INTRODUCTION

Protein—protein interactions play an essential role in
cellular processes. A protein complex structure allows
detailed analysis of an interaction at the atomic level.
However, most of the solved structures of proteins are
monomers, with only a small fraction (~10%) of multi-
mers’ that is expected to decrease even more in the era of
structural genomics. It is therefore important to develop
reliable docking methods that can predict the structure of
a complex starting from the free monomers. Various
docking approaches have been developed over the years
(see Halperin et al.? and Vajda and Camacho? for reviews).
CAPRI*® is a community-wide, blind experiment aimed at
an objective evaluation of the performance of different
methods in creating models for protein—protein complexes.

RosettaDock uses real-space Monte Carlo minimization
(MCM) on both rigid-body and side-chain degrees of free-
dom to identify the lowest free energy docked arrangement
of 2 protein structures.®” The search is based on a free
energy function that is dominated by a Lennard—Jones
potential, an orientation-dependent hydrogen bond poten-
tial,® and an implicit solvation model.® Originally, side-
chain flexibility was based on rotamers from a backbone-
dependent library.'® Recent modifications of the protocol
have greatly improved side-chain modeling by enhancing
side-chain conformational sampling through gradient-
based off-rotamer optimization, and also by including
information from the unbound structures.' We present
here the results of predictions for CAPRI Rounds 4 and 5
that were created with the improved protocol. For most of
the targets, we were able to create high-resolution models
with interface-residue backbone root-mean-square devia-
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TABLE 1. Summary of Performance in Capri Rounds 4 and 5 (Targets Grouped According to the
Number of Backbone Clashes)

Interface Fraction
backbone—atom Interface Ligand of native
Target  Backbone RMSD full-atom RMSD RMSD*® contacts No. of
Target Name class® clashes? (I_rmsd)® (A) (I_all_rmsd)>9 (A) (A) (Fnat)® h/m/a/i*®
Groupl
T15* immD-ColD B-Bf 0 0.23 (1.06) 1.13(1.95) 0.63(2.15) 0.89(0.86) 3/3/3/1
T12 Cohesin—Dockerin ~ U-B 1 0.27 (0.28) 1.08(1.14) 0.46 (0.49) 0.87(0.86) 7/0/0/3%
T14 MYPT1-PP1 B-H 2 0.38 (0.50) 1.01(1.03) 0.93(0.93) 0.61(0.61) 10/0/0/0
Group2
T11 Cohesin—Dockerin  U-H 5 1.09 (1.13) 3.05(3.22) 5.81(6.24) 0.42(0.35) 0/2/1/7
T13 Ab-SAG1 B-U 12 0.65 (17.0) 0.94 (20.0) 2.44(72.4)  0.47(0.00) 0/1/0/9
T19 Ab-Prion B-H 16 0.98 (0.98) 1.53 (1.53) 2.53 (2.563) 0.74(0.69) 1/6/0/3
Group3
T18 Xylanase-TAX1 U-U 35 14.3 (14.3) 15.4 (15.5) 46.7 0.00 0/0/0/10
T10 TBEV envelope Trimer 51 17.4(23.9) 18.2(24.3) 33.3(40.1) 0.01 0/0/0/10
protein

aStarting structure: B, bound; U, unbound; H, homolog unbound. NMR-solution structures are indicated in italics.

PBackbone clashes across the interface (pairs of atoms closer than a minimal distance; see Methods section and Table II in Supplementary
Material) of starting structures superimposed onto bound complex structure.

“Measures according to CAPRI assessors'®'? (http:/capri.ebi.ac.uk/). The best value among all submitted models is indicated. (Overall best
predictions among all submissions are in bold.) The values for the first submission are indicated in parentheses.

dRMSD of all interface residue heavy atoms (Méndez, personal communication).

cAccuracy of models'?: h, high; m, medium; a, acceptable; i, incorrect.
fSide-chains were stripped from starting models.

&The 3 incorrect models are the symmetric conformation (see text).
*Target 15 was cancelled after we had submitted our predictions.

tion (RMSD) (I_rmsd) values within 1 A and interface—
residue all-atom RMSD (I_all_rmsd) values within 1.6 A
with accurately modeled side-chain conformations (see
Table I and Fig. 1).

