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PREDICTION REPORT

A Consensus Prediction of the Secondary Structure for
the 6-Phospho-p-D-Galactosidase Superfamily

Dietlind L. Gerloff and Steven A. Benner

Department of Chemistry, Swiss Federal Institute of Technology, CH-8092 Ziirich, Switzerland

ABSTRACT  Two separate unrefined mod-
els for the secondary structure of two subfam-
jlies of the 6-phospho-f-D-galactosidase super-
family were independently constructed by
examining patterns of variation and conserva-
tion within homologous protein sequences, as-
signing surface, interior, parsing, and active
site residues to positions in the alignment, and
identifying periodicities in these. A consensus
model for the secondary structure of the entire
superfamily was then built. The prediction tests
the limits of an unrefined prediction made us-
ing this approach in a large protein with sub-
stantial functional and sequence divergence
within the family. The protein belongs to the
(a—P class), with the core p strands aligned par-
allel. The supersecondary structural elements
that are readily identified in this model is a par-
allel B sheet built by strands C, D, and E, with
helices 2 and 3 connecting strands (C + D) and
(D + E), respectively, and an analogous f—u
unit (strand G and helix 7) toward the end of the
sequence. The resemblance of the supersecond-
ary model to the tertiary structure formed by

‘8-fold a-p barrel proteins is almost certainly

not coincidental. © 1995 Wiley-Liss, Inc.
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A central problem in protein chemistry challenges
the chemist to deduce the conformation (secondary
and tertiary structure) of a protein from sequence
information (primary structure). Both at the ETH in
Zurich® and elsewhere,>~® progress toward solution
of this problem has come through an analysis of pat-
terns of conservation and variation in the sequences
of homologous proteins.” Such an analysis is espe-
cially powerful when it is aided by detailed models of
divergent evolution.® Predictions made using this
approach are “consensus” models for conformation of
a protein family, and assume that proteins related by
common ancestry have similar conformations.®

The value of these methods can be explored by
using them to make bona fide predictions, those pub-
lished before an experimental structure becomes

© 1995 WILEY-LISS, INC.

available. To date, over a dozen bona fide predictions
have been made using these methods [reviewed in
refs. 7 and 10]. For about half of these, a subse-
quently determined crystal structure has allowed
these predictions to be evaluated. In many cases, the
predictions have proven to be remarkably accu-
rate.l® It is now clear that predictions are possible
that miss no core secondary structural elements,
misassign no o helices as p strands (or vice versa),
and do not overpredict any significant secondary
structural element.!* Predictions meeting these cri-
terion are satisfactory as starting points to assemble
a tertiary structural model of a protein family. Pre-
dicted secondary structures for pleckstrin homology
domain,'>!* hemorrhagic metalloproteinases,’* and
Srec homology 2 domains®?® come close to meeting
this standard.

Ongoing bona fide prediction efforts are necessary
to define the scope of prediction methods. Over time,
a large set of examples will emerge that will become
statistically representative of proteins as a whole.
As this get has accumulated to date, it has become
clear that misassignments made by evolutionary
analyses come in five principal types:

1. where multiple alignment is incorrect;

2. where the secondary structure of homolegous
proteins has diverged;

3. when attempting to distinguish between sur-
face p strands and surface loops;

4. when attempting to distinguish between long
internal p strands and internal helices;

5. when attempting to assign secondary structure
to active site regions.

The first two (and often the first three) problems are
interrelated. When the secondary structure has di-
verged, this often creates bad multiple alignments.
Further, the distinction between a surface strand
and a surface loop is often difficult even when the
experimental data are in hand, and these elements
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often undergo substantial divergence in conforma-
tion during divergent evolution.

