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ABSTRACT

A method is presented that uses (-strand interactions at
both the sequence and the atomic level, to predict the beta-
structural motifs in protein sequences. A program called
Wrap-and-Pack implements this method, and is shown to
recognize (-trefoils, an important class of globular (-struc-
tures, in the Protein Data Bank with 92% specificity and
92.3% sensitivity in cross-validation. It is demonstrated
that Wrap-and-Pack learns each of the ten known SCOP j-
trefoil families, when trained primarily on B-structures that
are not [(-trefoils, together with 3D structures of known (-
trefoils from outside the family. Wrap-and-Pack also predicts
many proteins of unknown structure to be [-trefoils. The
computational method used here may generalize to other (-
structures for which strand topology and profiles of residue
accessibility are well conserved.
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1. INTRODUCTION

Hand-curated hierarchical classification systems, such as
SCOP [17] and CATH [18] divide the set of known globular
protein folds into groups depending on the overall topology
of the fold. At the top level of the hierarchy, protein folds are
divided into such classes as “mainly alpha,” “mainly beta,”
“alpha/beta,” etc. according to the predominant type of sec-
ondary structure motifs in the protein; the classification spe-
cializes within these classes into fold, superfamily, and fam-
ily levels of the hierarchy. The structural motif recognition
problem is the following prediction problem: given only the
target amino acid sequence for a protein, and a fold or super-
family, predict whether the protein folds into a 3D structure
which is a member of that fold, or superfamily, or not.

The structural motif recognition problem is more eas-
ily solved when there is sufficient sequence similarity be-
tween protein sequences in the structural motif, because pro-
teins whose sequences are sufficiently similar fold into similar
structures. For such a motif, membership questions can be
solved by simply running standard sequence matching tools
such as BLAST [1]. However, there exist many protein motifs
where while the 3D structures of the proteins are very close,
there is insufficient sequence similarity to determine from
sequence alone if an unsolved protein sequence is a member
of the motif. We call such motifs sequence heterogeneous.

It has proved to be a difficult challenge to devise struc-
tural motif recognizers for mainly-beta structures that are
sequence heterogeneous. In fact, even the best (local) sec-
ondary structure predictors are better at correctly placing
a-helices than S-strands [19, 22]. It has been our experience
that general secondary structure predictors do not suffice
even to correctly determine the number of (-strands in a
sequence that folds into one of these motifs; never mind find
the ends of the strands accurately. Rather we have found
that to recognize such motifs, we must search for secondary
structure and super-secondary structure at the same time.
This was the approach taken by our first structural motif
recognizer for a sequence-heterogeneous mainly-beta fold,
BetaWrap, which predicts the right-handed parallel 8-helix
motif [6, 9].

BetaWrap used a structural template approach to look for



the conserved elements of super-secondary structure in the
B-helix motif. Given a sequence of unknown structure, the
program would “wrap” the sequence into a parallel §-helix
with conserved regions of 3-strands and variable-length turn
regions. For each possible wrap, pairwise statistical prefer-
ences of which amino acids prefer to stack on top of each
other in the B-sheets was calculated, and compared to a
database of stacking preferences in amphipathic (§-sheets
(from general non-(-helix -structural motifs that had such
(B-sheets). This approach can detect more global interac-
tions than a local secondary structure predictor, allowing
for the capture of relationships between residues that are
close in space, but may be far, and an irregular distance
apart, in sequence. With some additional complexity, such
as adding a secondary structure filter to rule out false posi-
tives with too much global a-helical content, BetaWrap was
able to completely separate the true -helices from the non-
(B-helices in a 2000 non-redundant version of the PDB, in a
leave-family-out cross validation.

The purpose of this paper is to introduce a new method
for solving structural motif recognition problems that arise
in sequence-heterogeneous (-structural superfamilies, that
we call Wrap-and-Pack. As the name indicates, the method
we employ has two phases, a wrapping phase and a packing
phase. The wrapping phase is conceptually similar to what
BetaWrap does for the (-helices: it tries to parse the struc-
ture onto an abstract template that captures the conserved
elements of super-secondary structure, and screens for favor-
able pairwise correlations between adjacent residues in the
putative (-sheets; it also incorporates bonuses and penal-
ties into the score, such as the (-propensity of residues in
the putative 3-strands, according to PSIPRED [13]. When we
create a wrapping phase and apply it alone to the (-trefoil
fold (Figure 1), we find that it does fairly well at identifying
the correct regions of conserved secondary structure in the
true B-trefoils; however, unlike BetaWrap and the [(-helices,
there are non-trefoil sequences that the program indicates
could form (-trefoils. To help screen these out, we go on to
the packing phase.

The packing phase incorporates, for the first time, 3D
energetic information into our structural template by way
of a backbone dependent rotamer library [20]. In particular,
the most favorable wraps are fed into the SCWRL program
of Canutescu et al., which then threads the wrap onto a
small set of (-trefoil backbones, resolves steric clashes, and
reports an energy score. The energy score is used to help
discriminate the trefoils from the non-trefoils.

