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INTRODUCTION

The docking of two unbound proteins into their native complex involves

the search in the six-dimensional space of relative translation and rotation

and the high dimensional space of internal conformations. For proteins

that do not undergo large-scale conformational changes upon binding, the

global search in the six-dimensional translational/rotational space is largely

uncoupled from the search in conformational space. Due to advances in

global docking methods,1–3 the search problem in the translational/rota-

tional space has largely been solved.4 After a global search, only poses with

good geometric complementarity are retained. A successful global search

means that at least one near-native pose is among the thousands poses

retained. In an ideal case, near-native poses are highly enriched and form

one of the largest clusters in the retained poses. Selecting near-native poses

is then a simple task. However, in order to speed up the searching process,

global docking methods have to use relatively simple scoring functions.

These scoring functions usually do not rank near-native poses well. Then a

further selection step is necessary to pick out near-native poses from all

the poses retained in a global search.

More sophisticated scoring functions potentially can accomplish the task

of selecting near-native poses. Although this approach has shown promises

in some cases,5–8 at present it is still short of providing a general solution.

One problem is that these scoring functions are very sensitive to the

rotamers and interactions of interfacial sidechains.

On the other hand, biochemical and structural information is often

available and can be valuable for selecting near-native poses. For example,

in an enzyme-substrate complex (in which the substrate is a protein),

knowledge of residues involved in catalysis allows one to define the center

of the interface between the two subunits. It is likely that a majority of the

poses retained in a global search do not have the specific residues at the

centers of their interfaces and can thus be eliminated. In CAPRI rounds

13-19, we took advantage of biochemical data for targets T32 and T40 and

structural data for targets T32, T33/T34, T37, T40, and T41. Such informa-

tion is useful even when it is only available for one of the two subunits, as

in targets T35/T36. However, the use of literature data also carries risks.

For targets T30 and T38/T39, we apparently incorrectly interpreted the

available information, and as a result modeled the interfaces in wrong

locations.
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ABSTRACT

In CAPRI rounds 13–19, we submitted

models that are of acceptable or higher

quality for 6 of the total of 13 targets.

This success builds on our record in pre-

vious CAPRI rounds. The docking prob-

lem can be divided into two steps. In the

first, translational/rotational and confor-

mational space is searched to generate a

pool of docked poses; the success of this

search step is measured by whether near-

native poses are included in the pool. In

the second step, the pool is selected for

near-native poses. In our previous assess-

ment of CAPRI results, we suggested that

the search problem is largely solved; a

remaining problem is to select near-native

poses. Our work in these new rounds of

CAPRI was guided by this assessment. To

solve the selection problem, we used an

assortment of criteria on the interfaces of

candidate poses. In one extreme, repre-

sented by T29, with very little known

interface information, our criterion for

top models was based on interface predic-

tion. Poses in which the predicted inter-

face residues occurred in interfaces were

selected. Our model 1 for T29 was of me-

dium quality. In the other extreme, repre-

sented by T40, with reliably known inter-

face information, our selection was solely

based on such information. Nine of the

ten models submitted for T40 were of

high (3 models), medium (4 models), and

acceptable (2 models) quality. Our strat-

egy of mixing predicted and known inter-

face information appears to be widely ap-

plicable for the selection of near-native

poses.
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For our models submitted for CAPRI rounds 13-19,

we used biochemical and structural information gathered

from the literature as much as possible. We now present

this use, in the hope that our experiences and lessons can

be instructive for others.

THEORETICAL METHODS

Interface prediction

Our group pioneered protein–protein interface predic-

tion at the residue level.9 The prediction results have

been shown to be very useful for the selection of near-

native poses.4,10 For CAPRI rounds 13-19, we used our

meta-PPISP server11 for interface prediction. This server

is built on three individual methods: cons-PPISP,9,12

PINUP,13 and Promate.14 Residues predicted with high

scores by meta-PPISP were taken as candidates for inter-

face residues. Interface prediction provided valuable in-

formation for our correct model selection for target T29,

for which we could not find any useful information from

the literature.

