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ABSTRACT: An important subject for elucidating membrane protein (MP) folding is how transmembrane
helices (TMHs) insert into and dissociate from membranes. We investigated helix dissociation kinetics
and insertion topology by means of intervesicular transfer of the fluorophore-labeled completely hydrophobic
model transmembrane helix NBD-(LALAAAA)3-NH2 (NBD ) 7-nitro-2-1,3-benzoxadiazol-4-yl). The
peptide forms a topologically stable transmembrane helix, which is in a monomer-antiparallel dimer
equilibrium [Yano, Y., Takemoto, T., Kobayashi, S., Yasui, H., Sakurai, H., Ohashi, W., Niwa, M., Futaki,
S., Sugiura, Y., and Matsuzaki, K. (2002)Biochemistry 41, 3073-3080]. The helix transfer kinetics,
representing the helix dissociation process, was monitored by fluorescence recovery of the quenched peptide
in donor vesicles containing a quencher upon its transfer to acceptor vesicles without the quencher. The
transfer kinetics and vesicle concentration dependence demonstrated that the transfer was mediated by
monomer in the aqueous phase. Furthermore, the activation enthalpy was estimated to be+17.7 ( 1.3
kcal mol-1. Helix insertion topology, detected by chemical quenching of the NBD group in the outer
leaflet by dithionite ions, was found to be controlled by transmembrane electric potential-helix macro
dipole interaction. On the basis of these observations, a model for the helix insertion/dissociation processes
was discussed.

In the post-genomic era, elucidation of the physical
principles of the folding and the stability of proteins is
becoming crucial for the prediction of protein structures and
functions from the obtained sequence data. In particular,
experimentally intractable membrane proteins (MPs1), which
are considered to comprise about a third of total proteins,
are important as the targets of such prediction analyses
because more than 50% of human drug targets are G-protein-
coupled receptors and ion channels (1), representative MPs.
The most fundamental framework of MP-membrane inter-
actions involves the thermodynamics of the folding and the
bilayer insertion of a peptide that can form anR-helix as
well as helix-helix interactions in the membrane phase.
However, experimental approaches to these problems have
evolved slowly (2). Experimental demonstration of the
driving forces of helix-helix interactions in membrane
environments has recently begun to emerge (3-7). Although

the folding and the membrane binding of amphipathic helix-
forming peptides have been thermodynamically characterized
(8-10), those of hydrophobic transmembrane helix (TMH)-
forming peptides are generally very difficult to study because
of insolubility and aggregation of hydrophobic peptides in
the aqueous phase. Several attempts have been made to
overcome these difficulties (11-13).

In this paper, we investigated the dissociation kinetics and
the insertion topology of the model TMH, X-(LALAAAA)3-
NH2 [X ) Ac (I ), 7-nitro-2-1,3-benzoxadiazol-4-yl (NBD)
(II )] (14). The 21-residue peptide is exclusively composed
of helix-promoting leucine and alanine, and the terminal
charges were blocked by acetylation and amidation. No
specific interactions in the side chains, such as ion pair,
hydrogen bond, or leucine zipper based on heptad repeats
(15), are expected. This simplest of helices can form a
topologically stable TMH and is in a monomer-antiparallel
dimer equilibrium, with an association free energy of∼ -3
kcal mol-1 in 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC) bilayers at 25°C. We estimated the helix
transfer kinetics between POPC large unilamellar vesicles
(LUVs) by fluorescence recovery ofII upon transfer from
donor vesicles containing the NBD quencher, lissamine
rhodamine B 1,2-dihexadecanol-sn-glycero-3-phosphoetha-
nolamine (Rh-PE), to acceptor vesicles without quencher.
The basic approach of the helix transfer was described by
Wimley and White in the study of reversible insertion of a
model TMH (11). The transfer kinetics followed first-order
kinetics reflecting the dissociation process. The activation
energy of this process was also evaluated. The helix
topological preference in the transfer process was examined
by quenching of the NBD group in the outer leaflets of LUVs
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by dithionite ions. We found that transmembrane potential
could control the helix insertion topology by interaction with
the helix macro dipole.

