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Abstract

Membrane fusion between uncharged lipid vesicles can be triggered by the peptide sequence ‘B18’ from the fertilization
protein ‘bindin’, but it only proceeds efficiently in the presence of Zn>* ions. We studied (i) the interaction of Zn** with the
fusogenic peptide B18, (ii) the binding of BI18 to 1-palmitoyl-2-oleoylglycero-3-phosphocholine (POPC), and (iii) the ternary
system POPC/B18/Zn?*. The complex formation of Zn>* with the central histidine-rich motif of B18 appears to shift the
secondary structure away from a B-sheet towards an o-helical conformation. Here we observe for the first time an essentially
a-helical structure of the peptide when immersed in POPC bilayers which appears to represent its functional fusogenic state.
Infrared linear dichroism suggests a peripheral, oblique insertion mode of B18, mediated by the hydrophobic patches along
one side of the amphipathic peptide. Furthermore, the hydration level of the peptide is reduced, suggesting that the
hydrophobic region of the bilayer is involved in the lipid/peptide interactions. The hydration capacity of the POPC/B18/Zn>**
system is distinctly smaller than that of POPC/Zn?* without peptide. The accompanying decrease in the number of tightly
bound water molecules per lipid can be interpreted as a reduction in the repulsive ‘hydration’ forces, which usually prevent
the spontaneous fusion of lipid vesicles. Binding of the B18 peptide in the presence of Zn>* effectively renders the membrane
surface more hydrophobic, thus allowing fusion to proceed. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The sea urchin sperm protein ‘bindin’ plays a key
role in fertilization, as it mediates the species-specific
gamete adhesion and presumably fusion with the egg
membrane [1,2]. The central conserved part of the
protein is relatively hydrophobic and appears to be
responsible for its high affinity to lipid bilayers [3-5].
To understand the function of native sperm bindin
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and to illuminate the general principles of other fu-
sogenic proteins, it is necessary to describe their
mode of binding and their destabilization of fusion-
competent lipid bilayers. To this aim, we are initially
focussing our attention on a short sequence of 18
residues, which represents the minimal membrane-
binding and fusogenic motif of bindin [6-8]. Just
like the parent protein, the ‘B18’ peptide fragment
has been demonstrated to cause rapid fusion between
uncharged vesicles of sphingomyelin/cholesterol [7],
and it also interacts strongly with other synthetic
lipid bilayers (Zschoernig et al., in preparation). No-
tably, the fusion activity of the peptide is strongly
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enhanced in the presence of Zn>*, which is known to
occur in stoichiometric amounts in the parent pro-
tein. This metal ion has been shown to form a spe-
cific complex with the histidine-rich motif HxxHH of
B18. Membrane fusion assays can thus be conven-
iently triggered by the addition of Zn>*, which ap-
pears to act as a folding aid by introducing a local
peptide conformation resembling the native zinc-
binding site of bindin. By nuclear magnetic reso-
nance (NMR) and circular dichroism (CD) spectros-
copy, we have recently found that B18 forms an am-
phipathic a-helix in the presence of Zn?*, and
similarly in membrane-mimicking environments
such as 30% trifluoroethanol (TFE) or detergent mi-
celles [7,8].

In an a-helical conformation, which appears to be
a characteristic structure of most fusogenic peptides
[9,10], B18 carries two clusters of hydrophobic side
chains. With these patches oriented on one face of
the helix, the peptide could favorably penetrate into
a lipid membrane. However, relatively little is known
about the molecular interactions between B18 and
lipids, and about the role that Zn>* plays in this
step. Besides any general structural changes of the
relevant molecular segments, it will be interesting to
address the orientation of the peptide in the lipid
environment. An oblique angle of immersion has
been postulated as a general mechanism for pep-
tide-induced fusion, on the basis of molecular mod-
elling [11]. Hence, an experimentally refined picture
of the B18 system promises to be of some general
relevance, not only for the fertilization process but
also for other fusogenic peptides which mediate for
example the entry of enveloped viruses into host
cells.

The general process of peptide-induced membrane
fusion must involve a sequence of events, namely
peptide-binding, vesicle aggregation, surface dehy-
dration and membrane destabilization, before the fi-
nal merging of the bilayers can proceed [9,12,13]. The
hydration of the polar interfaces and the repulsive
forces acting between them are known to be closely
related to the ability of lipid bilayers to fuse [14].
Consequently, an investigation of the membrane sys-
tem as a function of hydration is expected to yield
direct information about the thermodynamics of fu-
sion, about the phase behavior of the lipid, and
about the interactions of divalent cations and B18

with the lipid headgroups. Recently, we have com-
bined hydration/dehydration studies with infrared
(IR) linear dichroism measurements to characterize
the molecular architecture of lipid systems [15-17].
Polarized attenuated total internal reflection (ATR)
IR spectroscopy is well-suited to obtain information
about the insertion mode of peptides into lipid mem-
branes [18-23]. Hence we studied the interaction of
B18 with oriented multibilayer stacks of 1-palmitoyl-
2-oleoylglycero-3-phosphocholine (POPC) in the
presence and absence of Zn’>* by IR linear dichroism
as a function of the relative humidity (RH).

According to White and Wimley [24], the strategy
for studying the interaction of a small biologically
active peptide with a lipid bilayer is to answer four
questions: (1) what structure does the peptide adopt;
(2) what is the transbilayer location of the peptide;
(3) what is the energetic cost of getting there; and (4)
what are the resulting effects on the bilayer struc-
ture? Additionally, in this particular B18 system,
we need to consider the influence of Zn** on the
molecular structure of the lipid and peptide, and
on the hydration levels of each individual component
and a mixture of both. The paper is organized as
follows: first, the secondary structure of the peptide
in the presence and absence of Zn’* is described.
Second, its interactions with POPC and its orienta-
tion in the lipid membrane are analyzed and dis-
cussed. Third, we compare the water adsorption
and the lyotropic chain melting transition of the lipid
in four systems: pure POPC, POPC/Zn>*, POPC/
B18 and POPC/Zn**/B18. The results were discussed
in terms of fusogenic activity.

