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Two homologous sequences, which have diverged beyond the point
where their homology can be recognised by a simple direct comparison,
can be related through a third sequence that is suitably intermediate
between the two. High scores, for a sequence match between the ®rst
and third sequences and between the second and the third sequences,
imply that the ®rst and second sequences are related even though their
own match score is low. We have tested the usefulness of this idea using
a database that contains the sequences of 971 protein domains whose
structures are known and whose residue identities with each other are
some 40% or less (PDB40D). On the basis of sequence and structural
information, 2143 pairs of these sequences are known to have an evol-
utionary relationship. FASTA, in an all-against-all comparison of the
sequences in the database, detected 320 (15%) of these relationships as
well as three false positives (i.e. 1% error rate). Using intermediate
sequences found by FASTA matches of PDB40D sequences to those in
the large non-redundant OWL database we could detect 550 evolutionary
relationships with an error rate of 1%. This means the intermediate
sequence procedure increases the ability to recognise the evolutionary
relationships amongst the PDB40D sequences by 70%.
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The homology of protein sequences is usually
found by matching pairs of sequences with pro-
grams such as BLASTP (Altschul et al., 1990) or
FASTA (Pearson, 1988). However, the sequences of
related proteins can diverge beyond the point
where their relationship can be detected by such
procedures. In attempts to overcome this limi-
tation, matching methods have been developed
that use the features present in multiple aligned
sequences of protein families. Examples of such
work are sequence templates (Taylor, 1986;
Bashford et al., 1987; Tatusov et al., 1994; Yi &
Lander, 1994), pro®les (Gribskov et al., 1987; Luthy
et al., 1994; Thompson et al., 1994) and hidden
Markov models (Krogh et al., 1994; Baldi et al.,
1994; Eddy, 1995; Eddy et al., 1995). The problem
with these procedures is that (i) multiple divergent
sequences are required for signi®cant improve-
ments over what is found from single sequence

searches, (ii) the accurate alignment of related
sequences with low residue identities involves
some expertise, and (iii) the scoring schemes for
models based on multiple sequence alignments do
not at present give thresholds that de®ne high cov-
erage and low error.

Here we describe what we call the `intermedi-
ate sequence procedure'. The intermediate
sequence procedure is straight forward, relatively
fast and, in a test on related sequences with low
residue identities, produces a 70% improvement
over what can be found by direct sequence com-
parisons.

The intermediate sequence procedure

The essential idea is that two homologous
sequences, which have diverged beyond the point
where their relationship can be recognised by a
simple direct comparison, can be related through a
third sequence, if its sequence characteristics are
intermediate between the two being matched.
A high match score between the ®rst and third

Abbreviation used: PDB40D, a database of sequences
of known protein structures that have sequence
identities of less than 40%.
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sequences and between the second and the third
sequences, implies that the ®rst and second
sequences are related even though their own
match score is low. Thus, in suitable cases, it
should be possible to demonstrate the relationship
between the two distantly related sequences by col-
lecting, from a large sequence databank, homol-
ogues which both match with high scores.

The use of more than one sequence to deter-
mine homology is not a novel idea. Indeed infor-
mation on intermediate sequences is available
from the Entrez database (Schuler et al., 1996). It
lists for each sequence the homologues found by
the BLAST program and it is possible to move in
the databases from homologues to homologues of
homologues. What is novel in the work described
here is the demonstration of the very signi®cant
extent to which this simple procedure can
increase our ability to detect evolutionary
relationships.

A database with sequences of low
similarity and known
evolutionary relationships

The Structural Classi®cation of Proteins (SCOP)
database contains a description of the evolutionary
and structural relations of those proteins whose
atomic structure has been determined (Murzin
et al., 1995). The unit of classi®cation in the data-
base is the protein domain. Small proteins, and
most of those of medium size, have a single
domain and are, therefore, treated as a whole.
The domains that form large proteins are treated
individually. Domains are clustered together into
families if they have close evolutionary relation-
ships. Superfamilies bring together families
whose proteins have low sequence identities but
whose structural details and, in many cases, func-
tional features suggest that a common evolution-
ary origin is very probable; for example, the
variable and constant domains of immunoglobu-
lins. The fold classi®cation brings together pro-
teins that have the same secondary structures in
the same arrangement but which are believed not
to have evolutionary relationships (see Murzin
et al., 1995).

To test the intermediate sequence procedure we
measured the extent to which it could help ®nd the
evolutionary relationships described in the SCOP
database. As there are few problems in ®nding
relationships between proteins that have more
than 40% sequence identity, we use a set of
sequences that have pairwise identities of some
40% or less. We call this set PDB40D. There were
971 sequences of proteins or, in the case of large
proteins, domains in the version of PDB40D used
here. According to the SCOP classi®cation, 2143
different pairs of these sequences have an evol-
utionary relationship at the family or super-family
level.

