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The interaction of the 8-toxin peptide isolated from Sraphylococcus aureus with the headgroup region of lipid bilayer membranes
composed of 1-palmitoyl-2-olcoyl-sn-glycero-3-phosphocholine (POPC) was investigated using deuterium (*H) and phosphorus
(*'P) nuclear magnetic resonance (NMR) spectroscopy. At relatively low peptide/lipid ratios (P/L < 0.10), ali *H- and
Y P-NMR spectral lineshapes at 25°C were indicative of a single population of Kquid-crystalline lipids in a bilayer arangement.
At these P/L ratios, 8-toxin had only marginal cffects on the size of the quadrupole splitting measured from POPC labelled at
cither the a-methylene (POPC~e-d,) or the B-methyiene segment (POPC-8-d,) of the choline headgroup and, similarly small
cffects on the magnitude of the chemical shift anisotropy (CSA) of the *'P-NMR spectrum. With increasing amounts cf §-toxin
(0.10 < P/L < 0.15) the size of the *I! quadrupole splitting from POPC-a-d,, as well as the magnitude of the MP-CSA.
decreased progressively and rapidiy. The quadrupolc spiitting from POPC-B-d,, however, remained relatively unaifected. Ai yei
higher levels of 8-toxin (P,’L > 0.15), all *H- and *'P-NIMR spectra indicated the presence of multiple lipid populations
cxperiencing varying degrees of increased conformational disordering. The spectral lineshapes of these apparently nonbilayer
spectral components reverted to bilayer-type lineshiapes upon lowering the measuring temperaturc to 5°C. At the utmost highes:
level of 8-toxin measured here (P/L = 0.20), all *H- and *'P-NMR spectra consisted of a single, broad, apparently nonbilayer-type
component, indicative of hindered but virtual isotropic motional averaging of the POPC hcadgroups. In this case no reversion to
bilayer-type spectra could be obtained by decreasing the temperature. We could obtain no evidence ihai the conformation of the

choline headgroup of POPC was responding to any specific influence of 8-toxin on bilayer surface clectrostatics.

Introduction

Many peptides and proteins that interact with lipid
bilayers adopt amphipathic a-helical sccondary struc-
tures, in which the distribution of hydrophubic and
hydrophilic amino-acid side-chains on the outer sur-
face of the helix is polarized [1]. Many interesting
‘surface-seeking’ proteins have been identified as pos-
sessing amphipathic a-helical regions (including cer-
tain bacteria! toxins, hormones, apolipoprotcins) and
particular interest has begun to focus on understanding
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phosphate; Hepes. N-(2-hydroxyethyl)piperazine-N '.2-cthanesul-
fonic acid; TLC, vhin-layer chromatography; CSA. chemical shift
anisotropy; TPS, 2, 4, 6 triisopropylbenczenesulfonylchloride; F /L.
peptide to lipid molar ratio.

more preciscly the nature of their interactions with
lipid bilayer surfaces.

The cytolytic peptide 8-toxin is one such ‘surface-
secking’ amphipathic peptide and is an ideal candidate
for study. It is secreted from the gram positive bac-
terium Staphylococcus aureus and is highly surface
active; lysing a wide variety of cells and organelles and
binding with high affinity to phospholipids (for reviews,
see Refs. 2-4). When bound to lipid micelles [5] or
membranes [6], this 26-residue peptide adopts a sec-
ondary structure which approaches 80% a-helix con-
tent. From a practical perspective, this peptide can be
produced and purified easiiy and rapidly in high vields
{7-91

3p. and 2H-nuclear magnetic resonance (NMR)
spectroscopy are especially valuable tools for studying
membrane-protein  interactions. UP.NMR, for in-
stance, offers the ability to detect changes in the over-
all macroscopic architecture of lipid aggregates, such
as might be induced by the addition of peptides and
other agents [10,11]. 2H-NMR likewisc offers certain
distinct advantages. In particular, the 2H-NMR spec-
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trum of partially dcuterated molecules is readily as-
signed, and the ieplacement of a proton by deuterium
at specific sites in a molecule provides an essentially
non-perturbing probe. More importantly, the *H-NMR
spectrum contains information about molecular order-
ing, conformation, and dynamics. In addition 2H-NMR
of the phosphatidylcholine headgroup allows one to
examine electrostatic interactions between charged
species and a membranc surface [12). The choline
headgroup has been shown to respond to the presence
of any charged species, including peptides and pro-
teins, which binds to thc membrane surface. Several
peptides have been shown to influence surface electro-
statics when examined using this technique, including
melittin [13), M13 coat protein [14) and the synthetic
bilayer-spanning peptide K,GL,K,A [15]. However,
other peptides/ proteins known to associate with lipid
bilayers, such as the intrinsic membrance protein cy-
tochrome-¢ oxidase. clicit no such clect: astatic re-
sponsc, and car be shown to affect primarily lipid
mobility [16].