Global search

We used ZDOCK2.31 to generate 2000 poses for all

targets but T34 and T42. For the homodimeric target

T42, M-ZDOCK15 was used to generate poses. Most

ZDOCK runs used a 158 sampling angle; occasionally a

68 sampling angle was used.

Local enrichment

RosettaDock6 was used as a local enrichment method

to help refine poses for target T37. The program was

started on poses selected from a ZDOCK run. The search

was limited to a small range with the RosettaDock local

perturbation protocol, specified by the option ‘‘-dock_-

pert 3 8 8’’, with default side chain repacking.

Scoring

In addition to biochemical and structural information,

our selection of near-native poses was helped with

scoring functions. Generally, we did not use the scoring

functions for direct selection. Rather, we used them for

negative selection. That is, poses with poor scores were

eliminated.

One scoring function used was FastContact,16 which

gives rapid estimates of contact and binding free energies.

To use it, hydrogens were added to the heavy atoms of

each pose by a script from multiscale modeling tools

(MMTSB17) in CHARMM. The direct electrostatic

energy, desolvation free energy, and buried surface area

were separately assessed in deciding whether or not to

eliminate a pose. FastContact was used on targets T29,

T32, T35, and T36.

Another scoring function used was ZRANK,5 which

was designed to improving the ranking of ZDOCK. This

program was used on all but targets T29, T33, and T34.

RMSD-based clustering

When the number of retained poses was more than a

few, a clustering method was used to reduce redundancy

between poses. With tens of poses, the hierarchical clus-

tering method in R program (http://www.r-project.org/)

was used to find the separation and distribution of the

poses. When there were more retained poses, a clustering

program from HADDOCK18 package was used. The

clustering was based on either L_rmsd or I_rmsd. Typi-

cally a representative was selected from each cluster of

interest.

Energy minimization

To remove clashes, all submitted models were sub-

jected to energy minimization by the AMBER program.

Minimization consisted of 50 steepest-descent steps and

450 conjugate-gradient steps.

RESULTS AND DISCUSSION

Our performance in CAPRI rounds 13-19 is summar-

ized in Table I. Overall we submitted models with accept-

able or better quality for six of the 13 targets. Below we

present details of our model selection.

Target 29: Trm82 and Trm8

Target T29 is the complex of Trm82 and Trm8.19

Trm8 is an S-adenosyl-L-methionine (SAM) dependent

tRNA (m7G46) methyltransferase. Sequence analyses sug-

gested the involvement of carboxylate residues (E69, E94,

and D121 in E. coli) in the SAM binding site20 and the

sequence motif GxGxG for tRNA binding.21 These resi-

dues of Trm8 should not be blocked by Trm82 in their

complex, since the catalytic assays of Trm8 were carried

out with Trm82 bound.21,22 Truncation of the first 39

residues did not affect the catalytic activity of Trm8,22

suggesting that the N-terminal is not in the interface

between Trm8 and Trm82. No direct information was

found from the literature on the interface between Trm8

and Trm82. We therefore turned to interface prediction.

Figure 1(A) displays the interface-prediction results (by

the PINUP method) for Trm82 on the X-ray structure of

the complex. The predicted interface residues are indeed

mostly located in the interface with Trm8. The 2000

poses generated by ZDOCK were also enriched in the

Trm8 binding site. Figure 1(B) displays this enrichment

according to the frequencies of individual Trm82 residues

appearing in the interfaces (defined as having at least one

interfacial constant <5 Å) of the 2000 poses. The conver-

gence of the two approaches gave us confidence in
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choosing this site as the Trm8 binding site. Our model 1

turns out to be of medium quality [comparing Fig.

1(A,B)].

It is of interest to note that model 1 was ranked

1648th by ZDOCK. Part of the reason this model was

promoted to the top was that the electrostatic free energy

calculated by FastContact was very favorable.

Target 30: Rnd1 and RBD-plexinB1 dimer

Target T30 is a complex between the Ras-binding do-

main (RBD) of plexinB1 and Rnd1.23 RBD-plexinB1

complexes with Rnd1 as a homodimer. There is evidence

indicating that the RBD-plexinB1 binding site on Rnd1

is close to the GTP binding loop,24 a common feature of

the Ras family of proteins in their interactions with effec-

tors. A genome-wide homology modeling effort has been

made to build Ras-effector complexes, based on the large

number of structures for such complexes that have been

solved.25 For target T30, we took a similar approach.

