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Abstract

A common structural motif consisting of a cystine knot and a small triple-stranded j3-sheet has been defined from
comparison of the 3-dimensional structures of the polypeptides w-conotoxin GVIA (Conus geographus), kalata
BI (Oldenlandia affinis DC), and CMTI-1 (Curcurbita maxima). These 3 polypeptides have diverse biological ac-
tivities and negligible amino acid sequence identity, but each contains 3 disulfide bonds that give rise to a cystine
knot. This knot consists of a ring formed by the first 2 bonds (1-4 and 2-5) and the intervening polypeptide back-
bone, through which the third disulfide (3-6) passes. The other component of this motif is a triple-stranded, anti-
parallel 8-sheet containing a minimum of 10 residues, XXC,, XCsX, XXC¢X (where the numbers on the
half-cystine residues refer to their positions in the disulfide pattern). The presence in these polypeptides of both
the cystine knot and antiparallel 8-sheet suggests that both structural features are required for the stability of the
motif. This structural motif is also present in other protease inhibitors and a spider toxin. It appears to be one
of the smallest stable globular domains found in proteins and is commonly used in toxins and inhibitors that act

by blocking the function of larger protein receptors such as ion channels or proteases.

Keywords: w-conotoxin GVIA; cystine knot; kalata; NMR; protease inhibitor; protein structure

With increasing numbers of polypeptide and protein structures
being solved in recent years, it has become apparent that there
is a'limited number of topologically different protein folds em-
ployed in nature (Chothia, 1992; Orengo et al., 1993). Proteins
with little or no sequence identity can have remarkably similar
secondary structure patterns and tertiary folds. In this paper
we analyze the occurrence of a cystine knot and triple-stranded
B-sheet motif in 3 polypeptides, which, although similar in size,
are unrelated functionally and originate from biologically diverse
sources, as follows: (1) w-CgTx, a 27-residue polypeptide found
in venom of the cone shell Conus geographus (Olivera et al.,
1985), which is neurotoxic as a consequence of its high-affinity
binding to N-type voltage-gated Ca®* channels; (2) kalata BI, a
29-residue cyclic polypeptide that causes uterine contractions and
is the principal active component from the tropical plant Olden-
landia affinis DC (Gran, 1973); and (3) CMTI-I, a 29-residue

Reprint requests to: Raymond S. Norton, NMR Laboratory, Biomo-
lecular Research Institute, 381 Royal Parade, Parkville 3052, Austra-
lia; e-mail: ray@mel.dbe.csiro.au.

Abbreviations: »-CgTx, w-conotoxin GVIA; kalata, kalata BI;
CMTI-1, Cucurbita maxima trypsin inhibitor I; EETI-II, Ecballium
elaterium trypsin inhibitor 1I; CPI, potato carboxypeptidase inhibitor;
w-Aga IVB, w-agatoxin IVB; 3D, 3-dimensional.
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trypsin inhibitor found in seeds of the pumpkin Curcurbita max-
ima (Wilusz et al., 1983; Polanowski et al., 1987). CMTI-Il is one
of a number of similar polypeptides belonging to the squash
family of serine protease inhibitors (Laskowski & Kato, 1980;
Richardson, 1991).

The 3D structures in aqueous solution of w-CgTx (Davis et al.,
1993; Pallaghy et al., 1993; Sevilla et al., 1993; Skalicky et al.,
1993), kalata (O. Saether, D.J. Craik, 1.D. Campbell, K. Slet-
ten, J. Juul, & D. Norman, ms. in prep.), CMTI-I (Holak et al.,
1989, 1991; Nilges et al., 1991), and related members of the
squash family (Heitz et al., 1989; Nielsen et al., 1994) have been
determined from NMR data, and it is apparent that these mol-
ecules display similarities at both the secondary and tertiary
structure levels. In particular, all 3 contain a triple-stranded,
antiparallel 8-sheet and a cystine knot,’ the latter consisting of
a ring formed by 2 disulfide bridges (1-4 and 2-5) and the inter-

3 Topologically, the cystine knots in w-CgTx and CMTI-! are
“pseudolinks” because they can be continuously deformed into unknot-
ted structures (Benham & Saleet, 1993). In kalata, however, the knot
is genuine due to the cyclic nature of the backbone, which prevents its
unraveling. In this work the term “knot” is used to describe both types
of structures.
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connecting backbone through which the third disulfide (3-6)
passes. In this paper we describe the key features of this motif,
designated the “inhibitor cystine knot motif,” and suggest that
it will be found in an increasing number of polypeptides that act
as inhibitors of larger target proteins.

