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Abstract

Crotamine is one of four major components of the venom of the South American rattlesnake Crotalus durissus terrificus.

Similar to its counterparts in the family of the myotoxins, it induces myonecrosis of skeletal muscle cells. This paper describes a

new NMR structure determination of crotamine in aqueous solution at pH 5.8 and 20 8C, using standard homonuclear 1H NMR

spectroscopy at 900 MHz and the automated structure calculation software ATNOS/CANDID/DYANA. The automatic

NOESY spectral analysis included the identification of a most likely combination of the six cysteines into three disulfide bonds,

i.e. Cys4–Cys36, Cys11–Cys30 and Cys18–Cys37; thereby a generally applicable new computational protocol is introduced to

determine unknown disulfide bond connectivities in globular proteins. A previous NMR structure determination was thus

confirmed and the structure refined. Crotamine contains an a-helix with residues 1–7 and a two-stranded anti-parallel b-sheet

with residues 9–13 and 34–38 as the only regular secondary structures. These are connected with each other and the remainder

of the polypeptide chain by the three disulfide bonds, which also form part of a central hydrophobic core. A single conformation

was observed, with Pro13 and Pro21 in the trans and Pro20 in the cis-form. The global fold and the cysteine-pairing pattern of

crotamine are similar to the b-defensin fold, although the two proteins have low sequence homology, and display different

biological activities.
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1. Introduction

Crotamine is a polypeptide present in the venom of the

South American rattlesnake Crotalus durissus terrificus.

First isolated by Goncalves and Vieira (1950), crotamine

contains a single polypeptide chain of 42 amino acid

residues (Laure, 1975). There are six cysteines, which are all

involved in disulfide-bonds (Kawano et al., 1982).
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The globular conformation of crotamine is very stable in

solution (Hampe et al., 1978).

Crotamine is part of a family of small basic peptides

present in rattlesnake venoms, which are non-enzymatic and

have myonecrotic activity. These myotoxins show high

amino acid sequence homology (Radis-Baptista et al.,

1999). They also show similar action mechanisms during

the envenomation (Fletcher et al., 1996), where they reduce

the membrane potential and increase the influx of ions

through the membrane, thus modifying conductance by a

NaC channel-mediated mechanism and releasing Ca2C

from the heavy fraction of the sarcoplasmatic reticulum

(Ownby, 1998).

The myotoxins has been extensively studied, including

structural studies by SAXS (Beltran et al., 1990), laser-

Raman spectroscopy (Kawano et al., 1982), and 1H NMR

(Endo et al., 1989; Nicastro et al., 2003). In these previous

studies, the cysteine pairing pattern could not be unambigu-

ously determined by SAX (Beltran et al., 1990) or by the

NMR structure determination, which was therefore based on

ad hoc disulfide connectivities (Nicastro et al., 2003). In this

study, the NMR structure determination of crotamine was

repeated, using the highest available field strength for

improved NMR sensitivity and resolution. Furthermore,

fully automatic interpretation of the 2D [1H,1H]-NOESY

data was obtained with the software package ATNOS/

CANDID/DYANA (Herrmann et al., 2002a,b; Güntert et al.,

1997), which also yielded an automatic determination of the

disulfide covalent bond connectivities as a result of the

NOE-derived distance information network. The compu-

tational approach used here for identification of the

unknown disulfide bond connectivities based entirely on

[1H,1H]-NOESY distance constraints, will be generally

applicable for studies of globular proteins with unknown

cysteine pairings, including other polypeptide toxins.

A previously determined NMR structure of crotamine

(Nicastro et al., 2003) could thus be confirmed and refined.
2. Materials and methods

2.1. Purification of crotamine

Crotalus durissus terrificus venom was extracted from

snakes maintained at the FMRP serpentarium of São Paulo

University, and dried under vacuum. Six hundred milli-

grams of crude venom were dissolved in 5 ml of 0.25 M

ammonium formate buffer at pH 3.5, and the bulk of

crotoxin, the major venom component, was eliminated by

low speed centrifugation as a heavy precipitate that formed

upon slow addition of 20 ml of cold water to the solution.

