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ABSTRACT: Glycosaminoglycans (GAGs) have been suggested to be a potential target for cobra cardiotoxin
(CTX) with high affinity and specificity via a cationic belt at the concave surface of the polypeptide. The
interaction of GAGs, such as high-molecular weight heparin, with CTXs not only can induce aggregation
of CTX molecules but also can enhance their penetration into membranes. The binding of short chain
heparin, such as a heparin-derived disaccharide [∆UA2S(1f4)-R-D-GlcNS6S], to CTX A3 from Taiwan
cobra (Naja atra), however, will not induce aggregation and was, therefore, investigated by high-resolution
1H NMR. A novel heparin binding site on the convex side of the CTX, near the rigid disulfide bond-
tightened core region of Cys38, was identified due to the observation of intermolecular NOEs between
the protein and carbohydrate. The derived carbohydrate conformation using complete relaxation and
conformational exchange matrix analysis (CORCEMA) of NOEs indicated that the glycosidic linkage
conformation and the ring conformation of the unsaturated uronic acid in the bound state depended
significantly on the charge context of CTX molecules near the binding site. Specifically, comparative
binding studies of several heparin disaccharide homologues with two CTX homologues (CTX Tγ from
Naja nigricollis and CTX A3) indicated that the electrostatic interaction ofN-sulfate of glucosamine with
NH3

+ú of Lys12 and of the 2-O-sulfate of the unsaturated uronic acid with NH3
+ú of Lys5 played an

important role. These results also suggest a model on how the CTX-heparin interaction may regulate
heparin-induced aggregation of the toxin via the second heparin binding site.

Cardiotoxins (or cytotoxins, CTXs)1 from cobra venom
are highly basic, slightly curved, all-â-sheet polypeptides
capable of inducing general cytotoxic effect on many cell
types, including cardiac myocytes (1, 2). They also cause
severe tissue necrosis and local gangrene in humans by an
unknown mechanism (3). To explain the general cytotoxic
effect of CTXs with certain cell specificity, we have recently
proposed that sulfated oligosaccharides, such as glycosami-

noglycans (GAGs), near the membrane surface may act as a
potential target to enhance the penetration of amphiphilic
CTXs through membrane lipid bilayers (4). This hypothesis
is supported by the observation that heparin may enhance
the aggregation of CTX molecules and also promote its
penetration into monolayer membranes. In addition, GAGs
bind to homologous CTXs with different specificity (5). For
instance, the binding strength of CTX Tγ, a major component
of the venom from spitting cobraNaja nigricollis, to various
GAGs is significantly different from that of CTX A3, a major
component of the venom from Taiwan cobraNaja atra. This
effect provides a simple explanation to account for the action
of CTX Tγ from spitting cobra causing corneal opacity and/
or blindness, in addition to the systolic heart arrest caused
by CTXs in general (5). Although it remains to be established
whether CTX action at the cellular level is indeed affected
by GAGs in the extracellular matrix, CTX-GAG interactions
may serve as an interesting model system for understanding
the binding specificity of proteins against GAGs.

Analysis of binding of CTXs to heparin by circular
dichroism, fluorescence spectroscopy, and molecular model-
ing has suggested that the CTX-GAG complex is formed
by the cationic belt of the conserved residues on the concave
surface of three-fingerâ-sheet polypeptides initiating ionic
interaction with GAG molecules followed by specific binding
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of lysine residues near loop II of CTX (6). Several observa-
tions were derived from these studies. First, about two-thirds
of the positively charged residues are located at the concave
side. Second, a single amino acid mutation near the N-
terminus located at the concave side changes the apparent
dissociation constant,Kd, of the CTX-heparin complex.
Third, comparison of the GAG binding strength and specific-
ity of 10 CTX homologues indicated that those Lys/Arg
residues located on the concave side are involved. However,
Lys5 located at the convex side of CTX appears to play a
role in affecting the aggregation state of the CTX-heparin
complex since higher concentrations of heparin can reverse
the heparin-induced aggregation of the CTX-heparin com-
plex for CTXs consisting of Arg/Lys5 (6). The molecular
details of CTX-GAG interactions that account for the
binding specificity and heparin-induced aggregation, how-
ever, have not been studied by spectroscopic techniques and
remain to be elucidated.

Heparin-induced oligomerization of proteins is a general
phenomenon for many GAG binding proteins (7-13). It
received much attention as a result of recent structural
analyses on complexes of fibroblast growth factors (FGFs)
with heparin fragments or heparin analogues (14-16). It is
well established that binding of heparin to FGF induces FGF
assembly along the GAG chain and the oligomerized FGF
plays a functional role at the cellular level (12, 17, 18). The
regulation of heparin-induced oligomerization of proteins is,
therefore, an important issue in understanding the structure-
function relationship of GAG binding proteins. Since the
aggregation and dissociation of CTXs appear to be regulated
by the binding of heparin alone, as shown for the case of
heparin-induced aggregation of both CTX Tγ and CTX A3,
the understanding of this interaction in detail may shed light
on other GAG binding proteins which exhibit similar
aggregation properties. Therefore, in this study, a detailed
NMR structural analysis of the heparin binding site of both
CTX A3 and Tγ and of the bound conformation of heparin-
derived polysaccharide under nonaggregated conditions was
performed to elucidate the nature of the saccharide-toxin
interaction.

