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Abstract

Identifying correct binding modes in a large set of models is an important step in protein-protein
docking. We identified protein docking filter based on overlap area that significantly reduces the
number of candidate structures that require detailed examination. We also developed potentials based
on residue contacts and overlap areas using a comprehensive learning set of 640 two chain protein
complexes with mathematical programming. Our potential showed substantially better recognition
capacity compared to other publicly accessible protein docking potentials in discriminating between
native and nonnative binding modes on a large test set of 84 complexes independent of our training
set. We were able to rank a near native model on the top in 43 cases and within top 10 in 51 cases.
We also report an atomic potential that ranks a near native model on the top in 46 cases and within
top 10 in 58 cases. Our filter + potential is well suited for selecting a small set of models to be refined
to atomic resolution.
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Introduction

Predicting shapes of protein complexes from structures of individual proteins is an important
challenge in computational structural biology. In cells, most proteins are involved in multiple
interactions with other proteins. These interactions may create functional assembly1–3, help in
signaling4,5 and in subtle (allosteric) manipulation of protein activities. These interactions form
a complex network that enables cell control of biochemical activities6–8. Typically the problem
of predicting the structure of a complex from its constituents is separated into two groups: (i)
predicting the complex from the structures of its monomers in the bound form (also called
bound docking). (ii) modeling the complex when the shape of the individual proteins to-be-
docked is known only approximately (unbound prediction – realistically we do not know the
“right” conformation of the monomer without knowing the structure of the complex). The first
type of prediction is considered relatively easy while the second case is more difficult. The
level of added difficulty depends on the similarity of the starting individual structures to the
final structures in the complex.

Most docking protocols 9–19 sample the conformations and relative orientations of ligand (the
smaller protein) with respect to the receptor (the larger protein), select a small (usually 100 to

NIH Public Access
Author Manuscript
Proteins. Author manuscript; available in PMC 2011 February 1.

Published in final edited form as:
Proteins. 2010 February 1; 78(2): 400–419. doi:10.1002/prot.22550.

N
IH

-P
A

 A
u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t
N

IH
-P

A
 A

u
th

o
r M

a
n
u
s
c
rip

t



1000) set of promising models, refine them to atomic resolution, rescore them and present the
sorted list of models of the complex. The goal of a scoring function is to quickly and effectively
filter the initial conformations sampled and retain as many near native models as possible. This
problem is of high significance since the number of models considered in order to sample near
native structures is inversely related to the quality of starting structures.

Residue pair potentials are a natural choice of coarse graining intra and inter interactions in
proteins and have been useful in predicting folds of single chain proteins. In a possible approach
one derives 20–24 a statistical potential based on the frequency of contact between a given pair
of species in a set of non redundant complexes and a prior for the probability of observing such
a contact.

Discriminatory learning 25–27 explicitly incorporates information from incorrect binding
modes and bypasses issues with choice of reference state. Tobi and Bahar 28 demonstrate that
it is possible to separate docked models with the correct binding mode from mis-docked models
for a set of 63 complexes using a contact potential. Bordner and Gorin 29 train a random forest
based classifier on residue contacts, residue interface propensities, conservation and a Vander
Waals filter. They were able to sample and rank a near native model as the top model in 4 out
of 17 cases (14 of which are enzyme inhibitor complexes). Our potential (called PIE - short
for protein interaction energy) learnt on a large dataset shows significantly improved
performance when tested on a similar collection of complexes. Atomic potentials for protein
docking were derived under the statistical framework 30,31. Oliver et al. 32 train a SVM based
scoring function on a combination of atomic, residue based, shape (area, volume), shape
complementarily, conservation based features on the complexes in benchmark 2 33. We trained
atomic potentials and they had a small improvement in performance of ranking decoys of
benchmark 2 33 compared to residue potentials (that can be evaluated faster).

The paper is organized as follows – in the section Methods we describe our filter and detail
the procedure followed to design the potential; in section Results and Discussion we report the
efficacy of PIE for scoring and different variations of the potential. Our improvements come
from an extensive training set, filtering based of overlap areas and inclusion of overlap areas
in addition to contacts as features for discriminating between native and nonnative binding
modes. We emphasize and illustrate in the results section that the overlap area excludes unlikely
core penetration and is not correlated with surface matching.

