Protein structure comparison based on fold evolution
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Abstract: The paper presents a protein structure comparison algorithm that is capable
to identify specific fold mutations between two proteins. The search for such muta-
tions is based on structure evolution models suggesting that, similarly as sequences,
protein folds (at least partially) evolve by a stepwise process, where each step com-
prises comparatively simple changes affecting few secondary structure elements. The
particular fold mutations considered in this study are based on the work by Grishin
[GrO1].

The algorithm uses structure representation by 3D graphs and is a modification of a
method used in SSM structure alignment tool [KHO04a]. Experiments demonstrate that
our method is able automatically identify 85% of examples of fold mutations given by
Grishin. Also a number of tests involving all-against-all comparisons of CATH struc-
tural domains have been performed in order to measure comparative frequencies of
different types of fold mutations and some statistical estimations have been obtained.

1 Introduction

Traditional viewpoint regarding protein sequence and structure similarity of homologous
proteins is that protein structure is much better preserved than protein sequence and that
sequence similarity of about 25% or more almost necessarily implies that protein structures
will be almost identical. Whilst this is true in most of the cases, nevertheless it is possible
to find pairs of proteins with highly similar sequences and at the same time noticeable
structural differences. Probably the best known example is Janus protein designed by Dalal
et al. [DBR97] in response to Paracelsus Challenge [RC94]. The authors have synthesised
a pair of proteins with 50% sequence similarity and, at the same time, completely different
folds. Although it is possible to argue that this is a designed protein, it still demonstrates
the credibility of evolutionary events that preserve sequence similarity but change protein
fold.

The existence of protein pairs with similar sequences and different structures also is im-
plied by current models of protein evolution - although during the evolution protein struc-
ture is much more preserved than protein sequence, there should exist small sequence
mutations that lead to noticeable structural changes. From biological perspective the prob-
lem is thoroughly studied by Grishin et al. [GrO1], [KGO02]. The authors have identified
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a set of possible fold mutations that could occur during protein evolution, each of the
proposed mutations is confirmed by real biological examples. Similar sets of small fold
changes are proposed and studied also by other authors, e.g. Matsuda ef al. [Ma03] and
Przytycka et al. [PSR02], — although these studies give less biological motivation and are
more interested in the exploration of protein fold space under assumption that structures
have evolved by a stepwise process, each step consisting of a small fold change belonging
to the proposed set.

Most of the fold mutations proposed by Grishin presumably are the result of accumulated
point-mutations (indels and substitutions of single amino acids) in protein sequence. Al-
ternatively, structural changes can arise from circular permutations of protein fragments
(the likely cause for this process is gene duplication followed by truncation of protein).
This process has been studied by several authors [JLO1], [PRT06], [U199], [WTBO05] and
also is confirmed by biological examples.

The process of structure evolution present us several interesting and challenging problems.
Firstly, although we may know some real examples of pairs of proteins confirming one
or another structural change, it could be useful to estimate the comparative frequencies
with which different structural changes could occur. Secondly, it could be useful to have
tools for structure comparison that can automatically identify such structural changes (and
possibly estimate “evolution distance” on the basis of observed changes). Such tools can
be useful either directly for comparison of two structures or for search of structural changes
within database of known protein structures in order to gain better understanding of the
nature of structure evolution.

Regarding the first problem, an attempt to estimate frequencies of different types of struc-
tural changes has been made by Viksna and Gilbert [VGO7]. Although not conclusive,
these results confirm often used assumption that most probable fold changes are indels of
single helices and indels of single strands at one end of B-sheets. Rough estimates for
frequencies of other types of structural changes also have been obtained.

To address the second problem, initially one need to chose a representation of protein struc-
tures that is most suited for such task. Traditionally there are two different approaches to
protein structure comparison. The most often used approach is to describe the structures
by 3D coordinates of backbone (and sometimes also side chain) atoms and then search for
superposition of two structures that minimizes RMSD distance between selected pairs of
atoms. Probably this is also the approach that can give the most precise results. Interest-
ingly, a modification of this method have also been attempted for computing evolutionary
distances between protein structures [Gr97]. However, atomic coordinate representation
of structures doesn’t contain any information about SSEs and hence is not well suited for
identification of structural changes that are explicitly characterized in terms of SSEs.

