PROTEINS:'Structure, Function, and Genetics 23:446-453 (1995)

The Phospho-B-galactosidase and

Synaptotagmin Predictions

Steven A, Benner, Dietlind Gerloff, and Gareth Chelﬁanayagam ' ‘
Department of Chemistry, Swiss Federal Institute of Technology, CH-8092 Ziirich, Switzerland , ‘

ABSTRACT  Two bona fide consensus pre-
dictions of secondary and tertiary structure in
a protein family, made and announced before
experimental structures were known, are eval-
uated in light of the subsequently determined
experimental structures. The first, for phospho-
B-galactosidase, identified the core strands of
an 8-fold a—p barrel, and identified the 8-fold
a-f barrel itself, which was found in the subse-
quently determined experimental structure to
" be the core folding domain. The second, for syn-

aptotagmin, identified seven out. of eight
- B-strands in the structure correctly, missing
only a noncore strand. Three preferred “topol-
‘ogies” were selected from several hundred
-thousand possible topologies of these seven
predicted strands using a "rule-b.ased_analy‘sis._r
‘The subsequently determined experimental

structure showed that these seven strands in
synaptotagmin adopt one of the three preferred.

topologies. We were unable, however, fo iden-
tify the correct topology from among these
three topologies. © 1995 Wiley-Liss, Inc.

. INTRODUCTION: SELECTION -
OF STRUCTURES |

'The ETH group prepared three predictions for the
~ contest consummated in Asilomar. These were done
in two phases. First, predictions for phospho-p-ga-
lactosidase'® and isopenicillin N-synthase® ‘were
prepared. These proteins were chosen because they
were large, mechanistically. interesting enzymes
with sufficient members in the evolutionary family
to permit a consensus model to be built. In Septem-
ber, we were advised that the structure for isopeni-
cillin N-synthase would not be solved in time for the
contest, and asked to submit another prediction. At
that time, only synaptotagmin (or C2 homology do-
- main protein)*® remained as a suitable target.
Therefore, we prepared a prediction for synaptotag-
min as well.® The synaptotagmin and phospho-B-ga-
. lactosidase predictions are discussed below. An ex-
perimental structure for isopenicillin N-synthase is
still not available.

SUMMARY OF THE PREDICTIONS

For both synaptotagmin and phospho-B-galactosi-
dase, a residue-by-residue secondary structural

© 1995 WILEY-LISS, INC.

model was first predicted.2® Tertiary structural
‘models were then built by assembling the predicted

secondary structural elements. With- phospho-B-ga-
lactosidase, the predicted secondary structure ele- |
ments,® oriented using assignments of active site
residues, suggested that the predicted secondary
structural units assemble to form an 8-fold a—p bar-
rel as the core domain.2 : :

With synaptotagmin,® a combinatorial analysis
was used to build a set of all possible B-sheet pack-
ing orientations for the seven B-strands that were
predicted in the structure.” Following Semiempirical
rules, the number of possible folding “topologies”
was reduced from several hundred thousand to Jjust
three. These corresponded to the B-sheet topologies
found in the retinol binding protein, pséudoazurin,

- and the pleckstrin homology domain. Coordinate
. representations (see Figures 4,5, and 6 in reference
6) of these three possible folds (or “topologies”) were

built based on the crystal structures of these do-
mains or, in the case of the pleckstrin homology do-
main, on a model built from a published description

~of the structure.® Further, more speculative rules - -

were then use to suggest that the pleckstrin homol-
ogy domain model was best among the three pre-
ferréd topologies. : ‘

EVALUATING THE PREDICTIONS

- As a rule, we do not evaluate our own predictions

until after they have been evaluated by others. - -
Therefore, we are indebted to Thomas Defay and

‘Fred Cohen for having served as judges in this con- -
test.® Their insightful evaluation, appearing else-
- where in this issue, has enabled us to focus on a few

points, important to a “right, wrong, why, learned”
discussion of structure prediction generally, but il-
lustrated well by these two predictions. Figures 1

