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Abstract

Background: We introduce GASH, a new, publicly accessible program for structural alignment and
superposition. Alignments are scored by the Number of Equivalent Residues (NER), a quantitative
measure of structural similarity that can be applied to any structural alignment method. Multiple
alignments are optimized by conjugate gradient maximization of the NER score within the genetic
algorithm framework. Initial alignments are generated by the program Local ASH, and can be
supplemented by alignments from any other program.

Results: We compare GASH to DaliLite, CE, and to our earlier program Global ASH on a difficult
test set consisting of 3,102 structure pairs, as well as a smaller set derived from the Fischer-
Eisenberg set. The extent of alignment crossover, as well as the completeness of the initial set of
alignments are examined. The quality of the superpositions is evaluated both by NER and by the
number of aligned residues under three different RMSD cutoffs (2,4, and 6A) In addition to the
numerical assessment, the alignments for several biologically related structural pairs are discussed
in detail.

Conclusion: Regardless of which criteria is used to judge the superposition accuracy, GASH
achieves the best overall performance, followed by DaliLite, Global ASH, and CE. In terms of CPU
usage, DaliLite CE and GASH perform similarly for query proteins under 500 residues, but for
larger proteins DaliLite is faster than GASH or CE. Both an http interface and a simple object
application protocol (SOAP) interface to the GASH program are available at http://www.pdbj.org/
GASH/.

Background

The coordinates of over 30,761 protein structures are cur-
rently available at the Protein Data Bank (PDB [1]), and
each year thousands of new structures are deposited. A
quantitative analysis of this data requires accurate tools
for superimposing protein structures, measuring their

similarity, and identifying structurally equivalent resi-
dues. However, unlike sequence analysis, there is no uni-
versally accepted measure of structural similarity.
Moreover, even if such a measure existed, structure align-
ment is so much more complex than sequence alignment,
that none the most popular programs available on the
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Web (e.g., Dali [2,3], CE [4], or VAST [5]) can guarantee
an optimal structural alignment in every case. For this rea-
son, it is very useful to have several publicly-available
structure alignment tools, as well as a single measure of
structural similarity that can be applied to all of them in
order to select the best result.

Recently, we introduced an intuitive and convenient
measure of structural similarity, the Number of Equiva-
lent Residues (NER), and evaluated several popular struc-
tural alignment servers based on this score [6]. By using a
single metric (NER) we were able to show that the servers
generally converged on the same solution, a result that
was not apparent when two metrics (e.g. RMSD and
number of aligned residues), or raw scores were used to
compare server results.

Another result was that there were occasionally significant
differences between servers. This was particularly true for
proteins with repeating motifs (e.g. TIM barrels), multiple
domains, or in cases where the structurally equivalent res-
idues represent only a small subset of the total. More
recently, Levitt and co-workers concluded that there was
"wide variation" in alignment quality among different
programs and that the performance of any single method
was much lower than using the best result from several
methods [7]. Our own abservations along these linese
motivated us to design a structural alignment algorithm
that is robust in locating the global maximum of the NER
score even for very difficult cases.

Since the NER score requires an initial alignment or super-
position, a straightforward way to add robustness to the
optimization algorithm is to increase the number of ini-
tial alignments. For this purpose a new alignment pro-
gram, Local ASH, based on the double dynamic
programming algorithm, was developed. In contrast to
our earlier program, Global ASH [8,9], that computed only
the globally optimal alignment, the new program com-
putes multiple, locally-optimal alignments.

In addition to accepting multiple initial alignments, the
GASH program allows crossover between alignments, as is
done in genetic algorithms (hence the "G" in GASH).
Since both the number of initial alignments and the
number of crossovers is an adjustable parameter, the
GASH program can make a very good estimate of the true
maximum of the NER score for an arbitrary pair of protein
structures. One can even import alignments from other
programs, and we give an example of combining Local
ASH, DaliLite, and CE alignments in this study.

The test-set presented here has been significantly
expanded compared to earlier work. In addition to the
Fischer-Eisenberg set of structural pairs, our new set con-
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sists 3,101 pairs representing many different folds, as
defined by SCOP [10]. In addition, GASH is compared
directly with the DaliLite and CE executables, allowing
CPU time as well as accuracy to be evaluated. As in previ-
ous work, accuracy is defined by both the NER score and
the number of residues aligned within a given RMSD
threshold. In addition, several structure pairs that were
not aligned properly by our previous program, Global
ASH, are eximined in detail in terms of the alignment of
functionally conserved residues.

Implementation
The overall approach is to globally optimize the NER
score in three steps:

1. Produce a set of locally optimal alignments.

2. Parse each alignment into geometrically-consistent sub-
alignments using distance matrix comparison.

3. Cross the alignments a fixed number of times and select
the best unique set by NER maximization.

This procedure as well as our earlier protocol are illus-
trated in figure 1, and each of the steps is described in
more detail below.
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GASH flowchart. A flow chart of the Global ASH/NER
(OLD) and GASH (New) methods is shown. The key differ-
ences between the old and new methods are: the generation
of multiple initial alignments, a modified parsing algorithm for
generation of sub-alignments, and the further generation of
hybrid alignments by crossover.
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Target function

The NER score has been described in detail previously. In
brief, NER is a sum over all aligned residue pairs of a sim-
ilarity function S:

NER oy = Y ShoR(d"), (1)
k

where k corresponds to an aligned residue pair, d* is the
intermolecular distance between C, atoms in the aligned
pair, and the similarity score is a Gaussian curve with unit
amplitude at zero distance:

SNER(d):e_(dCd”t)z, (2)

dcut

The parameter d_, defines the tolerance in the similarity
score. Since the best value of d,,, depends on the problem
at hand, we make it an adjustable parameter on our public
server. In all calculations a value of 4A was used.

Local ASH program

Local ASH is a local structural alignment program that uti-
lizes the double dynamic programming algorithm (DDP)
[11]. In DDP, alocal frame is used to describe the environ-
ment of each residue. A set of vectors from the beta carbon
of the residue in question to those of all the other residues
in the structure is calculated using the local frame of the
residue. The vectors are ordered in the set, according to the
position of the destination residue in the primary struc-
ture. This set is called the structural environment of the
residue. The next step is to form an optimal vector-to-vec-
tor correspondence between each pair of structural envi-
ronments using standard dynamic programming (DP).
The similarity between a pair of residues is given by the
score resulting from an alignment of the corresponding
structural environments. The similarity matrix thus
obtained is used in a second DP calculation to yield the
residue-to-residue correspondence or alignment. The DP
used to evaluate the similarity between a pair of structural
environments is called the 'lower level DP', whereas the
DP used to solve the residue-to-residue correspondence is
called the 'upper level DP'. The method is called DDP,
since DP is used at two different levels. Taylor and Orengo
further extended the method to local structural alignment
[12] by using the Smith-Waterman algorithm for the
upper level DP [13].

Both Global and Local ASH use DDP, but with some
important modifications. The first modification is a dis-
tance cutoff used to define the structural environment. A
sphere with a given radius is located at the beta carbon of
each residue. The structural environment of a residue is
expressed as an ordered set of the vectors from the beta
carbon of the residue to those of the residues whose beta
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carbons are within the sphere. The modified environment
is called the local environment. The similarity between a
pair of residues is calculated as the alignment score
between the corresponding local environments. The simi-
larity obtained from the comparison of the local environ-
ments is used for the local structural alignment. In order
to avoid confusion with the distance cut-off used in the
NER score, discussed below, we will refer to the ASH dis-
tance cutoff as the alignment radius.

Local ASH uses the Smith-Waterman algorithm for local
structural alignment. When a pair of structures share mul-
tiple structural similarities that can not be expressed in a
single alignment, the trace-back procedure is repeated in
order to enumerate high-scoring solutions. After each
trace-back operation, the scores corresponding to the
alignment path and the neighboring region in the similar-
ity matrix for the upper level DP are cleared. This ensures
that each alignment will trace out a unique path. Orengo
and Taylor introduced a window surrounding the local
alignment path as the region to be cleared [12]. In con-
trast, Local ASH adopts the declump algorithm, which has
been developed for local sequence alignment [14]. Local
ASH also has the option to detect local similarity derived
from circular permutation [15], although the option was
not used in this study.

