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Rapid and Sensitive Protein
Similarity Searches

David J. Lipman and William R. Pearson

Technical advances in molecular biol-
ogy are providing scientists with the pri-
mary sequences of proteins implicated in
such critical biological processes as dif-
ferentiation and transformation. Fre-
quently, the only information available
about a potentially interesting protein is
its amino acid sequence. This informa-
tion has become more useful because of

product and platelet-derived growth fac-
tor (3). The similarity was so strong that
it is likely that the chromosomal sis gene
codes for a growth factor. This serendip-
itous finding has stimulated new interest
in the role of growth factors in oncogene-
sis. (iii) The similarity of the T-cell re-
ceptor protein to immunoglobulin pro-
teins (4).

Abstract. An algorithm was developed which facilitates the search for similarities
between newly determined amino acid sequences and sequences already available in
databases. Because of the algorithm’s efficiency on many microcomputers, sensitive
protein database searches may now become a routine procedure for molecular
biologists. The method efficiently identifies regions of similar sequence and then
scores the aligned identical and differing residues in those regions by means of an
amino acid replaceability matrix. This matrix increases sensitivity by giving high
scores to those amino acid replacements which occur frequently in evolution. The
algorithm has been implemented in a computer program designed to search protein
databases very rapidly. For example, comparison of a 200-amino-acid sequence to
the 500,000 residues in the National Biomedical Research Foundation library would
take less than 2 minutes on a minicomputer, and less than 10 minutes on a

microcomputer (IBM PC).

the availability of large protein-sequence
databases and, increasingly, relation-
ships have been discovered between
newly sequenced proteins and various
classes of proteins in these databases.
The sequence similarities detected,
though often quite unexpected, have had
important ramifications. Some examples
include: (i) the homology (/) between
bovine cyclic AMP (adenosine 3’,5'-mon-
ophosphate)-dependent kinase and the
Rous avian and Moloney murine sarco-
ma virus src proteins (2). This finding
reinforced the hypothesis that the src
genes originated in host genomes and
was the first evidence of similarity be-
tween an oncogene product and a cellu-
lar protein of known function. (ii) The
near identity between the v-sis oncogene
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In the past, identifying new proteins
through database searches has been diffi-
cult. Computer programs required sever-
al hours on a minicomputer, or made
important compromises in the sensitivity
and selectivity of the search. One of the
most rigorous programs for comparing
amino acid sequences, SEQHP (5), re-
quires more than 8 hours to compare a
200-residue protein to the 500,000-resi-
due NBRF (National Biomedical Re-
search Foundation) protein library on
the VAX 11/750 computer.

We have developed an algorithm, used
in the computer program FASTP, in
which we can compare a 200-residue
sequence to the NBRF library in 2 to §
minutes on the VAX 11/750. The pro-
gram searches rapidly because it first
screens sequences for similarity by look-
ing for aligned identical amino acids. It is
sensitive because it considers conserva-
tive amino acid replacements as well as
identities. FASTP has been modified to
run on a wide variety of computers in-

cluding the IBM PC. In this article, we
discuss the basis of the algorithm and its
application to two proteins evolutionari-
ly related to other sequences in the data-
base. In addition, we show an example
of a search which presented puzzling
results and discuss criteria for evaluating
such results.

FASTP was written in the ‘‘C’’ pro-
gramming language, originally on a VAX
11/780 with the UNIX operating system.
It has since been moved to the VAX/
VMS operating system, and to an IBM
PC microcomputer. Memory require-
ments for the microcomputer are mod-
est, but the program needs a disk drive
with sufficient capacity to hold the pro-
tein sequence library (6).

The algorithm. Most DNA and protein
sequence similarity algorithms compare
each nucleotide or amino acid of one
sequence with all of the residues in the
second sequence. With these algorithms,
comparison of a 200-amino-acid se-
quence to the 500,000-residue protein
library requires approximately 108 com-
parisons. Wilbur and Lipman (7) de-
scribed an algorithm that permits rapid
searches of protein and nucleic acid da-
tabases by focusing only on groups of
identities between the two sequences
and therefore requires fewer compari-
sons in a search. We have modified that
algorithm so as to improve its sensitivity
and efficiency.

In the original algorithm, identities or
groups of identities are rapidly located
with a tool known in computer science as
a lookup table (8). As an example, we
use this technique to locate all the identi-
ties between two amino acid sequences

9:

Sequence Position

number 1 2 3 4 5 6 7
1 FLWRTWS
2 S WKTWT

First, a table of the positions is con-
structed for each type of amino acid
(ktup = 1) or amino acid pair (ktup = 2)
in sequence 1. The table would list L as
appearing at residue 2, W at 3 and 6, R at
4, and so forth. Comparison proceeds by
looking up each of the amino acids of
sequence 2 in the table of amino acid
positions of sequence 1. Thus, the S at
residue 1 of the second sequence occurs
at residue 7 of the first sequence, W of
the second appears at 3 and 6 in the first,
and so on. For a pair of sequences, the
number of comparisons required is much
closer to the sum of the lengths of the
two sequences than the product.

