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Structural Features That Modulate the Transmembrane Migration of a
Hydrophobic Peptide in Lipid Vesicles
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ABSTRACT Two approaches employing nuclear magnetic resonance (NMR) were used to investigate the transmembrane
migration rate of the C-terminal end of native alamethicin and a more hydrophobic analog called L1. Native alamethicin
exhibits a very slow transmembrane migration rate when bound to phosphatidylcholine vesicles, which is no greater than 1 X
10~* min~". This rate is much slower than expected, based on the hydrophobic partition energies of the amino acid side
chains and the backbone of the exposed C-terminal end of alamethicin. The alamethicin analog L1 exhibits crossing rates that
are at least 1000 times faster than that of native alamethicin. A comparison of the equilibrium positions of these two peptides
shows that L1 sits ~3-4 A deeper in the membrane than does native alamethicin (Barranger-Mathys and Cafiso. 1996.
Biochemistry. 35:489). The slow rate of alamethicin crossing can be explained if the peptide helix is irregular at its C-terminus
and hydrogen bonded to solvent or lipid. We postulate that L1 does not experience as large a barrier to transport because
its C-terminus is already buried within the membrane interface. This difference is most easily explained by conformational
differences between L1 and alamethicin rather than differences in hydrophobicity. The results obtained here demonstrate that
side-chain hydrophobicity alone cannot account for the energy barriers to peptide and protein transport across membranes.

INTRODUCTION

Alamethicin is a small 20-amino acid peptide that produces In lipid vesicle systems, structural studies on alamethicin
voltage-dependent conductances in planar bilayers and imdicate that it is inserted into the lipid bilayer, with the
lipid vesicles (Latorre and Alverez, 1981; Mathew and C-terminus of the peptide lying 3—4 A from the membrane-
Balaram, 1983; Woolley and Wallace, 1992; Cafiso, 1994 ;solution interface in the aqueous phase. Shown in Fig. 1 is
Hall et al., 1984; Sansom, 1993). Because of its interesting membrane structure for alamethicin that is consistent with
channel behavior, it has provided an important model forrecent NMR and electron paramagnetic resonance (EPR)
voltage-dependent conformational events in membrane pradata (Barranger-Mathys and Cafiso, 1996; Franklin et al.,
teins. However, alamethicin also provides a model for thel994). The majority of the peptide is already buried within
study of membrane-protein interactions. The thermodynamthe bilayer, and the energy price for moving the C-terminus
ics and lipid dependence of peptide-membrane binding havacross the membrane should be determined by the energy
been examined for this peptide (Rizzo et al., 1987; Schwarfor moving the exposed C-terminus into the membrane
et al., 1986; Stankowski and Schwarz, 1989), and it demhydrocarbon. For the structure shown in Fig. 1, the exposed
onstrates orientational changes in some systems as a furfe-terminal region consists of a C-terminal OH, Phol20,
tion of hydration and lipid composition (Huang and Wu, GIn19, and GIn18, and from the free energies of transfer for
1991; He et al., 1996). In addition, alamethicin appears tdhese three residues, a free energy of transfer of at@ut
modulate the membrane spontaneous curvature, and exhical/mol from water into hydrocarbon is obtained (Engle-
its conductance states that are dependent upon the latef8gn et al., 1986). If the energy for burying three non-
stress in the bilayer (Keller et al., 1993; Keller et al., 1996).hydrogen-bonded €O groups on the C-terminus is in-
The energetics and structural requirements for the insertiofluded, an energy barrier of about14 kcal/mol is

of membrane-bound peptides is currently of considerabl€xpected. There are approximately three hydrogen-bonded
interest, as it has relevance to membrane protein biogenedi@ckbone pairs within the interfacial region of the bilayer,

and Wimley, 1994). associated with moving each of these pairs from solution

into the membrane hydrocarbon (Ben-Tal et al., 1996).
However, because these groups are already within the in-
terface and the dielectric constant within this region is
Received for publication 14 November 1997 and in final form 17 Februarymoderate|y low. the electrostatic energy required to bury
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Aqueous Phase C-terminus. In the present report, we examine the trans-
,.": . membrane movement of the C-terminus of alamethicin and
AL Membrane-Solution Interface an analog of alamethicin (L1) from one bilayer surface to
g *%a";‘a the other. L1 is an analog of alamethicin in which MeA
- %bf)%f residues are replaced by Leu (see Table 1), which shows
gf,‘.%! Membrane Hydrocarbon alamethicin-like activity in bilayers (Molle et al., 1989).
"}%:fg’, The process depicted in Fig. 1 was examined by two inde-
’\‘93'%} pendent methods based on NMR. In one approach, a spin-
! .f:. v labeled analog of alamethicin was utilized in small unila-
A& mellar vesicles to produce paramagnetic line-broadening of
the NMe proton resonances. In a second approach, the effect
of unlabeled alamethicin on tifél NMR quadrupole split-
ting was used to estimate the transmembrane migration rate

