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ABSTRACT. Cobra cardiotoxins (CTXs) are three-fingered polypeptides with positively charged domains
that have been shown to bind to anionic ligands of snake venom citrate, glycosaminoglycans,
sulfoglycosphingolipid, and nucleotide triphosphate with various biochemical effects including toxin
dimerization, cell surface retention, membrane pore formation, cell internalization and blocking of enzymatic
activities of kinase and ATPase. The reported anionic binding sites, however, are found to be different
among different CTX homologues for potentially different CTX activities. Herein, by NMR studies of
the binding of inorganic phosphate, dATP (stable form of ATP), and heparin-derived tetrasaccharide to
Naja atra CTX Al, a novel CTX molecule exhibitingh »izo necrotic activity on skeletal muscle, we
demonstrate that diverse ligands binding to CTXs could also occur at a single protein site with flexible
side chain interactions. The flexibility of such an interaction is also illustrated by the available heparin
CTX A3 complex structures with different heparin chain lengths binding at the same site. Our results
provide a likely structural explanation on how the interaction between heparan sufate and proteins depends
more on the overall charge cluster organization rather than on their fine structures. We also suggest that
the ligand binding site of CTX homologues can be fine-tuned by nonconserved residues near the binding
pocket because of their flexible side chain interaction and dimerization ability, even for the rigid CTX
molecules tightened by four disulfide bonds.

Cobra venom consists of a series of three-fingered car-non-RGD CTX A5 recently demonstrated to exhibit specific
diotoxin homologues (CTXssee Figure 1A for a represen- integrin binding ability {3). In the case of CTX A3 action
tative set of amino acid sequences) that have been implicatecon cardiomyocytes, the binding of plasma membrane sul-
in cardiotoxicity (L—5), severe tissue necrosi)( or fatide to the CTX molecule at its positively charged cluster
inflammation 6, 7—10) of the bitten victims depending on  |ocated on the convex side (left panel in Figure 1B) plays
the type of CTXs used for the study. For instance, while the an important role on CTX membrane pore formation and
major CTX fromNaja atrg that is, CTX A3, has been shown  ce| internalization, a biochemical process known to affect
to induce systolic cardiac arrest of intravenously injected rats the function of cardiomyocyte and its death pathwa, (
(11), CTX AL, a minor CTX fromNaja atra causes necrosis 15 ajsg depending on the chain length of heparin-derived

of skeletal musclén vivo (12). There is also a non-cytolytic mimetics, these polyanionic glycosaminoglycans (GAGS) can
either inhibit or promote CTX binding to membrane lipid
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1 Abbreviations: BW, bandwidth; CORCEMA, complete relaxation M X . N itivelv ch d id
and conformational exchange matrix analysis; CTX, cardiotoxin; dATP, ost CTXs consist of positively charged residues near

deoxyadenosine triphosphate; DSS, 4,4-dimethyl-4-silapentane sodiumthe loop 1l region to enhance their anionic GAGs binding

carboxylate; GAG, glycosaminoglycan; GlcN, glucosamine; GICNS6S, gpecificity and affinity throuah the existing positively charaed
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heparin-derived disaccharide; Hep4, fully sulfated heparin-derived Cluster formed by Lys 23, Arg 36, Lys 50, ?—nd possibly Lys
tetrasaccharide; Hep6, heparin-derived hexasaccharide; Hex@S, 2- 44 on the concave side (middle panel in Figure BB1({)).

sulfo-hexuronicacid; 1doA2S, @-sulfoR-L-idopyranosyluronicacid;  The pinding of CTXs to the GAGs located in the extracellular
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect;

NOESY, nuclear Overhauser effect spectroscopy; NTP, nucleotide Matrix helps the retention of these toxins in the cell
triphosphate; Rinorganic phosphate; PW, pulsewidth; PFG, pulse field membrane 18) and facilitates their further action on lipid

gradients; TOCSY, total correlation spectroscopyNOE, transfer- bilavers (6). Since the existence of a neagatively charaed
NOE; 1D geNOESY, one-dimensional gradient-enhanced nuclear Y 16 g Y 9

Overhauser effect spectroscopy; 1@®TOCSY, one-dimensional  'esidue in the hydrophobic loop Il region also decreases its
gradient-enhanced total correlation spectroscopy; UA, uronic acid.  binding ability to the phospholipid bilayed ), it is likely
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<—Loop 1—> < Loop 2 > < Loop 3 >
(A) 10 20 30 40 50 60
Al LECNELIPIA SKTCPAGENL CYEMFMMSDL TIPVERGCID VCPENSLLVE YVCCNTDRCN
A2 LECHNELVPLF YETCPAGENL CYEMFMVSNL TVPVERGCID VCPENSALVE YVCCNTDRCN
Ad RECNELVPLF YKTCPAGENL CYEMFMVSNL TVPVERGCID VCPENSALVE YVCCNTDRCN
M3 LECNELIPIA YKTCPEGENL CYEMMLASKE MVPVERGCIN VCPENSALVE YVCCSTDRCN
M4 LECNRLIPPF WETCPEGENL CYEMTMRLAP EVPVERGCID VCPESSLLIK YMCCNTNECN
A3 LECNELVPLF YKTCPAGENL CYEMFMVATP EVPVERGCID VCPESSLLVE YVCCNTDRCN
AB LECNQLIPPF YKTCAAGENL CYEMFMVAAP KVPVERGCID VCPESSLLVE YVCCNTDRCN
A5 LECHNTQLPFIYKTCPEGENL CFEATLERFPLEFPVERGCAD NCPENSALLE YVCCSTDECN
M2 LECNQLIPPF WETCPEGENL CYKMTMRGAS EVPVERGCID VCPESSLLIK YMCCNTDECN
M1 LECNQLIPPF WETCPEGENL CYEMTMRAAP MVPVERGCID VCPHESSLLIK YMCCNTNECN
Ty LECNQLIPPF WETCPEGENL CYEMTMRAAP MVPVERGCID VCPESSLLIK YMCCNTDECN