A challenge was issued on October 10, 1994, to
predict the secondary and elements of the supersec-
ondary structure of the 6-phospho-p-D-galactosidase
superfamily. The prediction was due before Novem-
ber 1. This protein family appeared to be an excel-
lent target for placing the method to an extreme
test. The protein is large; the target sequence has
468 amino acids. The family appears to adopt qua-
ternary structure, at least in some cases. Both the
thioglucosidase from Brassica napus (rape) and the
thioglucosidase from Sinapis alba (white mustard)
are reported to be homodimers, while the p-galac-
tosidase from Sulfolobus solfataricus (not shown in
the alignment) is a homotetramer. This implies that
quaternary contacts might bury some residues that
are on the surface of subunits, complicating the sec-
ondary structure prediction. Further, biological
function has diverged substantially within the pro-
tein family, as measured by a wide divergence in
substrate specificity in the member proteins. Fi-
nally, with only a few days to make a prediction, the
example tests the ability of a prediction method to
produce an accurate model without the benefit of
extensive refinement.

A multiple alignment for the protein family was
built from sequences extracted from SwissProt 29'®
using the DARWIN system.'®!? Surface and inte-
rior residues were assigned by automated proce-
dures similar to those described elsewhere,'® the
multiple alignment was parsed into units forming
independent secondary structures, and elements of
secondary structure were predicted within the
parsed segments from patterns of conservation and
variation, as described elsewhere,'®'*'%1® Many of
the automated routines used in this prediction are
available to the public on a server accessible via
electronic mail at the address chrg@inf.ethz.ch, or
using the World Wide Web (WWW) with URL http:
/febrg.inf.ethz.ch/,

The secondary structure prediction is presented
residue-by-regidue in Figure 1, and summarized in
Table 1. A summary of the secondary structure pre-
diction follows:

Strand A (a009-a011; b049-051) is a short inter-
nal segment confirmed in both subfamilies.

Strand B (a014—020; b053—060) is separated from
strand A by a GG dipeptide in a well anchored re-
gion of the alignment. It is largely internal. This
region is interesting from a methodological point of
view, as a strong assignment would not have been
possible if only one of the two subfamilies were
available. In both subfamilies considered alone, an
internal helix would be possible. Together, however,
a GG dipeptide parse at {(a012-103) and a GG dipep-
tide parse at positions (b062-063), together with
strong alignment anchoring excludes an internal
helix in this region.

Parse region (a048—059; b071-081) is problem-
atic. Subfamily b could contain a B strand in this
region (b073—078). However, it is matched with a
parsing string (PGDSG; a050—-054) in sequence e of
subfamily a, and a strand was not assigned.

Helix 1 (a072—084; b095-107) is reliably assigned
in both subfamilies, is well anchored, and displays
good amphiphilicity.

Strand C (a089—093; b111-115) is problematic in
subfamily a, in part because of the small number of
sequences available in this subfamily. In subfamily
b, the surface and interior assignments display al-
ternating periodicity, which confirms the strand as-
signment.

Active site a (a095-102; b117-125) contains con-
served Arg, Ser, Trp, and Arg. It is strongly as-
signed.

Helix 2 (a116-130; b138—153) is reliably assigned
in both subfamilies, is well anchored, and displays
good amphiphilicity.

Strand D (2a136-140; b159-163) is well parsed in
subfamily 2, is confirmed in both subfamilies, and is
largely internal.

Active site b (ald41; b164—166) contains conserved
Thr {part of the preceding strand) and His.

Helix 3 (2158—177; b181-198) is reliably assigned
in both subfamilies, is well anchored, and displays
good amphiphilicity. .

Strand E (a182-185; b205-208) is assigned to a
region that is near the active site, where conserva-
tion associated with active site function often ob-
scures patterns of variation and conservation that
might be used to assign secondary structure.

Active site ¢ (a184—187; b205-209) is relatively
weak, and is based ultimately on a single conserved
Asn. A conserved Thr two residues before supports
this conclusion. Interesting, a Trp two residues ear-
lier is almost completely conserved in the superfam-
ily as well, as is a Glu immediately following the
conserved Asn.