For results described here, the alignment radius we set to
14A, and the maximum number of alignments output was
25. The internal gap opening and extension penalties for
the lower level DP calculation were set to 10 and 0.5,
respectively. For terminal regions the gap penalties were
all zero. For the upper DP calculation, the gap opening
and extension penalties were also set to 10 and 0.5,
respectively. The Local ASH source code can be freely
downloaded [16].

Parsing alignments using distance matrix comparison
Local ASH can not "see" beyond the alignment radius. If
two or more regions of structural similarity exist and are
separated by a distance greater than the alignment radius,
an alignment may be constructed that runs through both
regions. If these multiple regions do not correspond to a
superposition with the same rotation and translation val-
ues, there will be more than one maximum in the land-
scape of the NER scoring function for the alignment. The
distance matrix comparison step is used to decouple such
geometrically-distinct sub-alignments.

A necessary condition for an alignment to be geometri-
cally consistent is for all of the intramolecular distances
between aligned residues in one structure to be approxi-
mately the same length as the corresponding distances in
the other structure. Such a comparison of distance matri-
ces forms the basis of the Dali target function [2]. Here we
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Alignment parsed by distance matrix. The parsing of a
single local alignment into geometrically consistent sub align-
ments is illustrated. Only five sub-alignments are shown, and
consecutive aligned residue pairs belonging to the same sub-
alignment are represented by a single point in order to make
the plot easier to see. The secondary structure (helices in
blue and strands in red) is plotted along the axis.

use it as a constraint. The sub-alignments thus constrained
correspond to sets of residue pairs where the difference in
corresponding intramolecular distances agree within a
specified tolerance.

The parsing is iterative: the first aligned pair of residues
(i,i,) initiates a sub-alignment (Here, the subscript g refers

to the query and t to the template). Then we attempt to
add a second aligned pair (j,j,) to this sub-alignment. If

we find that any of the intramolecular distances in the

query dg differ by more than a cutoff value from the cor-

responding distance in the template, déJ , the residue pair
(jgjo) is rejected from the sub-alignment; otherwise, it is
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accepted. If the pair is rejected from all existing sub-align-
ments, a new sub-alignment is initialized. Each subse-
quent pair of residues is compared to each existing sub-
alignment in this manner until all residue pairs in the
original alignment have been accounted for.

There are two differences between the algorithm used in
GASH and that used by us previously: first, a residue pair
can be in more than one sub-alignment, as long as the dif-
ference cutoff is satisfied. Second, the cutoff used in the
current work is 10A rather than 20A.

In figure 2 we show some of the sub-alignments from a
single local alignment between 1sftB and 1lezwA.
Although about two-thirds of the aligned pairs have not
been plotted, in order to make it easier to see individual
pairs, it can be seen that the aligned pairs from a particular
sub-alignment are not clustered together in sequence
number but are distributed over a wide range of values.

NER maximization

NER maximization involves first optimizing the superpo-
sition, given an initial alignment, and then re-optimizing
the alignment based on the new superposition. For opti-
mizing the superposition, we first minimize the C, RMSD
of the aligned residues, then directly maximize the NER
score by conjugate gradient optimization. The method of
Mclachlan is used for RMSD minimization [17]. For the
conjugate gradient optimization step we use the Fletcher-
Reeves-Polak-Rebiere method as implemented in the
Numerical Recipes program frprmn [18].

We then re-calculate the alignment based on the residue-
based similarity score (eqn. 2) using an ordinary dynamic
programming calculation [19]. This re-alignment step is
similar in approach to that used by May and Johnson
[20,21] as well as Gerstein and Levitt [22]; however, in our
case we do not iterate between superposition and align-
ment. From the new alignment, we calculate the optimal
NER, score. Note that the final NER score will be sensitive
to the relative gap penalty used in the dynamic program-
ming step, so one must be sure to use the same parameters
when comparing alignments. The best choice for the gap
penalty depends on the problem at hand. For all results
presented here, we use .25 for internal gap opening, and
.125 for internal extension.

Crossing alignments

Genetic algorithms have been used to generate alignments
[23] or superpositions [20,21]. Here we use Local ASH to
generate a very reasonable set of initial alignments, and
use the crossover operation to exchange information
between this initial set of alignments in order to obtain a
globally optimal solution. We do not require the mutate,
or other local operations, as we are not attempting to
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Local and global alignments. The crossover operation is
illustrated here by showing the final GASH alignment
between IsftB and |ezwA. Four of the initial Local ASH align-
ments are shown as scatter plots, which are partially sampled
by the final GASH alignment, as well as the Global ASH
alignment.

generate new information at this point, and because the
NER maximization procedure can locally optimize an
imperfect alignment generated by the crossover step.
Crossover is the only stage where a random element is
explicitly introduced into the procedure, and thus, in
combination with the choice of initial alignments, is a
point where the extent of sampling can be adjusted. The
crossover algorithm used in GASH is as follows:

1. A stack to hold hybrid alignments is initialized with a
fixed maximum length.

2. Two alignments as well as a splice-point in one of them
are chosen at random.

3. The splice point in the second alignment is chosen so
that the C-terminal portion is as long as possible without
containing any of the residues in the N-terminal portion
of the first alignment.

4. The alignments are crossed with a single progeny: the N
terminal portion of alignment 1 and the C-terminal por-
tion of alignment 2.
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5. The CA RMSD of the new alignment is minimized, and
the NER score calculated from the RMSD-minimized
superposition. If the stack-size has not reached the maxi-
mum value, the new alignment is saved; otherwise, if this
new NER score is greater than the lowest saved NER score
in the stack, the lowest saved alignment is replaced by the
new alignment. (This means we don't have to sort the
stack but just keep track of the worst saved solution.)

6. Return to step 1 a fixed number of times (N,).

The entire cross-over cycle is repeated N,,,, times, starting
from the same initial set of alignments. After each cycle,
the top N,,, alignments are subjected to full NER maximi-
zation. The values N, N, and N,,, are all parameters
that can be used to adjust the extent of sampling, as

described in the GASH Variants section, below.

In figure 3 we show the final GASH alignment between
1sftB and 1ezwA along with some of the initial alignments
produced by Local ASH. We can see in this example that
the final GASH alignment samples at least three different
local alignments, and that this solution is completely dif-
ferent from the one obtained by Global ASH.

Saving unique results

It should be emphasized that, while in the present study
we focus on global optimization, the GASH program pro-
duces multiple solutions. The selection of final solutions
involves sorting the saved results and removing lower-
scoring alignments from the list that are similar (as
defined by an RMSD threshold) to higher-scoring ones.
On the GASH server, the RMSD threshold, as well as an
NER threshold for accepted solutions, can be adjusted in
order to modify the number of retained alternate
solutions.

DaliLite program

The DaliLite program was obtained from the FSSP [24]
server [25]. The DaliLite NER scores were calculated by
dynamic programming as described above using the
DaliLite superposition without modification. The calcula-
tion was identical to that used to evaluate the superposi-
tion of the GASH structures.

CE program

The CE program was obtained from the CE server [26].
The NER scores were calculated in a manner identical to
that used for Dali, except that the superimposed coordi-
nates were generated by our own script based on the rota-
tion matrix and translation vector produced by the CE
program.
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GASH variants

In order to assess the necessity and sufficiency of the cross-
over step, we report results using four versions of GASH:
Default, No Cross-over, High Cross-over, and Meta. These
variants are summarized below.

Default GASH

The default settings for Ny, N,,,, and N,,, are 2,100, and
20, respectively. Initial alignments are generated by Local
ASH.

No cross-over GASH

In order to assess whether the extent of crossover specified
by the default parameters is necessary, GASH was run with
no crossing over (N, = 0).

High cross-over GASH

In order to assess whether the extent of crossover specified
by the default parameters is sufficient, GASH was run with
extensive crossing-over (N, = 200).

Meta GASH

In order to assess whether the initial set of alignments gen-
erated by Local ASH is sufficient, alignments extracted
from DaliLite and CE were added to the initial set. In the
case of DaliLite, we used all alignments generated by the
program as well as those extracted from the DaliLite
superpositions, using the re-alignment procedure,
described above.

Test sets

Two test sets are used to assess the performance of GASH.
The first was derived using SCOP[10] and FSSP[24]. The
second was derived by Fischer and Eisenberg has been
used by others[4] to benchmark structure comparison
algorithms. We will refer the these as the SCOP-FSSP and
the Fischer-Eisenberg sets, respectively.

