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Abstract: A discrimination method between biologically relevant interfaces and artificial
crystal-packing contacts in crystal structures was constructed. The method evaluates protein-
protein interfaces in terms of complementarities for hydrophobicity, electrostatic potential and
shape on the protein surfaces, and chooses the most probable biological interfaces among all
possible contacts in the crystal. The method uses a discriminator named as “COMP”, which is
a linear combination of the complementarities for the above three surface features and does not
correlate with the contact area. The discrimination of homo-dimer interfaces from symmetry-
related crystal-packing contacts based on the COMP value achieved the modest success rate.
Subsequent detailed review of the discrimination results raised the success rate to about 88.8%.
In addition, our discrimination method yielded some clues for understanding the interaction
patterns in several examples in the PDB. Thus, the COMP discriminator can also be used as an
indicator of the “biological-ness” of protein-protein interfaces.
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Introduction

The quaternary structures of proteins are the bases of their physiological functions
(Jones and Thornton 1996; Henrick and Thornton 1998; Krissinel and Henrick 2007),
and thus it is indispensable to know the biologically relevant complexes of proteins to
understand their functions at the molecular level. The structures of proteins are usually
determined by X-ray crystallography, and actually 86% of the structures in the Protein
Data Bank (PDB) (Berman et al 2000) were obtained by X-ray crystallography, as of
May 2008. However, the structures determined by X-ray crystallography could contain
nonbiological interactions due to the nature of crystals.

Protein crystals are composed of asymmetric units (ASU), which are the smallest
unit of the crystal, and the whole crystal can be generated by rotating and translating the
ASU according to the symmetry operators provided for each crystal. The component
molecules of each ASU are packed to stabilize the crystal, and they interact with each
other both within the ASU and among the adjacent ASUs. The latter interactions are
usually designated as crystal-packing, and they are considered to be weaker than the
biologically relevant interactions (Janin and Rodier 1995; Carugo and Argos 1997;
Dasgupta et al 1997; Janin 1997; Bahadur et al 2004). However, the protein complexes
in each ASU are not always the real biological complexes, because the ASU is defined
independently of the biological context (Valdar and Thornton 2001; Jefferson et al
2006; Xu et al 2006). For example, a biological molecule can be just a part of an
ASU, while on the other hand, a biological complex may be obtained by rotating and
translating all or a part of an ASU. In the former case, the part of the interface in the
ASU is the biological interface, and in the latter case, the crystal packing can have
some biological relevance.
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Information about the number and/or kinds of proteins
included in a real biological complex, the “biological unit”,
is essential to obtain the quaternary structures of the proteins,
and therefore, a method to discriminate the biological
interfaces from the nonbiological interfaces is needed to use
the structure determined by X-ray crystallography (Carugo
and Argos 1997; Ponstingl et al 2000; Elcock and McCammon
2001; Valdar and Thornton 2001; Mintseris and Weng 2003;
Jefferson et al 2006; Liu et al 2006). When no other informa-
tion about the quaternary structure is available than that from
X-ray crystallography, inferring the biological unit must be
done only from the structural data (Carugo and Argos 1997;
Ponstingl et al 2000; Ofran and Rost 2003; Ponstingl et al
2003; Levy et al 2006; Krissinel and Henrick 2007). The
Protein Quaternary Structure (PQS) server is one of the
methods for inferring biological assemblies and is a widely
used database, where the data of inferred biological assemblies
for all proteins registered in the PDB are stored (Henrick
and Thornton 1998). This method composes the biological
assemblies by adding the contacts judged as being biological
relevant in the crystal. Ponstingl et al improved the PQS
method and also constructed the software PITA for inferring
the biological interfaces and assemblies (Ponstingl et al 2000,
2003). Generally speaking, the crystal-packing contacts have
smaller contact areas as compared to the biological interfaces
(Janin and Rodier 1995; Carugo and Argos 1997; Dasgupta
et al 1997; Janin 1997; Bahadur et al 2004). Therefore, these
discrimination methods that strongly depend on the contact
size could achieve modestly high success rates (80%—90%).
However, there are some exceptions: crystal-packing contacts
can sometimes have larger contact areas than biological
interfaces (Janin 1997; Robert and Janin 1998; Elcock and
McCammon 2001; Bahadur et al 2004). This indicates that the
contact area can be the major factor to discriminate biological
interfaces from crystal contacts, as mentioned by Levy and
colleagues (2008), but it is not a completely reliable differ-
entiation criterion. Therefore, to improve the discrimination
power, a method to determine the biological interfaces that
considers other factors than the contact area is needed.

Several studies that use other information than the contact
size have already been developed (Elcock and McCammon
2001; Bahadur et al 2004; Krissinel and Henrick 2007;
Bernauer et al 2008). Bahadur and colleagues (2004) tried
to discriminate between homo-dimers and crystal-packed
dimers based on the atomic packing density and the physical-
chemical properties of the interfaces (residue propensity,
hydrophobic interaction and so on), where the crystal contacts
were extracted from the crystals of monomeric proteins.

As aresult, they obtained the better success rates: 88% for the
homo-dimers and 77% for the crystal contacts. Krissinel and
Henrik (2007) also tried to predict the biologically relevant
macromolecules in crystals by focusing on the binding energy
and the entropy of dissociation in the formation of the interface
or the assembly, and constructed a PISA database. Their
method achieved an 80%—-90% success rate using their dataset.
Recently, Bernauer and colleagues (2008) have developed the
Voronoi tesselation-based SVM for discriminating between
homo-dimers and crystal-dimers, with higher accuracy
(95%). They prepared 84 parameters (contact area, number
of residues, Voronoi volume, frequency of each residue type,
frequency of pairs of residues and distance between residues
in interfaces) and then reduced them to 27 parameters so that
the best performance could be obtained.

