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ABSTRACT

A method is presented that uses 3-strand interactions to
predict the right-handed B-helix super-secondary structural
motif in protein sequences. A program called BetaWrap
implements this method, and is shown to score known [-
helices above non-B-helices in the Protein Data Bank in
cross-validation. It is demonstrated that BetaWrap learns
each of the seven known SCOP S-helix families, when trained
on the the known -helices from outside the family. BetaWrap
also predicts many bacterial proteins of unknown structure
that play a role in human infectious disease to be S-helices;
in particular, these proteins serve as virulence factors, ad-
hesins and toxins in bacterial pathogenesis, and include cell
surface proteins from Chlamydia and the intestinal bac-
terium Helicobacter pylori. The computational method used
here may generalize to other 8 structures for which strand
topology and profiles of residue accessibility are well con-
served.

1. INTRODUCTION

Sophisticated algorithms (e.g., BLAST [1], FASTA [27]) ex-
ist for the detection of sequence similarity between proteins,
and these provide the simplest and most commonly used
tools for making structural and functional inferences about
uncharacterized proteins. While impressive gains in sensi-
tivity are being made by incorporating multiple aligned se-
quences (e.g., PSI-BLAST [2], HMMER [8], SAM-T98 [22])
and threading methods [31, 21, 7, 23, 33] have improved
the detection of more distant homologies, there are still
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many examples of homologous proteins with strong struc-
tural similarities which cannot currently be detected. Here
we introduce the BetaWrap program, which uses f-strand
interactions to detect members of the parallel right-handed
[B-helix superfamily, a group of proteins characterized by
widely divergent sequences but strong core structural sim-
ilarities. The method may extend to other -structures in
which the strand topology and profiles of residue accessibil-
ity are well conserved.

It has been known for some time that in 8-structural motifs
amino acid residues that are close in space in the folded pro-
tein can exhibit marked statistical preferences [25, 17, 36].
These preferences have proven difficult to exploit, however,
because residues in stacking f-strands that are close in 3D
and may be instrumental in the fold, can be very far away
in the 1D sequence. Thus in the absence of a related solved
3D structure or strong sequence homology with a solved
3D structure, it seems quite difficult to find the important
correlations that could drive the fold. Of course, statisti-
cal correlations have long been used to predict secondary
structure [12, 28], and the recent CASP3 competition [24]
showed the strength of methods such as the PHD [28] and
PSI-Pred [20, 19] programs in correctly locating a-helices
and B-strands with over 70% accuracy from only the pro-
tein sequence.

Pairwise statistical correlations have been successfully em-
ployed to recognize a-helical super-secondary structural mo-
tifs, such as the two- and multi-stranded coiled-coil [6, 34,
29, 5, 30]. Aiding in the recognition of a-helical motifs, is
the fact that residues that are close in space are also typ-
ically close in the one-dimensional sequence. For example,
the methods of Berger et al. [6, 34, 29, 5, 30] were able to
exploit the pairwise statistical correlations between residues
in a short sliding window. As remarked above, it was less
clear how to adapt these methods to any of the mainly-3
super-secondary structural motifs. Even the ordinary sec-
ondary structure prediction methods are better at correctly
placing a-helices, than S-strands [28].

The B-helix fold has a topology which makes prediction of
the interacting residues in 3-sheets more tractable. The fold
is characterized by a repeating pattern of parallel S-strands
in a triangular prism shape (Figure 1). The cross-section, or
rung, of a B-helix consists of three S-strands connected by
variable-length turn regions (Figure 2); the backbone folds
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Figure 1: Side view of X-ray crystal structure of
Pectate lyase C from Erwinia chrysanthemi [35],
residues 102-258. [-sheet B1 is shown in light gray,
B2 in medium gray, and B3 in black.

up in a helical fashion with g-strands from adjacent rungs
stacking on top of each other in a parallel orientation. While
the known [-helices vary in the number of complete rungs
and in the lengths of the turn regions, the -strand portions
of the rungs have patterns of pleating and hydrogen bonding
which are well-conserved across the superfamily [18].