MATERIALS AND METHODS

Materials. A peptide chain was constructed by 9-fluore-
nylmethyloxycaronyl (Fmoc)-solid-phase synthesis on a Rink
amide resin. NBD and acetyl moieties were introduced at
the N-terminus with NBD-Cl and acetic anhydride in the
presence of diisopropylethylamine, respectively. The peptide
resin was treated with trifluoroacetic acid-ethanedithiol (95:
5) followed by purification by reversed-phase high perfor-
mance liquid chromatography (RP-HPLC). The purities of
the peptides (>90%) were confirmed by RP-HPLC, amino
acid analysis, and ion-spray mass spectroscopy. POPC and
valinomycin were obtained from Sigma (St. Louis, MO).
Spectrograde chloroform and methanol were products of
Nacalai Tesque (Kyoto, Japan). NMR-grade 2,2,2-trifluoro-
ethanol (TFE) was purchased from Aldrich (Milwaukee, WI).
1,2-Dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(7-ni-
tro-2-1,3-benzoxadiazol-4-yl) (NBD-PE) was supplied by
Avanti Polar Lipids (Alabaster, AL). 3,3′-Diethylthiadicar-
bocyanine iodide (DiSC2(5)) and lissamine rhodamine B 1,2-
dihexadecanol-sn-glycero-3-phosphoethanolamine, the tri-
ethylammonium salt (Rh-PE), were obtained from Molecular
Probes (Eugene, OR). The lipids and the peptides were
dissolved in a chloroform/methanol mixture and TFE,
respectively. The lipid concentration was determined in
triplicate by phosphorus analysis (16). The concentration of
the fluorophore-labeled peptide (II) was determined on the
basis of the extinction coefficient in methanol (ε449 ) 20 000
M-1), which was obtained by absorbance combined with
quantitative amino acid analysis in duplicate.

Vesicle Preparation. Large unilamellar vesicles (LUVs)
were prepared by an extrusion method as described elsewhere
(17). In brief, a lipid/peptide mixed film, after drying under
vacuum overnight, was hydrated with Tris-HCl buffer (10
mM Tris/150 mM NaCl/1 mM EDTA, pH 7.4) and vortex-
mixed to produce multilamellar vesicles (MLVs). The
suspension was subjected to 10 freeze-thaw cycles and then
extruded through polycarbonate filters (0.1µm pore size
filters, 31 times).

InterVesicular Transfer of Peptide. Donor POPC LUVs
incorporating 0.5 mol %II with 1 mol % Rh-PE as NBD
quencher were mixed with an excess of POPC acceptor
LUVs. The efficiency of peptide transfer from the donor to
the acceptor vesicle populations was evaluated by NBD
fluorescence recovery as a function of incubation time. NBD
fluorescence (Fi(t)) was monitored at 555 nm (excited at 450
nm) after spectral subtraction of pure Rh-PE fluorescence
on a Shimadzu RF-5300 spectrofluorometer. A slight emis-
sion shift (∼5 mn) was observed, depending onII concentra-
tion in the vesicles because of dimerization. The fluorescence
intensity at this emission wavelength was the most insensitive
(within 5% error) to peptide concentration. Percent transfer
was defined with peptide uniform distribution among donor
and acceptor vesicles being 100% transfer

FD and FA are experimentally determined fluorescence
intensities when all the peptides are in the donor and acceptor
vesicles, respectively.LD andLA are the lipid concentrations
of the donor and acceptor vesicles, respectively.

Detection of Peptide Topology. External addition of
dithionite to LUVs chemically quenches the NBD groups in
the outer leaflets of the bilayers. After 20µL of 1 M sodium
dithionite/1 M Tris was added to 2 mL of the sample, the
time course of NBD fluorescence was monitored at excitation
and emission wavelengths of 450 and 533 nm, respectively.
The inner leaflet NBD fraction was determined by linearly
extrapolating the trace between 150 and 180 s after dithionite
addition to 0 s (see Figure 4A).

