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ABSTRACT: Recent studies of cobra P-type cardiotoxins (CTXs) have shown that the water-binding loop
(loop II) plays a crucial role in toxin binding to biological membranes and in their cytotoxicity. To
understand the role of bound water in the loop, the structure and dynamics of the major P-type CTX from
Taiwan cobra, CTX A3, were determined by a comprehensive NMR analysis involving1H NOESY/
ROESY, 13C{1H} NOE/T1 relaxation, and17O triple-quantum filtered NMR. A single water molecule
was found to be tightly hydrogen bonded to the NH of Met26 with a correlation time (5-7 ns) approaching
the isotropic tumbling time (3.8-4.5 ns) of the CTX A3 molecule. Surprisingly, despite the relatively
long residence time (ca. 5 ns to 100µs), the bound water molecule of CTX A3 is located within a dynamic
(order parameterS2 ∼ 0.7) and solvent accessible loop. Comparison among several P-type CTXs suggests
that proline residues in the consensus sequence of MxAxPxVPV should play an important role in the
formation of the water binding loop. It is proposed that the exchange rate of the bound water may play
a role in regulating the lipid binding mode of amphiphilic CTX molecules near membrane surfaces.

Cobra venom consists of a wide diversity of cardiotoxins
(or cytotoxins, CTXs)1 with amino acid variation located
mainly near the tip of loop I and loop II of their three-
fingeredâ-sheet structure (1, 2). Two distinct types of CTXs,
i.e., P- and S-type, can be distinguished by the presence of
Pro31 and Ser29, respectively, near the tip of loop II (3).
P-Type CTXs bind more strongly to neutral phospholipid
bilayers and micelles than S-type CTXs (4) and will
redistribute themselves between the penetrating and periph-
eral binding states under certain experimental conditions (5).
Several P-type CTXs have been demonstrated to be hemolyt-
ic (4) and also to induce reversible formation of an extra
outwardly rectifying conductance in bullfrog atrial myocytes
(6). Comparison of the three-dimensional (3D) structures
determined in a hydrophobic environment for two P-type
CTXs, i.e., CTII fromNaja oxianaand CTX A5 fromNaja
atra, has suggested that the membrane binding regions of
P-type CTXs involve the hydrophobic residues located near
the tips of all three loops (7, 8). In earlier studies,

fluorescence and NMR spectroscopy have been extensively
used to investigate other P-type CTXs such as CTX A3 from
N. atraand Tγ from Naja nigricollis, and the results suggest
the involvement of similar regions for membrane lipid
binding (5, 9). When the fact that the available 3D structures
of CTXs are all â-sheets with four disulfide bonds is
considered, it is not clear how the amphiphilic polypeptides
such as P-type CTXs can adopt different conformations
suitable for both aqueous and hydrophobic environments. It
was also unclear how such structures are modulated to
achieve the reversible redistribution between the peripheral
and penetrating membrane binding modes required for their
general cytotoxic effect.

Recent X-ray diffraction and NMR studies of P-type CTXs
in which the three loops were exposed to a hydrophobic
environment, either by the hydrophobic contact between the
hydrophobic amino acid residues under crystal packing
conditions or by binding to perdeuterated dodecylphospho-
choline (DPC) micelles in aqueous solution, indicate the
presence of one or two bound waters near the tip of loop II
(7, 8, 10). One water molecule is structurally conserved and
forms hydrogen bonds to the NH proton of Met26 for CTII
and Leu27 for CTX A5. The bound water plays a delicate
structural role in the formation of the membrane binding
motif by forcing the tip of loop II to form anω shape
resulting in the bridging of the other two hydrophobic
domains at loops I and III (8). In fact, the NMR chemical
shifts of the amide proton of Met26 undergo the most
significant downfield shift upon the binding of CTII and Tγ
to DPC micelles. This observation is consistent with the
formation of a stronger hydrogen bond between the amide
proton of Met26 and the bound water within a hydrophobic
micellar environment as compared to within an aqueous
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solution (7, 9). This is of prime concern since it had been
previously proposed that a membrane protein may redistrib-
ute itself between penetrating and peripheral binding states,
if the activity of the bound water buried in the interior turns
of globular proteins can be regulated (11). Therefore, it is
important to characterize both the structure and dynamics
of the P-type CTXs, especially at the water binding loop
region, to gain a better understanding of the relationship
between their structure and function. So far, there is no report
on the residence time of the bound water and the backbone
dynamics of the P-type CTX.

In the work presented here, multinuclear NMR studies
were performed on the major CTX fromN. atra, i.e., P-type
CTX A3, at pH 6.0 in phosphate buffer. Two-dimensional
1H NOESY and ROESY NMR analyses allowed not only
the determination of its 3D structure but also the identifica-
tion of the exact location of the bound water (12, 13). To
characterize the motional properties of the bound water, the
motional properties of the peptide backbone were also
investigated using a model-free analysis of the13C NMR
spin-lattice relaxation time,T1, and13C{1H} nuclear Over-
hauser effect (NOE) obtained at natural abundance (14, 15).
The order parameter,S2, of the polypeptide backbone and
overall correlation time,τR, of the relatively flat CTX A3
are presented. Recent advances in the relaxation-dispersion
measurements (16, 17) and triple-quantum filtered (3QF)
NMR of H2

17O (18-24) in the presence of biological
macromolecules allowed the determination of the residence
time and the total number of bound water molecules. In the
study presented here, 3QF17O NMR was used in conjunction
with 13C NMR relaxation data to establish further the
existence of a bound water molecule. The results indicate
that a single water molecule is hydrogen bonded to the NH
of Met26 in the aqueous state with a lifetime that is longer
than the isotropic tumbling time (3.8-4.5 ns) of the CTX
A3 molecule. Interestingly, unlike previously identified long-
lived (longer than a nanosecond) bound water molecules,
which are usually found in the internal cavity of proteins
such as the four buried bound waters in BPTI (18, 25, 26),
the one identified in the P-type CTXs is not buried and can
form hydrogen bonds with other surface water molecules.
The significance of this observation is discussed within the
context of the mechanism of regulating the membrane
binding mode of amphiphilic polypeptides by water mol-
ecules.

EXPERIMENTAL PROCEDURES

Sample Preparation. CTX A3 from N. atra and Tγ from
N. nigricollis (Sigma Chemical Co., St. Louis, MO) were
purified by SP-Sephadex C-25 ion exchange column chro-
matography followed by HPLC on a reverse-phase C-18 (10
mm) column as described previously (3). The purity of both
toxins was checked by SDS-polyacrylamide gel electro-
phoresis, and it was found to be higher than 99%. The pH
of the sample was controlled at 6.0( 0.1 with 10 mM
phosphate buffer. Toxin concentrations of 5, 5, and 28 mM
were used for1H, 13C, and17O NMR experiments, respec-
tively. There was no indication of protein aggregation or
degradation as judged by the1H NMR spectral quality during
the experiments (up to 50°C for 1 week) and sample storage
time (several months at 4°C). The pH of the sample

containing 100% D2O was corrected according to the isotope
effect of pD) pH* + 0.4.

