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ABSTRACT Alamethicin is a 19-residue hydrophobic peptide, which is extended by a C-terminal phenylalaninol but lacks
residues that might anchor the ends of the peptide at the lipid-water interface. Voltage-dependent ion channels formed by
alamethicin depend strongly in their characteristics on chain length of the host lipid membranes. EPR spectroscopy is used to
investigate the dependence on lipid chain length of the incorporation of spin-labeled alamethicin in phosphatidylcholine bilayer
membranes. The spin-label amino acid TOAC is substituted at residue positions n = 1, 8, or 16 in the sequence of alamethicin
F50/5 [TOAC", Glu(OMe)”:'®'°]. Polarity-dependent isotropic hyperfine couplings of the three TOAC derivatives indicate that
alamethicin assumes approximately the same location, relative to the membrane midplane, in fluid diCyPtdCho bilayers with
chain lengths ranging from N = 10-18. Residue TOAC? is situated closest to the bilayer midplane, whereas TOAC® is located
farther from the midplane in the hydrophobic core of the opposing lipid leaflet, and TOAC' remains in the lipid polar headgroup
region. Orientational order parameters indicate that the tilt of alamethicin relative to the membrane normal is relatively small,
even at high temperatures in the fluid phase, and increases rather slowly with decreasing chain length (from 13° to 23° for N =
18 and 10, respectively, at 75°C). This is insufficient for alamethicin to achieve hydrophobic matching. Alamethicin differs in its
mode of incorporation from other helical peptides for which transmembrane orientation has been determined as a function of

lipid chain length.

INTRODUCTION

Alamethicin is a predominantly a-helical, 19-amino acid resi-
due peptide from Trichoderma viride, which has N-terminal
and C-terminal residues that are blocked by an acetyl and a
phenylalaninol group, respectively (1,2). This hydrophobic
peptide is able to induce voltage-activated ion conduction
across lipid membranes, the channel characteristics of which
depend strongly on lipid chain length (3). The slope of the I/V
curves and the effective number of monomers per alamethicin
channel increase steeply with increasing chain length of the
lipids that make up the host bilayer membrane. Spectro-
scopic studies reveal that the peptide is monomeric in fluid
phospholipid membranes in the absence of a membrane po-
tential (4,5), and electrophysiological experiments suggest
that consecutive channel conductance levels are generated
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by incorporation of alamethicin monomers into existing pore
aggregates (6).

Studies on the effects of hydrophobic matching between
transmembrane peptides/proteins and the membrane lipids
have revealed that, whereas single bitopic helices tend to tilt
or oligomerize in response to a positive mismatch, larger in-
tegral proteins tend to respond by inducing distortions in
conformation of the surrounding lipids (7,8). A negative mis-
match, on the other hand, would tend to induce lipid dis-
tortions in both cases. In addition, it has been found that the
indole side chains of interfacial tryptophan residues are able
to adapt their orientation such as to compensate, at least par-
tially, for hydrophobic mismatch with the adjacent lipids
(9,10).

Alamethicin, although hydrophobic, is devoid of tryp-
tophan residues and the length of the peptide, even for a
straight helix, is on the border of being sufficient to span the
hydrophobic thickness of a typical membrane bilayer ((4,11)
and http://mosberglab.phar.umich.edu/projects/proj11.php).
The orientation and/or aggregation state of alamethicin may
therefore depend strongly on the chain length of the host
lipid. Recently, we have shown that EPR of TOAC spin la-
bels incorporated in the peptide backbone can be used to
determine the orientation and mode of incorporation of
alamethicin analogs in lipid membranes (5). Here we use this
method to investigate the dependence on lipid chain length
by using diacyl phosphatidylcholines with chain lengths from
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Cyo to Cyg, the fluid-state bilayers of which encompass the
likely hydrophobic thicknesses of natural membranes (12).

MATERIALS AND METHODS
Materials

Synthetic phosphatidylcholines with symmetrical saturated chains (diC;oPtd-
Cho, diC;,PtdCho, diC,4PtdCho, diC,sPtdCho, and diC,gPtdCho) were ob-
tained from Avanti Polar Lipids (Alabaster, AL). Spin-labeled analogs of
alamethicin F50/5 [TOAC", Glu(OMe)"'*"°], with n = 1, 8, and 16, were
synthesized according to Peggion et al. (13,14). The complete amino-acid
sequences of the three analogs are

Ac-TOAC-Pro-Aib-Ala-Aib-Ala-Glu(OMe)-Aib-Val-Aib-Gly-Leu-Aib-
Pro-Val-Aib-Aib-Glu(OMe)-Glu(OMe)-Phol [TOAC',Glu(OMe)”'#1%]
Ac-Aib-Pro-Aib-Ala-Aib-Ala-Glu(OMe)-TOAC-Val-Aib-Gly-Leu-Aib-
Pro-Val-Aib-Aib-Glu(OMe)-Glu(OMe)-Phol [TOAC®,Glu(OMe)”'#1%]
Ac-Aib-Pro-Aib-Ala-Aib-Ala-Glu(OMe)-Aib-Val-Aib-Gly-Leu-Aib-Pro-
Val-TOAC-Aib-Glu(OMe)-Glu(OMe)-Phol [TOAC',Glu(OMe)”'%19).