MATERIALS AND METHODS
Prediction protocol

The basic prediction protocol of RosettaDock has been
described previously.®” Briefly, it includes the following
steps: (1) prepacking of the partners to remove clashes in
the free monomers; (2) global search of rigid-body orienta-
tions; and (3) clustering of the low-energy models and
selection of the largest cluster as prediction. The global
search step starts from a large number of random initial
orientations and (1) brings the partners into glancing
contact and removes clashes (slide-into-contact step); (2)
optimizes their rigid-body orientation at a low-resolution
level [where each amino acid side-chain is represented by a
centroid pseudoatom that is positioned according to an
average position determined from a set of known struc-
tures from the Protein Data Bank (PDB)'%; see Table III in
the Supplementary Materiall; and (3) builds initial side-
chain conformations using a Monte Carlo search through a
backbone-dependent rotamer library, and then uses ~50
cycles of MCM to optimize the side-chain and rigid-body
degrees of freedom using a free energy function dominated
by short-range Lennard—Jones and hydrogen-bonding in-
teractions, and an implicit solvation model. Each MCM
step consists of (1) a small, random, rigid-body perturba-
tion; (2) updating the side-chain conformations by either
(a) cycling through the rotamers at positions in which the

energy increases, or (b) by full combinatorial repacking of
rotamers for all interface side-chains; and (3) gradient-
based minimization of the rigid-body orientation.

We have modified this protocol to include an additional
local refinement of models created by the global run
(500-1000 small perturbations) to explore the local energy
landscape. In case of an energy funnel, the lowest energy
conformation is selected as a model for submission. Other-
wise, low-energy outliers are subjected to further refine-
ment. Variations of the protocol that skip the slide-into-
contact or the low-resolution optimization steps are also
evaluated at this stage.

Significant shortening of the global search

The improved side-chain modeling, as well as the addi-
tional local refinement, allowed us to drastically reduce
the number of random orientations to be evaluated in the
initial global run (10* random orientations were sufficient
to detect global minimum energy conformations, a reduc-
tion of 1-2 orders of magnitude compared to the original
protocol). Another contribution to reducing computer time
comes from modification of the energy filters® that are now
target-specific at each step, resulting in maximal enrich-
ment of low-energy models in the global run.

Side-chain modeling

Improved side-chain modeling in RosettaDock is de-
scribed in detail in Wang et al.'’ Briefly, increased sam-
pling of side-chain conformations is achieved through an
additional step that consists of cycling through rotamers
including off-rotamer, gradient-based minimization
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Fig. 1. High-resolution CAPRI predictions of both rigid-body orientation and side-chain conformation. The
crystal structure is shown in red and orange, and the orientation of the model is shown in blue. For each target,
the whole protein complex is shown in the left panel, while the right panel shows details of the interface. (A)
Target 12: Dockerin—Cohesin.’* The side-chain conformation of Leu78 of cohesin is shown in its unbound
conformation (green), its predicted conformation in the model (blue), and its experimentally determined
conformation (orange). The detailed interface shows in addition the side-chain conformations of residues that
are important for the interaction (e.g., positions Asn37, Asp39, Tyr74, and Glu86 for the cohesin domain,'® and
positions Ser45, Thr46, and Arg53 for the dockerin domain'®). (B) Target 14: Myosin phosphatase targeting
subunit (MYPT1)- protein S/T phosphatase 1.'” The detailed interface shows the recognition peptide of
MYPT1 (residues 35-38, KVKF) in the binding groove of the phosphatase (residues Leu243, Phe257, and
Phe293). (C) Target 15: Colicin D-Immunity protein D."® The detailed interface shows the side-chains of the
catalytic residue His611 and additional positively charged residues that are thought to bind to the RNA, as well
as their matching negatively charged residues in the immunity protein.

(RTMIN: Rotamer Trial with MINimization in torsion Selection of decoys

space'’). RTMIN is added to the original protocol after

each full combinatorial repacking of interface side-chains Most prediction runs were performed without including
in the MCM (see above). Also, side-chain conformations of ~ any a priori biological information, and the energy of a
the free monomers are added to the rotamers from the model was the primary criterion for the selection of the
backbone dependent library (and are assigned minimal submissions. In some cases, biological information con-
internal energy). straints, including FAB filters were used as described
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before®” (see description of individual targets below). The
interface size and compactness of the models was moni-
tored by measuring the number of contacts (atom—atom
contacts across the interface were counted based on a 5 A
cutoff between 2 atoms from different partners).

Symmetric docking

For the prediction of the structure of homomultimers,
we implemented a new protocol that performs the search
for the optimal conformation within the space of symmet-
ric conformations. The general docking protocol keeps the
first partner fixed and optimizes the relative orientation of
the second partner. In contrast, the symmetric docking
protocol rotates the first partner, thereby changing the
orientation of the ordinates that define the coordinate
system relative to the partner. The homomultimer is
created from symmetry operations based on the ordinates,
ensuring full sampling of possible symmetric conforma-
tions.

