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ABSTRACT. The major cardiotoxin from Taiwan cobra (CTX A3) is a pore formjiigheet polypeptide

that requires sulfatide (sulfogalactosylceramide, SGC) on the plasma membrane of cardiomyocytes for
CTX-induced membrane leakage and cell internalization. Herein, we demonstrate by fluorescence
spectroscopic studies that sulfatides induce CTX A3 oligomerization in sulfatide containing phosphati-
dylcholine (PC) vesicles to form transient pores with pore size and lifetime in the range of about 30 A
and 1072 s, respectively. These values are consistent with the CTX A3-induced conductance and mean
lifetime determined previously by using patetlamp electrophysiological experiments on the plasma
membrane of HOC2 cells. We also derived the peripheral binding structural model of CFXufatide
complex in sulfatide containing PC micelles by NMR and molecular docking method and compared with
other CTX A3-sulfatide complex structure determined previously by X-ray in membrane-like environment.
The NMR results indicate that sulfatide head group conformation changes from a bent shex/ek)

to an extendedsg/ap conformation upon initial binding of CTX A3. An additional global reorientation

of sulfatide molecule is also needed for CTX A3 dimer formation as inferred by the difference between
the X-ray and NMR complex structure. Since the overall folding of CTX A3 molecules remained the
same, sulfatide in phospholipid bilayer is proposed to play an active role by involving its local and global
conformational changes to promote both the oligomerization and reorientation of CTX A3 molecule for
its transient pore formation and cell internalization.

The structure and dynamics of proteilipid interaction considered as an extended part of prot@a-24). Hence,
on the membrane surface is important to understand theit is important to determine both the protein and lipid
molecular mechanisms of an antibiotic polypeptide to form structure to understand its processing events.
pores and kill bacterigl{-3), of a fusogenic protein to induce Cobra cardiotoxins (CTX} a family of basic polypeptides
cell fusion @—6), of a cell penetrating polypeptide to deliver having lipid 25, 26) and heparin binding7—29) capability
cargo across plasma membrane§)7and an ion channel to  similar to the cell-penetrating polypeptides, have recently
gate and control membrane potenti(1). Recent ad- been demonstrated to form pores in cardiomyocyte plasma
vancement in structural biology has indeed shed much light membrane30) and anionic lipid containing model membrane
to determine the three-dimensional structures of both integral (31, 32). Specifically, monoclonal anti-sulfatide IgM O4 and
and peripheral membrane proteiri2{15) and how these  1gG Sulfl are capable of inhibiting the action of CTX A3
proteins could undergo global conformational change upon (the major CTX from Taiwan cobra venom) on cardiomyo-
proteinr—membrane interaction and become stabilized within cytes by preventing CTX A3-induced membrane leakage and
lipid bilayers (L6—19). In addition, analysis of the amino  cell internalization 80). The interaction of CTX A3 with
acid distribution on membrane protein structure has revealednegatively charged lipid causes CTX dimerization, an
a crucial role for aromatic amino acid residues such as Trp important intermediate for the eventual oligomerization of
and Tyr, and positively charged residues like Arg and Lys CTX during CTX pore formation32). Since CTX A3 is an
in anchoring and snorkeling the proteins along the bilayer
surface during membrane translocation proceX R1). 1 Abbreviations: 6-CF, 6-carboxyfluorescein; CTX, cardiotoxin;
However, computer simulations on polypeptide getting DPC, dodecylphosphocholine; DQF-COSY, double quantum filtered

inserted into lipid bilayer further reveal that lipid should be correlation spectroscopy; FD-4 and FD-70, fluorescently labeled
dextrans; FTIR, Fourier transform infrared; GalCer, galactosyl ceramide;
Gal3S, galactose-3-sulfate; HFA-SGC, hydroxylated fatty acids sul-
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A . loops to allow its binding to lipid bilayers, and the only CTX
" 7 \ consisting of Phe 22, instead of Tyr 22, with reduced
hydrogen-bonding capability at the core region (Figure 2A).
The lipid-induced oligomerization ability of CTX A5 seems
to be compromised as compared to that of CTX 83)( It
has been suggested that Met 24 and Met 26 in CTX A3 play
- - a role in mediating the dimer formation in specific form,
S - Looplll when these amino acid residues are mutated into Ala 24 and
Loopl  Loopll Leu 26, respectively, in CTX A53Q). It is therefore
interesting to study the sulfatide-dependent pore formation
. of CTX A3 and A5 in model membranes and examine its
B ' ) specificity as compared to other anionic lipids. Just as the
' 7 pore formation processes of antimicrobial polypeptides
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require PG for its action on the bacterial cell surfade, (

C\:ﬁ“- T ve e - 38), sulfatide (SGC) is the only glycosphingolipid molecule
Y P e - known to be present at the outer leaflet of plasma membranes
Ki2 ©° - .- ' Loob IIl to induce the action of CTX A330).
- st A P Three-dimensional (3D) structures of many CTX homo-
- Iy e ey | logues have been determined by NMR and X-ray method
TSy P33 29 (see re39for a summary of the available structures). Three-
Loop | Loop I fingered loop folding topology with a large triple-stranded

antiparallel and a short double-strand@édheet has been
Ficure 1: Three-fingered amphiphilic CTX A3 molecule (PDB  preserved for all the studied CTX homologues interacting
ID: 1HOJ, 32) shown its convex side (left panel) and after 90y \yith phospholipid, including CTX ¥, CTX 02, CTX A5

rotation (right panel) in ribbon representation (A) and stick model - . .
representation (B) to emphasize its rigid structure tightened by four and A3, based on the distance geometric constraint estab-

disulfide bonds. In panel A, the amino acid residues possibly lished by NMR NOE approachQ—43). The effect of lipid
involved in membrane interaction are shown in stick model. or heparin binding to CTXs on its 3D structures has also
Hydrophobic residues are colored yellow, positively charged peen studied by using lyso-phosphatidylcholine (LPC) mi-
residues are colored blue, polar Tyr residues are colored purple,ceues and heparin-derived short chain mimeti¢3)( The
and the Cys 38 residue that is crucial in negatively charged ligand . o . . TN
interaction is colored red. In panel B, the four pairs of disulfide triPartite interaction study of CTX A3 with heparin-derived
bond (Cys 3-Cys 21, Cys 14 Cys 38, Cys 42Cys 53, Cys 54 mimetics and LPC micelles did imply a delicate conforma-
Cys 59, colored as yellow sticks) and the invariant NMR NOE tional change near its membrane binding loops due to the
connectivities (dashed yellow line) are showndtg preserve its global stryctural coupling between the connecting loops and its
folding and maintain the extended five strangiedheet structure ; : : : : ;
before and after mixed micelle interaction. The major conforma- p-strands 43). _Slnce heparin-derived sh'ort. chain mimetics
tional changes are identified mainly at the tips of the three-fingered aré found to bind to CTX A3 at the anionic pocket of the
loops as emphasized by the observed change in NOE connectivitiedigid core region with the additional help of hydrogen bond
colored by dashed blue and red Iines. Dashed blue and red linesformation via OH of Tyr 22 and NH of Cys 38 (Figure 1,
represent newly detected and disappeared NOE of CTX A3 44), it was suggested that heparin binding to CTX A3 may

molecule after CTX A3 bound to SGC/DPC micelles, respectively. i
Black line depicts the interface region for CTX A3 binding stabilize its membrane-bound form through the proposed