EXPERIMENTAL PROCEDURES

Preparation of Heparin-DeriVed Polysaccharides. Porcine
intestinal heparin (100 mg) was depolymerized with 40 mIU
FlaVobacteriumheparinase I (Sigma, catalog no. H-2519)
in a 1 mL reaction buffer as described previously (19).
Successive enzymatic depolymerization gave various hep-
arin-derived polysaccharides with different chain lengths
(from disaccharide to octadecasaccharide). These fragments
were further purified with a P-10 gel filtration column
according to their respective molecular sizes. A Sephadex
G-15 gel filtration column was used for final desalting.
Average molecular weights and corresponding carbohydrate
chain lengths were estimated using gradient polyacrylamide
gel electrophoresis and mass spectrometry (20). The analysis
of the sample purity by electrophoresis and FPLC indicated
that the heparin-derived disaccharide sample included one
major compound (>90%). Further purification by FPLC
yielded the pure fully sulfated heparin-derived disaccharide
used in this study (Figure 1). The structure of fully sulfated
disaccharide was confirmed by comparing its spectrum with
the known proton NMR spectrum of the commercial standard

compound (Sigma, catalog no. H-9267). The other three
kinds of monosulfated heparin disaccharides used in this
study were purchased from Sigma (catalog nos. H-9017,
H-9142, and H-1145). However, heparin-derived tetra- and
hexasaccharides obtained according to the aforementioned
procedure, containing 6-12 components with different
sulfation patterns were used in experiments directly without
any further purification.

Purification of Cardiotoxin and Preparation of NMR
Samples.Cardiotoxin A3 and Tγ were purified from the
cobra venom ofN. atra andN. nigricollis (purchased from
Sigma), respectively, by SP-Sephadex C-25 ion exchange
column chromatography and further by using a reverse-phase
C-18 (10 mm) HPLC column as described previously (21).
The oligosaccharides and toxins were dissolved in 500µL
of a 90% H2O/10% D2O mixture or 100% D2O containing
10 mM phosphate buffer at the desired sugar/protein ratios
(see the text), and the sample pH was adjusted to 6.0 by
titrating with NaOH or HCl after considering the isotope
effect with pD ) pH* + 0.4 (for 100% D2O only). The
sample for determining the bound conformation of the
heparin disaccharide was set to a protein/sugar ratio of 1/1
(5 mM/5 mM), which was confirmed by integration of the
NMR resonances of the sugar and the protein.

Protein Chemical Shift Variation Analysis.The compari-
sons of protein chemical shifts were performed by two-
dimensional (2D) NMR experiments carried out on a Bruker
DRX600 and DMX500 spectrometer at 27°C. The 2D
TOCSY spectra with a mixing time of 90 ms and the NOESY
spectra with a mixing time of 150 ms were recorded by using
time-proportional phase increments (22, 23). Water suppres-
sion was achieved by pulsed field gradients with the 3-9-
19 WATERGATE sequence. The chemical shift was refer-
enced to 4,4-dimethyl-4-silapentane sodium carboxylate
(DSS) at 0.015 ppm. All spectra were typically acquired with
2048 complex data points in thet2 dimension and 512 points
in the t1 dimension. Data processing was carried out on a
Silicon Graphics O2 workstation using the XWINNMR
program.

One-Dimensional SelectiVe Homonuclear Experiments.
The conformation of the heparin disaccharide was investi-
gated using one-dimensional (1D) selective experiments, (1D
ge-TOCSY, 1D ge-NOESY, and 1D ge-TOCSY-NOESY)
on a Varian INOVA600 spectrometer (24). 1D ge-TOCSY
was used to assign the proton resonances of the disaccharide,
and 1D ge-NOESY was used to acquire the NOE informa-
tion. When necessary, 1D ge-TOCSY-NOESY with double
selection was used to extract the NOE data of the protons
buried within the protein signals, for instance, H4a and H2b.

FIGURE 1: Chemical structure of the fully sulfated heparin-derived
disaccharide. Residues are labeled a for glucosamine and b for
uronic acid. The torsion angles for the glycosidic linkage are defined
by Φ (H1b-C1b-O-C4a) andΨ (C1b-O-C4a-H4a).
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1D ge-TOCSY-NOESY is the 1D analogue of the three-
dimensional (3D) homonuclear technique, derived by
combining the building blocks of 1D ge-TOCSY and 1D
ge-NOESY (25). The implementation of a z-filter can
suppress the ROE effect during the TOCSY spin-lock
sequence (26). The on-resonance q-SNEEZE pulse (ap-
propriate bandwidth from 20 to 200 Hz) was chosen as a
selective 90° pulse and applied on the peak to be observed
(27). The power level and pulse length were generated
according to the product of bandwidth (BW in hertz) and
pulse length (PW in seconds) such that BW× PW ) 4.85.
Purging pulsed field gradients (PFGs) were used rather than
coherence selection in all experiments. The proton carrier
frequency was set at the HOD resonance, and experiments
were performed at 25°C. 1D ge-NOESY and 1D ge-
TOCSY-NOESY spectra were acquired to obtain NOE
buildup curves with 10 NOE mixing times ranging from 100
to1000 ms with 100 ms increments and 1024 scans each.
The NOE intensities were normalized against the excited
peaks decay which was fitted to an exponentially decaying
function and extrapolated back to an intensity of 100% at
zero mixing time. TheJ coupling constants were also
measured via 1D ge-NOESY and 1D ge-TOCSY by using
the spectral deconvolution function of standard Varian
VNMR software.

Conformational Analysis.The program CORCEMA, which
was designed to calculate theoretical NOE or ROE values
for the case with multistate conformational exchange, was
used to determine the conformations of heparin disaccharide
with or without CTXs (28, 29). The two-mode system, as
mentioned by Moseley (28), was used here assuming the
sugar will undergo only a two-state conformational change
described by the bound and free conformations. The ex-
change was simply described by the dissociation constant
between sugar and protein (Kd) and the on and off (kon and
koff, respectively) with the relationshipKd ) koff/kon. The
distances of the intraresidue proton pairs of glucosamine are
already known as good distance standards when determining
the heparin structure because the ring conformation of
glucosamine always maintains its4C1 conformation. The H1a/
H2a proton pair of glucosamine with a fixed distance (2.45
Å) was chosen as a reference for comparison with the
calculated data from CORCEMA. Iterative fitting was
adopted to optimize all parameters, includingkon, koff,
correlation times of the bound and free forms, concentrations,
and the leakage factor, to obtain the best fit between
CORCEMA data and experimental results. The quality of
the fit was judged by the value of theR-factor (30, 31),
defined by the equation

whereIi is the NOE cross-peak intensity at various mixing
time andIref is the intensity of the H1a/H2a reference peak.
The glycosidic torsion angles were changed in 1° steps to
determine the conformation with the minimum averaged
R-factors. All calculations were performed on a SGI O2
workstation.