Another way to think of Wrap-and-Pack is as a two-tiered
threader. A threader is a method that tries to map a tar-
get sequence of unknown structure onto the backbone of a
known 3D structure or backbone template of multiple 3D
structures (see [8, 15, 21] and [16] for a recent survey).
Threaders perform best when the target and template se-
quences have very similar 3D structures, and additionally,
when the correct conserved portions of the target sequence
are mapped to the conserved portions of the known struc-
ture. In this case, correct threadings should produce low
energy scores. In the case where there is high sequence sim-
ilarity, sequence alignment methods can generate the appro-
priate mapping. However, in the sequence-heterogeneous
case, general threading methods typically must explore a
large search space, trying many different ways to thread the
target sequence to the structure. In addition to the compu-
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tational issues, this can lead to false positives, both because
the energy scores are only approximations, and also false
positive sequences can score well by chance in some possible
threading, when the number of allowed different threadings
is large. Both the wrapping phase and the packing phase of
Wrap-and-Pack can be seen as threaders— the first with a
pairwise potential energy function based on pairwise residue
correlations with no energetics. Then the small number of
high-scoring alignments of the target sequence wrapped onto
the template structure are passed to a threader that uses the
more sensitive 3D packing molecular dynamics constraints
(in our case, we use SCWRL on a conserved portion of the
trefoil cap strand, but other threaders could also be sub-
stituted). The key is by using a structural template and
an initial structure-based wrapping phase, we can drasti-
cally reduce the number of different ways each sequence is
threaded onto the backbone in the packing phase. Then, if
one of these small number of sequence threadings produces
a low-energy score using SCWRL, as we did, or some other 3D
sidechain placement algorithm, we are more confident that
it is a true positive example.

There are 122 solved (-trefoil proteins according to SCOP
version 1.63 in six superfamilies, and ten families. The -
trefoils serve as neurotoxins, inhibitors, and receptors. (-
trefoil proteins have also been implicated in inducing the
inflammatory response in rheumatoid arthritis, as well as
playing roles in embryonic development, and tumorigenesis.

N
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Figure 1: The [-trefoil consists of three leaves

around an axis of three-fold symmetry. In this fig-
ure a single leaf is shown in dark gray (left). Each
of the leaves consists of four (-strands, B1, B2, B3,
and B4, separated by turn regions T1, T2, and T3.
B2-T2-B3 form a $-hairpin. T1 and T2 both contain
B-turns. The B1 and B4 strands of all three leaves
form a six-stranded antiparallel 5-barrel. The three
[B-hairpins form a cap on one end of the barrel (on
the bottom in this figure.)

Wrap-and-Pack recognizes (-trefoils with 92% specificity
and 92.3% sensitivity on a non-redundant version of the
PDB in a leave-family-out cross validation (see Sections 4
and 3.2). The Wrap-and-Pack program also identifies a large
set of sequences as having strong (-trefoil potential when
run on the databases SWISS-PROT ([2], see Section 4). Ta-
ble 2 lists a few of the top-scoring proteins of unsolved struc-
ture that we predict to have a G-trefoil structure based on
their performance using Wrap-and-Pack.

In comparison, we employ the iterative sequence-based
method PSI-BLAST [1], the hidden Markov model program
HMMer [10] and the Pfam database [3], and the publicly avail-



able threading program Threader [15], to see if they could
predict any of the known [-trefoils from their sequences
(see Section 5). PSI-BLAST and HMMer [10] both primar-
ily find with reasonable confidence levels sequences from
the same family as the query sequence. Threader ranked
ten or more non-(-trefoils above all trefoils in its library
for most members of the non-redundant (-trefoil database.
It also achieved 68% specificity and 69% sensitivity with
a score cutoff of —106, when run on the same dataset a
Wrap-and-Pack, but with the threading template dataset re-
stricted to B-trefoil structures in its database. Thus, align-
ing to a trefoil structural template, and then packing, as we
provide in Wrap-and-Pack, is clearly warranted.

A server running Wrap-and-Pack is available on the Inter-
net, at theory.lcs.mit.edu/wrap-and-pack. This site also
contains a list of high-scoring protein sequences.

2. THEALGORITHM

We begin by describing a -trefoil template, and then de-
scribe the wrapping and packing phases of the algorithm.
MEMSAT [14] is used to filter transmembrane regions before
the wrapping phase as the algorithm favors long runs of hy-
drophobic residues.

2.1 Abstract structure template construction

A structural alignment of the (-trefoils in our database
(see Section 3.1) is obtained from the FSSP database [12].
Some of these alignments were hand-curated due to miss-
ing atomic coordinate data. The structural alignments were
used to deduce an abstract template for the (-trefoil struc-
ture, as described below.

A leaf template consists of:

1. a Bl-strand, followed by a T1 turn of length 2 to 17,

2. followed by a B2-strand, followed by a T2 turn of
length 0 to 11, followed by a B3-strand (i.e., the cap
template),

3. followed by a T3 turn of length 4 to 20, followed by a
B4-strand.

A trefoil template consists of three leaf templates, sepa-
rated by T4 turns of length 0 to 16. In addition, the template
has a minimum size of 26 and a maximum of 64.

All the B-strands are five residues in length and pleated
with the first residue buried. Note that the barrels have
a shear of two, where the first three residues of B1 and
B4 in the same leaf align, and the last three residues of
adjacent B4 and B1 strands in different leaves align. The
lengths of the strands were chosen from the residue positions
in common in the strands of the structural alignments. The
range of turn lengths was automatically determined by the
program from the trefoil database by eliminating the two
longest and shortest turns, allowing the remaining range of
turns extended by length two on each end. In addition, the
total length allowed for the leaf template was also upper and
lower bounded similarly to the turn ranges.