in large unilamellar liposomes. Although both alamethicin
and L1 are inserted into the lipid bilayer, their transmem-
brane migration rates are dramatically different. This dif-

FIGURE 1 CPK model for placement of alamethicin in a lipid bilayer ference parallels differences in the position of these two
o_btalned frpm a cpmblnatlon of NMR and smule}ted annealing and sﬂe—anabgs a|0ng the bilayer normal.

directed spin labeling (Barranger-Mathys and Cafiso, 1996; Franklin et al.,

1994). This figure depicts the transmembrane migration of the peptide

C-terminus from one lipid vesicle monolayer to the other. EXPERIMENTAL

N . Materials
steeper logarithmic slope is usually seen for currents that are

associated witltis-positive potentials rather tharis-nega- ~ The spin labels 3-carboxyproxyl and 3-(aminomethyl)-proxyl were pur-
tive potentials (theisside of the bilayer is the side to which chased from Sigma Chemical Co. (St. Louis, MO). Palmitoyloleoylphos-
.. . . hatidylcholine (POPC) was purchased as a chloroform solution from
alamethicin is added)' This asymmetry dlsappears whe vanti Polar Lipids (Alabaster, AL) and used without further purification.
alamethicin is added to both sides of the planar bilayer, an@iamethicin was obtained from Sigma Chemical Co. (St. Louis, MO), and
it is presumed to result from an asymmetrical distribution ofthe major fraction of alamethicin (having the sequence Ac-MeA-Pro-MeA-
alamethicin across the bilayer (Vodyanoy et al., 1983). The\la-MeA-Ala-GIn-MeA-Val-MeA-Gly-Leu-MeA-Pro-Val-MeA-MeA-

extent of this asymmetry provides an indication of theCM-CIn-Phol, where MeA representsmethylalanine) was purified by
high-performance liquid chromatography as described previously (Kelsh et

transmembrane migration rate of the peptlde across plang[’ 1992). A C-terminal spin-labeled analog of this derivative of alamethi-
bilayers, and it is dependent upon the composition of thein (Ala-Phol-SL) was prepared by forming an ester linkage between a
membrane, as well as the structure of the peptide (Hall et al3-carboxyproxyl nitroxide and the C-terminal phenylalaninol, using a
1984; Vodyanoy et al., 1983). This approach provides gprocedure described previously (Archer et al., 1991). The analog of alam-
useful, although somewhat indirect method for gauging th{thicin (L1), in which leucines replace each of the eight MeA residues
' . . .. .. < .. (Molle et al., 1989), was created by solid-phase peptide synthesis and
transmembrane migration rate of alamethicin, and it Indl'purified by high-performance liquid chromatography as described else-
cates that transmembrane migration rates are relatively slowhere (Barranger-Mathys and Cafiso, 1996). An analog of this peptide
compared to the rates predicted based on the structumgth a spin label on its C-terminus, L1-Phe-SL, was synthesized by
shown in Fig. 1. This discrepancy could be a result, in part'coupling the ami_nomethyl—proxyl_ spin Iabe_l through an amide linkage to
of the additional negative charge on the alamethicin analo%ge free C-terminus, as described previously (Barranger-Mathys and

. . . afiso, 1996). Cholesterol was obtained from Sigma Chemical Co. and
used for the planar bllayer measurements, which containe ed after recrystallization from ethanol. Octylglucoside was purchased

glutamic acid at position 18. The additional charge at thisrom Aldrich Chemical Co. (Milwaukee, WI) and used without further
position would be expected to add an additional 4.1 kcalpurification. Deuterium oxide (BD) was from Cambridge Isotope Labo-
mol to the energy barrier. ratories (Woburn, MA).