In each case, TOAC is substituted for an Aib residue, which is a conser-
vative replacement because both are C*“-disubstituted amino acids that
favor helix formation, as is confirmed by x-ray diffraction on the [TOAC'G,
Glu(OMe)"'®'] alamethicin analog (15). Circular dichroism in MeOH
additionally shows that all three analogs are folded in similar, highly helical
conformations (16). Electrophysiological experiments demonstrate ion chan-
nel activity for these synthetic alamethicin analogs in membranes (15).

Sample preparation

Diacyl phosphatidylcholine, diCxPtdCho (~1 mg), and 1 mol % of TOAC
spin-labeled alamethicin (in MeOH) were codissolved in CH,Cl,, and the
solution then evaporated with dry nitrogen. After keeping under vacuum
overnight, the dry mixture was hydrated in 50 ul of 10 mM Hepes, 10 mM
NaCl, 10 mM EDTA, pH 7.8 buffer, with vortex mixing at a temperature
above the chain-melting transition of the phosphatidylcholine. The lipid dis-
persion was then transferred to a 1-mm-diameter glass capillary and pelleted
in a benchtop centrifuge. Excess supernatant was removed and the capil-
laries were flame sealed.

EPR spectroscopy

EPR spectra were recorded on a Varian (Palo Alto, CA) Century-Line
9-GHz spectrometer with 100-kHz field modulation (50 kHz for second-
harmonic detection). Sample capillaries were accommodated in standard
quartz EPR tubes that contained light silicone oil for thermal stability.
Temperature was regulated by thermostated nitrogen gas flow through a
quartz Dewar and was measured with a fine-wire thermocouple situated in
the silicone oil at the top of the microwave cavity. Samples of ~5-mm height
were centered in the rectangular TE;y, resonator to minimize microwave-
and modulation-field inhomogeneities (17). The microwave H;-field at the
sample was measured as described in the latter reference. Conventional EPR
spectra were recorded in the in-phase first-harmonic absorption mode (V-
display) and ST-EPR spectra in the out-of-phase second-harmonic absorp-
tion mode (Vj-display) under standard conditions for microwave and
modulation field amplitudes (18).

Conventional EPR spectra were analyzed in terms of the outer and inner
hyperfine splittings, 2A,.x and 2A,,;,, respectively. In the motional nar-
rowing regime, at high temperature, A, is equal to the parallel element, A,
of the partially motionally averaged, axial hyperfine tensor. The perpendic-
ular element, A, is obtained from the separation, 2A,,, of the inner ex-
trema, according to Schorn and Marsh (19):

4003

A, (gauss) = Apn +1.32 + 1.86 X log,o(1 — Sypp)
for Syp = 0.45 (1)

and

A, (gauss) = Amn +0.85  for S, <0.45, 2)

where Sypp = (Amax — Amin)/[Az — (1/2)(Axx+Ayy)] for a spin-label hy-
perfine tensor with Cartesian elements (Ay.Ayy,A,,). The environmental
polarity was characterized by means of the isotropic '“N-hyperfine coupling,
a, (20), which is given by

1
Cl():g(A//‘FzAL) (3)

Near constancy, with respect to temperature, of the value of a,, obtained from
Eq. 3 was used as a criterion to identify the fast motional regime (5,21,22).

The orientational order parameter of the spin-label z axis, in the fast mo-
tional regime, is given by

Ay —A Ax+tA,+A,

SZZ -
A, —YAx +Ay) 3a,

; “)

where the final factor on the right is a polarity correction to the hyperfine tensor
elements. Values taken for the hyperfine tensor elements are (Ayy.Ayy,A,,) =
(6.0G, 7.3 G, 34.5 G) from 2,2,6,6-tetramethylpiperidine-1-oxy in a toluene
glass (23). For uniaxial motional averaging, the EPR order parameter of
TOAC is given by the addition theorem for spherical harmonics:

S,. = (P»(cosy)) X P,(cosb,), 5)

where vy is the angle that the principal rotational diffusion axis, R, of the
TOAC-labeled alamethicin molecule makes with the membrane normal,
N, and 6, is the inclination of the spin-label z axis to R (Fig. 1). Po(x) =
(3x* = 1)/2 is a second-order Legendre polynomial, and the angular brackets
indicate a time average over the rotational motion.