Methods

Computing Overlap and Solvent Accessible Areas

Our procedure for efficiently computing overlap areas is based on an extension of the algorithm
described by Scott et al34. The main idea of the procedure is as follows (see also Figure 1):

• The area of a sphere S1 lost in overlap with sphere S2 is a function of the point (P)
where the line joining the centers intersects surface of S1 and the angle (θ) the circle
of intersection subtends at the center of S1. The points lost to each (P, θ) overlap can
be pre-computed for a sampling of points on unit sphere.

• Scott et al. 34 use a sampling of 256 points on unit sphere (obtained by maximizing
the spread of the points), the state of each point (buried vs exposed) is stored in a
bitmap. The residual surface area of a sphere is computed by finding the points that
are exposed after accounting for all the overlaps of the sphere with its neighbors and
scaling the number based on the square of the radius.

We pre-compute the burial bitmaps for each atom on the receptor and ligand separately. For
each transformation of the ligand, we compute interface atoms (intersecting atoms of other
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molecule, done efficiently using neighbor lists). For each interface atom, we compute the
number of points lost to overlaps with atoms of other molecule and from them we obtain the
overlap area.

An approximate solvent accessible surface area can be computed by increasing the radii of
each atom by the probe radius and computing the portions of surfaces of each atom that are
not in overlap with any other atom. A simple extension of the method can be used to compute
volumes and solvent excluded volumes (using concentric shells). We use the atomic radii
(Lennard Jones contact distance σ) from the OPLS force field 35.

Filter

We observe that the overlap area for native like structures is lower than the overlap area in
mis-docked structures (as illustrated in Figure 2). So we use the overlap area as a filter for
discarding mis-docked structures. We tried different thresholds for filtering and we observe
the best filtering when we select the top 2500 structures in terms of changes in overlap area to
be re-ranked by PIE. The choice of the threshold used in the filter depends on the quality of
input proteins. We obtain a similar improvement in performance when we use the radii from
the AMBER force field (param98) instead of the OPLS parameters or when we use the overlap
volume (the total volume that is in the intersection of the atoms in receptor with atoms in ligand)
instead of the overlap area.

Model

We use residue contacts (two residues are defined to be in contact if the distance between their
side chain centers of mass is less than 6.8 Å) and overlap area computed as outlined earlier.
For a transformation τ (τ = (t, u) where t and u are the translation and rotation of the ligand),

(1)

where ΔOA (τ) is the total overlap area upon complex formation and nij (τ) is the number of
contacts between residues of type i and j.

Model learning - Training set

We prepared an extensive set of bound and unbound 2-chain complexes. An initial set of 640
complexes was prepared according to the following procedure:

• Select 2-chain proteins in the PDB with each chain having at-least 40 residues.

• Find similar complexes - two complexes are similar if (both) the corresponding chains
are homologous – greater than 35% identity in the BLAST36 alignment or E-value is
below 10−6.

• Cluster complexes – starting from a list of complexes, select a complex if it is not
similar to complexes already selected.

• Check for biological significance - a complex is biological if the chains were
dissimilar or there is confirmation in the reference articles at PDB that the observed
dimer is not an artifact of crystallization.

To prepare a set of complexes to be used for unbound-unbound docking and bound-unbound
docking, we looked for unbound conformations or close homologues (sequence identity around
85%) for each protein in the set of 640 complexes. For 55 complexes we had unbound
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conformations for both chains (unbound-unbound cases) and for 123 complexes we had
unbound conformation for only one chain (bound-unbound cases). Whenever unbound
conformations were available we used them for docking. The size distribution of proteins in
our training set is illustrated in Figure 3. The list of unbound and bound complexes is provided
in Table 1 and Table 2.

Model learning – Learning procedure

The goal is to obtain parameters w that minimize  such that

(2)

Where  is the vector of interface properties (residue-residue contacts and change in overlap
area) of the jth correctly docked structure for complex i and  is the feature vector of the k
mis-docked structure for complex i. For each complex we sampled orientations of the ligand
using Patchdock 23. A typical number of sampled orientations for one complex was 16,000
which was used to generate 160,000 inequalities (we considered upto 10 near-native structures
to be discriminated from the other incorrect structures).

