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A Predicted Consensus Structure for the Protein
Kinase C2 Homology (C2H) Domain, the Repeating

Unit of Synaptotagmin

Dietlind L. Gerloff, Gareth Chelvanayagam, and Steven A. Benner
Department of Chemistry, Swiss Federal Institute of Technology, CH-8092 Zurich, Switzerland

ABSTRACT A secondary structure has
been predicted for the protein kinase C2 regu-
latory domain found in homologous form in
synaptotagmin, some phospholipases, and
some GTP activated proteins. The proposed
structure is built from seven consecutive beta
strands followed by a terminal alpha helix.
Considerations of overall surface exposure of
individual secondary structural elements sug-
gest that these are packed into a 2-sheet beta
sandwich structure, with one of only three of
the many possible folds being preferred.
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INTRODUCTION

One of the defining problems in modern protein
chemistry challenges the biological chemist to de-
duce the conformation (secondary and tertiary struc-
ture) of a protein from sequence information (pri-
mary structure). Both at the Swiss Federal Institute
of Technology in Zurich® and elsewhere,? ® progress
towards solution of this problem has come through
an analysis of patterns of conservation and varia-
tion in the sequences of homologous proteins. Such
an analysis is especially 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; they assume
that proteins related by common ancestry have sim-
ilar conformations.®

The value of these methods has been demon-
strated by their application to bona fide predictions,
those published before an experimental structure
becomes available. To date, over a dozen bona fide
prédictions have been made using these methods
(reviewed in ref. 9). For about half of them, a sub-
sequently determined crystal structure has emerged
to allow these predictions to be evaluated. In each
case, the predictions have proved to be remarkably
accurate, especially in comparison with those ob-
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tained by classical methods.® Further, the misas-
signments that are made by these tools come in only
a very few types; for example, mistakes are often
made in predicting secondary structure near an ac-
tive site. Recognition of this fact allows researchers
to focus on a very small number of problematic as-
pects of the prediction strategy to develop improved
heuristics. As a result, “perfect” predictions are pos-
sible, defined as secondary structural models that
miss no core secondary structural elements, missas-
sign no alpha helices as beta strands (or vice versa),
and do not overpredict any significant secondary
structural element.*® Predictions that meet this cri-
terion are satisfactory as starting points for assem-
bly of a tertiary structural model of a protein family.
Predicted secondary structures for the pleckstrin ho-
mology domain,**'? the hemorrhagic metalloprotei-
nases,’® and the Src homology 2 domains®® come
close to perfection by this definition.

Continuing bona fide prediction efforts are neces-
sary to define the scope of this or any other predic-
tion method. Gradually, a large set of examples will
emerge that, in time, will become statistically rep-
resentative of proteins as a whole. As part of the
structure prediction contest being organized by Dr.
John Moult (Center of Advanced Research in Bio-
technology, Bethesda MD), we now add to this
growing collection by predicting the secondary and
tertiary structure of the repeating domain of synap-
totagmin (also designated in the literature as p65).
This protein is presumed to be involved in the re-
lease of neurotransmitters through calcium-trig-
gered fusion of synaptic vesicles; it contains two seg-
ments of an internal repeat, each having ~ 120
amino acids.'* This polypeptide segment is found in
homologous form in the regulatory C2-region of pro-
tein kinase C (PKC), which is believed to confer
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alignment is uncertain are marked with vertical lines between the
subfamilies. Sequences are designated by single letters, from the
SwissProt Version 29 database.

(P21707) SYT1_RAT Pos 140 to 266 of SYNAPTOTAGMIN | (P65).
RATTUS NORVEGICUS (RAT).

(P21579) SYT1_HUMAN Pos 141 to 267 of SYNAPTOTAGMIN | (P65).
HOMO SAPIENS (HUMAN).

(P24505) SY61_DISOM Pas 146 to 272 of SYNAPTOTAGMIN A (SYN-
APTIC VESICLE PROTEIN O-P65-A). DISCOPYGE OMMATA (ELEC-
TRIC RAY).

(P29101) SYT2_RAT Pos 141 to 270 of SYNAPTOTAGMIN II. RATTUS
NORVEGICUS (RAT).

(P24506) SY62_DISOM Pos 158 to 284 of SYNAPTOTAGMIN B (SYN-
APTIC VESICLE PROTEIN O-P85-B). DISCOPYGE OMMATA (ELEC-
TRIC RAY).

(P21521) SY65_DROME Pos 191 to 318 of SYNAPTOTAGMIN (P65).
DROSOPHILA MELANOGASTER (FRUIT FLY),

(P34693) SYT1_CAEEL Pos 155 to 285 of SYNAPTOTAGMIN |. CAE-
NORHABDITIS ELEGANS.

(P24507) SY63_DISOM Pos 235 to 365 of SYNAPTOTAGMIN C (SYN-
APTIC VESICLE PROTEIN O-P65-C). DISCOPYGE OMMATA (ELEC-
TRIC RAY).