Another alternative is a topological approach — the protein is described by some kind of
graph; usually vertices of such graph represent either SSEs or individual atoms, edges can
represent hydrogen bonds, distances between SSEs/atoms etc. The structure comparison
problem then is translated to graph comparison, which most often means searching for a
largest common subgraph. Initially the development of graph based methods probably was
mainly motivated by looking for faster (but less exact) alternatives for structure compari-
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Figure 1: Construction of 3D graph

son, however the approach also has some intrinsic advantages, since it explicitly allows to
include information about SSEs, hydrogen bounds etc. Such purely topological represen-
tation of protein structures [WTBO0S5] was used in [VGO7]. However, whilst the approach
is justified for statistical analysis of probabilities of structural changes, the topological rep-
resentation contains too little information for comparison results for a given particular pair
of structures to be trusted.

Recently there have been several and successful attempts to combine these two approaches
by introduction of so called 3D graphs [KHO04b], [Wa02]. Basically 3D graph” means that
structure is represented by a complete graph with vertex and edge labels that are sufficient
to reconstruct the structure in 3 dimensions. Although there are few advantages of such
approach if graph vertices represent individual atoms, the method becomes very useful for
higher level structure representations, e.g. when edges represents SSEs. 3D graphs easily
allow to incorporate also additional information about folds (types of SSEs, adherence
of B-strands to particular sheets etc.). This makes 3D graph approach quite appropriate
for structure comparisons that are able to identify particular structural changes between
proteins and we have chosen this representation as a basis for our study.

2 Structure representation by 3D graphs and SSM algorithm

The notion of 3D graphs has been introduced in [Wa02] and the approach has been adapted
for protein structure comparison by Krissinel et al. [KHO04a], [KH04b]. We give a slightly
simplified description of their method here. For a given protein structure the corresponding
3D graph is a complete undirected graph, with vertex set corresponding to the set of SSEs
— the i-th SSE (according to their order from C to N terminus) is represented by vertex
i. As SSEs are considered only B-strands with length 3 residues or more and o-helices
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with length 5 residues or more. Each SSE is considered as a vector v in 3D space (vectors
being constructed according to recommendations from [SB97]) and each vertex is labelled
with type T of SSE (either a-helix or B-strand) and length L of vector v. Edge between
vertices 7 and j is labelled by distance e;; between the middle points of vectors v; and v;
and 3 angles o, a5’ and of describing the relative orientation of vectors in 3D space (see
Figure 1).

For given two structures (3D graphs) SSM algorithm finds the largest common subgraph of
these graphs. When searching for common subgraph, two vertices i and i’ are compatible
compatible if they have equal types and | L; — Ly |< pi(Li + Ly) + p2. Two edges (i, j)
and (', j") are compatible if | e;j — ey |< p3(eij+esj) + ps and | o) — oc;:/ |< r; for
k=1...3. After the largest common subgraph is found, SSM algorithm chooses two sets of
Cy, atoms belonging to SSEs matched by common subgraph and computes a 3D alignment
with minimal RMSD for atoms belonging to these sets. Finally a RMSD-based Q-score is
computed to characterize the quality of alignment.

The results depend from a set of 7 parameters p;...ps4 and ry...r3, the values of which have
been adjusted experimentally. In practice the searching for largest common subgraph is
done with additional constraint that mapping induced by the subgraph have to preserve the
vertex order (i.e. order of SSEs), since use of such constraint produces better result. As
output the SSM algorithm produces ordered alignment of SSEs together with alignment
score Q.