Ficure 1. Three cationic clusters of CTXs. (A) Sequence alignment of cardiotoxin homologues derivetdjaratra (A1—A6), Naja
mossambicgM1—M4), andNaja nigricollis (Ty). The positively charged residues involved in defining the three positively charged clusters
are marked with different colors: convex cluster (pink), concave cluster (green), and side cluster (yellow). (B) Electrostatic surface of the
three positively charged clusters of CTX Al: convex cluster (left), concave cluster (middle), and side cluster (right). The residues involved
in defining the clusters are listed.

that the target responsible for CTX Al action might be
different from that of other CTXs within the diverse CTX
family. So far, CTXs have been classified as group 2I0)(
and P/S typeX9) on the basis of the structural properties of
CTXs located at loop | and loop I, respectively.

CTXs can also exert their toxicity by blocking the
enzymatic activity of phospholipid protein kinase and"Na
K+ ATPase 21—24). It has been suggested that such an
inhibitory action is due to the competitive binding of

would respond to diverse ligand binding. Our result indicates
that all of the studied anionic ligands bind to a single protein
site to the most abundant positively charged cluster but with
significant variation in binding specificity in a context-
dependent manner. It is suggested that the nonconserved
residue of Lys 5 near the conserved cationic charge cluster
formed by Lys 12, Lys 18, and Lys 35 plays a role in fine
tuning the ligand binding site of CTXs and can therefore be
practically used to further classify the diverse CTX family.
nucleotide triphosphate (NTP) to CTXs and therefore the Interestingly, when the structures of ligands binding at the
inhibition of the action of the related enzym@5f. The same CTX site are compared, diverse side chain interactions
binding site of deoxyadenosine triphosphate (dATP) to CTX are observed even for the same ligand species such as
A2 has also been shown by NMR studies to be located nearheparin-derived mimetics with different chain lengths. The
the positively charged cluster of Lys 2 and Arg 58 (right results are discussed to shed light on how the interactions
panel in Figure 1B) at pH 3.026). Apparently, the three  of heparan sulfate with proteins depends more on the overall
positively charged clusters in the CTX molecules as depicted charge cluster organization than on their fine structures, as
in Figure 1B play an important role in finding their targets recently demonstrated by the flexible role of heparan sulfates
for action. in binding to chemokines and FGF8%-32).

In our continuous effort to understand the structure
function relationship of CTX actions, NMR investigations
on the binding of CTX A1l to three anionic molecules, that  Purification of CTX Al and Preparation of NMR Samples.
is, inorganic phosphate i(Pthe stable form of ATP (dATP), CTX Al was purified from crude venoms dfaja atra
and fully sulfated heparin-derived tetrasaccharide (Hep4) (purchased from Snake’s Education Farm, Tainan, Taiwan)
mimetics, were performed. Fully sulfated compounds were using SP-Sephadex C-25 ion exchange (Amersham Phar-
used because they are the major bound fragments identifiednacia Biotech Ltd.) column chromatography, followed by
from the mapping of the CTX protected doma®). These high performance liquid chromatography on a reverse-phase
three ligands have previously been suggested to play a roleC-18 (10 mm) column (NACALAI COSMOSIL AR-300)
in modulating CTX action X7, 18, 25, 27, 28). Since they as described previoush88). The purity was checked by
are quite different not only in their charge content (varying SDS-PAGE and mass spectroscopy. CTX M3 from crude
from one to eight) but also in the molecular properties in venom of Naja mossambicdrom Sigma Chemicals (St.
terms of the size and shape, it is interesting to investigate Louis, MO) was purified following the same methodology.
how the three positively charged clusters of CTX Al (Figure All other chemical reagents were obtained from Sigma or
1, with, respectively, two, three, or four cationic residues) Merck.

EXPERIMENTAL PROCEDURES
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Samples for NMR experiments were prepared as follows: probability analysis. For CTX A1/dATP, CTX Al/Hep4,
the ligands and CTX Al were dissolved in 500 of a 90% and CTX A3/Hep4 complexes, about 50 runs were carried
H,0/10% DO mixture or 100% RO at the desired ligand/  out for each complex, and further analysis was done to
protein ratios, and the sample pH was adjusted to 6.0 by pick up complex structures that fulfill the experimental
titrating with NaOH or HCI after considering the isotope data.

effect with pD= pH* + 0.4 (for 100% DO sample only). The electrostatic potential of CTXs was calculated using
Preparation of Fully Sulfated Hep4Porcine intestinal the finite difference PoisserBoltzmann methods as imple-
heparin (100 mg) was depolymerized with 40 mRla- mented in the Delphi module of the Insight Il software

