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ABSTRACT

The BLAST programs are widely used tools for
searching protein and DNA databases for sequence
similarities. For protein comparisons, a variety of
definitional, algorithmic and statistical refinements
described here permits the execution time of the
BLAST programs to be decreased substantially while
enhancing their sensitivity to weak similarities. A new
criterion for triggering the extension of word hits,
combined with a new heuristic for generating gapped
alignments, yields a gapped BLAST program that runs
at approximately three times the speed of the original.
In addition, a method is introduced for automatically
combining statistically significant alignments pro-
duced by BLAST into a position-specific score matrix,
and searching the database using this matrix. The
resulting Position-Specific lterated BLAST (PSI-
BLAST) program runs at approximately the same
speed per iteration as gapped BLAST, but in many
cases is much more sensitive to weak but biologically
relevant sequence similarities. PSI-BLAST is used to
uncover several new and interesting members of the
BRCT superfamily.

INTRODUCTION
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BLAST is a heuristic that attempts to optimize a speciﬁc
similarity measure. It permits a tradeoff between speed &nd
sensitivity, with the setting of a ‘threshold’ parameted higher 2
value ofT yields greater speed, but also an increased probalkility
of missing weak similarities. The BLAST program requires tirfie
proportional to the product of the lengths of the query sequence
and the database searched. Since the rate of change in databas
sizes currently exceeds that of processor speeds, compiiters
running BLAST are subjected to increasing load. However, Ehe
conjunction of several new algorithmic ideas allow a new versfon
of BLAST to achieve improved sensitivity at substantialg/
augmented speed. This paper describes three major reflnergents
to BLAST.

(i) For increased speed, the criterion for extending word paurs
has been modified. The orlglnal BLAST program seeks sh@rt
word pairs whose aligned score is at |&aEach such ‘hit’ is then oo
extended, to test whether it is contained within a high- scorglg
alignment. For the defaultvalue, this extension step consumés
most of the processing time. The new ‘two-hit’ method requiras
the existence of two non-overlapping word pairs on the same
diagonal, and within a distanc® of one another, before amy
extension is invoked. To achieve comparable sensitivity, :me
threshold parametdr must be lowered, yielding more hits thag
previously. However, because only a small fraction of these tnts
are extended, the average amount of computation requged
decreases.

(i) The ability to generate gapped alignments has been adﬁed

Variations of the BLAST algorithnil) have been incorporated The original BLAST program often finds several alignmerits
into several popular programs for searching protein and DN&volving a single database sequence which, when con&dgred
databases for sequence similarities. BLAST programs have betegether, are statistically significant. Overlooking any one ;of
written to compare protein or DNA queries with protein or DNAthese alignments can compromise the combined result. =By
databases in any combination, with DNA sequences oftantroducing an algorithm for generating gapped allgnmentg it
undergoing conceptual translation before any comparison l@comes necessary to find only one rather than all the ungagped
performed. We will use thelastp program, which compares alignments subsumed in a significant result. This allowslthe
protein gueries to protein databases, as a prototype for BLASTarameter to be raised, increasing the speed of the initial datdabase
although the ideas presented extend immediately to othecan. The new gapped alignment algorithm uses dynamic
versions that involve the translation of a DNA query or databasprogramming to extend a central pair of aligned residues in both
Some of the refinements described are applicable as well directions. For speed, earlier heuristic meti{@¢3) confined the

DNA-DNA comparison, but have yet to be implemented.

alignments produced to a predefined strip of the dynamic
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programming path graph (4). Our approach considers onlyhereN = mnis the search space size (8-10). If a protein is
alignments that drop in score no more tignbelow the best compared to a whole database rather than a single sequénce,

score yet seen. The algorithm is able thereby to adapt the regibe database length in residues. Equalionay be inverted to

of the path graph it explores to the data. yield S = logp(N/E), the normalized score required to achieve a

(iii) BLAST searches may be iterated, with a position-specifigarticularE-value. In a typical current database search, a protein
score matrix generated from significant alignments found iof length 250 might be compared to a protein database of 50 000 000
roundi used for round + 1. Motif or profile search methods total residues. To achieve a marginally significBntalue of
frequently are much more sensitive than pairwise comparisdh05, a normalized score GB8 bits is necessary.
methods at detecting distant relationships. However, creating awhile the theory just outlined has not been proved for gapped
set of motifs or a profile that describes a protein family, antbcal alignments and their associated scores, computational
searching a database with them, typically has involved runnirgxperiments strongly suggest that it remains \@lit2—-15). The _
several different programs, with substantial user intervention atatistical parameteksandK, however, are no longer supplied by
various stages. The BLAST algorithm is easily generalized to usieeory but must be estimated using comparisons of either
an arbitrary position-specific score matrix in place of a quergimulated or real but unrelated sequences. To distinguish bé&low
sequence and associated substitution matrix. Accordingly, wehether a given set of parametarandK refer to gapped or&
have automated the procedure of generating such a matrix framgapped alignments, we use the subscripts g and u respectively.
the output produced by a BLAST search, and adapted the BLASTWhen gaps are not allowed, a further important theorem states
algorithm to take this matrix as input. The resulting Positionthat within HSPs the aligned pair of lettdrg (ends to occur with5
Specific lterated BLAST, or PSI-BLAST, program may not be ashe ‘target frequency’: =
sensitive as the best available motif search programs, but its speed
and ease of operation can bring the power of these methods into 9, = Pineﬂ““Sﬁi 3
more common use. _ : .

After describing these refinements to BLAST in greater detaill "€dij Of equatior8 sum to 1; indeedy, is calculated to be thes
we consider several biological examples for which the sensitivitynidue positive number for which this is the d@8). The scores?
and speed of the program are greatly enhanced. §j are optimal for detecting alignments with these particular targjet

frequencies (8,10), and by intieg equation3 to 5 = >

[In(;j/PiP})l/Ay, scores may be chosen, with arbitrary scale, tﬁat
STATISTICAL PRELIMINARIES correspond to any desired segigfThe popular PAM16,17) and =

BLOSUM (18) substution matrices are constructed with explicit
To analyze the BLAST algorithm and its refinements, we needse of this log-odds formula. No corresponding result has been
first to review the statistics of high-scoring local alignmentsestablished for gapped alignment scoring systems. Howeve, if
BLAST employs a substitution matrix, which specifies a sgpre the gap costs used are sufficiently large, it is expected thatithe
for aligning each pair of amino aciosndj. Given two sequences target frequencies observed in high-scoring local alignment§: of
to compare, the original BLAST program seeks equal-lengttandom sequences will not differ greatly from those for the
segments within each that, when aligned to one another withawb-gap case. &
gaps, have maximal aggregate score. Not only the single best
segment pair may be found, but also otheally optimalpairs REFINEMENT OF THE BASIC ALGORITHM: THE
(3,5-7), whose scores ro@ot be improved by extension or TWO-HIT METHOD
trimming. Such locally optimal alignments are called ‘high-scor- _ . . .
ing segment pairs’ or HSPs. The central idea of the BLAST algorithm is that a statistical

For the sake of the statistical theory, we assume a simple protéjfinificant alignment is likely to contain a high-scoring pair gf
model in which the amino acids occur randomly at all positiondligned words. BLAST first scans the database viords 3
with background probabilitieB;. We require that the expected (typically of length three for proteins) that score at [#aghen ©

; d . . b . . aligned with some word within the query sequence. Any aligiied
score for two random amino am% PiP;s; be negative. Given o4 pair satisfying this condition is calletiia The second steps

of the algorithm checks whether each hit lies within an alignment
ith score sufficient to be reported. This is done by extending a
it in both directions, until the running alignment’s score ho%ls
Iﬁopped more thax below the maximum score yet attained. This
extension step is computationally quite costly; withTlendX ©
parameters necessary to attain reasonable sensitivity to \geak

