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ABSTRACT: Cardiotoxin analogue III (CTX III) and cobrotoxin (CBTX) isolated from the Taiwan cobra
venom (Naja naja atra) are structurally homologous, small molecular weight, all-â-sheet proteins, cross-
linked by four disulfide bonds at identical positions. The conformational stabilities of these toxins are
compared based on temperature-dependent chemical shifts and amide proton exchange kinetics using
two-dimensional NMR spectroscopy. The structure of CTX III is found to be significantly more stable
than that of CBTX. In both the toxins,â-strand III appears to constitute the stability core. In CTX III, the
stability of the triple-strandedâ-sheet domain is observed to be markedly higher than the double-stranded
â-sheet segment. In contrast, in CBTX, both structural domains (double- and triple-strandedâ-sheet
domains) appear to contribute equally to the stability of the protein. Estimation of the free energy of
exchange (∆Gex) of residues in CBTX and CTX III reveals that the enhanced stability of the structure of
CTX III stems from the strong interactions among theâ-strands constituting the triple-strandedâ-sheet
domain and also the molecular forces bridging the residues at the N- and C-terminal ends of the molecule.

Snake venoms are a mixture of many proteins, of which
the cardiotoxins and neurotoxins are the most toxic (1-3).
Members belonging to these two toxin groups share more
than 50% homology in their amino acid sequence. Chemi-
cally, snake venom cardio- and neurotoxins are small
molecular mass (∼7 kDa) proteins, cross-linked by four
disulfide bonds at identical positions (4-7). Comparison of
the solution structures of cardiotoxin analogue III (CTX III)1

and cobrotoxin (CBTX, a neurotoxin) isolated from the
Taiwan cobra (Naja naja atra) venom shows that both toxins
are three-finger-shaped proteins (8, 9), with three loops
projecting from a globular head (Figure 1). The secondary
structural elements in CBTX (8, 10) and CTX III (9, 11)
include five â-strands arranged antiparallelly into double-
and triple-strandedâ-sheets (Figure 1). Interestingly, despite
the high degree of similarity in their three-dimensional
structures, CBTX and CTX III exhibit drastically different
biological activities. CTX III displays a wide array of
biological activities such as lysis of erythrocytes, contraction
of cardiac muscles, selective toxicity to certain types of tumor
cells, and inhibition of key enzymes such as Na+-K+-ATPase
and protein kinase C (2). CBTX on the other hand, blocks
nerve transmission by postsynaptically binding to the acetyl-
choline receptor.

In the present study, we compare the structural stabili-
ties of CBTX and CTX III using H/D exchange and
temperature gradients of the amide protons using two-
dimensional NMR techniques. The results obtained herein
clearly demonstrate that CBTX and CTX III, despite their
structural homology, differ significantly in their thermody-
namic stabilities.
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FIGURE 1: MOLSCRIPT representation of the backbone folding
of CTX III and CBTX. The portions of the backbones (indicated
in blue) represent the variousâ-strands constituting the double-
and triple-strandedâ-sheet domains. The numbers (indicated in
green) are the amino acid residues at the extremities of the various
â-strands. Appropriate orientation of the structures of CTX III and
CBTX was obtained by superimposing the structures of the toxins
to a minimum possible RMSD. These overlaid structures were
subsequently separated on the same plane.
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MATERIALS AND METHODS

CBTX and CTX III were purified from the crude Taiwan
cobra venom (Naja naja atra) using the procedure described
by Yang et al. (12). D2O was purchased from Cambridge
Isotope Laboratories. Ultrapure guanidine hydrochloride
(GdnHCl) was purchased from Sigma Chemical Co.

