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ABSTRACT

Multiple sequence alignments are the usual starting
point for analyses of protein structure and evolution.
For proteins with repeated, shuffled and missing
domains, however, traditional multiple sequence
alignment algorithms fail to provide an accurate
view of homology between related proteins, because
they either assume that the input sequences are
globally alignable or require locally alignable
regions to appear in the same order in all sequences.
In this paper, we present ProDA, a novel system for
automated detection and alignment of homolog-
ous regions in collections of proteins with arbitrary
domain architectures. Given an input set of un-
aligned sequences, ProDA identifies all homologous
regions appearing in one or more sequences, and
returns a collection of local multiple alignments for
these regions. On a subset of the BAIIBASE bench-
marking suite containing curated alignments of
proteins with complicated domain architectures,
ProDA performs well in detecting conserved domain
boundaries and clustering domain segments, achie-
ving the highest accuracy to date for this task. We
conclude that ProDA is a practical tool for automated
alignment of protein sequences with repeats and
rearrangements in their domain architecture.

INTRODUCTION

Protein multiple sequence alignments have a wide range
of applications in bioinformatics, from determination and
classification of protein families (1,2) to identification of
evolutionarily constrained regions for aiding protein struc-
tural or functional prediction (3,4). In principle, given a set
of related sequences, a sequence alignment program identifies
and organizes regions shared between some or all of the
input sequences, and produces multiple alignments: ordered

columns of homologous letters between the sequences
interleaved with gaps. In practice, there are diverse kinds of
sequence homologies exhibited within classes of related pro-
teins: whereas some protein families share global sequence
similarity, other related proteins often have short homologous
regions embedded in longer regions of no conservation (5).

For many biologically important protein families, domains
may be repeated or shuffled (i.e. the order of domains may
vary within a set of related proteins). Significantly, most pro-
teins in prokaryotes and eukaryotes have multiple domains
(6), with the number of domain instances ranging from
2 to >100 (7,8). Although many current aligners address
some variants of local protein homology detection (Previous
Work), few existing methods attempt to fully automate the
alignment of proteins with complicated domain organization.
Rather, obtaining meaningful alignments of such groups of
proteins often requires competent application of many exist-
ing sequence comparison tools combined with a great deal of
manual intervention.

In this paper, we present ProDA (protein domain aligner),
an integrated alignment methodology designed specifically
to tackle the problem of aligning proteins with repeated and
shuffled domains. At a high level, the algorithm computes
local alignments for every pair of sequences, clusters such
alignments into blocks of approximately globally alignable
subsequences, determines block boundaries, resolves incon-
sistencies between pairwise alignments and finally multiply
aligns these blocks. Algorithmically, ProDA combines
several existing ideas in the literature, such as progressive
alignment (9), maximum expected accuracy and probabilistic
consistency (10) and efficient extraction of local align-
ments from a Smith—-Waterman table (11-13), with novel
heuristics for determining domain boundaries and clustering
domains (14).

Although accuracy metrics exist for evaluating traditional
alignment approaches, these measures do not assess the
ability of the aligner to recapitulate the known domain organ-
ization of gold-standard alignments. Thus, we designed an
ensemble of new accuracy measures that quantify the ability
of an aligner to recover the correct domain organization of a
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set of hand-annotated multi-domain proteins. On reference set
6 of BAIIBASE 2.0 (15), which was specially designed to
include protein sequences with complex domain structures,
ProDA recovers known domain organizations with higher
accuracy than previous methods. We conclude that ProDA
is a useful method for automated multiple alignment of multi-
domain proteins and represents a significant step towards
addressing a problem not solved by traditional protein align-
ers. Source code, executables and benchmarking scripts for
program evaluation are publicly available at http://proda.
stanford.edu.

Previous work

Global alignment methods implicitly assume that input
sequences are related over their whole length with the excep-
tion of short insertions and deletions (16). When this assump-
tion does not hold, such as in the case of multi-domain
proteins with differing domain architectures, global algo-
rithms at best produce a partial view of the homology between
their input sequences. For these cases, several local multiple
alignment algorithms have been developed, including
DIALIGN (8,17), ITERALIGN (18) and SATCHMO (19).
The POA multiple alignment algorithm (20) introduced par-
tial order alignments, which represents homologies between
the sequences with a directed acyclic graph. However, these
methods still require that homologous regions appear in the
same order in each sequence.