2.2 Wrapping

We first describe the wrapping phase of the algorithm;
the packing phase is below. The wrapping phase of the
Wrap-and-Pack program is a novel “wrapping” algorithm
that searches for the aligning antiparallel (-strands in the
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cap and the barrel of each leaf, and then in the barrels of
neighboring leaves. This phase is somewhat similar to what
is done in BetaWrap, our previous program to predict right-
handed parallel 8-helix proteins; however, this phase is much
more complicated when applied to the (-trefoils.

2.2.1 First stage: wrapping a cap

The cap wrapping phase attempts to first wrap a subse-
quence onto the cap template. A score is assigned to each
substring that fits the cap template. The score is computed
based on the alignment of the residues of the antiparallel
B2 and B3 strands. As the strands are antiparallel, the first
residue of B2 is aligned to the last residue of B3, and so on.
To score aligned residue pairs in the B2 and B3 strands, a
database, called the twisted 3-structure database (see Sec-
tion 3.1), was constructed of B-sheets which share with the
B-trefoils the properties that the (3-sheets are twisted and
one face is buried and one exposed (the (-trefoils themselves
were excluded from this database to avoid overtraining).

The conditional probability that a residue of type X will
align with residue Y, divided by the frequency of residues
of type X, given their orientation relative to the core, was
estimated from the twisted (-structure database using stan-
dard methods (see, e.g. Berger [4]). The natural logarithm
of this probability gives the pair score of a vertical alignment
of two residues. The conditional probability estimates for all
the stacking pairs of residues in inward and outward point-
ing (-sheets learned from the twisted (-structure database,
have been reproduced in the Appendix in Tables Al and
A2. In addition, conditional probabilities for kitty-corner
pairs of residues, i.e. those residues one off from the vertical
alignment in either direction, are similarly computed (see
Table A3 in Appendix). These conditional probabilities for
inward and outward pointing residues are calculated sepa-
rately, as above. Either of these two tables can be obtained
by flipping the other along the diagonal, so we include only
one. All of the cap pairwise alignment scores are modified
to be an average of the natural logarithm of the conditional
probabilities of residue X aligning with residue Y and residue
Y aligning with residue X, since there is not really a direc-
tion to the wrap.

For a pair of aligned stands, the 3-sheet alignment score is
the weighted sum of the five alignment scores for the aligned
pairs in the (-sheets B2 and B3. A weight of 1 is given to
the scores for inward and outward pairs, and 1/2 for the
scores of the kitty-corner pairs, to reflect the fact that there
are roughly twice as many kitty-corner pairs. Note that
one member of the kitty-corner pair is allowed to extend
beyond the five-residue (-strand template for a total of 12
such pairs.

The (-sheet alignment score is the heart of the cap recog-
nition method; however, we improve its performance with
several bonuses and penalties. The bonuses and penalties
are added as real values to the raw alignment scores:

e The gap penalty is given by |gap — avggap|/stddev,
where gap is the length of the turn, avggap is the av-
erage gap length of that particular type of turn in the
allowed turn length range, and stddev is the standard
deviation of the turn length from the average. The gap
penalty in B2-T2-B3 of the cap template is used.



e The (-strand bonus is a bonus of 1 point for every
residue in B2 or B3 that the PSIPRED algorithm [13]
predicts to be in a (-strand.

We also incorporate several filters into the cap wrapping
algorithm:

e The turn filter is applied to T2 turns. Caps that do
not pass the filter are discarded. The turn filter looks
in the T2 turn region and the last four and first four
residues of B2 and B3 for all eight-residue substrings
(B-turns are four residues). For each of the four turn
tables (see Section 3.1), the logs of the pairwise con-
ditional probabilities of each of the (?) + (2) pairs of
residues are added. Caps for which no score for any

type of turn is above two are discarded.

e The cap score filter removes caps whose scores fall
below a cutoff value of —34.55. This value was de-
termined by computing the scores of the caps of all
[B-trefoil leaves in the database, eliminating the lowest
two scores, and taking the remaining lowest score. The
same method was used to pick all score cutoffs.

We remark that while the raw strand-strand score is based
on non-f-trefoil stacking preferences, and thus is the same
over all cross-validation experiments, the values of these
modified cutoffs, bonuses, and penalties varied slightly based
on what (-trefoil structures were included in the training
set (see Section 3.2). The numeric values reported for the
gap score above, for the gap length ranges above, for the
cap and barrel cutoff scores, and for the a-helical penalty
later in the manuscript are the ones for the final version
of Wrap-and-Pack that incorporate all structures in a non-
redundant trefoil database.

2.2.2 Wrapping a leaf

The leaf wrapping phase assembles a leaf by integrating
caps chosen above with potential B1- and B4-strands. Every
position in the sequence is considered the start of a Bl-
strand, and the top ten scoring caps for it are determined,
each uniquelly identifying a B1-T1-cap region. The turn
filter described in Section 2.2.1 is applied to the T1-turns,
and regions that do not pass the filter are discarded. The
score for a B1-B4 alignment is determined using the (-sheet
alignment scores (described above) of their three aligned
residues. A (-strand bonus of 1 point for every residue in
B4 that PSIPRED [13] predicts to be in a 3-strand is added
to this score. A global leaf-length penalty, calculated as the
gap penalty above for the entire leaf length, is added to the
B1-B4 alignment score, producing the barrel score. The Bl
PSIPRED predictions are not used here because the B1-B4
alignment score is based on the probability of B4 aligning
with B1, assuming the Bl is correct. The barrel scores are
filtered against a score cutoff of —24.68, computed similarly
to the cap score filter.

