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ABSTRACT: Cardiotoxin analogue II (CTX II) is an allâ-sheet, small molecular mass (6.8 kDa), basic
protein possessing a wide array of biological properties. Nearly complete assignment of the protonated
carbon resonances has been achieved by heteronuclear NMR experiments. The study shows that the
correlation between the carbon-13 chemical shifts and CTX II structure is good in general, but interesting
deviations are also noticed. To characterize the internal dynamics of CTX II, longitudinal, transverse
relaxation rates and heteronuclear13C{1H} NOEs were measured forR-carbons at natural abundance by
two-dimensional NMR spectroscopy. Relaxation measurements were obtained in a 14.1 T spectrometer
for 50 residues, which are evenly spread along the CTX II polypeptide chain. Except for fiveR-carbons,
all data were analyzed from a simple two-parameter spectral density function using the model free approach
of Lipari and Szabo. The microdynamical parameters (S2, τe, andRex) were calculated with an overall
rotational correlation time (τm) for the protein of 4.8 ns. For most residues, theR-carbons exhibit fast (τe
< 30 ps) restricted libration motions (S2 ) 0.79-0.89). The present study reveals that the functionally
important residues located at the tips of the three loops are flexible, and the flexibility of residues in this
region could be important in the binding of cardiotoxins to their putative “receptors” which are postulated
to be located on the erythrocyte membrane. In addition, the results obtained in the present study support
the earlier predictions on the relative role of the lysine residues in the erythrocyte lytic activity of
cardiotoxins.

Snake venoms are a mixture of many different toxins of
which the neurotoxins (1-3) and the cardiotoxins (4) are
the most toxic. Cardiotoxins, isolated from snake venom
sources, are single chain, small molecular mass proteins
(6.5-7.0 kDa) cross-linked by four disulfide bridges (5-
7). A wide array of biological activities have been reported
for this class of proteins (4). They are known to cause lysis
of erythrocytes, contraction of cardiac muscle, and selective
killing (cytotoxic) of certain type of tumor cells (4). The
exact mode of action of cardiotoxins is still an enigma. To
understand the structural basis of the various biological
activities of cardiotoxins, we have determined the backbone
dynamics of cardiotoxin analogue II (CTX II) isolated from
the venom of the Taiwan cobra (Naja naja atra). The 3D
solution structure of this toxin has already been elucidated
using homonuclear1H NMR techniques (8). The secondary
structure of CTX II is shown to be exclusivelyâ-type,
consisting of fiveâ-strands protruding from the globular head

and three main loops acting as linkers of theseâ-strands
(Figure 1). In this paper, we report the nearly complete
assignment of the noncarbonylic, natural abundance13C
NMR resonances of CTX II. We also present analysis of
longitudinal relaxation (R1), transverse relaxation (R2), and
13C{1H} NOEs for most CR of CTX II, using inverse detected
NMR experiments. Although15N relaxation measurements
are routinely carried out to explore the dynamics of a protein
(9-14), the same is not true for13C relaxation measurements.
The measurement of13C relaxation of isotopically labeled
protein samples are accompanied by several difficulties, the
major ones being the presence of13C-13C coupling and
contributions from chemical shift anisotropy and dipole-
dipole interactions (15). Hence, it is advantageous to
measure the13C relaxation at natural abundance; the major
drawback, however, is the poor sensitivity. In the case of
CTX II, at the time of performing the experiments, isoto-
pically labeled protein is not available. The availability of
large amounts of nonrecombinant protein and the fact that
this protein is monomeric and stable at high concentrations
make13C relaxation measurements feasible. The13C relax-
ation data are interpreted in terms of the so-called model-
free approach (16), using two to three adjustable parameters
for the description of the internal motion.
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MATERIALS AND METHODS

Nonrecombinant CTX II was purified as described previ-
ously in Bhaskaranet al. (8). NMR measurements were
made by dissolving lyophilized CTX II at pH 3.0 and 298
K. The concentration of the sample used in the experiments
was 10 mM. The13C chemical shifts were referenced to
deuterated 3-(trimethylsilyl) propionate, sodium salt (TSP-
d4). All NMR spectra were acquired on Bruker DMX-600
spectrometer equipped with a 5 mmtriple resonance probe.
The data were processed on a Silicon Graphics INDY
workstation using XWIN-NMR software. The13C chemical
shifts were determined by the analysis of HSQC (17), HSQC-
TOCSY (18), and HMBC (19) spectra with known1H NMR
resonances. The secondary chemical shifts (∆δ) for CR and
HR atoms were computed as the difference between observed
chemical shifts (δobs) and the random coil shifts (δrc) of amino
acid residues in water as reported by Thanabal and others
(20), using the relation,