Docking of two homologous proteins for the unbound-unbound cases and bound-unbound
cases is based on structural modeling of the chains of the actual complex. We modeled the
structures of the individual chains based on the sequences and folds of the unbound protein
chains (we used the Needleman-Wunsch37 alignment between the sequence of the chains of
the bound proteins and the sequence of the chains of the unbound protein and computed the
structures using Modeller 38). We generated translations and rotations using both bound
proteins and modeled proteins but computed contact maps and changes in overlap areas by
applying the translations and rotations on the modeled proteins. The addition of bound
transformations in the unbound cases was useful in generating more positive examples. There
were three procedures to generate positive examples: In the first procedure we used Patchdock
to dock the modeled chains and successful docking experiments were classified as positive
(see definition in the next paragraph for a positive classification). In the second generation of
positive examples, we computed transformations for the docking of the native bound chains
but applied them on modeled chains. In the third case we overlapped the structures of the
modeled chains with the bound chains in the native complex. In each of the three procedures
we collected all the positive examples that scored better than the threshold discussed below.
For bound cases, the second and the third procedures were used to generate positive examples.

We separated the computed complexes into hits/positives (backbone rmsd is within 4 Å for all
heavy backbone atoms of the two chains when comparing the bound complex and the modeled
complex) and misses (backbone rmsd above 7 Å and less than 5% of native contacts at the
interface). We dropped all other structures that correspond to a “gray” classification. The
“gray” matches are likely to introduce noise to the learning process. Features from the native
complex were added as a hit. We restricted the number of hits to 10 (based on rmsd and making
sure that a new hit is different by at least 4 contacts from the complexes selected already). For
each pair of hit and miss, we created an inequality if the set of contacts in a negative differed
from the set of contacts in a positive by at-least 10 (this condition helps in simplifying cases
with large rms differences and still small changes in contact maps that otherwise complicate
the learning process).
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We used Pf3 39 to solve the resultant linear program with 54,126,279 constraints3. An exact
solution (satisfying all the inequalities, (Eq. (2))) could not be found within the functional form
(Eq. (1)) that we use for the potential. Hence, some of the inequalities remained unsolved.
However the model potential with optimized parameters was able to solve 97% of the
inequalities. The set of parameters determined (PIE640) were stable – the parameters obtained
with 90% of constraints (PIE540, the potential learnt from the 540 complexes not overlapping
benchmark2) are similar to the parameters obtained with all the constraints (correlation
coefficient 0.96, a figure comparing the potentials is in supplementary material).

Results and Discussion

We use protein-protein docking benchmark 2.0 33 for our evaluation as it is widely used for
comparing scoring functions. We removed cases similar to the 84 cases in the benchmark from
our training set. The definition used for similarity is outlined below:

• Two proteins P and P′ are similar to each other if

– The alignment of P to P′ returned by BLAST has at-least 30% positives
(positions not aligned to gaps).

– The TM-score 40 for P to P′ is above 0.4 or there is 30% identity among
interface residues (a residue is in the interface if it is in contact with a residue
of the other protein) in the TM-alignment between P and P′.

• A complex C formed by proteins P, Q is similar to another complex C′ formed by
proteins P′ and Q′ if either P is similar to P′ and Q is similar to Q′ or P is similar to Q
′ and Q is similar to P′.

We use a stronger criterion to remove cases overlapping benchmark 2.0 from our training set
than the criterion we use to remove redundancies in our training set. It is important to use the
extra measures to avoid learning examples that are going to be used for testing later. 100
complexes were removed from our initial set of 640 complexes because of overlaps with
complexes in benchmark2. The set of complexes used for training the potential and the resultant
potential (PIE540) are presented in the supplementary material.

We test our filtering and scoring protocol on three procedures for generating docked structures
– ZDOCK 41, Patchdock 42 and our implementation of geometric hashing (along the lines of
11).

ZDOCK Sampling

ZDOCK 41 is a procedure for modeling protein complexes that docks rigid molecules based
on a combination of shape complementarity (PSC), desolvation and electrostatics that is
efficiently computed using the Fast Fourier Transform (FFT) algorithm. ZRANK 43 is a scoring
function that uses a more elaborate linear combination of atomic Vander Waals, electrostatics
and desolvation for scoring models.

We use the models generated by ZDOCK 3.0 with ZRANK with a grid size of 1.2 Å and 6°
Euler angle rotations (as provided at http://zlab.bu.edu/zdock/decoys.shtml). We also use the
irmsd (irmsd is the minimum rmsd between the positions of the interface residues in the native
structure and the model, described in 44) values provided with the set for verification. A hit
(defined as a model with irmsd below 4 Å) was present in the set for 79 out of the 84 cases. A
hit was present in the lowest 2500 cases in terms of overlap area in 76 cases (in 3 cases all the
hits were lost because of the filter).

