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ABSTRACT Scores calculated from intermo-
lecular contacts of proteins in the crystalline state
are used to differentiate monomeric and ho-
modimeric proteins, by classification into two cat-
egories separated by a cut-off score value. The gener-
alized classification error is estimated by using
bootstrap re-sampling on a nonredundant set of 172
water-soluble proteins whose prevalent quaternary
state in solution is known to be either monomeric or
homodimeric. A statistical potential, based on atom-
pair frequencies across interfaces observed with
homodimers, is found to yield an error rate of 12.5%.
This indicates a small but significant improvement
over the measure of solvent accessible surface area
buried in the contact interface, which achieves an
error rate of 15.4%. A further modification of the
latter parameter relating the two most extensive
contacts of the crystal results in an even lower error
rate of 11.1%. Proteins 2000;41:47–57.
© 2000 Wiley-Liss, Inc.
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INTRODUCTION

The number and association of subunits composing a
multimeric protein can often not be derived without ambi-
guity from crystallographic studies of protein structure.
Symmetry arguments are of limited help in selecting the
functional assembly of subunits, not least because macro-
molecules frequently exhibit point-group symmetry coincid-
ing with crystallographic symmetry. Structure entries
deposited in the Protein Data Bank (PDB) often lack
information on the quaternary structure of the protein in
solution. A further complication arises from the lack of
consistent information on symmetry operations that gener-
ate the macromolecule from the deposited atomic coordi-
nates, which usually represent the asymmetric unit. How-
ever, this information is in many cases essential for a
complete understanding of protein function.

The size of interchain contacts in protein crystals,
usually measured by the solvent accessible surface area
(ASA), can be exploited to discriminate functional subunit-
subunit interfaces against unspecific contacts that are
artifacts of the crystal packing.1–3 This observation can be
rationalized by the high specificity of subunit-subunit
interactions requiring the formation of extensive contact
area.

Subunit-subunit interfaces have been characterized also
by various other parameters. Among these are hydropho-
bicity,4–9 preference for certain amino acids5,9,10 and
geometric features like shape complementarity,6,8 planar-
ity, and circularity.11 Although ranking schemes based on
such parameters identified interaction patches on protein
surfaces,12 their power in discriminating functional from
artificial crystal contacts remains to be scrutinized and
compared with the relatively successful size criterion.

Based on contact area, a Protein Quarternary Structure
(PQS) file server13 is being maintained by the Macromolecu-
lar Structure Database (MSD) group at the European
Bioinformatics Institute (http://pqs.ebi.ac.uk) from where
for each entry of the PDB the most likely macromolecular
assembly can be downloaded in PDB format. A prelimi-
nary estimation of the apparent error rate associated with
the prediction of quaternary structure by contact area has
been provided,13 for which 19% mismatch with online
annotations was found for the highly redundant set of
2,895 PDB entries classified as homodimers. This set also
contained 190 entries of pseudodimeric lysozyme. For a
further 18%, no online annotation was available.

The work presented here is an attempt to estimate this
error on more rigorous statistical grounds and, based on
equivalent measures, to propose criteria that improve on
the contact area to be used for automatic quaternary
structure assignment. As a first step toward solving this
task, we focus again on the prediction of homodimer
formation. To this end, we have compiled from the litera-
ture and from data bases a list of 172 nonhomologous
structures of water-soluble proteins with a quaternary
state known to be homodimeric or monomeric.

As an improvement over the parameter of contact area
for the prediction of protein quaternary states, we use
log-scores based on pair frequencies of residue or atom
types observed across protein-protein interfaces.14,15 The
use of pair-frequency scores that originated in the field of
protein tertiary structure recognition and prediction,16–19

has been facilitated by the increasing amount of structural
data available on protein complexes. Correlations with
free energies and the generalization behavior seem to be
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generally satisfying, which is reflected in attempts to
associate such pair scores with free energies by means of
the Boltzmann statistic. However, improvements over
simple considerations of hydrophobicity/polarity might be
marginal,20 and the theoretical basis for this approach has
been questioned.21

Attracted by their simplicity, we test a distance-
dependent atom-pair score as an automatic tool for the
classification of protein homodimerization and estimate
the classification error by using a bootstrap method22 on
the data set of 96 monomers and 76 homodimers. The
classification error is compared with the error obtained
when the simple measure of contact area is used.

The thermodynamic equilibrium between monomeric
and dimeric forms of a protein is treated here as a
two-state model with only two discrete categories for
classification. This approach is reasonable because, in the
vast majority of cases, the equilibrium is shifted far to the
formation of either the monomer or the homodimer (see
Discussion section).

MATERIALS AND METHODS
Data Set of Nonhomologous Protein Structures

The data set of 172 protein crystal structures used in
this study, is divided into two macromolecular classes
comprising 96 monomers and 76 homodimers. Members
within one class are structurally nonhomologous and show
less than 25% sequence identity. Atom coordinates of these
molecules were obtained from the Protein Data Bank23

(PDB) now operated by the Research Collaboratory for

Structural Biology24 (RCSB; http://www.rcsb.org) and the
Macromolecular Structure Database group at the Euro-
pean Bioinformatics Institute (EBI-MSD; http://msd.ebi.-
ac.uk). Proteins were classified according to their preva-
lent multimeric state in solution as annotated in the PDB
or in the protein sequence data base SWISS-PROT.25 The
classification was checked with the original literature
when deemed necessary. Annotations of PDB and SWISS-
PROT entries were extracted by using the Sequence
Retrieval System26 (SRS, version 5.0.3). Proteins known to
dimerize upon ligand binding, for instance when binding
to DNA or RNA, and membrane associated proteins were
not included in the data set. PDB entries containing only
fragments of the relevant polypeptide chains were also
disregarded. Only those molecules were retained whose
three-dimensional structures were determined by X-ray
diffraction on single crystals with a resolution of better
than 3.0 Å.