The secondary chemical shift of each amino acid was
plotted against residual number to obtain the chemical shift
(CS) plot. The analysis of the CS plot was carried using
the method of Wishart and others (21).
The pulse sequences used to measure the relaxation

parameters for the methine carbons of CTX II are similar to
those of Farrowet al. (22) with suitable modifications to
measure carbon-13 relaxation parameters (see Supporting
Information Figure S1). For methine carbons, the contribu-
tion of chemical shift anisotropy (CSA) to the relaxation is
expected to be small (23), so experiments have not been
modified to suppress cross correlation effects between dipolar
interactions and CSA. A Carr-Purcell-Meiboom-Gill
(CPMG) spin-echo sequence (24, 25) was applied during the
transverse relaxation period,T, of theR2 experiment. The
CPMG sequence minimizes the effects of resonance offset
and field nonhomogeneity and suppresses contributions from
chemical exchange and scalar relaxation ifkδ << 1, where
k is the exchange or scalar relaxation rate constant andδ is
the CPMG spin-echo time. The water suppression is done
by two gradient pulses which are used for coherence transfer,

and hence, the water coherence is not selected. Techniques
for measuringR1, R2, and NOE are the conventional inverse
detection and steady state13C[1H] NOE methods (26),
respectively. For measurements ofR1 andR2 rate constants,
a recycle delay of 4 s was used between acquisitions to
ensure sufficient recovery of1H magnetization.R1 andR2
experiments were repeated several times using different
values of the variable delay times. Nine variable time delays
were used forR1 (0.05, 0.10, 0.20, 0.30, 0.40, 0.60, 0.7, 0.8,
and 1.0 s) and eight forR2 (0.0086, 0.017, 0.0344, 0.043,
0.060, 0.077, 0.094, and 0.140 s) measurements. To
calculate13C{1H} NOEs, two spectra were recorded: the
first was acquired with broad-band1H saturation to achieve
NOE enhancement, while the second was acquired without
saturation. Three independent pairs of NOE experiments
were carried out. In the case of the NOE measurement, a
recycle delay of 7.5 s was employed. For NOE measure-
ments, uncertainties in the peak heights were given by the
standard deviation of the base-plane noise in the spectra (27).
The average values of the NOEs and standard errors in the
mean were determined from three separate data sets. All
spectra were acquired with 432 experiments (2048 data
points) with 32 scans, and apodized using a shifted sine bell
(90°) function on both dimensions.
Relaxation time coefficients and NOE enhancements were

calculated from the intensities,I(T), as a function of the
variable delay period,t. ForR1 calculation,I(T) is given by

and forR2 calculation,I(T) is given by

In eqs 1 and 2,Io is the initial value for the peak intensity.
R1 andR2 are the longitudinal and transverse relaxation rates,
respectively.
NOEs (η + 1) are calculated from,η ) (Isat/Iunsat- 1),

whereIsat and Iunsat are intensities corresponding to spectra
with and without1H saturation, respectively. Since the line
shape of each individual resonance is the same for allR1,
R2, and NOEmeasurements, intensities can be estimated from
the cross-peak heights.
Relaxation of the methine carbon is mainly caused by the

reorientation of the heteronuclear C-H vector. The frequency
spectrum of this motion is characterized by the spectral
density functionJ(ω). Assuming that only dipolar and
chemical shift anisotropy interactions modulate the local
magnetic field at each methine carbon, the longitudinal (T1-1)
and transverse (T2-1) relaxation rates are given by

in which,

FIGURE 1: Schematic diagram of the three-dimensional structure
of CTX II (8). The ribbon arrows represent regions of the peptide
backbone inâ-sheet conformation. The figure was generated using
the Program MOLSCRIPT (63).

∆δ ) δobs- δrc

I(T) ) Io exp(-R1t) (1)

I(T) ) Io exp (-R2t) (2)

T1
-1 ) DCH

2/4[J(ωH - ωC) + 3J(ωC) + 6J(ωH +
ωC)] + CJ(ωC)

T2
-1 ) DCH

2/8[4J(0)+ J(ωH - ωC) + 3J(ωC) +
6J(ωH) + 6J(ωH + ωC)] + C/6[4J(0)+ 3J(ωC)] + πRex