2. Materials and methods
2.1. Materials and preparation of lipid vesicles

Vesicles of POPC (Avanti Polar Lipids, Alabaster,
USA) were prepared as follows. The lipid in a
chloroform/methanol stock solution (1:3 v/v) was
dried and re-suspended by vortexing in water (D,O
or H,O) at a final lipid concentration of 2-3 mg/ml,
followed by extrusion (Lipex extruder, Biomem-
branes, Vancouver, Canada) of the suspension
through a polycarbonate Unipore membrane (100
nm pore size, Millipore).
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The peptide B18 (LGLLLRHLRHHSNLLANI),
representing amino acids 103-120 of the mature
Strongylocentrotus purpuratus bindin sequence, was
synthesized by standard Fmoc protocols, purified
by reverse phase high performance liquid chromatog-
raphy and checked by electrospray mass spectrosco-
py, as described earlier [7,8]. Trifluoroacetic acid
(TFA), which was used in these procedures, is known
to interfere with the data analysis, as the COO™
stretching vibration can absorb strongly in the amide
I region at 1673 cm™! [18,22]. Therefore, TFA was
removed on an ion exchange column (Amberlite
IRA-410 resin, Merck, Darmstadt, Germany), and
the depletion was confirmed by 'YF-NMR in solu-
tion. Stock solutions of B18 were prepared by dis-
solving the peptide in water (10 mM, D,O or H,0O).
Sample solutions were prepared by mixing appropri-
ate amounts of stock solutions of the lipid, of the
peptide and/or of ZnCl, (dissolved in D,O or H,O,
10 mM) to yield nominal peptide to lipid ratios of
Rp/L =0, 0.02 and 0.2 (mol/mol), and Zn>* to lipid
ratios between Rz, =0 and 3 (mol/mol). Before
measurements, the sample solutions were stored
overnight at T=4°C.

2.2. IR linear dichroism measurements

Samples were prepared by pipetting 100-200 pl of
the sample solution on a ZnSe ATR crystal
(70X 10 X 5 mm? trapezoid, face angle 45°, six active
reflections) and evaporating the water under a stream
of warm air. While drying, the material was spread
uniformly over an area of Agm=~40X7 mm? onto
the crystal surface by gently stroking with the pipette
tip. The amount of material corresponds to an aver-
age thickness of the dry film of dy >3 um, assuming
a density of 1 g/cm?.

The ATR crystal was mounted into a commercial
horizontal ATR holder (Graseby Specac, Kent, UK)
that had been modified such as to realize a well-de-
fined RH and temperature (7) within the sample
chamber [15]. We used a flowing water thermostat
(Julabo, Seelbach, Germany) and a moisture gener-
ator (HumiVar, Leipzig, Germany) to adjust RH
(DO or H,0O) to any value between 5% and 95%,
with an accuracy of +0.5% at T=30°C. Polarized
absorbance spectra, A;(v) and A4,(v) (128 scans,
nominal resolution 2 cm™!), were recorded by means

of a Bio-Rad FTS-60a Fourier transform IR spec-
trometer (Digilab, MA, USA) at two perpendicular
polarizations of the IR beam, parallel (||) and per-
pendicular (L) with respect to the plane of incidence.

Before starting the measurements, the lipid films
were hydrated for 1 h at RH =95% and subsequently
dried at 5%. Then, RH was increased stepwise (hy-
dration scan). Polarized spectra were recorded every
3% after allowing the sample to equilibrate for 10
min at each step. After reaching the maximum value
of RH, the scan direction was reversed (dehydration
scan). In the samples without ZnCl,, no hysteresis
effects were detected. In the presence of ZnCl,, the
formation of a complex between POPC and Zn>*
was observed in the first hydration scan only after
reaching a humidity of RH > 60% [25]. In view of
this hysteresis, we exclusively present the results of
dehydration scans.

Although we used D,O vapor in most measure-
ments, some experiments were performed with H,O
to prove that the spectrum of adsorbed D,0, and in
particular its bending mode near (1200-1204) cm™!,
does not lead to a misinterpretation of the IR spec-
tra.

2.3. Determination of the IR order parameter

The IR order parameter, Sig, of an absorption
band was calculated by means of

®©
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The polarized absorbances, A and 4, , were eval-
vated from A4;(v) and A,(v) by integration after
baseline correction. In some cases, the bands were
separated using a global fitting technique [26]. In
general, the ‘constants’ K;(&)=(E./Ey)*+(Ev/Ey)
and K»(&)=2(E./Ey)*—(Ey/E,)* depend on the Car-
tesian coordinates of the normalized electric field am-
plitude (z' and y" point normal to the ATR surface
and to the plane of incidence, respectively). These
components depend on the ratio of the thickness of
the sample film over the wavelength of the light
(E=d/A), on the angle of incidence (w=45°), and
on the ratio of the refractive indices of the sample
and the ATR crystal (721 = nsample/nznse = 0.58) [27].
We make use of the ‘thick’ film approximation
(KT =2 and K5 =2.54, [27]) which has been shown
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to yield acceptable results for lipid films on a ZnSe
crystal at £=0.2 [26].

The peak positions and the center of gravity
(COG) of the absorption bands were determined
from the weighted sum spectrum A(v)=A4;(v)+
K3 A, (v) [17,26].

2.4. Determination of water adsorption isotherms by
means of ATR-IR spectroscopy

The mol ratio water to lipid, Rw,r, was estimated
directly from the ratio of the integrated absorbances
of the O-H/O-D stretching band of water, v;3(H,O)/
vi3(D,0), and the C= O stretching band of the lipid,
WC=0), by means of

Aw(vi3)

fon =K vic=0) ?

This approximation is confirmed by comparison
with the POPC isotherms, which were measured
both gravimetrically and by IR spectroscopy to yield
the proportionality constant K [25]. The v;3(D,0)
band was integrated over the range 2700 cm™'-
2100 cm™!, and v;3(H,O) over 3700 cm™'-3100
cm~!'. The C=0) band provides a suited internal
standard to determine Ry, because its integrated
intensity (1780 cm™'-1690 cm™!) decreases roughly

proportional to the dilution effect of water [25].

