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Multiple sequence alignments are essential in computational
analysis of protein sequences and structures, with applications
in structure modeling, functional site prediction, phylogenetic
analysis and sequence database searching. Constructing
accurate multiple alignments for divergent protein sequences
remains a difficult computational task, and alignment speed
becomes an issue for large sequence datasets. Here, | review
methodologies and recent advances in the multiple protein
sequence alignment field, with emphasis on the use of
additional sequence and structural information to improve
alignment quality.
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Introduction

A variety of sequence and structural analysis methods rely
on multiple sequence alignments, including methods for
similarity searches, structure modeling, function predic-
tion, and phylogenetic analysis. Construction of a
multiple sequence alignment aims at arranging residues
with inferred common evolutionary origin or structural/
functional equivalence in the same column position for a
set of sequences. Position-specific information about
residue usage, conservation and correlation can be
deduced from a multiple sequence alignment for various
applications. Thus, the quality of alignments is a crucial
factor for their proper usage. Accurate and fast construc-
tion of multiple sequence alignments has been under
extensive research in recent years, and a variety of
methods have been developed [1-3]. Recent advances
in multiple alignment methods trend toward automatic
incorporation of various sources of additional information
to improve alignment quality. For assessment of align-
ment quality, methods relying on comparisons to refer-
ence alignments and methods using direct structural

comparisons on the basis of test alignments are both
commonly used and yield consistent results.

Computational methods for multiple protein
sequence alignments

While pairwise alignment has simple and tractable algor-
ithms using dynamic programming [4,5], direct extension
of these algorithms to aligning multiple sequences is
computationally expensive and infeasible for more than
a few sequences [6,7]. Therefore, many approximate
algorithms have been developed for multiple sequence
alignments, including the commonly used progressive
alignment technique [8]. Progressive methods assemble
a multple alignment by making a series of pairwise
alignments of sequences or pre-aligned groups. The order
of these pairwise alignments is guided by a tree or
dendrogram so that similar sequences tend to be aligned
before divergent sequences. Progressive methods cannot
guarantee an optimal solution, and do not correct for
errors made in each pairwise alignment step. Using scor-
ing functions based on general residue substitution
models, classic progressive methods such as ClustalW
[9] are fast and can produce reasonable results for rela-
tively similar sequences (e.g., sequence identity above
30%). However, these methods display limited success in
aligning divergent sequences accurately.

T'o correct or minimize errors made in progressive align-
ment steps, two techniques are frequently used: iterative
refinement and consistency scoring. [terative refinement
is often carried out after progressive assembly of a
multiple sequence alignment. This strategy usually
involves repeatedly dividing the aligned sequences into
sub-alignments and realigning the sub-alignments. With
scoring based on general amino acid substation models,
MAFFT [10] and MUSCLE [11] are two recent programs
that mainly rely on iterative refinement to enhance align-
ment quality. Fine-tuning of various parameters in pro-
gressive methods with iterative refinement is important to
achieve optimal results [12].

Exploration of consistency information in progressive
alignment was pioneered by the program T-Coffee
[13]. The consistency-based scoring function for two
sequences depends not only on their pairwise alignments,
but also on how they can be aligned with regard to other
sequences. For example, for three sequences A, B and C,
if residue A; is aligned to residue B, and residue B, is
aligned to residue (, then this implies that residues A,
and C; can be aligned through intermediate sequence B.
Such transitivity results are taken into account in con-
sistency measures so that the alignment scoring function
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for two sequences contains information of their align-
ments to other sequences. For progressive alignments
without refinement steps, consistency scoring is superior
to scoring based on general amino acid substitution
models. Quite a few methods have been developed based
on the consistency scheme recently. For example, PCMA
[14] measures consistency of sequence profiles instead of
individual sequences. ProbCons [15] gives a probabilistic
treatment of consistency through pairwise hidden Mar-
kov models (HMMs) [16]. The advantage of using
HMMs is that they can give an estimation of the
probability of any two residues being aligned. Such a
technique has yielded additional improvement to con-
sistency-based progressive alignments. In MUMMALS
[17°], more complex HMMs are designed that implicitly
capture information of unalignable regions, secondary
structure and solvent accessibility in probabilistic con-
sistency scoring. ProbAlign [18] and CONTRAlign [19]
use different statistical techniques other than HMMs to
deduce consistency scoring. One major advantage of the
consistency scheme is that it can effectively incorporate
different sources of constraints such as local alignments,
global alignments and structure-based alignments when
available. Consistency-based approaches have also been
applied in aligning multiple protein structures [20-22].