(P21707) SYT1_RAT Pos 266 to 381 of SYNAPTOTAGMIN i (P65).
RATTUS NORVEGICUS (RAT).

(P21579) SYT1_HUMAN Pos 267 to 382 of SYNAPTOTAGMIN 1 (P65).
HOMO SAPIENS (HUMAN).

(P24505) SY61_DISOM Pos 272 to 387 of SYNAPTOTOGAMIN A (SYN-
APTIC VESICLE PROTEIN O-P65-A). DISCOPYGE OMMATA (ELEC-
TRIC RAY).

(P29101) SYT2_RAT Pos 267 to 382 of SYNAPTOTAGMIN Il. RATTUS
NORVEGICUS (RAT).

(P24506) SY62_DISOM Pos 284 to 399 of SYNAPTOTAGMIN B (SYN-
APTIC VESICLE PROTEIN O-P65-B). DISCOPYGE OMMATA (ELEC-
TRIC RAY).

(P21521) SY65_DROME Pos 315 to 435 of SYNAPTOTAGMIN (P65).
DROSOPHILA MELANOGASTER (FRUIT FLY).

(P34693) SYT1_CAEEL Pos 285 to 405 of SYNAPTOTAGMIN 1. CAE-
NORHABDITIS ELEGANS.

(P24507) SY63_DISOM Pos 360 to 470 of SYNAPTOTAGMIN C (SYN-
APTIC VESICLE PROTEIN O-P65-C). DISCOPYGE OMMATA (ELEC-
TRIC RAY).

(P13677) KPC2_DROME Pos 185 to 300 of PROTEIN KINASE C (EC
2.7.1.-) (PKC) (DPKC53E(EY)) (PROTEIN INAC). DROSOPHILA MEL-
ANOGASTER (FRUIT FLY).

(P10102) KPCA_RABIT Pos 150 to 265 of PROTEIN KINASE C, ALPHA
TYPE (EC 2.7.1--) (PKC-ALPHA). ORYCTOLAGUS CUNICULUS (RAB-
BIT).

(P05696) KPCA_RAT Pos 150 to 265 of PROTEIN KINASE C, ALPHA
TYPE (EC 2.7.1-) (PKC-ALPHA). RATTUS NORVEGICUS (RAT).
(P17252) KPCA_HUMAN Pos 150 to 265 of PROTEIN KINASE G, ALPHA
TYPE (EC 2.7.1.-) (PKC-ALPHA). HOMO SAPIENS (HUMAN).

(P20444) KPCA_MOUSE Pos 150 to 265 of PROTEIN KINASE C, ALPHA
TYPE (EC 2.7.1.-) (PKC-ALPHA). MUS MUSCULUS (MOUSE).
(P04409) KPCA_BOVIN Pos 150 to 265 of PROTEIN KINASE C, ALPHA
TYPE (EC 2.7.1.-) (PKC-ALPHA). BOS TAURUS (BOVINE).

(P05130) KPC1_DROME Pos 155 to 275 of PROTEIN KINASE C (EC
2.7.1.-) (PKC) (DPKC53E(BR)). DROSOPHILA MELANOGASTER
(FRUIT FLY).

(P05697) KPCG_RAT Pos 150 to 265 of PROTEIN KINASE G, GAMMA
TYPE (EC 2.7.1.-) (PKC-GAMMA). RATTUS NORVEGICUS (RAT), MUS
MUSCULUS (MOUSE).

(P05128) KPCG_BOVIN Pos 135 to 250 of PROTEIN KINASE C,
GAMMA TYPE (EC 2.7.1.-) (PKC-GAMMA) (FRAGMENT). BOS TAU-
RUS (BOVINE).

(P10829) KPCG_RABIT Pos 150 to 265 of PROTEIN KINASE C, GAMMA
TYPE (EC 2.7.1.-) (PKC-GAMMA) (DELTA). ORYCTOLAGUS CUNIC-
ULUS (RABBIT).

(P05129) KPCG_HUMAN Pos 150 to 265 of PROTEIN KINASE C,
GAMMA TYPE (EC 2.7.1.-) (PKC-GAMMA). HOMO SAPIENS (HUMAN).
(P05772) KPC1_RABIT Pos 150 to 265 of PROTEIN KINASE C, BETA-I
TYPE (EC 2.7.1.-) (PKC-BETA-1). ORYCTOLAGUS CUNICULUS (RAB-
BIT).

C (P04410) KPC1_RAT Pos 150 to 265 of PROTEIN KINASE C, BETA-

TYPE (EC 2.7.1.-) (PKC-BETA-1). RATTUS NORVEGICUS (RAT).
(P05126) KPC2_BOVIN Pos 150 to 265 of PROTEIN KINASE C, BETA-I!
TYPE (EC 2.7.1.-) (PKC-BETA-2). BOS TAURUS (BOVINE).

E (P05773) KPC2_RABIT Pos 150 to 265 of PROTEIN KINASE C, BETA-I!

TYPE (EC 2.7.1.-) (PKC-BETA-2). ORYCTOLAGUS GUNICULUS (RAB-
BIT).