Transmembrane Potential. Transmembrane potentials of
about(110 mV relative to the external aqueous phase across
the bilayer were generated by valinomycin and K+ concen-
tration gradients. K+ buffer (10 mM Tris/50 mM K2SO4/1
mM EDTA, pH 7.4) and Na+ buffer (10 mM Tris/50 mM
Na2SO4/1 mM EDTA, pH 7.4) were used to produce K+

gradient. In generating an inside-negative potential, a lipid/
peptide mixed film was hydrated with the K+ buffer for the
preparation of LUVs. The LUVs were diluted with the Na+

buffer to produce a K+ concentration gradient of [K+]in/
[K +]out ) 100. The addition of valinomycin dissolved in
ethanol at a lipid-to-valinomycin molar ratio of 5000 (∼20
valinomycin molecules per LUV on average) was sufficient
for potential generation. An inside-positive potential was
generated in a similar way by interchanging the K+ and Na+

buffers. The potential was calculated from the Nernst
equation. The stability of the potential in the presence of
the peptide was confirmed by 1µM voltage-sensitive
fluorescent dye, DiSC2(5) (18). The fluorescence was excited
at 620 nm and monitored at 670 nm.

RESULTS

InterVesicular Transfer. To detect intervesicular transfer
of II from the donor to the acceptor vesicles, 1 mol % Rh-
PE was incorporated in the donor vesicles as a quencher of
the NBD group. Similar techniques have been used to detect
intervesicular transfer of fluorescently labeled phospholipids
and glycolipids (19, 20). The peptide transfer was monitored
by NBD fluorescence recovery (Figure 1). The NBD
fluorescence (∼530 nm) in the donor vesicles was highly
quenched (solid trace), whereas a recovery of NBD fluores-
cence concomitant with a reduction of Rh-PE fluorescence

%Transfer (t) )
Fi(t) - FD

FA - FD
‚
LD + LA

LA
‚100 (1)

FIGURE 1: FRET from NBD to Rhodamine for measuring the
kinetics ofII transfer between POPC LUVs. Donor POPC vesicles
(200µM) containing 0.5 mol %II and 1 mol % Rh-PE were mixed
with an excess of acceptor POPC vesicles (1 mM) in 10 mM Tris/
150 mM NaCl buffer (pH 7.4) at 25°C. Emission spectra before
(solid trace) and after (broken trace) 24 h incubation are shown.
The arrow indicates recovery of NBD fluorescence due to transfer
of II to acceptor vesicles.
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at 587 nm after 24 h incubation suggested relief from FRET
due to the transfer ofII to the acceptor vesicles (broken
trace).

Figure 2A shows the transfer kinetics ofII at different
total vesicle concentrations with the donor-to-acceptor ratio
kept at 1:5. The transfer rate ofII was independent of the
vesicle concentration (open vs closed squares). The presence
of the peptide might mediate intervesicular exchange of lipids
including Rh-PE. To examine this possibility, the transfer
of NBD-PE in the presence of 0.5 mol % unlabeled peptide
I in the donor vesicles was measured. No recovery of NBD-
PE fluorescence was observed for 1 day (closed circles in
Figure 2). The helix transfer rate ofII was not affected by
the existence of 0.5 mol %I in the acceptor vesicles (data
not shown). Therefore, the peptide did not perturb the
membrane property so as to influence the helix transfer
process. The transfer rate obeyed first-order process (Figure
2B) with a transfer rate constantk of 0.10( 0.0004 h-1 at
25 °C (n ) 2), corresponding tot1/2 ) 600 min.

Temperature Dependence. Similar experiments were also
carried out at 35, 45, and 55°C. Thek values are plotted in
the form of the Arrhenius plot (Figure 3). The dissociation
rate constant (k) at constant pressure is expressed as (21)

where∆Hq° and∆Sq° are the activation enthalpy and entropy,
respectively. ∆Hq° (+17.7 ( 1.3 kcal mol-1) can be
unambiguously determined from the slope of the Arrhenius

plot. However, the constant (so-called preexponential term)
A and consequently∆Sq° are strongly model dependent and
cannot be unambiguously established without any reaction
model.