Estimates of the transmembrane migration rate of ala-
methicin in lipid _vesic_les have not been made. Th_e peptidqETHODS
structure in vesicles is reasonably well characterized, and
the measured rates in these systems could be directly contynthesis of headgroup deuterated lipids

pared with free energy estimates for hydrophobic and elecpopc selectively deuterated at thposition of the choline headgroup was
trostatic contributions to the partition energies of the peptiderepared as described previously (Marassi et al., 1993). The synthetic

TABLE 1 Sequences of alamethicin and L1

Peptide Sequence*
Alam-Phol Ac-MeA-Pro-MeA-Ala-MeA-Ala-GIn-MeA-Val-MeA-Gly-Leu-MeA-Pro-Val-MeA-MeA-GIn-GIn-Phol
L1 Ac-Leu-Pro-Leu-Ala-Leu-Ala-GIn-Leu-Val-Leu-Gly-Leu-Leu-Pro-Val-Leu-Leu-GIn-GIn-Phe

*MeA is a-methylalanine.
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a-d,-POPC was purified by silica gel chromatography, and the purity of
the product was checked by thin-layer chromatography and proton NMR.

Outside

Preparation of lipid vesicles Inside

To form sonicated vesicles, aliquots of POPC in chloroform were dried
under a stream of nitrogen and vacuum desiccated for a minimum of 15 h
at room temperature. The lipids were then dispersed in a 10 mM phosphate
buffer formed in BO (pD 7) at a total lipid concentration 6f100 mM.

The lipid buffer dispersion was then ultrasonically irradiated at 0°C under
a stream of argon and centrifuged to remove unsonicated lipid and titanium
dust from the sonicator tip, following a procedure described previously
(Castle and Hubbell, 1976). Giant unilamellar vesicles (GUVs) were pro-
duced from a solution of octylglucoside and lipid (70 mai%6l,-POPC, 30
mol% cholesterol in 10 mM HEPES, 150 mM NacCl, pH 7.0) as described
previously (Marassi et al., 1993). Before the NMR measurements were
made, aliquots of alamethicin, L1, or their spin-labeled analogs were added B
from concentrated solutions in methanol and extensively vortexed to pro-

duce membrane concentrations ranging from less than 1 mol% to 20 mol%

peptide.

A

NMR spectroscopy

C

Proton NMR spectra of sonicated vesicles were obtained with a 500-MHz

GE Omega spectrometer using a standard one pulse sequence for protons.

Transformed spectra were fitted to Lorentzian lineshapes and analyzed

using the NMR analysis software package FELIX, version 2.3 (San Diego, L 1 L )

CA). Deuterium NMR spectra were obtained for headgroup-labeled GUVs 3.25 3.2 3.15 3.1

using a highly modified Nicolet NT-360 NMR spectrometer operating at a PPM

frequency of 55.1 MHz and equipped with a wide-lifi¢ solids probe

(Cryomagnet Systems, Indianapolis, IN). A quadrupole echo-pulse sepigURE 2 @) Proton NMR spectrum of sonicated POPC vesicles,
quence was used to acquire the spectra (Davis et al., 1976), with 90° pUIS‘éﬁowing the interior and exterior NMe resonancé). $pectrum in the

of ~3 us duration, a recycle delay of 1.5 s, and an exponential line-presence of the alkylamide spin-label | at a probe-to-lipid ratio of 0.12
broadening of 50 Hz. Procedures suggested previously were followed tq, ;04 (©) Spectrum of the NMe resonance in the presence of alkylam-
ensure that Fourier transformation was started at the top of the spin ech@ nium 11 at a probe-to-lipid ratio of 2 mol%. For all three vesicle

(Ranzce and Byrd, 1983), and no first-order phase correctior?s‘ were Usegamples, the spectra were recorded at 25°C in@ Buffer containing 10
The “H NMR spectra were typically the result 625,000 acquisitions. 1 sodium phosphate, pD 7.0, at a total lipid concentration of 10 mM.

