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Motivation: Transitive sequence matching expands thT troduction
scope of sequence comparison by re-running the results o 1

given query against the databank as a new query. Thigansitive sequence matching is an approach taken toward
sometimes results in the initial query sequence (Q) beirighproving sequence comparison. It entails taking the
related to a final match (M) indirectly, through a third, matches found after running a sequence comparison and then
‘intermediate’ sequence (Q | — M). This approach has re-running them as new queries against the databank. The
often been suggested as providing greater sensitivity ¥@sulting matches consist of many of the previous matches
sequence comparison; however, it has not yet been possibplas (hopefully) some new ones. These new matches are, in
to gauge its improvement precisely turn, related back to the initial query only indirectly through
Results: Here, this improvement is comprehensivelyan intermediate sequence (see TIL in Figrd his whole
measured by seeing what fraction of the known structurgdrocess can be repeated again, iteratively, with these new
relationships transitive sequence matching can uncovenatches.

beyond that found by normal pairwise comparison (i.e. The idea of transitive matching has been previously sug-
direct linkage). The structural relationships are taken frongested and implemented. In particular, it has been used to
a well-characterized test set, the scop classification dfmprove the sensitivity of single-sequence comparison and
protein structure. Specifically, 2055 known structural similato refine templates and hidden Markov models (HMMs)
rities (called ‘pairs’) between distantly related proteins(Gribskovet al, 1990; Tatusoet al, 1994; Yi and Lander,
constitute the basic test set. To make the measurementl0984, 1996; Eddy, 1996; Abagyan and Batalov, 1997; Alts-
transitive matching properly, special data sets, callechul et al, 1997; Parket al, 1997; Pearson, 1997; Son-
‘baseline sets’, are derived from this. They consist of pairs dfammelet al, 1997; Wolfet al, 1997). In the latter applica-
sequences that have a clear structural relationship thaion, one forms a template from a small ‘seed’ alignment,
cannot be found by normal sequence comparison (i.e. thehich is then used to find homologues. These are added to
cannot be directly linked). Specifically, using standardhe template, and the process is repeated. While this tech-
sequence comparison protocols (FASTA with an e-valugque has been demonstrated to be effective to varying de-
cut-off of 0.001), it is found that the baseline set consists gfees on specific protein families, it can lead to incorrect as-
1742 pairs. A third intermediate sequence can link 86 dfignments.

these indirectly (5%), where this third sequence is drawn The objective here is to assess the effectiveness of a simple
from the entire, current universe of protein sequences. THerm of transitive matching, in a comprehensive fashion. For
number of false positives is minimal. Furthermore, when ortais assessment, the structural classification of proteins
considers only the relationships within the test set thaiscop) (Murzinet d., 1995), which arranges all the known
correspond to a close structural alignment, the coveragstructures in the protein databank into a few hundred do-
increases considerably. In particular, 862 of the baseline sehain-level, fold families, provides a ‘gold-standard’ refer-
pairs fit to better than 2.6 RMS,and transitive matching ence dataset. Not all the structures in a given fold family are
can find 62 of these (9%) highly similar to each other in terms of sequence, so one can
Availability: All the test data, including precise similarity assess the usefulness of a given sequence comparison
values calculated from structural alignment, are available irmethod by seeing how many of the structural similarities be-
tabular format over the Web from http://bioinfo.mbb.yaletween only marginally similar sequences the method is able
edu/align to detect.
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identity threshold. Here, a similar approach is taken to assess
the effectiveness of transitive matching.

