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Abstract

Symmetry is an important feature of protein tertiary and quaternary structure that has been
associated with protein folding, function, evolution and stability. Its emergence and ensuing
prevalence has been attributed to gene duplications, fusion events, and subsequent evolutionary
drift in sequence. This process maintains structural similarity and is further supported by this
study. To further investigate the question of how internal symmetry evolved, how symmetry and
function are related, and the overall frequency of internal symmetry, we developed an algorithm,
CE-Symm, to detect pseudosymmetry within the tertiary structure of protein chains. Using a large
manually curated benchmark of 1007 protein domains, we show that CE-Symm performs
significantly better than previous approaches. We use CE-Symm to build a census of symmetry
among domain superfamilies in SCOP and note that 18% of all superfamilies are pseudo-
symmetric. Our results indicate that more domains are pseudo-symmetric than previously
estimated. We establish a number of recurring types of symmetry—function relationships and
describe several characteristic cases in detail. Using the Enzyme Commission classification,
symmetry was found to be enriched in some enzyme classes but depleted in others. CE-Symm
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thus provides a methodology for a more complete and detailed study of the role of symmetry in
tertiary protein structure.

Availability—CE-Symm can be run from the web at http://source.rcsh.org/jfatcatserver/
symmetry.jsp. Source code and software binaries are also available under the GNU Lesser General
Public License (v. 2.1) at https://github.com/rcsb/symmetry. An interactive census of domains
identified as symmetric by CE-Symm is available from: http://source.rcsb.org/jfatcatserver/
scopResults.jsp.

Keywords

structural biology; protein evolution; pseudo-symmetry; tertiary structure; algorithm; structural
alignment; symmetry detection; evolution; protein function

Introduction

Many proteins have a high degree of symmetry in both their tertiary and quaternary
structures. This observation dates back to the determination of the quaternary structure of
hemoglobin in 1960 [1], which was discovered to contain symmetric pairs of subunits.
Subsequently, symmetry has been found to be important for understanding protein evolution
[2], DNA binding [3, 4], allosteric regulation [5, 6], cooperative enzyme effects [7], and
folding [8]. The relationships between protein symmetry, evolution, and function are
reviewed in [9, 10, 11, 7, 12].

Symmetry is characterized by an alignment between equivalent substructures. In the case of
quaternary symmetry, these substructures are defined by the inherent equivalence of
interactions between identical chains, and often can be determined from the space group of
the crystal for X-ray structures. However, this equivalence can be relaxed to allow for
evolutionary divergence, revealing pseudo-symmetric arrangements within individual
polypeptide chains (internal symmetry) or that span two or more non-identical chains.
Figure 1 contains examples of proteins with such symmetry within a single chain. This study
will focus on internal pseudo-symmetry.

Symmetry and protein evolution

Considering all proteins in the Protein Data Bank (PDB) [13, 14] that contain at least two
chains in the annotated biological assembly, we find that approximately 80% of all protein
complexes contain quaternary structural symmetry (unpublished, see http://www.rcsh.org).
Large symmetric oligomers are thought to have been present in primordial life [7, 15], and
symmetry continues to be an important feature of proteins.

One model explaining the evolution of internal symmetry has been described by Andrade et
al. [16] and Abraham et al. [17]. They proposed gene duplication and fusion as a model for
the emergence of symmetric protein chains from complexes with quaternary symmetry.
These architectures are then subject to evolutionary drift, but their overall symmetric
architectures are preserved. An alternative hypothesis, the emergent architecture model,
posits that symmetric architectures arise primarily via convergent evolution [18]. Most
likely both mechanisms are correct for different protein families. Another possible driving

J Mol Biol. Author manuscript; available in PMC 2015 June 04.
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force for the evolution of symmetry could be random chance, driven by negative selection
against destabilizing mutations [19].

Well-known cases of symmetry include TIM barrels, -trefoils, B-propellers, ferredoxin-like
proteins, pentein propellers, and immunoglobulin proteins.

TIM barrels consist of eight pairs of alternating a-helices and B-sheets that interact in
parallel to form a cylinder. The TIM barrel fold is extremely versatile and supports a wide
diversity of enzymatic reactions [20]. Canonical TIM barrels have eight-fold symmetry
around the central channel. However, the overall structure is robust to changes in the (Ba)g
sequence: functional TIM barrels are known with single anti-parallel sheets, with deleted
(Ba) subunits [21, 22], and even as a dimer of (Ba)4 chains [23].