RESULTS . . .

increases of 1.36 0.33 and 4.62+ 36 Hz in the internal
Transmembrane migration of paramagnetic and external NMe resonances, respectively. Nitroxides are
amphiphiles can be monitored using 'H NMR well known to produce increases in the spin-spin relaxation

R rates for nearby protons (Morrisett, 1976), and the increases
hin linewidth on both surfaces are consistent with the
changes expected for a membrane-permeable probe.
Whereas probe | is uncharged and membrane permeable,
alkylammonium probe Il is known to be relatively

Shown in Fig. 2A is an expansion of the proton NM
spectrum of small, sonicated lipid vesicles (SUVs), whic
includes theN-methyl (NMe) resonance. In these vesicles,
two NMe resonances are seen as a result of packing differ-
ences between the internal and external vesicle monolayertah,e
and have previously been well documented for these vesicle
systems (Huang and Mason, 1978; Xu and Cafiso, 1986). In
the present case, the exterior and interior resonances are o
observed to have intrinsic linewidths ef4 and ~7 Hz, HSC_(CH2)12_'<';_N N—OH
respectively. Shown in Fig. B is the NMe resonance after I

the addition of the spin-labeled alkylamide | (see Scheme 1)

to the vesicle suspension. This label is completely mem- Q

brane-associated under the conditions used here, and it is R (CHa)sC Non
known to be freely membrane permeable (Cafiso and Hub- i

bell, 1978). Although the changes in linewidth are more H

pronounced on the internal monolayer, probe | produces ch-(CHg)mch N—OH

linewidth changes in both the internal and external NMe Ii ) )

resonances. For example, at a very low membrane probe
concentration of 0.03 mol%, probe | produces linewidth SCHEME 1
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impermeable in these vesicle systems (Castle and Hubbelbn the external monolayer resulting from the establishment

1976). Shown in Fig. Z is a*H NMR spectrum showing of an inside negative potential. These observations provide

the NMe resonance of sonicated vesicles after the additioa strong indication that paramagnetic broadening of‘Hhe

of Il to the vesicle suspension. In contrast to probe I,NMe resonances provides a reasonable method of measur-

significant linewidth increases are seen only for the externaing the transmembrane migration of a membrane-associated

NMe resonance. For example, at a membrane-bound corspin label.

centration of 0.48 mol%, probe II produces a linewidth

increase of 8.97- 0.81 Hz in the external NMe resonance,

but no significant change in the internal resonance. Bot

nitroxide probes | and Il lie within the membrane interface

(Ellena et al., 1988), and these results are consistent with tht@hown in Fig. 4B is the proton NMR spectrum of the NMe

expectation that | is highly permeable, whereas Il is impertesonance after the addition of 2Q0M C-terminal spin-

meable on the time scale of the experiment. labeled alamethicin analog (Ala-Phol-SL). The relative am-
In addition to these two probes, we also uS8dNMR to  plitudes of these two resonances are now dramatically dif-

follow the migration rate of a paramagnetic hydrophobicferent and are a result of changes in the linewidth of the

ion, IIl, which strongly associates with the membrane, but isexternal NMe resonance. Fig. A shows a plot of the

known to migrate across the bilayer under the influence ofinewidth changes for both the internal and external reso-

a transmembrane potential (Cafiso and Hubbell, 1981nances as a function of peptide concentration. Whereas

1982). Fig. 3 shows a plot of the linewidths of the internalthere is more than a twofold increase in the external NMe

and external NMe resonance after the creation of a pHinewidth upon the addition of 20QM Ala-Phol-SL, there

gradient when 20QuM of the alkylphosphonium nitroxide, s no significant change in the linewidth of the internal NMe

1, is added to the vesicle exterior. After the establishmentresonance, even at the highest concentrations of peptide.

of an inside acidic pH gradient, an inside negative transThe linewidths of the interior and exterior lipid NMe reso-

