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ABSTRACT A homology-based structure pre-
diction method ideally gives both a correct fold
assignment and an accurate query-template align-
ment. In this article we show that the combination
of two existing methods, PSI-BLAST and threading,
leads to significant enhancement in the success rate
of fold recognition. The combined approach, termed
COBLATH, also yields much higher alignment accu-
racy than found in previous studies. It consists of
two-way searches both by PSI-BLAST and by thread-
ing. In the PSI-BLAST portion, a query is used to
search for hits in a library of potential templates
and, conversely, each potential template is used to
search for hits in a library of queries. In the thread-
ing portion, the scoring function is the sum of a
sequence profile and a 6x6 substitution matrix be-
tween predicted query and known template second-
ary structure and solvent exposure. “Two-way” in
threading means that the query’s sequence profile is
used to match the sequences of all potential tem-
plates and the sequence profiles of all potential
templates are used to match the query’s sequence.
When tested on a set of 533 nonhomologous proteins,
COBLATH was able to assign folds for 390 (73%).
Among these 390 queries, 265 (68%) had root-mean-
square deviations (RMSDs) of less than 8 A between
predicted and actual structures. Such high success
rate and accuracy make COBLATH an ideal tool for
structural genomics. Proteins 2001;42:23-37.
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INTRODUCTION

The past few years have seen tremendous progress in
assigning the fold of a protein by threading its sequence to
a library of potential templates.’™2® The recent develop-
ment of PSI-BLAST?®° has significantly enhanced our
ability to detect remote homologues.?°~22 Both threading
and PSI-BLAST have their strengths and weaknesses. For
queries that have only remote homologues as templates, it
may well happen that one method will work in some
instances whereas the other method will work in other
instances. In this article we present a combination of the
two methods. We will demonstrate the superiority of the
combined approach, termed COBLATH, by the significant
enhancement in the success rate of fold recognition and
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the higher alignment accuracy than found in previous
studies.

In threading one compares a query with a library of
potential templates by using a scoring function. The
scoring function typically involves the sequences as well as
other local parameters such as secondary structure and
solvent exposure. Its advantage lies in the fact that one
only has to discriminate one “true” template against a
finite number (e.g., a few hundred) of other decoys. In
other words, regardless of how good the query-template
match is, as long as the decoys score worse than the true
template, the fold recognition is successful.

The strategy of PSI-BLAST is different. The core of the
method is multiple sequence alignment. The sequences of
the query and the template are aligned through a series of
intermediaries. In a snowball fashion, more and more
remotely homologous sequences are aligned with the query.
When one of these sequences belongs to a protein with a
known structure, fold recognition has succeeded. In this
approach, one would use a database of sequences as
exhaustive as possible.

In COBLATH, we exploit the complementarity of the
existing methods. Both PSI-BLAST and threading are
used for fold recognition. The scoring function in our
threading is the sum of the sequence profile and a 6X6
substitution matrix between predicted query and known
template secondary structure and solvent exposure. The
sequence profile is directly from the PSI-BLAST portion.
For predicting the query secondary structure and solvent
exposure we use the query sequence profile as input to a
neural network. Regardless of whether the template is
assigned by PSI-BLAST or threading, the query-template
alignment is obtained by a new round of threading.

The utility of COBLATH was demonstrated on the
structural annotation of the Mycoplasma genitanium (MG)
and Saccharomyces cerevisiae (SC) Genomes. Overall,
COBLATH was able to assign structural templates for 298
(62%) of the MG 479 open reading frames (ORF's) and 2883
(45%) of the 6337 SC ORF's.
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METHODS
PSI-BLAST Parameters and Protocol

PSI-BLAST was carried out with both e and A set to
0.5x1073. For each query, PSI-BLAST was run up to 20
rounds. The problem of drifting (i.e., sequences aligned in
the first round were no longer present in a later round) was
dealt with by reverting to the last round before drifting for
checking output. The database consists of 348,901 se-
quences in Swissprot and 6,680 sequences of proteins in
the Protein Data Bank with less than 95% identities
(PDB95). The substitution matrix was BLOSUMG62.

PSI-BLAST was run in two ways. That is, a query was
used to search for hits in a library of potential templates
(called gblast) and, conversely, each potential template
was used to search for hits in a library of queries (called
tblast). The library of potential templates in gblast con-
sists of all the PDB95 proteins. To make tblast most
effective, the 1907 nonhomologous proteins in the FSSP
library®* were used as input sequences and their struc-
tural alignments were used as part of the input.

If several templates were identified for a query by
gblast, the one with the lowest 2 value was retained.
Similarly, if several FSSP proteins were matched with the
same query by tblast, the one with the lowest & value was
retained. When both gblast and tblast yielded a template,
we then checked whether they were structural neighbors.
If they were, the template with a lower h value was
selected as the true template. Otherwise no template was
selected for that query.

Scoring Function of Threading

Our threading for fold recognition was carried out by the
global-local dynamic programming.®?¢ That is, gap pen-
alty was imposed for unaligned N or C terminal residues of
the template but not for those of the query. The scoring
function was the sum of the sequence profile and a 6Xx6
substitution matrix {S,,} for comparing predicted query
and known template secondary structure and solvent
exposure. The threading was also run in two-ways (called
qthread and tthread). In qthread the query sequence
profile from gblast was used to match the sequences in the
fold library and in tthread the template sequence profiles
from tblast were used to match the query sequence. The
secondary structure and solvent exposure of each residue
were represented by a variable (. or v) with six states:
buried helix, exposed helix, buried strand, exposed strand,
buried coil, and exposed coil. The elements of the 6Xx6
substitution matrix were

13 08 -4 -5 -1 -1
01 19 -5 -5 —1 0
“3 -4 15 03 0 -1
Swt=| _3 —2 06 18 0o 05 | @D
1 -1 0 -1 10 06
“2 0 -1 0 04 14

The gap penalty was 10 for gap opening and 0.6 for gap
extension.

The construction of {S,,} was based on the structural
alignments from FSSP and the predicted secondary struc-

ture and solvent exposure of FSSP proteins. Suppose that
an FSSP protein at residue position i is structurally
aligned with N, other proteins. The predicted state p, of
the FSSP protein at residue position i was compared to the
known states v, of the N, structural neighbors (at the
equivalent positions). At the end, a matrix with elements
p,.., was built, where p,, represents the total number of
times a predicted . state is paired with a known v state.
These elements were transformed into S,, via S,, =
In@,..%, w0uu/Z.Dy2.P ). This treatment of the match-
ing of predicted and known states is nearly identical to
that used for sequence alignments in obtaining the BLO-
SUM matrix.?” Similar procedures have been imple-
mented previously to calculate substitution matrices involv-
ing predicted secondary structure.”® The {S,,} matrix is
very stable, quickly reaching the values listed above after
using less than 100 representative FSSP proteins.

Prediction of Secondary Structure and Solvent
Exposure

The prediction of secondary structure and solvent expo-
sure was made by using the query sequence profile from
PSI-BLAST as input to a neural network, an idea proposed
by Jones.®® When trained on 1374 FSSP proteins and
tested on the remaining 533 FSSP proteins, the overall
three-state accuracy of the secondary structure prediction
was 72.8%. The overall two-state accuracy of the solvent
exposure prediction was 79.3%.

The accuracy of the secondary structure prediction was
further improved by a second neural network. The second
neural network was trained on a particular class of
proteins («, B, or mixed). If, for example, the first neural
network predicts an « protein, then a second neural
network trained on o« proteins was used to make a final
prediction. Overall the second neural network improves
the three-state accuracy to 74.6%.

Screening by Secondary Structure

Our fold library for threading consists of the 1907 FSSP
proteins. The threading was made efficient by recognizing
the simple fact that a tertiary structural match dictates
secondary structural match. By using the predicted second-
ary structure of a query, we reduced the number of
potential templates from 1907 to a screened 100.

The screening was carried out by global-local dynamic
programming. Each segment of secondary structure was
represented both by a letter A (= H, B, or C) and a number/
(the length of the segment). The substitution matrix was

1.0 -10 -03
min(/;, /)| —1.0 1.0 -0.3
-03 -03 05

0.1 0.5 0.3
- |li—lj|[ 05 0.3 0.3 ]

0.5 05 0.1
For example, when a 15-residue H segment is matched a
10-residue B segment, the score would be 10X(—1.0)—
(15-10)x0.5 = —1.25. The matrix in the second term was
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introduced to account for gap penalty. The numerical
values listed above were picked without serious optimiza-
tion.

