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Carditoxins (CTXs) from cobra snake venoms, the basic 60-62 residue all-
beta sheet polypeptides, are known to bind to and impair the function of
cell membranes. To assess the membrane induced conformation and
orientation of CTXs, the interaction of the P-type cardiotoxin II from Naja
oxiana snake venom (CTII) with perdeuterated dodecylphosphocholine
(DPC) was studied using 1H-NMR spectroscopy and diffusion measure-
ments. Under conditions where the toxin formed a well-de®ned complex
with DPC, the spatial structure of CTII with respect to the presence of
tightly bound water molecules in loop II, was calculated using the torsion
angle dynamics program DYANA. The structure was found to be similar,
except for subtle changes in the tips of all three loops, to the previously
described ``major'' form of CTII in aqueous solution illustrated by the
``trans'' con®guration of the Val7-Pro8 peptide bond. No ``minor'' form
with the ``cis'' con®guration of the above bond was found in the micelle-
bound state. The broadening of the CTII backbone proton signals by 5,
16-doxylstearate relaxation probes, together with modeling based on the
spatial structure of CTII, indicated a periphery mode of binding of the
toxin molecule to the micelle and revealed its micelle interacting domain.
The latter includes a hydrophobic region of CTII within the extremities of
loops I and III (residues 5-11, 46-50), the basement of loop II (residues
24-29,31-37) and the belt of polar residues encircling these loops (lysines
4,5,12,23,50, serines 11,46, histidine 31, arginine 36). It is suggested that
this structural motif and the mode of binding can be realized during
interaction of CTXs with lipid and biological membranes.
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Introduction

The lethal action of the venom from a snake of
the Elapidae family is known to arise primarily
from two types of toxins: short-chain neurotoxins
and cardiotoxins (CTXs).1 These small proteins
(molecular mass of �7 kDa) share homology in
spatial structure which is held in position by four
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disul®de bridges at identical positions in the amino
acid sequences. The differences in the toxic activity
of these molecules were suggested to stem out
from the disparity in the spatial arrangement of
hydrophobic and hydrophilic side-chains on the
surface of these proteins.2 Neurotoxins were
shown to block nerve transmission by virtue of
their binding with high af®nity to the nicotinic
acetylcholine receptor at the post-synaptic level.3

CTXs are involved in the depolarization of the
excitable membranes and are hypothesized to act
on membrane proteins involved in transmission of
Na� and Ca2� currents.4 They also induce cell lysis
and stimulate the activity of tissue lipases.5 The
lytic activity of CTXs is associated with their bind-
ing to and damaging of cell membranes.6,7 In
many respects this activity was similar to one
observed for a-helical membrane-lytic peptides,
like melittin from bee venom.8 Therefore, the inter-
# 2001 Academic Press
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action of CTXs with lipid bilayers has received
detailed attention.

CTXs were shown to segregate acidic phospholi-
pid from mixtures with phosphatidylcholine
(PC)9,10, to form complexes with dimiristoylpho-
sphatidic acid,11 to promote the formation of
inverted micellar structure within cardiolipin
bilayers,12 to fuse sphingomyelin vesicles causing
an extensive leakage of vesicular contents,13 and to
induce aggregation, permeability and fusion of
PC/cardiolipin, PC/phosphatidylserine
liposomes.14 With monolayer technique exper-
iments it was shown that CTXs are able to pene-
trate phospholipid monolayers formed by either
neutral or negatively charged phospholipids, but
penetration depends on the surface pressure, i.e.
the packing density of the phospholipids.15 Exper-
imental studies of CTX/lipid interactions have led
to the division of cardiotoxins into P and S-types
differing by the presence of Pro31 or Ser29 resi-
dues, respectively.16 It was found that both types
of CTX interact with anionic phospholipids but
only the P-type CTXs bind to zwitterionic lipids. It
was suggested that phospholipids and ion channel
proteins in cell membranes may serve as a target
for P and S-type CTXs, respectively.16 Alterna-
tively, the possibility of the existence of speci®c cel-
lular receptors acting through the lock-and-key
mechanism for CTXs has also been suggested.17

Consideration of the spatial structures of CTX'
and surface activity measurements provided
further evidence that phospholipids may be a site
of CTX action. The toxins were proposed to form
complexes with phospholipids due to the inter-
action of positively charged amino groups of lysine
residues with phosphate groups of lipids.18 It was
suggested that CTXs possess a speci®c phospholi-
pid binding site.19 The molecular hydrophobicity
potential analysis of the homologous CTXs
revealed the existence of ``functional'' residues
probably involved in the interaction with lipid
membranes.20 However, up to the present time lit-
tle is known about the spatial structure of CTX
when interacting with lipid. Some evidence
suggests a conformational change within the CTX
molecule upon interaction with membranes,21

whilst other evidence supports the view that the
structure remains the same as in aqueous
solution.22,23