membrane potential develops in these membranes within

20—-40 min, as an electrochemical equilibrium is established

(Perkins and Cafiso, 1987). As seen in Fig. 3, after the

creation of a pH gradient, the external linewidth decreases

and the internal linewidth increases on a time scale that is

consistent with the establishment of a membrane potential

in these systems. These changes in linewidth are consistent

with an increase in the nitroxide concentration on the inter-

nal monolayer, and a concomitant decrease in concentration

r'll' he transmembrane migration of alamethicin is
very slow across lipid vesicles
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FIGURE 3 The effect of 20@M C8 phosphonium label on the internal FIGURE 4 @) Proton NMR spectrum of sonicated POPC vesicles,
(A) and external@®) proton NMe linewidths of sonicated vesicles formed showing the interior and exterior NMe resonanc&}.NMe resonance for
from POPC as a function of time after the creation of a pH gradient. Thesonicated vesicles after the addition of Alam-Phol-SL to a vesicle sample
lipid concentration was~60 mM, and the buffer contained 125 mM at a peptide:lipid molar ratio of 1:300Cf NMe resonance after the
Na,SO, and 100 mM NaPhos. The internal pH was 7.0, and the externahddition of the leucine analog, L1-Phe-SL, to a vesicle sample at a
pH was adjusted to 10 at= 0. These vesicles develop a transmembrane peptide:lipid molar ratio of 1:317. These spectra were recorded at 25°C,
potential that comes to equilibrium withpH, resulting in transmembrane using a vesicle sample with a total lipid concentration of 59 mM in,® D
migration of the phosphonium label. buffer of 10 mM sodium phosphate (pD 7.0).
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11 . . . : migration is a result of packing differences between the
A % internal and external monolayers. To test for this possibility,
10} . the migration rate was examined for native (non-spin-la-

beled) alamethicin in giant unilamellar vesicles (GUVSs)
9r - using®H NMR. Previous work has shown that the interac-
+ tion of peptides with each monolayer of the GUV can be
detected by usingH NMR or *'P NMR (de Kroon et al.,
+ A 1991; Marassi et al., 1993). Shown in FigAGare a series
7 % . of ?H NMR spectra as a function of increasing alamethicin
4} concentration in GUVs formed with phosphatidylcholine
61 1 deuterated in the: choline position of the lipid headgroup.
Addition of alamethicin to the external vesicle solution
55 50 100 150 500 250 leads to®H spectra consisting of tvx./o' pake patterns..One
[Alamethicin] (LM) pake pattern has a quadrupolar splitting-eb kHz an'd'|s
similar to that measured in the absence of alamethicin, and
the second pake pattern has a narrower splitting®kHz.
sl B A ] Whereas the concentration of alamethicin does not effect
the broader pake pattern, the quadrupolar splitting of the
A narrow component is seen to decrease as a function of the
externally added alamethicin concentration and is only 1.8
kHz at 12 mol% alamethicin. The ratio of the lipid popula-
) tions contributing to the two pake patterns, which was
- . determined by subtracting the spectrum in the absence of
] peptide from a two-component spectrum~4:1 and was
unaffected by the alamethicin concentration. The appear-
r . ance of two pake patterns with a 1:1 intensity ratio after the
* , , , L L addition of alamethicin is consistent with the peptide inter-
0 20 40 60 80 100 120 140 160 acting with only one (exterior) monolayer of the GUVs.
[L1] (uM) (The ?H NMR spectra that are obtained in the presence of
alamethicin show two pake patterns, and this has been taken
FIGURE 5 Internal {) and external @) linewidths for the'H NMe to indicate that alamethicin interacts with one monolayer of
resonances of sonicated unilammelar vesicles of POPC as a function of tiie GUVs. The pake pattern with a narrower quadrupolar
concentration of added\{ AIa—PhoI—SL or B) L1-Phe-SL at 25°C. V_esi— splitting most likely reflects the increased headgroup mo-
;fssgﬁ;feazp??T)(;emrat'on 0f 59 mM in g®buffer of 10 mM sodium i of the lipids that are interacting with alamethicin. It
should be noted that the appearance of two pake patterns is
not inconsistent with the inserted orientation for alamethicin
nances were followed for a period of over 50 h, and noshown in Fig. 1. In this structure, the N-terminus of the
further changes in the internal or external linewidths werepeptide does not extend into the headgroup region of the
detected during this period. It should be noted that theopposite monolayer, and addition of alamethicin would not
highest membrane concentration used here corresponds tomacessarily be expected to perturb the interior lipid head-
peptide:lipid ratio of 1:200, and the observed effect ongroups and the quadrupolar splitting of resonances from the
external linewidth is clearly quite sensitive to addition of theinner monolayer.) ThéH spectra of GUVs in the presence
spin-labeled peptide. These changes are a result of paramagf- alamethicin were monitored over minimum period of
netic enhancements in the spin-spin relaxation rate, and nb0 h, and no changes in the spectra were observed. This
change in either the internal or external linewidth was seemesult is consistent with the previous result suggesting that
when non-spin-labeled, native alamethicin was added tepin-labeled alamethicin is quite impermeable across soni-
POPC vesicles under these same concentrations. These datated unilamellar membranes in the absence of a potential.
when combined with the observations on simple amphi-Thus the conclusions reached are qualitatively similar to
philes, provide a strong indication that the nitroxide onthose obtained in sonicated vesicles and suggest that neither
alamethicin resides only on the external monolayer, and thahe size of the vesicle nor the presence of the spin label have
alamethicin does not cross from the outer to the inner’ significant effect on the migration rate of this peptide.
membrane surface in these model membranes. Based on the
uncertainty in the_: I_|ne_W|dths, the transmembrane mlgratlor_lrhe L1 analog of alamethicin migrates rapidly
rate for alamethicin in these model membrane systems is s
estimated to be no greater tharx110™* min~*. across lipid bilayers
Because these vesicles are small and are known to hown in Fig. 4C is the proton NMe spectrum obtained
highly strained, it is conceivable that the apparent lack ofafter the addition of the spin-labeled MeA alamethicin an-
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A B
FIGURE 6 @) 2H NMR spectra of giant unilamellar J 0 mol% Juol%
vesicles (GUVs) formed from a mixture of POPC/
cholesterol (70:30) as a function of increasing amounts
of alamethicin. The spectra, top to bottom, correspond
to spectra at 0, 3, 6, and 9 mol% alamethicin, respec- MJ/J 3 mol% Ju(ﬂ%
tively. The total lipid concentration in these samples
was 77 mM. B) 2H NMR spectra of GUVs formed
from a mixture of POPC/cholesterol (70:30) in the %Wj 6 mol% ijvuol%
presence of externally added L1. The spectra, top to
-2‘0 -1‘5 -‘;0 IS 0; ; 1IO 1‘5 20 20 15 10 5 0 6 10 15 -20