Saturation transfer EPR spectra were analyzed in terms of the diagnostic
line-height ratios, L” /L, C'/C, and H” /H, defined in the low-field, central,
and high-field regions of the spectra, respectively (24), and by the nor-

malized integrated intensity, /st (25). Effective rotational correlation times,

7t were obtained from ST-EPR line-height ratios, R, by using calibrations

with spin-labeled hemoglobin in solutions of known viscosity from Horvath
and Marsh (25,26).

RESULTS
Conventional spin-label EPR spectra

Fig. 2 shows the EPR spectra of the three different TOAC',
TOAC®, and TOAC'® analogs of [Glu(OMe)”'*1] alame-
thicin in fluid-phase bilayer membranes of phosphatidyl-
cholines with different chain lengths. At this relatively high
temperature (75°C) in the fluid phase, all spectra are ap-
proximately in the fast motional regime, with the possible
exception of those of the TOAC'® analog. This conclusion
is substantiated by the constancy with temperature of the
effective isotropic hyperfine coupling (see later and (5)).
Spin-spin broadening is absent from the EPR spectra, which
indicates that the spin-labeled alamethicins are dispersed as
monomers in the lipid membrane. The spectra from all three
TOAC derivatives display axial motional averaging, as indi-
cated by the well-defined outer and inner hyperfine split-
tings, 2Aax and 24, respectively (27).
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FIGURE 1 Orientation of TOAC-labeled alamethicin in a lipid mem-
brane. The principal molecular diffusion axis, R, is inclined at instantaneous
angle y to the membrane normal N. The nitroxide z axis is oriented at
constant angle 6, to R. The experimental order parameter, S,,, of the
nitroxide z axis is given by Eq. 5 where, for axial symmetry, (P,(cos?y)) is the
order parameter of the alamethicin diffusion axis.

Fig. 3 shows the temperature dependences of the outer
hyperfine splitting, 2A,.x, for alamethicin with the different
positions of TOAC labeling in phosphatidylcholine mem-
branes with different lipid chain lengths, N. The chain-
melting transition of diCyPtdCho bilayers takes place at
temperatures of —6°C, —2°C, 24°C, 41°C, and 55°C for N =
10, 12, 14, 16, and 18, respectively (12). For the most part,
there are small discontinuities in the temperature dependence
of Aax at these chain-melting transitions. However, the values
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of A.x at temperatures above the lipid transition are still
indicative of a high degree of order, or limited amplitude of
angular motion, of the spin-labeled alamethicin. There are,
nonetheless, clear differences between the temperature depen-
dences for the three label positions. These differences are
similar in the five host lipids and arise from the different
intramolecular orientations, 6,, of the TOAC spin-label group.
The values of A,.x decrease steadily in response to the in-
creased extent of lipid chain motion with increasing tem-
perature, to comparable extents for each lipid host. At a
given temperature in the fluid phase, the values of A.x
increase with increasing lipid chain length.

Isotropic hyperfine couplings

Fig. 4 gives the temperature dependence of the effective
isotropic hyperfine couplings, <, defined by Eq. 3, for
alamethicin with the three positions of TOAC labeling in
diCnPtdCho membranes of different lipid chain lengths, N.
With the exception of the diC,oPtdCho host lipid, the values
of a, for the TOAC' and TOAC® analogs are practically con-
stant at temperatures of 50°C—55°C or higher. This finding
means that the EPR spectra are in the fast motional regime at
these temperatures. Consequently, the values of agff derived
from Eq. 3 over this temperature range are a true reflection of
the polarity of the environment in which the spin label is
situated (28,29), uncontaminated by artifactual contributions
from slow motion. Similarly for the TOAC'® derivative in
membranes of diC;¢PtdCho and diC;gPtdCho, the values of
a, tend to a constant limiting value, characteristic of fast
motion, but at higher temperatures (above ~70°C). Only for
the TOAC'® derivative in diC;,PtdCho and diC,4PtdCho,
and all derivatives in diC,oPtdCho, is the temperature de-
pendence of afff apparently anomalous throughout the entire
range of measurement.