The problem of dealing with repeated and shuffled regions
in protein sequences is not unique to multiple sequence align-
ment. Motif finders, for example, are one class of methods
that can detect repeats and rearrangements in biological
sequences (21-23). These methods construct local multiple
alignments from blocks of gap-free sequence fragments.
However, motif finders can only find short, well-conserved
motifs whose instances typically must have the same length.

Dealing with repeated and shuffled domains also plays a
role in the construction of protein domain databases. A com-
mon approach for constructing profiles of domain families is
to use a local pairwise aligner such as BLAST (24,25) to
search for homologous sequence fragments, and then realign
the extracted fragments using a global multiple alignment
algorithm. MACAW (26) was the first tool to perform this
process in a semi-automatic manner—users must decide
which fragments to cluster in an alignable block and where
to set fragment boundaries. A later method, DOMAINER
(27) automated these steps and was used to create early ver-
sions of the ProDom database of protein domain families
(28); however, the DOMAINER algorithm does not allow
for gapped alignments, thus greatly limiting its applicability
to distantly related sequences. Mocca (29) is a method for
finding repeats in a set of protein sequences but requires a
repeat instance to be pre-specified by the user.

Repeat-finding algorithms specialize in the detection
and alignment of repeats within a single protein sequence
(11,30-32). Typically, repeat finders work by finding subop-
timal local alignments of a sequence to itself. Repeat libraries
are then constructed from collections of suboptimal align-
ments. Methods for this latter step include graph clustering
(31), heuristic repeat boundary detection (30) and statist-
ical significance analysis of repeat alignments (11,32).

Repeat-finding algorithms operate on single sequences, and
thus do not directly handle the problem of repeat detection
for multiple sequence data; we return to a discussion of
their applicability to multiple alignment later (Results).

For sequences with repeats but no rearrangements, the
recent RAlign program applies a novel alignment algorithm
that accounts for repeats (33). However, RAlign returns a
global alignment of the input sequences, and thus makes
no attempt to identify relationships between homologous
segments within the same sequence.

To date, the only existing tool that directly addresses the
local multiple alignment problem is the ABA program of
Raphael et al. (12). Given a set of sequences and a set of pair-
wise local alignments, ABA constructs a weighted, cyclic,
directed multi-graph called an A-Bruijn graph to represent
the multiple alignment of a set of input sequences. Here, con-
struction of a multiple alignment reduces to construction of
the corresponding A-Bruijn graph, where high-multiplicity
edges represent aligned protein domains. Though A-Bruijn
graphs are flexible enough to represent a large variety of
domain organizations, the performance of the actual ABA
alignment tool in identifying homology in biological
sequences is unknown. In Results, we compare the ABA
tool to our own method, ProDA, on real data.

MATERIALS AND METHODS
Algorithm overview

Given m protein sequences S = {Sy, ..., S,,} and a minimum
alignment length L,;,, ProDA returns a set of aligned regions
with length at least L;,. The algorithm consists of seven
steps (Figure 1):

Step 1: Generation of pairwise local alignments (PLAs)

Using the pair-HMM shown in Figure 2, compute all local
alignments of length at least L,;, between each pair of
sequences in S. To do this, repeat the following until no
local alignment of length at least L,,;, is found:

(1) Compute the best local alignment using either a variant
of posterior decoding (Algorithm Details) or the Viterbi
algorithm. Stop if the best local alignment is shorter than
Lnin- Otherwise, store the alignment found.

(2) Mark cells in the dynamic programming matrix corre-
sponding to the best alignment found in substep 1,
disallowing them from contributing to future alignments.

Step 2: Inference of repeats from pairwise alignments

Some local alignments found in Step 1 may simultaneously
overlap in both sequences, indicating the presence of repeats.
Break overlapping alignments into shorter non-overlapping
PLAs that putatively correspond to individual repeats. This
step can be seen as a post-processing step for Step 1 and does
not guarantee finding all real repeats.

Step 3: Generation of a block of alignable sequence

fragments

Two sequence fragments are alignable if they align to
each other in one PLA or both of them align to a third frag-
ment in two different PLAs. A block of alignable fragments
is a set of sequence fragments in which at least one fragment
is alignable to all the other fragments. Compute the block B






























