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Abstract

structural matches at protein surfaces.

Background: The ability to predict protein-protein binding sites has a wide range of applications, including signal
transduction studies, de novo drug design, structure identification and comparison of functional sites. The interface in
a complex involves two structurally matched protein subunits, and the binding sites can be predicted by identifying

Results: We propose a method which enumerates “all” the configurations (or poses) between two proteins (3D
coordinates of the two subunits in a complex) and evaluates each configuration by the interaction between its
components using the Atomic Contact Energy function. The enumeration is achieved efficiently by exploring a set of
rigid transformations. Our approach incorporates a surface identification technique and a method for avoiding clashes
of two subunits when computing rigid transformations. When the optimal transformations according to the Atomic
Contact Energy function are identified, the corresponding binding sites are given as predictions. Our results show that
this approach consistently performs better than other methods in binding site identification.

Conclusions: Our method achieved a success rate higher than other methods, with the prediction quality improved
in terms of both accuracy and coverage. Moreover, our method is being able to predict the configurations of two
binding proteins, where most of other methods predict only the binding sites. The software package is available at
http://sites.google.com/site/guofeics/dobi for non-commercial use.

Background

Most of the existing efforts to identify the binding sites
in protein-protein interaction are based on analyzing the
differences between interface residues and non-interface
residues, often through the use of machine learning or
statistical methods. These methods differ in the features
analyzed, that is, the sequence and structural or physical
attributes. Chung et al. [1] used multiple structure align-
ments of the individual components in known complexes
to derive structurally conserved residues. Sequence profile
and accessible surface area information are combined with
the conservation score to predict protein-protein bind-
ing sites by using a Support Vector Machine. Ofran et al.
[2] employed neural networks to predict binding sites,
using the sequence environment, the profile and the struc-
tural features as input. The random forest algorithm is
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used to utilize these features from sequences or 3D struc-
tures for the binding site prediction [3,4]. PSIVER [5] uses
sequence features for training a Naive Bayes classifier to
predict binding sites. In PSIVER, conditional probabili-
ties of each sequence feature are estimated using a kernel
density estimation method.

Besides the machine learning and statistical approaches,
3D structural algorithms and other methods have also
been used to identify binding sites through investigat-
ing protein surface structures. ProBiS [6] predicts binding
sites by local surface structure alignment. It compares
the query protein to 3D protein structures in a database
to detect proteins with structurally similar sites on the
surfaces. Burgoyne et al. [7] analyzed clefts in protein
surfaces that are likely to correspond to the binding
sites. They ranked them according to sequence conserva-
tion and simple measures of physical properties includ-
ing hydrophobicity, desolvation, electrostatic and van der
Waals potentials. Ortuso et al. [8] defined most relevant
interaction areas in complexes deriving pharmacophore
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models from 3D structure information. It is based on 3D
maps computed by the GRID program on structurally
known molecular complexes.

ProMate [9] is based on the idea of interface and non-
interface circles. A circle is first created around each
residue. Then, features are extracted from these circles.
Statistics are performed and histograms are created for
each feature. Thereafter, the probability for each circle of
a test protein to be an interface is estimated. The interface
circles are clustered for each test protein to identify the
binding patch.

Bradford et al. [10] proposed an approach (PPI-Pred)
which uses SVM (Support Vector Machine) on surface
patch features to predict binding sites. PPI-Pred gener-
ates an interacting patch and a non-interacting patch for
each protein. Seven features are extracted for each patch
to build an SVM model, which is then used to predict if a
given test patch is an interacting patch.

In PINUP [11], an empirical scoring function is pre-
sented to predict binding sites. The function is a lin-
ear combination of energy score, interface propensity
and residue conservation score. A patch is formed by a
residue and its spatial neighbors within the protein sub-
unit. PINUP takes the top 5% scoring patches and ranks
residues based on their occurrences in these patches.
The top 15 ranked residues are predicted as the interface
residues.

Li et al. [12] proposed another SVM approach (core-
SVM). The residues of the proteins are divided into four
classes: the interior residues, the core interface residues,
the rim interface residues, and the non-interface residues.
The core interface and rim interface residues are distin-
guished by the percentage of their neighboring residues
which are interface residues. An SVM is built over eight
features extracted from the interface residues, and used
to compute the probability of whether a residue is a core
interface residue.

Meta-servers have also been constructed to com-
bine the strengths of existing approaches. The pro-
gram called meta-PPISP [13] combines three individual
servers, namely cons-PPISP, ProMate and PINUP; another
program called metaPPI [14] combines five prediction
methods, namely PPI-Pred, PINUP, PPISP, ProMate, and
SPPIDER [15].

Another approach in binding site prediction is to exam-
ine the possible structural configurations, or referred
to as poses, of protein subunits, that is, how the sub-
units may dock. Docking methods based on fast Fourier
transformation (FFT) [16,17], geometric surface match-
ing [18], as well as intermolecular energy [19-21] have
been proposed. Fernandez-Recio et al. [22] simulated
protein docking and analyzed the interaction energy land-
scapes. Their method uses a global docking method
based on multi-start global energy optimization of the
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ligand. It explores the conformational space around the
whole receptor, and uses the rigid-body docking config-
urations to project the docking energy landscapes onto
the surfaces. The low-energy regions are predicted as the
binding sites.

In this paper, we propose a method which enumer-
ates the configurations of two binding proteins (that
is, the possible positions of the two subunits in a
complex), and identify binding sites by evaluating the
interaction between the components using the Atomic
Contact Energy (ACE) function [23]. We perform rigid
transformation to enumerate the configurations of two
binding proteins. The enumeration is performed in con-
junction with a surface identification technique for avoid-
ing clashes between protein subunits when computing
rigid transformations. The transformations which result
in the minimum score according to the Atomic Contact
Energy function are found; the corresponding interact-
ing residues are reported as binding sites. Our method is
implemented in a program called DoBi?®.

We perform experiment to compare DoBi with the exist-
ing methods using commonly used measures for assess-
ments. The program outperforms the other methods on
these measures. DoBi achieved a success rate higher
than all the other methods, improving prediction qual-
ity in terms of both accuracy and coverage. In addition,
it predicts the configurations of two binding proteins, as
opposed to giving only the binding sites.

Methods

The main idea of our method is to enumerate “all” configu-
rations between two proteins, where a configuration refers
to the 3D coordinates representing the relative position
and orientation of two protein subunits in a complex. We
use the Atomic Contact Energy (ACE) function to com-
pute the score for a configuration. The configurations with
the lowest score are chosen, and the corresponding inter-
acting residues are predicted as binding sites. We use rigid
transformation to enumerate the configurations. The key
techniques required here contain (1) an efficient algorithm
to enumerate “all” configurations (rigid transformations)
and (2) a good energy score.

Atomic contact energy

Atomic Contact Energy (ACE) is an atomic desolvation
energy measure developed in [24]. It is defined over the
energy of replacing a protein-atom/water contact, with a
protein-atom/protein-atom contact. The ACE score takes
into account 18 atom types, hence resulting in 1818 pos-
sible atom pairs. The score for each atom pair has been
determined, based on a statistical analysis of atom-pairing
frequencies in known proteins. These pre-determined
scores are given as log likelihood values in [24], thus allow-
ing the summation of these values. The pre-determined
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score of effective contact energy between atom type i and
typej is defined as
a Nij/Cij

(Nio/Cio) x (Njo/Cjo)

T[if]= —1

where type 0 corresponds to the solvent. The number of
i-j contact (N;;) and the number of i-0 contact (Njo) are
estimates of the actual contact numbers of known com-
plexes. In addition, C;j and C; are defined as the expected
numbers of i-j contact and i-0 contact.

For a given configuration, the ACE score is a summation
of each of the atom pairs (one from each subunit) within
threshold distance d, and d = 64 is used in this paper.
Denote the sets of atoms from the two subunits as S; and
Sa, respectively, then the ACE is computed as

Exce = Z

S€S1,LteSy,|Is—t||<d

T[s,t]

where ||s — t|| is the Euclidean distance between s and ¢,
and Ts, t] is the pre-determined score of the atom pair s
and ¢.

The ACE score can be considered an estimate of the
change in desolvation energy of the two proteins in going
from the unbound state to the complex. A lower ACE
value implies a lower (and hence more favorable) desolva-
tion free energy.

Enumeration of the configurations

In this paper, we assume that subunits are rigid. A pro-
tein structure consists of a sequence of residues. Each
residue consists of a set of atoms. We assume that the
atoms in a residue are ordered as a sequence. Hence, the
whole protein structure can be represented by a sequence
of atoms. In the rest of this subsection, we let A and B
denote two protein structures (subunit), and write A =
(a1,a2,...,by), and B = (b1, b, . .., by), where a;, and b;
are atoms of structure A and B. Without loss of general-
ity, we assume that n > m. We also assume that we know
the 3D coordinates of each atom in both input proteins.
We use A[ i : j] to denote the subsequence (a;, . . .,a;), and
refer to a subsequence of atoms as a structural fragment.

To enumerate all the configurations, we assume B is
fixed, and we perform rotations and translations (referred
to as rigid transformations, and simply, transforma-
tions, in the rest of the paper) on A. The method pro-
posed here is modified from the algorithms for structure
comparison [25].

Assume that two points a; and 4; of A interact with two
points by and by of B, then we know that [|a; — by|| < d
and ||a; — by|| < d. To enumerate the configurations, we
enumerate the positions for atoms 4; and 4; first, and for
each fixed positions of 4; and a;, we rotate A about the
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line formed by a; and a4;. Let the d-ball of an atom a be
the ball with radius d centered at a. We discretize the d-
ball of by with step size ed, where € is a small constant
(and we choose € = 0.1 for this paper). Each grid point in
the d-ball of by is used as a candidate position for atom a;
for the binding. When g; is fixed at one of the grid points,
the possible positions for a; form a sphere cap, where the
sphere is centered at a; with radius ||a; — 4;|, and the cap
is the portion of the spheres enclosed in the d-ball of b;.
Again, we discretize the sphere cap with step size ed. Each
grid point on the sphere cap is a candidate position for a;.
This gives us a total of O(( %)5) possible positions for the
pair of a; and a;. After a; and 4; are fixed on their respec-
tive grid points, the only degree of freedom to move A[ i, j]
is to rotate it around the axis through a; and a;. We use
a 1° step size; that is, we explore 360 different positions
for the remaining atoms through 360 rotations. Figure 1
illustrates the steps to compute a transformation.

The method will work well if we know two interaction
pairs (a;, by) and (aj, by ). We can simply enumerate all the
atoms pairs as the interaction pair candidate. However,
there will be O(n*) such cases, which makes the computer
program too slow in practice. This is perhaps one of the
reasons that such a method has not been tried. The focus
of the following subsection is to identify two pairs (a;, by)
and (aj, by) which are more likely to be interaction pairs.

When enumerating “all” configurations, we also want to
make sure that (1) only surface fragments can be candidate
binding sites for a configuration and (2) there is no clash
between the two proteins in such a configuration. Before
presenting the details of the method, we define the surface
atoms and clashes of two subunits first.

Surface atoms

The interface residues of two proteins are necessarily sur-
face residues. Inspired by the work in LIGSITE®* [26,27],
we propose a method to identify the surface atoms of a
protein.

First, we build a 3D grid with step size 1A around the
protein. Then, each grid point is labeled as a protein point
ifit is within distance 2A of any atom, and labeled as empty
otherwise. We further subdivide the protein grid points
into two types: interior or surface. A protein grid point is
labeled as surface if at least one of its six neighboring grid
points is empty, otherwise it is labeled as interior. With
the grid points labeled, we can label the atoms. an atom
is labeled as a surface atom if it is within distance 1.5A of
a surface grid point, otherwise it is labeled as an interior
atom.