vobacteriumheparinase | (Sigma, catalog no. H-2519) in a package 42). A dielectric constant of 4 was used for the
1 mL reaction buffer as previously describ&d)( Successive interior of the CTXs, while a value of 80 was used for the
enzymatic depolymerization gave various heparin-derived surroundings. The ionic strength of the solvent was set to
polysaccharides with different chain lengths (from disac- 0.01 M. The grid points per side y-, and z-axes) were
charides to octadecasaccharides). These fragments werset to 51, and grid resolution was 0.83 A. The atomic charge
further purified with a P-10 gel filtration column according and radial were employed by Delphi standard data sets, and
to their respective molecular sizes detected at 232 nm. Athe linear solution of the PoisseiBoltzmann equation was
Sephadex G-15 gel filtration column was used for final calculated with automatic number of iterations.
desalting. Average molecular weights and corresponding One-Dimensional Seleet Homonuclear Experiments.
carbohydrate chain lengths were estimated using gradientThe conformation of the Hep4 was investigated using one-
polyacrylamide gel electrophoresis and mass spectrometrydimensional (1D) selective experiments, (4®TOCSY, 1D
(35). Further purification was performed using strong anion ge-NOESY) on a Bruker DRX500 spectrometdf). 1D ge-
exchanger chromatography (46250 mm; Waters, Milford, TOCSY was used to assign the proton resonances of the
MA) with a 50-min linear gradient and 0:71..2 M NaCl at ligand, and 1Dge-NOESY was used to acquire the CFX
pH 3.5, at constant flow rate (1 mL/min) with absorbance ligand intermolecular NOE information. The implementation
monitoring at 232 nm to isolate the fully sulfated Hep4 of a z-filter can suppress the ROE effect during the TOCSY
fraction. From single peak existence by repeated strong anionspin—lock sequence4d). The on-resonance gauss pulse
exchanger chromatography and from the obtained NMR (appropriate bandwidth from 20 to 200 Hz) was chosen as a
spectra the purity was greater than 99%. selective 90 pulse and applied on the peak to be observed
Protein Chemical Shift Variation Analysi$he compari- (45). The power level and pulse length were generated
sons of protein chemical shifts were performed by two- according to the product of bandwidth (BW in hertz) and
dimensional (2D) NMR experiments carried out on a Bruker pulse length (PW in seconds) such that BWPW = 4.85.
DRX500 spectrometer equipped tvita 5 mm triple- Purging pulsed field gradients (PFGs) were used rather than
resonance probe at ZC. The 2D TOCSY spectra with a  coherence selection in all experiments. The proton carrier
mixing time of 90 ms and the NOESY spectra with a mixing frequency was set at the HOD resonance, and experiments
time of 150 ms were recorded by using time-proportional were performed at 27C. For the Hep4 bound form
phase increment86, 37). Water suppression was achieved experiments, 10gJeNOESY was acquired to obtain NOE
by pulsed field gradients with th8-9-19 WATERGATE buildup curves with 6 mixing times, that is, 100, 200, 400,
sequence. The chemical shift was referenced to 4,4-dimethyl-600, 800, and 1000 ms with 2048 scans each. The NOE
4-silapentane sodium carboxylate (DSS) at 0.015 ppm. All intensities were normalized against the excited peak decay,
spectra were typically acquired with 2048 complex data which was fitted to an exponentially decaying function and
points in thet2 dimension and 512 points in thedimension. extrapolated back to an intensity of 100% at zero mixing
Data processing was carried out on a Silicon Graphics O2time.
workstation using the XWINNMR program. Bound Structure Conformational AnalysiBhe program
Molecular Modeling of the Complekolecular modeling CORCEMA, which was designed to calculate theoretical
was conducted using Discovery 3.0 of Insight Il 95.0 on a NOE or ROE values for the case with multistate conforma-
SGI 02 workstation. The AMBER force field with Homans tional exchange was used to determine the conformations
addition B8) and sulfate parameter extensioB89) for of Hep4 with or without CTX Al 87, 38). The two-mode
saccharides was chosen to define the charge distribution andystem, as mentioned by Moseleg6), was used here
interaction energies in all calculations. The coordinates of assuming the sugar will undergo only a two-state confor-
CTX Al and M3 used in this study were obtained from the mational change described by the bound and free conforma-
Protein Data Bank (PDB code: 2CDX@ and 1CDT 41), tions. The exchange was simply described by the dissociation
respectively). constant Kq) between sugar and protein and the on and off
The Affinity-Grid Docking module of Insight Il was used rate &n and ko, respectively) with the relationshidg =
in modeling the complexes. During the docking process, koi/kon. The distances of the intraresidue proton pairs of
residues around the high electrostatic pocket where glucosamine (GIcN) are already known as good distance
ligands will bind were set as movable, that is, the amino standards when determining the heparin structure because
acids positioned at 5, 9, 113, 18, 22, 35, 37, 38, 39, and the ring conformation of GIcN always maintains #t€;
51. Dielectric constant of the molecule was set to 4. The conformation. The HIH2® proton pair of GIcN with a fixed
minimized method was used, and the ligand random move-distance (2.45 A) was chosen as a reference for comparison
ment parameters of distance and angle werecs8tA and with the calculated data from CORCEMA. Iterative fitting
180, respectively. For CTX Al/Pand CTX M3/R com- was adopted to optimize all parameters, includiag Ko,
plexes, about 400 runs were carried out, and 100 identified correlation times of the bound and free forms, concentrations,
structures of lowest energy were employed into interaction and the leakage factor, to obtain the best fit between
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Table 1: Optimized Parameters Calculated Using CORCEMA and (A)  0.24 CTX A1 /P':
Correspondindr-Factors
Bound Form of Hep4
a-b-c-d= Hex2S-GIcNS6S-1doA2S-GIcNS6S i 0215
H,—Cptg—2S—*Ca, gt E
(-79,169)-(79,92)-(-85,133) ol
Input Parameters o 00-
7 3.9ns e
Ka 10uM c
Kon 4x 10Ps M1 o
Koft 40st — 014
R-Factors of tr-NOE g 0
H1yH3P 0.1310 4 4
H1%/H4> 0.3354 g CTX A1/dATP
H1¥H5P 0.0937 0.3 1
H1¥H6g° 0.0698 = |
H17H3e 0.3086 ‘— 024
H1P+H19H4%4H54 0.2371 "% ]
H1°/H5¢ 0.2136 — 014
H2°/H4¢ 0.2029 o
H1%/H4d 0.2065 O 0.0 )
H19/HA49+H3 0.2653 e —N e i
H1/H6:¢ 0.2136 E 1 20 30 40 50 60
HI19/HBs™H2¢ 0.3376 @ -0.14
average 0.2179 K
free form conformation of Hep4 used for CORCEMA &)
calculation was adapted from rgt as follows: O 0.4 -
Hex2S-GIcNS6S-1doA2S-GIcNS6S — _
1H2_4C1,gt_253_4(:1,gt -] 0.3
(-81,135)-(78,80)-(-81,133) 6 ]
) ] 0 0.2-
CORCEMA data and experimental results. The quality of Q ]
the fit was judged by the value of the-factor @7, 48), < 0.1
defined by the equation 1
0.0+
2
z (Ii,expllref,exp_ Ii,calllref,cap -0.14
1