Most available alignment methods assume all the
sequences are globally alignable, and they do not perform
well for sequences with repeats or different domain
architectures. Low-complexity or disordered regions
can also cause alignment problems, since the concept
of alignable positions does not apply for them. POA [23]
and ABA [24] handles the cases of repeats or shuffled
domains better by representing alignments using more
informative graphic models. ProDA [25°] is another pro-
gram that is specifically designed to deal with repeats and
shuffled domains by exhaustive searching of locally align-
able regions among sequences. Global trace graph [26°°]
is an approach that organizes non-redundant representa-
tives of all known protein sequences into a graph of
aligned positions based on consistency and transitivity
of locally alignable residues, which has been effective in
searching for distant homologs.

Using additional information improves
alignment quality

The current best alignment methods that only explore
information in input sequences performs similarly on
average, and they all give mediocre alignment quality
when sequence similarity falls below the ‘twilight zone’
(e.g. identity less than 20%). Sequence and structural
databases are expanding rapidly owing to genome
sequencing projects and structural genomics initiatives,
offering helpful sources to further improve multiple
protein sequence alignments. Three types of additional
information are exploited in some multiple alignment
methods: sequence homologs, predicted secondary struc-

tures, and known 3-dimensional (3D) structures.
Sequence homologs provide more evolutionary infor-
mation, and allow better estimation of position-specific
residue usages (profiles). As structures are generally more
conserved than sequences, structural information is also
valuable for aligning sequences. Significant boosts to
alignment quality, especially for distantly related
sequences, have been observed when additional homo-
logs and/or structures are incorporated in alignment pro-
cess. DbClustal [27] combines local alignments found in
database searching with global ClustalW alignments.
MAFFT package [28] has a program (Mafft-homologs)
that aligns target sequences together with found database
homologs to obtain more accurate alignments for the
targets. In PRALINE [29], PROMAL.S [30*°] and SPEM
[31], database homologs are identified by PSI-BLAST
[32] searches to build sequence profiles and predict
secondary structures, and profile-to-profile comparisons
enhanced with secondary structural information are used
in alignment processes. PROMALS implements a prob-
abilistic consistency scoring based on profile—profile com-
parison HMMs. Using database homologs and predicted
secondary structures has resulted in about a 10% increase
as compared to purely sequence based methods on the
PREFAB [11] benchmark, and even larger accuracy
increase on the most difficult ‘twilight zone’ set of the
SABmark benchmark [33].

Under the consistency framework, available 3D structural
information can be combined with sequence information
in building multiple sequence alignments. 3DCoffee [34]
uses SAP [35] structure-based alignments and FUGUE
[36] sequence-to-structure alignments to improve align-
ment quality. Recently, the Expresso server [37] extends
the 3DCoffee method by automatically identifying highly
similar 3D structural templates for target sequences and
using structural alignments for consistency-based align-
ments. Using a similar approach, PROMALS3D [38]
combines structural constraints derived from several
state-of-the-art structural comparison programs, with
sequence constraints derived from profile—profile com-
parison with predicted secondary structures (Figure 1).
The MAFFT server and PROMALS3D server also allow
input of user-defined alignment constraints.

Figure 1
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Although using additional sources of information can
increase alignment quality on an average basis, cases exist
where errors in these sources can lead to poor alignments.
For example, errors in PSI-BLLAST alignments of found
homologs can result in bad estimations of sequence
profiles, secondary structure predictions can be incorrect,
and 3D structure comparisons purely from a geometric
perspective can contradict with results based on sequence
evolutionary models. Thus, using additional sequence
and structural information is most beneficial to aligning
divergent sequences.

Evaluation of alignment quality

A classic way of alignment quality evaluation is to com-
pare test alignments to reference alignments that are
considered to be gold standard (usually structure-based
alignments). Commonly used reference alignment
benchmarks include BaliBASE [39], HOMSTRAD
[40], PREFAB [11], OXBENCH [41] and SABmark
[33]. To improve reference quality, alignments in these
benchmarks are often manually curated (in the case of
BaliBASE and HOMSTRAD) or based on the consensus
of different structure comparison programs (PREFAB
and SABmark). PREFAB database is noted for containing
a large number of alignments (1682 cases in version 4.0).
SABmark database is designed for difficult alignment
cases with divergent sequences. Although structure-
based alignments can serve as high-quality references,
they have several drawbacks. First, structural alignments
could still have errors, especially for proteins with rela-
tively low structural similarity. Second, defining the
optimal structural alignment in certain regions is difficult,
and might not be possible for structurally divergent
proteins. Third, multiple ways of aligning structurally
similar parts exist for multi-domain proteins, but structure
comparison programs usually report only one alignment.
BaliBASE database has specific sets of references for
evaluation of proteins with repeats, transmembrane
regions or circular permutations.

