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ABSTRACT. Cobra cardiotoxin, a cytotoxi6-sheet basic polypeptide, is known to cause membrane leakage

in many cells including human erythrocytes. Herein, we demonstrate that the major cobra cardiotoxin
from Naja atra, CTX A3, can cause leakage of vesicle contents in phosphatidylglycerol (PG) and
phosphatidylserine containing, but not in pure phosphatidylcholine (PC), membrane bilayers. By the
combined polarized attenuated total reflection infrared spectroscopy and computer simulation studies,
CTX A3 is shown to peripherally bind to both zwitterionic and anionic monolayers in a similar edgewise
manner with a tilted angle 0f48 4+ 20° between thed-sheet plane of the CTX molecule and the normal

of the membrane surface. The average surface area expansion induced by CTX A3 binding to the PG
monolayer, however, is two times larger than that of the PC monolayer as determined by the Langmuir
minitrough method. Interaction energy considerations of CTX A3 on neutral and negatively charged
membrane surfaces suggests that the electrostatic interaction between anionic lipid and cationic CTXs
plays a role in modulating the penetration depth of CTX molecules on the initial peripheral binding mode
and reveals a pathway leading to the formation of an inserted mode in negatively charged membrane
bilayers.

Cobra cardiotoxins (CTX$)are amphiphilic, alj3-sheet, because of the presence of four disulfide bonds. CTXs may,
basic polypeptides of 6662 amino acid residues with a therefore, serve as a good model system for the study of
three-fingered loop folding topology. In vivo, CTXs cause protein-lipid interaction in understanding the mechanism
systolic heart arrest, severe tissue necrosis, and/or blindnessesponsible for the general cytolytic action of many am-
of the eye {). In vitro, general cytotoxicity toward many  phiphilic antimicrobial polypeptides.

cell types such as human erythrocytes, cancer cells, and Recent advances in both experimental and theoretical
cardiomyocytes has been demonstrat2d4). Depending  gygjes of the interaction of antimicrobial and fusion peptides
on the experimental conditions, CTXs have also been shown,, i, lipid bilayers have indicated many physical rearrange-

to induce aggregation, fusion, and membrane leakage ofpeny steps of the studied molecules within the membrane
phospholipid vesiclesh{-7). The study on the structure and environment {2, 13). For instance, a binding-induced

;ctivity rr]elatir(]) nlsh(ljp of thelinteraction of C-II-XS fvr\:itz mehm;)_ conformational changé.4), reorientation of the protein from
rane phospholipids reveals an important role of hydropho ICa peripheral binding to an insertion modks), and oligo-

amino acid residues located at the tips of the three'f'ngeredmerizaﬂon of the inserted protein@) are needed if these

|Ci<r)p ttor prorp\(/)t?i CT)éI_lrp;ldh|nr:]erlactlon ﬁ:&ogh The 3-D nd molecules are to be considered to form transmembrane pores.
structures ot various omologues oth-aqueous and ey favorable conditions, various spectroscopic investiga-

T T elonsof CTG with model membrane systems have ndeed
y priarg 95 shown an enhancef-sheet formation of CTX molecules

" This work was supported by National Science Council NSC-91- (17) and the existence of oligomeric stat&3. (More than
2113-M-007-041 and MOE Program for Promoting Academic Excel- one orientation of CTX molecules near the membrane surface

lence of Universities under Grant 89-B-FA04-1-4. has been reportedl®. More interestingly, anionic lipids

* i . -2 - . - - . .
E_mgﬁi"if&?,ﬂ%ﬁfﬁ:ﬂS_régﬁll'm?% 3-573-1040. Fax: 886-3-571-5934. ave been detected to play a structural role in the formation

L Abbreviations: ATR, attenuated total reflection; 6-CF, 6-carboxy- Of CTX dimers {7). What remains to be established is to
fluorescein; CTX, cardiotoxin; DMPC, 1,2-dimyristogh-glycero-3- determine the initial peripheral binding mode and to under-

phosphocholine; DMPG, 1,2-dimyristoghglycero-3-phosphoglycerol; ; ; ;
FTIR, Fourier transformed infrared spectroscopy; HPLC, high perfor- stand the mechanism responsible for the CTX translocation

mance liquid chromatography; LPC, 1-myristoyl-2-hydrexyglycero- to an inserted mode.