-(synaptotagmin) and Figure 2 (phospho-B-galactosi-

dase) summarize the comparison between secondary
structure as predicted and as assigned to crystallo-
graphic data.® These figures serve as reference for
the discussion below.
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Fig. 1. Residue-by-residue secondary structure prediction for synaptotagmin. From left to right, the col-

umns are alignment position number, multiple alignment using the one-letter code for amino acids, the

predicted secondary structure, the predicted surface and inferior assignments, the experimental surface and-
jnterior assignments, the experimental assignment of secondary structure, and the residues involved in

calcium binding (asterisks refer t0 the “degenerate” calcium binding site.®) See Gerloff et al.® for details.
(Continued on overleaf.)
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Fig. 2. Experimental structure assigned by DSSP: h indicates an a-helix; e indicates a B-strand. The
underlined regions designate the core secoridary structural elements in the conserved o~ barrel domain.
These are assigned using the DEFINE program; the differences between the DSSP and DEFINE assignments

" "{made on the same experimental data) are worthy of note. This figure illustrates the acturacy of the consensus -
_ prediction in the assignment of secondary structure to elements of secondary structure that are conserved
throughout the protein family, but not (by definition) to those that are not. See Gerloff and Benuer® for details.

USING TERTIARY STRUCTURAL ' tertiéry structural interactions are stronger than lo-

INFORMATION (SURFACE AND INTERIOR cal sequence interactions in determining secondary
ASSIGNMENTS) TO ASSIGN SECONDARY . structure.'® This implies that predicting secondary
STRUCTURE: ARE THE SECONDARY structure from primary structure is essentially im-
STRUCTURE PREDICTIONS CORRECT FOR possible without having at least some tertiary struc-
THE CORRECT REASONS? tural information.'! At the same time, a reliable

The protein structure prediction problem embod- model for secondary structure appears to be neces-

ies a “chicken-or-egg” paradox that arises because sary before predicting tertiary structure.
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In these predictions,'®!2 this paradox is resolved
by extracting tertiary structural information from a
set of aligned homologous sequences before assign-
ing a secondary structure.'* This tertiary structural
information comes primarily in the form of surface

and interior assignments, although active site as--
. .signments are also obtained (see below). Patterns in -
these assignments are then used as indicators of sec- -

ondary structure.

.. This approach has had reasonable success in
many laboratories in making bona fide predictions

of secondary structure,'® those announced before an

experimental structure is known. This success was

mirrored in these predictions. For example, the syn- -

aptotagmin prediction identifies the first seven
B-strands of the fold essentially cerrectly (Fig. 1).
Further, with the exception of B4, there is excellent
_correspondence between the beginnings and ends of
the strands as predicted and as experimentally as-

signed by DSSP. These include all of the strands

that Sutton et al. identify as the “core” strands.®
It is important to ask whether the close correspon-
dence between the predicted and experimental as-
signments of secondary structure in the synaptotag-
min family was achieved for the correct reasons.
Figure 1 shows that it was. Both the predicted as-
- signment of secondary structure (S and s for strong
-and weak surface assignments, I and i for strong and
.. weak interior assignment) and the experimental as-
~ signments (from DSSP) are given. For 1, 82, B3, B5,
and (7, the correct assignment of secondary struc-
ture transparently arises from an accurate predic-
tion of tertiary structural details, with the 2-residue
periodicity of internal and external assignment
~ characteristic of a B-strand.'® Thus, -the physico-

. chemical basis for the secondary structure assign- -

. ment in these segments is clear. 4 is too short to be
analyzed in this fashion with statistical signifi-
cance.' The segment containing B6 was correctly
identified as being largely internal; and the second-
ary structure correctly assigned using a different
rule-based approach.

TRANSPARENCY IS USEFUL FOR
IMPROVING A METHOD

There has been much discussion as to whether hu- .

mans should be involved when predicting secondary
structure, or whether a fully automated computer
program should be the only goal of efforts in the

" field.'” At one level, this discussion is purely tech-’

nological: Does the man (woman) or the machine
produce the better results? Defay and Cohen have
addressed the issue in this context.?