Helix Insertion and Dissociation Topologies.In POPC
bilayers, all peptide molecules were confirmed to form TMHs
with either an N-terminus-inside or -outside topology (14).
The topology of the helix was examined on the basis of the
quenching of the NBD group with membrane-impermeable
dithionite ions (22). Figure 4A shows an example of the time
course of NBD fluorescence decrease after dithionite addi-
tion. The initial abrupt decrease corresponded to the quench-
ing of the NBD groups in the outer leaflets. The subsequent
gradual decrease was assigned to slow permeation of the
reducing ion through the peptide-containing membrane (22)
because the flip-flop motion of the helix was found to be
much slower (14). The fraction of the inner leaflet NBD
group was estimated by the extrapolation indicated by the
broken lines and is plotted as a function of incubation time
in Figure 4B. The values close to 0.5 during transfer indicate
no topological preference in the helix insertion process. Note
that these data mainly reflect the helix topology in the
acceptor vesicles because an NBD group in the acceptor
vesicles shows about 5 times stronger fluorescence than that
in the donor vesicles containing the quencher Rh-PE. To
obtain information on helix dissociation topology, Rh-PE was
incorporated into the acceptor vesicles (Figure 4C). In this
case, NBD fluorescence mainly originated fromII in the
donor vesicles. Rh-PE incorporation in the acceptor vesicles
had essentially no effect on the helix transfer rate (data not
shown). No marked preference of helix topology during
transfer was also observed in the helix dissociation process.

Voltage Dependence of Helix Insertion Topology. Mem-
brane electric potentials influence numerous important physi-
ological processes. To examine the membrane potential
dependence of helix insertion topology, K+ diffusion poten-
tials (∼(110 mV) were applied to the acceptor vesicles by
K+ concentration gradients and valinomycin. It was con-
firmed that the potential was stable at least 3 h in thepresence
of II . Figure 5 shows the effects of transmembrane potential
on helix insertion topology during the transfer process. To
confirm that the asymmetric ion conditions had no effect on
insertion topology, control experiments were performed in
the absence of valinomycin (circles in Figure 5). Upon
treatment of valinomycin, the N-terminus of the helix
preferred the negative potential side both in the cases of
inside- and outside-negative potentials, while the helix

FIGURE 2: Transfer kinetics ofII at 25°C. (A) Vesicle concentra-
tion dependence of transfer rate. Donor POPC vesicles containing
0.5 mol % II and 1 mol % Rh-PE were incubated with acceptor
POPC vesicles in a donor-to-acceptor lipid ratio of 1/5 at total lipid
concentrations of 1.2 (closed squares) and 12 mM (open squares).
The latter sample was diluted 10 times immediately before
fluorescence measurement. Percent transfer values were calculated
as described under Materials and Methods and are plotted as a
function of incubation time. Error bars indicate standard deviations
(n ) 2). NBD-PE transfer in the presence ofI in the donor vesicles
was also examined. Donor vesicles (200µM) containing 0.5 mol
% NBD-PE, 0.5 mol %I and 1 mol % Rh-PE were incubated with
acceptor POPC vesicles (1 mM) (closed circles). (B) First-order
plot of transfer rate.F∞ shows the fluorescence intensity expected
at the equilibrium estimated from Figure 2A.

ln k ) -∆Hq°
RT

+ ∆Sq°
R

+ ln A (2)

FIGURE 3: Arrhenius plot of the transfer rate constantk (min-1)
for II . Measurements were performed at 25, 35, 45, and 55°C (n
) 2). Error bars (standard deviations) are within the symbols. The
linear regression gave a slope of-8940( 660 and a y-intercept
of 23.5 ( 2.1 (R ) 0.995).
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transferred from the donor to the acceptor vesicles, indicating
that the transmembrane electric field affected the helix
insertion topology. The transfer rates were essentially the
same as those without membrane potential (data not shown).
The fraction of the N-terminal-inside helix in the acceptor
vesicles was calculated from the % transfer value and the
contribution ofII in the acceptor vesicles to total fluores-
cence, indicated in Figure 5. The N-terminus of the helix
preferred the negative side of transmembrane potential in
negative-to-positive side ratios around 85:15.