NMR Spectroscopy. All 1H NMR experiments were carried
out on a Bruker DRX600 spectrometer equipped with a 5
mm triple-resonance probe. Two-dimensional1H spectra of
COSY, DQF-COSY, TOCSY (70 and 90 ms mixing times),
NOESY (50, 75, and 150 ms mixing times), and ROESY
(75 and 150 ms mixing times) were obtained at 27°C as
described previously (27-29). Water suppression was achieved
by either a pulsed field gradient with the 3-9-19 WATER-
GATE sequence or presaturation. For detection of bound
water, NOESY and ROESY spectra, with the same mixing
time of 75 ms, were acquired at various temperatures (5,
27, and 45°C), as described previously (12, 13). Chemical
shifts were referenced to tetramethylsilane (TMS). All spectra
were typically acquired with 2048 complex data points in
the t2 dimension and 512 points in thet1 dimension.

TheT1 and13C{1H} NOE were measured in duplicate and
at two magnetic fields (9.4 and 14 T) as described by Kay
and co-workers (14, 15) using Varian INOVA 400 and 600
spectrometers. Typically,T1 measurements consisted of five
or six recovery times with each spectrum having 256
transients of 1024 data points in thet2 dimension and 32t1
increments with a recycle delay of 1.1 s. Processing was
done with extrapolation in thet1 dimension by linear
prediction to 128 complex points followed by zero-filling
to 2048 points and apodization with a Gaussian function in
both dimensions prior to Fourier transformation. The13C T1

values were obtained by exponential fits of the integrated
13CR cross-peaks using standard Varian software.

3QF transverse17O relaxation measurements were per-
formed at 22°C on a 20% w/v (28 mM) solution of CTX
A3 in D2O (20 at. %17O). Measurements were performed
at 81.35 MHz (14 T) on a Varian INOVA 600 spectrometer
with a Bruker 5 mm broadband probe using the pulse
sequence and phase cycling described by Chung and
Wimperis (23): 90ï

φ-t1/2-180ï
φ-t1/2-70.5ï

φ+90-tm-90ï
0-

Acq. with tm set to 10µs and a phase cycling of 96 steps.
The first 90° pulse generates observable first-rank single-
quantum coherence that relaxes partly into third- and fifth-
rank single-quantum coherence during the timet1. The 180°
pulse removes chemical shift and offset effects duringt1.
The 70.5° pulse converts the third-rank single-quantum
coherence into triple-quantum coherence, which is only
allowed to evolve for a short time (tm) before conversion
back to third-rank single-quantum coherence for detection.
During the acquisition time, the third-rank single-quantum
coherence evolves into an observable signal as a result of
quadrupolar relaxation. The phase cycle of the pulses and
the receiver ensure that only the three-quantum signal is
detected. Data were acquired with a spectral width of 50
kHz, 1024 complex points, a repetition time of 85 ms, and
19 200 transients. No apodizaton of the FID was used prior
to a 2048-point Fourier transformation. The evolution time
of t1 ranged from 32µs to 2 ms.

Spatial Structure Determination. Three-dimensional con-
formers were calculated using NMR constraints in the
simulated annealing protocol of the program X-PLOR
(version 3.01) (30) on a Silicon Graphics O2 workstation.
Twenty low-energy conformers were selected from 50
calculated structures for the final structural analysis. The
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values of NOE energy and Cdih energy were calculated with
force constants of 50 kcal mol-1 Å-2 and 50 kcal mol-1 rad-2,
respectively. The Insight II software was used to display and
analyze the structural results.

The 1H NOE constraints were estimated from a 50 ms
NOESY spectrum and classified into three groups: weak
(3.4( 1.6 Å), medium (2.7( 0.9 Å), and strong (2.3( 0.5
Å). Weak NOE peaks that can only be detected by NOESY
with a 150 ms mixing time provided the upper bound
constraints are up to 6 Å. Calibration of the NOE distance
constraint was carried out by using the known atomic
distances of 2.5 Å between the [2,6] and [3,5] proton pairs
of the tyrosine aromatic ring. The hydrogen bonds forming
antiparallelâ-sheet were identified as the slowly exchanging
backbone amide protons. The hydrogen bond constraints
between the amide proton and oxygen were defined as 2.0
( 0.3 Å. Constraints of 2.01-2.03 Å for the distances
between two sulfur atoms of the four disulfide linkages were
applied. Forty dihedral angle restraints were derived from
3JNH-RH coupling constants measured by DQF-COSY.3JNH-RH

coupling constants of<6 Hz were defined in the interval of
-60 ( 20°. 3JNH-RH coupling constants of>8 Hz were
constrained in the interval of-120( 70°, and those greater
than 10 Hz were constrained in the interval of-120( 20°.

The 20 low-energy structures and NMR constraints have
been deposited in the RCSB Protein Data Bank (entry 1I02),
and the chemical shifts have been deposited in the Bio-
Magnetic Resonance Bank (entry 4966).

Proton Chemical Shift Analysis. The theoretical proton
chemical shifts of the CRH of CTX A3 were obtained
according to the method published by Williamson and
Asakura (31) and Asakura et al. (32) as described in our
previous study of the pH-dependent conformational change
of P-type CTX A5 (8). Briefly, three shielding effects, the
ring current effect, the electric field effect, and the magnetic
anisotropy effect, were estimated and calculated using the
coordinates of the CTX A3 structure.

13C Relaxation Analysis. The 13C relaxation data as
measured by double-INEPT type inverse-detected experi-
ments with suppression of cross-correlation and cross-
relaxation (14, 33) were analyzed using a model-free
approach (34). It was assumed that relaxation was purely
through the1H-13C mechanism so that the spin-lattice
relaxation rate and NOE for a protonated carbon are given
by

whererCH is taken to be 1.09 Å,p is Planck’s constant,ωH

and ωC are the Larmor frequencies in radians per second,
andγH andγC are the magnetogyric ratio for a proton and
carbon, respectively. Within the framework of the model-
free analysis, the spectral density function describing both
internal and global motions is given for potentially aniso-

tropic overall rotational diffusion motion by

where 1/τ1e ) 1/τ1 + 1/τi and 1/τ2e ) 1/τ2 + 1/τi, whereτ1

and τ2 represent the two correlation times describing the
overall reorientation of the molecule andA is a mixing
coefficient which ranges from 0 to 1. The generalized order
parameterS describes the spatial restriction of the internal
motions of CRi, which have an effective correlation timeτi.
In the case of isotropic overall reorientation,τ1 ) τ2 and eq
3 simplifies to that given by Lipari and Szabo (34) for
isotropic overall motion. In the study presented here, no
assumption was made as to the nature of the overall
reorientation (i.e., isotropic was not assumed) or to the rate
of motion. Thus, the anisotropic form of the spectral density
function depends on three global parameters [A (0 < A <
1), τ1, andτ2] and two local parameters [S (0 e Se 1) and
τi] for each position. The data were fitted by a least-squares
method as described previously (35, 36).