Previous attempts at predicting [B-helices have met with
some success, but have not been successful at predicting
[B-helices across different families in the Protein Data Bank
(PDB). Heffron et al. [14] developed a sequence-based pro-
file from a pectate-lyase template, which failed to match
any f-helices in the PDB other than the pectin and pectate
lyases. When general sequence-based or threading meth-
ods are applied to B-helices they primarily find with rea-
sonable confidence levels sequences from the same family as
the query sequence. A formal comparison with the itera-
tive sequence-based method PSI-BLAST [1] and the pub-
licly available threading program Threader [21] is described
in the appendix.

Our algorithm BetaWrap is able to predict 3-helices across
all known families by generating and scoring different parses
of the sequence into successive rungs. The scores computed
are based on two main ingredients: a set of statistical pref-
erences for aligned pairs in S-sheets, which was learned from
a large database of amphipathic 8-sheets; and a system of
bonuses intended to reward for potential stacking interac-
tions of the sort which are prevalent in the known S-helix
structures.

The BetaWrap program scores the known [-helices ahead of
all the non-f3-helix proteins in a stringent cross-validation
performed against a nonredundant version of the PDB. The
B-helix superfamily is divided in the SCOP [26] database
into seven families of closely related proteins.! Therefore, a
sevenfold cross-validation was performed, where all the pro-
teins in the same family were left out of the training set

!The structure of the Pectin Methylesterase protein from
Erwinia chrysanthemi (PDB code 1QJV) was only recently
solved and has not yet been placed in the SCOP database.
Because of its low sequence and structural homology to the
other known f-helices, we placed it by itself as one of the
seven families.
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Figure 2: Top view of a single rung of a beta helix
(residues 242-263) of Figure 1, parsed by the algo-
rithm into -strands B1, B2, B3 and the intervening
turns T1, T2, and T3. Residues parsed as (-strand
are numbered, and as turns are lettered. The alter-
nating pattern of the strands before and after T2 is
conserved across the superfamily.

in each experiment. Thus, BetaWrap was able to identify
known [-helix proteins from one family, when only trained
on [-helix proteins from a different SCOP family. In ad-
dition, the program makes reasonably good predictions of
the alignment between sequence and structure in the known
structures.

The BetaWrap program identifies a large set of sequences as
having strong S-helical potential when run on the databases
SWISS-PROT and TrEMBL ([3], see Section 4). As would
be expected, some of the hits are proteins which are homol-
ogous or functionally equivalent to the known examples. A
large number of pectate and pectin lyases are found, as well
as additional polysaccharidases; the family of galacturonases
is also well represented.

Perhaps most exciting, however, is the presence of a signifi-
cant number of proteins which may have roles in pathogen-
esis; an example among the known structures is the P.69
pertactin from Bordetella pertussis, the toxin that causes
Whooping Cough. Among the highest scoring of the pro-
tein sequences of unknown structure are several surface pro-
teins from different Chlamydia species, and the intestinal
bacterium Helicobacter pylori. Based on BetaWrap scores,
we also predict a number of pollen allergens to be S-helices
such as the Ragweed allergen. For a list of further interest-
ing proteins of unknown structure that Beta Wrap predicts
are f-helices, see Table 2. One of the most striking overall
features of the set of proteins found is the non-random dis-
tribution of source organisms; from the roughly 600 proteins
found in the TTEMBL database scoring above a high signif-
icance threshold, only a handful (13) of human and mouse
proteins are found; none of these occurs within the 100 top-
scoring proteins. Analysis of the identified sequences is un-
derway.



2. THE ALGORITHM

The main component of the BetaWrap program is a novel
“wrapping” algorithm that searches for the aligning parallel
[B-strands in successive rungs of the fold. While the turn
lengths across different rungs of a (-helix can vary enor-
mously (from a low of 2 residues to a high of 63 residues),
the turn between 3-strands B2 and B3 (the T2 turn, Fig-
ure 2) is more conserved; a majority of the rungs have a two
residue turn at this location (with no known S-helix having
fewer than six such rungs consecutively). More importantly,
the hydrogen bonding and -pleating patterns are conserved
across these turns. Thus, given the sequence positions of
two consecutive T2 turns in any of the known structures,
one can say which residues are aligned and how they are
oriented (relative to the core) in the strands which precede
and follow the turns. > Consequently, the algorithm seeks to
wrap a sequence of consecutive rungs with the T2 turn con-
served; it locates the highest scoring wraps for a given amino
acid sequence, as described below. The residues in the T2
turn are identified based on stacking preferences both in the
turn, and in the surrounding residues from S-strands B2 and
B3. The location of strand B1 is filled in to complete the
parse of a generated wrap. Once the wraps are generated an
a-helical secondary structure detector, based on an adapta-
tion of the well-established GOR program [12], is applied as
a filter to remove those which overlap with regions of high
a-helix content.