3. Results and discussion

3.1. The effect of Zn’" on the secondary structure of
B8

Fig. 1 shows the IR spectra of B18 which is spread
onto an ATR crystal at variable RH (D,0). The
shape of the amide I band is characterized by an
intense IR band at 1620-1630 cm™~!, and a weak
component 1685 cm~!. The doublet is characteristic
of an antiparallel B-sheet conformation [28,29]. This
observation is fully consistent with the tendency of
B18 to self-associate into B-sheet amyloid fibrils, as
known from X-ray diffraction and electron micros-
copy [8]. Besides the doublet, an underlying band
centered around 1667 cm™! in D,O vapor is clearly
discernible. This feature appears to originate from an
unordered structure of the peptide, which has also

been observed by CD spectroscopy for B18 in aque-
ous solution before precipitation into fibril sets in [6—
8]. This interpretation is supported by the observa-
tion that in some freshly prepared IR samples, the
amide I band shows a single peak near 1667 cm™!,
which transforms into the contour shown in Fig. 1
after incubation of the sample for several hours at
RH >80%. In addition, the two asparagine side
chains of B18 are expected to absorb at 1648 cm™!,
i.e. at a position in between the two [-sheet compo-
nent bands [18,30]. The amide I band of B18 shows
essentially the same structure in H,O atmosphere as
in D,O. Note that the underlying H,O bending vi-
bration near 1650 cm™~! enhances, however, the cen-
tral part of the amide I band.

The amide I contour of B18 in the presence of
ZnCly (Rz/p=6.5) differs fundamentally from that
of pure BI8, as it shows a single maximum at
~ 1646 cm™!' (D,0) or 1658 cm™! (H,0). It can be
attributed to an a-helical peptide structure, which is
again in good agreement with previous reports on
this system. CD studies had shown that the peptide
assumes a predominantly a-helical conformation in
the presence of Zn>*, and that the B18-Zn>* com-
plexes self-associate further into globular particles
that are held together via Zn’>* bridges [6-8]. The
two shoulders in the IR bands at 1585 cm™! and
1609 cm™! are probably due to the symmetric and
antisymmetric C=N stretchings of the charged argi-
nine residues (CN3;DY), which are superimposed on
the imidazole ring vibration of histidine [18,30]. This
interpretation is supported by the disappearance of
the shoulders in the B18 spectrum in H,O vapor,
because the C=N stretching band shifts upwards
by 40-50 cm™! after protonation [31]. At this posi-
tion, however, these bands are hidden behind the
strong amide I and dH,0) water bands.

With increasing RH, the peak of the amide I band
of B18 is shifted to lower wavenumbers by ~4 cm™!,
both in the absence and presence of Zn>*. This trend
indicates a slight strengthening of the hydrogen
bonds in the peptide backbone due to the adsorption
of water [22] (vide infra).

The IR transmission spectra of B18 (5 mM) dis-
solved in pure D,O or D,0+ZnCl, show a dominant
peak at 1670+ 3 cm ™! (data not shown). This feature
has been assigned to a disordered structure (vide
supra) in accordance with previous results which
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Fig. 1. IR spectra of B18 in the absence (left) and presence of Zn>* (right) in a D,O (above) and H>O (below) atmosphere of
RH =8% (solid line), 59% (dotted) and 89% (dashed) at 77=30°C. The insertions in the upper part enlarge the region of maximum in-
tensity of the amide I band. The arrows indicate spectral shifts which are induced by hydration. Peak positions are given by vertical
numbers in units of cm™!. The intensity of the band at 1202 cm™! (D,0) increases at RH=89% due to the underlying D,O bending

mode.

show that B18 is virtually unstructured in excess
water up to pH 6 when the three histidines become
protonated [7]. Precipitation of the peptide was ob-
served in these samples only under neutral or basic
conditions. Consequently, the existence of the -sheet
structure of the partially hydrated peptide indicates
that at least a considerable fraction of the histidines
must be deprotonated. The observed transformation
of the peptide into an o-helical conformation at re-
duced hydration in the presence of Zn’>* confirms
this interpretation, because the Zn>* cations bind
only to the deprotonated histidines [7]. Therefore
we conclude that, even without having explicitly ad-
justed the pH (pD) in our preparation of the semi-
dry B18/D,0 and B18/D,0/ZnCl, mixtures, the his-
tidines are sufficiently deprotonated to behave in a
biologically relevant manner.

3.2. The secondary structure of membrane-bound BI8
When the B18 peptide is added to POPC

(Rp/L =0.02), the amide I band is only weakly visible
above the background of the dominant lipid IR spec-

trum (Fig. 2a). We have therefore subtracted the
corresponding spectra of the systems without B18
from the polarized spectra of the membranes with
B18, in order to filter out the amide I and II bands
of the peptide (Fig. 2b,c; see legend of Fig. 2 for
details). The contour of the amide I band suggests
that B18 exhibits, at least partially, an o-helical con-
formation in both types of samples, i.e. with and
without Zn?*. Apparently the lipid membrane in-
duces an oa-helical structure of the peptide even in
the absence of Zn>*, despite the fact that B18 on
its own tends to self-associate in a B-sheet conforma-
tion (vide supra). The assignment of the amide I
band to a helical structure is still somewhat hypo-
thetical, because a random conformation may give
rise to a similar spectrum [32]. On the other hand,
it is known from NMR spectroscopy that the
peptide assumes a predominantly a-helical structure
in detergent micelles and in 30% TFE [6,7]. More-
over, freeze-fracture electron microscopy has sug-
gested that also in dimyristoylphosphatidylcholine
(DMPC) bilayers, a certain fraction of o-helical pep-
tide clusters i1s embedded, besides an abundance of



350 H. Binder et al. | Biochimica et Biophysica Acta 1468 (2000) 345-358

B-sheet fibrils which dominate the electron micro-
graphs at high peptide concentration (lipid/peptide
ratio=10/1 or 30/1 (mol/mol), in the absence of
Zn>*) [8]. It seems that the tendency of B18 to self-
associate into B-sheet fibrils is strongly concentra-
tion-dependent, since an o-helical structure is ob-
served at the lower concentration limit used here
(lipid/peptide ratio=50/1). Indeed, we found at a
10-fold increased peptide concentration (Rp,. =0.2),
the IR amide I band of B18 in POPC retains the
spectral features that are characteristic of a -sheet
(data not shown). Hence, the binding mode of B18 to
uncharged membranes is strongly affected by pep-
tide-peptide interactions, but at low concentration
no significant amount of B-sheet structure was de-
tected in the presence of POPC.