In the screening the secondary-structure segments of a
protein are the basic units, hence matching of the query
and the 1907 potential templates can be done much more
efficiently than regular threading (which entails dealing
with individual residues). In an ideal situation, all the
homologues of the query would be among the screened 100.

Template Selection in Threading

In PSI-BLAST a query sequence may not have any
matches with proteins in the PDB. If it does, the matches
are deemed true templates (if the protocol is properly
chosen). Fold recognition by threading is different. One
ranks all the potential templates (in our case, the screened
100) by the scoring function and thus there is always one
match that ranks the top. The question is then whether
the top match should be chosen as the template.

We devised the following scheme for deciding whether a
template should be selected for a particular query. It
involves the per-residue score f and the Z value of the top
match. The former is defined as f = F,/L, where F, is the
score of the top match and L is the sequence length of the
query. The Z value is given by (F; — <F>)/o, where <F>
and o are the average and the standard deviation, respec-
tively, of the scores of those matches that rank from the
second place on down but have positive scores. Impor-
tantly, we also took into account the number, M, of
structural neighbors of the top match that rank at the
second to fifth places. Obviously, if structural neighbors
are also ranked among the best, then the probability that
the top match gets there by chance is reduced. The top
match was selected to be a true template if f > f* and Z >
Z%., where the subscript signifies explicit M dependence.
For gthread /* = 0.4 and Z%, = 5.0, 4.0, 4.0, 4.0, and 2.0,
respectively, at M = 0 to 4. For tthread f* =0.5 and Z%, =
5.0,5.0, 4.0, 4.0, and 2.5, respectively. When both qthread
and tthread yielded a template, the outcome of qthread
was chosen as the true template if the outcome of tthread
is a structural neighbor.

Query-Template Alignment

In threading for fold recognition, the focus of the search
is on the library of folds and the goal is to discriminate the
true template from decoys. On the other hand, in query-
template alignment the focus of the search is on the
different combinations of aligned fragments and gaps and
the problem is to compare one combination against an-
other. A protocol effective for fold recognition may not be
good for query-template alignment. In particular, we
suggest that the global-local algorithm useful for fold
recognition may be bad for alignment since it forces all
parts of the template sequence to be aligned with the query
sequence. Consequently we obtained all the query-
template alignments by the local-local algorithm. Align-
ment accuracy may also be improved by focusing on
regions of the query and template sequences that show
higher similarity (as measured by the scoring function).

This can be achieved by reducing the gap penalty (thus
relegating the less similar regions to gaps). The final
alignment results were obtained by using a penalty of 5 for
gap opening and 0.3 for gap extension (half of those used
for fold recognition).

A Test Set of 533 FSSP Proteins

For the purpose of evaluating COBLATH, we selected
533 FSSP proteins as queries. Each of these proteins has
at least 60% of its sequence covered by the structural
alignment with a structural neighbor. The 60% coverage is
perhaps a threshold for fold recognition by threading.?® It
by no means guarantees a successful fold recognition, as
factors such as long gaps (either in query or in template)
and low sequence identity can easily allow the template to
escape detection.

An important component of COBLATH is that struc-
tural alignments from FSSP were used as input for tbhlast.
Many of the 1907 FSSP proteins have structural align-
ments with one or more of the 533 test proteins. For a fair
evaluation of our method, we eliminated all such align-
ments in running tblast.

Fold recognition was labeled successful whenever the
identified template is a structural neighbor of the query.
All close homologues of the query were excluded from
consideration. A close homologue is a protein that shows
up in the query’s structural alignments but is not one of
the 1907 FSSP proteins.

Other Test Sets

Two other sets of proteins appeared in previous work
were studied to illustrate the generality of COBLATH and
to compare with alternative methods. The first consists of
68 proteins compiled by Fischer and Eisenberg.®® The
accompanying fold library consists of 301 proteins. The
second set consists of 12 proteins compiled by Kolinski et
al.*® The focus for the latter set of proteins is on the
accuracy of query-template alignment.

Structural Annotation of the MG and SC Genomes

COBLATH was applied to the structural annotation of
the MG and SC Genomes with minor modifications. In
general stricter criteria were used in searching hits for
ORF sequences. In particular, fortuitous hits due to low
complexities were avoided by filtering. The Swissprot
sequences were filtered with a trigger window length of 12
and trigger and extension complexities of 1.8 and 2.0. ORF
sequences were filtered with a trigger window length of 12
and trigger and extension complexities of 2.2 and 2.5.

Tblast was carried out in two stages. A preliminary
session of PSI-BLAST was carried out using the 1907
FSSP proteins as input sequences and their structural
alignments as seeding. In the last round (up to 20) all
alignments with PDB95 and Swissprot sequences were
saved. These alignments were used as seeding in a second
session of PSI-BLAST, where the input sequences were
again the FSSP proteins but the database now consisted of
genomic sequences. However, if for a particular input
FSSP sequence, drift occurred in the first session of
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PSI-BLAST, then alignment information from this session
was discarded. Instead the structural alignment of the
FSSP protein was directly used as seeding in the second
session of PSI-BLAST, where the database now consisted
of PDB95 and genomic sequences. In any event, if drift
occurred in the second session of PSI-BLAST after the fifth
round, only hits up to the third round were retained.

Very often several templates were assigned to the same
ORF. These templates were ordered from low to high A
values. If the ORF region (O;) covered by the template
with the lowest i value overlapped with that (O,) covered
by another template and the overlap was at least 30% of O,
and 50% of O,, then only the first template was retained.
In that case we further checked whether the second
template was a structural neighbor of the first according to
the FSSP library. If so we went on to compare the rest of
the templates with those already retained; otherwise the
process of finding additional templates for an ORF was
stopped.

When a structural template was assigned to an ORF by
one component of COBLATH, there is no need to try the
other three components. Hence the four components of
COBLATH were applied to the SC genome in the following
order: tblast, gblast, qthread, and tthread. However, to
further test the reliability of COBLATH, all the four
components were applied to each of the 479 MG ORF
sequences.

RESULTS
Screening of Fold Library

The sequence-profile based neural network is arguably
the best method for secondary structure prediction.®® We
further improved this method by an additional network
that was trained on a single class of proteins. The in-
creased accuracy has direct impact on the screening of the
fold library. The performance of the screening can be
simply evaluated by checking whether the query itself is
among the screened 100. Of the 533 queries, all but 49
were retained by the screening after using the second
neural network. In comparison, 68 would not have made
into the screened 100 if only one neural network was used.
We note that, when a query itself was among the screened
100, it was simply discarded.

Success Rate of Fold Recognition

The number of queries for which templates were identi-
fied was 307, 292, 330, and 307 by gblast, tblast, qthread,
and tthread, respectively. Significantly, each method iden-
tified templates for a large number of queries that did not
have templates assigned by any other methods. Specifi-
cally, 46 of the queries were assigned templates by gblast
but not by tblast, and 31 queries were assigned templates
by gblast but not by gblast. By merging the results of
gblast and tblast, the total number of queries assigned
templates by two-way PSI-BLAST was 336 (two queries,
llxa and 1nfn, had their templates rejected because of
conflict between gblast and tblast). Similarly, 43 of the
queries were assigned templates by qthread but not by
tthread, and 20 queries were assigned templates by qthread

but not by qthread. By merging the results of qthread and
tthread, the total number of queries assigned templates by
two-way threading was 350. Of the 197 queries not as-
signed templates by two-way PSI-BLAST, 54 were as-
signed templates by two-way threading.

Overall, COBLATH identified templates for 390 of the
533 queries. The success rate thus stands at 73%. This is
higher by over 10 percentage points than that of the best
single method, qthread. The query-template pairs are
listed in Table I.

Among the 390 templates, two (for queries 1lpoa and
1vmoA) identified by two-way PSI-BLAST were incorrect.
Two-way threading had two false positives, incorrectly
identifying lav1A as the template for 1nfn and 1bax as the
template for 1t1dA. The overall error rate of COBLATH is
thus 1%.