Structure and sequence redundancies of entire protein
chains were removed from each macromolecular class
consulting the FSSP27 (Fold classification based on Struc-
ture-Structure alignment of Proteins) data base. The
FSSP family tree was cut at a Z-score of 4 standard
deviations above average (FSSP release, January 1999) for
pair-wise structural comparisons to define structural fami-
lies approximately at the fold-topology level. For each
multimer category, at most, one representative chain per
fold-topology family defined in this way was selected for
the final set of macromolecular structures. The resulting
PDB entries are listed by their identification codes in

TABLE I. The Data Set†

Monomers

16PK 1A0K 1A19 1A6Q 1A8O 1AAY 1AF7 1AFK
1AH7 1AHQ 1AKO 1AKZ 1AM6 1AMJ 1AOH 1AUA
1AUN 1AVP 1AYI 1AYL 1BC2 1BE0 1BEA 1BG0
1BGC 1BKZ 1BMB 1BN8 1BP1 1BRY 1BU1 1BWZ
1C3D 1CKI 1CKM 1CTJ 1DFF 1DJX 1DMR 1EMA
1ESF 1ESO 1FDR 1FEH 1FLP 1FSU 1GCI 1IAE
1INP 1IPS 1KFS 1KPT 1KWA 1LRV 1MB1 1MDT
1MH1 1MPG 1NP4 1NUC 1OPS 1PDA 1PGS 1PJR
1PMI 1PPO 1PS1 1RGP 1RHS 1TON 1UCH 1URO
1VJW 1XGS 1YGE 1ZIN 232L 2ABX 2ACY 2ATJ
2BLS 2CY3 2END 2FGF 2GPR 2HEX 2IHL 2MBR
2MHR 2PTH 2RN2 3CMS 3DFR 3SIL 5CP4 8PAZ

Homodimers

1A3C 1AD3 1AF5 1AFW 1AJS 1ALK 1ALO 1AMK
1AOM 1AOR 1AQ6 1AUO 1BAM 1BIF 1BSR 1BUO
1CG2 1CHM 1CMB 1CP2 1CSH 1CTT 1CZJ 1DAA
1FIP 1FRO 1GVP 1HJR 1HSS 1ICW 1IMB 1ISA
1ISO 1JHG 1JSG 1KBA 1KPF 1LYN 1MJL 1MKA
1MOQ 1NOX 1NSY 1OAC 1OPY 1OTP 1PGT 1PRE
1PUC 1RFB 1RPO 1SES 1SLT 1SMN 1SMT 1SOX
1TOX 1TRK 1TYS 1UBY 1UTG 1WGJ 1XSO 2CCY
2ILK 2RSP 2TCT 2TGI 3GRS 3PGH 3SDH 3SSI
4KBP 5CSM 5TMP 9WGA
†PDB identification codes of 96 monomers and 76 dimers constituting the data set of water-soluble proteins used
in this study. Protein chains within each subset exhibit sequence identities , 25% and are structurally
nonhomologous.
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Table I. Because monomers and homodimers were treated
separately, homologies occurred across these two catego-
ries. Twenty-three monomer/dimer pairs belonged to the
same topology family characterized by an FSSP Z-score .
4 standard deviations. Of those, Table II outlines the nine
clearly related pairs as defined by a Z-score . 15.

Generation of Hypothetical Dimers

All crystal contacts were generated for each PDB entry
of the data set applying crystallographic symmetry opera-
tions to the deposited atom coordinates. The two protein
chains exhibiting the largest contact area were retained
for evaluation. This procedure was applied to monomeric
and dimeric proteins regardless of the number of chains
deposited with the PDB entry, which usually represents
the asymmetric unit of the crystal. When the maximum
contact size was not unique, an arbitrary choice was made.

In the following, we refer to the generated dimeric
structure as the hypothetical dimer of the molecule. Calcu-
lations of the symmetry-related atom coordinates were
performed using the CCP4 (Collaborative Computational
Project, Number 4, 1994) suite of programs and in-house
software.13 Before symmetry operations, the molecule was
placed within one unit cell from the origin, to reduce the
translational space searched for interchain contacts to
(22, 21, 0, 11, 12) unit cells.

Calculation of Contact Area

The contact area between two protein chains A and B
was measured as the solvent accessible surface area28

(ASA) per isolated chain buried upon formation of the
complex AB:, i.e., as DASA 5 [ASA(A) 1 ASA(B) 2
ASA(AB)]/2. ASA values were calculated by using the
program NACCESS29 (version 2.1.1), which implements
an algorithm by Lee and Richards.28 The radius of the
probe sphere was 1.4 Å, and the z-slice thickness was 0.05

Å. Van-der-Waals radii were taken from Chothia.30 All
hydrogen atoms and atoms described in HETATM lines of
the PDB file were suppressed, including oxygen atoms of
water molecules. We also calculated the difference in
DASA between the largest and the second largest interface
in the crystal, which is denoted DDASA.