Our submitted models were built on the structures of

three Ras-effector complexes (PDB entries 2C5L, 1HE8,

and 1LFD) in order to cover the structural variations.

Two additional models from ZDOCK runs similar to

these homology models were also among the models sub-

mitted.

In many previous structures of Ras-effector complexes,

b-strands from the two sides form a cross-interface b-
sheet. This feature is absent in the X-ray structure of the

complex between Rnd1 and RBD-plexinB1. As a result,

our submitted models are incorrect; all of them have

I_rmsd >10 Å from the X-ray structure. It is interesting

that this target was difficult for the community as a

whole, with just two of all the models submitted accepta-

ble.

The variation in interface may be common in com-

plexes formed by proteins from a large family with their

interaction partners. This variation may be an evolution-

ary strategy for achieving specificity. Unfortunately this

evolutionary strategy presents a roadblock for building

protein complexes by homology modeling.

Target 32: savinase and BASI

Target T32 is the complex of savinase and barley a-
amylase/subtilisin inhibitor (BASI).26 Savinase is a subti-

lisin-like serine proteinase. A serine, an aspartate, and a

histidine form the catalytic triad in which the necleo-

philic serine Og atom attacks the carbonyl C atom of the

peptide bond of the substrate to produce a tetrahedral

covalent intermediate. According to the sequence of sub-

tilisin BPN0, Asp32, His64, and Ser221 are the catalytic

residues.27 BASI is a bifunctional protein, inhibiting

both the endogenous protein, a-amylase isozyme 2, and

serine proteases of the subtilisin family from pathogens

and pests.28 The savinase binding kinetics of BASI and

several mutants, including Y87A, T89A, and E95Q, have

been studied.29 The Ki for Y87A and T89A are signifi-

cantly changed, but the Ki for E95Q is nearly the same as

the wild-type protein. So Y87 and T89 are likely posi-

tioned in the interface between savinase and BASI, but

E95 is probably not.

Residue Y87 is located in a loop of BASI. Our selection

of poses hence was focused on models in which this loop

was positioned in the interface with savinase. We noticed

that an inhibitor of subtilisin BPN0 also uses a loop in

interacting with the enzyme.30 However, other than the

use of a loop in interacting with their respective enzymes,

there is no structural similarity between BASI and the

subtilisin inhibitor [see Fig. 1(C); note that the two loops

even trace opposite directions]. In any event, in selecting

the models for target T32, we favored poses with the

Y87-contiaining loop directed toward the enzyme in a

similar fashion as the corresponding loop of the subtilisin

inhibitor in the latter’s complex with subtilisin BPN0.
This turns out to be not a bad choice. However, the

Table I
Summary of Our Performance in CAPRI Rounds 13-19

Target
PDB
name

Best
L_rmsd

Best
I_rmsd

Our
groupa All groupsa

Number of groups with
correct predictions

T29 2VDU 6.4 1.4 1|1** 17|9** 7 of 39
T30 21.8 11.4 2|2* 2 of 35
T32 3BX1 6.7 3.0 1|1* 44|15***/13** 11 of 36
T33 30.5 18.8 0 of 28
T34 2.9 1.4 4|1** 65|25** 15 of 28
T35 2W5F 15.8 7.3 1|1* 1 of 34
T36 19.7 7.4 1|1* 1 of 32
T37 2W83 7.8 3.3 1|1* 21|1***/7** 11 of 39
T38 3FM8 52.7 19.0 0 of 40
T39 53.0 17.4 3|1***/2** 3 of 37
T40 3E8L 2.1 0.8 9|3***/4** 164|79***/54** 23 of 38
T41 2WPT 1.6 0.7 4|1***/2** 149|24***/58** 22 of 33
T42 2WQH 13.5 4.4 20|9***/5* 13 of 28

aNumber before ‘‘|’’ denotes ‘‘correct’’ models; numbers after ‘‘|’’ indicate the best models, with ‘‘�’’, ‘‘��’’, and ‘‘���’’ denote number of models with acceptable, medium,