3-phosphocholine; LUVs, large unllame!lar vesicles; POPG, 1-palmitoyl-  pravious characterization by infrared spectroscopy of the
2-oleoylsnglycero-3-phosphoglycerol; POPS, 1-palmitoyl-2-oleoyl- . . - - . -
snglycero-3-phosphoserine; POPC, 1-palmitoyl-2-olestylycero- Interaction of CTX .W|th _phOSphatIdIC ?‘C|d films19)
3-phosphocholine. indicates that the orientation of CTXs with respect to the
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bilayer surface is not homogeneous. Recent solid-state NMRincreases sharply at low concentration. Vesicles containing
studies of CTX with dipalmitoyl PC bilayers suggest that 6-CF were incubated at a final volume of 1 mL of buffer in
CTX orientation is sensitive to the lateral packing density a 1 x 1 cm quartz cuvette. After addition of CTX, the
and hydrophobic thickness of the lipid membrarg9)( fluorescence intensity was monitored as a function of time
However, high-resolution NMR studies on the CTX/micellar for the CTX induced vesicle leakage process. The 6-CF
complex indicate a predominant peripheral binding mode of leakage was calculated using the following expression:
CTX in PC micelles involving the three-fingered hydrophobic leakage %= (F — F)/(R — F), where K is the initial
tips of the P-type CTXs9q, 10). These results suggest a fluorescence before adding proteing,ig-the fluorescence
dynamic feature of CTXphospholipid interaction. It is  reading at timé, and F is the final fluorescence determined
therefore important to develop experimental systems that canby adding 0.04% Triton 18). The excited and emitted
trap each step of the interaction dynamics so that the cytolytic wavelengths were 480 and 520 nm, respectively.
action of CTXs can be understood. Monolayer. Monolayer experiments were done on a
In an effort to determine and compare the peripheral Langmuir minitrough (Joyce-Laebl Ltd.) with a home-built
binding mode of CTXs toward neutral and anionic phos- glass trough (16x 11 x 2 cm, L x W x H) or 5 cm
pholipid membranes, we first developed a monolayer systemdiameter Petridish for fixed surface pressure or area experi-
that prevented the formation of an inserted binding mode. ments, respectively. All trough outskirts used a Teflon belt
Specifically, we performed polarized attenuated total reflec- to keep the lipid monolayer at a hydrophobic boundary. Data
tion (ATR) infrared spectroscopy to study the binding of were collected by a personal computer directly connected
CTX A3 molecules, the major P-type CTX from Taiwan to the experimental setup. The lipid was first dissolved in a
cobra venom, with phospho"pid mono|ayer3, which are then chloroform/methanol 2:1 solution to a concentration of 1.5
transferred on an ATR germanium crystal to be measured mg/mL. It was then gently spread at the-awater interface
by ATR—IR spectroscopy. A well-defined orientation of in the trough with a microsyringe to form a lipid monolayer.
CTX A3 with respect to both neutral and anionic monolayers For the fixed pressure experiment, the monolayer was then
transferred on a germanium crystal can be identified. The compressed to the setup pressure at a rate lower theh 5 A
results not only demonstrate the feasibility of combining molecule® min~* (22). The surface pressure was measured
ATR—IR spectroscopy with mean field energy analysis to by the Wilhelmy plate method using plates cut from filter
determine the binding mode of amphiphilic polypeptides on paper (Whatman No. 1). The subphase solution was 100 mM
the membrane surface but also to emphasize the role ofNaCl and 1 mM phosphate buffer (pH 7.4). The temperature
electrostatic interaction to modulate (or regulate) the hydro- was maintained at 25C.
phobic interaction between the amphiphilic polypeptides and ~Measurement of the Penetration AreBhree different
the phospholipid membrane. methods were applied to estimate the penetration area of
CTX A3 near the membrane surface. The first method is
the direct determination of the CTX concentration on the
monolayer surface by using FTIR spectroscopic techniques,
) _ and the penetration area is simply estimated by the ratio of
Crude venom fronNaja atrawas purchased from Sigma  the surface area expansion as determined by the monolayer
Chemical Company. CTX A3 was purified by SP-Sephadex method and the total amount of CTX molecules bound to
C-25 ion exchange column chromatography followed by the membrane surface as determined by FTIR. The second
HPLC on a reverse-phase C-18 column as described previmethod is to estimate the cross-section area of the CTX
ously (). The 1,2-dimyristoylsn-glycero-3-phosphocholine  mgjlecule according to the 3-D structure of CTX A3/LPC
(DMPC),  1,2-dimyristoylsn-glycero-3-phosphoglycerol  mjcelles generated by NMR intermolecular NOE experiments
(DMPG), 1-palmitoyl-2-oleoybn-glycero-3-phosphoglycerol  ang that of the CTX A3/SDS complex as determined by
(POPG), 1-palmitoyl-2-oleoy$n-glycero-3-phosphoserine  x_ray diffraction at 1.9 A resolutioni(7). The third method
(POPS), 1-palmitoyl-2-oleoydrrglycero-3-phosphocholine s the free energy method by measuring the variation of the
(POPC), and 1-myristoyl-2-hydroxgr-glycero-3-phospho-  partition coefficient,Kap, with the lateral surface pressure,
choline (LPC) used in this work were obtained commercially 7 |t has previously been shown that
(Avanti Polar Lipids, Alabaster, AL). 6-Carboxyfluorescein
(6-CF)_ was purcha§ed f.ro_m Sigma Chemlcal Co. Kapp= Ko €Xp-TA/KT) (1)
Vesicle Preparation Lipids were dried under vacuum
overnight and then hydrated with 10 mM Tris (pH 7.4), 75 whereK, is the proportionality constant am is the cross-
mM NacCl, and 50 mM 6-CF. The suspension was frozen sectional area of the peptide portion in the lipid monolayer.
and thawed several times and was successively extrudedf the assumption of constant area can be made for less than
through a polycarbonate filter with a pore size of @ a 15% change in the given surface pressure intetvalA,
for obtaining homogeneous large unilamellar vesicles (LUVS). as a result of CTX binding, it can be shown that
The Sepharose CL-4B column was used with 10 mM Tris
buffer (pH 7.4) containing 150 mM NaCl to remove the Kapp 0 AA/A = const. exp{-mA/KT) (2
residual fluorescent molecules outside of the vesicles, and
the lipid concentration was determined by an inorganic According to eq 2, the penetration areg, is determined
phosphate assay as describ2d)( from the slope of INAA/A versus ther curve @3).
Vesicle Leakagdrelease of vesicle contents was detected  Fourier Transformed Infrared Spectroscopy (FTIRTIR
by 6-CF fluorescence intensity. While 6-CF displays low spectra were recorded on a Boman DA8.3 spectrometer
fluorescence intensity at high concentration, its intensity equipped with a CaFbeam splitter and a liquid nitrogen-
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cooled MCT detector. The spectra (1000 scans) were orientation in thexy plane, integration must be performed