Figure 2 gives an example in 2D, where a protein grid
point is labeled as interior if it has all four neighbors
as protein points. In 3D, a protein grid point should be
labeled as interior if all of its six neighbors are labeled
as protein.
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Figure 1 Steps to obtain a transformation. (1) put g; at one of the O((%)3) grid points d-ball of by. (2) put g; at a grid point on the intersection of
the sphere centered at a; with radius |a;q;| and d-ball of b;. There are at most O((%)Z) grid points on the intersection. (3) use g; and g; as the
rotation axis.

Clashes of two subunits the structures A and B, we mark the grid points as inte-
A configuration cannot result in two subunits to have  rior, surface, or empty. We use a threshold 6 to identify
clashes. The following method is used to capture if a con-  whether two subunits clash, by calculating the proportion
figuration resulted in clashes. Given a configuration, we  of interior points for both of them. We say that the two
build a 3D grid as in the previous subsection. For each of  subunits clash if they share more than 6 x 100% of their
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Figure 2 The surface atoms are indicated in 2D. (A) the grid is created, and grid points are labeled as either empty or protein; (B) the grid points
labeled as protein are relabeled as surface or interior; (C) an atom is labeled either as surface or as interior. We use 2D as an illustration.
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interior points; that is, if X is the number of interior grid
points which are shared by both proteins, and X4 and Xp
are the number of interior grid points of each subunit,
respectively, then we require that X < 0 x min{Xy, Xp} if
the subunits do not clash.

Finding the two interaction pairs
In the following subsections, we present the details to
explore the potential interaction pairs.

Identify candidate fragment pairs

We first select fragment pairs that are potential binding
sites. As discussed in Section “Enumeration of the config-
urations’, there are O(n*) possible fragment pairs (a;, a;)
and (b, bj/) for each binding site. To reduce the computa-
tional complexity, we adopt a local alignment algorithm to
accelerate this selection. This is a raw estimation and we
hope that the actual binding sites are not discarded by this
process.

We first use a heuristic to quickly discard fragments
pairs that are unlikely to bind. The heuristic simplifies the
problem, as follows: (1) every atom is within the thresh-
old value required in the ACE computation (that is, we
ignore the geometry of the structure); (2) each atom inter-
acts with at most one atom; (3) interacting pairs follows
a sequential order. That is, for any two pairs of interacted
atoms (a;, by) and (a;, by), we have either i < i"andj </,
or i’ < iandj < j. With these three simplifications,
the standard Smith-Waterman local alignment algorithm
[28] can be employed, with the ACE scores used as the
penalty (negation of the score) for alignment. We use a
penalty of 1 for aligning an atom to a space. Each local
aligned segment gives us two fragments, where each atom
in the fragment is either aligned to another atom from the
partner, or aligned to nothing (i.e., aligned to space).

We present details here. For two sequences P and Py,
an alignment of P; and P, can be obtained by (1) insert-
ing spaces into the two sequences P; and P, such that
the two resulting sequences with inserted spaces P} and
P}, have the same length and (2) overlap the two result-
ing sequences P; and P). The score of the alignment is the
sum of the scores for all the columns, where each column
has a pair of letters (including spaces) and for each pair of
letters there is a pre-defined score. A subsequence o of P;
and a subsequence B of P, can be formed as a local aligned
segment such that the score between « and $ is minimum.
Here we want to find all (non-overlapping) pairs of subse-
quences with a score of at most x. For our purpose, we set
x = 0 throughout the paper.

Due to the simplifications, there are many false pos-
itive results, and some of the interaction pairs can be
filtered. The latter issue can be handled to some extend
by raising the threshold. The former issue is tackled by
further refinement in the next subsection. In practice, our
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program outputs 70 to 120 fragment pairs as potential
binding sites, which is much smaller than O(n*), where
the number of atoms # in a protein is from 500 to a few
thousands.

Since a binding site is necessarily on the surface of a
subunit, we filter out fragments with only very few atoms
on the surface. To achieve this, we use a sliding window
of length 15 to parse the aligned fragment pair. For each
window, if the surface atoms are at least 2/3 (that is, ten
atoms) for both fragments, the fragment pair of this win-
dow is kept for further processing and this fragment pair
is extracted from the alignment. We continue this pro-
cess on the un-extracted portion of the alignment. If the
window does not contain sufficient surface atoms, we con-
tinue at the next window. Our choice of 2/3 comes from
observations with a docking decoy set from the Dock-
ground [29], where 94% of the binding sites have more
than 2/3 of surface atoms.

Identify configurations of fragment pairs

From the fragment pairs obtained in the previous step,
a second step is used to further filter out fragment pairs
of ACE scores below a threshold. Given two structural
fragments A[i,j]= (a;,..,a;), and B[/,j']= (by,...,by),
we assume that a; interacts with by, and a4; interacts with
by. Using the enumeration method described earlier, we
enumerate different configurations for A and B and com-
pute the corresponding ACE score for the atom sets A[ , /]
and B[{,j']. We do not consider any configuration which
causes A and B to clash. In this step, a pair of structural
fragment which does not give any configuration with an
ACE score below a specified threshold is discarded. In
this paper, we define the threshold value as 400, since the
ACE scores of actual interface in the docking decoy set
from Dockground are all less than 400. After this step, it is
unlikely for two protein structures which cannot be bound
to have an unfiltered fragment pair.

Identify the configuration for the two subunits

In the third step, for each pair of protein structures with
at least one remaining fragment pair, we enumerate all
the potential configurations for the structures. We want to
use the begin and end atoms of the identified fragments
for our choice of (a;, by) and (aj, by) in the enumeration,
since these are the atoms that are likely to be interact-
ing. Assuming that there are k fragment pairs from the
same two proteins left after the filtration of the second
step, we will have a maximum of 2k distinct atom pairs to
choose. Thus, there is a total of at most (sz) combinations
to consider for the choice of (a;, by) and (a;, by).

When the best configuration is obtained, two residues,
one from each subunit, are reported as the inter-
face residues if they can be connected with a pair of
atoms within distance 4.5A. In our search for the best
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Table 1 Details of DoBi on the training set
Complex F.2 F° Complex F, F Complex F, Fy Complex F, F
Ta2x(A:B) 458 73.7 1jtd(AB) 59.5 51.2 1r1k(A:D) 245 120 1z3g(H:A) 774 85.7
Ta2y(A:Q) 77.8 60.9 Tjtp(ALL) 62.9 70.0 Trzr(CT) 60.5 703 125s5(A:B) 522 66.7
Taip(A:C) 64.4 59.1 Tjwm(AD) 61.5 588 153s(F:G) 61.0 66.7 1292(A:B) 270 46.2
Tava(A:Q) 74.2 60.3 1k93(A:D) 376 337 Tsgp(E:l) 537 583 1zIh(AB) 62.5 64.0
Tbnd(AB) 53.1 57.1 Tkkm(A:l) 519 585 1shw(B:A) 72.7 76.9 1zm2(A:B) 469 525
1bzq(AL) 64.9 75.0 Tkps(A:B) 68.8 62.5 15q0(B:A) 50.0 57.1 2a19(B:A) 76.9 72.2
1c9p(AB) 618 54.5 Tktk(E:A) 308 615 15g2(L:N) 73.7 788 2a41(AQ) 764 90.2
Tcgj(EN 65.3 634 Tku6(A:B) 63.0 833 1ta3(B:A) 34.6 53.7 2a42(AB) 79.1 70.2
Tcxz(AB) 54.5 60.0 114d(A:B) 810 66.7 1te1(AB) 783 836 2a5d(B:A) 733 84.4
1d4x(A:G) 596 72.7 Tm27(A:Q) 76.2 78.3 1tk5(AB) 65.6 47.2 2auh(AB) 60.0 77.3
1dfo(A:C) 450 583 Tma9(A:B) 129 60.3 Ttu3(AF) 828 76.9 2b12(AB) 71.0 57.1
1dhk(A:B) 10.8 576 Tmbx(A:C) 489 64.7 TuOn(A:D) 18.2 19.5 2b3t(B:A) 68.9 59.5
1dkf(B:A) 47.8 68.2 Tmr1(A:D) 83.7 774 1u0s(Y:A) 89.5 90.9 2b5i(B:A) 788 62.5
1dp5(A:B) 74.2 86.8 Tmzw(A:B) 552 72.7 1u7e(A:B) 269 62.5 2bh1(AX) 60.9 579
Teai(B:D) 52.2 70.6 Tnby(A:C) 500 583 Tuex(A:Q) 273 500 2bkh(AB) 74.3 67.9
Tefu(CD) 57.1 703 Tncb(L:N) 48.6 30.8 Tujw(AB) 36.1 828 2bkk(AB) 74.3 526
1f5q(AB) 582 63.0 Tnmu(A:B) 439 51.6 Tul1(X:A) 52.6 514 2bng(D:A) 519 34.5
1f6a(B:A) 28.6 476 Tnpe(A:B) 431 68.1 Tuuz(A:D) 588 579 2cTm(AB) 404 66.7
1f72(A) 72.7 89.7 Tnu9(A:Q) 56.7 56.8 Tuzx(A:B) 71.0 68.7 2¢5d(AQ) 54.2 694
1ffg(A:B) 733 62.1 Toiu(AB) 70.8 76.2 1v5i(A:B) 38 87.2 2gy7(B:A) 63.2 732
1fm9(D:A) 826 89.4 Tomw(A:B) 758 634 1v7p(A:Q) 50.0 414 2hdi(A:B) 9.1 57.1
Tfns(L:A) 50.0 286 1p3g(RV) 66.7 80.0 Tw98(AB) 50.7 62.3 2iw5(A:B) 66.1 72.5
1920(A:E) 458 40.8 1p7q(AD) 63.6 615 Twpx(A:B) 583 552 2j0m(AB) 813 64.3
1g9m(G:L) 38.1 286 Tp9M(C:B) 85.7 70.6 Twr6(AE) 89.7 933 2jb0(B:A) 66.7 63.2
Thod(A:Q) 16.7 300 Tpkg(A:E) 273 9.1 Twrd(A:B) 56.2 69.2 2omz(A:B) 60.2 710
Th59(A:B) 9.7 81.5 Tppf(E) 85.1 839 1x86(A:B) 526 60.4 2p8w(T:S) 56.6 90.3
Ti8I(A:C) 839 714 Tgav(B:A) 81.3 78.0 1xdt(T:R) 484 90.2 2pav(AP) 72.0 73.1
Tiar(B:A) 76.5 516 1gbk(B:C) 419 38.6 1xx9(C:A) 54.5 40.0 3bp5(B:A) 70.0 72.0
1jl4(A:D) 40.0 444 1go0(B:A) 316 333 Tyi5(A:F) 839 76.5 3ygs(C:P) 64.5 58.1
aF, (%) is the F-score of our method on the receptor proteins.
PF, (%) is the F-score of our method on the ligand proteins.
Table 2 Comparison of DoBi and Fernandez-Recio et al.’s method
DoBi Fernandez-Recio et al.’s

Suc? Acc® Cov* Ff me ve Suc Acc Cov F m v

Overall 39.6 443 70.5 0.54 375 29.0 37.2 39.3 72.7 0.51 463 40.0

aSuc (%) is the success rate of the corresponding method on the data set.

bAcc (%) is the average accuracy of the corresponding method on the data set.

