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Abstract

We report the performance of the ZDOCK and ZRANK algorithms in CAPRI rounds 13-19, and
introduce a novel measure Atom Contact Frequency (ACF). To compute ACF, we identify the
residues that most often make contact with the binding partner in the complete set of ZDOCK
predictions for each target. We used ACF to predict the interface of the proteins, which in
combination with biological data available in the literature, is a valuable addition to our docking
pipeline. Furthermore, we incorporated a straightforward and efficient clustering algorithm with
two purposes: 1) to determine clusters of similar docking poses (corresponding to energy funnels),
and 2) to remove redundancies from the final set of predictions. With these new developments, we
achieved at least one acceptable prediction for targets 29 and 36, at least one medium quality
prediction for targets 41 and 42, and at least one high quality prediction for targets 37 and 40; thus
we succeded for six out of a total of 12 targets.

1. Introduction

Since June 2001, the Critical Assessment of PRedicted Interactions (CAPRI)! experiment
has provided the protein-protein docking community with opportunities to test algorithms
and strategies on unknown targets. Our lab has participated since the first CAPRI round,2:34
using the ZDOCK? and ZRANKS docking programs. ZDOCK is a fast Fourier transform
(FFT) based rigid-body docking algorithm, of which several versions have been released
since its debut,> "8 and ZRANK reranks ZDOCK predictions with a more detailed scoring
function. Compared with our previously reported strategy for solving CAPRI targets,* we
now include the Atom Contact Frequency (ACF) analysis, which integrates ZDOCK
predictions to predict binding interfaces. In addition, we improved our method for clustering
ZDOCK predictions.

2. Methods

Atom Contact Frequency

ZDOCK performs an exhaustive rigid body search in the 6-dimensional rotational and
translational space. The three rotational angles are sampled with either a 6 degree or a 15
degree spacing, and the 3 translational degrees of freedom are sampled with a 1.2 A spacing.
For each set of rotational angles, only the best (based on ZDOCK score) translationally
sampled prediction is retained. Generally for our CAPRI predictions, we use 6 degree
sampling, resulting in 54,000 predictions.

The Atom Contact Frequency N; for atom i is defined as the number of contacts njy (using a
6 A cutoff) the atom makes with any atom of the binding partner, summed for a set of
predictions k, and normalized:
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Nij=M;/max {My,--- , Mj,---}, (1)

where
]\fi:;nik (2)

In this work, we used the 2000 highest-score ZDOCK predictions of each complex (i.e., k=1,
2, ..., 2000). We predicted a residue to be in the interface if it has one or more atoms with N;
>0.7. Performance assessment on rigid-body cases of the protein-protein docking benchmark
3.09 shows that the method has a precision of 0.65, where the precision is defined as the
number of correctly predicted interface residues (the number of true positives) devided by
the total number of residues to predicted to be in the interface (sum of the true positives and
false positives). Although the ACF provides only low resolution information, and no
specific binding mode, it does allow the user to discard a large fraction of false-positive
predictions, and improve the overall performance of the docking pipeline.

We clustered the 54,000 ZDOCK predictions to retain only distinct predictions. In addition,
the number of predictions in a cluster can help to identify false positive predictions.

For our clustering algorithm, the predicted complexes are rotated and translated to
superimpose the receptors. We then express the similarity of two predictions as the root
mean squares deviation (RMSD) between the Ca atoms of the ligand structures. The
complex with the highest ZDOCK score is taken to be the center of the first cluster. All
predicted complexes that have RMSD’s to this cluster center that are below a user-specified
threshold are eliminated from the list of predictions, and these steps are repeated until no
predictions remain in the list. The resulting cluster centers represent a pruned set of
predictions that are spaced by at least the threshold, and with a bias towards high ZDOCK
scores. For our CAPRI predictions, we generally consider only this pruned set.