Although cxtensive studies have been carried out on
#-toxin/ lipid systems, to datec none have focused on
the influence of §-toxin on the polar headgroup region
of phospholipids. Specific investigation of ihe effects of
o-toxin on the dynamics of lipid alkyl chains, using
’H-NMR, and phospholipid hcadgroups, using *'P-
NMR, [17] reveal that in fluid membranes the lipid acyl
chains become more disordercd upon interaction with
é-toxin, while at tempcratures near (but slightly above)
the gel-liquid transitica temperature the peptide had
the opposite effect, i.c., promoting acyl-chain order.

In this report, we cxamine in detail the response of
the choline hcadgroup in phosphatidylcholine mem-
branes to the presence of é-toxin by using *H-NMR
and Y'P-NMR and we address specifically the question
of whether or not 8-toxin influences surface electro-
statics in a lipid bilayer.

Materials and Methods

Synthesis of headgroup-deuterated lipids
The following nomeaclature is employed to indicate
deuteron positions in the phosphocholine headgroup:
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Non-deuterated linids were purchased from Avanti
Polar Lipids (Alabaster, AL). Choline was selectively
deuierated at the a- and B-segments by a combination
of the methods described by Harbisson and Griffin 18]
and Aloy and Rabaut [19). POPC-a-d, and POPC-g-d,
were prepared by coupling 1-palmitoyl-2-oieoyl-sn-
glycero-3-phosphate (POPA) with choline tetraphenyl-

boron salt, selectively deuterated at cither the « or g
position, using 2,4,6-triisopropylbenzenesuifonyl-
chloride (TPS) as the condensing agent [20). The
choline-deuterated phosphatidylcholines were purified
by column chromatography on silica gel and CM-52 as
described by Comfurius and Zwaal [21). The purity of
the synthesized lipids was evaluated by thin layer chro-
matography (TLC) and 'H-NMR. All final products
resulted in a single spot on an overloaded TLC plate,
migrating with an R, identical to authentic POPC. The
'"H-NMR spectra were identical to that of non-deu-
terated POPC, except for the changes expected in the
presence of a- or B-deutcrons.

o-Toxin preparation and purification

Staphylococcal 8-toxin was prepared from Staphylo-
coccus aureus strain NCTC 10345 grown on ycast cx-
tract diffusatc medium [22). The 8-toxin was purificd
by the solvent transfer method [9] followed by precipi-
tation and washing with 1 M TCA and lyophilization
[23). The purity of the 8-toxin preparation was assessed
by a varicty of methods. SDS-PAGE [24,25] on 12.5%
gels containing 7 M urea revzaled a single broad band
with an apparent molecular mass of slightly less than
approx. 3 kDa (8-toxin, 2977 Da). On thin-layer chro-
matography (TLC) the peptide migrated as a single
spot (R, 0.72), using a solvent system composed of
n-butanol / water / acctic acid (45:30:25 v/v/v) [26].
Amino-acid composition and primary sequence analy-
ses yiclded results consistent with authentic 8-toxin
[27]. Fluorescence measurcments (25°C) using an SLM
model 4800 flucrc meter (cxcitation wavelength 280 nm:;
emission maximum 333 nm) and ultraviolet (UV) ab-
sorption spectra (ES,* = 1.14) were both characteristic
of &-toxin. Finally, the biological activity of the peptide
was confirmed using a haemolytic assay on human red
blood cells [28).