€Cov (%) is the average coverage of the corresponding method on the data set.

dM is the average of the sizes predicted by the corresponding method on the data set.

€V is the standard deviation of the sizes predicted by the corresponding method on the data set.

fF is the F-score of the corresponding method on the data set.
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Table 3 Detailed Results of DoBi and Fernandez-Recio et al.’s method
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Receptor Ligand

Complex DoBi Fernandez-Recio® Fernandez-Recio

PDB? Int,® Acce Cov* Acc Cov PDB Inty, Acc Cov Acc Cov
1ca0(B:D) 5cha 24 46.2 50.0 50.6 81.0 laap 14 26.1 429 356 57.0
1cbw(B:D) 5cha 26 58.6 654 65.7 92.0 1bpi 14 77.8 100 337 64.0
Tacb(E:l) 5cha 24 14.5 66.7 55.0 77.0 Tegl 13 204 84.6 216 41.0
Tcho(F:l) 5cha 25 36.9 96.0 63.6 89.0 Tomu 13 353 923 481 77.0
Tcqi(E:D) 1chg 24 26.3 455 70.8 92.0 Thpt 19 48.5 84.2 583 70.0
2kai(A:l) 2pka 33 538 583 415 54.0 1bpi 19 68.8 84.6 359 79.0
2sni(E:l) 2st1 28 61.1 78.6 358 93.0 2¢i2 15 70.6 80.0 379 53.0
2sic(E:l) 2st1 30 735 833 296 83.0 3ssi 12 62.5 833 184 46.0
Tcse(El) 1sbc 30 426 96.7 33.1 96.0 Tegl 12 263 833 22.8 41.0
2tec(E:D) 1thm 28 380 679 342 82.0 Tegl 13 310 69.2 30.0 450
Ttaw(A:B) Sptp 26 421 30.8 519 83.0 laap 13 471 61.5 344 62.0
2ptc(E) Sptp 24 333 50.0 524 89.0 1bpi 14 56.5 929 18.0 36.0
3tgi(E:l) lane 25 519 56.0 16.1 29.0 1bpi 14 588 714 30.5 64.0
Tbrc(E:l) 1bra 24 30.0 250 444 80.0 laap " 62.5 90.9 36.5 62.0
1fss(AB) 2ace 25 327 64.0 238 100 1fsc 19 654 89.5 69.2 83.0
Tovn(P:T) 1pif 31 29.2 226 45.0 90.0 2ait 20 421 80.0 614 86.0
1bgs(B:F) 1a2p 18 231 66.7 73.1 95.0 1a19 16 34.1 938 723 94.0
Tay7(AB) Trge 15 813 86.7 714 100 1a19 15 84.6 733 52.2 94.0
Tugh(E:l) lakz 24 63.6 87.5 441 97.0 2ugi 25 57.1 64.0 833 75.0
2pcb(AB) lcep 10 235 40.0 24.2 92.0 Thrc 9 222 444 29.2 73.0
2pcf(B:A) lctm 21 57.7 714 575 92.0 lagé 24 56.7 70.8 66.4 73.0
Tmlc(B:E) Tmlb 14 65.0 929 313 100 1lza 10 435 100 9.1 29.0
Tvfb(A:Q) Tvfa 8 444 100 526 100 11za 8 438 87.5 26.8 83.0
Tewy(A:Q) 1que 15 20.8 26.3 526 100 1fxa 15 375 529 56.7 68.0
Teer(B:A) lern 23 138 65.2 350 91.0 1buy 22 219 95.5 53.6 75.0
TkKI(A:H) 1jb1 13 313 76.9 35 11.0 1sph 12 324 100 67.5 81.0
Tken(A:C) 2viu 56 926 44.6 303 97.0 Tken 64 71.7 516 294 100
Tkxv(A:C) 1pif 19 15.0 63.2 3.7 10.0 Tkxv 21 27.0 81.0 43.7 83.0
Tkxt(A:B) 1pif 17 179 41.2 14.1 55.0 Tkxt 20 30.8 40.0 533 96.0
Tkxq(AH) 1pif 30 425 56.7 526 100 1kxq 25 545 72.0 56.5 96.0
T10x(A:B) 1bec 19 429 40.0 0 0 b1z 17 27.8 4.7 16.1 100
Tavw(A:B) 2ptn 31 313 484 588 100 1ba7 15 441 100 36.2 94.0
1dfj(l:E) 2bnh 33 529 54.5 494 89.0 7rsa 29 47.1 552 66.7 80.0
1tgs(Z) 2ptn 30 304 70.0 62.0 93.0 Thpt 18 43.8 77.8 68.3 82.0
Tahw(A:B) 1fgn 43 230 395 15.6 89.0 1boy 45 283 62.2 0 0
1dgj(A:Q) 1dqq 1" 50.0 81.8 20.0 100 31zt M 50.0 81.8 144 39.0
Twej(H:F) 1qbl 7 389 100 24.4 100 Thrc 8 40.0 100 183 440
Tavz(B:C) lawv 16 5838 62.5 16.2 420 1shf 13 423 84.6 54.1 92.0
Twg1(GR) Twer 33 70.6 72.7 14 33.0 5p21 26 77.8 80.8 40.8 530
2mta(L:A) 2bbk 13 579 84.6 30.0 93.0 Taan Il 64.7 100 588 100
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Table 3 Detailed Results of DoBi and Fernandez-Recio et al.’s method (Continued)

1bth(H:P) 2hnt 30 15.2 16.7 27.7 61.0 opti 17 94.1 94.1 325 39.0
1fin(A:B) Thcl 46 355 47.8 283 68.0 Tvin 35 328 60.0 66.7 100
1fq1(B:A) 1b39 16 63.2 75.0 8.2 320 1fpz 16 63.2 750 0 0

2PDB is the unbound structure of the receptor or ligand in the complex.
bInt,, is the number of residues on the actual interface in the complex.
€Acc (%) is the accuracy of the corresponding method on the data set.
dCov (%) is the coverage of the corresponding method on the data set.
€The values for this method are from literature [22].

configuration, we also require the configurations to be free
from clashes.

Results and discussion

Three commonly used measures are utilized to assess
the performance of DoBi. Accuracy and Coverage are two
common measures to assess the quality of the binding
sites adopted by a method [11]. The accuracy of the
predicted interface is the fraction of correctly predicted
residues over the total number of predicted interface
residues; the coverage of the predicted interface is the
fraction of correctly predicted interface residues over the
total number of actual interface residues. F-score (F =
2 %) is a weighted average of the accu-
racy and coverage, where an F-score reaches its best
score at 1 and worst score at 0. Another common mea-
sure is success rate, which is defined in [9]. A reported
result is claimed as a success if at least half of the pre-
dicted residues are actual interface residues; that is, the
accuracy is no less than 50%. The success rate is the frac-
tion of successful predicted cases in the total number of
predicted proteins.

A protein complex may contain several subunits, and
multiple binding sites. Each binding site in a protein com-
plex consists of a pair of subunits. Two residues in a pair
of subunits are called interface residues if any two atoms,
one from each residue, interact. By interact, we mean the
distance between the two atoms is less than the sum of the
van der Waals radius of the two atoms plus 1A. The num-
ber of residues on interface is referred to as the interface
size.

Training set

We use the unbound protein structures from Dockground
[29] as the training set to calculate the parameters of DoBi.
The docking decoys from Dockground were generated
by GRAMM-X scan. The GRAMM-X docking scan was
used to generate 102 unbound-unbound complexes and
131 unbound-bound complexes. By excluding the proteins
used in the comparison, 36 unbound-unbound complexes
and 80 unbound-bound complexes can be used to calcu-
late the value of the threshold 6. When we set § = 0.17,
the overall F-score of DoBi on the training set is 60.5%,
which is the best score that DoBi achieves under different

threshold values. The details on the training set are shown
in Table 1.

Comparison to the existing methods

We divide our comparisons into four separate groups,
where in each group we compare a different set of meth-
ods. The reason that we cannot compare all the methods
with the same data set is due to the unavailability of some
methods, in which case the only comparison possible is
with the results in the respective publications.

Comparison to Fernandez-Recio et al.’s method

DoBi is compared to the method introduced by
Fernandez-Recio et al. in [22], using the test data therein,
which consists of 43 complexes. The results are reported
in Table 2. The overall accuracy and coverage for DoBi
are 44.3% and 70.5%. Fernandez-Recio et al’s method
achieved the overall accuracy and coverage of 39.3% and
72.7%, respectively. The success rate for DoBi is 39.6%,
improving over the success rate of 37.2% reported by
Fernandez-Recio et al.. The F-score is 0.54 for DoBi, and
0.51 for Fernandez-Recio et al.’s method.

The average predicted sizes for DoBi and Ferndndez-
Recio et al.’s method are 37.5 residues and 46.3 residues
respectively, while the average actual size is 21.1 residues.
The standard deviation of the sizes predicted by DoBi is
29.0, while that of the sizes predicted by Fernandez-Recio
et al’s method is 40.0.

Table 3 displays the detailed results for all unbound
structures of 43 complexes. Each row corresponds to a
pair of proteins. We can observe from the table that the
binding sites are identified accurately for the complexes
2sni(E:I), 2sic(E:I), 1lay7(A:B) and 1wql(G:R).

Comparison to metaPPIl, meta-PPISP and PPI-Pred

In this group of our comparisons, the test set in [14] is
used. It consists of 41 complexes from the benchmark v2.0
[30] and 27 targets from the CAPRI experiment[31]. The
41 complexes are divided into two categories, enzyme-
inhibitor (EI) and others. We compare our method to
metaPPI, meta-PPISP and PPI-Pred with this group of
data. The overall accuracy and coverage of each prediction
method are shown in Table 4. DoBi has an F-score of 0.55,
where in contrast, metaPPI, meta-PPISP and PPI-Pred



Table 4 Comparisons of DoBi, metaPPIl, meta-PPISP and PPI-Pred

DoBi metaPPI meta-PPISP PPI-Pred
Type Suc®  Acc®  Cov* F9 Me v Suc  Acc Cov F M "4 Suc  Acc Cov F M 4 Suc  Acc Cov F M "4
E-1d 67.6 56.7 61.9 059 230 7.6 705  61.1 365 045 129 104 558 564 547 055 241 135 471 395 379 038 237 151
others 479 464 633 053 295 198 438 407 222 028 80 101 356 385 257 030 118 126 229 293 313 030 190 147
CAPRI 500 489 558 052 257 123 500 467 243 032 157 128 260 279 308 029 196 138 286 257 295 027 282 192
Overall 53.7 50.0 60.0 055 264 138 529 482 266 035 123 112 368 388 350 043 180 133 312 304 322 032 238 166

aSuc (%) is the success rate of the corresponding method on the data set.

bAcc (%) is the average accuracy of the corresponding method on the data set.
“Cov (%) is the average coverage of the corresponding method on the data set.
dE-lis the type of enzyme-inhibitor.
€M is the average of the sizes predicted by the corresponding method on the data set.
fV/ is the standard deviation of the sizes predicted by the corresponding method on the data set.
9F is the F-score of the corresponding method on the data set.
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Table 5 Detailed Results of DoBi, metaPPIl, meta-PPISP and PPI-Pred on 41 complexes

Complex Protein 1 Protein 2

PDB? Int,® DoBi metaPPIf meta-PPISPf PPI-Pred? PDB Int,, DoBi metaPPI meta-PPISP PPI-Pred