In this study, we developed a new method to discriminate
biological interfaces from crystal contacts by extending our
previous work (Tsuchiya et al 2006). First, we defined the
complementarity index of the interface, COMP, so that the
set of biological interfaces could be separated from the set of
symmetry-related crystal-packing contacts with the highest
accuracy, and then a discrimination test between the
biological interface and the crystal-packing contact in each
crystal was performed. It should be noted that the preparation
of the correct set (biological dimer contact set) is not straight-
forward, because the information about the form of biological
assembly is not always provided even in the primary citation
of each PDB entry. Therefore, we took a two-step approach.
In the first step (discrimination step) we assumed that the
interfaces in each ASU are the biological interfaces, and
in the following step (evaluation step), we evaluated the
discrimination results in detail, to check if the assumption
was correct or not. This is because it seems reasonable to
assume that there will be a strong tendency that biologically
relevant complexes are selected as the ASU. Here we used
282 nonredundant homo-dimer interfaces as correct answers,
and 111 crystal contacts as negative ones (see Materials and
methods). In the discrimination step, our method displayed
modest accuracy (84.8%), and in the subsequent evaluation
step, we achieved 88.8% accuracy after literature checks of
ambiguous entries. Furthermore, we found some clues to
understand the protein-protein interaction patterns occurring
in a few confusing cases, through the evaluation step.

Materials and methods
Dataset

We call the biological dimer contact, the correct data,
simply as “biological contact”, and the contact generated by

100

Advances and Applications in Bioinformatics and Chemistry 2008:1



Discrimination of biological interfaces from crystal contacts

symmetry operation, the negative data, as “crystal-packing
contact.”

Biological dimer contact set (the correct data set)
We used 393 nonredundant homo-interfaces prepared in
our previous work (Tsuchiya et al 2006), in which the
PDB entries with two or more chains and with 2.5A or
better resolution were selected and the redundancies were
eliminated by selecting one representative from each SCOP
family (Murzin et al 1995). These interfaces were included in
the homo assemblies within the ASUs of the crystals, which
had atomic contacts shorter than 4.0A between the different
protomers. It should be noted that in the case of the homo
multimeric assemblies such as a tetramer or octamer, the
representative interfaces may be the second or third largest
interfaces in the assemblies within the ASU. Moreover, in
the case of the homo multimeric assemblies or the case that
the biological units of the homologues of the representative
are different from that of the representative, such as the
two-folded dimer and the dimer of dimers, as discussed by
Levy and colleagues (2006, 2008), there may be the different
types of interfaces from the representative one in a SCOP
family. These interfaces often have small area, and are
indistinguishable from the crystal contacts. Therefore, we
focused on only one interface in each SCOP family.

In the previous work, we classified all of the homo
oligomer interfaces according to the shape and the symmetry
of the interfaces. Among them, 297 interfaces with two-fold
symmetry and without a tangle were taken as the candidates
of the biological contacts, which is based on the assumption
that the contact in the ASU is the biological interface as
mentioned above. The other interfaces without a symmetrical
axis were generally those found in cyclic oligomers, and those
with a tangle are very likely to be a biological interface.

Many of the crystal-packing contacts which were
generated by symmetry operation as described in the next
section, had very small contact areas, and a small number
of them had areas as large as those of the biological dimer
interfaces. The discrimination will be necessary for the
interfaces with contact arecas comparable to those of
biological interfaces. We thus checked the distribution of
the contact areas in the biological contact set and decided to
eliminate the entries (contacts) with smaller areas than 5%
in the set, which is the first area criterion, 127.4 A2. In this
procedure, 15 biological contacts, which are seven entries that
can be monomeric proteins, seven entries with the second or
third largest interfaces in the multimeric oligomers, and one
entry judged as the dimer protein according to their primary

citations, were excluded. The last entry, 3eip (Li et al 1999),
contains two subunits of immunity protein Im3 which is a
specific inhibitor of colicin E3, in the ASU. The two subunits
form the loosely-packed interface, because the zinc and two
water molecules mediate the inter-subunit interaction. The
colicin binding site exists in the inter-subunit interacting
region. The authors of the primary citation mention that it is
unclear whether the inter-subunit interaction is biologically
important or an artifact caused by the crystallization condition,
because the dimer has to dissociate into monomers before
binding the colicin. Thus, we consider that the elimination
of these 15 entries did not have any problems. Finally, 282
among the 297 biological contacts were used as the correct
biological contact set.

Crystal-packing contact set (the negative data set)
All of the contacts in this set were generated from the
protomers inside the ASUs by the symmetry operation.
Therefore, this set never contains the same contacts as those
in the biological contact set. For each contact in the biological
contact set, the amino acid sequences of all protein subunits
inside the ASU which contains the biological contact, were
compared to that of the subunit with the smaller chain ID of
the biological contact, by using FASTA (Pearson and Lipman
1988). From the subunits with sequence identity higher than
85% to the subunit of the biological contact, the symmetry-
related protomers were generated both in the center unit cell
containing the ASU and in the surrounding 26 cells, using
the symmetry operators in the header of the PDB entry other
than the same operators as those annotated as the “BIOMT”
records. Of them, the symmetry-related protomers with atom
contacts within distances shorter than 4.0 A from either of
two subunits of the biological contact were picked up: these
contacting protomers were considered as the crystal-packed
contacting pairs.

The molecular surfaces of both protomers of the pair
were generated by Connolly’s algorithm (Connolly 1983).
The contacting region of this pair was then defined as a set
of pairs of vertices located on different surfaces at a distance
shorter than 1.0 A. Noted that identical interfaces due to
crystallographic symmetry were removed and the interfaces
lacking two-fold symmetry were also excluded, because we
focused on the discrimination of the biological interfaces
from crystal contact thus the interface without two fold
symmetry are not a problem (Goodsell and Olson 2000).
To remove the nonsymmetrical interfaces, we calculated
the ratio of the number of the same residues in a protomer
of the interface as those in the other protomer to the number
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of residues in the interfaces (Tsuchiya et al 2006). If the
ratio is 1.0, then all of the residues from a protomer of the
interface are exactly the same as those in the other protomer.
When the ratio is less than 0.6, the interface is considered as
nonsymmetrical. Consequently, 308 crystal-packing contacts
were obtained.