3.3. The orientation of membrane-bound BI§

In view of the arguments presented above, it ap-
pears reasonable to assume a helical structure of the
peptide when it is interacting with POPC. The mean
orientation of this secondary structure with respect
to the membrane surface can now be evaluated from
the polarized IR difference spectra which are plotted
in Fig. 2b,c. The A (v) spectrum is multiplied by
a factor K =2 to take into account the differen-
ces in the relative power of the evanescent fields
(vide supra). This representation shows that
2A4,(v)> A (v) in the spectral range of the amide I
band, which indicates that the mean angle (6,), en-
closed between the transition dipole, u, and the nor-
mal of the ATR crystal, n, is larger than 55°. Several
factors have to be considered for a more detailed
interpretation of the dichroism in terms of helix ori-
entation. The IR order parameter can be expressed
as a set of nested, uniaxial symmetric distributions
[33]

SR = S550S5a- (3)

The order parameters Ss, S¢ and S, describe the
mean macroscopic orientation of the membranes on
the ATR surface (0), the mean orientation of the
molecular axis of the helix with respect to the bilayer
(0) and the mean orientation of the transition mo-
ment with respect to the helix axis (&) [17,26]. They
are averaged second-order Legendre polynomials,
S;=0.5 (3cos’i—1) (i=4, 6, a), of the angles which

1700 1650 1600 1650

T T T T v T 1

A L+P
> d /\ L+P+Z
N 0_1 -

5 P+Z
0.0 Sg=—1 L 1

—— A (L+P)
-A (L)

a

0.0E, L 1 ;
1700 1600 1500 1400

wavenumber / cm”

Fig. 2. Polarized IR spectra, A,(v), of POPC and of
(POPC+BI18) (a), the difference spectra AA; = A;(L+P)—k-A4;(L)
(i=1,1) in the absence (b) and presence (c) of Zn>*, and the
amide I region of the sum spectrum, A4=AA;+K7AA,, of
POPC+B18, POPC+B18+Zn** and B18+Zn>* (d) at RH=71%
(D,0) and T=30°C. The spectra are assigned in the figure. The
correction factor, k, has been chosen to compensate the integral
intensities of the C=0) band (1780 cm~'-1700 cm™!) in the
A, (v) spectrum, A, (L+P)—k-A,(L)=0. One value of k has
been used to calculate A4, (v) and A4 (V).

are enclosed between the local bilayer normal, d, and
n (9), between the helix axis, m, and d (6), and be-
tween W and m (o). The macroscopic alignment of
lipid lamellae of the ATR crystal yields typically
Ss =1, such that n and d can be assumed to point
essentially parallel [34]. Literature data of Sy(Al)
vary between 0.4 and 0.8, which corresponds to an
angle between p and the helix axis, m, of
40° > o AT) > 20° [20]. The intra-helical orientations
reported for amide II transition dipoles vary be-
tween o(AI)=90° and 75°, or -equivalently,
Sqe(All)=—0.4 to —0.5.

The polarized spectra of POPC/B18 and POPC/
B18/Zn** yield virtually identical IR order parame-
ters of the amide II band of Sir(AII)=0.09+0.06
and 0.0£0.06, respectively (RH=71%). The order
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parameter of the helix axis, Sy =—0.1%0.15, is cal-
culated wusing Eq. 3 with S,(AIl)=—0.45
(a(All) =79°) and Ss =1. The analogous estimation
for the amide I band using Sir(AI)=-—0.09 and
Sa(AD)=0.5 ((Al)=35°) yields Sg=—0.17%0.1,
in reasonable agreement with the result obtained
from the dichroism of the amide II band.

The IR order parameter corresponds to an appar-
ent mean inclination angle between the helix axes
and the membrane normal of < 8> =60°. Two con-
clusions can be drawn from this estimation. First,
there is no significant difference in helix orientation
between the systems with and without Zn>*. Second,
the helix axis seems to align predominantly parallel
to the membrane surface. One should, however, take
into account several factors that prevent any exact
analysis in terms of helix orientation: (i) as the indi-
vidual amide transition dipoles are non-axially dis-
tributed with respect to the helix axis [21], a progres-
sive summation along 10-20 residues (with a
periodicity of 3.6 per turn) yields an uncertainty in
Sir of ~ £0.04. (ii) A certain fraction of disordered
peptide residues, for example at the helix-termini,
would shift Sijg and Sy towards a more random val-
ue. This effect would decrease the apparent inclina-
tion angle (6) of B18 towards 55° [19]. (iii) In the
case of a kinked helical structure, the different ori-
entations of the individual helical regions would lead
to more complex averaging. The NMR structure of
B18 in 30% TFE/H,O has indeed been found to con-
sist of two helical parts that are connected via a
flexible hinge in the histidine-rich center [7]. This
loop is distinctly bent (90°-120°) in the presence of
detergent micelles, possibly due to their curved sur-
face. Upon binding to a planar membrane surface,
however, it has been suggested that the hinge may
straighten out to form a stable o-helix over the full
length of the peptide [7]. (iv) An equilibrium between
membrane-bound monomers and oligomeric peptides
would also complicate the IR analysis. Electron mi-
croscopy has revealed small B18 clusters of about
5 nm diameter embedded in DMPC (lipid/peptide
ratio 30/1), although no such aggregates were ob-
served in sphingomyelin/cholesterol under similar
conditions [8]. (v) The dichroism of underlying ab-
sorption bands of amino acid side chains.