(P04411) KPC2_RAT Pos 150 to 265 of PROTEIN KINASE G, BETA-II
TYPE (EC 2.7.1.-) (PKC-BETA-2). RATTUS NORVEGICUS (RAT), MUS
MUSCULUS (MOUSE).

(P05771) KPC1_HUMAN Pos 150 to 265 of PROTEIN KINASE C, BETA-I
TYPE (EC 2.7.1.-) (PKC-BETA-1). HOMO SAPIENS (HUMAN).

H (P05127) KPC2_HUMAN Pos 150 to 265 of PROTEIN KINASE C,

BETA-Il TYPE (EC 2.7.1.-) (PKCG-BETA-2). HOMO SAPIENS (HUMAN).
(P10688) PIP6_RAT Pos 607 to 725 of 1-PHOSPHATIDYLINOSITOL-
4,5-BISPHOSPHATE PHOSPHODIESTERASE DELTA 1 (EC 3.1.4.11)
(PLC-DELTA-1) (PHOSPHOLIPASE C-DELTA-1) (PLC-Ilf). RATTUS
NORVEGICUS (RAT).

(P10895) PIPS_BOVIN Pos 545 10 665 of 1-PHOSPHATIDYLINOSITOL-
4,5-BISPHOSPHATE PHOSPHODIESTERASE DELTA 1 (EC 3.1.4.11)
(PLC-DELTA-1) (PHOSPHOLIPASE C-DELTA-1) (PLC-Il) (FRAG-
MENT). BOS TAURUS (BOVINE).

(Q02158) PIPA_DICDI 1-PHOSPHATIDYLINOSITOL-4,5-BISPHOS-
PHATE PHOSPHODIESTERASE (EC 3.1.4.11) (PLC) (PHOSPHOINO-
SITIDE-SPECIFIC PHOSPHOLIPASE C). DICTYOSTELIUM DISCOI-
DEUM (SLIME MOLD).
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Ca™ ' sensitivity upon protein kinase C activ-
ity.*5'® A homologous domain is also found in the
phosphatidylinositol-specific phospholipase C'” and
in eytosolic phospholipase A, (which displays Ca™ *-
dependent translocation), and in the GTPase acti-
vating protein.'® Collectively, this family of proteins
will be called the C2 homology (C2H) domain.

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.?***323 [Many of
the automated routines used in this prediction are
available to the public on a server accessible via
electron mail at the address cbrg@inf.ethz.ch, or us-
ing the World Wide Web (WWW) with URL http://
cbrg.inf.ethz.ch/.]

SECONDARY STRUCTURE PREDICTION

The secondary structure prediction is presented
residue by reside in Figure 1 and is summarized in
Table I. The protein is predicted to be nearly entirely
built from beta strands. A beta strand is shared by
the p65 and PKC subfamilies at positions 11-18; the
poor alignment with the phospholipase domain sug-
gests that it is not a core strand in the folded struc-
ture (see below). A beta strand is predicted in all
three subfamilies for positions 24-30. A short helix
was also considered for positions 2937 based purely
on surface/interior assignments. Its short length and
the absence of a parse at the beginning suggested
that this segment is best modeled as a coil when
assembling a tertiary structure, although this coil
may resemble a helix in some family members. Po-
sitions 37—49 form a coil. Positions 51 (possibly 50)
to 56 form a beta strand, and positions 57-61 form a
parse. The following region contributes to the “ac-
tive site” of the protein. Secondary structures in
these regions are difficult to assign reliably. Our
preference is coil (62-66), beta (67-70), and coil (71—
77). Positions 82—87 form another beta strand, as do
positions 97-103. Positions 104 and 106 contain two
absolutely conserved Asp residues, proposed to be at
a regulatory site, presumably to bind Ca™ *. Posi-
tions 116-120 form a beta strand, possibly starting
at position 113. Provided that a parse is moved at
positions 130—131, an alpha helix can be assigned
following position 132 (132-141), with an additional
turn at the beginning possible for some subfamilies.
Although this helix lies in a region where the three
subfamilies do not have statistically significant se-
quence identity, putative helices can be found in all
three subfamilies.

We then asked whether the evolutionary analysis

might suggest that the C2H domain form as a unit a
single folding unit. Relevant to this was the sugges-
tion that the GTPase activating protein (GAP) con-
tains a domain that is similar to the C2H domain,
but over only 45 residues.’® This highly conserved
unit begins with the parse separating strand 2 from
strand 3, and ends with the parse separating strand
5 from strand 6. The correspondence of the sequence
with the two parses increases the likelihood that the
sequence similarity is not fortuitous. However, if the
GAP domain is homologous only over strands 3, 4,
and 5, and if the regions before and after are not to
be homologous between the GAP and C2 proteins,
this would suggest that strands 3, 4, and 5 form a
folding unit by themselves. Examination of the GAP
protein family in more detail using DARWIN
showed, however, that a full C2H domain could
plausibly be constructed within the GAP protein,
not only for strands 3, 4, and 5, but also for beta
strands 2, 6, and 7, and the following helix. There-
fore, we conclude that at least six of the seven
strands in the C2H domain form a single folding
unit; again, strand 1 could not unambiguously be
established as part of this domain.