17O Relaxation Analysis. To probe the existence of bound
water, 17O relaxation experiments could be used to detect
the property of the bound water in the presence of an∼5000-
fold excess of bulk water. Several recent studies have been
published in which bound water has been detected by17O
relaxation experiments (18-22). We therefore explored these
17O relaxation experiments as a way of providing additional
evidence of a CTX A3-bound water molecule. The general
theoretical framework for multiquantum filtered quadrupolar
relaxation for spin) 5/2 nuclei has been described in detail
by Chung and Wimperis (23). For completeness, we sum-
marize below several key points in the paper by Chung and
Wimperis to provide background information for the relax-
ation analysis related to this work.

Wimperis and co-workers have shown that for pure
quadrupolar relaxation spin) 3/2 and5/2 nuclei undergoing
isotropic motion outside the motional narrowing regime (ωoτc

> 1) the degenerate single-quantum coherences relax at
different rates (23, 24). In the case of17O (spin ) 5/2),
relaxation becomes triexponential. As a result, after an initial
π/2 pulse, transverse relaxation causes the initial in-phase
single-quantum coherence described by the first-rank tensor
operators (T1,+1 andT1,-1) to relax partly into antiphase third-
rank (given by tensor operatorsT3,+1 andT3,-1 ) and fifth-
rank (given by tensor operatorsT5,+1 and T5,-1 ) single-
quantum coherences. The third- and fifth-rank single-
quantum coherences do not contribute to the17O line shape
in a conventional pulse-acquire experiment but may be
measured using multiple-quantum filtration techniques. Thus,
for motionally hindered water molecules, triexponential17O
relaxation allows the detection of water bound to macro-
molecules in the presence of bulk water which exhibits rapid
motion and monoexponential17O relaxation. Using the pulse
sequence of Chung and Wimperis (23) described above and
the phase cycle,φ, chosen to select for triple-quantum
coherence, the third-rank single-quantum coherence arising
from transverse relaxation duringt1 is transformed into triple-
quantum coherence. During acquisition, the third-rank single-

1
T1

)
p2γH

2γC
2

4rCH
6

[J(ωH - ωC) + 3J(ωC) + 6J(ωH + ωC)]

(1)

NOE ) 1 +
γH[6J(ωH + ωC) - J(ωH + ωC)]

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

J(ω) ) 2
5{2S2[ Aτ1

1 + ω2τ1
2

+
(1 - A)τ2

1 + nω2τ2
2] +

2(1 - S2)[ τ1e

1 + ω2τ1e
2

+
τ2e

1 + ω2τ2e
2]} (3)
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quantum coherence generated by the last pulse partially
relaxes into in-phase detectable first-rank single-quantum
coherence (T1,+1 andT1,-1 ). The measured signal intensity
from the 3QF transverse measurement is given by

whereIo is the total equilibrium signal intensity as measured
by a singleπ/2 pulse under identical experimental conditions.
The functionsf31(t1) and f13(t2) are triexponential functions
that give the amplitude of the transfer between third- and
first-rank single-quantum coherence resulting from quadru-
polar relaxation during the evolution and detection periods,
respectively. Since only motionally hindered water can give
rise to the triple-quantum coherence, information about water
bound to macromolecules can be obtained by evaluating
f31(t1) and f13(t2).

If it is assumed that bound water exhibiting triexponential
17O relaxation is in fast exchange with bulk water exhibiting
monoexponential relaxation, transverse relaxation of the bulk
water is given by the relaxation matrix

wherepf and pb are the fractions of free water and bound
water, respectively.Rfree is the 3× 3 relaxation matrix for
free water, which is assumed to be undergoing fast motion
(ωoτc , 1) and is thus diagonal.Rboundis the 3× 3 relaxation
matrix describing quadrupolar relaxation for single-quantum
coherences with odd rank. The elements of the relaxation
matrix depend on the spectral densitiesJ0, J1, andJ2 and the
quadrupolar coupling constant (e2qQ/h)(1 + η2/3)1/2. In the
study presented here, the quadrupolar coupling constant that
was used equaled 7.6 MHz. A previous study has indicated
that the 17O quadrupolar coupling constants for free and
protein-bound water are nearly equal and have values of 7.6
MHz as has been used previously (21). However, more
recently, a value of 6.5 MHz has been used (22) for the
quadrupolar coupling constant of free water and that bound
to protein. The time course as described by the functionf13(t)
in eq 4 can be evaluated as described previously (21, 23) by
diagonalizingRbulk to obtain the diagonal eigenvalue rate
matrix and the associated eigenvector matrix,V. The
amplitudes of the exponential decays relating to the transfer
between the single-quantum coherencel andl′ (l andl′ have
values of 1, 3, or 5) are derived fromV according toal′l,q )
Vql′Vql (whereq has values of 1-3) (21, 23). The amplitude
factorsal′l,q are functions ofωoτc. In this study, the temporal
dependence of the third-rank single-quantum coherence is
of interest and is given by

Rfree can be constructed from theT1 of free water (23). Thus,
by varyingτc andpb, we can calculate the transfer function
f31(t) according to eq 6 that gives the best fit to the
experimental results.

In the case presented here,13C NMR relaxation studies
indicate that there is fast internal motion in the region where
the water molecule is thought to bind. Such internal fast

motion would influence the relaxation rates for bound water.
We have adapted the spectral densities to include the
possibility of such internal motion by using the modified
formalism

whereτc is the correlation time of the bound water molecule,
ωo is the Larmor frequency of17O, S is the generalized order
parameter averaged by fast internal motion, andτe is the
effective correlation time for internal motion.13C relaxation
results (see the Results) indicate thatτe is expected to have
a value of 20 ps and anS2 of 0.7.

The data in Figures 8 and 9 were iteratively fit by
constructing trial relaxation matrixes,Rbulk, by varying the
fraction of water bound (pb) to CTX A3 and the correlation
time (τc) of the complex. The rate matrix,Rfree, for free water
was constructed from the17O T1 of the bulk water as
described elsewhere (23). The 17O relaxation rate of water
was measured by a standard inversion recovery experiment
and found to be 330 s-1. The resulting trial rate matrix was
diagonalized using standard methods (37). Trial matrixes
were constructed from spectral densities calculated using eq
7 with S2 having values of 1.0 and 0.7 and an internal
correlation time of 20 ps. The dependence of the 3QF signal
amplitude on the evolution time was fit by a least-squares
simplex minimization of the difference between the calcu-
lated and experimental amplitudes according to

whereImax is the maximum signal amplitude in the series of
spectra. The FID in Figure 9 was fit according to

wheret had a value of 1.4 ms. Such fitting of 3QF relaxation
data assumes that all of the signal intensity arises only from
the selection of triple-quantum coherence. Thus, for suf-
ficiently small values oft1 and t2, the signal amplitude is
expected to be nearly zero. Inspection of Figures 8 and 9
indicates that even at short times (<100 µs) the signal
intensity is significant. Although care was taken to carefully
adjust pulse lengths and receiver gain to minimize signals
that do not arise from the 3QF signal, it proved to be
impossible to reduce the residual non-3QF water signal.