3 Types of fold mutations

The set of fold changes considered in this study is based on the set proposed by Grishin
in [Gr01]. The definition of fold changes involves B-strands (E), o-helices (H), loops,
B-hairpins (defined here as two adjacent B-strands that also hold adjacent positions in a
B-sheet) (S») and 3-B-meanders (three adjacent -strands that also hold adjacent positions
in a B-sheet)(S3). We consider the following set of mutations (each of them can occur in
both directions):

1. Insertions (deletions): loop «— {E,H,S»,S3},
2. Substitutions: E «—— H,

3. Substitutions: S, —— {E,H},

4. Substitutions: S3 «—— {E,H},

5. B-hairpin swaps: exchange of the order of B-hairpin’s strands in a $-sheet.
In addition to fold changes proposed by Grishin, this set includes indels and substitu-
tions of B-hairpins (the existence of such changes was suggested in [VGO7]). Insertions

of B-strands could be further classified in sheet extensions by B-strands and strand inva-
sions/withdrawals — the insertion of a B-strand into existing [B-sheet that requires H-bond
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Figure 2: Flowchart of algorithm for structure comparison

breakage and formation of the H-bonding pattern on both sides of the inserted -strand.
However, we have omitted this distinction in this study (and results from [VGO07] suggests
that strand invasions/withdrawals are quite rare). The only structural change proposed in
[GrO1] and not considered here is circular permutation of SSEs (although in principle such
changes could be discovered by our approach, the first challenge here is to define in exact
terms what we should be looking for).

4 Modified SSM algorithm for recognition of fold mutations

The general structure of our modification of SSM algorithm is given in Figure 2. The
process can be divided in two stages — construction of 3D graph and alignment of two given
3D graphs. The general scheme is the same as for SSM method given in [KHO04a], however
there are modifications in 3D graph construction, largest common subgraph algorithm and
functions providing edge and vertex comparisons.

The input data for 3D graph construction is a PDB file. In addition, a program is used for
determining structures SSEs. In our experiments we have used both PROMOTIF [HT96]
and DSSP [KS83] to evaluate the impact of accuracy of SSE predictions; unfortunately
some "prediction noise” is characteristic for both of these programs.

The construction of 3D graph is similar as for SSM algorithm, with the following modifi-
cations:

e We distinguish between 3 different types of SSEs: B-strands, o-helices and 3;¢-
helices. Motivation for this is to decrease impact of “noise” from SSE prediction
(results from [VGO7] suggest that helix types are the most affected by “noise”). We
also consider SSEs of any size. Vectors to SSEs are assigned using the methodology
from [SB97]; however the method doesn’t apply to short SSEs, in which case we
take the vectors connecting centres of Cy atoms from the first and the last SSE
residue.

e ”Virtual vertices” representing 3-B-meanders are included in 3D graph. For a 3--

82



meander composed from [-strands with the corresponding vectors vy,v, and v3 the
vector v,, connects the starting point of v; with the endpoint of v3. Vector v, is used
as reference to compute labels for edges connected to this virtual vertex.

e ”Virtual vertices” representing [3-hairpins are included in 3D graph. For a B-hairpin
composed from B-strands with the corresponding vectors v and v, the vector vy,
connects the starting point of v; with the starting point of v,. Vector v is used as
reference to compute labels for edges connected to this virtual vertex

Although construction of 3D graph can be done on the fly for each structure comparison,
for all-against-all comparison 3D graphs are created in advance and stored in database.

The part of algorithm for finding the largest common subgraph is based on backtracking
search used in SSM [KHO4b]. However in our case the mapping of some of the vertices
can affect the mapping of some others (e.g. if a B-strand from 3-B-meander is involved in
mapping, 3-B-meander as a whole can’t be used). For that purposes two new procedures
HoldReferences and ReleaseReferences have been added that locks/unlocks vertices de-
pending from their availability for matching in current backtracking state. Also, to detect
B-hairpin swaps for every pair of hairpins matching for 3-strands in both direct and reverse
order are checked.

When searching for common subgraph, vertex i is considered compatible with a vertex i’ of
the same type if | L; — Ly |< p1(L; 4+ Ly) + p2 (for some parameters p;); or with a "virtual
vertex” if | L; — Ly, |< p(Li + L) + p5 (where L,, is length of a 3-B-meander vector;
less restrictive parameter p! values are used for this case). The same approach is used
also for matching of B hairpins. Two virtual vertices are not compatible. Compatibility
requirement for edges remains the same as for original SSM — edges (i, j) and (¢, j') are
compatible if | e;j — ey |< p3(eij+ ey ;) + ps and | o) — oc;{l’/ |< r; for k = 1...3; but less
restrictive parameter values are used for edges involving 3-B-meanders and B-hairpins.
The parameter values for vertices/edges involving 3-B-meanders and B-hairpins have been
adjusted experimentally.