We then asked whether information contained
within patterns of divergence and conservation in
the C2H domain family could suggest an overall fold
for this unit. To answer this question, we began with
tools outlined elsewhere, where accurate guesses
(but only guesses) of supersecondary and domain
structure have been possible by careful analysis of
patterns of variation and conservation.®1913:23 For
the C2H domain, approximately 39% of the residues
are assigned to the interior of the structure; a full
half of these are strongly assigned to the interior.
This is consistent with a globular structure rather
than an extended structure, as this is the only way
to bury so many residues in a protein of this size.
The seven beta strands can form one, two, or possi-
bly three beta sheets. However, because there is
only a single alpha helix, most of the interior resi-
dues must be buried by contact with other strands.
This constrains possible folds to beta barrels and
sandwiches.

The assignments of interior and surface residues
to the seven predicted strands allows us to rank
them in order of decreasing surface exposure (most
exposed strand 4 > 1 > 5 =2 > 7 = 3 > 6 least
exposed). This suggests that strands 3 and 6 are ei-
ther central in a sheet, or are in contact with the
helix. Further, strand 4 is weakly predicted. We
know from past experience that surface edge strands
are frequently confused with coils, especially when
near an “active site.”®1%23 Further, as noted above,
strand 1 is not obviously homologous in the lipase
subfamilies. This suggests substantial divergence,
also consistent with an edge position and its high
overall surface exposure. The presence of one, and
possibly two edge strands is inconsistent with a beta
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TABLE 1. Secondary Structure Assignments in the C2H Domain

Unit Preferred length Comments
Loop 0-1 1-10 Loop surface not at active site
Beta 1 11-18 Clear alternation; surface positions 15 and 17, one
side exposed
Loop 1-2 Short (three residues minimum), surface, not at
active site
Beta 2 24--30 Clear alternation
Loop 2-3 Asp 48, calcium binding (?), conserved SDP, long loop
(16-19 residues)
Beta 3 51-56 Largely inside
Loop 3-4 AS Lys-rich region, Thr 67, active site loop (10-12
residues)
Beta 4 6770 Weak assignment, edge strand
Loop 4-5 Ca Glu 81, calcium binding (?), long loop (10-11
residues)
Beta 5 82-87 Partly exposed, surface residue at position 86
Loop 5-6 Short (5—7 residues), surface, not at active site
Beta 6 97-103 Fully buried
Loop 6-7 Asp 104, Asp 106, calcium binding (?), long loop (10
residues)
Beta 7 116-120 Largely buried
Loop 7-a Medium length (59 residues), not at active site
Alpha 1 132-141 Single helix

barrel structure, but is consistent with beta sand-
wich structures, which have been intensively inves-
tigated in recent years.**

Secondary structural elements are often oriented
relative to assignments of active site regions. As the
active site function of the C2H domain is not known,
it is difficult to apply this approach in this case.
Further, active site regions are assigned both at the
beginning (Asp-48) and end (Lys-rich region, and
conserved Thr-67) of strand 3, and at the beginning
(Liys-rich region, and conserved Thr-67) and end
(conserved Glu 81) of strand 4. Assuming that the
ends of a strand cannot come together in space, this
suggests two “active sites,” which makes the prob-
lem still more difficult. Interesting, antiparallel ori-
entation of strands 3 and 4 would permit Asp 48 and
Glu 81 to form a ligand site, possibly a regulatory
site binding Ca™* ™, distinct from the active site
formed by the Lys-rich region and the conserved
Thr-67. If these two active sites are presumed, and if
strands 5 and 6 are again assembled antiparallel,
conserved Asp-104 and Asp-106 also can participate
in the putative “calcium site,” which in turn allows
the assembly of a fully antiparallel beta sheet struc-
ture, found in many beta sandwich structures.®*

The question then arose as to the order of the
seven beta strands in the two sheets. A systematic
approach (see Fig. 3)*® was taken to assemble all
possible “connectivities.” (We use the word “connec-
tivities” to designate what is elsewhere referred to
as “topologies.”) The seven strands were represented
as an opened beta barrel (Fig. 2). The sequence was
then threaded on to these strands and the fold des-
ignated by the order in which the strands in Figure

2 are traversed by the polypeptide chain. Thus, the
connectivity designated ABCDGFE implies that the
polypeptide chain traces the strands in Figure 2 in
that order, and that beta 1 corresponds to strand A
in the fold, beta 2 corresponds to strand B, beta 3
corresponds to strand C, beta 4 corresponds to strand
D, beta 5 corresponds to strand G, beta 6 corresponds
to strand F, and beta 7 corresponds to strand E. In
the decision tree in Figure 3, beta 1 in the polypep-
tide chain is always assumed to correspond with the
edge strand A in one of the sheets and is arbitrarily
designated as pointing “down.” The following as-
sumptions were then used to thread the opened bar-
rel in Figure 2:

1. No strands adjacent in a sheet have a parallel
relative orientation.

2. No strands consecutive in the polypeptide chain
have a parallel relative orientation.

3. Connections between loops are of the “+1,”
“—1 %43, “-3,” “+2” and “—2” types.2® This no-
menclature arranges beta strands clockwise in order
in a barrel (Fig. 2). A “+41” connection joins strain i
with strand i + 1 (for example, strand A with strand
B). A “+3” connection joins strain i with strand ¢ +
3 (for example, strand A with strand D).