2.1 First stage:the rungs subproblem

As a step toward the development of the wrapping algo-
rithm, we first solve the following subproblem. Suppose we
are given the amino acid sequence of a -helix and told the
sequence position of the T2 turn in one rung. Can we pre-
dict the location of the T2 turn in the next rung, assuming
that both have exactly two residues?

The position of the second turn determines the residues that
are in alignment in the two rungs. To score these aligned
residue pairs, a database, called the B-structure database
(see Section 3), of 3-sheets was constructed which share with
the B-helices the property that one face is buried and one
exposed (the S-helices themselves were excluded from this
database to avoid overtraining). The conditional probability
that a residue of type X will align with residue Y, given their
orientation relative to the core, was calculated from the -
structure database using standard methods (see, e.g. [4]).
The natural logarithm of this probability gives the pair score
of a vertical alignment of two residues. For a pair of aligned
rungs, the [-sheet alignment score is the weighted sum of
the seven alignment scores for the aligned pairs in the S-
sheets B2 and B3 (a weight of 1 is given to the scores for
inward pairs and 1/2 for the scores of the outward pairs, to
reflect the fact that the environment of the inward residues
is better conserved between (-helices than that of the outer
pairs).

2We assume that the 3 residues following the turn and the
4 residues preceding it are participating in S-sheet interac-
tions. While there are rungs in which this is not the case,
the success of the algorithm indicates that these exceptions
do not pose a significant problem.
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The B-sheet alignment score is the heart of the recognition
method; however, we improve its performance with several
bonuses and penalties:

e Based on the B-helix structures in the training set, a
distribution on turn lengths was learned. The first ad-
justment to the score is a gap penalty that penalizes
alignments that leave too many or too few residues
unmatched between two rungs (based on standard de-
viations from the mean).

e A bonus is added when two aromatic amino acid residues

(F,Y, or W) appear stacked on top of each other, when
a stack of S-branched aliphatic residues (V or I) are
seen in alignment, and for the inward pointing polar
residues (C,S,T,and N) seen to stabilize the T2 turn
by forming hydrogen bonds in the known structures.
These stacking preferences are based on the interac-
tions prevalent in the known structures; for a full dis-
cussion see [18].

e A strong penalty effectively disallows the highly charged
residues (D,E,R, and K) from appearing in the inward-
pointing positions of a S-strand (see [14]).

The success of this scoring system at identifying rung-rung
pairs is described in Section 4.

2.2 Fromarung to multiple rungs

To adapt the rung-to-rung scoring system of the previous
section to the problem of generating complete wraps, initial
B2-T2-B3 segments must be located. Here a simple sequence
template is used, based on the assumption that hydrophobic
residues (plus tyrosine, which is often found in the interior
of the B-helices) will appear at the inward positions of the
[B-sheets. Thus the initial rungs are simply matches to the
pattern: ®XPXXpXP, where & matches one of the residues
(A,F,LLM,V,W, or Y), ¢ matches any amino acid except
(D,E,R, or K), and X matches any amino acid at all.

Beginning with each substring that matches this pattern, the
five top scoring aligned rungs are calculated both forward
and backward in the sequence. This process is repeated with
each of these rungs, and with their aligned rungs, continuing
until a tree of potential 5-rung wraps extending both forward
and backward in sequence is generated. In this way, the B2-
T2-B3 portions of wraps containing each of the initial rungs
are generated; this phase of the algorithm is optimized using
dynamic programming. The score attached to a given wrap
is the average of its rung-to-rung alignment scores. The
collection of wraps is subject to three stages of filtering, as
described in the next two sections (the cutoffs for these filters
are recalculated in each of the cross-validation runs based
on the training data for that run; see Section 3). The wrap
score assigned to a candidate S-helix is the average of the
scores for the top ten wraps which pass this filtering stage.
Averaging the top ten wrap scores rules out spurious hits to
sequences in which a single high-scoring wrap is found by
chance (when applied to the known B-helices, the algorithm
produces a large number of high-scoring wraps: the correct
wraps, but also many mostly-correct wraps with comparable
scores). If less than ten wraps remain after filtering the
protein is rejected.