In previous work (Brenner, 1996; Brenner,
Chothia & Hubbard, unpublished results), an all-
against-all comparison was made of the PDB40D
sequences using the program FASTA version 3.0
with k-tuple � 1 algorithm. Analysis of the results
of these comparisons show that, of the 323
matches with the lowest E-values, 320 are
between proteins known from the SCOP classi®-
cation to be homologous and the remaining three
matches are between proteins that are known not
to have an evolutionary relationship. Thus, at an
error rate of 1%, FASTA is able to detect 15 % of
the PDB40D evolutionary relationships. Calcu-
lations of the same kind with the BLASTP algor-
ithm show that it can detect 11% of the
relationships at a 1% error level.

A test of the intermediate sequence-
single search procedure

Each PDB40D sequence was matched against the
185,000 sequences in the OWL non-redundant pro-
tein sequence database version 29.2 (Bleasby et al.,
1994) using FASTA version 3.0 with k-tuple � 1.
The OWL sequences that matched PDB40D
sequences with an E-value equal to, or less than,
®ve were collected. At this level the PDB40D
sequences matched between one and 4976 OWL
sequences; the average number was 74.

The matches were inspected to ®nd those cases
where a pair of PDB40D sequences matched the
same region of one or more OWL sequence over a
length of 30 residues or more. These cases were
placed in a list whose order was determined by the
larger of the E-values given by matches of the two
PDB40D sequences. At the top of the list we found
607 different pairs of PDB40D sequences that
match one or more OWL sequences with E-values
of 0.15 or less. The pairs of PDB40D sequences
were then examined to see whether or not they are
homologous. Of the 607 pairs, 302 are known to be
related and had signi®cant scores when PDB40D
sequences had been matched directly against each
other using FASTA. A further 299 pairs are known
from the SCOP classi®cation to be homologous but
had insigni®cant scores when PDB40D sequences
had been matched directly against each other with
FASTA. The remaining six pairs involved proteins
that are known not to have an evolutionary
relationship. Thus, with an error rate of 1%, the
intermediate sequence procedure increases the abil-
ity to recognise the evolutionary relationships
amongst PDB40D sequences by 88%.

(The threshold used here for the E-value and for
the minimum size of the region matched by both
query sequences were derived empirically by
determining the combination that gives the highest
number of true matches with an error rate of 1%.
Alternative thresholds near those used here give
results only a little less good. For a common match
for regions of at least 30 residues we get, for
E 4 0.1, 584 true matches and four false matches
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and, for E 4 0.5, 636 true matches and 28 false
matches. For a common match for regions of at
least 50 residues we get, for E 4 0.1, 516 true
matches and two false matches and, for E 4 0.5,
563 true matches and 22 false matches.)

Errors produced by multidomain
proteins in the intermediate
search procedure

The results described in the last section are
impressive. However, the errors found in the calcu-
lation are somewhat less than those that would
probably occur in normal sequence searches. This
is because in the PDB40D database the domains of
large proteins are treated as separate entities. This
avoids the errors that come from two unrelated
multi-domain proteins matching different domains
of a multi-domain intermediate sequence. If
FASTA limited the matches accurately to the
boundaries of the domains this would not be a
problem: the requirement that the two query
sequences match the same region of the intermedi-
ate would eliminate such errors. In practice, how-
ever, matches extend beyond domain boundaries
because a region where the match is strong can
carry the matches in adjacent regions where it is
weak. This can produce a signi®cant common
match region.

To illustrate this problem consider two query
sequences, protein 1, built from domains A and
B, and protein 2, built from domains C and D;
and the intermediate sequence I built from
domains A0 and D0 which are homologues of A
and D in proteins 1 and 2, respectively
(Figure 1(a)). Correct FASTA alignment of the A
and A0 domains in 1 and I is sometimes
accompanied by a false weak match between
parts of the B and D domains that are adjacent
to A and A0 (Figure 1(b)). Similarly, the correct
alignment of the D and D0 domains in 2 and I
can also be accompanied by a false weak match
between regions of the C and A0 domains adja-
cent to D and D0. These regions of the false
matches can be long enough to satisfy reasonable
criteria for proteins 1 and 2 matching a common
region of the intermediate I (Figure 1(b)).

This problem with multiple domain proteins can
be avoided to a large extent by the procedure
described in the next section.

A test of the intermediate sequence-
double search procedure

In this version of the intermediate sequence
search the procedure is carried out in three steps:
(i) PDB40D sequences are matched against the
OWL database and the matched pairs of PDB40D-
OWL sequences collected; (ii) the region of the
OWL sequence matched by the PDB40D sequence
is saved and the rest of the OWL sequence dis-

carded; (iii) the saved fragment of the OWL
sequence is then matched against the PDB40D
database and signi®cant hits are collected.