Methods
Data

Sequences with known structure were taken from the Protein
Databank (PDB) (Bernsteiet al, 1977). Fold definitions
were taken from scop, Version 1.32 (May 1996) (Brenner,
1996; Murzinet al, 1996; Hubbaret al, 1997). Only the
superfamily pairs, as opposed to fold pairs, were used as
these have a much clearer structural relationship. It is the
intention of the creators of scop that the superfamily pairs
represent an evolutionary relationship between proteins with
how either linkage can result in a true or false positive. The black© appreciable seéquence similarity, i.. link proteins that are
shapes (square,gtriangle, diamond) indicate squences Withaknov&ﬁue h°m°'°,9“?5 (Murznet. al, 1995; .Hubbard, 1997).
structure (i.e. PDB sequences). For the purposes of the discussidﬁoweverv this _'S _necessarlly Spe_CUIatlve’ and all one can
here, one imagines that each of these sequences is a representatkROW for certain is that these pairs have a close structural
sequence drawn from scop-pair test sets and so it stands for a whotglationship. Furthermore, the scop pairs have been exten-
sequence family. The four black squares indicate sequences thaively checked by both manual and automatic methods
share a common fold, the ‘square fold’, while the folds correspon-(Gerstein and Levitt, 1998), and are believed not to contain
ding to the black triangle and diamond are supposed to be differentany false positives.

The line marked TDL (‘true direct linkage’) indicates a ‘true’  Based on the scop pairs, Brenaeal (1995, 1998) clus-
sequence similarity linking two of these sequencesifd Q). I tared the PDB into 905 representative sequences at 40%
contrast, the line marked FDL indicates a ‘false’ direct linkage jyo iy (domains split between different chains are omitted
between @ and M, i.e. a linkage that is not a scop pair. False from this count), making a list denoted pdb40d, which is dis-

linkages, indicated by ‘X’ in the figure, give rise to the false positives | . . .
in Table 1. It is possible for two direct linkages to join two pDg Uiouted through the scop website (http:/scop.mrc-

sequences that are not linked directly. This is ‘indirect linkage’ and/MbP-cam.ac.uk/scop). The clustering employed a single-
is indicated by the dotted line betweena@d My in the figure. Here,  linkage approach similar to that in Hobofetal (1992,
Qyis functioning as the ‘intermediate sequence’. One can expand thd 994), i.e. ‘select until done’. For the indirect sequence
possible intermediate sequences by considering sequences that @datching, pdb40d was compared against the 142 737 total
not correspond directly to PDB structures, i.e. sequences from OWlsequences in the OWL composite databank (Version 27.1)
homologous to PDB sequences (the OWL sequences). These a(8leasbyet al, 1994). Low-complexity sequences were fil-
indicated by the small white circles linked to the black shapes. Thaered out of OWL using the SEG program (Wootton and Fed-
OWL sequences can function as intermediate sequences (denotedé}hen, 1993).
g v P08 Seences (e ey Q 1A M) e The overll anlysis was reaty expeied by using a
false, indirect linkage’) e ; simple relational database implemented using DBM and
' ' perl5 (Wallet al, 1996). A number of detailed tables relevant
to this paper will be made available over the Internet at

Brenneret al (1995, 1998; Brenner, 1996) used this ap_http://b|0|nfo.mbb.yale.edu/ahgn.

proach to assess the effectiveness of the popular FASTA and

BLASTP programs and their probabilistic scoring schemeSequence comparison

(i.e. the e-value) (Pearson and Lipman, 1988; Altsehall, . )

1990, 1994: Karlin and Altschul, 1993; Pearson, 1996). They!l Sequence matching was with the FASTA program (Ver-
found that the FASTA e-value closely tracked the number 6fON 2-0) (Lipman and Pearson, 1985; Pearson and Lipman,
false positives, i.e. the error rate, and that at a conservatiy@os; Pearson, 1996, 1998; Peawstal, 1997) with a k-tup

e-value cut-off of 0.001, the FASTA program could detecYaIue of 1. This program was chosen for a number of reasons.

nearly all the relationships that a full Smith—Waterman comt.  FASTA is commonly used in the comparison of se-
parison would (Smith and Waterman, 1981). Specifically, quences corresponding to structures; for instance, it
they found that FASTA with a 0.001 threshold would find was used for the original definition of superfolds by

16% more of the structural relationships in scop than would  Orengoet al (1994) and is the sequence comparison
be found by standard sequence comparison with a 40% method used by the PDB browser (Staetafl, 1995).