Molecular Modeling of the Complex.Molecular modeling
was conducted using Discovery 3.0 of Insight II 95.0 on a
SGI O2 workstation. The AMBER force field with Homans
addition (32) and sulfate parameter extension (33) for
saccharides was chosen to define the charge distribution and
interaction energies in all calculations. The bound disaccha-
ride structure derived from CORCEMA analysis was docked
on the predicted binding site of A3 manually. The whole
complex was then soaked with a 5 Å water layer. The
nonbonded cutoff value was set at 15 Å, and an energy
minimization with 300 steps was performed initially to
remove improper atom contacts and forces. A 50 ps
molecular dynamics simulation was performed with a time
step of 1 fs, and the coordinates of the complex were saved
in a trajectory file for the final analysis.

RESULTS

Heparin Binding Site of CTX A3 under Nonaggregated
Conditions.To identify the heparin binding site and deter-
mine the structure of the heparin-CTX complex by using
high-resolution NMR, one needs to avoid the heparin-induced
aggregation of the samples. CTX A3 has been shown
previously to aggregate in the presence of both high-
molecular weight (Mr ∼ 15000) and low-molecular weight
(Mr ∼ 3000) heparins (6), indicating that a heparin chain
length as high as a decasaccharide (assuming an average
molecular weight of∼350 for disaccharide repeats without
sulfation or of ∼570 with three sulfations) can cause
significant aggregation. The sulfated pentasaccharide has
been proposed to be sufficient for binding to CTX. To probe
more completely the requirements for heparin oligosaccharide
binding to CTX, the binding of di-, tetra-, and hexasaccha-
rides obtained from enzymatic depolymerization was further
investigated. Most of the heparin molecule is formed by a
repeating disaccharide unit consisting primarily of 2-amino-
2-deoxy-2,6-disulfo-R-D-glucopyranose (R-D-GlcNS6S) and
2-O-sulfo-R-L-idopyranosyluronic acid (R-L-IdoA2S). It should
be emphasized that heparinase depolymerization produces,
at the reducing end, a terminal uronate with an unsaturated
4,5 carbon bond (∆UA). Thus, the pure fully sulfated
disaccharide compound used in this study is∆UA2S(1f4)-
R-D-GlcNS6S (Figure 1).

All three heparin-derived di-, tetra-, and hexasaccharides
can be seen to bind in a fashion similar to that of CTX A3
as judged by the1H chemical shift perturbation of both amide
proton and CR proton resonances of CTX A3 (Figure 2). The
sugar/protein ratios of all NMR samples were carefully
controlled to prevent aggregation. The chemical shift varia-
tions of all 60 amino acid resonance positions for the three
samples are similar with the most significant perturbation
centered at the same Cys38 position. Other significant
perturbations can also be detected for the NH and CRH
resonances of Leu6 and Tyr22, and Lys5 and Lys23,
respectively.

An NMR titration experiment with CTX A3 against
increasing concentrations of the heparin disaccharide was
then performed by monitoring the NMR resonances exhibit-
ing the most significant perturbation. As shown in Figure
3A, the heparin disaccharide induced chemical shift varia-
tions in a dose-dependent manner. All the titration curves in
Figure 3A could be fitted by a single dissociation constant
of 1.05 mM, suggesting that all the studied amide chemical

R ) x∑
i

(Ii,exp/Iref,exp- Ii,cal/Iref,cal)
2

∑
i

(Ii,exp/Iref,exp)
2
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shift variation might be associated with the same heparin
binding site of the CTX A3 molecule. It also shows that the
binding stoichiometry of the disaccharide-CTX complex is
∼1/1.

The disaccharide-CTX complex was found to be the most
suitable for NMR experiments. Significant aggregation of
CTX A3 induced by heparin-derived tetra- and hexasaccha-
ride could readily be observed as judged by the line
broadening effect in 2D spectra and the increased turbidity
of the samples in the NMR tubes after increasing the
concentration of heparin fragments. In fact, even at CTX
concentrations as low as 10µM, both tetra- and hexasac-
charide samples can be seen to induce visible aggregation
as judged by the increase in the relative scattering intensity
of the sample (Figure 3B). The phenomena indicated the
difficulty of performing NMR experiments at higher ratios
of the heparin-derived tetra- and hexasaccharide-CTX A3
complexes. However, the NMR sample for the complex of
the heparin-derived disaccharide and CTX A3 stayed trans-
parent throughout the entire experimental time span (up to
1 week) and showed no indication of aggregation as
monitored by light scattering measurement, in contrast to
the behavior of the tetra- and hexasaccharide complexes.

In view of the similarity of the chemical shift variations
for the di-, tetra-, and hexasaccharide samples, it was
concluded that all the1H NMR data shown in Figures 2 and
3 mainly reflect only one heparin-CTX A3 binding site
under nonaggregated conditions. Hence, since the disaccha-
ride was found to be the most suitable sample for NMR
measurements, the following experiments focused on the
binding behavior between the heparin-derived disaccharide
and CTXs.