The 143 queries for which templates were not identified
were 1a2zA, 1a34A, 1a4dmA, 1a62, 1a6f, 1a9v, labv, lag4,
lagqA, lagrE, 1al3, lamk, lamx, laohA, lap8, larb, lauz,
lavoB, 1aw8B, lawcA, 1ax8, layoA, lazsA, 1b10, 1b3tA,
1b5tA, 1b66A, 1b77A, 1b79A, 1b8bA, 1bkb, 1bl0A, 1bmfG,
1bndA, 1bnkA, 1bteA, 1buoA, 1bvl, lbvq, 1bw4, 1lbxe,
1lbxm, lcem, lchd, 1ct5A, 1dekA, 1dfx, 1dkgA, 1dpgA,
1dptA, le2aA, 1fbaA, 1fkj, 1g31A, 1gpr, lhavA, 1lhce,
lhenB, 1hiwA, 1hjrA, 1hmt, 1hulA, 1huuA, 1liibA, 1jhgA,
1jli, 1jmcA, 1jotA, 1192, 1lfb, 1lki, 1l1ktA, 1mai, 1lmaz,
1mkaA, ImroA, 1mroB, 1mspA, 1mtyG, 1mugA, 1ndoB,
lonrA, lopy, lotgA, lounA, 1pauA, 1pbv, 1pda, 1pdo, 1pgs,
1phm, 1prtF, 1pud, 1qfhA, 1rcb, 1regX, 1rgeA, 1rhoA, 1ris,
1sacA, 1sfp, 1smpl, 1stmA, 1svpA, 1tig, 1tiiD, 1tsg, 1tul,
1tupA, 1ubpA, luby, lulo, luroA, 1vcbA, 1wab, 1who,
1xbrA, 1lytbA, 1ytfD, 1zbdB, 2a0b, 2acy, 2bbkH, 2bgu,
2bpa2, 2cau, 2chsA, 2ezk, 2gmfA, 2hth, 2ilk, 2mhr, 2occE,
2ple, 2pth, 2qwe, 2tbd, 3chbD, 3crd, 3lzt, 3pviA, 3ssi, and
3ullA.

The template selection in the threading portion of
COBLATH depends on three parameters: the per-residue
score fand the Z value of the top match and M, the number
of structural neighbors of the top match that rank in the
second to fifth places. Both true and false positives are
expected to decrease as the selection criterion gets stricter.
Figure 1 shows the dependence of the true and false
positives on the per-residue score threshold /* in qthread.
At f* = 0.4, the number of true positives declines sharply
but the number of false positives stays at two. We there-
fore chose f* to be 0.4. The Z%, values were chosen in a
similar fashion.

The introduction of f and M in the template selection
criterion is key to the large number of true positive
assignments. In Figure 2 we plot the number of true
positives as a function of error rate (false positive as
percentage of total assignment) for the current selection
criterion with varying f* and a selection criterion based
solely on the Z value. At comparable error rates, the latter
criterion identified far fewer true positives. In particular,
with f* = 0.4 the current selection criterion identified 328
true positives at an error rate of 0.6% whereas a selection
criterion with a Z value threshold of 6.5 would identify
only 195 true positives at an error rate of 0.5%.
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Query Template RMSD (A) Identity (%) Query Template RMSD (A) Identity (%)
12asA 1b8aA 18.58 21 1liknD lawcB 11.35 22
1531 1gsaA 8.28 22 limbA linp 9.99 23
1a0fA lgnwA 4.50 22 lixh 1sbp 13.59 14
1la0i 1ckmA 8.76 17 1ifrA ImaaC 15.85 9
1a0p laihD 8.00 29 1jkmA 1maaC 20.08 15
1a28A lerrB 3.53 24 Ljkw lvin 13.78 17
la3c 1bzyA 3.74 21 1jrhI 2hft 3.18 22
ladiA 1psdA 14.36 11 1jxpA 1svpA 6.77 25
1a53 1pii 2.59 32 lkas 1pxtB 17.07 15
labm 1babA 1.75 25 1kb5B 1bec 3.69 30
la7s 5ptp 2.20 30 1kpf 1guqA 4.52 19
laTtA 1gh5B 7.40 19 1krs laszB 8.33 20
la8h 1qu2A 4.74 19 1kte laazA 3.99 28
laa0 lavyA 0.86 93 lkuh 1hfc 3.01 22
laac lag6 4.50 26 lkum lcyg 3.01 38
lafrA 1xikA 11.92 14 1lcl la3k 2.32 24
lafwA lkas 8.09 18 11fdA 1bt0 3.05 10
lagjA ImctA 6.46 18 11kkA 1d4tA 2.01 24
lahl 1gfoA 6.53 15 1rv 1bk5A 14.18 13
lah7 lcal 6.93 29 1lucA 1fvpA 4.63 18
1aj2 1rpxA 7.54 18 1lxa 2xat 15.57 17
1aj6 lyer 8.50 17 ImfmA lyaiC 3.00 29
lajsA 1bjwB 4.70 16 1mhl 5p21 1.97 34
1lak0 lah7 5.97 17 1mjhA 5nul 11.58 10
lakl 1qgoA 8.68 18 1moq lecfB 18.04 11
1lak4C leia 2.49 26 1msc 1gbeA 3.62 21
lako 1bix 3.34 28 1mtyB 1mhyD 4.88 12
lalu 1rhgB 1.59 19 1mucA 1pdz 9.45 16
lam7A lensA 8.43 14 1nar 2hvm 7.39 12
lamp 1xjo 594 24 InbaA lyacB 2.11 15
lamuA 1lci 7.81 19 InbcA 1tf4A 8.25 26
lan8 3seb 3.89 23 Indh 1qfzA 521 20
lan9A lojt 16.31 15 1neu 1cf8L 4.42 21
laoiC 1hta 1.78 30 Infn lavlA 31.36 19
lapyB InedA 743 12 Infp 1lucB 11.02 33
laqOA ledg 10.54 10 Inhp lebdA 7.49 24
lagb 2a2uB 3.77 17 1nif laozB 7.54 18
laquA InstA 9.13 16 Inkr 1wejLL 12.51 10
larv 1schA 8.82 18 InksA 5tmp 5.63 24
lash 2fal 2.05 12 1Inp4A lavgl 747 18
lass 1derA 3.62 20 InsgB Infn 7.58 8
lat0 lam2 4.40 14 1nulA 1bzyA 5.56 18
latg lamf 2.04 25 InwpA 1ple 3.20 26
latiA 1qf6A 17.72 16 loaa 1cydB 3.58 27
latlA 1bkcA 6.83 28 lobpA 2a2uB 13.53 26
latzA loakA 2.55 18 lofgA 1gadP 10.42 15
lauoA ImaaC 14.12 12 lopr 1bzyA 10.84 11
lauq lido 3.74 17 loyc 2tmdA 6.17 24
lauvA 2dIn 8.37 24 1pbe 11pfB 20.20 12
lavgl 1rbp 7.07 14 1pbwA 1rgp 3.20 17
lawd 2pia 2.81 30 1pdr lgavA 1.45 37
lax4A 1bjwB 8.05 13 1pea 2lbp 5.94 16
laxiB 1bquB 4.46 22 1pgtA laxdB 3.35 26
layfA 1roe 9.44 17 1phd loxa 3.51 20
laym1l leahl 145 44 1phr 1tmy 9.67 13
laym3 1qqp3 3.52 23 1ple 1bxvA 1.52 48
layx lcem 12.66 14 1plg 1b77A 5.63 15
1bOnA 1rpeR 1.52 30 1poa 1faxL, 12.17 16
1b20A 1rgeA 3.76 39 1pot lanf 5.26 16
1b24A 1vdeB 6.53 20 1prxA 1qq2A 3.19 31
1b3rA 1psdB 14.03 19 1ps1A 5eau 7.16 16
1b4kA 1a53 17.22 11 1psrA 1bt6A 2.33 23
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TABLE L. (Continued)