The score of a leaf is the cap score divided by 2.75, plus
the barrel score, plus two gap penalties for T1 and T3, cal-
culated as above. The divisor is roughly based on the ratio
of the cap to barrel scores. The top five scoring leaves for
each Bl-strand are stored for use in wrapping entire trefoils.

2.2.3 Fromaleaf to multiple leaves

Beginning with each potential leaf from the previous sec-
tion, the five top scoring aligned leaves are calculated for-
ward in sequence as follows: From potential leaves that are
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within a gap length of 0 to 16, the score for a B4-B1 align-
ment from the first to the second leaf is determined using
the [-sheet alignment scores (described above) of their three
aligned residues; a gap penalty and the scores for both leaves
are added to the score. The -strand bonus of 1 point per
residue in B1 that PSIPRED [13] predicts to be in a S-strand
is also added. This process is repeated with the third leaf,
producing a search tree of degree five and depth two, where
the tree leaves correspond to potential trefoils.

A final trefoil score is assigned to each of these trefoils
by incorporating the (-sheet alignment scores for the B4-
B1 alignment from the third trefoil leaf to the first. If any
of the three B4-B1 alignment scores falls below a cutoff of
—24.18, determined similarly to the cap and barrel score
filters, the trefoil is discarded. Then an alpha penalty is
applied to this score to get rid of those potential trefoils
with too much a-helical content. The number of putative
(B-strands, other than the B4-strand, that have a-content is
determined by PSIPRED [13]. If there are more than two such
strands in an entire trefoil, an empirical penalty of five times
the number of additional S-strands with a-helical content is
applied. Note that in the actual trefoils the B4-strand is
often directly preceded by an a-helix, so it is left out of the
alpha penalty.

We also incorporate several filters to the assembled tre-
foils. If the size of the entire trefoil falls outside the allowed
range of the trefoil template, the putative trefoil is elimi-
nated. Based on the observation that the sizes of the gaps
between cap strands are roughly the same in a given trefoil,
the trefoils that do not meet these criteria are filtered out:
If the difference between the last two cap gaps is one, or the
difference between any of the gaps is strictly greater than
three, that putative trefoil is eliminated.

The remaining trefoils with the top four final scores are
retained.

2.3 Packing

With only wrapping and not packing, preliminary results
indicated that we achieve accurate strand prediction of the
known [(-trefoils, however, we have a high rate of false posi-
tives. To filter out non-G-trefoils, we used a backbone depen-
dent rotamer library from the SCWRL program [20] to find an
energy-favorable placement of the sidechains, at least those
that pack within the interior of the g-trefoil.

For each of the top four trefoils from above, each pair of
aligning cap strands is run through SCWRL to get an energy
score from threading onto leaf 2 of all six representative
structures in the superfamily database. (Leaf 2 was cho-
sen because it was the most conserved among the structural
alignments of the trefoils.) The total energy score for a tre-
foil against each of the representative structures is the sum
of the energy scores for all three of its cap strands. The low-
est total energy score of the six is the energy score for that
putative trefoil. These trefoils are filtered against an energy
score cutoff of 15, determined similarly to the turn ranges
in Section 2.1. Only the cap strands are used because SCWRL
has trouble with side-chain placement in the tightly-packed
barrel.

The sequence score is the score of the top scoring trefoil
that passed the filter.



3. METHODS

3.1 The Databases

The PDB-minus database was constructed from the NCBI
non-redundant protein structure database (P-value of 10789,
04-03 update), with the (-trefoils removed. The database
has 6996 structures.

The twisted [-structure database was created from PDB-
minus by looking for alternating patterns of residue accessi-
bility in twisted [-strands. The PDB-minus structure files
were processed using the program Stride [11], which an-
notates secondary structure, hydrogen bonds, and residue
accessibilities. Twisted §-strands were determined by con-
sidering whether or not at least two-thirds of the angles be-
tween every other CA-CB vector in the strand have a cosine
value of less than 0.8. Note that this measure is intended
to capture the twisted nature of (-sheets like those of the
trefoils, which contrast with the very straight topological
(B-sheets of the (-helices. In all, 2656 protein chains from
PDB-minus contributed sheets or portions of sheets to the
database. Tables A1, A2, and A3 in the Appendix present
the scores for the pairwise amino acid stacking and kitty
corner probabilities learned from this database.

The four turn databases were comprised of -turns from
each of Types I, I’; II, and I’ (according to the Stride
program) in PDB-minus. Only S-turns between two (-
strands with a maximum gap length of 20 were added to the
database. The four turn conditional probability tables were
constructed by taking the frequency of all pairs of residues
and individual residues in each pair of positions in the turn
region and dividing by the number of such turns.

The pB-trefoil database was taken from the NCBI non-
redundant protein structure database (P-value of 1078%; 04-
03 update). The database contained 25 structures, which
come from ten families of closely related proteins in the
SCOP [17] database. The superfamily database contained
one representative trefoil structure from each of the six SCOP
superfamilies chosen from the S-trefoil database. Potential
new [-trefoils were identified from the sequence database
SWISS-PROT [2].