Recently, McDonald and Hendrickson (1993) and Murray-Rust
et al. (1993) have identified the presence of a common cystine
knot plus S-sheet topology in the crystal structures of transform-
ing growth factor-32, nerve growth factor, and platelet-derived
growth factor-BB. Although there are some similarities between
this motif and the inhibitor cystine knot motif described in this
paper, in that 3 disulfides and antiparallel 8-sheet are present,
the 2 motifs are topologically distinct and cannot be superim-
posed. Furthermore, the growth factors have acquired signifi-
cant loops during the course of evolution that presumably enable
them to trigger cooperative conformational changes in their cog-
nate receptors as part of the process of signal transduction. By
contrast, polypeptides containing the inhibitor cystine knot mo-
tif are of low molecular mass and may lack the conformational
versatility necessary to participate in cooperative conformational
changes upon interaction with their target proteins, behaving
therefore mainly as inhibitors.

Results and discussion

Comparison of primary, secondary, and tertiary structure

Figure 1 shows the sequences and disulfide pairings of the 3 mol-
ecules central to this work, w-CgTx, kalata, and CMTI-I, as
well as 3 others, EETI-II, CPI, and w-Aga IVB (a P-type Ca®*
channel blocker from the American funnel-web spider Agelen-
opsis aperta). With the exception of w-Aga IVB, which has a
fourth disulfide bridge, the pattern of disulfide pairings is the
same for each of these molecules. w-Aga IVB, the structure of
which was determined recently (Yu et al., 1993), is included be-
cause its fourth disulfide bridge can be considered independent
of the other 3 bridges, which form a cystine knot with the same
topology as that of the other molecules in Figure 1 (although this

P.K. Pallaghy et al.

was not identified by Yu et al., 1993). EETI-II and CPI are in-
cluded because broad topological and cystine knot similarities
between these polypeptides and w-CgTx and CMTI-I have been
noted previously (Bode et al., 1989; Le-Nguyen et al., 1990;
Chiche et al., 1993; Pallaghy et al., 1993). The squash protease
inhibitors CMTI-I and EETI-II share 70% sequence identity and
a comparison of their 3D structures (Nielsen et al., 1994) shows
that their structures are very similar both globally and locally.
For most purposes in this paper, therefore, the EETI-II and
CMTI-I structures can be considered as identical. The other mol-
ecules shown in Figure 1 have little sequence identity apart from
the 6 half-cystine residues with disulfide pairings 1-4, 2-5, 3-6.
The only exception to this is the common sequence Gly-Gly-Thr
in kalata and w-Aga IVB. In w-CgTx and w-Aga IVB, the third
and fourth half-cystine residues are adjacent in the sequence.

Broad structural similarities between individual proteins in
this group have been noted previously. Thus, in the 3D struc-
ture of w-CgTx a small triple-stranded (3-sheet was identified and
its similarity to the corresponding secondary structure element
in EETI-II noted (Pallaghy et al., 1993; Skalicky et al., 1993).
Recently, a structural alignment between EETI-11 and CPI
(Chiche et al., 1993) revealed that the cystine knot and §3-strands
of EETI-II superimposed well in 3 dimensions with the cystine
knot and extended segments (probably S-strands) of CPI. In the
present work, we have found that the cystine knot and §8-strands
of w-CgTx, kalata, and CMTI-I also superimpose very well.
Their global folds, shown in Figure 2, are remarkably similar,
with each displaying 4 common structural segments in sequence,
as follows: a peripheral 8-strand (strand I), a connecting region
containing turns or 3;4-helix, the other peripheral §-strand (1),
and the central 8-strand (I11), the latter two being joined by a
turn to give a S-hairpin structure. These 4 segments are sepa-
rated by 3 topologically important chain reversals, the positions
of which are maintained in all 3 molecules.