Although membrane perturbation by CTXs are
well documented,16 the mode of CTX association
with lipid membranes remains unknown. Different
models of CTX positioning within the lipid bilayer
were suggested. The P-type CTXs were proposed
to form a hydrophopbic column of 34 AÊ length
which might traverse phosphatidylcholine bilayer
or bind it peripherally.24,25 The penetrating binding
mode of CTXs was ascribed to the association of
three molecules of CTXs.26 In the trimer the hydro-
philic portion of CTXs is hidden from the inter-
action with the membrane through toxin/toxin
interaction but the three-®ngered loop region inter-
acts with the hydrocarbon region of the membrane.
The S-type CTXs were postulated to interact with
the membrane through only one of the three
hydrophobic loops.22 In an alternative model all
three loops were proposed to be inserted into the
membrane, loop II crossing the bilayer.2 This
model was elaborated later by taking into account
the formation of a double inverted micellar struc-
ture by cardiolipin in the presence of CTX.12

One way to clarify the mode of CTX association
with lipid is to make use of a membrane-mimetic
environment, in particularly detergent micelles,
which has proved itself as a suitable milieu to
study polypeptides in a membrane-like
environment.27 In the 1H-NMR study of the inter-
action of toxin g with DPC micelles,28 a probable
site of CTX interaction with membranes was eluci-
dated through the observation of signi®cant chemi-
cal shift variations in the three hydrophobic loops.
In this work we continue to use the same strategy
and have focussed on the spatial structure and
location of CTII from Naja oxiana in DPC micelles.

CTII belongs to P-type CTXs which were shown
to interact with lyso-PC micelles,}16 PC-mono-
layers29 and zwitterionic detergent micelles.28

However, no data on spatial structure and posi-
tioning of CTXs at the lipid/water interface have
yet been presented. Here we have determined the
CTII spatial structure in the DPC micelle-bound
state and the location of CTII molecule within the
DPC micelle. Previously this CTX has been studied
in aqueous solution30 and the spatial structures of
the two forms (differing by a cis (``minor'') and
trans (``major'') con®guration of Val7-Pro8 bond)
were determined (pdb entries 1cCB9 and 1CCQ).

Results

Stoichiometry of CTII/DPC micelle complex

The typical manifestation of a polypeptide inter-
action with detergent micelles, such as a broaden-
ing and chemical shift variation of 1H-NMR
signals, accompanying the change of peptide/
detergent ratio, was observed for CTII/DPC mix-
tures. Figure 1(a) presents the chemical shift depen-
dence of the Met26 amide proton signal on the
detergent/toxin ratio at two temperatures, 30 �C
and 45 �C. The higher temperature was desirable to
obtain more narrow resonances in the 1H-NMR
spectra. However, it was impossible to trace out
the chemical shift of the Met26 NH proton of the
``major'' CTII form at the DPC/CTII ratios from
2:1 to �15:1 due to line-broadening. The observed
broadening indicated that the exchange between
free and micelle-bound states of the loop II of CTII
takes place within a few milliseconds. The Leu9
amide proton exhibited a continuous titration
curve (Figure 1(a)), which indicated that the
exchange time between ``bound'' and ``free'' states
for loop I is faster than for loop II. Signals of the
``minor'' CTII form were gradually diminished fol-
lowing the addition of DPC and disappeared at a
DPC/CTII ratio above �10:1. This implies that the



Figure 1. Titration of 3 mM CTII with DPC (pH 5.5).
(a) Chemical shifts of the NH proton of Met26 (left verti-
cal axis) at 30, 45 �C and the NH proton of Leu9 at
45 �C (right axis) plotted versus the DPC/toxin molar
ratio. (b) The translation diffusion coef®cient of the CTII
molecule plotted versus the DPC/CTII molar ratio at
30 �C. Uncertainties are indicated by the vertical bars, (c)
pH dependence of the His31 C2 proton chemical shift of
CTII bound to the DPC micelle (1:40, mol/mol) in 2H2O
(triangles) and in pure 2H2O solution (squares) at 30 �C.
The continuous lines are the best non-linear ®t for the
determination of pKa values.
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only ``major'' form of CTII is bound to the micelle
(see details below).

The formation of a complex between DPC and
CTII was also monitored via diffusion measure-
ments at 30 �C (at 45 �C the diffusion measure-
ments were not reliable due to strong convection
¯ows). The dependence of the CTII diffusion con-
stant versus DPC/CTII ratio is presented in
Figure 1(b). The apparent hydrodynamic radii of
the CTII, DPC/CTII complex and DPC micelles,
their masses and the aggregation numbers of deter-
gent and CTII molecules, are given in Table 1.
These data show that under the conditions used
for the structure determination of CTII, approxi-
mately two molecules of toxin are bound per one
micelle consisting of �66 molecules of detergent.

Ionogenic state of the His31 residue of CTII
in DPC-micelle

The only residue of CTII with an ionogenic side-
chain titrating in the physiological pH-range is
His31. The additional evidence for a CTII inter-
action with DPC micelles is given by the change of
pKa value of the imidazole ring of this residue in
the micelle-bound state (pKa �5.85), compared
with aqueous solution (pKa �5.25) (Figure 1(c)).
The pKa value of 5.85 falls well into the range of
pKa 4.9 to 6.6 of histidine residues in amphiphilic
peptides bound to DPC micelles.31 The increased
pKa value for the His4 imidazole ring by 0.4 pH
unit in CTX A5, due to interaction with lipid
micelles, was reported.29 Such a trend with the lar-
ger amplitude of 0.6 pH units was observed for
CTII.