-LKCNKIJPIASKTCPJ\GI(NLCYI{MFMHSDL'I'IWKRGCIDUCPKNSLLUKWCCTDRCH

Residue number
(B) -

4 #K'l 8

,\C ayW

z (Ii,ex;ﬂref,exp)z

wherel; is the NOE cross-peak intensity at various mixing
times, and s the intensity of the HIH2° reference peak.
The glycosidic torsion angles were changed fnsfieps to
determine the conformation with the minimum averaged
R-factors. All calculations were performed on an SGI O2
workstation.

T13

RESULTS AND DISCUSSION

K12
|
19 % % &
Common Anionic Binding Site of CTX Alhe binding &'{ K5 P 3
sites of CTX Al to P, dATP, and Hep4 were initially €
investigated on the basis of &k NMR chemical shift
perturbation method in the presence and absence of the \ 'l
excess amount of desired anionic molecules. Titration of b
various anionic molecules against the CTX Al molecule

indicates that the binding ofiPand dATP to CTX Al
becomes saturated at the molar ratios~of5/1 and 1/1,
respectively. Titration experiments on Hep4/CTX Al mixture

FiIGURE 2: Characterization of interaction site of CTX Al with
multiple ligands. (A) Absolute chemical shift variation of NH (black

columns) and ¢H (white columns) resonances of CTX Al in the

presence and absence éfa®ratio of CTX AL/R = 1 mM/10 mM

cannot be performed because of the tendency of the mixture(top). dATP at ratio CTX AL/dATR= 1 mM/1 mM (middle); and

to aggregate at certain molar ratios. The ratio of Hep4/CTX Hep4 at ratio CTX Al/Hep4d= 1 mM/2 mM (bottom). The

Al of 2/1 at nonaggregate conditions was used throughoutaeqti)ence 3f CTX Al is li?tgtilbelgvz t?tigamindo gf‘ild numberlf.d
experiments. At this low ligand/protein ratio, the determined “NOPSErvVed résonances o , » 119, and L14 aré marke
dissociation constari is around 1Q:M (see Table 1) and with x. (B) Ribbon structure of CTX A1l with the residues (K5, 19,

X . ; K12, T13, K18, Y22, K35, G37, C38, 139, and Y51) that are
therefore suitable fortr-NOE experiments in the fast inyolved in the interaction with the ligands stated above drawn as
exchange regime.

black sticks.
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Ficure 3: Comparison of theifbinding site in CTX M3 and Al. (A) Absolute chemical shift variation of NH (black columns) agid C
(white columns) resonances of CTX M3 in the presence and absencabé Patio of CTX M3/P= 1 mM/10 mM. The sequence of CTX
M3 is listed below the amino acid numbers. (B) Molecular affinity grid docking results of CTX M8i18 CTXAL/R, listing the statistics
of distance between NH of Cys 38 and the phosphate atom. Molecular docking of CTX {48/ two maxima at d@NHEnDash-P)
= 4 A (model I) and 6.5 A (model 1), while molecular docking of CTX Al/gave only a single maximum at d@IH—P)= 4 A. (C)
Complex structure of CTX M3 andiRdopted from X-ray crystallography structure (PDB ID: 1CIHL)§ with the distance between Cys
38\H and the phosphate atom of 3.62 A (left), from the molecular docking result, with the distance betweeNCgsBBhosphate atom
of 4 A (middle), and from molecular docking result with the distance between C¥$ &&l phosphate atom of 6.5 A (right).

As shown in Figure 2A, théH chemical shift variations
of both amide proton anddCproton resonances of CTX Al

chemical shift perturbation study (Figure 3A) is consistent

with X-ray structure, showing that the most significant

exhibit most significant perturbations centered at two re- chemical shift perturbation is indeed centered around Cys
gions: the first around Cys 38 located at the rigid core and 38. However, there is a delicate difference in terms of the
the second among several residues near loop | of the threechemical shift perturbation between CTX Al and M3. For

fingered CTX (Figure 2B). Most of them, that is, Gly 37,

instance, there is no significant effect afti#nding to CTX

Cys 38, and lle 39 at the core and Lys 5, lle 9, and Thr 13 M3 in the loop | region (Figure 3A), while a more
at the loop I, are located at the same positively charged pronounced effect can also be identified in CTX Al in the

cluster in the convex site of CTX Al (Figure 1B, left panel).
Although the identified site may not be surprising considering
that it is the most likely anionic binding site consisting of
four positively charged amino acid residues (Figure 1B, left
panel), the site is clearly different from those reported
previously for the binding of NTP to CTX A226) or long
chain GAGs to CTXs with positively charged residues at
the tip of loop Il (L7). The result suggests that the anionic
binding site might be different among different CTX homo-
logues.