DISCUSSION

We investigated intervesicular transfer of a TMH using
the FRET technique often utilized to monitor lipid transfer
(19, 23). The control experiment using NBD-PE instead of
II (closed circles in Figure 2A) confirmed that relief from
FRET observed forII (squares in Figure 2A) truly reflected

the intervesicular transfer of the peptide and that the peptide
induced neither vesicle fusion nor lipid exchange between
vesicles.

Mechanism of Peptide Transfer. The peptide transfer
between vesicles can occur either via the diffusion of free
peptides in solution or upon vesicle collision (19). In the
latter case, the transfer rate depends on the vesicle concentra-
tion. The absence of vesicle concentration dependence of
the transfer rate (Figure 2A) clearly indicates that the transfer
is mainly mediated by diffusion of free peptide at least in
the lipid concentration range investigated (1.2-12 mM). The
transfer rate was well fitted by a first-order process (Figure
2B). The rate constant represents that of the dissociation
process (19). In the membrane environment, the peptide used
in this study is mainly in a monomer-antiparallel dimer
equilibrium (14). The first-order kinetics also suggests that
the helix should dissociate into the aqueous phase as a
monomer. If the helix had dissociated as a dimer or higher
oligomers, the transfer rate would have decreased more
rapidly than expected from the first-order kinetics. The
conformation of the peptide in the aqueous phase could not
be examined because of its very low concentration.

ActiVated State. The Arrehenius-type plot provides infor-
mation on thermodynamic parameters related to transition
to the activated state. The estimation of the∆Sq° value
requires a specific reaction model. We used Kramers’ theory
of reaction rate (24), which is applicable to reactions in the
condensed phase. Activation energies were calculated using
a theoretical description used for dissociation of a monomer
from a detergent micelle (25) or a phospholipid vesicle (23).
In this model, the monomer is treated as a straight rod
moving along its axis perpendicular to the membrane plane
(or micelle surface) with a linear reaction coordinate toward
its activated state. Despite this simplification, the obtained
expression provides a meaningful estimation of activation
energies considering friction in a viscous environment.
According to this model,A is described asDm/lb2. Dm is the
diffusion coefficient for the dissociating monomer, andlb
(Å) is the width of the barrier that isRTenergy units below

FIGURE 4: Detection of helix topology during the transfer process
by the NBD-dithionite reaction. (A) An example of NBD quenching
time course. NBD fluorescence at 533 nm (excited at 450 nm) was
monitored after sodium dithionite was added at the time indicated
by the arrow. The initial abrupt decrease in fluorescence indicates
the quenching of the NBD groups exposed to the external aqueous
phase. The subsequent gradual decrease was due to the slow
membrane permeation of dithionite ions. The helix topology was
quantified by extrapolating the linear part of the trace (150-180
s) to the time zero, as shown by the broken lines. (B) Helix insertion
topology. Donor POPC vesicles (200µM) containing 0.5 mol %
II and 1 mol % Rh-PE were incubated with acceptor POPC vesicles
(1 mM) at 25°C. The fraction of the NBD group in the inner leaflets
determined as panel A is plotted as a function of incubation time
(n ) 2). The symbols include error bars (standard deviation). (C)
Helix dissociation topology. Donor vesicles (200µM) with 0.5 mol
% II were incubated with acceptor vesicles (200µM) containing 1
mol % Rh-PE. The lower acceptor concentration was chosen to
avoid excess reabsorption of NBD fluorescence by Rhodamine
(inner filter effect).

FIGURE 5: Voltage dependence of helix insertion topology. Donor
POPC vesicles (200µM) containing 0.5 mol %II and 1mol % of
Rh-PE were incubated at 25°C with acceptor POPC vesicles (1
mM), in which the membrane potential was generated by a K+

concentration gradient and valinomycin. The fraction of inner leaflet
NBD was determined as in Figure 4 at various incubation periods.
Open and closed symbols show K+ -outside and K+ -inside ion
gradients, respectively. Circles denote control experiments in the
absence of valinomycin. Under inside potentials of-110 mV
(closed squares) and+107 mV (open squares) relative to the
outside, calculated from the Nernst equation, the helix topology
changed during helix transfer. The numbers marked with asterisks
show fractions of NBD inside in the acceptor vesicles calculated
from the % transfer value and the contribution ofII in acceptor
vesicles to total fluorescence.
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its maximum.R and T are the gas constant and absolute
temperature, respectively.Dm was approximated to the lateral
diffusion coefficient of the membrane protein, rhodopsin in
dipalmitoylphosphatidylcholine membranes, 1.8× 10-8 cm2