2.3 Completing the parse

Although the relative positioning of the rungs in a wrap
is fixed by the above procedure, the positions of the Bl
strands are not determined. The algorithm scores poten-
tial placements of the Bl strands into the parse using the
same strand-strand alignment scores described above (8-
alignment probabilities and stacking bonuses); the process is
guided by a second gap score learned from the distributions
of the T1 turn lengths in the known structures (there is a
marked preference for T1 turns of length three, four, and
five). The highest scoring B1 parse is chosen for the wrap.
Note that the score for this B1 parse does not change the
score of the wrap; however, a wrap is rejected if a B1 parse
scoring above a predetermined threshold cannot be found.

Once the complete wraps are generated, they are filtered
based on residues found at two positions in the turns. The
a positions of the T1 and T2 turns (Figure 2) show distinc-
tive residue preferences, in particular the larger hydropho-
bics (V,I,L,F,M,and W) are strongly disfavored, and these
preferences run counter to what would be expected if the
pleating pattern of the preceding strands is extended for-
ward. As described more fully in Jenkins et al. [18], the a
position of T2 has unique structural features (most notably
an ar conformation) which constrain the types of residues
found there (no large hydrophobics are found at this position
in any of the rungs of the known structures). As a conse-
quence, a wrap is only permitted a single large hydrophobic
at the T2 a position; in addition, if the total number of
hydrophobics at both a positions in T1 and T2 exceeds a
predetermined cutoff, a penalty is assessed. This has the
effect of penalizing spurious matches to proteins which have
longer B-strands than those found in the S-helices.

2.4 The o-helical filter

The information-theoretic methodology of GOR-IV [12] was
adapted to construct a two-state (a-with-high-confidence/
other) secondary-structure predictor (details in full version
of the paper). GOR-IV was used in preference to more re-
cent algorithms, e.g. those using multiple sequence infor-
mation, because its simple statistical framework and single-
sequence input was easy to specialize for our purpose: the
prediction of regions of high a-content. Wraps were filtered
on the basis of their predicted a-content, with the aim of
removing 3-helix parses which overlap with all-a regions. If
the total fraction of a wrap predicted as a-helical with high
confidence exceeds a threshold the wrap is rejected. In ad-
dition each of the four complete internal rungs are judged
on the basis of their fraction of predicted a-content, and if
more than two are rejected, the wrap as a whole is rejected.
Here a rung is rejected if it contains at least four predicted
a-residues and has a fraction of a-content exceeding a sec-
ond threshold. As described in Section 3, these thresholds
are based on the training data and thus were recalculated
for each of the cross-validation runs.

Sequences are prefiltered for trans-membrane a-helices using
the GES hydrophobicity scale [10], a window of size 21, and a
threshold of -2 kcal/mol. The predicted helices are removed,
and the query sequence is broken into subsequences which
are scored individually.
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3. METHODS
3.1 The databases.

The PDB-minus database was constructed from the PDB _select

25% list of June 2000 [16, 15], with the S-helices removed.
(PDB_select is a subset of the PDB in which no two proteins
have sequence similarity greater than a cutoff, in this case,
25%.) The database contained 1346 sequences.

The B-structure database was constructed from PDB-minus
(with membrane proteins removed) by looking for alter-
nating patterns of residue accessibility in 3-strands. The
PDB-minus structure files were processed using the program
Stride [11], which annotates secondary structure, hydrogen
bonds, and residue accessibilities. (-sheets whose residue
accessibilities fit an alternating pattern of buried/exposed
were identified, and the aligned residue pairs were annotated
based on the hydrogen bonding patterns. In all; 650 protein
chains from PDB-minus contributed sheets or portions of
sheets to the database.

New [-helices were identified from the sequence databases
SWISS-PROT (Release 39.6 of 30-Aug-2000: 88166 entries)
and TrEMBL (Release 14.11 of 25-Aug-2000: 301497 en-
tries) [3].