Matching of 3-B-meanders and and B-hairpins are scored with the same weight as other
SSE’s — the algorithm finds the common subgraph with the largest possible total number
of virtual and non-virtual vertices.

We have implemented the algorithm in C++ language in Linux environment. The running
of algorithm is exponential, however in practice the results are obtained within few seconds
for comparison of structures containing up to 70 SSEs.

S Results
5.1 Method validation on known biological examples

To validate our method we have used it to detect fold mutations in pairs of protein struc-
tures published by Grishin [GrO1]. From 15 of such examples we successfully found fold
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Figure 3: Example showing B-strands insertion (type E™) type for proteins 1fow and 1hcrA.

Figure 4: Example showing 3-B-meander substitution with o-helice (type H. S§”b ) for protein seg-
ments 11dnA (residues A20-A265) and 1npx (residues 149-315).

mutations of different types in 13 cases. Some examples are shown in Figures 3 and 4. We
use PyMOL software for ribbon-style representations of proteins [De02].

5.2 All-against-all comparisons of CATH protein domains

Experiments involving all-against-all comparisons of CATH ([Or97]) protein domains
have been performed in order to check whether the method is capable to automatically
detect fold mutations and to obtain some estimates about relative frequency of different
types of fold changes.

For experiments we used two representative sets from CATH, which were proposed in
[VGO7] and are constructed with the aim to limit over representation of widely studied pro-
tein folds. These sets CATH2 and CATH3 were obtained from representative set CATH-95
(provided by CATH database and containing proteins with less than 95% sequence sim-
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Figure 5: Example showing substitution 3-B-meander substitution with B-strand (type ES;“b) and
o-helices insertion (type H™) in domains 1jrhL02 and 1nfdE02 from CATH2. Domains have 39%
sequence similarity.

Figure 6: Example showing o-helice insertion (type H) for domains 1b98A00 and 1bndA00 from
CATH2. Domains have 51% sequence similarity.

ilarity) by additionally removing structures obtained with NMR technology as well as
those with resolution greater than 3A as well as reducing number of proteins from over-
represented folds (for more technical details see [VG07]). The obtained representative set
CATH2 contains 685 domains from CATH class 2 and representative set CATH3 contains
1182 domains from CATH class 3.

Sets CATH2 and CATH3 were treated separately, because few “’short” evolutionary rela-
tions are to be expected between these groups, and also to check how mutation frequencies
differ between these groups. In assessment of results we used as a reference also sequence
similarity scores between CATH domains, computed by ssearch implementation of Smith-
Waterman algorithm [SW81].

In analysis of results we looked at pairs of domains with sequence similarity 20% or more
(taking in account also structure similarity these could be expected to be evolutionary
related). Number of such pairs for CATH2 is 1226 and 1593 for CATH3 respectively.
Manual checking of these pairs in many cases confirmed the detected fold changes (a
noticeable obstacle in this manual checking was ambiguity in structure’s division in SSEs,
thus it is also difficult to give good estimation of the proportion of confirmed cases). Some
of the discovered fold changes are given in Figures 5 (3-f-meander substitution with -
strand) and 6 (insertion of o-helice).
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Figure 7: Probabilities for different types of fold mutations in CATH2 and CATH3 classes.