3.2 Training

A ten-fold cross-validation was performed on the ten -
trefoil families of closely related proteins in the SCOP [17]
database. For each cross, proteins in one (-trefoil family
were placed in the test set, while the remainder of the -
trefoils were placed in the training set. The scores reported
for the -trefoil proteins in Tables 1, 5, and 6, and in Fig-
ures 2 and 3 are the scores in the leave-family-out cross
experiment for that (-trefoil’s protein family. The optimal
thresholds for the gap score, the gap length ranges, the cap
and barrel cutoff scores, and the a-helical penalty (as de-
scribed in Section 2.2.1 above), were optimized for training
data, and thus recalculated for each experiment. Note that
the PDB-minus database was not used for setting any of
these values; it was only used to generate the conditional
probability tables.

4. OURRESULTS

Wrap-and-Pack achieves 92% specificity and 92.3% sensi-
tivity for a score of —128.44 when run on the NCBI non-
redundant protein structure database (Figure 2). The score
for each (-trefoil is taken from its cross-validation run. In
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Table 1, the (-trefoil proteins used in this study are listed
along with their cross-validation scores. The P-value of a
sequence is given by the portion of the PDB-minus that is
higher than the sequence.

The five top-scoring non-(-trefoil proteins are: a surface
layer protein (1L0OQ) (a seven-stranded S-propeller) from the
Archaeon Methanosarcina mazei, with a score of —105.1;
the Growth-arrest-specific protein Gas6 (1H30) (Laminin G-
Domain Protein) from Homo sapiens, with a score of —107.3;
(B-Galactosidase (1BGL) (a Hydrolase) from Escherichia coli,
with a score of —110.5; the Tombusvirus coat protein (2TBV)
(an all beta protein) from Tomato bushy stunt virus, with a
score of —110.7; and chain B of Centromere DNA-Binding
Protein Complex Cbf3 Subunit D (1NEX:B) (a 7-bladed beta-
propeller WD40-repeat) from Saccharomyces cerevisiae, with
a score of —111.2. The other high-scoring non-g3-trefoils
tended to be all beta and beta/alpha proteins with seven
or more [-strands located within a contiguous section of
less than 200 residues.

We used Wrap-and-Pack to search the SWISS-PROT data-
base for other proteins that are likely to contain the -
trefoil fold. Among the top-scoring proteins that we iden-
tified, there were many proteins that contain a character-
istic Tryptophan-Aspartate (WD) repeat and are likely (-
propellers. These are consistent with our false positives from
proteins with known structure. There were also a number
of likely trans-membrane proteins. It is unlikely that these
membrane spanning proteins contain the S-trefoil fold. We
believe that the overall greater abundance of membrane pro-
teins in SWISS-PROT is responsible for their appearance
among our top hits.

Among the other proteins that Wrap-and-Pack has identi-
fied, there are many sequences that are likely to contain the
[B-trefoil fold. Table 2 lists 10 selected high-scoring human
proteins from the SWISS-PROT database. Among these,
the interleukin I1F6_HUMAN is a cytokine that belongs to
a family of known [-trefoils. The fibroblast growth fac-
tor FGFG_HUMAN also belongs to a family of known S-trefoils.
In fact, Wrap-and-Pack identified many interleukins and fi-
broblast growth factors, and here we have selected only one
representative of each.

Wrap-and-Pack also identifies many novel proteins of un-
known structure that are likely to contain the S-trefoil fold.
Among these are several tumor necrosis factors (TNFC_HUMAN,
TN14_HUMAN, TNF4_HUMAN). Tumor necrosis factors are cy-
tokines that act as inflammatory mediators and are known
to be functionally related to interleukins. There are also sev-
eral proteins involved in other aspects of cellular signaling
and receptor binding (SDB2_HUMAN, ICA4_HUMAN, NXP1_HUMAN),
and one involved in mitotic spindle assembly (MD22_HUMAN).
All of these proteins share functional similarities to S-trefoils
with known structure.

A complete list of Wrap-and-Pack hits will be maintained
at theory.lcs.mit.edu/wrap-and-pack.

5. COMPARISON TO OTHER METHODS

We tried three existing computational methods to see how
they performed in terms of their ability to detect the re-
lationships between the known families of 3-trefoils: PSI-
BLAST [1], HMMer [10], and Threader [15].

First, the 25 sequences in the (-trefoil database were used
to search the NCBI nonredundant database (27-Aug-2003
update, 1,486,004 entries) using the iterative multiple se-