The SCOP-FSSP set was generated by a two-step proce-
dure. First, SCOP [10] entries from different families were
chosen by hand then checked to see if they were among
the pre-computed lists of structure pairs at the FSSP [24]
server. One entry, trehalose-6-phosphate synthase, was
not found on FSSP, so trehalose-6-phosphate phos-
phatase related protein (1u02A) was used instead. The
resulting 17 structures are referred to as "queries". Next,
for each query, all structural neighbors were taken from
the FSSP server. These structures are referred to as "tem-
plates". The template list was obtained by browsing the
"FOLD Index," based on the PDB90 representative set of
proteins [27], starting from the PDB ID of the SCOP entry.
Note that while no two templates share more than 90%
sequence identity, one of the templates is likely to have a
high sequence similarity to the query as this closest
matching representative is used to select the best pre-com-
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puted list. Examples are 1sftB (query) 1bdOA (representa-
tive template) and 1ab8A (query) 1cs4B (representative
template).

A number of multi-domain queries were selected in this
way under the assumption that these structures would
yield a diverse and challenging set of templates. The result
was a set of 3,593 structure pairs containing many differ-
ent types of proteins. Since FSSP, which uses Dali to gen-
erate structure pairs, was used to create our test-set, there
should be no bias toward GASH in the SCOP-FSSP set.
Subsequently 491 of these structure pairs were eliminated
because one or more of the programs failed to produce a
meaningful alignment (see below), resulting in a set of
3,102 structure pairs that were used for the present analy-
sis. The set of queries, along with their fold classifications
is given in Table 1.

The Fischer-Eisenberg set was taken from table VI in
Shindyalov and Bourne [4].

Results

Overview

The results were generated by running each program on
the command line on one of 14 identical personal com-
puters (Intel Pentium4 processor, Linux RedHat 8.0 oper-
ating system). In order to make a fair comparison, the
same re-alignment procedure was used to evaluate the
NER scores and the numbers of aligned residues for all
alignment methods. The numbers of aligned residues
were computed for three RMSD cut-offs: 2,4, and 6A,
which we will refer to as N2, N4, and N6, respectively.
Occasionally one or more of the programs failed to
produce a result, or only aligned a few residues. Since we
could not distinguish between software errors (e.g. pars-
ing the initial PDB file or some incompatibility between
our system and one of the programs) and true algorithmic
deficiencies, we eliminated any template from the list if
any one of the methods failed to produce an NER score
greater than 10. Based on the higher number of failures
for DaliLite, CE and Global ASH (171,180, and 100,
respectively) compared to the default, no crossover, and
high crossover GASH (58,64, and 56, respectively) it is
unlikely that eliminating templates in this way biased the
results in favor of GASH.

Averages of all similarity measures as well as the number
of internal gaps were computed for each query set as well
as for the entire set of results (see Additional file 1). In
addition, the average CPU time per alignment is given for
each query set and for the entire set of results in table 2.
From the SCOP-FSSP set, a sub-set of 5 structure pairs that
were not aligned properly by Global ASH are discussed in
detail and shown in figures 7, 8, 9, 10, 11. Finally, we
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Table I: Query List. The set of queries used to generate the SCOP-FSSP set is shown. The chain ID, if non-blank, is appended to the
PDB ID (column I). The number of residues refers to the entire protein chain. The Class and Fold are taken from SCOP, except in the

case of 1u02A, which was not classified by SCOP.

PDB ID Protein Name Nres Class Fold
lab8A Type Il Adenylyl Cyclase C2 Domain 208 o+f Ferredoxin-like
IbxrA Carbamoyl Phosphate Synthetase(CPS) 1104 | .« I. CPS connection domain
2. o/p 2. Swivelling B/B/o. domain
3.0/B 3. Flavodoxin-like
4. o/B 4. Methylglyoxal-like
5.0/B 5. PreATP Grasp domain
6. 0P 6. ATP Grasp
IfrvA Nickel-lron Hydrogenase (NIH) 293 l. o+ I. NIH Large subunit
2. ot+f 2. NIH Small Subunit
ImniA Myoglobin 184 o Globin-like
IqgtB Hepatitis B Viral Capsid 174 o Hepatitis B Viral Capsid
1u02A Trehalose-6-Phosphate Phosphatase Related Protein 253 olp
Ibgw DNA topoisomerase Il, C-terminal fragment 709 Multi-dom o+f3 Type || DNA Topoisomerase
(residues 410-1202)
IdwuA  Ribosomal Protein LI 244 Multi-dom o+f3 Ribosomal Protein LI
lggeA Polypeptide release factor 2 385 Multi-dom o+ Polypeptide release factor 2
InvbB Dehydroquinate Synthase (DHQS) 422 Multi-dom o+ DHQS-like
Ir6fA Low Calcium Response Protein V (LcrV) 303 Multi-dom o+ Virulence-associated V antigen
ludyA Medium Chain acyl-CoA Dehydrogenase 416 l.o |. Bromodomain-like
2. Multi-dom o+ 2. Acyl-CoA dehydrogenase NM domain-like
IbwwA  Immunoglobulin Light Chain Kappa Variable Domain 140 B Immunoglobulin-like B-sandwich
1e03L Antithrombin 454 Multi-dom o+ Serpins
IkyqB Bifunctional dehydrogenase/ferrochelatase Met8p 298 1. o/P . NAD(P)-binding Rossmann-fold domains
2. Multi-dom o+ 2. Siroheme Synthase Middle domain-like
lobaA Endolysin 369 I.B I. B-hairpin stack
2.0/B 2. TIM B/o-barrel
IsftB Alanine Racimase 411 |. Domain of o+ subunits of FI ATP synthase-

1.8
2.0/B like
2. TIM B/o-barrel

present results for the smaller Fischer-Eisenberg data set
(see Additional file 2).

Output files

The raw data resulting from each of the 3,102 structure
pairs using 7 different methods is too large to be presented
in tabular form here. For this reason, we have prepared a
link to the data on our server [28]. The main page summa-
rizes the results for each query and is reproduced in text
form in Additional file 1. The HTML table contains links
for each query containing individual scores for each struc-
ture pair using each of the 7 alignment methods. Within
each query page there are links to each alignment and
superposition (in PDB format). An example of the align-
ment between 1bwwA and 1jv5B is given in figure 4.

Correlation between NER score and the number of aligned
residues

Although the main focus of this work is on optimization,
we first consider whether the NER score is a valid target
function for structural alignment by comparing it to a
more familiar metric: the number of aligned residues
under a given RMSD.

In figure 5 we plot NER4 versus N2, N4, and N6 for all
3,102 structure pairs in the SCOP-FSSP data set using all 7
alignment methods. Since RMSD is an average over a set
and NER is a direct sum of normalized values, we do not
expect to see an exact agreement; nevertheless, over a
broad range of values, the correlation between the differ-
ent numerical measures is approximately linear. The slope
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Table 2: Timings. The average CPU times for each query from the SCOP-FSSP set using each of the 6 programs is shown. The Meta
Gash program CPU can be closely approximated by summing the GASH default, DaliLite, and CE columns.

Query Average CPU (seconds)
GASH Global GASH GASH

ID Nres Default Dalilite CE ASH No Cross High Cross
IbwwA 110 4 4 13 4 3 8
lqgtB 144 7 6 17 10 6 10
ImniA 154 4 4 13 5 4 9
lab8A 178 5 3 15 6 5 9
ldwuA 214 13 9 18 17 13 20
1u02A 223 13 10 19 15 13 18
IfrvA 263 14 10 18 16 13 20
IkyqB 268 15 10 20 20 15 21

1 r6fA 273 7 5 17 10 7 Il
lobaA 339 27 23 24 31 25 34
lggeA 355 15 10 22 19 14 20
|sftB 381 25 22 24 28 24 32
ludyA 386 14 12 24 20 13 19
InvbB 392 25 16 23 30 25 32
1e03L 424 22 22 18 31 21 36

I bgw 680 40 25 45 53 39 48
IbxrA 1074 60 28 6l 83 58 69

is closest to unity when the smallest RMSD cutoff (2A) is
used (slope 1.2, correlation coefficient .97).

The fact that NER is a direct sum makes it much easier to
optimize than the number of aligned residues under a
given RMSD cutoff. (For example, it can be maximized
directly by dynamic programming or by conjugate
gradient optimization.) This fact coupled with the nearly
linear agreement between the two measures validates the
utility of NER as a target function for structural similarity.