recorded at a spectral resolution of 2 dnwith triangular
apodization, and the incoming radiation was polarized with
a germanium single diamond polarizer (Harrick, Ossining,
NY). The 45 germanium ATR-plate (% 5 x 50 mm) was
cleaned by plasma cleaner (Harrick, Ossining, NY) before
the samples of lipietprotein monolayer were read. The
transfer rate was kept at 0.5 cm/min

To obtain the standard calibration curve of the protein/
lipid ratio of the monolayer, a different molar ratio lipid/
CTX was dissolved in a chloroform/methanol solution (2:1)
and air-dried on an ATR germanium cryst2). Regular

spectra rather than polarized IR spectra were performed for

over this plane, and the resulting dichroic ratio is given by

N M2
[(MZ0H IMED/2]ES

R, (5)

J.m,

The dichroic ratio maps of amide | and Il can then be
calculated according to egs 4 and 5 with parameters of
4,n, = 1.43,n; = 1, andy = 45°. The maps have angle
symmetry because the values of the dichroic ratio are the
same where the protein faces thaxis or membrane.

Interaction Energy MapA mean field approach, or the

these standard curves, and it was reduced to 300 scans. Weo-called implicit solvent method, is used for the computer

compare the IR intensity of the lipid ester bond and protein

amide | range of nonpolarized standard spectra with mono-

layer A, — 0.42A; to determine the ratio of CTX and lipid
(25).

Dichroic Ratio Map.The vibrational moments of amide |

simulation studies to obtain the interaction energy of the CTX
A3 molecule at the membrane surface. Normally, the
interaction energy consists of two parts: (i) the internal
energy of the residue that depends on the conformation of
the peptide and (ii) surrounding terms that depend on the

and Il in polypeptides are known to be perpendicular to and position of the amino acid. The internal energy is involved
parallel with the -sheet plane, respectively2q 27). in the conformational changes of the peptide between the
Therefore, it is possible to apply directly the 3-D coordinates pylk and the membrane phases. Since our calculations focus
of the CTX A3 structure for summing up the amide I or Il on the determination of the interaction energy for CTX A3
vibrational moment of each residue under a different rotation under different orientations at the membrane Surface, one
angle of ¢, ¢) to generate a theoretical map for the dichroic assumed that the difference of internal energy is insignificant
ratio of CTX A3. It should be emphasized that the 3-D and could be neglecte@9). The energy calculation could
structure of CTX A3 remains mostly the same, except for then be reduced to a surrounding term with the combined

those residues near the tip of the loop, in the presence and(j) hydrophobic energyEnyar, of amino acid residues in the
absence of LPC or SDS micelles. Therefore, the dichroic membrane environment and (||) electrostatic ene@)éc,ﬁ

ratio map can be generated faithfully for CTX A3 without
having to worry about the lipid-induced conformational
change of the studied molecule.

In brief, ATR interface electric field amplitudes (28) are

given by
L 2 cosyy/sirfy — ng,”
=
N nslz.\/(l + ny,9) sirfy — ng,”
_ 2cosy
S

2 cosyng,” siny

E,=
\/1 - n312.\/(1 +ng)%) sin’y — ng;?

®)

whereE,, Ey, andE, represent the electric field amplitudes
along thex, y, andz axes;ny, n;, andns are the refractive
indices of germanium, a thin film on germanium surface,
and the air, respectivelyi; = ng/n; andng, = ns/ny; andy

of protein charge interaction with the membrane lipid
headgroup potential according to the following equation:

(6)

otal

Ehydro + Eelect

The hydrophobic energy of a residue is a function of the
z-coordinatedy f(z). Thus, the CTX/monolayer interaction
energy is given by

Ehydro = Z Hif(zi) (7)

where summation is over the residues, arrd O corresponds

to the interface of the monolayer and bulk phase. A

hydrophobicity indexH; (30, 31), is applied to the ¢atom

of each amino acid residue, and the C- and N-terminal
hydrophobicity index is applied to the nitrogen and carbon

atom, respectively. Each hydrophobic value of the residue
was determined by the free energy of transport of the amino
acid from the interface to the interior of a bilayer, and the

values of the transport free energy were smaller than

is the angle of incidence between beam and normal to thenonstructure amino acids’ valueddj. To obtain a continual

crystal surface. The infrared linear dichroic ratio is defined
by
MTE: + M2ES
22
My,
whereA, andA are the absorbances for radiation polarized
parallel and perpendicular, respectively, aIEIIdiD EIS/I?D

and [MZCare the total transition moment square of CTX at
three different axes. For a random distribution of molecular