Molecular Dynamics Simulation. Molecular modeling was
conducted using the Discovery 3.0 module of Insight II 95.0
on a SGI O2 workstation. The coordinate of the CTX A3
structure with one bound water molecule was directly soaked
with a 5 Å water layer (603 water molecules). The AMBER
force field was chosen to define the charge distribution and
interaction energies. The nonbonded cutoff value was set at
15 Å. Three hundred steps of energy minimization were
performed initially to remove improper atom contacts and
forces. A total 500 ps molecular dynamics simulation was

I(t1) ) 5/6Io f31(t1) f13(t2) (4)

Rbulk ) pfRfree + pbRbound (5)

f31(t) ) f13(t) ) V13V11 exp(-R1t) + V23V21 exp(-R2t) +
V33V31 exp(-R3t) ) a31,1 exp(-R1t) + a31,2exp(-R2t) +

a31,3 exp(-R3t) (6)

Jn )
2τcS

2

1 + nωoτc
2

+
2τe(1 - S2)

1 + nωoτe
2

(7)

error) ∑
[I(t1)exp - 5/6Iof31(t1)cal]

2I(t1)exp

Imax

(8)

error) ∑
[I(t2)exp - 5/6Iof31(t)calf13(t2)cal]

2I(t2)exp

Imax

(9)
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conducted using a 1 fs timestep with the coordinates of CTX
A3 and water molecules saved at intervals of 5 ps.

RESULTS AND DISCUSSION

1H NMR and CTX A3 Solution Structure. Although the
solution structure of CTX A3 at pH 3.0 has been determined
previously by1H NMR (38), it was later demonstrated that
the structure was based on at least nine wrongly assigned
NH signals out of the 60 amino acid residues (39). As a
result, the existing CTX A3 structure could not be used for
the study of the structures and dynamics of the water binding
loop in the P-type CTX A3. In the study presented here, the
correct assignments of all proton resonances (except the NH
proton of Leu1) of CTX A3 were achieved using the well-
established sequential assignment method based on the
information obtained from the DQF-COSY, TOCSY, and
NOESY spectra of the toxin at pH 6.0 and 27°C. The
structure of CTX A3 was determined on the basis of a total
of 680 NOE and 40 dihedral constraints (see Figure 1 for a
summary of the1H NMR data). Twenty lower-energy
structures were obtained from 50 starting structures with no
violation of NOE constraints larger than 0.2 Å and a
backbone rmsd of<0.7 Å (Table 1), indicating that the CTX
A3 structure is defined well by the NMR data.

CTX A3 is a typical three-fingered snake toxin formed
entirely by five antiparallelâ-sheets (double-strandedâ-sheet
for amino acid residues 2-4 and 11-13 and triple-stranded
â-sheet for residues 20-26, 35-39, and 49-54). It consists
of three-finger tips with loops termed loops I (residues
5-10), II (residues 26-34), and III (residues 46-49) that
protrude from a central core, tightened by four disulfide
bonds (Figure 2A). Both the tips of loop I and loop II bend
toward the same side of the C-terminal loop and form a
concave surface giving a flat shape to the CTX A3 molecule.
In this aspect, the structure of CTX A3 is essentially the
same as the structure of the major form of CTII fromN.
oxianawith the trans conformation of the Val7-Pro8 bond
(40). The structure of the minor form of CTII having a cis
conformation of the Val7-Pro8 bond forces the tip of loop
I to protrude toward the opposite direction on the convex
side.

It is interesting to point out that, like CTII, a minor form
of CTX A3 can also be detected at<10 °C (data not shown).
However, as judged by the chemical shift difference of the
two forms, the structural differences between the major and
minor forms of CTX A3 are located mainly in the core and
in the triple-strandedâ-sheet, instead of the loop I region.
CTX A3 and CTII differ by only two amino acid residues

near loop I, i.e., Asn4 versus Lys4 and Tyr11 versus Ser11.
The latter indicates that the structure and dynamics of the
functionally important thumb-finger region are highly
sensitive to its exact amino acid sequence.

As for most published CTX structures [except CTX A2
from N. atra (41)], the φ and ψ dihedral angles of the
polypeptide backbone of CTX A3 fall within a reasonable
region of a Ramachandran plot (Figure 3A). In addition,
chemical shift analysis of the CR protons resonances based
upon the NMR structures (Figure 2A) and using theoretical
considerations involving the electrostatic and ring current
shift effects indicated that the orientation of aromatic side
chains and the overall 3D structure of the molecule are
generally correct (Figure 3B). With the exception of Thr13,
Tyr22, and Arg58, excellent correlations are observed
between experimental and theoretical results.

The inconsistency between the theoretical and experimen-
tal data of the CRH of Thr13 and Tyr22 most likely reflects

FIGURE 1: Summary of the1H NMR data of CTX A3. The sequence of CTX A3 is shown at the top. Connecting lines below the sequence
represent disulfide bridges. The relative intensities of sequential NOEs, classified as weak, medium, and strong, are represented by the
thickness of filled bars. Amide protons that still can be observed after 12 h in a D2O solution at pH 6.0 are marked with black circles, and
those that can be observed from the beginning to several hours are marked with white circles.3JNH-RH coupling constants of>8 (4) and
<6 Hz (3) are labeled.

Table 1: Input Data and Structural Statisticsa for the Solution
Structure of CTX A3

input data for X-PLOR
no. of dihedral constraints 40
no. of NOE constraints 680

no. of long-range constraints (range,g5) 189
no. of medium-range constraints (range,<5) 49
no. of sequential constraints (range, 1) 179
no. of intraresidual constraints (range, 0) 263

no. of hydrogen bonds 19
no. of disulfide bonds 4

rmsds (Å)
backbone 0.64( 0.11
heavy atoms 1.02( 0.11
side chains 1.31( 0.14

energy term (kcal/mol)
overall energy 176.7( 4.5
bond energy 6.4( 0.2
angle energy 132.9( 1.8
improper energy 13.9( 0.8
Vdw energy 12.4( 2.6
NOE energy 11.1( 1.8

rmsd from idealized geometry
bonds (Å) 0.003( 0.000
angles (deg) 0.699( 0.005
improper angles (deg) 0.435( 0.014

Ramachandran plot
most favorable regions (%) 73.1( 5.4
additionally allowed regions (%) 25.8( 5.4
generously allowed regions (%) 0.8( 0.9
disallowed regions (%) 0.3( 0.7

averageG-factors derived from PROCHECK-NMR
φ-ψ -0.94( 0.14
ø1-ø2 -1.69( 0.15

a Structural statistics, including rmsd, energy terms, andG-factors,
were derived from 20 lower-energy conformers from 50 simulated
annealing structures.
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the insufficient consideration of the electrostatic and ring
current shift effects for the two nearby Tyr side chains under
an extremely different environment. The Tyr22 aromatic ring
sits right in the center of the core and lies on top of the
triple-strandedâ-sheet to form an angle of∼100° with the
â-sheet (see Figure 2A). Examination of the eight X-ray and
NMR structures, including M1, M3, Tγ, A1, A2, A5, CTII,
and A3 (this study), indicated that such an orientation is well-
conserved with aRH-CR-Câ-Cγ dihedral angle of-159
( 2° (except for a value of approximately-120° found for
that of CTX A2 fromN. atra). This observation indicated
that Tyr22 is located in a conserved region of the toxins and
exhibits a conserved local structure in CTX structures. In
contrast, Tyr11 is highly disordered and appears to be
exposed to the aqueous environment. This observation
explains why the experimental chemical shifts of Thr13 and
Tyr22 deviate the most from calculated chemical shifts as
seen from the linear correlation curve (inset of Figure 3B).
The case for Arg58 can also be understood since it is the
only residue withφ and ψ angles falling in the left-hand
helix region.