Optimization performance

First we consider the improvement of GASH compared to
Global ASH from the summaries given in Additional files
1 and 2. In terms of optimization of the NER score (or any
of the other measures), GASH consistently out-performs
Global ASH. An improvement of approximately 10 resi-
dues is seen in every query average, with the exception of
1e03L, where the two programs agreed on average. The
improvement in terms of alignment accuracy is achieved
while at the same time decreasing the CPU time per align-
ment (table 2).

Next we consider the performance compared to DaliLite
and CE. GASH consistently aligned an equal or greater
number of residues than either DaliLite or CE,
independent of the measure used to define accuracy. The
improvement relative to CE is particularly dramatic, with
an average of 7-19 more residues aligned (depending on
the measure used). With DaliLite, the improvement (4-8

residues, on average) was not as dramatic, but it was con-
sistent across most query sets. In terms of CPU usage, CE
was the slowest for proteins in the 100-273 residue range,
and DaliLite was several seconds faster than GASH in this
size range. In the 339-424 residue range, CPU times differ
between the four programs by only a few seconds, on
average. The greatest difference in CPU usage is seen for
the largest structures: DaliLite uses only 25 and 28 sec-
onds, for 1bgw (680 residues) and 1bxrA (1074 residues),
but both GASH and CE run for longer times(approxi-
mately 40 and 60 seconds, respectively).

It must be emphasized that these results represent use of
the DaliLite and CE programs as is, without any changes
in the source code for this difficult set of alignment prob-
lems. In the hands of the authors, CE or DaliLite might
well yield higher NER scores and/or lower CPU times.

Sufficiency of Local ASH initial alignments

We address the question of coverage in the initial set of
alignments by comparing the default GASH performance
with Meta GASH, where alignments from DaliLite and CE
were added to the initial set. Since GASH uses only the
crossover operation from the genetic algorithm, not muta-
tion, the only new information it can generate is in the re-
alignment step. DaliLite and CE both generate alignments
by completely different algorithms from each other and
from Local ASH, so if there is not enough information in
the initial set of Local GASH alignments, we should see an
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GASH: NER4=70 N2=70 N4=121 N6=126 Nmatch=15/22

+

QUERY ~GLSD- - = === === mm e GEWQLVLNVWGKVEADVAGHGQEVLIRL

TEMPL MLDAFAKVVAQADARGEFLSNTQLDALSKMVSEGNKRLDV-VNRITSNASATVTNAARAL
+ + + ++ ++ +

QUERY FKGHPETLE- - KFDKFKHLKSEDEMKASEDLKKVGNTHLTALGGIL-KK- - - -KGH-HEA

TEMPL FSEQPQLIQPGGAYTNR---=-=--=----~- RMAACL - RDMEIILRYVSYAIIAGDSSILDD
+ ++ + ++

QUERY EL-TPLAQSHATKHKIPVKYLEFISEAIIQVLQSKHPGDF - - - - - - GAD- - AQGAMSKAL

TEMPL RCLNGLRETYQALGVPG-ASVAVGIEKMKDSAI - ATANDPSGITTGDCSALM- AEVGTYF

QUERY ELFRNDMAAKYKELGFQG

TEMPL DRAATAVQ----------

DaliLite: NER4=67 N2=61 N4=121 N6=123 Nmatch=14/22

QUERY GLSD--======-m--mmmmmooooooon GEWQLVLNVWGKVEADVAGHGQEVLIRL
TEMPL MLDAFAKVVAQADARGEFLSNTQLDALSKMVSEGNKR - LDVVNRITSNASAIVTNAARAL
+ + ++ ++ +

QUERY FKGHPETLE- - - KFDKFKHLKSEDEMKASEDLKKVGNTHLTALGGIL-KK- - - -KGH-HE

TEMPL FS-EQPQLIQPGGAYTN------------ RRMAACL-RDMEIILRYVSYAIIAGDSSILD
+ ++ + ++

QUERY AEL-TPLAQSHATKHKIPVKYLEFISEAITQVL-QSKHPGDFG-------- AD-AQGAMS

TEMPL DRCLNGLRETYQALGVPG-ASVAVGIEKMKDSAIA--I - - ANDPSGITTGDCSALMAEVG

QUERY KALELFRNDMAAKYKELGFQG

TEMPL TYFDRAATAVQ---=-------

CE: NER4=60 N2=35 N4=116 N6=131 Nmatch=10/22

+

QUERY Y SDGEWQLVL-NVWGKVEADVAGHGQEVLIRLF
TEMPL MLDAFAKVVAQADARGEFLSNTQLDALSKMVSEGNKRLDVVNRITSNASAIVTNAARALF
+ ++ +
QUERY KGHPETLEKFDKFKHLKSEDEMKASEDLKKYV - GNTHLTALGGILKK - KGHH- EAELTPLA
TEMPL SE-QPQLIQPGGAYTN------- RRMAACLRDMEIILRYVSYAIIAGDSSILDDRCLN- -
+ + + ++

QUERY QSHATKEK- - - - IPVKYLEFISEAIIQVL -QSKHPGD- - - - FGAD - AQGAMSKALELFRN
TEMPL G-LRETYQALGVPG-ASVAVGIEKMKDSAIAIANDPSGITTGDCSALMAEVGTYFD-RAA
QUERY DMAAKYKELGFQG

TEMPL TAVQ---------

Global ASH: NER4=61 N2=57 N4=113 N6=132 Nmatch=7/22

¥
QUERY ~ mmmmmmmmeemeemeeeeeeeeo GLSDGEWQLVL - NVWGKVEADVAGHGQEVLIRLF
TEMPL MLDAFAKVVAQADARGEFLSNTQLDALSKMVSEGNKRLDVVNRITSNASAIVTNAARALF
+ ++ +
QUERY KGHPETLEKFDKFKHLKSEDEMKASEDLKKY - GNTHLTALGGILKKKGHHEAELTPLAQS
TEMPL SE-QPQLIQPGGAYTN------- RRMAACLRDMEIILRYVSYAIIAGD-SSILDDRCLNG
+ +

QUERY HATKHK- - - - - IPVKYLEFISEAIIQVL-QSKHPGDFG- - - -ADAQGAMSKALEL- FRND
TEMPL LRETYQALGVPGASVA - - VGIEKMKDSAIA- - IANDPSGITTGDCSALMAEVGTYFDRAA
QUERY MAAKYKELGFQG

TEMPL TAVQ--------

Figure 7

Myoglobin aligned to Phycocyanobilin. Myoglobin (1 mniA, query) aligned to Phycocyanin (1 phnB, template). Residues that
bind heme in ImniA and phycocyanobilin in |phnB are underlined, with matches indicated by a + and the total number of
matches reported at the top of each alignment. The color scale used in this figure is identical to that of figure 6. The secondary
structure assignments, residue equivalences, and terminal gaps have all been omitted in order to save space.
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GASH: NER4=89 N2=109 N4=127 N6=131 Nmatch=13/16

QUERY PGVDPLLGPEMRSTGEVMGVGRTFAEAFAKAQLGSNSTMKKHGRALLSV - - -REGD -KER
TEMPL ~  mmmmmmmmm e e TLPARKHIALVAHDHCKQMLMSW

+ ++ + + + + o+ +
QUERY VVDLAAKLLKQGFELDATHGTAIVLG-EAGINPRLVN-KVHEGRPHIQDRIKNGEYTYII
TEMPL VERHQPLLE- - QHVLYATGTTGNL I SRATGMNVNAMLSGPMGGDQQVGALISEGKIDVLI

+ + +

QUERY NTTS-GRRAIED- - SRVIRRSALQYKVHYDTTLNGGFATAMALNADATEKVISVQEMHAQ
TEMPL FFWDPLNAVPHDPDVKALLRLATVWNIPVATNVATADFIIQSPHFNDAVDILIPDYQRYL

DaliLite: NER4s=48 N2=26 N4=95 N6=103 Nmatch=0/16

QUERY -MP- - -KRTDIKSILILGAGPIVIGQACEFDYSGAQACKALREE- -GY - - -RVILVNSNP
TEMPL MELTTRTLPARKHIALVAH--------- DH- - CKQMLMSWVERHQPLLEQHVLYATG- - -
QUERY ATIMTDPEM- - - -ADATYIE- - PTHWEVVRKIIEKERPDAVLPTMGG- - - QTALN-CALE
TEMPL - TTGNLISRATGMNVNAMLSGPMGGDQOVGALISEGKIDVLIF - FWDPLNAVPHDPDVKA
QUERY LERQGVLEEFGVTMIGATADAIDKAEDRRRFDVAMKKIGLETARSGIAHTMEEALAVAAD
TEMPL LLR- - LATVWNIPVATNVATADFIIQSPHFNDAVDILIPDYQRYLADRLK- -~ -~~~ -~

