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Theoretical Investigation of the Structural Properties of Two Crotamines
Isolated from the Venom of Crotalus durissus
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Abstract: Crotamines 1 and 2 differ only at residue 19 (which is Leu in 1, and lle in 2), but 1 presents a greater myone-
crotic activity. PM3 geometry optimizations of fragments of 1 (117-C18-L19-P20-P21) and 2 (117-C18-119-P20-P21)
yielded the minimum energy conformations I-a and 11-a, respectively. The HF and DFT calculation of chemical proper-
ties (atomic charge, orbital population, and MO energy) of I-a and Il-a did not reveal significant differences that would
explain the differences in biological activities of the corresponding crotamines. PM3 optimized geometries of full peptides
1 and 2 presented different globular spatial arrangements when disulfide bonds between cysteine residues were consid-
ered. This fact may be related to the difference in biological activities observed for the two crotamines.
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1. INTRODUCTION

Crotamine 1 is a peptide with 42 amino acid residues [1]
(Scheme 1) that is widely distributed among the Crotalus
snake venoms [2] and is characterized as a cell-penetrating
neurotoxin [3] which induces persistent activation of the
sodium channel [4], inhibits the direct transition of channels
from closed to inactivated states, thereby forcing their transi-
tion through the open states [5], shows analgesic activity [6],
and is myonecrotic [7, 8]. Crotamine 2 shows a high degree
of homology with 1, differing only by having an isoleucine
residue in position 19 instead of leucine.

Some differences in the biological activities of these two
crotamines have previously been observed [9]. For example,
intramuscular injection of 1 in mice induces immediate hy-
perextension in the affected paw with subsequent hind limb
paralysis, ptosis, lachrymal hypersecrection, dyspnea, tachy-
cardia, and absence of response to mechanical stimuli 20 min
after injection. Total limb paralysis, tachycardia, dyspnea,
and pronounced ptosis occur and last for 24 h. In addition,
the histological study of the gastrocnemius muscle revealed
intense cytoplasm vacuolization on 24 h after injection of 1.
Similarly, hyperextension of the injected paw with subse-
quent hind limb paralysis, ptosis, and tachycardia are ob-
served when 2 is injected under the same experimental con-
ditions. However, all signals and symptoms disappear only
within 30 min after the injection. Moreover, no lesions are
observed when 2 is injected to mice.

The differences in the biological activities of these cro-
tamines should be arisen from the alteration in residue 19
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[8]. Therefore, the question is whether the intrinsic chemical
properties of leucine and isoleucine can explain the more
active myonecrotic site of 1, or whether the different steric
influences of residue 19 simply alter the overall three-
dimensional structure of these crotamines so as to alter the
geometry and, hence, the myonecrotic activity in the target
cell. To answer these questions, it would be appropriate to
investigate the electronic and structural properties of cro-
tamines 1 and 2.

Conformation simulations of crotamine 1 based on NMR
and CD data have previously been published [10, 11]. A con-
formational study was also performed by theoretical calcula-
tions using the molecular mechanics method (MM) [13]. In
both these cases, the globular conformations of 1 were ob-
tained. In the present work, theoretical investigation of the
chemical and structural properties of these crotamines was
carried out to relating to their myonecrotic activities. The
chemical and structural properties of fragments that include
residue 19 of 1 and 2 were investigated using the Hartree-
Fock (HF) and the Density Functional Theory (DFT) theo-
retical calculations. Additionally, the conformational analy-
sis by semi-empirical PM3 calculations was also performed
to investigate the stereochemistry effects of residue 19 on the
myonecrotic activity of these crotamines.

2. COMPUTATIONAL METHODS

Theoretical studies were accumplished using the GAUS-
SIANO3 software package [13]. Geometry optimizations
were performed using the semi-empirical PM3 method [14].
The Hartree-Fock method [15] was employed using a 6-
31G* basis set (HF/6-31G*) [16, 17]. The Density Func-
tional Theory method [18] utilized the BLYP and B3LYP
[19, 20] functions in the same basis set (BLYP/6-31G* and
B3LYP/6-31G*, respectively). DFT methods have been very
popular for the calculations of larger molecules such as bio-
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Y1-K2-Q3-C4-H5-K6-K7-G8-G9-H10-C11-F11-P13-K14-E15-K16-117-C18-L19-P20-P21-S22-S23-D24-F25-G26-
K27-M28-D29-C30-R31-W32-P33-W34-K35-C36-C37-K38-K39-G40-541-G42

Scheme 1. Alignment of crotamine 1 in one-letter amino acid code.

molecules. In many cases, the results of DFT calculations
agree quite satisfactorily with experimental data. The HF
method does not include coulombic electron-electron repul-
sion in the calculation. However, its net effect is included in
the calculation. DFT methods compute electron correlations
and achieve significantly greater accuracy than HF theory.
However, the DFT methods demand more computational
resources, being more expensive than an equivalent Hartree-
Fock calculation. Since the quality of the results depends
critically on the function for DFT calculations, the pure
(BLYP) and hybrid (B3LYP) DFT methods were used in the
theoretical investigations of the crotamines. The hybrid
B3LYP function can be considered to be superior to the pure
function BLYP, but also demands greater computational
resources [21, 22].