peripherally to the membrane surface with the three hydrophobic Structural change. SGC molecule is a sulfated glycoconjugate
loops inserted into the hydrophobic regions of lipid bilayers. with an anionic headgroup moiety similar to heparin mi-
metics and two hydrophobic lipid chains to form membrane
amphiphilic three-fingered polypeptide with basic Lys and bilayer. It would be interesting to study how SGC interact
aromatic Tyr flanking the three hydrophobic loops (Figure with CTXs.
1A), CTX A3 has also been demonstrated binding to  We have previously determined the crystal CTX A3/SGC
membrane surface peripherallylj. Such a binding proto-  complex structure in a membrane-like environment to
type is also consistent with the notion that Tyr and Lys amino understand the action mechanism of CTX A) The
acid residues may function as an anchor at the interface oforientation of the SGC fatty acyl chains in CTX A3/SGC
lipid bilayers for a membrane protein. It is therefore X-ray structure is found unexpectedly to flip 186pposite
intriguing to see how the CTX A3 could form pores in the to the presumed membrane binding orientation of the three
membrane bilayer, considering the CTX A3 molecule as a hydrophobic loops31, 32, 43). It was therefore proposed
rigid molecule consisting of four disulfide bonds (Figure 1B) that CTX A3/SGC complex structure may represent the
to prevent global conformational change of the protein during insertion mode of CTX A3 within the lipid bilayer and play
the pore forming process. One of the likely models to explain a role in promoting CTX A3 dimerization and insertion into
the process is the toroidal model (recently modified as lipid bilayers. The structure of CTX A3/SGC complex upon

distorted toroidal or protein aggregate modaB) that its initial peripheral binding at the membrane surface,
requires lipid rearrangement to facilitate the protein insertion however, is not available. In this study, the question is
(34, 35). addressed using NMR. We also characterize the property of

CTX A5, a noncytotoxic CTX homologue capable of CTX A3 pore in SGC containing vesicles by using fluores-
peripheral binding to phospholipid bilayer in a similar fashion cence spectroscopy and demonstrate the similarity of CTX
to CTX A3 (26, 36), does not induce membrane leaka8® ( A3 pore formation in plasma and model membranes. The
CTX A5 consists of more extended continuous hydrophobic results indicate that glycosphingolipid conformational changes
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FIGURE 2: Fluorescence spectroscopic investigation on the membrane pore forming activities of CTX A3 in model membrane: (A) Pairwise
sequence alignment of CTX A3 and A5 with the secondary structural elements listed. (B) CTXs-induced leakage of 6-CF vesicles of
different lipid component plotted as a function of time after adding CTXs. Mixed vesicles were prepared by mixing equal molar of SGC
or POPG into POPC lipid. Concentrations of CTXs and vesicle were 0.16 apfi1@espectively. (C) Elution profiles for the CTX A3

treated 50% SGC containing POPC vesicles with co-encapsulated fluorescence markers of different size (FD-4 and FD-70). (D) The different
selectivity on leakage marker size of SGC/POPC and pure POPS vesicles. (E) Transient quenchi@uvfrsios efflux functiorE curves

for vesicles with designated lipid compositions. The dashed lines indicate the two extreme case®dfall-or-none” mode of efflux,
horizontal line) ang—1 (upper bound of graded efflux). The two solid curvesdor 0.26 andp = 0.1 are fits to the experimental data
obtained with POPS and SGC/POPC vesicles, respectively. (F) Fluorescence spectra of a fixed and variable ratio of rhodamine B-conjugated
CTX A3 and CTX A5 in the presence of SGC large unilamellar vesicles. Dash-dotted line and dotted line are simulated curve of monomers
and dimer respectively. Oligomeric curve of CTX A5 is represented by dashed line, open square; while solid line, close square represent
oligomeric curve of CTX A3. (G) Change in intrinsic fluorescence intensity of Tyr (residues shaded in gray in (A)) of CTX A3 (closed
symbols) and CTX A5 (open symbols) plotted against molar ratio of lipid/CTX. CTXs were titrated with elevated ratio of SGC/LPC
micelle: 0% SGC/100% LPC (triangle); 1% SGC/99% LPC (star); 5% SGC/95% LPC (circle); and 10% SGC/90% LPC (square). Titration
curves were fitted as followsKy = 74 uM, n = 26 for CTXA3/LPC;Kyq = 33 uM, n = 15 for CTXA3/10% SGC/LPCKy4 = 12 uM, n

= 18 for CTXA5/LPC; Ky = 6 uM, n = 16 for CTXA5/10% SGC/LPC.

play an important factor for CTX A3 binding and dimer commercially from Avanti Polar Lipids. The SGC used was
formation to account for its pore formation. SGC should be a mixture purified from porcine brain which contain both
considered as an extension part of the CTX A3 molecule hydroxylated fatty acids (HFA-SGC) and nonhydroxylated
during membrane translocating process. fatty acids (NFA-SGC), and the ratio between NFA and HFA
is approximately 1:0.30.8 (45). Deuterium-labeled dode-
MATERIALS AND METHODS cylphosphocholinedss-DPC) was bought from Cambridge
Materials and Purification.The dodecylphosphocholine Isotope Laboratories. Galactose-3-sulfate (Gal3S) was syn-
(DPC), brain-sulfatides (SGC), 1-palmitoyl-2-olemylglyc- thesized and kindly provided by Dr. Dennis M. Whitfield,
ero-3-phosphocholine (POPC), 1-palmitoyl-2-olesgglyc- NRC, Canada. Rhodamine B isothiocyanate, fluorescently
ero-3-phosphaac-1-glycerol (POPG), 1-myristoyl-2-hydroxy-  labeled dextrans FD-4 and FD-70, and 6-carboxyfluorescein
snglycero-3-phosphocholine (LPC), and 1-palmitoyl-2- (6-CF) were purchased from Sigma Chemical Co. CTX A3
oleoyl-snglycero-3-phospha-serine (POPS) were obtained and CTX A5 were purified by SP-Sephadex C-25 ion