CE: NER4=86 N2=105 N4=127 N6=131 Nmatch=14/16

QUERY PGVDPLLGPEMRSTGEVMGVGRTFAEAFAKAQLGSNSTMKKHGRALLSYV - - - RE - GDKER

TEMPL === ----e---cccecc-ccccccec--ccceo-a- RTLPARKHIALVAHDHCKQMLMSW
+ ++ + + + + o+ +

QUERY VVDLAAKLLKQGFELDATHGTAIVLG-EAGINPRLVN-KVHEGRPHIQDRIKNGEYTYII

TEMPL VERHQPLLEQ- -HVLYATGTTGNLISRATGMNVNAMLSGPMGGDQQVGALISEGKIDVLI
+ + + +

QUERY NTTS-GRRA-IE-DSRVIRRSALQYKVHYDTTLNGGFATAMALNADATEKVISVQEMHAQ

TEMPL FFWDPLNAVPHDPDVKALLRLATVWNIPVATNVATADFIIQSPHFNDAVDILIPDYQRYL

Global ASH: NER,=25 N2=26 N4=47 N6=64 Nmatch=0/16

QUERY RFNFEKFAGANDRLTTQMKSVGEVMAIGRTQQESLQKALRGLEVGATGFDPKVSLDDPEA

TEMPL === =m=mmmmmmmmmememo- - ALVAHDHCKQMLMSWVERHQPLLEQHVLYATG- -TTG

QUERY LTKIRRELKDAGADR- - - - - IWYIA-------- DAFRAGLSVDGVFNLTNIDRWFLVQIE

TEMPL NLISRATGMNVNAMLSGPMGGDQQVGALISEGKIDVLIFFW--DPLNA-VPHDPDVKALL

QUERY ELVRLEEKVA------------------- EVGITGLNADFLRQLKRKGFADARLAKLAGV

TEMPL RLATVWNIPVATNVATADFIIQSPHFNDAVDI--LI---PDYQRYLADRLK---------
Figure 8

Carbamoyl phosphate synthetase aligned to methylglyoxal synthase. Carbamoyl phosphate synthetase (IbxrA,
query) aligned to methylglyoxal synthase (legh, template). Conserved residues in the methylglyoxal synthase-like superfamily
are underlined, with matches indicated by a + and the total number of matches reported at the top of each alignment. The for-
mat used in this figure is identical to that of figure 7.
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GASH: NERs=107 N2=114 N4=181 N6=196 Nmatch = 1/1

QUERY = = s e e e e e e e e e e e e e mm—--——-- NVENLRRLLPDDT
TEMPL IAAVNKNNIFATQFHPEKSGKAGLNVIENFLKQQSPPIPNYSAEEKELLMNDYSNYGLTR
+
QUERY HIMAVVKA----=---- NAYG- - -HGDVQVARTALEAGASRLAVAFL----- -~ DEALALR
TEMPL RITACLDVRTNDQGDLVVTKGDLGKPVQLAQKYYQQGADEVTFLNITDCPLKDTPMLEVL
QUERY EKGIE---APILVLGASRP--------- A---DAALAAQQRI-ALTV---F-RS------
TEMPL KQAAKTVFVPLTVGGGIKDIVDVDGTKIPALEVASLYFRSGADKVSIGTDAVYAAEKYYE
QUERY ----DWLEEA--SALYSGPFPI--HFHLKMDTG--------=-----------------o-
TEMPL LGNRGDGTSPIETISKA---YGAQAVVISVDPKRVYVNSQADTKNKVFETEYPGPNGEKY
QUERY ---MGRL-------- GVKDEEETKRIVALIERHPHFVLEGLYTHFATA--DEVNTDYFSY
TEMPL CWYQCTIKGGRESRDLGVWELTRA-CEALG---~-~-~-- AGEILLNCIDKDGSNSGY--DLE
QUERY QYTRFLHMLEWLPSRPPLVHCANSAASLRFP-DRT- - - -FNMVRFGIAMYGLAPSPGIKP
TEMPL LIEHVKDAV=- -~ -~ KI-PVIASSGAGVPEHFEEAFLKTRADACLGAGMFHRGEFTVNDVK

DaliLite: NER4=107 N2=104 N4=180 N6=193 Nmatch =1/1

QUERY s mmm e e e e e e e VENLRRLLPDDT
TEMPL IAAVNKNNIFATQFHPEKSGKAGLNVIENFLKQQSPPIPNYSAEEKELLMNDYSNYGLTR
+
QUERY HIMAVVKA------- NAYG- - - -HGDVQVARTALEAGASRLAVAF - - - - - - - - LDEALAL
TEMPL RIIACLDVRTNDQGDLVVTKGDLGKPVQLAQKYYQQGADEVTFLNITDCPLKDTPMLEVL
QUERY REK-G- IEAPILVLGASR--------—-- P-ADAALAAQ-QRIALTVF--R--S------
TEMPL KQAAKTVFVPLTVGGGIKDIVDVDGTKIPALEVASLYFRSGADKVSIGTDAVYAAEKYYE
QUERY  memmm--- DWLEEASALYSGPFPI - -HFHLKMDTG- - == == === == == == o — ===
TEMPL LGNRGDGTSPIE--TISKA- - - YGAQAVVISVDPKRVYVNSQADTKNKVFETEYPGPNGE
QUERY = —----- MG- - -RLG- - - VKDEEETKRIVALIERHPHFVLEGLYTHFATA - -DEVNTDYFS
TEMPL KYCWYQCTIKGGRESRDLGVWELTRACEALG- - - - - - AG-EILLNCIDKDGSNS----- e]
QUERY YQYTRFLHMLEWLPSRPPLVHCANSAASL-RFPDRT- - - - - FNMVRFGIAMYGLAPSPGI
TEMPL YDLELIEHVKDAV-KIP--VIASS-GAGVPEHFEEAFLKTRADACLGAGMFHRGEFTVND
CE: NER4=97 N2=76 N4=184 N6=201 Nmatch = 1/1
QUERY  mm e e e e NVENLRRLLPDDT
TEMPL IAAVNKNNIFATQFHPEKSGKAGLNVIENFLKQQSPPIPNYSAEEKELLMNDYSNYGLTR
+
QUERY HIMAVVKA------- NAYG- - - -HGDVQVARTALEAGASRLAVAF - - - - - - - - LDEALAL
TEMPL RIIACLDVRTNDQGDLVVTKGDLGKPVQLAQKYYQQGADEVTFLNITDCPLKDTPM-LEV
QUERY REKGI---EAPILVLGASRP--------- ADAALAAQ-Q- - -RIALTV- - -FRSDW- - - -
TEMPL LKQAAKTVFVPLTVGGGIKDIVDVDGTKIPALEVASLYFRSGADKVSIGTDAVYAAEKYY
QUERY  —------ LEEASALYSGPFPI-HFHLKMDTGM- - = - === - == === === — === == -
TEMPL ELGNRGDGTSPIETISKAYGAQAVVISVDPKRVYVNSQADTKNKVFETEYPGPNGEKYCW
QUERY = —----- GRL- -GVKD-EEETKRIVALIERHPHFVLEGLYTH- - FATADEVNTDYFSYQYT
TEMPL YQCTIKGGRESRDLGVWELTRACEALG----- - AGEILLNCIDKDGSNS------ GYDLE
QUERY RFLHMLEWLPSRPPLVHCANSAASLRFPDRT- - - - - FNMVRFGIAMYGLAPSPGIKPLLP
TEMPL LIEHVKDAV-K-IP-VIASSGAGVPEHFEEAFLKTRADACLGAGMFHRGEFTVNDVKEYL
Global ASH: NERs=54 N2=46 N4=102 N6=115 Nmatch = 0/1
QUERY RIALTVF-----oo-mmmmmmom - RSDWLEEA- SALYSGPFPIHFHLKMDTGMGRL - - -
TEMPL RIIACLDVRTNDQGDLVVTKGDLGKPVQLAQKYYQ--Q- - -GADEVTFLN- - - - - ITDCP
QUERY - -GVKDEEETKRIVALIERHPHFVLEGLYTHFATADEVNTDYFSY----- - - - QY-TRFL
TEMPL LKDTPMLEVLKQAAKTVF - - - - - VP-LTVGGGI--------- KDIVDVDGTKIPALEVAS
QUERY HMLEWLPSRPPLVHCA - -NSAASLR----------- F-PDRTF- - - -N- - -MVRFGIAMY
TEMPL LYFRSG- -AD-KVSIGTDAVYAAEKYYELGNRGDGTSPIETISKAYGAQAVVISVDPKRV