Pair-Frequency Scoring Function

We based our scoring function on atom-pair frequencies
observed across hypothetical dimer interfaces in the nonre-
dundant data subset of 76 homodimers. Two atoms of a
hypothetical dimer counted as a pair if they belonged to
different protein chains and were less than 8.0 Å apart.
Atoms were distinguished according to their covalent
connectivity by using the SATIS scheme,31 resulting in 17
different atom types for the 20 common amino acids.
Hydrogen atom positions were suppressed in all calcula-
tions. Distances were sampled up to 8.0 Å by nonoverlap-
ping bins of 0.5 Å width.

The way we calculated the distance dependent scoring
scheme from the observed atom-pair frequencies is adopted
from the construction of so-called statistical potentials,
often also termed “knowledge-based potentials of mean
force” or “pair potentials.” We used a form proposed by
Sippl,18 which includes a weighting factor s to the effect of
a gradual suppression of small atom-pair frequencies
observed. Let Nab be the number of pairs with atom types a
and b. nab(r) represents the fraction of these pairs where
the atoms of type a and b are separated by a distance r.
With n(r) denoting the fraction of all pairs with atoms
separated by r and setting scaling factors to unity, the
scoring function sab(r) for an atom-pair of types a and b has
the form:

sab~r! 5 ln~1 1 sNab! 2 lnS1 1 sNab

nab~r!

n~r! D

TABLE II. Closely Homologous Monomer/Dimer Pairs*

Family

Category Seq. id. Correct cl.

mon dim all [%] ifc mon dim

Ribonuclease 1AFK 1BSR* 81 31/45 u u
Galectin (S-lectin) 1BKZ 1SLT 32 2/14 u 2
Cu,Zn superoxide dismutase 1ESO 1XSO 25 4/19 u 2
Hemoglobin 1FLP 3SDH 19 6/26 u u
Sulphatase/phosphatase 1FSU 1ALK 8 7/100 u u
Inositol poly-/monophosphatase 1INP 1IMB 13 5/43 u u
Diphtheria toxin 1MDT 1TOX* 99 106/106 u u
Aminopeptidase/creatinase 1XGS 1CHM 8 7/87 u u
Cytochrome c3 2CY3 1CZJ 25 3/18 u u

*Homologies across the subsets of monomeric (mon) and homodimeric (dim) proteins. Protein chains with PDB
identification codes listed horizontally belong to the same FSSP class defined by a Z-score . 15 standard
deviations for pair-wise structural comparisons. The name of the protein class is listed in the leftmost column.
Different family names for monomers and dimers are separated by a slash. Sequence identities (seq. id.) are
given in percentage of mean chain length for entire chains (all) and as a ratio for the dimer interface (ifc). A ratio
of 2/14 means that 2 of the 14 interface residues of the dimer are identical in the homologous monomer. Sequence
identities were determined from the FSSP alignment, whereas interface residues were characterized by a loss of
more than 1 Å2 in solvent accessible surface area (DASA) upon complexation. Correct (u) and false (2)
classifications, respectively, are indicated in the rightmost column (correct cl.). Dimeric structures marked with
an asterisk exhibit domain rearrangements relative to the homologous monomer, a phenomenon known as
domain-swapping.
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s was set to 0.02 in our calculations.
The log-odds score for a particular monomeric or ho-

modimeric molecule is obtained as the sum of terms sab(r)
for all atom pairs across the interface of the hypothetical
dimer, i.e., for all atom pairs at distance , 8.0 Å and
involving one atom from each polypeptide chain. In the
following, we refer to this score simply as the “pair score.”

Estimation of the Generalized Classification Error

A naive way of assessing the classification error of the
proposed method implies deriving the scoring function
from all homodimers in the data set of Table I and
applying it to the entire data set, including monomeric
molecules. A score value is then chosen as a cut-off that
divides the entire data set into two discrete categories such
as to minimize the number of false classifications. We refer
to this number of false classifications as the apparent
classification error or the apparent discrepancy. Relating
this number to the total number of molecules, monomers,
and homodimers, yields the apparent misclassification
rate or the apparent discrepancy rate. Note that the form
of the scoring function sab(r) is derived solely from ho-
modimeric molecules, whereas both monomers and ho-
modimers influence the choice of the cut-off value.

The problem remains of how to estimate the discrepancy
rate obtained if other, new homodimers were included in
the derivation of the scoring function, different monomeric
structures, or both, were available for the classification
problem. In particular, we have no a priori knowledge
about the ratio of the number of monomeric versus dimeric
molecules naturally occurring. Nevertheless, we would
like to estimate how well the model generalizes when
presented with new structures. The usual approach to this
problem is to artificially decrease the size of the data set in
a random manner for the deduction of the model (i.e., the
scoring function together with the cut-off value) and to
infer from the error observed with the rest of the data the
generalized error that would most likely be obtained if
data not yet known to us were included in the model.