In order to make a new criteria for discrimination between
the biological and crystal-packing contacts, we reduced the
above 308 crystal-packing contacts, so that the contact areas
were comparable to those of biological interfaces. Thus, 111
crystal-packing contacts, whose interface areas are larger
than 127.4 A2 (same values as the area threshold used in the
biological contact set), were finally selected among the above
308 contacts and used in the following analyses.

Complementarity analysis

The basis of the complementarity analyses was originally
developed for the classification and analyses of homo-
oligomer interfaces in our previous study (Tsuchiya et al
2006). In the analyses, first, the Connolly surface (Connolly
1983) consisting of triangle polygons was constructed for
each protomer. Next, the hydrophobicity, calculated by the
Ooi-Oobatake method (Ooi et al 1987), and the electrostatic
potential, obtained by solving the Poisson-Boltzmann
equation numerically with the program SCB (Nakamura
and Nishida 1987), were mapped onto each vertex on
the Connolly surface. The shape of the surface was also
considered using average curvatures at each vertex (Tsuchiya
et al 2004). The interacting region on the surfaces was defined
as a set of pairs of vertices from different surfaces with a
distance shorter than 1.0 A. Then, complementarity scores,
Hcmp, Emp, and Smp for hydrophobicity, electrostatic potential
and shape, respectively, were defined as the ratio of the
number of complementary vertex-pairs for hydrophobicity
v,

hyd®

hydrophobic and hydrophobic), electrostatic potential
(N, opposite sign of the potential) or shape (N, jape> CONVEX
and concave), respectively, to the number of all vertex-pairs

in the interface, N, (Tsuchiya et al 2006), as follows:

total

:N”y”’ —Mands =M.
cmp N cmp

H s Hemp T
v N
Finally, the complementarity index, COMP, was defined

total total total

as follows:

(Eq.1)

where the weight parameters, W,, W, and W, are normalized
so that
optimized by changing them so that the Matthews correlation

COMP =W, xH,,, +W,XE, +W XS,

W7 +W? +W? =1. The weight parameters were

coefficient (Matthews 1975), MCC, was maximized. The
optimization was done by introducing the sub-parameters
wl, w2 and w3, so that wl = W, x W, w2 = We x W and

w3 = Ws x W, where W = \Jwl* + w2® + w3* to ensure the
constraint of /W, + W? + W =1. The sub-parameters were

changed from —100 to 100 with intervals of 1, and the MCC
was calculated by changing the threshold values of COMP
from 0 to 1.0 with intervals of 0.001 in order to judge whether
the interface was biological or not.

Discrimination between the biological

and crystal-packing contacts

Discrimination step

The discrimination between the biological contact and the
crystal-packing contact(s) in each entry was carried out
according to the selection scheme flowcharted in Figure 1,
where the most probable biological interface was selected
among the biological and the crystal-packing contacts. As
this chart shows, first the contacts with an area larger than
the criterion, 127.4 A2 (described further in the Results and
Discussion), were picked among all of the possible contacts in
the crystal. If none of the contacts in the crystal meets the area
criterion, then the protein is judged to be monomeric. Since
all of the contacts in both datasets used in this study had areas
larger than this criterion as described above, we skipped this
step. Second, the contacts with the largest COMP and with
the largest area were searched among the biological contact
and the crystal-packing contacts. The most probable biological
interface was then chosen from the two contacts, as follows:
if the contact with the largest COMP met the threshold of the
COMP (0.023) that was determined in the weight optimization
of the COMP as described later, then the contact was judged
as the most probable biological interface. If the contact with
the largest COMP did not meet the threshold, but had an area
larger than 500.0 A2 which is the second area criterion and
will be described later, then the contact was judged as the
most probable biological interface. When the contact with
the largest COMP did not meet the COMP threshold and the
second area criterion, but the contact with the largest area had
an area larger than 500.0 A2, then the contact with the largest
area was judged as the most probable biological interface.
If no contact met the COMP threshold and the second area
criterion, then the protein was judged to be monomeric.

Evaluation step

The discrimination result was then evaluated by referring to
the primary citation of the entry regarding whether the con-
tacts judged as the most probable biological interface agreed
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All contacts:

area < =127.4 Zionomey

Selection of
largest-COMP & largest-area

largest-COMP
: COMP > =0.023

largest-COMP
1 area > 500.0

biological interface
: largest-COMP

: largest-COMP

biological interface

largest-COMP: conatct with the largest COMP
largest-area: contact with the largest area

largest-area
:area > 500.0

monomer

biological interface
: largest-area

Figure | The selection scheme of the most probable biological interfaces. The most probable biological interface in each crystal is selected among the biological contact and
the crystal-packing contact(s) according to the scheme shown in this flow chart.The explanation of the scheme is described in the text.

with the actual biological interfaces that were determined
according to the opinions of the authors in the primary
citations of the entries.

Comparison of dimer structures

determined by the different ways
Comparison of structures determined by X-ray
crystallography and NMR techniques

The homo-dimer structures determined by the NMR
technique were extracted from the PDB in October 2006.
The dimers which consist of the subunits with sequence
identity higher than 90% to any protomers in the biological
contact set were selected by using FASTA (Pearson and
Lipman 1988). Consequently, 14 dimers for five entries
in the biological contact set were obtained. In Table 1, the
original entries in the biological contact set (X-ray crystal
structures) and their counterparts (NMR structures) are listed
in the left-hand and right-hand columns, respectively. The
comparisons were done by visual inspection of the interface
(Kinoshita and Nakamura 2004).