Comparison of the Pi Binding Sites of CTXs.order to
examine possible variations of different CTX homologues
in their binding to anionic molecules, we performed a similar
proton chemical shift perturbation study dfiRteraction with

Ser 11-Thr 13 region, suggesting the probability of P
sliding when interacting in the convex side of CTX Al (top
panel of Figure 2A).

By using the affinity-grid docking molecular modeling
method, we show that two modes aftfnding to CTX M3
are possible, as indicated by the two peaks representing
model | and Il in Figure 3B. In contrast, only a single binding
mode can be observed for the CTX ALBdmplex for the
100 lowest energy models selected out of 400 results
calculated to generate statistics of distance’®&—P). It
is noted that model | of the CTX M3iomplex as depicted
by computer simulation is similar to the crystal structure of
CTX M3/Pi (Figure 3C) as judged by the distance &{C
NH—P) between the NH atom of Cys 38 and the P atom of

CTX M3. CTX M3 consists of the same four positively Pi. Since the sequences of the two studied CTXs in the loop
charged residues in its convex side as CTX Al (Figure 1A) | region are different only at amino acid position 11, the
and has previously been shown by X-ray crystal structure result suggests that the non-charged amino acid in the loop
to include one Pmolecule in a pocket near the Cys 38 region | region also plays a role in mediating its binding specificity.
((41) Figures 1A and 3C). The result obtained by a NMR Although it is not clear whether the difference between CTX
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CTX A1/dATP

H1’

(A)

H8

Y225635H
Y513,5H

] N
<-0.04 Molar ratio

Ficure 4: Intermolecular NOE and side chain of CTX Al involved
in CTX A1—dATP interaction. (A) Intermolecular NOE between
CTX Al and dATP identified by 1D selective NOESY: for H8 of
adenine group of dATP (top), for H2 of adenine group of dATP
(middle), and for aromatic ring proton of Tyr 22 and Tyr 51 of
CTX Al with a CTX AL/dATP ratio of 1 mM/1 mM at 298 K
(bottom). The dotted lines indicate intermolecular NOEs between
CTX Al and dATP. (B) Titration curve of CTX Al against dATP.
The relative chemical shift variations ofB of all Lysine residues
are listed, except for {H of Lys12 and Lys 44, which were not
observed during the titration experiments. Lysines with significant
chemical shift perturbation ongs8 (Lys 5, Lys 18, and Lys 35)
were drawn with solid lines, and those with less significant
perturbation were drawn with dotted lines.

Tjong et al.

Figure 4A) gives rise to detectable NOEs for both Tyr 22
and Tyr 51 ring resonances. The excitation of the ring proton
resonances of Tyr 22 and Tyr 51 also produces intermo-
lecular NOEs for H8 and H2 of the adenine group (bottom
panel in Figure 4A). Since the side chains of Tyr 22 and
Tyr 51 are located in the convex cluster of CTX Al, it
suggests that dATP indeed binds on convex side with the
adenine group of dATP closer to the core region of CTX
Al.

Second, we analyze the chemical shift perturbation of Lys
side chain (GH) by titrating dATP against CTX Al. The
result shows that only Lys 5, Lys 18, and Lys 35 (Figure
4B) are affected in a dose-dependent manner. Since these
Lys side chains are all located in the convex side and
responsible for positively charged cluster formation, it further
confirms our conclusion regarding the dATP binding site of
the CTX Al molecule. We therefore conclude that different
CTX homologues might consist of different ATP binding
sites depending on the context of the CTXs anionic binding
pocket. The fact that the chemical shift perturbation of Lys
5 is more significant than that of Lys 35 (Figure 4B) also
suggests that the nonconserved Lys 5 is indeed involved in
enhancing the ligands binding at the charge cluster formed
by the conserved Lys 12, Lys 18, and Lys 35 (Figure 1). In
fact, isothermal titration calorimetric investigations on the
bindings of dATP to 9 CTX homologues also indicate that
CTXs with Lys 5 exhibit stronger binding to ATP than CTXs
without Lys 5 @9).

Binding Site of Hep4 to CTX AWe have suggested that
Hep4 binds to the same anionic binding site bARd dATP
based on chemical shift perturbation (Figure 2A). Additional
proof can also be found as evidenced by the intermolecular
NOEs observed between the ring proton of Tyr 22 and H4
H3¥H2¢ of Hep4 (Figure 5A). Selective excitation of ring
proton of Tyr 22 gives rise to detectable NOE of 8¢

Al1/Pi and CTX M3/R as revealed by computer simulation and H4. Since no other resonance from IdoA2S can be
could provide an adequate understanding of their differenceobserved from 1D-NOESY spectra, we conclude that the
in NMR result, the results obtained by computer simulation, Hex2S ring of Hep4 must be located closer to the aromatic
NMR, and X-ray all suggest thati finds to the same side chain of Tyr 22. Similar to the case of dATP binding
positively charged cluster located in the convex side nearto CTX Al, Hep4 produces most significant chemical shift
the Cys 38 region with possible variation of side chains perturbations of Lys 5 among all the Lysines residues (Figure
involved in the interaction. 5B). We were not able to perform systematic NMR titration
Binding Site of dATP to CTX AWith the exception of  experiments on the binding of Hep4 to CTX Al because of
Asp 29 in CTX Al, the charge contents between CTX Al the Hep4-induced aggregation of CTX Al under experimen-
and A2 are essentially the same. It is therefore surprising total conditions.
see that the binding site of dATP to CTX Al at pH 6.0 is Bound Conformation of Hep4lNe have previously de-
distinctly different from that of CTX A2 at pH 3.0. While  termined the bound conformation of Hep2 and Hep6 to CTX
the former is located in the core region of the convex side, A3 at the aforementioned anionic binding site by using NMR
the latter mainly involves the amino acid residues located and X-ray crystallographic methods, respectivel$, (50).
near the C- and N-terminal regions (compare, for instance, Since CTX Al consists of the same positively charged cluster