NMR measurements

2H-NMR spucira were recorded on 2 Chemasgnetics
CMX300 NMR spectrometer (equipped with a temper-
ature centrol unit) operating at 45.98 MHz by employ-
ing the quadrupole echo technique [29] and by using
quadrature detection with complete phase cycling of
the pulse pairs [30]. Specifics regarding the 90° pulse
length (2 us), the interpulse delays (40 us}, the spec-
tral width (100 kHz), the recycling delay (250 ms), the
data size (2K), and the total number of acquisitions
(12000) are thosec noted in parentheses. *'P-NMR
spectra were recorded at 121.25 MHz by using a Hahn
echo-pulse sequence with phase cycling of the pulses
and proton decoupling as described by Rance and Byrd
[31]. Specifics regarding the 90° pulse length (4.75 us),
the interpulse delay (40 us), the spectral width (100
kHz), ihe recycling delay (1 s), and the number of
acquisitions (6400) are again noted in parentheses. The



temperature was controlled to within 0.1°C. In variable
temperature studies, between each interval the temper-
ature was varied at a rate of about 0.25°C per min, and
the samples were equilibrated at each temperature for
at least 30 min.

Sample preparation

Samples were prepared for NMR spectroscopy as
follows. A volume of chioroform containing i3 wmol of
deuterated POPC was dried under a stream of nitro-
gen. A volume of chloroform : methanol (2: 1 v/v) con-
taining the desired amount of 8-toxin was added to the
dried POPC and the mixed POPC/&-toxin sample was
dried under a stream of nitrogen, with any remaining
solvents being recmoved under high vacuum. The
lipid/8-toxin mixtures were dispersed in 400 ul of
aqueous buffer (10 mM Hepes. 150 mM NaCl, (pH
7.4)). In order to ensurc complete cquilibration of the
peptide and lipids, the resulting multilamellar vesicles
were subjected to repeated cycles of freeze-thawing as
described by Macdonald and Scelig [32]. The equili-
brated suspension was then centrifuged at 13000 X g
for 30 min. The resulting pellet was taken for NMR
measurement, while the supernatant was assayed for
é-toxin content using UV and fluorescence measure-
ments.

Resalts

In order to determine the extent to which the added
&-toxin is incorporated into a lipid bilayer structure, we
quantified the level of free peptide remaining in solu-
tion after an extensive period of equilibration with
POPC. Both fluorescence and UV absorption spcc-
troscopy were employed for this purposc and yielded
essentially identical results,

By measuring peak heights and areas, and compar-
ing with a standard curve, the concentration of un-
bound peptide was calculated for various peptide to
lipid (P/L) molar ratios. The results are plotted in Fig.
1 in the form of a binding isotherm. They demonstrate
that over the majority of the concentration region
cxamined in our studies, virtually all the 6-toxin is
associated with membrane lipids. Only at extremely
high P/L ratios (i.e., P/L > 9.15) are significant levels
of frce peptide detected. Even so, the amount of
8-toxin remaining in solutior never exceeds 5% of the
initial concentration. We can be reasonably certain,
therefore, that essent.ally all the peptide added is
incorporated irto the resulting multilamellar vesicles.

Fig. 2 shows the effects of increasing 8-toxin con-
centration on the 3'P- and *H-NMR spectra from
POPC membranes at 25°C. The *'P-NMR spectrum at
the top of Fig. 2A was obtained in the absence of
8-toxin and is typical of {luid phespholipids in a bilayer
arrangement [10,11). The other 31 P.NMR spectra in
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Fig. 1. 6-Toxin binding isotherm as measured by the variation of the

fraction bound peptide with increasing lipid-to-peptide ratio. The

fraction of bound peptide was determined by both fluorescence and
ultraviolet absorption spectroscopy.

Fig. 2A demonstratc that, except at the highest levels
of peptide, the membrane lipids retain an overall bi-
layer configuration. At extremely high levels of peptide
(i.e., P/L>0.15), the *'P-NMR spectra indicate the
presence of several lipid populations, one bilayer and
others experiencing varying degrees of conformational
disordering. By progressively increasing the peptide
levels (above P/L 0.15) the relative ratio of the appar-
ently nonhilayer to bilayer type components in the
spectra shifts until (at P/L 0.2) only a single, broad
isatropic peak (4v,,, 10 ppm) is evident. The overall
etfect of increasing peptide concentration on the *'P
chemical-shift anisotropy (CSA) is to decrease the ab-
solute magnitude of the CSA enve'ope relative to pure
POPC.