Comparison of the CTII proton chemical shifts
of micelle-bound state and ``major'' form in
aqueous solution

The analysis of NOESY and TOCSY spectra
allowed us to obtain nearly complete 1H-NMR
assignments of the CTII/DPC complex at 45 �C at
pH 5.5. The previously obtained resonance assign-
ments of CTII in aqueous solution at 30 �C,
pH 5.0}32 were extrapolated to 45 �C and pH 5.5 as
the NOE pattern shows virtually no change in this
pH and temperature range. The chemical shift
difference of CTII (``major'' form) protons in aqu-
eous solution and in the DPC micelle bound state
(45 �C, pH 5.5) is presented in Figure 2. The most
signi®cant differences are con®ned to amide proton
of CTII (residues 4-11, 22-37 and 47-51; Figure 2,
middle panel). The side-chain protons experience
moderate changes (Figure 2, bottom panel), the
peak values being observed for b-proton(s) of resi-
dues 7,9,24,34,39 and 50, g-proton(s) of residues
8,26 and 35, ring-protons of Phe10 and the e-proton
of Arg36 residues. Small changes (within
�0.2ppm) are characteristic for a-proton of CTII
residues 5-12, 22-37 and 48-51 (Figure 2, upper
panel). Overall, the data of Figure 2 imply that
interaction of CTII with the DPC micelle is con-
®ned to three regions of CTII: 4-12, 22-39 and 47-50
residues. Interestingly, almost identical regions of
toxin g showed maximal variation of chemical
shifts upon interaction with DPC micelles.28

Spatial structure of micelle-bound CTII

Although under the conditions used in the pre-
sent study, approximately two CTII molecules
were bound to one DPC micelle (Table 1), no inter-



Table 1. NMR diffusion data of CTII, non-deuterated DPC, and DPC/CTII complex in a H2O/2H2O (6:1) mixture
(30 �C, pH 5.5).

Sample
Diffusion constant,

(�10ÿ10 m2/s)

Apparent
hydrodynamic radius,

(AÊ )
Particle mass,

(�103Daa)
Aggregation

number

3 mM CTII 1.71 � 0.03 16.2 � 0.3 6.6 1
85 mM non-deuterated DPC 1.20 � 0.02 23.1 � 0.4 19 � 2 55 � 6
120 mM DPC/3 mM CTII 0.97 � 0.02 28.6 � 0.6 36 � 4 66 � 10/2 � 0.5

a All particle masses were scaled to the molecular mass of CTII through the Stokes-Einstein relationship. No hydration water was
taken into account and the density in all particles was assumed to be the same.
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molecular NOE contacts between CTIIs were
detected. Thus, the spatial structure of CTII in DPC
micelles was calculated using the same strategy as
for the CTII monomer in an aqueous
environment.}30

The distance constraints used for the structure
calculation were assembled from disul®de bridge,
hydrogen bond and interproton NOE constraints.
The disul®de bridges in the CTII molecule were
determined previously32 and the respective dis-
tance constraints were taken without modi®cation.
Sequential NOE connectivities together with the
hydrogen-deuterium exchange and the spin-spin
coupling constant data are presented in Figure 3.
The torsion angle constraints were obtained from
3JNa,

3Jab coupling constants, sequential and intrare-
sidual NOE distance constraints and stereospeci®c
assignments for methylene protons. The location of
b-strands, together with data on slowly exchanging
amide protons and inter-strand NOEs, resulted in
the identi®cation of the 12 hydrogen bonds HN-OC:
Figure 2. Differences between chemical shifts of CTII
(``major'' form) in aqueous solution and of CTII in the
DPC micelle (DPC/CTII molar ratio 40:1 (pH 5.5),
45 �C) for a (upper panel) and NH (or d-protons for Pro-
residues) (middle panel) protons, and highest chemical
shift variation of side-chain protons (lower panel).
20-39, 21-54, 22-37, 23-52, 24-35, 25-50, 27-48, 35-24,
39-20, 50-25, 52-23 and 58-2. After initial DYANA
runs, additional hydrogen bonds were identi®ed:
being not constrained in DYANA calculations
these hydrogen bonds were found in more than 10
from 20 best structures. The hydrogen bonds
which were supported by NOEs, were taken into
account in successive DYANA runs. The bound
water-protein contacts were detected in ROESY
spectra collected at 20 �C and 45 �C (data not
shown). Two tightly bound water molecules (one
is hydrogen bonded to an NH proton of the Met26
residue, another one is spatially close to d-protons
of the Pro30 residue) were included into the spatial
structure calculation protocol as described.30

The structural statistics for a CTII/DPC micelle
complex (Table 2) shows that the CTII structure is
well de®ned by NMR data, as indicated by the low
value of the target function and rmsd values. The
stereo view of 20 calculated structures with tightly
bound water molecules is presented in Figure 4(a).
Clear differences between the spatial structure of
the ``major'' form in aqueous solution and the
DPC-bound CTII are present in the loop II region
(Figure 4(c)), while loops I and III (Figure 4(a) and
(d)) are characterized by subtle differences
deduced from comparison of backbone and side-
chain torsion angles (Figure 5).