12114 Biochemistry, Vol. 46, No. 43, 2007 Tjong et al.

exchange chromatography followed by HPLC on a reverse conjugated CTX was purified by HPLC. Single fluorescent
phase C-18 column from crude venomNdja atra(Snake’s probe-conjugated CTX was further identified using electro-
education farms, Tainan, Taiwan) previously descrit38). ( spray ionization mass spectrometry (Quatro Ultima, Micro-
Vesicle and Micelle Preparatioiesired ratios of lipids Mass). For characterization of the conjugated position on
were dried under vacuum overnight and then hydrated with CTX, the sample was dissolved in 100% trifluoroacetic acid
buffer. The suspension was frozen and thawed several timesat 40 °C for 20 min to obtain conjugated amino acids of
and was successively extruded through a polycarbonate filterCTX and the subsequent molecular weight verified by mass
with the pore size of 0.&m for obtaining homogeneous large  spectrometry. Concentrations of fluorescence-labeled and
unilamellar vesicles. For micelle preparation no extrusion unlabeled CTX were determined using extinction coefficients
through filter was needed. For the pore size determination of €5 = 105,000 M* cm™ for rhodamine B-conjugated
experiments, extra compositions of 2 mg/mL FD-4 and CTX A3, ¢’ = 4185 M cm™ for CTX A3, ande?’® =
4 mg/mL FD-70 were added in the buffelg). Vesiclesused 2813 Mt cm! for CTX A5. For each experiment, only
in fluorescence-leakage experiments were formed in the N-terminal fluorescence-conjugated CTXs were used.
presence of 10 mM Tris (pH 7.4), 75 mM NaCl, and 50 CTX Oligomerization by Fluorescence Homotransfer
mM 6-carboxyfluorescein (6-CF). Sepharose CL-4B column MeasuremeniThe steady-state fluorescence spectra for the
was used to remove the residual fluorescent moleculesdetermination of CTX oligomerization upon binding to
outside of the vesicles, and the lipid concentration was anionic lipids were obtained on an SLM-4800 fluorescence
determined by inorganic phosphate assay as descrdldgd (  spectrometer with excitation and emission wavelengths set
Vesicle Leakage and Pore Lifetime Calculatiételease at 550 and 580 nm, respectively. Fluorescence-labeled and
of vesicle contents was detected by 6-CF fluorescenceunlabeled CTX were mixed in an appropriate molar ratio in
intensity on an SLM-4800 fluorescence spectrometer. Al- the presence of 10 mM Tris buffer (pH 7.4) containing
though 6-CF displays low fluorescence intensity at high 150 mM NaCl. The final concentration of both proteins was
concentration, its intensity increases sharply at low concen-maintained at 0.JxM. Upon the addition of anionic lipid
trations. Vesicles containing 6-CF were incubated at a final vesicles (3Q«M) to fluorescence-labeled CTX, the fluores-
volume of 1 mL of buffer in a 1x 1 cm quartz cuvette.  cence intensity spontaneously decreased as a result of the
After the addition of CTX, the fluorescence intensity was fluorescence energy homotransfer (self-quenching) during the
monitored as a function of time for the CTX-induced vesicle oligomerization process. The effect of self-quenching became
leakage process. The 6-CF leakage was calculated using théess if the intrinsic CTX was added to dilute the fluorescence-

following expression: % leakage (Fi — F)/(Fr — Fi), labeled CTX B0, 51). All experiments were performed at
whereF; is the initial fluorescence before adding proteins, 25 °C.

F is the fluorescence reading at timeandF; is the final Binding Isotherm by Intrinsic Fluorescence Measurements.
fluorescence determined by adding Triton 0.0226)( The Intrinsic fluorescence intensities of Tyr of CTXs were

excitation and emission wavelengths were 480 and 520 nm,monitored to determine binding isotherm of the toxin with
respectively. For transient pore lifetime calculation, by using SGC/LPC or POPG/LPC mixed micelles or pure LPC
vesicle-entrapped CF concentration versus fluorescence statieicelles of various ratios. The excitation and emission
quenching standard curvest§) and the toxin-induced  wavelengths were set at 280 and 310 nm, respectively, by
transient quenching factorQY), the value of single-pore using a SLM 4800 fluorescence spectrometer. Known
retention factotp can be fitted byE(t)—Q; curve @9). The concentration of CTX was titrated as a function of increasing
average lifetime of the toxin-induced pore formation can then lipid concentration. 50 mM Tris buffer containing 150 mM
be decided based on the known size of vesicle. NaCl was used, pH was adjusted to pH 7.4, and a temperature
Pore Size Determinatiorluorescein dextran containing of 25°C was used throughout all experiments. Binding data
vesicles (1.2 mM and 56L) were treated either with Triton ~ were analyzed according to our previous stud@@)( The
X-100, to determine the ratio of entrapped molecules, or with dissociation constanky, was simulated by nonlinear least-
CTX A3, to examine differential molecule release. After 20 squares fitting of data according to eq 1.
min, treated vesicle was applied to a 450.5 cm CL-4B
column with an elution rate of 6 mL/h. The elution profile K. — ([Pl — [PLD(L] — n[PL])
was determined by a Hitachi F1050 fluorescence spectro- d [PL,]
photometer. Excitation and emission wavelengths were 490
and 530 nm, respectively. To estimate the fraction of released [P]; and [L]; are the total concentrations of CTX and LPC,
molecules, a best-fit Gaussian curve was used to determinaespectively. [PL] represents the concentration of lipid
the area of elution profiles. When the leakage fraction was protein complexes, which was estimated by the change of
relatively small and the best-fit Gaussian curve was difficult fluorescence intensity. The value represents the number
to obtain, the leakage fraction was determined by the peakof lipid molecules to constitute a CTX binding site.
height of elution profile. We assume that the released fraction NMR Spectroscopy and Chemical Shift Variation Analysis.
corresponds td; = l5(1 — exp(—R)) wherel;, lg, andR, The NMR samples were prepared by dissolving 1 mM CTX
were the released amount, total amount, and intrinsic leakagen 500uL of 10% D,0/90% HO or 100% BO mixture with
factor of different marker, respectively. 10 mM phosphate buffer. The desired amount and ratio of
Fluorescence Labeling on CTETX (0.2 mM) was mixed lipid micelle or Gal3S was added into the sample. Saturated
with rhodamine B isothiocyanate (0.4 mM) in the presence ratios of CTX/lipid 1 mM/50 mM were used throughout lipid
of 100 mM phosphate buffer (pH 7.4) containing 6 M micelle experiments, while an excess ratio of CTX/Gal3S
guanidine-HCI. The reaction mixture was incubated at room 1 mM/17 mM was used for CTX/Gal3S binding experiments.
temperature for 12 h, and the resulting fluorescence- The pH of the sample was adjusted to &®.1 by titrating

(1)
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with NaOH and HCI. For simplicity, deuterium labeled DPC

) . . -CTX A3 -CTX A5
(dsg-DPC) was used for the chemical shift perturbation - -
experiments. A °&{[DFC] E 08[0FC

0.4

Two-dimensional DQF-COSY, TOCSY (90 ms mixing
time), and NOESY (150 ms mixing time) experimeri&)(

0.2

were recorded on a Bruker DMX500 spectrometer equipped § 00l

with a 5 mmitriple resonance probe. Water suppression was g : TN A A S -
achieved by pulsed field gradient with the-8—19 WA- w2 '

TERGATE sequence. The NMR experiments for the sample B £ 06+ F o8-

of CTX/Gal3S and CTX/lipid micelle mixture were per- S 04+ c38 0.4

formed at 27 and 48C, respectively. Higher temperature ;oz_ T 024 EE

was used for CTX A3/lipid micelle mixture because of the 5 il HN 00 ln || ¥ | HN
broader NMR line width and the apparent higher viscosity 8 1% = "0 =50 He ) Ry
of the sample. All spectra were typically acquired with 2048 £ 27 02

complex data points in the t2 dimension and 512 points in ¢ 5 064[Galas | G °¢1[Galss]

the t1 dimension. The comparisons of protein chemical shifts £ ;. 044

and NOE effect were based on the data obtained by two- 3 5] sl &

dimensional NOESY experiments and previous chemical < Lo Cf‘a HN b -
shift assignmentss@, 54). Spectral processing was done by e S % 3o DR e “""f““*"'“*“*"‘""";r
applying a sine squared window function in both dimensions . S oz .0 W e
followed by zero-filling to 1024 points in the t1 dimension.