Fig. 2B and C show the influence of é-toxin on the
2H-NMR spectra from POPC-a-d, and POPC-B-d,,
respectively. Except for extremely high peptide concen-
trations (P/L > 0.15), all 2H-NMR spectra are typical
Pake doublets, characteristic of fluid lipids in a bilayer
arrangement [10}. The quadrupole splitting (4vy) cor-
responds to the separation (in Hz) between the two
maxima in the 2H-NMR spectrum. The 2H-NMR spec-
tra at high peptide concentrations show effects analo-
gous to those observed in the 3P.NMR spectra, in thai
both isotropically averaging and bilayer type compo-
nents are evident. At cxtremely high ievels of peptide
complete collapse of the quadrupole splitting results,
culminating in a broac isotropic peak with widths-at-
half-height of 0.54 kHz and 2.71 kHz for POPC-a-d,
and POPC-B-d,, respectively (at P/L 0.2). Addition of
5-toxin progressively decreases the quadrupote split-
tings arising from both POPC-a-d, and POPC-8-d,.

Fig. 3 illustrates in detail the influenc= of 8-toxin on
the 3'P-NMR CSA and on the quadrupole splittings
from POPC-a-d, and POPC-B-d, at 2:°C. The addi-
tion of &-toxin causes a general decrease in the abso-
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lute magnitude of the *'P-NMR CSA relative to pure
POPC. Specifically this response can be divided into
two distinct linear regions, corresponding to low- (P /L
< 0.10) and high- (P/L > 0.10) peptide concentrations.
In the low-concentration region, &-toxin has only a
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marginal effect on the magnitude of the CSA. How-
ever, at hign concentrations, a progressive and pro-
nounced decrease in the magnitude of ithe CSA is
observed. As noted above, at extreme peptide concen-
trations, the *'P-NMR spectrum collapses to a broad,

B

P/L
0
J l 0.100
Ao,

0.200

KH2

T

| T
=10 -15 4--20-;5|

0.200

KHz

T T T T

1
10

' 1 1
25 20 15 0

Fig. 2. Representative

T

v

LR l'l']
-3 -10 -15 -20-25

Wp (A) and *H (B and C) NMR spectra in the presence of various concentrations of §-toxin at 25°C. In (A). P-NMR
spectra are shown as obtained from POPC membranes containing the indicated peptide/lipid molar ratios. In (B), 2H-

NMR spectra from

POPC-a-d, are shown and in (C). *H-NMR spectra for POPC-B-d are shown, again. for membranes containing the indicated P/L ratios.



isotropic resonance linc. The *H-NMR quadrupole
splitting from POPC-B-d, decreases gradually as pep-
tide levels are increased. The response of the
quadrupole splitting from POPC-8-d, to §-toxin bind-
ing is very weak and approximately linear over the
entire concentration range examined. In general, the
effect of a-toxin on POPC-a-d, is to decrease the
H-NMR quadrupole splitting. However, quantita-
tively, scveral significant differences are seen. POPC-a-
d, is much more sensitive to the presence of peptide
and shows substantially larger changes in quadrupole
splitting relative to POPC-B-d,. Also, the cverall de-
pendence of the POPC-a-d, quadrupole splitting on
peptide concentration is more complex than that ob-
served for the POPC-B-d,. As the peptide concentra-
tion increases, the quadrupole splitting exhibits three
different. regions of lincar response. At low levels of
peptide, a fairly steep drop in the quadrupole splitting
occurs. The response then levels off, leading to a
plateau region where higher amounts of peptide have
small cffects on the quadrupotle splitting. Further addi-
tion of peptide causes the quadrupole splitting to de-
crease rapidly once more, in a manner similar to that
seen at low concentrations. The *'P-NMR and 2H-
NMR spectra and the values of the *'P CSA and the
*H quadrupole splittings measured here demonstrate
that #-toxin has an overall disordering cffect on the
entire hecadgronn regicn of ghivsphatidylcholine bilay-
ers.

A specific response of the phosphatidylcholine
headgroup to surface charges is characterized by a
counter-directional change in the size of the *H-NMR
quadrupole splittings measured from deuterons located
at the a- vs. the B-methylene segment of the choline
headgroup. We can obtain no NMR evidence indicat-
ing any such effect of 8-toxin on surface electrostatics
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Fig. 3. Variation of the 'P-NMR chemical shift anisotropy (C5A)