Effect of 5 and 16-doxylstearates on the
1H-NMR signals of micelle-bound CTII

Relaxation probes are widely used to determine
micelle-embedded33,34 or water-exposed35 frag-
ments of polypeptides. In order to elucidate the
location of CTII in DPC micelles, stearate was
added, spin-labeled at the 5 or 16-position with a
doxyl group containing a stable nitroxide radical.
The 5 and 16-doxylstearate relaxation probes incor-
porate into DPC micelle with the nitroxide moiety
being preferentially located close to the micelle sur-
face and center, respectively.33 These probes, in
combination, induce broadening of signals of a
peptide immersed in any region of the micelle.36

The speci®c broadening of proton signals in the
CTII/DPC complex was monitored using TOCSY
spectra at the DPC/probe molar ratio of 60:1 (i.e.
ca. one relaxation probe per micelle) (Figure 6). To
characterize quantitatively the effect of the
relaxation probes on the CTII proton, NH/Ha



Figure 3. Overview of NMR data de®ning the CTII spatial structure in the DPC micelle bound state (DPC/CT
molar ratio 40:1 (pH 5.5), 45 �C). NOE connectivities are designated as usual: dAB(i,j) is the connection between A and
B proton types located in residues i and j, respectively. N, a, b denote the amide, Ha and Hb protons, respectively.
The widths of the bars correspond to the relative intensity of cross-peak in the 100 ms NOESY spectrum. 3Jab coup-
ling constants designated by the symbol (�) correspond to Jab > 10 Hz (Val, Thr and Ile residues) or Jaba < 5 Hz,
Jabb > 10 Hz (other residues), (r) Jab < 5 Hz (Val, Thr and Ile residues) or Jaba, Jabb < 5 Hz (other residues ), and (})
5 Hz < Jab <10 Hz (Val, Thr and Ile residues) or 5 Hz < Jaba, Jabb < 10 Hz (other residues). The H-2H exchange at
30 �C, symbols (*) denote times of half-exchange of amide protons > ten hours. The sequence of CTII is shown at the
top and the location of b-strands at the bottom.
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cross-peak amplitudes in the TOCSY spectra of the
CTII/DPC complex in the presence and the
absence of the probe, were compared. Taken into
account attenuation induced by 5- and 16-doxyl-
stearates (Figure 7(a)), two groups of cross-peaks
can be recognized. The cross-peaks which are unaf-
fected by the probes, i.e. showing a slight if any
attenuation in the residual amplitude of NH/Ha

cross-peaks (1.0(�0.1)), belong to the ®rst group.
Amplitudes of another group of NH/Ha cross-
peaks are strongly attenuated in the presence of
the relaxation probes (i.e. with residual amplitudes
below the level of ca. 0.8 marked with the continu-
ous line in Figure 7(a)). These residues (5-11, 25-37
and 47-50) reside in the tips of the three loops of
CTII. Thus, the use of both relaxation probes
Table 2. Input data for the spatial structure calculation of C
20 best DYANA structures (mean value � SD)

Parameter Units Q

Target function AÊ 2

No. of distance constraints N
(upper/lower) H

S-
No. of dihedral constraints D
Upper constraint violations no

AÊ M
AÊ Su

Lower constraint violations N
AÊ M
AÊ Su

van der Waals constraint
violations AÊ M

AÊ Su
Dihedral constraint violations deg. M

deg. Su
rmsd of residues 1-60 AÊ Ba

AÊ A
reveals a micelle-interacting and non-interacting
portion of CTII.

Let us de®ne a micelle surface (or micelle/water
interface) around CTII as one dividing CTII into
micelle-interacting and non-interacting parts,
where the interaction is understood as the broad-
ening of the CTII proton signals by the relaxation
probes (Figure 7(a)). Further we assume that: (1)
the micelle/water interface can be approximated
by a concave or convex sphere (for the sake of sim-
plicity); (2) NH and/or Ha-protons corresponding
to cross-peaks which are strongly attenuated by
the relaxation probe(s) (Figure 7(a), below the con-
tinuous horizontal line) are buried beneath the
micelle-water interface; (3) NH and Ha-protons cor-
responding to cross-peaks which are not in¯uenced
by the relaxation probes (cross-peaks with the
TII bound to the DPC micelle and characteristics of the

uantity Value

0.11�0.01
OE 368/0
-bond 112/112
S bridge 12/12
ihedral angle 154
. > 0.2 AÊ 0�0
aximum 0.11�0.02
m 0.4�0.1

o. > 0.2 AÊ 0�0
aximum 0.04�0.01
m 0.10�0.03

aximum 0.08�0.01
m 0.8�0.1
aximum 0.5�0.3
m 0.9�0.8
ckbone 0.57�0.15

ll heavy atoms 1.11�0.13



Figure 4. Stereo view of CTII
bound to a DPC micelle (a) and
structural elements involved into
the interaction with the micelle ((b),
(c) and (d)). (a) Heavy atom rep-
resentation of the 20 best DYANA
structures of CTII superimposed
over backbone atoms of 1-60 resi-
dues with tightly bound water mol-
ecules shown in red. The three
main loops are numbered. Back-
bone atoms of residues 5-11 (b), 25-
37 (c), and 47-50 (d) of CTII super-
imposed on the respective atoms of
the structure number 7 (in red, clo-
sest to the mean structure) from
the set of 20 structures of CTII in
aqueous solution (pdb entry code
1CB9).
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residual amplitudes above the horizontal line in
Figure 7, (a)) belong to the portion of CTII exposed
outside of the micelle.