Circular Dichroism.All GdnHCl and temperature-induced
unfolding experiments were performed on a Jasco J720
spectropolarimeter. The unfolding of CBTX and CTX III
was monitored by the ellipticity changes in the far-UV (214
nm) and near-UV (270 nm for CTX III and 285 nm for
CBTX) regions. All CD measurements were carried out using
0.2 and 1 mm path length quartz cells. The GdnHCl-induced
denaturation of both CTX III and CBTX (160µM) was
monitored in 0.1 M acetate buffer (prepared in D2O and H2O)
at pH 3.4. The thermodynamic parameters of unfolding were
estimated using standard methods (13).

NMR Spectra and Temperature Gradient Measurements.
The temperature-dependent amide proton chemical shifts in
CTX III and CBTX (in 10 mM acetate buffer, pH 3.4) were
monitored from magnitude COSY spectra over a temperature
range of 298-363 K at 5 K intervals. All NMR experiments
were performed on a Bruker DMX-600 NMR spectrometer.
The probe temperature was calibrated with ethylene glycol.
Magnitude COSY spectra were acquired with typical data
acquisition parameters of 16 transients of 1024 data points
and 256 t1 increments with water presaturation. Proton
chemical shifts were referenced to an internal standard,
trimethylsilylpropionate (TSP-d4). It was ensured that the
TSP-d4 does not affect the stability of the toxins significantly.
NH-CRH cross-peaks in the magnitude COSY spectra of
CTX III and CBTX were assigned as per the earlier
assignments reported by Bhaskaran et al. (9) and Sivaraman
et al. (11, for CTX III) and Yu et al. (8, for CBTX). Least-
squares minimization of a linear equation to the chemical
shift versus temperature was performed using the Kaleida-
graph software (Synergy software), and the amide proton
NH temperature coefficients were obtained from the gradient
of the best-fit line. Temperature gradient values of various
residues in CBTX and CTX III were obtained from the
chemical shift changes observed in the temperature range
wherein the toxin homologues do not show signs of drastic
unfolding (280-323 K for CBTX and 280-343 K for CTX
III). For the sake of convenience, the observed temperature
gradient values are expressed on a arbitrary absolute scale.
The absolute scale was obtained by neglecting the sign in
the estimated temperature gradient value. The magnitude of
the estimated temperature gradient values remained unaltered
on the absolute scale.

Amide Proton Exchange Kinetics.H/D exchange measure-
ments in CTX III and CBTX were monitored using the
magnitude COSY spectra recorded at 25°C (pH 3.4) using
a Bruker DMX-600 NMR spectrometer. The samples for
exchange kinetics of the amide protons in the proteins
(CBTX and CTX III) were prepared by dissolving the
lyophilized proteins in deuterated buffer at pD 3.6. The
concentrations of the proteins (CBTX and CTX III) were
∼2.0 mM. Cross-peak intensities were measured by volume
integration. Each spectrum was referenced to nonexchange-
able aromatic cross-peaks (CδH-CεH). Peak volumes were
fit to a single-exponential function:Y ) Ao exp-kt + C,

whereC is the baseline noise and takes into account the
residual nondeuterated water and the threshold setting used
in the intensity calculations. For some residues, the amide
proton decay was fitted to the single-exponential function
without inclusion of the baseline noise correction factorC
(14). The intrinsic rate constant of exchange (kint) for each
amide proton was calculated using the equation for model
peptides, taking into account the activation enthalpies. The
protection factor (P) and the free energy of exchange (∆Gex)
for the various amide protons in the protein were estimated
using the method reported by Bai et al. (15).

RESULTS AND DISCUSSION

Equilibrium Unfolding.The GdnHCl-induced unfolding
of CTX III and CBTX monitored by changes in the 214 nm
ellipticity (signifying the secondary structure perturbations)
is depicted in Figure 2. The GdnHCl-induced unfolding of
both toxins is reversible. CTX III and CBTX cooperatively
and completely unfold with aCm of 4.7 and 1.67 M,
respectively. The free energies of unfolding of CBTX and
CTX III in the absence of the denaturant (∆Gu) are estimated
to be 2.27 and 4.16 kcal/mol, respectively.