The p-trefoil fold has three-fold symmetry and similarly spans a wide range of functions.
Several studies have investigated the role of symmetry in B-trefoils by creating p-trefoils
with perfect three-fold symmetry [10, 2, 18]. Both studies found that perfect trimeric p-
trefoils are highly stable. One of these constructs—a synthetic glycosidase carbohydrate
binding domain—not only retained its function, but was found to have increased binding
activity. However, a similar construct of an FGF-1 protein showed none of its normal
binding activity. This suggests that exact symmetry improves the function of some proteins,
while the normal function of other proteins requires imperfect symmetry.

Adiponectin is a hormone involved in metabolic regulation [24] whose normal functioning
has been associated with increased insulin sensitivity [25, 26, 27, 28]. The protein normally
assembles as a homotrimer with threefold crystallographic symmetry (PDB ID: 1C3H). Ge
et al. [29] constructed a single-chain repeat of an Adiponectin globular domain (Figure 1d),
which folded into a perfectly three-fold symmetric monomer with a structure similar to that
of its multimeric counterpart. Expression of the protein construct increased insulin
sensitivity in mice and is hoped to be useful in the treatment of diabetes. Given the
contribution of symmetry to protein stability, symmetry may become important in protein
design, similar to the increased importance of circular permutations [30].

Algorithms that detect symmetry

The examples described in the previous section provide a compelling reason to accurately
establish and classify symmetry in protein tertiary structure. Many symmetry-detection
algorithms have been developed, including COSEC2 [31, 12], DAVROS [32], OPAAS [33,
34], Swelfe [35], RQA [36], GANGSTA+ [37], and SymD [38].

Some of the early methods are based on the alignment of secondary structure elements.
These are sensitive to secondary structure assignment, which limits their power to detect
some cases of pseudo-symmetry. Moreover, several of these approaches are no longer
available. One algorithm, SymD, is still being actively developed. It aligns proteins at the
residue level, detecting symmetry by systematically performing a structural alignment for all
possible circular permutations of a protein. This results in the determination of protein
symmetry, including the detection of multiple axes of symmetry for some cases. Using
SymD, Kim et al. [38] estimated that 10-15% of known protein domains are symmetric.

J Mol Biol. Author manuscript; available in PMC 2015 June 04.
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Symmetry detection using structural alignment

Results

We have previously developed the Combinatorial Extension (CE) algorithm for global three-
dimensional protein structure alignment [39, 40] and integrated it into the RCSB PDB as
part of the Protein Comparison Tool [41]. CE is a well-established protein structure
comparison algorithm that has been used in a number of benchmarks as one of the reference
methods in terms of alignment accuracy [42, 43, 44]. Here, the intention is to use our
experience in performing protein structure alignments using CE and employ it to detect
symmetry in protein tertiary structure using a new variation of CE, called CE-Symm.

With several algorithms for the detection of symmetry available, it is surprising that no
reference benchmark to evaluate and compare the quality of these algorithms has been
introduced previously. Here we present a manually curated benchmark containing 1007
protein domains.

In the following sections we describe CE-Symm and the benchmark, and we use both to
demonstrate that CE-Symm is currently the leading method for the detection of symmetry.
Finally, we systematically apply CE-Symm to establish a census of symmetry found in
superfamilies as defined by SCOPe 2.03 (formerly SCOP 1.75C) [45, 46, 47].

To evaluate the accuracy of CE-Symm and competing methods overall, a total of 1100
SCOP superfamilies from SCOPe 2.01 (SCOP 1.75A)l were initially sampled at random,
with one domain arbitrarily selected as the representative structure. Sampling superfamilies
rather than domains was intended to reduce the effect of bias in the PDB towards easily
crystallized or heavily studied proteins. Repeated motifs were classified as cyclic symmetry,
dihedral symmetry, linear repeats, helical symmetry, or superhelical. For explanations of
these types of symmetry, see Detailed evaluation.

The presence and type of symmetry for each of these domains was determined manually,
resulting in a table of SCOP IDs with their corresponding space groups presented in
Supplemental Table S1. When testing algorithms against the benchmark, we considered only
cyclic and dihedral symmetry to be cases of symmetry.

Evaluating CE-Symm

CE-Symm performed well on the benchmark set, and fared particularly well at higher
thresholds for specificity (fewer false positives). While maintaining a false-positive rate
(FPR) of just 3.3%, it correctly identified 86% of the symmetric domains in the benchmark
set. Among true-positive results, CE-Symm determined the correct order of symmetry 83%
of the time. In 96% of cases, it reported either the correct order or an integral multiple or
divisor of it.

1The census (described in the preceding paragraph) originally used SCOPe 2.01 but was updated to SCOPe 2.03 when that version
was released. The benchmark was fixed at SCOPe 2.01. No differences at the level of superfamily or higher exist between the two

versions.