Acc* Cov* Acc Cov Acc Cov Acc Cov Acc Cov Acc Cov Acc Cov Acc Cov

E-I
Tacb(E:N)" 2cgaB 24 333 208 875 56.0 60.7 68.0 76.0 79.2 Tegl- 13 63.2 923 66.7 58.8 100 536 90.0 69.2
Tay7(A:B) TrghB 15 75.0 100 27.3 176 538 333 0 0 1a198B 15 60.0 80.0 72.7 533 929 81.2 0 0
1cgi(E:N) 2cgaB 33 64.3 27.3 100 552 56.0 48.2 96.2 758 Thpt- 19 933 73.7 100 36.8 89.5 77.3 100 63.2
Tdér(Al) 2tgt_ 27 438 259 54.5 286 53.6 714 739 63.0 1k9bA 13 66.7 92.3 444 533 357 15.2 22.2 154
1dfj(E:l) 9rsaB 29 41.0 552 64.3 26.5 577 484 55.0 379 2bnh_ 33 435 60.6 81.3 31.0 324 91.7 213 303
Te6e(AB) TelnA 20 423 55.0 0 0 269 438 149 55.0 1cjeD 23 65.2 65.2 933 500 79.2 73. 154 174
Teaw(A:B) TeaxA 22 21.1 18.2 100 48.0 46.8 60.0 66.7 72.7 9pti_ 14 526 714 100 429 95.0 79.2 83 7.1
Tewy(A:Q) TgjrA 19 57.1 84.2 9.1 53 56 83 16.7 52.6 TczpA 17 516 94.1 57.1 42.1 63.2 63.2 50.0 41.2
1f34(AB) 4pep- 25 448 520 30.8 12.5 303 52.6 475 76.0 1f32A 24 579 458 72.7 24.2 55.2 69.6 704 79.2
Tmah(A:F) 1j06B 27 359 519 16.7 34 280 63.6 36.6 96.3 1fsc. 21 86.4 90.5 158 15.0 333 219 333 286
Tppe(EN Tbtp- 27 64.9 88.9 64.3 429 409 42.8 0 0 11u0A 14 63.2 85.7 92.3 75.0 100 56.0 90.0 64.3
1tmqg(A:B) ljae_ 28 62.2 82.1 75.0 40.0 36.0 30.0 634 929 1bTuA 26 57.1 76.9 933 56.0 704 76.0 0 0
Tudi(E:l) Tudh_ 26 522 46.2 63.6 259 48.0 66.7 72.0 69.2 2ugiB 26 94.4 654 929 56.5 72.7 80.0 85.7 46.2
2pcc(AB) Tcep- 13 20.0 231 53.8 500 26.7 333 0 0 Tycc- 14 263 35.7 429 353 37.5 333 133 143
2sic(Ex) Tsup- 26 50.0 46.2 72.7 38.1 8138 60.0 62.5 76.9 3ssi_ 12 84.6 91.7 0 0 100 722 0 0
2sni(E:) TubnA 27 66.7 59.3 60.0 333 60.0 83.0 66.7 815 2ci2l 15 429 40.0 57.1 57.1 0 0 769 66.7
7cei(AB) TunkD 20 76.9 50.0 75.0 353 474 60.0 75.0 45.0 1mO08B 16 64.3 56.3 40.0 375 0 0 13.8 250
others
Tak4(A:D) 2cpl- 17 429 353 50.0 313 333 18.8 59.1 76.5 1e6jP 9 304 77.8 0 0 0 0 0 0
Tatn(A:D) 1ijjB 17 53 59 0 0 20.7 375 0 0 3dni_ 24 40.0 333 0 0 0 0 66.7 66.7
1b6¢(A:B) 1d60A 20 54.3 95.0 83.3 556 40.0 1.1 933 70.0 liasA 20 44.0 550 54.5 25.0 31.6 250 0 0
Tbuh(A:B) Thel- 16 684 813 0 0 6.3 1.8 0 0 1dksA 18 75.0 833 583 389 364 222 100 66.7
1e96(A:B) Tmh1_ 14 66.7 85.7 385 250 46.2 60.0 100 143 Thh8A 12 733 91.7 417 357 455 35.7 0 0
1fq1(AB) 1fpzF 16 63.2 75.0 0 0 0 0 0 0 1b39A 16 63.2 75.0 0 0 30.0 231 17.1 375
1fqj(A:B) 1tndC 21 20.7 81.0 70.6 429 323 357 286 38.1 1fqiA 24 189 583 90.9 476 429 14.3 789 62.5
1gcq(B:Q) 1griB 14 353 429 70.0 63.6 389 63.6 22.2 14.3 1gcpB 18 789 833 60.0 40.0 100 333 333 16.7
Tghqg(AB) 1c3d- 10 417 100 0 0 429 375 0 0 1ly2A 9 474 100 0 0 429 66.7 87 222
1grn(AB) Ta4rA 17 542 76.5 333 15.0 40.0 40.0 50.0 588 1rgp- 22 50.0 54.5 16.7 4.5 100 136 789 68.2
Th1v(A:G) 1ijjB 24 286 417 46.2 13.0 353 26.1 388 76.0 1dOnB 25 438 56.0 0 0 40.0 49 4.7 12.0
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Table 5 Detailed Results of DoBi, metaPPIl, meta-PPISP and PPI-Pred on 41 complexes (Continued)

The1(CA) Tmh1_ 16 480 75.0 66.7 308 50.0 423 0 0 The9A 21 40.9 429 76.5 46.4 333 7.1 0 0
The8(B:A) 821P_ 13 206 100 0 0 43.8 333 26.7 61.5 1e8zA 15 11.1 533 429 16.7 59 56 06 6.7
1i2m(AB) 19g4A 24 14.3 333 429 214 438 500 15.0 12.5 1al2A 32 15.1 438 0 0 50.0 5.1 480 750
Tibr(A:B) 19g4A 35 432 457 733 220 55.0 220 14.3 8.6 1f59A 42 389 333 7.1 1.8 0 0 10.3 16.7
Tkac(AB) TnobF 15 684 86.7 0 0 154 21.1 0 0 1f5wB 21 83.3 95.2 60.0 286 714 238 353 28.6
Tktz(AB) Ttgk- 9 26.7 444 455 62.5 13.3 250 50.0 889 Tm9zA 12 57.1 100 66.7 80.0 60.0 60.0 333 50.0
Tkxp(A:D) 1ijjB 34 13.6 8.8 81.3 30.2 455 233 43 59 Tkw2B 41 320 19.5 0 0 75.0 13.0 489 56.1
Tkxq(H:A) TkxgH 25 12.1 16.0 91.7 30.6 78.6 30.6 18.2 8.0 Tppi- 30 22.7 16.7 417 17.9 20.0 3.6 478 733
Tm10(A:B) Taug- 24 57.1 50.0 583 24.1 65.0 44.8 500 458 TmozB 29 68.0 58.6 0 0 316 18.2 0 0
1ga9(A:B) Thnf_ 16 76.2 100 0 0 273 17.6 10.0 12.5 TcczA 16 824 87.5 6.7 53 222 10.5 286 250
1sbb(A:B) Thec_ 13 542 100 0 0 17.6 17.6 0 0 Tse4_ 11 500 100 0 0 50.0 12.5 10.0 273
Twal(RG) 6021D 26 61.5 61.5 66.7 323 417 322 76.2 615 Twer_ 33 62.5 455 100 26.5 364 11.8 70.0 63.6
2btf(A:P) 1ijjB 26 63.3 73.1 533 320 250 120 220 423 Tpne_ 23 56.0 60.9 0 0 70.0 280 0 0

2PDB is the unbound structure of the two proteins in complex.

bInt, is the number of residues on actual interface in complex.

€Acc (%) is the accuracy of the corresponding method on the data set.

dCov (%) is the coverage of the corresponding method on the data set.

€E-l is the type of enzyme-inhibitor.

The values for metaPPI and meta-PPISP are from literatures [14].

9The results for PPI-Pred are calculated by using the same definition of actual interface with DoBi.

"The binding sites between chain E and chain | of Tacb are predicted by each method; Two unbound structures are chain B of 2cga and the only one chain of Tegl.
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Table 6 Detailed Results of DoBi, metaPPIl, meta-PPISP and PPI-Pred on 27 targets

Protein 1 Protein 2

Complex DoBi metaPPI¢ meta-PPISP? PPI-Pred DoBi metaPPI meta-PPISP PPI-Pred

Int,? Acc® Cov* Acc Cov Acc Cov Acc Cov Int,, Acc Cov Acc Cov Acc Cov Acc Cov
T01 1 46.2 54.5 — — 833 62.5 — — 13 389 53.8 — — 0 0 — —
T02 7 24.1 100 — — 72.2 433 — — 6 214 100 — — 0 0 — —
T03 10 12.0 30.0 — — 60.0 75.0 — — 15 320 533 — — 19.6 18.0 — —
T04 19 500 89.5 0 0 583 389 24 36 18 375 100 64.3 409 0 0 714 68.2
TO5 20 292 35.0 0 0 52.6 333 4.8 9.1 17 143 353 90.0 39.1 4.5 7.7 389 304
T06 23 286 34.8 714 294 39.1 273 59.5 735 29 38.1 276 286 154 258 66.7 4.5 338
T07 15 529 60.0 333 30.8 333 30.8 0 0 1 154 182 77 56 56 43 0 0
T08 25 379 44.0 0 0 9.5 83 0 0 23 64.0 69.6 30.0 11.5 0 0 7.9 11.5
T09 37 90.5 514 80.0 20.0 0 0 258 20.0 37 76.7 62.2 455 125 0 0 16.1 125
T10 46 40.0 478 — — 10.0 474 — — 53 50.0 49.1 — — 0 0 — —
T 12 50.0 91.7 86.7 59.1 — — 458 50.0 28 719 82.1 818 50.0 — — 56.5 722
T12 12 16.7 25.0 93.8 62.5 61.5 308 455 4.7 28 86.4 67.9 55.6 333 36.0 45.0 222 133
T3 10 333 100 — — 0 0 — — 8 444 100 — — 720 85.7 — —
T4 53 522 226 10.0 23 6.8 333 86 7.0 63 423 175 50.0 132 135 19.2 20 26
T15 23 95.0 826 0 0 63.2 500 5.0 1.1 19 810 89.5 158 333 56.5 72.2 9.1 1.1
T16 — — — 556 21.7 87.0 741 0 0 — — — 100 29.0 250 53.8 61.8 67.7
7 — — — 0 0 23.1 125 0 0 — — — 929 65.0 0 0 333 450
T18 24 536 62.5 85.7 50.0 429 36.0 46.2 50.0 31 50.0 355 0 0 522 364 2.1 34
T19 12 68.8 91.7 — — 333 28.0 — — 12 450 75.0 — — 69.2 62.1 — —
T20 47 53.6 319 944 37.8 23.8 90.9 286 22.2 35 72.2 371 72.2 36.1 343 54.5 23.2 63.9
T21 17 73.7 824 0 0 0 0 30 6.7 15 55.6 66.7 0 0 333 20.8 0 0
122 17 227 294 91 6.7 286 174 0 0 12 714 83.3 83.3 4.7 6.2 59 60.0 75.0
T23 49 95.6 87.8 64.3 17.0 182 533 66.0 623 49 953 83.7 64.3 17.0 0 0 66.0 623
T24 3 133 66.7 66.7 66.7 — — 50.0 733 1 56 100 0 0 — — 50.0 615
T25 — — — 100 68.2 20.0 235 81.8 818 — — — 583 31.8 739 77.3 556 90.9
T26 34 438 41.2 75.0 27.3 20.8 333 0 0 24 61.5 66.7 214 125 18.2 60.0 18.2 83
T27 7 438 87.5 0 0 0 0 6.7 222 8 50.0 91.7 20.0 222 0 0 0 0

2Int, is the number of residues on actual interface in complex.

bAcc (%) is the accuracy of the corresponding method on the data set.
€Cov (%) is the coverage of the corresponding method on the data set.
9The values for these methods are from literatures [10,14].
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Figure 3 Configuration discovered by DoBi for 1qa9(A:B). (A) is the figuration by DoBi; and (B) is the experimental structure. The C, iIRMSD

between two complexes is 2.36A.

have the F-scores 0.35, 0.43 and 0.32 respectively. DoBi
has a success rate of 53.7%, as well as overall accuracy and
coverage of 50.0% and 60.0% respectively.