The thermal unfolding of CTX III and CBTX monitored
by far-UV circular dichroism (214 nm) shows that both
CBTX and CTX III unfold reversibly with aTm of 333 and
343 K, respectively. Thus, the results of the equilibrium
unfolding experiments clearly suggest that the structure of
CTX III is thermodynamically more stable than that of
CBTX.

Temperature Gradient Measurements.Temperature gradi-
ent measurements are useful to probe solvent accessibilities
of residues and also to monitor the conformational changes
accompanying a temperature-induced unfolding process (16-
18). In principle, amide protons show marked changes in
their chemical shift values with temperature. Amide protons
which are not hydrogen bonded and exposed to the solvent
show larger changes in the chemical shift values than those
which are involved in hydrogen bonding in the protein
molecule. In general, the magnitude of the temperature
gradient estimate is inversely related to the relative stability
of the residue in a protein. The temperature gradients of

FIGURE 2: GdnHCl-induced unfolding profiles of CTX III (b) and
CBTX (O). The unfolding process was monitored by the changes
in the far-UV ellipticity at 214 nm. The GdnHCl denaturation
experiments have been performed in 0.1 M acetate buffer, pH 3.4.
The “m” values (which is a measure of the cooperativity of the
unfolding process) for the GdnHCl-induced unfolding process of
CTX III and CBTX are estimated to be 0.88 and 1.37 kcal‚mol-1‚
M-1, respectively. In both toxins, the free energies of unfolding in
D2O and H2O are similar.
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amide protons serve as indicators for hydrogen bonding, and,
in general, values higher than 4.5 ppb/K are indicative of
the involvement of the amide proton(s) in intramolecular
hydrogen bonding (16). To understand the molecular basis
underlying the vast difference(s) in the conformational
stabilities of CBTX and CTX III, in the present study, we
compare the temperature gradients of the amide protons of
various residues in these two structurally homologous toxins.

Spectral assignments of the NH-CRH cross-peaks in these
structurally homologous toxins (CBTX and CTX III) are
available from our earlier studies (9-11). Magnitude COSY
spectra of both toxins are well dispersed (Supporting
Information Figures S1 and S2), and we could unambigu-
ously monitor the temperature-dependent chemical shifts of
41 and 38 amide protons of CTX III and CBTX, respectively.
Thermal unfolding of both the toxins was found to be
reversible even at the high concentrations used (2.0 mM) in
the magnitude COSY experiments (Supporting Information
Figures S1 and S2). Most of the amide protons in CTX III
in the structured region(s) exhibit temperature gradient values
(<4.5 ppb/K) lower than those in the unstructured portion(s)
of the toxin molecule (Figure 4). The average temperature
gradients of residues comprising the double- and triple-
strandedâ-sheet domains are estimated to be 4.13 and 3.51
ppb/K, respectively. Among the threeâ-strands (â-strands
III, IV, and V) constituting the triple-strandedâ-sheet
domain,â-strand III exhibits the least average temperature
gradient value of 2.68 ppb/K. In fact, all the residues
(Cys21-Met26) comprisingâ-strand III exhibit temperature
gradient values lower than 3.5 ppb/K (Figure 4). Comparison
of the temperature gradient data of theâ-strands in CTX III
indicates thatâ-strand III constitutes the most stable core of
the toxin molecule. Some of the residues belonging to the
structured regions of the molecule show higher temperature
(>4.5 ppb/K) gradient values. For example, Tyr11 and
Thr13, which are located inâ-strand II, show abnormally
high temperature gradient values (>6.0 ppb/K). The double-
strandedâ-sheet in CTX III exhibits a small twist in the
backbone-spanning residues located inâ-strand II (9, 11),
leading to increased solvent exposure of the amide protons
of Tyr11 and Thr13. This results in the weakening of the
interstrand hydrogen bonding with the partnering carbonyl
groups inâ-strand I. Similarly, Arg36 and Cys38, located
in â-strand IV, show abnormally high temperature gradient
values (>4.5 ppb/K). The occurrence of two proline residues
at positions 30 and 33 in CTX III prevents the amide protons
of Arg36 and Cys38 from fostering hydrogen bonds with