Dropwise addition of Tris-base solution was then used to

raise the pH of the supernatant to 8.8, and the resulting

solution was applied to a CM-Sepharose FF (1.5!4.5 cm;

Amersham-Pharmacia) column equilibrated with 0.04 M

Tris–HCl buffer at pHZ8.8 containing 0.06 M NaCl. After
washing the column with 100 ml of equilibrating solution,

crotamine was recovered as a narrow protein peak by raising

the NaCl concentration of the eluting buffer to 0.6 M. The

material was thoroughly dialyzed against water (benzoy-

lated membrane; cut-off MWZ3000) and lyophilized.

Amino acid analysis after acid hydrolysis (4 M MeSO3-

HC0.1% tryptamine, 24 h at 115 8C) of a sample indicated

a yield of 72 mg (14.7 mmol) of Laure’s crotamine

(Laure, 1975) and trace amounts of Thr, Ala and Val

(purity O98%).

2.2. NMR spectroscopy

Lyophilized protein was dissolved in 95% H2O/5% D2O

containing 1 mM NaN3 at pH 5.8, with a final crotamine

concentration of 1.8 mM. The NMR measurements were

performed at 20 8C on Bruker DRX600 and Avance 900

spectrometers.

The spectra collected for the backbone and side chain

assignments were 2D 2QF-[1H,1H]-COSY (Rance et al.,

1983), 2D [1H,1H]-TOCSY (Griesinger et al., 1996) with a

mixing time tmZ60 ms, and 2D presat-[1H,1H]-NOESY

(Wider et al., 1984) with a mixing time tmZ60 ms, which

was also one of the two data sets used as input for the

structure calculation. A 2D [1H,1H]-NOESY spectrum at

40 8C was used to resolve ambiguities caused by chemical

shift overlap at 20 8C. In addition, a 2D [1H,1H]-NOESY

spectrum in 100% D2O was used to assign chemical shifts

near the water line, and was also the second data set in

the input for the structure calculation. 2D [1H,13C]-COSY

and 2D [1H,15N]-COSY spectra at natural abundance were

collected to verify the resonance assignments. Scalar

coupling constants were derived from a 2D [1H,1H]-

E.COSY spectrum (Griesinger et al., 1987).

2.3. 3D structure determination and identification

of disulfide bonds

The sequence-specific 1H NMR assignments and the 1H

chemical shift list for crotamine were generated interac-

tively with the program XEASY (Bartels et al., 1995),

following the standard procedure for structure determination

using homonuclear NMR spectroscopy (Wüthrich, 1986).

Scalar coupling constants were extracted from a 2D

[1H,1H]-E.COSY spectrum, using the E.COSY tool of

SPSCAN (Ralf Glaser, unpublished).

The structure calculation was performed with the

software package ATNOS/CANDID/DYANA, using the

amino acid sequence, the chemical shift list and the two

aforementioned 2D [1H,1H]-NOESY spectra as input. The

standard protocol with seven cycles of peak picking using

ATNOS (Herrmann et al., 2002b), NOE assignment using

CANDID (Herrmann et al., 2002a) and structure calculation

using DYANA (Güntert et al., 1997) was applied. Thereby,

in the second and subsequent cycles, the intermediate

protein structures were used as an additional guide
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for the interpretation of the NOESY spectra. During the first

six ATNOS/CANDID cycles, ambiguous distance con-

straints (Nilges, 1997) were used, while for the final

structure calculation in cycle seven, only distance con-

straints were retained that could be unambiguously assigned

based on the protein 3D structure from cycle six. The scalar

coupling constants were converted into dihedral angle

constraints by the grid search algorithm FOUND (Güntert

et al., 1998) and in each ATNOS/CANDID cycle combined

with the updated database of NOE upper distance

constraints in the input for the DYANA structure

calculation.