According to the constraints above, beta 2 can be
associated with only three other strands in Figure 2:
via a “+1” connection to strand B, via a “+3” con-
nection to strand D, and via a “—2” connection to
strand F. The connections, and the strands in Figure
2 that correspond to beta 1 and beta 2, are desig-
nated (for example) “+1 AB” to indicate that beta 1
corresponds to strand A in Figure 2, beta 2 corre-
sponds to strand B in Figure 2, and the two strands
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Criterion 2. Two connecting polypeptide chains
that join by loops two beta strands cannot “cross
over.”?* This implies that a loop joining (for exam-
ple) strand A with strand D excludes a loop joining
strand C with strand F (Fig. 2).

Of the 36 connectivities, 16 are excluded by both
criterion 1 and 2, 8 are excluded by criterion 1 alone,
and 6 are excluded by criterion 2 alone. This leaves
just six connectivities. Connectivity ABCDEFG is
related in a general toplogical sense to AFEDCBG,
ABEDCFG is related in a general topological sense
to ABGDEFC, and ABCDGFE is related in a gen-
eral topological sense of AFCDEBG. Examples of
these folds in the literature are retinol binding pro-
tein (connectivity ABCDEFG), the pleckstrin ho-
mology domain (connectivity ABCDGFE), and
pseudoazurin {(connectivity ABEDCFQ).??

As this discussion makes clear, an analysis of this
sort requires that the number, nature, and order
(but not so significantly the lengths) of secondary
structure elements be perfectly assigned in a second-
ary structure prediction. A single error creates pro-

Fig. 2. Template for an opened seven strand beta barrel that
forms the core of the C2 homology (C2H) domain.

are joined by a “+1” connection. Figure 3 shows 36
possible connectivities.

Two criteria were then hypothesized to exclude
some of these connectivities:

Criterion 1. Two sheets are assumed to be present,
one with three strands, one with four strands. Fur-
ther, beta 4 is an edge strand (see above). Thus, any
connectivity where beta 4 is not strand C, D, or G
creates a two-strand sheet, which is not allowed un-
der the assumptions above. If consecutive betas in
the polypeptide chain are antiparallel (and that beta
1 points “down”), beta 4 must point “up,” implying
that strand 4 can be only strand D.