NOE) 1+ 4T1DCH
2 (γH/γC)[6J(ωH + ωC) - J(ωH -

ωC)]
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whereωH andωC are the Larmor frequencies for proton and
carbon, respectively.µ0 is the permeability of free space,h
is the Planck’s constant,δC and δH are the gyromagnetic
ratios of 13C and1H, rCH is the carbon-proton bond length
(1.09× 10-10 m), δ// and δ⊥ are the parallel and perpen-
dicular components of the chemical shift tensor. The
difference betweenδ// and δ⊥ is set to 25 ppm, a typical
value for methineR-carbon nuclei (28, 29). Curve fitting
was carried out based on the Levenburg-Marquardt algo-
rithm (30) using Sigmaplot software (Jandel Scientific Corp.)
to minimize the value ofø2 goodness of fit parameter (27).
Uncertainties in the relaxation were taken to be the standard
errors of the fitted parameters. The sufficiencies of the
monoexponential decay functions given by eq 1 and 2 were
evaluated with aø2 test, as described by Palmeret al.(1991).
Model free parameters were determined from the relax-

ation data by using the Modelfree software (version 3.1) (27).
Parsimonious models for each resonance were selected as
described below. An initial estimate forτm (the overall
correlation time) was obtained from the averageR1/R2 ratio
for the backbone carbon resonances (27). A grid search was
used to obtain initial guess for the values of the other model
free parameters. The optimization minimized theø2 function,
which is given by

where,R1i, R2i, and NOEi are the experimental values of
relaxation parameters,R1i*, R2i*, and NOEi* are the corre-
sponding theoretical values computed for each of the five
models outlined in Table 1.

Theoretical values were calculated from the spectral
density model for each resonance. Statistical properties of
the model free parameters were obtained from the Monte
Carlo simulations using 500 randomly distributed synthetic
data sets (31). The quality of the fit between the experi-
mental data and theoretical model was assessed by comparing
the optimal values ofΓi (the sum-squared error for theith
spin) with theR ) 0.05 critical value of the distribution of
Γi determined from the Monte Carlo simulations. The critical
value is the value ofΓi that is exceeded by the specified
fraction of the simulated data. The model selection strategy
used extensive Monte Carlo numerical simulations to esti-
mate the probability distributions for statistics characterizing
the goodness-of-fit between the dynamical models and the
experimental data. For each model 500 randomly distributed
synthetic data sets were generated. The “model-free”
formalism of Lipari and Szabo (16) makes the assumption
that the overall and internal motions contribute independently
to the reorientational correlation function of C-H vectors,
the internal motions occur on a much faster time scale during
the global rotation of the molecule. For a spherical molecule
with isotropic rotational diffusion, spectral density function
J(ω) is expressed in the following form,

with 1/τe′ ) 1/τm+ 1/τe. S2 is the order parameter, and it
describes the relative amplitude of internal motions and
ranges from 0 to 1.τe is the effective correlation time and
describes the temporal scale of the rapid internal motion.τm
is the overall rotational correlation time of the protein. It
can be estimated from the expression,

in which J′(ωi), i ) C, H, is a simplified spectral density
function given by

Equation 3 is independent ofS2. For bond vectors with more
complex internal dynamics, an extended form of the model-
free spectral density function has been developed to include
two different time constants for internal motions,

where,S2 ) Sf2Ss2. Sf2 andSs2 are the order parameters for
the fast (picosecond time scale) and slow (nanosecond time
scale) internal motions, respectively.τ′s is the effective
internal correlation time for the slow motions (with 1/τ′s )
1/τm + 1/τs).

RESULTS

The 13C Resonances Assignment.The knowledge of
proton chemical shifts was sufficient to assign almost all of
the 13C resonances from inversed correlation experiments
such as HSQC (17), HSQC-TOCSY (18), and HMBC (19).
The HSQC spectrum of CTX II showed four demarcated
regions, representing theR-carbons, the side chain methylene
carbons, the methyl carbons, and the aromatic carbons
(Figure 2). The expansion of the region between 70 and 45
ppm (13C) and 6 and 3 ppm (1H) of the HSQC spectrum
showed around 44 signals originating from theR-carbons
(Figure 3). The remaining 16 CR resonances could not be
assigned unambiguously because of resonance overlap on

DCH ) (h/2π)γCγHrCH-3(µ0/4π)

C) (δ// - δ⊥)
2ω2

C/3

ø2 ) (R1i - R1i*)
2/R1i

2 + (R2i - R2i*)
2/R2i

2 + (NOEi -

NOEi*)
2/NOEi

2

Table 1: Spectral Density Functions Used in Analysis of13C
Relaxation Data

model
spectral density

functions
optimized
parameters

no. of
residues

1 J(ω) ) 2/5[S2τm/(1+ (ωτm)2)] S2 1
2a J(ω) ) 2/5[S2τm/(1+ (ωτm)2) + (1- S2)τe′/

(1+ (ωτe′)2)]
S2, τe 6

3 J(ω) ) 2/5[S2τm/(1+ (ωτm)2)] 1/T2obs) 1/
T2 + Rex

S2, Rex 5

4 J(ω) ) 2/5[S2τm/(1+ (ωτm)2) + (1- S2)τe′/
(1+ (ωτe′)2)]

S2, τe, Rex 33

5b J(ω) ) 2/5[S2τm/(1+ (ωτm)2) + Sf2(1- Ss2)-
τs′/1+ (ωτs′)2)]

Sf2, Ss2, τs 5

a τe′ ) τmτe/(τm + τe). b τs′ ) τmτs/(τm + τs). S2 ) Sf2Ss2.