S
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the P; and sj, the basic theoryj(8,9) yields two calculable
parametersy andK, which can be used to convert nominal HS
scores to normalized scores, thereby rendering all scori
systems directly comparable from a statistical perspective. T
normalized scor& for an HSP is given by the equation:

S— InK alignments, the extension step typically accounts for >90%;of
S = “n2 1 BLAST's execution time. It is therefore desirable to reduce th
number of extensions performed. 2

In this paper, a nominal score is given without units, while a scoreOur refined algorithm is based upon the observation that an
normalized by equatiohis said to be expressedhits (10,11). HSP of interest is much longer than a single word pair, and may
When two random protein sequences of sufficient lengthisd  therefore entail multiple hits on the same diagonal and within a
n are compared, the numkeof distinct HSPs with normalized relatively short distance of one another. (Tiegonal of a hit
score at least 8xpected to occur by chance is well approximatechvolving words starting at positions;( xo) of the database and
by: guery sequences may be defineghasx,. Thedistancebetween
two hits on the same diagonal is the difference between their first
E = N/2% 2 coordinates.) This signature may be used to locate HSPs more
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Figure 2. The BLAST comparison of broad bea_m leghemoglobin | (87?3
Figure 1. The sensitivity of the two-hit and one-hit heuristics as a function of (SWISS'PROT accession no. P02.232.) and Ifbglebin (88) (SWI.SS.' PROT
HgP score. Using the QI/_OSUM-GZ amino acid substitution matrix (18), and the Ccession no. P02062). The 15 hits with score at least 13 are indicated by plus
target frequenciegj; implied by equatior8 and the background amino acid
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signs. An additional 22 non-overlapping hits with score at least 11 are indica@qd
f ; : by dots. Of these 37 hits, only the two indicated pairs are on the same diaganal
frequencies?; of Robinson and Robinson (20), 100 000 model HSPs were S ) Lo o
generated for each of the nominal scorg:z 37-92, corresr?orrl]ding tohnoémaflizle%ingdg;vrzhtl\:\]/gliigrfsei c?r?sognogﬁa ?gcgfhfhr.e'l'lguz ;Peeng?(l)cr);gIitnr\]/?)ukgfjtlgl)—/v?rt]iélon e% X
scores 19.9-45.1 bits. It was determined by inspection whether each HSP faile s ' N . ¢
: ; : : : euristic withT = 13. Because this is just one example, the relative numbersaof
{o contain two non-overlapping length-3 word pairs with nominal score at least hits and extensions at the various scjetting'E mrrespgnd only roughly to the §
1L, a_nd within a distance 40 of one another_, ora smglt_a_lt_ength-3 yvo_rd pair with atios found in a full database search. An ungapped extension of the Ieftwg\rd
nominal score at least 13. The corresponding probabilities of missing an HSPE)f the two hit pairs yields an HSP with Hominal score 45, or 23.6 bits, calcula
using the two-hit heuristic witli = 11, and the one-hit heuristic with= 13, ina dlg Y ' : ! S
are plotted as a function of normalized HSP score. The two-hit method is moreUSN9Au andiy.
sensitive for HSPs with score at least 33 bits.

ge-s|ol}

we evaluate the sensitivity of the one-hit and two-hit BLA%’

efficiently. Specifically, we choose a window length and  heuristics using these HSPs.
invoke an extension only when two non-overlapping hits are The one-hit method will detect an HSP if it somewhere contains
found within distancé of one another on the same diagonal. Anya lengthw word of score at lea$t Forw = 3 andT = 13, Figure ~
hit that overlaps the most recent one is ignored. Efficiert shows the empirically estimated probability that an HS@is
execution requires an array to record, for each diagonal, the firsissed by this method, as a function of its normalized score. The
coordinate of the most recent hit found. Since database sequenwes-hit method will detect an HSP if it contains two nog:
are scanned sequentially, this coordinate always increases éwerlapping lengtiw words of score at leadt with starting o
successive hits. The idea of seeking multiple hits on the sarpesitions that differ by no more thAmesidues. FON=3,T=11 =
diagonal was first used in the context of biological databasendA =40, Figure 1 shows the estimated probability that an HSP
searches by Wilbur and Lipm#h9). is missed by this method, as a function of its normalized score For

Because we require two hits rather than one to invoke a#SPs with score at least 33 bits, the two-hit heuristic is mfg:re
extension, the threshold paraméfemust be lowered to retain sensitive. @
comparable sensitivity. The effect is that many more single hits To analyze the relative speeds of the one-hit and twoshit
are found, but only a small fraction have an associated secondmiéthods, using the parameters studied above, we note that the
on the same diagonal that triggers an extension. The greaito-hit method generates on average2 times as many hits, buf
majority of hits may be dismissed after the minor calculation abnly [0.14 times as many hit extensions (Fig. 2). Because it takes
looking up, for the appropriate diagonal, the coordinate of thapproximately one ninth as long to decide whether a hit nee§ be
most recent hit, checking whether it is within distaAcef the  extended as actually to extend it, the hit-processing component of
current hit's coordinate, and finally replacing the old with the nevthe two-hit method is approximately twice as rapid as the same
coordinate. Empirically, the computation saved by requiringomponent of the one-hit method. £
fewer extensions more than offsets the extra computation
required to process the larger number of hits. TRIGGERING THE GENERATION OF GAPPED

To study the relative abilities of the one-hit and two-hit methodg | |GNMENTS
to detect HSPs of varying score, we model proteins using the
background amino acid frequencies of Robinson and Robinséigure 1 shows that even when using the original one-hit method
(20), and use the BLOSUM-62 stihgion matrix (18) for  with threshold paramet@&r= 13, there is generally no greater than
sequence comparison. Given thdjeand sj, the statistical a 4% chance of missing an HSP with score >38 bits. While this
parameters for ungapped local alignments are calculated to weuld appear sufficient for most purposes, the one-hit défault
Ay = 0.3176 an&K = 0.134. Using equatiod above, we may parameter has typically been set as low as 11, yielding an
calculate theg; for which the scoring system is optimized, andexecution time nearly three times that Tor 13. Why pay this
employ these target frequencies to generate model HSPs. Fingtlsice for what appears at best marginal gains in sensitivity? The

i}
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Figure 3. A gapped extension generated by BLAST for the comparison of broad bean leghemoglobin | (87) #rglbiors€é88). &) The region of the path graph
explored when seeded by the alignment of alanine residues at respective positions 60 and 62. This seed derives frometlageld By trenleftward of the two
ungapped extensions illustrated in Figure 2. Xfdropoff parameter is the nominal score 40, used in conjunction with BLOSUM-62 substitution scores and & cost
of 10 +kfor gaps of lengtk. (b) The path corresponding to the optimal local alignment generated, superimposed on the hits described in Figure 2. Bhasiiginal.
program, using the one-hit heuristic witlr 11, is able to locate three of the five HSPs included in this alignment, but only the first and last achieve a seate s@ici
to be reported.c] The optimal local alignment, with nominal score 75 and normalized score 32.4 bits. In the context of a search of SWISE&RBIEdsE 34 2

(21 219 450 residues), using the leghemoglobin sequence (143 residues) as deweafythes 0.54 if no edge-effect correction (22) is invoked. The original BLAST;
program locates the first and last ungapped segments of this alignment. Using sum-statistics with no edge-effect cisrmetibmet result has &avalue of
31 (21,22). On the central lines of the alignment, identities are echoed and substitutions to which the BLOSUM-62 mate §18)sijtive score are indicated
by a ‘+' symbol.
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reason is that the original BLAST program treats gappe@.95. The original algorithm, needing to find both HSPs, requires
alignments implicitly by locating, in many cases, several distin@P — P2 < 0.05, orP less than0.025. In contrast, the new-
HSPs involving the same database sequence, and calculatinglgorithm requires only th&@?2 < 0.05, and thus can tolerdes <
statistical assessment of the combined r¢8[R2). This means  high as 0.22. This permits tfigrarameter for the hit-stage of thg
that two or more HSPs with scores well below 38 bits can, ialgorithm to be raised substantially while retaining comparable
combination, rise to statistical significance. If any one of thes@ensitivity—fromT = 11 toT = 13 for the one-hit heuristic. (Th&
HSPs is missed, so may be the combined result. two-hit heuristic described above low@Hsack to 11.) As will be =