The detailed results on all the unbound structures of
the 41 complexes are displayed in Table 5. The detailed
results on 27 CAPRI targets are displayed in Table 6. Each
row displays the results of the methods tested on the two
corresponding binding partners.

Besides the identification of binding sites, our program
also estimates the orientations and positions of the pro-
teins after binding. Figure 3 displays the orientation and
position discovered by our program for 1qa9(A:B). The C,
interface RMSD (root mean squared deviation) (iRMSD)
between the experimental structure and the predicted
complex is 2.36A.

Comparison to ProMate and PINUP
In this experiment, DoBi is compared to ProMate and
PINUP. The test data is originally used by ProMate, and
consists of 57 non-homologous proteins. The results are
reported in Table 7. DoBi has an F-score of 0.56, while
PINUP and ProMate have the F-scores 0.43 and 0.21
respectively. The overall accuracy and coverage of DoBi
are 54.2% and 59.1%. The success rate of DoBI is 64.9%.
Hence the success rate is improved by at least 1.8%, while
the overall accuracy and coverage are improved by at least
1.7% and 16.6% respectively.

The average of the sizes predicted by DoBi, PINUP and
ProMate are 23.5 residues, 19.0 residues and 5.4 residues
respectively, while the actual average size (average size of

Table 7 Comparison to PINUP and ProMate

actual interface residues) is 21.0 residues. The number of
residues correctly predicted to be on interface by DoBi,
PINUP and ProMate are 12.3 residues, 8.3 residues and
2.7 residues respectively.

Table 8 shows the detailed results of 57 unbound pro-
teins. DoBi performed better for most of the cases. How-
ever, for some cases where all three methods do not
perform well, DoBi is usually the worst, e.g. lavu_, laye.,
1qqrA and 1bleA.

Comparison to core-SVM
In this study, we compare DoBi to core-SVM using the
same data set of 50 dimers which core-SVM was tested
against [12]. The results are shown in Table 9. The over-
all accuracy and coverage for our method are 59.0% and
61.1%, while those for core-SVM are 53.4% and 60.6%. The
success rate of DoBi is 70.0% on 50 pairs of proteins in
those binary complexes. The F-score is 0.60 for DoBi, and
0.56 for core-SVM. The average of the size predicted by
DoBi is 39.0 residues (with standard deviation 19.1), while
the average actual size is 40.3 residues. The number of
residues correctly predicted by DoBi to be on the interface
is 22.5.

Table 10 shows the details for DoBi on the data set used
by core-SVM. The performance of DoBi is particularly
good on several proteins such as laym2 and 1rzhM.

Evaluation on benchmark v4.0
To further evaluate our method, we perform tests on
the protein-protein docking benchmark v4.0 [32,33]. This

DoBi

PINUP ProMate

Suc® Acc® Cov¢ Ff me ve Suc  Acc

Cov F M "4 Suc Acc Cov F M v

Overall  64.9 54.2 59.1 056 235 105 421 449

425 043 190 87 631 525 132 021 54 168

2Suc (%) is the success rate of the corresponding method on the data set.
bAcc (%) is the average accuracy of the corresponding method on the data set.
“Cov (%) is the average coverage of the corresponding method on the data set.

dM is the average of the sizes predicted by the corresponding method on the data set.
€V is the standard deviation of the sizes predicted by the corresponding method on the data set.

fF is the F-score of the corresponding method on the data set.
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Table 8 Detailed Comparison to PINUP and ProMate
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PDB? Complex Int,,®
Acct Cov Acc Cov Acc Cov

1a19A Tbrs(A:D) 16 86.7 81.3 72.2 813 100 29
Ta2pA Tors(D:A) 19 76.2 84.2 63.6 73.7 90 19
Ta5e_ 1bi7(B:A) 30 82.1 76.7 41.2 233 88 10
Tacl- 1fss(AB) 25 36.7 720 359 56.0 24 14
Tagb- 2pcf(A:B) 24 65.0 54.2 56.3 37.5 70 16
laje- Tam4(D:A) 18 57.1 222 60.0 333 72 30
Tajw_ 1ccO(E:A) 9 50.0 889 66.7 66.7 73 24
TaueA 1fap(B:A) 8 583 87.5 15.8 375 90 35
Tavu_ Tavw(B:A) 15 30.0 40.0 66.7 933 100 29
laye_ 1dtd(A:B) 22 421 364 444 54.5 54 24
TbleA Tady(B:A) 32 38.7 375 882 46.9 69 24
Thip- 1tmq(B:A) 29 66.7 552 61.1 37.9 100 27
Tctm- 2pcf(B:A) 21 62.1 85.7 38.1 38.1 100 12
1cto- 1cd9(B:A) 6 40.0 333 353 100 36 29
Tcye- Teay(A:B) 16 556 62.5 5.6 6.3 0 0
1dOnA 1cOf(S:A) 27 46.2 444 0 0 67 3
1d2bA Tuea(B:A) 19 66.7 526 786 579 92 31
TekxA 1d09(AB) 21 64.5 95.2 0 0 0 0
Tex3A Tcgi(EdD 33 61.1 333 68.2 455 100 29
1ez3A 1dn1(B:A) 18 889 444 47.1 444 100 6
leza. 3eza(AB) 21 64.0 76.2 0 0 0 0
TeztA Tagr(E:A) 22 57.1 545 222 18.2 54 13
1f00l 1102(1:T) 17 31.6 353 0 0 0 0
Tf5wA Tkac(B:A) 21 714 714 250 238 100 6
1kl 1b6c(A:B) 19 54.5 63.2 75.0 474 100 20
1flzA Teui(A:C) 25 429 96.0 773 68.0 52 19
1fvhA 1dn1(A:B) 42 514 452 533 38.1 0 0
1g4kA Tuea(AB) 30 46.2 40.0 438 233 78 21
1gc7A Tef1(A:C) 18 714 55.6 28.6 1.1 78 6
Tgnc- 1cd9(A:B) 15 43.7 46.7 214 200 6 2
Thh8A 1e96(B:A) 14 50.0 357 440 78.6 50 2
ThplA Teth(AB) 19 20.0 36.8 8.7 105 7 3
Thu8A Tycs(AB) 8 375 75.0 316 75.0 5 2
Tiob_ Titb(A:B) 38 38.1 21.1 46.7 184 31 6
1j6zA 1cOf(A:S) 29 282 759 34.6 31.0 0 0
Tjae_ 1tmq(A:B) 32 60.0 65.6 833 46.9 50 13
Tlba- Taro(L:P) 16 8.6 188 40.0 37.5 60 24
TnobA Tkac(A:B) 15 50.0 733 0 0 7 3
Tnos.- Tnoc(A:B) 9 333 444 0 0 0 0
Tpco- Teth(B:A) 15 77.8 46.7 16.7 20.0 60 12
Tpne_ Thlu(P:A) 25 65.7 92.0 93.8 60.0 0 0
Tpoh_ 1ggr(B:A) 10 57.1 40.0 727 80.0 0 0
Tppp- 1stf(E:l) 29 79.3 79.3 474 31.0 91 30
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Table 8 Detailed Comparison to PINUP and ProMate (Continued)

1qarA Tbml(C:A) 7 333
Trgp- Tam4(A:D) 16 55.0
1selA Tcse(E:l) 29 75.0
Tvin_ 1fin(B:A) 29 40.0
Twer_ Twq1(GR) 33 67.7
xpb_ 1jtg(A:B) 32 69.2
2bnh_ Ta4y(AB) 38 385
2cpl- Tak4(AD) 17 61.9
2f3gA 1ggr(A:B) 18 500
2nef_ Tavz(B:A) 10 56.3
2rgf- 1Ifd(A:B) 14 524
3ssi_ 2sic(l:E) 15 80.0
6cCp- 2pch(AB) 9 235
Bound® 1jtg(B:A) 32 81.1

286 385 74 85 32
68.8 368 43.8 50 5
93.1 60.9 48.3 61 27
345 50.0 51.7 0 0
63.6 70.6 364 0 0
56.3 89.5 53.1 0 0
39.5 37.8 36.8 100 4
76.5 786 64.7 76 23
500 64.7 61.1 100 12
90.0 308 40.0 57 24
786 278 357 20 5
80.0 68.2 100 100 24
444 286 66.7 0 0
93.8 65.0 40.6 94 22

2PDB is the unbound structure of the predicted protein.

bInt, is the number of residues on actual interface in complex.

€Acc (%) is the accuracy of the corresponding method on the data set.
dCov (%) is the coverage of the corresponding method on the data set.

€The unbound structure of 1jtgB was not available in PDB, and we used the bound structure instead.

fThe values for ProMate are from literature [9].

9The results for PINUP are calculated by using the same definition of actual interface with DoBi.

benchmark consists of 176 complexes. Proteins dynami-
cally change their conformations upon binding with other
proteins [34]. A single protein without binding with any
other structure is referred to as unbound, whereas a pro-
tein with a binding partner in a complex is referred to as
bound. We test our method in both the bound and the
unbound cases.

Running time

We used a Pentium(R) 4 (CPU of 3.40GHz) to run DoBi.
The computation for each of the 176 complexes took 100
seconds on average.

Results on bound states
The complexes are classified into broad biochemical cate-
gories: Enzyme-Inhibitor (52), Antibody-Antigen (25) and

Table 9 Comparison to core-SVM

Others (99). The average accuracy and coverage of DoBi
are 61.8% and 67.9% respectively on the 52 complexes in
Enzyme-Inhibitor, 51.6% and 70.1% on the 25 complexes
in Antibody-Antigen, and 58.2% and 69.1% on the 99 com-
plexes in Others. A success rate of 77.6% is achieved for
the Enzyme-Inhibitor complexes. The details are shown in
Table 11.

Results on unbound states

The pairs of unbound proteins are classified into three cat-
egories: 121 rigid-body (easy) cases, 30 medium difficult
cases, and 25 difficult cases, according to the magnitude
of conformational change after binding [30]. The average
accuracy and coverage of DoBi are 43.6% and 65.4% on the
121 rigid-body cases, 34.1% and 56.7% on the 30 medium
difficult cases, and 32.4% and 53.4% on the 25 difficult

DoBi core-SVM?
Suc® Acc® Cov* Ff me Ve Suc Acc Cov F M 4
Overall 70.0 59.0 61.1 0.60 39.0 19.1 — 534 60.6 0.56 — —

aSuc (%) is the success rate of the corresponding method on the data set.

bAcc (%) is the average accuracy of the corresponding method on the data set.
“Cov (%) is the average coverage of the corresponding method on the data set.
dM is the average predicted size for DoBi on the data set.

€V is the standard deviation of predicted size for DoBi on the data set.

fF is the F-score of the corresponding method on the data set.