We chose the bootstrap method32 for the estimation of
the discrepancy rate, which can be regarded as an exten-
sion of K-fold adjusted cross-validation with reduced vari-
ability.22 A bootstrap sample of equal size to the original
data set was obtained as a random draw with replacement
from the pooled monomers and homodimers. This sample
constituted the training set. It, thus, always consisted of
172 monomeric or homodimeric PDB entries chosen from
Table I, but included multiple copies of some entries.
Structures that remained unselected by this procedure
constituted the test set. Because the sets were disjunct,
homologous proteins could not occur in both the trainings
and the test set unless they belonged to the homologous
pairs listed in Table II.

The scoring function was derived from the fraction of
homodimeric entries in the training set. The number of
unique entries in this fraction fluctuated around 64 en-
tries. The best discriminating cut-off value was deter-
mined from the scores calculated for the entire training
set. This cut-off value was subsequently applied to obtain

the discrepancy on the test set. The cycle was repeated 200
times computing at each step the averaged discrepancy22:

e0 5
1
N O

i 5 1

N Qi

Bi
.

Here, N is the size of the bootstrap sample, which is
equal to the size of the data set (N 5 172). Bi is the
number of samples not containing protein i, i.e., where
protein i was a member of the test set, and where for Qi of
these Bi samples protein i was misclassified. Convergence
for e0 was reached after approximately 50 cycles (Fig. 1).
The bootstrap estimate ebs of the classification error is
calculated as a weighted average between the downwardly
biased apparent error eapp obtained from the entire data
set without bootstrapping, and the upwardly biased e0

22:

ebs 5 ~1 2 v!eapp 1 ve0

The weighting factor

v 5
0.632

1 2 0.368r

depends on the so-called overfitting rate

r 5
e0 2 eapp

g 2 eapp

where g 5 p(1 2 q) 1 (p 2 1)q depicts the error rate
that was obtained if the classification procedure provided
no information at all, i.e., if predictors and responses were
independent. This rate is calculated from fraction q of
entries in the entire data set belonging to one category, for

Fig. 1. Bootstrap estimates of the discrepancy for the contact area
(DASA, dashed line), pair scores (continuous line), and the difference in
contact area of the two largest contacts in the crystal (DDASA, dotted line)
versus the number of bootstrap samples. Convergence was reached after
a number of approximately 50 samples.
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instance to the monomeric molecules, and from the frac-
tion p of the entire data set that are assigned that class by
the classification procedure. The factors 0.632 and 0.368
arise from the fact that on average a fraction 1 2 e 2 1 of
the data set is selected for the bootstrap sample. The
resulting bootstrap estimate has been shown to be nearly
unbiased in simulations of a variety of classification prob-
lems.22

Applying this procedure to the DASA scores involved
simply determining the best discriminating cut-off value
from the training set and using it for classification of the
test set. In the following, we quote two classification error
rates for pair-frequency and DASA scores: the apparent
discrepancy and the estimated generalized discrepancy
obtained from the bootstrap procedure.

RESULTS

Results of the bootstrap analysis are depicted in Figure
1 for the three scores calculated from intermolecular
contacts encountered in the protein crystal. The pair score
based on atom-pair distances across the interface and the
solvent accessible surface area per protein chain hidden in
the contact (DASA) are determined for the most extensive
contact of the crystal. Figure 2 shows their distributions
and Figure 3 reveals their correlation explicitly. The
inherent structure of the two parameters can be inferred
from Figure 4.

Pair and DASA scores can be applied to complexes
isolated from the crystal context, whereas the third param-
eter DDASA relates the two most extensive contacts in the
crystal. Because of their more general applicability, we
focus on the results of DASA and pair score, and quote
results for DDASA in Table III, which summarizes the
absolute numbers of true and false classifications.

Discrepancies of Pair Scores

For pair scores, the best-separating cut-off, i.e., the score
value that minimizes the total number of false classifica-
tions, was 270.1 for the entire data set (see Fig. 2). With
this cut-off, 5 of 96 monomers were misclassified as dimers
and 7 of 76 dimers were misclassified as monomers,
yielding an apparent error rate of 7.0%. Evaluation of 200
bootstrap samples resulted in a generalized error rate of
12.5% as shown in Figure 1. Here, the average cut-off score
was 278 6 13. The PDB identification codes of the
misclassified entries are depicted in Figure 4.

Discrepancies of DASA Scores

We found 14 monomers and 9 homodimers classified
wrongly by contact area by using an optimum cut-off of 856
Å2 (Fig. 1). The apparent error rate was thus 13.4%. The
bootstrap method estimated the actual discrepancy to
15.4% and the cut-off value to 874 Å2 6 107 Å2. So, the
application of our statistical pair-frequency based scoring
scheme improved by only 3% on the simple parameter of
contact area when classifying proteins that are known to
be either monomers or homodimers in solution.

As summarized in Table III and Figure 4, 12 of 14
monomers and 4 of 9 homodimers that were misclassified

by contact area were correctly classified by the pair score.
On the other hand, the pair score misclassified two mono-
mers and four dimers that were correctly assigned by
contact area.