J(ω) ) 2/5{S2τm/[1 + (ωτm)
2] + (1- S2)τe′/[1 +

(ωτe′)
2]}

R2/R1 = {2DCH
2[(4J′(0)+ J′(ωH - ωC) + 3J′(ωC) +

6J′(ωH) + 6J′(ωH + ωC)] + C/6[4J′(0)+ 3J′(ωC)]}/
{DCH

2[J′(ωH - ωC) + 3J′(ωC) + 6J′(ωH + ωC)] +
CJ′(ωC)] (3)

J′(ωi) ) S2τm/(1+ ωiτm)
2

J(ω) )2/5{S2τm/[1 + (ωτm)
2] + Sf

2(1- Ss
2)τ′s/[1 +

(ωτ′s)
2]}
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1H dimension. However, most of the problems arising from
resonances’ degeneracy along the1H dimension in the HSQC
spectrum were solved by HMBC and HSQC-TOCSY experi-
ments. The HR chemical shifts of Pro8, Lys35, Leu48, and
Val54 were closely overlapped in the range of 4.60-4.62
ppm. Pro8 was distinguished using the characteristic13C
chemical shifts which are 7 ppm downfield shifted (32) from
the CR resonance frequencies of Leu48 and Val52. Val52
was identified using the HMBC spectrum, and Leu48 was
assigned from HSQC-TOCSY data. The assignment of the
side chain methylene and the methyl carbons was mostly
straightforward. Similarly, certain degree of ambiguity was
encountered in some of the methyl groups assignment due
to overlap of resonances on the proton dimension. In all
these cases, the HMBC and HSQC-TOCSY spectra proved
extremely useful in overcoming these ambiguities. There
are only five aromatic residues in CTX II (Phe10, Phe25,
Tyr11, Tyr22, and Tyr51). As the number of cross-peaks
are relatively small in aromatic region (115-140 ppm) of
the HSQC spectrum, all the aromatic carbon resonances
could be assigned directly.

Cardiotoxin II, is composed of 60 amino acids, including
two glycine residues (8). The resolution of the spectra was
sufficient to obtain the CR relaxation data for 50 out of 58
non-glycine residues evenly spread along the polypeptide
backbone. Relaxation data for the remaining eight residues
could not obtained due to partial overlap among cross-peaks.

The time dependence of cross-peak intensities forR-car-
bons from selected residues in fittingR1 andR2 curves is
shown in Figure 4. The peak heights of several resonances
are plotted against variable delay timet and fitted by
nonlinear regression to a two-parameter exponential decay
(eq 1). The 13C{1H} NOE were extracted from three
independent experiments. To calculate the relaxation rates
and the NOE, the cross-peak heights in HSQC spectra were
measured.

Figure 5 displays theR1, R2, and NOE parameters as a
function of the amino acid sequence. There is not much
variationper sein R1, R2, and NOE parameters. For most
residues, theR1 values lie in the range 1.3-1.5 s-1.
Although, noR1 values are higher than 1.66 s-1, several are
conspicuously higher than 1.3 s-1 (for example, Lys2, Met26,
Leu30, and Val32). Most of the residues in the middle loop
(residues from Leu30 to Ile39) exhibitR1 values higher than
1.45 s-1. Barring few exceptions,R2 values are in the range
18-21 s-1. Some residues exhibit slowerR2 relaxation; these
included residues Leu9, Tyr11, Lys18, Met24, Lys44, and
Leu48. The NOE values do not appear to vary very
significantly along the primary sequence of CTX II. For
most residues, the NOEs are in the range 1.15-1.28 (Figure
5). However, a few residues have higher values such as
Cys3, Val7, Met26, Leu30, and Val32.
Estimation of the OVerall Rotational Correlation Time