We frequently pointed out that the issue can also
be addressed in terms of research strategy.!’''? As-
sume that we do not yet have a method that reliably
assigns conformational information to a protein. Is it
better at this point to design fully automated meth-
ods? Or to develop methods that involve human in-

tervention? We have argued at some length that un-

til the conformational problem: is solved,  human
involvement in the bona fide prediction process is -

critical. Only through human involvement can one

. understand why a method works (when it works) and - -
- why it fails when it fails. It is this understanding that
- -underlies rational improvement of prediction meth-
ods. Thus, a transparent method that performs poorly -

can often be more useful for developing the under-
lying science than a nontransparent method even if
it performs better. :
For example,. the synaptotagmin predlctlon is
marred by a serious error: the final strand was mis-
assigned as a helix (Fig. 1). With a transparent pre-
diction tool, we are able to ask why. Inspection of the
multiple alignment in Figure 1 shows that two fac-
tors figured significantly in the misassignment.

First, a manual readjustment of the multiple align--
- ment shifted a gap from the middle of the region
_mispredicted as a helix. As a gap is regarded as a

“parsing” element, this shifting was necessary to

" predict the helix; had the gap not been shifted, a

helix would not have been assigned in this region.

Here, human intervention diminished the ‘techno-
logical quality of the prediction: However, the trans- -
parency of the process allows us'to understand what
happened that led to the misassignment. In partic-
- ular, the fact that the alignment is difficult to con-
-struct in this region suggests that secondary struc-
ture may have diverged in this reglon Thls leads to

further analysis below.
Second, the misassignment was agg’ravated be-

- cause of an incorrect assignment of a conserved tryp- - -

tophan at position 135 to the inside. This Trp residue:

lies on the surface in the experimental structure.

This misassignment obscured a tertiary structural
assignment pattern that would have identified this
segment as a strand. It is interesting to note that in

- the broader multiple alignment provided by Sutton

et al.,” this Trp is not conserved, but rather displays

‘a pattern of variation and conservation characteris-
tic of a surface residue (but see below concerning the - -

quality of the multiple alignment). A similar prob-
lem was encountered in the prediction of the SH3
domain,’® and future heuristics for assigning sur-

face/interior residues will flag conserved tryptophan -

residues.

WHAT DOES IT MEAN WHEN ONE SAYS
THAT “WHEN THE QUALITY OF AN
ALIGNMENT IS POOR, PREDICTION

ACCURACY SUFFERS”?

It is frequently noted that predictions based on
multiple alignments suffer when the multiple align-
ment is poor. This comment creates the impression
that if only we could improve tools for creating mul-
tiple alignments, than we would be better able to
predict secondary structure. This impression is mis-

ad
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taken, in a way that is important for the future de-
‘velopment of prediction tools.

A structural prediction made for a family of
alighed homologous protein sequences is a consen-
sus prediction. It is based on the assumption that -

proteins related by common ancestry all have simi-
“lar conformation. This assumption is true only as an
approximation. As proteins within a family diverge
at the level of sequence, they also diverge at the
level of conformation, first in loops, then in side
chain orientations, then in secondary structure, and
finally through the modification of conformation of
entire domains. An excellent quantitative state-
ment of this divergence was given by Chothia and
Lesk.'?

The breakdown of the assumptlon underlying all
evolution-based structure prediction methods has an
impact on the way in which predictions are evalu-

ated.?%2! A consensus model can be accurate for

only those structural features that a protein family
.holds in common.?! Further, as a consensus miode] is
generally evaluated by examining only a single
member of the protein family that it covers, at least
some of the “mistakes” reflect not errors introduced
- by the prediction method, but rather cases where the
individual experimental structure has a conforma-
. tion different from the conformation of other pro-
- teins in the family. This represents, of course, an
‘intrinsic limitation of the consensus modeling strat-
egy.

Regions where the conformation has d1verged
within a family are, as a rule, regions that are dif-
ficult to align. Conversely, regions that are difficult
to align are, quite often, regions where conformation

" has diverged. Regions that are difficult to align are
therefore regions where the assumption underlying
all .evolution-based structure prediction tools is
likely not to apply. Thus, these are regions where a
consensus prediction is likely to be judged to be

“wrong,” especially when a single experimental

structure is used to evaluate the prediction, not be-
- cause the tool used to make the prediction was

flawed, but because the strategy itself is based on an

assumption that is not universal.