Similar Heparin Binding Site of CTX A3 and Tγ. In light
of a single heparin binding site for CTX A3 under nonag-
gregated conditions, it is interesting to see whether a similar
conclusion can also be drawn for other CTX proteins
exhibiting different binding specificities and behavior. CTX
Tγ from N. nigricollis has been shown to exhibit weaker
binding than CTX A3 to long chain heparin, based on circular
dichroism and fluorescence spectroscopic binding measure-
ments (6). As shown in Figure 4, the patterns of chemical
shift variation of the NH and CRH resonances for both CTX
A3 and Tγ are similar, indicative of a similar heparin binding
site for the two proteins. The main differences in chemical
shift variation between the two proteins occurred for positions
Leu6, Tyr22, and Cys38. Differences in binding could be
due to the positively charged amino acid substitutions at
positions 5, 16, 27, and 31 (Figure 4).

NMR Structures of Heparin-DeriVed Disaccharide in the
Presence and Absence of CTXs. The conformation of the

FIGURE 2: Summary of proton chemical shift differences for CTX
A3 (5 mM in 10 mM phosphate buffer at pH 6.0) in the presence
and absence of a heparin-derived fragment at 27°C. (A) Variation
measured for the NH resonances and (B) variation measured on
CRH resonances from the sample of 1/2 A3/disaccharide ratio, 2/1
A3/tetrasacchride ratio, and 2/1 A3/hexasaccharide ratio (from top
to bottom).

FIGURE 3: (A) Titration curve of CTX A3 (2 mM) against the
heparin-derived disaccharide. The relative chemical shift variations
of six amide protons of protein residues, K5 (9), L6 (b), L9 (2),
G37 (0), C38 (O), and I39 (4), were chosen for measuring the
binding constant. The dotted lines represent the least-squares fit of
experimental data using a binding constant of 1.05 mM. (B) Change
of relative scattering intensity of CTX A3 (10µM) against different
molar ratios of disaccharide, tetrasaccharide, and hexasaccharide.
The excitation wavelength was set at 280 nm, and the scattering
intensity was observed at the same wavelength.
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heparin disaccharide bound to CTX A3 in solution was
determined using a 1/1 protein/sugar ratio. Due to the low
molecular weight of CTX A3 (∼7000), it was possible to
work at a 1/1 ratio where both protein and sugar resonances
can be clearly observed, along with transferred and inter-
molecular NOEs.

By using a combination of full relaxation and conforma-
tional exchange matrix analysis of1H NOE data, the solution
conformation of a homogeneous heparin-derived tetrasac-
charide in the presence and absence of the plasma protein
antithrombin has been recently reported (34). In this study,
a similar approach was adopted using selective 1D ge-
NOESY spectra (Figure 5) for the generation of the NOE
buildup curves (Figure 6). As shown in Figure 5, selective
excitation allowed the determination of NOEs with improved
sensitivity and resolution. For the free heparin disaccharide,
the signs of the NOE peaks are negative, due to the fast
tumbling rate of the molecule. Upon binding to CTX A3,
the NOE peaks are positive, an indication that the molecule
is indeed bound to and tumbling with CTX A3 at a slower
tumbling rate.

Significant chemical shift changes can also be detected
for the heparin-derived disaccharide in the presence and
absence of CTX A3 or Tγ (Table 1). For instance, as shown
in the binding study of the heparin disaccharide with CTX
A3 (compare panels B and C of Figure 5), the most
significant effects can be seen for H1b and H2b of ∆UA2S,
although H3b located in the same carbohydrate moiety
exhibits only a small perturbation. This indicated that either
the ring conformation of∆UA2S and/or the glycosidic bond
between∆UA2S and GlcNS6S had undergone significant
change. Interestingly, binding of CTX Tγ to the heparin
disaccharide produces only about half of the chemical shift
change for H1b and H2b as compared to binding of CTX
A3. It suggests that CTX Tγ perturbed to a smaller extent

of the conformation of the heparin-derived disaccharide upon
binding. As discussed below, structure determination of the
heparin-derived disaccharide based on NOE information gave
further support for this conclusion.

Proton J coupling constants are known to be useful in
deriving the average conformation of the carbohydrate ring
and providing insights into the conformational equilibrium.
As shown in Table 2,J values determined by1H selective
1D ge-TOCSY and 1D ge-NOESY spectra also exhibited
significant change for the heparin-derived disaccharide under
different binding conditions. Again, the perturbation is
generally larger for the CTX A3-heparin-derived disaccha-
ride complex than for the CTX Tγ-heparin-derived disac-
charide complex. A monotonic decrease in theJ1,2 andJ2,3

coupling values in∆UA2S and ofJ5,6R andJ5,6Sin GlcNS6S
can clearly be seen for the free form, bound form with CTX
Tγ, and bound form with CTX A3 of the heparin-derived
disaccharide.

J1,2 and J2,3 in the unsaturated uronic acid have been
proposed to represent the relative population of two energy-
favored conformers,1H2 and 2H1 (35). In the same report,
J1,2 andJ2,3 values of 2.87 and 2.37 Hz for the1H2 conformer
and 8.27 and 7.67 Hz for the2H1 conformer, respectively,
were proposed. The changes inJ1,2 andJ2,3 after binding to
the two kinds of CTXs were a strong indicator that the sugar
ring of ∆UA2S converted fully to the1H2 conformation.J5,6R

andJ5,6Sin GlcNS6S are also interesting since they indicated
that either the dynamic or the conformation of the 6-O-
sulfated side chain was perturbed. The 6-O-sulfate orientation
is determined by the three eclipsed C5-C6 conformers,gg,
gt, and tg [gauche (g) or trans (t)], defined by the two
dihedral angles, H5-C5-C6-H6S and H5-C5-C6-H6R

(36). In the absence of CTXs, the 6-O-sulfate group exists

FIGURE 4: Absolute chemical shift variation of NH (black columns)
and CRH (white columns) resonances of A3 (top) and CTX Tγ
(bottom) in the presence and absence of disaccharide. An equimolar
CTX/sugar ratio (2 mM/2 mM) was used. The sequences of two
CTXs are below the amino acid numbers. Changes in the positively
charged amino acid residue (Gln5 vs Lys5, Lys16 vs Ala16, Arg27
vs Val27, and Met31 vs Lys31) are listed in bold.