(τm). A standard approach for estimating the overall cor-
relation time,τm, consists of usingR2/R1 ratios corresponding
to residues in well-defined secondary structures or, to
residues for which relaxation is expected to be predominantly
driven by fast internal motions. For CTX II, theR2/R1
relaxation data yields aτm value equal to 5.0( 0.5 ns. The
value was fixed to obtain the best fit of the five motional
models for each residue. The value ofτm was then optimized
simultaneously with the model-free parameters. This cycle
was repeated. The final optimizedτm value was found to
be 4.8( 0.06 ns. Theτm value obtained for CTX II in the
present study appears to be marginally greater than that
obtained for proteins of similar size determined from15N
relaxation measurements. It is well-known that the overall
rotational correlation time (τm) of proteins (or biological
macromolecules) is influenced by the solvent viscosity (19).
13C relaxation measurements at natural abundance are known
to be relatively insensitive, and hence, most of the protein
dynamics studies using carbon-13 NMR are carried out at
high protein concentration(s). The high concentration of
protein in these studies results in the increase in solvent
viscosity leading to a proportionate increase in the overall
correlation time (τm) of the protein molecules. Thus, the
marginal increase in theτm observed for CTX II in the
present study could be possibly be due to the high concentra-
tion (10 mM) of the protein used. It is generally observed
that theτm values obtained from13C relaxation measurements
at natural abundance are greater than the corresponding
values obtained from relaxation measurements carried out
using15N/13C isotope enriched protein(s) (13, 54, 55).
Analysis of the Relaxation Data.The relaxation data was

analyzed by fittingR1, R2, and NOE values for each residue
to minimize the target function (ø2). Wherever appropriate,
optimization was carried for other terms involved in internal
motion and/or chemical exchange. In total, the data were
fitted to five different functions which are listed in Table 1.
These functions depict a model-free description of the
dynamics of the molecule. The relaxation data of all
R-carbons were fitted into as simple model as possible to
ensure that the optimized parameters were well determined.
TheR-carbon relaxation data of 50 out of the 60 residues of
CTX II could be fitted using the various models listed in
Table 1.
Calculation of the Order Parameter (S2). We used the

isotropic model for the correlation function in deriving the

FIGURE 2: HSQC spectrum of CTX II. The frames in the spectrum
are the four main regions of13C NMR resonances classified in the
text. (Frame A) Methyl carbons region; (frame B) nonterminal
carbons region; (frame C)R-carbons region; (frame D) aromatic
region.
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generalized order parameter (S2). Different procedures may
be used for calculatingS2. The order parameter may be
calculated exclusively on the basis of theR1 data, using a
single τm calculated from theR2/R1 ratio of the individual
CR. However, this method is known to overestimate the
actual order parameter in regions of conformational flex-
ibility. Large random errors are shown to be contained in
the S2 values estimated based onR1 and NOE values. In
the present study, we deriveS2 from a combination of the
R1, R2, and NOE data, by optimizing the function ofS2 and
τe. TheS2 andτe are plotted in Figure 6. TheS2 values are
quite uniform in the secondary structure region and typically
fall in the range 0.79-0.89 with the exception of Tyr11 and
Tyr51 located in theâ-strands spanning residues 11-13 and

50-54, respectively. As shown in Table 2, the flexible
regions located in the tip of the three loops of the CTX II

FIGURE 3: CR-HR region (frame C, Figure 2) of the HSQC spectrum of CTX II in 90% H2O and 10% D2O at pH 3.0 and 298 K. Sequence-
specific assignments of these heteronuclear correlation peaks are designated with one letter code for amino acids and residue number.
Câ-Hâ cross-peaks are also shown. For reasons of clarity some cross peaks are not labeled.

Table 2: Average Order Parameter Values for Secondary Structure
Elements

structural elements residues considered componentsa totalsa

N-terminal 1 [1] 0.72
â-sheet
strand 1 2-4 [3] 0.85
strand 2 11-13 [2] 0.75
strand 3 20-25 [5] 0.85 [19] 0.84
strand 4 34-39 [5] 0.89
strand 5 50-54 [4] 0.80

loop
loop 1 5-10 [5] 0.78
loop 2 26-33 [6] 0.77 [20] 0.78
loop 3 40-49 [9] 0.79

C-terminal 55-60 [6] 0.76
aNumber of residues for which data were available is noted in square

bracket.

FIGURE 4: Curve fitting of the time dependent experimentalR1
andR2 values for selected residues of CTX II.T1-1(R1) andT2-
1(R2) are obtained by using a single exponential fit to a decaying
function with two parameters using the equation,I(T) ) Io exp
(-t/T1,2), where,I(T) is the delay timeT andt is the variable delay.
Io is the intensity at zero time.
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molecule as expected have lowerS2 values as compared to
residues in theâ-sheet portions. TheS2 values of residues
at the tip of the loops are in the range 0.69-0.79.