The left-hand panel of Fig. 5 shows the dependence on

lipid chain length, N, of the isotropic hyperfine coupling

TOAC"™

FIGURE 2 Conventional EPR spectra (V,-display)
of [Glu(OMe)”'*!°] alamethicin analogs with TOAC
substituted for: residue 1, TOACI; residue 8, TOACS;
or residue 16, TOAC'® in phosphatidylcholine bilayers
of chain lengths C;o—Cg, as indicated, at 75°C. Total
scan width = 100 G.
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FIGURE 3 Temperature dependences of the outer hyperfine splittings,
2Amax, Tor [Glu(OMe)”'®!°] alamethicin TOAC! (squares), TOACS
(circles), and TOAC'® (triangles) analogs in phosphatidylcholine bilayers
of chain lengths C;o—C;g, as indicated.

increments, Aa,, for the different positions of alamethicin
TOAC labeling. Because these values are obtained from mea-
surements at high temperature, in the region where a, is
approximately constant (Fig. 4), they should depend only on
the polarity of the spin-label environment. To correct for in-
trinsic differences between the three TOAC positions, the
values are referred to the isotropic splittings of the respective
analogs in methanol. From isotropic spectra at 20°C, the
hyperfine splitting constants in MeOH are a, = 15.24 *
0.03, 15.37 *+ 0.02, and 15.11 + 0.04 G for TOAC',
TOAC?, and TOAC'® alamethicin, respectively.

The uncertainty ranges in Aqa, that are given by the vertical
bars in Fig. 5 correspond to the standard deviation over the
temperature range chosen for evaluation. For lipid chain
lengths N < 16 with the TOAC'® analog, the uncertainty is
relatively large because the effective value of a, that is de-
rived from Eq. 3 continues to decrease with increasing tem-
perature up to the highest temperatures of measurement. This
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FIGURE 4 Temperature dependences of the effective isotropic hyperfine
couplings, ae”, for [Glu(OMe)7'18'19] alamethicin TOAC! (squares),

o
TOAC? (circles), and TOAC'® (triangles) analogs in phosphatidylcholine
bilayers of chain lengths C;p—Cg, as indicated.

result could indicate either that the spectra of this derivative
are still not entirely in the fast motional regime at the highest
temperatures or that the position of the spin label is changing
with temperature. As found already for TOAC analogs of
[Glu(OMe)"'*'°] alamethicin in diC,4PtdCho bilayers (5),
the lower values of Aa, for TOAC® and TOAC!® reveal that
these residues are situated deeper in the hydrophobic core
of the membrane than is the TOAC! residue, at least at the
high temperatures for which a, can be measured reliably.
The corrected values also show that TOAC® is located in a
region of lower polarity than TOAC' and TOAC'®, indi-
cating that the latter two residues are situated in opposite
leaflets of the bilayer. For lipid chain lengths N > 10, the
values of a, decrease with increasing chain length, corre-
sponding to locations of decreasing polarity for all three
residue positions.

Comparable data for Aa, of spin-labeled phospholipid
chains from Marsh (20) are also included in Fig. 5 (right
panel). These will be used in the later Discussion.

Biophysical Journal 92(11) 4002—-4011
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FIGURE 5 Left-hand panel: chain-length dependence (V) of the effective
isotropic hyperfine couplings, a,, for [Glu(OMe)”"'®'°] alamethicin TOAC'
(squares), TOAC? (circles), and TOAC'® (triangles) analogs in fluid
diCnPtdCho bilayers. Right-hand panel: positional dependence (n) of the
isotropic hyperfine couplings for nitroxides at position C-# in the sn-2 chain
of n-PCSL phosphatidylcholine spin probes in diC4PtdCho (circles) or
diC¢PtdCho (squares) fluid bilayers (20). Values of a,, are given relative to
those in methanol: Aa, = a,(PtdCho) — a,(MeOH). Horizontal dotted lines
are the values of Aa, in MeOH and in EtOH, as indicated.

Orientational order parameters

Fig. 6 shows the dependence on lipid chain length, N, of
the order parameters, S,,, for the three TOAC analogs of
alamethicin in diCyPtdCho bilayer membranes at 75°C and
at 80°C in the fluid phase. With the possible exception of the
TOAC'® analog (see above), the EPR spectra of [TOAC",
Glu(OMe)” 819 alamethicins should be entirely in the fast
motional regime at these elevated temperatures (cf. Fig. 4).
The values of the order parameters given in Fig. 6 therefore
should be reasonably representative of the time-average an-
gular amplitude of motion of the spin-label z axis, relative to
the director for the uniaxial rotational motion.

Fig. 7 (solid lines and symbols) shows the dependence on
lipid chain length, N, of the order parameter, {P,(cosy)), for
the diffusion axis of alamethicin (see Fig. 1) in diCxPtdCho
bilayer membranes at 75°C and 80°C in the fluid phase.
These values were obtained by least-squares fitting of Eq. 5
to the measurements of §,, for the three TOAC alamethicin
analogs in the five different lipid hosts at 75°C and 80°C,
with the restriction that the orientation of the TOAC z axis,
0,, does not change with temperature or lipid host. The cor-
responding values of P,(cosf,) for the three TOAC analogs
are given by the horizontal dotted lines and open symbols in
Fig. 7. Values of the latter are in the same relative order as
those obtained previously by fitting a more extensive tem-
perature dependence (60°C—85°C) of S, for the three TOAC
derivatives in a single lipid host (diC4PtdCho): P,(cosf,) =
0.63, 0.74, and 0.82 for TOAC', TOAC®, and TOAC'®
analogs, respectively (5), although the absolute values are
somewhat reduced. It is seen from Fig. 7 that the orienta-
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FIGURE 6 Chain-length dependences (N) of the effective order param-
eters, S,,, for [Glu(OMe)”'®!°] alamethicin TOAC' (squares), TOAC®
(circles), and TOAC'® (triangles) analogs in diCyPtdCho bilayers at 75°C
(solid symbols) and 80°C (open symbols).

