1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL WS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
J Mol Biol. 2008 August 29; 381(2): 487-507. doi:10.1016/j.jmb.2008.06.002.

Statistical analysis of interface similarity in crystals of
homologous proteins

Qifang Xu112, Adrian A. Camitescul, Guoli Wangl, Maxim Shapovalovl, Zoran Obradovicz,
and Roland L. Dunbrack Jr.L

lingtitute for Cancer Research, Fox Chase Cancer Center, 333 Cottman Avenue, Philadelphia PA 19111,
USA

2Center for Information Science and Technology, Temple University, 1805 N. Broad Street, Philadelphia,
PA 19122, USA

Abstract

Many proteins function as homooligomers and are regulated via their oligomeric state. For some
proteins, the stoichiometry of homooligomeric states under various conditions has been studied using
gel filtration or analytical ultracentrifugation experiments. The interfaces involved in these
assemblies may be identified using crosslinking and mass spectrometry, solution-state NMR, and
other experiments. But for most proteins, the actual interfaces that are involved in oligomerization
are inferred from X-ray crystallographic structures using assumptions about interface surface areas
and physical properties. Examination of interfaces across different PDB entries in a protein family
reveals several important features. First, similarity of space group, asymmetric unit size, and cell
dimensions and angles (within 1%) does not guarantee that two crystals are actually the same crystal
form, that is containing similar relative orientations and interactions within the crystal. Conversely,
two crystals in different space groups may be quite similar in terms of all of the interfaces within
each crystal. Second, NMR structures and an existing benchmark of PDB crystallographic entries
consisting of 126 dimers and larger structures and 132 monomers was used to determine whether the
existence or lack of existence of common interfaces across multiple crystal forms can be used to
predict whether a protein is an oligomer or not. Monomeric proteins tend to have common interfaces
across only a minority of crystal forms, while higher order structures exhibit common interfaces
across a majority of available crystal forms. The data can be used to estimate the probability that an
interface is biological if two or more crystal forms are available. Finally, the PISA database available
from the EBI is more consistent in identifying interfaces observed in many crystal forms than is the
PDB or EBI’s Protein Quaternary Server (PQS). The PDB in particular is missing highly likely
biological interfaces in its biological unit files for about 10% of PDB entries.

Introduction

Many proteins are oligomeric due to the association of identical subunits under physiological
conditions. Homooligomerization may be part of allosteric regulationl, or contribute to
conformational and thermal stabilities? and to higher binding affinity with other molecules.
Homodimeric proteins have been found to form interactions with a larger number of other
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proteins than monomeric proteinss. Multimerization is particularly common in enzymes,
transcription factors, and signal transduction?. The major driving forces for protein
multimerization are shape and charge complementarity between the associating subunits,
brought about by a combination of hydrophobic and polar interactions® 6. Some proteins
oligomerize by domain swapping, in which a segment of monomeric protein is replaced by an
identical segment from the other subunit and vice versa’s 8. Many proteins have different
predominant oligomeric states under different physiologically relevant conditions, and these
states may have important functional differences. Homodimerization may arise in evolution
because of stronger tendencies of identical interfaces to self-associate compared to dissimilar
interfaces. Heterodimers of proteins in the same superfamily may then evolve from such
homodimers.?

Some human diseases are caused by inherited missense mutations in proteins that cause disease
in part by having an effect on oligomeric association. For instance, infantile cortical
hyperostosis (Caffey disease) is a genetic disorder caused by a missense mutation in exon 41
of the %ene encoding the a1(l) chain, producing abnormal disulfide-bonded dimeric a1(l)
chainst0 Myofibrillar myopathy (MFM) is a human disease of muscle weakening, and a
causative mutation is localized in the dimerization domain of the filamin c gene, disrupting its
secondary structure, leading to an inability to dimerize properly 11 cu,zn superoxide
dismutase (CuZnSOD) is an efficient enzyme that catalyzes the conversion of superoxide to
oxygen and hydrogen peroxide 12 Familial amyotrophic lateral sclerosis or Lou Gehrig’s
disease is associated with mutations in CuznSOD13: 14, Some mutations destabilize the SOD
dimer, causing abnormal aggregation that may be lethal to cells.

Experimental means for determining the size of an oligomer include analytical
uItracentrifug:]ation15 and gel filtration1®. These methods separate proteins and protein
complexes based on their size or mass, from which oligomerization state may be inferred.
However, knowing the size of a protein oligomer does not provide information on the
interacting surfaces within an oligomer or the overall structure. Combining separation of
oligomers with cross-linking and mass-spectrometry can be used to determine protein segments
that may be in the binding interfaces between monomersL’. Fluorescence resonance energy
transfer (FRET) experiments can be used to identify donor-acceptor pairs of residues that must
be near each other in a protein complex to identify which of several dimers in an X-ray crystal
structure is likely to be physiologically relevant18. NMR can also be used to determine detailed
information on the structure and dynamics of protein oligomers in solution. However, the size
of proteins that can be studied easily by NMR is limited.

For most proteins, information on oligomeric association size and in particular structure comes
from X-ray crystallography. For many proteins the size and actual structure of multimers is
controversial or unknown, and is based only on what is observed in crystal structures
sometimes even a single crystal structure. Both the Protein Data Bank (PDB) and the
European Bioinformatics Institute (EBI)20 provide information on “biological units” or
assemblies which are the assumed biologically relevant oligomeric structures found within
crystals. The PDB’s biological units are based on what authors of structures themselves believe
to be the biologically relevant structure, while those of the recently developed PISA
server2L from the EBI are based on the analysis of interfaces and predicted stablllty of
complexes observed in single crystal structures. PQS (Protein Quaternary Server) contains
both manual and automated identifications of biological units (E. Krissinel, personal
communication). The PDB and PQS usually have one biological unit size for each PDB entry,
while PISA contains multiple oligomeric structures of different sizes for many PDB entries
based on chemical thermodynamics calculations on complex stability. The recently developed
P1QSI database provides manually annotated sizes of biological units from the literature for
PDB entries2?
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Many databases and analyses have used PDB and PQS bIO|0 ical units to examine the
interfaces between protein domains. For instance, PIBASE2 provides a list of structures for
aquery of two SCOP superfamily or family de5|gnat|on524, and provides access to coordinates
for each pairwise interaction. Interactions in PIBASE are derived from two sources — the
author-approved files provided by the PDB (e.g., pdblylv.ent), which generally contain the
asymmetric unit of the crystal structure and many non-physiological interactions, and
hypothetical biological units as proposed by the authors of PQS, (e.g., 1ylv.mmol). The
emphasis is on characterizinggaairwise interfaces in terms of surface area and polar/nonpolar
content. PSIMAP/PSIBASE=" also performs binary searches for two SCOP-defined domains
and finds all structures containin mteractlons between the query domains. Other databases
such as SNAPPI-DB26 SCOPPI , and iPFAM 28 3150 use SCOP, PFAM, PDB and PQS to
define atomic interactlons among proteln domains. Databases of this sort are used for statistical
analysis of residue contacts across interfaces to develop methods for predicting or scoring
interfaces®: 29; 30; 31; 32; 33 However, if the data in PDB and PQS are incorrect, these
analyses are called into question, both in training data and testing data. Homology modeling
based on known multimer structures also depends on accurate multimer structures, and
incorrect biological inferences can be made when the assumed quaternary structure of the
template is incorrect.