DISCUSSION

Conformation-Dependent CR Chemical Shifts.It has been
reasonably well established that conformation-dependent
chemical shifts ofR-carbons can be used to identify regular
R-helical andâ-sheet conformations in proteins (35-38).
CTX II is composed of three major loops emerging from a
globular head. These three loops contain five strands to form
double (residues 2-4 and 11-13) and triple (residues, 20-
25, 34-39, and 50-55)-stranded antiparallelâ-sheets.
Figure 7 displays the secondary shifts (∆δ) of the CR and

HR atomsVersusthe amino acid sequence of CTX II. It
could be seen that the∆δCR values of amino acid residues
between 2-4, 11-13, 20-25, and 50-54 are negative. The
negative∆δCR values, in CR chemical shift (CS) plots, are
indicative of these amino acid residues in aâ-sheet confor-
mation in the protein (39). The negative values appear to
correlate well with most of theâ-sheet segments in the
calculated solution structure of CTX II. Contrary to expecta-
tion, the∆δCR values for theâ-sheet segment comprising
of residues 35-39 are positive instead of being negative.
Interestingly, we found a similar trend in the CS plot of
R-carbons of cardiotoxin analogue III isolated from the
Taiwan cobra (data not shown). We find this observation
intriguing, and at the present juncture, we are unable to offer
a concrete explanation for this observed discrepancy. Al-
though good correlation’s between experimental∆δCR values
and regular secondary structure of proteins have been

reported, the theoretical basis of13C chemical shifts is/are
not completely understood. In addition, it has been reported
that13C chemical shifts are better indicators ofR-helix than
â-sheet (40). It is known that important deviations could
arise from local electric fields (like ring current effects of
spatially close aromatic side chains or local fields from
charged neighbors) (39, 41-43) or by the presence of proline
residues in the protein segment of interest (45-47). It is
important to mention that the amino acid stretch between
residues 34 and 39 contains positively charged amino acids
such as lysine at position 35 and arginine at position 36. In
addition, there is a proline at position 33 which could
contribute to the shielding of amino acid residues which
follow them in the amino acid sequence. Interestingly, a
â-bulge is consistently found in the three-dimensional
structures of all the snake venom cardiotoxins, including
CTX II (8). This â-bulge is formed by the well conserved
proline and valine at positions 33 and 34, respectively. This
â-bulge could be classified as a G1-typeâ-bulge according
to the classification of Richardson (48). The presence of
â-bulge is believed to compensate for the disruption of the
regularity of theâ-sheet due to the presence of proline at
position 33. As normally observed, theâ-bulge increases
the twist of the three-strandedâ-sheet in CTX II (8). The
twist brought about by the presence of theâ-bulge in this
region could affect the secondary chemical shift (∆δCR)
values of the residues (residues 35-39) involved in the
â-strand. In addition, the CS method in some cases fails to
identify short sequences of secondary structures (39). The
reasons mentioned above could be cumulatively or individu-
ally responsible for the anomalous behavior of the 34-39
segment in the CS plot of CTX II. The carbon-13 secondary

FIGURE 5: Values as a function of residue number of13CR R1, R2,
and{1H}13C NOEs of CTX II measured at 600 MHz and 298 K.
R1 and R2 data were obtained by fitting the measured peak heights.
NOE values and their uncertainties (indicated by vertical bars) are
the average and the standard deviations, respectively, of the values
determined from each of three data sets.

FIGURE 6: Model-free parameter (S2 and τe) and exchange
contribution to the transverse relaxation rate (Rex) and uncertainties
(indicated by vertical bars) plotted for 50 residues measured. Data
were obtained by fitting the relaxation data shown in Figure 5 to
the relevant equations according to the criteria discussed in the text.
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shift values correlated well with most of theâ-sheet segments
in the structure of CTX II, while similar correlation in the
loop region(s) is poor.

Internal Dynamics. Snake venom cardiotoxins show a
wide spectrum of biological activities (4), but to date, the
structure-function relationship of cardiotoxins is poorly
understood. Several models have been proposed to explain
the variety of biological properties that this class of toxins
possess (4, 49-51). Chemical modification studies on
cardiotoxins have been useful in the identification of residues
which are involved in the biological activity (47, 51, 53).
Understanding the main chain internal motions in cardiotox-
ins could help in correlating the structure of the toxin with
its biological activity.