s-1 (26). lb was assumed to be 1 Å, deduced from the
theoretical study on an uncapped 25-polyalanine helix in its
activated state (27), although recent studies show that
polyalanine cannot form a stable transmembrane helix (28,
29). The value of lnA in eq 2 (+23.1) was not very sensitive
to the choice of theDm and lb values. For example, anlb
value of 2 Å gave the value of+21.7. The obtained
thermodynamic parameters for membrane dissociation of the
peptide based on this kinetic model were∆H‡° ) +17.7
kcal mol-1, T∆Sq° ) +0.2 kcal mol-1, and∆Gq° ) +17.5
kcal mol-1 at 25°C. This analysis according to Aniansson
et al. (25) and Nichols (23) revealed that the activation free
energy of the helix dissociation is predominantly due to the
enthalpy of activation. This trend was also observed in the
phospholipid dissociation process from the vesicle (23). The
activation free energy of+17.5 kcal mol-1 was comparable
to the theoretical energy barrier∼24 kcal mol-1 of dissocia-
tion of an uncapped membrane-spanning (Ala)25 helix along
the bilayer normal (27), even though in this calculation the
membrane was simplified as a slab of low dielectric constant.
Recently, the activation energy for insertion of a model TMH
was reported to be+22 kcal mol-1 (13), which is comparable
to our estimate for helix dissociation.

Membrane Partitioning of Helix. The determination of the
water-membrane partition coefficient ofII could estimate
the insertion rate constant in combination with the dissocia-
tion rate constantk, allowing full description of kinetic
parameters associated with the membrane insertion/dissocia-
tion process of TMH. Furthermore, to predict TMHs in a
protein from the amino acid sequence, experimental elucida-
tion of equilibrium thermodynamics of a helix in water-
membrane system is essentially important. In particular, the
helix backbone contribution remains to be elucidated (11,
28). We tried to determine the helix partition coefficient from
the decrease in NBD fluorescence originated from redistribu-
tion of the helix between the water and membrane phases
upon 500 times dilution ofII incorporated in 50 mM LUVs
(data not shown). However, no detectable decrease (>1%)
in the fluorescence was observed after 60 min incubation
after correcting for a slight fluorescence decrease due to
adsorption of the peptide to the quartz cell walls, indicating
that the helix partition free energy is more negative than
-10.5 kcal mol-1.2 Together with the activation free energy
estimate, the actual partition free energy of the helix appears
to be in the range of-10.5 to-17.5 kcal mol-1. This esti-
mate was larger in magnitude among experimental and theo-
retical values reported for various TMHs, such as the model
TMH TMX-1 (-7.1 kcal mol-1) (11) and one of the TMHs
of the M13 coat protein (-12 kcal mol-1) (30), (Ala)25 (-4
kcal mol-1) (27). The helix backbone (glycyl unit) transfer

free energy ofII estimated using the side chain hydrophobic-
ity scale based on water-octanol partitioning (31) was 0.6-
0.3 kcal mol-1 per residue.3 This value is significantly lower
than the best current estimates (∼2 kcal mol-1) (27, 28, 32).
It should be noted that the above estimates of various∆G
values suffer from uncertainties, e.g., regarding conformation
and aggregation in the aqueous phase (2, 32).

Helix Topology. A helix has a macro dipole moment with
( 0.5 e at its termini (33). The dipole moment likely interacts
with electric potentials within the lipid bilayers (34). The
hydrocarbon core of a phosphatidylcholine bilayer is sug-
gested to have a large positive potential of several hundred
mV (dipole potential) originating from the CdO groups and/
or water hydrated to the headgroup (35). The dipole potential
facilitates the transport of anions across bilayers compared
with cations (36, 37). Therefore, this potential should raise
the energy of the N-terminal end of a helix crossing the
bilayer by ca. 5 kcal mol-1 (200 mV × Faraday constant)
relative to the C-terminal end (38). However, no specific
topological preference was observed in the helix dissociation
or insertion process (Figure 3). The helix may locally perturb
the bilayer structure, diminishing the dipole potential. The
larger hydrophobicity of the N-terminus containing NBD and
Leu may also contribute to the compensation of the putative
dipole potential effect. The transfer free energy of NBD-Cl
and Leu from water to 1-octanol is∼5 kcal mol-1 larger
than that of Ala (31, 39).