Comparison of structures determined in the different
crystallization conditions

The symmetry-related dimer complexes determined by X-ray
crystallography and with 2.5 A or better resolutions, were
extracted from the PDB in October 2006. Among them, we
searched for the dimers that have a subunit sharing 100%
sequence identity to a protomer in the biological contact

set and that are determined in the different crystallization
condition from that of the corresponding original entry.
Finally, we found 17 dimers for 14 entries in the biological
contact set, as listed in Table 2, where the original entries and
their counterparts are listed in the left-hand and right-hand
columns, respectively. For each dimer, all possible contacts
in the crystals of the original entry and the counterparts were
generated, and the interfaces with areas smaller than the first

Table | Comparison of the structures determined by X-ray and
NMR

X-ray NMR
PDB Chain ID Category PDB Chain ID Seq ID®
| Ici4A-B | lqckA-B 97.8
2ezxA-B 97.8
2ezyA-B 97.8
2ezzA-B 97.8
2 I kzkA-B | IbveA-B 91.9
IbvgA-B 91.9
3 ImIfA-B | 2c06A-B 97.3
4 ImkkA-B | I katV-W 91.9
ImsoB-D | 12i0B-D 100.0
laiyB-D 100.0
2aiyB-D 100.0
3aiyB-D 100.0
4aiyB-D 100.0
S5aiyB-D 100.0

Note: *Sequence identity between the protomer in the X-ray crystal structure and
that in the NMR structure.
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Table 2 Comparison of the structures determined in the different crystallization conditions

Original entry

Different crystal form

PDB Chain ID Category Evaluation® Space group PDB Chain ID Space group

| 1dj8C-D | biological Pl1211 |bg8A-B cl2l

2 [f4mA-B | biological P32 |f4nA-B cl2l

3 1j59A-B | biological c222l 1i5zA-B P21 212l

4 |jmOE-F 3 biological P212121 IjmbB-C Cc222l

5 Iks2A-B | biological Pl IkzA-B Cc222l1

6 ImOwA-B | biological Pl ImOtA-B Cc222l

7 ImInF-H | biological Pl1211 Im34B-D Cl2l

8 Im7gA-B 2 biological P21212I | d6jA-B C222I

9 ImsoB-D | biological H3 |os4B-D Pl
levé6B-D P1211
| gujB-D P21 212l
IbenB-D R3

10 InmsA-B | biological Cl2l InmqA-B P212121

I lo7jB-D | biological cl2l I hfkA-C P6l22

12 loaoA-B | biological Cl2l ImjgC-D Pl

13 |ohOA-B | biological Ccl2l le3vA-B P212121

14 IpljA-B | biological cl2l IpIhC-D Pl1211

Note: *“The “biological” means that the contact in the biological contact set was judged as the most probable biological interface in the crystal in the evaluation step.

area criterion, 127.4 A% were removed. Then, the COMP
value and area of each contact in the original entry were
compared with those of all contacts in the counterparts along
with checking the forms of the dimer complexes visually.

Results and Discussion

Weight optimization of the complementarity

index, COMP

We used the COMP value (Eq.1) to separate biologically
relevant interfaces from artificial crystal-packing contacts,
based on the idea that the biological interface is more
complementary in terms of its physicochemical properties
and shape than the crystal-packing contacts. The COMP
value is obtained by combining the three complementarities
using weights, Wh, We, and Ws. These weights were defined
so that the sets of the 282 biological contacts and the 111
crystal-packing contacts could be separated with the highest
accuracy measured by the MCC value (Matthews 1975).
Consequently, the maximum MCC = 0.33 was obtained with
the weight values Wh = 0.99, We = 0.030 and Ws = 0.16
and the COMP threshold = 0.023. The results of the weight
optimization are summarized in Table 3. As shown in
Figure 2 which indicates the distributions of the COMP
values computed using this weight combination for all entries
in the biological contact set and the crystal-packing contact

set respectively, the distribution in the biological contact set
slightly sifted to the larger side.

As seen in Table 3, the weight for the electrostatic
potential (0.030) is much smaller than those for the
hydrophobicity (0.99) and shape (0.16). This may indicate
that the complementarity for the electrostatic potential did
not contribute as much to the discrimination between the
both contact sets. To address this possibility, we checked
the distribution of each complementarity (Figure 3). As
Figure 3b shows, there was no difference between the

0.6 .

o
w

I
~

o
w

relative frequency
o
N

o
=

0 0.1 0.2
COMP

Figure 2The relative frequencies of the COMP values in the biological (BIO, thick line)
and crystal-packing (CRY, dotted line) contact sets.
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Table 3 Results of the weight optimization of the COMP

wi w2 w3 Wh We Ws MCC

Threshold Accuracy Sensitivity Specificity

78 2 13 0.99 0.030 0.16 0.33

0.023 0.75 0.89 0.40

distributions of the relative frequencies of E,, in the
biological contacts and in the crystal-packing contacts,
while H, and Sy had different tendencies (Figures 3a
and c). This suggests that the main discrimination factor
between these two contact sets would be hydrophobic and
shape complementarities, and it seems consistent that a large
interface will tend to be a biological interface.

Discrimination between the biological

and crystal-packing contacts

In each entry, the most probable biological interface was
chosen among the biological and crystal-packing contacts
according to the selection scheme summarized in Figure 1,
as described in Materials and Methods. The threshold of the
COMP and the two area criteria were used for the judgments
in some steps of this scheme. The COMP threshold, 0.023,
came from the COMP value with the maximum MCC in
the weight optimization. One of the area criteria, 127.4 A2,
was the lower 5% boundary of the biological contact set as
described above. The other area criterion, 500.0 A2, was
added to judge a contact with a large area as a biological inter-
face even if its COMP did not meet the threshold. As shown
in Figure 4 where the relationship between the COMP and
the contact area in each contact is indicated, this is because
only a few crystal-packing contacts had areas larger than
500.0 A2 (Figure 4b), while many biological contacts had
larger areas than 500.0 A? (Figure 4a), some of them were
over 1,000 A2 as observed previously (Bahadur et al 2003,
2004). It should be noted that the COMP threshold and the
weight combination in the calculation of the COMP value
were determined in the optimization step with the same
data that was used in this discrimination step, due to a small
number of entries available. However, the discrimination and
the weight optimization are different problems, because the
former carried out only within an entry, while the later tried
to separate the two sets of interfaces, biological contacts and
crystal contacts. Therefore, the use of same data would not
affect the results largely.