Discrepancies of DDASA

Having completed the comparison of DASA and pair
scores for the largest intermolecular contact in the crystal,
we also looked at parameters that introduce information
about the other crystal contacts. We found that the DDASA
measure, the difference in DASA between the largest and
the second largest contact encountered in the crystal,
yields improved error rates. Eight dimers and nine mono-
mers are misclassified by using this parameter (Table III)
with a cut-off of 373 Å2, resulting in an apparent error rate

Fig. 2. Histograms of scores based on the distance-dependent statis-
tical potential (bottom ) and of contact area values (top ) for the sets of
monomeric and homodimeric proteins of Table I. Histograms show the
absolute number of counts indicated by filled bars for monomers and
hashed bars for homodimers. A bin width of 50 was chosen for the scores
and 400 Å2 for the contact area. Vertical arrows indicate the cut-off values
used for classification.
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of 9.9%. The boostrap method estimates the generalized
error rate to 11.1% where the cut-off is 392 Å2 6 53 Å2.
Results of the bootstrap procedure are shown in Figure 1.

Monomers Classified as Homodimers by Pair Score

The five monomers wrongly assigned the dimeric state
by pair score (Fig. 4) are monomeric Fe-only hydrogenase
from Clostridium pasteurianum (1FEH33), mRNA capping
enzyme from Chlorella virus PBCV-1 (1CKM34), E. coli
exonuclease III (1AKO35), human adenovirus protease
(1AVP36), and serine protease Tonin (1TON37) from rat
submaxillary gland. The more dimeric ranking 1FEH and
1CKM are misclassified also by contact area, whereas
1AKO, 1AVP, and 1TON are correctly classified by this
parameter.

1FEH is known as CpI, one of two hydrogenases from C.
pasteurianum both of which have been characterized as
monomeric, cytoplasmic molecules by a variety of meth-
ods.38 There is also no evidence for dimerization for 1AVP,
which adopts a different fold than viral proteases that
form dimers39 like cytomegalovirus protease.40 1AKO has
been proposed to bind to DNA as a monomer.35 In the
hypothetical dimer constructed for our data set, the pro-
posed DNA binding site of the monomer is located at
opposite sides of the dimer model such that a single DNA
molecule would have to be bent in order to bind to the two
binding sites.

For these three of the misclassified monomers, the
crystal structure provides no clues as to why they are
classified as dimers. The other two monomeric structures,
however, may be influenced by the crystal environment.

Sedimentation studies suggest that 1CKM functions as
a monomer in solution,41 although it crystallizes as a

dimer in the assymmetric unit. The molecule consists of
two domains that adopt different conformations in the two
chains of the assymmetric unit. Only one conformation,
the closed form, appears to be able to bind manganese ions
as cofactors.34 A divalent cation like magnesium or manga-
nese is required to form the guanylated enzyme intermedi-
ate of the guanyl transfer reaction onto mRNA.41 These
are indications that the conformational arrangement of
the domains that enables dimer formation is an artifact of
the crystal environment.

The crystal structure of 1TON was solved in the pres-
ence of Zn21, which resulted in better diffracting crystals.
The ion binds in the catalytic site distorting the native
conformation and inhibiting catalytic activity.37 The posi-
tion of the Zn21 atom is in the largest intermolecular

Fig. 3. Correlation between pair scores and contact area (DASA) for
monomers (empty circles) and homodimers (filled triangles). A correlation
coefficient of 20.93 was calculated. The line was obtained by linear
regression resulting in the relation s 5 20.119 p a 1 34 between the score
s and the contact area a in units of Å2.

Fig. 4. Chart of the pair (left) and DASA (right) scores near the cut-off
values. Small horizontal bars indicate the score values and are shown in
vertical columns for monomeric and dimeric proteins separately. Cut-off
values are depicted by the dashed horizontal line in the middle of the
chart. PDB identification codes of proteins misclassified by pair scores are
listed. Monomeric proteins misclassified as dimeric are listed above the
dashed cut-off line, whereas dimeric proteins misclassified as monomeric
are listed below that line. Connecting lines assign PDB codes their score
values. Additional signs indicate correct assignments by DASA (aster-
isks), DNA or RNA binding proteins (double daggers), proteins with
homologs across the monomer/dimer subsets (pound signs), and proteins
belonging to families comprising monomers and homodimers (dollar
signs).
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contact site where it is coordinated by three histidines of
one molecule and a glutamate of a symmetry related
molecule. Thus, one might attribute dimer formation in
this case to the high zinc concentration facilitating crystal-
lization.

Dimers Classified as Monomers by Pair Score

The seven dimers misclassified as monomers by pair
score can be split into two groups. 1AF5 and 1CP2 change
their ranking order relative to the DASA score as depicted
in Figure 4 where they were correctly classified as dimers.
In contrast 1SLT, 1KBA, 1AUO, 1XSO, and 1JSG are also
misclassified by DASA with essentially unchanged rank-
ing order.

The nitrogenase iron protein from Clostridium pasteur-
ianum (1CP242) exhibits the largest difference in the
ranking order between pair score and DASA. The molecule
has a 4Fe:4S cluster bound in the dimer interface. In the
homologous enzyme from Azobacter vinelandii,43 which
has almost twice the interface area of 1CP2, dimerization
is lost when the 4Fe:4S cluster is removed. Because the
presence of the 4Fe:4S cluster is ignored in our method,
the pair-frequency score of the hypothetical dimer could
well be in accordance with a situation in solution where
the 4Fe:4S center is absent from the dimer interface.

1AF544 is the structure of I-CreI, a mobile intron endo-
nuclease that was reported to be a homodimer in solu-
tion44 as revealed by dynamic light scattering studies. The
molecule is classified as monomeric by pair score and as
dimeric according to DASA, but the DASA value ranks
close to the cut-off.