R,=A/A;= (4)

and smooth energy value, thef(function is given by 81)
f(z) = 0.5 exptz/1) wherez > 0

f(z) =1 — 0.5 expg/A) wherez, < 0 (8)

Thus, for a residue i the hydrophobic energiswithin
the monolayer, and it is zero outside the monolayer. The
value ofZ defines the transition from the bulk phase to the
monolayer phase and is 1 A.
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The electrostatic term representing the effects of the
membrane headgroup potential is given by

Eelect= qud)(;) (9)

z

whereq and ®(z) are the residue charge and membrane
headgroup potential profile along the monolayer normal,
respectively. In this study, we use molecular dynamic
simulation results of zwitterionic and anionic phospholipid
bilayers as our membrane headgroup potential (Figure 5A) 0 ; ; :
(33, 34). It should be pointed out that the electrostatic 0 100 200 300 400
potential profile of molecular dynamic simulation is different (B) Time (second)
from that generated by the method of combining asymmetry
dielectric constants and charge densB%)(

The CTX A3 molecule (PDB 1102) was initially laid at
the interfaceXy plane), and the centerg@dstrand was aligned
along they axis. The notation of€], ¢) for the interaction
energy map is the same as that for the dichroic ratio map. It
is possible to estimate the population of a different CTX A3
orientation according to the Boltzmann distribution:

lstard (I state T Ssiard = €XPC(E — EJ/KT)  (10) 00 01 02 03 04
_ CTX A3 (uM)

yvhereEi, Es, k, andT are energy at the designated stat(_a of Ficure 1: (A) CTX A3-induced leakage of 6-CF of phospholipid
I and s, Bolizmann constant, and temperature, respectively yesicles with indicated lipid composition. Concentrations of CTX
All calculation programs were written in QuickBasic 4.5 and  and vesicle were 0.16 and 1M, respectively. (B) Initial rate of
run on a personal computer. The program is available upon6-CF leakage as a function of CTX A3 concentration, pure POPG
request. (m); 50% POPG/POPQX); pure POP_SIIG); and 50% POPS/POPC

NMR Spectroscopy and Intermolecular NOE Measure- %82{ n'gzﬁzgfﬂgﬁ?e data shown in panel B with the square of
ment.The NMR samples of the CTX/LPC and CTX/D-LPC ’
complexes were prepared by dissolving a desired amount of
CTX A3 and lipid into 500uL of a 90% HO/10% DO
mixture with 10 mM phosphate buffer to reach a final molar
ratio of 1:50 (1:50 mM). The samples were used to determine RESULTS AND DISCUSSION
intermolecular NOEs by 2-D NOESY experiments. The pH
of the sample was adjusted to 6400.1 by titrating with CTX A3 Induces Vesicle Leakage in the Anionic Mem-
NaOH and HCI. brane.Shown in Figure 1A are the representative traces of

2-D NOESY experiments with a 150 ms mixing time were time-dependent CTX A3-induced leakage of a 6-CF fluo-
recorded on a Bruker DRX600 spectrometer equipped with rescence probe trapped in large unilamellar vesicles (LUVs
a 5 mm triple resonance prob@G). Water suppression was ~With a diameter of~1000 A) with the indicated lipid
achieved by a pulsed field gradient with the 3-9-19 WA- composition. Although there is no detectable leakage of PC
TERGATE sequence. All NMR experiments were performed vesicles, the introduction of negatively charge lipids such
at 45 °C to overcome the problem of NMR line width as POPG or POPS produces significant effects. While the
broadening. The 2-D spectra were typically acquired with extent CTX-induced leakage of the pure POPG vesicle is
2048 complex data points in titedimension and 512 points ~ almost 50% larger than that of the POPS vesicles, the effects
in thet, dimension with 192 scans parincrement. Spectral  on the 50% POPG/POPC and POPS/POPC vesicles are about
processing was done by applying a%sivindow function in the same. A concentration dependent study of such an effect
both dimensions followed by zero-filling to 2048 points in further indicates that the initial leakage rates increase as a
the t; dimension. The chemical shift was referenced to square of the CTX A3 concentration for all the phospholipids
sodium 2,2-dimethyl-2-silapentane-5-sulfonate (DSS) at 0.015 used for this study (Figure 1B). It suggests that a bimolecular
ppm. Data processing was done on a Silicon Graphics O2interaction of CTX A3 might be a rate-limiting step
workstation using the XWINNMR program. responsible for the leakage process. Since the effects are

The identification of CTX A3 and LPC proton chemical similar for the two lipid samples with different headgroup
shifts were based on the data obtained by 2-D NOESY structure of the POPG and POPS vesicles, the results further
experiments and previous chemical shift assignmeiits ( imply that electrostatic interactions between the anionic lipids
Two 1-D slices of bulk methylenes, (GHy, of fatty acyl and the cationic CTX A3 molecule play an important role.
chains and choline methyls,"{CH)3, of the headgroup were Langmuir Monolayer Experimenghown in the inserted
extracted from the resonance of 1.28 and 3.23 ppm at thepanel of Figure 2A is the representative binding traces of
w1l dimension to help identify the intermolecular NOEs CTX A3 toward the DMPC monolayer as reflected by a
between protein and lipid tail and head regions. A spectrum pressure increasé(mN/m) upon treatment with 50 nM CTX
obtained with a complex of CTX A3 with deuterated LPC in 100 mM NaCl and 1 mM phosphate buffer at pH 7.4.
was used to further confirm the assignments of intermolecular The increase of monolayer pressure of the DMPC monolayer