The approach taken here allows BLAST to simultaneouslyjscyssed below, the resulting increase in speed more fhan
produce gapped alignments and run significantly faster thafympensates for the extra time required for the rare gapped
previously. The central idea is to trigger a gapped extension f(.cion. g
any HSP that exceeds a moderate sgprehosen so thatnomore summary, the new gapped BLAST algorithm requires two
than about one extension is invoked per 50 database Sequenﬁ%ﬁ-overlapping hits of score at le@isvithin a distancé of one >
(By equatiorg, for a typical-length protein quet; should be set other, to invoke an ungapped extension of the second hit. IEthe
at [22 bits.) A gapped extension takes much longer to execu P ’ dh 9 Fp d (Rt th é
than an ungapped extension, but by performing very few of the generated has normalized score a % , (nenagappe
the fraction of the total running time they consume can be ke gtensionis triggered. The resulting gapp(_ad alignmentis repoited

nly if it has arkE-value low enough to be of interest. For example,

relatively low. _ o : : ©
By seeking a single gapped alignment, rather than a collectidh the pairwise comparison of Figure 2, the ungapped extension

of ungapped ones, only one of the constituent HSPs need ip¥oked by the hit pair on the left produces an HSP with score
located for the combined result to be generated successfully. TA:6 bits (calculated usirig andKy). This is sufficient to trigger
means that we may tolerate a much higher chance of missing éhgapped extension, which generates an alignment with score 32.4
single moderately scoring HSP. For example, consider a resbits (calculated usingy andKg) andE-value of 0.5 (Fig. 3). The
involving two HSPs, each with the same probabhitgf being  original BLAST program locates only the first and last ungapped
missed at the hit-stage of the BLAST algorithm, and suppose treggments of this alignment (Fig. 3c), and assigns them a
we desire to find the combined result with probability at leastombinedE-value >50 times greater.
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THE CONSTRUCTION AND STATISTICAL

EVALUATION OF GAPPED LOCAL ALIGNMENTS 1401
120
The standard dynamic programming algorithms for pairwise |
sequence alignment perform a fixed amount of computation per 100
cell of a path graph, whose dimensions are the lengths of the two 80 |

sequences being compared (23-25). In order to gain speed, Broad bean
database search algorithms such as E2)stmd an earlier gapped ~ leghemoglobin |,
version of BLAST (3) sacrificeigor by confining the dynamic

programming to a banded section of the full path graph (4), 40
chosen to include a region of already identified similarity. One g
problem with this approach is that the optimal gapped alignment 20 1 S
may stray beyond the confines of the band explored. As the width 8
of the band is increased to reduce this possibility, the speed 01 : : : ‘ : ‘ : §
advantage of the algorithm is vitiated. 0 20 40 60 80 100 120 140 3
We have accordingly taken a different heuristic approach to Human adenovirus E1B protein 3
constructing gapped local alignments, which is a simple general- §

!ZatiQn of BLAST's method for ConStrUCting HSPs. Thel centralrigure 4. The path graph region explored by BLAST during a gapped extensi
ideais to consider only cells for which the optimal local alignmenfor the comparison of broad bean leghemoglobin | and the E1B protein snill
score falls no more thaxy below the best alignment score yet T-antigen from human adenovirus type 4 (89) (SWISS-PROT accession to.
found. Starting from a single aligned pair of residues, called th810406)' They dropoff parameter is the nominal score 40, used in conjunctl@

he d - . ds both f d Crlith BLOSUM-62 substitution scores and 1& gap costs. The 22.7 bit HSP &
seed the ynamic programming proceeds both forward angpa triggers this extension, involving leghemoglobin residues 119-140 afid

backward through the path graph (Zheng Ztetrag), manuscript  adenovirus residues 101-122, is merely a random similarity, and not part &f a
in preparation) (Figs 3a and 4). The advantage of this approadiiger and higher-scoring alignment. The gapped extension is seeded bydhe
is that the region of the path graph explored adapts to thlignment of residues 124 and 106. The optimal alignment score through po%ts

. . . . n the path graph drops steadily as one moves beyond the triggering HSP, @and
alignment being constructed. The alignment can wander arbltrariﬁe reverse extension terminates before the beginning of either proteirmis

ly many diagonals away from the seed, but the number of cellgached. A total of 2766 path graph cells are explored, with the revetge
expanded on each row tends to remain limited, and may evestension accounting for 2047 of these cells. o
shrink to zero before a boundary of the path graph is encountered
(Fig. 4). TheXy parameter serves a similar function to the 3
band-width parameter of the earlier heuristic, but the region of thmath graph cells, so that a typical two-way gapped extension%hat
path graph it implicitly specifies be explored is in general moreoes not encounter the end of either sequence is expectéd to
productively chosen. involve CA000 cells. Becaus® is set so that a gapped extensigh
An important element for this heuristic is the intelligent choicas invoked less than once per 50 database sequences, fewegthar
of a seed. Given an HSP whose score is sufficiently high that80 cells need be explored per database sequence. <
triggers a gapped extension, how does one choose a residue paiihe execution time required for a gapped extensiamb@d
to force into alignment? While more sophisticated approaches ammes that for an ungapped extension. However, by triggetihg
possible, the simple procedure we have implemented is to locagpped extensions in the manner described, while simultanegusly
along the HSP, the length-11 segment with highest alignmergising T for the single-hit version of BLAST from 11 to 13;,
score, and use its central residue pair as the seed. If the HSP itapjfroximately one gapped extension is invoked for every 4800
is shorter than 11, a central residue pair is chosen. For examplagapped extensions avoided. Because the number of ungappec
the first ungapped region in the alignment of Figure 3c constitutextensions is reduced by about two thirds, the total time spent on
the HSP that triggered the alignment. The highest-scorintpe extension stage of BLAST is cut by well over half. Of course,
length-11 segment of this HSP aligns leghemoglobin residudise two-hit strategy described above reduces the time neede§ for
55-65 withB-globin residues 57—67. Thus the alanine residues #te ungapped extensions still further. Once program overhead is
respective positions 60 and 62 are used as the seed for the gagmbunted for, the net speedup is a factor of about three. §
extension illustrated in Figure 3a. As discussed in the perform-For any alignment actually reported, a gapped extension that
ance evaluation section below, this procedure is extremely googcords ‘traceback’ informatio(25) needs to be executed. Td
at selecting seeds that in fact participate in an optimal alignmeimcrease BLAST’s accuracy in producing optimal local aligii-
Most gapped extensions are triggered by chance similaritiesients, these gapped extensions use by default a substariially
and are therefore likely to be of limited extent, as illustrated itargerXg parameter than employed during the program’s seaich
Figure 4. The reverse extension in this example expld@@80 stage. S

1)sqe-o

610

Table 1.Relative times spent by the original and gapped BLAST programs on various algorithmic stages

Overhead: database Calculating whether hits Ungapped extensions Gapped extensions
scanning, output, etc. qualify for ungapped extension
Original BLAST 8 (8%) 92 (92%)