bottom, correspond to membrane concentrations of L1
Av (kHz) Av (kHz)

L

of 0, 3, 6, and 10 mol%, respectively. The total lipid

concentration in these samples was 77 mM. 9 mol%

oA

alog, L1-Phe-SL. For this sample, L1-Phe-SL was found tovesicle surface, the analog L1 interacts with both surfaces of
produce line broadening in both the internal and externathe bilayer. L1 comes to equilibrium across the bilayer
NMe signals of 1.7 and 2.2 Hz, respectively. Figd Shows  within the time period required to accumulate tieNMR
the effect of spin-labeled L1 on the linewidths of the exter-data -2 min). Given the uncertainty in these measure-
nal and internal NMe resonances as a function of concemnments, the migration rate of L1 is estimated to be at least 0.5
tration. Unlike alamethicin, L1-Phe-SL increased linewidthsmin™* or at least three orders of magnitude greater than the
for both the internal and external surfaces. The native nonmigration of native alamethicin.
labeled peptide L1 did not produce line broadening in either
of the NMe resonances, indicating that the observed effects
are paramagnetic in origin. The changes in line broadening&ffects of temperature
for L1-Phe-SL were observed immediately after the addi-r spin-labeled peptides Ala-Phol-SL and L1-Phe-SL
tion of the peptide, and no further changes in the internal .
: . : were studied at both elevated and lowered temperatures,
linewidth were detected. Because the spin label on the : . oo )
) . . respectively, in an attempt to resolve the kinetics of their
C-terminus can only produce relaxation of the internal res- o ) . .
e . . —transmembrane migration. When the NMe linewidths in
onance if it gains access to the internal surface, this peptlds . :
POPC vesicles were monitored at an elevated temperature

must rapidly migrate across the vesicle membrane. Thus, 'Ot 50°C, no evidence for changes in the internal linewidth or

contrast to the behavior of alamethicin, this analog appearg " 1 emembrane migration of Ala-Phol-SL could be

to be at equilibrium across the vesicle membrane during th%etected When L1-Phe-SL was examined at a depressed

time scale of this experiment. The migration of this more £ 70 h ) )
hydrophobic analog was also examined by usiHgNMR temperature of 7°C, both NMe resonances were immedi-
~ately broadened, and no resolution of the kinetics of migra-

Shown in Fig. 6B are a series ofH NMR spectra after the . )
- tion (as was seen for probe Ill) could be detected. Using a
addition of L1. In the presence of the L1 analog, only one_. . . o
simple Erying rate analysis, the lack of migration of Ala-

pake pattern is seen, and the quadrupolar splitting WaBhol-SL at 50°C reflects an energy barrier that is greater

observeq to decrease with increasing L1 poncentraﬂon fro an 29 keal/mol, whereas for L1-Phe-SL the lower limit of
4.2 kHz in the absence of L1 to 3.2 kHz in the presence o . R :
he estimated rate at 7°C corresponds to a barrier t9