To facilitate the understanding of the results, all of the
entries were classified into four categories, according to
the types of contacts, biological contact or crystal-packing
contact, with the largest COMP and with the largest area.
In each entry, if the biological contact had both the largest

COMP and the largest area, then the entry was classified as
category 1. When the contact with the largest COMP was
the biological contact and the contact with the largest area
was the crystal-packing contact, the entry was classified as
category 2. Similarly, the entry with the largest COMP as the
crystal-packing contact and the largest area as the biological
contact was classified as category 3, and the entry with both
the largest COMP and largest area as the crystal-packing
contact was classified as category 4.

The results of the discrimination and evaluation are
summarized in Table 4, where the numbers of the entries, the
contacts judged as the most probable biological interface in the
discrimination step, and whether the discrimination agreed with
the actual biological state or not, are indicated in each category.
As the results shown in Table 4, an 84.8% (=239/282) success
rate for the discrimination was obtained, where the accuracy
was estimated based on the assumption that the biological
contact is a biological interface. In the following evaluation
step, the discrimination results were reviewed along with the
classification of the entries to clarify the results. The details of
the evaluation results are summarized in Table 5. Here, we will
describe the details of some of the striking examples.

Category | (largest COMP: biological contact, largest
area: biological contact)

About 90% of all entries were classified as this category (255
entries, 90.4% =255/282). In 236 of them (92.5% =236/255),
the contacts in the biological contact set were judged to be
biological interfaces, and in the other 19 entries, the proteins
were judged to be monomeric.

In the former 236 entries, because 235 (= 177 + 26 +
18 + 7 + 7) entries contained no crystal-packing contacts
that were strongly considered as being biologically relevant,
the biological contacts in these entries may be biologically
relevant, as listed in Table 5. For the entry, 1pug, we could
not find any literatures. We therefore excluded this entry
from the estimation of the success rate.

Among the latter 19 entries, seven entries contained
biological multimeric oligomers, such as tetramers or
octamers, where the biological contacts were not the contacts
with the largest area in their multimeric complexes. The
contacts without the largest area in the large multimeric
complexes may be allowed to have the small COMP and area
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Figure 3 The relative frequencies of the complementarities for a) hydrophobicity, b) electrostatic potential and c) shape. The thick lines in the three figures indicate the
distributions of complementarities in the biological contact set (BIO), and the dotted lines indicate those in the crystal-packing contact set (CRY).
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Figure 4 The scatter plots between the COMP and the contact area in a) the biological contact set (BIO) and in b) the crystal-packing contact set (CRY). In each figure,
each sign indicates each contact, and the horizontal dotted line and the two vertical dotted lines indicate the threshold of the COMP (0.023) and the contact area criteria
(127.4 and 500.0 AZ), respectively. The lower figures in both a) and b) show an enlarged display of the region smaller than 1000.0 A2 Some entries discussed here are marked
with their PDBIDs.

values. We think that the judgments for these entries, “the ~ symmetry-related homo-dimer. Each monomer of the dimer
contacts in both datasets are not biological”, are reasonable,  consists of three subunits, which are three of one-halves of
however, they disagreed with the actual biological states. One  the symmetry-related subunit pairs, according to the primary
other entry (PDBID 1jy2 [Madrazo et al 2001]) contains six  citation. Thus, the contact in the biological contact set was
subunits in the ASU, which form three homo subunit pairs  a part of the biological homo-dimer interface. We therefore
with two-fold symmetry. We chose one pair of them as a  decided to exclude this entry from the estimation of the
homo-dimer entry. However, the biological oligomer was a  success rate.

Table 4 Summary of the classification, the discrimination and the evaluation

Classification Discrimination Evaluation

Category biological®  crystal-packing® Number® % biological? crystal-packing® non bio OKe NG" Excluded’
| COMP/AREA  — 255 90.4 236! 0 19« 235//8« 0i/10“ 1/1%

2 COMP AREA 3 I3 0 0 | 2 0

3 AREA COMP 16 57 0 15! Im o/om 1471m 1'7om

4 - COMP/AREA 8 28 0 8 0 3 4 |

Total 282 100 239 23 20 247 31 4

(84.8%) (8.2%) (7.1%) (88.8%) (11.2%)

Notes: *Biological contacts had largest COMP (COMP) and/or largest area (AREA), or did not have both largest COMP and area (—); "Crystal-packing contacts had largest
COMP (COMP) and/or largest area (AREA), or did not have both largest COMP and area (—); “Number of the entries; “Number of the entries judged that the biological contact
is the most probable biological interface; *Number of the entries judged that the crystal-packing contact is the most probable biological interface;'Number of the entries judged
that both the biological and crystal-packing contacts are not biological;2Number of the entries where the discrimination result agreed with the (probable) actual biological state;
"Number of the entries where the discrimination result disagreed with the (probable) actual biological state;'Number of the entries which were excluded from the estimation

of the success rate in the evaluation step. In category |, the numbers of entries with “j” or “k” in the Evaluation column come from those with “j” or “k” in the Discrimination
column. In category 3, the numbers of entries with “I” or “m” in the Evaluation column come from those with “I” or “m” in the Discrimination column.
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Table 5 Summary of the evaluation results