HF/6-31G* and BLYP/6-31G* geometry optimizations
were performed for structures in the gaseous phase. The sol-
vent effect was approximated by the Polarizable Continuum
Model (PCM) as implemented in the Gaussian03 package for
optimized geometries at the B3LYP/6-31G* level with water
(e = 78.4) as the solvent [B3LYP/6-31G* (PCM; water)]
[23]. All the structures obtained from theoretical calculations
were characterized as true energy minima on the Potential
Energy Surfice (PES) through frequency calculations (when
the frequencies are real, a true minimum energy structure is
present).

Conformational analysis by PM3 calculations on frag-
ments 117-C18-L19-P20-P21 (1) and 117-C18-119-P20-P21
(11) were performed for structures with non-ionized termini
in the gaseous phase. The optimized geometries were re-
optimized at the HF/6-31G*, BLYP/6-31G*, and B3LYP/6-
31G* (PCM; water) levels. The atomic charge properties
(Mulliken), the orbital populations, and the molecular orbital
(MO) energies of these fragments were obtained at the same
levels of theory. These chemical properties have efficiently
calculated for several organic compounds [24-26].

Conformational analyses of 1 and 2 were accomplished
for PM3 calculations by stepwise additions of amino acid
residues and geometry optimizations based on the geo-
metries of fragments | and Il, optimized by B3LYP/6-
31G*(PCM; water) [27, 28]. In this manner, S22 was added
to the C-terminal of both fragments following geometry op-
timizations of these new six-residue fragments. The K16 was
then added to the N-terminal of these most recent fragments
containing seven residues, and geometry optimizations were
again performed. The addition of residues to either the C-
terminal or the N-terminal residue, followed by geometry
optimization, was performed successively until the optimiza-
tions of the complete sequences of 1 and 2 were achieved. In
all these cases, the calculations were performed for structures
with ionized termini in the gaseous phase.

3. RESULTS AND DISCUSSION
Theoretical Calculations of the Fragments

Conformational investigation of fragment I was initially
performed by PM3 geometry optimizations. From the 11

optimized geometries (I-a to I-k), conformation 1-a pre-
sented the lowest enthalpy (AH; = -234.56 kcal/mol). All the
other conformations, I-b to I-k, presented enthalpies higher
than AH; = -231.69 kcal/mol. Likewise, geometries corre-
sponding to fragment Il were generated from 1-a to I-k by
replacing Leu by lle at position 19. PM3 geometry optimiza-
tions resulted in two conformations having similar enthal-
pies, lower than all the others, namely 11-a (AH¢ = -231.99
kcal/mol) and 11-b (AH¢ = -231.09 kcal/mol). The other con-
formations, 1l-c to 11-k, had AH; > -229.28 kcal/mol. Since
I1-a and 11-b presented similar geometries, only 11-a will be
considered henceforth.

HF/6-31G*, BLYP/6-31G*, and B3LYP/6-31G*(PCM;
water) Mulliken atomic charge calculations for all the atoms
of 1-a and 11-a were also performed for structures with non-
ionized termini. The atomic charge relationships obtained
between corresponding atoms of I-a and Il-a did not show
significant differences. As a result of these relationships,
atomic charges certainly do not constitute a determining pa-
rameter that might be related to the potential myonecrotic
activity observed for 1 and 2. HF/6-31G*, BLYP/6-31G*,
and B3LYP/6-31G*(PCM; water) calculations of orbital
populations, as well as occupied and vacant MO energies,
for 1-a and ll-a were performed for structures with non-
ionized terminal residues. A comparison of the orbital popu-
lation and MO energies did not reveal significant differ-
ences. It follows that both properties of these fragments do
not determine the biological activities of the corresponding
crotamines.

Fig. (1) shows the conformations I-a and Il1-a obtained
from B3LYP/6-31G*(PCM; water)-geometry optimizations
for structures with non-ionized termini. The spatial arrange-
ments of the PM3, HF/6-31G*, and BLYP/6-31G* opti-
mized geometries of I-a and ll-a are almost the same as
those obtained for the B3LYP/6-31G*(PCM; water) geome-
try optimizations. All the geometry optimizations of I-a and
11-a place the carbonyl oxygen of P20 (O-P20) close to am-
ide hydrogen of C18 (H-C18). The interatomic distances
observed in all these calculations are lower for 11-a than for
I-a, indicating a steric effect for residue 19 of Il-a that fa-
vors a stronger hydrogen bond between the O-P20 and the
H-C18. As a consequence, ll-a presents a more pronounced
folding near residue 19 than the corresponding region of I-a.
Another consequence of these results is some loss of well-
defined secondary structures (helicoidal or S-sheet forms)
near 119 of ll-a, schematically shown in Fig. (1) by the
break in the ribbon chain (tape) of this fragment. The O-P20
and H-C18 intramolecular interactions exist to maintain sta-
bility and also probably aid in the folding of the main chain,
and may have consequences for the large-scale conformation
of these crotamines [29]. Thus, since most of the calculated
differences in the O-P20 and the H-C18 interatomic dis-
tances for I-a and 11-a may not be significant, this fact may
suggest an explanation based on differences in the spatial
arrangements of the terminal residues of both crotamines.
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Fig. (1). B3LYP/6-31G* optimized geometries of 1-a and ll-a, for structures with non-ionized termini in the gaseous phase. The double ar-
row shows the proximity between the carbonyl oxygen of residue P20 and the hydrogen of the amine group of residue C18.