To determine the disulfide connectivities of the six

cysteines, a novel computational protocol consisting of three

ATNOS/CANDID/DYANA structure calculations with

different input data was applied. A first calculation was

exclusively based on NOE-derived distance constraints and

served as a reference. A second calculation additionally

included disulfide connectivities in an analogous way to the

treatment of ambiguous NOE distance constraints (Nilges,

1995, 1997). Three different ambiguous distance constraints

to the other five Cys residues were generated for each

cysteine, i.e. between its Sg atom and the Sg atoms of all

other cysteines, with upper and lower limits of 2.10 and

2.00 Å, between its Sg atom and the Cb atoms of all other

cysteines, with upper and lower limits of 3.10 and 3.00 Å,

and between its Cb atom and the Sg atoms of all other

cysteines, with limits of 3.10 and 3.00 Å. The CysSg –CysSg

and CysCb–CysSg distances obtained in this calculation

were then compared with the standard values for disulfide

bonds (Williamson et al., 1985), and likely disulfide

connectivities were identified from close fits. The resulting

connectivities were further evaluated from the convergence

of a third ATNOS/CANDID/DYANA calculation, in which

each of the thus identified disulfide bridges was constrained

by a standard set of three upper and three lower distance

constraints (Williamson et al., 1985). The 20 conformers
Fig. 1. Amino acid sequence of crotamine and survey of sequential and me

thin bars indicate strong and weak NOE intensities. For the Xxx-Pro dipe

respectively. Medium-range NOEs are indicated by lines connecting the

indicated at the top were determined by the present NMR study.
with the lowest residual DYANA target function values, out

of 100 starting conformers used in this final calculation,

were energy-refined in a water shell with the program

OPALp (Luginbühl et al., 1996; Koradi et al., 2000), using

the AMBER force field (Cornell et al., 1995), and used to

represent the solution NMR structure of crotamine. The

program MOLMOL (Koradi et al., 1996) was used to

analyze the protein structures and to prepare the figures

showing molecular models.
3. Results
3.1. Resonance assignment

The sequential assignment of crotamine was based on

homonuclear 1H NMR spectroscopy (Wüthrich, 1986),

using 2D 2QF-[1H,1H]-COSY (Rance et al., 1983), 2D

[1H,1H]-TOCSY (Griesinger et al., 1996) and 2D [1H,1H]-

NOESY (Wider et al., 1984) spectra. Except for Lys2 and

Gln3, all expected backbone amide proton resonances were

identified and assigned. Fig. 1 contains a survey of the data

used for the backbone assignments. All the a-protons and

90% of the carbon-bound side chain protons were assigned.

The missing assignments are Lys2 (Hd and H(3), His10 (H3),

Lys14 (Hd), Phe25 (Hz), Lys38 (H3) and Lys39 (Hd and H3).

The intraresidual HN–Ha cross peak for Lys35 could not be

resolved at 20 8C, but was clearly identifiable at 40 8C.

A 2D [1H,1H]-NOESY spectrum in D2O (Fig. 2) showed

strong cross peaks connecting the resonances Leu19Ha and

Pro20Ha, indicating a cis-form for Pro20. Strong cross

peaks connecting Pro20Ha and Pro21Hd indicated the trans-

form for Pro21. The trans-form for Pro13 was similarly

evidenced by NOE cross peaks between Phe12Ha and

Pro13Hd (Fig. 1). Only one conformation was observed for

each of the three prolyl residues.
dium-range NOEs. For the sequential NOE connectivities, thick and