— +1 ABCD { +1 ABCDE —— +1 ABCDEF — +] ABCDEFG allowed (i), allowed (ii), beta meander, retinol binding protein
. +1 ABC - +3 ABCDG — -1 ABCDGF — -1 ABCDGFE  allowed (i}, allowed (ii}, pleckstrin homology domain
3 ABCE +1 ABCFG — -3 ABCFGD — +1 ABCFGDE  disallowed (i), a two strand sheet FG, disallowed crossover (ii)
-+ { -1 ABCFE — -1 ABCFED — +3 ABCFEDG disallowed (i), a two strand sheet FG, allowed (ii)
+1 ABEFG — -3 ABEFGD -— -1 ABEFGDC disallowed (i), a two strand sheet FG, allowed (ii)
r +LABEF -[_ 3 ABEFC — +1 ABEFCD — +3ABEFCDG disallowed (i), a two strand sheet FG, disallowed crossover (ii)
+*1AB = +3ABE o oEp - -LABEDC — 43ABEDCF — +1 ABEDCEG allowed (i), allowed (i), azurin
L - ,3ABEDG — -1 ABEDGF — -3 ABEDGFC allowed (i), disallowed crossover (if)
— .1 ABGF -1 ABGFE — -1 ABGFED —— -1 ABGFEDC  disallowed (i), a two strand sheet FG, allowed (ii)
L 248G 4 1 3ABGFC — +1 ABGFCD — +1 ABGFCDE disallowed (i), a two strand sheet FG, allowed (ii)
3 ABGD -1 ABGDC —— +3 ABGDCF ~ -1 ABGDCFE allowed (i), disallowed crossover (ii)
- - +1 ABGDE — +1 ABGDEF — -3 ABGDEFC allowed (i), allowed (ii), Greek key
| ADEF _E +1 ADEFG —— +2 ADEFGB — +1 ADEFGBC  disallowed (i), a two strand sheet FG, disallowed crossover (ii)
+ -3 ADEFC — -1 ADEFCB - -2 ADEFCBG  disallowed (i), a two strand sheet FG, allowed (ii)
~ +!1 ADE 3ADEB - *!ADEBC — +3ADEBCF — +1 ADEBCFG disallowed (), a two strand sheet AB, disallowed crossover (i
-2 ADEBG — -1 ADEBGF — -3 ADEBGFC disallowed (i), a two strand sheet AB, disallowed crossover (ii)
-1 ADCB [ .2 ADCBG w— -1 ADCBGF .— -1 ADCBGFE disallowed (i), a two strand sheet AB, allowed (ii)
B +3 ADCBE — +1 ADCBEF — +1 ADCBEFG  disallowed (i), a two strand sheet AB, allowed (ii)
+3AD — -1 ADC __{: +1 ADCFG ~ +2 ADCFGB — +3 ADCFGBE disallowed (i), a two strand sheet FG, disallowed crossover (i)
- +3 ADCF -1 ADCFE — -3 ADCFEB — -2 ADCFEBG disallowed (i), 2 two strand sheet FG, disallowed crossover (ii)
+1 ADGBC —— +3 ADGBCE — -1 ADGBCFE  disallowed (i), a two strand sheet AB, disallowed crossover (ii)
— +2ADGB - (3 ADGBE — +1 ADGBEF — -3 ADGBEFC disallowed (i), a two strand sheet AB, disallowed crossover (ii)
L +3 ADG — .1 ADGFE — -3 ADGFEB — +1 ADGFEBC  disallowed (i), a two strand sheet FG, disallowed crossover (ii)
L. -1 ADGF "[ -3 ADGFC — -1 ADGFCB ~— +3 ADGFCBE disallowed (i), a two strand sheet FG, disallowed crossover (ii)
. _E +1 AFGDE — -3 AFGDEB — +1 AFGDEBC allowed (i), disallowed crossover (ii)
-3 AFGD -1 AFGDC — -1 AFGDCB — +3 AFGDCBE  allowed (i), disallowed crossover (ii)
- +1 AFG o 5 AFGB +1 AFGBC — +1 AFGBCD — +1 AFGBCDE  disallowed (i), a two strand sheet AB, disallowed crossover (ii)
=t { +3 AFGBE ~— -1 AFGBED — -1 AFGBEDC disallowed (i), a two strand sheet AB, disallowed crossover (ii)
-1 AFEDC — -1 AFEDCB — -2 AFEDCBG allowed (i), allowed (ii
— -1 AFED ‘[ +3 AFEDG = +2 AFEDGB — +1 AFEDGBC allowed (i), disallowed crossover (ii)
-2AF - -1 AFE ~ +1 AFEBC — +1 AFEBCD — +3 AFEBCDG  disallowed (i), a two strand sheet AB, allowed (ii)
L -3AFEB [ 2 AFERG —— -3 AFEBGD — -1 AFEBGDC  disallowed (i), a two strand sheet AB, disallowed crossover (ii)
+1AFCDE —— -3 AFCDEB ... -2 AFCDEBG allowed (i), allowed (ii)
r +1AFCD -[© 3 \rcDG — +2 AFCDGB —— +3 AFCDGBE  allowed (i), disallowed crossover (ii)
L -3 AFC - 9 AFCBG —— -3 AFCBGD ___ +1 AFCBGDE  disallowed, a two strand sheet AB, disallowed crossover (i)
l. -1 AFCB —[ +3 AFCBE —_ -1 AFCBED _ +3 AFCBEDG disallowed, a two strand sheet AB, disallowed crossover (ii)

Fig. 3. Decision tree assigning possible beta connectivities.
The sequence was then threaded onto the strands in the open
beta barrel in Figure 2. The fold is designated by the order in
which the strands in Figure 2 are traversed by the polypeptide
chain. Thus, the connectivity designated ABCDGFE implies that
beta 1 corresponds to strand A in the fold, beta 2 corresponds to

strand B, beta 3 corresponds to strand C, beta 4 corresponds to
strand D, beta 5 corresponds to strand G, beta 6 corresponds to
strand F, and beta 7 corresponds to strand E. Beta 1 in the poly-
peptide chain is always assumed to correspond with the edge
strand A in one of the sheets.
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C2H model based on retinol binding protein
X

Fig. 4. The alpha carbon tracing of a possible model for the
C2H domain based on the crystal structure of retinol binding pro-

found problems. In this particular example, the re-
liability of the assignment of a beta structure to
strand 4 is critical. If (for example) strand 4 is omit-
ted, then the analysis based on active site residues
becomes implausible, and an entirely different pack-
ing analysis ensues. Thus, a secondary structure
prediction must meet a high standard for it to serve
as the starting point for modelling a tertiary struc-
ture. Further, the most commonly used methods for
scoring secondary structure predictions®—*° do not
adeguately measure (and to a large extent are irrel-
evant to measuring) the value of a secondary struc-
ture prediction as a starting point for tertiary struc-
ture modeling.®

We then asked whether we could infer a prefer-
ence for one of the six folding connectivities from the
available data. Several alternative approaches are
conceivable. For example, representative sequences
from the C2H domain family might be threaded onto
known experimental structures from each family.
Because the coordinates for the pleckstrin homology

tein, Putative “active site” residues are highlighted. Sequence
numbering is taken from the multiple alignment in Figure 1.

domain were not available, we were able to try this
only for the retinol binding protein (ABCDEFG)*°
and the pseudoazurin (ABEDCFG)*! structures.