3.2 Training.

A seven-fold cross-validation was performed on the seven (-
helix families of closely related proteins in the SCOP [26]
database. (The structure of the Pectin Methylesterase pro-
tein from Erwinia chrysanthemi, PDB code 1QJV, was only
recently solved and has not yet been placed in the SCOP
database. Because of its low sequence and structural ho-
mology to the other known [-helices, we placed it by itself
as one of the seven families.) PDB-minus was randomly par-
titioned into a 60% training (with 815 structures) and 40%
(with 531 structures) testing set. For each cross, proteins
in one B-helix family were placed in the test set, while the
remainder of the beta helices were placed in the training
set. The scores reported for the 8-helix proteins in Table 1
and in Figure 3 are the scores in the leave-family-out cross
experiment for that 3-helix’s protein family. The optimal
thresholds for the a-filter, the distribution of the gap penal-
ties (as described in Section 2), the Bl-score threshold, and
the hydrophobic-count threshold were optimized for training
data, and thus recalculated for each experiment.

4. RESULTS

There is no overlap in the scores computed by BetaWrap
when the histogram scores for the 8-helix database are plot-
ted against those for the PDB-minus database (Figure 3).
The score for each $-helix is taken from its cross-validation
run. In Table 1, the B-helix proteins used in this study are
listed along with their cross-validation scores and ranks, as
compared with the other members of their SCOP family and
the sequences in PDB-minus. The three top-scoring non-£3-
helix proteins are the coat protein (4SBV:A) from Southern
Bean Mosaic Virus (an eight-stranded (-sandwich) with a
score of -20.78; Tetrahydrodipicolinate N-Succinyltransferase
(3TDT) from Mycobacterium bovis (a left-handed parallel
B-helix) with a score of -20.83; and Vpl protein (1B35:C)
from Cricket Paralysis Virus (another eight-stranded
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Figure 3: Histogram of protein scores as computed by BetaWrap. The (-helix scores (12 proteins) were
superimposed on the scores of the PDB-minus database (1346 proteins), with the 1091 proteins which could
not be successfully wrapped (Section 2.2) given the arbitrary score —30. The S-helix histogram is dashed,
and PBD-minus is solid.

SCOP Family  Name Source PDB Rank Score
Pectate Lyase  Pectate Lyase E Erwinia chrysanthems 1PCL 1 -16.02
Pectate Lyase  Pectate Lyase C Erwinia chrysanthems 1PLU 2 -16.44
Pectate Lyase  Pectate Lyase Bacillus subtilis 1BN8 3 -18.42
Pectin Lyase Pectin Lyase B Aspergillus niger 1QCX 1 -17.09
Pectin Lyase Pectin Lyase A Aspergillus niger 1IDK 2 -17.99
Galacturonase  Polygalacturonase Erwinia carotovora 1BHE 1 -18.80
Galacturonase  Polygalacturonase 1T Aspergillus niger 1CZF 2 -19.32
Galacturonase =~ Rhamnogalacturonase A  Aspergillus aculeatus 1IRMG 3 -20.12
P22 Tailspike P22 Tailspike S. typhimurium Phage P22  1TSP 1 -20.46
P.69 Pertactin  P.69 Pertactin Bordetella pertussis 1DAB 1 -17.84
Chondroitinase Chondroitinase B Flavobacterium heparinium 1DBO 1 -19.55
Unclassified Pectin Methylesterase Erwinia chrysanthems 1QJV 1 -20.74

Table 1: Known S-helices and their BetaWrap scores/ranks
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B-sandwich from the same SCOP superfamily, viral coat and
capsid proteins, as 4SBV:A).

4.1 Predictedalignmentsbetweensequence
and structure.

As well as its strong success in predicting the presence or
absence of the -helix motif, the algorithm shows some suc-
cess in predicting the location of the rungs in the known
[B-helices. Nine of the twelve proteins have a correct wrap of
the B2-T2-B3 region within the 10 scored parses. The other
three proteins, 1TSP, 1CZF, and 1QJV, have wraps with the
correct placement of two, three, and four of the five rungs,
respectively. The protein wrapped with greatest success is
the galacturonase 1BHE, with four of the 10 scored parses
correct and the other six off in a single rung.