Gapped BLAST 8 (24%) 12 (37%) 5 (15%) 8 (24%)
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The times required by various steps of the BLAST algorithniteration takes little more than the same time to run. In related
vary substantially from one query and one database to anotheork, Henikoff and Henikoff39) have described how, short of
Table 1 shows typical relative times spent by the original and theodifying BLAST so that it may operate on a position-specific
gapped BLAST programs on various algorithmic stages. Th&core matrix, a single artificial sequence that approximates such
‘original BLAST’ program is represented, here and below, by @a matrix may be used as a query with the original BLAST
variant form ofblastpversion 1.4.9, modified so that it uses theprograms.
same edge-effect correctig@2) and backgund amino acid The construction of a position-specific score matrix is a
frequencies as the ‘gapped BLAST'. The times represent thaulti-stage process, and at each stage a choice must be made
average for three different queries, with the time for the origin@mong a number of alternative routes. We have been guided by
BLAST program normalized in each instance to 100 units.  the goals of automatic operation, speed of execution, and general

More concretely, to search SWISS-PROT (26), release 3mplicity. The issues discussed below are: (i) general architec-
(59576 sequences; 21 219 450 residues), with the length-5&ire of the score matrix; (ii) construction of the multiple
influenza A virus hemagglutinin precurs(t7) as query, the alignment from which the matrix is derived; (i) weights fgt
original BLAST program requires 45.8 s, and the gapped BLAS$equences within the multiple alignment, and evaluation of ghe
program 15.8 s. This timing experiment, and others referred &ffective number of independent observations it constitutes;
below, was run on one 200 MHz R10000 cpu processor of (&) estimation of target frequencies, and the constructionsof
lightly loaded SGI Power Challenge XL computer with 2.5matrix scores; (v) applying BLAST to a position-specific matrig,
Ghytes of RAM. This machine runs the operating system IRIXand the statistical evaluation of search results. We do not c@im
version 6.2, which is an implementation of UNIX. We used theur current implementation is optimal, and it is likely that over
standard SGI C compiler, with th® flag for optimization, to time some of its details will change.
compile all versions of the programs. The times reported are the
user times given by theme command, and are for the better of . .
two identical runs. Score matrix architecture

A closely related type of gapped extension routine to that usqq]
here was developed by G. Myers during the evaluation of trg
original BLAST algorithm. It was not included in the publicly
distributed code primarily because the then current strategy é}ﬁ

extending every hit decreased the algorithm's spegdlyifor the position is given by the matrix itself, rather than with referencésto

relatively small gain in sensitivity realized (1). a,substitution matrix. For proteins, a query of lengtand a &

As discussed above, the statistical significance of gappedlpgiitition matrix of dimension 20 20 are replaced by
alignments may be evaluated using the two statistical paramet &ition-specific matrix of dimensidn x 20. Position-specific &

AgandKg. The current version of the Fasta program (2) estimat p costs may be defined as well (34,40). As with pairwise

th_ese parameters on each run, by analyzing thel distribution quence comparison, one may choose among finding theJest
alignment scores produced by all the sequences in the databvﬁr

no-olwepes

©
e alignment of a simple sequence with a pattern embodied by
position-specific score matrix is almost completely analogéus
the alignment of two simple sequences. The only real
erence is that the score for aligning a letter with a patt&n

eNs

. - . % w
BLAST gains speed by producing alignments for only the fe Gbal alignment of the matrix and the simple sequ¢@ey, ¢

X inding the best alignment of the complete matrix with a segmant
database sequences likely to be related to the query, and there 9 g P gms

does not have the option of estimatiigand Ky on the fly. matr&ienqdugggﬁéﬁclg érlggmg the best local alignment of th%

Instead, it uses estimates of these parameters produced befOrgsqgjtinn_specific protein score matrices draw their power from
hhandhby random simulation (3). A dravgt_)ack of this approach i§,, 5o rces. The first is improved estimation of the probabilities
that the program may not accept an arbitrary scoring system, fi, \yhich amino acids occur at various pattern positions, leading

which no stl'mulatlor} Tats' tt')eeln. pgfr.formed,_rﬁnd stil Pé?_%s a more sensitive scoring system. The second is relatizely
accurate estimates of statistical signilicance. The origina recise definition of the boundaries of important motifs.

programs, in contrast, because they dealt only with ungappgdy,anding the complete alignment of one or more motifs, rather

local alignments, could derivi, andKy from theory for any  yan seeking an arbitrary local alignment, the size of the search
scoring matrix (8,9). space may be greatly reduced, thereby lowering the levef: of
random noise. Unfortunately, there are many obstacles; to
ITERATED APPLICATION OF BLAST TO automating well the delineation of a set of motifs from the out@ut
POSITION-SPECIEIC SCORE MATRICES of a database search. The query sequence may contain a variety
of different domains, and share different subsets of them with
Database searches using position-specific score matrices, affifferent proteins in the database. Furthermore, defining §1e
called profiles or motifs, often are much better able to detect weg@koper extent of even a single motif may be challen@l2y &
relationships than are database searches that use a simplkeccordingly, we have chosen to forgo the potential advantages
sequence as query (28-38). fifaying these methods, however, of restricting the length of our derived matrices, and then
frequently has involved the use of several different programs ani@manding that they be completely aligned with segments of
a fair degree of expertise. Accordingly, to render the power afatabase sequences (41). Instead, each matrix we construct ha:
motif searches more readily available, we have written kength precisely equal to that of the original query sequence.
procedure to construct a position-specific score matrix automatiYhen searching the database with such a matrix, we seek local
cally from the output of a BLAST run, and modified BLAST to alignments, in full analogy to those sought by BLAST when used
operate using such a matrix in the place of a simple query. Tlar straightforward sequence—sequence comparison. Finally, we
resulting PSI-BLAST program often is substantially moredo not attempt to derive position-specific gap scores for use with
sensitive than the corresponding BLAST program, but for eaabur position-specific substitution scores. Instead, in each iteration
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a Accession Alignment E-value |
Histidine triad protein 15 VFLKTELSFALVNRKPVVPGHVLVCPLRPVERFHDLRPDEVADLF 59
+ ++TE ALV +P L+ P V+R +L ++ DL
P49789 Uridylyltransferase 213 IVVETEHWIALVPYWAIWPFETLLLPKTHVKRLTELSDEQSKDLA 257
P49779 8e-27 Histidine triad protein 60 QTTQRVGTVVEKHFHGT-SLTFSMODGPEAGQTVKH--VHVHVLP 101
+++ T + F o+ 4+ P G+ +H +HH P
P49775 6e-18 Uridylyltransferase 258 VILKKLTTKYDNLFETSFPYSMGFHAAPFNGEDNEHWQLHAHFYP 302
Q11066 @———T———— F+—— 3e-07
Histidine triad protein 102 R--KAGDFHRNDSIYEELQKHDKEDFPASWRSEEEMAAEAAALRV 144
Q09344 — 4e-05 + + YE L ++ + ++ AE AA R+
Uridylyltransferase 303 PLLRSATVRKFMVGYEMLGEN--=-~------- QRDLTAEQAAERL 336
P49378 — 0.001
P32084 B S— 0.002 Cc
Histidine triad protein 25 LVNRKPVVPGHVLVCPLRPVERFHDLRPDEVADLFQTTQRVGT 67 O
L+N+ PV+PGH L+ + L P ++ T+t g
Phosphorylase 91 LLNKFPVIPGHTLLVTNEYQHQTDALTPTDL----LTAYKLLC 129 =1
o
o)
o
Histidine triad protein 68 VVEKHFHGTSLTFSMODGPEAGQTVKHVHVHVL--PRKAGDF 107 g
++ GP +G ++ H H+ +L P K F —
phosphorylase 130 ALDNEESDKRHMVFYNSGPASGSSLDHKHLQILQMPEKFVTF 171 o
3
=
=
ko]
7]