General Docking Approach for CAPRI

As mentioned before, for the protein-protein targets we used ZDOCK 3.0 with 6° rotational
sampling, which produced 54,000 predictions per target. In addition to protein-protein
docking targets, there were also protein-RNA targets, and we have not parameterized any of
the ZDOCK versions for nucleic acids. Fanelli and Ferrari parameterized ZDOCK 2.3 for
protein-DNA docking studies.? Thus we used ZDOCK 2.3 with a modified version of their
parameters for protein-RNA targets. We used top 30,000 ZDOCK predictions for clustering
with a RMSD cutoff of 6 A for all targets (unless stated otherwise).

In many cases, literature provides information regarding whether or not residues or domains
are located in or near the binding interface. As described in our previous CAPRI papers,34
we used this information to place constraints (“blocking’ and “distance filtering”) on the
poses that ZDOCK considers. From the clusters we collected 10 predictions for submission
to CAPRI. For this final selection we combine the ZDOCK scores with literature
information, ACF results, cluster density, and visual assessment (which do not agree in all
cases, as discussed below). Finally, the selected structures were refined using CHARMM11
to reduce possible atom clashes. For the scoring challenge, in which predictions need to be
picked from a set of predictions by us and other CAPRI teams, we used ZRANK, and
followed the same overall strategy as for the docking, thus using the same biological
information, clustering approach, and refinement step. The CAPRI evaluation team assign a
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prediction to be incorrect, or of acceptable, medium, or high quality based on the evaluation
methods.12

Results and Discussion

A summary of the prediction (ZDOCK) and scoring challenge (ZRANK) performance for
the CAPRI targets of rounds 29 to 42 is shown in Table 1.

For the prediction challenge, we achieved at least one acceptable prediction for six of the
targets out of 12 total number of targets. For two of these six targets, we achieved at least
one mediun quality prediction and for another two targets we achieved at least one high
quality prediction. In Figure 1 and supplementary table S1 we show ACF results, as
discussed in the text below.

We used ZRANK for the scoring challenge, and obtained at least one acceptable prediction
for four targets. For all these targets, we were also successful in the prediction challenge.
For two targets we were successful in prediction but not in scoring, and these were the result
of either not participating (Target 36) or cancellation (Target 42).

In the remainder of this section we discuss the approach we followed for each target. Since
our approach and results are very similar for prediction and scoring, we only discuss the
former.

Target 29: tRNA methyltransferase 8 (TRM8) / tRNA methyltransferase 82 (TRM82)13

For Target 29 we were provided with the unbound (unpublished) structure of TRM8 and the
bound structure of TRM82, both are tRNA guanine-N(7)-methyltransferases.13 Based on
mutagenesis information and a conserved motif study by sequence alignment!4, along with
missing residue information of the provided structures, we blocked Pro73, Phe106, Arg128,
Asnl161, Pro185, His192, Glu260, Glu261 and Thr282 on TRM8. On TRM82 we blocked
Ser2, Phe48, Pro100, Pro295, 11e305 and Leu436 based on the missing residue information.
We submitted a structure from the 10 most populated clusters, which yielded an acceptable
prediction with interface RMSD of 2.13 A. From Figure 1 we can see that all the ACF
identified residues lie in the interface.

Target 30: Rho family GTPase Rnd1 / Plexin-B1 dimer1®

Target 30 is an unbound-unbound docking case of the Ras binding domain of the Plexin-B1
homodimer, and GPTase Rnd1 of the Rho family. An unpublished unbound homodimer of
Plexin-B11® was provided along with Rnd1 (PDB entry 2CLS chain A). Experimental
results indicate that residues Leu1849, Val1850 and Pro1851 of Plexin-B1 are involved in
the interaction with Rnd1,16:17 and mutagenesis studies indicate that Thr45 of the effector
domain (residues 42-50) of Rnd1 is involved.1’