Query Template RMSD (A) Identity (%) Query Template RMSD (A) Identity (%)
1b4vA 1gpeB 15.81 13 1pty 2shpA 2.07 35
1b51 1rh2F 2.80 57 1pysA 1lylA 19.23 15
1b8xA 1glgA 2.52 28 1qa9A ledcA 16.96 48
1b93A 1tmy 13.72 13 lgauA 1be9A 2.51 29
1b9dA lexqA 3.39 28 1gcxA lair 12.70 23
1b9yC lauc 2.23 21 1lqddA 1bj3A 9.33 37
1bal lyagA 6.37 21 1qgfoA la6wH 4.02 23
1b4vA 1gpeB 15.81 13 1pty 2shpA 2.07 35
1b51 1rh2F 2.80 57 1pysA 1lylA 19.23 15
1b8xA 1glqA 2.52 28 1ga%9A lcdcA 16.96 48
1b93A 1tmy 13.72 13 lgauA 1be9A 2.51 29
1b9dA lexgA 3.39 28 1gcxA lair 12.70 23
1b9yC lauc 2.23 21 1qddA 1bj3A 9.33 37
1bal lyagA 6.37 21 1qfoA la6wH 4.02 23
1bel 1reqA 4.92 28 1qqp2 2plv2 3.48 27
1bea lhssD 5.18 34 1greA llxa 14.84 16
1bebA 2a2uB 2.93 23 Trcf 5nll 2.40 25
1bfg lhce 1.99 14 lrcy 1a65A 841 21
1bg6 91dtB 18.39 12 1rie 1ndoC 11.33 18
1bge 2il6 391 16 Irlw 1rsy 2.39 23
1bgf 1bglA 16.00 13 1lrmg 1bhe 4.56 18
1bgp lapxA 5.16 30 1rpxA 1gox 11.35 16
1bh5A lhan 15.99 19 Irsy 1djxB 3.90 29
1bjx 1a8y 6.73 20 1rtm1 1tn3 3.51 31
1bk0 1rxg 7.53 21 Iryc 1schA 8.72 17
1bk5A 3bct 6.67 16 Iryt 2tha 4.62 13
1bkrA laoa 2.71 19 1rzl 1hyp 5.38 28
1bli leyg 8.85 21 1sbp lamf 6.17 17
1bmdA 5ldh 411 17 1shkA 3adk 4.71 17
1bncA liow 7.81 21 1smd lexlA 6.34 25
1bo4A InmtA 6.41 12 1smtA 6paxA 17.23 18
1boy 1fnhA 991 10 1smvA 2tbvB 18.59 22
1bquA laxiB 431 22 1sra 2sas 10.75 9
1br0 lenvA 26.68 15 1stfT lcewl 5.09 24
1brt leqwA 8.05 19 1svy 1dOnB 2.05 36
1bt4A 1bj4A 7.33 15 1t1dA 1bax 9.56 18
1btkA 1qqgA 4.65 18 1taxA 7a3hA 6.50 12
1btl 1skf 5.26 19 1tbgA 1gksA 15.32 10
1btn 1pls 6.19 21 1tca 4lipE 18.42 13
1bv6 1bywA 440 11 1terA 2fgwL, 5.05 26
1bxwA 1qj8A 3.20 21 1ten 1fnf 2.90 25
1by5A 1fepA 12.83 19 1tfe lefuB 143 42
1byb 1b9zA 291 32 1tfr 1bgxT 13.58 20
1byi 2nipB 7.73 11 1theB 8pchA 391 33
1bykA 1dbgB 2.86 17 1thtA 1brt 12.50 14
1byw 1bv6 3.71 12 1tml 1gwB 5.53 27
1c25 1rhs 11.43 18 1tx4A 1pbwA 3.19 17
1c3d 11t1B 9.39 15 1tyfA 2dubD 9.77 17
1c9kB leydA 12.21 15 luae leps 9.01 23
lcczA ledcA 21.01 21 luok 1bvzA 4.97 28
led1A lhsaD 4.28 22 lurnA 2sx1 4.60 24
1cd8 1bj1L 3.02 26 lvcaA liam 6.18 26
ledkA 1a06 11.78 35 1vdrA 1drf 3.42 23
ledy 1cf8L 12.87 21 1vfrA Inox 2.15 26
1ceo ledg 3.59 19 1vhrA 1rpmB 13.32 12
lceqA 2cmd 3.96 27 1vid 2admB 4.40 14
lcewl 1stfl 2.63 21 1vin 1bu2A 2.60 21
lcex 1bs9 3.49 22 1vls lcpq 4.53 15
1lcfb 1mfn 11.31 18 1vmoA 9wgaA 12.07 11
lcg2A lamp 10.56 17 1vpfA 1pdgC 241 25
1chmA laz9 5.08 21 1wba lavaC 4.74 20
1lcid ledy 11.35 28 1whtB livyB 1.62 23
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Query Template RMSD (A) Identity (%) Query Template RMSD (A) Identity (%)
1ckmA 1a0i 10.58 18 1wit 1tlk 2.32 21
1c12A 1bjwB 14.28 15 1xel 1bxkA 6.69 22
lent3 1bge 2.43 23 1xikA 1xsm 2.52 24
lenv Ictn 10.46 13 1xjo lamp 3.06 23
1cof 1lak7 2.94 35 lyacA 1nbaB 5.74 16
1cp2A 1fts 10.43 14 lybvA laelB 2.72 26
lcpcA lcpcL 2.28 22 lycc 1c6s 4.34 21
lcsn 1a06 744 18 lycsB lawcB 211 26
1cto 1bj8 7.30 17 lyer 1b63A 6.97 26
leviA lihp 7.43 20 1zin 1bif 10.57 14
levl 1brt 10.89 28 1zpdA 1poxB 7.08 15
leyx 20ccB 4.25 29 1zxq lvcaA 5.36 21
1d2nA la5t 12.39 13 256bA 1bbhA 3.92 28
1dapA lofgA 17.65 11 2abk Imun 3.58 20
1ddf 1fadA 2.81 24 2cbp InwpA 5.46 33
1dhn 1b66A 6.20 17 2ccyA lcgn 3.37 32
1dhpA 1nall 2.04 24 2dorA 1gox 14.22 20
1dhr 1ybvA 7.01 19 2dri 1dbgB 3.44 23
1dosA 2tysA 6.17 13 2ebn lctn 17.45 12
1dpsA 1bcfB 4.23 19 2ercA 2admB 3.39 21
1drw 1gadP 16.53 13 2tha 1bcfB 2.20 21
1dssG 1dapA 19.95 11 2gar 1fmtB 9.33 16
1dun 1dupA 3.05 20 2gdm 1babB 321 17
1dupA 1dutB 1.62 32 2gsaA 20atA 3.79 27
1dxy 1psdB 2.85 26 2hbg 1mba 5.05 22
1dynA 1pls 2.90 21 2ilb 2ila 3.86 25
leaf 3cla 4.18 27 2lbd 1lbd 7.91 30
leceA 7a3hA 4.56 17 2liv 1pea 6.11 15
lecpA 1cbOA 6.06 14 2mbr 1qltB 12.53 18
ledg 1tr1C 10.52 13 2mem 1xbd 3.93 34
ledhA 1fnhA 14.51 13 2mev1 1qgpl 9.98 22
leerB ThwgC 5.50 18 2mprA 1a0tP 7.90 28
lefvA lefpD 11.12 17 2mtaC 1c6s 3.18 16
leny lenp 3.52 31 2nadA 1psdB 4.98 25
lerv 1xob 1.69 28 2nmbA 1shcA 3.75 25
letbl 1bpv 6.83 0 2omf 3prn 7.43 15
lexg 2xbd 2.22 27 2pia leqxB 5.78 27
lexnA 1bgxT 10.92 21 2polA 1plq 3.79 15
1fcdA lebdA 8.89 14 2por 1pho 13.13 16
1fdr 2cnd 3.55 15 2pvbA lahr 13.63 26
1fepA 2fcpA 10.94 18 2rspB 1vikA 9.29 25
1fgs luag 5.42 16 2sak 1bt0 10.33 23
1fit 4rhn 3.10 22 2scpA 4cln 15.48 19
1flp Imba 2.28 25 2tbvA 4sbvB 5.80 27
1fitX 3ncmA 2.26 28 2tet 2ktqA 21.90 16
1fmb lhve 2.72 30 2tgi lagqC 2.89 18
1fnc lamoB 241 27 2tpsA 1rpxC 4.81 16
1fnf 1fnhA 9.96 31 2tysA 1rpxC 4.61 14
1frb 1grgA 3.00 22 2vhbA leqxB 2.76 51
1frpA 1limbA 8.69 16 2vil 1dOnB 2.89 61
1ft1A 1lal7 9.72 20 3chy 1tmy 1.86 29
1ft1B 2sqcA 16.98 18 3cla leaf 12.54 25
1furA 1denC 414 19 3grs 11vl 2.86 26
1fyc 1llac 3.49 31 3inkC lalu 6.25 21
1gclH ligtB 2.02 53 3nul 1pne 3.06 27
1gen 1fbl 2.53 36 3ptk 2dri 11.38 19
1gky 1zin 8.11 17 3pte 2blsB 4.04 24
1gox 1b30B 2.04 22 3pyp 1byw 9.67 10
1gr2A 1wdnA 5.53 30 3sdhA 1babA 2.19 18
1gsa 1bncB 7.74 11 3seb lan8 5.96 25
1gsoA 1bncB 6.83 18 3sil leur 5.35 22
1guxB 1ttb 7.35 20 3thi 4mbp 5.00 18
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TABLE 1. 390 Queries With Identified Templates and Alignment RMSDs and Sequence Identities