Reference-independent evaluation of alignment quality
does not require reference alignments and thus avoids
many problems associated with them. Reference-inde-
pendent evaluation compares two protein structures
directly using the aligned residue pairs in the test align-
ment, and calculates scores reflecting the structural sim-
ilarity of these aligned residues. Structural similarity
scores can be based on inter-molecular distances or
intra-molecular distances. Scores based on inter-molecu-
lar distances, such as RMSD, GDT-TS score [42], TM-
score [43] and 3D-score [44], require superposition of
aligned residues (usually corresponding C-alpha atoms).
Scores based on intra-molecular distances, such Dali Z-
score [45], iIRMSD [46] and the LiveBench contact scores
[44], do not require rigid-body superposition and are more
tolerant to domain movements in the structures. Struc-
tural similarity scores are reasonable measures of align-
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ment quality since an alignment with better quality
should have a higher structural similarity for aligned
residues. Although reference-independent evaluations
have long been used for assessing structural prediction
models [47], their routine use in assessment of multiple
sequence alignments is only recent. Reference-indepen-
dent evaluations using various structural similarity scores
produce consistent results compared to reference-de-
pendent evaluations using large alignment benchmarks
[17°,46].

For comparison of alignment methods, the average align-
ment quality scores are usually presented and the stat-
istically significance of differences between methods are
reported. An alternative but more direct way to assess
performance is to compare individual alignments, and
report the number of cases when one method is better
than another one and vice versa [17°,48°]. Large-scale
comparisons reveal that for distantly related proteins,
although different methods such as MUMMALS, Prob-
Cons and MAFFT produce quite similar average accuracy
scores, the resulting alignments could be very different in
many individual cases [17°]. In addition, a statistically
worse method could still outperform a better method on
some individual cases. Thusitisa good practice to compare
the results of several methods for manual refinement of
alignment regions with uncertainty. M-COFFEE [48°] is a
meta-method that combines results of several multiple
alignment methods using a consistency-scoring scheme.
On average, it can produce slightly improved results than
the best single method used.

Alignment speed and program selection

The sizes of sequence databases and many large protein
families are increasing rapidly. For progressive methods,
fast tree building methods have been developed to deal
with a large number of sequences [11,49]. Iterative refine-
ment of alignments usually involves many steps of align-
ing two sub-alignments, and identification and fixing of
conserved core blocks can greatly increase speed, as
implemented in MUSCLE and MAFFT. Time and
memory are much more severe issues for methods that
use consistency scoring with operations on sequence
triplets. One way of reducing computational time and
complexity is to use different strategies for different sets
of sequences. Highly similar sequences can be aligned in
a fast way without compromising speed. On the other
hand, more elaborate techniques and additional sources
are required to enhance alignment quality for divergent
sequences. In PCMA, similar sequences are aligned in a
fast way, and the time consuming consistency scoring is
only applied to the relatively divergent pre-aligned
groups, the number of which can be much smaller than
the number of the original set of sequences. PROMALS
and PROMALS3D apply the same strategy to reduce the
number of sequences in consistency measure. Recent
versions of MAFFT [28] have implemented a simpler
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Table 1

Representative multiple sequence alignment programs and their web server sites

Programs using only sequence information
ClusalW
MAFFT
MUSCLE
ProbCons
T-Coffee

Programs using database homologs and predicted secondary structures

PROMALS
SPEM

Programs using known 3D structures
Expresso
PROMALS3D

http://www.ebi.ac.uk/Tools/clustalw/
http://align.bmr.kyushu-u.ac.jp/mafft/online/server/
http://phylogenomics.berkeley.edu/cgi-bin/muscle/input_muscle.py
http://probcons.stanford.edu/

http://www.tcoffee.org/

http://prodata.swmed.edu/promals/
http://sparks.informatics.iupui.edu/Softwares-Services_files/spem.htm

http://www.tcoffee.org/
http://prodata.swmed.edu/promals3d/

and faster consistency measure for gap-free segments in
pairwise alignments. For methods that use additional
homologs and structures, sequence database searching
and comparison of 3D structures can occupy a consider-
able amount of time. To reduce computation time, PRO-
MALS3D only performs sequence database searching for
representative sequences, and makes use of pre-com-
puted structural alignment databases.

Many multiple alignment programs and web servers have
been developed, providing users a spectrum of choices.
Some programs and their web server addresses are listed
in Table 1. Generally, if the target set of sequences are
relatively similar to each other, programs using only
sequence information such as ClustalW, MAFFT and
MUSCLE are good choices for producing reasonable
alignment, and they also have the advantage of being
fast and able to handle a large number of sequences.
However, if special attention is paid to distantly related
members, programs using additional information such as
SPEM, PROMALS, PROMALS3D and Expresso are
more suitable options. The intermediate results produced
in these alignment processes, such as secondary structure
prediction and found homologs, are also valuable for
checking alignment quality and further analysis of the
target sequences [50].

Conclusions

Constant developments are seen in the field of multiple
sequence alignments, with many methods and web ser-
vers appearing in recent years. [terative refinement and
consistency scoring remain the major techniques for
improving progressive alignments. Addition of database
sequence and structural information has proven effective
in enhancing alignment accuracy, especially for aligning
distantly related sequences. Servers such as Expresso and
PROMALS3D have automated these processes and
facilitated the generation of high quality alignments.
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