SCOP Family Name Source PDB Score P-value

Fibroblast growth factors Basic Fibroblast growth factor (FGF2) Homo sapiens 1BFF —126.36 0.054
Fibroblast growth factors Acidic Fibroblast growth factor (FGF1) Homo sapiens 2AFG —121.44 0.023
Fibroblast growth factors Acidic Fibroblast growth factor (FGF1) Notophthalmus viridescens 1FMM —124.01 0.038
Fibroblast growth factors Fibroblast growth factor 4 (FGF4) Homo sapiens 11J7T —124.37 0.040
Fibroblast growth factors Keratinocyte growth factor (FGF7) Rattus norvegic 1QQK —125.56 0.048
Fibroblast growth factors Keratinocyte growth factor (FGFT) Rattus norv 1QQL —120.51 0.018
Fibroblast growth factors Fibroblast growth factor 9 (FGF9) Homo sapiens 1G82 —126.64 0.057
Fibroblast growth factors Fibroblast growth factor 10 (FGF10) Homo sapiens INUN —128.44 0.077
Interleukin-1 Interleukin-13 Homo sapiens 2I1B —123.09 0.033
Interleukin-1 Interleukin-13 Mus musculus 2MIB —120.65 0.018
Interleukin-1 Interleukin-1 receptor antagonist protein Homo sapiens 1IRP —119.25 0.013
Interleukin-1 Interleukin-la Homo sapiens 2ILA —121.44 0.023
TP3 receptor type 1 binding core  IP3 receptor type 1 binding core, domain 1 Mus musculus TN4K —127.57 0.066
Ricin B-like Plant cytotoxin B-chain (lectin) Abrus precatorius 1ABR —123.94 0.037
Ricin B-like Plant cytotoxin B-chain (lectin) Sambucus ebulus 1HWM —122.49 0.029
Cysteine rich domain Mannose receptor Mus musculus 1DQG —144.13 0.277
Agglutinin Agglutinin Amaranthus caudatus 1JLX —122.59 0.027
Kunitz (STI) inhibitors Winged bean albumin 1 Psophocarpus tetragonolobus 1WBA —124.00 0.038
Kunitz (STI) inhibitors Erythrina cafra trypsin inhibitor Erythrina caffra 1TIE —124.04 0.038
Kunitz (STI) inhibitors chymotrypsin inhibitor WCI Psophocarpus tetragonolobus ~ 2WBC —122.64 0.030
Kunitz (STI) inhibitors Soybean trypsin inhibitor Glycine maz 1BAT7 —124.99 0.044
Kunitz (STI) inhibitors Amylase/subtilisin inhibitor Hordeum vulgare 1AVA —127.77 0.069
Clostridium neurotoxins Tetanus neurotoxin Clostridium tetani 1A8D —119.25 0.013
Fascin Fascin Homo sapiens 1DFC —120.30 0.017
HIS-rich actin-binding protein Hisactophilin Dictyostelium discoideum THCD N/A N/A

Table 1: The sequences in the B-trefoil database with their scores and P-values. SCOP families are separated by single lines and
superfamilies by double lines. Note that 1HCD had no potential trefoil pass the filters.

| Protein | SWISS-PROT ID | Score | P-value | Start | Stop |
Syntenin 2 SDB2_HUMAN —120.09 0.016 128 262
Lymphotoxin-beta TNFC_HUMAN —121.77 0.025 122 243
Intercellular adhesion molecule ICA4_HUMAN —122.03 0.027 63 200
Interleukin 1 I1F6_HUMAN —122.29 0.028 28 157
Tumor necrosis factor ligand TN14_ HUMAN —122.55 0.030 130 239
Retinol-binding protein II RET2_HUMAN —122.97 0.033 5 132
Mitotic spindle assembly checkpoint protein | MD22_HUMAN —123.05 0.033 39 189
Fibroblast growth factor-16 FGFG_HUMAN —123.10 0.034 57 188
Tumor necrosis factor ligand TNF4_HUMAN —126.06 0.052 48 174
Neurexophilin NXP1_HUMAN —127.74 0.068 113 240

Table 2: Ten selected human proteins from SWISS-PROT that were identified by Wrap-and-Pack as likely candidates for containing
the B-trefoil fold. These proteins were selected on the basis of their score similarity to known B-trefoils, as well as their total length and
functional properties. The Start and Stop columns refer to the predicted position of the B-trefoil in the SWISS-PROT sequence.
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quence alignment program PSI-BLAST [1] (version 2.2.2).
The default E-value cutoff for inclusion of 0.001 was used; all
searches converged before 10 rounds (see Table 3 at end of
the paper). A sequence was considered as having been found
if it was included in the profile after any of the rounds. Only
14 of the 25 sequences gave profiles that included sequences
from other (-trefoil families. Of those, 10 included only a
single sequence from another family. Running PSI-BLAST
against a larger database, such as SwissProt [2], reduces
E-values so that matches across familes occur more infre-
quently.

Next, we looked at the HMMer [10] hidden Markov model
program. The input to HMMer is a multiple sequence align-
ment (MSA). Pfam [3] is a database of protein families cre-
ated by HMMer from hand-curated multiple alignments. Ta-
ble 4 contains a list of all the Pfam families that contain any
of the 25 sequences in the (-trefoil database. As these were
created by HMMer, they give an idea of the algorithm’s perfor-
mance on the (-trefoils. Only one Pfam family, PF00652,
has members from two different SCOP families; however,
these are from the same SCOP superfamily. These results
are not based on cross-validation by family.

Next we ran HMMer 2.3.1 seeded with structural alignments
from the standard structural alignment database FSSP [12].
We remark that, because the FSSP MSAs are typically con-
structed using full information as to how the structures align
in 3D, this is not a strictly sequence-based method. In spite
of this presumed advantage, we find it performs poorly in
the prediction of B-trefoils. There are 12 3-trefoil structures
in FSSP. Each of these structures was used as a seed to cre-
ate a multiple sequence alignment of all the trefoils in FSSP
(see Table 5). Each of these initial alignments was then
used to do a separate leave-one-out cross validation. One
sequence is removed from the alignment, which is then used
to create an HMM with HMMer. The HMM is then used in
an attempt to identify the missing sequence. Note that a
dash in the table indicates that the protein left out of the
cross validation is the seed for the FSSP alignment. Thus
Table 5 theoretically represents 12 by 11 cross validation
experiments; however, since 1JLY and 3BTA have no FSSP
alignment with each other, the table is not exactly 12 by 11
in size. As can be seen, each one of the 12 seeded HMM
models failed to find any other (-trefoils in the table, ex-
cept for Human Interleukin-13 (2I1B), which was found by
the alignment seeded by Human Interleukin-1 receptor an-
tagonist protein (1IRP), which are both in the same family.
Thus, this corresponds to sensitivity less than 20%.