(squares) and ~“H-NMR quadrupole splittings from POPC-u-d,

(circles) and POPC-B8-d, (diamonds) at 25°C’ as a function of the
peptide-to-lipid molar ratio.
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at 25°C. It is possible that the large disordering effect
of d4-toxin is masking a smaller response of the *H-
NMR quadrupole splittings to changes in surface clec-
trostatics due to the presence of ihe peptide. There-
fore, in an attempt to reduce the disordering effect and
thereby unmask any electrostatic response to 8-toxin,
we investigated the effect of decreasing temperature
on the *'P-NMR and the *H-NMR spectra. The *' P-
NMR spectra in Fig. 4A (P /1. 0.167) appear to consist
of multiple components, each of which corresponds to
a different degree of conformational ordering. As the
temperature is decreased, the *'P-NMR spectral line-
shape alters and apprcaches that characteristic of a
bilayer arrangement of lipids. However, the magnitude
of the CSA i 5°C is still far smaller than that of 10097
POPC (i.c., sec Fig. 2A). Fig. 4B and C show typical
*H-NMR spectra of POPC-a-d, for both low (P/L
0.025) and high (P/L 0.167) peptide concentrations,
respectively. In Fig, 4B, it is clear that, at low levels of
peptide, decreasing temperature has no major impaet
on the overall shape of the *H-NMR spectrum. At high
peptide concentration (Fig. 4C) at 25°C the *H-NMR
spectrum of POPC-a-d, is quite narrow and appears to
consist of multiple components, ~ach of which corre-
sponds to a differcnt degree of conformational order-
ing. With decreasing temperature the overall contribu-
tion of the narrow spectral components decreases, such
that a lineshape characteristic of bilayer lipids emerges
at 5°C. When the temperature dependence of the 'P
and 2H spectral lineshapes is investigated for the high-
est peptide concentration {(P/L 0.20), it is not possible
to convert the broad, featurcless lineshape back to a
bilayer type lineshape by lowering the temperature.,
As the temperature decrcases, the quadrupole split-
tings from both PGPC-a-d, and POPC-B-d, increase.
Fig. 5A and B show the temperature dependence for
various peptide /lipid ratios. For pure POPC, decreas-
ing the temperature causes the quadrupole splittings
from both POPC-B-d, and POPC-a-d, to increasc.
Howgver, the quadrupole splitting from POPC-B8-d,
exhibits a much greater temperature dependence than
POPC-a-d,, as has becn reported by others [33]. In
general, for POPC-a-d, (Fig. 5A), incrcasing thc
amount of peptide has a minimal cffect on the weak
temperature-dependence of the quadrupole splitting.
This is obvious from the lines plotted in Fig. SA, where
the slopes are all very small and roughly cqual. De-
creasing the temperature has a greater effect on the
POPC-B-d, quadrupole splitting. Fig. 3B shows that as
peptide levels rise, temperature dependence of the
POPC-B-d, quadrupole splitting is reduced. From these
studiecs of the temperaturc-dependence of the
quadrupole splittings it is clear that, while decreasing
temperature can moderate the overall disordering cf-
fect of 8-toxin on the POPC headgroup, no response of
the headgroup which can be attributed to changes in
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the surface electrostatics is revealed by reducing the
temperature, for any level of 4-toxin.

Shown in Fig. 6 is the relationship between the a-
and B-?H-NMR quadrupole splittings. In all cases
investigated to date, the slopes of such a-8 correlation
plots are negative for situations in which an agent
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under investigation influences bilayer surface electro-
statics. The essential features of this correlation plot
for the case of 8-toxin are that the quadrupole split-
tings vary, at best, in an approximately linear fashion
across the entire concentration range, but that the
slope of the line is positive and quite small.
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Fig. 4 Tcmpcra!urc-dcpendepcc ot the "P-NMR (A} and *H-NMR (B and C) spectra of POPC 1n ihic presence of 8-toxin. In (A), 'P-NMR
spectra of POPC membrances in the presence of 3-toxin {P/L 0.167) are shown. In (B and ). "H-NMR spectra from POPC-a-d . at low (B) (P /L
0.04) and high (C) (P /L 0.167) peptide concentrations.
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Discussion