9The values for core-SVM are from literature [12].
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Table 10 Detailed Results for DoBi on the data set used by core-SVM

Protein ID Partner ID Int,? C,° P Acc? Cov®
Ta9xA 1a9xB 59 52 95 547 88.1
1a9xB Ta9%A 52 47 88 534 904
Taym1 Taym3 46 38 41 927 826
Taym2 Taym1 57 54 70 77.1 94.7
Taym3 Taym1 43 33 36 91.7 76.7
TbIxA 1bIxB 21 15 33 455 714
1fzcB 1fzcC 45 38 58 65.5 84.4
1g4yR 1g4yB 29 5 18 278 17.2
1gk8A 1gk8I 49 28 55 509 57.1
1h1rB ThirA 33 9 14 64.3 27.2
Th8eC 1h8eD 69 37 67 552 536
1h8eD 1h8eC 35 19 39 48.7 54.3
Thxs4 1gxs1 31 21 35 60.0 67.7
TirdB TirdA 23 20 32 62.5 86.9
1j34A 1j34B 43 19 22 86.4 44.1
1jboB 1jboA 36 16 29 552 444
TjsdA 1jsdB 51 18 20 90.0 353
1jsdB TjsdA 67 26 42 619 388
Tk5nA 1k5nB 35 24 56 429 68.6
1k5nB Tk5nA 25 16 39 41.0 64.0
11d8A 11d8B 35 23 28 82.1 65.7
TmtyB TmtyD 58 22 34 64.7 38.1
TmtyD TmtyB 31 10 15 66.7 322
TmtyG TmtyD 41 18 42 429 439
1n4gB 1n4gA 25 5 15 333 20.0
1p2JA 1p2jl 23 18 36 50.0 782
1p2jl 1p2JA 14 13 21 619 929
1qopA 1gopB 35 32 52 61.5 914
1qopB 1qopA 34 31 51 60.8 91.2
TrthA 1rthB 57 32 68 47.0 56.1
1rthB 1rthA 58 33 69 478 56.9
TrypB TrypA 31 13 24 541 419
TrzhH TrzhM 37 8 16 50.0 216
TrzhL TrzhM 48 42 45 933 87.5
TrzhM TrzhL 51 45 48 938 88.2
1s5dD 1s5dA 4 4 29 137 100
TtugA 1tugB 17 14 39 359 824
1tugB TtugA 12 9 24 375 75.0
1tx4B 1tx4A 25 18 34 529 72.0
TuvgA TuvgB 61 35 39 89.7 574
TuvgB TuvgA 55 26 31 83.9 47.2
Twe3F Twe3T 12 10 48 20.8 83.3

Twf4o Twf4a 10 10 19 526 100
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Table 10 Detailed Results for DoBi on the data set used by core-SVM (Continued)

2ltnA 2ItnB 55 12 16 75.0 218
2ItnB 2ltnA 47 17 17 100 36.2
3pcgA 3pcgM 41 12 15 80.0 293
3pcgM 3pcgA 40 1 21 524 27.5
4ubpA 4ubpC 24 8 43 186 333
4ubpC 4ubpB 46 26 86 30.2 56.5
8rucl 8rucA 38 29 38 76.3 76.3

2Inty, is the number of residues on actual interface in complex.

bC,, is the number of residues correctly predicted to be on interface by our method.
©Pp is the number of total residues predicted to be on interface by our method.
dAcc (%) is the accuracy of our method on the data set.

€Cov (%) is the coverage of our method on the data set.

Table 11 DoBi’s performance for proteins of benchmark v4.0 in bound states

Type® No. of complexes Suc® Acct Cov* Me v
Enzyme-Inhibitor 52 776 61.8 67.9 226 6.3
Antibody-Antigen 25 56.0 516 70.1 19.3 6.5
Others 99 66.7 582 69.1 24.0 10.8
Overall 176 68.2 57.5 68.9 229 9.3

2Type is based on the broad biochemical categories.

bSuc (%) is the success rate of DoBi on the data set.

“Acc (%) is the average accuracy of DoBi on the data set.

dCov (%) is the average coverage of DoBi on the data set.

€M is the average of the sizes predicted by DoBi on the data set.

fV/ is the standard deviation of the sizes predicted by DoBi on the data set.

Table 12 DoBi’s performance for proteins of benchmark v4.0 in unbound states

Subset® Type® No. of cases Suc* Acc? Cov® M ve
Rigid body Enzyme-Inhibitor 40 512 489 66.9 37.1 34.1
Antibody-Antigen 22 50.0 51.0 67.8 24.0 14.6
Others 59 322 373 63.5 399 36.9
Subtotal 121 41.7 436 65.4 36.1 319
Medium difficult Enzyme-Inhibitor 7 399 36.7 56.2 259 174
Antibody-Antigen 1 0 319 414 380 9.2
Others 22 31.2 334 56.7 529 56.7
Subtotal 30 316 34.1 56.7 46.1 459
Difficult Enzyme-Inhibitor 5 375 43.1 46.5 26.1 7.0
Antibody-Antigen 2 0 295 546 273 17.5
Others 18 10.5 30.5 54.8 549 448
Subtotal 25 139 324 534 46.9 35.1
Overall 176 36.0 404 62.2 39.3 36.9

2Subset is based on the magnitude of conformational change after binding.
bType is based on the broad biochemical categories.

€Suc (%) is the success rate of DoBi on the data set.

dAcc (%) is the average accuracy of DoBi on the data set.

€Cov (%) is the average coverage of DoBi on the data set.

fM is the average predicted size for DoBi on the data set.

9V is the standard deviation of predicted size for DoBi on the data set.
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Figure 4 Configuration discovered by DoBi for Twq1(R:G). (A) is the configuration by DoBi; and (B) is the experimental structure. The C, iRMSD
between two complexes is 4.12A.

Table 13 The Docking Results of DoBi, ZDOCK and 3D-Dock on CAPRI

Target DoBijg00 ZDOCK DoBijo 3D-Dock®
iRMSD? NCP F/ Fd iRMSD NC Fy F, iRMSD NC F Fr iRMSD NC
T 4.28 276 56.0 452 8.10 17.2 50.0 320 545 440 74.1 64.3 3.0 46
T2 6.23 76.9 388 353 415 46.2 519 357 827 538 48.0 364 — —
T3 18.48 94 171 439 3.89 62.5 64.0 60.6 18.51 12.0 229 514 — —
T4 3.98 63.5 66.6 57.1 4.50 23.1 78.2 583 6.24 359 38.3 51.6 15.1 21
5 11.06 7.7 46.8 31.6 10.08 54 76.6 189 11.06 7.7 46.8 31.6 — —
T6 16.49 154 364 334 8.72 29.2 54.2 716 19.21 9.6 18.2 28.1 0.8 86
17 11.10 13.5 62.8 24.0 6.43 2.7 444 4.8 11.10 135 62.8 240 286 14
T8 6.69 379 427 60.9 2.73 63.6 82.8 60.0 6.69 379 42.7 60.9 1.7 33
T9 2.85 333 61.3 67.6 8.46 289 54.1 58.7 10.54 14 36.7 377 9.7 23
T10 452 289 504 51.8 14.75 59 154 17.3 7.69 13.0 58.1 59.3 34.8 0
TN 2.55 66.7 68.5 75.0 2.63 61.1 96.0 82.1 12.17 0 0 45.0 19 20
T12 2.55 66.7 68.5 75.0 2.31 81.5 75.9 88.9 1217 0 0 45.0 3.2 22
T13 333 94.1 741 69.6 249 57.1 529 59.3 333 94.1 741 69.6 6.4 6
T4 19.98 9.6 345 280 5.22 42.0 72.7 68.9 20.97 103 36.1 283 0.9 47
T15 240 53.6 86.9 83.0 0.86 91.1 90.6 81.8 4.00 42.0 64.2 63.6 — —
T18 8.08 25.0 57.7 444 1.88 66.2 80.0 80.0 11.38 8.2 103 19.7 94 14
T19 2.74 58.8 60.0 69.0 9.81 4.8 40.0 14.6 2.74 588 60.0 69.0 39 31
T20 15.13 1.1 14.7 286 13.62 7.2 35.0 371 15.13 1.1 14.7 286 — —
T21 2.02 50.0 77.8 68.8 243 70.7 833 70.6 202 50.0 77.8 68.8 — —
T22 16.08 7.5 20.0 714 9.28 126 66.7 0 16.08 7.5 20.0 714 — —
123 1.90 61.2 86.9 884 2.14 721 87.3 87.9 3.14 46.0 83.1 83.1 — —
T24 5.01 50.0 31.6 20.0 28.15 0 0 0 5.01 50.0 31.6 20.0 — —
T26 71 29.6 26.1 452 30.07 0 0 0 711 29.6 26.1 452 — —
127 6.95 60.0 424 519 15.89 35 244 0 7.38 66.7 385 50.0 — —
T29 246 68.6 83.3 793 3.90 58.6 774 72.1 3.80 327 694 77.8 — —

3Cy IRMSD between the configuration by the respective method and the experimental structure.

PNC (%) is fraction of native contacts for each method.

°F/ (%) is the F-score of each method for the ligand protein on the data set.
dF, (%) is the F-score of each method for the receptor protein on the data set.

€The values for 3D-Dock are from literatures [36,37]; The blank results mean that 3D-Dock never produced on these targets.
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Table 14 The Docking Results of DoBi and ZDOCK on Benchmark v4.0