13C NMR and Backbone Dynamics for CTX A3. Once the
1H resonances were correctly assigned, the13C chemical
shifts were determined from an HSQC experiment (42). As
shown in Figure 4, all CR resonances could be assigned

except for those of Lys12 and Leu20, since their CRH
resonances had the same chemical shift as the water signal.
However, due to the overlap of resonances, only 47 of 60
CR resonances could be used reliably for the analysis of the
relaxation data.

CTX A3 was found to tumble isotropically when using
the model-free formalism in which the possibility of global
anisotropic motion was allowed. TheT1 and NOE data
measured in duplicate at 9.4 (400 MHz) and 14 T (600 MHz)
were thus analyzed. Two correlation times and a weighting
factor,A, which expresses the relative contribution of these
correlation times (eq 3) were determined. Note that anA
value of 1.0 is indicative of isotropic motion. The data
obtained at 9.4 T gave an overall correlation time,τR, of 3.8
ns and a global anisotropic factor,A, of 0.98. A slightly
higherτR value of 4.5 ns, with essentially the sameA value
of 0.98, was calculated for the data obtained at 14 T. The
exact reason for the small discrepancy of the correlation times
estimated between the two NMR fields is not known at this
time. However, in virtually all of the fits, the two correlation
times that define potential anisotropic motion differed by
less than 10%, indicative of isotropic tumbling. Thus,
interpretation of NOE data assuming an isotropic motional
model of a flat CTX molecule is justified for further studies.

FIGURE 2: (A) Illustration of the overall structure of CTX A3. The thin lines demonstrate the superposition of the backbone traces from
20 selected low-energy solution structures of CTX A3. The final averaged structure is drawn in stick mode and stacked together. (B)
Interaction of bound water with amino acid residues located near the tip of loop II of CTX A3 (top). Comparison of the loop II structures
and sequences of five selected P-type CTXs, including A3, Tγ, M1, CTII, and A5 (bottom). (C) CPK model of the loop II structure as
viewed from the concave and the convex side to emphasize the accessibility of water to the region. The hydrophobic region is colored
green, and other atoms are colored according to atom type (blue, nitrogen; yellow, sulfur; red, oxygen; and write, hydrogen).
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The correlation time estimated by the NMR method is
known to be higher than that estimated by other methods
presumably due to the high protein concentration used in
the NMR study. Previously, a correlation time of∼3.3 ns
for 2 µM CTX M1 or Tγ was obtained by measuring
fluorescence natural decay lifetimes (43). In contrast, aτR

value of 5.5 ns was obtained from 25 mM BPTI, a 58-amino
acid protein with a molecular weight similar to that of CTX,
at pD 4.5 by 13C relaxation (44). Therefore, the overall
tumbling motion of the CTX A3 molecule can be safely

concluded to be essentially isotropic with a correlation time
of ∼3.8-4.5 ns as estimated by13C NMR relaxation.

The polypeptide backbone dynamics of CTX A3 could
be observed from a comparison of the NOE constraints, rmsd
values, andS2 values (Figure 5). In general, CR positions
exhibiting high S2 values (>0.9) and clustered within
domains of the peptide sequence may be taken to reflect rigid
regions of structure. Five of the CR positions in the
polypeptide backbone haveS2 values of>0.9 as indicated
by the asterisks shown in Figure 5C. Except for Val27, the
other four residues (Tyr22, Cys38, Cys53, and Arg58)
correspond well to the local minimum of the root-mean-
square deviation (rmsd) of the 20 calculated 3D structures
(Figure 5B). Val27 is located within a dynamic region
corresponding to lowerS2 values centered at loop II (residues
26-34). It is also noteworthy that more long-range NOEs
were also observed around those regions exhibiting the high
S2 values. In addition, some of theS2 values for certain
residues corresponded nicely to their respective packing
environment. For instance, as shown in Figure 2A, Tyr22,
which is located right at the center of the hydrophobic core,
has anS2 value of∼0.98, while Tyr11, which is protruding
into the aqueous environment, has anS2 value of ∼0.7.
Tyr51, with its aromatic ring facing Pro43 as evidenced by
the unusual chemical shifts of 0.37 and 0.56 ppm for one
Hâ and one Hγ proton of Pro43, respectively, appears to have
an S2 value (∼0.85) falling between those of the other two
Tyr residues.

Emphasis has been placed on that fact that there is no strict
correlation between the backbone dynamics as reflected by
S2 values and the backbone structural resolution as deter-
mined by the rmsd calculated from the ensemble of accept-
able NMR solution structures. The structural resolution (as
defined by the rmsd) is sensitive to both fast and slow
motion, where the values ofS2 are a function of rapid motions
only. In fact, it has been known for some time that the values
of T1 andS2 obtained from either15N or 13C NMR relaxation
measurement do not show any correlation with X-ray
crystallographicB factors (45, 46). This is particularly evident
with the first 13 amino acid residues near the N-terminus.
TheS2 values of Cys3, Asn4, and Tyr11 can be considered
to be abnormally low since their corresponding rmsd
indicated that they are located in a structurally restricted
region. The lack of good correlation between the NMR
relaxation data and the structural resolution in the first loop
of the other three-finger toxins, i.e., toxinR from N.
nigricollis and S-type CTX II fromN. atra, has also been
reported (47, 48). In the following, we focus on the structures
and dynamics of the water binding loop located near the tip
of loop II.

Water Binding Loop and Molecular Dynamics Simulation.
The X-ray structures revealed the presence of one and two
bound water molecules in Tγ from N. nigricollis (10) and
CTX A5 from N. atra (8), respectively, located near the tip
of loop II. In the previous NMR structural report of CTX
M1 (CTX IIb), the NH of Met26 was reported to have a
slow exchange rate (10-3-10-5 min-1) and to lack suitable
hydrogen bond acceptors in loop II (49). Recent1H NMR
studies on CTII fromN. oxianain both aqueous and micellar
environment have further shown that the existence of the
bound water in the more flexible region of the loop is not
an artifact due to the crystal packing, since it can also be

FIGURE 3: (A) Ramachandan plot of the CTX A3 structure
(PROCHECK-NMR, version 3.4.3). Glycines are labeled with
triangles and all other residues with squares. The residue (Arg58)
is the only residue located in the left-handedR-helix region and
labeled specifically. (B) Plot of the sequence dependence of the
calculated (O) and experimental (9) chemical shifts of the CRH
proton. The inset expresses the close relationship between the
experimentalσobs* (σobs* ) σobs - σrandom coil) and theoreticalσcal*

(σcal* ) σcal - σrandom coil). Positive and negative values represent
the downfield and upfield chemical shifts, respectively. The three
amino acid residues (Thr13, Tyr22, and Arg58) depicted in the inset
are those that deviate the most between the experimental and
theoretical values.
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identified by the combination of NOESY and ROESY
experiments (7, 40).