J Mol Biol. Author manuscript; available in PMC 2015 June 04.
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To compare CE-Symm against what we considered the best previously available method, we
also ran results from SymD (version 1.3hw3) against our benchmark set. Kim et al. [38]
provided us with a copy of an unpublished update to SymD (version 1.5b), which we also
benchmarked. For comparison, SymD 1.3hw3 found only 39% of symmetric domains while
maintaining the same FPR of 3.3%. The two algorithms are compared in the receiver
operating characteristic (ROC) curves shown in Figure 2.

The ROC curve for CE-Symm (dark blue) results had an area under curve (AUC) of 0.95,
and this value was 0.87 for SymD (version 1.3hw3; orange). The difference between these
values was determined to be highly statistically significant (P-value = 2.2 x 107°) using
StAR [48]. Therefore, overall CE-Symm performs much better than SymD. We also
benchmarked an alternate scoring system for CE-Symm (light blue).

Based on these results, suggested thresholds for the binary decision of symmetric/
asymmetric using CE-Symm were established (Table 2). Thresholds for SymD are included
for reference.

Folds with well-known symmetry

In the interest of continuing the benchmark by Kim et al. [38], which compared SymD
against the secondary structure-based symmetry detection algorithm GANGSTA+, we ran
CE-Symm on a set of 8 SCOP folds that are known to be symmetric (Table 2). This
evaluation is useful to compare CE-Symm with GANGSTA+, and CE-Symm with SymD
for selected cases; however, we emphasize that this table contains only a limited and
arbitrary choice of folds compared to the more comprehensive benchmark described above.
CE-Symm was at least as likely to classify a domain as symmetric than either SymD and
GANGSTA+ in 7 of 8 cases. It was 6 times as likely to find symmetry among
immunoglobulin-like B-sandwiches than SymD, and 23 times as likely as GANGSTA+ to
find symmetry among TIM barrels.

Detailed evaluation

We analyzed a number of cases where CE-Symm determined symmetry correctly but SymD
did not, and vice versa. Generally, we found that CE-Symm was more robust to insertions
and small structural differences than SymD. For example, CE-Symm correctly identified C2
symmetry in the Ferredoxin-like domain d1rObl1 and C8 symmetry in the B/a barrel domain
d2i5ial.

One strength of SymD is its superior order-detection capabilities, due to its systematic
consideration of all circular permutation points. The order-detection methods used by CE-
Symm are useful for eliminating many asymmetric cases and for estimating the order of
symmetry. However, the methods are heuristics and sometimes incorrectly report the order,
particularly among structures with order greater than 8 or those whose order has no small
factors (Supplemental Table S6). The order-detection heuristic can also fail for proteins with
variable-length subunits, such as some B-barrels. For example, CE-Symm’s order-detection
incorrectly reports C1 for the autotransporter domain (SCOP ID: dluyox_), but CE-Symm is
able to correctly classify it as symmetric based on TM-Score alone. A complete listing of
predictions on the benchmark set by CE-Symm and SymbD is available in S4.

J Mol Biol. Author manuscript; available in PMC 2015 June 04.
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CE-Symm and SymD were found to have comparable computation times. Both SymD
1.3hw3 and CE-Symm with order-detection completed in about 2 seconds per domain when
run on the benchmark set in a single-threaded environment on a 64-bit Mac OS system with
a 2.8Ghz Intel Core i7 processor and 16GB RAM. On the same system, SymD 1.5b required
about 4 seconds per domain; however, we note that this version has not been released
publicly.

Symmetry order

The types of symmetry identified in the benchmark set are given in Table 4). We found that
23.9% of the superfamilies sampled contained some form of structural repeat. Of these,
cyclic symmetry was by far the most common (91.3%). Two-fold symmetry was the most
common type of cyclic symmetry (75.5%), followed by eight-fold cyclic symmetry.

Dihedral symmetry, helical symmetry, and translational repeats accounted for the remainder,
about 2.1%. Linear repeats have translational symmetry, which is given by the repeated
application of a translation but no rotation. In most helically symmetric structures, rotating
by 360°/k for some integer k is equivalent to no rotation; such a structure is said to have
helical symmetry of order k. For some structures, no such integer exists; we labeled this type
of symmetry “non-integral helical”. Superhelical symmetry is the unusual symmetry seen in
domains such as in Leucine-rich repeats.

A census of symmetry in SCOP

A census of symmetry in the tertiary structure of domains was created by running CE-Symm
on every domain in each superfamily in SCOPe 2.03 [45, 46]. This version of SCOP is an
update by John-Marc Chandonia, Naomi K. Fox, and Steven E. Brenner; it is available at
http://scop.berkeley.edu.