Figure 3 shows a superposition of w-CgTx, kalata, and CMTI-I
based on the common S-sheet residues and the C# and S at-
oms of the half-cystine residues in the sheet. The 3-sheet regions
(shown in pink) superimpose very well, even to the extent of

L

sequence motif C Cc C c C C
1 ab2 3 4 c5d efég
structural motif XXC XCX XXCX
w-CgTx GVIA C-KSZGSSCSZTSYNC————— C-—-RSCNZYT~——-KRCY .NH2
Kalata BI NGLPVC--—--GETCV-GGT-C-NTPGC---TCSW—————— PVCTR
CMTI-I RVC-PRILMECKK-DSDCL-AE-C-——-VCLEH—-———— GYCG
EETI-II GC-PRILMRCKQ-DSDCL-AG—C-—-VCGPN—~—-—— GECG
CPI EQHADP IC---—NKPCKTHD-DCSGAWFC—-—-QACW————-NSARTCGPYVG
w—Aga IVB EDNCIAEDYGKCTWGGTKC————~ CRGRPCRCSMIGTNCECTPRLIMEGLSFA

L |

Fig. 1. Polypeptide sequences aligned on the basis of half-cystine positions and 8-strand (underlined) hydrogen bonding pat-
terns. The half-cystines are highlighted in bold. The minimal 3-strand motif common to all molecules is XXC (strand I), XCX
(strand II), and XXCX (strand III). X represents any residue other than cysteine (C), and Z represents hydroxyproline. Only

w-Aga [VB has a fourth disulfide bridge.
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Kalata

Fig. 2. Richardson-type diagrams of w-CgTx (Pallaghy et al., 1993), CMTI-I (Holak et al., 1989; Nilges et al., 1991), and kalata
(O. Saether et al., ms. in prep.), with the 3-strands represented by arrows and the disulfide bridges in black. The half-cystines
in the disulfide bridges are numbered as in Figure 1. Note that 2 of the topologically important chain reversals occur at bottom
left and bottom right and the third topologically important chain reversal occurs at top center (front). Kalata, due to its cyclic
nature, has a fourth topologically important chain reversal at top left. The furthest right g-strand (strand I) in kalata is repre-
sented by 2 arrows due to disruption by an S3-type 3-bulge. The diagrams were generated by MOLSCRIPT (Kraulis, 1991).

hydrogen-bonding donors and acceptors in most cases, despite
the fact that the sheets are quite distorted. The 2-5 and 3-6 di-
sulfide bridges also superimpose well, which is not surprising be-
cause half-cystines 2, 5, and 6 are part of the sheet. Pairwise
RMS differences over the 8-strand residues and half-cystine C*
and S” atoms in the motif are in the range 0.87-1.14 A. By con-
trast, the 1-4 disulfide bridge shows greater structural variation
(Fig. 3). This is probably due to the proximity of the first half-
cystine residue to the N-terminus in w-CgTx and CMTI-I, allow-
ing this bond greater structural flexibility.

The (-sheet residues and cystine knot of w-CgTx, kalata, and
CMTI-I also superimpose well with the extended segments and
cystine knot of CPI (pairwise RMS differences over the motif
residues of 0.73, 0.96, and 0.67 A, respectively). This is consis-

tent with the results of Chiche et al. (1993) and the previously
mentioned structural similarity between CMTI-I and EETI-II.
On the basis of these superpositions and the similar hydrogen
bonding patterns in all 4 molecules, the extended segments of
CPI can be described as a small, triple-stranded (3-sheet as in
EETI-II and w-CgTx, as was suggested by Chiche et al. (1993)
but not commented on in the original X-ray crystallographic
structure determination (Rees & Lipscomb, 1982).

The inhibitor cystine knot motif

The key features of the inhibitor cystine knot motif are a triple-
stranded, antiparallel 3-sheet and a cystine knot, as shown sche-
matically in Figure 4. The 3 strands of the 8-sheet are comprised