The ACF results are consistent with the effector domain of Rnd1 being involved in binding,
but not for Leu1849, Val1850 and Pro1851 of Plexin-B1. Instead, ACF predicts that
residues 1809-1815 of Plexin-B1 are involved in binding. To deal with this discrepancy, we
selected 5 clusters based on the ACF results, and 5 clusters based on distance filtering using
literature information. From each cluster, we submitted the structure with the highest
ZDOCK score. Our best prediction has an interface RMSD of 4.85 A, which is classified as
incorrect.
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Target 32: Barley a-amylase — subtilisin inhibitor (BASI) / Subtilisin savinasel®

Target 32 is an unbound/unbound docking target with the protease Subtilisin savinase (PDB
entry 1SVN) binding to the bifunctional inhibitor BASI (PDB entry 1AVA chain C). In
1AVA, BASI is bound to Barley a-amylase isozyme AMY2.19 Literature information
indicates that BASI, AMY2 and savinase form a ternary structure,2? which implies that
subtilisin and AMY2 do not share the interface on BASI. Furthermore, the complex of
savinase and Chymotrysin Inhibitor 2 (C12) (PDB entry 1LW?2) indicates that CI2 inhibits
savinase by blocking the catalytic triad Asp32-His64-Ser221.21 We therefore blocked the
AMY2 binding site on BASI, and filtered the docking results for inclusion of the catalytic
triad in the interface. The ACF prediction is consistent with the literature information. We
submitted one structure each from the 10 most populated clusters.

While ACF predicted residues of savinase are located near the center of the interface, the
ACF predicted residues of BASI are located at the edge of the interface area (Figure 1).
Thus despite the accurate literature information, our predictions were incorrect for this easy
target.

Target 33/34: Methyl transferase / RNA

Target 33 entailed docking homology models of methyl transferase and a 74 nucleotide-long
RNA. For Target 34, the homology model of the RNA was replaced with the bound
structure. For both targets we used a homology model of the methyl transferase built with
insight 11,22 based on PDB entry 1P91. For Target 33, the RNA was modeled based on the
provided template (PDB entry 2AW4) and sequence alignment using the Rosetta23 program.
Literature information indicates that the methyl transferase transfers a methyl from a
sadenosyl-methionine (SAM) molecule to N1 of a particular base of the RNA.24 Therefore,
SAM was incorporated in the homology modeled methyl transferase, based on a
homologous protein that includes SAM.2® Distance filtering was applied to the SAM
binding site of the methyl transferase and the particular base of our interest of the RNA.

We only calculated the ACF for the protein binding partner, the methyl transferase.
Although the ACF result is consistent with the literature information, the homology modeled
RNA for Target 33 was not accurate enough to obtain a near native complex, and our best
prediction has an interface RMSD of 16.21 A. Using bound RNA in Target 34 still yields an
incorrect prediction, although the interface RMSD was significantly improved to 5.00 A.

Target 35/36: C-terminal Carbohydrate Binding Module 22 of Xylanase (CBM22-1) /
Glycoside Hydrolysis domain of Xylanase (GH10)2%

Xylanase 10B has three domains: the GH10 catalytic domain, the CBM22-1 domain and the
CBM22-2 domain.2”-28 The CBM22-1 and CBM22-2 domains are covalently connected
through two 7-residue linkers to the N-terminus and C-terminus of the GH10 domain,
respectively. Target 35 is a intramolecule docking problem with homology models of the
GH10 domain and the CBM22-1 domain. For Target 36 we were provided with a bound
form of CBM22-1. Using Insight 11,22 we obtained homology models of GH10 (using PDB
entry 1N82 as a template), as well as CBM22-1 (using PBD entry 1DYO0 as a template) for
Target 35.