Fig. 1. Schematic illustrating transitive matching via indirect
linkage. This schematic illustrates direct and indirect linkage, and
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Consequently, FASTA forms an established standard As a practical matter, one can deal with the overlap when

on which to base this work. performing a search as follows. One runs the query against
2.  FASTA was used in the work of Brenmral (1998) the whole databank, finding a number of direct matghes |

which forms a necessary background for this workThen the precise matching regions of eaabd ‘cut out’ and

Brenneret al showed, furthermore, that FASTA per- this is re-run against the databank again, producing matches

forms better than BLAST and essentially the same a4 j, which are then indirectly linked back to the original

Smith—Waterman for the detection of distant similaquery Q. While simple and elegant, this procedure has the

rities between structurally similar proteins, obviatingeffect of changing the scores linkingahd M relative to

the need to consider these other approaches here. those found in an all-versus-all of the databank since the
3. Assessing the improvement in indirect linkage is muclength of the intermediate sequencis different when it is

more straightforward for single-sequence comparisomatched by Q or used as the query to fing.M

methods, such as FASTA, than for multiple-sequence

methods, such as HMMs or PSI BLAST (Krogjtal,

1994; Altschukt al, 1997), where the performance of

the method varies depending on the number OI?esuIts

members in the family. _ .
The test data: sets of structural relationships

Structure comparison The analysis begins with the 8330 domains in the PDB in-
. . . . dexed by the current version of scop. These are clustered into
Structure matching was by the iterative dynamic progranggg representative sequences at a 40% identity level in the

ming method from Gerstein and Levitt (1996, 1998). Thig, jicly distributed PDB40D dataset (see Methods). About
method aligns protein sequences on the basis of direct cofg g0 pairs can be formed from these representative se-
parison of the corresponding three-dimensional structureg,ences (i.e. 408 156 = 9%(M69/2).

Two numbers characterize the alignment: the number of resl-

dues alignedY) and the RMS deviation indpositions after . . . .
these atoms are fit onto each other (RMS). Since an aligheSt Set 1By definition, all these pairs have a distant (twi-
ht-zone’) level of sequence similarity. However, accord-

ment with a higher RMS value can be more significant th
one with a lower RMS if there are more residues included iE:%
the first alignment, Gerstein and Levitt (1998) define a scaleb
RMS: RMS = 225 RMSHK + 135). For an approximately
average match of 90 residues, the scaled RMS is nearly
same as RMS (both quantities agree to within 1094 fme-
tween 70 and 110 residues). The distribution of scaled R
values has a me%ian value/ff 2.65 A (with a mean of 2.68
and a SD of 0.87 A), so 2.6 A marks the approximate halfwa; ! o : .

point in the range 2>f values and a reasor?gble division poin qual yvelqht, S0 it is worthwhile to consider two furth'er
Levitt and Gerstein (1998), furthermore, show that thisse_lectlons based on somewhat closer structural relation-
scaled RMS threshold corresponds approximately to a stru%r—"ps'
tural similarityP value of 0.01.

to the scop classification (Murzit al, 1995), 2055
.5%) of them have a significant structural relationship, in
eing joined to one of 171 structural superfamilies (see
Mgthods). These 2055 form the first set of ‘scop pairs’. They
are not distributed equally amongst the scop superfamilies,
Mgith one superfamily (the Rossmann fold) containing 231
%airs and 70 others with just a single pair (Tahl€-urther-

ore, not all the structural relationships in these pairs are of

Test set 2Because determining the structural similarity of

short sequences is particularly problematic, one can exclude
Overlap on intermediate sequence sequences of <60 amino acids. This gives 783 representative

sequences, 305 371 possible pairs and 1801 structural rela-
In the transitive matching procedure, two sequences corrgenships, which constitute a selection of 2055 original scop
sponding to structures (denoted Q for the query and M for thpairs. Gerstein and Levitt (1996, 1998) constructed structural
match) are linked through an intermediate sequence I. Oaéignments for all the preceding 1801 structural similarities
has to take care that the region of match of Q on | overlajps full-length sequences. These alignments allow one to de-
with that of | on M. The criterion for overlap used here wasermine the precise degree of structural similarity by calcu-
quite conservative: the overlap region of Q on | must shatating an RMS value from fitting the aligned atoms. There are
at least 60 residues with that of | on M. Other less stringeB62 pairs that align with a scaled RMS of <2.6 A (see
criteria were tried. These tend to increase the number bfethods), and these form a second test set of scop pairs.
matches, both true and false, but not to affect the resulifiey are (roughly) the more structurally similar half of the
greatly, as long as they were reasonable. scop pairs.
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Table 1.Overall statistics for sequence matching