We recently compared the biological units in the PDB and P(RS for all crystallographic entries
inthe PDB, and found that they agree on only 83% of entries3#. The PDB hasa higher tendency
than PQS to have biological units that are identical with the asymmetric unit of the same
structure, indicating perhaps that many authors may make the unwarranted assumption that the
asymmetric and biological units are the same. We also found that PDB and PQS have
inconsistent assignments of biological units for proteins in multiple entries in the PDB that all
have the same crystal form. This occurs in the PDB for 12% of entries and in PQS for about
18% of entries. The PDB’s assignments may be more consistent merely because a single
research group may solve multiple structures within the same crystal form, and assign similar
biological units to all of them. When the PDB and PQS agree on the size of a multimer for a
single PDB entry, they disagree on the orientation and interface between interacting monomers
in less than 2% of cases. The PDB and PQS may have different interfaces across a family of
closely related or identical proteins34

A number of studies have attempted to differentiate between biological and crystallization-
induced contacts. Ponstingl et al. compiled a set of 96 monomers and 76 homodimers in the
PDB by reference to the published literature3°, and compared the ability of buried surface area
and pair interaction scores to predict biologlcal contacts in crystals. This dataset has
subsequently used by others as a benchmark for methods that attempt to determine biological
assemblies from single crystals2 22 Bahadur et al.36: 37 assembled a set of interfaces
consisting of 70 heterodimeric structures, 122 homodimeric structures, and 188 crystal packing
interfaces with surface area greater than 800 A2, and examined the physical properties of the
different interface classes. Shoemaker et al.38 looked for common interfaces in different
crystals of identical and homologous proteins, so-called “conserved binding modes,” in order
to identify likely biologically relevant structures.

In this paper, we examine thoroughly the interfaces in crystals of single homologous proteins.
We attempt to answer several questions. First, when are two crystals of the same or similar
proteins really the same crystal form and when are they not? We find surprisingly that PDB
entries with the same space group, asymmetric unit size, and quite similar unit cell dimensions
are occasionally different crystal forms as judged by the interfaces and monomer-monomer
orientations that exist within the crystal lattice. Conversely, two crystals in different space
groups may be quite similar in terms of all or nearly all of the interfaces within each crystal.
This occurs when one contains a subset of symmetry operators of the other and a larger
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asymmetric unit, and also when one is a small distortion of the other such that the space group
is different. This analysis helps to sort PDB entries within a family into truly different crystal
forms.

Second, we examine the hypothesis used by many crystallographers to infer biological
interactions: observation of the same interface in different crystal forms of a protein (or
members of the same family) suggests that the interface may be biologically relevant. We
compare all interfaces in the available crystal forms in each family and determined those shared
by two or more crystal forms. We determine the number of crystal forms with the interface,
M, compared to the total number of different crystal forms in the same family, N. We then
evaluate the usefulness of these numbers with prior benchmarks on oligomeric interactions as
well as with NMR structures. When M is greater than 4 or 5, and especially when M is close
to or equal to N, then the observed interfaces are likely to be part of biologically relevant
assemblies. We find 36 families in which all N out of N crystal forms contain a particular
interface, where N>10. These interfaces are very likely to be physiological. We also find that
monomers in a benchmark set comprising both the Ponstingl and Bahadur sets tend to have
M<<N.

Third, we examine the usefulness of evolutionary information in evaluating interfaces
appearing in more than one crystal form. It occurs often that different crystal forms of identical
proteins contain common interfaces but that these usually appear in only 2 or 3 such forms and
are not shared by homologous proteins. That is, they are only formed under non-physiological
crystallization conditions including high protein concentration, peculiar pH, and the presence
of non-physiological ligands. This has previously been observed for T4 lysozyme, which has
been studied in many crystal forms39. When an interface is shared in two different crystal
forms by divergent proteins, then the interface is very likely to be biologically important. We
also find that in large families, some interfaces are restricted to one branch of a family,
indicating the evolution of an interface in one branch of the family and/or loss in another. This
highlights the importance of solving structures of related proteins.

Finally, we compared interfaces common to multiple crystal forms with the annotations found
in the PDB, PQS, and PISA. With an increasing number of crystal forms that contain a given
interface, it becomes increasingly likely that the available annotations agree that such an
interface is part of a biologically relevant assembly. PISA is found to be the most reliable in
identifying interfaces for which the evidence, in terms of number of crystal forms containing
the interface, seems very high. PISA is therefore the best source of biological assembly
information when only one or two crystal forms is or are currently available.

This study is closest to the work of Shoemaker et al.38 but with some important differences.
First, we examine the interfaces across PDB entries of homologous proteins to determine
whether they are or are not the same crystal form, despite similarities and differences in space
group, asymmetric unit size, and unit cell dimensions and angles. Shoemaker et al. separate
crystal forms only by space group and/or differences in cell dimensions of greater than 2%.
We find that this is inadequate to classify crystals as similar or different. Second, we evaluate
the usefulness of the number of different crystal forms and the evolutionary relationships of
shared interfaces, neither of which is considered by Shoemaker et al. Finally, we provide in
supplemental data coordinate files of the shared interfaces that may be useful for further
research as training or testing data.

In this study we are focused on homooligomeric structures, and so only PDB entries with a
single polypeptide sequence and no nucleic acids present in the crystal. We used SCOP 1.73
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to divide 16,164 entries in the PDB containing one protein sequence into families. Because
this version of SCOP covers less than 70% of the current PDB, we used PSI-BLAST to assign
additional single-sequence entries to SCOP families (see Methods), for atotal of 19,842 entries.

Crystal form redundancy

We are interested in grouping PDB entries in families into different crystal forms, in order to
test the hypothesis that interfaces common to different crystal forms may be of biological
significance. It is well known that some crystals may be analyzed in different space groups
with different asymmetric unit sizes, most commonly when one space group contains a subset
of symmetry operators of the other. When looking at different crystals of the same protein or
related proteins, we have observed many PDB entry pairs in different space groups that when
viewed with molecular graphics, are observed to be essentially the same crystal form. As an
example, we show in Figure 1 (top) the crystal lattice of PDB entries 110v40 and 2N LQ41, the
protein defensin, with different space groups, P 21 21 21 and C 1 2 1 respectively. We therefore
expended significant effort in grouping PDB entries into similar crystal forms and groups of
crystal forms.