Figure 9

Alanine Racimase aligned to imidazole glycerol phosphate synthase. Alanine Racimase (IsftB, query) aligned to imi-
dazole glycerol Phosphate synthase (ljvnA, template). A pair of function residues found the TIM barrel are underlined, with
matches indicated by a + and the total number of matches reported at the top of each alignment. The format used in this figure
is identical to that of figure 7.
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GASH: NER4=71 N2=85 N4=111 N6=116 Nmatch=7/7

++  ++ +++

QUERY = @ memmmmmmmmmmm e m—m - QLAHQLKDKRILLIG--GG-EVGLTRLYKL-PT-GCKLTL
TEMPL HDHVNVGDQVKLAAPYGSFHIDVDAK--TPIVLISGGVGLTPMVSMLKVALQAPPRQVVF
QUERY VS-P----- DLHKSIIPKFGKFIQNKDQPDYREDAKRFINPNWDPTKNEIYEYIRS----
TEMPL VHGARNSAVHAMRDRLREAAKT - ----=-=-=-=--=----- ===~ YEN------ LDLFVFYDQP
QUERY = @ memmmmmmm—-—--- DFKDEYLDLENENDAWYII-TCIPDHPESARIYHLCKERFGKQQLV
TEMPL LPEDVQGRDYDYPGLVDVKQIEKSIL-LPDADYYICG-PIPFMRMQHDALKNLGIHEART
QUERY NVADKPDLCDFYFGANLEIGDRLQILISTNGLSPRFGALVRDEIRNLFTQGDLALEDAVV
TEMPL HYEVFGPDLFAE----------- e e e e e e e e e e e e e e e e e e e m - m - =

DaliLite: NER4s=71 N2=85 N4=109 N6=114 Nmatch=7/7

++  +++ e+

QUERY = e mmmmmm e mmmmm—m——-- LAHQLKDKRILLIG--GGE-VGLTRLYKL-PT-GCKLTL
TEMPL HDHVNVGDQVKLAAPYGSFHIDVDAK--TPIVLISGGVGLTPMVSMLKVALQAPPRQVVF
QUERY VSPD------- LHKSIIPKFGKFIQNKDQPDYREDAKRFINPNWDPTKNE-IYEYIRS- -
TEMPL VHGARNSAVHAMRDRLRE-AAKT--------------mmmmmm oo - = YENLDLFVFYD
QUERY = @ memmmmmmemm—-—--o DFKDEYLDLENENDAWYII-TCIPDHPESARIYHLCKE-RFGKQ
TEMPL QPLPEDVQGRDYDYPGLVDVKQIEKSIL-LPDADYYICG-PIPFMRMQHDALKNLGIHEA
QUERY QLVNVADKPDLCDFYFGANLEIGDRLQILISTNGLSPRFGALVRDEIRNLFTQGDLALED
TEMPL -RIHYEVFGPDLFAE------------ - - mmm e e mmm e mmmm e e e e m e mm e m = - =

CE: NER4s=59 N2=40 N4=113 N6=117 Nmatch=5/7

+++ ++
QUERY = @ mmmmmmmmmmm—--- QL--AHQL--KDKRILLIGGGEVGL-TRLYKL-PTGC---~--- KL
TEMPL HDHVNVGDQVKLAAPYGSFHIDVDAKTPIVLISGG- - -VGLTPMVSMLKVALQAPPRQVV
QUERY TLVS-PDL-HKSIIPKFGKFIQNKDQPDYREDAKRFINPNWDPTKNEIYEYI--------
TEMPL FVHGARNSAVHAMRDRLREA-----=--=-=--=-=------ AKTYEN- - --LDLFVFYDQPLPE
QUERY = —------ RS--DFKDEYLDLE-NENDAWYITITCIPDHPES-ARIYHLCKER-FGKQQLVN
TEMPL DVQGRDYDYPGLVDVKQIEKSILLPDADYYICGPI-P--FMRMQHDALKNLGIHEARIHY

Global ASH: NER4=23 N2=27 N4=35 N6=39 Nmatch=0/7

QUERY YHLCKERFGKQQLVNVADKPDLCDFYFGANLEIGDRLQI--LIST--N---=--=-===--~

TEMPL = =  —--mmm e e e mm e e mmmmmm - KDIVKATAPVLAEHGYDIIKCFYQRMFEAHPE

QUERY = —-------- GLS-PRFGALVRDEIRNLFTQGDLALEDAVVKLGELRRGIRLLAPDDKDVKY

TEMPL LKNVFNMAHQEQGQQQQALARAVYAYAENIEDPNSLMAVLKNIANKHASLGVKPEQYPIV
Figure 10

Met8p aligned to flavohemoglobin. Met8p (lkyqB, query) aligned to Flavohemoglobin (1cqxA, template). The NAP(p)-
binding loop residues are underlined, with matches indicated by a + and the total number of matches reported at the top of
each alignment. The format used in this figure is identical to that of figure 7.
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GASH: NER4=86 N2=102 N4=103 N6=103 Nmatch=3/3

http://www.biomedcentral.com/1471-2105/6/221

QUERY TPDIQMTQSPSSLSASVGDRVTITCQAS-QDITI-KYLNWYQQKPGKAPKLLIYEA-----
TEMPL - - -VKLQESG-AELARPGASVKMSCKASGYTFTTYTIHWIKQRPGQGLEWIGYINPSSVY
+
QUERY SNLQAGVP - SRFSGSGSG- - TDYTFTISSLQPEDIATYYCQQVYQSLPYTFGQGTKLQIT -
TEMPL TNYN-QRFKDKATLTRDRSSNTANIHLSSLTSDDSAVYYCVREG-EVPYWGQGTTVTVSS
DaliLite: NER4=86 N2=102 N4=103 N6=103 Nmatch=3/3
+ +
QUERY TPDIQMTQSPSSLSASVGDRVTITCQAS-QDIT-KYLNWYQQKPGKAPKLLIYEA-----
TEMPL ---VKLQESG-AELARPGASVKMSCKASGYTFTTYTIHWIKQRPGQGLEWIGYINPSSVY
+
QUERY SNLQAGVP - SRFSGSGSG- -TDYTFTISSLQPEDIATYYCQQVQSLPYTFGQGTKLQIT-
TEMPL TNYN-QRFKDKATLTRDRSSNTANIHLSSLTSDDSAVYYCVREG-EVPYWGQGTTVTVSS
CE: NER4=85 N2=102 N4=103 N6=103 Nmatch=3/3
+ +
QUERY TPDIQMTQSPSSLSASVGDRVTITCQAS-QDIT -KYLNWYQQKPGKAPKLLIYEA-- - - -
TEMPL - - -VKLQESG-AELARPGASVKMSCKASGYTFTTYTIHWIKQRPGQGLEWIGYINPSSVY
+
QUERY SNLQAGVP - SRFSGSGSG- - TDYTFTISSLQPEDIATYYCQQYQSLPYTFGQGTKLQIT -
TEMPL TNYN-QRFKDKATLTRDRSSNTANIHLSSLTSDDSAVYYCVREG- EVPYWGQGTTVTVSS
Global ASH: NER4=56 N2=68 N4=84 N6=85 Nmatch=3/3
—+
QUERY e e e e e e oo TPDIQMTQSPSSLSASVGDRVTITCQA
TEMPL HQDWLNGKEFKCRVNSAAFPAPIEKTISKTKGKPRAPQVYTIPPPKEQMAKDKVSLTCMI
-+
QUERY SQD- - IIKYLNWYQQKPGKAPKLLIYEASNLQAGVPSRFSGSGS-G------=--- TDYTF
TEMPL TDFFPEDITVEWQSD- - - - - GQAP-----—----o— - ENYKNTQPIMDTDGSYFVYSKL
+
QUERY TISSLQPEDI-ATYYCQQYQS-LP--YTFGQGTKLQIT
TEMPL NV - QK SNWEAGNTFTCSVLHEGLHNHHTEKSLSH- - - -
Figure 11

Immunoglobulin Light Chain Kappa Variable Domain aligned to antibody for phenobarbital. Inmunoglobulin
Light Chain Kappa Variable Domain (1bwwA, query) aligned to antibody for phenobarbital (ligyB, template). The characteristic
disulfide bond and Thr residues are underlined, with matches indicated by a + and the total number of matches reported at the
top of each alignment. The format used in this figure is identical to that of figure 7.

improvement in the accuracy when alignments from
DaliLite and CE are added.