FASTA Type of Pairs in total: Linked Pairs remaining: Linked indirectly Linked indirectly
e-value pair test sets directly baseline within dataset via OWL sequence
cut-off sets
1.0E-05 TPs 2055 220 11% 1835 19 1.0% 67 3.7%
Low-RMS TPs 862 162 19% 700 152.1% 62 8.9%
FPs 0 0 12
1.0E-04 TPs 2055 271 13% 1784 28 1.6% 73 4.1%
Low-RMS TPs 862 198 23% 664 17 2.6% 64 9.6%
FPs 1 0 13
1.0E-03 TPs 2055 313 15% 1742 23 1.3% 86 4.9%
Low-RMS TPs 862 219 25% 643 18 2.8% 74 12%
FPs 3 1 13

The table shows how many of the scop pairs can be found by direct linkage (i.e. normal sequence comparison) and inélifiexttiakagive matching through
an intermediate sequence). The rows show the number of true and false positive linkages (TPs and FPs) for various FABTAshetalsieThese linkages
are computed for two test sets: test set 1, which has 2055 scop pairs, and test set 2, which has 862 scop pairs, ctonesperadasgly aligned structures
that have a structural alignment with atoms fitting to better than 2.6 A RMS. The true positives for the latter testragedreydiow-RMS TPs'. There were
no false positives for test set 2 data (so there are no ‘low-RMS FPs’ rows). The first column (‘test sets’) shows théé¢otal pairs that one starts with. The
next column (‘linked directly’) shows the number of these pairs that can be found by direct linkage. These are subtraotgt/awss baseline sets shown
in the third column (‘baseline sets’). The final two columns give the number of pairs from the baseline sets than campéfiitect linkage. The first of
these (‘indirectly within dataset’) lists the transitive matches that can be found purely within a given baseline setcohenmmegindirectly via OWL') lists
the larger number of transitive matches that can be found if one allows any sequence in the large OWL database to fuimntBomediate sequence. Note
that it is possible to have a pair linked directly, but not indirectly, if no suitable intermediate sequence exists. Alser afrthe false-positive linkages were
between scop class 8 sequences (‘peptides’). (In particular, the pairs d1tiv__-d1tvs__ and dlbba__-dlppt__.) These déremxbriditistics (but they
are still listed, for completeness, in the Web presentation).

Table 2. Matching statistics for the various scop superfamilies, divided by family size

Pairs per No. of super- Total no. of No. linked Frac. linked No. of indirect Frac. linked
superfamily “families scop pairs " directly "~ directly or dir. links © ind. or dir.
231 1 231 21 9% 26 11%
171 1 171 5 3% 9 5%
153 1 153 3 2% 3 2%
120 2 240 22 9% 47 20%
91 1 91 36 40% 57 63%
78 1 78 4 5% 4 5%
55 3 165 12 7% 12 7%
36 3 108 22 20% 28 26%
28 8 224 21 9% 24 11%
21 6 126 45 36% 53 42%
15 4 60 7 12% 8 13%
10 11 110 15 14% 16 15%
6 17 102 29 28% 33 32%
42 126 42 33% 46 37%
1 70 70 29 41% 33 47%
Total 171 2055 313 15% 399 19%

This table shows the statistics for direct and indirect linkage for the 171 scop superfamilies. The statistics are brbgehealsize of the superfamily. Details
on each column follow. (1) The number of p&liia a superfamily, i.e. its size (using PDB40D in scop 1.32 as described in Methods). (2) Thehoishperfa-
milies of this size in scop. (3) The total number of pairs then follows by multiplicatoNP. (4) The number of pai3 that can be directly linked by sequence
comparison with FASTA and an e-value cut-off of 0.001. (5) The fraction of the total number of pairs that the numbey ¢ihtieelqthirs comprise§,=DI/T.

