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Abstract. a-crotamine is a small toxic protein (42 ami-
no acid residues with three disulphide bridges) present
in the venom of Crotallus durissus terrificus. Molecu-
lar parameters (R, = 13.7 A, $=3,000 A2, 1=9,200 A®
and D,_, =40 A) were derived from SAXS curves ob-
tained from a solution of this protein at pH=4.5. An
excellent agreement between the experimental dis-
tance distribution curve and that calculated from a
model consisting of two lobes linked by the Cys(18)-
Cys(30) disulphide bridge.
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1. Introduction

a-Crotamine is a neurotoxin often found in the crude
venom of the Brazilian snake Crotallus durissus ter-
rificus. It is a strongly basic polypeptide toxin, with a
molecular weight of 4,870. It contains a total of 42
residues, of which six arc half-cystines. It has a very
high lysine (nine residues) and low arginine (two
residues) content. The NH ,-terminus is tyrosine and
the COOH-terminus glycine. a-crotamine has been se-
quenced by Laure (1975), who also located the three
cystine bridges (Conti et al. 1980). The primary struc-
ture of a-crotamine with an indication of the position
of the disulphide bridges is given in Fig. 1.

Raman studies by Kawano et al. (1982) suggested
the presence of both S-structure and a-helix in a-crot-
amine, with the former predominating. Using polari-
metric titration methods, Hampe et al. (1976) con-
cluded that a-crotamine undergoes conformational
changes with changes in pH. Beltran et al. (1985) con-
firmed these findings using SAXS and also obtained
clear indications that a-crotamine may assume differ-
ent aggregation states with changes in pH. For this
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work, it was possible to obtain fresh samples of
a-crotamine that yielded monodisperse solutions at
pH=4.5.

2. Materials and methods
2.1. Preparation of the samples

The a-crotamine used in the experiments was obtained
from the crude snake venom according to the follow-
ing procedure: — The crude venom was filtered
through a 4 x 45 cm Sephadex G-75 column using am-
monium formate 0.05 M, pH=3.5, buffer at a flow
rate of 0.8 ml/min. Figure 2 shows that four or five
chromatographic peaks are obtained (depending on
the origin of the crotamine positive venom) with crot-
amine present in peak D. Peak D was then filtered on
a similar column, allowing the separation of a contam-
inant from peak C, and then chromatographed on a
2x45cm SP-Sephadex G-25 column using 0.84 M
ammonium formate, pH = 3.5, buffer at a flow rate of
0.4 ml/min. Figure 3 shows that five peaks are ob-
tained and these are named alpha, beta, gamma, delta
and omega. The fraction corresponding to the a-peak
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Fig. 1. Primary structure of a-crotamine with indication of the
position of the disulphide bridges
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Fig 2. Chromatographic peaks obtained from crude crotamine
positive venom of Crotallus durissus terrificus when filtered
through a Sephadex G-75 column
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Fig. 3. Chromatographic peaks obtained from the crotamine
peak when chromatographed on a SP-Sephadex G-25 column

was desalted by extensive dialysis, lyophilized and
chromatographed on a similar column to yield a sam-
ple of pure a-crotamine.

The highest concentration sample used in the ex-
periment was prepared by the addition of the appro-
priate amount of a-crotamine and solvent (HCI solu-
tions at pH=4.5). The same sample was further
diluted to obtain the solutions at lower concentrations.

2.2 SAXS measurements

The protein solutions were placed in Lindemann glass
capillary tubes of 1.0 mm diameter and kept at 22 C.
The SAXS measurements were performed with CuKa
filtered radiation. The experimental set-up consisted
of a Kratky collimation system providing a beam of
linear cross section (height: 44 mm and negligible
width), an evacuated X-ray scattering path and a posi-
tion-sensitive detector at 333 mm from the sample.
The scattering intensities due to the solvent and capil-
lary tube were subtracted from the total measured
intensity and normalized to equivalent sample absorp-

tion and concentration. These experimental SAXS
curves, J(s), were determined as functions of the
modulus of the scattering vector, s, defined by s=
2sin (g/2)/4, ¢ being the scattering angle and A the X-
ray wavelength, for several protein concentrations.
The SAXS measurements were carried out for an s
domain ranging from 2.107* A~ up to 60.1073 A~ 1.
The intensity curves, J(s), were desmeared for the
beam linear cross section shape. The various des-
meared curves, I (s), were then extrapolated to zero
concentration in order to eliminate concentration ef-
fects. The extrapolated function was used for the calcu-
lation of the distance distribution function. The exper-
imental SAXS curves were smoothed to facilitate the
extrapolation procedure.