the carbonyl groups of residues located in the double-stranded
domain. Most of the non-hydrogen-bonded residues in the
CTX III molecule exhibit temperature gradient values higher
than 4.5 ppb/K (Figure 4), the most notable exception being
Lys18, which displays an exceptionally low temperature
gradient value of 0.50 ppb/K (Figure 4). Lys18 is located in
the head region of the CTX III molecule, which is exces-
sively cross-linked by disulfide bonds. The high degree of
cross-linking probably renders residues located in the head
portion rigid, and consequently the molecular environment
around the amide proton of Lys18 undergoes limited change
with the increase in temperature. However, in the absence
of strong experimental evidence, our explanation on the
observed anomalous temperature gradient value of the amide
proton of Lys18 remains a conjecture.

FIGURE 3: Thermal unfolding profiles of CTX III (b) and CBTX
(O). The unfolding of the toxin homologues was monitored by the
ellipticity changes at 214 nm. TheTm values of CBTX and CTX
III were estimated to be 330 and 343 K, respectively.

FIGURE 4: Comparison of the protection factors (black bars) and
the amide proton temperature gradients (white bars) of various
residues in (A) CTX III and (B) CBTX. It could be deduced that
amide protons of Tyr22, Cys23, Met24, Ile39, Val52, and Cys54
show extraordinarily high protection factors in CTX III. With the
exception of Gly42 (P ) 1500), none of the residues in CBTX
exhibit protection factor values greater than 1000.
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It is interesting to note that the residues spanning the
C-terminal segment (Asp57-Asn60) in CTX III show
temperature gradient values lower than 4.0 ppb/K. The
C-terminal segment in CTX III is cross-linked by a disulfide
bond between Cys54 and Cys59. In addition, two hydrogen
bonds between the NH- groups of Cys59 and Arg58 and the
carbonyl groups of Lys2 and Asn4, respectively, tether the
N- and C-terminal ends of the CTX III molecule. In addition,
the side chain amide group of Asn60 is also known to have
long-range interactions with the backbone carbonyl groups
of Cys21 and Tyr22. The presence of a disulfide bond
(between Cys54 and Cys59) and a strong network of
backbone interactions between the N- and C-terminal ends
appears to contribute significantly to the structural stability
of the CTX III molecule.

There appears to be little or no difference in the average
temperature gradient values of the double (4.37 ppb/K) and
triple (4.38 ppb/K) strandedâ-sheet domains in CBTX III.
This is in marked contrast to CTX III, wherein the triple-
stranded domain shows a lower average temperature gradient
value (3.5 ppb/K) than the double-strandedâ-sheet (4.13 ppb/
K) segment. Among the threeâ-strands (â-strands III, IV,
and V) constituting the triple-strandedâ-sheet domain in
CBTX, â-strand III shows the least average temperature
gradient value (3.24 ppb/K). Interestingly, the average
temperature gradient values of all theâ-strands in CBTX
are relatively higher than those of the correspondingâ-strands
in CTX III, implying that the secondary structure of CBTX
is less stable than that of CTX III. The average temperature
gradient value of the C-terminal segment in CBTX, spanning
residues Thr56-Asn62, is marginally lower than that in CTX
III (4.0 ppb/K). Similar to CTX III, the C-terminal segment
in CBTX is stabilized through a disulfide bond between
Cys56 and Cys60, and the N- and C-terminal ends of the
toxin molecule are bridged by a weak hydrogen bond
between Glu2NH and Arg59CO. The marginally higher
average temperature gradient value of the C-terminal segment
in CBTX (as compared to in CTX III) could be due to a
lesser number of structural interactions linking the N- and
the C-termini of the toxin molecule.