A region (b212--215) following this active site seg-
ment might be assigned as a B strand in subfamily b.
It is not paired with a reliable assignment in sub-
family a, which contains repeated parsing elements
that almost certainly exclude a standard secondary
structural element in this area.’ A similar B strand
might be assigned in subfamily b (b219-221); this
again has no corresponding element in subfamily a,
and might form a B hairpin with the preceding
strand. The alignment is poorly anchored in this re-
gion, and considerable sequence divergence between
the two subfamilies is evident.

Helix 4 (a212-226; b248-268) is cleanly am-
phiphilic up to position a227, when an interior as-
gignment appears on the surface arc of the am-
phiphilic helix. The following segment also forms a
ghort (8 residues) amphiphilic helical pattern. In
subfamily b, the helix is largely internal. Neverthe-
less, to the extent that amphiphilicity is detected, it
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extends past the position where the amphiphilic pat-
tern is broken. This indicates that the contacts made
in subfamily a are different from those made in sub-
family b. Interestingly, this helix contains a con-
served His (a218; b255) and a nearly conserved His
(a224; b261).

Strand x (a242-245) is cleanly parsed in subfam-
ily a, and is canonically assigned as a short p strand.
The segment is disrupted by parsing elements in
subfamily b, which appears to be well anchored. It is
possible to identify a plausible B segment in this
subfamily. Our experience, however, has been that
the experimental assignments made for such re-
gions depend strongly on the experimental second-
ary structure assignment tool. ’

Helix x (a259-273) is not cleanly amphiphilic
(position a269), but is assigned nevertheless when
considering subfamily a alone. A gap is placed in
its middle in subfamily b (positions b311-312). If the
multiple alignment of subfamily b2 is rearranged,
a helix can be detected from positions (b303-317;
total length 13 positions). If the multiple alignment
of subfamily bl is adjusted, and the sequence with
the deletion discarded, a weak helix can also be
found. The ambiguous alignment makes all of
these assignments insecure, however, and there is
significant possibility that the conformations of dif-
ferent members of the superfamily are quite differ-
ent.

Strand y (a275—280) is assigned in subfamily a
only. It corresponds to a parsed region in subfamily
b. Two interior residues (b323-324) might form a
corresponding structure, however, in subfamily b.

The amphiphilicity of helix 5 (a286-293; b332—
349) is difficult to detect when examining the align-
ment overall. Examining subalignments, especiaily
of subfamily bl and subfamily b2, makes the am-
phiphilicity clearer.

* The region (a314) might be assigned as a short
helix (7—10 residues) if the left side of subfamily a
is examined alone. There is no confirmation of this
helix elsewhere, however, as this region of the align-
ment has undergone massive sequence divergence.

Strand F (a323-327; b381-388) is badly parsed in
subfamily a. The segment is conceivably a continu-
ation of a putative helix that may follow. In subfam-
ily b, the strand is more reliably assigned. An excel-
lent set of anchors aligns the subalignments, and we
have chosen on these grounds to make the assign-
ment definitive in the consensus secondary struc-
ture model.

Helix y (a329—339) is short, and contains a prob-
lematic residue at position (a336). There is no con-
firmation for a helix assignment in subalignment b.
The ambiguous alignment makes this assignment
further insecure, and there is a significant possibil-
ity that the conformations of different members of
the superfamily are quite different.

Strand z (a375—382) is assigned in a region of the

multiple alignment that has undergone massive se-
quence divergence, and where DARWIN had ex-
treme difficulties achieving a plausible matching. It
has plausible amphiphilicity in subfamily a. There-
fore, the multiple alignment in subfamily b was col-
lapsed in an effort to obtain regions that might also
form P strands. For subfamily bl, segment {b446—
452) displayed an alternating pattern. For subfam-
ily b2, this was not possible, although it cannot be
excluded that further rearrangement of the multiple
alignment upon refinement could find an analogous
region. As time was inadequate to do a complete
search of different possible multiple alignments, no
strand was assigned in this region in the consensus
model. .

Helix 6 (a385-398; b456—469) is well parsed, well
anchored, amphiphilic, and confirmed in both sub-
families. It might, however, be missing one turn in
gome proteins in subfamily b.