tional order parameter of alamethicin increases with increas-
ing chain length of the lipid host at fixed temperature within
the fluid phase. Also, as expected, the order parameters de-
crease with increasing temperature in each host lipid.

Saturation transfer spin-label EPR spectra

Fig. 8 shows the saturation transfer EPR spectra of the
TOAC', TOAC?, and TOAC'S analogs of [Glu(OMe)”"'*'9]
alamethicin in bilayer membranes of diCyPtdCho with dif-
ferent chain lengths, N. Spectra for diC 4, diC¢, and diC,gPtd-
Cho are shown mostly at temperatures both above (45°C, or
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FIGURE 7 Solid lines: chain-length dependence (N) of the order
parameters, (P,(cosy)), for the alamethicin diffusion axis in diCyPtdCho
bilayers at 75°C (solid squares) and 80°C (solid circles). Dotted lines:
orientation, P,(cosf,), of the nitroxide z axis for TOAC' (open squares),
TOAC® (open circles), and TOAC!'® (open triangles) in [Glu(OMe)”-'%19]
alamethicin analogs. Values are determined from nonlinear least squares
fitting of Eq. 5 to the chain-length dependence of S,, measured at 75°C and
80°C, with constant 6, for each TOAC position (see text and Fig. 1).
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FIGURE 8 Saturation transfer EPR spectra (V5-display) of [Glu(OMe)”*'#1°] alamethicin analogs with TOAC substituted for: residue 1, TOAC!; residue 8,
TOAC?; and residue 16, TOAC'® in phosphatidylcholine bilayers of chain lengths C;o—Cg at the temperatures indicated. Total scan width = 160 G.

60°C for diC;g) and below (5°C) the respective bilayer
chain-melting transitions. For diC;( and diC;,PtdCho, both
low and high temperatures (5°C and 45°C) correspond to the
fluid phase of these bilayers. (In a few cases, where the ST-
intensity was too low at the higher temperature, the second
spectrum is at a somewhat lower temperature.)

In the gel-phase, all the ST-EPR spectra (for N = 14-18)
have appreciable intensity in the diagnostic regions at inter-
mediate positions in the low-, high-, and center-field mani-
folds of the '*N-hyperfine structure that are sensitive to slow
rotational motion. These nonvanishing ST-EPR line heights
reflect the extremely slow rotational diffusion of the gel-
phase lipids, with effective correlation times beyond the mi-
crosecond regime (30,31). At the fixed temperature of 5°C,
the ST-EPR spectra indicate increasingly slow motion with
increasing chain length, because the bilayers lie deeper in
the gel phase as the lipid chain length increases. Above the
chain-melting transition, the spectral line shape changes dra-
matically because of preferential reduction in the line heights
at the intermediate diagnostic spectral positions relative to
the stationary turning points for each of the three hyperfine
manifolds at low-, central-, and high-field, respectively (24).
For all chain lengths of the lipid host, the spectra are charac-
teristic of very fast motion, no longer in the microsecond re-
gime, and reflect the rapid lipid chain motions in the fluid
membrane phase (30,32). Note that the V5-EPR line shapes in

diC,¢ and diC;,PtdCho are rather similar at 5°C and 45°C be-
cause the bilayers are in the fluid phase at both temperatures.

The ST-EPR spectra in Fig. 8 are scaled to line height,
rather than to the absolute intensity, which decreases with
increasing temperature. Fig. 9 gives the temperature depen-
dence of the normalized ST-intensity, /gy, for the TOAC?
alamethicin analog in diCyPtdCho membranes. The ST-
intensities are appreciable in the gel phase (Ist ~10"*—1072)
although they display a considerable temperature dependence
that demonstrates mobility of the peptide on the microsecond
timescale. At the chain-melting transition, the ST-intensities
drop to almost zero (Ist ~ 1075) for all chain lengths of the
lipid host (or throughout the entire temperature range for
diC;o and diC,,PtdCho). These latter values of Igt corre-
spond to effective rotational correlation times of <2.9 X
10~® s in the fluid phase (26). Such rapid rotational re-
orientation indicates that the peptide is not aggregated in
fluid phosphatidylcholine membranes, even at the extreme
chain lengths of N = 10 or 18. This conclusion is in agree-
ment with the lack of spin-spin broadening in the conven-
tional EPR spectra from fluid-phase bilayers.