Query Template RMSD (A) Identity (%) Query Template RMSD (A) Identity (%)
lhan 1mpyB 521 20 3tmkA 5mpA 343 25
1hfc 1sat 6.52 33 4erxA 1a0p 13.70 13
1hlb 1gbuD 2.89 23 4icb 1sra 3.19 19
1hqi 2mobA 6.81 24 4mbp 3thi 493 19
Thuw laulB 14.82 12 4xis 1a0cC 3.72 26
1hxn 1pex 4.83 24 5nul 1moB 3.67 15
liakA 1bilA 9.14 25 5ptp laT7s 2.06 31
liakB 1zagC 3.96 29 7a3hA 1bqcA 4.49 18
lido laoxB 3.59 26 8abp 1gca 3.54 20
ligtB 35c¢8H 2.61 69 8fabA 1wejH 5.54 31
lihp 1rpa 7.74 19 9rnt laqzA 4.02 28
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Fig. 1. The dependence of the number of true and false positive
templates (assigned by gthread for 533 FSSP proteins) on the threshold
of the per-residue score of the top match. The threshold of the Zvalue was
5.0,4.0, 4.0, 4.0, or 2.0 when the number of structural neighbors of the top
match ranking at the second to fifth places was 0 to 4.

How important are the predicted secondary structure
and solvent exposure in the threading? If only the se-
quence profiles were used in the scoring function, the
number of queries assigned templates by qthread was 279
(with one false positive). Thus the inclusion of the pre-
dicted secondary structure and solvent exposure allowed
for an additional 51 template assignments (to a total of
330).

We also tested the importance of the sequence profile by
replacing it with a position-independent residue substitu-
tion matrix. For this we chose the Gonnet matrix,*! which
had been shown to perform somewhat better than the
BLOSUMS62 matrix in threading.?¢ Only 270 queries were
assigned templates (with three false positives). This out-
come is even worse than that obtained by using the
sequence profile alone, clearly illustrating the importance
of the position-specific sequence profile from PSI-BLAST
in discriminating the true template from decoys.

Alignment Accuracy

The alignment accuracy of COBLATH was assessed by
the RMSD between the predicted and actual C_ positions.

150 ] | ] | ] | | l |
0.5 0.6 07 08 09 1

Error Rate (%)

Fig. 2. The number of true positives in gthread of 533 FSSP proteins
plotted against the error rate (false positive as percentage of total
assignment). Two selection criteria are compared. For the upper curve the
selection uses both a threshold of the per-residue score and an M-
dependent threshold of the Z value. From left to right the four points
correspond to f* = 0.4, 0.5, 0.6, and 0.3, respectively (Z,,* kept at the
values in Fig. 1). For the lower curve the selection uses a universal
threshold of the Z value. From left to right the three points correspond to
the threshold set at 6.5, 7.0, and 6.0, respectively.

In particular, we were interested in the alignments that
had RMSDs < 8 A. Beyond that cutoff, the alignment is
probably not useful for building a reasonable structural
model for the query.

For the 307 templates identified by gblast, 202 query-
template alignments had RMSDs < 8 A. Remarkably,
gthread by the local-local algorithm was found to improve
the alignment accuracy. For the same 307 query-template
pairs, the number of alignments with RMSDs < 8 A
increased to 223. The RMSDs of 50 qthread alignments
were lower by 20%; only about half that many, i.e., 28, saw
their RMSDs increase by 20%. We thus took the protocol of
threading by the local-local algorithm as our choice for
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query-template alignment, regardless of whether the tem-
plate was identified by PSI-BLAST or threading. The
threading is either qthread or tthread, depending on
whether the template is identified by gblast/qthread or
tblast/tthread. By this protocol, 265 query-template align-
ments (68% of all 390 identified) had RMSDs < 8 A. Of
these, a majority (191, i.e., 71%) had RMSDs within 4 A.

The accuracy of the sequence-structure alignments can
also be assessed by comparing against structure-structure
alignments. Of the 390 query-template alignments ob-
tained by the threading, 281 (or 72%) have more than 50%
of the aligned residues identical to those obtained by
structure-structure alignment using the DALI score and
297 (or 76%) have more than 65% of residues aligned to
within four positions of the structure-structure align-
ments. Of the 265 threading alignments with RMSDs < 8
A , 28 had worse than 50% agreement with structural
alignments. In comparison, 44 threading alignments had
more than 50% agreement with structural alignments and
yet had RMSDs > 8 A. The RMSD < 8 A criterion thus
appears to be somewhat stricter than the criterion of >
50% agreement with structural alignment.

Among the 390 query-template alignments, 174, 165,
and 36 had sequence identities of 10-19%, 20—-29%, 30—
39%, respectively. Of the remaining 15 alignments, five
had sequence identities < 10% whereas 10 had sequence
identities = 40%. The RMSDs and sequence identities of
the 390 query-template alignments are listed in Table I.

The above level of alignment accuracy was achieved by
using reduced gap penalty in the threading by the local-
local algorithm (5 for gap opening and 0.3 for gap exten-
sion). If the gap penalty remained at what was used for the
fold recognition (twice the above values), only 243 (com-
pared to 265) of the query-template alignments have
RMSDs < 8 A. The number of alignments with more than
50% aligned residues identical to those of structure-
structure alignments reduced from 281 to 267. For the 307
templates identified by gblast, using the stronger gap
penalty reduced the number of alignments with RMSDs <
8 A from 223 to 206, which is now almost the same as the
number (202) obtained by PSI-BLAST.

Results on a Set of 68 Proteins

The set of 68 proteins compiled by Fischer and Eisen-
berg3® is a standard for testing fold recognition methods.
The goal of the original work was to identify templates
from a library of selected 301 folds; specifically, to see
whether the intended templates were ranked at the top. As
such, only the gblast and qthread methods of COBLATH
were appropriate for this set of queries. For 32 queries, the
intended templates were found by qgblast and had the
lowest h values (sometimes after excluding homologues of
the intended templates). Qthread performed exceptionally
well, ranking 56 intended templates at the top. The
success rate is thus 82%. In comparison, the best method
evaluated by Fischer and Eisenberg had a success rate of
76% (http://www.doe-mbi.ucla.edu/people/fischer/BENCH/
tablel.html).

Jones'® also studied the set of 68 proteins, examining
not only the ranks of the intended targets but also the
query-template alignment accuracy. He found that, for 22
queries, the alignments by his threading method were in
agreement with structure-structure alignments over more
than 50% of the aligned residues. In comparison, the
protocol of gqthread by the local-local algorithm yielded
twice as many, i.e., 43, sequence—structure alignments
that had more than 50% agreement with structure-
structure alignments. Thirty-six qthread alignments had
RMSDs < 8 A; of these only four had worse than 50%
agreement with structural alignments. In comparison, 13
gthread alignments had more than 50% agreement with
structural alignments and yet had RMSDs > 8 A. Again
the RMSD < 8 A criterion appears stricter than the
criterion of > 50% agreement with structural alignment.
The results of our study on the 68 queries are summarized
in Table II, which lists the ranking of the intended
template, the RMSD of the query—template alignment,
and the agreement between threading and structural
alignments (as percentage of identically aligned residues).