FIGURE 5: 1D proton spectrum (A), 1D selective NOESY spectrum
of a 1/1 CTX A3-disaccharide complex (B), and 1D selective
NOESY spectrum of free disaccharide (C) performed at 25°C. The
20 Hz on-resonance excitation band generated by a q-SNEEZE
pulse was centered at the H1b resonance. The NOE peaks are
negative for the free form and positive for the complex indicating
binding.
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in a gt andgg equilibrium. After binding to CTXA3 takes
place,J5,6R andJ5,6Shad smaller values of 2.64 and 1.84 Hz,
respectively, showing that the 6-O-sulfated side chain had
undergone a change in orientation, corresponding to a 100%
gg conformer. In contrast, binding to CTX Tγ induces no
significant changes in eitherJ5,6R or J5,6Svalues. In addition,
the 1H chemical shifts of H6Sa and H6Ra in GlcNS6S were
perturbed the most upon disaccharide binding to CTX A3
(Table 1).

To determine the exact conformational change of the
heparin-derived disaccharide in the presence and absence of
CTX molecules, complete relaxation and conformational
exchange matrix (CORCEMA) analysis of the NOE buildup
curves was performed (Figure 6). The optimized parameters
using CORCEMA calculations and the correspondingR-
factors, which indicate the deviation between the theoretical
and experimental values, are shown in Table 3. The
optimized glycosidic angles,Φ and Ψ, for the bound and
free forms as defined in Figure 1 are also given. It is
noteworthy that the correlation times, 3.8-4.0 ns, derived
by the CORCEMA analysis for the CTX-bound disaccharide
are in close agreement with the overall correlation time of
4.5 ns determined for CTX A3 from13C relaxation studies
(37). Such agreement is taken as validation of the results of
the NOE analysis and, thus, supporting conclusions drawn
from the analysis.

Four results derived from this study of the bound sugar
conformation for the heparin-CTX complex are noteworthy.
First, although the glycosidic angles (Φ andΨ) for the free
heparin-derived disaccharide form (26° and -77°, respec-
tively) are significantly perturbed when bound to CTX A3
(64° and-5°, respectively), it remains similar when bound
to CTX Tγ (28° and -76°, respectively). Second, theKd

value of the CTX Tγ-heparin-derived disaccharide complex
(3.2 mM) is only slightly higher than that of the CTX A3-
heparin-derived disaccharide complex (1 mM), but both the
on-rate and off-rate of heparin-derived disaccharide are

FIGURE 6: Comparison of the experimental interglycosidic trans-
ferred NOEs for the free disaccharide (left column), bound
disaccharide with CTX Tγ (middle column), and bound disaccharide
with A3 (right column). The solid lines were calculated using
CORCEMA with the parameters given in Table 3.

Table 1: 1H Chemical Shiftsa of the Heparin-Derived Disaccharide
in Aqueous Solution,δfree, and in the Presence of CTX Tγ (1/1),
δTγ

bound, and A3 (1/1),δA3
bound

δfree δTγ
bound δA3

bound δTγ
bound-free δA3

bound-free

H1a 5.454 5.484 5.487 0.030 0.033
H2a 3.280 3.298 3.295 0.018 0.015
H3a 3.763 3.787 3.741 0.024 0.022
H4a 3.829 3.857 3.871 0.028 0.042
H5a 4.160 4.175 4.176 0.015 0.016
H6S

a 4.214 4.239 4.271 0.025 0.057
H6R

a 4.350 4.377 4.404 0.027 0.054
H1b 5.503 5.563 5.620 0.060 0.117
H2b 4.574 4.616 4.677 0.042 0.103
H3b 4.343 4.377 4.356 0.034 0.013
H4b 5.974 6.028 6.048 0.054 0.074

a Measured by 1D ge-TOCSY and 1D ge-NOESY at 25°C and 100%
D2O, with an estimated error of(0.002 ppm.

Table 2: Vicinal Proton Coupling Constantsa of the
Heparin-Derived Disaccharide in Aqueous Solution and in the
Presence of CTX Tγ (1/1) and A3 (1/1)

GlcNS6S ∆UA2S

J1,2 J2,3 J3,4 J4,5 J5,6R J5,6S J1,2 J2,3 J3,4

disaccharide only 3.4 10.3 9.2 9.5 4.0 2.2 3.4 2.7 4.4
Tγ complex 3.4 10.2 9.1 9.6 4.0 2.3 2.8 2.3 4.6
A3 complex 3.4 10.4 9.1 10.2 2.6 1.8 2.5 2.0 4.7

a Measured by 1D ge-TOCSY at 25°C and 100% D2O, with an
estimated error of(0.1 Hz.