(6) The number of pairsthat can be linked by either indirect or direct linkage. (7) The fraction thaff the total I(T).
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Direct linkage: the baseline for comparison Indirect linkage: the improvement over the baseline

To measure the effectiveness of transitive matching, one can o ) ]
look at how many of the scop pairs in each of the three séf¥ definition, each of the sequences in the baseline sets has

indirect linkage can find, relative to the number of false posf20 Séquence similarity to any other sequence within the same
tives. However, before doing this, one has to determine ho%@t: Consequently, itis now readily possible to gauge the im-
many pairs normal sequence comparison can find, in ordefovement provided by transitive matching: any new pairs
to establish a baseline upon which transitive matching cdaund constitute the improvement. A transitive match could,
improve. Here, pairs found by normal sequence compariséh principle, be through the sequences within the baseline
are called direct linkages since they involve no intermediagets, i.e. if pair AB and pair BC exist in set 1-3, but not pair
sequences (TDL; FigurB. AC, there would be an indirect link between A and C. As
This is essentially what Brennet al (1995, 1998; shown in Tablel, this occurs, but not that frequently. For
Brenner, 1996) did in asking how many of these real strugastance, for baseline set 1-3, one can find 23 of the 1742
tural relationships could be found using the FASTA angairs.
BLASTP programs with their probabilistic scoring schemes. One can find more transitive matches by considering the
Here, these results are reproduced for the three specific sgtiire population of protein sequences as candidate ‘inter-
of scop pairs discussed above. As Bremmal found, ata mediate sequences’. Specifically, one can run the sequences
practical e-value threshold of 0.001, FASTA can find ‘direciy each of the baseline sets against the OWL composite data-
Ilnkages.’ for[_u5% of the reIannShlp_S_ in the first set of thepgny (which contains all currently known protein sequences)
scop pairs with only a few false positives. __and determine whether any of the homologues found in
Notice that when one considers just the 862 pairs with 8y jinked a scop pair in the baseline sets. Used in this way,
close structural alignment (test set 2), it is possible to f'ndtﬂe sequences in the baseline sets are better thought of as

; ) . o . )
higher fractlon of the paurs (25 /°.)' Th'.s last result IS reasony \ster representatives for whole families than individual se-
able, given the established relationship between divergence

in structure and sequence (Chothia and Lesk, 1986, 19 jences. Eachindirect link made between them is effectively

Chothia and Gerstein, 1997). That is, the pairs with great ﬁtween all the members of two distant families.

structural similarity are expected to have more sequenceThe results are summarized in TafleFor an e-value

similarity. threshold of 0.001 (baseline set 1-3), one can find 86 of the
As shown in Table and 3, the fraction of pairs found 1742 baseline pairs through indirect linkage (5%), with 13
varies considerably amongst the scop superfamilies, Withf_glse positives. This means that u_sing both direct _and indirect
larger fraction of pairs found in the smaller superfamilies. linkage, sequence comparison with FASTA can find about a
Work on direct linkage provides a necessary backgrouritith of the scop pairs (399 of 2055 in test set 1) with 16 total
against which to examine indirect linkage. Here, the idea fglse positives, about one for every 25 true positives.
to find out how many additional structurally related pairs can On the 862 closely aligned scop pairs (test set 2), the cover-
be found by considering a third, intermediate sequencge improves significantly. In particular, transitive matching
linked to both. These indirect linkages, both true and falsean find 74 of the 643 pairs in baseline set 2-3 (12%).
are illustrated schematically in Figut€eTo find them, itwas  As shown in Tabl@, the fraction of extra pairs found by
necessary to construct more sets of scop pairs, the sameraasitive matching varies somewhat among the 171 scop
those described previously, but now with all the pairs founduperfamilies, with the larger families having a greater de-
by direct matching removed. These are called baseline sajgee of improvement relative to the smaller ones. This is per-

. : ) ) haps because direct matching was more successful with the
Baseline set 1-3his consists of 1742 pairs taken from thegnayier superfamilies and because the larger superfamilies