To select the radius of a sphere dividing the CTII
molecule in the micelle-interacting and non-inter-
acting parts we used the same program (DYANA)
as in CTII structure calculation (see details in
Materials and Methods). The DYANA runs with 40
upper (lower) and 64 lower (upper) distance con-
straints for convex (concave) spherical surfaces
(Figure 8(a)), with the radii in the range 20 AÊ to
300 AÊ , resulted in a single solution (characterized
by the target function) for each value of the radius
(Figure 8(b)). The decreased value of the target
function with respect to the radius for the convex
sphere, was monotonous (Figure 8(b) squares),
whilst for the concave sphere the minimum was
observed (Figure 8(b), triangles). The global mini-
mum of the target function of 1.72 AÊ 2 is found for
the concave sphere of 71.0(�0.5) AÊ radius. No sig-
ni®cant (>0.9 AÊ ) violation of the distance con-
straints were found in this case. The model of CTII,
corresponding to this solution, is presented in
Figure 9. The residues involved in the CTII/micelle
interaction, 5-11, 46-50 and 24-29, 31-37 belong to
the extremities of loops I and III and to the base of
loop II, respectively. These regions also experience



Figure 5. Scatter plots of f, c, w1 angles for the 20
best DYANA structures of CTII bound to a DPC micelle.
The ranges of the corresponding angles for the ``major''
form of CTII in aqueous solution are indicated by the
bounding rectangles.

Figure 6. Fragment of the ®nger-print region of the
TOCSY spectrum (60 ms mixing time) of the CTII/DPC
complex (molar ratio 1:40 (pH 5.5), 45 �C) without (a)
and in the presence of 16-doxylstearate (b) or 5-doxyl-
stearate (c) (DPC/16(5)-doxylstearate � 60:1, mol/mol).
Cross-peaks are marked by residue number. In the spec-
tra in (b) and (c) only cross-peaks which were attenu-
ated by more than 50 % of the amplitude are marked.
Positions of broadened beyond detection cross-peaks are
shown by crosses.
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signi®cant variation of proton chemical shifts upon
CTII binding to DPC micelles (Figure 2).

The surface of the DPC micelle around CTII mol-
ecules is the result of the interaction of CTII with
the micelle and is in accordance with the notion
that polypeptides may in¯uence shape of a deter-
gent micelle.36 In particular, as a possible source of
distortion of the micelle surface the electrostatic
interaction between positively charged NH3

�

groups of a protein and negatively charged
moiety(ies) of a detergent has been suggested.36

Discussion

Conformation of the micelle-bound CTII

The study of the CTII structure in aqueous sol-
ution previously revealed two forms with different
con®gurations of the Val7-Pro8 peptide bond30. In
the micelle-bound state only CTII with the ``trans''-
con®guration of the Val7-Pro8 bond is present. Let
us compare the so-called ``major'' form of CTII in
aqueous solution (with the ``trans'' con®guration of
Val7-Pro8 peptide bond; pdb code 1CB9) with the
structure of CTII in the DPC micelle (pdb code
1FFJ). CTII molecules in both environments are
represented by two antiparallel b-sheets (Figures 3
and 4). The one encompassing loop I consists of
two b-strands: within residues 1-5 and 10-14.
Another b-sheet includes three b-strands formed
by residues 20-26 and 35-39 within loop II and resi-
dues 49-55 from loop III. The bend regions con-
necting b-strands are comprised of residues 6-9, 15-
19, 27-34 and 40-48. The extremities of the three
®ngers of the CTII molecule interact with the DPC
micelle and may, potentially be a region of confor-
mational changes. The comparison of backbone
angles of CTII in two environments (Figure 5)
reveal that this is the case.

The conformation of the 6-9 region was not
de®ned uniquely in aqueous solution.30 Two dis-
tinct clusters of f angles of Leu9 and Phe10 resi-
dues and c angles of Pro8 and Leu9 were detected.
These clusters correspond to different hydrogen
bonding: Leu9 NH . . . O1C Val7 (g-turn
within residues 7-9) or Phe10 NH . . . O1C Val7
(type I b-turn within residues 7-10). In the micelle-
bound state in all the best 20 conformers, the



Figure 7. (a) Attenuation of NH/Ha cross-peak ampli-
tudes in the ®nger-print region of the TOCSY (mixing
time of 60 ms) spectrum of the CTII/DPC complex
(molar ratio 1:40 (pH 5.5), 45 �C) in the presence of 5
(diamonds) or 16-doxylstearate (circles) at the DPC/
relaxation probe molar ratio of 60:1. The low-intensity
cross-peaks of Lys4, Leu6, Ile39, Asp57 and Lys58 along
with Pro-residues were omitted from the analysis. The
scatter in the attenuation values is within �0.1. The
horizontal line marks the attenuation level below of
which NH/Ha cross-peaks are judged to be in¯uenced
by the relaxation probes. (b) Distances from NH (tri-
angles) and Ha (crosses) protons of a given residue to
the micelle/water interface (corresponds to the level of
0 AÊ marked with the continuous line) approximated as
the concave sphere of 71 AÊ radius. The negative and
positive distances correspond to the micelle-embedded
and exposed atoms of CTII, respectively.