To explain how this procedure reduces errors we
can use the three sequences described in the last
section: 1, 2 and I. Step (i) can be the match of 1
and I. This produces a true match of the A and A0
domains and a false weak match between some

Figure 1. Errors introduced by multiple domain proteins
in the intermediate sequence search procedure. Here we
show two unrelated query proteins: 1 with domains A
and B and 2 with domains C and D, and an intermedi-
ate sequence, I, with domains A0 and D0 that are hom-
ologous to A and D. The matches of domains A to A0
and D to D0 have low E-values. In (a), the match regions
do not extend beyond the boundaries of the homolo-
gous domains and the absence of a common match
region indicates 1 and 2 are not homologous. In (b)
small regions of weak false matches are produced
between B and D0 and between C and A0 . The total
length of the region of common match can be suf®cient
to indicate 1 and 2 are homologues. In the intermediate
sequence-double search procedure protein 1 is matched
against I and the region of D not matched by 1 is
removed. This is usually suf®cient to prevent I matching
2 in the second match step (see the text).
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parts of the B and D0 domains. Step (ii) removes
most of domain D0 sequence from I. Now in step
(iii) the I sequence usually does not have enough
of the D0 domain to match sequence 2 (Figure 1).

In this procedure, there are two different E-value
thresholds: one for the search of PDB40D sequence
against the OWL database and the other for the
OWL intermediate fragment against the PDB40D
database. (The E-values differ because the data-
bases differ in size; see below.) We found from an
examination of our results that optimum
thresholds for a 1% error are E-values of 0.081 for
the ®rst search and 0.0006 for the second search.
(As before, E-values close to these give results that
are only a little worse.) At these thresholds 550
pairs of PDB40D sequences matched one or more
OWL intermediates. Of the 550 pairs, 315 are

known to be related and had signi®cant scores
when PDB40D sequences had been matched
directly against each other using FASTA.
A further 230 pairs are known from the SCOP
classi®cation to be homologous but had insignif-
icant scores when PDB40D sequences had been
matched against each other with FASTA. The
remaining ®ve pairs involved proteins that are
known not to have an evolutionary relationship.
Thus, with an error rate of 1%, the intermediate
sequence-double search procedure increases the
ability to recognise the evolutionary relation-
ships in the PDB40D sequences by 70%.

(The E-value is dependent on the size of the
database (Pearson, 1996) and it is theoretically
possible to calculate the ratio of the threshold E-
values when databases of different sizes are used.

Figure 2. This shows (a) the alignment produced by the FASTA sequence match of amicyanin from Paracoccus denitri-
®cans and the ®rst domain of ascorbate oxidase from zucchini (Cucurbita pepo medullosa) and (b) the alignment of
these two sequences with the intermediate sequence: the plastocyanin precursor from Synechocystis sp.
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As the number of sequences in the OWL database
is 191 times larger than that in PDB40D, the E-
value threshold for the second search that should
correspond to the 0.081 used in the ®rst is, theoreti-
cally, 0.0004. This is close to the optimum we
found empirically: 0.0006.)

The match of PDB40D sequences by
intermediate sequences

An example of an intermediate sequence match-
ing two PDB40D sequences that cannot be related
directly by FASTA is shown in Figure 2. In the
Figure, we give (i) the alignment produced by the
direct sequence match of two PDB40D sequences
that belong to the same super-family: amicyanin
from Paracoccus denitri®cans and the ®rst domain of
ascorbate oxidase from zucchini (Cucurbita pepo
medullosa) and (ii) the alignment of these two
sequences to an OWL intermediate: the plastocya-
nin precursor from Synechocystis sp. The E-value
for a direct match of the two PDB40D sequences is
53 or 73 depending upon the direction of the
match. These scores are insigni®cant statistically.
Amicyanin and the ®rst domain of ascorbate oxi-
dase match plastocyanin with E-values of
3.6 � 10ÿ8 and 7.1 � 10ÿ5, respectively.

As examples of what happens for individual
families, we can compare the results for the globin
and ®bronectin type III superfamilies. The globin
superfamily in PDB40D is represented by 12 globin
sequences and two phycocyanin sequences. This
means that, counting the match of sequence x to y
and y to x as two relationships, there are within
the PDB40D sequences 132 globin relationships,
two phycocyanin relationships and 48 globin-phy-
cocyanin relationships. The match of PDB40D
against itself found 67 of the globin relationships
and the two phycocyanin relationships. The inter-
mediate sequence relationship found 118 of the
globin relationships and the two phycocyanin
relationships. Neither procedure found any match
between a globin and a phycocyanin sequence.
PDB40D contains seven ®bronectin type III
sequence with 42 relationships. The match of
PDB40D against itself found two relationships; the
intermediate sequence procedure found four
relationships.

The relationships found by the intermediate
sequence procedure can involve very distantly
related sequences. If the 230 pairs it detected are
matched against themselves, 97 pairs have E-
values in the range 0.01 to 0.99; 40 pairs have
E-values in the range 1.0 to 4.99 and 93 have E-
values between 5.0 and 910. The two sequences
whose match has an E-value of 910 are globin
sequences from ascaris and midge. They match an
insect globin with E-values of 0.06 (for the search
of the ascaris globin against OWL) and 10ÿ18 (for
the search of the insect globin against PDB40D)
respectively.

Conclusion

The details of the results described are to some
extent dependant on programs and databases used
here. Our E-value thresholds, for example, should
be seen as good rough guides for other work. Our
results do show, however, that the intermediate
sequence procedure substantially increases our
ability to detect homology amongst proteins with
low sequence identities. It will be interesting to see
how it compares with methods that use multiple
sequences such as pro®les and hidden Markov
models.
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