2.3. Prediction of secondary structures

Denaturation-renaturation experiments on proteins
have provided experimental evidence that the nature
and sequence of amino acids are the main factors re-
sponsible for the very special folding of the polypep-
tide chain that gives rise to the secondary and tertiary
structures of a protein. A whole series of methods that
attempt to predict the secondary structure of a protein
on the basis of the information contained in the prima-
ry structure have been devised. Two of them, that have
proved to give a reliability of prediction on the order
of 60%, were used to predict the secondary structure
of a-crotamine. These are the Chou and Fasman (1977,
1978) method and the method of hydrophobicity pro-
files (Cid et al. 1982).

2.4. Computer programs

SAXS data were desmeared using the Glatter (1982)
ITP program. This program was also used for the
calculation of the distance distribution function, p (r).
The theoretical distance distribution function was cal-
culated using the Glatter (1980) Multibody program.

3. Results and discussion
3.1. Scattering curves and molecular parameters

Guinier plots (log I (s) versus s?) for a-crotamine solu-
tions of 13, 12, 10.5, 8.5 and 7 weight % concentration,
are given in Fig. 4. The apparent radii of gyration, R;,
were determined from the slope, 7y, of the linear region
oflog I versus s? plots as follows (Guinier and Fournet
1955):

R, =0418 /=y 1)
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Fig. 4. Guinier plots (log I (s) versus s?) for a-crotamine solu-
tions of 13, 12, 10.5, 8.5 and 7 weight %
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Fig. 5. R and V' extrapolation to zero concentration for a-crot-
amine solutions, yielding R,=13.7 A and V=9,200 A3

Table 1. Molecular dimensions of a-crotamine

Conc. (mg/ml) R, (&) V (A% x10%) S (A% x 10%)
130 104405 59405 26403
120 10.6+0.5 58405 26403
105 112407 6.6+0.6 31404
85 11.94+0.6 6.9+0.4 31403
70 11.7+05 74405 34404
0 137406 9.240.5 §=3.0403

The R value has been plotted as a function of concen-
tration in Fig. 5. The radius of gyration, R, of the
protein has been determined by linear least square
fitting of the experimental R versus concentration
plot and extrapolation to zero concentration. This ex-
trapolation eliminates concentration effects on R/ val-
ues. The same procedure has been applied for deter-
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mining the volume of the crotamine molecule: the ap-
parent volume V' was obtained, from the ratio be-

tween I(0) and the integral Q= | I(s)s* ds, for each
o
concentration as described by Porod (1982):

V' = 10 2)
47 Q
A linear extrapolation to zero concentration yielded
the volume V' of the molecule as shown in Fig. 5.
The molecular volume determined from the data of
Fig. 5 is larger than that expected for a protein of
molecular weight 4,870. This discrepancy may partial-
ly be explained by possible contributions of layer hy-
dration effects, by errors involved in the determination
of the I1(0)/Q ratio, and by uncertainties in the extra-
polation procedure. Therefore we consider the volume
V as a semiquantitative estimate. In further analysis
this parameter is not used for quantitative purposes.
The surface area of the molecule was determined
from the ratio between the limit value of I (s)s* versus
s* for high s, and the integral Q (Pilz et al. 1979):

_2m[I(s)s*]
- Q

Since SAXS intensities in the asymptotic region (high
s value) present relatively large statistical errors and the
concentration effect on SAXS intensities in this region
is negligible, the surface area S of the molecule was
determined as an average over the several surface
areas obtained for different concentrations. All the
structural parameters obtained are summarised in
Table 1.

The wide domain of linear behavior of SAXS
curves in Guinier plots suggests that the solution is
monodisperse or that aggregation involves a very low
fraction of molecules.

S 3)

3.2. Determination of o-crotamine shape

The first and simplest assumption of a spherical molec-
ular shape has been disregarded because the volume of
a sphere calculated from the experimental radius of
gyration R,=13.7 A, ¥, =232 x 103 &3, is clearly dif-
ferent from the volume value calculated by using (2),
V,=9.210% A.

The second assumption was that of an ellipsoidal
shape for the molecule, with semi-axes a, a, b. The plot
of the volume of an ellipsoid with radius of gyration
R,=13.7 A versus the ratio of semi-axis v= b/a, shown
in Fig. 6, suggests the possibility of either an oblate or
a prolate ellipsoid, having a semi-axis ratio equal to
0.23 and 3.10, with surface areas of 3.2 10° and
2.5 10 A2, respectively. The surface area obtained us-
ing (3) is S=(3.0+0.3) 10° A2. This value is closer to
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the surface area expected for an oblate ellipsoid but the
high uncertainty associated with the value of S does
not permit a clear conclusion. Therefore, we tried an
alternative analysis of the scattering curve by deter-
mining the distance distribution function p(r) and
comparing it with the p(r) function calculated from a
structural model for the protein.