The sequences were aligned so as to best overlap
the assigned and predicted secondary structures
while preserving the phase in the surface and inte-
rior assignments. The alignment was then used to
generate coordinates for the model structure with a
distance geometry routine (G. Chelvanayagam, L.
Knecht, S. A. Benner, G. H. Gonnet, unpublished
data). In the resulting model (Fig. 4), Asp 48,
located at the beginning of strand 3, lies on the
wrong side of the sheet face and is too distant to be
part of a “calcium binding site.” Likewise, Asp-104
and Asp-106 are distant from other binding sites.
Thus, this threading yields a model that does not
support the “two active site” speculation noted
above.

The large number of insertions in the C2H domain
made the alignment with pseudoazurin difficult.
Further, pseudoazurin has no strand that is an an-
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C2H model based on pseudoazurin
X

Fig. 5. The alpha carbon tracing of a possible model for the
C2H domain based on the crystal structure of pseudoazurin. The
first beta strand and loop (positions 35—49) were poorly built and

alog of strand 1 in the C2H domain. In the resulting
structure (Fig. 5), Glu 81 cannot participate as an
“getive site” residue. However, reconfiguration of
the loop containing Asp-104 and Asp-106 would al-
low the formation of a pocket containing these as
Asp-48, a potential metal binding site. The Lys-rich
region and Thr-67 segregate together at the other
end of the model, consistent with the “two active
site” speculation.

Because coordinates were not available for the
pleckstrin homology domain, a model was inter-
preted from the hydrogen bonding pattern in the
published work. Again, two distinct active sites
were formed (Fig. 6). However, although Asp-48 is
somewhat distant from Asp-104, Asp 106, and Glu
81, these residues might be brought together by in-
troducing more twists in the strands.

Such model building is, of course, not conclusive.
We prefer the ABCDGFE packing, but simply be-
cause it comes closest to fitting the “two active site”

therefore omitted. Strand 1 should bond antiparaliel to strand 2.
Putative “active site” residues are highlighted. Sequence num-
bering is from Figure 1.

model. This model is, of course, far from secure. Bet-
ter would be a full packing of the possible structures
using force fields or pairwise contact potentials, dy-
namics, and, perhaps, a compensatory covariation
analysis.?® From these, a more informed judgment
might be possible about which structure is pre-
ferred. Because the experimental structure was set
to be announced on October 1, 1994, there was not
enough time to approach the problem in this direc-
tion. Nevertheless, we can use this opportunity to
encourage again those who work in this area to con-
sider the application of their tools to assemble ter-
tiary structural models from well-defined secondary
structure predictions such as those described here.??
If it is possible to model tertiary structure from se-
quence data alone, it should certainly be possible to
model tertiary structure from sequence data to-
gether with a reliable secondary structure predic-
tion, and still easier to choose the best of six alter-
native tertiary structural models.
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C2H model based on pleckstrin
X

Fig. 6. The alpha carbon tracing of a possible model for the C2H domain based on the hydro-
gen bonding network from the NMR structure of the pleckstrin homology domain.®* Putative “active
site” residues are highlighted. Sequence numbering is from Figure 1.

ALTERNATIVE APPROACHES

Alternative approaches for analyzing the six con-
nectivities were also explored. Each of these are hy-
pothesis bordering on speculation, and we do not wish
to imply by this analysis anything other than that we
are using a bona fide prediction opportunity to test
some unorthodox ideas. This is, of course, one of the
great values of the bona fide prediction setting.

Strand Exposure

The different beta strands have decreasing expo-
sure to solvent in the following order: (most exposed)
4>1>5=2>17T= 3> 6 (least exposed). With other
factors being equal, the most exposed strands are
expected to be edge strands in a beta sheet, while the
least exposed should be in the middle of a beta sheet.
Complicating the analysis in the C2H domain is the
helix, which will bury some of the external side
chains of beta strands in the barrel.

Unfortunately, the six preferred connectivities
are quite similar in terms of the disposition of the
various beta strands. Thus, strand exposure can be
only a weak criterion for distinguishing between the
various connectivities. All connectivities place
strand 6 at an internal position in one of the sheets
(Table II). None place strand 2 on the edge. Instead,
all place either strand 7 or strand 3 on the edge. We
may give the ABGDEFC connectivity a “demerit”
because it places strand 3 on the edge and strand 7
inside, when there is a slight preference for the
other arrangement. We may give the ABEDCFG
connectivity a “demerit” because it places all three
internal strands (3, 6, and 7) in one sheet, leaving no
clearly internal strands for the other sheet. How-
ever, it is equally plausible that placing all three
largely internal strands on one sheet is accep-
table, as the helix approaches the domain from this
side.
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TABLE II. Overall Surface Exposure of Beta Strands as a Criterion for Assessing Sheet Connectivity*

Beta strand

Connectivity 1 2 3 4 5 6 7
ABCDEFG Edge In In Edge Edge In Edge
ABCDGFE Edge In In Edge Edge In Edge
ABEDCFG Edge In In Edge Edge In Edge
ABGDEFC Edge In Edge Edge Edge In In
AFEDCBG Edge In In Edge Edge In Edge
AFCDEBG Edge In In Edge Edge In Edge
Prediction Edge Edge In Edge Edge In In

*Bdge and interior positions for a strand are judged by the number of surface and interior residues assigned in the strand.