DoBi1go0 ZDOCK DoBi1g00 ZDOCK DoBi1g00 ZDOCK
PDB iRmsd* F® F,° iRmsd F, F, PDB iRmsd F, F, iRmsd F, F, PDB iRmsd F, F, iRmsd F, F,
Tbvk 1.24 718 727 172 714 800 1ljps 427 66.7 628 226 783 826 Igla 651 773 724 376 703 720
2sni 149 929 828 255 900 783 1lyvb 444 710 513 161 824 913 lach 655 788 780 261 938 826
1j2) 152 800 839 218 66.7 564 lavx 4.54 66.7 702 167 733 885 225 657 462 686 140 80.0 720
Twgl 1.60 885 769 1.82 776 692 1fgql 454 629 765 8.05 424 500 120k 6.60 727 552 229 903 750
Trvé  1.68 800 882 143 86.7 833 1lebe 458 679 609 1.11 850 857 1fc2 688 595 737 353 69.0 581
1z5y 1.70 829 895 1.69 857 864 2cth 458 638 66.7 1.53 842 766 1loph 697 722 808 2.00 70.6 58.1
1n8o 1.73 815 899 228 829 787 1loyv 461 857 66.7 212 830 841 1jmo 7.01 800 666 1899 364 O
Tbuh 1.98 824 703 1.12 875 963 1kkl 474 364 579 2792 0 0 Thel 7.07 90.0 89.7 202 80.9 706
2j0t 2,16 57.1 488 4.86 59.1 56.1 1bvn 482 745 480 1.72 875 829 1xd3 7.08 66.7 722 045 963 938
1ga9 2.20 476 611 400 519 645 1gp2 483 86.1 844 339 56.2 929 2oo0r 7.7 645 687 3.14 750 630
Tgcq 2.27 909 753 5.9 710 640 1ktz 484 80.0 696 3.68 91.7 636 libr 723 553 634 983 506 338
Tb6c 2.32 710 778 263 829 884 2977 484 68.1 616 152 945 862 1lak4 7.25 522 526 428 85.7 90.0
2b42 235 786 882 136 941 877 2btf 486 717 667 248 744 800 1vfb 727 489 500 230 743 722
2a5t 2.38 821 788 436 520 400 1ljiw 486 795 815 522 56.5 66.7 1kdc 7.29 703 444 147 812 977
1gpw 2.45 791 640 151 816 784 1gxd 4.88 733 625 341 80.9 649 2vdb 731 741 648 1.28 90.5 100
1fle 247 786 732 401 741 440 151 4.89 706 686 240 66.7 683 1gll 742 963 868 1.55 812 833
2ido 248 875 828 5.09 714 800 1ljzd 492 750 710 267 762 737 lsyx 749 750 757 481 645 850
1fqj 249 791 667 1313 167 263 1pvh 494 545 790 1.92 750 889 leer 749 66.7 538 7.90 58.1 545
2hrk 2.51 100 882 206 80.0 706 1m10 4.96 759 600 942 36.1 298 200b 758 533 710 538 81.8 818
1dgj 252 792 913 831 537 359 2abz 499 548 586 373 89.7 846 1jtg 7.69 781 767 139 815 807
lezu 2.53 84.7 747 238 943 789 1bkd 504 81.1 771 733 596 535 1nsn 791 739 744 482 42.1 821
1k5d 2.54 904 784 251 73.0 700 1li2m 5.06 857 645 221 774 836 1zm4 7.98 436 314 244 66.7 560
2gfw 261 933 875 158 889 737 1le6 506 541 500 157 100 100 1udi 8.08 511 500 142 889 86.7
2ayo 261 734 689 185 926 889 3sgg 5.09 818 773 219 844 844 20t3 811 763 716 440 642 737
2hle 263 556 588 352 727 612 lewy 513 650 66.7 247 732 778 3cph 829 732 593 3091 66.7 66.7
1zhh 267 66.7 704 9.28 275 456 1kxp 5.13 620 788 2.00 80.0 66.7 leaw 831 952 853 134 929 923
lay7 273 743 615 464 66.7 40.7 2c0l 5.14 849 718 436 457 419 1tmq 853 572 616 242 90.6 828
1fem 2.76 840 833 1224 261 192 2hmi 5.14 600 461 2699 739 0 Tefn 861 66.7 643 6.62 636 417
2a% 2.80 89.7 810 567 62.1 378 1pxv 517 839 865 381 619 627 1n2c 866 864 789 321 757 928
locO 2.82 774 572 295 759 759 1sbb 5.18 759 769 823 214 378 2fju 875 766 600 147 815 815
liad 297 711 653 197 684 649 1lus7 518 556 762 1.17 880 846 1r0r 891 765 590 210 80 824
208v 2.97 666 57.1 276 842 666 2jel 525 80.0 773 240 933 791 1wej 896 429 533 2479 57 O
Twdw 3.02 738 702 154 946 875 1fcc 525 66.7 476 1133 294 325 1slq 9.13 933 889 1.76 970 727
Tmq8 3.02 718 66.7 6.72 857 296 1Ifd 527 629 500 4.94 700 643 203b 9.15 480 486 1416 444 320
2z0e 3.02 756 80.0 4.24 69.6 582 2j7p 538 66.7 647 6.89 509 590 1ledk 942 759 862 152 217 128
Tnw9 3.02 706 66.7 3.19 788 686 lakj 544 66.7 793 555 615 741 1lcgi 948 800 774 159 974 893
Tofu 3.13 66.7 824 205 81.2 848 1lijk 546 606 445 1.86 91.7 743 1lclv 948 771 666 158 889 870
1i9r  3.20 621 592 2189 375 O 2nz8 549 728 750 287 826 758 T7cei 951 545 485 0.88 880 889
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Table 14 The Docking Results of DoBi and ZDOCK on Benchmark v4.0 (Continued)

1e96 3.21 965 846 298 552 632 1h9d 549 629 800 1.88 844 811 2vis 957 810 914 2223 O 0
1t6b  3.22 712 702 1.9 850 909 1rlb 550 762 588 1471 267 238 1bgx 990 783 800 1109 505 272
2oul 330 649 655 197 800 868 1bj1 559 833 857 211 927 880 1dér 1054 410 666 1268 250 229
Tahw 3.36 452 571 1.86 889 894 1r6q 5.59 500 786 5.20 474 533 2aff 1060 524 511 357 723 696
1y64 344 941 889 1537 316 216 I1gfw 561 480 572 150 933 778 1ml0 1069 540 424 1.29 826 8638
1ffw 344 421 667 391 56.0 57.1 2uuy 566 66.7 623 420 445 762 1k74 1073 391 202 163 76,6 80.8
g 346 788 703 181 694 700 1ligd 566 649 704 1.26 944 800 1dfj 1114 483 355 1.29 879 824
2pcc 3.52 654 667 534 765 433 20za 571 605 692 849 408 289 lkac 1124 741 429 322 878 850
Thef 357 759 714 095 909 86.5 1fak 573 714 863 773 40.0 449 1Ixul 1136 875 788 154 89.7 800
Ta2k 357 757 500 191 558 537 1de4 576 539 700 177 800 784 1Imah 1155 869 735 187 865 836
Tjwh 3.61 66.7 756 1.28 80.0 66.7 1zgi 582 909 882 1.79 783 857 1he8 1195 583 563 238 60.0 643
latn 3.70 723 833 474 79.1 800 1lazs 586 629 759 1.18 842 833 Ifsk 1199 611 628 1.5 919 905
2sic 3.76 722 764 094 963 909 1hia 591 66.7 56.1 124 230 286 1hlv 1413 204 389 1672 182 207
Tppe 3.83 769 833 142 86.7 935 1mlc 6.18 542 719 152 800 789 1Ixgs 1427 372 233 167 79.1 857
Tklu 394 83.7 909 11.1 275 432 2fd6 620 630 533 434 759 434 1jk9 1543 844 744 216 829 732
1zl 397 871 714 1225 432 286 4cpa 6.21 621 720 174 80.0 81.0 1ghg 1612 683 577 2215 O 480
3d5s 397 700 723 208 81.1 842 1Inca 625 645 710 138 902 870 1r8s 2083 126 577 648 49.2 545
2b4j  4.00 824 837 1033 357 286 1f34 636 593 615 1.94 848 836 1kxq 21.12 750 800 1.8 846 935
2i% 4.18 80.0 792 558 783 421 1ibl1 642 648 714 589 531 464 2hgs 2633 105 226 1237 150 291
2mta 4.18 82.1 865 164 846 824 3bp8 649 61.0 632 4.02 579 688 lira 2813 318 250 1642 365 289
2h7v 419 722 812 264 857 80.0

2Cy IRMSD between the configuration by methods and the experimental structure.
PF, (%) is the F-score of each method for the ligand protein on the data set.
°F, (%) is the F-score of each method for the receptor protein on the data set.

Figure 5 Configuration discovered by DoBi and ZDOCK for 1i4d. (A) is the configuration by DoBi; (B) is the configuration by ZDOCK; (C) is the
experimental structure.
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cases. The success rate of DoBi is 41.7% for the rigid-body
cases, which is significantly better than for the other two
categories. In general, the accuracy and coverage decrease
as the magnitude of conformational increases. The details
are shown in Table 12.

DoBi discovered several good configurations for the
medium difficult cases. One of the instances is Ilwql(R:G).
Its configuration discovered by DoBi is shown in Figure 4.
The C, iRMSD between the experimental structure and
the predicted complex is 4.124A.

Docking result of DoBi

DobBi is optimized for binding site prediction, but it also
can be used to dock two protein structures. We com-
pare DoBi’s poses to the best configurations obtained by
ZDOCK and 3D-Dock. ZDOCK [35] uses a fast Fourier
transform to search all possible binding modes for the
proteins, and evaluates them based on shape comple-
mentarity, desolvation energy, and electrostatics. It can
produce structures with the smallest iRMSD values in top
1000 predictions with minimum energy. 3D-Dock[36,37]
uses an initial grid-based shape complementarity search
to produce lots of potential interacting conformations.
They can be ranked by using interface residue propensi-
ties and interaction energies. It reports structures with the
smallest iIRMSD values in top ten predictions.

We calculate the predicted structures by different meth-
ods on the complexes in benchmark v4.0 and the targets
in CAPRI. CAPRI is a community-wide experiment to
assess the capacity of protein docking methods to predict
protein-protein interactions [31]. The C, iRMSD, F-score
and the fraction of native contacts are used to evaluate
the results by different methods. The fraction of native
contacts is used by 3D-Dock[37]. It is calculated as the
total number of native contacts for the predicted config-
uration divided by the total number of contacts in the
native structure. A native contact exists between residues
i and j if distances between them in native structure and
in predicted configuration are both less than 4.5A.

We compare the docking results of DoBi, ZDOCK
and 3D-DOCK on the CAPRI targets. The results are
shown in Table 13. The top 1,000 configurations pre-
dicted by DoBi and ZDOCK are used for comparison.
Among the 1,000 predictions, we choose the configura-
tion of the best iRMSD value to evaluate the methods.
The average iRMSD values for DoBi and ZDOCK are
7.5A and 6.9A, respectively. However, the average frac-
tions of native contacts for DoBi and ZDOCK are 40.6%
and 35.2%, respectively. DoBi improves the F-score of
binding site prediction by at least 1.3%. DoBi’s perfor-
mance on docking is worse than ZDOCK, but its per-
formance on binding site prediction is more accurate
than ZDOCK.
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Each of DoBi and 3D-Dock produced ten results for
each target, and the configurations with smallest iRMSD
values among those ten predictions are used for compar-
ison. The average iRMSD values for DoBi and 3D-Dock
are 9.2A and 9.1A. However, the overall fractions of native
contacts for DoBi and 3D-Dock are 29.1% and 26.8%.
DoBi’s performance on binding site prediction is better
than that of 3D-Dock.

The docking results obtained by DoBi and ZDOCK on
Benchmark v4.0 are shown in Table 14. Similarly, we com-
pare the best configurations in the top 1000 predictions
from each method of DoBi and ZDOCK for each tar-
get. The average iRMSD values of DoBi and ZDOCK are
6.1A and 4.9A, respectively. For the binding site predic-
tion, the overall F-score values of ligand proteins by DoBi
and ZDOCK are 69.5% and 69.4%, and those of recep-
tor proteins by DoBi and ZDOCK are 68.2% and 66.1%,
respectively. These results indicate that DoBi’s perfor-
mance on binding site prediction is better than ZDOCK.
The docking quality of DoBi requires further efforts to
improve.

We calculate the docking results of 1i4d. The C,
iRMSD values between the experimental structure and
the configurations by DoBi and ZDOCK are 2.97A and
1.97A, respectively. DoBi improves F-score value of ligand
protein by 2.7%, and that of receptor protein by 0.4%.
The configurations produced by methods are shown in
Figure 5.

Factors affecting the performance of DoBi

We notice that DoBi performed badly on a few spe-
cific instances. We analyze this performance issue
with Table 15, which compares the ACE scores for the
experimental structures and predicted complexes, for the
bound states of proteins in the benchmark v4.0. Among
the 176 complexes, only 43 of them have an ACE score for
experimental structures lower than that of the predicted
complexes. This implies that in 133 cases, DoBi is able
to find a configuration of a lower score than the experi-
mental structures. These anomalies suggest that the score
function currently used in DoBi may be inaccurate, and
this inaccuracy may have contributed to the poorly per-
formed cases of DoBi. We also note that the search space
currently explored by our method is incomplete, and this
may have contributed as well to the inaccuracy of DoBi in
some cases.

Figure 6 shows the protein complex incorrectly pre-
dicted by DoBi as well as the experimental structure for
1kxq(H:A). The iRMSD between the two complexes is
18.87A. The ACE score of the docking structure predicted
by DoBi, -497.6, is lower than the ACE score of the exper-
imental structure, 63.7. The binding sites predicted by
DoBi are incorrect as well.