6-CF leakage(%o)

05 olo
[CTX 437

150 4

Leakage rate(%/min}

NOEs between the protein and the lipid tail region by
comparing the refereed 1-D slice.
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(A) Table 1: Values of the CTX Cross Section and Relative Penetration
2 Depth Using Four Different Kinds of Measurement Methods
DMPC
E 201 - o4 Tl Measurement methods
3 Z Gibbs energyIR intensity IR intensity ~ X-ray
15 P! 23mMfm (DMPC) (DMPC) (DMPG)  (SDS)
% cross-section 104+ 13 176+ 24 370+ 27 472+ 19
‘s 10 20 e i3 GY)
5 Time (min) penetration depth  3+0.2 37403 6.8+05 9.5+05
§ DMPC (A)
% 5. -
g penetration areA,, or the cross-sectional area of the peptide
@ 0 o = pr % in the DMPC monolayer, of 104 13 A? (Table 1). We
s could not determine thé,, in the DMPG monolayer by a
Initial pressure (mN/m) . . L
(B) similar pressure-dependent method since the liquid-expanded/
liquid-condensed phase coexists when the surface pressure
-1.01 is higher than 32 mN/m (data not shown). The penetration
_ area in the negatively charged membrane surface is then
§-1.51 . 4 )
a = determined by direct measurements and geometrical methods
g2 0 1 3 in the following section.
15‘_2‘5 FTIR Measurementolarized attenuated total reflection
= (ATR) !nfrgrgd s.pectroscopic study of proteins (anq polypep-
—-3.0 1 1 tides) in lipid bilayers has recently been established as a
35 reliable method in determining the protein concentration and
— — orientation with respect to membrane bilaye38,(39). To

12 13 14 13 16 perform FTIR spectroscopic investigation on the orientation
IT (mN/m) of CTXs near the membrane surface, germanium ATR-plates
FIGURE 2. (A) Cobra cardiotoxin (CTX) binding-induced pressure were then perpendicularly immersed into the lipidater
increases as a function of initial pressure in zwitterionic DMPC nterface and slowly pulled out to allow the application of

and negatively charged DMPG monolayers. Insert plot shows two yhe gesired phospholipid monolayer with a surface pressure
representative traces of the surface pressure change as a function

of time upon addition of CTX (50 nM) into the DMPC monolayer ©f 14 and 30 mN/m for DMPC and DMPG, respectively.
at an initial surface pressure of 16 and 23 mN/m. The pressure AS we will demonstrate later, this method can indeed yield

increase is determined as the increment in maximum value of a well-defined orientation for CTX A3 on the membrane
surface pressure when the traces reach plateau. (B) Relative surfacgrface. The transfer ratio of the lipid/protein monolayer was

area expansion, InA/A), of DMPC monolayers as a function of c
the surface pressure at various CTX concentrations: 10BM ( found to be 1.0GE 0.03, which indicated that the monolayer

30 nM (@); 50 nM (a); 70 nM (¥); and 90 nM ). components pulling on the germaniun crystal is the same as
the on air-bulk interface. We should point out that we did
is found to be 1 and ZAmN/m for the initial monolayer  not perform the same kind of experiment on the PS
pressure of 23 and 16 mN/m, respectively. Similar binding membrane because the IR spectra of the lipid headgroup and
curves, but with a much larger effect, can also be observedprotein amide region overlap with each other and are not
for the anionic DMPG monolayer (data not shown). The suitable for quantitative analysis.
respective cutting-off pressure for a detectable CTX A3  Quantitative analysis of the FTIR spectra on the signal
binding of the DMPC and DMPG monolayers as extrapolated intensity of the lipid (G=O vibration at 1739 cmt) and CTX
from the initial pressure dependent studies is found to be 25 (amide I vibration at 1648 cm) provides a good correlation
and 50 mN/m (Figure 2). These results are consistent with with the protein/lipid ratio as determined by chemical assay
the previous observation that the CTX molecule can penetrate(Figure 3A). By knowing the amount of CTX molecules on
into the monolayer of anionic lipids at an equivalent bilayer the membrane surface from the FTIR signal intensity of lipid
pressure of 30 mN/m but interact with the monolayer of the and CTX and the surface area expansion as measured by
zwitterionic lipid only at a much lower pressure condition the Langmuir monolayer method, we can estimate the
(37). In fact, significant binding of CTX toward zwitterionic  penetration area of the CTX A3 molecule on the DMPG and
PC or sphingomyelin membranes has only been reported forDMPC monolayer to be 376 27 and 176+ 24 A2 per
lipid micelles or for membrane bilayers near phase transition CTX molecule, respectively (Table 1). We concluded that
temperaturesy). The monolayer experiment suggests that CTX A3 induces a larger surface area expansion in the
the binding of CTX A3 to zwitterionic PC is simply too weak anionic membrane than in the neutral membrane surface. It
to attract enough CTX A3 to have significant surface area is, however, not clear whether the difference is due to the
expansion. different binding mode in the two studied systems or simply
Since a protein molecule has to perform the wol/ = because of their different penetration depths. It should also
A, whereA, is the cross-section of protein, to penetrate be noted that the penetration area determined by the direct
into a lipid monolayer with a lateral pressurg,it is possible spectroscopic method (i.e., 12624 A2 per CTX molecule)
to estimate the penetration areé®, based on the variation is significantly larger than the value determined by the
of the partition coefficient with the surface pressure pressure dependent (thermodynamic) method (i.e. 103
according to eq 2. By plotting INA/A) as a function of A2 per CTX molecule). This is probably because of the
pressurer (Figure 2B), one can then obtain an estimated assumption of the two binding states in deriving the equation
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Table 2: Dichroic RatidR for Selected Absorption Bands of Lipid and Lipi€TX Monolayer Films Transferred on Ge Crystal