Fortunately, secondary structural elements that
are nok conserved rarely lie at the core of the folded
structure. Thus, as noted by Defay and Cohen,® the

* nonuniversality of the assumption does remarkably.

little damage when building tertiary structural
models from a predicted consensus secondary struc-
tural model. For example, the phosphe-B-galactosi-
dase family contains two major subfamilies with low
‘sequence similarity overall.? Large segments of the
protein are difficult to align, implying that in these
regions, secondary structure has diverged substan-
tially. As a result, the single known experimental
structure, obtained for protein “a” (Subfamily a) in
the alignment,? is insufficient to evaluate the sec-
ondary structure in regions where secondary struc-

ture has widely diverged (Fig. 2); several of the el-
ements predicted in the consensus model are simply
wrong when evaluated using this particular experi-
mental structure.® Nevertheless, because core struc-
tural regions are conserved in both subfamilies of
the phospho-B-galactosidase family and- because -
these are the important elements when assembling
a tertiary structural model, the consensus prediction
(Fig. 2) is adequate as a starting point to build an
essentially correct tertiary structural model for the
“core” fold, the fold of the protein that both subfam-
ilies adopt in common.

Likewise, the misassigned helix in the synap-
totagmin family lies in a region where the align-
ment is extremely poor. This is, of course, the reason
why the gap was misplaced in this region, and one.
reason why the secondary structural element was
misassigned (see above). However, the information
that we presently have does not allow us to conclude
that a strand should be predicted in this region in
the consensus model, as-secondary structure within
this region may not be conserved. We must wait for
more experimental structures from the synaptotag-
min superfamily before we will know whether this
misassignment reflects a weakness in the secondary
structure prediction heuristic, or whether it reflects
divergence in secondary structure within the family,
and therefore a weakness of the consensus modeling -
approach generally. Again, however, the misassign-
ment of a noncore secondary structural element did
not obstruct the assembly of the correct tertiary
structure for synaptotagmin as one of three alterna-
tive packings (see below).

TERTIARY STRUCTURAL MODELING
VERSUS THREADING

Given reliable tools for assigning secondary stric-

‘ture, the task remaining is to build a tertiary struc- .

tural model. One approach is to attempt to “thread”
a predicted secondary structural model on to pro-
teins known in the database.?? Alternatively, one -
might attempt to assemble the predicted secondary
structural elements de novo.

In the phospho-B-galactosidase prediction, the sec-
ondary structure pattern was obviously a signature
of an 8-fold a—B barrel.?® Further, the placement of
active site residues in the model confirmed the
B-barrel as the preferred topology for the overall
fold. As the tertiary fold was identified in the con-:
text of a large number of known proteins with sim-
ilar folds, the tertiary structure can be said to have
been predicted by a “threading” approach in combi-
nation with a de novo secondary structure predic-
tion. In this respect, this prediction is not distinectly
different from the identification of a similar fold by
a similar method by Kirschner and co-workers 7
years ago using a consensus secondary structure
prediction obtained by the GOR method.?*#% As the
reliability of secondary structure prediction tools
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~ based on multiple sequence alignments has in-
creased substantially since then, this sort of pattern
recognition exercise will be routine in the future.
For synaptotagmin, the prediction of tertiary
structure was more complicated. The secondary
structure prediction did not in itself indicate a par-
ticular topology, only that the core structure was an
all-B structure. There are, of course, many classes of
B-sheets, barrels, and sandwiches, and neither the

secondary structure prediction nor the active site.