The amino-a~id scanence of Staphylococcus aurens
S-toxin is shown in Fig. 7. Since the amino-terminus is
N-formylated. at physiological pH the peptide carries
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Fig. 6. Cosrelation plot of the quadrupole splittir.s from POPC-a-d,
and POPC-B-d.. The quadrupole splittings from the two deuteron
pusiiiuns, obtained under identical conditions of peptide concentra-
tion. are plotted with respect to one another. The line of best it is
described by the equation Jefl = 0.20241¢ +4.1 (% 0.96),

an overall neutral charge. Note that in this regard
é-toxin differs markedly from other surface-secking
peptides such as, for exampie, melittin which bears a
nct + 5 positive charges at physiological pH. It appears
that 8-toxin adopts a predominantly a-helical scc-
ondary structure unon associating with membrane lipids
[34]. In addition, it is cvident that an «-helical struc-
ture idonted by 8-toxin would be highly amphipathic.
An amphipathic helix has a polarized distribution of
hydrophilic and hvdrophobic amino-acid side chains or
its outer surface. A quantitative comparison of the
degree of amphipathicity of different helical segments
is obtained by calculating the so-called hydrophobic
moment introduced by Eisenberg et al. [35]. The greater
the hydrophobic moment, the greater the amphipathic-
ity or polarization of hydrophobic and hydrophilic
siac-chain distribution about the helical axis. Using the
procedure of Eisenberg ct al. [35], a mcan hydrophobic
moment of 9.87 is obtained for 8-tuxin, which may be
compared with the value of 5.84 calculated for melittin
[34). Thus, &-toxin may be considered to possess a
highly polar helical face and a highly nonpolar helical
face. Upon closer inspection of the distribution of
charged vesidues, one notes that e aminesivini!
half of the peptide is predominanily negatively-charged

18 26

IMet-Ala-Gin- Asp-Hle-lle-Ser-Thr-He-Gly-Asp- 2u-Val-Lys-Trp-le-He-Asp-Thr- Val-Asn-Lys-Phe The Lys-Lys

Fig. 7. Amino-acid s:guence of Staphylococcal 8-toxin.
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while the carboxy-terminal half is predominantly posi-
tively-charged.

Although 8-toxin has been studied extensively using
a variety of physical techniques, controversy still sur-
rounds the fundamentai question of how the peptide
disrupts the integrity of lipid bilayers and cell mem-
branes. Two models have been proposed to account for
its cytolytic effects. In one case, it has been proposed
that 8-toxin remains localized at the surface of the
lipid bilayer, but penetrates to some degree into the
bilayer proper where it acts somewhat like a wedge,
creating defects in the lipid bilayer structure [36]. This
model is similar to that proposed for the mechanism of
action of melittin. Others have proposed that 8-toxin
inserts into and spans the lipid bilayer [2,37-39). Ag-
gregation of such membrane spanning units could then
produce a transmembranc pore which lcaks the cell
contents,

H-NMR and “P-NMR of phospholipid hecad-
groups can provide insight into the nature of associa-
tions occurring at the membrane surface and their
cffects on lipid headgroup conformation and dynamics.
For membrane proteins and peptides these usually fall
into onc of two categorics: cffects on lipid ordering
and dynamics, or clectrostatic cffects on headgroup
conformation. *H-NMR is narticularly uscful tor de-
tecting electrostatic effects at the membrane surface,
since it is well-established that the headgroup of phos-
phaudylcholine scnses and responds to the presence of
membranc  surface charges [12). In this respect
phosphatidylcholine is said to behave like a *molecular
voltmeter’. The major feature of this response is a
counter-dircctional change in the size of the *“H-NMR
quadrupole splittings from deuterons located at the -
vs, the B-methylene segment of the choline group. This
has beca taken as didicating that the choline head-
group undergoces a concerted conformational change in
response to surface charges. Roux et al. [15] have
presented a model of this conformational change
wherein the headgroup experiences a torque as the
dipolc moment of the phosphocholine moiet; secks to
align itself with an electrical ficld emanating outwards
from the bilayer surface. Macdonald ct al. [40) have
shown that such a *cholinc tilt' model can reproduce all
of the essential features of the dependence of the
*H-NMR quadrupolc splittings on both positive and
negative surface charges.