The chemical shift was referenced to 4,4-dimethyl 4-silap- P H

entane sodium carboxylate at 0.015 ppm, and the chemical
shifts reported in this study have been deposited in the Bio-
Magnetic Resonance Bank (entry: 15305 for CTX A3 and
15309 for CTX A5). Data processing was done on a Silicon &
Graphics O2 work station using the XWINNMR program. L 2

SGC Head Group Conformation Analysi® simplify the FicURe 3: Binding site of SGC as revealed by NMR chemical shift
spectra, the DPC used for this experiments are deuteriumperturbation experiments. Absolute chemical shift perturbation on
labeled, and the samples were dissolved in 10090 B NH and Hx main chain protons of CTX A3 (left) and CTX A5

right) induced by various types of micelles relative to in 10 mM
enable us to observe all the resonances from the SGC hea hosphate buffer (A, B, E, F) or Gal3S (C.G) are presented as a

group that are located near water resonandemupling  function of amino acid residue position number. The panels B and
values were obtained from DQF-COSY experiments, and F depicted as SGC/DPDPC represent the absolute chemical shift
distance correlations between head group and interface regiorperturbation difference by subtracting the perturbation induced by

of SGC were obtained from 2D-NOESY (100 ms mixing 10% SGC/90% DPC micelle to that induced by pure DPC micelle.
time) experiments Residues of major perturbatiolh§ > 0.1 ppm) as induced by

) . . . . . micelle were depicted using surface model (D, H). Gray region
Head group orientation of SGC is primarily determined shows perturbation region induced by both pure DPC micelle and
by the conformation of the linkage between Gal3S and the 10% SGC/90% DPC mixed micelle, and black region shows extra
ceramide moiety (torsion angless, ¢, 61, 63 as depicted perturbation region induced by 10% SGC/DPC mixed micelle.
in Figure 4B,55—59). To determinep, ¢ angles, we focused
on 2D NOESY spectra to derived NOE betweer +Hila determined from the magnitude of coupling between the-H2
and HI—H1b proton pairs. The diastereotopic protons H1a H3 proton pair §8).
(downfield) and H1b (upfield) are assigned to thre-Sand Intermolecular NOEs of SGC/CTXIo observe both
pro-R positions respectivelyb). The distance between H1 resonances of SGC and DPC and at the same time to simplify
Hila and H1—H1b protons is affected by the conformations the spectra, 50 mM micelles used for this purpose were
about C1-01 (p) and O1-C1 (), which can be measured  prepared by mixing 10% SGC/10% DPC/8@e-DPC. The
by its relative NOE effects. Different combinations ¢/fp identification of CTXs, SGC and DPC proton chemical shifts
angles result in three types of distance correlation betweenwere based on the data obtained by 2D NOESY experiments
H1'—H1la and H1—H1b protons; the first two unique types and previous chemical shift assignmeri8, (54, 60). Two
are shown in Figure 4A. Whep/¢ = —sc/ap the distance 1D slices of corresponding resonance bulk methylenes)(CH
between H1 and H1b is always smaller than distance and interface proton H3 of SGC were extracted frarh
between Hland Hla; and whew/q = sc/ap the distance  dimension at 1.3 and 4.08 ppm respectively to help to identify
between H1and H1b will be almost equal to the distance the intermolecular NOEs between CTX and lipid tail and
between H1land Hla or in other words the NOE intensity SGC interface.
between H1-H1b and H1—H1la will be equal. The third Molecular Modeling of CTX A3/SGC Completarting
less unique type (not shown) could be applied to the rest of conformation of SGC was generated from X-ray structure
the combinations ap/¢ angles showing the reverse distance of galactosylceramide (GalCer), determined previously by
correlation as the first type (distance betweer &id H1b Pascher and Sundef1), with 30H modified with a sulfate
always larger than distance between' ldhd H1a). group. Modification on head group dihedral angles was done
Conformation off1 rotamer can be determined by either on Insightll. Complex modeling was conducted using the
NOE intensity between H2H1a and H2-H1b, while the Discover 3 module from Insightll on a SGI O2 workstation.
conformation about the C2C3 bond ¢3) can be simply =~ The AMBER force field with the Homans additio63) and
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A SGCIDPC +CTX A5 + CTX A3 induce detectable lytic effect on both pure PS, pure PG and
ppm | N <n PS or PG containing POPC vesicl81); however, no
& AN\ ™ significant lytic effect can be observed by CTX A5 on similar
= = © °;;‘;35' iy lipid preparation, consistent with the noncytotoxic property
€0 "B || D N of CTX A5 (32). By using the same approach, we herein
HicHiay || P /°\;H',': compared CTX A3 and CTX A5 effect on membrane
42 G| B €2 ez containing SGCs (Figure 2). As shown in Figure 2B, CTX
Wp=-sc/lap  dlp=sclap A3 induces a more significant effect, up to 70% leakage of
e Qrsny < dpwsea Gpnsaey = Gy total fluorescence content of 6-CF trapped in the large
: 45 45 ppm e Tman _ ,
$lp= -sc/ap -sc/ap  sc/ap unilamellar vesicles, than CTX A5(20%) on SGC/POPC

membrane vesicle. Since CTX A3-induced leakage of pure
POPC or POPG/POPC vesicles is observed to be negligible

- GRES SRETAG Lot or below 20%, the result also indicates that CTX-ASGC

. 0T interaction is indeed specific as we demonstrated previously
3.8 % ) , by patch-clamp and whole cell electrophysiological study
4.0- Q bl on the plasma membrane of cardiomyocyt@g).(

o
ol 0 U CTX A3/Sulfatide Pore Formatioif.o examine whether

membrane pore formation of CTX A3, rather than a general
lytic action by disrupting the bilayer structure, indeed occurs
for SGC containing membrane vesicles, the specificity of
C [secoec| [ crx avseempe ] CTX-induced leakage was checked by cotrapping fluores-
Bent shovel — Extended . ¥ .

$/0/61/83 = -sc/ap/sc/ap —»  Sc/ap/-sc/ap cence probe with different molecular size such as dextran
probe of FD-70 ., = 50.5 kDa) and FD-4Nl,, = 4.4 kDa).
Gel filtration chromatography was used to determine the
amount of CTX-induced leakage of dextran probes as shown
in Figure 2C. While most of FD-4 can be released from the
vesicles after CTX A3 treatment as reflected by the

Ficure 4: 2D-NOESY spectra slices of 10% SGC/DPC mixed fluorescence intensity relative to the total amount of trapped

micelle in the presence and absence of the designated CTXs formolecule, FD-70 appeared to remain trapped inside the
the determination op/p (A) and 61/63 (B) conformation of SGC vesicles and eluted mainly at void volume position. The result

headgroup (C). In panel A, H}—H1h, and H1y—H1a; NOE cross  strongly suggests that CTX A3-induced leakage indeed is

peaks were circled by dashed line and assigned accordingly. Theq e to the CTX A3 pore formation in SGC containing
relationship between the distance of the designated protons and the ~ . | A | IVt . f CTX A3 1d ind
angles of¢/p conformation are also shown in the schematic VESICIES. A general lytic action o would induce

diagram. The definition of the SGC head group conformatigtig/ leakage of FD-70 and FD-4 with similar amouedy.