SCOPe 2.03 contains 1766 superfamilies over 5 main classes: all-a, all- B, a/f, a + f, and
trans-membrane. We constructed a census of symmetry over these superfamilies by running
CE-Symm (with order detection enabled) on every domain in each superfamily and
normalizing by the number of domains per superfamily. We found that 18.0% of these
superfamilies are symmetric. This percentage of symmetric superfamilies is slightly higher
than the percentage of symmetric domains in SCOP among ASTRAL 40 representatives
[49] found by SymD, which was 10-15% [38]. Figure 1 shows some examples of symmetric
proteins identified by CE-Symm.

Interestingly, symmetric a + 3 superfamilies are disproportionately rare (Table 3). a + 8
folds consist of a and  regions that are physically separated in sequence; we hypothesize
that this separation limits the number of viable symmetric architectures. In contrast, all-§
proteins are enriched for symmetry. This class contains a number of common symmetric
folds, such as p-barrels and B-propellers. The extended hydrogen-bonding networks in 3
sheets may also contribute to this enrichment, as planar structures are inherently more likely
to be symmetric due to their reduced dimensionality.

Symmetry is also disproportionately frequent among membrane superfamilies, in agreement
with previous observations [50, 51]. Membrane proteins often contain additional quaternary

J Mol Biol. Author manuscript; available in PMC 2015 June 04.
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symmetry in addition to the internal symmetry within individual domains. The axis of
symmetry is typically perpendicular to the membrane plane, although some cases are known
with the axis of symmetry parallel to the plane [7]. The symmetric arrangement of subunits
in membrane proteins minimizes the lipid interface for each subunit, and the gap formed at
the axis of symmetry often forms the channel for membrane transporters.

Sequence conservation

Using all superfamilies in the census, we calculated the percentage identity of the alignment
given by CE-Symm. In the case of self-alignments given by CE-Symm, the percentage
identity is defined as the percentage of amino acids that are conserved when the domain is
superimposed on itself following a rotation about the axis of symmetry. Percent identity was
graphed separately for symmetric and asymmetric superfamilies (Figure 3).

Surprisingly, the distributions in Figure 3 are very similar. Indeed, the mean %id among
symmetric results is 8.2%, not substantially higher than the mean %id among asymmetric
results, 5.8%. Moreover, there are few symmetric domains with greater than 16 %id.
Considering amino acid similarity rather than identity produces similar results (see
Supplemental Figure S1). This lack of sequence conservation between the structural units
that give rise to the symmetry (symmetry units) could indicate (a) that the majority of
internally symmetric superfamilies arose following ancient duplication events, (b) that
convergent evolution between subunits is a more significant contributor to internally
symmetric proteins than previously thought, or (c) that the relationship between sequence
and structural motifs is relatively flexible, making it difficult to detect sequence similarities
based on structure-based methods such as CE-Symm. A similar observation has also been
made by Wright et al. [52], where a low sequence identity between proteins might be
associated with the inhibition of misfolding and aggregation of proteins in the crowded
environment of a living cell.

Enzyme function

To investigate the relationship between symmetry and protein function, we grouped
symmetric superfamilies by their Enzyme Commission (EC) numbers [53]). Consistent with
our methodology for the census, we normalized by the number of domains per superfamily
to mitigate bias in the PDB. A superfamily was assigned an EC number if it contained a
domain having that EC number, meaning that multiple enzyme classes can be assigned to a
single superfamily.

Analysis of the top-level EC classes proved difficult due to the breadth of structures which
provide scaffolds for each type of reaction. Isomerases were enriched for internal symmetry
(24% symmetric), while oxidoreductases and ligases contained fewer symmetric domains
than average (each 15%; see Supplemental Figure S2). Oxidoreductases span a broad range
of evolutionarily and structurally disparate folds (148 in the analysis), and the distribution of
folds and the distribution of superfamilies over these folds are both diffuse. Therefore, the
low level of symmetry cannot be ascribed to the class having a constrained set of viable
folds.

J Mol Biol. Author manuscript; available in PMC 2015 June 04.
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Considering second-level EC subclasses allows the relationship between symmetry and
function to be more clearly established. The number of symmetric superfamilies for selected
EC subclasses is given in Table 1 and is fully detailed in Supplemental Table S2. Although
the number of superfamilies annotated with each subclass is fairly small, enrichment for
symmetry also could not be explained by a lack of structural diversity in enzymes with each
function.