ptide segments, daa and dad NOEs identify the cis- and trans-form,

two residues that are related by the NOE. The disulfide bridges



Fig. 2. Superposition of contour plots of a 600 MHz 2D [1H,1H]-

TOCSY spectrum (red) and a 900 MHz 2D [1H,1H]-NOESY

spectrum (black) of crotamine in 2H2O solution. Selected 1H

chemical shifts of the residues Leu19, Pro20 and Pro21 are

indicated at the top. Dotted lines show the sequential daa NOE

connectivity between residues 19 and 20, which shows that Pro20

adopts the cis-conformation, and dashed lines show the sequential

dad NOEs between residues 20 and 21, which document the trans-

conformation of Pro21 (Wüthrich, 1986).
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3.2. Structure calculation and identification

of the disulfide bonds

The input for the structure calculation package

ATNOS/CANDID/DYANA (Herrmann et al., 2002a,b;

Güntert et al., 1997) consisted of the amino acid sequence,

the chemical shift list, 22 scalar coupling constants collected

from a 2D [1H,1H]-E.COSY spectrum, and two homo-

nuclear 2D [1H,1H]-NOESY spectra. To determine the

disulfide connectivities of the six cysteines, the results of

two ATNOS/CANDID/DYANA calculations with different

input data were compared (see Section 2). The calculation

based solely on NOE-derived distance constraints

(Fig. 3(a)), and a calculation where the updated NOE-

derived distance constraints were in each cycle comple-

mented with ambiguous distance constraints to enforce

disulfide connectivities, yielded two closely similar NMR

structures, with a backbone RMSD value of 0.92 Å between

the mean coordinates of the two bundles of 20 conformers.

The 3D structure obtained with ambiguous disulfide

distance constraints showed near-standard CysSg–CysSg

and CysCb–CysSg distances (Williamson et al., 1985) for

only one set of three disulfide connectivities, and this result

allowed the unambiguous assignment of the cysteine pairing

pattern Cys4/Cys36, Cys11/Cys30 and Cys18/Cys37.

In a final ATNOS/CANDID/DYANA structure calcu-

lation, the input included unambiguous distance constraints

to enforce the three disulfide bonds thus identified. In

ATNOS/CANDID/DYANA cycle seven, a total of 1930

NOESY cross peaks were assigned, which yielded 509

meaningful NOE upper distance limits. The low

residual DYANA target function value of 0.84G0.25 Å2

and the average global RMSD value relative to the mean
coordinates of 0.50G0.08 Å calculated for the backbone

atoms of residues 1–39 represent a high-quality NMR

structure determination (Fig. 3(b); Table 1).

The two NMR structures calculated with and without

unambiguous disulfide constraints are displayed in Fig. 3,

and characteristic NMR parameters are listed in Table 1. For

both calculations, a low residual DYANA target function

value and a small RMSD value for the final bundle of 20

conformers were obtained. The numbers of meaningful

upper distance constraints that resulted from the two

calculations show only small differences, indicating that

both calculations made similar use of the spectral

information. The agreement between the results of the two

calculations carries over into structures that are very similar

in terms of precision and accuracy. Overall, the combination

of similar values for the residual DYANA target function

and the number of meaningful upper distance constraints

with the RMSD value of 0.93 Å between the mean

coordinates of the two bundles of 20 conformers clearly

supports that the disulfide bonds were correctly assigned.

3.3. The NMR structure of crotamine

Overall, the new refined structure of crotamine confirms

that the previously reported fold (Nicastro et al., 2003) is

correct. An a-helix of residues 1–9 and a subsequent hairpin

place the residues Tyr1, His5 and His10 into a linear

alignment, as was previously pointed out by Endo et al.

(1989). The core of the protein is formed by an antiparallel

b-sheet constituted by the residues 9–13 and 34–38. A long,

non-regular loop connects the two strands of the b-sheet.

The disulfide bridges connect the b-sheet to the N-terminal

a-helix (Cys4/Cys36) and to this loop (Cys11/Cys30 and

Cys18/Cys37). All the nine lysines, with the sole exception

of Lys35, and the two arginines are oriented toward the

solvent, so that crotamine has extended positively charged

molecular surface areas (Fig. 4).
4. Discussion

4.1. Comparison of crotamine with related small

disulfide-rich proteins

Crotamine and myotoxin a, the most extensively studied

members of the myotoxin family, show differences in only

three sequence positions (Fig. 4(a)) and have similar

biological activities. The present study on crotamine further

implies that they have the same disulfide bond patterns, i.e.