The generalized order parameter (S2) obtained for the
backbone methine carbon in CTX II provides an interesting
insight into the relationship between globular protein struc-
ture and subnanosecond dynamics. In CTX II, there are five
â-strands spanning residues 2-4, 11-13, 20-25, 35-39,
and 50-54; these comprise the double- and the triple-
stranded antiparallelâ-sheet segments in the protein (Figure
1). It can be visualized from Table S1 (Supporting Informa-
tion), that the fiveâ-strands, as expected, have highS2 values
(0.78-0.87). The â-strands located in the segment of
residues 20-25 and 35-39 have higherS2 values. These
â-strands are a part of the triple-strandedâ-sheet segment,
and they are well conserved in all the cardiotoxin analogues
isolated from the venom of the Taiwan cobra. Recently, we

characterized a “molten globule”-like protein folding inter-
mediate in the alcohol and acid unfolding pathways (54, 55)
of cardiotoxin analogue III (CTX III). Theâ-strands located
between residues 20-25 and 35-39 were found to be intact
in the partially structured intermediates characterized along
the unfolding pathways of CTX III. Although there is a clear
difference in theS2 values of the residues in the secondary
and unstructured regions, the magnitude of difference(s) is
not very significant (Table S1). However, similar trends in
S2 values have been reported in the13C relaxation studies
carried out at natural abundance in other proteins (23, 33).
Alattia et al. (34), by studying the internal dynamics of pike
parvalbumin, reported that the difference between theS2

value(s) of residues located in the structured helical segment
and the flexible calcium binding loops is unexpectedly very
small. Similar observations were made by Farrowet al. (22),
upon studying the dynamics of theSrc homology domain.
In general, the dynamics parameters obtained in this study
are similar to those found in other studies of13C relaxation
(at natural abundance) in proteins. More than 50% of the
residues in CTX II have very fast internal motions (<20 ps,
Figure 8). Since, no clear correlation exists in the relaxation
data pertaining toS2 andτe values, we are unable to draw
any significant conclusion(s) from the distinctly largeτe
values obtained for the methine carbons of some of the
residues. However, it is not uncommon to observe broad
correlation between theS2 andτe values. Barbetoet al.(56),
studying the backbone dynamics of calmodulin, observed
that lowerS2 values in certain flexible regions of the molecule
correlates to higher values ofτe. However, such a correlation
betweenS2 andτe values was not found in the other portions
of the calmodulin molecule. The exchange contribution from
the transverse relaxation rate (Rex) is sensitive to the motion
on the microsecond to the millisecond time scale if these
produce changes in the resonance frequency.Rex values
reflect motions slower than the overall tumbling, some of
which may be implicated in the biological activity of the
protein (23). However, asRex is determined to minimize
the difference(s) between experimental and calculatedR2
relaxation rates during the optimization procedures, it is prone
to large errors.
The dynamics data obtained in CTX II could be very useful

in understanding the flexibility of residues which are
implicated in the biological activity of the toxin (57). Snake
venom cardiotoxins are three finger proteins with three loops
projecting from a globular head. Although, the structural
basis for the erythrocyte lytic activity of this class of toxins
is still not well understood, specific “receptors” are believed
to be involved in the selective binding of cardiotoxins (4).
There are many models proposed describing the interaction
of cardiotoxins with the erythrocyte membrane. Dufourcq
et al. (58, 59), examining the cardiotoxin-lipid interactions,
postulated that the hydrophobic residues located at the tip
of loop 1 (due to their high flexibility) could constitute the
erythrocyte-interaction site of cardiotoxins. They believed
that the residues located at the tips of loops 2 and 3 are less
flexible and, hence, are not possibly involved in the receptor
binding. Batenburget al. (60) predicted that the putative
receptor binding regions of snake cardiotoxins are spread
among the residues located at the tips of all the three loops.
These authors contemplate that flexibility of the residues
located at the tips of the three loops facilitates the interaction

FIGURE 7: Experimental secondary chemical shift plots of HR (top
box) and CR (bottom box) atoms of CTX II. Each bar indicates the
secondary chemical shift (∆δH ) δobs - δrc) value for each of
these atoms in CTX II. The dotted region(s) in the lowermost box
indicates the consensus correlation among the HR and CR chemical
shift plots and theâ-sheet segment(s) in the calculated structure of
CTX II. Smoothing of the profile was performed withn ) 1
(averaging each point with its preceding and following residues).
Smoothing of the profile using with various values ofn below 1.0
makes no significant change in the profile.
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of the cardiotoxin molecules with their receptor sites on the
erythrocyte membrane. Interestingly, the average order
parameter (S2) values of residues located at the tips of the
three loops in CTX II, namely, 5-10 (loop 1), 26-33 (loop
2), and 40-49 (loop 3) are 0.78, 0.77, and 0.79, respectively
(Table 2 and Figure 6). Thus, it appears that the residues
located at the tip of the loops are relatively more flexible
and possibly constitute the multipoint receptor binding sites.
The higher flexibility of residues could have significant
effect(s) on the thermodynamics and kinetics of ligand
receptor binding of cardiotoxins. The rate of association of
the toxin to the receptor could have increased, since the high
flexibility of the residues located at the tips of the three loops
could favor the complex formation with receptor site by
lowering the free-energy barrier.
Snake venom cardiotoxins possess three well-conserved