DISCUSSION

The central results obtained from this study are the depen-
dences of the isotropic hyperfine coupling, a,, and of the

Biophysical Journal 92(11) 4002—-4011
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FIGURE 9 Temperature dependences of the integrated intensity, /s,
from the ST-EPR spectra of the TOAC® [Glu(OMe)"'®'°] alamethicin
analog in diCyPtdCho bilayers with N = 12 (squares), 14 (circles), 16
(triangles), and 18 (diamonds). Data points for N = 10 superimpose on those
for N = 12.

order parameter, {P,(cosy)), of the alamethicin diffusion axis
on the chain length of the bilayer membrane lipid host (Figs.
5 and 7). Data on overall rotational diffusion from ST-EPR
suggest that alamethicin is present predominantly as a mono-
mer in the fluid-phase membranes at all lipid chain lengths
studied.

Vertical positioning from a,

The location of the different TOAC residues in the bilayer
membrane can be determined by comparing the isotropic hy-
perfine couplings with those determined for phosphatidyl-
cholines (n-PCSL) that are spin labeled at different positions
in the sn-2 lipid chain (20). For comparison with the TOAC-
values that are given in the left-hand panel of Fig. 5, the in-
cremental isotropic hyperfine couplings of the n-PCSL spin
labels in fluid diC4PtdCho and diC,¢PtdCho bilayers are
shown in the right-hand panel of the figure. These vary from
a high plateau value of Aa, = 0.05-0.1 G for n = 4—6 to-
ward the polar-apolar interface to a low plateau value of
Aa, = —0.45 to —0.55 G for n = 10— 16 toward the middle
of the membrane. These values, like those for TOAC", are
expressed relative to a, in methanol, i.e., Aa, = a,(PC) —
a,(MeOH), to correct for the intrinsic difference between the
isotropic couplings of doxyl nitroxides (in n-PCSL) and
TOAC nitroxides.

For all three TOAC positions, the effective isotropic hy-
perfine splitting constants decrease with increasing lipid
chain length, from N = 14 onward. This result implies that
alamethicin is anchored in the hydrophobic core of the
membrane, rather than at some specific interfacial location of
an anchoring residue that is fixed at one end of the peptide.
In diC;,PtdCho and diC;,PtdCho, the TOAC! residue of
alamethicin is situated in a more polar location than the 4-C
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atom of the phosphatidylcholine sn-2 chain. However, the
TOAC' residue is by no means fully exposed to water in
these lipids because the isotropic hyperfine coupling incre-
ment in that case would be much higher (Aa, = 1.0—1.3 G,
depending on the pH/charge state of the peptide) (33). For
longer chain lengths, TOAC' is located at the polar-apolar
interface or in the plateau region of the 4-C atom. In lipids
with chain lengths N = 10—14, the TOAC? residue of
alamethicin is located at a depth similar to that of the 8-9
C-atom of the lipid chains. In lipids with longer chain lengths,
the TOAC® residue is situated toward the center of the
bilayer, in the region of the 10 C-atom of the lipid chains or
beyond. The TOAC'® residue of alamethicin is located close
to the 8 C-atom of the lipid chains in diC;cPtdCho and
diC,gPtdCho, and in the region of the 7 C-atom or higher in
diC,4PtdCho. Clearly, TOAC'® resides in the opposite bi-
layer leaflet from that of TOAC® and TOAC", and is closer to
the polar-apolar interface than is TOAC®, which lies closer to
the bilayer midplane. Note that x-ray diffraction studies ex-
clude the possibility of extensively bent or looped structures
for the peptide backbone. In [TOACIG, Glu(OMe)7’18’l9]
alamethicin, replacement of Aib by TOAC does not signif-
icantly affect the backbone conformation (15). In particular,
the overall fold of molecules A and B of the TOAC analog
(15) is quite similar to that reported for the three independent
molecules of alamethicin itself (1), although molecule A of
the analog is bent slightly more sharply near Pro'* than is
molecule B.