RuvC resolvase (1HJR45), a Holliday Junction-specific
endonuclease, was described as a dimer by Ariyoshi et al.45

The asymmetric unit contains a homodimer that has been
used to model the complex with the DNA substrate. The
prevalent multimeric state in substrate free solution,
however, seems not to have been investigated by experi-
ment and remains unclear. Although 1HJR is assigned
different categories by both pair score and DASA, it ranks
close to the cut-offs for both parameters (Fig. 4).

Among the entries with unaltered ranking order be-
tween DASA and pair score, Bovine spleen galectin-1
(1SLT46), which is isolated as a homodimer, and k-bunga-
rotoxin (1KBA47), which is the only dimeric member of
otherwise monomeric k-neurotoxins, are most strongly
predicted as monomers. The crystal structure of 1KBA is
remarkable in that the interface of the dimer in the
asymmetric unit, which is thought to be the physiological
relevant one47 and has a DASA of 490.1 Å2 and a pair score

of 234.5, is not the largest contact in the crystal with a
DASA of 621 Å2 and a pair score of 229.7. Encouragingly,
pair scores, although classifying both interfaces as crystal
artifacts, indicate the smaller interface being more dimer-
like, i.e., physiologically relevant than the largest inter-
face in the crystal.

Pseudomonas fluorescens carboxylesterase (1AUO48) has
been characterized as a strong homodimer in solution49

but is clearly classified as a monomer by both DASA and
pair score. The subunit-subunit interface contains the
active site clefts from both subunits and one catalytic
residue takes part in the dimerization interface.48 This
observation is in marked contrast to the homologous
cholesterol esterase from Candida cylindracea,50 which is
also a homodimer but with the active sites far away from
the subunit interaction site. On these grounds, it has been
speculated that homodimerization is also not essential for
catalytic activity in the case of 1AUO.48

Cu, Zn superoxide dismutase from (1XSO51) from Xeno-
pus laevis comes in three isoforms aa, bb, and ab composed
of two different subunits a and b. 1XSO represents the (bb)
homodimer. There is evidence that the homodimeric forms
are slightly more stable than the heterodimer, which
nevertheless may occur in vivo.52 The dimer interface
appears highly conserved among superoxide dismutases
as indicated by subunit exchange experiments.53 Differ-
ences in thermostability between aa and bb types of 1XSO
which, like in other superoxide dismutases, is very high52

have been attributed to amino acid variations in the dimer
interfaces.51 The closely homologous enzyme from Esche-
richia coli is a monomer (see Table II and below).

The oncogene product p14TCL1 (1JSG54) was included in
the set of homodimers because of the notion that 1JSG
eluted as a dimer in gel filtration experiments under
purification conditions and that the mass spectrum re-
vealed a contaminant peak at twice the molecular weight
of the monomer.54 The authors themselves taken an
ambivalent position regarding the multimeric state as
they also state54 “We therefore cannot exclude that p14TCL1

forms a dimer in solution”. In retrospect, 1JSG may well be
in a monomer-dimer equilibrium at physiological concen-
trations in accordance with the ranges of contact area as
well as pair-frequency score.

Summarizing the list of false classifications from Figure
4, the multimeric state of one entry, 1JSG, is not well
defined in the literature and might be a monomer-dimer
equilibrium. 1CP2 from the set of homodimers has atoms
bound in the dimer interface that may be crucial for
dimerization behaviour but are not captured by our ap-

TABLE III. Classification Results*

Classfied as

Monomer Dimer

Pair score DASA DDASA Pair score DASA DDASA

Monomer 91 82 87 7 9 8
Dimer 5 14 9 69 67 68

*Overview of the classification results in absolute numbers for pair score, buried contact area DASA, and the
difference in DASA (DDASA).
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proach. Furthermore, there is reason to believe that the
dimeric conformations observed with 1TON and 1CKM are
artifacts of the crystallization conditions or the crystal
environment. Four proteins (1CKM, 1AKO, 1AF5, and
1AVP) bind nucleic acids and four (1AUO, 1KBA, 1SLT,
and 1XSO) belong to families comprising monomers as
well as dimers. The dimers 1XSO and 1SLT have close
homologs in the set of monomers as shown in Table II and
discussed below.

Homologous Monomer-Dimer Pairs

There are sequential and structural homologies across
the subsets of monomers and homodimers. Table II lists
monomeric and dimeric proteins belonging to the same
FSSP family defined by a Z-score . 15 standard deviations
above average (FSSP,27 January 1999 release) and some
display more than 25% sequence identity.

All monomers and all but two dimers in this set of
homologous pairs are classified correctly by using the score
suggesting that the method is able to discriminate be-
tween different multimeric states of homologous proteins.
However, as can be seen from Table II, the residues
constituting the interface of the dimer are generally not
conserved in the corresponding monomer with the excep-
tion of diphteria toxin and ribonucleases. This holds also
for galectins (1BKZ, 1SLT) and aminopeptidase/creatinase
(1XGS, 1CHM), which are the only structurally homolo-
gous pairs where both monomer and homodimer happen to
crystallize in the same space group.