Table 3: Optimized Parameters Used in CORCEMA Calculations
and CorrespondingR-Factors

free form
(Φ ) 26°,

Ψ ) -77°)

bound form
with Tγ

(Φ ) 28°,
Ψ ) -76°)

bound form
with A3

(Φ ) 64°,
Ψ ) -5°)

input parameters
correlation time (ns) 0.12 4.0 3.8
Kd (mM) - 3.2 1.0
kon (s-1 M-1) - 1 × 107 1 × 105

koff (s-1) - 3.2× 104 1 × 102

6-SO4 orientation gt gt gg
ring conformation 85%1H2, 15%2H1 100%1H2 100%1H2

R-factors of trNOE
H1a/H2a 0.109 0.075 0.096
H3a/H1b 0.040 0.085 0.390
H4a/H1b 0.203 0.113 0.068
H5a/H1b 0.636 0.443 0.069
H6R

a/H1b - - 0.054
H6S

a/H1b - 0.654 0.044
H4a/H2b 0.555 0.243 -
H5a/H2b 0.593 - -
averagea 0.405 0.308 0.125
a Values averaged only from the interglycosidic proton pairs.
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almost 2 orders of magnitude higher for CTX Tγ than for
CTX A3. Third, the 6-O-sulfated side chain of the bound
form of GlcNS6S with CTX A3 adopted thegg conformer,
in contrast to thegt-ggequilibrium present in the free form
and the bound form with CTX Tγ. Fourth, the ring
conformation of∆UA2S changed to the1H2 form upon
binding to CTX A3 and CTX Tγ, but it is in equilibrium
between the1H2 and2H1 forms for free disaccharide.

The two NOE-determined conformations (A and B) of the
heparin disaccharide were further compared with theΦ-Ψ
energy contour map generated by using the modified
AMBER force field (Figure 7). Conformation A of the free
heparin-derived disaccharide is situated reasonably close to
one of the four energy minima located withΦ andΨ values
of 26° and 60°, respectively. The CTX A3-induced confor-
mation B apparently is closer to the other energy minimum
with Φ and Ψ values of 45° and 30°, respectively. The
conformation of the glycosidic linkage based purely on the
geometric constraint using CORCEMA analysis can therefore
be considered to be reasonable.

It should be emphasized that the solution conformation
of the free disaccharide is not represented by one conforma-
tion only, but it is sampling multiple conformations. For
simplicity, the NOE analysis of the free form was carried
out using only one conformation which gives NOEs similar
to those of the ensemble population. The bound conformation
with CTX A3 is expected to be due to one conformation
since the∆UA2S ring has also changed conformation and
the NOEs are very different between the bound and free

forms. For the bound conformation with CTX Tγ, the linkage
conformation and the∆UA2S ring could still be averaging
between multiple conformations, since there were no changes
in the glycosidic torsion angles for the bound form and free
form, and the coupling constants for this ring indicated
flexibility. Hence, the bound form could still be an ensemble
average of multiple conformations found in solution with
only the GlcNS6S ring bound. Due to more conformational
averaging for the free form and the bound form with CTX
Tγ, theirR-factors in Table 3 are larger than the one for the
bound form with CTX A3, since flexibility is not taken into
account in the CORCEMA calculations.

Structure of the CTX A3-Heparin-DeriVed Disaccharide
Complex. Intermolecular NOEs between the sugar and
protein could be observed. Due to the low molecular weight
of CTX A3, it was possible to work at a 1/1 ratio where
both protein and sugar resonances could be clearly observed.
Hence, in conjunction with the chemical shift analysis upon
binding, the structure of the complex under nonaggregated
conditions could be determined using molecular docking
methods. As pointed out before, CTX is a slightly curved
â-sheet molecule with N- and C-termini located at the
concave side. Most of the lysine residues are located on the
concave side and form a positively charged cradle suitable
for long chain heparin binding. However, under our current
nonaggregated experimental condition, the most significantly
perturbed residue, Cys38, is located at the convex side.
Although it is possible to identify the heparin binding site
as being near the interface between loop I and loop II based
on the chemical shift perturbation, it remains to be decided
whether the binding occurs on theconcaVe or the conVex
side.

As shown in Figure 8, an unambiguous intermolecular
NOE of 0.3( 0.1% was observed between the 2,6 proton
resonances of Phe10 and the H4b resonance of∆UA2S. The
selective excitation of the H4b resonance of∆UA2S gives
rise to a detectable NOE for the 2,6H of Phe10 signal (Figure
8A), and the excitation of the 2,6H resonances of Phe10 also

FIGURE 7: Φ-Ψ energy map of the disaccharide using the modified
AMBER force field. Ten iso-energy contours are draw by interpola-
tion of 1.5 kcal/mol above the global minimum. TheΦ and Ψ
angles of two bound forms binding with CTX Tγ and A3 calculated
from CORCEMA are indicated in the map by the A and B labels,
and the corresponding conformations are drawn on top.

FIGURE 8: Intermolecular NOE between A3 and the disaccharide
identified by 1D selective NOESY for H4b (A) and for 2,6H of
F10 (B) with a CTX A3/disaccharide ratio of 1/1 (5 mM/5 mM) at
10 °C. The dotted lines indicate intermolecular NOEs. The
assignments of the proton resonances with significant NOEs are
also labeled.
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produces intermolecular NOEs for H3b and H4b of ∆UA2S
(Figure 8B). Since the side chain of Phe10 is located at the
convex side of the CTX A3 molecule, it suggests that the
heparin-derived disaccharide indeed binds at the convex side
with the ∆UA2S ring closer to loop I of the molecule.

The large chemical shift variation of the NH resonance
of C38 due to heparin binding also provided a tool for
determining the exact sulfate residue involved in the binding.
By addition of monosulfated disaccharide homologues of
∆UA-GlcNS (Figure 9A),∆UA2S-GlcN (Figure 9B), and
∆UA-GlcN6S (Figure 9C), the NH resonance of C38 can
be seen to undergo the most significant upfield shift for the
CTX A3-∆UA-GlcNS sample compared to the one for CTX
A3 by itself (Figure 9D). It suggests that theN-sulfate of
GlcNS6S may be the crucial sulfate residue responsible for
anchoring the heparin-derived disaccharide near position
C38. It is also consistent with the suggestion that the
GlcNS6S ring should point toward the core of the molecule
as indirectly implied by the intermolecular NOE data.