and high quality, respectively.
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Figure 1
Comparison of our best models for targets T29, T32, and T40 with their now released structures (see Table I for PDB names). The quality of our models for

the three targets are medium, acceptable, and high, respectively. (A) The X-ray structure of target T29. Trm82 is displayed as surface, with color coding

indicating PINUP predictions of interface residues (red and blue for high and low interface probabilities, respectively); Trm8 is displayed as a ribbon

representation. (B) Best model (model 1) for target T29. Trm82 and Trm8 are presented in the same way as in (A), except that the color coding here displays

the frequencies of individual Trm82 residues appearing in the interfaces of the ZDOCK poses. Red and blue indicate high and low frequencies, respectively.
The quality of our model is shown by the resemblance in the position and orientation of Trm8 relative to Trm82 in (A) and (B). (C) X-ray structure of target

T32, highlighting the participation of a loop of BASI (thicker trace in the red ribbon representation) in the interaction with savinase (green surface). A similar

loop of the subtilisin inhibitor (thicker trace in the light blue ribbon representation) is involved in the interaction with subtilisin BPN0 (PDB entry 2SIC). The

two enzyme-inhibitor complexes are aligned by superimposing the enzymes; subtilisin BPN0 is not shown. Except for the use of a loop in enzyme interaction,

the two inhibitors do not have structural similarity. (D) Comparison of our best model (model 6) for target T32 with the X-ray structure. The two structures

are aligned by superimposing the enzyme (green surface); the inhibitor in the model and in the X-ray structure is shown as blue and red ribbons, respectively.

Inset: difference in rotamers of BASI Y87 between the unbound and bound structures. Note that, in our model, Y87 in the unbound rotamter snugly fits into

an alternative crevice on the surface of savinase. (E) X-ray structure of target T40, highlighting the participation of a Lys-containing loop of API-A (red

ribbon) with trypsin (green surface). A similar loop of APPI (light blue ribbon) is involved in the interaction with trypsin (PDB entry 1ATW). The two

enzyme-inhibitor complexes are aligned by superimposing the enzyme. Except for the use of a Lys-containing loop in enzyme interaction, the two inhibitors

do not have structural similarity. (F) Comparison of our best model (model 6) for target T40 with the X-ray structure. The two structures are aligned by

superimposing the enzyme (green surface); the inhibitor in the model and in the X-ray structure is shown as blue and red ribbons, respectively.
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sidechain of Y87 adopts very different rotamers before

and after binding the enzyme (v1 differing 1508). Conse-
quently our best model is only of acceptable quality [see

Fig. 1(D)].

Targets 33 and 34: methyltransferase
and RNA

Targets T33 and T34 are the complex between a meth-

yltransferase and an RNA transcript. The enzyme methyl-

ates a base in rRNA, and is found in many gram-positive

bacteria.31,32 The two targets differ in the structure pro-

vided for the RNA: a homology model for T33 and the

bound structure for T34.

The T33/T34 enzyme is closely related to another

methyltransferase of known structure; they share approxi-

mately 30% sequence identity and clearly have a com-

mon evolutionary origin. The known structure reveals

the binding site for the substrate S-adenosyl-L-methio-

nine (SAM). The residues that take part in SAM binding

are either identical or of similar types to those in the

T33/T34 enzyme; hence the SAM binding site is con-

served. Because each enzyme transfers a methyl from

SAM to a base in rRNA, the latter should be close to the

bound SAM. In addition, a zinc binding domain is

believed to be important in rRNA recognition. These fea-

tures provided important information for us in docking

the RNA substrate onto the enzyme.

With the interface so well defined, one of our submit-

ted models for T34 is of medium quality and another

three are of acceptable quality. For target T33, the struc-

ture for the RNA was a homology model, which we knew

had to be very different from the bound structure. We

tried to build the bound structure by hand and then

dock it to the enzyme. However, that task proves to be

too challenging. Indeed T33 is a challenge for the whole

community: no acceptable model was submitted at all.