01/63 are shown on the right side of panel B wi —CI- ; ; ; ;
01-C1:y, Cl’—Ol—Cl—C%;Hl, Ol—Cpl—CZ—C?fgr?d%&CCl— Pore SizeBy comparing the retention ratio bet\_/veen FD-4
C2-C3-C4 defined according to the nomenclature of Klyne and &nd FD-70 as a function of CTX A3 concentration (Figure
Prelog 65). Schematic diagram to indicate the CTX A3-binding 2D), it is possible to determine the selectivity of the CTX
induced conformational change of SGC head group from initial A3/SGC pore formation and yield useful information about
_t;]en; ﬁ';?‘ée'fﬁgfgg}‘fg iﬁét; amore ec;}tter?gg f):(ogrt')rgﬁtri]gr} éﬁ;hgggln the pore size and stability. For instance, the selectivity value
i . . . .
bepseen to protrude more ir?to aF()queous solution than that of themc CTX Ad-induced pore as determlped by extrapolating .to
bent shovel conformation. zero CTX concentration can be estimated to be 4.5, which
was comparable to that of the melittin effect on POPC
sulfate parameter extensio3] for saccharide was chosen vesicles 46) and significantly larger than the value of 1.8
to define the charge distribution and interaction energies in determined previously for the action of CTX A3 on POPS
all calculations. Short fatty acid chain mimetic of SGC in vesicles 82). This result implies that the size or lifetime of
its bound conformation to CTX A3 was docked on the the CTX-induced pore in SGC containing vesicles is much
predicted binding site of CTX A3 manually. Dielectric smaller or shorter than that in POPS vesicles. We have
constant = 4 was used to account for dielectric properties previously set a lower and upper limit for CTX A3 pore size
of a lipid bilayer at level of saccharide-ceramide linka#) ( in POPS vesicles between 20 A and 100 A in diameggy. (
An energy minimization with 300 steps was performed \hijle melittin/POPC pore of 2530 A was estimated based
initially to remove improper atom contacts and forces. A 50 on the differences in short and long axis lengths of prolate
ps molecular dynamics simulation was performed with a time glipsoids FD-4 and FD-70, pores of this aperture enable a
step of 1 fs, and the coordinates of the complex were savedre|atively free passage of FD-4 while reducing significantly
in a trajectory file for the final analysis. the leakage of FD-7046). Since the selectivity of the CTX
A3/SGC pore is similar to that of the melittin/POPC pore,
RESULTS AND DISCUSSION the size of the CTX pore should also be comparable with
Specificity of CTX A3-Induced Leakage of Vesid&EX the estimated value of about230 A in diameter (Figure
A3 and CTX A5 are P-type cardiotoxins (Figure 2A amino 2C). This value is also consistent with the single channel
acid sequence comparison) known to bind peripherally to conductance of 18.9 pS for the SGC-dependent CTX A3-
both zwitterionic PC and acidic PS or PG lipid bilay@6( induced single channel activity using an outside-out patch
31). We have previously demonstrated that CTX A3 can of H9C2 cell membranes3().

T T T T T T T T T
42 40 ppm 4.2 40 ppm 4.2 40 ppm
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Pore Lifetimelt is possible to estimate the lifetime of CTX  branes. Despite the higher affinity of CTX A5 toward SGC
A3 pore formation in SGC containing vesicles by studying containing PC micelles than CTX A3, the pore forming
the dequenching process of lipid vesicles with entrapped activity of CTX A3 is higher. In addition, the CTX A3 pore
fluorescence CH©). This approach takes advantage of the appears to be more stable in the presence of SGC as
nonfluorescent quenched CF dimer trapped inside vesicles,compared to other acidic phospholipids of PS and non-
in contrast to fluorescent CF monomer after leak out. If the cytotoxic CTX A5. To understand how SGC can act
efflux of the encapsulated probe behaves as “all-or-none” differently toward CTX A3 and A5, we first examine whether
when the individual liposomes have either retained all CF the two CTXs interact differently with SGC by performing
marker or lost it totally, it will be indicated by a lack of NMR chemical shift perturbation experiments.
dequenching of dye remaining inside the vesicles as shown Different SGC Binding Site in CTX A3 and ABespite
by the theoretical flat broken line in Figure 2E. For a graded that CTX A5 exhibits stronger binding to membrane disper-
efflux (65), an internal transient quenching is gradually sions than CTX A3 (Figure 2G), CTX A5 induces less
reduced over the course of time as predicted by the uppermembrane leakage than CTX A3 (Figure 2B). Fluorescence
broken line in a plot of transient quenching factQis/ersus spectroscopic measurements also indicate that both CTX A3
the measured efflux functioB(t) due to the distribution of  and A5 are capable of binding to zwitterionic LPC and
partially depleted liposome (Figure 2E). In this regard, negatively charged SGC/LPC micelles. But the Tyr intrinsic
vesicles with 50% SGC behave more like “all-or-none” than fluorescence of CTX A3 undergoes a more significant
100% POPS vesicles since only a slight variation can be intensity change than that of CTX A5. In order to examine
observed in the former preparation as shown in the solid more specifically how SGC interacts with CTX A3 and A5,
line representing data obtained from 50% SGC vesicles. we monitored the backbone NH amd proton chemical
Assuming that the pore sizes of the vesicles fall in the range shift of CTX A3 and A5 (Figure 3) in the presence of DPC
between 25 and 30 A, it is estimated that the open lifetime (Figures 3A and 3E), SGC/DPC (Figures 3B and 3F) micelles
of the pore will have to be longer than theoretical lifetime and SGC headgroup moiety of Gal-3-sulfate (Gal3S, Figures
of about -3 ms to account for the observed “all-or-none” 3C and 3G). The results are then presented as absolute
leakage of the fluorescence probe. The estimated lifetime chemical shift perturbation to shed light on the region
of the CTX A3 pore formed in SGC containing vesicle is exhibiting the binding-induced structural change on the CTX
thus comparable to the lifetime of the SGC-dependent single molecules.
conductance, i.e., X80 ms, as determined by pateblamp The binding of DPC micelle toward CTX A3 produce
experiment 80). significant 1H chemical shift variation of bothH and NH