This success at generating complete wraps follows from the
accuracy of the program in predicting rung-rung alignments.
As described in Section 2.1, a rung-rung alignment score
was developed to predict the location of the next rung in a
wrap given the previous one. When tested on the 77 rung-
rung pairs in the known structures for which both rungs
have a two residue T2, the correct alignment of the second
rung with the first is given the highest score in 58 pairs.
Furthermore, the correct alignment appears in the top five
scoring alignments in 72 of the 77 pairs (recall that the five
top scoring aligned rungs are kept at each stage in generating
the tree of wraps from an initial rung).

4.2 New g-helix candidates.

The BetaWrap program has identified many new sequences
that we believe contain 3-helix structures. Table 2 lists some
examples of the predicted proteins. A number of these are
functionally similar to the known [-helices. The protein
from R. leguminosarum is a polysaccharidase, and the bac-
teriophage tail protein has features in common with the P22
tailspike (R. Seckler, personal communication). Two of the
proteins, WCAM from Salmonella typhimurium and the hy-
pothetical product of the SPSR, gene in Sphingomonas sp.
588, are involved in polysaccharide synthesis, and several
are surface proteins which may have roles in virulence. The
B. pertussis protein BRKA was also predicted to have a
B-helical structure by Emsley et al. [9] based on sequence
similarity to P.69 pertactin. For a more complete list, see
http://cuckoo.lcs.mit.edu:8080/BetaWrap There is a def-
inite bias in the distribution of source organisms among the
high-scoring proteins. Very few human, fly, or mouse pro-
teins are found in spite of their over-representation in the
databases. This is in agreement with the observed species
distribution of the known [-helices.

5. DISCUSSION

Our results indicate that there are correlations in 8-structures
and features of S-helices that can help distinguish the par-
allel right-handed S-helix from non-3-helix domains. It is
possible that there are structural features of the [-helices
in our database that are not general features of 3-helices.
Even within the known structures, however, there is suffi-
cient variation to suggest the robustness of the algorithm;
for example, the program successfully wraps even those (-
helices (such as 1IRMG, see Table 1) which have an addi-
tional B-strand inserted between Bl and B2. In addition,

the relative success of our 3-helix prediction method in iden-
tifying plausible new candidates for $-helices suggests that
inherent biases are not great.

While the program does achieve complete separation of the
B-helix scores from those of PDB-minus, it is likely that
there will be non-3-helices in larger sequence databases whose
scores under the current algorithm overlap with those of the
lowest scoring (3-helices. There are a number of directions
being explored to improve the confidence of predictions in
this score range. One possibility is to incorporate evolu-
tionary information about a query sequence in the scoring
procedure (significant gains have been made when such in-
formation is used in secondary-structure prediction). The
algorithm could take as input a multiple alignment of homol-
ogous sequences, scoring whole columns rather than the in-
dividual residues of a query sequence. An alternative (which
would not be as sensitive to the accuracy of the alignments)
would be to score single sequences but then consider the en-
semble of scores for all proteins (or domains) within a family
(such as those collected in Pfam [32]). These methods would
likely aid in finding new families of S-helices for which the
scores of the individual members are borderline, and in elim-
inating single proteins which score highly by chance, as the
features which produce the score are unlikely to be conserved
in homologs. Another possibility is the use of an iterative
bootstrapping procedure whereby newly identified sequences
are incorporated into the training set and aid in the identi-
fication of more distant families; see for example [5]).

Work is also under way to improve the sequence-to-structure
alignments produced by the algorithm. A second stage is be-
ing implemented to extend the predicted wraps (which in all
cases represent only a portion of the helical structure) out-
ward to give complete folds. It will probably be necessary
to relax the turn-length restrictions in order to guarantee
that we can find these additional rungs. Correct alignments
of the newly discovered (-helices will hopefully be useful in
predicting functional residues, and in designing mutational
studies which could in turn lend support to the prediction. A
large class of mutations that affect the folding and stability
of the P22 Tailspike protein have been identified and char-
acterized, and there is evidence that the S-helix domain is
particularly sensitive to mutations affecting its folding ([13]).