Targets 35 and 36: intramolecular
complex of Xyn10B

Targets T35 and T36 are the complexes between two

domains of Xyn10B: the catalytic domain and the carbo-

hydrate-binding module.33 Xyn10B is an endo-b-1,4-
xylanase from C. thermocellum. The hydrolysis of xylan

by xylanases, mostly in glycoside hydrolase (GH) families

10 and 11, is one of the key reactions in microbial degra-

dation of plant cell walls. Xylananases often exhibit a

modular structure, with the catalytic domain linked to

one or more noncatalytic domains, the majority of which

are carbohydrate-binding modules (CBM). Xyn10B is

comprised the catalytic domain GH10 and the carbohy-

drate-binding module CBM22. The two domains are

covalently linked, but the linker is disordered, suggesting

that the linker is not directly involved in the complex

formation. For target T35, the structure of CBM22 was

given as a homology model; for target T36, the bound

structure was given.

For both targets, the structure for GH10 was a homol-

ogy model with PDB entry 1N82 as the template. This

structure has a clearly defined binding cleft for polysac-

charides. We reasoned that, during catalysis, the two

domains of Xyn10B bind the same polysaccharide mole-

cule. We could then line up the two domains using the

fact that a polysaccharide molecule is nearly linear. The

complex of the GH10 and CBM15 domains of

CjXyn10C34 seemed to support our strategy. However,

the implementation of the strategy was hampered by the

fact that the polysaccharide binding site on CBM22 was

not known. We could narrow the binding site, but not

sufficiently so. In the end, our best submitted models

have an I_rmsd of 7.3 Å from the X-ray structure for

both T35 and T36. These two targets also prove to be

challenging for the community as a whole, with only one

acceptable model submitted for either target.

Target 37: ARF6 and LZ2 of JIP4

Target 37 is the complex of the human G-protein

ARF6 and LZ2, the second leucine zipper motif of JIP4

(JNK-interacting protein 4).35 LZ2 forms a symmetric

coiled-coil and was given as a homology model.

Small G-proteins are regulators of cellular traffic.

Many structures in this family have been solved, includ-

ing those in complex with effectors. The effectors in sev-

eral of these structures are helical, like LZ2, although the

helices differ in length. These include PDB entries 1J2J36

and 1R4A.37 We selected five ZDOCK poses based on

their similarities to these two complexes. We further

enriched these poses by running RosettaDock, generating

5000 new poses for each. The submitted models were

based on both similarities to 1J2J and 1R4A and favor-

able binding energies according to ZRANK. One of our

submitted models is of acceptable quality.

Targets 38 and 39: centaurin-a1
and FHA of KIF13B

Targets 38 and 39 are the complex between Centaurin-

a1 and the Forkhead-associated (FHA) domain of

KIF13B. FHA domains are a class of ubiquitous signaling

modules that appear to function through interactions

with phosphorylated target molecules, to fulfill the role

of a modular phosphoserine/threonine binding domain.

The structure of an FHA and a phosphopeptide suggests

a binding site on the FHA domain.38 Centaurin-a1 has

a phosphothreonine site at S87 and a phosphothreonine

at T276 by PKC.39 The interaction between Centaurin-

a1 and KIF13B has been reported.40 The experiments

with truncates suggested that Centaurin-a1 interacts with

KIF13B through the former’s ARF GAP domain (residues

7-126). We were therefore led to believe that S87 was a
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site of interaction with the FHA domain of KIF13B,

which turns out to be incorrect.

Target 40: bovine trypsin and API-A

Target T40 is a complex between bovine trypsin and

the double-headed arrowhead protease inhibitor (API-

A).41 The bound structure of API-A was given. Each in-

hibitor binds two trypsin molecules. Information was

given that Leu87 and Lys145 of the inhibitor interact

with the trypsin. The two residues are on two loops

located on opposite sides of the inhibitor, so we assumed

that they each interact with a different trypsin molecule.