One of the most enriched subclasses for symmetry is that of the racemases and epimerases
(EC 5.1). While perfect symmetry would be unexpected in racemase active sites based on
their need to bind multiple sterioisomers equally well, pseudosymmetric scaffolds may be
amenable to these types of function [54]. Many racemases exhibit quaternary symmetry, in
addition to the internal symmetry considered for the census. Several oxidoreductase
subclasses are significantly below average for symmetry. Oxidoreductases often contain
multiple cofactors for electron transport, which may be less easily supported by symmetric
protein scaffolds. Thus, certain enzymatic reactions may support or preclude symmetry.

Discussion

To further investigate potential relationships between symmetry and protein function, we
analyzed a large number of proteins to ascertain their symmetry—function relationships.
Based on this analysis, we identified recurring types of symmetry—function relationships.

Symmetry around ligand-binding sites

Symmetry around ligand-binding sites is the most basic symmetry—function relationship. For
example, glyoxalase | (Figure 4a) is a two-fold symmetric protein with a metal-binding site
at its center. [55]. Searching systematically in our census and counting only one domain per
superfamily, we found that 22% of symmetric, ligand-containing domains contained a ligand
within 5A from the centroid of the domain. Unaligned residues, such as insertions, were
excluded from the calculation of the centroid.

Function along symmetric interfaces

Many symmetric proteins have function at the interface between symmetry units, the
repeated structural units that describe the symmetry. This differs from symmetry around a
ligand—-binding site, described above, in that the functional site can occur anywhere along
the axis of symmetry. An example of this relationship is the chloride channel, in which the
symmetric interface between the two symmetry units forms a gate at the core of the channel
[56]. Interestingly, the chloride channel is thought to be moderately rigid compared to other
channels, such as potassium ion channels or bacterial leucine transporters, both of which are
activated by the rotation of subunits relative to each other [56, 57]. Currently, it seems that
only the movement of one side chain at the core of the gate is responsible for letting CI~ ions
pass. Using the same systematic, preliminary analysis we applied to find ligands near the
centroids of domains, we found that 63% of symmetric, ligand-containing domains
contained a ligand within 5AA from the axis of symmetry. This number was 37% within a
mere 1AA of the axis.

J Mol Biol. Author manuscript; available in PMC 2015 June 04.
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Duplication of ligand-binding sites
Duplication of ligand-binding sites is another common feature of symmetric proteins. For
example, it occurs in the chemotaxis protein CheC (Figure 4b), which is a globular a/p
protein that functions in bacterial chemotaxis and is involved in flagella movement. The
protein is two-fold symmetric. Each of the two units of symmetry contains a
dephosphorylation center comprising asparagine and glutamate residues. Gene duplication
followed by domain swapping has been proposed as an evolutionary process for the
emergence of CheC [58].

Unknown functions

Besides examples such as those listed above, there are many symmetric domains with no
obvious relationship between their symmetry and their function. The chorismate lyase-like
protein (Figure 4d) consists of a two-fold internally symmetric domain. Its biologically
active form is a dimer such as PhnF from E. coli (PDB ID: 2FA1) or YurK from B. subtilis
(PDB ID: 2IKK).

Conserved sequence motifs

In some cases we can identify conserved sequence motifs shared between symmetry units.
The PTSHA/GutA-like domain is an antiparallel B-barrel fold with highly conserved two-
fold symmetry. The overall sequence identity of this symmetry is 16%. Little is known
about this protein structure since it is a novel fold and does not have an associated
publication. Similarly, not much is known about its sequence, with Uniprot only listing a
manuscript that describes the larger genomic region covering the gene encoding this
structure. However, by investigating the symmetric alignment, we can identify a motif that
corresponds to equivalent residues in the structure and that is observable in the Pfam domain
(PF03829) [59], which contains a conserved [IV]IXX[IV]GXX[VA] motif at the
corresponding positions (Figure 4e). Sequence homology between the subunits can be
established using the protein sequence alone. However, the analysis of symmetry reveals
structural homology and shows that the two types of homology correspond. Based on this
correspondence, we postulate that these residues are important functionally, and that they
can serve as a guide for further experimental analysis.

Relationship between tertiary and quaternary symmetry

We also suggest that there is a relationship between symmetry of proteins and their
biological assemblies. It has been speculated that this can be related to mono- and
oligomerization events during evolution that keep the biologically active assembly
essentially unmodified [17]. We can confirm this finding and identify several domains with
complex relationships between symmetry in the biological assembly and internal symmetry
in tertiary structure. An example of this is the DNA clamp. In eukaryotes (PDB ID: 1VYM),
it exists as a three-chain symmetric biological assembly. Each chain consists of two protein
domains, which in turn have two-fold symmetry (Figure 1c). Thus, the overall assembly has
six-fold pseudo-symmetry. The overall symmetry is highly conserved in the bacterial DNA
clamp, which has only two chains in the biological assembly, but with each chain consisting
of three internally symmetric domains (PDB ID: 1MMI; Kelman and O’Donnell [60]).