We applied distance filtering to mimic the linker that connects the two domains: between the
N-terminus of the GH10 domain and the C-terminus of CBM22-1. ZDOCK predictions with
distances > 25 A were excluded. We submitted the structures with the highest ZDOCK
scores of the 10 most populated clusters.
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ACF calculations on Target 35 GH10 (Figure 1) show that the predicted residues are
completely misplaced from the interface area of the complex. However, predicted residues
of CBM22-1 are located near the center of interface of the complex. Our best prediction was
incorrect. Since our set of submitted structures included both structures that agree with the
ACF, and structures that do not agree, the interface RMSD of our best prediction is
reasonably small, 4.61 A.

Target 36 is the same complex as target 35, but with bound CBM22-1. Furthermore,
additional literature searches identified homologous complexes (PDB entries IWKY and
1PX8) that suggest that CBM22-2 possibly interacts with helices 7 (residues 282-307) and 8
(residues 342-350). Based on this additional literature information, we blocked helices 7 and
8 from the GH10 catalytic domain. In addition, we blocked residues 131 to 266 of the GH10
catalytic domain, which are inaccessible due to the 7-residue linker. We applied the same
distance filtering as for Target 35 to mimic the covalent linkage between the two proteins.
Again, we submitted the structures with the highest ZDOCK scores of the 10 most populated
clusters.

From the ACF calculation we can see the dramatic improvement it makes to use a bound
instead of a homology modeled structure of CBM22-1, especially for GH10. All ACF
predicted residues are in the interface area of the complex. This led to an acceptable
prediction, with an interface RMSD of 3.65 A.

Target 37: Leucine Zipper 2 (LZ2) / ADP-rybonylation factor 6 (ARF6)29

For Target 37 we docked unbound ARF6 (PDB entry 2A5D) and a homology model of the
LZ2 domain of JIP4. The homology model is based on GCN4 leucine zipper domain (PDB
entry 2ZTA), and provided by Alexandre Bonvin’s group. We selected the second out of
Bonvin’s 16 homology models, since it displays the smallest amount of bending, and
therefore has the most residues accessible by the binding partner.

The C-terminus and N-terminus of ARF6 were blocked during the docking. Based on a
homologous complex between RhoA and ROCKI (PDB entry 152C),30 we concluded that
ARF6 switch I (residues 43-50) and switch 1l (residues 67-77) are in the interface of the
target complex, which is supported by our ACF calculation. We applied distance filtering
using 4 hydrophobic residues (Leul6, Val25, 11e30 and Thr37) that have high ACF on LZ2,
as well as switch | and switch 1l of ARG6. After clustering, we choose 10 clusters, and from
those submitted the structure with the highest ZDOCK score.

Figure 1 shows that residues predicted by ACF for ARF6 are located near the center of the
interface, and most of the ACF predicted residues for LZ2 are located in the interface of the
complex. This resulted in our best prediction to be of high quality, with an interface RMSD
of 0.99 A.

Target 38/39: Centaurin-al / Forkhead-associated domain of Kinesin-like protein (KIF13B

FHA)

Target 38 is an unbound-homology model docking case of centaurin-al (PDB entry 3FEH)
and the FHA domain of KIF13B. However, it was soon announced to be an unofficial
CAPRI target, and followed by Target 39, which involved the same proteins but replaces the
homology model of the FHA domain with the bound structure (PDB entry 3FM8).

Centaurin-al has three domains, GAP, N-PH and C-PH. Literature information suggests
that the FHA domain of KIF13B is bound to the GAP domain.3! This is in contrast with our
ACF results for centaurin-al. However, we decided to rely on the literature, and hence
blocked the N-PH and C-PH domains of centaurin-al, along with the C and N-termini of
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FHA. This resulted our best prediction to be incorrect, with an interface RMSD of 15.64 A.
The native complex, in fact, agrees with the ACF analysis: the predicted residues of
centaurin-al and KIF13B are all located in the interface area of the complex (Figure 1).
Relying on the ACF calculation instead of the literature would have resulted in a much more
accurate prediction.