Bovine trypsin can be inhibited by several other inhibi-

tors with similar structural features. In particular, Alzhei-

mer’s amyloid b-protein precursor (APPI) binds to tryp-

sin through a loop [see Fig. 1(E)].42 In the binding

interface, an APPI Lys residue is found in the P1 posi-

tion, which is the site defining the primary specificity of

the inhibitor (or substrate). This Lys residue inserts

deeply into the enzyme’s binding pocket. ZDOCK poses

with API-A Lys145 positioned in a similar fashion were

exclusively selected. We also assumed that the API-A

Leu87 residue would be located in the P1 position in the

other complex with trypsin. We were less certain of this

assumption, and hence submitted only one model

(model 2) for that complex.

All our nine models with API-A Lys145 in the inter-

face are of acceptable quality or better, including three

with high quality [see Fig. 1(F)]. We credit this excellent

performance largely to the similarity in the positioning

of the Lys-containing loops of API-A and APPI on tryp-

sin [see Fig. 1(E)], since we used this local feature of

APPI in its interaction with trypsin as our guide. Our

model 2 has an I_rmsd of 5.3 Å from the complex with

API-A Leu87 in the interface.

Target 41: colicin E9 and Im2

Target T41 is the complex between the DNase domain

of colicin E9 and the Im2 immunity protein.43 The

structure of the DNase domain of colicin E9 complexed

with its cognate immunity protein, Im9, has been solved

previously (PDB entry 1EMV).44 Four DNase colicins,

E2, E7, E8, and E9 share �80% sequence identity in the

C-terminal DNase domain. The respective cognate im-

munity proteins, Im2, Im7, Im8, and Im9, share �50%

sequence identity; their structures consist of four helices.

It has been proposed that the conserved residues of Im

helix III act as the anchor of the endonuclease binding

site while the variable residues of Im helix II confers the

specificity for the recognition of the cognate partner.45

Between Im2 and Im9, the sequence identity rises to

�70%, and the conserved residues of helix III are identi-

cal. Yet their binding affinities with the DNase domain of

colicin E9 differ by six orders of magnitude.45 We never-

theless assumed that the E9-Im9 complex served as a

good model for the E9-Im2 complex. Poses were gener-

ated from two ZDOCK runs, one with the actual Im2

structure and another with a homology model of Im2

built on the bound structure of Im9. ZDOCK poses with

L_rmsd <15 Å from 1EMV were clustered to remove re-

dundancy. The remaining 22 models were energy mini-

mized and again clustered. The 10 models with the best

ZRANK scores in their respective clusters were submit-

ted. Four of our models turn out to be of at least accept-

able quality, including one with high quality.

Target 42: homodimer of designed
TPR repeat

Target T42 is a homodimer of a designed TPR

repeat.46 The TPR repeat was given as a homology

model, with PDB entry 1NA3 recommended as the tem-

plate. We instead used PDB entry 1NA047 as the tem-

plate for the monomer, because it has a longer sequence

than 1NA3. Except for an extra C-terminal helix on

1NA0, the two structures are very similar. The designed

protein was intended to break polar interactions between

two subunits by polar to apolar mutations.

We ran M-ZDOCK with both the full-length homology

model and with the C-terminal helix removed or

blocked. For this target we had no information on the

dimer interface and very little time to work. In our

model selection, we simply favored compact structures

over more open ones. Our best model has an I_rmsd of

4.4 Å.

CONCLUSIONS

In CARPI rounds 13–19, we submitted ‘‘correct’’ pre-

dictions for 6 of the 13 targets. The models are of high

quality for two of the targets and of medium quality for

two other targets. This along with similar performances

in previous CAPRI rounds4,10 demonstrates our sus-

tained success in the CAPRI exercise. Our success in large

part is due to the use of biochemical and structural in-

formation, instead of a scoring function alone. When no

such information is available, interface prediction can

still be used, as in target T29.

For many of the targets (T32, T33/T34, T37, T40, and

T41), we made use of homology models or critical struc-

tural motifs. These structural data were valuable in model

selection. Biochemical data can be equally helpful. How-

ever, a successful model is hinged on correct interpreta-

tion of the data.

Our results demonstrate the relative usefulness of cur-

rent docking methods for predicting structures of protein

complexes. In our view, a docking strategy that is capable

of producing high-quality models will require some in-

formation on the interface, either known or accurately

predicted, and a versatile local search method.
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