J Mol Biol. Author manuscript; available in PMC 2015 June 04.
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Another example with an interesting relationship between the biological assembly and
internal pseudo-symmetry is the vitamin B12 transporter BtuCD-F (PDB ID: 4FI13; Korkhov
et al. [61]). It consists of three components: BtuC, BtuD, and BtuF. BtuC and BtuD are
present as a dimer and bound to BtuF, which is a monomer in the biological assembly.
However, BtuF has has internal pseudo-symmetry, giving the whole complex pseudo-
twofold symmetry. For a classification of symmetry in structural complexes of proteins see
[62].

Types of symmetry CE-Symm identifies

The modifications described in the Methods section enable CE-Symm to detect rotational
pseudo-symmetry within protein backbones. It can also detect non-rotational repeats, such as
linear repeats, helical proteins, and - helices. Rotational symmetry can be easily
distinguished from other repeats using geometric criteria (see Materials and Methods).

Because CE-Symm uses dynamic programming, it is limited to finding alignments that
contain at most a single circular permutation. Types of symmetry that contain more than one
axis of symmetry (dihedral, tetrahedral, octahedral, or icosahedral) require multiple changes
in sequence topology to align. In such cases, CE-Symm typically will identify one axis of
rotation, though additional axes may be found by rerunning CE-Symm on just one of the
symmetric domains identified by the first run.

CE-Symm is also limited to returning the single highest-scoring alignment. This may not
correspond to the smallest rotational symmetry present in the protein. For instance, in
proteins with four-fold pseudo-symmetry, the alignment corresponding to the 180° rotation
may score higher than the 90° or 270° alignments. This sometimes leads to the protein being
identified as containing two-fold pseudo-symmetry, which incompletely describes the
relationships within the protein. More broadly, accurate detection of order of symmetry is a
current limitation in CE-Symm which we expect to rectify in a future version.

Conclusions

In this study we introduced a new method for determining pseudo-symmetry in protein
structure and used it to build a census of symmetry over domains in SCOP. We also
established a reliable benchmark set containing SCOP domains for which both presence and
type of symmetry was determined manually. We used this benchmark set to compare our
algorithm and previously published symmetry-detection algorithms and demonstrated that
our algorithm is more suitable than other methods for detecting symmetry at high
specificity. The benchmark set can be used to verify the accuracy of results from other
methods for symmetry detection or classification.

By systematically applying CE-Symm on many protein domains we found that more
proteins contain internal symmetry than previously estimated. The symmetry of most
domains lacks any sequence signal that CE-Symm readily detects. However, clear sequence
signals were found for certain folds, such as -propellers [63].

J Mol Biol. Author manuscript; available in PMC 2015 June 04.
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We also found symmetry to be more associated with some types of enzymatic activity than
with others and suggest that certain enzymatic functions preclude or hinder symmetry. We
note that in several cases there is a clear relationship between protein symmetry and
function, which may explain why certain domains are symmetric.

The analysis of symmetry and pseudo-symmetry in protein structures leads to a deeper

understanding of protein function and evolution. Besides detecting pseudo-symmetry in
protein structures, CE-Symm allows also the detection of conserved sequence motifs in
symmetry units. This can provide insight useful for further analysis of a protein. This is
particularly important if the function or active sites of the protein are unknown.

Materials and Methods

CE-Symm Algorithm

The Combinatorial Extension (CE) algorithm operates by using a geometric distance score
to evaluate the local structural similarity between two proteins around each residue [39].
Dynamic programming is used to identify high-scoring paths in the dynamic programming
matrix, corresponding to regions of local structural similarity. An iterative algorithm then
heuristically combines local fragments to identify a high-scoring global superposition of the
two proteins.

Building on the CE concept, and to identify self-similar regions within a protein, CE-Symm
compares a protein structure to itself. It runs CE to compare two copies of the input protein,
with the following modifications:

Prohibit alignments near the diagonal. To prevent the algorithm from finding trivial
identity similarity, the distance score between residues less than 6 residues apart was defined
as infinity, preventing the optimal path from traversing the region near the diagonal in the
dynamic programming matrix (black line in Figure 5). 6 = 8 performed well in practice.