Frequency (cm?)
2922 Ch 2854 CH
antisym sym 1739 GO 1648 amide | 1525 amide Il
DMPC 0.98+ 0.04 0.99+ 0.04 1.09+ 0.05
DMPG 0.98+ 0.04 0.99+ 0.04 1.11+0.05
DMPC + CTX 1.01+0.04 0.98+ 0.04 1.10+ 0.05 1.26+ 0.05 1.26+ 0.06
DMPG + CTX 1.00+ 0.04 0.99+ 0.04 1.11+0.05 1.25+ 0.05 1.27+0.06

aLangmuir tough surface pressure was fixed at 14 and 30 mN/m for DMPC and DMPG, respectively.

(A) orientation near the membrane surface but also adopts a
|54 o BMROrTR similar orientation in either the neutral DMPC or the
AR negatively charged DMPG monolayer. Since CTX is not
homogeneously oriented in negatively charged membrane
1.01 bilayers (L9), the well-defined orientation of CTX A3 in the
| v present monolayer system further implies that it probably
Wavanumber ten™) needs two monolayer leaflets to provide a long hydrophobic
0.5 thickness that is enough for the insertion of CTX molecules.

2 To compare the CTX binding modes in the neutral and
anionic membrane surface using the FTIR method, we
0 20 10 o0 developed a new method of generating the dichroic ratio map
Lipid‘CTX for the determination of the orientation of the protein relative
to the membrane surface. As we stated in the Materials and
& Methods, the dichroic ratio map for the different membrane
-0 Intl! orientation of CTX A3 can be theoretically estimated,
provided that the 3-D structure of CTX A3 on the membrane
surface is known. The vectors of the amide | and I
vibrational moment of the protein are, respectively, 90 and
0° relative to the3-sheet structure strand. Therefore, one can
generate a theoretical dichroic contour map of CTX A3 at
various @, ¢) angles (Figure 4A) for both the amide | (Figure
DMPC/CTN 4B) and the amide Il (Figure 4C) vibrational mode. These
3000 2900 170 e 15w 4o values are found to be in the range of 0:9848 and 0.99
Wavenumber (em’) 2.07 for amide I and Il of the CTX A3 molecule, respectively.
FiGure 3: (A) Correlation of the FTIR signal intensity with lipid/  Lightly shaded areas in Figure 4, panels B and C are those

Bg?;‘?;ge&ag‘%R IiDn’\f/rlgr((:e d‘gpggﬂaDo’\{IBﬁAP’g'rrSS%oTai/%rressﬁggi\é? oy Values falling within the experimentally determined values
a germanium crystal surface. Solid and dotted lines represent ATR of 1.26+ 0.05. It can be seen that o_nly_two prientations of
IR spectra determined by parallel and perpendicular incident light, the€ CTX molecule with, ¢) angles highlighted by the dark

respectively. While the obtained polarized IR spectra for pure shaded area are consistent with the experimental result.
DMPC remain similar, a significant difference can be found for Consideration of the interaction energy between CTX and

CTX (70 nM) molecules bound to DMPC monolage? h after ini ;

being added into the subphase. All the representative traces show hhosg?)czllplq mte Tbrangtsh(Flgure 5) flurthefr ri\ée%!.;)thgt only
in the figure are measured at a surface pressure of 14 mN/m in e orientation with €, ¢) apg es of (40, ) is

100 mM NaCl and 1 mM phosphate buffer at pH 7.4. allowed for both neutral and negatively charged membranes.

Consistent with previous NMR9( 10) and fluorescence

to estimate the penetration area according to the thermo-Spectroscopic investigation$g) of P-type CTX with phos-
dynamic method. pholipid micelles, the determined orientation of CTX (Figure