In terms of the NER score, there is a slight average
improvement of 2 aligned residues upon using Meta
GASH. This improvement can be observed consistently

across most query sets, showing that we are not always
locating the exact global optimum in the NER score when
using default GASH. However, these differences are not
great enough to justify using Meta GASH routinely, since
the CPU usage would be approximately 3 times that of
default GASH.
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Results:

http://www.biomedcentral.com/1471-2105/6/221

Using Multiple (local) alignments from ASH,
followed by Genetic-Algorithm Optimization

and a Residue Equivalence defined by exp[-(d/4)"2]
Input Structures lbwwA (query) and 1jv5B (Template)
have an estimated 90 'equiwvalent' residues

Nalign Under RMSD2-6 106 106 106

In Core Align from 1 to 119 12 gaps 105 pairs

QUERY
QUERY
TEMPL
TEMPL
Equivalence

QUERY
QUERY
TEMPL
TEMPL

TPDIOMTQSPSSLSASVGDRVTITCQAS-QDII -KYLNWYQOKPGKAPKLLIYEA-----
CCCCEEEREECCCCCCCCCCCEEEEEECC CCCC CEEEEEEECCCCCCEEEEECC

-Q-VOLOQP-GAELVKPGTSVKLSCKASGYNFTSYWINWVKLRPGOQGLEWIGDIYPGSGI
C CEEEBCC CCCCCCCCCCEEEEEEEECCCHHHCEEEEEEEECCCEEEEEEEEECCCCE
030999997099999999999999999907768039999999997458999986200000

SNLOAGVPSRFSGSGSG--TDYTFTISSLOPEDIATYYCOQQYQSLP- -YTPGQGTKLOIT
CCCCCCEEEECC
TNYNEKFEKSKATLTVDTSSSTAYMOLSSLASEDSALYY CAGQYGNLWFAYWGQGTLVTVE
EEEECCCCCEEEREEEECCCEEEEEEECCCCHHHCEEEEEEEEECCCCCCCCCCCEERECC
578877739799999120078999997899899999999999540000999999999987

Equivalence

Distribution of Equivalences: 1(1) 2(2) 3(2) 4(2) 5(3) 6(2) 7(12) 8(2) 9(70)

Figure 4

GASH alignment format. The alignment between IbwwA and |jv5B using default GASH is shown. In addition to the total
NER score (eqn. 1), the residue-based similarity score (eqn. 2) was evaluated and scaled to integer values between 0 and 9. The
distribution of such equivalences is reported at the bottom of the alignment. In order to roughly define the beginning and end
of the most important parts of each alignment the first and last set of 5 continuous residues where the average similarity score
was 5 or more was located. We refer to this region as the core alignment, and report the number of gaps and aligned residue
pairs within the region. Also, the number of residues aligned under the three RMSD cutoffs, N2-6 are indicated. The alignments
were written out with the residue pairs and secondary structure color coded by the similarity scale (with red the most and
blue the least similar), making it easy to recognize regions of structural similarity.

Necessity and sufficiency of crossover

In order to determine if the crossover is both necessary
and sufficient, we compare default GASH to GASH with-
out crossover and to GASH with high crossover. The no-
crossover results are not as good as those of default GASH,
but the improvement is not very dramatic, on average. In
fact, no-crossover GASH is slightly better on average than
DaliLite, and at a competitive CPU usage. However, if we
consider particular cases, such as the alignment between
1gqgeA and 1p32A (figure 6), the difference in NER4 is 16,
and in the number aligned under an RMSD of 2A is 28 res-
idues. Such particular cases, as well as the fact that the dif-
ference in CPU between default and no-cross GASH is
only a few seconds at most, justifies the use of the crosso-

ver operation. In contrast, when we increase the crossover
by a factor of 100 we do not see an improvement in any
of the similarity measures, on average. This strongly
suggests that the extent of crossover in the default pro-
gram is both necessary and sufficient.

Specific examples from SCOP-FSSP set

Here we examine the quality of 5 pair-wise alignments in
detail. In addition to numerical measures, such as the
number of equivalences, we consider functional
information, where available. The examples chosen repre-
sent cases where GASH outperformed Global ASH in
terms of the NER score, and include all-o,, all-3, and mixed
o/ folds. In all examples, "GASH" refers to the default
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Figure 5

Number of aligned residues under a given RMSD. The
correlation between NER, and the number of aligned resi-
dues under three cut-offs is shown. The entire set of align-
ments from 3,102 structure pairs and 7 alignment methods
was used to make this plot. The slope between NER, and the
number of aligned residues under 2A was 1.2 with a correla-
tion coefficient of .97.

GASH method. All sequence identities quoted are
obtained by running the entire sequence for both query
and template at the University of Southampton SBDS
server [29], which uses Lipman and Pearson's algorithm
[30].

Myoglobin (I mniA) aligned to phycocyanin (IphnB)

Myoglobin and phycocyanin belong to the same SCOP
fold group but have different functions. Alignment of the
two sequences yields an identity of 15%. Myoglobin uti-
lizes a heme group to transport oxygen and phycocyanin
binds a phycocyanobilin chromophore for light
harvesting. The heme group bound by myoglobin and the
chromophore bound by phycocyanin are positioned sim-
ilarly [31]. Although 1mni is a double-mutant form (with
two of the binding-site residues switched), the mainchain
RMSD from the native is only .25A [32]. Thus we expect
that in the proper structural superposition, the residues
responsible for binding the prosthetic groups would be
aligned. Figure 7 shows the GASH, DaliLite, CE, and Glo-
bal ASH alignments between 1mniA and 1phnB. In terms
of NER4, GASH (70) and DaliLite (67) perform similarly
well, while CE (60) and Global ASH (61) perform simi-
larly poorly. The N2 -4 scores are more varied, but follow
the same general trend. There are 22 heme/chromophore
binding residues in each structure. Their distribution in
sequence is such that a perfect match seems unlikely; nev-
ertheless, the number of matches correlates with the NER
score except in the cases with low matches: CE aligns 10 of

http://www.biomedcentral.com/1471-2105/6/221

the functional residues, whereas Global ASH only aligns
7. In the case of DaliLite (14) and GASH (15) we can see
that there are only slight differences in the alignment, and
that the one pair of functional residues aligned by GASH
but not by DaliLite is a borderline case: they are nearly
aligned in the DaliLite alignment, and in fact, occur at a
point of fairly poor structural superposition in both
alignments.

Carbamoyl phosphate synthetase (IbxrA) aligned to methylglyoxal
synthase (legh)

The C-terminal domain of 1bxrA and the entire structure
of legh both belong to the methylglyoxal synthase fold
[10,33-35]. However, the shapes of their active sites, as
well as the functions of the two proteins differ signifi-
cantly. As a result, we cannot use the same approach used
to check the 1mniA-1phnB alignments to check the
1bxrA-legh alignments. Fortunately, even though the
overall sequence identity is only 6%, these two proteins
contain conserved residues. The set of conserved residues
was defined in the following way: each sequence was used
as a query to the Conserved Domain Database[36],
yielding an alignment to the consensus sequence of the
methylglyoxal synthase-like domain; the 1bxrA-legh
alignment was then constructed by aligning the consensus
sequences of from each alignment. Conserved residues
were defined to be those residues that were aligned and
identical to the consensus sequence. This small set of con-
served residues are distributed throughout the domain. As
figure 8 shows, GASH aligned all of the conserved residues
correctly, with two exceptions: The first conserved Lys res-
idue does not superimpose structurally; also, Asp 1025 in
1bxrA should be aligned to Asp 101 in legh; however, it
is aligned instead to residue 99. Coincidentally, residue
99 happens to be an aspartic acid as well, but this appears
to be an accident - the conserved Asp is residue 101. The
real problem here lies in the fact that GASH considers only
Co. residues in constructing the equivalences used to
compute the final alignment. In fact, the side-chains in
residues 1025 and 101 are much closer than those of 1025
and 99. In other words, the superposition is fine, but the
alignment computed from the superposition is less than
optimal, due to the exclusive use of Co residues in the
scoring function. The DaliLite alignment completely
misses the C-terminal domain in 1bxrA, and instead
aligns 1egh to the N-terminal pre ATP grasp domain. CE
produces an alignment that is almost identical to GASH.
In terms of the numerical measures, the GASH alignment
is slightly better, although CE aligns all of the conserved
residues correctly, with the exception of the first Lys,
including the aforementioned Asp. Local ASH incorrectly
aligns legh to the connection domain in 1bxrA.
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Default GASH vs. no crossover. The default GASH protocol is compared to GASH without crossover for |1gqeA (query)
aligned to 1p32A (template). The NER equivalence (eqn. 2) is indicated numerically, on a 0-9 scale, and by color (with red the

most and blue the least similar).