Accuracy of 12 Query-Template Alignments

Recently Kolinski et al.*® (KRIS) developed a sophisti-
cated method that they found to improve the alignment
accuracy of threading. Actually 10 of the 12 query—
template pairs were identical to those in the set compiled
by Fischer and Eisenberg. The two additional query-—
template pairs were 256bA with 1bbhA and 2pcy with
2azaA. We thought it would be interesting to test the
protocol of gthread by the local-local algorithm against a
method specifically designed for alignment accuracy.

The RMSDs of the alignments by the method of KRIS
and by our qthread protocol are compared in Table III.
Qthread gave lower RMSDs for seven queries and higher
RMSDs for the other five. The algebraic mean of the 12
RMSDs is 7.2 A by the method of KRIS and 6.4 A by our
gthread protocol. The qthread protocol performs as well as
the method of KRIS.

Annotation of the MG Genome

The number of MG ORFs for which templates were
assigned was 224, 208, 218, and 175 by gblast, tblast,
qthread, and tthread, respectively. Significantly, each
method identified templates for a large number of ORFs
that did not have templates assigned by other methods.
Specifically, 47 of the ORFs were assigned templates by
gblast but not by tblast, and 31 ORFs were assigned
templates by gblast but not by gblast. By merging the
results of gblast and tblast, the total number of ORFs
assigned templates by two-way PSI-BLAST was 255.
Similarly, 56 of the ORFs were assigned templates by
qthread but not by tthread, and 13 ORF's were assigned
templates by qthread but not by qthread. By merging the
results of qthread and tthread, the total number of ORF's
assigned templates by two-way threading was 231. Of the
225 ORF's not assigned templates by two-way PSI-BLAST,
43 were assigned templates by two-way threading.

The consistency of the four methods was checked in
cases where more than one method identified templates for
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TABLE II. Ranking of 68 True Templates and Query-
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TABLE III. C, RMSDs (in A) of 12 Query-Template

Template Alignment Accuracy Alignments by Two Methods

Query  Template Rank RMSD (A) Agreement (%) Query Template KRIS Qthread
laaj 1paz 1 5.36 68 laba lego 4.86 3.38
laba lego 1 3.38 66 1bbhA 2ceyA 6.82 351
%aeg §5fbA % iggg 22 Teewl 1molA 14.38 13.20

ar ptp .

latnA  latr 1 8.04 49 }ht"én }HblA g'gg égg
1bbhA  2ccyA 1 351 83 S mo : :
1bbt1 2plvl 1 12.27 59 1tlk 2rhe 4.17 5.04
1bgeB 2gmfA 12 8.01 29 256bA 1bbh 4.36 3.92
1c2rA lyce 1 3.00 89 2azaA 1paz 10.77 3.82
lcauB lcauA 1 3.65 77 2pcy 2azaA 441 5.65
lcewl 1molA 1 13.20 43 2sarA 9rnt 7.83 3.80
lehrA  2mor 1 3.02 79 3cdd 2rhe 6.39 8.50
%CldL ?rh& 1313 iggé 43 5fd1 2fxd 12.40 9.61

cpe co .

Lol lede 1 17.65 15 Mean RMSD 2 64
1dsbA 2trxA 3 5.28 52

1dxtB lhbg 1 1.96 96

leaf 4cla 1 4.18 83 .

1fc1A 2fb4H 1 8.26 63 the same ORF. For each of the 177 ORFs which had
1A lubq 1 10.76 30 templates assigned by both gblast and tblast, the tem-
1gal 3cox 1 13.75 51 plates were either identical or were structural neighbors
1gky 3adk 1 7.88 38 . . ..

1plA otrxA 5 930 57 according to the FSSP library. Similarly, For each of the
1hip 2hipA 1 3.86 81 162 ORFs which had templates assigned by both gqthread
lhom 11fb 1 4.80 90 and tthread, the templates were either identical or were
1hrhA 1rnh 1 391 75 structural neighbors according to the FSSP library. How-
lisuA 2hipA 2 2.78 75 . .

llzaA % 1 354 74 ever, for the 188 ORF's which had templates assigned by
Hst 1b}(’)€ A 11 958 0 both two-way PSI-BLAST and two-way threading, conflict
1mde life 1 1.92 98 arose in a single case. The ORF MG393 was aligned with
1mioC 2minB 1 13.07 69 laonO by two-way PSI-BLAST but was aligned with liyu
Imup 1rbp 1 724 64 by qthread. The Z value of threading MG393 to liyu was
Inpx 3grs 1 7.08 66 . .

Tone Trsa 1 4.34 77 4.1, just barely passing the threshold of Z5 = 4.0. 1aonO
losa 4cpv 1 15.55 72 was taken to be the correct template.

1pfe 3hlaB 1 3.69 84 Overall COBLATH identified templates for 298 of the
Lrcb 2gmfA 1 7.14 33 479 MG ORFs. Of these, 35 were likely to be transmem-
1sacA 2ayh 1 14.51 0 . . . .
1stI 1molA 1 12.98 37 brane proteins and 11 were likely to have coiled-coil
1tahA 1tca 1 10.08 82 structures. The fraction of MG ORF's aligned with globular
1ten 3hhrB 1 2.72 79 templates is thus 53%. This is higher by 10—20 percentage
igﬁ gf%f 12 ggg 58 points than those from the current literature (see Table
2afnA lgogA 1 868 46 IV). The 298 MG ORFs for which templates have been
2ak3A 1gky 1 15.59 30 assigned can be viewed from our web page at http:/
2azaA 1paz 8 3.82 42 cmbphl.physics.drexel.edu/MG/MG.html.
2cmd 6ldh 1 421 76 Teichmann et al.?® identified templates for 213 ORFs by
2L 8fabB 1 317 84 t PSI-BLAST. Of these 207 ORF identified
9gbp oliv 1 1256 54 Wo-way - . ese s were identifie
9hhmA 1fbpA 1 745 59 by COBLATH. Only two of the 207 ORF's with templates
2hpdA 2cpp 1 5.04 74 assigned both by COBLATH and by Teichmann et al.,
2mnr 4enl 1 8.36 57 MG356 and MG397, had conflicting assignments. Teich-
%f,nrﬁc %ygi % 134212 28 mann et al. assigned both ORFs to lbgw whereas we
2pia 1fpnb 1 10.61 66 assigned the former to 1fgkA and the latter to 1bk5A. Our
2pna 1shaA 1 3.67 85 template assignment for MG356 was consistent with that
2sarA 9rnt 1 3.80 55 by Huynen et al.>® The six ORFs assigned templates by
osas gsipA ! o o Teichmann et al. but not by COBLATH were: MG130,
Pl ToebA 5 9.03 12 MG140, MG141, MG312, MG353, and MG468. In compari-
2snv 5ptp 4 1151 38 son, 47 ORFs were assigned globular templates by CO-
3cd4 2rhe 1 8.50 52 BLATH but not by Teichmann et al. Twenty-three of these
gfl}llgB gfix % ‘81;11 7g have been assigned templates by other groups listed in
3rubL, 6§d ; 23 10.69 0 Table IV. The remaining 24 new template assignments are
4sbvA 2thbvA 1 6.54 78 listed in Table V. Of these, seven (for MG027, MG207,
5fd1 2fxb 1 9.61 13 MG232, MG246, MG293, MG311, and MG434) could be
8ilb 4fgf 1 10.65 33 attributed to the fact that the template structures were
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TABLE IV. Annotation Results of the MG and SC Genomes From Previous and the Present Studies

MG

Authors (year) Method Annotated fraction (%) Web page

Fischer & Eisenberg (1998) Threading 35 www.doe-mbi.ucla.edu/people/
Frsvr/preds/MG/MG.html

Huynen et al. (1989) PSI-BLAST 37 dove. EMBL-Heidelberg.de/3D/
MG.pred

Rychlewski et al. (1998) Threading 34 bioinformatics.ljerf.edu/
FFAS_genomes/genomes.html