tyrosine residues at positions 11, 22, and 51 (57). The near-
UV CD spectra of cardiotoxins from the Taiwan cobra (Naja
naja atra) show a broad positive ellipticity CD band centered
at around 275 nm. There is still a lot of debate as to which
of the three tyrosines in cardiotoxins contributes to the near-
UV CD signal (53). The near-UV CD signal in proteins is
generally believed to stem from the aromatic residues whose
aromatic ring(s) have restricted motion because of nonco-
valent interactions in the three-dimensional structure of this
protein. Interestingly, upon comparison of theS2 values of
the R-carbons of the three tyrosine residues in CTX II, it
appears that the tyrosine residue located at position 22 (S2

) 0.87) is in a more restricted environment than the other
two tyrosine residues situated at positions 11 (S2 ) 0.70)
and 51 (S2 ) 0.65). Thus, it is possible that the restricted
motion of the aromatic side chain of tyrosine 22 could be
responsible for the near-UV CD signal of snake venom
cardiotoxins.
There are two methionine residues at positions 24 and 26.

These two methionines are well conserved in all the snake
venom cardiotoxins. Nonselective chemical modification of

these methionine residues revealed that they are important
for the lethal activity of cardiotoxin(s) (49). Due to the
nonselective nature of the modification reagent used, it is
not clear whether one or both of these methionine residues
are involved in the toxicity of cardiotoxins. Carlsson and
Louw (49), studying the role of methionine residues in the
lethal activity of cardiotoxin VII1 from Naja melanoleuca,
predicted that the more solvent accessible and flexible
methionine residue could be responsible for the lethal action.
It can be seen that Met24 and Met26 in CTX II have order
parameter values of 0.82 and 0.70 in CTX II, respectively.
It appears that Met26 is more flexible than Met24. Thus,
based on the suggestion of the earlier workers (47, 57) and
the present dynamics data, it is possible that Met26 may have
a greater role in the lethal activity of cardiotoxins than Met24.
Snake venom cardiotoxins are shown to cause lysis of

erythrocytes. Chemical modification studies showed that
lysine residues are intricately involved in the lytic activity
(61, 62). Cardiotoxins, in general, possess more than eight
lysine residues in their amino acid sequence(s). Menez and
co-workers (49), working onNaja nigricollis, predicted that
the lysine residues at positions 5, 12, 18, and 44 could be
important for the erythrocyte lytic activity (51) of cardiotox-
ins. Interestingly, our dynamics data suggests that lysine
residues at positions 5 (S2 ) 0.74), 18 (S2 ) 0.76), and 44
(S2 ) 0.80) are flexible (Table 2). We are unable to obtain
the dynamics data on Lys12 due to spectral overlap in the
HSQC spectra. It should be of interest to note that the lysine
residues located at positions 2 (S2 ) 0.86) and 35 (S2 ) 0.91)
are comparatively more rigid. Thus, our results support the
predictions of Menezet al.(51) that the well-conserved lysine
residues located at positions 5, 18, and 44 could be involved
in the binding of the cardiotoxin molecules to the negatively
charged centers on the RBC membrane. The greater
flexibility or solvent exposure of these lysine residues (lysine
5, 18, and 44) could be an important factor in facilitating
these positively charged lysine residues to effectively bind

FIGURE 8: Representation of the microdynamical parameters of 50R-carbon atoms in CTX II in theR1, NOE plane. Theoretical curves are
drawn for different values ofτe (from 0 to 1 ns) andS2 (0.4-1). Note that forS2 ) 1, all curves reduce to a single point.
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to the erythrocyte membrane through electrostatic interactions
(62).
Although, useful information about the structure-function

relationship of snake venom cardiotoxins is obtained from
the present study of CTX II, it is important to validate some
of the conclusions reached through independent site-directed
mutagenesis experiments. In this context, we have recently
cloned and expressed cardiotoxin analogue (53), and we are
presently engaged in studying the dynamics of the protein
using 13C and15N isotope enriched sample. Such studies,
in our opinion, could provide better correlation between the
internal dynamics of cardiotoxins and their biological activity.
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S2). HSQC spectra showing the nonterminal side-chain
carbon region (Figure S3) and the methyl group region
(Figure S4). HSQC-TOCSY spectrum showing the NH-CR
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(Figure S7) depicting the aromatic region (11 pages).
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