Page 16 of 19

(page number not for citation purposes)



BMC Bioinformatics 2005, 6:221

Alanine racimase (IsftB) aligned to imidazole glycerol phosphate
synthase (1jvnA)

Alanine Racimace and imidazole glycerol phosphate syn-
thase share a TIM barrel domain with the active site
located at the top of the barrel [10,37-39]. There is only
17.5% sequence identity between the two, and they do
not share a common ligand, so we can not find obvious
markers as we did in the previous examples. However,
both proteins are involved in peptide biosynthesis, and
each contains one catalytic residue in the TIM domain: Lys
19 in 1sftB acts as a proton acceptor specifically for D
Alanine and Asp 245 in 1jvnA makes hydrogen bonds
with imidazole glycerol phosphate, a precursor in the his-
tidine synthetic pathway. As figure 9 shows, GASH and
DaliLite yield essentially the same alignment, and align
the Lys-Asp pair. Although there is no reason to assume a
priori that the functional residue in the two proteins
should align, the fact that it does is probably not an acci-
dent. The CE alignment is somewhat lower in quality by
numerical measures, but aligns the functional residue pair
as well. The Global ASH alignment is completely different
from the rest, and much lower in quality. In our previous
study of Global ASH we also found that correctly pairing
the beta strands in TIM barrel structures was non-trivial,
due to the 8-fold symmetry of the barrel [6].

Met8p (1kyqB) aligned to flavohemoglobin (1cgxA)

Both 1kygB and 1jvnA contain a NAD(p)-binding Ross-
mann domain [31,40], but the sequence identity is low
(15.5%), and there are significant differences in the
binding pocket as well as the topology of the fold. 1kyqB
contains an extra anti-parallel strand at the edge of the
sheet. Interestingly, both structures contain a long,
extended, and highly charged loop; however, although
the loop occupies a similar spatial position in each mole-
cule, the location of this loop in the primary structure is
different. It is difficult to find many functional or con-
served residues that are paired in the alignment. The NAD
binding loop is much longer in 1cqxA than 1kygB, so we
see a distortion in the alignment precisely at this point.
However, the general position of the NAD(p)-binding res-
idues can be used to assess the alignments. In terms of the
numerical measures, GASH and DaliLite perform simi-
larly, and both align the loop interacting with NAD(p) as
well as can be expected. By any measure the CE alignment
is not as accurate, and the Global ASH alignment is a fail-
ure, aligning a small fragment from two completely differ-
ent domains (figure 10).

Immunoglobulin light chain kappa variable Domain (1 bwwA) aligned
to antibody for phenobarbital (1igyB)

Both 1bwwaA and 1igyA are immunoglobulins, and con-
tain the characteristic B-sandwich fold. 1bwwaA is a single-
domain structure, but 1igyB is an intact monoclonal anti-
body and contains both a variable domain and three

http://www.biomedcentral.com/1471-2105/6/221

constant domains[41]. Thus, the problem of aligning
these two structures consists of identifying the best struc-
tural match among 4 domain choices. All of the domains
in these two structures have the characteristic disulfide
bridge and a Trp group located near the bridge. From the
standpoint of aligning the correct domain, aligning the
Cys and Trp residues, and from the numerical scores,
GASH, DaliLite, and CE all succeed and find the exact
same solution; Global ASH, on the other hand aligns
1bwwA to one of the constant domains and gets much
lower numerical scores. On the other hand, Global ASH
does get the functionally conserved residues from the con-
stant domain aligned correctly to those in the variable
domain (figure 11).

Fischer-Eisenberg set

In Additional file 2 we summarize 10 structure pairs from
the Fischer Eisenberg data set. The structures in this set are
generally smaller than those in the SCOP-FSSP data set, so
it is not surprising that the differences between methods
are not as large. The general trend, in terms of both
numbers of aligned residues and NER score is the same as
in the SCOP-FSSP results: Default GASH > DaliLite > CE,
but the differences are probably not significant. This sug-
gests that the differences between methods only becomes
important when there are multiple domains and/or mul-
tiple regions of structural similarity.

Conclusion

The primary goal of this study was to design an algorithm
that reliably maximizes the NER score for an arbitrary pair
of protein structures. The results here indicate that the
GASH program is successful in this regard, and that the
extent of sampling can easily be increased, if necessary, by
adding more initial alignments. Although we have not yet
optimized every parameter used in GASH, the results in
terms of NER and other scores using default parameters is
encouraging. From looking at the dependence on crosso-
ver and on the initial alignment set, we can surmise that
most of the improvement relative to Global ASH is due to
the use of multiple Local ASH alignments.

The Dali algorithm has recently been validated extensively
against CATH classifications using receiver operating char-
acteristics in two studies [7,42], however in one of these
studies |7], the quality of Dali alignments was found to be
inferior to CE. Based on our smaller study Dali alignments
appear to be more accurate than CE alignments, by any
measure. Perhaps eliminating structure pairs from the test
set that could not be aligned by one or more of the pro-
grams had some effect on the results. Since CE failed in
this regard slightly more often than DaliLite, however, it
seems unlikely that this had any effect. GASH has not yet
been benchmarked on such a comprehensive test set or
against fold classifications, such as CATH or SCOP.
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Even with a test set of 3,102 structure pairs, the improve-
ment of GASH relative to Global ASH, both in terms of
accuracy and CPU usage, is unambiguous. Moreover, as
the specific examples illustrate, a higher NER score corre-
lates well with "correctness" in terms of matching impor-
tant residue pairs. The one case where GASH misaligns a
residue pair found by CE immediately suggests an obvi-
ous improvement to the program: using side-chain atoms
in addition to Co atoms to define the equivalence. We
intend to incorporate this improvement, as well as to look
at a more comprehensive set of structure pairs in the near
future.

Awvailability and requirements

In addition to web access through both a CGI and java
interface, we have developed a Simple Object Access Pro-
tocol (SOAP) server that allows GASH to be run remotely
on the command-line. Sample java and Perl client
programs are available for accessing the SOAP server. The
java programs require installation of the Apache Axis
library [43] and the Perl programs require installation of
the SOAP-Lite perl module. All three interfaces are
described at the GASH server http://www.pdbj.org/

GASH/.

Additional material

Additional File 1

Summary of SCOP-FSSP set results. For each query, the number of res-
idues, number of structural templates (Ntmp), and results from each of
the 7 alignment methods, are shown. For each alignment method, the
NER, score (NER), number of gaps in the core alignment (Gp), and
number of aligned residues below three RMSD cutoffs (N2,N4,N6) are
reported. Each entry in the table represents an average over the number of
templates specified in column 3. The averages on the last row refer to the
total set of 3,102 structures. In the case of the number of templates, the
sum, rather than the average, is given.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2105-6-221-S1.PDF]

Additional File 2

Summary of Fischer-Eisenberg set results. For each structure pair, the
PDB ID and number of residues, as well as results from each of the 7
alignment methods, are shown. For each alignment method, the NER,
score (NER), number of gaps in the core alignment (Gp), and number of
aligned residues below three RMSD cutoffs (N2,N4,NG) are reported. In
the last row, the averages over all ten structure pairs are given.

Click here for file
|http://www.biomedcentral.com/content/supplementary/1471-
2105-6-221-S2.PDF]
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