Target 40: Bovine trypsin / Double-headed arrowhead protease inhibitor A (APIA)32

Target 40 is the complex of an unbound x-ray structure bovine p-trypsin (PDB entry 1BTY)
and the bound structure of double-headed arrowhead protease inhibitor A, APIA.

Mutagenesis information indicates that Arg76 of APIA plays a role in the binding
process.33-3% However, the location of this residue in the given APIA structure prohibits it to
contact trypsin directly. Rather, Arg76 stabilizes a surface loop that contains the potential P1
residue Lys145. In addition, we used BLAST?36 to find complexes of bovine trypsin with
various other inhibitors (PDB entries 1TGS, 1SBW, 1F2S, 1TAB, 10PH, 2FTM, 1TAW,
1ZR0, 2F14 and 2FT1). We found that all these peptides contain a Lys or Arg P1 residue that
contacts the S1 pocket of bovine trypsin. Furthermore, the x-ray structure of APIA and
chymotrysin (PDB entry 3BX1) suggests Leu87 to be a functional residue of the inhibitor.
Lys145 and Leu87 correspond to different possible binding sites, and we applied two rounds
of distance filtering. In the first run, we included the S1 pocket of bovine trypsin, and the
surface loop (residue number 143-149) of APIA containing Lys145. In a second run, we
applied distance filtering to include the S1 pocket of bovine trypsin and Leu87 of APIA.

The native complex of Target 40 shows that APIA has two alternative binding modes with
trypsin, involving Lys145 or Leu87. The ACF calculation on APIA shows that ZDOCK
prefers the binding through Leu87 (Figure 1). This resulted our best prediction to be of high
quality, with an interface RMSD of 0.64 A. Since we knew that there were two binding
sites, we also submitted predictions for the interface that includes Lys145, of which the best
is medium quality with an interface RMSD of 1.01 A.

Target 41: Colicin E9 / Immunity protein 2 (IM2)

For Target 41, we docked the unbound structures of colicin E9 (PDB entry 1FSJ) and the
IM2 immunity protein (PDB entry 2NO8). We examined complexes that were homologous
to the target, namely colicin E7 and IM7 (PDB entry 7CEI),3 and colicin E9 and IM9 (PDB
entry 1EMV).38 Along with the homologous complexes and additional literature
information,3 we concluded that Phe86 on colicin E9 and Tyr54 on IM2 play key roles in
the interaction.

ACEF results for both colicin E9 and IM2 are consistent with Phe86 and Tyr54 location in the
interface, and distance filtering was used with the two key residues. This lead to our best
prediction to be of medium quality, with an interface RMSD of 1.73 A.

Target 42: Tetracopeptide repeat (TPR) symmetric homodimer

Target 42 is a symmetric homodimer, for which the monomeric structure required homology
modeling. Although the target sequence and a template structure of TPR (PDB entry 1NA3)
were provided, we decided to use a different template (PDB entry 1NAO). For our
predictions we used M-ZDOCK 3.0%, which was developed specifically for
homomultimeric docking. In the absence of literature information, we relied entirely on the
ACF analysis, which identified residues Tyr81, Tyr88 and Lys89 to be in the interface.

According to the CAPRI organizers, TPR can form two distinct symmetric homodimers.
From Figure 1 we see that only one of the binding modes is reflected by our ACF results,
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and we only made predictions for this mode. Our best prediction has an interface RMSD of
1.20 A, and was classified as of medium quality.

Conclusions

Overall ZDOCK performed well for the current targets, providing a successful
demonstration of ZDOCK 3.0 in the area of blind protein-protein docking. The performance
of ZRANK for the scoring was similar to ZDOCK, in that there was a substantial overlap in
the targets where successful predictions were made. Notably, for three out of four targets
where both docking and scoring yielded at least an acceptable prediction, the top scoring
prediction was better, highlighting the ability of ZRANK to identify high quality predictions
with low RMSD from native.