Cys4/Cys36, Cys11/Cys30 and Cys18/Cys37, which was

determined for myotoxin a by biochemical methods (Fox

et al., 1979).

Structural similarities are also readily apparent when

comparing crotamine with the polypeptide DLP-2 extracted

from the venom of platypus (Torres et al., 2000) (PDB code

1D6B), which has only 25% sequence identity. The most



Fig. 3. Stereo views of the NMR structure of crotamine calculated with and without disulfide bond constraints (Table 1). (a) Bundle of 20

DYANA conformers calculated without disulfide bond constraints. The superposition is for best fit of the backbone atoms N, Ca and C 0 of the

residues 1–39. The backbone is green and the Cys side chains are yellow. (b) Same as (a), except that the input for the structure calculation

included disulfide bond constraints for the Cys pairs 4/36, 11/30 and 18/37 (see text). Selected residue positions are indicated with numbers.
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significant differences can be seen near the N- and

C-termini, since compared to crotamine, the DLP-2

polypeptide is elongated at the N-terminus and truncated

near the C-terminus. The activity of DLP-2 has not yet been

well defined, but it is known not to affect the NaC channel.

The overall fold of crotamine is the same as presented by

the proteins of the b-defensin family (Zimmermann et al.,

1995), despite low sequence homology (Fig. 4(a)) and little

biological similarity between crotamine and the other

members of this family. Defensins are cationic peptides,

which are rich in lysine and arginine residues (Dimarcq

et al., 1998; Ganz et al., 1985). Six invariant cysteine

residues that are conserved throughout the defensin family

form three intramolecular disulfide bonds, which provides

stability to the defensin tertiary structure. Mammalian a-

and b-defensins differ in the pairing of the six cysteine

residues, which is 1/6, 2/4 and 3/5 in a-defensins, and 1/5,

2/4 and 3/6 in b-defensins (the numeration from 1 to 6 is in

the order of the appearance of the Cys residues in
the sequence, see Fig. 4(a)) (Ganz and Lehrer, 1998; Tang

and Selsted, 1993). Defensins generally display antimicro-

bial properties and thus constitute a part of the host defense

mechanism of multicellular organisms (Ganz et al., 1985).

The high net positive charge of these proteins facilitates the

electrostatic interaction with negatively charged bacterial

cell surfaces, and can thus lead to permeabilization of

bacterial membranes. Although many defensins display

common or very similar global folds (Ganz and Lehrer,

1998), they may individually have greatly different

physiological activities. Overall, inspection of Fig. 4(c)

indicates that the wide variation of the surface charge

distribution in the presently considered, similarly folded

toxins might be an important factor for their biological

functions and specificities.

Finally, we should refer here to the previous claim that

crotamine displays analgesic activity (Mancin et al., 1998),

since this effect was recently shown to be due to the

presence of a crotoxine fragment, which is another major



Table 1

Input for the NMR structure determination of crotamine with and without disulfide bond constraints, and statistics of the bundle of 20 energy-

minimized conformers used to represent the solution structure

-With disulfide bond constraints -Without disulfide bond

constraints

NOE upper distance limitsa 509 497

Scalar coupling constants 22 22

Dihedral angle constraints 146 147

Residual DYANA target function value (Å2) 0.84G0.25 1.56G0.48

Residual distance constraint violations

Number O0.1 Å 6G2 5G2

Maximum (Å) 0.12G0.01 0.12G0.01

Residual dihedral angle constraint violations

Number O2.58 1G1 1G1

Maximum (8) 3.07G1.22 2.91G1.07

AMBER energies (kcal/mol)