As afirst step, we compared PDB entries if they had the same sequence (same length and 100%
identity), same space group, the same asymmetric unit size, and unit cell dimensions and angles
within 1% of each other. There were a total of 2,991 such entry pairs in our data set with
identical sequences. In order to verify that crystals in each pair were truly similar, we compared
the interfaces of one entry in each pair with those in the other entry. We used a slightly modified
version (see Methods) of the function Q that we have developed previously to compare
interfaces in different pairs34. Q expresses the fraction of interacting residues that are similar
between two interfaces, and is similar to scores used to judge docking success in the CAPRI
experiments42. A value of Q=1 means that all contacts in one interface are shared in the other
interface and vice versa. A value of 0 means that no contacts are shared. Random simulations
indicate that a value of Q > 0.1 indicates a statistically significant similarity of two interfaces
(see Methods).

We compared crystals using different minimum values of Q and minimum values of accessible
surface area (ASA) of unique interfaces that exist in each crystal. For the first member of each
pair (entry A), we took all interfaces with surface area > ASAn,in and compared each interface
with all of the interfaces in the second member of the pair (entry B), regardless of surface area
in entry B. The reason for this is that an interface with area just over ASAnin in A might
correspond to an interface in B with area just below ASAnin., Which would be missed if
ASAnin Were applied to B. We calculated fag as the fraction of interfaces in A with surface
area > ASAin that have interfaces in B with Q>Qpin. If fag =1, then all interfaces in A have
corresponding interfaces in B given the ASAmin and Qnin cutoffs. This process was then
performed in reverse (interfaces of B with ASA>ASAn;i, againstall interfaces in A) to calculate
fga given the same cutoffs.

In Table 1, we show the number of same-sequence entry pairs for which both fag =1 and fga
=1 for various values of ASAnin and Qmin. First, for Qmin = 0 and larger minimum surface
areas the number drops below 2,991, because a small number of crystals have no interfaces
larger than those values of ASAnin, and therefore fag and fga are undefined. For values of
Qmin > 0, the number of pairs with fag =1 and fga =1 drops off at lower values of ASAqin. We
examined visually the 7 entry pairs that do not have fag =1 and fga =1 with Qui, = 0.1 and
ASAin=100 A2, We found 4 entry pairs in this category that are actually different crystal
forms as judged by the packing of monomers within the crystal. These pairs all contained the
same sequence of rainbow trout lysozyme, PDB entries 1LMN, 1LMC, 1BB6, and 1BB7.
While 1LMN and 1LMC are visually the same crystal as are 1BB6 and 1BB7, 1LMN and
1LMC are different from 1BB6 and 1BB7. The other 3 pairs are similar in all respects, except
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for small interfaces containing loops that are present in one crystal but absent or perturbed in
the other.

We performed the same analysis on different-sequence pairs. For this analysis, we first
removed redundant entries from the set considered in Table 1. That is, we only used one entry
for each sequence among those entries with similar crystal parameters. We split the rainbow
trout lysozyme entries into two crystal forms (1LMN and 1LMC on the one hand, and 1BB6
and 1BB7 on the other). This resulted in 919 entry pairs for comparison using various cutoffs
of ASAnin and Qmin as shown in Table 2. This time, for ASAin=>250, some entry pairs have
no interfaces above ASAnin and so fag and fgp are undefined. We examined visually the 31
entry pairs for which either fag or fga <1 when ASARin=100 and Qnin=0.1. Thirty of these
pairs appear to be the same crystal forms, with very similar lattice structures, but with
differences in some small interfaces due to loop movements. One pair out of 31, PDB entries
1DPO (anionic trypsin) and 1ZSL (Factor Xla) (39% sequence identity), are different crystals.
These entries are the same space group (I 2 3), asymmetric unit size (monomer), and unit cell
constants that differ by <1%, and yet the crystals are different. This indicates that some care
should be shown to verify that entries in the PDB that appear to be similar crystal forms really
are the same.

At avalue of Qi =0.1, the highest detection rate of similar crystals, i.e., with both fag =1 and
fga =1, occurs for ASAmin=200 A2 (in fact at all values of Qu,i > O this is true). If we define
false negatives as crystals which are actually the same crystals but which fail these criteria,
with the five different crystal entry pairs described above (true negatives), these cutoffs contain
only 14 false negatives (2991 + 919 — 2986 — 905 — 5 = 14) out of 3,910, or 0.36%. False
positives are crystal pairs that satisfy the criteria but are actually different. After checking
visually dozens of entry pairs with both fag =1 and fga =1, we found no false positives, but it
is difficult to calculate a true false positive rate. Given the same space group, same asymmetric
unit, and tight constraints on the unit cell dimensions, it is likely to be very low.

Using the representatives described above, we then compared entries in each family with
different space groups, asymmetric unit sizes, and/or different unit cell dimensions. Using
cutoffs of when ASAin=200 and Quin=0.1, we found 6,931 pairs (of 276,643) with fag =1
and fga =1. Most of these pairs (90%) had high sequence identity (=90%). A total of 1,375
pairs were in different space groups.

We decided to examine additional pairs for which fag =1 or fga =1, but not both. In these cases,
all of the interfaces in one crystal with ASA>200 A2 are contained in the other crystal, but the
reverse is not true. We examined 100 of these visually to determine whether the crystals were
the same or different. In most cases, the crystals appeared to be the same, preserving the
orientations and interactions of all proteins within the crystal. In some cases, the crystals were
visually different but contained some obvious similarities that are not likely to be biological
interactions. This occurs, for instance, when planes of proteins are similar in the two crystals,
but adjacent planes pack differently, either shifted relative to each other or back-to-front in one
crystal while back-to-back in the other. An example of this is shown in Figure 1 (bottom). The
figure shows crystals of bovine and human nitric oxide synthase, PDB entries 1ED643 and
1M9J44, respectively. Horizontal planes of proteins in the two crystals (as oriented in the
figure) are quite similar, but the packing of these planes is different. If the top and bottom
horizontal planes are rotated 180° about a vertical axis, and shifted, then one crystal can be
obtained from the other.

Since we would like to group entries together that contain similar non-biological interfaces,
those that would produce infinite lattices, we decided to group together entries that have fag
=1 and fga > 0.65 or fag > 0.65 and fga =1. This occurs for a further 2,883 entry pairs for the
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representatives described above. The value of 0.65 was chosen after inspecting many entry
pairs. If we group entries that all share fag =1 and fga > 0.65 or fag > 0.65 and fga =1 with
complete linkage clustering, the result is a total of 8,816 groups. This is down from a total of
12,394 crystal forms if space groups, asymmetric unit sizes, and unit cell parameters (within
1%) are required to be the same and fag =1 and fga =1. We call the 8,816 groups, crystal form
groups or CFGs since they may contain crystals that contain different orientations of monomers
although they share most or all crystal-induced interactions. The full procedure for defining
these crystal form groups is shown in Figure 2.