the right and left panels shown in Figure 1B). In order to
confirm our conclusion on the CTX Al binding site based
simply on chemical shift perturbation method, two additional

as that of CTX A3, it will be interesting to determine the
bound conformation of Hep4 to CTX Al and form com-
parisons with the structures of the Hep2/CTX AR) and

experiments were then performed on this dATEPTX Al
study.

Hep6/CTX A3 complexesl@). A series of selective 1Qe-
NOESY experiments at 6 mixing times were therefore
First, by using selective 1[ge NOESY, we observed conducted to generate the NOE buildup curves for the Hep4
unambiguous intermolecular NOEs between CTX AL/dATP bound form conformation analysis using the CORCEMA
at a mixing time 150 ms between ring proton resonances of method (Figure 6B) based on the free form conformation of
Tyr 22 and Tyr 51 of CTX Al, and H8 and H2 proton Hep4 6£1).
resonances of the adenine group for H8 of adenine group of The optimized parameters used in CORCEMA calculation
dATP (Figure 4A). Selective excitation of H8 and H2 of and correspondinB-factors indicating the deviation between
the adenine group (top and middle panels, respectively, inthe theoretical and experimental values are shown in Table
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Ficure 5: Intermolecular NOE and side chain of CTX Al involved
in CTX Al—Hep4 interaction. (A) Intermolecular NOE between
CTX Al and Hep4 identified by 1D selective NOESY for aromatic
ring proton of Y22 (top) and for H2H3? (bottom) of Hep4 with a
CTX Al/Hep4 ratio of 1 mM/2 mM at 298 K. The dotted lines
indicate intermolecular NOE between CTX Al and Hep4. The
assignments of the proton resonances with significant NOEs are
also labeled. (B) Chemical shift perturbation ofHCof all Lys
residues interacting with Hep4 except for Lys 12 and Lys 23, which
were not identified from spectra

1. The optimized conformation of each sugar residue, the
6-O-sulfo group orientation, and their glycosidic angles,
and ¢, as defined in Figure 6A are also given. The ring
conformations of all GICNS6S residues, the IdoA2S, and the
terminal Hex2S adoptC,, 2%, and 'H, conformations,
respectively. They all correspond to the ring conformations
of lowest energy §2). Of note is the 69-sulfo group
orientation of the b residue, that is, GICNS6S, which is
observed to change frogt to tg between the free and bound
forms after Hep4 bound to CTX Al. This suggests that the
6-O-sulfo group of the b residue is involved in direct binding
to CTX Al. Thus, the detected conformational difference
might reflect the interaction of its &-sulfo group to fit into

the binding site of CTX Al.

Finally, the torsional angleg)(@nd¢) of the bound Hep4
conformation obtained by this CORCEMA study were further
compared with available conformation on heparin mimetics
in the literature (Figure 6C). On the basis of 26 available
heparin mimetic coordinates from 14 protein data bank
structures, we could deduce torsional angles for 55 GIcN-
UA and 57 UA-GIcN. As shown in Figure 6C, our heparin
bound conformation depicted by the filled symbols shown
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Ficure 6: Conformation of Hep4 bound to CTX Al as derived
from CORCEMA analysis. (A) Bound conformation of Hep4
represented by a stick model. The more flexible residues Hex2S
and IdoA2S are colored black, and the more rigid residues GIcNS6S
are colored gray. Listed below are the nomenclature of Hep4 and
also the ring conformation adopted by each saccharide and
orientation of 60-sulfo group of GICNS6S. (B) Comparison of the
experimental M) and CORCEMA calculated (solid line) intergly-
cosidic NOEs of bound Hep4. The solid lines were calculated using
CORCEMA with the parameters given in Table 1. (C) Distributions
of dihedral angles from known heparin structures (open symbol),
free Hep4 (gray), and bound Hep4 of the current work (black).
The dihedral angles of 26 heparins from 14 PDB structures (PDB
codes: 1AXM, 1AZX, 1BFB, 1BFC, 1E00, 1E03, 1FQ9, 1G5N,
1GMN, 1GMO, 1HPN, 1NQ9, 1QQP, and 1TB6) were measured.
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(A) CTX A1/Pi

Ficure 7: Common binding site of CTX Al for multiple diverse ligands. (A) Binding site of CTX Al with three negatively charged
ligands P (top), dATP (middle), and Hep4 (bottom) are shown as follows. Left: the surface of CTX Al with the residues that showed
significant chemical perturbation in the binding process were colored oranye (0.1 ppm) and yellow (0.1 pprr Ao > 0.05 ppm).