Strand G (2404—407; b476—479) is well parsed,
internal, and confirmed in both gubfamilies.

Active site d (a408—410; b480-482), containing
conserved Glu, Asn, and Gly, is not strongly as-
signed by analysis of the sequences themselves. It is,
however, supported by biochemical work.2°

Helix 7 (a431-448; b497-517) is well parsed, well
anchored, amphiphilic, and confirmed in both sub-
families.

Residues (a451-a482; b622-554) form a remark-
able segment. In subfamily b, the segment is not
parsed for 35 residues, hasa large number of interior
residues, and apparently contains more than one sec-
ondary structural element. The first task is to parse
this section. To this end, four additional columns
were added to the multiple alignment by recognizing
that lactase phlorizin hydrolase has multiple inter-
nal repeats. Interestingly, in two of these repeats, a
parsing string PG appears. However, therepeats that
contain this parsing string are cleaved proteolyti-
cally during the posttranslational modification.’
These repeats are also missing Glu {b480), presumed
to be part of an active site. Thus, there is no guar-
antee that these repeats have divergently evolved
under functional constraints. This example makes an
important point regarding the analysis of homolo-
gous sequences in the prediction of a protein struc-
ture.

In this region, an internal helix must be consid-
ered. Assignment of internal helices (as opposed to
internal strands) relies on accurate parsing. The two
subalignments were first carefully anchored. A re-
ligble parse at (a471) was matched with a weak
parse at (b541). A dipeptide GP parse in subfamily a
(a460—462) was used to divide the first part of this
segment. The conserved Asp was assumed to also
indicate a break in secondary structure (as opposed
to being an indicator of an active site position). This
led to the assignment of four secondary structural
elements in this region as follows:
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280 D.L. GERLOFF AND S.A. BENNER

TABLE 1. Consensus Secondary Structure Prediction for the 6-Phospho-B-p-galactosidase Superfamily*

Strand A 009-011 Strand A 049-051

Strand BT 014-020 Strand B' 053-060 Internal

Helix 1' 072-084 Helix 17 095-107 Amphiphilic
Strand C? 089-093 Strand C 111-115 Amphiphilic

Act site a 095-102 Act site a 117-125

Helix 2' 116-130 Helix 2' 138-153 Amphiphilic
Strand D' 136140 Strand D' 159-163 Internal

Act sit b' 141 Act sit b’ 164-166

Helix 3° 158177 Helix 3° 181-198 Amphiphilic
Strand E 182-185 Strand E 205208

Act sit e 184187 Act git ¢ 207-209

Helix 4" 212-226 Helix 4" 248-268 Largely internal
Strand x 242-245

Helix x 259-273 ‘ Ambiguous alignment
Strand y 275-280 318-320 Shifted alignment
Helix 57 286-293 Helix 57 332-342 Amphiphilic
Strand F 323-327 Strand F 381-388 Interior

Helix y 329-339 Gap Ambiguous alignment
Strand z 375-382 Strand z 446-452* Amphiphilic
Helix 6" 385-398 Helix 6" 456469 Amphiphilic
Strand G 404407 Strand G' 476479 Internal

Act site d 408-410 Act site d 480482

Helix 7' 431-448 Helix 7' 497517 Amphiphilic
Strand H' 450454 Strand H' 521-525 . Amphiphilic
Strand I 456-459 Strand I' 527-530 Interior

Strand J' 464467 Strand J* 535-539 Interior

Strand K' 478482 Strand K’ 548554 Interior

Helix 8' 496-509 Helix 87 563576 Amphiphilic

*Assignments in the consensus mode] (which applies to the entire superfamily) are designated with upper case letters A-K (for B
strands) and Arabic numerals 1-8 (for a helices), Strands and helices designated by “y 7 4y ” and “z" are not part of the consensus
model, and may be present in only some members of the superfamily. Assignments marked with “?” are weak within one subfamily,
but confirm a stronger assignment in the other subfamily.

*Reliable assignments.

*The multiple alignment is ambiguous; see text.
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