We introduced the ACF analysis for these rounds, which correctly predicted interface
residues in 17 out of 21 monomers (Figure 1 and Supplementary Table S1). For Target 39
the ACF analysis is not consistent with the available literature. We relied on the latter for
our prediction, which was incorrect, and in retrospect the ACF turned out to be correct. It
appears that the ACF analysis is reliable enough to be an integral component of the docking
pipeline.

For the first time in CAPRI, Targets 33 and 34 involved a complex of a protein with a RNA
molecule. Considering that the ZDOCK scoring function was developed specifically for
protein-protein docking, it is encouraging that for Target 34 we obtained a prediction that
was very close to being acceptable. As expected, ZDOCK performs better with higher
quality input structures, which explains the poorer performance with homology models as
input. Still, one of ZDOCK’s strengths is its generality, obtaining correct predictions for a
variety of target types and qualities of input structures. As in the previous CAPRI rounds,
ZDOCK is among the best performing docking algorithms, in that we are among the groups
that made at least one acceptable prediction for the largest number of targets (six targets). In
addition, our predictions were close to the cutoff for being acceptable for four other targets
(30, 32, 34, 35).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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T29: TRM8(U) - TRM82(B) T30: Plexin-B1(U) - Rnd1(U) T32: Subtilisin(U) - BASI(U) T33: Methyl transferase (B)
9 v s 3

T34: Methyl transferase (B) T35: CBM22-1(H) - GH10(H) T36: CBM22-1(B) - GH10(H) T37: ARF6(U) - LZ2(H)

-

P
/

T39:KIF13BFHA(b) - Centaurin-a1(U) T40: APIA(U) - Trypsin(U) T41: E9(U) - IM2(U) T42: TPR(H)

Figure 1.

Monomers of the Targets, with interface residues in blue (different shades for the interfaces
corresponding to the distinct binding modes of Targets 40 and 42), and residues predicted by
ACF to be in the interface in red. The origin of the monomer is in parenthesis (B, H, and U
for bound, homology modeled, and unbound, respectively)
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Table 1

Summary of ZDOCK and ZRANK performance for CARPI Rounds 13-19

Prediction (ZDOCK)

Scoring (ZRANK)

Page 11

Target Complex Type? Classfication? f,z¢ iRMSDC Classfication? .4 ¢ iRMSDC
29 TRM8/ TRM82 U/B  Acceptable 49 2.131  Medium 69 1.120
30 Rnd1 / Plexin-B1 u/u Incorrect 16 4.849 Incorrect 0 10.039
32 BASI / Subtilisin u/u Incorrect 25 5.505 Incorrect 1 9.453
33 Methyl transferase H/H Incorrect 10 16.212  Incorrect 1 19.537

/ RNA
34 Methyl transferase H/B Incorrect 27 4.997 Not
/ RNA participated
35 CBM22-1/ GH10 H/H Incorrect 7 4.606 Incorrect 4 8.716
36 CBM22-1/GH10 B/H  Acceptable 37 3.649 Not
participated
37 LZ2 | ARF6 H/U High 59 0.988 High 92 0.939
39 Centaurin-al/ U/B Incorrect 0 15.639 Incorrect 0 15.643
KIF13B FHA
40 Bovine Trypsin / UU  Mediumd 92 1007 yighd 86 0.433
APIA
Highd 95 0.636  |ncorrectd 0 19.879
41 Colicin E9 / IM2 U/u Medium 46 1.728  Acceptable 63 2.45
42 TPR H/H Mediumd 100 1.199 N/A
Incorrectd 15 4135 N/A

aU, B, and H denote unbound, bound, and homology modeling input structures, respectively.

b I . .
Best classification of our 10 predictions, as assessed by the CAPRI evaluation team.

Cfna[ (%) and interface RMSD (iIRMSD, A) provided by the CAPRI evaluation team. In case of multiple predictions of the same classification, we

report the prediction with the lowest interface RMSD.

d . .
Results are reported for the two distinct binding modes for targets 40 and 42.
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