In contrast to the method used in [VGO7] our algorithm was able to relate two structures
with an arbitrary number of fold changes. Whilst being a certain advantage for discovery
of structural changes, this poses some difficulties for statistical analysis of results (one have
to decide on the weight of observed changes depending from total number of structures
and structure size) and the appropriate scoring scheme still have to be developed. For this
reason we provide here just overall probability of fold changes, probability value can be
interpreted as “’probability that a particular fold change occurs for proteins between which
fold changes have been detected”. This probability value was obtained by using a simple
formula:

Number of pairs of domains with fold mutation of a given type

Total number of pairs of domains
Statistical estimations have been obtained for following types of fold mutations:

1. Insertions: E™ (B-strand insertion), H™ (o-helice insertion), G™ (319-helice in-
sertion)

2. Substitutions: EH*'® (B-strand substitution with o or 319 helice), ES%“” (B-strand
substitution with B-hairpin), ES§"* (B-strand substitution with 3-B-meander), HS5*
(avor 31 helice substitution with B-hairpin), H Sg“b (o0 or 319 helice substitution with
3-B-meander).

3. B-hairpin swaps: BH
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First of all, we computed probabilities for CATH?2 class using different SSEs prediction
programmes: DSSP and PROMOTIF. Differences between obtained results are in range
of 10%. Manual checking of results lead to the conclusion that at least in case of CATH
domains DSSP programme results are more convenient for insertions and substitutions,
but PROMOTIF results are more accurate for B-hairpin swaps.

The most popular change in CATH?2 class is B-strand insertion E™ - 83%. That means we
found B-strand insertion £ in 83% of cases (100% of all inspected pairs of domains).
Almost in 30% of cases B-strand insertion takes place in existing B-sheet (E* type). This
estimation correspond to one obtained in [VGO7], where changes corresponding to our

definition of E™ was the most popular.

We have 79% for G™ type (small 3jp-helices insertion), but after manual checking of
results we supposed that in most cases these changes are the result of the noise (SSEs
prediction programme and our algorithm together). Besides estimations for G™* type are
questionably similar in both cases for CATH2 and for CATH3. In turn, manual checking
of H™ type confidenced us in biologically relevance of it — 56% for CATH3 and 13% for
CATH?2. At the same time E™ decreased almost for 20% for CATH3. This results seems
quite logical since CATH3 class contains mixed o~ proteins, but CATH2 mostly contains
proteins with B-strands.

In general we obtained much more insertions in comparison with substitutions. This result
could be explained partly with noise of prediction programmes and necessarily of normal-
isation by number of SSEs in protein. From other point of view pairs of domains have
sequence similarities more than 20% and checked examples with insertions at least E™S
and H™ are biologically relevant. Taking into account all these observations we suggest
that SSE addition/deletion happened more often than SSEs substitution at least in CATH
classes 2 and 3.

Our results suggested also that B-hairpin swap probability is 42% in CATH2 and 20% in
CATH2. This result have to be more carefully checked, but, again, difference between
CATH?2 and CATH3 make it at least interesting for future work.

6 Summary and Conclusions

We have developed an algorithm for protein structure comparison based on evolutionary
changes. Our method is a modification of approaches described in [KH04a], [KH04b] for
3D graph construction and common subgraph isomorphism detection.

The method was found to be efficient and accurate to find evolutionary changes of spe-
cific types in protein structures comparing SSEs of two proteins. In contrast to topological
approach described in [VGO7] we are able to detect arbitrary number of fold mutations
between two structures and to deal with substitutions and B-hairpin swaps. Since the com-
parison produces a score that allows to estimate structural similarity, it has the potential
to discover proteins related by structural change and having small sequence similarity (in
contrast to topological approach where discovered fold changes is verifiable only for on
the basis of sequence similarity).
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Experiments have been performed to validate the method on biologically confirmed fold
changes and the method was able automatically identify 85% of examples given by Grishin
[GrO1], [KGO02]. All-against-all comparisons have been performed for subgroups of pro-
tein domains from CATH classes 2 and 3 in order to evaluate the capability of the method
to discover new protein pairs related by structural changes and to estimate the comparative
frequencies for different types of fold mutations. Although it is not as yet clear how to
assess the validity of predicted fold mutations, manual checking confirm that algorithm in
principle is able to discover fold changes of different types. Rough estimates for compar-
ative frequencies for several types of fold mutations were also obtained. The experiments
also highlighted the necessity to use more robust programs for SSE prediction and showed
that the most problematic is assignment of 3¢-helices.
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