The *‘molecular voltmeter” response is produced by a
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tides. These include melittin [13,41-43), which is a 26
amino-acid peptide bearing 5 positive charges located
near its amino-terminus and which is believed to re-
mzin located at the membrane surface. Another exam-
ple is the synthetic -ationic membrane-spanning pep-
tide studied by Roux ct al. [15] which, by virtue of the
two lysine residues located at both ends of a hydropho-

bic central sequence of 20 leucines, induces a ‘molecu-
lar voltmeter’ response indicative of a positive surface
charge density. Yet another example is the case of
cyclic somatostatin [44] which is a predominantly ;-
drophobic, cyclical peptide of only 8 amino acids in
length, one of which is lysine. Cyclic somatostatin in-
tercalates readily into lipid bilayeis and induces a
cationic ‘moiccular voltmeter’ response, indicating that
the lysinc residue is located at the membrane surface.
The *H-NMR results obtained here clearly indicate
that é-toxin fails to induce any such ‘molecuiar volt-
mcter’, response. In particular, the counter directional
change in the value of the quadrupole splittings from
POPC-a-d, vs. POPC-B-d, characteristic of the unique
conformational change undergone by the choline head-
group in responsc to surface charge is absent. Rather,
é-toxin induces a decreasc in the quadrupole splittings
from both POPC-a-d, and POPC-B-d,, as well as the
CSA mecasured from *'P-NMR spectra. These effects
can only be interprcted in terms of a generalized
disordering of the phospholipid hcadgroup region in
thc presence of 8-toxin. There are several possible
reasons for this lack of clectrostatic response to 8-toxin.
First, the peptide itsclf bears no net charge. This does
not in itsclf preclude an clectrostatic response because,
as notcd above, the peptide contains many positive and
negative charges and their distribution along the length
of the helix is highly asymmetric. Sccond, aggregation
of the peptide into membrane-spanning dimers, or
higher oligomers, could occur in a head-to-tail fashion
in order to maximize formation of salt dridges. While it
is not known whether an anti-parallel or a parallel
bundling of helices is favoured by 8-toxin, anti-parallcl
aggregation would lead to elimination even of the
asymmetry of charge distribution. Third, any mem-
branc spanning oligomer must scgregate polar residues
towards the interior of the aggregate, away from expo-
sure to the hydrophobic acyl chains of the membrane
lipids. Hence, it is unlikely that in such a state any
uncancclled charges would cver lic near the membrane
surface, proximal to the phospholipid headgroups.
The response of the *H- and *'P-NMR from the
phospholipid hcadgroup of POPC upon interaction
with &-toxin indicates a disordering of the choline
headgroup, at all temperatures examined. We are by
no mcans the first to observe this type of disordering
by é-toxin, Dufourc and co-workers [6] reported similar
results for acyl-chain dcuterated DMPC systems that
were w2l abave the lipid gel to liquid-crystaiiine phase
transition temperature (7). However, at temperatures
ncar, but sightly above the T, they report that §-toxin
prcterentially orders the acyl chains. We have found no
evidence for any preferential ordering of the choline
headgroup by &-toxin at any temperature above the
lipid T, (-5°C for POPC). Our *'P- NMR results were
similar to those of Dufourc et al. [6], indicating lipid



headgroup perturbations at all temperatures. There-
fore, it would appear that -toxin has differential or-
dering effects upon the acyl chain vs. the headgroup
region at temperatures near the lipid T..

It is interesting to consider the possible origins of
the distinctly smaller effect of &-toxin on the
quadrupole splitting from POPC-B-d, vs. the quad-
rupole splitting from POPC-a-d, or the ¥'P CSA. One
reasonable interpretation is that this difference reflects
the details of the orientation of 8-toxin with respect to
the plane of the membrane. A surface orientation, with
the long helical axis of the peptide arranged parallel to
the membrane surface, would be expected to perturb
all positions in the phosphatidylcholine headgroup
more or less equally. A transmembrane orientation,
with the long hclical axis of the peptide arranged
perpendicular to the membrane surface, might not
extend far enough beyond the hydrophobic core of the
membrane to perturb all lipid headgroup positions
equally. Thus, this line of argument appears to support
a transbilayer orientation for &-toxin. Another cqually
cogent interpretation is that this difference in the
response of POPC-B-d, vs. POPC-a-d, merely reflects
a relative insensitivity of the B-methylene seyment to
conformationali perturbations. For instance, the confor-
mational freedom of the B-methylene segment is ex-
pected to be greater than that of the a-methylene
segment, hence, the far greater temperature-depen-
dence of the POPC-B-d, quadrupole splitiing. Since
5-toxin has an overall disordering efiect, its impact wili
be felt most at those positions having greater confor-
mational order, i.e., the a-metnylene segment. We can
only conclude that the response of the choline head-
group to S8-toxin is not definitive with respect to the
orientation of the pepiide in or on the membrane.