Finally, the program Threader 3.4 [15] was used to thread
the 25 sequences in the (-trefoil database onto an accompa-
nying fold library (2-03 version, 5335 domains). Threadings
were sorted by the Z-scores given by the program, where
a high score indicates that a protein is a good match to
the target structure. For each trefoil, domains of all tre-
foils in the family were removed from the database. Table 6
gives the number of non-(-trefoils in the Threader fold li-
brary that score above any (-trefoil from a different family
in the library. Only two (1DQG and 1WBA) of the trefoils
were matched to trefoil structures with highest confidence.
Fifteen of the trefoils were matched to ten or more non-g3-
trefoils with higher confidence than any trefoil.

Threader was also used to thread all sequences in the non-
redundant PDB onto all 8-trefoil structures in its database
in a leave-family-out crossvalidation, as in Figure 2 (see Fig-
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ure 3). Only B-trefoil structures were used to reduce com-
putation time. The weighted sum Threader reports of its
two energy functions was used to create a graph of speci-
ficity and sensitivity as a function of cutoff score. Only the
score of the lowest scoring (best matching) trefoil structure
was reported for each sequence. For the actual g-trefoil se-
quences, the lowest scoring (-trefoil structure from another
family was used. As can be seen by comparing Figures 2 and
3, Wrap-and-Pack outperforms Threader in this test. For a
cutoff score of -106, Threader achieves 68% specificity and
69% sensitivity.

6. DISCUSSION

Our results indicate that the methods that we developed
for BetaWrap can be generalized to other primarily beta
folds, and in particular, the (-trefoil. These results are
achieved by modifying the wrapping algorithm to reflect a
different strand topology and turn distribution and replac-
ing bonuses particular to (-helices with a set learned from
the trefoils. The wrap is used as a guide for the packing com-
ponent of the algorithm, where 3D energetic information is
incorporated into our structural template to filter out false
positives. The Wrap-and-Pack algorithm, introduced here,
is able to identify B-trefoils with 92% specificity and 92.3%
sensitivity.

We are pursuing a number of directions to improve these
results. For the packing phase of the algorithm, instead of
SCWRL we intend to use Threader, which takes into account
solvent accessibility in addition to atom collisions. This
could be accomplished by modifying Threader’s database to
contain only structures of (-trefoil domains. Then we need
only compare a sequence that matches our structural tem-
plate against the modified database. Wrap-and-Pack also
tends to find certain other classes of close-packed proteins
(see Section 4); thus a logical step is to filter out obvious
false positives, such as the WD40 S-propellers. Such a filter
would certainly help in combination with an iterative boot-
strapping procedure, whereby newly identified sequences are
incorporated into the training set and aid in the identifica-
tion of more distant families (see for example [5]). Unfor-
tunately, preliminary attempts with comparative genomics
did not improve Wrap-and-Pack’s performance.

We plan to apply the methods described here to other
mainly S-folds, such as the 3-propellers, some of which score
highly with Wrap-and-Pack for trefoils, #-rolls, and (-clams.
We hope to further automate our semi-automatic algorithm
construction. Currently, the bonuses and penalties were set
based on performance on the known trefoils (leaving out
trefoils in the same family in cross-validation, to avoid over-
training), but they were set by hand: a general method
that could automatically learn which features of the known
structures of a motif template contributed most to separa-
tion of positive and negative examples of the motif could
speed development of the wrapping phase for new motifs.
We will similarly use FSSP structural alignments to con-
struct abstract structural templates for these folds. We
will use the Trilogy program [7] to search for sequence-
structure patterns within these folds to incorporate accu-
rate bonuses and penalties. Trilogy has already identified
a sequence-structure pattern which occurs in a single blade
of B-propeller proteins in different superfamilies of the -
propeller fold [7]. Trilogy has also been extended to look
for patterns within superfamilies of the same fold.
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Figure 2: Percent sensitivity and specificity as a
function of (-trefoil protein score cutoff, as com-
puted by Wrap-and-Pack. Sensitivity is represented
as a solid line, and specificity as a dashed line. The
NCBI non-redundant protein structure database
(NR), which was used to compute these values, con-
tains 25 [-trefoils and 6,996 non-(-trefoils. The
score for each (-trefoil is taken from its cross-
validation run.
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Figure 3: Percent sensitivity and specificity as a
function of score cutoff, as computed by Threader.
Sensitivity is represented as a solid line, and speci-
ficity as a dashed line. The NR database was used to
compute these values as in Figure 2. Each p-trefoil’s
score is taken from its cross-validation run.
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Table 3: Results of PSI-BLAST searches on the known (-trefoil structures. An ‘X’ indicates that the protein in that column, indexed by
its PDB code (see Table 1) was found when PSI-BLAST was run on the protein indexing the given row. SCOP families are separated by
single lines and superfamilies by double lines.