Target classification

As our method does not incorporate backbone flexibility,
it is expected to fail when the unbound structures differ
significantly enough from the bound structures that they
no longer exhibit steric complementarity at the backbone
level. To assess the amount of backbone changes upon
binding, the structures provided were superimposed onto
the final complex structure, and the backbone clashes
between partners were counted. (i.e., atom pairs across the
interface that were nearer than a minimal approach
distance derived from a representative data set of protein
structures.?® Backbone atoms, as well as centroid pseudoa-
toms, are included. See Tables IT and III in the Supplemen-
tary Material). As expected, success and failure of the
RosettaDock method correlated closely with the number of
clashes: High-resolution and medium-resolution predic-
tions were created for all targets with less than 5 and 20
clashes, respectively.

RESULTS AND DISCUSSION

The predictions are discussed for each target in detail,
and summarized in Table I.

Target 10: Tick-Borne Encephalitis Virus (TBEV)
Fusion Protein Homotrimer

Target 10 involved the prediction of the structure of the
homotrimer (PDB code: lurz?'), starting from the mono-
mer conformation observed in the dimer (PDB code: 1svb®?).
It motivated us to develop a symmetric docking protocol
(see Methods section). Our best submitted model is 17 A
interface RMSD away from the correct solution (Table I).
The prediction failed because of conformational changes
that occur in the monomers upon the creation of the
homotrimer?' (51 backbone clashes between the starting
monomer conformations when positioned as in the com-
plex; Table I). In addition, sampling only symmetric
conformations throughout the search for the minimum
energy conformation might be too restrictive.

O. SCHUELER-FURMAN ET AL.

Targets 11 and 12: Cohesin-Dockerin Complex of
the Cellulosome

Models of the homolog dockerin structure of Target 11
were created with the Robetta server.?® Since both the
template and the homolog dockerin are known to bind
cohesin (cohesin-2 domain of Clostridium thermocellum),
we first docked the template structure (1dag®*) to cohesin
(1anu®®). The resulting model of the complex served as a
scaffold, upon which the homology model of dockerin was
superimposed and then locally minimized to reduce clashes
and optimize the rigid-body orientation. Our first submit-
ted model is of medium quality [1.1 A interface RMSD;
42% native contacts; see Table I and Fig. 2(A)]. The
interface is much larger than the actual interface in the
experimental structure; hence, over 50% of the contacts in
the model are wrong. Interface residues of the dockerin
and cohesin that are important for the interaction (e.g.,
Ser45 and Arg53'6) are correctly positioned at the inter-
face; however, the side-chain packing is less accurate (3.2
A interface full-atom RMSD), not surprisingly, considering
the difference in the relative orientation of the 2 helices in
dockerin that is not modeled by our current protocol. This
result is only achieved if the homology modeling is per-
formed in the last step (i.e., after optimization of the
rigid-body orientation, as predictions of the rigid-body
orientation starting with the homology model of dockerin
failed). No constraints were used for this run.

When starting from the bound dockerin structure in
Target 12, we unambiguously identified a conformation
with significantly lower energy than the background distri-
bution (Figure 3, left top panel). Our first submission for
this target was the lowest energy structure from a refine-
ment run of this orientation [Fig. 1(A)]: a high-quality
prediction with 0.28 A interface RMSD, 87% native con-
tacts, and merely 6% wrongly predicted contacts (see Table
I). No biological constraints were used for this run. Inter-
estingly however, runs that did include constraints, lo-
cated in addition to the minimum energy conformation
selected above another conformation that turned out to be
a symmetric solution, and positioned Ser1l and Thr12 at
the interface instead of the Ser45-Thr46 pair. Indeed, the
dockerin sequence and structure contains a repeat, and it
is known that only mutation of both Ser—Thr pairs abol-
ishes specificity'® (suggesting that if only 1 site is elimi-
nated, the second site could still bind in the very much
same orientation'*). All our models to this target consisted
of variations of these 2 orientations (7 in the orientation
observed in the crystal structure, and 3 in the alternative
orientation), as they were clearly lower in energy than all
other sampled configurations.