3The solution took about 3 hours on 150 cores (Intel Xeon 2.33 GHz. 1GB memory per core, 8 cores per node).
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The results of scoring the decoys by our filter and scoring function (FP) and our scoring function
alone (P) in comparison to scoring by ZRANK (denoted by ZR) are presented in Table 3. We
present the best rank of a hit (Bestrank), the number of hits in the top 10,20,100 and 2048
(TopN) along with the number of hits sampled and the number of hits filtered by the overlap
area filter. The column labeled Random gives the rank for which the probability that a random
scoring function will do better is at-least 0.5. This score signifies the ease of ranking a set of
models. For example, consider the scenario where for each pair of proteins, half the structures
for the protein-protein complex are hits, then a procedure that ranks at random will return a hit
at rank 1 with probability 0.5 and a ranking procedure that is not able to rank a hit on the top
on more than half of the cases is worse than a random ranking procedure.

Our top ranked model is a hit in 43 cases compared to 10 cases by ZD3.0ZR and we have a hit
in top 10 models in 51 cases compared to 21 by ZD3.0ZR.). Discarding cases with clashes
using our filter leads to a similar improvement in performance of ZRANK (top ranked model
is a hit in 42 cases and a hit is ranked within top 10 in 53 cases). In a follow up paper Pierce
and Weng 45 further refined the top ranked structures and re-ranked them, they evaluated their
procedure using 2.5Å irmsd as a cutoff criterion for a positive. On a set of 27 complexes, they
were able to rank a positive as top model in 10 cases compared to 7 cases by ZD3.0ZR. When
restricted to the 27 complexes in the refinement and rescoring study 45, we score a near native
model (irmsd < 2.5Å) as rank 1 in 23 cases.

Patchdock Sampling

Patchdock 42 is an algorithm for molecular docking that uses image segmentation (for defining
patches) and object recognition (based on geometric hashing). We used Patchdock with default
options (no specification of interface or complex type) for docking the input proteins in the
benchmark and generating candidate structures for tests of our classification capacity.

Comparison of our potential to the default scoring function in Patchdock (PD) is presented in
Table 4. On the 71 cases where Patchdock sampled a hit, our top ranked model is a hit in 27
cases and we have a hit in top 10 models in 51 cases. Discarding cases with large overlap area
using our filter improves the performance of Patchdock (the best rank of a hit with the filter is
better than the best rank of a hit without the filter in 48 cases while it is worse in 21 cases; in
2 cases all hits are lost because of the filter). While the improvement is significant it is not as
strong as in the case of the structures generated by ZD3.0ZR.

The results for two different sampling procedures (ZDOCK and Patchdock) indicate that our
filtering and scoring procedure is not sensitive to the procedure used for generating docked
models.

Variation of Sampling

We implemented a sampling protocol based on geometric hashing (along the lines of Fischer
et al 11 details in the supplementary material) and with our potential for scoring models we are
able to sample as well as rank a near native structure (within 4 Å irmsd) as the top model in
19 cases on the benchmark. The breakdown of results by hardness is presented in Table 5. SP
is the result for our sampling coupled with our coarse grained potential (PIECED540); FP+ZR
is the result of our filtering and scoring of decoys generated by ZDOCK3.0 with ZRANK and
ZR is the result of ZDOCK3.0 with ZRANK. While our filtering procedure enriches scoring
structures sampled by ZDOCK+ZRANK, the enrichment of the filtering to our sampling
(which is similar to Fisher et al11) is not that striking.
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Comparison with other residue based scoring functions

The result of comparing the overlap filter and our scoring function to the potential of Lu et al.
23 (LLS), Tobi et al. 28 (TB) and Glaser et al22 (GSVB) in ranking the decoys in the ZDOCK
set (note that benchmark2 overlaps with the training sets of LLS and TB) is outlined in Table
6 and Table 7. In short we score a model within 4 Å irmsd as the top model in 19 cases compared
to 6 by TB and 4 by LLS. However when the filter is used to discard structures with large
overlap area, the result improves to 43 cases compared to 36 by TB, 29 by LLS and 7 by GSVB.