Common interfaces in multiple crystal form groups

Some statistical information on these CFGs is shown in Table 3. There are 1,125 SCOP-defined
families with at least two CFGs. Most CFGs contain highly similar sequences, with only 5%
of CFGs with minimum sequence identity < 90% (Figure 3, top left) while between any two
CFGs in a family, 95% of CFG pairs have minimum pairwise sequence identity < 90% (Figure
3, top right). The number of crystal forms groups in a family ranges from 1 to 173 (SCOP
family protein kinases, catalytic subunit, d.144.1.7), and 51% of families have 2 or 3 CFGs
(Figure 3, bottom left).

We define the interfaces contained in a single CFG as those that exist in all entries in the group.
The interfaces of the entry with best resolution were compared to interfaces from all other
entries in the CFG; the interfaces in the CFG were defined as those in the representative entry
with Q > 0.1 to at least one interface in each of the other members of the CFG. We then
compared interfaces in different CFGs using a value of Qnjn=0.1. Table 1 also gives the
overview of the total common interfaces. A total of 868 families have at least one common
interface in two or more crystal form groups, involving 15,264 entries and 3,771 common
interfaces (some CFGs have multiple common interfaces; e.g., if they share tetramers). Of
these, 579 families have all CFGs (N out of N CFGs in the family) sharing at least one common
interface (Figure 3, bottom right). There are 176 families with at least one common interface
in all crystal form groups with N > 4, which comprise 1,372 CFGs and 3,139 entries. There
are 248 families containing 2,136 CFGs and 5,200 entries that have at least one common
interface existing in at least M=4 CFGs, when M/N > 0.5 (N is the total number of CFGs in
the family). We examined whether these interfaces existed in the biological unit assemblies as
defined in the PDB, PQS, and PISA. The percentages of common interfaces available in PDB,
PQS and PISA biological units are also shown in Table 3. For those interfaces in a large number
of crystal forms, PISA identifies 97% of these interfaces as part of a biological assembly when
M=N and N>4 and 93% when M<N, M/N>0.7, and N>4.

Benchmarking the values of M and N as indicators of biologically relevant interfaces

Ponstingl et al.3° and Bahadur et al.36: 37 have established benchmarks of monomers and
dimers/multimers as described in the literature in solution experiments. These have been used
by others to test methods that distinguish biological from purely crystal-induced interfaces.
We combined these sets to form a single benchmark, consisting of 132 monomers, 84 dimers,
15 trimers, 19 tetramers, and 8 hexamers. We first checked these PDB entries to see what their
biological unit sizes were in the existing databases of the PDB, PQS, and PISA. These results
are shown in Table 4. While the dimers and larger oligomers are mostly correct in the three
public databases, the monomers are classified as larger structures one third of the time by PDB
and PISA and more than half the time by PQS. This is mostly due to the monomers in the
Bahadur set, which were chosen to contain crystallographic interfaces larger than 800 A2,

We first examined the monomers in the benchmark, and determined whether any of the
interfaces in each crystal appeared in other crystal form groups in the family. For each entry,
we determined N, the number of CFGs in the family of the entry, and then M, the largest number
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of CFGs that any interface in the benchmark entry appears in according to a similarity criterion
of Q> 0.1. A bar chart of M vs. N for the 132 monomers is shown in Figure 4a. Only 4 of the
entries are in families with only one CFG. Of the remaining 128 entries with 2 or more CFGs,
55 of them do not contain interfaces in common with any other crystal form. A further 53
entries contain interfaces common to only 2 or 3 CFGs. Only 12 entries contain interfaces
observed in 5 or more CFGs, and these are all in families with 19 or more CFGs, most with
greater than 30, as shown in Table 5. The two entries in the benchmark with M=14 are both
T4 lysozyme, and the associated interface is one previously noted as occurring in many crystal
forms by Matthews et al.39 A structure of alpha bungarotoxin, 2ABX49, has a common
interface with M = 9. This interface also exists in the NMR structure of neuronal bungarotoxin
(45% identity), PDB entry 2NBT, although this structure was solved partly by homology to
crystal structures since there were few interprotein NOEs#6. PDB and PQS have the same
dimer, but the dimer from PISA contains a different interface.

We examined the 126 dimers and higher oligomers in the benchmark, and determined whether
these crystals contain interfaces observed in multiple crystal form groups. A plot of M vs N for
the largest M for each entry is shown in Figure 4b. The distribution is quite different from that
of the monomers. A total of 55 (44%) of the benchmark oligomers contain at least one interface
that is present in all N out of N CFGs in each family. Seventy-seven (77) of the entries contain
interfaces in M>5 or more CFGs (of 98 available with N>5, or 79%). Since the benchmark data
do not identify which interfaces are biological, but only the size of the assembly in solution
experiments, we cannot be sure that all of these interfaces are biological. Nevertheless, the
monomer and oligomer benchmark data shown in Figure 4(a, b) and Table 5 indicate than when
M=>5 and M/N>0.5 an entry is likely to contain a biological assembly larger than a monomer.

The Ponstingl/Bahadur set does not contain coordinates for interfaces involved in the dimers
and larger oligomers. So we examined the values of M and N for interfaces found in families
for which there is at least one NMR structure. There are 598 such families. For these families,
we looked at the crystal form groups and determined M and N for the interfaces in 2 or more
CFGs, and then determined whether these interfaces were in any available NMR structures for
the family. The results are shown in Figure 4c and 4d and divided into those interfaces not
found in NMR structures (Figure 4c) and those that are found in at least one NMR structure
(Figure 4d). The figures are quite similar to the Ponstingl/Bahadur monomers (Figure 4a) and
dimer/oligomers (Figure 4b), respectively. When an interface is not in any NMR structure,
M tends to be quite low and M<<N; i.e., there are few points near the diagonal at larger N. We
examined the eight cases in Figure 4c for which M/N>0.5 and N>5. In most of these cases,
monomeric proteins were specifically chosen for study (data not shown), due to size limitation
of most NMR experiments. When an interface is in an NMR structure, M is larger (if N is) and
M/N>0.5, so that most data points are near the diagonal. A table with all common interfaces
confirmed by NMR structures is provided in the supplementary materials.