A detailed view of the interface shows that side-chain
conformations are modeled very accurately [see Fig. 1(A)].
In addition, the importance of side-chain flexibility is
demonstrated in the example of the cohesin side-chain
Leu78, which has to be moved away from its unbound
conformation in order to prevent a clash with Leu22 in the
dockerin partner.
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(A)

Fig.2. Accurate CAPRI predictions for homology models based on NMR templates. The crystal structure is
shown in gray, and the orientation of the model is shown in black. (A) Target 11: Dockerin—Cohesin. (B) Target
19: Ovine prion—-FAB complex.?®

Target 13: Antibody-SAG1

The global docking search was performed using a filter
for interactions with the CDR loops in the antibody.”
Based on the fact that the tip of the C-terminal domain of
SAG1 is anchored into the parasite membrane, cluster 1,
whose interface directly involves this region, was excluded
from our consideration. A further local perturbation search
did not exhibit strong energy funnels for any clusters. Our
model 5, selected from low-energy conformations obtained
by locally refining the center of the second largest cluster,
correctly predicts 47% of the native interface contacts and
the ligand superimposes onto the experimental struc-
ture2” with a backbone RMSD of 2.44 A, which ranks
overall the best among the predicted models by this
measure (see Table I). However, the ranking of this model
in our final submission was falsely biased by the biochemi-
cal data suggesting that the peptide from residue 138 to
154 constitutes a potential epitope on SAG1,2® which turns
out to be irrelevant to this specific antibody.

Target 14: pp15-MYPT1

The bound conformation of MYPT” (the starting struc-
ture) contains an exposed but defined N-terminal region
(residues 1-39), and suggested that the complex would be
intertwined. Initial global runs produced only models with
small interfaces, probably due to our slide-into-contact
step (see Gray et al.® and Methods section), which is not
good at creating initial conformations for intertwined
proteins. Since the N-terminal peptide (1-39) binds to the
phosphatase,?® we decided to dock only this part of MYPT.
The starting rigid-body orientation was created by approxi-
mately orienting the peptide onto the binding groove as
described in Egloff et al.,2° so that peptide residues 35-38

(B)

were located in proximity to residues Leu243, Phe257, and
Phe293. Those residues were also used as constraints in
the runs that followed. ppld was modeled based on 2
different template structures of ppla (PDB codes: 1fjm3!
and 1it632). Initial models of the complex were created
based on the template 1fjm. These models served as
starting points for local refinement of models based on the
template 1it6.

A global search that optimized the rigid-body orienta-
tion of the N-terminal peptide to the phosphatase detected
a deep energy minimum conformation (Fig. 3). We added
the rest of MYPT back, and further refined the complete
complex by local refinement searches with and without the
slide-into-contact step. The resulting minimum energy
conformation based on 1fjm was submitted as first model,
which contains the absolute highest fraction of native
contacts among all submissions (61%), together with a low
faction of non-native contacts (9%) (see Table I). Model 8 is
the minimum energy conformation based on 1it6, which
resulted in the absolute lowest value of interface RMSD
[0.38 A; Fig. 1(B)].

Target 15: ImmD-ColD

For this target we were given the bound conformations
of the partners,'® without the side-chains. The best predic-
tion (model 3) is of very high accuracy: The interface
RMSD is 0.23 A, and 89% correct contacts were identified
[see Table I and Fig. 1(C)]. The catalytic residue of the
tRNAse colicin, His611, forms a hydrogen bond with Glu56
of the immunity protein. The energy is similar, and only
slightly higher than the energy of the first submitted
model (interface RMSD 1.1 A and 86% of native contacts
identified). Interestingly however, the latter contains sig-
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Fig. 3. Selection of models by energy. Examples are shown for high-resolution predictions (Targets 12, 14,
15 and 19). Left panel: Energy histogram of models created by initial global search. Arrows indicate
low-energy, near native models (within 2 A RMSD of final submission). A large energy gap between the global
minimum energy conformation and the background indicates that a correct solution has been found. Right
panel: Subsequent local energy refinement defines funnels in the free energy landscape around the free
energy minimum, as shown by energy versus RMSD plots.

nificantly more atom—atom contacts at the interface. This
is an example of an interface that contains a significant
amount of water molecules, and therefore a relatively
small number of direct atom—atom contacts. Thus, the
contact number is not always a good selection criterion,
especially not for polar interfaces. This target was can-
celed after we had submitted our models.