Most of these factors are expected to decrease the
absolute value of the IR order parameter of the

amide bands towards the random value of 55°.
Therefore, the apparent inclination angle, (6), should
be judged as a lower limit rather than an overesti-
mation of the in-plane alignment of the helix. Con-
sequently, the experimental IR order parameter sug-
gests that the helical axis of B18 is oriented nearly
parallel, in a slightly oblique fashion with respect to
the membrane surface. This picture is in good agree-
ment with a recent functional model of fusogenic
peptides, which have been proposed to act by pene-
trating no deeper than the ester linkages of the lipid
into the target membrane at an oblique angle of the
helix axis [9-11,35].

The amide I mode mainly represents a coupled
peptide bond C = O stretching vibration. It is known
to exhibit a remarkable red shift as the degree of
hydration of the carbonyl oxygens increases [36,37].
The same tendency was observed upon hydration of
B18, both on its own (see Section 3.2) as well as in
the membrane-bound form (cf. Fig. 3). The amide I
peak position of pure B18 is, however, considerably
red-shifted relative to that in POPC (cf. Fig. 2d).
This difference may suggest that membrane-bound
B18 takes up less water than the ‘free’ peptide at a
given RH. Indeed, if the peptide is partially buried
within the membrane, some of the amide groups
would be screened from the water. This interpreta-
tion is consistent with the slight disordering effect of
the peptide on the lipid acyl chains (vide supra).
Nevertheless, the differences in the amide I band po-
sitions may also be attributed to membrane-induced
modifications of the peptide structure [29]. For exam-
ple, a slight red shift of the amide I band of o-lac-
talbumin after the removal of Ca’" ions has been
reported to reflect a transition of the peptide from
an o-helical into a more disordered, irregular struc-
ture [38]. This analogy would mean that pure B18
has a more disordered structure than the mem-
brane-bound peptide. This interpretation, too, is con-
sistent with the expected behavior of BI18. In the
presence of Zn’>*, no significant changes could be
detected in the IR spectrum of membrane-bound
B18. Only a slight narrowing of the amide I band
may possibly indicate a more uniform secondary
structure of the peptide in POPC with Zn’>* (Fig.
24d).

The spectrum of the dichroic ratio, R(v), is virtu-
ally independent of RH and of Zn?* in the amide I
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region (Fig. 3, upper part). The variation of R(Vv)
across the band suggests that several populations of
transition dipoles exist, being oriented more perpen-
dicular relative to the membrane surface at > 1650
cm ™! and more perpendicular at smaller frequencies.
A rough estimation, using the algorithm above
with Sir(left) =—0.04 £ 0.04 and Sir(right)=—0.13
+0.01, yields Sp(left)=—0.07£0.07 and Sy(right)
~—0.26+£0.02. This would be equivalent to
(O1ert = (55-60)° and (O)yight = (67-66)°, i.e. a differ-
ence between the mean orientations of the helix
axes of about ~10° It must be stressed here that
a similar frequency-dependent dichroism spectrum
has been observed for the amide I band of other
membrane-bound polypeptides [18]. It has been ten-
titavely explained by several effects: (i) two popula-
tions of helices may exist with different insertion
modes into the membrane [18]. For example, the
amide I band of well-oriented transmembrane helices
is assumed to appear at bigger wavenumbers when
compared with free, non-oriented polypeptides. (ii)
In the case of annexin V bound to supported bi-
layers, a mixture of o-helical and B-sheet structures
has been suggested to give rise to a more out of plane
transition moment (Syr =0.18) for the high frequency
component and a more in-plane transition moment
(SR =—0.11) for the lower frequency component of
the amide I band [39]. (iii) Alternatively, the amide I
band could be split into two differently polarized
subbands [18]. Simulations reveal that the amide I
band of an o-helix can be decomposed into A-
mode-like and E-mode-like subbands in the 1650—
1660 cm ™! and 1620-1640 cm™! regions, respectively
[40].

Note that the spectrum of the dichroic ratio, R(v),
remains virtually unchanged in the region of the
amide I band of B18 with increasing RH, even
though the band position is considerably shifted to-
wards smaller frequencies. Consequently, the mean
order parameter of the amide 1 band decreases
upon hydration from Sig =—0.06 to —0.11 (the ar-
row in Fig. 3 illustrates the corresponding change of
the dichroic ratio). This change would be equivalent
to an increasing fraction of ‘in-plane’ helices, in
terms of one of the models discussed above. Alter-
natively, one may suggest that the binding of water
molecules to the peptide, especially to its carbonyl
groups, changes the angle o (between the helix axis

1 L 1 1 1 1
1680 1640 1600 1680 1640 1600

wavenumber / cm ™
Fig. 3. Sum of the difference spectra, AA(v) (see legend of Fig.
2), of (POPC+BI18) (left) and of (POPC+B18+Zn?*) (right) at
RH =5% (solid spectra) and 98% (dotted) at 7'=30°C. The cor-
responding spectra of the dichroic ratio are plotted above using
solid and open squares for RH = 5% and 98%, respectively.

and the transition moment) and/or slightly modifies
the secondary structure. A simple estimation by
means of Eq. 3 suggests that the difference between
the left and right flanks of R(v) could be explained
by a change of a from 20° to 45° at constant helix
orientation. Despite these open questions, it is clear
that the structure and orientation of membrane-
bound B18 are practically the same in the gel phase
and liquid-crystalline state of POPC, both in the
presence and absence of Zn>T.

3.4. Zn’*-binding characteristics of POPC
membranes

We demonstrated that zinc cations strongly inter-
act with the polar groups of the zwitterionic lipid,
and in particular with the negatively charged phos-
phate groups [25]. The formation of a 1:1
POPC:Zn>* complex is paralleled by a conforma-
tional change of the C-O-P-O-C backbone from
gauche/gauche into trans/trans. Furthermore, drastic
dehydration of the lipids and metal cations is ob-
served, both of which lose roughly 50% of their hy-
dration shell. The energetic cost (on the scale of free
enthalpy) for completely dehydrating the lipid head-
groups is decreased by about 10 kJ/mol in the pres-
ence of Zn>*. It appears that Zn>* bridges between
neighboring lipid molecules stabilize the gel phase
relative to the liquid-crystalline state.