The dichroic ratioR for selected absorption bands of the 3E) binds to the membrane surface in an edgewise manner
lipid and CTX are also experimentally determined and PY involving the tips of three hydrophobic loops.
compared with the theoretical result (Figure 3B and Table Energy Map Calculation.To see how the headgroup
2). TheR values of the CH (at 2922 and 2854 cm) and potential of phospholipid membranes might affect its interac-
C=0 (at 1739 cm?) vibrational modes of the phospholipid tion with the amphiphilic polypeptides of CTX, we adopted
monolayers are found to be close to 1 and 1.1, respectively.a mean field approach by adopting potential energy profiles
Similar results have been reported for DPRID) (and the previously obtained by the molecular dynamics simulation
PE-PG monolayer4{l). Since there were no significant method as shown in Figure 5A. When the potential profile
deviations of thek values determined for phospholipid when of the zwitterionic lipid is included to estimate the interaction
CTX bound on the membrane, it indicated that the lipid energy of CTX on the DMPC membrane surface, one of the
monolayer remains parallel to the germanium crystal upon local minima can be seen to be located at the same orientation
CTX treatment. In contrast, the value for the amide | and  as previously determined by the FTIR method (see the upper
Il vibrational mode of CTX A3 was found to be similar with  panel of Figure 5B). Interestingly, when the potential energy
a value of~1.26 for both DMPC/CTX and DMPG/CTX  profile of the negatively charged lipid is used for simulation
samples. It suggests that CTX A3 not only has a well-defined (bottom panel of Figure 5B), similar local minimum centered

(B}
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Ficure 4: Theoretical contour plot of infrared dichroic ratio of amide | and Il at designated rotation angle of CTX molecule. The original
coordinate for ¢,f) angle at (0,0) is arbitrarily defined for CTX molecule laying on #yeinterface with the centerefl strand aligned at

they axis (A). Light shadow areas represent the theoretically determined infrared dichroic ratio for those rotation angles of the CTX
molecule falling within the experimentally determined values of amide | (B) or amide Il (C). Dark shadow areas represent those values that
are consistent with both amide | and Il. Final orientation of CTX onxth@lane (bottom figure) can be generated by rotating the CTX
molecule, initially located at th&y surface with the C- and N-terminals facing thexis, by 40 at the xaxis (D), followed by a 30

rotation at they axis (E).

around (40, 30°) remains. These observations further observation is interesting because a smaller penetration area
indicate that the edgewise peripheral binding mode of the is expected if the orientation of the CTX A3 molecule adopts
CTX molecule is indeed an energy favorable state in both a more perpendicular mode (Figure 6). Since a smaller
neutral and anionic membrane surfaces. penetration area for the peripheral binding mode adopting a
In addition to the edgewise binding mode in both neutral more perpendicular orientation is also consistent with the
and anionic membrane surfaces, there are other energetico-called nonpenetrating mode identified recently by using
minima for both DMPC and DMPG membranes. For P-type CTX fromNaja oxiano(i.e., CT ll), it would be
instance, the CTX A3 orientation of (9®(°) is also allowed interesting to see whether the three potential binding modes
in DMPC membranes according to the interaction energy as revealed by this computer simulation study are indeed
consideration; however, it is not detectable by the FTIR the same as those three distinct modes of CT Il interaction
method. While the angles of the two orientations are about with membranes43).
the same, theif angles deviate significantly. Qualitatively CTX A3 molecules have been observed to induce leakage
speaking, thg-sheet plane of the CTX molecule with 0  of vesicle contents only on negatively charged membrane
30°) orientation appears to be more perpendicular to the surfaces (Figure 1). Therefore, the presence of the insertion
membrane surface than that with {480°) orientation. This mode of the CTX A3 molecule on the negatively charged
orientation of CTX has previously been reported based on membrane surface also provides a simple explanation for
Monte Carlo simulation on P-type cardiotoxing2). It is the observation. To verify such a possibility, we simulated
likely that, under a dehydrated condition of the sample in the effect of a headgroup potential on the interaction energy
the ATR-FTIR experiment, CTX A3 may adopt an orienta- for the presumed peripheral and insertion mode of the CTX
tion with the lowest energy state only. molecule (Figure 7). Apparently, the magnitude of the
A more interesting situation can be observed for CTX on membrane headgroup potential can be an efficient mecha-
the DMPG membrane surface. Not only does the peripheral nism to modulate the distribution of CTX A3 molecules in
binding mode with the more perpendicular orientation of either the peripheral or the insertion binding mode. For
CTX A3 molecule disappear, but also an additional binding instance, the interaction energy becomes lower for the
state with an inserted mode can be detected-a0{, 50°) insertion mode rather than the peripheral binding mode when
as depicted in the bottom panel of Figure 5B. The absencethe membrane potential becomes less than 35 mV (Figure
of two orientations in the peripheral binding mode of CTX 7, inset). Such a difference in interaction energy can therefore
A3 in the anionic membrane surface suggests a role in promote the insertion mode formation as required by the
electrostatic interaction by preventing the fluctuation of the leakage of vesicle contents.
molecule between the two energetically allowed states of Intermolecular Transfer NOE Studipespite the similar
the CTX A3 molecule in the neutral membrane surface. This orientation of CTX A3 against the DMPC and DMPG
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(I state) and peripheral binding mode (S state) distribution. The
inserted panel shows the change of the interaction energy for both
I and S states under the influence of membrane surface potential.