Figure 5. (@) The multiple alignment generated by PSI-BLAST when the human fragile histidine triad (HIT) protein (61) (SWISS-PROT accd24#%89) is
compared to SWISS-PROT. All pairwise local alignments Eavalue<0.01, and are identified in SWISS-PROT as belonging to the HIT family. Thick bars wmggn
the six database sequences represent segments that align with various segments from the query. In constructing seqémrtbe Weighted multiple alignment 9

column, corresponding to residue 108 of the query, only the shaded portions of the multiple alignment bjeAused! &lignment of the human HIT protein and Q
H.influenzaegalactose-1-phosphate uridylyltransferase (63) (SWISS-PROT accession no. P31764). In its first position-specific iteBitid8TRfves this
alignment a score of 45.4 bits, corresponding tB-aalue of 4x 1075, ‘+' symbols reflect positive BLOSUM-62 matrix scores, even though a position-specific maffix
is used to construct the alignmen}.A local alignment of the human HIT protein and ye§St'5P1,P4-tetraphosphate phosphorylase | (64) (SWISS-PROT accession
no. P16550). In its second position-specific iteration, PSI-BLAST gives this alignment a score of 43.4 bits, corresporiginglte af 2x 104,

1wa

ujwoo'd

of PSI-BLAST, we employ the same gap scores that are usedgap characters in every row and column (Fig. 5a), and is ther%ore
the first, simple BLAST run. Our reasons are that there is no goa@anenable to the various manipulations described below.
theory for deriving gap costs from a multiple alignment and that,

as will be discussed below, by eschewing position-specific gapequence weights

costs we can make a reasonable estimate of the statistical

Slgnmcance of the resumng |oca| a“gnmentS. hen COﬂS’[I’UCtIng a score matrIX from a multlple al|gnment&|t
is a mistake to give all sequences of the alignment equal welght.

A large set of closely related sequences carries little more
information than a single member, but its size alone may aIIoW it
To produce a multiple alignment from the BLAST output, weeasily to ‘outvote’ a small number of more divergent sequen@s
simply collect all database sequence segments that have bésre way past this difficulty is to assign weights to the varighis
aligned to the query witB-value below a threshold, by default sequences, with those having many close relatives recen‘ﬂng
set to 0.01. The query is used as a master, or template, fmnaller weight. The many sequence weighting methods that have
constructing a multiple alignmemd. Any row (i.e., database been propose@3-51) often pyduce roughly equivalent results?
sequence segment) identical to the query segment with whichBecause of its speed and simplicity, we have implement
aligns is purged, and only one copy is retained of any rows thatodified version of the sequence weighting method of Henll@ff
are >98% identical to one another. Pairwise alignment columrmed Henikoff(47). Gap characters are treated as a ZJmnails@
that involve gap characters inserted into the query are S|mp¢‘}'|aracter and any columns consisting of identical residuesSare
ignored, so thaM has exactly the same length as the querygnored in calculating weights. In speaking of a columris
Because we are deallng with local alignments, the columiis of observed residue frequencifgswe shall henceforth mean it$:
may involve varying numbers of sequences, and many columngighted rather its raw frequencies. s
may include nothing but the query. We make no attempt to In constructing matrix scores, not only a column’s obser\%d
improveM by comparing database sequences with one anotheesidue frequencies are important, but also the effective number
or by any other true multiple alignment procedure. of independent observations it constitutes: a column consisting of
As will be discussed, the matrix scores constructed for a givensingle valine and a single isoleucine carries different inforga-
alignment column should depend not only upon the residudi®n than one consisting of five independently occurring mstanges
appearing there, but upon those in other columns as well. To madfeach. Accordingly, we need to estimate the relative nuNﬁ)elm
this dependency easy to formulate, however, we need to prune ofiindependent observations constituted by the alignMenf 3
raw multiple alignmentM to a simpler ‘reduced’ one. This simple count of the number of sequencéddyis a poor measure,
pruning is done independently for each column, so the reducéat 10 identical sequences imply fewer independent observations
multiple alignmentMc will in general vary from one colunt@  than do 10 divergent ones. We thus propose as a simple first
to the next. To construdtlc, we first specify the seR of  estimate forNc the mean number of different residue types,
sequences it includes to be exactly those that contribute a residuguding gap characters, observed in the various colunivig.of
to columnC. We then define the columns it to be just those This estimate is clearly not ideal, as it saturates at 21 no matter
columns oM in which all the sequencesifre represented. By how many independent sequences are contaiég.idHowever,
construction, the reduced multiple alignmkfy has residues or for the data we are likely to encountdk; is typically much

elsqe-soiy

Multiple alignment construction
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smaller than 21, and therefore perhaps a good enough approximparformed on a query consisting of a position-specific matrix
tion for our purposes. As will be seen, it is not the absolute valuather than a simple sequence. The same holds for the ungappec
of Nc that is important, but rather its relative value from oneand gapped extension steps of BLAST. One important issue is
column to anotherNc is essentially the same measure ofwhether key parameters suciasdXg, used at various heuristic
alignment variability as that proposed by Henikoff and Henikofstages of the algorithm and tuned to simple sequence comparison,

(52) for use in a different manner. can be applied unchanged to position-specific matrices without
degrading unduly either the speed or sensitivity of database
Target frequency estimation searches. We approach this problem by ensuring that th gcale

of the matrix scores produced internally by PSI-BLAST corre-
Given a multiple alignment, many methods for generating scogponds to that of the substitution masjx In other words, we
matrices have been advanced (28-37,42,52-54). The presciipiculate the scores for a column of the matrix aQJIR)]/Ay.
tion with perhaps the best theoretical foundation is that the scoresThere is no analytic theory with which to estimate the statistigal
for a specific pattern position be of the form |Qy®;), whereQ;  significance of a gapped alignment of a position-specific scgre
is the estimated probability for residue be found in that column matrix and a simple sequence. However, one may hypothesize
(29,30,32,33,36,37,42,52-54). This leaves open thetigues that for a score matrix constructed to the same scajeagiven %
how best to estimate tl@. set of gap costs should produce the same gapped alignment&cale

Given a multiple alignment involving a large number ofparametehq as fors;. This would be convenient, because th

independent sequences, the estimafg, ébr a specific column PSI-BLAST could estimate statistical significance withogt
should converge simply to the observed frequency of residue expending after each iteration the substantial time requireé'I"E to
that column. However, in addition to the sequence weightingstimate\g andKy by random simulation. To test this hypothesig,
issues discussed above, factors that complicate estimatiQg thewve performed a number of statistical tests on PSI-BLAST
include small sample siZ80), and prior knowledge of réian-  generated score matrices, scaled to Agwe 0.3176, the value_g-
ships among the residu@d$,37,53). Vapbus studies suggest that applicable to previously published BLOSUM-62 simulations (3).
the best currently available method for estimatingtie that of First, we searched SWISS-PROT using as query the length:567
Dirichlet mixtures(52—56). However, décause it often performs influenza A virus hemagglutinin precur¢@i), and cptured the §
nearly as well (52), and due to its tala simplicity, we have score matrix constructed by PSI-BLAST from the 128 local
implemented the data-dependent pseudocount method intalignments wittE-value< 0.01. We then compared this matrix tg
duced by Tatusowt al (37). This méwod uses the prior 10 000 random sequences of length 567, generated using the
knowledge of amino acid relationships embodied in the substitbackground amino acid frequencies of Robinson and Robinson
tion matrix sj to generate residue pseudocount frequerggies (20). A gap of lagthk was charged a cost of 1k+Counts of 5
which are averaged with the observed frequerictesestimate  the optimal local alignment scores, calculated using an apprapri-

the Q. ately modified version of the Smith—Waterman algorii2#),
Specifically, for a given colum@, we construct pseudocount are plotted in Figure 6. Also shown is the best fitting extreme
frequencieg; using the formula: value distribution(3,15) which, using the edge-effect cotiee <
described by Altschul and Gish (3), has statistical param%terg
g = Zlq 4 =0.251 ankKgy=0.031. Itis apparent that the distribution fits the
' j P random trial reasonably well; )¢ goodness-of-fit test with 342