All studies with the peptide B18 and POPC in the
presence of Zn>* were performed at Rz, =0.7 to
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prevent the formation of free Zn>* on the one hand,
and to ensure that enough metal ions are available
within the system on the other hand. The COG of
the symmetric P-(OC), stretching band near 765
cm~ !, COG(vs(P-(0C),)), was used as a measure
for the amount of Zn>* which is bound to the lipid
[25]. In the presence of Zn>*, COG(vs(P-(OC),)
slightly shifts towards smaller wavenumbers after
the addition of B18 (not shown). This response is
attributed to the transfer of Zn>* from the lipid to
the peptide, because B18 has no significant effect on
Vvs(P-(OC)») in the absence of Zn>* ions. Note that a
B18-induced transformation of lipid-bound Zn>**
into ‘free’ Zn2t can be excluded, because otherwise
the hydration capacity of the mixture would be ex-
pected to increase, in contradiction to our observa-
tions. By quantitative analysis based on the empirical
relation of Zn?>*-binding to POPC, we suggest that
less than 0.1 zinc ions are removed from each lipid
molecule on average, or equivalently, each B18 mol-
ecule binds less than five Zn’* ions.

3.5. The effect of BIS§ on the lyotropic chain melting
transition of POPC

Fig. 4 shows the COG and the IR order parame-
ter, Sir, of the symmetric methylene stretching band,
vs(CH>), of four different samples that were progres-
sively dehydrated by decreasing the RH of the D,O
vapor atmosphere. We studied the lipid (POPC) in
the presence and absence of Zn>* and/or B18. The
sigmoidal decrease of both spectral parameters,
Sir(Vs(CH3)) and COG(v5(CHy)), is typical for the
lyotropic liquid-crystalline/gel phase transition [17].
The freezing of the acyl chains into a predominantly
stretched all-trans conformation is evident from the
existence of the CH, wagging band progression at
small RH (not shown, see [25]).

The position and width of the phase transition can
be well-characterized from the first derivative
COG' =3COG(vs(CH,))/o0RH. When a first-order
transition of a two-component mixture (water+lipid)
is induced by changing the chemical potential of
water by means of a variable RH, the transition
must proceed at a unique value of RH =RH,, under
isobaric-isothermal conditions [41]. The full width
at half maximum (FWHM) of the COG’ curve of
the dehydration scan of pure POPC (FWHM-

o |

; —O—L+P
——L+Z —8— L+P+Z

COG'/ a.u.

RH / %

Fig. 4. IR order parameter, Sir (a), COG (b), of the methylene
stretching vibration and its first derivative, COG’ (c), of POPC
(L), POPC+Zn®* (L+Z, Ryzy1=0.7), POPC+BI18 (L+P,
Rp;. =0.02) and POPC+B18+Zn** (L+P+Z, assignments of the
symbols are given in the figure) as a function of the RH at
T=30°C. The COG’ curves of the samples containing Zn>* are
enlarged in c.

(POPC)=8%) represents a kind of intrinsic width
of the system, because it remains virtually the same
at slower scan rates, when reversing the scan direc-
tion (hydration), or when changing the amount of
material or its source of purchase (impurities). One
may therefore suggest, for example, that several
states of differently hydrated lipid molecules might
be present, or that the coexistence of fluid and solid
domains of microscopic size causes a certain broad-
ening of the transition (vide infra). We will consider
this question separately. Here the pure POPC will
serve as a reference system for sake of comparison.

The addition of BI8 (Rp, =0.02) slightly shifts
and widens the phase transition of POPC. These ten-
dencies and the increased values of Sir(vs(CH>)) (less
negative at RH <RHy,) and of COG(vs(CH3)) indi-
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cate that B18 probably decreases the molecular order
within the hydrophobic core of the membranes, at
least in the gel state, and thus destabilizes the solid
phase of the lipid. Note that the COG of the meth-
ylene stretching band represents a qualitative mea-
sure of the conformational order of the hydrocarbon
chains [42]. The gel phase disappears completely at a
10-fold increased amount of B18 (Rp,. =0.2, data
not shown). Recent X-ray measurements showed
that B18 perturbs the acyl chain packing of DMPC
in the gel state, in agreement with our interpretation
[8]-

In contrast to B18, the presence of Zn>* exerts the
opposite effect on the phase transition (Rz; =0.7).
The divalent ions stabilize the gel state of the lipid
bilayer, because the center of the transition is shifted
to a higher value of RH by ARH=15%. The IR
parameters Sir(Vs(CH;)) and COG(vs(CH,)) suggest
that the hydrophobic core in the L, phase is more
ordered in the presence of Zn>* than compared with
pure POPC. This tendency can be explained by the
formation of Zn>* bridges, which connect the phos-
phate groups of adjacent lipids and thereby reduce
the molecular area available to the acyl chains in the
L, phase [25].

The width of the lyotropic phase transition of
POPC is found to be markedly increased in the pres-
ence of zinc, possibly due to a slightly different de-
gree of Zn’*-binding in the gel and L, phases, and/
or because of a microheterogeneous distribution of
Zn>*—lipid complexes and of free lipid. The phase
transition of the system POPC+Zn>*+B18 remains
essentially unchanged when compared with
POPC+Zn’*, except for a slight broadening at the
left hand flank of COG’. The interactions of the
divalent cations with the lipid obviously represent
the key factor that determines the phase behavior
of the mixed system. The systematically bigger values
of COG and Sir indicate that the molecular order of
the hydrocarbon chains is slightly decreased, prob-
ably due to peptide/lipid interactions.