In order to derive a probability that an interface is biologically relevant from M and N, P
(Biological interface | M, N), we combined the benchmark data set described above and the
PI1QSI database?2. P1QSI is a manually curated set of biological unit sizes for 15,000 entries
in the PDB. These were derived from literature references as well as comparison across PDB
entries within families. PIQSI may contain some errors but seems to be carefully curated, and
so provides a large set of biological unit sizes sufficient for estimating P. The final data set
contains 4,171 monomers and 3,090 dimers/oligomers. Plots similar to Figure 4 for monomers
and dimers/oligomers in PIQSI look very similar to Figures 4a and 4b respectively, although
with somewhat more noise (data not shown). Further, we divided the data set into two sets
based on the minimum sequence identity among M CFGs that contain a common interface: a
data set with identity > 90% (2,185 monomers and 254 dimers/oligomers) and a data set with
identity < 90% (1,986 monomers and 2,836 dimers/oligomers). If an interface only exists in
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one CFG, the minimum identity is set to be 100%. The probability P(Biological interface | M,
N) is calculated by
P #oligomers(M,N)
#monomers(M,N)+#oligomers(M,N)

for each M,N combination, where “#oligomers” includes both dimers and larger oligomeric
structures.

Table 6 shows the probabilities for each M and N from the data set with identity > 90%. The
probabilities for each M and N from the data set with identity < 90% are listed in Table 7.
Tables containing the numbers of entries in each cell in Table 6 and Table 7 are provided in
the supplementary materials. When proteins share high sequence identity (>90%), there is some
tendency for similar interfaces to be used in different crystal forms even in cases where the
proteins are likely to be monomers under approximately physiological conditions. However,
when there is some sequence divergence (<90% identity), P > 0.95 even when M>2 and M is
close to N. The results emphasize the value of having crystal structures of more than one
member per family.

Interfaces present in large numbers of crystal form groups

We examined families for which all available crystal forms groups contain one or more
common interfaces (Figure 3, bottom right). We found 36 families (594 crystal forms, 1,585
entries) with at least one common interface in all N crystal forms where N > 10 and 18 families
when N>15. Table 8 presents these 18 families. A table with N>2 is presented in the
Supplemental Material. The interfaces described in Table 6 are almost certainly biological
interactions, since it is highly unlikely that a non-biological interface could form under 15 or
more crystallization conditions. These are well-studied proteins and the interfaces are
commonly known: the PDB biological units contain the common interfaces in 90% of these
entries, while PQS biological units contain the interfaces in 94% of the entries. For PISA, we
take the most stable assembly defined for each PDB entry; PISA contains these common
interfaces for 96% of these entries. Only 62% of these entries contain the common interfaces
in their asymmetric units. The interfaces range in size from 900 A2 to 4800 A2. Some of the
families contain more than one shared interface, implying the existence of common tetramers
and larger structures. For instance, the L-aspartase/fumarase family (SCOP a.127.1.1) has 3
common interfaces.

Some SCOP families are broader than others, containing relatively distant homologues and
clear paralogues. At larger evolutionary distances, we expect some biologically relevant
interfaces will not be conserved or will have evolved in one branch of a family but not
others#/. Itis always possible that some crystals form under conditions under which dimers
and larger structures do not form, or under which only monomers enter the crystal18. We
therefore examined families for which M out of N crystal forms contained an interface, where
M was less than N, but M was still fairly large. Table 9 gives 16 families (511 crystal forms,
1,437 entries) with common interfaces in M out of N crystal forms, for which N > 15 and M/
N > 0.7. PDB, PQS and PISA contain those common interfaces in 93%, 95% and 96% of the
entries respectively. A table with M>4 and M/N>0.7 is given as Supplementary Material.

For many of these families, phylogenetic trees show that the interface is conserved within an
entire branch of the family. We give ribonucleotide reductase-like family (SCOP a.25.1.2) as
an example. Members of this family have been demonstrated to be homodimers48: 49; 50 i
gel electrophoresis experiments. A phylogenetic tree of the PDB entries in this family is shown
in Figure 5. An analysis of the common interfaces in different crystal forms shows that there
are two types of dimers. One is a common interface, cluster 1, that occurs in 11 crystal forms
(41 entries) with average accessible surface area of 1985.3 A2. In the main part of Figure 5,
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those entries that contain this interface are individually boxed. Entries are colored by their
crystal form group. The PDB has the common interface in all its biological units. PQS has 3
monomers (201Z, 1SYY, 2ANI), and PISA has one monomer (LSMQ) and one dimer (2P1I)
that is not the common dimer in the 11 crystal forms. The other common interface (Figure 5,
inset) is observed in the stearoyl acyl-carrier desaturases in 4 crystal forms (7 entries) with
surface area 2722.2 A2. These 7 entries are remotely related to the entries in cluster 1 with
identity less than 10%. PDB, PQS and PISA all give the same biological dimers with the
common interface. The entry 10TK, phenylacetic acid degradation protein (PAAC) is distantly
related to all other entries in this family with sequence identity less than 10%. No common
interface was detected between 10TK and other structures in this family.

We provide images of the phylogenetic trees for the families listed in Table 9 similar to that
in Figure 5, with those entries containing a common interface marked in color, in this file:
http://dunbrack.fccc.edu/JMBO08/SupplementaryFigures.tar.

Statistical analyses of common interfaces in PDB, PQS and PISA

We further analyzed the tendency for PDB biological units, PQS quaternary structures and
PISA’s most stable assemblies to contain interfaces found in multiple crystal form groups
(Figure 6). The larger the value of M is the more likely that the PDB, PQS, and PISA biological
units will contain an interface when M/N > 0.5 (Figure 6a). When all crystal form groups
contain an interface, when N is as low as 3, 93% of entries in PISA contain the interface, while
the PDB value is 78% (Figure 6b). Generally, a larger cluster of interfaces has a lower minimum
sequence identity. This also implies those common interfaces are most likely to be biological
interactions since they exist in remotely related homologues. In Figure 6c, the lower the
minimum sequence identity of proteins with the same interface in all available CFGs (N/N),
the higher the percentage that is contained in PDB, PQS and PISA. For all values of N, when
the minimum sequence identity is 60% or less, more than 95% of PISA assemblies contain the
interface.

Evidence for previously contested dimer interfaces

Comparison of crystal forms has allowed us to confirm many biological interfaces in
homooligomeric proteins, and to identify many PDB entries that are missing annotations of
interfaces in existing databases. Perhaps most interesting is the possibility of identifying
interfaces that have not previously been considered as part of biologically relevant structures.
For 35 families with 2 or 3 crystal forms involving 145 entries, one or more common interfaces
are detected in all crystal forms with minimum identity < 50%, which are not annotated or only
rarely annotated in the PDB or PQS or PISA. From our benchmarking analysis, those interfaces
are likely to be biological relevant. In these cases, it is valuable to have solution experimental
data that indicate that a protein is a homooligomer under approximately physiological
conditions. We give two examples, shown in Figure 7.