Fig. 3. Stereo view of the superposition of
kalata and CMTI-I onto w-CgTx, based on the
backbone atoms of the 3-strand motif residues
XXC, XCX, XXCX (pink), and the motif
cysteine C? and S atoms (yellow). The RMS
differences from »-CgTx over these atoms
were 1.14 A (kalata) and 0.87 A (CMTI-I).
The RMS difference of kalata from CMTI-I
was 0.97 A.
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of a minimum of 10 residues, as follows: X,X,C,, X.CsXy4,
X XCeX,, where C represents a half-cystine (numbered to in-
dicate its position in the disulfide pairing pattern) and X repre-
sents any other residue. The locations of these strands in the
amino acid sequences of the 6 polypeptides considered here are
shown in Figure 1. Of the 3 disulfide bonds that also define this
motif, one crosslinks the first and second strands of the sheet
(C, to Cs), one extends from the third strand to the loop link-
ing the first and second strands (giving rise to the knot), and one
links C,, which is N-terminal to the 3-sheet, with C,, which is
also in the loop linking the first and second strands. In addition
to the position of the half-cystines in the 8-strands (relative to
the hydrogen bonding pattern), the packing of the strands in the
sheet is also maintained, with X, adjacent to C,, which is in
turn adjacent to Cs (Fig. 4). This motif is also characterized by
the hydrogen bonding pattern in the 8-sheet, the minimal pat-
tern involving hydrogen bonds between NH(C,4) and CO(X,),
NH(C,) and CO(X,), NH(X,) and CO(X,), and NH(X,) and
CO(X;). Residues X,, and Cs are not involved in hydrogen
bonding due to their positions as the central residues of the 2
peripheral strands.* These 8-sheet hydrogen bonds represent
the minimal common pattern found; additional 8-sheet hydro-
gen bonds are present in all members of this structural family,
but they are either not present or not well defined in all mol-
ecules. The cystine knot consists of a disulfide bridge, C; to Cq,
that passes through a closed ring formed by the disulfide bridges
C, to C4 and C, to Cs and the 2 segments of backbone C;- - -
XaXpCy and Cy4- - - X Cs. The size of the knot can be quantified
according to the number of residues comprising the closed ring,
which differs for each of the molecules under consideration. In
w-CgTx, 12 residues form this ring, whereas in the squash poly-
peptides and kalata, 11 and 8 residues, respectively, are involved.

In the inhibitor cystine knot motif identified here, the posi-
tions of the half-cystines in the 3-strands (relative to the hydro-
gen bonding pattern) and the packing of the 3-strands in the
sheet are maintained. This motif is qualitatively different from
the cystine knot motif identified in a family of growth factors
(McDonald & Hendrickson, 1993; Murray-Rust et al., 1993),
which emphasizes the approximately conserved gap size between
half-cystines in the ring, CXX,_;XC, CXC, where X,_; repre-
sents between 1 and 7 non-cysteine residues. Using similar no-
menclature, the inhibitor cystine knot motif would be described
as CXX,_sXC, CX,_4C, but this is not sufficient to define the
motif or distinguish it from the growth factor motif. In both mo-
tifs, the 2 backbone segments of the ring are part of 8-strands
that are similarly directed and not linked by hydrogen bonds,
but in the inhibitor motif, the disulfide bond passing through
the ring emanates from the central 8-strand, which is antipar-
allel to the 2 peripheral strands, whereas in the growth factor
motif, the half-cystines of this disulfide join flanking 8-strands
that are antiparallel with, but not central to, the first 2 strands.

The core of the inhibitor motif identified here, XXC, XCX,
XXCX, is not recognizable from sequence alone. Considering
the 6 polypeptides in Figure 1, however, the variations in the
spacings between successive half-cystine residues may be sum-
marized as CX;_7CX;_¢CXo_sCX;_4CX4_10C. A search for

4 Prolines are substituted in the sheet only for residues that act as hy-
drogen bond acceptors or do not participate in hydrogen bonds at all.
Thus, X, in CPI, X, in kalata, and X, in w-Aga IVB are prolines, with
the CO groups of X, and X, participating in hydrogen bonds.

P.K. Pallaghy et al.

N

Fig. 4. Schematic diagram of the motif identified, XXC, XCX, XXCX,
where C represents a half-cystine residue and X represents any other res-
idue. The common hydrogen bonds are indicated by arrows directed
from the donor to the acceptor. Because the lengths of the strands vary
slightly from one molecule to another, the positions of the half-cystines
in the strands relative to the common hydrogen bonds are significant.

amino acid sequences having this disposition of half-cystines
identified several hundred sequences, representing about 20 non-
homologous types of polypeptides. In addition to w-CgTx,
CMTI-1/EETI-II, and CPI, 3 of these are polypeptides of sim-
ilar size to those considered in this work, viz., huwentoxin-I
from a Chinese bird spider (Liang et al., 1993), gurmarin from
an Indian plant (Kamei et al., 1992), and the race-specific eliciter
A9 from a fungus (Van Kan et al., 1991). It is possible that these
molecules also contain the inhibitor cystine knot motif, but con-
firmation of this must await determination of their 3D structures
and demonstration that they satisfy the structural criteria out-
lined above. Not all polypeptides with the 1-4, 2-5, 3-6 disul-
fide pairing and a similar triple-stranded B-sheet contain this
motif. Charybdotoxin (Bontems et al., 1991) is one that does
not, although neither does it have the same gap sizes as the se-
quences in Figure 1.