3.6. The polar region of the membranes as a function
of hydration

The continuous changes of the position of selected
stretching bands of the carbonyl and phosphate
groups of POPC with increasing RH are character-

istic signatures of the progressive hydration of the
polar moieties. The presence of the peptide B18 has
only a slight effect on the vibrational characteristics
of the polar groups of the lipid, both in the absence
and presence of Zn>* (not shown). A small shift of
the respective band positions after addition of B18 to
POPC/Zn*" can be explained by the partial removal
of Zn** from the lipid (vide supra). The IR order
parameters of the absorption bands of the phosphate
group in samples with and without Zn?>* do not
change after the addition of B18. Hence, peptide-
binding to the membrane clearly does not affect the
mean orientation and conformation of the phosphate
groups.

A slightly bigger (less negative) IR order parame-
ter of the C=0 stretching band of the carbonyl
group in the presence of B18 can be interpreted in
terms of a slight disordering effect of the peptide
and/or of a smaller mean inclination angle of the
C=0 bonds with respect to the membrane normal.

3.7. Water-binding characteristics

The normalized IR absorption band of water in
the different systems was transformed into an Ry,
scale using Eq. 2. Fig. 5 shows that the lipid becomes
considerably less hydrated in the presence of ZnCl,.

L ——L ——L+Z q
o L+P m L+P+Z °
120 ¢ p v Pz

20 40 60 80 100

RH / %

Fig. 5. Adsorption isotherms of POPC (‘L’, see figure for as-
signments of symbols), of B18 (‘P’) and of POPC+BI8 (‘L+P’)
in the presence and absence of ZnCl, (‘Z’), as a function of
RH (Rz/L=0.7, Rp; =0.02, T=30°C). Rw, has been deter-
mined by means of IR (cf. Eq. 2). Maximum agreement be-
tween the gravimetric and IR isotherms was achieved when a
constant amount of 0.8 water molecules per lipid was added to
the gravimetric data. This correction can be explained by im-
perfect drying of the sample in the gravimetric experiment.
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The peptide B18 per se, on the other hand, hardly
affects the hydration of POPC, while the hydration
of the mixture (POPC+B18+Zn>") is further reduced
below the level of the (POPC+Zn>") system at the
same RH. Hence, the water-binding capacity of the
peptide and/or the lipid is significantly reduced in the
presence of zinc.

Using the adsorption isotherms, it is possible to
calculate the free enthalpy which drives the hydration
process, according to [43,44]

ay

Gaehyd (Rw/L) = RT" / In @y dRw 1 (aw) (4)

aw=1

The free enthalpy of dehydration, Ggenyd, repre-
sents a measure of the work to remove water from
the fully hydrated system to a reduced water activ-
ity of a, =RH/100% <1 [43]. Ggenya can be fairly
well-approximated over a wide range of RW/L by
an exponential function, Gdehyd(Rw/L)~ dehyd ©XP
(— RW/L/RW L), which yields the free enthalpy of
complete dehydratlon Ggeh 4> and a characteristic
number of ‘tightly bound’ water molecules, RY,
(cf. Fig. 6 and Table 1) [45]. The presence of Zn ¥
reduces Ggehyd by ~ 10 kJ/mol when compared with
pure POPC and with POPC/BI8.

The decay constant R%V L remains virtually un-
changed when either metal ions or B18 alone are
added to the lipid. On the other hand, RY 1 de-
creases considerably in the presence of both addi-
tives, Zn>* and BI18. To illustrate the meaning of
this result, let us assume a stack of lipid bilayers
which are separated by water layers of thickness
dw. Then the number of lipid-bound water molecules
can be represented on a geometric scale, using
the relationship of dy=2-vw A "Ry, (=0.1
nm-Ry, ). Here, it is assumed that the mean area
requirement per lipid in the membrane plane and
the volume per water molecule are roughly given
by AL =0.6 nm?> and vw=0.03 nm’, respectively
[46]. The close approach and subsequent fusion of
lipid bilayers in excess water requires a partial dehy-
dration of the lipids in the region of contact. Hence,
Gachyd can be regarded as a measure of the energetic
cost of pushing two bilayers together to a distance
dw, the thickness of the water gap between them.
The thermal energy (RT=2.5 kJ/mol at T=30°C)
allows a spontaneous approach of the membranes

dW | nm
0.0 0.2 04 0.6 0.8 1.0

Gy | kMO

RWIL

Fig. 6. Semilogarithmic plot of the free enthalpy of dehydra-
tion, Ggenyd, as a function of Rw,r. The lines are linear fits to

obtain the slopes, Ry, . and intercepts, Gjy,» Which are sum-

marized in Table 1. The arrows indicate Ggepya = RT (T'=30°C)
and the corresponding gap between opposite bilayers, df, for
L+P+Z (see text).

only within a certain dyw range that meets the con-
dition RT = Ggehya. An intrinsic ‘distance of closest
approach’, d%, was estimated according to RT=
Gaehya in the systems of interest (Table 1, see also
Fig. 6). It typically adopts values that are bigger
than the diameter of a water molecule (~ 0.4 nm).
In these systems, at least a single layer of tightly
bound water molecules prevents the direct contact
between two apposing surfaces and thus the fusion
of the lipid vesicles. In the presence of both B18 and
Zn*t, &Y, is distinctly reduced. This increases the
probability that thermal fluctuations can overcome
the repulsion between the membranes such that fu-
sion of the bilayers can occur. Indeed, whereas the
peptide on its own only induces leakage of lipid

Table 1
Thermodynamic and structural data on the hydration of lipid/
peptide/Zn** systems

System Glenya (KJ/mol) Ry, L &, (nm)

POPC 26 2.5 0.7

POPC+BI18 28 2.8 0.6
POPC+Zn2t 16 2.6 0.5
POPC+BI18+Zn** 14 1.9 0.35

S;)mdard errors: +2 kJ/mol (Gj,4), +0.2 (ROW/L), +0.3 nm
(dy)
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vesicles, the additional presence of Zn>* has been
demonstrated to trigger its fusogenic activity [6,7].

4. General aspects and summary

The main aim of this study was to characterize (i)
the effect of Zn>* on the secondary structure of the
fusogenic peptide B18, (ii) to study the interaction of
B18 with lipid membranes, and (iii) to analyze the
corresponding Zn>*-induced modifications. Our re-
sults can be summarized as follows.