2055 pairs in test set 1 with direct matches removed. It ing

. i re potentially associated with a larger and more diversified
volves 697 sequences in total. Itis based on a FASTA e-val . ; : . -
cut-off of 10e-3. If this cut-off is changed, obviously theHSIIectlon of intermediate sequences. For instance, indirect

Iﬂs direct linkage can find 30% of the 120 pairs in the ‘FAD/

number of pairs will change, so one also has baseline sets]l;— D(P)-binding  domain’ _ superfamil representative
and 1-5 for cut-offs of 10e-4 and 10e-5, and so on (see Ta (P) 9 P y (rep

1) identifier d2tpra2), whereas direct matching can only find

' 10% (Table 3). Likewise, for the globin superfamily
Baseline set 2-3This consists of 643 pairs taken from the(d3sdha_), the comparable statistics are 63% of 91 pairs
862 closely aligned pairs in test set 2 with direct matchgeund, improving on 40%. In contrast, for the 70 scop super-
removed. Itinvolves 491 sequences in total. It is also derivddmilies containing only a single pair, indirect plus direct
with a cut-off of 10e-3, and baseline sets 2—4 and 2-5 can lyagkage finds 47% of pairs, only a small improvement over
defined in a similar fashion. the 41% found by direct matching alone.
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Table 3.Detailed matching statistics for the largest scop superfamilies

Superfamily No. of No. of direct Frac. linked No. of indirect Frac. linked
ID scop pairs links directly or dir. links ind. or dir.
dipmy 55 4 7% 4 7%
dir69 28 3 11% 3 11%
ditssal 28 0 0% 0 0%
dlyrnb_ 55 8 15% 8 15%
d2ebn__ 120 10 8% 11 9%
d2olba_ 28 1 4% 1 4%
d2pgd_2 231 21 9% 26 11%
d2tgf__ 28 13 46% 13 46%
d2tpra2 120 12 10% 36 30%
d2trxa_ 36 4 11% 4 11%
d2yhx_2 28 0 0% 1 4%
d3cd4_2 153 3 2% 3 2%
d3dpva_ 171 5 3% 9 5%
d3hhrb2 28 1 4% 1 4%
d3inkc_ 55 0 0% 0 0%
d3sdha_ 91 36 40% 57 63%
d3tgl__ 28 1 4% 2 7%
ddicb__ 36 8 22% 14 39%
d5eytr 28 2 7% 3 11%
ds5p21__ 78 4 5% 4 5%
d5znf__ 36 10 28% 10 28%

This table shows the statistics for direct and indirect linkage for the 21 largest scop superfamilies, those with aaleadD@tijs on each column follow,
many of them being very similar to those in TaBl¢1) The first column gives the identifier for the superfamily. Here this is a scop identifier for a representative
domain in this superfamily. Scop identifiers have the following syntax: d1pdbcN, where ‘1pdb’ is a PDB id, ‘c’ is a chifiar,idaat ‘N’ describes if this is

the first, second, or only domain in the chain. Thus, dlggtal is the first domain in the A chain of 1GGT. (2) The numbBriotipaisuperfamily, i.e. its size
(using PDB40D in scop 1.32 as described in Methods). (3) The number db pladtscan be directly linked by sequence comparison with FASTA and an e-value
cut-off of 0.001. (4) The fraction of the total number of pairs that the number of directly linked pairs corRpriBéB, (5) The number of paitsthat can be

linked by either indirect or direct linkage. (6) The fraction thatof the total IfP).