The endosomal sorting complex | required for transport (ESCRT-1) is a 350 kDa complex
composed of multiple copies of Vps28 and Vps37, and a single copy of VVps23, recruited to
cellular membranes during multivesicular endosome biogenesis51. It also plays a critical role
in retroviral budding52? 53, The C-terminal domain of Vps28 forms a four-helical bundle and
serves as an adaptor module linked to the ESCRT-I complex54. The VPS28 C-terminal
domain-like (a.24.28.1) family contains 3 crystal form groups and 3 entries (2J9W, 2J9V,
2G3K), which share a common interface (Figure 7a) with minimum identity 39% between the
yeast and Xenopus laevis structures. The full length Vps28 can form homodimers in
solution®4, while the C-terminal domain alone is monomeric. However, the common interface
in three crystal form groups with sequence identity 39% indicates that the C-terminal domain
may also form ahomodimer, probably stabilized in the presence of the homodimeric N-terminal
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domain. The PDB and PQS do not have the interface in the biological units for any of these 3
entries, while it is in the PISA assemblies for entries 2J9V (yeast Vps28) and 2J9W
(Xenopus Vps28) but not 2G3K (yeast Vps28). For 2G3K, PISA has a different dimer with the
monomers in a perpendicular orientation to each other.

The Runt homology domain is an evolutionarily conserved DNA-binding domain and is
essential for hematopoiesis. In our results, in family Runt domain (b.2.5.6), there exists an
interface (Figure 7b) formed by two Runt domains with 3 crystal form groups containing 5
entries. The interface comprises a two-stranded parallel B sheet consisting of strands p3 and
12, and part of loops L3 and L12 of the Runt domain. The interface is similar to the interface
reported in STAT proteins which includes strands pa' and g’ and the succeeding Ioops
connecting pa’' with b and Bg' with helix a5. These loops participate in DNA bmdmg
Moreover, one of five buried water molecules W1 is part of a major groove-binding motlf that
is conserved in Runt and STAT protemss6 Only PQS contains this dimer in the biological
unit of one of these PDB entries (LEAQ). PDB and PISA do not have the interface in any of
these 4 entries.

Discussion

The structures of oligomeric assemblies of proteins are important for understanding their
functions and regulation and the phenotypes of mutations. At the present time, there exists few
repositories of experimental data on the oligomeric state of proteins in solution, such as gel
filtration, analytical ultracentrifugation, or other experiments to determine the size of protein
assemblies under even approximately physiological conditions. Even these experiments may
not cover the range of physiological conditions under which a protein may change
oligomerization state, and therefore may fail to identify some physiologically relevant states.
Two databases that are available are Doodle and BRENDA. Doodle
(http://dimer.tamu.edu/doodle/)57? 58; 59 presents data on homotypic interactions derived by
experiments using lambda repressor fusions. Proteins with self-association (homodimers and
larger) will provide resistance to lambda phage infection. The experiments have been
performed on the E. coli and yeast enomes. Another useful database is BRENDA
(http://www.brendaenzymes. mfo) , Which collects information on enzymes based on enzyme
classification (EC) assignments. Through BRENDA, it is often possible to find experimental
data on the number of subunits in some enzyme assemblies. However, even here, the
experiment may be performed on the enzyme from one organism while the structural
information may be available from a different organism. While some proteins are “well known”
to be dimers or tetramers, the experimental data on which that is ultlmately based are often
obscure. This is a common problem in other areas such as gene ontology , in which
annotations are copied from gene to gene by reason of homology, but the orlginal experiment
may be hard to track down.

Even when the size of an oligomeric assembly is known, it is often unclear what the correct
structure for that assembly is purely from X-ray crystallographic structures. The authors of
crystal structures provide annotations for hypothetical biological units, but the reasoning that
leads to these annotations is completely undocumented in the PDB itself, and often missing in
the literature as well. There are several lines of evidence commonly presented in papers on
crystal structures for what represents the biological structure. Often the largest interface is
assumed to be biological, especially if it is C2 symmetric. This is often correct but certainly
not always36 In addition to surface area and symmetry, higher residue conservation in one
interface compared to another may indicate those more likely to be blologlcal6 Mutation data
may also be available that indicate residues likely to be in a biological interface.
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In this work, we have extended a method used by many crystallographers to determine
biological interactions among identical subunits — the comparison of multiple crystal forms of
a protein or members of a protein family. Some proteins have been crystallized in a surprisingly
large number of crystal forms, and some dimer interfaces have been observed in dozens of
different such forms. It is very likely that an interface observed in a large number of crystal
forms is biological. This is especially the case if the interface is observed for different family
members, because it is less likely that crystal contacts would be very similar for distantly related
proteins than for identical sequences. Indeed, we found that for PDB entries a benchmark
constructed from the data of Bahadur et al.30 and Ponstingl et al.35 that monomeric proteins
rarely have common interfaces in more than one third of their crystal forms and usually much
less, while multimeric proteins have common interfaces in a majority and frequently all of their
available crystal forms. NMR structures confirm these results.

As more structures are determined in large protein families, the comparison of crystal forms
may play an important role in suggesting which interfaces are important biological interactions.
In subsequent work, we will present software and a database for comparison of interfaces in
new structures with those in existing structures of homologous proteins, so that this form of
structural reasoning will be readily available to crystallographers. Such analysis is difficult to
perform manually and visually for anything more than a few crystal forms. We are also
extending this work to heterodimeric complexes and multidomain proteins.

Finally, we believe our dataset of interfaces observed in a large number of crystal forms will
provide computational researchers with sets of interfaces that can be used as training and testing
data for predicting biological interfaces in new structures and for docking calculations.
Currently, such methods are based on interfaces assumed to be true because they are in the
PDB and PQS. Our work has demonstrated that these databases certainly contain incorrect
interfaces and at the same time are missing many interfaces that are observed in large numbers
of crystal forms. In the absence of a large data set based on crosslinking and/or NMR data,
interfaces observed in a large number of crystal forms will remain those most likely to be
correct, and therefore the most reliable set for training and testing of prediction methods.

Methods and materials

Data Sources

The data used in this studgy come from five sources: protein structure files from the PDB in
XML format (PDBML)1 ? 63; biological unit coordinate files from PQS20 in the legacy PDB
format; PISA multimers in XML format2L; domain classification files from SCOP 1.73%4; and
CE/PSI-BLAST hit files from a non-redundant (100%) PDB database of our lab®%: 65, we
build a crystal form and PDB biological unit from the asymmetric unit information given in
the PDB XML files. We are using the most recently remediated XML files released in beta
form in April 2007 and in final form on August 1, 2007 from http://www.pdb.org.