Total K676.68G64.69 K665.84G69.09

van der Waals K84.25G6.03 K81.22G8.06

Electrostatic K996.24G58.34 K984.72G68.43

RMSD from ideal geometry

Bond lengths (Å) 0.0082G0.0003 0.0082G0.0002

Bond angles (8) 2.20G0.09 2.19G0.06

RMSD to the mean coordinates (Å)b

Backbone atoms N, Ca, C 0 (1–39) 0.50G0.08 0.68G0.09

All heavy atoms (1–39) 1.00G0.08 1.17G0.15

RMSD between mean coordinates (Å)c 0.93

Ramachandran plot statisticsd

Most favored regions (%) 61 66

Additional allowed regions (%) 26 25

Generously allowed regions (%) 9 6

Disallowed regions (%) 4 3

a Except for the top four entries, the data characterize the group of 20 energy-minimized conformers that is used to represent the NMR

structure; the mean value and the standard deviation are given.
b The numbers in parentheses indicate the residues for which the RMSD was calculated.
c The RMSD between the mean coordinates of the two bundles of 20 conformers obtained with and without disulfide bond constraints was

calculated for the backbone atoms N, Ca, C 0 of residues 1–39.
d As determined by PROCHECK (Morris et al., 1992).
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component of the Crotalus durissus terrificus’ venom that

copurifies with the crotamine (Itagaki, personal comm.).
1 www.bmrb.wisc.edu.
2 www.rcsb.org.
4.2. Automated identification of disulfide connectivity

The software package ATNOS/CANDID/DYANA

offers an objective avenue to determine otherwise unknown

cysteine pairing patterns by simultaneously performing

NOESY spectral analysis and determination of disulfide

connectivity. In order to include unknown disulfide

connectivities in the calculation, ambiguous distance

constraints between the Sg atom of a specified Cys residue

and the Sg atoms of the other cysteines, and between a

specified CysCb atom and the Sg atoms of all other cysteines

are generated (see Section 2). Depending on the information

content of the available NOE data, such ambiguous distance

constraints could in principle be satisfied by more than one

set of cysteine pairings, or even by clustering of three or

more cysteines. In the present study, no such ambiguities

remained, and for the identified three disulfide bonds quite
exact Sg–Sg and Sg–Cb distances were found in all 20

conformers used to describe the NMR structure (Wüthrich,

1986). This observation indicates that as long as a

sufficiently dense NOE network can be experimentally

established, as was done here by exhaustive NOE

identification and network-anchoring using the ATNOS/

CANDID modules, there is a good chance that ambiguous

disulfide distance constraints converge into a single

cysteine-paired solution structure of the protein.
4.3. Data bank accession numbers

Chemical shift assignments and coupling constants have

been deposited with BioMagResBank1 (accession number

6576). The atomic coordinates of the NMR structure has been

deposited with the Protein Data Bank2 (PDB ID code 1Z99).

http://www.bmrb.wisc.edu.
http://www.rcsb.org.


Fig. 4. (a) Amino acid sequence alignment for crotamine, myotoxin a, DLP-2 (Torres et al., 2000) and b-defensin (Zimmermann et al., 1995),

using CLUSTALW (Thompson et al., 1994). At the top, the disulfide bonds in crotamine are drawn in yellow. (b) Ribbon presentations of

crotamine, DLP-2 and b-defensin, with the disulfide bonds in yellow. The orientation of the DLP-2 and b-defensin structures was determined by

superposition for best fit with the cysteine heavy atoms in crotamine. No 3D structure for myotoxin a is available. (c) Protein surface views in

the same orientation as in (b) (upper trace), and after rotation by 1808 about a vertical axis (lower trace). Color code: negative charges red,

positive charges blue, uncharged residues white.
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conformation of the proteinase Inhibitor-IIa from bull seminal

plasma by H-1 nuclear magnetic resonance and distance

geometry. J. Mol. Biol. 182, 295–315.
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