Examination of results for different classes of complexes

The performance of our scoring function for each class of complexes is illustrated in the Figure
4–6 (a few representatives are presented here, the remaining are in the supplementary material);
a short summary is presented in Table 8. Each row in the figure (for Figures 4–6) presents the
result of scoring structures that are filtered based on overlap area using different residue based
potentials. The leftmost plot in a row is the plot of our energy (z score of the negative of our
energy, since in our framework higher energies are better) against irmsd. The next two plots
represent the result of scoring by the potential of Lu et al. 23 and Tobi et al. 28 respectively. In
most cases we obtained marked funnels compared to others. By funnel we mean that the average
energy (negative of the score) is monotonically increasing (on the average) as a function of the
irmsd. PIE540 was learnt on the pooled set of complexes, we did not over-represent antibody-
antigen interactions in our training set (there are 6 antibody heavy chain – light chain complexes
and 9 antibody – antigen complexes in the set of 540 complexes used for training). Additional
class specific bias in learning might improve our results.

Examination of the potential

Figure 7 illustrates the residue contact potential and Table 9 summarizes the potential learnt
on our entire training set (the subset used to train potential for testing and the potential learnt
are detailed in the supplementary material). Figure 8 summarizes the contribution of residue
contacts to the overall energy grouped by residue type and overlap area. The value plotted is
the energy of the residue type in the native structure averaged over all the 640 complexes in
the training set. Contacts between hydrophobic residues contribute significantly towards the
recognition of native binding modes. Though we derive our potential from a very large set of
complexes, we observe non convergence of some entries to physically meaningful values (for
example the score for W-I contact has a different sign compared to the score for W-L contact).
We have significant contact statistics for every contact type in the native structures of
complexes in our set. We also derive a statistical potential for residue contacts from the set of
640 complexes (eij = − log((Nij/N)/((Ni/N) *(Nj/N))), where Nij is the number of contacts
between residues of type i and j, N = Σj Nij and N = Σi = Ni) and the statistical potential has the
same inconsistencies. When we add additional constraints requiring more physically consistent
behavior to our linear programming formulation (for instance, wWI > wWL/2 and wWL > wWI/
2) the inconsistency is corrected and the resultant potential has a correlation coefficient of 0.99
with the original potential (PIE640).

Variations of features

We report the results of our attempts to add additional features as well as regroup features in
Table 11. We investigate the additional features by redefining the potential and re-optimizing
the linear parameters exactly like what we have done to the residue contacts and overlap area
based potential.

3 residues are said to form a 3body contact if each pair of residues picked from the three are
in contact with each other. To enhance the statistics we use 5 residue types – polar –
G,P,N,Q,S,T,C; basic – K,R; acidic – D,E; aliphatic – A,V,L,I,M and aromatic – F,Y,W,H for
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computing 3body contacts). The results are presented in row 4 and 5 of Table 11. There is a
very small improvement compared to the use of pair potential.

We considered evolutionary profiles by dividing residues into 3 types based on their
conservation relative to solvent-exposed residues (we use the column entropy in the profile
computed from Blast with E-value cutoff of 0.001 on sequences in Swissprot46, we sort solvent-
exposed residues based on entropy and divide them into 3 types – among the top 33% of
conserved residues on the surface, between 33% and 66% and below 66%) and counting
contacts between residues of different types. The results are presented in row 6 of Table 11.
We only observe a minor improvement with the inclusion of evolutionary profile.

For atomic potential we use the grouping into 18 atom types that was used in DARS 47 and an
extension to 20 atom types (CYS Cβ and MET Sδ in two new groups). The results are presented
in rows 7,8,9 and 10 of Table 11. When we include overlap areas (grouped by atom type), the
performances of atomic potentials are a little better than the performance of the residue
potential. The potential with 20 atom types is presented in Table 12 and the potential with 18
atom types is provided in the supplementary material.

We do not observe improvement in discriminatory ability of the potential when we use the
changes in solvent accessible surface area computed by DSSP 48 as a feature or if we use
changes in solvent excluded surface area. Figure 9 shows the relationship between the overlap
area computed by us against the changes in surface areas computed by DSSP. The overlap
areas are close to zero for bound complexes while the solvent accessible areas are very different
from zero.