Pfam [ PDB codes

PFO0L67 | IBFF 1482 1T 1QQK 1QQL 2AFG
PF00047 | INUN

PF02394 | 2I1B 2ILA 2MIB

PF00340 1IRP 2I1B 2ILA 2MIB
PF01365 | 1IN4K

PF00161 1ABR

PF00652 1DQG 1HWM

PF07468 | 1JLX

PF00197 | 1BA7 1TIE 1WBA 2WBC
PF00128 1AVA

PF01742 1A8D

PF06268 | 1DFC

PF06402 | 1THCD

Table 4: List of all the Pfam families that contain any of the 25 sequences of the (-trefoil database and the (-trefoils they contain.
Single lines separate SCOP familes and double lines separate superfamilies. Note that PFO0652 is the only Pfam family that contains
sequences from multiple families.

1BFG | 2I1B 1IRP 2ILA 1ABR | 1DQG 1JLY 1WBA 1AVA | 1A8D 1DFC | 1HCE
1BFG -
2I1B -
1IRP X -
2ILA -

TABR
1DQG
TILY

1WBA -
1AVA -
1A8D -

TDFC | | 1 | ] | I
LHCE | | I | I I | I [ -
Table 5: Results of HMMer searches with the rows representing the initial seed aligned by FSSP (all S-trefoils in FSSP were used as
seeds), and the columns, these structures, indexed by their PDB codes (see Table 1). An ‘X’ indicates that the protein in that column
was found when it was left out of the multiple sequence alignment fed to HMMer. A dash indicates a protein is the seed. FSSP does not
contain alignments for 1JLY and 1DFC with each other. Single lines separate SCOP families and double lines, superfamilies.

[[1IBFF__2AFG__IFMM 1T 1QQK 1QQL 1G82 INUN [ 211B_ 2MIB__1IRP 2ILA |
3 5 1 63 12 7 37 56| 87 61 I 2|

[IN4K || IABR__IHWM [ IDQG || 1JLX || IWBA ITIE 2WBC 1BA7 1AVA | TASD || IDFC | THCD ||
ez | 77 10 | o0 | 40 || o© 1 25 119 2 | 62 || 7 | 17 |

Table 6: Results of Threader searches. The table, split into two rows, represents a (3-trefoil threaded onto all structures in the Threader
library; the values represent the number of non-(-trefoil structures in the library which had a higher Z-score than the highest scoring
trefoil from a different family. The double lines indicate superfamily divisions, while the single lines, family.
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Conditional probabilities for alignment of buried residues from the twisted B-structure database. The value in row i, column

Table A1

j is 100*P(seeing residue i, given that it is aligned with residue j).
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Conditional probabilities for alignment of exposed residues from the twisted (-structure database. The value in row i, column

Table A2

j is 100*P(seeing residue i, given that it is aligned with residue j).

M

00 N 0WOFMOIDNO
0NN 0~ O W~
AR Eo0®non
O NN FNOIW O
RR
¥~ N~ FOAN OO
N~ M I~ WwO o~
FHNOFONDOD
NOoOtFN~NYtNOoOOOON
NN FIDNOMN—

o
N©©REO®0Oa o
M AN OFAN~O©O

=
0o R
M~ N 0N O W~
<+ MO NN O 0I
o 0 N0 0
—~ 10O =0~
=0 N -
et
<+ = M~ AN O
TNOROon W
TN O FFNO O
oo nonang
NN MO~ 000~
212 % 20 00 0 Q0w
<~ MO MmN~ 00
0 w0000 ®Q
- NN FOFANOW

=

OO~ M- W
D~ MO ON~ O
5915123998
A FOFNNO OO
2 ¥ o mn QRN
MNMANFODIDADOD
m-araoao®®
¥ NN FF A OO~

a
WMNMOMWFOND~AN
N MO MM~
DOOMOOD- OO
F =MD F IO N0 O

OO0 WM™
HANANNIN OO A 0
YA O~
HHEHMNOWINDON~A®M
!
O ) g o
HNOANFONMOD A =10
u
MNON~YFMNNENO
ANNANMNFMNMO~NO
i
AL ono =YY YR
M= N F O~
u
HAn S oA
NN AMIDFOAMI
i
CoNNORT O
HIO M NN~ O~~~
i
oM A A~ 00 M 00
MAANNOINO =]
a
commanvace
NN F~OO M~
a

Mo OmE BN
NN 0N
2
owon¥¥o099
SHANANT OO~ N
a
QOF A NFIODIN~MO
HFANFOMNMOOAND
0984779598
ANNH IO~ A
TOO®R O Y
ANMNM-HMNMOFOOoON
=
412000 ®
MM =M © o~
6482157988
HNHAYN~NN~NOOO A
HNMMN AN~ O O
MANNOINI MM
!
LD
HANNMNMOINOMNM—AM
2
FOONONMO IO
HYFTANMDN~OO W0
MNeHWOWOMNYEODHO
AN AN~ ©O

<OAEEUE~ A

SZLCRNEH>E >

Conditional probabilities for kitty-corner pairs of residues, i.e. those residues one off from the vertical alignment in either

Table A3

Conditional probabilities for inward and outward pointing residues are calculated

separately. The value in row i, column j is 100*P(seeing buried residue i, given that it is aligned with a residue adjacent to exposed

residue j). Either of these two tables can be obtained by flipping the other along the diagonal, so only one is included.

direction, from the twisted B-structure database.
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