‘We hope that the methods described here can be applied to
other families of S-structure. It is plausible that one could
achieve similar results by modifying the wrapping algorithm
to reflect a different strand topology and gap distribution,
and replacing the bonuses particular to S-helices with a set
learned from the new set of structures.

6. BETAWRAP ON THE WEB

A server running BetaWrap is available on the Internet, at
http://cuckoo.lcs.mit.edu:8080/BetaWrap This site also
contains an updated list of high-scoring protein sequences.
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ID Description Organism Score

P74816 Hypothetical 69.5 KDA protein Sphingomonas sp. S88 -13.85
Gene: SPSR

064135 YORA protein Bacteriophage SPBc2 -14.05

005692 Polysaccharidase Rhizobium leguminosarum -14.64

025579 Toxin-like outer Helicobacter pylori -16.05
membrane protein

190K_RICRI 190 KDA antigen precursor Rickettsia rickettsit -16.86

OMPF_CHLTR  Putative outer membrane Chlamydia trachomatis -17.08
protein F precursor

CSG_METSC Cell surface glycoprotein Methanothermus sociabilis -17.90
precursor (S-layer protein)

MPA2_AMBAR Pollen allergen AMB A 2 Ambrosia artemisiifolia -18.11

Q9ZGRA4 Putative cytotoxin (Gene L7095) Escherichia coli O157:H7  -18.69

WCAM_SALTY Colanic acid biosynthesis Salmonella typhimurium -19.04
protein WCAM

TSPE_BPSFV Bifunctional tail protein Bacteriophage SfVI -19.31

Q45340 BRKA Bordetella pertussis -20.21

Table 2: Examples of proteins predicted to form (-helices by BetaWrap with their scores. Identifiers (ID) and
descriptions are taken from SWISS-PROT or TrEMBL. For an updated list of proteins with high BetaWrap

scores, see http://cuckoo.lcs.mit.edu:8080/BetaWrap
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line Bigelow Conland Fellowship at the Radcliffe Institute
for Advanced Study. Thanks to Scott Decatur, Jonathan
Dunagan, and Brian Dean for their initial computational
assistance and to Russell Schwartz, Peter Thumfort, Sara
Little, Jesse Barnes, and Patricia Clark in the King lab for
many helpful comments that greatly improved the quality
of this work.

Appendix: Comparisonwith other methods.

Two existing methods were examined for their ability to
detect the relationships between the known families of 3-
helices. First, the sequences of the 12 8-helix domains were
used to search the NCBI nonredundant database (14-Dec-
2000 update, 595890 entries) using the iterative multiple
sequence alignment program PSI-BLAST [1] (version 2.1.2).
The default e-value threshold for inclusion of 0.001 was used;
all searches converged before 20 rounds. A sequence was
considered as having been found if it was included in the
profile after any of the rounds.

Four of the sequences gave profiles which included only a
single sequence of known structure, the initial query se-
quence; these sequences were not found in searches with
other 3-helix sequences. When sequences from the remain-
ing three families were used as queries, cross-family rela-
tionships were detected. in particular, pectate lyases were
found from pectin lyase queries, and visa versa, and each of
the galacturonase sequences found either some of the pectate
or some of the pectin lyase sequences as well (Table 3).
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Next, the program Threader 2.5 [21] was used to thread
the 12 -helix sequences onto an accompanying fold library
(3-99 version, 1906 domains). Threadings were sorted by
the Z-scores of the combined pairwise and solvation ener-
gies and filtered using the core-shuffled pairwise energies,
as described in the user manual. The most recent avail-
able fold library contains three B-helix structures: 1PLU,
1RMG, and 1TSP. The five pectate and pectin lyase se-
quences were matched to the 1PLU template with highest
confidence. Matches to the other two templates scored lower
than threadings onto non-f-helices. 1IRMG and 1CZF were
matched to the IRMG template with highest confidence;
again matches to the other templates scored lower than
threadings onto non-B-helices. 1TSP was threaded onto its
structure with highest confidence but did not match the
other two templates. Matches of the remaining sequences
with the three templates all scored lower than threadings
onto non-f-helices. Thus Threader was able to recognize
the similarity of the pectin lyases to the pectate lyase 1PLU,
but did not recognize other cross-family similarities. One
can reasonably conclude that there are additional B-helices
in the sequence databases which would not be detected by
either of these methods.
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