Numerous membrane proteins have been shown to
disorder and immobilize bilayer lipids, including grami-
cidin A [45] and cytochrome oxidase [46). Pink et al.
(47] have proposed a model to account fur the observed
disordering induced by these proteins. The model is
based upon evaluating the number and type of lipid-
protein interactions in the system. The essential as-
sumptions are that a lipid is only slightly disordered
when in contact with only one protein molecule, but is
highly disordered when trapped between two or three
protein molecules. '

At low P/L ratios, two populations of lipids will
predominate, bulk lipids and lipids in contact with one
peptide molecule. The equilibrium exchaiige 1aic be-
tween these two populations will be fast on the NMR
time-scale (i.c., less than 10~°-107% s). This is consis-
tent with cur observation of only a single 2H-NMR
quadrupole splitting or >'P-NMR CSA in the corre-
sponding spectra for low amounts of &-toxin. We ob-
serve only a gradual increase in the disorder at low
P/L ratios, since on average the lipids are in contact
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with only a single peptide molecule. A lipid in contact
with only a single peptide likely exhibits only a small
disordering effect because it remains in contact, simul-
taneously, with other lipids, which tends to maintain
the conformational order.

At higher P/L ratios, there are no longer enough
lipids to completely surround all the peptides and an
increasing number of lipids are trapped between two
or three peptide molecules. Again, essentially only two
lipid populations exist, consisting of lipids adjacent to
one peptide, and those adjacent to two or threc pep-
tides. The lipid populations in this regime are still in
fast exchange and the NMR spectra consist of a single
spectral component. The rapid decrease in the
auadrupole splittings and CSA arises due to the in-
creasing population of lipids which are trapped be-
tween two or three peptide molecules. A lipid in con-
tact with morc than one peptide is morc highly disor-
dered, because there are fewer lipid-to-lipid contacts
available to alleviate the disordering effects of the
close proximity to a peptide molecule.

At exiremely high peptide concentrations (i.e., P/L
> 0.167), all the lipids are in contact with two or three
peptide molecules and are essentially devoia of lipid-
to-lipid contacts. At this point, the peptide spacing
dictates the packing in the bilayer, resulting in defects
and gaps which are large relative to the size of a lipid
molecule. The resulting conformational disorder gives
rise to spectra characteristic of non-bilayer s.ructures.
The exchange rate between different populations of
lipids is slow on the NMK time-scale and explains the
multiple components seen in the *H- and ¥P-NMR
spectra in Fig. 4 A and C (where P/L = 0.167). Overall
the effect of decreasing temperature is to order the
local environment of the hipid. By decreasing the tem-
perature, the diffcrence in the degree of disorder be-
tween the lipid populations is reduced. Hence, the
trend towards a common, more-ordered environment
with decreasing temperature which yields an overall
bilayer type 2H- and *'P-NMR spectrum. Note that
this observation allows us to exclude the formation of
small vesicles a:. a cause for the collapse of the spec-
trum at high peptide concentrations, since lowering the
temperature should merely broaden the isotropic reso-
nance Line from a small vesicle, rather than causing a
return to a bilaver-type spectrum. No such firm state-
ment can be made, however, regarding the highest
peptide concentration (P/L 0.20).

The model of Pink et al. [47] allows for a quantita-
tive fit to experimental quadrupole splittings using an
cvaluation of the statistical variation of lipid popula-
tions accompanying changes in the P/L ratio. An addi-
tional compiication for the case of §-toxin, not specifi-
cally considered by Pink et al. [47], is that of possible
variations in the oligomeric state assumed by a particu-
lar protein. For example, it is likely that there exists a
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distribution of status of &-toxin aggregation ranging
from dimers through hexamers to, possibly, even higher
aggregation states and this distribution will change as a
function of the P /L ratio [48]. The deiails are presently
unknown. While it is tempting to endcavour to gain
information concerning such questions by employing
simulation models which incorporate the possibility of
a distribution of oligomeric states, the uncertainty sur-
rounding any interprctations would be prohibitory
without independent evaluauon of the oligomeric states
of the peptide. Clearly, what is required to address the
outstanding issucs of the oricntation cf &-toxin with
respect to the plane of the membrane and its state of
aggregation upon association with the membrane, is
dircet cxamination of the peptide itself using, for ex-
ample. solid-state NMR techniques.
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