Polypeptides with 4 disulfide bridges

w-Aga IVB, as mentioned above, has a fourth disulfide bridge
(Cys 27-Cys 34) that can be considered independent of the other
3 disulfide bridges, which form a cystine knot topologically iden-
tical to the inhibitor motif knot. Three of the knot half-cystine
residues originate in the same positions of the triple-stranded
B-sheet as in the inhibitor motif. In terms of Figure 4, residue
X. and the residue after X4 form the fourth disulfide bridge,
spanning strands II and III. The loop between these 2 strands
is much larger in w-Aga ['VB than in the other molecules (Fig. 1),
perhaps in order to accommodate this disulfide bridge. Although
other polypeptides have 4 disulfide bridges and a similar triple-
stranded B3-sheet, for example, the plant thionins and the scor-
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pion toxin CsE v3 (Bruix et al., 1993), they have neither the same
disulfide pairing as w-Aga IVB nor the cystine knot.

Comparison of local structure

In addition to having common global folds (Figs. 2, 3), kalata,
CMTI-I, and w-CgTx are also similar at the level of their local
polypeptide backbone structures. Alignment of these polypep-
tides on the basis of local backbone structure rather than se-
quence identity, as summarized in Table 1, shows that there are
several similar structural features, apart from the triple-stranded
B3-sheet described above. In particular, the chain reversals have
high positional identity. For example, 8-strand I is followed im-
mediately by a chain reversal in each case, which is in turn fol-
lowed by the similar ¢/y combinations aay, aaa, or aay/aya
(Table 1) in kalata, CMTI-I, and w-CgTx, respectively (although
w-CgTx is not well defined in this region). This region of CMTI-1

1837

has been described as being a distorted 3,,-helix (Holak et al.,
1989). Preceding 8-strand I1 is a turn, but the nature of this turn
differs in each molecule. In all 3 polypeptides, the 3-strands II
and III are linked by a turn to form a 8-hairpin. Although this
turn consists of 5 residues for w-CgTx, the central residues lie
in the a-region of a Ramachandran plot, as do the central resi-
dues of the corresponding 4-residue turns in kalata and CMTI-1.
Interestingly, both w-CgTx and CMTI-I have a G1-type $3-bulge
at the end of this turn, the residue with a positive ¢ angle (v con-
figuration) being Gly 26 in CMTI-I and, somewhat unexpect-
edly, Lys 24 in w-CgTx.

The regions preceding the first 3-strands in CMTI-I, w-CgTx,
and kalata display the greatest differences among the structures.
In CMTI-I, the region encompassing residues 1-6, which incor-
porates the active site, is the most flexible part of the molecule
in solution and is relatively extended (Holak et al., 1989). The
corresponding region in kalata is part of a 8-sheet, which is in-

Table 1. Comparison of local o~y conformations for kalata, CMTI-1, and »-CgTx

Kalata CMTI-1 w-CgTx
Secondary

Position kesidue -y Residue o-y? Residue ¢-y? structure®

1 N8 ¥ R1

2 G9 Y V2 Be

3 L10 BE C3 Be Cl1

4 P11 Bp P4 Bp K2 Bp

5 vI2 aly RS Bp S3 Bp

6 c13 @ 16 Be X4 Bp

7 L7 BE Gs v

8 Gl4 ¥ M8 Be S6 Bp B-Sheet

9 El5 BE E9 Bp S7 Bp B-Sheet
10 T16 65 C10 EE C8 6}) {3-Sheet
i1 S9 Be
12 C17 ot K11 a X10 a CR
13 K12 BE
14 Vi8 o D13 [ Ti11 o +
15 G19 o S14 a Si2 a/y +
16 G20 v D15 a Y13 vz +
17 T21 Be N14 o
18 C22 ¢ Cl16 B Cl15 Bp
19 N23 a/y
20 T24 B8 L17 8
21 P25 o Al8 € Cl16 o CR
22 G26 Y E19 o R17 o CR
23 C27 B C20 Bp
24 T28 BE V21 ﬁE S18 ﬁE ﬁ-Sheet
25 C29 BE Cc22 B C19 Bp B3-Sheet
26 S1 B L23 g8 N20 Bp B-Sheet
27 X21 @
28 w2 o E24 o Y22 v/ CR
29 P3 o H25 o T23 a/y CR
30 V4 Be G26 % K24 ¥ B-Sheet
31 Cs B Y27 Be R25 BE B-Sheet
32 T6 Be C28 Bp C26 Bp B-Sheet
33 R7 BE G29 Y27 B-Sheet

# Regions in Ramachandran plot, based on the definitions of Adzhubei et al. (1987), as follows: g, idealized 8-strand conformation; Bp, poly-
proline conformation; «, right-handed «-helical conformation; v, region near left-handed a-helical conformation; ¢, region with positive ¢ angle

and large negative y angle.