In the case of CTX A3, only one cross-peak from Met26
could be attributed to protein-bound water. The NOEs and
ROEs between CTX A3 NH protons and water protons are
shown in Figure 6A. Only the NH of Met26 meets the criteria
for the presence of tightly associated water (indicated by a
dotted line) as suggested by Otting and Wuthrich (26).
NOESY and ROESY cross-peaks at the water resonance may
arise from three different magnetization transfer pathways
as described previously (12, 13). By comparison of the
NOESY and ROESY spectra with the same mixing time of
75 ms at various temperatures (5, 27, and 45°C), the three
kinds of transfer pathways could be distinguished unambigu-
ously. For positive NOESY and ROESY cross-peaks, it is
necessary to consider the possibility of direct chemical
exchange. Negative ROESY cross-peaks along with positive
NOESY cross-peaks may be attributed to either exchange-
relayed NOEs or protein-bound water NOEs. Only if the
protein proton involved in the cross-peak is far from any
highly exchange labile proton (at least 4-5 Å) can it be
considered a candidate of protein-bound water NOEs and
can the possibility of exchange-relayed NOEs be excluded.
The remaining cross-peaks are presumably due to either
direct fast exchange with water molecules or an indirect NOE
effect caused by the neighboring protons undergoing fast
exchange (labeled with asterisks). Since Tγ is known from
X-ray crystallography to contain bound water, it is of interest
to establish the validity of the NOE-ROE approach in
detecting bound water in this class of biomolecules. Com-
parison of the 2D ROESY spectra for CTX A3 and Tγ
demonstrated that Tγ exhibited a similar water-Met26 cross-
peak as shown in Figure 6B. Therefore, the location of the
bound water as identified by NMR was essentially the same
as that in the structure of Tγ derived from X-ray diffraction.

Once the putative water location was established, the
relative coordinates of the bound water and neighbor residues
were constructed and the resulting structures were refined
to give the lowest-energy structure shown in the top panel
of Figure 2B. The relative position of the atoms (painted by
balls) involved in the formation of hydrogen bonds with a
bound water molecule within the water binding loop and the
correspondent structural and sequence comparisons of five
different P-type CTXs are depicted in the lower panel of
Figure 2B. The atoms share similar coordinates, and the
overall loop structures superimpose well. It appears that the
two Pro amino acid residues near this region play an
important role in the formation of the water binding loop
since they are the only two conserved amino acid residues
within the loop. However, if we exclude CTX A5 from the
comparison (because CTX A5 has a slightly different
structure in this region with one additional residue), a
consensus sequence, MxAxPxVPV, might be derived for this
region.

To gain further insight into the potential nature of the
structure and dynamics of the bound water, a molecular
dynamics simulation of the CTX A3 molecule with a bound
water molecule soaked with a 5 Å water layer (603 water
molecules) was performed. As indicated by the black stripe
shown in Figure 7, the bound water molecule can form a
stable hydrogen bond not only with the NH of Met26 (Figure
7A) but also with the CO of Thr29 (Figure 7B) and/or Val32
(Figure 7C) during the simulation time (500 ps). Internal
180° flips around the axis of the water-NH bond can also
be seen to occur during this time period, as indicated by
arrows in Figure 7. Other surface water molecules appear to
diffuse freely with short mean residence times, shorter than
50 ps. This is apparent in Figure 7D, where the mobility of
five randomly chosen surface water molecules with similar
initial distances (10 Å) to the NH of Met26 is shown. The

FIGURE 4: 1H-13C HSQC spectrum of the naturally abundant CRH region of CTX A3 at pH 6.0. Sequence-specific assignments of these
heteronuclear correlation peaks are designated with the one-letter code for amino acids and residue number.
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results of the MD are consistent with a bound water molecule
which has a residence time of>500 ps.

To exclude the possibility that the simulations may be
biased by the starting point of each simulation, the CTX A3
structure without a bound water molecule within the loop
was soaked with a 5 Å water layer. Figure 7E shows that
surface water molecules can penetrate quickly into the
interior of the loop II region. The penetration process took
less than 10 ps for four of five independent calculations using
different initial water coordinates. In addition, after diffusing
into the water binding loop, the water molecule forms a stable
hydrogen bond network with a long residence time as shown
before. In contrast, there are other surface water molecules
that initially form hydrogen bonds with the NH and/or CO
of amino acid residues near the region (e.g., with the CO of
Leu48 and the NH of Val27 and Ala28), but they are found
to diffuse away from the binding site within 50 ps. The
simulation results provide further support for the reliability
of the lifetime of the water bound to loop II.

It should be emphasized that the bound water and the
nearby amino acid residues within the loop are highly
accessible to the solvent (Figures 2C and 5B). Many
hydrophobic amino acid residues (green color atoms) are
surrounding the water binding site, and the Phe25 side chain
even blocks partially the water pathway on one side of the

molecule (top panel in Figure 2C). However, the molecular
dynamics simulation indicated that a slight tilting of the
Phe25 side chain allows the formation of a water pathway
by forming a hydrogen bond between the bound water and
surface water molecules. In fact, the residence time for those
water molecules hydrogen bonded to the bound water may
range from 15 to 200 ps.

The trajectory for the surface water molecule in becoming
loop II-bound water provides interesting information about
understanding the role of the consensus sequence, MxAx-
PxVPV, in forming the water binding loop. In all five
molecular dynamics simulations shown in Figure 7E, pen-
etration of water into the loop can only occur through the
convex side of the loop (bottom panel in Figure 2C) with
initial hydrogen bond formation with the CO of Val32.
Apparently, after hydrogen bonding with the CO of Val32,
the water molecule tends to remain there for less than 5 ps,
followed by the final hydrogen bond formation with the NH
of Met26 and the CO of Thr29. During this short time period,

FIGURE 5: Structural dynamics of CTX A3 as a function of amino
acid residue position as indicated by the (A) distribution of long-
range (black), medium-range (dark gray), sequential (light gray),
and intraresidual (white) NOE distance constraints. (B) Root-mean-
square deviations (rmsds) of backbone atoms for 20 calculated
protein structures and (C) order parameter (S2) values (average of
400 and 600 MHz) for the backbone CRH.

FIGURE 6: (A) Cross sections taken at theω1 chemical shift of the
water resonance through the 2D spectra recorded in the laboratory
frame (NOESY) (top) and the rotating frame (ROESY) (bottom)
for CTX A3 at 45 °C. The cross-peaks aligned along the water
resonance are identified and labeled above the figure. The dashed
line and the asterisks indicate the existence of bound water and
the exchange-related NOEs, respectively. (B) Contour plots for the
ROESY spectra for CTX A3 (left) and Tγ (right), depicting the
interaction of the M26 amide proton with bound water. The arrows
denote theω1 chemical shift of the water resonance.
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the CO of Pro33 may serve as another hydrogen bond
acceptor to keep the bound water remaining in the loop.
Therefore, Met26, Val32, and Pro33 appear to provide an
environment suitable for the penetration of a water molecule
within a relatively hydrophobic environment.

The quantitative determination of the cross-relaxation rates
is difficult for the weak NOE between the bound water
molecule and the NH of Met26, although the ratio of the
signal intensity between NOESY and ROESY (Figure 6A)
can, in principle, be used to characterize the residence times
of the bound water on CTX A3 (22). Characterization of
the dynamics of bound water via the NOE-ROE method
will become insensitive especially when the residence time
is longer than nanoseconds. To develop a clearer understand-
ing of the role of the bound water, it is essential to establish
that the NOESY and ROESY cross-peak does not simply
reflect the interim visit of bound water to the cavity formed
by the water binding loop.