Category Discrimination® Evaluation Bio-dimer© Result! Number?
(Number®) (Number?)
| biological No crystal-packing contact with biological OK 177
the area > the first area criterion.
(255) (236) No crystal-packing contact with biological OK 26
the COMP > the threshold.
Biological contact has a large area (>500.0 A2). biological OK 18
Only biological contact meets only the second area biological OK 7
criterion.
Biological contact is an actual biological interface based  biological OK 7
on the literature.
no literature (Ipug) (excluded) - - |
nonbio Biological contact is not a largest interface in multi- biological NG 7
meric complex.
(19) The protein acts as a monomer. nonbio OK 8
Biological unit is dimeric based on the literature. biological NG 3
Biological contact is a part of the biological dimer - - |
interface (ljy2). (excluded)
2 biological Biological contact is a biological interface based on the biological OK |
literature (I m 7 g).
3) 3) The protein acts as a monomer. nonbio NG 2
3 crystal-packing Biological contact is a biological interface based on the biological NG 10
(16) literature (1jmO, etc.).
(I5) The protein acts as a monomer nonbio NG 4
no literature (lolh) (excluded) - - |
nonbio (I) Biological unit is dimeric based on the literature biological NG |
4 crystal-packing Crystal-packing contact may be biologically relevant crystal-packing OK 3
8) 8) (Ihép, lex2, 116r).
Biological contact may be biologically relevant (1iu8). biological NG |
no information about the biological assembly (lauv)
(excluded) - - |
The protein acts as a monomer.
nonbio NG 3

Notes: *Number of entries; *The entries in the “biological” category were judged that the biological contact is the most probable biological interface in the discrimination
step, on the other hand, those in the “crystal-packing” category were judged that the crystal-packing contact is the most probable biological interface. The entries in the
“nonbio” category were judged that both biological and crystal-packing contacts are not biological; “The contact concluded as the (probable) actual biological contact in the
evaluation step. The “nonbio” means that both biological and crystal-packing contacts are not biological; SOK: the discrimination result agreed with the actual biological state
concluded in the evaluation. NG: the discrimination result disagreed with the actual biological state concluded in the evaluation. -: the entry was excluded from the estimation

of the success rate.

In summary, the judgments for 235 entries that the
biological contacts were actually biologically relevant and
those for 8 entries that the proteins were monomeric, may
agree with the actual biological states (96.0% = [235 + 8]/
[255-2]), as shown in Table 5.

Category 2 (largest COMP: biological contact, largest
area: crystal-packing contact)

Of the three entries classified as category 2 (1.1% = 3/282),
only one entry, PDBID 1 m 7 g (adenosine 5’-phosphosulfate
kinase with ADP and APS) (Lansdon et al 2002), contains
a biological homo-dimer. In this crystal, there were the

biological contact (COMP: 0.151, area: 400.4 A?) and
crystal-packing contact (COMP: 0.087, area: 620.1 A?), and
the biological contact may be biologically relevant in spite
of the smaller interacting area, according to the primary
citation where the authors describe that the active sites exist
near the biological contact as shown in Figure 5b. We will
describe the biological state of this entry in more detail in
the next section.

In summary, only three entries were classified as cat-
egory 2, where one of them could be judged the biological
state correctly by our method. Thus, there may be less
number of such PDB entries that the contact in the ASU
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Figure 5 The dimer structures within the ASUs in 1d6j a) and | m7g b).The regions circled by the yellow lines indicate the N-terminal regions of one subunits in the both
ASU dimers.The lower figures show the rotated dimers in the upper figures by 90 degrees around the two-fold axis. In the lower dimer of | m7 g b), the interaction between
the ASU subunit colored in blue and the subunit colored in white which exists in the adjacent cell to the center unit cell corresponds with the crystal-packing contact

mentioned in the text.

is not largest in the crystal and is likely to be a biological
interface.

Category 3 (largest COMP: crystal-packing contact,
largest area: biological contact)

Sixteen entries were classified as category 3 (5.7% = 16/282).
In 15 of them, the crystal-packing contacts were judged to be
the most probable biological interface, and in the other one
entry, the protein was judged to be monomeric.

In 10 of the former 15 entries, including 1jm0 which
will be discussed in the next section, the crystal-packing
contacts had the small area, most of which were smaller than
200 A2 Since the complementarity score for each property
was normalized by the contact size, the COMP value for a
contact with a very small area might have a tendency to be
overestimated. Their primary citations show that the contacts
in the biological contact set were possibly the biological
dimers. Therefore, the crystal-packing contacts in these
entries may not be biologically relevant. As shown in Table 5,
no entry agrees with the actual biological state.

Category 4 (largest COMP: crystal-packing contact,
largest area: crystal-packing contact)

In all of the 8 entries classified as category 4 (2.8% = 8/282),
the crystal-packing contacts were judged to be the most
probable biological interface.

One example, PDBID 1h6p (human telomeric protein
TRF2) (Fairall et al 2001), contained the biological contact
(COMP: 0.076, area: 465.1 A?) and the crystal-packing
contact (COMP: 0.261, area: 617.0 A?). It is known that
TRF2 binds to double-stranded telomeric DNA as a
homo-dimer, and the authors of the primary citation of this
entry also confirmed this experimentally. Furthermore, they
mention that the crystal-packing contact which corresponds
to the contact included in the crystal-packing contact set is
the biological dimer interface and the contact in the ASU
corresponding to the biological contact is artificial. This is
because the biological dimer interface (the crystal-packing
contact) consists of four helix bundles with a crossbrace,
which is widely adopted in many other dimer interfaces. This
observation agrees with the judgment for this entry.
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The other two entries, PDBIDs lex2, and 116r, are also
successful examples. The entry lex2 (Bacillus subtilis
Maf protein) (Minasov et al 2000) contained the biological
contact (COMP: 0.004, area: 233.8 A?) and the crystal-
packing contact (COMP: 0.129, area: 511.1 A?). The entry
116r (phosphoglycolate phosphatase) (Kim et al 2004) had
the biological contact (COMP: 0.026, area: 237.6 A%) and
the crystal-packing contact (COMP: 0.130, area: 645.7 A2).
In the primary citations of both entries, the authors describe
that the proteins are dimeric under physiological conditions,
and nothing about which dimeric assembly is biologically
relevant in the crystals. Therefore, we confirmed the number
of hydrogen bonded atom pairs for each contact by using
the program HBPLUS (McDonald and Thornton 1994).
As a result, for both entries, the crystal-packing contacts
had larger numbers (1ex2: 19 hydrogen bonded atom pairs,
116r: 9 pairs) than those of the biological contacts (1ex2:
10 pairs, 1161: 4 pairs). These results support the validity of
our discrimination.