Teichmann et al. (1999) Two-way PSi-BLAST 44 www.mrc-lmb.cam.ac.uk/
genomes/MG

Jones (1999) Threading 40 globin.bio.warwick.ac.uk/genome/
genomedb.cgi

Wolfet al. (1999) PSI-BLAST 34 nchi.nlm.nih.gov/pub/koonin/
FOLDS/genometable.html

Gerstein (1999) Fasta + PSI-BLAST 34 bioinfo.mbb.yale.edu/genome/db99
Mgen/structure_matches.txt

Muller et al. (1999) PSI-BLAST 28 www.bmm.icnet.uk/PsiBench/
html/tbmg_main.html

Frishman (2000) PSI-BLAST 33 pedant.mips.biochem.mpg.de

COBLATH (1999) PSI-BLAST + Threading 62 cmbphl.physics.drexel.edu/MG/
MG html

SC

Authors (year) Method Annotated fraction (%) Web page

Sanchez & Sali (1998) Threading 36 pipe.rockfeller.edu/modbase

Wolfet al. (1999) PSI-BLAST 22 nchi.nlm.nih.gov/pub/koonin/
FOLDS/genometable.html

Hegyi & Gerstein (1999) Fasta + PSI-BLAST 27 bioinfo.mbb.yale.edu/genome/
db99 Scer/structure_matches.txt

Elofsson & Sonnhammer (1999) Hidden Markov Models 22 www.biokemi.su.se/research/
Elofsson-Arne.html

Frishman (2000 PSI-BLAST 25 pedant.mips.biochem.mpg.de

Jones (1999) Threading 34 globin.bio.warwick.ac.uk/genome/
genomedb.cgi

COBLATH (1999) PSI-BLAST + Threading 45 cmbph1.physics.drexel.edu/yeast/
yeast.html

released after the other studies. Most (19) of the 24
template assignments were made only by the threading.

For 15 of the 298 MG ORFs, two templates were
assigned to different regions of their sequences. The 298
ORF's were thus mapped to a total of 313 templates. These
cover 71.2% of the 109,862 residues of the 298 ORF's. The
remaining 181 ORFs have 64,704 residues. Thus in total
the structural annotation by COBLATH covered 44.8% of
the residues of the MG genome.

Of the 313 ORF-template alignments, those with se-
quence identities in 0—-9%, 10-19%, 20-29%, 30—39%, and
40-79% numbered 13, 127, 72, 64, and 37, respectively.
The 10-29% block represented 64% of all the template
assignments.

The 313 templates involve only 195 unique FSSP pro-
teins. If mapping to the same FSSP proteins implies
originating from the same gene, then gene duplication had
occurred in 313-195 = 118 cases, or 37.7% of the 313 MG
OREF regions. The 195 FSSP proteins represent 10% of the
full library of 1907 FSSP proteins used in the present
study.

Of the 313 templates, those in the «, B, and mixed
classes were 24, 4, and 72%, respectively. The class

assignments of the ORFs according to our secondary
structure prediction agreed with those of the templates in
86% of the 313 cases.

Annotation of the SC Genome

By gblast, 2113 ORFs were assigned templates. Qblast
produced template assignments for 386 new ORF's, and
two-way threading gave assignments to additional 384
ORFs. Of the last 384 ORFs, 136 were given the same
template assignments by both qthread and tthread. Only
one ORF, YDR289C, was given conflicting assignments by
the two threading methods (the assignments were re-
jected). The consistency between qthread and tthread
indicates their reliability.

In total, 2113 + 386 + 384 = 2883 of the 6337 SC ORFs
were assigned templates. Of these, 239 were likely to be
transmembrane proteins and 46 were likely to have coiled-
coil structures. The fraction of SC ORFs aligned with
globular templates is thus 41%. This is higher by 5-20
percentage points than those from the recent literature
(see Table IV). The 2883 SC ORFs with template assign-
ments can be viewed from our web page at http:/
cmbphl.physics.drexel.edu/yeast/yeast.html.
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TABLE V. Novel Template Assignments of 24 MG ORFs

ORF OREF description Template PDB description

MGO10 — 2dri D-ribose-binding protein

MGO018 ATP-dependent RNA helicase lheiA hev helicase (HELICASE)

MGO022 DNA-directed RNA polymerase la8y calsequestrin

MGO027 — 1gbzA siv gp41 ectodomain fragment mutant
MGO060 — 1xel udp-galactose 4-epimerase

MGO73 excinuclease ABC subunit B (uvrB) lheiA hev helicase (HELICASE)

MG150 ribosomal protein S10 1ris ribosomal protein s6

MG158 ribosomal protein L.16 2nmbA numb protein fragment gppy peptide
MG207 — luteA ii purple acid phosphatase

MG232 ribosomal protein L.21 2cuaA cua fragment

MG246 — lush_ 5'-nucleotidase (udp-sugar hydrolase)
MG252 rRNA methylase 2liv L/I/V-binding protein

MG258 peptide chain release factor 1 1sesA seryl-trna synthetase

MG284 — 1psrA psoriasin

MG293 phosphodiesterase lqumA endonuclease iv

MG299 phosphotransacetylase 1fsz ftsz (sulb)

MG311 ribosomal protein S4 1c05A ribosomal protein s4 delta 41 fragment
MG335.1 — lakhA a-1 mating-type protein alpha-2
MG368 fatty acid synthesis protein 3ptk phosphofructokinase

MG396 ribose-5-phosphate isomerase Intr ntrc receiver domain

MG426 ribosomal protein 1.28 lazpA sac7d (7 kd DNA-binding protein)
MG434 uridylate kinase (pyrH) 2scuA succinyl-coa ligase (scs)

MG445 tRNA guanine-N1-methyltransferase 2bgu beta-glucosyltransferase

MG454 — 1rl6A ribosomal protein 16 biological unit

The web page of Jones lists template assignments for
2107 ORFs. Of these, 1936 are among the 2883 ORF's for
which COBLATH have assigned templates. The two sets of
template assignments were consistent in all but 29 cases.
Jones assigned templates for 171 ORFs not annotated by
COBLATH, whereas COBLATH assigned templates for
947 ORF's not annotated by Jones. Excluding those (250)
likely to be transmembrane proteins or likely to have
coiled-coil structures and those (185) assigned to tem-
plates with structures released after the work of Jones,
COBLATH assigned templates for 512—171 = 341 more
ORFs than Jones. The difference is 5% of the whole
genome.

For 262 of the 2883 SC ORFs, two templates were
assigned to different regions of their sequences. Another
48 ORF's had three or more separate regions assigned
templates. The 2883 ORF's were thus mapped to a total of
3266 templates. These cover 50.0% of the 1,648,420 resi-
dues of the 2883 ORFs. The remaining 3454 ORF's have
1,335,889 residues. Thus in total the structural annotation
by COBLATH covered 27.6% of the residues of the SC
genome.

Of the 3266 ORF-template alignments, those with se-
quence identities in 0-9%, 10-19%, 20—-29%, 30-39%,
40-69%, and 70-100% numbered 114, 1329, 1033, 380,
323, and 87, respectively. The 10—29% block represented
72% of all the template assignments.

The 3266 templates involve only 725 unique FSSP
proteins. If mapping to the same FSSP proteins implies
originating from the same gene, then gene duplication had
occurred in 3266—725 = 2541 cases, or 77.8% of the 3266
MG ORF regions. This rate of gene duplication is more
than double that in the MG genome.

The 725 FSSP proteins represent 38% of the full library
of 1907 FSSP proteins used in the present study. They
include 150 of the 195 FSSP proteins used in structural
annotation for the MG genome. In other words, the struc-
tural annotation of the MG genome only involved 45 FSSP
proteins not used for the SC genome, but the structural
annotation of the SC genome involved 575 FSSP proteins
not used for the MG genome.

Of the 3266 templates, those in the «, B, and mixed
classes were 30, 9, and 61%, respectively. The class
assignments of the ORFs according to our secondary
structure prediction agreed with those of the templates in
80% of the 3266 cases.