“assignments identified one of these as a clear tem-
plate for building a tertiary prediction. Therefore,
tertiary structural models were assembled de nove.?
First, a combinatorial approach was used to assem-
ble all 322,560 possible sheet structures from the
predicted B-strands. Then, a large majority of these
were excluded by enforcing connectivity of strands
in a B-sheet, avoiding loop crossovers, and using

other rules that have (at least some) empirical ba-

sis.?® This process reduced the number of possible
B-sheet topologies first to 36, and then to six,

grouped as three pairs of alternative folds. The de-

tails of this analysis are found. in Gerloff et al.®

The database was then examiried for analogs for :

the three folds remaining. The first, where the
strands were placed consecutlvely in an ABCDEFG

“up-down” pattern, found its closest analog in the
retinol binding protein.?? Including a single Greek
key element in the fold approximated the fold found
in pseudoazurin (ABEDCFG).?® To make the anal-
ogy to pseudoazurin “work,” the first strand of

pseudoazurin was ignored, and a strand was moved-

from one sheet in the B-sandwich to the other (the
“modified pseudoazurin fold™).® The third alterna-
tive fold (ABCDGFE) had a topology similar tothat
found in the pleckstrin homology.?® The “modified
pseudoazurin” fold (ABEDCFQG) turned out to be the
correct topology for the fold of first seven B-strands
in synaptotagmin.?

The fact that the complexity of the tertiary struc-
ture modeling problem was reduced in this case from
hundreds of thousands of possible topologies to just
three, with the correct topology contained within the
three, makes several points. First, the misassign-
ment of the final strand in the fold as a helix did not
interfere with the assignment of the tertiary fold.

This was undoubtedly due to the fact that the mis-

assigned secondary -structural unit was not at the
core of the fold (see above), and also because it came

at the end of the domain, not at the middle. Of .

course, the fact that the segment was misassigned
and that it is not a core segment is not independent,
as noted above. _

Second, we were unable to identify the correct ter-
tiary fold from among these three alternatives. Ef-
forts were made to identify hypotheses to try to create
a preference for one of the three folding topologies.
We noted that these hypotheses were little more than
speculative efforts to use “a bona fide prediction op-

portunity to test some unorthodox ideas.” Neverthe-
less, it is important to note that these unorthodox
ideas failed. We preferred the pleckstrin homology
domain fold over the pseudoazurin fold; as noted
above, synaptotagmin in fact adopts (in its first 7

~ strands) a modified pseudoazurin topology. Applica-

tion of a threading program might have been a better
approach for identifying the correct fold from among
the three preferred topologies.3®

Another noteworthy aspect of the synaptotagmm
prediction is its model built for the caleium- binding
active site. In the prediction, Asp-48 (Asp-178 in the
synaptotagmin numbering), Asp-104 (Asp-230),
Asp-106 (Asp-232), and Glu-81 (Glu-208) were pre-
dicted to form a calcium-binding site. In making this
prediction, only patterns of conservation and varia-
tion within the multiple alignment were considered,
together with the knowledge that synaptotagmin
most likely contained a calcium-binding site. This

model proved to be a good representation for the
" putative calcium binding active site in synaptotag-

min, which is built from residues Asp-48, Asp-104,
and Asp-106 (synaptotagmin numbering 178, 230,
and 232). Thus, the active site assignments made in
the prediction were useful guides for pred1ct1ng ter-

tiary structure, as they were in the phospho-g- ga- '

- laetosidase predlctlon

WHAT HAVE WE LEARNED?

"These two predictions add to the dozen or so re-
markably accurate bona fide predictions that have
now been made in many laboratories using aligned
homologous protein sequences.'® As the collection of
examples builds, much is learned about both the
specific heuristics used to assign structural features
of a protein, but also about protein folding in gen-
eral; It seems that it is possible to obtain reasonably
reliable predictions of surface and interior assign-
ments from a set of aligned homologous protein se-
quences, and to use this tertiary structural informa-
tion, together with a rule-based approach based for
internal segments to obtain a plausible model of sec-
ondary structure, at least for core elements. These
have been sufficient, at least in these cases, to nar-
row the number of possible folding topologies to a
small number. In combination with threading tools,

the number of tertiary models for the core can be

reduced to one (for phospho-B-galactosidase). In
other cases, additional tools, not yet developed, are
needed to identify a unique prediction from a small
set of alternative structures. We look forward to the
next contest 2 years hence.
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