® Secondary structure features common to all 3 proteins. CR, chain reversal; +, region may contain loop or 3,¢-helix, but chain reversal does

not occur.
¢ Residue scattered in Ramachandran plot.
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terrupted by an S3 8-bulge (Chan et al., 1993). In w-CgTx, the
N-terminal region is extended, except for a type II B-turn that
leads into strand I and is part of a GIT S-bulge (Chan et al.,
1993). The precise locations of the receptor binding domains in
kalata and w-CgTx are not yet known, although Lys 2 is impor-
tant for the activity of w-CgTx (Lampe et al., 1993; Sato et al.,
1993).

Conclusions

The occurrence of the inhibitor cystine knot motif, consisting
of a cystine knot and triple-stranded antiparallel 3-sheet, in poly-
peptides from diverse biological sources and with unrelated
amino acid sequences, suggests that it is an energetically favor-
able and stable structural element. The triple-stranded 3-sheet,
although small, is likely to be important in stabilizing the struc-
ture, with further stability being conferred by the disulfide bridge
C, to Cs, which spans the 2 peripheral -strands. This bridge
may also be responsible for the fact that all molecules share a
similar, nonstandard distortion of the sheet. It is significant that
bridges C, to Cs and C; to C¢ superimpose well in all 3 sets of
structures because the analogous disulfide bridges in EETI-II
and CPI have also been found to be structurally conserved and
it has been proposed that the region stabilized by these bridges
forms a 2-disulfide stable motif serving as a basic scaffold on
which active sites are anchored (Chiche et al., 1993). Further-
more, the Cys 2-Cys 19 disulfide bridge in EETI-II, which is
analogous to the poorly superimposable disulfide bridge C, to
C,4in CMTI-I, kalata, and w-CgTZx, is considered to play a mi-
nor role in the folding of EETI-II (Le-Nguyen et al., 1993).

The biological functions of these molecules are diverse, but
at the protein interaction level, at least w-CgTx, CMTI-1/EETI-
II, w-Aga IVB, and CPI are similar in that they act as antago-
nists of their respective targets. Indeed, the primary role of the
inhibitor cystine knot motif may be to provide a compact and
stable framework for the presentation of active residues for spe-
cific binding interactions, and it might not be used in cases where
a cooperative conformational change leading to activation of a
target protein is required.

The site of action of kalata has not yet been identified. It was
isolated originally on the basis of its oxytocin-like activity (Gran,
1973), but its function in the plant was not investigated. Exam-
ination of its primary sequence (Fig. 1) reveals that it contains
a possible trypsin inhibitory site, with the P1 site (using the no-
menclature of Schechter & Berger, 1967) at Arg 7 and the P1’
site at Asn 8. The putative P3-P1’ residues are identical in char-
acter to the corresponding regions in the potato type II protein-
ase inhibitors isolated from Nicotiana alata (Atkinson et al.,
1993). Thus, it is plausible that kalata and the squash protein-
ase inhibitors share a common function.

There is insufficient information available on the members of
this family of polypeptides to judge whether they are related in
an evolutionary sense and, if so, whether convergently or diver-
gently. Proteins with similar amino acid sequences or similar
biological functions are expected to adopt similar folds, but it
has become clear that proteins that are unrelated biologically can
also do so. It is emerging that the concept of a finite number of
energetically favored « and 8 secondary structures stabilized by
hydrogen bonding (Pauling et al., 1951a, 1951b) can be extended
to that of a larger but finite number of energetically favored
structural motifs governed by more diverse physical principles.

P.K. Pallaghy et al.

Materials and methods

In the case of w-CgTx and kalata, structures calculated by the
present authors were used (Pallaghy et al., 1993; O. Saether
et al., ms. in prep.). The w-CgTx structure is available from the
Protein Data Bank (Bernstein et al., 1977), deposition number
1CCO. The structure of CMTI-I was obtained from Protein
Data Bank deposition 2CTI (Holak et al., 1989; Nilges et al.,
1991). The first structure of the NMR family was used for com-
parison, except in the case of w-CgTx, where the second struc-
ture proved to be more representative of the family as a whole.
The molecular graphics program Insight version 2.2.0 (Biosym
Technologies, San Diego, California) was used to visualize and
superimpose the molecules.
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