Sulfatide-Induced CTX Oligomerizatiowe have previ- of 4—12, 22-38, and 4751 residues which are located at
ously demonstrated that CTX A3-induced leakage of mem- regions near the tip of loops I, Il, and Ill, respectively (Figure
brane vesicles requires membrane-induced toxin oligomer-3D). This is consistent with the previous CTX-lipid mem-
ization in the presence of anionic PG and PS according to brane binding studies for CTX A3/LPC micellé3), CTX
the fluorescence energy transfer experime8®).( The yIDPC micelle 40), and CTX O2/DPC micelle 41),
oligomerization effect is, however, less pronounced for CTX reconfirming that all three hydrophobic loops of P-type CTXs
A5, suggesting the requirement of more extended oligomer- are involved in lipid-CTX interaction. Interestingly, when
ization during the pore formation process. A similar effect SGC was introduced into the DPC micelles, it introduced
can also be observed for vesicles containing SGC, demon-an additional NMR chemical shift perturbatian0.2 ppm
strating that SGC produced a faster decrease of fluorescencéor residues such as Val 7 and Cys 38 (Figures 3B, 3D). In
intensity of rhodamine-labeled CTX (Rh-CTX) when Rh- fact, two additional NOEs are also observed near Cys 38
CTX is diluted with intrinsic CTX (Figure 2F). Apparently, and three NOEs at Val 7 (Figure 1B emphasized by blue
despite the stronger binding of CTX A5 to SGC containing dashed lines at designated residues) as a result of SGC
micelles (Figure 2G), a lesser degree of CTX A5 oligomer- binding. Since these two perturbed residues are located at
ization than CTX A3 may be responsible for the significant the same region where Gal3S and heparin mimetics bind
effect of CTX A3-induced membrane leakage. Interestingly, (Figure 3C,44, 66, the result suggests that the headgroup
the presence of 10% SGC in LPC micelles induce about 2.5-moiety of SGC interacts at the core region of CTX A3. Itis
fold increase in the Tyr intrinsic fluorescence of CTX A3 located at a region near Cys 38 amino acid residue similar
from a saturation level 0f0.2 to that of 0.5 (Figure 2G, to those reported previously for CTX A3/heparin complex
solid line), while the Tyr intrinsic fluorescence of CTX A5  structure 44, 66).
remains similar at-0.7 in the presence and absence of SGC  When a similar experiment was repeated for CTX A5, as
(Figure 2G, broken line). Since Tyr 11, Tyr 22, and Tyr 51 seen in the right panels of Figure 3, the additionally perturbed
in CTX A3 are all located right above the continuous residues were found at the loop | region (Figures 3F, 3G)
hydrophobic region of CTX A3 responsible for its lipid albeit CTX A5 also bound to DPC micelles by using the
binding activity (Figure 1), the result further suggests that same three hydrophobic tips of the loops in CTX A3 (Figures
SGC induces a deeper penetration of CTX A3 molecule into 3E, 3H). This result suggests strongly that, while the
the phospholipid interface. Additional evidence to support headgroup of SGC binds to CTX A3 at the anionic binding
the conclusion will be presented later based on the NMR pocket located nearby Cys 38, it binds to CTX A5 at Phe
study of CTX A3 and CTX A5 binding to SGC/LPC 10, lle 11, and Tyr 12 closer to the tip of loop I.
micelles. The observed different binding site of SGC headgroup

In conclusion, CTX A3 is able to form pores in SGC between CTX A3 and CTX A5 provides a simple explanation
containing POPC vesicles in a manner similar to the on the larger extent of SGC-induced Tyr fluorescence
membrane pore formation observed in cardiomyocyte mem- intensity increase of CTX A3 (Figure 2G). The peripheral
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binding mode and penetration depth of CTX on phospholipid
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Table 1: Vicinal Proton Coupling Constants (in Hz) of SGC

membranes have been studied by a combined FTIR andinvolved in 1 and63 Conformation Determination at 10%

computer simulation approacB). CTX A3 was shown to
peripherally bind to both zwitterionic and anionic monolayers
in a similar edgewise manner with a tilted angle of 48
between th¢g-sheet plane of CTX molecule and the normal
of the membrane surfac&l). This binding orientation would
allow Cys 38 to be located right above the lipid headgroup
region. With the additional help of SGC headgroup specific
interaction near the region, CTX A3 molecule will be able
to penetrate deeper into the lipid bilayer to enhance
significantly on the intrinsic fluorescence intensity of three
aromatic Tyr residues located at the interface of lipid bilayers
(Figure 1A). In contrast, SGC interact with CTX A5 near
the tip of loop | region and can only slightly enhance the
binding of CTX A5 with SGC/DPC micelles without
significant change on the saturation level of the observed
fluorescence intensity change. The differential binding of

SGC/DPC Mixed Micelle Condition with/without the Presence of
CTX A3 (1/5/45) and CTX A5 (1/5/45) at pi 6.0 and
Temperature of 318 K

HFA NFA
Jla,Z \Jlb,Z J2,3 Jla,2 Jlb,2 J2,3
SGC/DPC micelle 455 nd 9.70 4.15 nd 10.24
CTX A3/SGC/DPC nd nd 11.20 nd nd 11.31
CTX A5/SGC/DPC  nd nd 11.72 nd nd 10.28

a Measured by DQF-COSY at 318 K and 100%™ with estimated
error of £2.9 Hz (under experimental condition of spectral width of 6
kHz, at digital resolution 2048 points) Not determined.

for SGC/DPC micelles, indicating thelfy—Hip) < dHr—H1a)
for ¢/ angles with preferred conformation efsc/ap

The conformation of1 rotamer can be determined by
comparing the NOE intensity between Hild2 and H1b-

CTX A3 and A5 to SGC headgroup therefore provides an o as shown in Figure 4B, the HEHH2 cross peaks of
interesting case to investigate whether SGC headgroupyea (i.e., Hl—H2y) and Hl’:A (i.e., H1h—H2y) are well

moiety also adapts differently in CFXSGC interaction and
its pore forming activity.

NMR Study on Sulfatide Headgroup ConformatiSul-
fatide consists of bothi-hydroxylated fatty acids (HFA-SGC)
and non-hydroxyl fatty acids (NFA-SGC) with the ratio
between NFA and HFA at approximately 1:6.3.8 @5) for
those purified from porcine brain. Special care was therefore
taken to assign the HFA-SGC and NFA-SGC proton

resonances for the determination of headgroup conformation.

As in other glycosphingolipids, orientation of Gal3S is
primarily determined by the conformation of the linkage
between Gal3S and the ceramide moiety (torsion angles
@, 01, 63 depicted in Figure 4B55—59). Bruzik et al. have
determined the headgroup conformation of galactocerebro-
side based on vicinal coupling constant and NOE intensity
measurement$g). Since SGC and galactocerebroside only
differ in the sulfate group present at the@H position of

resolved, but the HtaH2 of both NFA and HFA overlap
severely. Therefore, we can only refer the cross-peak
intensity of Hla-H2 and H1b-H2 based on the total
intensity exhibited by both NFA and HFA. Since strong and
equally intense cross peaks between H#& and H1lb-

H2 are observed in the presence and absence of CTX A3
and A5, it is suggested théfi may adopt-scconformation

for both CTX free and CTX bound SGC/DPC mixed micelle.
We are not able to measure theoupling value ofl;, and
Jib2 to derive thefl conformation as shown previously by
Bruzik et al. 68) probably due to the experimental condition
used in this study not being able to resolyecoupling
constant smaller than 3 Hz. However, the implicated small
value of bothl;, ;andJy, > under the experimental condition

is consistent with the-sc conformation for61 (Table 1).

To complete the determination of SGC headgroup con-

SGC, we adopt a similar approach to characterize the SGcformation, the C2-C3 bond ¢3) can be estimated to mainly

headgroup conformation. To determine thandg angles,

we focused on 2D NOESY spectra to derived NOE between
H1'—H1a and H1-H1b. As shown in Figure 4A, the H1
proton of NFA-SGC and HFA-SGC are well separated and
enable us to determine their respectitep angles. Since
the H1k, resonance overlaps with the 5resonance of
Gal3S in NFA-SGC, only the headgroup conformation of
HFA-SGC will be characterized in this study.

The diastereotopic protons Hla (downfield) and H1lb
(upfield) are assigned to thpro-S and pro-R positions
respectively $8). The distance between HiH1a and H1—
H1b protons is affected by the conformations about-C1
01 (@) and OXC1 (p), which can be measured by its
relative NOE effects (Figure 4A). For instance, as indicated

adoptap conformation as judged from the largeoupling
value of~9.7 Hz between H2 and H3 proton (Table5B).