~ degrees of freedom has value 41.8, which is lower than one wauld
where they; are the target frequencies implicit in the substitutionexpect 20% of the time even were the theory precisely valid. Ehis
matrix, and given by equatioB. Intuitively, those residues supports the idea that the statistical theory described ahove
favored by the substitution matrix to align with the residuegpplies to local alignments of position-specific score matrices-&nd
actually observed receive high pseudocount frequencies. We thgfhple sequences. Furthermore, the estidgte0.251+ 0.003 §

estimateQ; by: agrees to within experimental error with the value 0.255
previously published for these gap costs (3). Similar agreengent
Q = M 5  was obtained with a number of other protein sequences as iitial
a+p query (results not shown), and in all cases the much less impoftant

wherea andf3 are the relative weights given to observed an(!i<9 parameter could be esnmated accurate]y as weII'. .In genéral,
pseudocount residue frequencies. So that the scores we const}’ﬁt#'es Of Ag for the comparison of p05|t_|on-spe0|floc SCorg
will reduce tasj in columns where nothing has been aligned to thiatrices with simple sequences appear to differ by <2% fromghe
query sequence, we let = Nc — 1. B remains an arbitrary values for simple pairwise sequence comparison. Using these
pseudocount parameter: the larger its value, the greater EECOMPuted values fag should thus entail an error of less than
emphasis given to prior knowledge of residue relationships vis@'€ Pt for PSI-BLAST scores <50 bits, corresponding to afac@or
vis observed residue frequencies. We have found empirically th& ’Iess than two in the estimation of statistical significance. ©

in conjunction with our method for calculating a reasonably

good setting fof is 10. PERFORMANCE EVALUATION

BLAST applied to position-specific score matrices To test more directly the statistics used by PSI-BLAST, we
compared query sequences from 11 large and well characterized
The initial step of the BLAST algorithm is the construction of goprotein families to the SWISS-PROT database, and then ran the
list of words that align to query words with score at |&a€inly  position-specific score matrices generated against a shuffled
minor modifications to the code are necessary for this step to tersion of the same database. For each query, we recorded the
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identical shuffled-database test on the gapped and original
versions of BLAST. To reduce the probability that high-scoring
alignments were missed due to the heuristic nature of the
algorithms, we performed these tests With 9 rather than the
default value of 11. The results are given in Table 2. For the 11
queries, the median of the low PSI-BLA&Ivalues was 0.87,
which corresponds to a mediBrvalue of 0.58 (8,9). The mean
numbers of shuffled database sequencesBmithlues <1 and 10
were 1.0 and 8.7, respectively, within 20% of the expected values
of 1.0 and 10.0. The equivalent tests for the ungapped and gapped
versions of BLAST also yielded results that diverged from thegry
by <50%. 2
The ability to estimate with reasonable accuracy the sigrjfi-
cance of gapped local matrix-sequence alignments permits @s to
automate the construction of position-specific score matriges
during multiple iterations of the PSI-BLAST program. After each
iteration, we generate a new multiple alignment simply By
collecting those alignments witkvalue lower than a definedz

Figure 6. The distribution of optimal local alignment scores from the threshold. An interactive version of PSI-BLAST allows the usgr
comparison of a position-specific score matrix with 10 000 random proteintqy gyerride either the inclusion or exclusion of specific |0%|

sequences. The score matrix was constructed by PSI-BLAST from the 128 loc
alignments withE-value<0.01 found in a search of SWISS-PROT using as

aalllignments. Once a given database sequence has been usedin th

query the length-567 influenza A virus hemagglutinin precursor (27) (SWISs-generation of a position-specific score matrix, Bwalues for o
PROT accession no. P03435). The random sequences, each of length 567, wéhgs sequence are virtually guaranteed in future iterations, forthe
generated using the amino acid frequencies of Robinson and Robinson (20§equence is to a certain extent being Compared with itself. %he

Optimal local alignment scores were calculated using the position-specific,
matrix in conjunction with 10 ¥ gap costs. The extreme value distribution that

biological relevance of PSI-BLAST output thus depends crii-

best fits the data (3,15) is plottedxAgoodness-of-fit test with 34 degrees of ~ cally on avoiding the inappropriate inclusion of sequences inghe

freedom has value 41.8, corresponding Balue of 0.20.

multiple alignment constructed. Specifically, the utility of the
score matrix produced is immediately vitiated by the inclusiorfof

lowestE-value found, as well as the number of shuffled sequencesy alignment involving a region of highly biased amino adid
Q

yielding E-values<1 and 10. For comparison, we performed thecomposition(57,58).

23

&

N

Table 2. The comparison of various query sequences with a shuffled version of SWISS-PROT %
2

Protein family SWISS-PROT Original BLAST Gapped BLAST PSI-BLAST §
accession no.  Low No. of segs Low No. of seqs Low No. of segs -

of query E-value  withE-value E-value  withE-value E-value  withE-value “,i‘

<1 <10 <1 <10 <1 <10 3

Serine protease P00762 0.86 1 7 3.0 0 4 0.94 1 8 §
Serine protease inhibitor P01008 3.9 0 4 0.078 1 9 15 0 9 <
Ras PO1111 34 0 8 34 7 11 9 s
Globin P02232 24 0 7 2.8 5 8.2 2 Q
Hemagglutinin P03435 0.11 2 1 0.46 16 0.87 1 8 =
Interferona P05013 2.4 0 6 0.27 4 0.11 11 E
Alcohol dehydrogenase P07327 15 0 2 0.80 1 5 15 0 9 S
Histocompatibility antigen P10318 0.91 1 7 0.13 1 7 0.0031 2 6 ©
Cytochrome P450 P10635 0.84 2 5 8.5 0 3 0.46 1 15 g
Glutathione transferase P14942 1.0 1 10 3.3 0 3 0.30 2 9 ﬁ
H*-transporting ATP synthase P20705 0.012 1 8 0.26 2 14 0.79 2 10 N
Average (median or mean) 1.0 0.7 6.8 0.80 0.9 7.0 0.87 1.0 8.7 ©

The original and gapped BLAST comparisons use BLOSUM-62 substitution scores (18). All three programs use Trpastoleter set to 9, but the gapped
BLAST and PSI-BLAST programs use the two-hit method to trigger ungapped extensions. The original BLAST prograxXdrapdiffgparameter set to nominal
score 23. The gapped BLAST and PSI-BLAST comparisons charge gaps oklaragtst of 10 k. They haveX, set to 16, an¥g set to 40 for the database search
stage and to 67 for the output stage of the algorithms. Gapped alignments are triggered by a score corre§@@rulisgfor PSI-BLAST, the query is first com-
pared to the SWISS-PROT database, and the position-specific score matrix generated is then compared to a shuffled viSSidZ?R®EWhe median is used
for the average of the lott+values, and the mean otherwise.
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Table 3. The number of SWISS-PROT sequences yielding alignmentEwitiue<0.01, and relative running times, for Smith—Waterman and various versions
of BLAST

Protein family Query Smith—Waterman Original BLAST Gapped BLAST PSI-BLAST

Serine protease P00762 275 273 275 286

Serine protease inhibitor P01008 108 105 108 111

Ras PO1111 255 249 252 375

Globin P02232 28 26 28 623

Hemagglutinin P03435 128 114 128 130

Interferona P05013 53 53 53 53

Alcohol dehydrogenase P07327 138 128 137 160 o

Histocompatibility antigen P10318 262 241 261 338 %

Cytochrome P450 P10635 211 197 211 224 ?—,

Glutathione transferase P14942 83 79 81 142 %

H*-transporting ATP synthase P20705 198 191 197 207 =

Normalized running time 36 1.0 0.34 0.87 %
>
©

2]

To score and evaluate the significance of the alignments found, the original BLAST program uses BLOSUM-62 substitutib8)sarmdesi(m-statistics (21,22) =
The Smith—Waterman and gapped BLAST programs use BLOSUM-62 substitution scor&gd@costs, and the statistics of equatibasd2, in conjunction §
with the experimentally determined paramelgys 0.255 andg = 0.035 (3). PSI-BLAST uses the same gap costagrimit applied to the position-specific scorex
matrix constructed from the output of the gapped BLAST run. Only one PSI-BLAST iteration is executed. All three BLAST pisgtiaesame parameter settings
as in Table 2, except thhts set to 11. Normalized running times are the mean ratio of program running time to that for the original BLAST. ThE8iRLAST
includes the time for the initial BLAST search.