Heterodimers vs Combined

There were 186 homodimers and 354 heterodimers in the training set (no overlaps with the test
set). We trained docking potential on the 354 heterodimers separately and ranked the decoys
as earlier. Our filter with the potential trained on heterodimers ranked a hit as top model in 41
cases and identified a hit in top 10 in 54. The potential learnt on the set of all 417 heterodimers
in our set of non redundant complexes is presented in Table 10. The heterodimer potential is
very similar to the potential learnt on the entire set (as illustrated in Figure 10, correlation
coefficient for the residue contacts is 0.96).

There were studies in the past on the extent of similarity (/diversity) of interactions in
homodimers and heterodimers 23,49–51. The number of homodimers is relatively small in our
set (only 223 complexes) making it more difficult to obtain the necessary statistics and
rigorously investigate the similarities between homodimers and heterodimers. Nevertheless,
we went ahead and trained the overlap area plus residue contact potential by solving the
corresponding inequalities for homodimers. The correlation between the homodimer potential
and the combined potential for the contribution of residue contacts is 0.69. The potential is
provided in the supplementary material. We trained docking potential on the 186 homodimers
separately and ranked the decoys as earlier. Our filter with the potential trained on homodimers
ranked a hit as top model in 29 cases and identified a hit in top 10 in 45 cases.

Transient vs Combined

85 complexes in our set of 640 non-redundant complexes overlap with the set of transient
complexes identified in the study of Mintseris et. al 52 and Ansari et. al 53. There were 102
additional complexes between 2-chains in the study of Mintseris et. al and Ansari et. al where
each chain was at-least 35 residues long. We identified 105 additional transient complexes in
our set by examining the primary citations for each structure. We trained a potential on the 329
transient complexes (190 in our set, 102 from earlier studies and 37 complexes from
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benchmark2 that do not overlap the set selected). The transient potential is highly correlated
to the combined potential (correlation coefficient 0.98, comparison in Figure 11).

Comparison to other scoring functions

It is of interest to compare our potential to existing scoring functions that integrate a wide range
of information. Oliver et al 32 use a wide range of biochemical and geometric features (residue
contacts, atomic contacts, residue interface propensities by complex type, gap volume, buried
surface area, conservation) and learn a scoring function within the SVM framework based on
the cases in benchmark2. On cases in benchmark2 they were able to sample and rank a near
native solution (within 5 Å Cα rmsd) on the top in 16 cases in contrast to 19 by our sampling
and scoring procedure and 43 by our reranking of structures sampled by ZDOCK.

Summary

Our goal is to design a single potential with a physically meaningful functional form for
separating native binding modes from the non native ones. Such a scoring function can be used
in statistical mechanics study of dynamics and function in addition to the prediction of the
structures of protein complexes. We seek a residue based potential towards this end since it is
less sensitive to local conformational changes and as a result has greater radius of convergence;
even though we observed higher recognition with atom based potential on our test set. We are
after energy features that can be efficiently computed – at this point they are residue contacts
and overlap areas (we did not obtain additional discriminatory ability from the inclusion of
3body contacts, changes in surface areas and evolutionary profiles). We use a discriminatory
framework for designing potential since it allows for learning from incorrect binding modes
in contrast to approaches that are based on positive learning only (such as statistical potentials).
The resultant potential does a good job of recognizing native binding modes on a large and
diverse set of test complexes. It is likely that our gain over existing potentials is due to the
filtering based on shape complementarity. Though symmetric homodimers enrich contacts
between like residues, we observe a small improvement in performance with potentials learnt
on the combined set of homodimers and heterodimers compared to potential learnt exclusively
on heterodimers. Our filter and potential are likely to be useful for selecting a small set of
models to be refined to atomic resolution.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sketch of the algorithm for efficient computation of surface area - (P, θ) overlap (P is the point
where the line joining the centers of the spheres intersects surface of the sphere, and θ is the
angle subtended at the center) (a), exposed surface in receptor (b), exposure lost to the ligand
(c,d)
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Figure 2.
Probability distribution of overlap area for native like structures (gray, curve closer to the y-
axis) and misdocked structures (black) based on ZDOCK sampling on benchmark 2.0
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Figure 3.
Size distribution of complexes in the training set (points represented by pluses are bound cases
and points represented by circles are unbound cases)
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Figure 4.
Enzyme Inhibitor – In each row, we present the result of scoring models filtered based on
overlap area, the left column is the result of present potential (PIE540), the result of Lu et
al23 (LLS) in the center and that of Tobi et al28 (TB) is on the right
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Figure 5.
The same as Figure 4 but this time for Antibody Antigen
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Figure 6.
The same as Figure 4 but this time for complexes in the Others category
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Figure 7.
Contribution of Residue contacts (darker shades indicate unfavorable contribution to binding)
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Figure 8.
Breakdown of contact score by residue type and the contribution of overlap area (OA). The
value plotted is the score of the residue type in the native structure averaged over all the 640
complexes in the training set.
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Figure 9.
Comparison of overlap area and change in surface area computed by DSSP (points represented
by pluses are bound cases, points represented by circles are unbound cases and points
represented by squares are cases in the benchmark2). Bound cases have almost 0 overlap areas,
cases in benchmark2 have low overlap area while unbound cases have higher overlap areas.
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Figure 10.
Comparison of the residue contact weights for the potentials learnt on the combined set and
the set of heterodimers. The value plotted is the score of a contact type in the combined potential
vs the score in the potential learnt on the set of heterodimers. The correlation coefficient
between the potentials is 0.96 (linear fit for heterodimer potential based on the combined
potential has a non zero y-intercept).
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Figure 11.
Comparison of the residue contact weights for the potentials learnt on the combined set and
the set of transient complexes. The value plotted is the score of a contact type in the combined
potential vs the score in the potential learnt on the set of transient complexes. The correlation
coefficient between the potentials is 0.98
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Table 5