It is therefore concluded that the predominant conformation
of SGC in 10%SGC/DPC mixed micelle/(p/01/03) is —sc/
ap/—sc/ap, consistent with the well-established bent shovel
conformation of galactosylceramide (GalCer) X-ray crystal
structure as also shown in the left-hand side diagram of
Figure 4C 61, 67). In fact, this conformation appears to be
quite stable since SGC monomer in chlorofrom solution also
adopts the same conformation (data not shown). Bent shovel
conformation is known as one of the conformations of the
lowest energy of GalCer and GlcCer calculated by MM2
and MM3 calculations respectivel$, 68). Sphingomyelin
and GalCer also adopt this conformation as observed by

by the schematic diagram shown on the right-hand side paneIN'\/IR (56, 59).

of Figure 4A, wheng/¢p = —sc/ap the distance between
H1' and H1b is smaller than HtH1la. In contrast, when
¢l = sclap the distance between Hand H1b is about
equal to that between Hand H1la. It is therefore possible
to determine whether theé/p angle undergoes conforma-

CTX AS3-Induced Sulfatide Headgroup Conformational
Change.After establishing the preferred SGC headgroup
conformation in micelles, we can then determine whether
CTXs binding to SGC will induce its conformational change.
As shown in Figure 4A, NOESY spectra of CTX A3 binding

tional change in the presence and absence of CTXs (Figureto 10%SGC/DPC micelle at molar ratio (1:50) show an NOE

4C). With this background in mind, we show in the left panel
of Figure 4A that an NOE cross peak of HtH1by (~6.47)
is about 3-fold more intense than that of'fitH1a, (~2.18)

cross peak of HL—H1by (~6.13) with almost equal
intensity of NOE cross peak of Hi-H1la, (~6.46); while
no such effect can be observed for CTX A5. The result
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suggests thady—Hib) & dpr-Hi1a) With preferredp/p angles A B
of sc/apfor SGC bound to CTX A3. It should be noted that —— -
the 1 and#3 conformation remains approximately the same |3 29| 22| I/ 3
since strong and equally intense cross peaks between H2 * || Aromatic
Hla and H2-H1lb are observed (Figure 4B) and the B *
J-coupling constant between H2 and H3 is found to~del LA Y22¥81 1 J |
Hz for 10%SGC/DPC micelles in the presence of either CTX 1T o) | M |
A3 or CTX A5 (Table 1). The absence of HM3 and H3- e e I e e ey et s, (4,
H1b cross peaks is also consistent witbdap conformation 33 ALY | L E;z',....:'.'i,:'..%.': ....... e ;.—."-11
of 81 and#3 angles for 10%SGC/DPC mixed micelle with/ TR Te TR e T TR e
without CTXs (Figure 4B). o 2
. . il B04H Mg Aromatic ring
In summary, the predominant conformatiapl'¢t/01/63) vih F10,Y12 F30,
of SGC head group upon CTX A3 binding to SGC/DPC ‘ Ljfl0dng  F| } & e
mixed micelle is found to be an extended formsafap/ 2l v |§ NE2 s -
schp (see the right-hand side schematic diagram shown in | | l|' i , = e I#'&
* | i

Figure 4C) as compared to the bent shovel form-ai/ *\,L.EG?T ,] ” | |

ap/—sdap. The same head group qonfornjat?on was also ,w-ilu -'w"ww*h. AN Mwb.i!ﬂ
observed fora-GalCer ora-glycosphingolipid interacting - S— :
with CD1d 69—71). The main difference between CTX free l:i?“t.‘:;‘;:;,o'.'r*“;; ::";'o'rr'i
and CTX bound form of SGC conformations is due to the . & R at ”'1D 4 2D slices derived f -

; i : i ; IGURE 5. Representative an slices derived from

reorientation op-glycosidic bond (i.e.¢ angle between C1 NOESY spectra to identify the intermolecular NOEs between SGC
of galactoge and O1 of ceramide) to adopt amore eXtend('}dand CTX molecules: Top and bottom panels respectively listed
conformation of SGC head group. It is suggested that the the 1D slice at 4.08 ppm for interface proton H3 (gray ball) and
binding of SGC headgroup at Cys 38 located around the corel.3 ppm for methylene (Chih (black stick) protons of fatty acid

region of CTX A3 may be responsible for the observed chain of SGC molecule. The mixing time of 150 ms and CTX/
conformational change SGC/DPCdisg-DPC ratio of 1/5/5/40 were used in this study. The

asterisk mark of “*” shown on the top of indicated resonances
Sulfatide-Induced Conformational Change of CTX A3. represents the intramolecular NOEs of the CTX molecule itself.

Based on the SGC-induced chemical shift perturbation of Dashed lines in 2D spectra show the location where the 1D slice
CTX A3, a significant conformational change should occur derived from.

mainly at the three hydrophobic loop region of CTX A3
interacting with SGC/DPC micelles (Figure 3D). This is S
indeed observed by 2D NMR NOE experiment, showing a
significant NOE connectivity change mainly at the loop |
and loop Il regions (Figure 1B). For instance, three extra

connectivities centered at NH of Val 7 near the loop | can j,iermolecular NOE can be observed to allow the docking
clgarly be ot_)served upon CTX A3 binding to SGQ/DPC of SGC headgroup onto the available CTX A3 struct@®.(
micelles carried out at temperature of 318 K. This is alS0 \y jgentified intermolecular NOEs between CTXs and lipid
consistent with the observed chemical shift changes at NH trom 1D slices of 2D NOESY spectra of corresponding lipid
of_VaI? for QTX A3 molecules bound to SGC/DI_DC and DPC resonances. Based on 1D slice spectra derived fodr
micelles (Figure 3B). quever, the 0\_/erall foldm_g topology 4 g ppm, the H3 interface proton of SGC (marked as a gray
of CTX A3 should remain the same since most, if not all, of 5| i the schematic diagram of the SGC structure in Figure
the NOE connectivities observed in tffestranded region  g) a5 shown to have intermolecular NOEs with aromatic
are found to be similar in the presence and absence of SGC/rings of Phe 10, Tyr 11, Tyr 22, and Tyr 51 located at the
DPC micelles (Figure 1B). convex side of CTX A3 (Figure 5A, top panel). It should be
It is interesting to point out that a significant change of noted that the signal at 4.08 ppm of SGC (corresponding to
the NOE intensity can indeed be observed between NH Tyr H3 interface proton of SGC) does not overlap with DPC
22 and CH Cys 38 and between NH Cys 3 and NH Lys 12 resonances and therefore the effect is mainly due to-SGC
at core region far away from the tips of the three fingered CTX interaction.
loops (see the two blue dashed lines around Cys 38 in Figure In contrast, resonances of the methylene proton of SGC/
1B). We interpret these changes as a result of the SGC-DPC (derived fromw1 = 1.30 ppm, marked as black stick
induced local conformational changes of CTX A3 by the in SGC structure) show detectable intermolecular NOEs with
binding of the SGC headgroup near the Cys 38 region. In hydrophobic residues located around the loop region on the
fact, similar changes of the NOE intensity have also been convex side of CTX A3. In order to further assign the
observed by the binding of heparin-derived short chain observed NOE at 1.3 ppm to either the methylene protons
mimetics to CTX A3 near the Cys 38 regio#3j. Such an of SGC or DPC, we also performed a similar experiment by
interaction is possible because a positively charged clusterusing micelle samples of CTX A3/SGC/DRig#DPC (molar
formed by Lys 12, Lys 18, and Lys 35 surrounding the core ratio of 1/5/5/40) and CTX A3/SG@4s-DPC (molar ratio
region of Cys 38 can serve as an anionic binding site not of 1/5/45). Since a similar NOE effect can also be observed
only for the inorganic phosphate, heparin-derived mimetics in these samples with perdeuterated DPC micelles, the result
and ATP 66) but also for SGC head group moiety of Gal3S indicates that CTX A3 mainly interacts with SGC molecule
(Figure 3E). in mixed micelle.