Geometry Optimizations of the Crotamines 1 and 2

By beginning with the geometries of I-a and Il-a opti-
mized by B3LYP/6-31G*(PCM; water) calculations, PM3
geometry optimizations of larger fragments of 1 and 2 were
calculated for structures with ionized termini, in the gaseous
phase, without considering intramolecular disulfide bonds
between cysteine residues. The new fragments were con-
structed by alternate stepwise additions of the respective
residues to the N-terminal and the C-terminal residues to
complete the full sequences, followed by the corresponding
conformational analyses of both crotamines. The geometries
were optimized after each addition.

The resulting conformation analysis of 1 demonstrated a
globular spatial arrangement at the N-terminal end, i.e. from
Y1 to K16. In the region between K16 and P21, including
L19, there is a relatively linear substructure. From F25 to
M28, P33 to S41, and at the C-terminal residue, a somewhat
helicoidal form is apparent. The fully-characterized helicoi-
dal form between P33 and S41 has already been related to
the disulfide bonds involving the cysteine residues in posi-
tions 36 and 37 [30]. The infrequent occurrence of helices in
the PM3-optimized geometry of 1 agrees with the ca. 2% of
this form predicted by circular dichroism analysis [10, 11,
31].

The optimized geometry of 2 is more linear than 1, ex-
cept for a pronounced inflexion between 119 and P21 in 2. At
the N-terminal residue, there is a pronounced inflexion of the
coil between K7 and H10. Nevertheless, the conformational
differences were observed in the spatial arrangement at the
chain termini of these crotamines. Since experimental studies
revealed that fragments containing residues at the terminus
of 1 show myonecrotic activity [1, 32], the different spatial
arrangements at the ends of these crotamines could be related
to the differences in the biological activities.

Theoretical calculations were performed for both cro-
tamines with structures containing the three disulfide bonds
between C4-C36, C11-C30, and C18-C37, as proposed ear-
lier [12]. The PM3 optimized geometries of 1 and 2 were
used as starting models. Since the structures of these cro-
tamines without disulfide bonds are different, they could
lead to distinct sequences of disulfide bond formation, so
PM3 theoretical calculations were performed for conforma-
tional analyses of these crotamines with different sequences
for disulfide bond formation. A C4-C36 disulfide bond was
formed, followed by further geometry optimizations by the
additions of the C11-C30 and C18-C37 links, successively,
giving the structures shown in Fig. (2a) for both crotamines.

The optimized geometries of 1 and 2 were obtained from
the C11-C30, C18-C37, and C4-C36, as well as from the
C18-C37, C4-C36, and C11-C30 sequences of disulfide
bond formation, respectively shown in Fig. (2b and 2c).
Hence, different optimized geometries can be observed when
the sequences of disulfide bond formation are changed.
Among the geometries of these crotamines shown in Fig.
(2a-2c), the lowest energies correspond to 1(a) and 2(c),
respectively. Although these conformations are all globular,
they probably differ in their intermolecular interactions. The
disulfide bond formation between C4-C37, C11-C36, and
C18-C30 was also considered, as was previously proposed
for some crotamines [33]. Similar results were obtained with
different optimized geometries when the sequences of the
disulfide bond formation were changed.

CONCLUSION

Although both crotamines have a high degree of homol-
ogy, 1 shows greater myonecrotic activity than 2. In light of
this result, PM3, HF/6-31G*, BLYP/6-31G*, and B3LYP/6-
31G*(PCM; water) calculations were used to obtain data
with regard to the chemical properties of the fragments of
both crotamines. Even though there are some variations in
the chemical properties between both fragments, no rigorous
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Fig. (2). PM3-optimized geometry of 1 and 2 with ionized termini in the gaseous phase, performed by stepwise formation of disulfide bonds
in accord with the sequences: (a) C4-C36, C11-C30, and C18-C37, (b) C11-C30, C18-C37, and C4-C36, and (c) C18-C37, C4-C36, and

C11-C30. Energies relative to crotamine 1(a).

relationship to their respective biological activities can be
established.

When disulfide bonds are not considered in the confor-
mational analyses, the PM3 optimized geometry of 1 is less
linear than that of 2. Each conformation may favor specific
intermolecular interactions and must play a determining role
in defining their reactivities. As a result, different globular
spatial arrangements can be proposed when alteration of the
sequence of disulfide bond formation is considered for 1 and
2. These arrangements are very likely to be related to the
different conformations and activities observed for both cro-
tamines.
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