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A Boost for Sequence Searching

Extension to BLAST Can Improve its Sensitivity Twofold

With over 47,000 citations, the sequence search method BLAST has been an

essential tool in biological research since its development in 1990. By

accounting for the influence of sequence context on the mutation

probabilities of amino acids, context-specific BLAST (CS-BLAST) achieves

two-fold higher sensitivity for distantly related protein sequences, at the

same speed and error rate.

Homologous proteins, i.e., proteins that have
descended from a common ancestor, usually not
only have similar sequences but also similar
structures and functions. Hence, when two se-
quences are similar to a degree that cannot be
explained by chance, we can assume that the
similarity in sequence arose by common descent
and that the proteins are therefore likely to be
structurally and functionally similar. This princi-
ple of “homology-based inference” has proven
to be extremely fruitful in clarifying the func-
tions of hundreds of thousands of genes and
proteins, due to the simplicity and speed with
which searches through large public sequence
databases can be done.

By far the most popular program for perform-
ing these sequence searches is BLAST (Basic Lo-
cal Alignment Search Tool) [1, 2]. Although some
tools are faster [3, 4] or more sensitive in detect-
ing distant homologs [5, 6], BLAST offers the
best combination of speed, sensitivity, and us-
ability. To quantify the similarity between pairs
of protein sequences, search methods rely on
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“substitution matrices”. A substitution matrix
contains scores for how likely each amino acid is
to mutate into any other amino acid. Similar
amino acids that are likely to substitute for one
another have positive matrix scores, dissimilar
ones get negative scores. The total similarity
score for two sequences is simply the sum of
these substitution matrix scores minus penalties
for gaps in the sequence alignment. The maxi-
mum-scoring alignment can be calculated with
the popular Smith-Waterman algorithm [7]. Fast
heuristic filters in BLAST and most other search
programs reduce the number of database se-
quences for which the optimum alignment needs
to be calculated.

Context-specific Amino Acid
Similarities

A fundamental limitation of substitution matri-
ces and all popular search programs is that the
similarity between amino acids is modeled inde-
pendent of the “sequence context” within which
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the mutations take place. However, a residue’s
context can say a lot about what amino acids it
is likely to mutate into. A proline, for example,
that resides in a natively unfolded region of the
polypeptide chain can easily be replaced by
small hydrophilic or charged residues, which, to-
gether with prolines, occur in very high propor-
tion in natively unfolded regions (fig. 1). But
prolines can also be very well conserved in fold-
ed parts of proteins, where their unique geome-
try is often important for the protein’s function
or stability. A valine within a transmembrane he-
lix region is fairly likely to mutate into a small
residue such as alanine or glycine (fig. 1), where-
as a valine in the core of a cytosolic folded do-
main is unlikely to mutate into a small residue.
Whether a proline is part of an unfolded or fold-
ed region, whether a valine is in a transmem-
brane helix or in a cytosolic domain is fairly well
specified by the context of the surrounding resi-
dues.
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Fig. 1: Examples of
amino acid distribu-
tions of context
profiles describing
the sequence
contexts learned
automatically from a
large number of re-
presentative sequen-
ces. Amino acid co-
lors: green: aliphatic,
dark green: aromatic,
white: small, red: po-
sitive, blue: negative,
magenta: polar.
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Fig. 2: CS-BLAST detects twice as many remotely homologous sequences at specified error rate than
BLAST. The plot is based on a benchmark of sequences with known structure for which the homology
relations are well known. It shows the number of homologous sequence pairs ("true positives”) de-
tected at a given number of falsely detected non-homologous sequence pairs (“false positives”). To
exclude testing on trivial cases, no sequence pair in the test set has more than 20% sequence identity.