DISCUSSION
Advantage of COBLATH

We have demonstrated the complementarity of two
existing fold recognition methods, threading and PSI-
BLAST. The complementarity appears not just as en-
hanced success rate of fold recognition. The accuracy of the
resulting alignment is found to be higher than found in
previous studies.

Various ingredients of COBLATH were previously found
to be very useful for fold recognition. Two-way PSI-BLAST
have been shown to be more effective in fold recognition
than the usual protocol of using the query sequence as
search input.?' We further improved two-way PSI-BLAST
by including the structural alignments of each potential
template as part of the input when searching for queries
from the template sequence. Sequence profiles from PSI-
BLAST have been found to improve the ability of thread-
ing in fold recognition.?® Here they are combined with a
substitution matrix involving the secondary structure
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predicted by arguably the best available method. Further-
more, we used the predicted secondary structure to screen
the fold library so a more focused search can be made by
threading. Following Rychlewski et al.,'* we also imple-
mented the idea of two-way searching in threading. In
essence, we have integrated some of the most useful
ingredients into COBLATH.

Factors Affecting the Performance of Threading

The position-specific sequence profile from PSI-BLAST
was found to be far better than a position-independent
residue substitution matrix for fold recognition by thread-
ing. It is perhaps the most important among all contribut-
ing factors in discriminating the true template from de-
coys. Predicted secondary structure and solvent exposure
carry significant information for fold recognition. In the
present study, it was found to be responsible for identify-
ing as much as 15% of templates (increasing the number of
template assignments from 279 to 330 in qthread).

The criterion for deciding whether the top match in fold
recognition by threading should be identified as the tem-
plate affects the performance of threading in a fundamen-
tal way. Substantial improvement is achieved through the
introduction of the number M of the top match’s structural
neighbors ranking the second to fifth places. Obviously, if
nonhomologous structural neighbors are also ranked
among the best, then the probability that the top match
gets there by chance is reduced. As such, a lower threshold
of the Z value for selecting the top match can be used. The
lowered threshold is responsible for the superiority of the
current selection criterion (as compared with a conven-
tional criterion based solely on the Z value). Indeed about
half of the templates identified by our threading had all
the next four places occupied by structural neighbors and
were thus eligible for using a low Z threshold. For ex-
ample, 158 of the 330 templates identified for the 533
FSSP proteins by qthread had M = 4. A threshold of the
per-residue score f of the top match helps screen out false
positives.

A threading protocol suitable for fold recognition may
not be ideal for achieving optimal alignment between
query and template. Indeed we were able to improve the
alignment accuracy by switching to a local-local algorithm
and reduced gap penalty. Both were designed to focus the
alignment to regions where query and template sequences
are more similar. The improvement allowed threading to
outperform PSI-BLAST in alignment accuracy. As a re-
sult, we have selected threading (by the local-local algo-
rithm and with reduced gap penalty) as our final choice for
generating query—template alignments. In short, the util-
ity of the threading portion of COBLATH is twofold. It
allows additional queries to be assigned templates and
provides better alignments for all query—template pairs.

Further Improvement

The obvious question is what about the queries not
assigned templates by COBLATH (e.g., the remaining 143
FSSP proteins in the test set of 533). Typically the
structural neighbors of these queries were either very

close homologues (with identities higher than 90%) or very
remote homologues (sometimes known as analogs), with
alignments characterized by many large gaps and low
identities. Take, for example, the query lulo (with 152
residues). The first structural neighbor of 1ulo in FSSP is
lulp, which has 100% sequence identity. The next struc-
tural neighbor is lciy, having 114 of its 577 residues
aligned to lulo with an RMSD of 3.1 A and sequence
identity of just 9%. The remaining neighbors have equally
poor or worse structural alignments. Additional sequences
and structures deposited to databases will undoubtedly
improve the performance of COBLATH and other meth-
ods. Additional sequences can help if they fill in the void
between close and remote homologues. Additional struc-
tures, even those belonging to one of the folds in the
current FSSP library, will increase the chance of hitting a
template.

Other factors such as contact energy have been found to
be useful for fold recognition.?® It would be interesting to
successively include such factors in the threading scoring
function to search for additional discriminatory power.
Combining sequence profiles of structural neighbors may
also prove useful.*2

In the current version of COBLATH, improvement may
come from refining the template selection criteria of qthread
and tthread. The criteria must be designed such that as
few false positives as possible are included. In doing so, a
number of true positives may be rejected. For example, by
gthread of the 533 FSSP proteins, true templates were
ranked at the top in 402 cases. However, the current
criterion picks out only 328 true templates (plus two false
positive). The selection of the remaining 74 true templates
may be possible by a refined criterion or by producing
higher matching scores.

One may wonder whether the screening, which reduces
the number of potential targets from 1907 to just 100,
adversely affects the success rate of fold recognition. The
answer is basically no. First of all, the screening is quite
accurate, rejecting the queries themselves only in 49 of
533, or 9% of cases. Secondly, even among these 49
queries, COBLATH correctly identified templates in 21
cases. Of course, a better secondary-structure prediction
method, especially for B proteins, will improve both the
screening and the matching scores in threading. The
screening makes it practical to apply COBLATH to large-
scale structure prediction, for example, on the SC genome
and genomes of higher organisms.

How Long Away Are We From Complete Annotation
of the Two Genomes

With 62% of the MG genome annotated, it is intriguing
to speculate how long will it take for the remaining ORF's
to be structurally annotated if structure determination is
kept at the current pace.

The FSSP library in the present study is the November
21, 1999, edition and has 1907 entries. The edition of April
23,2000, has grown to 2144 entries. Hence in the interven-
ing five months structure determination has yielded 237
new entries. This corresponds to 569 new entries annually.



36 Y. SHAN ET AL.

100

80t

S

~— -

5

= 60 |

<

g I

=

s 4l

<

=

E L

=]

< 0L
() L L
<t O o] = ol
[N [ [ = [ew)

Year

Fig. 3. The fraction of MG and SC ORFs that would have been
structurally annotated in a particular year if only PDBs released in that
year were available. Points after 1999 are extrapolated from the points at
1998 and 1999.

If, like for the 298 MG ORFs that have been annotated,
10% of all FSSP proteins will be used for the annotation of
the remaining MG ORFs, then each year 57 of the annual
production of FSSP proteins will become templates of the
remaining ORFs. Since the annotation of the 298 ORF's
involved 195 FSSP proteins, the remaining 181 ORFs are
expected to require 195x181/298 = 118 new FSSP pro-
teins. This corresponds to 118/57 = 2.1 years of structure
determination. In two years’ time, with the current CO-
BLATH method, we expect the MG genome will be com-
pletely annotated.

A similar estimate can be made for the complete annota-
tion of the SC genome. The annotation of the 2883 ORF's
took 725 FSSP proteins, hence the remaining 3454 ORF's
are expected to require 725x3454/2883 = 869 new FSSP
proteins. Annually we expect to have 569xX38% = 216 new
FSSP proteins that will be templates of the remaining
ORF's. Thus the complete annotation of the SC genome will
take another 869/216 = 4 years.

These estimates are equivalent to treating the ORFs
assigned to all templates with structures released in a
particular year as that year’s annotation yield and then
extrapolating to future years so the full genome is covered.
Figure 3 displays such an extrapolation. Plots of this type
have been created previously. The estimate of Gerstein
and Hegyi*® was fairly pessimistic—reaching 100% anno-
tation of the MG genome in the year 2050. A recent
analysis** led to a more optimistic view, but perhaps
because the slope of the curve near the end was almost flat,
the authors did not venture an estimate. In that analysis,
annotation results from several studies were pooled in
order to increase the annotated fraction. Structurally
similar templates can have very different release dates, so
an ORF can be assigned to different years. Since different
studies have different ways of selecting a template for a
given ORF, the pooling of results from different studies
tends to randomize the date-allocation process. This may
explain the relatively flat slope.

A Powerful Tool for Structural Genomics

COBLATH has a 73% success rate of fold recognition for
the 533 FSSP proteins. Of the 390 query—template align-
ments predicted, 68% have RMSDs < 8 A. Asillustrated by
the annotation of the MG and SC genomes, COBLATH
may prove to be a powerful tool for structural genomics.
The COBLATH server is at http://cmbph4.physics.
drexel.edu/COBLATH/submit.html.
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