0 . . .
1.3 mol% L1. The extent of |nc.or'porat|on of L1.|nto these kcal/mol. Thus the energy differences in the barrier for the
bilayers was checked by examining the interaction betwee?ransmembrane migration of Ala-Phol-SL versus Li-

the spin-labeled L1 analog L1-Phe-SL and extruded lipid
vesicles (1000-A diameter, 70:30 PC:cholesterol). The EPR ¢Sk @ppear to be 10 kcal/mol or greater.
spectrum of the L1 analog in the presence of vesicles was

highly anisotropic under conditions similar to those used
above for th¢H NMR experiments, and was similar to that DISCUSSION

obtained previously for membrane-bound L1. PreviousThe data obtained here demonstrate that the transmembrane
work demonstrated that under the conditions used here, Ldistribution of spin-labeled amphiphiles and peptides can be
efficiently incorporates into the vesicle membrane (Bar-followed in small lipid vesicles by measuring the paramag-
ranger-Mathys and Cafiso, 1996). Thus, in contrast to alanetic enhancement produced by a nitroxide on the spin-spin
methicin, which appears to interact only on the externakelaxation rate of th&-methyl phospholipid protons. Mea-
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surements on spin-labeled derivatives of alamethicin and L1
indicate that whereas alamethicin remains trapped on one
membrane interface in the absence of a potential, L1 is able
to rapidly cross bilayers. This conclusion is also consistent
with the effects of unlabeled alamethicin or L1 on thé
NMR linewidths of the phospholipid headgroup in GUVs.
The limits that these measurements place on the transport
of alamethicin and L1 across bilayers raise several interest-
ing questions. For example, why is alamethicin trapped on
one surface? A rough estimate of the size of the energy
barrier for the transit of this peptide can be made based on
the membrane structure (Fig. 1) and the transfer free ener-
gies for the side chains and groups in the exposed C-
terminal domain. This yields an energy barrier ofL4
kcal/mol, which should permit a rapid transmembrane mi- » _
gration at normal temperatures. (For #eNMR measure- FIGURE 7_ Membrane structures of alamethl(_:ln and L1 relfemve to the
. embrane interface. The structure of alamethicin was determined‘fiom
ments made here that employ a spln-labeled analog ﬁMRin detergent micelles (Franklin et al., 1994), and the placement of the
alamethicin, the expected energy barrier for the transmenpeptides along the bilayer normal was determined using site-directed spin
brane migration of alamethicin should in fact be less than 14abeling and collision gradient EPR (Barranger-Mathys and Cafiso, 1996).
kcal/mol, because of the additional hydrophobicity of theThe structure of L1 shown was obtaingd from a simulated apnealing of
nitroxide label and the acetylation at the peptide C-termi-:.\lMR data obta}lned from detergent micelles (Jacob and Cafiso, unpub-
. - .lished observations).
nus.) However, the data obtained here indicate that this
estimate is 10—15 kcal/mol less than that actually encoun-
tered. At the present time, the interactions leading to this
additional energy are not understood. Clearly, because thalso account for the faster migration rate of L1. If alamethi-
N-terminus and most of the peptide are buried within thecin is prevented from migrating because of hydrogen bond
membrane hydrocarbon, the C-terminal domain of the pepiteractions within the interface, a faster migration of L1
tide must be the source for this energy. Additional energycould result if the energy price for overcoming these hy-
barriers to transport might arise from hydrogen-bondingdrogen bond interactions were paid for by the additional
interactions between the peptide backbone and the mentydrophobicity of L1. However, only two MeA residues in
brane lipid or solvent. Such interactions would not be ex-alamethicin, at positions 16 and 17, are not already buried
pected to be strong for a purely-helical structure, but within the membrane hydrocarbon. Based on their accessi-
might occur for an irregular helix; and indeed, there isble surface areas in a helix, substituting these residues with
evidence that alamethicin is an irregular helix at its C-leucine should not add more than2 kcal/mol to the free
terminus (Franklin et al., 1994). In addition to these inter-energy of transfer. Given that the difference in the energy
actions, some steric interactions would be encountered dsarrier between these two peptides is on the order of 10
the peptide is moved through the membrane hydrocarborkcal/mol, it appears unlikely that the additional hydropho-
however, because the membrane hydrocarbon is a liquid, Hicity at these two positions can account for the differences
is difficult to imagine that this could account for the addi- in their transmembrane migration rate. In light of this quan-
tional energy barrier seen here. titative discrepancy, a more likely explanation for the dif-
Another interesting question raised by the measurementgrences in migration rate is simply that the structures for
made here is the source of the remarkably different rates fahe two peptides are different within the membrane inter-
the transmembrane migration of alamethicin versus Llface. Structural data that confirm this latter possibility are
This difference reflects a difference in the energy barrier fomot currently available.
translocation that is on the order of 10 kcal/mol or larger. In  Evidence for the transmembrane migration rate of several
addition to this difference in kinetics, alamethicin and L1 other peptides has been obtained. For example, the signal
appear to take up different positions in the bilayer. Shown irsequence from cytochrome oxidase IV (CoxIV) contains
Fig. 7 are the approximate positions of alamethicin and L1several positively charged residues, and it has been found to
within the membrane interface, as determined by collisiormigrate across model membranes containing POPC and
gradient EPR spectroscopy (Barranger-Mathys and Cafisghosphatidylglycerol on the time scale of minutes (Maduke
1996). In these membranes, both alamethicin and L1 arand Roise, 1993). It has been reported that the translocation
monomeric. L1 is translocatee3—4 A deeper into the of magainin 2, a positively charged peptide at physiological
bilayer interface compared to alamethicin, and its C-termi{pH, is coupled to pore formation (Matsuzaki et al., 1995).
nus is buried within the interface, in contrast to the C-The lack of migration of alamethicin is remarkable in com-
terminus of alamethicin. One explanation for the differing parison, considering that it is uncharged and much more
positions is the additional hydrophobicity of L1 versus hydrophobic than either the CoxIV signal sequence or ma-
alamethicin, and conceivably, this hydrophobicity mightgainin. This difference likely reflects the presence of acid