1. Zinc ions govern the folding pathway of B18 in an
aqueous environment, by shifting it away from a
B-sheet structure and towards an o-helical confor-
mation. The fusogenic activity of B18 has been
attributed only to the latter, helical state [6,7]. It
was suggested that the central histidine-rich motif,
HxxHH, of B18 forms a Zn’>* complex via the
two histidines in position i and i+4. This local
loop could then act as a nucleation site for further
folding into a more extended helix [7,47] (see Fig.
7 for illustration). It is known that the placement
of histidine residues at positions i and i+4 of an o.-
helix mimics naturally occurring metal-binding
sites of proteins [48,49].

2. POPC also induces an o-helical structure in the
B18 peptide. A helical structure has been deter-
mined by NMR in membrane-mimicking environ-
ments, such as 30% TFE or detergent micelles [7].
Previous studies of B18 in lipid (in the absence of
Zn>"), on the other hand, had described a domi-
nant self-association of the peptide into inactive -
sheet fibrils, presumably as a result of high peptide
concentration. The formation of multimers at
higher peptide/lipid ratios has been reported to
occur in interaction studies of other fusogenic
peptides with neutral phospholipids [9,10,50].
Here we observe for the first time an essentially
o-helical structure of the peptide when immersed
in uncharged POPC bilayers, which appears to
represent its functional fusogenic state. Hence,
the formation of an o-helix is triggered by a par-
tially hydrophobic environment, which can stabi-
lize the hydrophobic patches along one side of the
amphipathic peptide (see Fig. 7 for illustration).
Previous studies on other amphipathic peptides

NG 34 55 48 | 13.7
Ac Wit oa 23 60 [-17.7

Fig. 7. Schematic representation of B18 in an o-helical structure
which is induced by the binding of Zn?>* to the histidines (H)
in the central part of the peptide (above). Hydrophobic and hy-
drophilic residues are indicated by gray and white circles, re-
spectively. The position of the lipids illustrates a hypothetical
insertion mode of B18 into a lipid membrane. The peptide is
represented in terms of a helix-break-helix motif at the polar/
apolar interface, where its hydrophobic and hydrophilic patches
face the lipid and the water, respectively. The three parts of
BI18 are drawn in a helical wheel representation assuming a he-
lix over the full length of B18 (middle, the residues are num-
bered according to the amino acids 103-120 of bindin from
S. purpuratus). The table gives the sum of whole-residue free
energies of transfer from water to POPC for the hydrophilic
(AGY~1>0) and hydrophobic (AG¥~ <0) residues, for the
three parts of B18 and for the whole peptide (bold numbers, all
data in kJ/mol) according to the single-residue data of [24].

have suggested that the interaction with a bilayer
surface induces similar o-helical structures
[11,51,52]. X-ray diffraction ([24] and references
therein), fluorescence quenching measurements
[35] and molecular dynamics simulations [53]
have shown that many a-helical amphipathic pep-
tides tend to align parallel to the membrane sur-
face, within the polar/apolar boundary between
the lipid headgroups and chains. Fusogenic pep-
tides, in particular, appear to assume an oblique
orientation.

A similar peripheral insertion mode of BI18 is sug-
gested here by the IR linear dichroism data. In
good agreement with the postulated behavior,
the fusogenic a-helix of B18 appears to enter the
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membrane in a slightly oblique fashion. There are
two hydrophobic patches on the same face of the
B18 helix, which could be favorably embedded
within the upper acyl chain region of the bilayer
(Fig. 7). The sum of the whole-residue free ener-
gies of transfer from water to POPC, AGY~ and
AGK_’H, yields a rough measure of the amphi-
pathic nature of BI18, and in particular of the
preference for one side of the helix to immerse
into the membrane (see table in Fig. 7) [24].
Note that these data refer to unfolded residues,
and thus any simultaneous re-structuring into an
o-helix is not considered. Despite this uncertainty,
it becomes clear that the absolute value of AGY i
is comparable with that of Ggenya. Hence, both
processes, peptide-membrane interaction and lipid
dehydration, compete at the same energetic scale.
In the presence of Zn>*, the gain of free enthalpy
upon binding of the hydrophobic patch of B18 to
the bilayer obviously overcompensates the costs of
free enthalpy to dehydrate a few lipids partially.
A slight modification of the IR order parameter of
the lipid carbonyl C=0O stretching band after
binding of B18 seems to confirm the location of
the peptide near the polar/apolar interface. The
absence of any significant effects of B18 on the
headgroup vibrations, however, indicates that
there are no specific interactions between the pep-
tide and the lipid headgroups. In particular, the
stretching frequencies of the PO, moieties, their
mean orientation and hydration remain unaffected
upon the binding of B18. There is apparently no
preference of the charged arginines on the peptide
to interact with the phosphate groups of POPC.
Binding of the peptide to the membrane induces a
shift in the lipid phase transition and decreases the
molecular order of the acyl chains. Furthermore,
the hydration level of the peptide is reduced, ac-
cording to the position of the amide I band. These
observations support our interpretation that the
hydrophobic region of the bilayer is involved in
the lipid/peptide interactions.

. After addition of B18 to POPC/Zn**, a certain
fraction of the metal ions is transferred from the
lipid to the peptide. The IR characteristics of
membrane-bound B18 are, however, virtually
identical in the presence and absence of Zn’*.
Hence, the Zn®** ions seem to interact with the

peptide, but without changing its structure and
location to any significant extent. On the other
hand, the hydration capacity of the POPC/B18/
Zn>* system is distinctly smaller than that of
POPC/Zn**. The accompanying decrease in the
number of tightly bound water molecules per lipid
can be interpreted as a reduction in the repulsive
‘hydration’ forces, which usually prevent the spon-
taneous fusion of lipid vesicles in dilute aqueous
systems. Indeed, one of the motivations for this
IR study was the observation that Zn?* is neces-
sary as a trigger for the histidine-rich peptide to
fuse uncharged lipid bilayers. Hence, binding of
the B18 peptide in the presence of Zn>* effectively
renders the membrane surface more hydrophobic
and thus facilitates the contact between opposing
bilayers before their final fusion.
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