Allow circular permutations. When comparing a protein to a rotated copy of itself, the
aligned sequence of the rotated copy will appear to be circularly permuted relative to the
original protein. This can be seen in Figure 5b as discontinuities in the magenta and cyan
alignments. To detect circular permutations we apply an approach similar to Uliel et al. [64].
The dynamic programming matrix is duplicated in one direction (see Figure 5) and CE is run
normally. This allows the full length of a symmetric protein to be aligned. The results are
then post-processed to map the alignment back onto the single protein. While it is possible
with this technique that single residues may be aligned twice, this is rare in practice. In cases
where it does occur, alignment length is used as a heuristic to choose which residues to
include in the final alignment.

Identifying symmetry order

CE-Symm identifies self-similar structures within a protein. Rotational symmetry is the
most abundant form of structural repeat, but linear repeats with high self-similarity can also
be found (concentric turns of B-helices, for example). To filter out such cases, we developed
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an algorithm to estimate the symmetry order of a self-alignment. Proteins with order 1 (no
rotational symmetry) were removed from the results.

The algorithm considers a self-alignment to be a function from the set of residues in a
protein to itself. We say that f(x) = y if CE-Symm aligned residues x and y. If CE-Symm
identified rotational symmetry within the protein, then the repeated function composition
fk(x) corresponds to repeated rotations. When the function is applied a number of times
equal to the order of the underlying CE-Symm alignment, k*, then f< (x) & x, corresponding
to a rotation by 360°. To identify the order of a self-alignment, successively larger values of
k are tried and the root mean squared deviation (RMSD) found for each according to the
formula:

RMSD= \/Z( fo(a;) — z;)?

The correct order is determined by identifying large decreases in RMSD. In practice, a
threshold of 40% decreases was found to correctly identify the order in most cases. If no
such drops are identified for k of 8 or less, an order of 1 (no rotational symmetry) is
assumed.

We also employed a secondary method to determine order based on the angle between
aligned subunits. The rotation axis and angle of rotation is first calculated based on the
procedure in Kim et al. [38]. We then compare the angle of rotation, 0, to the ideal angles for
proteins with low orders of rotational symmetry.

=9

(0)=min |~

= min
2<k<8

2T ‘

If this angle is below a threshold, t, we label the protein as symmetric with order k. For this
study we used a stringent threshold of © = 1°.

Initial tests found two methods to be complementary. Method 1 is more robust to
geometrical distortions, while method 2 is more robust to inaccuracies in the alignment.
Thus, proteins were classified as symmetric if either method determined the symmetry order
to be greater than one.

Scoring schemes

Several alternate scoring schemes were considered, both for optimizing the alignment and
for detecting the presence of symmetry. By default, the CE scoring scheme is used to judge
the quality of alignments [39]. This is a purely structural scoring which attempts to
maximize the alignment length while maintaining a low RMSD. We also implemented an
alternate score that incorporates sequence similarity in addition to the structural alignment.
Sequence similarity is quantified using the structure-derived substitution matrix [65], which
is optimized for the alignment of distantly related proteins. The relative weight of structure
and sequence scores can be adjusted with a configuration parameter.
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A number of features were considered for classifying proteins as either rotationally
symmetric or asymmetric, including RMSD, TM-score, Z-score (as reported by CE),
alignment length, and sequence identity. Of these, the TM-score gave the best performance
on the ROC curves. A variant of TM-score that incorporates order information was also
evaluated, in which 1.0 was added to the TM-score if either method for determining
symmetry order determined an order of symmetry greater than 1. This ensures that
rotationally symmetric structures always have scores strictly greater than asymmetric ones,
reducing false positives especially from helical symmetry and translational repeats. To
classify the structure as symmetry or asymmetric, a threshold of > 1.4 is applied to the sum.
This last method was yielded the best performance and is recommended by the authors.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Several protein domains with internal symmetry that CE-Symm detects. Coloring is by

symmetry unit. (a) A ferredoxin-like fold with two-fold symmetry. (SCOP ID: d2j5aal) (b)
A 6-bladed  propeller. Each blade contains a Kelch sequence motif [69], which is also
found in some 7-bladed B-propellers (SCOP ID: d1lu6dx_) (c) A single DNA clamp domain
of a human proliferating cell nuclear antigen (PCNA). The full biological assembly contains
6 of these domains arranged with six-fold symmetry as a trimer of PCNA chains (SCOP ID:
dlvymal) (d) Adiponectins normally assemble into homotrimers of 3 single-domain chains.
Shown here (PDB ID: 4DOU) is a designed single-chain three-fold symmetric repeat of an
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adiponectin globular domain that folds much like an adiponectin trimer [28]. The construct
was found to increase insulin sensitivity in mice [29].
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Figure 2.