In conjunction with the lookup table,
Wilbur and Lipman (7) developed the
‘“‘diagonal’’ method for locating regions
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of similarity between two sequences
which is based on identities and allows
mismatches but not insertions or dele-
tions. For each matched residue (or pair
of residues) found with the lookup table,
the difference between the position of
the match in the two sequences (the
offset) is calculated. The offsets will be
equal for matches which may be simulta-
neously aligned without introducing
gaps. A diagonal line in a dot-matrix
homology plot (10) is composed of iden-
tities sharing the same offset.

In the above example, the S in position
1 of sequence 2 matches S in sequence 1
at an offset of 7 — 1 = 6; the W of posi-
tion 2 matches at offsets 1 and 4; the T at
1; W of position 5 at 1 and —2, and T at
—1. At an offset of 1, there are three
matches, while each of the other offsets
has one or zero match. The diagonal
method compares the two sequences by
scanning sequence 2 once from begin-
ning to end; the score in an offset is
increased for each identity and de-
creased for each mismatch. Those off-
sets with the highest scores represent

A
Score Number of
sequences
< 2 1 :=
4 0 :
6 1
8 4o
10 10
12 35
14 76
16 215
18 283
20 390
22 362
24 313
26 307
28 2u6
30 157
32 87 :
34 65
36 36
38 2l
40 21
42 1"
Ly 8 :
46 3
48 1 :=
50 2 :=
52 2 :=
54 0
56 0
58 0 :
60 0 :
62 2 =
64 © 0
66 0 :
68 0 :
70 0 :
72 0 :
T4 0
76 3 ==
78 1 :=
80 1 :=
> 80 10 i=====
526898 residues in 2677 sequences, mean score:
ktup: 2, scan time: 2:26.76

optimization are marked with a dash.
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local regions of similarity between the
two sequences. At this stage, the Wilbur
and Lipman algorithm (7) computes a
final similarity score, allowing for inser-
tions and deletions, based on all those
identities or blocks of identity located
within a preset distance from any of
these local regions of similarity.

We have developed a new algorithm
that uses a modified form of the diagonal
method and dramatically improves the
efficiency and sensitivity of amino acid
sequence comparisons. The new algo-
rithm locates the beginning and end posi-
tions in both sequences of the five re-
gions of highest similarity found by the
diagonal method. In the example, the
best region of similarity is at an offset of
1 and extends from residue 3 to 6 of
sequence 1. The new algorithm then
takes advantage of the fact that amino
acid replacements occur far more fre-
quently than insertions or deletions (11).
The five highest scoring local regions are
rescored by comparing the similarity of
all the paired amino acids, replacements
as well as identities, using an amino acid

replaceability matrix, the PAM250 ma-
trix (11). Aligned identical amino acids
which are rare (such as cysteine and
tryptophan) receive higher scores than
identities among more common amino
acids (such as serine and alanine), and
replacements which have occurred fre-
quently in evolution, such as methionine
— leucine, also receive positive scores
while unlikely substitutions (such as cys-
teine — tryptophan) receive negative
scores. In the example, the aligned W
and T residues get scores of 17 and 3,
respectively, and the K — R substitu-
tion gets a score of 3, for a total score of
40. By not considering insertions or dele-
tions at this stage, computation time and
memory requirements are greatly re-
duced while sensitivity is significantly
improved.

The score from the best sub-sequence
alignment, based on the PAM250 matrix,
is used as the similarity score between
the two sequences (the initial score).
When performing a database search, an
initial score is calculated between the
test sequence (the query sequence) and
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Fig. 1. Comparison of bovine cyclic AMP-dependent kinase with the
NBRF protein sequence library. FASTP was used to compare the
protein sequence of bovine cyclic AMP-dependent kinase, OKBO2C,
with each of the sequences in the National Biomedical Research
Foundation protein sequence library. The ktup parameter was set to 2

for this

search. (A) A histogram indicating the number of database

sequences (second column of numbers) at any given initial score (first
column). Thus, there was one database sequence whose initial score

22.8 (5.75)

was less than 2, while there were four sequences whose scores were

between 6 and 8. The horizontal double bars indicate the approximate
number of sequences at each initial score. The number in parentheses after ‘‘mean score’ is the standard deviation. (B) The alignment of
OKBO2C(') with two sequences from the library search(”). The boundaries of the initial alignment found during the library scan are marked with
vertical lines. The optimized alignment is denoted by a colon for an identity and a dot for a conservative replacement. Insertions made during
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