Right: the electrostatic surface of the CTX Al (blue for positive potential and red for negative potential) complex with the ligands. Lys
residues (Lys 5, Lys 12, Lys 18, and Lys 35) that are involved in the interactions were listed. (B) Stereoview of a stick model of Hep4 with
the neighboring protein residues. Hep4 is shown in red, and the crucial protein residues are shown in green. The charged groups involved
in binding were colored according to their atom type (O, red; C, green; N, blue; S, yellow; and H, white). The intermolecular NOEs
between the ring proton of Tyr 22 and Hdnd H3 are indicated by arrows.

in the plot is consistent with most of the conformations  Structure of the Hep4/CTX Al Complekie complex
determined previously by either NMR or X-ray methods. structure of Hep4/CTX Al was generated by affinity grid
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(A) CTX A3/Hep4
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- -\ FI0 Y22

e
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== SRR

Ficure 8: Schematic diagram of interactions between Lysines of

CTX Al and Hep4. The repeat units of GIcN, IdoUA, and HexUA
are assigned from the reducing end to nonreducing end. The solid
line arrows indicate H-bond connection, and the dashed line arrows

=

indicate close distance interactions. The sulfation patterns are
abbreviated as N®y-sulfo group; 20S, >-sulfo group; and 60S,
6-O-sulfo group.

docking of the bound form of Hep4, derived from CORCE-
MA analysis, onto CTX Al. The final complex as shown in B) 0.05

the bottom panel of Figure 7A and Figure 7B was chosen '
because it fit the proton NMR chemical shift perturbation €0.04
data near the Cys 38 residue region (bottom panel of Figure S.0.03
2A and Figure 5B), the intermolecular NOEs between Tyr N
22 and H3 and H4 of Hex2S (Figure 5A), and the bound T 0.02
conformation as derived from CORCEMA analysis with ©) 0.01
torsional angle deviation af 10° (Figure 6). As shown in <
the bottom panel of Figure 7A and Figure 7B, Hep4 lies in 0.00

a cationic cradle formed by four Lysine residues, that is, @'@ {:5 {y
Lys 5, Lys 12, Lys 18, and Lys 35. Since both the side chain Residue

of Lys 12 and Lys 18 are found to interact with theOs- FiIGURE 9: Intermolecular NOE and side chain of CTX A3 involved
sulfc_) group of GIcNS6S it also explams why the latter in CTX A3—Hep4 interaction. (A) Intermolecular NOE between
reorients from theyt to tg conformer. It is emphasized that 1% A3 and Hep4 identified by 1D selective NOESY for Hiop)
except residue d of GIcNS6S, three residues of Hep4 form of Hep4 and aromatic ring proton of Phe 10 (middle) and Tyr 22
direct contact with CTX Al (Figure 8). Besides the interac- (bottom) of CTX A3 with CTX A3/Hep4 ratio of 2 mM/1 mM at
tions shown in Figure 8, other significant interactions were 298 K. The dotted lines indicate intermolecular NOE between CTX

A3 and Hep4. The assignments of the proton resonances with
identified. For instance, O3f IdoA2S for the hydrogen significant NOEs are also labeled. (B) Chemical shift perturbation

bond with NH " of Lys 5 and 20Sof Hex2S are found to o C,H of all Lys residues interacting with Hep4, except for Lys
interact with OH of Tyr 22 and NH of Cys 38, respectively. 2, which is not identified.
Confirming the chemical shift perturbation result of lysines
(Figure 5B), Lys 5 plays a more significantly role in the charge clusters probably plays a more important role than
Hep4—CTX Al interaction because it was observed to form the stacking effect in the binding of GAGs to proteins.
at least three hydrogen bond/salt bridges with Hep4 compared Diverse Side Chain Interactions between Heparin and
with the two hydrogen bond/salt bridges formed by the other CTXs.Similar anionic binding pockets are involved in the
three lysines involve in the binding. Apparently, hydrogen binding of heparin-derived mimetics to both CTX Al and
bond formation and electrostatic interaction between Hep4 A3; however, the nonreducing ends of the heparin mimetics
and CTX Al molecules play a dominant role in the formation bound to CTX Al are distinctly different from those bound
of the Hep4/CTX Al complex. to CTX A3 (18, 50). For instance, Hep6 binds to CTX A3
Several studies reported that the stacking interaction of at the same anionic binding pocket through the first three
the galactose ring with aromatic rings of protein played a carbohydrate residues from the nonreducing end, on the basis
role in stabilizing the carbohydrate/protein interactié, ( of the X-ray complex structurel8). In order to see whether
54). However, we did not observe such an interaction in the the model of the Hep4/CTX Al complex deduced by this
structure of the Hep4/CTX complex we determined, despite NMR study can be used for direct comparison with those of
the fact that the aromatic side chain of Tyr 22 is near the Hep2/CTX A3 and Hep6/CTX A3, we further compare the
Hex2S carbohydrate residue. The stacking effect betweenselective 1Dge-NOESY result between CTX Al (Figure 5)
the carbohydrate and the aromatic ring has been suggestednd CTX A3 (Figure 9A) by using the same Hep4 molecule.
by computer modeling and NMR technique to involve three Surprisingly, both Phe 10 and Tyr 22 of CTX A3 are found

L

fJL

o

[
7 4ppm

m_

C—H vectors of galactose for the Chlfinteraction b5). to exhibit detectable NOEs with H4f Hep4, whereas only
Although such an interaction is also possible for the binding Tyr 22 of CTX Al exhibits detectable NOEs. Since it is
of polymeric (3-GIcNAc), to hevein protein domain$6), impossible for H4 of Hep4 to be interacting with Phe 10

it appears unlikely for thex-GIcN linkage of Hep4. We  and Tyr 22 at the same time, according to the complex
therefore suggest that the electrostatic interaction betweenstructure of Hep4/CTX Al, the result suggests strongly that
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Two binding modes of CTX A3/Hep4
(B)

CTX A3/Hep2 CTX A3/Hep4 CTX A3/Hep6

Chain length dependent binding of CTX A3/Hep

ILys 5| [Lys 12| [Lys 18]

......