A positioning of alamethicin consistent with the isotropic
hyperfine couplings in diC,¢PtdCho is obtained if the TOAC"
residue is located close to the polar-apolar interface of the
bilayer. A similar location relative to the bilayer midplane is
also consistent with the isotropic hyperfine couplings in
diC,4PtdCho. Fig. 10 shows the most recent x-ray refine-
ments of the bilayer dimensions for diC;,PtdCho and
diC;4PtdCho (34) and for diC;cPtdCho (35) in the fluid
phase at 50°C. The approximate position of the residues in
alamethicin is indicated by the heavy dumbbells. For the
purposes of illustration, a straight a-helix is assumed. If the
position relative to the bilayer midplane is retained for all
chain lengths, the N-terminal of alamethicin lies within the
lipid polar group region for chain lengths N < 18. Similarly,
the C-terminal Phol resides in the polar group region of the
opposite leaflet for the same lipid chain lengths. Such a loca-
tion of the C-terminal is essentially consistent with the pro-
posals in Barranger-Mathys and Cafiso (4), although perhaps
closer to that of the leucine analog, which is compared with
native alamethicin in this latter reference. (Note that
diC,gPtdCho bilayers are still in the gel phase at 50°C, and
the extrapolated values of dc and d, must be reduced by 5%
to reach 65°C in the fluid phase.) With the disposition
indicated in Fig. 10, the TOAC? and TOAC'® residues are
situated within the hydrocarbon core of the membrane for all
lipid chain lengths, consistent with the isotropic hyperfine
splittings in Fig. 5.
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FIGURE 10 Chain-length dependences of the thickness of diCyPtdCho
bilayers for N = 12, 14 (34), and 16 (35) at 50°C. Solid squares: thickness
of the hydrocarbon core, dc; open squares: anhydrous bilayer thickness,
dy; open circles: steric thickness of the bilayer, dy = dc + 1.8 nm.
Measurements of dc and d,, for N = 12 and 14 at 30°C are corrected to
50°C by using an expansion coefficient aq = (1/d)(3d/dT) = —0.0032K !
(34). Sloping lines are linear regressions. The approximate position of
[Glu(OMe)”""*'°] alamethicin in diC;4PtdCho and diC,¢PtdCho bilayers,
consistent with Fig. 5, is indicated by the heavy vertical line and horizontal
dotted lines (C*-atoms), which are located at ~ +1.45, +0.4, and —0.8 nm
for TOACI, TOACS, and TOAC'6, respectively.

Peptide tilt from order parameters

The distance between the C* atoms of residues Aib' and
Phol®° in the crystal structure of [TOAClG,Glu(OMe)7’18’19]
alamethicin is 2.8 nm (15), close to the repeat distance for
a straight a-helix of this length. The entire length of the
molecule is ~3.3—3.4 nm and contains no polar anchoring
groups. Hydrophobic matching will therefore be achieved
approximately with diC,;¢PtdCho bilayers, for which the thick-
ness of the hydrocarbon core is dc = 2.79 nm in the fluid
phase at 50°C (35). This conclusion is essentially consistent
with the deductions made above from isotropic hyperfine
splittings that TOAC' is situated only 0.15 nm outside the
hydrocarbon core of diC,¢PtdCho bilayers (Fig. 10). On the
other hand, the total length of alamethicin corresponds to
the total anhydrous thickness of diC,4PtdCho bilayers (d, =
3.4 nm at 50°C) and is less than the estimated total steric
extent of diC,,PtdCho bilayers (dy, = 3.76 nm).

The order parameters, (P>(cosy)), of the long axis of
alamethicin are relatively large, even at the high tempera-
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tures for which they can be measured reliably (Fig. 7). Most
significantly, the order parameters decrease rather slowly
with decreasing chain length of the host lipid. The latter
result is not consistent with a tight matching of the peptide
tilt to the thickness of the hydrophobic core of the mem-
brane. Fig. 11 shows model calculations for tightly coupled
hydrophobic matching. The order parameter is calculated
assuming either a fixed tilt y

1 2
(P5(cosy)) = 3 (Bcos™y — 1) 6)

or a random wobble within a cone of maximum amplitude y

(Py(cosy)) = %cosy(l + cosy). 7

The geometric condition for hydrophobic matching is given
by

cosy = (di + NAdc)/d,. )

where d, is the hydrophobic thickness of alamethicin and the
parameters d and Adc governing the thickness of the hydro-
phobic lipid core, dc, are obtained from the linear regressions
in Fig. 10. Clearly, geometrical hydrophobic matching would
require a far greater dependence of order parameter on lipid
chain length than is observed. Attempts to fit Eqs. 7 and 8 (or
equivalently Eqs. 6 and 8) to the experimental data give rise
to effective thicknesses of the lipid bilayer that vary far less
with chain length (and correspondingly far larger end con-
tributions) than is found experimentally. The chain-length
dependence of the hydrocarbon core thickness for phospha-
tidylcholines that is given in Fig. 10 is characterized by values