Context-specific BLAST is an extension of BLAST
that uses context-specific substitution scores to
calculate the similarity between protein se-
quences [8]. By making use of context informa-
tion, CS-BLAST is able to find twice as many re-
motely homologous sequences at specified error
rate as BLAST (fig. 2). Likewise, the quality of the
alignments it produces is significantly higher,
particularly for the most difficult alignments [8].

CS-BLAST is a wrapper around BLAST that
calculates context-specific amino acid similari-
ties for the query sequence. These are written
into a position-specific scoring matrix, also
called “sequence profile”. A profile contains for
every position in the query sequence a column
with the similarity scores of the 20 amino acids.
CS-BLAST then jump-starts BLAST with this pro-
file. Hence, all heuristic optimizations of BLAST
also benefit CS-BLAST. The actual search, which
takes the same time whether started with a sin-
gle sequence (as in BLAST) or with a sequence
profile (as in CS-BLAST), typically takes a couple
of minutes, much longer than the couple of sec-
onds for calculating the profile with the context-
specific amino acid similarities. Therefore, CS-
BLAST runs at roughly the same speed as BLAST
despite its improved sensitivity. Switching from
BLAST to CS-BLAST is simple: Once BLAST is in-
stalled; CS-BLAST can be run directly, producing
the same output format.

To calculate the context-specific amino acid
similarities for a query sequence, CS-BLAST cuts
it into overlapping windows of 13 residues
length. Each window is compared with a library
of 4,000 context profiles (fig. 1). The context-
specific amino acid scores for the central residue

of each query sequence window are obtained by
combining the similarity scores in the central
columns of the 4,000 context profiles.

Each context profile contributes in propor-
tion to its similarity with the query sequence
window. As an example, the amino acid similari-
ty scores for a valine residue within a transmem-
brane helix will be contributed mainly by those
context profiles which describe transmembrane
helices.

The library of 4,000 context profiles is trained
automatically from a representative set of
50,000 sequences randomly picked from the
public databases. The sequences were cut into
overlapping windows of 13 residues and clus-
tered into the 4,000 context profiles. Similar se-
quence windows tend to end up in the same
context profiles. Sequence contexts that appear
frequently in the database are described with
finer detail in this context library (i.e., with more
profiles) than rare contexts. The choices of the
number and length of the context profiles result
from a trade-off between sensitivity and time to
calculate the amino acid similarities.

The new paradigm of sequence specificity is very
general and can be applied not only to sequence-
sequence comparison, but to all aspects of se-
quence comparison or molecular evolution. As
an illustration, we have developed a context-
specific version of the sensitive and widely used
position-specific iterated BLAST (PSI-BLAST) [2].
Here, a sequence database is iteratively searched

with a sequence profile and significant sequence
matches are included into the profile for the
subsequent iteration. CSI-BLAST, our context-
specific version of PSI-BLAST, finds as many ho-
mologous proteins after two search iterations as
PSI-BLAST after five iterations [8].

Next, we will extend the paradigm of con-
text-specificity to the alignment of genomic se-
quences. Mutations in cis-regulatory elements,
such as transcription factor binding sites, may
be more important for evolutionary changes
than mutations in coding regions [9] and a num-
ber of genetic diseases is linked with mutations
in cis-regulatory elements [10]. But whereas the
majority of the human genes have been identi-
fied and assigned partial functions, only a tiny
fraction of the cis-regulatory elements and their
functions is known so far. With substantially im-
proved genomic alignments, we hope to be bet-
ter able to detect functional elements on a ge-
nome-wide scale through their conservation
among related species.

We have set up a server for testing CS-BLAST at
http:/ftoolkit.Imb.uni-muenchen.de/cs_blast. The
Swiss Institute for Bioinformatics will offer free
access to CS-BLAST searches on their EMBnet
server: http://www.ch.embnet.org/software/
aBLAST.html. The CS-BLAST binaries can be
downloaded from ftp:/itoolkit.Imb.uni-
muenchen.de/csblast/. They are free for academ-
ic use. For commercial use, please contact us for
a license.
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