Target 18: TAXI-inhibitor

Global docking searches were performed, and low-
energy cluster centers were subjected to further local
perturbation refinements. Unfortunately, none of our sub-
mitted models captured the experimentally determined
binding mode. From our postassessment of the predictions,
we observed that, although it was claimed to be provided
in the complexed conformation, the starting TAXI struc-
ture showed different backbone conformations from that in
the released experimental complex structure,®® especially
in the region of Asn290—-Gly294, which plays a critical role
in stabilizing the native xylanase-TAXI interface. Indeed,
35 backbone clashes were counted when the starting
structures were superimposed onto the final complex

structure (see Table I), resulting in inevitable atomic
overlaps in any docking model with a native-like binding
interface.

Target 19: Prion-Antibody

In this target, the starting structure of the prion was an
NMR-solution structure.®* The global optimization run
was performed in 2 different ways: (1) 500 models were
generated starting from each of the 20 NMR models in the
PDB entry (1dwz) and combined; (2) the minimized, aver-
aged NMR model (1dwy) was used as the starting struc-
ture of the prion protein. Both approaches unambiguously
located a conformation with significantly lower energy
than the rest of the population. The run performed with
the averaged minimized structure was more efficient and
detected the global minimum more often (Fig. 3, Target 19,
left panel). This is, however, not expected to be generally
the case, as the averaging is likely to introduce inaccura-
cies, but as we completely repack the side-chains, some of
these inaccuracies may be alleviated. The final model lies
within 1 A interface RMSD of the crystal structure and
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predicts 74% of the contacts correctly [Table I and Fig.
2(B)].

SUMMARY

A summary of our predictions is given in Table I, which
classifies the targets into groups based on the backbone
conformational changes (as measured by the number of
backbone clashes when the starting structures are super-
imposed onto the complex). Groupl includes targets with
practically no clashes, indicating that changes in the
backbone conformations are not necessary to achieve a
good prediction (Targets 12, 14, and 15). Indeed, those
targets were predicted with high accuracy. Group2 in-
cludes targets with intermediate backbone clashes, and
indeed those targets are predicted at medium resolution
(Targets 11, 13, and 19). Finally, a significant number of
clashes in Group3 (Targets 10 and 18) made it impossible
to access near-native conformations with our docking
protocol that is based on a clash-sensitive energy function.
The significant accuracy of the models in Groups1 and 2 is
highlighted by the fact that for 5 of the targets, the
all-atom interface RMSD is within 1.6 A.

The lowest energy model (our first submission) is in
general of comparable quality to the overall best submis-
sion (except for Target 13). In most of the successful
predictions, the prediction is separated from the back-
ground by a significant energy gap, and located within the
center the free energy basin (Fig. 3). These characteristics
indicate successful predictions, and not surprisingly, were
not observed in Group3 Targets 10 and 18. In addition to
the energy function, biological information can in some
cases contribute to successful predictions. For example,
the prediction of Target 14 was simplified by focussing on
the N-terminal MYPT peptide. Also the prediction of
Target 15 could have benefited from considering the
environment of the catalytic residue His611, which would
have selected the correct model as first submission among
2 models with very similar energy values (see above).

CONCLUSIONS

Successful structure prediction is dependent both on the
accuracy of the free energy function and the thoroughness
of sampling of conformational space. The two are not
independent: a critical feature of our approach in contrast
to the traditional grid-based methods is that since the
side-chains are completely flexible, no softening of the
interatomic interactions is necessary. The energy land-
scapes in Figure 3 suggest that there is not a “scoring
problem” in protein—protein docking provided that (1) the
interaction potential is not softened and (2) structures
sufficiently close to the native structure are sampled (in
CAPRI, this was evident in our many correct predictions
for multiple targets). Indeed, it is evident from these
landscapes that the free energy funnels are fairly narrow,
which is not surprising given the importance of close
complementary packing and hydrogen bonding, both very
short-range interactions, to the free energy of protein—
protein interactions. Given the narrow apertures of the
free energy funnels, it seems likely that no “scoring
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function” can reliably and consistently recognize as close
to correct structures greater than 5 A from the native
structure—instead it is necessary to sample close enough
to the native structure for the close complementary pack-
ing of the side-chains to be realized.

The Rosetta MCM and side-chain packing algorithms,
and free energy function were first developed in the
context of ab initio structure prediction, but despite
progress, predictions of the quality of those shown in
Figure 1 have not been achievable. The nice feature of
protein—protein docking is that the conformational space
is very much smaller, even with full side-chain flexibility,
and with currently available computing power, the sam-
pling method and free energy function appear to some
extent to solve the fixed backbone docking problem. This
validation of the free energy function and the sampling
methodology is encouraging as we attempt to tackle the
much more challenging flexible backbone docking and ab
initio structure prediction problems.
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