Quialifications automatic and manual methods (Gerstein and Levitt, 1997),
and should give the most comprehensive possible indication
The specific ‘improvement’ values quoted here for the effecf how indirect matching performs on the whole range of
of transitive sequence matching are intended to be repres&nown similarities, rather than just on specific families.
tative of the performance of the method on a comprehensiveMoreover, while the exact improvement values quoted
data set using reasonable parameters. They are, neverthelbege may change somewhat with different choices for test
contingent upon the selection of proteins in the test set (t@ta, baselines and overlap criteria, with any reasonable
scop classification), the particular comparison baselines eghoices, transitive matching will be able to find additional
tablished (i.e. an e-value cut-off of 0.001 for the direct link+eal pairs without generating many false positives. That is,
age baseline) and the precise criteria for overlap (as digthile the absolute values may change, the relative improve-
cussed in Methods). These parameters have been selecteghént will remain. This is shown to some degree in Table
areasonable fashion to exclude highly similar sequences antiere the improvement statistics for a variety of baselines
give a sense of how indirect sequence matching perfornase collected, e.g. 0.0001 and 0.00001. (One could develop
near the margin, in the ‘twilight zone’. The scop data sdhis table further to build up a complete analysis of coverage
(Murzinet al, 1995), in particular, is a popular and well-do-versus error rate.) Furthermore, the entire test set and related
cumented set of similarities. It has been validated by botata files (including all the precise similarity values from

712



Intermediate sequence matching

structural alignment) are available over the Web, thus enabkschul,S.F., Boguski,M.S., Gish,W. and Wootton,J.C. (1994) Issues

ling the analysis to be easily repeated with any parameters oft searching molecular sequence databases. [Reviejre
Altschul,S.F., Madden,T.L., Schaffer,A.A., Zhang,J., Zhang,Z.,
) Miller,W. and Lipman,D.J. (1997) Gapped BLAST and PSI-
Conclusion BLAST: a new generation of protein database search programs.

. Nucleic Acids Res25, 3389-3402.
The results reported here show that transitive sequenggmsteinF.C., Koetzle,T.F, Wiliams,G.J.B., Meyer,E.F.Jr,

matching is an effective technique for improving the sensi- grice,M.D., Rodgers,J.R., Kennard,O., Shimanouchi,T. and Tasu-
tivity of standard sequence comparison methods in searchingni,Mm. (1977) The protein data bank: a computer-based archival file
for structural similarities. Specifically, one is able to find for macromolecular structurek. Mol. Biol, 112, 535-542.
considerably more of the known structural similarities in @leasby,A.J. and Wootton,J.C. (1990) Construction of validated,
‘gold-standard’ set of test data (scop) by combining indirect non-redundant composite protein sequence datalfasesin Eng,
linkage via an intermediate sequence with direct linkage than3, 153-159.

by direct matching alone. Moreover, there are few false pogfléasby,A.J., Akrigg,D. and Attwood, T.K. (1994) OWL—a non-re-
tives. One can intuitively rationalize the success of transitive d;”gg;‘;fgg‘%os'te protein sequence databasdeic Acids Res
sequence matching as this approach makes use of the (péngie,J.u., Luthy,R. and Eisenberg,D. (1991) A method to identify
sumably) more diversified outliers of a cluster in a search,

. d of hi ith th id is th for i protein sequences that fold into a known three-dimensional
Instead of searching with the centrol (as IS the case, for m'structureScience (Washingtor53 164—170.

stance, for p_rofiles). N ) Brenner,S.E. (1996) Molecular propinquity: evolutionary and struc-

The effectiveness of transitive sequence matching wastural relationships of proteins. PhD Thesis, Cambridge University.
measured here for the FASTA program, but a similar analySienner,S., Hubbard,T., Murzin,A. and Chothia,C. (1995) Gene
could easily be carried out for the other popular sequenceduplication inH. influenzaeNatureg 378 140.
comparison approaches, such as profiles and HMMs (Bow##enner,S.E., Chothia,C. and Hubbard,T.J. (1997) Population statistics
et al, 1991; Johnsoat al, 1993; Eddyet al, 1994; Krogh of protein structures: lessons from structural classificatiGns.
et al, 1994). In fact, such analyses have recently been per-Opin. Struct. Bial 7, 369-376. _
formed successfully by other groups (C.Chothia and J.ParRrenner.S., Chothia,C. and Hubbard,T. (1998) Assessing sequence
personal communication). It is expected that careful comParison methodBroc. Natl Acad. Sci. USAn press. .
measurement of the effectiveness of sequence comparis%r ant,S.H. and Lawrence,C.E. (1993) An empirical energy function

. . . h i i h h the foldi dtei
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