TABLE II1. Lengths of Loops Between Beta Strands as a Criterion for Assessing Sheet Connectivity*

Loop*
Connectivity 12 23 34 45 56 67
ABCDEFG‘_‘ Short Short Short Short Short Short
ABCDGFE' Short Short Short Long Short Short
ABEDCFG Short Long Short Short Long Short
ABGDEFC' Short Medium Long Short, Short Long
AFEDCBG Medium Short Short Short Short Medium
AFCDEBG Medium Long Short Short Long Medium
Fact Short Long Medium Medium Short Long

*Loops are designated by the number of the strand that precedes them and follow them (e.g., loop 23 is the loop connecting strand
92 and strand 3). Loop lengths designated “short” have five or fewer residues. Loop lengths designated “medium” have six to ten

residues. Loop lengths designated “long” have more than ten residues. Connectivities marked with a dagger are preferred by this

criterion.

Loop Lengths

The remarkable similarities between the connec-
tivities being considered raises the question: What
could the protein chains themselves be using to pre-
fer one fold over another? One possibility is that the
fold is determined by the loop length, where shorter
loops between strands identify strand pairs that are
adjacent in the sheet, and longer loops indicate
crossovers. Studies with known structures show that
such a rule cannot possibly be absolute. However, it
might be useful to create a preference for one fold
over another, where we consider a short loop as a
strong indicator that the strands joined by the loop
are adjacent in a sheet. The opposite inference, that
a long loop indicates that the strands joined by the
loop are not adjacent in a sheet, cannot be made (for
empirical reasons).

The loop lengths are ranked (shortest to longest)
(12) < (56) < (34) < (45) < (67) < (23) (Table III).
The ranking suggests that that beta 1 and beta 2 are
adjacent (antiparallel) in the sheet. This is the case
for connectivities ABCDEFG, ABCDGFE, ABED-
CFG, and ABGDEFC. However, loop 56 is also
short, implying that strands 5 and 6 are adjacent in
a sheet. This is the case only in the connectivities
ABCDEFG, ABCDGFE, ABGDEFC, and AFED-
CBG. The intersection of the two sets identifies two
preferred connectivities, the ABCDEFG connectiv-
ity and the ABCDGFE connectivity.

CONCLUSIONS

In this discussion, it is important to recognize that
several elements of the analysis are new, potentially
controversial and, more importantly, untested. In
particular, the proposal of two distinct “active sites,”
the collection of functionality separately into these
two sites, and the construction of an antiparallel
beta sheet structure based on this separation, is
pure inference. Further, there is little experience to
suggest that the order of strands within a sheet can
be assigned from the predicted overall surface expo-
sure of the individual strands. Finally, it should be
kept in mind that the sheets in a beta sandwich are
normally twisted with respect to each other. Thus,
the analysis based on loop lengths is tenuous and is
applicable in the best case only if the strands and
sheets are relatively flat. This prediction is inter-
esting as a test of these conjectures.

The criteria discussed above suggest that we pre-
fer the ABCDEFG and ABCDGFE connectivities
over all other antiparallel connectivities. Interest-
ingly, the ABCDGFE connectivity is the same as
that found in the pleckstrin homology domain, re-
cently determined by nuclear magnetic resonance
(NMR) spectroscopy in two laboratories.®>®* The
secondary structure of the pleckstrin homology do-
main was also accurately predicted by two groups
before the experimental structure became avail-
able.1*12 The pleckstrin homology domain binds to
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phosphatidylinositol-4,5-bisphosphate.?®  Interest-
ingly, recombinant p65 binds to phosphatidylserine.
Phosphatidylserine is also an activator of PKC. The
binding site is not known, but is believed not to be
the same as the binding site for diacylglycerol and
phorbol esters in the C1 domain,*® implying that the
C2 domain in PKC might interact with phosphati-
dylserine. It is tempting from these facts to specu-
late that the C2H domain is a distant homolog of the
pleckstrin homology domain. The comparison is,
however, not entirely straightforward. For example,
no evidence was found that Ca™* * binds to the p65
protein.'* Further, although the C2 domain of PKC
has been suspected as having a site for binding cal-
cium, this has not been proved to be the case. We
must await an experimental structure.

NOTE ADDED IN PROOF
A crystal structure of synaptotagmin, just deter-
mined®” shows that the protein does in fact adopt one
of the three preferred folding connectivities predicted
here, the ABEDCFG topology shown in Figure 5.
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