Classifying PDB homomultimers

Families: We used SCOP 1.73 to define families of PDB entries, using only PDB entries with
a single protein sequence and a single SCOP family designation (e.g., a.1.1.1). Only those
SCOP families with class designation from a to g were used. We added to these families all
single-sequence entries deposited into the PDB since the last data set included in SCOP 1.73,
if the newer entries had a PSI-BLAST E-value better than 0.001 with the SCOP-defined entry
and either sequence identity > 50% and alignment length > 80% of both proteins or CE structure
alignment Z-score >=4.5. The PSI-BLAST and CE data were taken from our PISCES database.
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Crystal forms in each family: We initially divided each family into crystal forms, which are
subsets of entries in the family with the same space group, the same number of monomers in
the asymmetric unit, and similar crystal cell dimensions and angles (< 1%). These initial crystal
forms are combined into crystal from groups based on a comparison of interfaces in each crystal
form (see results).

Representative entries for each crystal form: We used the entry in each crystal form with
highest X-ray resolution as the representative entry of the crystal form to compare interfaces
between two different crystal forms.

Building crystal structures—A crystal structure is built from the asymmetric unit and
space group defined in the XML PDB files. If non-crystallographic symmetry operators are
given in the XML file and the coordinates for these symmetry copies are not given, the operator
were used to build the ASU first. The symmetry operators for forming each PDB biological
unit in Cartesian (Angstrom) form were provided by the PDB (Zukang Feng, personal
communication).

Building crystals using space group symmetry operators: The scale matrix is read from the
PDB XML file for each entry:
S11 S12 S13 ay
$21 S22 S23 4
§31  $§23 $33 a3
0 0 0 1

The fractional coordinates are therefore:
X,=SX

where X = (x y z 1)T are the atomic Cartesian coordinates of an atom.

Each space group has its own symmetry operators, which are applied to the asymmetric unit
to generate enough symmetry copies to build a unit cell. The number of symmetry operators
ranges from 2 to 96. A symmetry operator is defined as

Pt pr2 pi13 4

P21 P p3 I2

P31 p23 p33 13
0 0 0 1

m=

Here, (t; ty t3)T is the translation vector. A fractional coordinate is transformed by Py, to Xp,.
Xm:Pme:PmSX

Applying the standard symmetry operators results in some copies of the asymmetric unit either
in part or entirely in a neighboring unit cell or even two or more cells away. We construct a
unit cell first by scaling the coordinates of the asymmetric unit, and calculating its geometric
center. For instance, the geometric center of the original asymmetric unit is (0.01, 0.76, 2.41)
in the scaled coordinate system. This is therefore the unit cell with coordinates between (0,0,2)
and (1,1,3). We then apply the symmetry operators to this structure, and if the geometric centers
of other asymmetric units place them outside the (0, 0, 2) unit cell, we translate these symmetry
copies into this unit cell by adding 0,£1,%2, etc. as necessary.

To identify contacts among monomers in the crystal, we build the complete unit cell and then
copies of this unit cell in both the plus and minus directions in one, two, and three dimensions.
This results in a 3x3 collection of unit cells. These translations are formed from the scaled unit
cell coordinates by adding 1 or —1 to the coordinates:
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an :Xm +Tn

where T, = (ijk 0) Tand (i j k) T is the nth vector in the series: (-1 -1 -1)T, (-1-10)T, (-1
—1+1) T, (+1 +1+1)T.

The final stage is to convert fractional coordinates to Cartesian coordinates by multiplying by
the inverse of the scale matrix:

X,,,=S" ! an:S_ ! (PmSX+Tn)

mn

Identifying interfaces in a crystal structure: The number of atomic distances that must be
calculated to identify interfaces within crystals is reduced by using a tree of bounding boxes.
The method is based on k-dimensional discrete oriented polytopes (k-dops)66. These are multi-
faceted bounding boxes with faces perpendicular to one of k fixed axes. We use k=3,
corresponding to the three Cartesian axes. A k-dop is a hierarchical tree of bounding boxes
with the largest box around an entire protein and leaf nodes around each residue of the protein.
The procedure to build a tree using a top-down method is as follows:

1. Calculate the geometric center of each residue.
Calculate a bounding box for all residues of the entire protein as the tree root.

Select the axis with largest variance of the current bounding box.

2
3
4. Split the tree into two branches by the mean of coordinates along the selected axis.
5. Calculate the bounding box for each branch.

6

Check if either branch is a single residue. If yes, it is a leaf node, with a bounding box
containing the atoms of the residue. Otherwise, go to step 3.

We build a tree for each chain in the unit cell containing the original asymmetric unit. To save
time and computer memory, the same tree is used for all other unit cells. However, because of
the translations and rotations, the bounding boxes for these unit cells must be rebuilt, starting
from the leaves of the tree and working our way up to the each tree root, that is each protein

chain. All atomic contacts are calculated whenever there are overlaps between two leaf nodes.

Comparing interfaces—To compare interfaces between two different crystal forms, we
compare only unique interfaces from one representative entry of each crystal form. An interface
is defined between two chains if the chains have at least 10 amino acid contacts and at least
one atomic contact. Here, an amino acid contact is defined as two Cf atoms (Ca for glycine)
with distance less than 12A. An atomic contact exists between residues with at least one atomic
distance less than 5A. The interfaces of an entry are considered to be the same (or non-unique)
when they consist of the same pair of chains from the asymmetric unit and have Q score greater
than 0.95 (defined below). For instance, an interface is a symmetry copy of another interface
if both protein pairs are made of asymmetric unit chains A and B, but a similar interface made
from two copies of chain A would be different.

Interface similarity between two homologous entries was measured with the score function
Q described in our earlier paper34. The score Q reflects the similarity of contacts between two
protein dimers. Because the proteins in the two dimers may be homologous, rather than
identical, we sought to derive a score function that was not sensitive to the specific residues in
the interface. That is, two homologous dimers may be highly similar in orientation but the
existence of atomic contacts between corresponding residues (as derived from sequence or
structure alignment) may be different because of the substitution of longer for shorter side
chains and vice versa. We therefore require a method that is not sensitive to side-chain identities
in the interface, but rather whether the two protein backbones in one dimer have roughly the
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same orientation as the backbones in the other dimer. Q is therefore defined based on comparing
the CB-Cp distances of corresponding amino acids in the two interfaces (we use Ca for glycine
in what follows). It is a weighted sum of differences in distances of corresponding backbone
atoms in the two interfaces. If we define the two distances as ej; and fj, and the weights w;j are
some monotonically decreasing function of dj; = min (gj;, fij) then Q is defined:

D wijexp(=0.5 leij = fi; D

i
2 i

ij

0=

The similarity function uses a distance-weighted score with a weight of 0 for CB-Cp distance
greater than or equal to 12A (Co. for Gly). This value was selected by calculating the CB-Cp
distances for a large set of protein dimers from the PDB and measuring the probability of an
atomic contact (<5 A) if the CB-Cp distance was less than D. As shown in Figure 8(a), this
probability, p (atom contact ||r(CB;)—r(Cp;)|<D), goes to nearly zero when D is 12.0 A. This
probability function is fit well to a function f that consists of half of a Gaussian distribution N
(5, 2.28) when D>5 A and 1.0 if D<5 A, as shown in Figure 8(b). Therefore the weight function
is defined:

1 O<x <5

r= { 2.08exp (7;‘.*17559)2 ) x>5

In this work we have used this weight function. In our earlier work we used a quadratic function
similar to the switching function used in CHARMM for turning off non-bonded interactions
above some distance®”. The results with the two functions are very similar, but the new function
can be derived more directly from protein structures.