Position of Phosphate
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lipids, which appear to interact strongly with these basicHall, J. E., I. Vodyanoy, T. M. Balasubramanian, and G. R. Marshall. 1984.
peptides, and may themselves participate in the transport. Alamethicin: a rich model for channel behaviBiophys. J45:233-247.

.. - L . He, K., S. J. Ludtke, W. T. Heller, and H. W. Huang. 1996. Mechanism of
In summary, alamethicin transits |Ipld b|Iayers much alamethicin insertion into lipid bilayer®8iophys. J.71:2669-2679.

more slowly thffm is expes:ted based on the expected tra_nsfﬁﬁang, C., and J. T. Mason. 1978. Geometric packing constraints in egg
free energy of its C-terminus. L1, an analog of alamethicin phosphatidylcholine vesicleBroc. Natl. Acad. Sci. USA75:308-310.

in which MeA is replaced by Leu, transits bilayers with a Huang, H. W., and Y. Wu. 1991. Lipid-alamethicin interactions influence
rate that is at least three orders of magnitude faster than that2amethicin orientatiorBiophys. J60:1079-1087.

. . . . . Keller, S. L., S. M. Bezrukov, S. M. Gruner, M. W. Tate, |. Vodyanoy, and
of alamethicin. A likely explanation for this result s that the V. A. Parsegian. 1993. Probablilty of alamethicin conductance states

backbone of alamethicin interacts strongly within the mem- varies with nonlamellar tendency of bilayer phospholip@phys. J.
brane interface, whereas the analog L1 does not. The results6>:23-27.

obtained here suggest that features other than side-cha'ﬁ‘?"er' S. L., S. M. Gruner, and K. Gawrisch. 1996. Small concentrations
of alamethicin induce a cubic phase in bulk phosphatidylethanolamine

hydrophobicity play an important role in determining the  ixtures.Biochim. Biophys. Actal278:241-246.

energy barriers to peptide and protein transport acrosgeish, L. P., J. F. Ellena, and D. S. Cafiso. 1992. Determination of the

membranes. molecular dynamics of alamethicin usiftC NMR: implications for the
mechanism of gating of a voltage-dependent chanBalchemistry.
31:5136-5144.
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Maduke, M., and D. Roise. 1993. Import of a mitochondrial presequence
into protein-free phospholipid vesicleNature.260:364-367.
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