Table 15 Comparison of Atomic Contact Energy for the Predicted Complexes and the Experimental Structures on Benchmark v4.0

PDB Egct® Epre® F.© F¢ PDB Eact Epre F, F; PDB Eact Epre F, F; PDB Eact Epre F, F;

208v(AB) -96.7 -1493 914 810 1a2k(C:B) -389 -3148 727 718 2vis(B:O) 358 -389.7 628  61.1 Tn2c(A:F) 97.6 -272.1 46.1 60.0
Thcf(A:X) -46.2 -134 909 837  4cpa(Al) -47.6 -3183 727 710 Tacb(E:) -1574 5557 622 929 IxuT(AT) 60.7 85.9 455 72.7
1z5y(D:E) -85.9 -51.1 89.7 900 Twql(R:G) 1610  306.0 724 773 1j2j(A:B) -49.1 -161.8 621 51.6 Tgpw(A:B) 107.8 -1445 450 757
1gcq(B:Q) -53 44 889 941 Tmah(A:F) -8.5 -3030 724 643 1jzd(A:Q) 552 785 616 571 Toyv(B:) -70.5 -1360 445 60.6
2j0t(A:D) -65.8 -74.5 889 933 Tudi(E:D) 69.2 -93.0 720 500  2hmi(DB) -7.1 -5248 616 572 1d6r(A:) 88.0 -66.6 434 667
1s1q(AB) 204 168.1 882 909 1t6b(X:Y) 874 -6759 719 542 1vfb(B:0) 817 1914 61.5 593 2fjuBA) 61.0 -6589 431 279
2ayo(A:B) 3409 3842 868 963 2977(A:B) 2155 726 716 763 1b6c(A:B) -29.8 -1303  61.1 476 2sic(El) -1588 3212 429 741
1n8o(CE) -91.8 -64.1 86.5 839 Twdw(B:A) 3016 306 714 6438 Toph(A:B) -10.1 -516.1 606 645 Teer(A:B) 143.2 219.2 42.1 714
1i4d(D:A) 30.0 -49.1 86.5 821 1jk9(B:A) 1.7 -1506 714 699 1f51(AE) 1791 374 600 474 Tofu(X:A) -32.7 -1935 418 629
1ga9(A:B) 260.0 -739 857 833 1gp2(A:B) 56.5 -48.6 714 727 2i25(N:L) 131.0 144.8 600 766  2abz(B:E) 340 -300.7 410 703
2hle(AB) 83.0 1793 853 952 1dqj(B:0) 1194 104.1 714 714 Tktz(A:B) -24.0 -150.3 60.0 572 1fq1(AB) 1525 -1878 408 308
1fle(E:) -134.1 -2480 846 965 Tus7(A:B) 716 308 710 645 1i9r(H:A) 929 2845 60.0 588 Tjps(H:T) 2586 366.2 378  66.7
1jtg(B:A) 232.8 2576 844  86.1 TkkI(AH) 1052 2522 710 750 1sbb(AB) 0.5 154.1 60.0 588 1xgs(A:C) 3689 3830 372 233
Thia(B:l) -4.8 513 837 560  3d5s(AC) 89.8 -70.8 708 683 1ffw(AB) 79.2 68.9 592 621 1zm4(AB) 1186 -236.7 358 333
1k5d(A:Q) 1976 305.1 81.5 79.5 1r6q(A:C) -71.5 -129.3 704 649  2i9b(E:A) 58.0 -87.2 500 765 Tijk(CA) 85.1 -455 357 14.8
Tyvb(Al) -1419 2712 808 722 Thel(C:A) 20.6 242.2 703  66.6 Tpxv(A:Q) 285 -794 588  76.2 1tmq(A:B) 2.1 -4666 351 63.0
1fak(L:T) 108.7 217.2 80.0 756 Trve(V:X) -17.7 -3.7 700 526 1rOr(E:l) -1260 1274 588 615  2ido(AB) -71.8 92.8 334 390
3sqq(E) -57.9 26.3 80.0 750 1bkd(R:S) 1950 490 696 786 1e6j(H:P) 14.9 -366.7 588 400 TocO(AB) 27.1 -417.1 333 66.7
Tpvh(A:B) 121.5 135 80.0 629 Tavx(AB) 31.8 35.1 692 815 1jmo(AH)  -49.0 -4926 579 325 1y64(A:B) 1238 -2390 323 36.0
200b(A:B) -15.8 -28.9 800 783 1zhi(A:B) 93.8 -89.3 68.7 645 3cph(GA) 844 -1933 577 683 1dfj(E:N) 159.3 -394.3 321 444
Toyv(Al) -1528  -158.1 793 667 Tkac(A:B) 926 66.9 686 579 Tewy(A:C) 556 -80.1 572 631 Tm10(A:B) 168.3 -36.2 318 541
1i2m(A:B) 3009 2134 79.2 794 Tgl(A) -83.2 -282.7  68.1 788  2h7v(AQ) 67.5 9.9 572 732 Tira(Y:X) 2127 48.1 318 250
Tatn(A:D) =723 -365.5 79.1 733 Te6e(A:B) 2468  -1375 677 734 Tgfw(M:B) 609 61.7 572 480  2oul(AB) -1239 3112 304 540
Tklu(A:D) 60.2 -2434 790 545 1bj1(H:W) 109 -1396 667 710  2z0e(AB) -38.7 -562.7 564 638 1k74(A:D) 1274 145.5 300 273
2hrk(AB) -54 -52.5 789 864 Tk4c(A:Q) 70.3 -216.1 66.7 522  2vdb(AB) 774 -5629 563 583 1ghq(AB) -0.5 -1755 300 421
Tefn(B:A) 30.0 1734 788 897 1fc2(C:D) 23.1 -93.1 66.7 706 1fem(A:C) 14.6 -3077 560 638  3bp8(AQ) 57.9 -4299 300 530
Tbuh(AB) 70.5 1519 788 711 2jel(H:P) 74.0 18.2 66.7 759 Te4k(A:C) -415 -385.7  55.1 48.0 Tazs(A:C) -65.7 -3315 286 514
2sni(E:l) -1250  -19 788 875 1zhh(A:B) -84.0 -5379 667 643 1zli(A:B) -1002  -1646 541 524 The8(B:A) 64.0 -3233 274 400
Tmlc(B:E) 744 -133.7 788 620 1gla(G:F) -26.3 -2324 667 654 Tkxp(A:D) 1894 -311.2 540 548  2fd6(H:U) 786 -317.1 273 316
Tgfw(H:A) 36.5 1504 786 454 TmIO(A:D) -95.8 -641.1 66.7 604 Tclv(Al) 03 -6480 540 791 1fqj(A:B) 2348 3269 264 259
1xd3(A:B) -5.2 -240.3 780 634 1z0k(A:B) 9.7 -84.1 666 800 1de4(A:C) 123.1 -5356 540 493 Tsyx(AB) 1164 113.1 263 66.7
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Table 15 Comparison of Atomic Contact Energy for the Predicted Complexes and the Experimental Structures on Benchmark v4.0 Continued

2mta(L:A)
1TnwI(B:A)
2c0I(A:B)
Tigd(A:C)
Tnsn(L:S)
Tnca(H:N)
279k(AB)
1grn(AB)
Tbgx(L:T)
Tppe(EN)
2cfth(A:Q)
1fcc(A:C)
2uuy(AB)

-55.7
-120.1
130.2
-14.3
736
146.6
67.0
189.3
127.3
-54.5
-162.0
2473
-10.2

70.5
-3339
-2253
-261.7
1228
78.6
-89.9
-80.6
-7279
-6.3
-435.9
160.9
-1277

774
773
76.7
76.5
76.2
759
756
756
753
750
744
74.1
735

80.0
80.0
78.1
522
38.7
66.6
833
66.7
595
728
739
66.7
86.9

2nz8(A:B)
1e96(A:B)
200r(A:Q)
23jf(AE)
Tahw(B:C)
11fd(B:A)
Tay7(AB)
2btf(A:P)
Tovk(E:F)
Th9d(A:B)
7cei(AB)
Twej(L:F)
Tib1(AE)

52.1
110.7
-504
594
262.7
85.3
1232
165.6
76.8
129
216.5
1175
163.1

363
-1204
-839.7
-194.7
388.1
-28.0
-30.3
102.3
150.6
167.7
1925
48.0
2404

66.6
66.6
66.6
64.8
64.7
64.5
64.5
64.0
64.0
63.6
63.2
63.2
62.8

77.1
60.6
41.0
571
80.0
85.7
774
50.0
46.1
724
68.8
50.0
63.4

Tjiw(P:)
2b4j(A:C)
Tezu(C:B)
1rlb(B:E)
Tibr(A:B)
20t3(B:A)
1cgi(E:N)
Takj(A:D)
1f34(AB)
1fsk(CA)
Tak4(A:D)
Tmag8(A:B)
2a5t(AB)

110.3
94.0
-103.2
-69.1
234.0
-165.8
-186.4
108.3
-70.5
60.7
-48.6
40.7
107.0

-628.9
-1206
-172.2
-322.3
-850.1
-494.1
-383.8
11.1
-3769
-19.8
60.8
-56.3
-2275

539
53.8
53.1
52.7
513
51.1
510
510
493
483
47.1
46.7
46.5

66.7
66.7
66.7
63.2
385
524
80.0
616
66.6
452
56.0
84.9
489

2b42(AB)
Teaw(A:B)
2pcc(AB)
Tgxd(A:C)
2j7p(AD)
Th1v(A:G)
20za(B:A)

Tkxq(H:A)
1jwh(C:A)
Tovn(P:T)
203b(A:B)
1r8s(A:E)

2hgs(A:H)

103.6
12.0
473
452
2089
115.0
287.3
63.7
-27.8
-43.9
119.0
38.2
190.9

-1994
-173.
98.9
-680.4
122.5
-60.2
-5.2
-497.6
-305.7
-785.8
-174
90.0
-202.6

240
232
22.2
219
21.7
204
20.2
19.7
18.7
18.5
14.3
12.6

236
743
30.3
721
30.2
389
39.1
28.1
353
65.1
28.6
57.7
22.6

3E,c¢ is ACE score for the experimental structure on the data set.
bEp,e is ACE score for the prediction complex on the data set.
°F, (%) is the F-score of our method for the receptor protein on the data set.
dF, (%) is the F-score of our method for the ligand protein on the data set.
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Figure 6 DoBi fails to solve the instance 1kxq(H:A). (A) is the predicted complex; and (B) is the experimental structure.

Conclusions

In this work, we proposed an approach to identify binding
sites in protein complexes by docking protein subunits.
The method is implemented in a program called DoBi.
DoBi consistently and significantly performed better than
existing techniques in predicting binding sites in experi-
mental results.

We identify a few potential areas for future improve-
ments to our method. The first area to work on is in the
energy function used. Currently, DoBi uses a simple score
function. As suggested by the experiment results, a bet-
ter energy function is able to improve the performance of
DoBi.

A second area for improvement is in our current
assumption that protein structures are rigid when bind-
ing. In reality, protein structures may vary sightly or even
dramatically when they bind. Hence, further studies on
this issue are very much in demand.

Although our method shows better overall perfor-
mance, there are some protein complexes where other
methods outperformed DoBi. It will be beneficial if we
could combine the strengths of these existing programs
with DoBi, to come up with a more reliable method.

Endnote
2The initial two letters from each of the two words, Dock-
ing and Binding, were taken.
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