Interestingly, the residues present at the tip of loop II
(residues 30-35) in CBTX unexpectedly show a low average
temperature gradient value of 2.83 ppb/K. None of the amide
protons of the residues at the tip of loop II are involved in
hydrogen bonding. This aspect is corroborated by the low
protection factors of the residues located in this segment.
The theoretical basis for the temperature-dependent chemical
shifts is not yet completely understood, and important
deviations are known to arise from local electric fields (like
ring current effects of spatially close aromatic side chains
or local fields from charged neighbors) or due to the presence
of proline residues in the protein segment of interest (19-
22). Interestingly, the amino acid stretch between residues
30 and 35 is rich in charged and aromatic residues. In fact,
except for Gly34, all the remaining residues in this stretch
are either aromatic or charged. The solution structure of
CBTX shows that residues 30-35 are encircled by positively
charged residues and the aromatic rings contributed by Trp29
and Tyr25. These structural features could be cumulatively
or individually responsible for the anomalous temperature
gradient values of the non-hydrogen-bonded residues located
at the tip of loop II in CBTX.

Amide-Proton Exchange Kinetics.Hydrogen/deuterium
(H/D) exchange studies provide useful information on the
relative solvent accessibility of various amide protons (23).
These differences in the exchange rates of amide protons
are a direct measure of the local rigidity or flexibility in the
protein molecule, and hence H/D exchange studies provide
a detailed, residue level information on the structural stability
of protein(s).

The amide proton exchange kinetics of 40 residues in CTX
III were monitored. The majority of the residues not involved
in secondary structure formation in CTX III show weak
protection (P < 100) against exchange. Interestingly, the
C-terminal segment (residues 57-59) shows relatively high
(P > 500) protection. The average protection factor of the
residues in the triple-strandedâ-sheet domain (P ∼ 22 000)
is far greater than that of the double-strandedâ-sheet segment
(P ∼ 1000). It appears that the stability of CTX III is largely
due to the triple-strandedâ-sheet domain. Several residues
in the triple-strandedâ-sheet domain, such as Tyr22, Lys23,
Met24, Ile39, Val52, and Cys54, show extraordinarily high
protection (P > 10 000) against H/D exchange (Figure 4).
â-Strand III, comprising Tyr22, Lys23, and Met24, is
encircled by a hydrophobic cluster comprised of Leu6, Val17,
Phe25, Val32, and Val34 (9, 11). This nonpolar core appears
to effectively insulate the amide protons of Tyr22, Lys23,
and Met24 from solvent (D2O) exchange. Similarly, the
relatively high protection of Tyr22 (P > 80 000) could be
attributed to the masking of its amide proton by the nonpolar
side chains of Ile39 and Val41. Ile39 and Cys54 are the other
two residues that show strong protection (P > 40 000), and
are located in close proximity to the head region (which is
cross-linked by four disulfide bonds) of the CTX III
molecule. In addition, these two residues are involved in
hydrogen bonding with the carbonyl groups of Leu20 and
Cys21. These structural features possibly account for the high
protection of Ile39 and Cys54 (Figure 4).

The amide proton of Val52 shows the strongest protection
(P > 117 000) against H/D exchange. Critical analysis of
the solution structure of CTX III shows that (1) the amide
proton of Val52 is hydrogen bonded to the carbonyl group
of Met 24, (2) the amide proton of Val52 is sandwiched
between the phenolic groups of Tyr22 and Tyr51 (as
exemplified by the strong ring current effects experienced
on the methyl protons of Val52), and (3) the disulfide bonds
between Cys42 and Cys53 and between Cys54 and Cys59
tightly packâ-strand V, comprising Val52. These structural
features almost impregnate the amide proton of Val52 and
could be collectively responsible for its slow exchange with
the solvent (D2O).