Figure 8. (a) Dissection of CTII into micelle-interacting
(thick black line) and non-interacting (gray line) parts
with convex (left) or concave (right) surfaces (dotted
line). (b) Dependence of the DYANA target function on
the radius of the convex (squares) and concave (tri-
angles) micelle/water interface around CTII. The curves
are drawn to guide the reader only.
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hydrogen bond Leu9 NH . . . O1C Val7 is pre-
sent and thus the conformation of residues 7-9
may be described uniquely as the g-turn type
(Figure 4(b)).

The hydrogen bonding pattern within the 27-34
region of CTII in aqueous solution and in the DPC
micelle bound state remain the same: the type II
b-turn within residues 26-29 stabilized by the
hydrogen bond Ala29 NH . . . O1C Met 26 and a
b-bulge within residues 24,34 and 35 with
bifurcated hydrogen bond Val34 NH/Lys35
NH . . . O1C Met 24.30 The sites of tightly bound
water molecules also remain within loop II. One
water molecule is hydrogen-bonded to Met26 NH
thus drawing apart the two strands of loop II and
making the tip of this loop more ¯at. Another
water molecule is found near the d-protons of the
Pro30 residue and its role is not clear. The notable
changes in f, c angles between the two environ-
ments are found in residues 27-31 (Figure 5).

Residues 47-50 at the tip of loop III of CTII inter-
act with the micelle. The conformation of the tip of
this loop, formed by residues 46-49, was described
as a type I b-turn for CTII in aqueous solution. In
addition, non-typical hydrogen bonds for b-turns
were detected: Ser46 NH . . . O1C Val49, Val49
NH . . . Og-Cb Ser 46, Leu48 NH . . . Og-Cb Ser46.
The latter two hydrogen bonds were not found in
the micelle-bound CTII. The backbone angle f of
residue Leu48 exhibits a tendency to increase but
the c angle of Leu47 decreases in the micelle-
bound CTII. This results in the rotation of the
plane of the Leu47-Leu48 peptide bond
(Figures 4(d) and 5).



Figure 9. Stereo view of the CTII molecule (all heavy atoms) representation onto the micelle/water interface
approximated as a concave sphere of 71 AÊ radius: front (a) and side-view (b). The CTII part lying beneath the
micelle/water interface is shown in red. Polar side-chains (numbered residues) at the micelle/water interface are
shown in green. The water-exposed part of CTII is shown in blue.
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Residues 4-12, 22-39 and 47-50 at the tips of
three CTII ®ngers constitute regions of maximal
chemical shift variation upon toxin binding to DPC
micelles (Figure 2). Apparently, this is a result of
environmental (Figure 7(b)) and conformational
(see Figure 4 and 5) changes associated with the
penetration of these residues in the micelle
(Figure 9).

Cis versus trans configuration of the Val7-Pro8
bond

Here the structure of micelle-bound CTII was
found to be similar to the ``major'' form of CTII in
aqueous solution, with the Val7-Pro8 peptide bond
in the trans con®guration.30 No ``minor'' form hav-
ing the cis-con®guration of the bond was found in
the micelle-bound toxin. The difference in the bind-
ing af®nities of these forms to DPC micelles is a
result of their structural differences. Inspection of
the spatial structures of both of these forms (pdb
entries 1CB9 and 1CCQ) shows substantial differ-
ences in the shape of loop I. In the major (and in
the DPC micelle-bound CTII) form, the tip of this
loop, composed of residues 6-10, is ¯at and the
side-chains of Leu6, Val7, Leu9 and Phe10 point
approximately in the same direction. In the minor
form, the side-chains of Leu6, Val7 and Leu9,
Phe10 point in opposite directions. This in¯uences
substantially the binding of CTII molecules to DPC
micelles.
Model of the CTII/DPC micelle complex

As seen from the data shown in Figure 8, the
micelle surface around CTII is best approximated
by the concave sphere of �70 AÊ radius. This value
is far from the Stokes radius of � 25 AÊ of the
micelle consisting of � 66 detergent molecules.
Such a difference implies that the DPC micelle,
whose shape in the absence of peptides is best
characterized as an ellipsoid,37 is distorted by the
CTII molecule(s).

The position of CTII relative to the interface is in
good agreement with the consideration of the sites
of the conformational changes within CTII
(Figures 4 and 5) or chemical shift variation of
CTII protons (Figure 2) upon interaction with the
micelle. It is of note that the experimental error
(�0.1) in the choice of the residual amplitude
according to which CTII molecule is divided into
micelle-interacting and non-interacting parts
(Figure 7(a)), does not in¯uence the conclusion on
the micelle-interacting motif of CTII. This error
results in the possible displacement of a CTII mol-
ecule as a whole by �2 AÊ (Figure 7(b)) relative to
the surface, corresponding to the attenuation level
of 0.8 (Figure 7(a), continuous horizontal line). The
close positioning of CTII to the surface of the
micelle (Figure 7(b)) agrees with the pro®les of the
relaxation-probe induced broadening of backbone
cross-peaks (Figure 7(a)). In accordance with its
closer disposition to the micelle surface33 the 5-
doxylstearate relaxation probe induces stronger
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attenuation compared to the 16-doxylstearate, for
the majority of residues (Figure 7(a)). Within each
of the I-III loops of CTII the deepening of backbone
Ha and NH protons (Figure 7(b)) is correlated,
with the exception of residues 31-35 of loop II,
with the attenuation of the corresponding cross-
peaks in TOCSY spectra (Figure 7(a)). However,
when one compares attenuation and deepening
between the loops of CTII, the loop III region is
noteworthy: the deepening of the tip of this loop is
comparable to that of loops I and II (Figure 7(b)),
but only a small attenuation in the loop III region
is observed (Figure 7(a)). There may be several
reasons for these contradictions, e.g. difference in
accessibility of the backbone atoms to relaxation
probes or a deviation of the micelle surface from
the simple spherical shape assumed here.