Ficure 5: Mean field potential profile simulation to determine the
optimal orientation of the CTX molecule against phospholipids
monolayer. (A) Assumed mean field electrostatic potential profile
of the lipid monolayer near the headgroup region as a function of
penetration depth. The interface between aqueous and lipid phasegyrientation would allow a smaller surface area expansion as
is chosen to be at = 0. Solid and dashed lines represent the shown in Figure 6A, which is based on the geometrical

potential profile of zwitterionic PC and negatively charged PG . - .
phospholipids at an indicated distance from the interface. (8) Méthod. A more perpendicular orientation of the CTX
Equipotential contour plot of CTX/monolayer interaction energy Molecule on the DMPC monolayer would indicate a lesser

for PC (upper panel) and PG (lower panel) monolayers by contact for the amino acid side chain located in the convex
considering both the hydrophobic interaction energy and the gjde of the CTX molecule with the fatty acyl chain of the
electrostatic potential energy near the headgroup region.The energy.. - mbrane lipid. It is therefore desirable to have an inde-

interval of the contour plot shown in the figure is 1 kcal/mol. . .
Shadow areas are the allowed orientation of the CTX molecule asPendent method to monitor the penetration depth of CTX

determined by the spectroscopic method using the theoretical andA3 into the membrane surface. One possible approach is to
experimental dichroic ratios of both amide | and Il of the CTX perform a transfer NOE NMR study on CTX/LPC micelles.
molecule. As shown in Figure 8, intermolecular transfer NOE signals
monolayer surface under dehydrated conditions as deter-can indeed be detected from the fatty acyl chain (Figure 8A)
mined by the FTIR method, it is not known whether CTX and choline methyl headgroup (Figure 8B) of LPC. It can
A3 might adopt a more perpendicular form in a zwitterionic be noted that the detectable transfer NOE signals are all
membrane surface under a fully hydrated condition as alsolocated in the convex side of CTX A3 molecules, consistent
allowed by interaction energy considerations. Such an with the tilting angle of thes-sheet plane of the CTX A3
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since the NMR is performed under agueous condition, in
sharp contrast to the dehydrtated condition used for the FTIR
study, it further strengthens the biochemical relevance of the
conclusion made based on the FTIR and computer simulation
studies.

SummaryA well-oriented sample of the CTX A3 mol-
ecule was prepared in both neutral lipid and anionic lipid
monolayers transferred on a germanium ATR-plate suitable
for FTIR measurement. By taking advantage of the avail-
ability of the 3-D structure of CTXs, it was demonstrated
that a simple FTIR measurement on the dichroic r&tiof
the CTX molecule yielded useful information regarding its
membrane orientation. A similar approach may be useful for
the determination of the orientation of amphiphilic polypep-
tides near the membrane surface as long as there is no
dramatic conformational change within the polypeptide back-
bonds.

Comparative study of the peripheral binding mode of CTX
A3 toward neutral and anionic membrane surface was also
carried out to understand the significant difference in their
respective penetration area per CTX A3 molecule. This effect
is interpreted, at least partially, as a result of the electrostatic
interaction between the anionic membrane surface and the

ppm for choline methyl, N(CHz)s, resonance of headgroup. Also
shown in the lower trace of Figure 8A is the 1-D intermolecular
NOE between the fatty acyl chain perdeuterated LPC and CTX
molecules. Signals designated with * symbol are assigned as
intramolecular NOEs within CTX A3. The mixing time of 150 ms
and CTX/LPC ratio of 1:50 were used in this study.

cationic protein molecule to prevent the fluctuation motion
of the CTX A3 molecule near the neutral membrane surface.
In addition, CTX A3 appears to penetrate deeper into the
negatively charged membrane surface since its peripheral
binding mode is similar to that of the neutral membrane
surface.

Finally, membrane headgroup potential was shown to be

an efficient mechanism to account for the transition between
the peripheral binding and the insertion mode. This is only

molecule. For instance, all NMR signals identified to exhibit
an intermolecular NOE effect with the choline methyl
headgroup (i.e., Tyrll, Tyr22, and Tyr51) are located within
a narrow region of the CTX A3 molecule (Figure 9). Without possible for CTX A3 binding to the anionic membrane
tilting the CTX A3 molecule toward the membrane surface, surface because of the presence of an additional energetic
these amino acid side chains would not be close enough tominimum to account for the insertion mode formation in the
allow the detection of an intermolecular NOE between the interaction energy map of CTX A3 near the anionic
lipid headgroup and the CTX amino acid side chains. It membrane surface. Since the anionic lipid was also shown
should be emphasized that the transfer NOE effect can beto play a structural role in promoting the oligomerization of
detected as long as the contact time is longer than the NMRCTX molecules 7), the detected CTX A3 induced leakage
time scale (i.e./~0.5 ns). The result does not exclude the of membrane vesicles in the anionic membrane surface can
possibility that CTX A3 might still undergo a fluctuation then be understood as a result of the oligomerization of the
motion (and/or wobbling) between the two peripheral binding inserted CTX A3 molecules within the anionic phopholipid
modes near the zwitterionic membrane surface. Neverthelessbilayers.
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Ficure 9: Locations of CTX amino acid residues exhibiting intermolecular NOEs with fatty acyl chain and/or choline methyls of LPC.
While most of the hydrophobic residues located near the tips of the three fingered loops in the convex side were found to exhibit intermolecular
NOEs with the fatty acyl group, only Tyrll, Tyr 22, and Tyr51 flanking the hydrophobic region show the intermolecular NOE with the
choline methyl group. The hydrophobic residues, three Tyr residues, and hydrophilic residues were shown by black, gray, and white using
a skeletal (A) and PKC (B) model of a 3-D CTX structure determined by the NMR method.
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