|+ vl
R

TE0 ppm

CTX AS3/Sulfatide Complex Structure on the Membrane
urface With the determined CTX A3 bound conformation
of SGC molecules and the observed local conformational
changes of CTX A3 near the Cys 38 region, it is possible to
deduce the SGECTX A3 complex structural model if the
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A
>
o g
‘ Peripheral model
Ficure 6: Molecular model of CTX A3 binding to SGC molecule B

in phosphatidylcholine bilayer based on NMR experimental results
obtained in this study. Two different views wifhtsheet plane of
CTX A3 perpendicular (left) and parallel to (right) the paper surface
are shown. CTX A3 are represented using ribbon model, with
residues showing NOEs with methylene group (yellow stick), NOEs
with H3 interface proton of SGC (purple stick), and sulfate binding
pocket near Cys 38 (red stick). SGC molecule represented by CPK
model is colored as follows: O, red; S, orange; N, blue; C, yellow.
DPPC molecules are colored gray except for its phosphate groups,
which are colored as P, pink, and O, red.

Taking together all the obtained NMR results, we could .
build a structural model to describe the peripheral binding FiGure 7: Different binding modes of CTX A3/SGC complex
mode of CTX A3 with SGC imbedded in PC membrane Structures as determined by NMR and X-ray methods suggesting a

- . . role of glycosphingolipid conformational changes to explain the
(Figure 6). For instance, the Cys 38 residue (red) can beCTX A3 membrane pore forming activities. SGC fatty acid chain

located in proximal with sulfate group of SGC and interface points toward loop region of CTX A3 in peripheral binding mode
H3 proton of SGC be located at about the same height of as observed by NMR (left), and fatty acid of SGC points in the

aromatic residues of CTX A3 (purple) in the peripheral reverse direction as shown by X-ray (right). Detailed atomic

T 6 ; interactions between CTX A3 and SGC molecules are also shown
binding mode. The three-fingered hydrophobic loops of CTX by the stick model in panel B. The involvement of anionic binding

A3 can be seen to penetrate into t'hef f{?ltty acyl region of the pocket formed by positively charged Lys side chains (Lys 12, Lys
lipid bilayer (yellow, Figure 6). This is in sharp contrast to 18, and Lys 35) is evident. The interactions of Arg 36 and Cys 38
the SGC/CTX A3 complex structure determined previously with SGC are mainly through their backbone. The Tyr 22 side chain
determined by the X-ray method, showing that the three- of CTX A3 appears to provide an additional H bond for its binding

: : ; ; ; ; to Gal3S head group moiety of SGC. Hydrogen bonds were shown
fingered hydrophobic loops face in opposite direction to the by black dashed line. Crucial protein residues are colored according

fatty acyl chain of SGC molecule (Figure 7). to the atom types. SGC molecules are colored as follows: C, cyan;
If we further consider the anionic binding pocket near the O, red; S, orange; H, white; and N, blue.

Cys 38 core as a Gal3S binding site, it is possible to dock

SGC onto CTX A3 molecule as shown in the left panels of  Implication to the Pore Formation ModeDespite the
Figure 7. The energy minimized CTX A3/SGC complex details of the model deduced from NMR and molecular
structural model indicates that the sulfate group is close to docking method, there is no doubt that SGC binds to CTX
the Cys 38 and stabilized by the anionic binding pocket A3 molecule on membrane surface with Gal3S headgroup
formed by Lys 12 and Lys 18 near the core. The model is close to the Cys 38 core region, H3 of the sphingolipid
consistent with the additional chemical shift perturbation for interface to the aromatic region and fatty acyl chain to the
the side chains of Lys 12 and Lys 18 observed when SGC hydrophobic loop region. Such a binding mode may facilitate
molecules are included in DPC micelles for binding study the deeper penetration of CTX A3 into lipid bilayer without
(data not shown). Lys 35 is mainly interacting with SGC much change of the original orientation of the peripheral
molecule at the interface region. Similar degrees of chemical binding mode with a tilted angle e¥48° between thg-sheet
shift perturbation are observed in pure DPC or SGC/DPC plane of the CTX molecule and the normal of the membrane
micelles. Tyr 22 of CTX A3 appears to form additional surface as determined previously by FTIR and computer
hydrogen bonds to the galactose moiety of SGC, as alsosimulation approach3(, 32).

evidenced by the observed intermolecular NOE. Since Tyr In order to form a stable CTX A3 dimer with SGC
22 is mutated into Phe 22 in CTX A5, the model also chelated in between as suggested by X-ray CTX A3/SGC
provides a possible explanation why SGC does not bind to complex structure, both the Gal3S headgroup and the fatty
CTX A5 at the same region. It is also noted that H3 of SGC acyl chain will have to undergo global reorientation relative
does not show a detectable NOE with CTX A5 and the to CTX A3 molecule (see right panels in Figure3D). The
methylene protons exhibit intermolecular NOEs with residues orientations of both SGC and CTX A3 in lipid bilayer are
near the loop region of CTX A5 (right panels in Figure 5B), likely to change during the pore formation process if the
consistent with different binding mode of CTX A5 with CTX  hydrophobic interaction between CTX A3 and SGC is to be
A3. maximized. The SGC headgroup conformation will also
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undergo sequential change from CTX free form-ait/ap/- 8.

sc/apto the peripheral mode afc/apf-sc/apand then to

the insertion mode odc/ap/ap/apduring the process. It has 9
been suggested by Fantini and co-workers that headgroup
of glycosphingolipid usually undergoes conformational change
to fit the binding site of proteins7@). Our results further
suggest that such a conformational change is likely to be
soft and dynamic since different lipid headgroup conforma-

tions are observed even for the same protein binding site. In 11-

this regard, our results suggest a scenario that is closer to ,,
the recent theoretical simulation for the “distorted toroidal
model” with lipid as an essential element to participate as a
filler to stabilize the CTX dimer and a facilitator to promote
CTX insertion and oligomerization during the pore formation
process §3).

In summary, the major CTX from Taiwan cobra, CTX
A3, is revealed to be able to form transient pore in SGC

=

containing vesicles with properties similar to the pore 15.

observed in biological membranes. Although other CTX
homologues such as non-cytotoxic CTX A5, a newly
identified non-RGD integrin binding proteins of the Ly-6  1¢
family (73), also bind to SGC, their respective SGC binding
site is demonstrated by NMR to be different. A unique
property of CTX A3/SGC interaction is the CTX A3-induced
change of SGC headgroup conformation. It is suggested that
the observed sequential conformational change of SGC plays
an important role not only for the initial CTX A3 binding in
the peripheral form but also for the SGC-facilitated CTX
A3 dimer and oligomer formation to account for the observed

17

transient pore forming activity. SGC is therefore proposed 19

to be an extended part of CTX molecule in its pore forming
and membrane translocation activity. 20
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