0

02'dno

3

To compare the performance of the new gapped version ofA search that includes a single PSI-BLAST iteration still rugs
BLAST and its PSI-BLAST extension to that of the Smith—faster than the original BLAST, and 40 times faster than
Waterman algorithn(24) and the dginal ungapped BLAST Smith—-Waterman, but can in many cases be much more sensgive.
algorithm, we employed the same 11 query sequences that wlréinds every true positive returned by Smith—Waterman, but
used above to investigate the accuracy of PSI-BLAST statistidsequently many others as well. Here only a single PSI-BLA§T
Because, as shown, these statistics are quite accurate, we mayitesation has been considered but, as will be seen below, muliiple
the number of statistically significant sequences found in #erations can yield even better results. Furthermore, we have
database search as a reasonable measure of algorithm sensitifdtynd PSI-BLAST to perform better on searches of the nep-
We employed thessearchprogram, version 2.0u54, from the redundant protein sequence database maintained by the NCBI
Fasta package (2) as our implentation of the Smith—Waterman (59) than on searches of SWISS-PRG8¢ause of the greatefs
algorithm. Using each of the 11 queries, we searched SWIS&4mber of significant similarities that are found by the initigl
PROT with each of the four programs. We show in Table 3 thBLAST run. >
numbers of sequences found wWHlvalue<0.01, as well as the  For the particular examples in Table 3, the PSI-BLAST
average ratio of running time to that for the original BLASTIteration takes noticeably longer than the gapped BLAST
program. Based upon SWISS-PROT annotation, all sequendtgration, due primarily to the time needed to construct the
recorded in Table 3 appear to be true family members, with tipgsition-specific score matrix from the large number of signifi-
exception of one of the lowest-scoring alignments found bgant local alignments found by BLAST. For queries that retura a
Smith—Waterman when applied to the histocompatibility antigemall number of significant alignments, each PSI-BLAST
query, and the lowest-scoring alignment found by the origindleration requires more nearly the same time as BLAST.
BLAST applied to the hemagglutinin query. While some
alignments involve hypothetical proteins, the pattern of conps|-BLAST EXAMPLES
served residues in all such cases suggests a true positive.

As can be seen, the gapped BLAST program runs on averagemany instances, PSI-BLAST is able automatically to uncoSer
three times faster then the original, and in all but one cadm®ologically interesting similarites that elude simple database
examined finds a greater number of statistically significansearches. Multiple iterations of PSI-BLAST are sometimes requifed
alignments. It runs >100 times faster than Smith—Waterman, btat recognize the more distantly related protein family members.?We
for the combined 11 queries misses only eight of the 173%ere consider two representative cases in greater detail.
significant similarities found by the rigorous algorithm. Of these
eight, only one has a:‘:}value.<0.0_01, and anqther appears to beyT proteins
a random as opposed to a biologically meaningful similarity. The
scores produced by gapped BLAST for the 1731 similarities Holm and Sander (60) describe howoenparison of three-dimen-
finds differ from those produced by the Smith—Watermarsional structures is able to identify significant similarity between
algorithm in only two instances. The discrepancy arises in botiistidine triad (HIT) proteins and galactose-1-phosphate uridylyl-
cases from aXgy parameter that is too low rather than from antransferase (GalT) proteins. Indeed, using the human HIT protein
incorrect choice of seed. Thus despite its simplicity, th€61) as query, a BLAST search of SWISS-PROT reVetalsvith
seed-selection heuristic is extremely accurate. E-value <0.01 only to other HIT proteins (Fig. 5a). An alignment to
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the rat GalT protein (62) has the only marginally signifiEavdlue H. sapiens BRCAT =
of 0.012. A PSI-BLAST search, using the score matrix generated

from the six alignments illustrated in Figure 5a, can immediately

cement confidence in the biological relevance of this similarity. The 4. #aliana T10M13.12
E-value of the similarity with rat GalT drops t0x2104, and an
alignment taHaemophilus influenza@alT (63)(Fig. 5b) receives
the even more significafvalue of 4x 10-. These similarities, of C. clegans T13F2.3
course, are uncovered using no structural information. In addition,

on the next iteration, PSI-BLAST finds a strongly significant S. pombe SPAC6G9.12
alignment (Fig. 5cE-value 2x 10 to yeast 55" -P1,P4-tetra-
phosphate phosphorylasg#), for which no structure is available.

H. sapiens KIAA0259 et ) ) 5D

C. elegans C36A4.8

Synechocystis sp. D90904

BRCT prOtelns H. sapiens Pescadillo 100

0J) papeojuMO(]

Proteins containing one or multiple copies of the BRCT domalr]:

igure 7. The location of BRCT domains within human BRCAL (68),
form a superfamily many of whose members are involved in DNA i dopsisTI0M13.12 (72), human KIAA0259 (73), worm T13F2.3 (74),3

damage- responswe cell cycle checkpdi@®s-67). While detailed  fission yeast SPAC6G9.12 (75), worm C36A4.8 (78)nechocystisp
analysis is needed to delineate completely this diverse set ©f0904 (77) and human Pescadillo (79). BRCAL and C36A4.8 each havemln