Lys 35| [Lys 12] [Lys 18] iLys 2|
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Ficure 10: Chain length dependent CTX ABep interaction and contribution of Lysines side chain in binding. (A) Two possible binding
modes of CTX A3/Hep4 with the nonreducing end extending from the core region of CTX A3 (resembles CTX Al/Hep4) (left panel) and
the nonreducing end extending from loop | toward core region (right panel). (B) Complex of CTX A3/Hep shown in a chain length-
dependent manner, where the nonreducing ends of Hep (blue) all extend from loop | region toward the core region of CTX A3 despite their
different lengths. Shown from left to right, the complex of Hep2/CTX A3 (adapted BOmHep4/CTX A3 (current work), and Hep6/

CTX A3 (adapted fronll8). CTX A3 molecules are represented as white Connolly surface, and heparin molecules are represented as ball
and stick. Hex28 GIcNS6S3, IdoA2S, GIcNS69, I1doA2S, and GIcNS65are colored in blue, cyan, purple, green, red, and orange,
respectively. (C) Schematic diagram of electrostatic interactions among CTX A3/Hep2 (blue), Hep4 (purple), and Hep6 (red).

at least two possible different orientations of Hep4 bound binding to CTX A3 shows that no single bound conformation
to CTX A3 such as the two presented in Figure 10A are of Hep4 can be deduced to fit the NOE data (Tjong, S.C.,
present. In the binding mode, as shown in the left panel of Sye, S.C., Brisson, J.R. and Wu, W.G., unpublished data).
Figure 10A, the nonreducing end of Hep4 is proximal to The results strongly support the idea that the side chain
Tyr 22 of CTX A3 and resembles the complex structure of jnteraction between charge clusters of proteins and heparin
CTX glll—]ep4. (Ijn tfhe secpnd blr_]dmlg mor:je, hO\:cvever, the can be quite flexible even when the same anionic binding
nonreducing end o Hep4 is proxima toPhe 10 0 CT).( A.3’ pocket is involved in the binding. Similar conclusions
as seen in the right panel of Figure 10A. These two binding . . . o )
) - . . = regarding the flexibility of ligand/protein interaction have

modes, however, also involve different extents of lysines side . .

also been proposed. For instance, the conformational flex-

chain contribution. For instance, Lys 5 is more essential in i
the first binding mode (Figure 8), while in the second binding 1Pility of GAG bound to protein such as FGF-1 has recently

mode, Lys 12 is more involved in the interaction (Figure P€en reported at the iduronate ring to undergo IéCat-

10C, purple scheme). This conclusion is also consistent with “S conformational equilibrium chang&7). Multiple diverse

our chemical shift perturbation results of the lysine side chain ligands binding at a single protein site has also been proposed
that indicate the involvement of Lys 5 Lys 12 > Lys18/ as a result of conformational diversity due to pre-exisiting
Lys 35 (Figure 9B).The CORCEMA analysis of Hep4 population and/or hinge motions of the proteibs,(59).
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in molecular modeling. We thank NSRRC, Taiwan, for the

of structural models of Hep2, Hep4, and Hep6 in complex use of the BL17B2 x-ray facility.

with the same CTX A3 molecule, it is interesting to see how

the chain length of heparin molecules might exert its effect REFERENCES

on binding to the protein. As shown in Figure 10B, the three
molecules, Hep2, Hep4, and Hep6, with different extensions
of the heparin chain length, even though they are binding to
the same anionic binding pocket, could also significantly
change the binding specificity. This is due not only to the
neighboring amino acid residues near the binding pocket
within the same molecule but also to the availability of the
proximal CTX molecules such as the case for the Hep6/CTX
A3 complex in the crystal statel®). In solution, heparin-
derived short chain mimetics begin to induce significant
aggregation of the CTX A3 molecule when the number of
the carbohydrate moiety reaches that of Hep6. In fact, even
for this NMR study on the binding of Hep4, we avoided
sample aggregation only under certain CTX/Hep4 molar
ratios.

We have shown previously that heparan sulfate in the
extracellular matrix of the CHO cell can significantly enhance
its cell retention capability of CTX moleculed§). It was
suggested that multiple heparin binding sites of CTX
molecules and/or citrate-induced dimerization of CTXs could
account for the effect. The apparent high affinity binding of
long chain heparin to CTX molecules can then be attributed
to the multiple valency effect of the interaction of heparin
with multiple anionic binding pockets of CTX molecules
(Figure 10C). A similar effect has recently been proposed
to account for the structural diversity of heparan sulfate
binding domains in chemokineg9, 30). Both chemokines
and CTXs are small protein families with many biological
activities. The well-conserved monomeric structure of both
protein families can associate in oligomeric forms, especially
in the presence of heparan sulfate or other anionic ligands.
Interestingly, by using heparinase treatment on heparin in
the presence and absence of CTX A3, we observe that the
poorly sulfated region (so-called A-domain) can be signifi-
cantly enhanced because of the protection of CTX A3
binding to heparinZ6). Since the CTX A3 monomer prefers
to bind to the highly sulfated domain (so-called S-domain),
it is likely that the sulfatecracetylated-sulfated (SAS)
heparan sulfate fragment may also interact with CTXs, as
in the case of other protein recepto29,(30).

In summary, our NMR and molecular docking studies
indicate that distinctly different anionic ligands such as P
dATP, or heparin-derived mimetics with different chain
lengths can bind at the same CTX site to the cationic charge
cluster surrounding the rigid core region of Cys 38. The exact
side chain involved in the interactions, however, varies
significantly. The CTX-heparin interaction can thus provide
a good example to shed light on how the interaction between
heparan sufate and proteins depends more on the overall
charge cluster organization than on their fine structures.
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