PDBID 1iu8 (pyrrolidone-carboxylate peptidase) (Sokabe
et al 2002) contained the biological contact (COMP: 0.052,
area: 313.7 A?) and the crystal-packing contact (COMP:
0.143, area: 333.1 A?). The quaternary state of this protein
is dimeric according to the primary citation. This citation
also shows that there are the inter-subunit ion cluster with
three salt bridges, some hydrogen bonds and the hydrophobic
core in the biological contact. The loop structure which is
highly conserved and important for the activity of enzyme,
also participates in the formation of the dimer, stabilizing
the dimer interaction. The crystal-packing contact contains
two salt bridges and four hydrogen bonds, and most of the
inter-subunit interactions are water mediated hydrogen
bonds. The authors imply that the biological contact may
be the biological dimer interface for above reason. On the
other hand, our complementarity calculation indicated that
the crystal-packing contact may be biological because it was
more complementary than the biological contact, in spite of
having the similar interfaces in size. The other two methods,
PQS (Henrick and Thornton 1998) and PISA (Krissinel and
Henrick 2007), predicted this entry as biological tetramers.
Thus, this entry was not straightforward to predict the
biological state.

Another entry is lauv (C domain of Synapsin [A) (Esser
et al 1998). The biological state of this protein is a homo-
tetramer (a dimer of dimers) which generally has three types
of contacts. In this crystal, only two protomers are included
in the ASU, and therefore, the other two contacts will be
generated by a symmetry operation. In this study, we did not

consider any contacts generated by the symmetry operator
which is annotated as the “BIOMT” record in the header of
the PDB, as biological contacts, because such contacts were
often indistinguishable from the artificial crystal-packing
contacts due to their small areas. In this entry, the contact
inside the ASU was considered as the biological contact
(COMP: 0.066, area: 181.6 A?), which had the second largest
area among three contacts in the dimer of dimers and was
much smaller than the largest contact (COMP: 0.048, area:
1056.3 A?). The crystal-packing contact was the contact
formed between one protomer inside the ASU in the center
unit cell and the symmetry-related protomer belonging to
the cell close to the center unit cell, which was identical to
the contact formed between two different tetramers. The
area of the crystal-packing contact (COMP: 0.250, area:
214.3 A?) was larger than that of the biological contact. As
shown in Figure 6, there are two possible homo-tetrameric
assemblies in this crystal. The authors mention in the citation
that the left tetramer, surrounded by the green dotted line, is
biologically relevant and nothing about the other possibility.
The biological contact is the second largest contact in this

Figure 6 Two possible tetramers in the crystal of lauv. In the upper figure, the left
complex surrounded by the green line is the biological tetramer according to the
primary citation of this entry, and the right one surrounded by the yellow line is
another possibility. Both tetramers are tightly packed with each other in the crystal.
The lower figures show the biological contacts in these two tetramers by the arrows
having the same color as the line surrounding the corresponding tetramer.The green
arrow with “2 (BIO)” represents the biological contact which has the second largest
area in the left tetramer.The yellow arrow with“2 (CRY)” corresponds to the crystal-
packing contact which is the second largest contact in the right tetramer and is also
the crystal-packing contact formed between the left tetramer and the neighboring
tetramer including the right half of the right tetramer on the left side. The arrows
with “1” represent the contacts with the largest area in both tetramers; these two
contacts can be similar.

1o
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tetramer. The right tetramer, surrounded by the yellow dotted
line, is another possibility; if the right tetramer is considered
as the biological assembly, then the crystal-packing contact
is the biological second largest contact in the tetramer. We
again checked the predicted biological state of this entry
by the PQS (Henrick and Thornton 1998) and the PISA
(Krissinel and Henrick 2007), however, the different results
were obtained. Thus, this entry is not a good example for the
discrimination test. We therefore excluded this entry from
the estimation of the success rate.

In summary, for category 4, the discrimination results for
the three entries, 1h6p, lex2 and 116r, may agree with the
actual biological states. In these entries, the crystal-packing
contacts may be the most probable biological interfaces.

Summary of the evaluation

We conclude that the discrimination results in 247 entries
may agree with the actual biological states, and those in
31 entries may disagree, as shown in Tables 4 and 5. The
success rate rose to 88.8% (=247/[282 —4]) by considering
the evaluation result, where the “4” came from the excluded
entries. A review of the discrimination results showed that
under these circumstances, there is a strong tendency that
the contact in the ASU has the largest contact area, along
with the largest COMP, and is considered as the biological
interface in the crystal structures of dimers stored in the
PDB. The discrimination performance based only on the
contact size was 93.2% (= [245+ 11 + 3]/[282 - 4]), where
the “245”, “11” and “3” were the numbers of such contacts
that had the largest area in the crystal and were judged as
being biological, in the categories 1, 3 and 4, respectively (see
the 4th and 6th columns in Table 5). It was slightly higher
than the success rate based on the COMP. It may indicate
that the discrimination using the interface area is an easiest
and effective way.

Comparison of dimer structures

determined in the different ways

According to our analysis, about 90% of the entries had
the biologically relevant interfaces within the ASU, which
had the largest area in the crystals. To further confirm this
conclusion, we compared the putative biological dimer
interfaces of the proteins determined by both X-ray crystal-
lography and NMR (comparison 1), and those in the crystal
structures having the different crystal forms (comparison 2),
regarding whether the ASU contact in the biological contact
set is identical with the putative biological interface in the
dimer structure of the same protein which is determined

in the different ways. Comparisons of the intra-molecular
interactions in the monomeric structures determined by
both X-ray crystallography and NMR were made previously
(Billeter 1992; Wagner et al 1992; MacArthur et al 1994;
Gronenborn and Clore 1995; Andrec et al 2007); however,
they never focused on the inter-molecular interactions in the
multimeric structures.