Result of our protocol grouped by ease (according to benchmark2) – SP is the result for our sampling coupled
with our coarse grained potential, FP+ZR is the result of our filtering and scoring of decoys generated by
ZDOCK3.0 with ZRANK and ZR is the result of ZDOCK3.0 with ZRANK. The columns indicate the number
of cases where a hit was ranked at the top/top10/top100, the last column indicates the number of cases where a
hit was sampled.

Category Rank1 Top10 Top100 With Hits

SP|FP+ZR|ZR SP|FP+ZR|ZR SP|FP+ZR|ZR S|ZR

Easy 19|39|10 33|44|21 43/55|38 60/63

Medium 1|2|0 7|5|0 8|9|3 11|11

Difficult 0|2|0 0|2|0 3|4|0 4|5
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Table 6

Summarized results for comparison of our filter (F) and scoring function (P) to Tobi et al28 (TB), Lu et al23 (LLS)
and Glaser et al22 (GSVB) in ranking structures generated by ZDOCK3.0 with ZRANK.

Potential Rank1 Top10 Top100

P 19 40 54

TB 6 14 39

LLS 4 10 27

FP 43 51 68

F+TB 36 55 65

F+LLS 29 44 57

F+GSVB 7 24 49

Proteins. Author manuscript; available in PMC 2011 February 1.
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Table 8

Result of our filtering and scoring for different categories of complexes.

Category Rank1 Top10 Top100 With Hits

Enzyme 19 20 22 23

Antibody 13 15 20 21

Other 11 16 26 35
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Table 11

Performance of scoring function upon variation of features (we rank the structures that pass the overlap area
filter, there were 76 cases that had at-least one hit in the 2500 structures passing the filter) – sa(dssp) is the change
in surface area computed using DSSP, sa(excluded) is the changes in surface area accounting for regions not
accessible to a probe of radius 1.4Å; contacts, atomcontacts, atomcontacts(20) indicate number of contacts
between residues, atoms - grouped into 18 types and atoms - grouped into 20 types respectively; 3body is the
number of contacts formed by 3 residues simultaneously (residues grouped into 5 types); evolutionary_profile
is the number of contacts between residues of different levels of conservation (see text for details).

Variation #features Top1 Top10 Top100

overlapsa 1 17 48 66

contacts 210 36 49 62

overlaparea + contacts 211 43 51 68

contacts + 3body 245 37 51 64

overlaparea + contacts + 3body 246 43 53 68

contacts + evolutionary_profile 216 36 49 64

atomcontacts 171 40 51 64

atomcontacts + overlaparea(by atom type) 189 45 58 69

atomcontacts(20) 210 40 52 64

atomcontacts(20)+overlaparea(by atom type) 230 46 58 67

sa(excluded)+contacts 230 39 50 65

sa(dssp)+contacts 230 36 49 64

Proteins. Author manuscript; available in PMC 2011 February 1.
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