Diphtheria toxin forms long-lived metastable dimers
upon freezing in phosphate buffer. The dimeric structure
(1TOX55) revealed a rearrangement of two single-chain
domains with respect to the monomeric form (1MDT56) to
form an intertwined configuration of the two chains.
Because one domain of the monomer is replaced by the
equivalent domain from the second chain, this was also
called a “domain swapped” conformation.57 A similar
phenomenon was also observed for bovine seminal ribo-
nuclease (1BSR58) which occurs in two isomers.59 The
swapped N-terminal segments of two chains forming two
interchain disulphide bonds resemble the major isomer in
solution. Interestingly, homologous ribonuclease A from
bovine pancreas (1AFK60) does not seem to exhibit domain
swapping as it is observed as a monomer in solution.

The other homologous pairs of Table II exhibit the
following characteristics. The majority of Cu, Zn superox-
ide dismutases form dimers in solution. The dimer inter-
faces are well conserved across species. The monomeric
enzyme from Escherichia coli (1ESO61) is an exception. By
structural superposition of the E. coli enzyme with the
each monomer of the dimeric Xenopus laevis molecule
(1XSO51), Pesce et al.61 attributed the loss of dimerization
of 1ESO largely to the introduction of charges and the loss
of hydrogen bonds at positions conserved among dimeric
Cu,Zn superoxide dismutases from eukaryotes. A reduced
shape and apolar/polar residue complementarity was also
observed. Both molecules were classified as monomers by
DASA (1ESO: 390 Å2; 1XSO: 682 Å2) as well as by

pair-frequency score (1ESO: 213.8; 1XSO: 254.2) with the
ranking essentially unchanged between the two methods.

Human galectin-7 (1BKZ62) and bovine spleen galec-
tin-1 (1SLT46) are members of carbohydrate recognizing
molecules that are involved in mediating cell-cell or cell-
matrix interaction. 1SLT is strongly assigned as a mono-
mer but galectin-1 molecules are isolated as homodimers
displaying “subunit multivalency” for carbohydrate recog-
nition. However, human galectin-7 is correctly assigned as
a monomer, and it does not exhibit multivalency, recogniz-
ing carbohydrates as a monomer.

The monomeric sulfide-reactive hemoglobin from Lu-
cina pectinata (1FLP63) is clearly classified as monomeric
by DASA (289 Å2) and pair-frequency score (213.2). Al-
though the hemoglobin from Scapharca inaequivalvis
(3SDH64) binds its ligand heme-group, which is not consid-
ered in our approach, cooperatively as a homodimer, the
molecule is classified as a homodimer by pair frequency
score (2123.4) and less clear-cut also by DASA (886 Å2).

Human lysosomal sulfatase (1FSU65), a monomer, and
the dimeric alkaline phosphatase from E. coli (1ALK66) are
assigned correct quaternary categories by either method
discussed here. The same holds for Pyrococcus furiosus
methionine aminopeptidase (1XGS67) and the homodimeric
Pseudomonas putida creatinase (1CHM68), which has
been crystallized in monoclinic and trigonal crystal forms.

Human inositol monophosphatase (1IMB69) is assumed
to exist as a dimer in solution in accordance with inositol
monophosphatases from other sources. Bovine inositol
polyphosphate 1-phosphatase (1INP70) is a monomer in
solution as well as in the crystal. From the Desulfovibrio
desulfuricans strain Norway, a monomeric (1CY371) and a
homodimeric (1CZJ72) cytochrome c3 have been correctly
assigned.

DISCUSSION

The differentiation of functional dimer interfaces from
contacts that are artifacts of crystallization is a difficult
task, because it is known that features such as hydropho-
bicity, hydrogen bonding, and amino acid composition vary
widely in subunit interfaces and means differ only margin-
ally from crystal contacts.73 Indeed, the similarity of
crystal contacts and functional interfaces has been used to
design a score for the ranking of docked protein structures
based solely on cystal contacts of monomeric proteins.74

Given this similarity, the measure of contact size differ-
entiates remarkably well between monomers and ho-
modimers with an estimated error of only 15.4%. This
error is already quite small for “deductive” classification
methods. So, it is not surprising that a pair score cannot
improve dramatically on this error. The 3% improvement
is statistically significant, supported by t-testing 10 error
estimates for each score, the DASA score, and the pair
score, obtained by 10-fold adjusted cross-validation as
discribed by Davison and Hinkley75 (data not shown). The
hypothesis of the error of DASA being smaller than or
equal to the error of the pair score was rejected at a level of
0.01 (a P value of less than 0.2% was obtained). As is
apparent from Figure 4, the pair-frequency score improves
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over the DASA score mainly by recognizing some large
interfaces as crystal artifacts.

Remarkably, the DDASA score, which relates the two
largest interfaces in the crystal, performs even slightly
better than the pair score according to the generalized
error, although the apparent error is greater than for the
pair score.

The pair score is much more prone to overfitting the data
than are the DASA and DDASA scores. This is evident from
the differences between the apparent errors and the
bootstrap estimate. The obvious reason is that the pair-
frequency score uses the subset of homodimers twice, in
the derivation of the scoring function and in the subse-
quent determination of the cut-off value, whereas only the
latter step is required for classification by DASA score.