With the purpose of building a model for the mol-
ecule, a statistical prediction of the secondary struc-
ture was attempted by the methods of Chou and Fas-
man (1978) and hydrophobicity profiles (Cid et al.
1982). Table 2 lists the two independent and the com-
bined predictions for the secondary structure of a-crot-
amine. It is noticeable that there is excellent agreement
between the results of this secondary structure predic-
tion and the proposed secondary structure content
suggested by Hampe et al. (1978) and Hampe and
Goncalves (1976), based on O.R.D., as well as with the
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Fig. 6. Plot of the volume ¥ of an ellipsoid with radius of gyra-
tion R,=13.7 A versus the ratio of semi-axis. The intercept of
this curve with the experimentally obtained volume gives the
semi-axis ratio for a prolate and an oblate ellipsoid of that
volume

Table 2. Prediction of the secondary structure for a-crotamine

results of Kawano et al. (1982) using Raman spectros-
copy analysis.

A calculation of the distance distribution function,
p(r), was performed using desmeared intensity data,
extrapolated to infinite dilution. The first quantitative
information obtained from the experimental p (r) func-
tion was the maximum diameter D of the particle. This
parameter and its uncertainty have been determined
by assuming decreasing values for D and introducing
them in the ITP program for calculating p(r). D=
(40+2) A was found to be the minimum value which
supresses oscillations of p(r) close to r~D.

We then tried to build a low resolution model for
a-crotamine, based on the statistical prediction of the
secondary structure, consisting of the association of
two lobes linked by the disulphide bridge Cys18—
Cys30. The larger lobe (L) includes residues from 1 to
17 and 31 to 42, while the smaller lobe (S) includes
residues from 18 to 30. Lobe (L) is assumed to be a
roughly symmetrically flattened spheroidal zone with
a diameter of 22 A and a height of 12 A, while lobe (S)
has a similar shape with a diameter of 18 A and a
height of 10 A. Lobes (L) and (S) are interconnected by
a neck of 4 x4 x 1 A3,

The Multibody program (Glatter 1980) was used
for the calculation of p(r) assuming a model with the
geometry described above and filled with identical
spherical scatterers with 1 A radius. The theoretical
p(r) function calculated from this model, as well as the
experimental p (r) function obtained by Fourier trans-
formation of the sI(s) function, are shown in Fig. 7.
The excellent agreement between the two curves indi-
cates that the molecular model based on a two-lobe
structure, derived from the statistical prediction, is
fully compatible with the SAXS experimental results.

An analysis of the amino acid content of the two
lobes of this a-crotamine model is presented in Table 3,
showing that lobe (S) is considerably less polar than
lobe (L). Although no mechanism of action is known
for the toxic action of a-crotamine, this model suggests

Chou and Fasman Hydrophobicity Combined prediction
AA Secondary AA Secondary AA Secondary
sequence structure sequence structure sequence structure
2-7 a-helix 1-8 a-helix 1-8 a-helix
811 f-turn 813 p-strand 9-12 random coil
12-16 f-turn 13-16 p-turn 13-16 p-turn
16-20 f-strand 16-20 f-strand 16-20 f-strand
20-24 B-turn 21-14 p-turn 21-24 f-turn
25--29 random coil 24-38 B-strand 25-36 f-strand
30-36 B-strand
37-40 p-turn 38-41 p-turn 37-40 p-turn
41-42 random coil 42 random coil 41-42 random coil
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Fig. 7. Comparison between the p(r) function determined from
experimental SAXS results (in dots) and calculated for the (in-
serted) structural model of crotamine (continuous line)

Table 3. Nature of amino acids in crotamine and in each of lobes
Land S

o-Crotamine  Lobe L Lobe S
number % number % number %
ofa.a. aa ofaa aa ofaa aa.
Non-polar 13 31 9 31 4 31
a.a.
Uncharged 13 31 7 24 6 46
polar a.a.
+ Charged 13 31 12 41 1 8
a.a.
— Charged 3 7 1 4 2 16
a.a.
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that, as lobe (S) is considerably less polar than lobe (L),
it could play a role in the interaction of ¢-crotamine
with cell membranes.
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