To determine the minimum Q score for two possible similar interfaces, we select a list of
homodimers with sequence identity < 20% each other, and calculated the minimum Cp
distances for each Cp in the interface. The distribution of CpB distances fits into a Gaussian
distribution (Figure 8c).
B [ (x—17.31)?
Pl ( 272.38 )

From this Gaussian function, we generated 1000 pairs of distances with size 300, and calculated
Q scores. The Q scores are also fit into a Gaussian distribution (Figure 8d). When Q score >
0.08, the probability for Q score from two arbitrary dimers is close to 0. In our study, we set
the minimum Q score to be 0.1
_ 2

y=0.114 %, (_ (x — 0.026)° )

0.00039

Surface Area

The surface area of each unique interface in each crystal form is calculated with the program
NACCESS®8 The interface area is the sum of the surface areas of the two individual proteins
minus the surface area of the protein complex divided by two:

Interface Surface Area=(SASA,+SASA, — SASA,,)/2

Clustering Family Interfaces—We clustered interfaces with surface area greater than 200
A2 that occur in at least two crystal form representatives using a hierarchical clustering
algorithm. Interfaces in a family are sorted by the number of similar interfaces. The clustering
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started from the interface with the largest number of similar interfaces. An interface was added
into a cluster C only if it has Q > 0.20 with at least half of the interfaces already in cluster C.

Benchmark Data Set

Availability

The benchmark data set was compiled from the Ponstingl35 and Bahadur36: 37 data sets in
our study to verify if common interfaces in multiple crystal form groups correlate with
biological interactions. Only those entries with single protein sequence and one single SCOP
domain per chain were selected. The reference data set contains 258 entries in which there are
132 monomers and 126 homomultimers.

Implementation—The program is written in C#.Net. Data are stored in a Firebird relational
database (http://firebird.sourceforge.net/). The database structure was designed to be modular,
to avoid unnecessary redundancy and to allow fast queries. Our database can be divided into
independent modules: SCOP, PDB, PQS, family definition, structure alignment, crystal
interfaces definition including symmetry operators, asymmetric chains, atomic contacts,
residue contacts and distances, interface comparison, and crystal interface and PDB/PQS
biological unit interface comparison. All interfaces that occurs at least two crystal forms are
output as PDB formatted files.

Structures of protein dimers observed in multiple crystal forms are available from the authors
at http://dunbrack.fccc.edu/JMBO8/InterfaceFiles.tar (250 MBytes). Phylogenetic trees of
SCOP families with common interfaces are available at
http://dunbrack.fccc.edu/JMBO08/SupplementaryFigures.tar (2.5 MBytes). Other
supplementary material is available from the journal website.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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1EDG6 (P212121,A2) 1M9J (P212121,A2)

Figure 1.

Examples of similar crystal structures from different space groups. Top: 113V with space group
P 27 24 24 and asymmetric unit A2, and 2NLQ with space group C 1 2 1 and asymmetric unit
A4, are similar crystal forms. All unique interfaces of one structure are in the other structure

with Q > 0.1 and ASA > 200A2. Bottom: 1ED6 and 1M9J with same space group P 21 21 21,
same asymmetric unit A2, and quite similar unit cell parameters are not the same crystal form.
However, all unique interfaces in 1M9J are contained in 1ED6, while the reverse is not true.
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Figure 2.

Flow chart to define a crystal form group (CFG). Qmin = 0.1 and ASApin = 200A2 are used in
this study. fag = 1 means all interfaces of entry A with ASA > ASAi, are similar to some

interfaces of entry B with Q > Qpin. fga > 0.65 means >~2/3 of interfaces of entry B are similar
to some interfaces of entry A. M refers to the number of CFGs in an interface cluster, N refers

to the number of CFGs in a family.
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Figure 3.

Overview of families and crystal forms in the database. Top left: Sequence identity distribution
in same CFGs. Top right: Sequence identity distribution between different CFGs. Bottom left:
Number of families (y-axis) with N crystal form groups (x-axis). Bottom right: The relationship
between the number of families (y-axis) and the number of crystal form groups (x-axis) such
that all N crystal form groups for the family contain at least one common interface. The y-axis
is the cumulative number of families such that N>x.
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The correlations between M, N for benchmark data set: (a) M versus N for 132 monomers. (b)
M versus N for 126 dimers and oligomers. (c) M versus N for interfaces not present in the
available NMR structures. (d) M versus N for interfaces that are found in available NMR
structures.
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Figure 5.

Phylogenetic tree of ribonucleotide reductase-like family (a.25.1.2) with the common interface
in 11 of 16 CFGs. Each crystal form group is shown in a different color. Entries without the
interface are not boxed and are shown in black type. Inset: different interface present in 4 of
16 CFGs.
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Figure 6.

The percentages (%) of entries in PDB, PQS and PISA that contain common interfaces. (a) %
in PDB, PQS and PISAvs. M (M = 2,3,4,5,6,7,8,9,10,>10) and M/N > 0.5. (b) % in PDB, PQS
and PISA versus N (N = 2,3,4,5,6,7,8,9,10,>10). (c) % in PDB, PQS and PISA vs. minimum
sequence identity ranges for N/N interfaces.
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a. VPS28 C-terminal domain-like (3/3) b. Runt domain (3/4)

Figure 7.
Examples of interfaces not well annotated in public databases. (a) 2J9W interface (A: X,Y,Z;
B: X,Y,Z). (b) LEAQ interface (A:X,Y,Z; B:1/2-X,1/2+Y,1-Z).
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Table 4
Biological units of benchmark entries in public databases

PDB PQS PISA
Benchmark monomers 88 monomers 60 monomers 87 monomers
(132) 41 dimers 55 dimers 36 dimers

3 larger oligomers 17 larger oligomers| 9 larger oligomers
Benchmark dimers (84) 3 monomers 1 monomers 1 monomers

78 dimers 76 dimers 80 dimers

3 larger oligomers 7 larger oligomers 3 larger oligomers
Benchmark oligomers 1 monomers 1 monomers 1 monomers
(size>2) (42) 1 dimers 0 dimers 1 dimers

40 larger oligomers|

41 larger oligomers|

40 larger oligomers
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