17O NMR and Bound Water Dynamics. While the NOE-
ROE results and MD simulations are consistent with the

presence of a water molecule that is bound to CTX A3 with
a lifetime of>500 ps, support for the conclusion is desirable
since this water molecule is accessible to solvent and is not
buried in a cavity. Recent studies have demonstrated that
triple-quantum filtered (3QF) NMR of H217O (18-22) in the
presence of biological macromolecules may be used to
investigate the lifetime and the total number of bound water
molecules. Figure 8 shows the dependence of the17O NMR
signal amplitude as a function of the evolution timet1 of
the 3QF transverse relaxation experiment. To determine the
number of water molecules that are bound to CTX A3, the
amplitudes of the 3QF spectra were fit directly as a function
of the evolution period. The results are given in Table 2,
and a typical fit between experimental and calculated data
is shown in Figure 8. Note that the calculated profile decays
more rapidly than the experimental profile. It is reasonable
to suggest that this behavior arises from the presence of the
non-3Q signal that is not canceled by the phase cycling that
is used since a sample of D2O alone gave for the samet1
values a residual signal whent1 < T2 (D2

17O). The amplitudes
of the 3QF spectra in Figure 8 were then corrected for the
non-3Q signal by measuring the signal amplitudes for a D2O
(20 atom % O17) sample under experimental conditions
identical to those used for the CTX A3 sample and
subtracting the D2O amplitudes from those in Figure 8 at
the correspondingt1 value. Thet1 dependence of the resulting
“corrected” amplitudes was fit withS2 values of 1.0 and 0.7.
The best-fit results gave values forpb andτc that were very

FIGURE 7: Molecular dynamics simulation of the mobility of the
bound water molecule as indicated by the distance between (A)
the H2O oxygen and the Met26 NH proton, (B) the H2O hydrogen
and the Thr29 CO oxygen, and (C) the other H2O hydrogen and
the Val32 CO oxygen during the 500 ps simulation time. The black
bars in each panels recorded the existence of hydrogen bonds and
the arrows indicated the bound water molecule undergoing a 180°
flip (see the text). (D) The distances between the Met26 NH proton
and the oxygen atom for five randomly chosen water molecules
are also traced to monitor the mobility of surface waters. (E)
Penetration of the water molecule from the surrounding water layer
into the interior of the water binding loop to become a tightly bound
water molecule. The distance between the water oxygen and the
Met26 NH was traced by sampling the trajectory at 1 ps intervals
with a total simulation period of 100 ps.

FIGURE 8: Dependence of the17O 3QF signal amplitude on
evolution timet1 (milliseconds). The comparison of the experimental
(‚‚‚) and calculated (s) amplitudes of the17O 3QF transverse signal
as a function of the evolution timet1 is inserted in the upper-right
corner. The calculated profile represents the best fit of the
experimental data with apb of 6 × 10-4 (one bound water molecule
per CTX A3), aτc of 6 ns, and aT2 of 3 ms for bulk water.

Table 2: 17O Correlation Times and Bound Fraction for Water
Associated with CTX A3a

τc (ns) pb

no. of water
molecules/toxin

I(t1)b 4.98( 0.06 0.00070( 0.00006 1.30( 0.12
I(t1) - ID2O(t1) 5.25( 0.22 0.00063( 0.00003 1.20( 0.06
I(t1) - ID2O(t1)

(S2 ) 0.7)
7.02( 0.01 0.00084( 0.00004 1.60( 0.07

FID 5.85( 0.16 0.00039( 0.00001 0.74( 0.02
FID (S2 ) 0.7) 5.95( 0.20 0.00055( 0.00001 1.06( 0.02

a Averages are calculated from the best-fit results of 30 data sets in
which the amplitudes were varied randomly within the range of the
estimated signal-to-noise error.b The data without mention of the order
parameter (S2) were fitted with anS2 of 1.
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similar to those obtained by fitting the raw data (Table 2),
while correlation times were found to be 5.25 and 7.02 ns,
respectively. CTX A3 at 5 mM in aqueous buffer has an
overall correlation time of 3.8-4.5 ns at 25°C (by 13C
relaxation measurement). Thus, it may be expected that the
viscosity of a 28 mM solution of the toxin is somewhat
greater, leading to the longer correlation times required to
fit the 3QF transverse relaxation data. It should be empha-
sized that in fitting both of these data sets, fits with
comparable errors were obtained in some cases where the
correlation time is on the order of 20 ns and the associated
fraction of bound water was less than 0.25 H2O per CTX
A3. In such cases, the results are not physically plausible
since from13C NMR relaxation studies the correlation time
of CTX A3 is <10 ns, so we can simply rule out this
possibility. Such cases additionally reflect another fact that
the value ofRbulk depends on the productpb andτc.

13C relaxation studies indicated that internal motions of
limited amplitude existed in the water binding region
characterized by an order parameter,S2, with an average
value of 0.7 (Figure 5C). Allowing for such motion in the
analysis of the 3QF transverse relaxation data did not
significantly improve the fitting procedure (Table 2).

In addition to fitting the dependence of the 3QF signal
amplitude on the evolution timet1, an alternate approach is
to fit either the free induction decay (FID) or the spectral
line shape acquired at a value oft1, which gives the maximal
signal intensity. A spectrum (Figure 9) was acquired with a
t1 value of 1.4 ms and with a 10-fold increase in the signal-
to-noise ratio relative to that of the spectra depicted in Figure
8. A fit of the calculated FID to the experimental FID is
shown in Figure 9A, and the parameters that give the best
fit are given in Table 2. The experimental FID decays more
slowly than the calculated one. This is similar to the results
depicted in Figure 8, suggesting the presence of an additional
signal that does not arise from the 3Q filter. Inspection of
the spectral line shape in Figure 9B shows negative “dips”

characteristic of the triexponential line shape of17O undergo-
ing motion in the nonextreme narrowing regime. The spectral
line shape showed clear evidence of a water molecule, which
is indeed immobilized by the toxin. The predicted spectrum
in Figure 9B reproduced the negative features of the line
shape, although the central intensity was less than the
experimental intensity. This effect can be attributed to
incomplete cancellation of a single-quantum signal that is
superposed on that of the desired signal. However, even with
this limitation, the values ofτc and pb are comparable to
those obtained by analysis of data obtained by varying the
evolution timet1.

The 3QF transverse relaxation data are consistent with the
fraction of water molecules bound to the toxin having a value
ranging from 3.9× 10-4 to 8.4× 10-4( Table 2). For a 28
mM solution of CTX A3, the fraction of bound water that
corresponds to one water molecule bound per toxin is
calculated to be 5.2× 10-4. The values obtained from17O
NMR are consistent with one water molecule bound per
toxin. The results presented here are also consistent with a
model in which the bound water molecule does not undergo
additional fast motion of a large amplitude within the binding
region.