The estimate shows that �60 % of the surface of
CTII is involved in the interaction with the micelle.
The micelle-interacting domain of CTII has clear
amphiphilic structure. It is formed by residues
5-11, 46-50 and 24-29, 31-37 (whose backbone Ha

or/and NH atoms are beneath the micelle surface,
i.e. below the 0 AÊ level; Figure 7(b)), residing at
the extremities of loops I and III and at the base of
loop II, respectively. Although not used directly in
the calculations the side-chains of CTII adopted a
characteristic positioning with reference to the
micelle surface (Figure 9). The hydrophobic side-
chains of residues Leu6, Val7, Pro8, Leu9, Phe10,
Met26, Val27, Ala28, Ala29, Pro30, Val32, Pro33,
Val34, Leu47, Leu48 and Val49 form a continuous
hydrophobic belt spreading from the tip of loop I
to the tip of loop III, with a length of � 30 AÊ . The
width of this domain is � 10 AÊ (Figure 9). The
side-chains of the polar residues Lys4, Lys5, Ser11,
Lys12, Lys23, His31, Arg36, Ser46 and Lys50
(whose Ha and NH atoms are within �2 AÊ of the
micelle surface; Figure 7(b) and Figure 9, in green),
are at the top of the micelle-penetrating domain of
CTII. Thus, the polar groups of the side-chains of
Lys, Ser and His residues at the borders of CTII
loops are found near the micelle/water interface.
This is also the case for the Lys35 residue although
its backbone atoms are � 5 AÊ beneath the micelle
interface (Figure 7(b)). According to the snorkel
hypothesis38, the amphipathic character of lysine
residues causes them to extend into the aqueous
interfacial solution so that its non-polar van der
Waals surface can contact the hydrophobic core of
a membrane. From the other point of view, the
lysine side-chains of membrane proteins prefer to
be in contact with phosphate moities of phospho-
lipids39. The positioning of lysine residues encir-
cling loops I-III of CTII in the DPC micelle
conforms to these rules.

The present study shows that upon binding of
the P-type CTX to a DPC micelle, all three I-III
loops are involved in the interaction. Most prob-
ably, this peripheral mode of binding remains
effective in the case of phospholipid membranes.
This conclusion is supported by the consideration
of the geometry and amphiphilic properties of the
micelle-interacting motif of CTII (see above).
Taking into account that the polar part (the region
of the membrane encompassing phosphate, glycer-
ol and carbonyl groups of lipid molecules) of the
hydrated PC bilayer constitutes about 7-12 AÊ ,40

CTII can span this region, penetrating into the
hydrophobic core of the bilayer with the side-
chains of its hydrophobic stretch, leaving charged
groups of the residues of its polar belt near the
lipid/water interface. This disposition of CTII in
the lipid bilayer is in accordance with 2H, 31P-NMR
data on the conformational and dynamic states of
the phosphocholine head group of DPPC, segmen-
tal order parameters at the carbon atoms of the
acyl chain of lipid molecules showing that the P-
type CTX A3 interacts with DPPC peripherally.25

Therefore, we presume that the peripheral mode of
the association of CTII with DPC micelles is
applicable to phospholipid bilayers and biological
membranes.

Materials and Methods

Sample preparation

CTII was prepared according to the previously
described methods.32 Non-deuterated dodecylphospho-
choline and the perdeuterated analog was prepared as
described.41 5 and 16-doxylstearates were products of
Sigma (St. Louis, the Missouri). 2H2O, C2H3O

2H (99.9 %)
were purchased from ISOTOPE (Russian Federation).

The sample was prepared by dissolving CTII (10 mg)
in 0.55 ml of a H2O/2H2O (6:1, v/v) mixture and then
the required amount of DPC was added stepwise from
the 240 mM stock solution (in H2O/2H2O, 6:1). The pH
of the sample was adjusted with diluted KOH, HCl and
was kept at pH 5.5 in all experiments for structure deter-
mination and in the study based on the use of the relax-
ation probes. For the elucidation of the pKa values of
ionogenic groups of CTII titrating in the physiological
pH range, the pH of the samples (CTII or CTII/DPC in
99.9 % 2H2O solution) was varied in the range pH 3 to 8.
pH values are given as the direct pH meter reading.
After the NMR spectra required for characterization of
CTII structure and stoichiometry of CTII/DPC complex
were measured, the sample was liophilized and dis-
solved in 2H2O for the measurement of deuterium
exchange rates of amide protons. The freshly prepared
samples of CTII (5 mg) and appropriate amounts of DPC
(to keep the molar ratio of CTII/DPC � 1:40 as in the
structural study) in 0.55 ml of H2O/2H2O (6:1) were
used for the titration with 5 and 16-doxylstearates. The
spin-probes were added as a solution in methanol-d4 by
3 ml aliquots. The molar ratio of detergent to spin-label
was 60:1. The maximal amount of deuterated methanol
in the sample was 3 ml. The pH of the samples was con-
trolled before and after addition of the spin probe. For
all NMR experiments 5 mm NMR tubes (WILMAD
Glass Co., Inc.) were used.