Receiver Operating Characteristic curves for CE-Symm and SymD on a benchmark set of
1007 SCOP domains. Two curves for CE-Symm are shown: using only TM-score for
scoring (light blue), and using TM-score and the order-method described in Methods (dark
blue, solid). Two curves for SymD are shown, one for SymD 1.3hw3 (green), and one for
the unpublished version 1.5b (red). The thresholds used for determining symmetry (refer to
the footnotes in Table 2) are indicated with circles.
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Figure 3.
Sequence identity between symmetry units. Distribution of sequence identity between

aligned subunits for symmetric superfamilies (blue). For comparison, the distribution of
percentage identity among asymmetric superfamilies (red). Most CE-Symm alignments of
asymmetric proteins represent random alignments, although a few examples contain
translational repeats or helical symmetry.
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Figure 4.
Examples of proteins with symmetry and function relationships. (a) Glyoxalase | contains a

duplication around the nickel-binding active site (PDB ID: 3HDP). (b) CheX protein
contains two identical active sites (PDB ID: 1SQU). (c) CLC-ec1 chloride carrier, where
ions are thought to flow along its symmetric interface (PDB ID: 2FEE). (d) A chorismate
lyase-like protein with a two-fold symmetry that is not clearly related to its little-understood
function (PDB ID: 3DDV). (e) PTSIIA/GutA-like domain (PDB ID: 2F9H). Both
subdomains of the symmetry contain the same 8-amino-acid sequence (residues 9-16,
shown in purple and 67-74, shown in brown).
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(a) 3D structure of FGF-1 (PDB ID: 3JUT), colored to highlight the three analo-

gous portions of the protein.
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(b) Dot plot showing corresponding residues within the single chain. Three align-
ments are possible, corresponding to rotations of 0° (black), 120° (magenta), and
240° (cyan)

Figure 5.
Self-similarity in FGF-1, a three-fold symmetric protein.
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Table 1

Percentage of superfamilies found to be symmetric for selected second-level Enzyme Commission humbers,
restricted to the most and least symmetric 5 EC subclasses containing at least 20 superfamilies. See Table S2
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for the complete list.

EC  Description sl  Nsf2
5.1 Isomerases: racemases and epimerases 38 21
53 Isomerases: intramolecular oxidoreductases 26 34
4.1 Lyases: carbon-carbon lyases 26 57
25 Transferases: transferring alkyl or aryl groups, other than methyl groups 23 31
3.4 Hydrolases: acting on peptide bonds (peptide hydrolases) 21 95
6.3 Ligases: forming carbon-nitrogen bonds 11 74
18 Oxidoreductases: acting on a sulfur group of donors 10 29
4.2 Lyases: carbon-oxygen lyases 10 79
1.10 Oxidoreductases: acting on diphenols and related substances as donors 10 20
1.4 Oxidoreductases: acting on the CH-NH(2) group of donors 8.3 24

1 - .
Percentage of superfamilies that are symmetric

ZI'he number of superfamilies
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Table 3
Symmetry by SCOP class
Class Total Number % Symmetric
a 507 18.5%
B 354 24.6%
alp 244 16.8%
at+p 551 14.3%
Multi-domainl 66 4.5%
Membrane 109 23.8%
Overall 1831 18.0%

Percentage of superfamilies identified as symmetric by CE-Symm. Note that, to maintain a low false-discovery rate, CE-Symm underestimates the
number of symmetric superfamilies in SCOP by about 27% (see Figure 2).

]These are large protein chains that have only been observed in their entirety.
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Table 4

Benchmark symmetry by order

Order Superfamilies  Example Folds
Asymmetric
766  76.1%
Rotational
2 166 16.5%  Immunoglobulin-like, Ferredoxin-like, Rossmann, y-crystallin-like, DNA clamp, up-down 4-helical bundle
3 10 1.0% B-Trefoil, B-Prism, Flavodoxin-like
4 2 02% 4-bladed B-propeller, Streptavidin-like, Prealbumin-like, OMPA-like
5 3 03% 5-bladed B-propeller, Pentein /a-propeller, PT-barrel
6 9 0.9% 6-hairpin glycosidases, 6-bladed p-propeller, autotransporter
7 9 0.9% 7-bladed B-propeller, 7-bladed a/a-toroid, 7-hairpin glycosidase
8 21 2.1% TIM barrel, 8-bladed 3-propeller
Dihedral
2 2 02% Transmembrane B-barrels, Streptavidin-like
4 1 01% Streptavidin-like
Helical

2 9 0.9% Leucine-rich repeat, B-helix, a-a superhelix
3 2 02% a-a superhelix, B-helix

Non-integral 2 02% a-a superhelix, Triple-stranded B-helix

Superhelical 2 02% a-a superhelix

Translational

3 03% Ankyrin repeat, B-helix, Bacteriochlorophyll A protein

Types of symmetry found in the benchmark.
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