In contrast to CTX III, we could monitor the exchange
kinetics of only 29 of the 58 total amide protons in CBTX.
With the exception of Gly42 (P ) 1500), the protection
factors of the remaining amide protons in CBTX are less
than 1000 (Figure 4). The high protection factor value of
Gly42 could be attributed to the presence of a type IIâ-turn
between Gly42NH and the carbonyl group of Val46. Among
the five â-strands,â-strand III shows the highest average
protection factor value of 373, indicating that thisâ-strand
is the most stable core in the structure of CBTX. However,
the average protection factor ofâ-strand III in CBTX is lower
than that observed in CTX III. In addition, the average
protection factor of residues in the C-terminal segment of
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CBTX is significantly lower than that of the corresponding
region in CTX III. As mentioned earlier, the presence of a
lesser number of structural contacts between the N- and
C-terminal ends of the CBTX molecule probably accounts
for the lower average stability of the C-terminal segment in
CBTX.

Comparison of the Structural Stabilities of CBTX and CTX
III. Recently, the conformational stabilities of various
proteins calculated from H/D exchange rate constants have
been shown to be in excellent agreement with those
determined by traditional optical spectroscopic methods (25-
27). In this context, the H/D exchange studies permit us to
estimate the free energy of exchange of individual amide
protons in the toxin homologues, and such information is
useful to understand the molecular basis for the enhanced
structural stability of CTX III as compared to CBTX.

Both toxins contain fiveâ-strands which are arranged into
antiparallel double- and triple-strandedâ-sheet domains. In
this context, it would be interesting to compare the stabilities
of the individual secondary structural elements in CTX III
and CBTX, in terms of the free energy of exchange (∆Gex).
The order of stability of the variousâ-strands in CTX III is
â-strand III (5.15 kcal/mol),â-strand IV (4.64 kcal/mol),
â-strand V (4.40 kcal/mol),â-strand I (4.16 kcal/mol), and
â-strand II (1.39 kcal/mol, Table 1). It appears thatâ-strand
III constitutes the most stable core of the protein (CTX III).
In CBTX, the stability of the variousâ-strands is in the
order: â-strand III (3.35 kcal/mol),â-strand I (3.25 kcal/
mol), â-strand IV (3.04 kcal/mol)â-strand II (2.93 kcal/mol),
and â-strand V (2.76 kcal/mol). With the exception of
â-strand II, the stabilities of all otherâ-strands in CTX III
are significantly higher than their counterparts in CBTX, and
this feature probably accounts (to a large extent) for the
greater conformational stability of CTX III as compared to
CBTX. Interestingly, there are notable difference(s) in the
contribution of the double- and triple-strandedâ-sheet
domains (toward the global stability) in CTX III and CBTX.
In CTX III, the average free energy of exchange of residues
located in the triple-strandedâ-sheet domain (4.17 kcal‚mol-1)
far exceeds that of the double-stranded (2.97 kcal‚mol-1)
domain. In contrast, in CBTX, both the double-stranded
(∆Gex ) 3.09 kcal‚mol-1) and triple-strandedâ-sheet do-
mains (3.10 kcal‚mol-1) appear to contribute equally to the
overall stability of the toxin (Table 1).

The solution structures of CTX III and CBTX exhibit
significant differences in the organization of the C-terminal
segment. The∆Gex values of the residues in the C-terminal
segment in CTX III and CBTX are 4.00 and 2.26 kcal/mol,
respectively (Table 1). The free energy estimations clearly
suggest that the differences in the structural interactions
among the residues at the N- and C-termini in CBTX and

CTX III also contribute significantly to the overall thermo-
dynamic stabilities of the toxin homologues.

The results of the present study clearly demonstrate that
CTX III and CBTX, despite being structurally very similar,
differ significantly in their thermodynamic stabilities. Cloning
of these two structurally homologous proteins is underway
to validate some of the findings reported in this study (28).

SUPPORTING INFORMATION AVAILABLE

Two-dimensional magnitude COSY spectra of CTX III
at various temperatures (Figure S1) and two-dimensional
magnitude COSY spectra of CBTX at various temperatures
(Figure S2) (2 pages). This material is available free of
charge via the Internet at http://pubs.acs.org.
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