NOE data for a mixture of the three monosulfated
disaccharides,∆UA-GlcNS, ∆UA2S-GlcN, and ∆UA-
GlcN6S, were also used to determine the importance of the
sulfation pattern when binding to CTX A3 (Figure 10). For
the free form, all monosulfated oligosaccharides had similar
negative NOE peaks (Figure 10A). However, theN-sulfated
∆UA-GlcNS had the strongest transfer NOE, indicating it
bound more strongly to CTX A3 as seen from the change in
the NOE signal from negative to positive for cross-peaks of
H3b and H4b (Figure 10B). The important role ofN-sulfate
in the CTX-heparin interaction has previously been sug-
gested by the binding study ofN-desulfated high-molecular
weight heparin (5). In contrast, 6-O-sulfate located on the
same carbohydrate residue of∆UA-GlcN6S produced no
such effect. Interestingly, 2-O-sufate in the∆UA2S ring

appears to bind to CTX A3 strongly enough to allow the
detection of a positive, although weaker, NOE. It suggests
that 2-O-sulfate is also directly involved in the binding.

Molecular docking of the heparin-derived disaccharide
onto CTX A3 was done by computer simulation taking into
account all the available data. The average structure for the
50 ps molecular dynamic simulation is depicted as a ribbon
diagram (Figure 11A) and an electrostatic surface model
(Figure 11B). The average of the glycosidic angles was 60°
( 6° and-7° ( 8°, in accord with the CORCEMA result
for the bound conformation (64° and -5°, respectively).
CORCEMA calculations using the average coordinates of
the complex gave an overall interresidueR-factor of 0.26,
in accord with the results presented in Table 3. The
electrostatic surface model of CTX A3 indicated that the
heparin binding site is a cluster of positive charge with three
lysine residues, and Leu6, Tyr22, and Cys38 are proximal
to the binding site. TheN-sulfate of GlcNS6S not only can
bind to NH3

+ú of Lys12 but also can form hydrogen bonds
with the NH of Cys38 and OH of the Tyr12 aromatic ring
(Figure 11C). Lys35 interacts with the 6-O-sulfate through
electrostatic interaction which leads to a rotation of the sulfate
side chain from thegt to gg conformer to reduce the level
of steric interactions. The 2-O-sulfate of the∆UA2S ring
interacts with NH3

+ú of Lys5 and forms a hydrogen bond
with NH of Leu6. Otherwise, the∆UA2S carboxyl group
(COO-) also interacts with the positive residue, Lys5, and
contributes the same charge-charge interaction as 2-O-
sulfate after the similar distances between the two negatively
charged groups and NH3+ú of Lys5 are considered. Since
Lys5 is involved in the only obvious interaction between
the ∆UA2S ring and CTX A3, the substitution of Lys5 for
Gln5 in CTX Tγ would release∆UA2S from interacting with
the CTX molecule. As a result, CTX Tγ binding to heparin-
derived disaccharide produces no conformational change in
the glycosidic dihedral angle as compared to the free form.

DISCUSSION

The structure of the complex between CTX A3 and the
heparin-derived disaccharide under nonaggregated conditions,

FIGURE 9: Proton NMR spectra indicating the changes in chemical
shift for the NH resonance of C38 (indicated by arrows) and I39
of CTX A3 after equimolar addition (1 mM) of different heparin-
derived monosulfated disaccharides,∆UA-GlcNS (A), ∆UA2S-
GlcN (B), and∆UA-GlcN6S (C). The proton spectrum of CTX
A3 is shown in panel D. All experiments were performed in 10
mM phosphate buffer, 90% H2O, and 10% D2O at pH 6 and 10
°C.

FIGURE 10: 2D NOESY spectra of the GlcN H3b/H4b cross-peaks
for an equimolar (1 mM) mixture of three disaccharides,∆UA-
GlcNS,∆UA2S-GlcN, and∆UA-GlcN6S, in the absence (A) and
presence of equimolar CTX A3 (B). With respect to the positive
diagonal peaks, the NOE peaks in panel B for the disaccharide
bound to CTX A3 are positive (s) while a negative NOE peak
(‚‚‚) indicates weak binding. The NOE peaks for the disaccharide
mixture with no CTX are negative (A). Extra positive protein cross-
peaks in panel B are also observed. All experiments were performed
in 10 mM phosphate buffer and 100% D2O at pH 6 and 10°C
with an NOE mixing time of 600 ms.
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as depicted by the molecular docking of the bound confor-
mation to the convex side of CTX, is consistent with NMR
data, such as the chemical shift variation pattern of the
protein, the transferred NOEs andJ coupling constant for
the sugar, and the intermolecular NOEs. For instance, the
6-O-sulfate orientation is found to adopt thegg conformer
for the heparin disaccharide bound to CTX A3 as indicated
by theJ coupling constants of nearby protons of H6R

a/H5a

and H6Sa/H5a. This is mainly due to the steric hindrance
arising from Lys35 protruding into the region. The observed
weak intermolecular NOE between H4b of ∆UA2S and 2,-
6H of Phe10 is consistent with the 6.4( 1.3 Å internuclear
distance arising from the orientation of the disaccharide
relative to CTX. The large chemical shift variation for the
H1

a and H4
a protons in the GlcNS6S unit upon binding is

reflective of their close protein contact in the complex.