Comparison of the structures determined by X-ray
crystallography and NMR

Only 5 cases could be found for comparison 1 as listed in
Table 1. In all cases, the entries of the crystal structures
were classified as Category 1. Among them, only one entry
(PDBID: 1kzk) had a crystal-packing contact with the area
larger than the first area criterion. However, because the area
of the crystal-packing contact was much smaller (166.8 A2)
than that of the biological contact (1014.3 A?), the biological
contact may be biologically relevant. Thus, in all 5 entries
the contacts in the biological contact set are considered as the
most probable biological interfaces. The comparison (see
the Materials and Methods) indicated that in all cases, the
original dimer structures including the biological contacts
were almost the same as those determined by the NMR. This
suggests that the biological contacts in these crystal structures
have a high possibility of being biological interfaces.

Comparison of the structures determined

in the different crystallization conditions

For comparison 2, 14 cases were found. In 12 of them, the
biological contacts of the original entries had the largest
COMPs and areas (Category 1) and were judged to be bio-
logically relevant as listed in Table 2. The dimer interfaces
inside the ASU of the counterparts whose dimer forms were
similar to those of the original dimers including the contacts
in the biological contact set, also had the largest COMPs and
areas in the crystals.

In the case of 1jm0 and 1jmb (Di Costanzo et al 2001), the
original entry, 1jm0, was classified as Category 3. The form
ofthe ASU dimer in the same molecule but with the different
crystal group, 1jmb, is almost the same as that of the dimer
having the biological contact in 1jm0. Moreover, the COMP
value and area of the ASU contact of 1jmb were similar to
those of the biological contact of 1jm0. The contacts in the
ASU dimers of both the original and the counterpart may be
the biological interfaces according to the primary citation of
their crystal structures, contrary to our judgments that the
crystal contacts are biologically relevant as described in the
section of “Category 3”.
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Another case is the pair of 1 m7g (Lansdon et al 2002)
and 1d6j (MacRae et al 2000), containing the structures of
adenosine 5’-phosphosulfate kinases, as shown in Figure 5.
The original entry (1 m7g) was classified as Category 2 as
mentioned in the above section. The entry (1m7g) is the
ligand-bonded (holo) form, and 1d6j is the ligand-free (apo)
form. This kinase is supposed to be a homo-dimer under
physiological conditions, because the active site is formed
in between two protomers. The dimer structure in the ASU
of the apo form is similar to that including the biological
contact in the holo form, and the active sites exist near the
interfaces in the ASU in the both forms. In addition, the ASU
contacts of the holo form (COMP: 0.151, area: 400.4 A?)
that consists of the blue and red subunits in Figure 5b, and
the apo form (COMP: 0.133, area: 870.9 A?) that consists
of those in Figure 5a, had the largest COMP values in their
crystals. Our method judged that in the both forms the ASU
contacts are biologically relevant.

However, although the ASU contact in the apo form had
the largest area in the crystal, that in the holo dimer was not
largest. This is because the N-terminal region of one subunit,
which is located close to the dimer interface, is shifted away
from the other subunit. This resulted in the formation of a
new intra-subunit contact mediated by a sulfate ion, which
was derived from the ammonium sulfate used in the sample
preparation. The corresponding region in another subunit
is disordered. The shift in the former subunit and the dis-
order in the latter resulted in the loss of the interacting area
in the holo dimer. The shift of the N-terminal region also
generated the additional symmetry-related crystal-packing
contact with the subunit existing in the adjacent cell to the
center unit cell, which consists of the blue and white subunits
in Figure 5b. This additional contact is the contact in the
crystal-packing contact set in the holo form which had the
largest area in the crystal (COMP: 0.087, area: 620.1A2).
Thus, although the biological contact of the 1m7g does
not have the largest area, the contacts in the ASUs in both
1m7g and 1d6j could be the biological dimer interfaces
of this kinase.

In conclusion, the comparisons 1 and 2 indicate that the
contacts inside the ASUs, which have the largest area except
for 1 m7 g, could be the actual biological interfaces, at least
in the cases of five entries for comparison 1 and 14 entries
for comparison 2.

Conclusion
We developed a method for discriminating biologically
relevant interfaces from artificial crystal-packing contacts,

based on the complementarities of the physicochemical
properties and the shapes of the protein surfaces. We
obtained a success rate of approximately 89% by reviewing
the discrimination results in detail. A web server that selects
the most probable biological interface among all possible
contacts in the crystal of the query protein has also been
constructed (Tsuchiya et al 2000).

Our discrimination and subsequent evaluation found
several confusing cases; the additional crystal-packing
contact made the discrimination difficult as the case of
1m7g. There was no clear difference particularly in size
between the biological contacts and crystal-packing contacts
in some entries. In the other entries, the contacts formed
between the monomeric proteins had a large area and a
larger COMP value than the threshold. These contacts seem
to be biological homo-dimer interfaces, and as expected,
they were judged as the probable biological interfaces in
9 entries. Thus, the discrimination between biological inter-
faces and crystal-packing contacts in crystals is a difficult
task (Carugo and Argos 1997; Henrick and Thornton 1998;
Ponstingl et al 2000; Elcock and McCammon 2001; Valdar
and Thornton 2001; Mintseris and Weng 2003; Ponstingl
et al 2003; Bahadur et al 2004; Krissinel and Henrick 2007).
As shown in this study, however, the evaluation of the
protein-protein interfaces from several aspects is essential
to understand the biological interactions, particularly in
the cases where the contact area does not contribute to the
discrimination of biological interfaces from crystal contacts.
Our method could discriminate the biological interfaces
with the almost same performance as that by the method
based on the contact area. We think that the complemen-
tarity values can be used as the scoring function to select
the native-like complexes in the prediction of the protein-
protein complex structures, such as the CAPRI experiments
(Janin et al 2003).
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