Despite taking great care in selecting entries from the
PDB for our nonredundant data set, it is often difficult to
be confident of the assignment of the multimeric state.
Different experimental techniques with varying sensitivi-
ties are used under a range of different conditions to
establish the prevalent multimeric state. Moreover, in the
case of those enzymes, where the dimerization has the
easily recognizable role of providing the active site, the
dimeric state may be well characterized by experiment,
whereas less care may have been taken in establishing the
multimeric state in cases where dimerization is not obvi-
ously linked to function.

The effect of false a priori dimers on the form of the
scoring function could, in principle, be minimized by a
recursive procedure. Calculating the scoring function at
the beginning from all dimers of the data set, one would
discard those dimers that rank around the cut-off value for
the calculation of the next round. One could hope that the
scores converge resulting in a self-consistent scoring func-
tion. By using distance information in our approach, the
size of the dimeric set from which the scoring function is
calculated could be critical, however. A recursive proce-
dure is currently being tested, but given the small data set
of incorrectly assigned structures, we do not expect a huge
improvement.

For pair DASA scores, we considered in each crystal
structure only the interface with the highest DASA among
all interchain contacts. We, thereby, anticipated for the
derivation of the pair scoring function that pair and DASA
scores are highly correlated as can be inferred from Figure
3. Still, for a small fraction of dimers, DASA and pair
scores may indicate different interaction sites as func-
tional. We found only one dimer (1KBA) in our dimer’s
data set, for which the largest interface was not the one
regarded as the functional one.

In our methods, we disregard all small molecules at-
tached to the protein chain whose atom coordinates are
described in the HETATM lines of the PDB files. In
particular many enzymes have cofactors bound, which, if
the enzyme functions as a dimer, frequently are located at
the dimer interface. These molecules can be important for
dimerization as it is probably the case of nitrogenase iron
protein (1CP2). Therefore, the neglect of such molecules

represents a further obstacle for a correct classification of
the multimeric state.

One could argue, that the introduction of a distance
dependent scoring function diminishes statistics consider-
ably compared with a scoring scheme based on contact
pairs within a cut-off sphere. However, the bootstrap
estimate of the classification error takes into account any
noise that may have been introduced in that way. Also, as
more protein structures are determined, the statistics will
clearly improve, making the scoring scheme used here
more accurate. We have also tested a residue-pair scoring
scheme proposed by Moont et al.15 where it performed best
for their set of homodimers in a docking study. The scheme
counts residue contacts whenever any side-chain atoms of
two residues are within 4.0 Å distance across the intermo-
lecular contact. For our data set, this scheme did not
discriminate better than the DASA parameter.

Our results for the DDASA parameter suggest that the
improvement of the pair score over a contact size measure
could be matched by simple contact size-based classifiers,
like linear combinations of DASA values of the crystal.
Distinguishing hydrophobic and hydrophilic surface areas
may lead to further improvement here, which we are
currently investigating. However, the DASA and pair
scores are more universal in that they can be used for
interfaces isolated from the crystal environment.

It is important to note that we took no cognizance of the
energetics of the dimerization process and that we were
including in our data set not only very stable dimers but
undoubtedly some with marginal stability. Clearly, the
multimeric state of some proteins is indeterminate and
environment dependent—so that not only the concentra-
tion but also temperature, pH, salinity, etc., can all affect
the observed status of the protein. Therefore, it is our view
that near the cut-off values (of DASA or pair score) the
proteins are most likely to be in an monomer-dimer
equilibrium and their status will depend on the specific
environment in the experiment.

We also note that in this study we have attempted to
distinguish biological contacts from crystal contacts, al-
though we know that both are physically possible. We
argue that discriminating physiologically relevant con-
tacts from crystal contacts is a harder test for the ability of
the method to identify protein-protein interaction sites
than is the ranking computationally docked structures,
which may be completely nonphysical.

Where dimerization is important for the function of a
molecule, we can expect that the interface residues may
well have evolved to optimize this interaction and may be
conserved during evolution. Thus, studying the conserva-
tion of interface residues may also be of value in assigning
multimeric status where primary sequence data is abun-
dant,76,77 and could improve the reliability of the method.

CONCLUSION

In this search for criteria that would allow the automatic
classification of monomeric and homodimeric proteins
from their crystal structures, we compared the perfor-
mance of an atom-pair potential, which we refer to as pair
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score, with a size measure of intermolecular contacts in
the crystal. The basis for this comparison was a nonredun-
dant data set of 172 water-soluble proteins whose preva-
lent quaternary state in solution is known and well
defined.

We found that a score, based on atom-pairs across
interfaces, including distance information, gives rise to an
apparent error of only 7.0%, which increases to 12.5%
when cross-validated using a bootstrap procedure. This
rate represents a small, but significant improvement over
the contact area, measured as the loss of solvent accessible
surface area (DASA) upon formation of the dimer from the
free monomers. The DASA score results in an apparent
error of 13.4% but is less prone to overfitting as indicated
by a bootstrap estimated classification error of only 15.4%.
A modified DASA score, the difference between the two
largest contacts encountered in the crystal, differentiates
the multimeric state with a generalized error of only 11.1%
is even more reliable than the pair score, although the
apparent error rate with 9.9% is larger than that of the
pair score. However, the pair score has the advantage of
being applicable to protein structures isolated from the
crystal environment. Therefore, it would also be suitable
for the prediction of dimerization sites of structures deter-
mined in solution by nuclear magnetic resonance spectros-
copy.
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