The heparin-derived disaccharide binds to the convex side
of CTX A3 by involving Lys12 and Lys5. The binding of
CTX A3 to this disaccharide induced significant structural
changes not only on the ring conformation of∆UA2S but
also on its glycosidic (Φ and Ψ) torsion angles. The
disaccharide was also found to bind CTX Tγ, where Lys5
in CTX A3 has been replaced with Gln5 in CTX Tγ.
However, the glycosidic linkage conformation of the bound
form was the same as the one for the free form due to the
lack of electrostatic interaction involving∆UA2S. It should
be emphasized that the∆4 unsaturated carbon bond of
∆UA2S produced by heparinase depolymerization does not
affect the glycosidic angle of fully sulfated disaccharide of
IdoA2S-GlcNS6S as judged by the similarity of their
calculated (Φ and Ψ) energy maps (38). In addition, the
difference in the orientations of carboxyl groups of∆UA2S

FIGURE 11: Molecular modeling diagrams of the CTX-heparin-derived disaccharide complex. (A) Overall structural view of the disaccharide
bound to CTX A3, with a gray ribbon for the backbone and thick yellow ribbons for the fiveâ-sheets. (B) Electrostatic surface of CTX A3
(blue for positive potential and red for negative potential) with disaccharide, where five positive residues located on the convex side are
labeled. (C) Stereoview of a stick model of disaccharide with the neighboring protein residues. The intermolecular NOEs between 2,6H of
F10 and H3b and H4b are indicated by arrows. The sugar is red, and the crucial protein residues are green. The charged groups involved
in binding are colored according to the atom species (red, oxygen; green, carbon; blue, nitrogen; yellow, sulfate; and white, hydrogen). The
structure presented here is the averaged structure from a 50 ps molecular dynamics calculation.
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and IdoA2S does not appear to perturb the interaction
between disaccharide and CTXA3 since the carboxyl group
of IdoA2S is also facing toward the protein surface to be
able to interact with Lys5. It is likely that the structure of
the disaccharide-CTX A3 complex with∆UA2S-GlcNS6S
should be applicable to that with IdoA2S-GlcNS6S.

The weaker binding of the disaccharide to CTX Tγ than
to CTX A3 was also reflected in the kinetic parameters
obtained from the analysis of the NOE buildup curves.
CORCEMA analysis of the bound conformation further
suggests that bothkon andkoff are∼2 orders of magnitude
greater for CTX Tγ than for CTX A3. This is consistent
with the observation that the binding of heparin-derived
disaccharide to CTX A3 induced a conformational change
in the disaccharide, but binding to CTX Tγ produced little
conformational change in the disaccharide. The comparable
changes in the magnitudes ofkon and koff explain how the
weaker binding to CTX Tγ can give rise to aKd value which
is very similar to that of the stronger binding to CTX A3
(Table 3). Similar changes in bothkon andkoff for CTX Tγ
relative to CTX A3 binding may be rationalized as follows.
Binding to CTX Tγ is dominated by the GlcNS6S residue,
while binding to CTX A3 involves both sugar residues. This
process for CTX A3 is expected to be slower, especially if
the binding of the second saccharide residue requires a
conformational change. Conversely, dissociation of the CTX
Tγ complex involves breaking of only GlcNS6S-protein
contacts as compared to the involvement of two residues in
the CTX A3 complex, a process which is again expected to
be slower. From an energetic point of view, a 2 order of
magnitude difference in terms of reaction rate would require
an energy difference in the transition state of∼2.7 kcal/
mol. This is similar to the energy difference for the two
conformations, A and B, shown in the energy contour map
(Figure 7).

Lys12 is well conserved for all CTXs and has been shown
to be able to bind to inorganic phosphate, which forms an
additional hydrogen bond with OH of the Tyr22 and NH of
Cys38 (40). The neighboring residues, forming a conserved
hydrophobic cluster, were proposed to constitute a possible
binding site for the phosphate group of lipids (40). The
modification of a conserved residue (Lys12 or Tyr22) also
leads to a dramatic decrease in lethal activity (41, 42). Due
to this observation, the peptide region responsible for lethality
was concluded to be constituted by loop I and the base of
loop II (40). The fact that theN-sulfate of the GlcNS6S
residue interacts with CTX A3 at exactly the same site as
the phosphate binding pocket is significant. When the similar
size of the two inorganic ions is considered, it is reasonable
to anticipate that they can form the same hydrogen bond
network within this site. The neighboring residues that form
a hydrophobic cluster might also serve as a common sulfate
or phosphate binding site with molecules containing sulfate
or phosphate groups.

This study has identified a novel binding site at the convex
side of CTXs. This heparin binding site determined in a
nonaggregated state is distinctly different from the binding
site inferred from the comparative binding studies of 10 CTX
homologues (6). It has also been suggested, based on the
three-phase binding profiles detected by CD and absorbance,
that two nonequivalent binding states of the CTX-heparin
complex exist (6). One of the simplest explanations would

be to assign them to the two nonequivalent binding sites
located at the concave and convex sides of the CTX
molecules. The absence of Lys5 on the convex side of the
CTX Tγ molecule will necessarily decrease the heparin
binding strength at this location as compared to that of CTX
A3.

The presence of two heparin binding sites which have
sequence-dependent affinities suggests that their interplay
may constitute a regulatory function. One such hypothesis
is that binding to the site on the convex side of the CTX
would reverse the conformational change induced by the
heparin binding at the concave side. This could explain the
fact that CTX lacking Arg/Lys5 requires higher heparin
concentrations to reverse the heparin-induced aggregation
process. Indeed, we recently found that long chain heparin
may produce conformational changes of CTX molecules in
regions similar to those induced by the binding of phospho-
lipid micelles (43). This novel observation also provides a
simple explanation for how heparin binding to CTX may
enhance the binding of CTX to phospholipid membranes.

Finally, in light of the possible binding specificity of
different GAGs toward the binding site located at the convex
side of CTX A3 (e.g.,N-sulfate> 2-O-sulfate> 6-O-sulfate),
it will be interesting to investigate how different binding
specificities of GAGs for the two heparin binding sites may
allow a delicate regulation of the heparin-induced aggregation
process of GAG-binding proteins in general and CTX in
particular.
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