NMR spectroscopy

All NMR spectra (NOESY, TOCSY, DQF-COSY,
ROESY) were measured with a Varian Unity-600 spec-
trometer equipped with triple resonance probe, actively
shielded z-gradient coil and a current ampli®er PERFOR-
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MA II. The WATERGATE42 scheme was used for water
signal suppression. The water-protein cross-peaks in
ROESY spectra were narrowed by suppressing radiation
dumping in evolution and mixing times, using a weak
(50 mG/cm) gradient of magnetic ®eld43. The processing
of time-domain NMR data was performed with a VNMR
program, Varian software, as described30. For the diffu-
sion measurements a slightly modi®ed version of the
spin echo experiment44 was used. Before the diffusion
experiments started the temperature of the sample
(30 �C) was allowed to equilibrate for at least one hour.
The calibration of the gradient unit was performed using
the same method and the set of solvents.45 A set of 30
one-dimensional experiments were recorded with the
strength of the encoding/decoding pulse ®eld gradients
being varied in the range from 0 to ca. 30 Gs/cm. Delays
of 150-350 ms were used for the diffusion. A relaxation
delay of ®ve seconds was used prior to each scan. The
signals of well-resolved protons in 1D spectra were used
for the processing of diffusion data of CTII, CTII/DPC
complexes or non-deuterated DPC. Self-diffusion rates
and their uncertainties were obtained by the two-
parameter least-squares exponential ®t to the signal
decays versus the square of the gradient strength.

The rates of amide protons exchange on deuterons
were determined by the exponential ®tting of measured
cross-peak volumes in the ®nger-print region of TOCSY
spectra measured in a four-hour repetition cycle versus
time elapsed after dissolution of the CTII/DPC sample
in 2H2O (pH 5.5) at 30 �C.

The ®tting of the CTII proton signal chemical shift
dependencies on pH was made according to the follow-
ing equation for a one-proton titration process:

d � dh � dl � 10pKÿpH

1� 10pKÿpH
�1�

where d represents the current chemical shift and d with
the subscripts l and h are for a state at low pH and a
state at high pH, respectively.

CTII spatial structure determination

The analysis of processed NMR spectra and measure-
ment of cross-peak volumes in NOESY spectra were per-
formed with the program XEASY.46 3JHNa coupling
constants were measured with the routine ``INFIT'' of
the XEASY program. 3Jab coupling constants were evalu-
ated by the analysis of patterns of a/b cross-peaks in a
DQF-COSY spectrum of the CTII/DPC sample in 2H2O.

The preparation of distance and angle constraints
used as input for DYANA47 calculations as well as treat-
ment of side-chains in the structure calculation protocol
and determination of tightly bound water molecules,
were performed as described.30 For local structure anal-
ysis and evaluation of medium and long-range distance
constraints 50 and 100 ms NOESY spectra were used,
respectively. In calculation with DYANA (version 1.5)
the protocol of simulated annealing by molecular
dynamics (TAD) was used: 12000 TAD steps were per-
formed for 220 starting structures. The MOLMOL
program48 was used for visualization and structure anal-
ysis.
Modeling of CTII/DPC micelle interaction interface
and calculation of CTII orientation

The ®rst molecule from the set of 20 best structures of
CTII in DPC micelles was provided with a chain of 20
pseudo-residues attached to the C terminus. The term-
inal 80th residue contained a heavy atom (introduced to
facilitate manipulation with the molecule within the
MOLMOL program) and was presumed to correspond
to a virtual micelle center. The DYANA program was
used to position the CTII molecule (all dihedral angles of
residues 1-60 were ®xed) respective to the surface (con-
cave or convex) of a radius from 20 AÊ to 300 AÊ . The
selection of the surface was made by the minimum of
DYANA target function. The distances from backbone
atoms of residues 1-60 to the center of the virtual surface
were used as upper and lower distance constraint. These
constraints were based on the cross-peak broadening in
the ®nger print region of the TOCSY spectrum of CTII/
DPC micelle complexes induced by the 5 and
16-doxylstearate relaxation probes (see above). The
upper distance constraints in the model of convex
spheres (lower ones for the concave spheres) correspond
to distances from NH, Ha protons to a center of the
sphere which are less than its radius. The lower distance
constraints (upper ones for the model of the concave
sphere) correspond to distances exceeding the radius of
the sphere. The analysis of the model (determination of
CTII atoms buried into the micelle, calculation of the
CTII surface embedded into micelle etc.) was made with
appropriate routines of the MOLMOL program.48

PDB and BMRB accession codes

The chemical shifts of CTII in the presence of DPC
micelles have been deposited in BioMagneticResonance-
Bank (accession code of 4815). NMR constraints and
derived atomic coordinates (20 models) have been
deposited in the RCSB Protein Data Bank (accession
code of 1FFJ).
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