1.0

o o o
PN [¢2) [e 1)
} } }

order parameter, <P _(cosy)>
o
N
f

0.0 } + } + { ¢ 4 + }
10 12 14 16 18
chainlength, N (C-atom)
FIGURE 11 Predicted dependence of the order parameter of the long axis

of alamethicin on chain length of host diCyPtdCho bilayers according to Eq.
6 (solid lines) or Eq. 7 (dashed lines) and Eq. 8 for hydrophobic matching.
Dimensions of the lipid hydrocarbon core, d, are taken from Fig. 10, and
the hydrophobic span of alamethicin is dj, = 2.8 nm or 3.4 nm, as indicated.
Squares (circles) are order parameter measurements at 75°C (85°C);
dotted lines are nonlinear fits of Eqs. 7 and 8 with d /d, = 0.688 + 0.009
(0.642 £ 0.008) and Adc/d, = 0.0147 = 0.0006 (0.0159 = 0.0005).
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of Adc/d, = 0.0741 = 0.0005 (0.0610 = 0.0004) and
dg/d, = —0.189 = 0.007 (—0.155 = 0.006), assuming that
d, = 2.8 (3.4) nm. These parameters are very different
from those required to describe the chain-length dependence
of the order parameters in Fig. 11.

At75°C, the effective angle of tilt deduced from Eq. 6 varies
from y = 13° for diC,gPtdCho to y = 23° for diC,oPtdCho.
For comparison, the geometrical criterion for hydrophobic
matching would require that y = 56° for diC;oPtdCho, taking
d, = 2.8 nm in Eq. 8. Clearly, alamethicin remains oriented
relatively close to the membrane normal, even in thin phos-
phatidylcholine bilayers. The mode of incorporation is that
indicated schematically in Fig. 10 and deduced from the
isotropic hyperfine couplings. The peptide is disposed in a
similar way relative to the bilayer midplane for all lipid chain
lengths and remains relatively untilted.

Comparison with other data

Extensive experiments on hydrophobic matching have been
performed with alanine-leucine model peptides that, unlike
[Glu(OMe)”"'*'"] alamethicin F50/5, have well-defined ter-
minal anchoring residues: either tryptophans in the WALP
peptides or lysines in the KALP peptides (36-39). Of these,
GW,(AL)sLW,A (WALP23) and GK,(AL)sLK,A (KALP23)
are likely to have a hydrophobic span similar to that of
alamethicin, although they are of longer total length. Both
peptides are found to have very small tilts, with only small
systematic variations, in phosphatidylcholine bilayers of dif-
ferent thicknesses (39). At 40°C, WALP23 is found to have
tilts of 5.2° and 8.1° in bilayers of diC4PtdCho and
diC,,PtdCho, respectively, and the corresponding tilt angles
for KALP23 are 7.6° and 11.2°, respectively. Qualitatively
similar results are obtained with a shorter peptide WALP19,
which has the same anchoring sequences as WALP23 but
two fewer AL dipeptide units (37). Similarly, the transmem-
brane segment of the EGF receptor, which like the more
symmetrical KALP peptides is also anchored by charged
groups, exhibits only small tilt that is insensitive to hydro-
phobic matching (40). For the WALP and KALP peptides,
adaptation to hydrophobic membrane thickness is thought to
be achieved by adjustment of the position of the side chains
of the anchoring residues (8,10,41). Significantly, apprecia-
ble tilts of ~30° are registered by longer peptides, WALP27
and WALP31, in diC4PtdCho (36). This degree of freedom
by side-chain adjustment is not available, however, to the
terminal residues of alamethicin (note that Phol does not
possess the indole anchoring propensity of tryptophan). It is
therefore likely that alamethicin is anchored rather differ-
ently from the WALP and KALP peptides solely by em-
bedding in the hydrophobic region of lipid membranes, as is
indicated in Fig. 10. This situation may well require dis-
tortion in the polar region of the membrane and also contrib-
ute to the potential of alamethicin to form pore assemblies
under the influence of a transmembrane potential. It could
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also account for the observed dependence of the ion channel
properties on lipid chain length (3) because propensity to
form channels will increase with increasing distortion of the
polar-group region.

The mode of membrane anchoring of alamethicin differs
much more from certain other peptides, for instance the trans-
membrane domain of the Vpu protein from the HIV-1 virus
(42), than it does from the WALP and KALP model peptides.
The transmembrane helix of Vpu responds almost quan-
titatively to membrane thickness by tilting by up to 51° in
the thinnest bilayers (diC;oPtdCho). The Vpu helix construct
has a strongly positive C-terminal domain but no obvious
anchoring residues at the N-terminal. Relatively large tilts
have also been obtained with the M2 transmembrane peptide
from influenza A virus (43) that are more than sufficient to
achieve hydrophobic matching with the host lipid. In the
latter case, both charged residues at the N- and C-termini and
a tryptophan may be involved in the transmembrane an-
choring. Appreciable tilts are also achieved with the M13
coat protein (44) although the dependence on lipid chain
length is insufficient alone to achieve simple hydrophobic
matching. This latter peptide is also expected to be anchored
by highly charged domains at the N- and C-termini.

We thank Frau B. Angerstein and Frau B. Freyberg for skillful technical
assistance.
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