proteins, PSI-BLAST is able to automatically identify most of the addition, an N-terminal RING finger domain. The near identity to other worrg
superfamily. We used the C-terminal 215 residues of humaﬁequenceshofash(l))rlt regfllon (:llrectly pre%edmbg the BRCT dogﬁlaldn of C36A@8
BRCA1 (68) WhICh inahdes two BRCT domalnﬁ65) as the suggests the possibility that this protein has been misassemble
initial query for a search of NCBI's non-redundant protein
sequence database. Using the default cHtofilue of 0.01, the (vii) Pescadillo is a human protein whose zebrafish ortholo@ is
initial BLAST search recognized as significant only alignments tessential for embryonic developme(®9), and whose yeasB
other BRCAL sequences, and the previously described BR®@mholog YGR103w(80) has been previouslgaognized as a%
protein BARD (69) (Table 4). Subguent PSI-BLAST iterations, BRCT protein(66,67). It failed to pass the cuté&ffvalue of 0.01, &\’
however, retrieved all the proteins recorded in Table 4; additionalt appeared with near-significdavalues in PSI-BLAST output =
close homologs are omitted from the table. Almost all the BRCTrom the 5th iteration onward. The approximate positions of ﬂﬂe
proteins described by Bost al (66) were ecognized. Not found BRCT domains within BRCA1 and the seven newly |dent|f|gd
were the retinoblastoma family, whose putative BRCT domain BRCT proteins are illustrated in Figure 7.
particularly divergent, worm R13A5.13, which was not in the
database searched, and human DNA-ligase Ill. PSI-BLAST digiscusSION AND CONCLUSION
report yeast RAD9 and YGR103w, th@uyveromyces lactis
RAP1 homolog, worm ZK675.2, and various terminal deoxynutn addition to the major algorithmic changes described above;‘:iNe
cleotidyltransferases and poly(ADP-ribose) polymerases, but dieve modified an aspect of the original BLAST program’s outgut
with E-values >0.01 (Table 4). Detailed examination of theoutine that on occasion caused important similarities to che
alignments produced suggests that the only likely false positiveserlooked. When a very large number of statistically S|gn|f|caht
involved a trypanosome ES{70) and theMethanococcus alignments was found, BLAST would typically report only the
jannaschii mutT protein (71), the latter despite itsdlvement in ~ scoring 500. These alignments, however, might all involve éne
DNA repair (Table 4). domain of the query that occurred frequently within the datab%ée.
Seven recent additions to the protein databases are reported Heteresting but weaker relationships to other regions of the qlaery
as members of the BRCT superfamily (Table 4)A@bidopsis might simply be forced off the bottom of the list. Accordmgtg
T10M13.12 (72), is the first plant protein observed to contaifollowing the general idea of Sonnhammer and Du{®i), we 5
BRCT domains. (ii) KIAA025973) is a large liman protein of have limited the number of alignments reported that involve eéch
unknown function with eight BRCT domains, the greatest numbeegion of the query, but set no overall upper limit.
so far observed within a single protein. (i) TL3KZ8) is a worm The BLAST programs are unlikely to remain static, and thgre
protein with a 500-residue low-complexi7) N-terminus. are many possible avenues for future improvement. We d|s@uss
(iv) SPAC6G9.12 (75) is a fission yeast proteinrggly similarto  three of them briefly here.
the previously recogniz€@6) yeast BRCT proteind543.1§76).
(v) C36A4.8 (74) is a worm protein whose C-terminus contains @ap costs
single BRCT domain, and whose N-terminus, containing a RING
finger domain, is strongly similar to that of BRCA1. The similarGapped alignments may be constructed using a variety of dlﬁeéent
organization to BRCA1 makes this protein of particular interestypes of gap cost. Because a single mutational event may inseit or
(vi) Synechocystisp D90904(77) is the first bacterial BRCT delete a large number of residues, it has been argued that long gap:
protein that is not a bacterial ligase. While it failed to pass the cutathould not cost much more than short ones,aéfiree gap costs,
E-value of 0.01, its C-terminal BRCT domain is very similar to thatvhich assess a score— bK) for a gap of lengthk (82—85), have
of several bacterial ligases, which presumably led to its incorrebecome the most widely used. A generalization of these costs has
classification as such in the databases. Most of the protdieen proposed, that allows a gap to involve residues in both
N-terminal to its BRCT domain consists of a coiled-coil domainsequences rather than just one (86). Specifically, a gap in kvhich
The actualSynechocystisp DNA ligase (77,78) isdund by residues are inserted or deleted armhirs of residues are left
PSI-BLAST on the 13th iteration, with aB-value of 0.002. unaligned receives the scora+pk+ cj). The algorithm necessary
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for using such costs is only a minor variant on that for traditional is justified, they may lead to the construction of more sensitive
affine gap costs. In many cases, the new gap costs generate |pcaition-specific score matrices. Whether it is desirable to use
alignments that are both more accurate and more statisticatigneralized affine gap costs as the default for general purpose
significant (86). These costs are potentially of particular value fatatabase searches awaits detailed empirical study.

use with PSI-BLAST, because by imposing alignment only where

Table 4.PSI-BLAST protein database search results using the C-terminus of BRCA1 as query

Protein Species GenBank ID number PSI-BLAST iteration E-value
BARD Homo sapiens 1710175 0 2e-06
Ti10M13.12 Arabidopsis thaliana 2104545 1 4e-06 o
F26D2.19 Caenorhabditis elegans 1914176 1 4e-04 %
KIAA02592 H.sapiens 1665785 1 0.001 g
F37D6.1 C.elegans 1418521 2 4e-06 &
C19G10.07 Schizosaccharomyces pombe 1723501 2 6e-05 g&
KIAA0170 H.sapiens 1136400 2 0.002 3
53BP1 H.sapiens 488592 2 0.008 _%
T13F2.3 C.elegans 1667334 3 2e-07 2
K04C2.4 C.elegans 470351 3 3e-07 8
T19E10.1 C.elegans 1067065 4 7e-04 g
Rad4/Cut5 S.pombe 730470 4 0.002 %
REV1 Saccharomyces cerevisiae 132409 4 0.003 8
ECT2 Mus musculus 423597 5 le-04 E
XRCC1 M.musculus 627867 5 6e-04 3
Crb2 S.pombe 1449177 5 0.002 i
RAP1 S.cerevisiae 173558 5 0.006 )
TcEST030 Trypanosoma cruzi 1536857 6 0.001 2
DPB11 S.cerevisiae 1352999 6 0.001 g’
L8543.18 S.cerevisiae 1078075 6 0.010 %
SPAC6G9.12 S.pombe 1644324 7 4e-04 %
YM8021.03 S.cerevisiae 1078533 7 0.005 a
YHR154w S.cerevisiae 731729 7 0.008 S
C36A4.8 C.elegans 1657667 7 0.010 &
UNE452 S.cerevisiae 1151000 8 8e-04 §
DNA ligase IV H.sapiens 1706482 8 0.008 2
CDC9 Candida albicans 1706483 9 0.006 %
DNA ligase Thermus scotoductus 1352293 10 0.010 g
GNF1 Drosophila melanogaster 544404 11 0.004 N
mutT® M.jannaschii 2129134 15 0.008 %
>
RAD9 S.cerevisiae 131817 7 0.74 L%
RAP1 homolog K.lactis 422087 9 0.21 s
ZK675.2 C.elegans 599712 13 3.5 Q
D90904 Synechocystisp. 1652299 15 0.17 =
TDT Mus domestica 2149634 15 0.46 E
YGR103w S.cerevisiae 1723693 16 0.017 8
Pescadill@ H.sapiens 2194203 16 0.017 ©
PPOL Sarcophaga peregrina 1709741 16 0.060 g
C
Iteration zero refers to the initial BLAST run, using the 215 C-terminal residues of BRCA1 (68) (SWISS-PROT accession no. %
P38398) as query. Subsequent PSI-BLAST iterations use derived position-specific score matrices in place of the query. The score g

matrix for iteration + 1 is constructed from alignments achievind=aralue<0.01 for iteratiori. For each protein, tHe-value is

that returned during the PSI-BLAST iteration indicated, and precedes the protein’s use for score matrix constructiorrePray one
sentative is listed for families of closely related proteins. On its 16th iteration PSI-BLAST uncovered no new protEiwalwéh

<0.01, and therefore ceased iteration. At the end of the table are shown BRCT proteins returned by PSI-BLEAGAIweith0.01

but<10, listed for the iteration in which they achieved their lovizegalue.

@Recent additions to the database, first identified as BRCT proteins here.

bTheC.elegan§26D2.b protein (74) while a recent addition to the databases, is a close homolog of the previously recognized (66,67)
family of C.elegandBBRCT proteins containing, for example, F37A4.4 (90).

CThe trypanosome EST (70) and tigannaschiimutT protein (71) are the only likely false positives.
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Position-specific score matrices as input to PSI-BLAST retains the ability to report accurate statistics, per iteration runs in
- L times not much greater than gapped BLAST, and can be used both
PSI-BLAST performs three distinct operations: it CONSUCIS Qo atively and fully automatically. These developments should

multiple alignment from BLAST output data; it processes thigynnance significantly the utility of database search methods to the
alignment into a position-specific score matrix; and it uses th'r?}olecular biologist
9 .

matrix to search the database. A researcher may wish, however,
bypass the first two of these operations, and provide a score mafrjx
as query directly to PSI-BLAST. The central difficulty is retaining ote

the ability to calculate reliable statistics; as described abovgource code for the new BLAST programs is available by
PSI-BLAST imposes strict scaling rules on the matrices it generategionymous ftp from the machine ncbi.nlm.nih.gov, within the

permitting the use of precomputglto assess significance. Three directory ‘blast, and the programs may be run from NCBI's web
possible routes are open. (i) One may permit the specification of 2fe at http://www.ncbi.nim.nih.gov/

target frequencie®; for each position rather than 20 scores. These

can then be converted internally to log-odds scores with theckNOWLEDGEMENTS
appropriate scale for precomputed statistical parameters to apply.
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