In the fitting of the data, the17O quadrupolar coupling
constants for free and bound water were assumed to be equal
with values of 7.6 MHz. Similar values have also been
adopted by previous studies of protein-bound water (21).
Since a recent study has suggested that the quadrupolar
coupling constant of water may have a value of 6.5 MHz
(22), it is desirable to estimate the possible error that might
arise from the variation of17O quadrupolar coupling constants
used for analysis. The effect on these results of replacing
the quadrupolar coupling constant value of 7.6 MHz with a
value of 6.5 MHz in the fitting of that data would be to scale
the productτcpb by (7.6/6.5)2 or 1.36. Inspection of Table 2
indicates that the correlation time would be increased to
∼7-8 ns for one water molecule per CTX A3. An actual fit
of the data in Figure 8 gave aτc of 6.4 ns and 1.45 waters
per CTX. Thus, the conclusion that the results are consistent
with one bound water molecule is not affected by the choice
of possible values for the17O quadrupolar coupling constant.

While it is not possible with these data to delineate the
details of the local motion of the water molecule within the
binding region of CTX A3, it is possible to draw some
general conclusions about the time scale of the water toxin
association. The data demonstrate that the motion of the
water molecule approaches that of the overall motion of the
protein. Thus, the residence time of the bound water molecule
must be greater than the correlation time of the toxin (∼5-7
ns). The upper limit of the residence time would be defined
by theT2 of 17O of the bound water. With a correlation time
of 5-7 ns, theT2 is expected to be on the order of 100µs.
On the basis of these considerations, the range of the
residence time for the bound water molecule on CTX A3 is
estimated to be 5 ns to 100µs.

Role of Bound Water. In this study, we have demonstrated
the proximity of a single bound water molecule with long
residence time (>5 ns) in a solvent accessible, structurally
flexible, and functionally important loop of P-type CTXs.
Since all the P-type CTXs adopt a three-fingered structure
with four disulfide bonds in the core region, it is tempting
to hypothesize that such a bound water in the membrane

FIGURE 9: 17O NMR FID (A) and corresponding spectrum (B) of
CTX A3 at 22 °C. The calculated spectrum (s) representing the
best fit of the experimental data with an evolution timet1 of 1.4
ms, apb of 3.9 × 10-4, a τc of 5.85 ns, anS2 of 1.0, and aT2 (for
bulk water) of 3 ms is shown with the experimental spectrum.
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binding loop may modulate the membrane binding activities
of the amphiphilic P-type CTXs, speculation that is attractive
when one notes their structural similarity in the water binding
loop.

One may rationalize how water may modulate the mem-
brane binding activities of the amphiphilic P-type CTXs as
follows. First, the exchange of bound water near the
hydrophobic tip of loop II may regulate the toxin’s structural
stability, leading to the formation of the extended hydro-
phobic domain of the P-type CTXs. The water helps to
maintain the spatialω shape of loop II by forming a stable
hydrogen bond network with the protein backbone. As a
result, loop II is extended to make contact with loop I and
loop III to form a continuous hydrophobic patch. This
hydrophobic patch has been proven to be the membrane
binding region (7, 9). If the exchange rate of the bound water
is reduced on binding to phospholipid membranes to favor
patch formation, then it is readily seen how the dynamics of
bound water can become an important regulating factor for
the membrane association of P-type CTXs. It is reasonable
to expect that bulk water will be excluded from the surface
region where the toxin and membrane are in close contact.
As a result, the exchange rate of bound water is reduced
with a concomitant stabilization of the toxin’s hydrophobic
patch, possibly through the strengthening of the hydrogen
bond in the tip of the loop. Such an effect of membrane
surface binding on the water exchange rate may be specula-
tive, but it is reasonable. Studies on membrane-protein
binding have demonstrated that hydrogen exchange rates can
be significantly slowed in those regions of the sequence that
are in the proximity of the membrane surface (50-52). In
this case, it would be difficult to study the dynamics of bound
water in the CTX-phospholipid micellar complex by 3QF
17O NMR, since there are several water molecules that are
tightly associated with phospholipid headgroups (53). How-
ever, in the case of toxin CTII, binding to DPC micelles
leads to a shift of the Met26 NH proton resonance by 0.8
ppm relative to that of the free state (7). As a result, it was
possible to monitor the exchange broadening of the Met26
NH resonance upon micellar binding, from which it was
determined that amide exchange of the loop II of CTII is
slowed to a time scale of a few milliseconds (7). In fact, by
monitoring the intermolecular NOE between CTX A3 and
lysophosphatidylcholine, we found phospholipid molecules
to bind to the convex side of the CTX A3 molecule (data
not shown). In addition, the intensity of the NOE between
the bound water molecule and the NH of Met26 also
increases by 3-fold under conditions where binding of CTX
A3 to lysophosphatidylcholine micelles is saturated. There-
fore, the structure and dynamics of the water binding loop
are likely to be significantly perturbed upon binding to
phospholipid membranes.

A second way in which water may modulate the membrane
binding activities of the amphiphilic P-type CTXs is by
influencing the equilibrium between the bound forms of the
toxin. Depending on whether the hydrophobic thickness of
the lipid bilayer can match the continuous hydrophobic patch
formed by the three loops of the P-type CTX, the toxin can
bind reversibly to a phospholipid membrane in either the
peripheral or penetrating mode. If the bound water molecule
can help to extend the conformation of loop II as suggested,
the existence of bound water will indeed change the

hydrophobic distribution formed by the loops and influence
the matching to the hydrophobic domain of the membrane.
As a result, the exchange rate of the bound water can further
modulate the population of the two peripheral and penetrating
membrane binding modes.

Finally, it is intriguing to see the relatively long residence
time of the loop II-bound water despite the solvent acces-
sibility and dynamic nature of this loop. However, it has
been pointed out before that for a water molecule in a surface
pocket, the residence time should be determined by the
activation energy needed for the water molecule to pass
through the least hydrogen-bonded state on its way out of
the pocket (16). The number of water-peptide hydrogen
bonds is not the major determining factor for long residence
times, since, as we demonstrated in computer simulation,
other surface water molecules with short residence times are
also extensively hydrogen bonded. It will be interesting in
the future to study how the the consensus sequence depicted
here provides an environment sufficient for a long residence
time of the bound water.

CONCLUSION

Dynamic characterization of the water binding loop in the
P-type cardiotoxin has been carried out using1H and 13C
NMR techniques to better understand its structure-function
relationship. Specifically, it has been demonstrated by using
1H and17O NMR techniques that there is a single long-lived
bound water molecule located within the solvent accessible
loop of P-type CTX A3. The residence time is in the range
of 5 ns to 100µs. Analysis of the13C relaxation data of the
polypeptide backbone further indicates that the water binding
loop is more flexible than the core regions of the toxin. For
five known 3D structures of P-type CTXs determined by
NMR and/or X-ray methods, the region of the toxin in which
bound water molecules have been located appears to be
structurally conserved. These results combined with those
of others studies suggest that there is a consensus sequence
for the water binding loop and that there is an important
structural role of two proline residues for its formation. Since
the water binding loop is also involved in its binding to
phospholipid membranes, the role of bound water could be
to regulate the membrane binding mode required for the
general cytotoxic effect of amphiphilic P-type CTXs.
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