The transmembrane potential is also considered to interact
with the helix dipole (34). In particular, this topic has been
extensively discussed in relation to the voltage-gating mech-
anisms of channel-forming peptides (33, 38). In this study,
we directly demonstrated that the simplest of helices interacts
with transmembrane potential (Figure 5). A transmembrane
potential of 110 mV prefers helices with their dipole
moments antiparallel to the potential over parallel helices in
a ratio of about 85:15, which corresponds to a free energy
difference between the two orientations of∼1 kcal mol-1

(RTln(85/15)), if equilibrium is assumed. A theoretical study
evaluated an energy difference of about 2 kcal mol-1 at 100
mV for an (Ala)12 helix (40). Our smaller value may be due
to a reduction in the effective charges at the termini by partial
hydration or our measurement reflected a kinetically trapped
topology in the insertion process, because the flip-flop of
the helix did not occur (14) (also, vide infra).

Model for Helix Insertion and Dissociation. Our data are
consistent with the idea of a metastable interface state in
which coupled interfacial partitioning/folding occurs (2, 32,
41), as indicated in Figure 6A. This model can be compared
with a theoretical study of the uncapped (Ala)25 helix
insertion into bilayers (27). In this study, even if the peptide

2 The peptide partition free energy∆G was calculated from the mole-
fraction partition coefficientK as ∆G ) -RT ln K, assuming the
redistribution of 1% of the peptide molecules in the membrane (50
mM LUVs) to the aqueous phase upon 500 times dilution. Before
dilution, K is described as{(1 - X)/(50 × 10-3)}/(X/55.5), whereX is
the fraction of the peptide in the aqueous phase. The mole concentration
of water is 55.5 M.K after dilution is given by{0.99(1- X)/(50 ×
10-3/500)}/[{0.01(1- X) + X}/55.5]. Under these conditions, theX
andK values are evaluated as 0.2× 10-4 and 55× 106, respectively.

3 The contribution of the NBD group was not included because this
moiety is mostly exposed to water (14).

4 Free energy contributions from lipid perturbation (∼2 kcal mol-1)
and immobilization (∼5 kcal mol-1) were not included in these values
(42).

5 The helix transfer through the aqueous phase is apparently
incompatible with no flip-flop of the helix observed in the previous
study (14). However, we found that dithionite pretreatment of LUVs
used in the flip-flop study largely suppressed helix dissociation (data
not shown), for unknown reasons. The extent of suppression depended
on the conditions of dithionite pretreatment (concentration, reaction
time, temperature, and so on). Apparent flip-flop was observed only
accompanied with the helix transfer (data not shown).
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already takes a helix in the aqueous phase, the interfacial
state is in a deep free energy minimum (∼14 kcal mol-1)4

because the helix dipole is mostly hydrated whereas the Ala
side chains in one face of the helix are buried. If the helix
vertically inserts along the bilayer normal, free energy
increases with insertion until the energy barrier (∼12 kcal
mol-1) without an energy minimum. The interfacial state is
metastable, and therefore transient, because such a state could
not be detected (14). This insertion model is in keeping with
the helix dipole-transmembrane potential interactions (Fig-
ure 5): The helix is already formed in the interfacial region
prior to insertion and has one terminus “swing around” so
as to penetrate the bilayer (27) by sensing the potential. The
energy barrier from the interfacial state to the transmembrane
state should be much smaller than the activation energy of
dissociation (+17.5 kcal mol-1) because the dissociation
process was rate-limiting in the intervesicular transfer
process.

In contrast to the insertion process, the helix appears to
dissociate from the membrane without passing through the
interface state (Figure 6B) because the helix flip-flop motion
is much slower than the transfer rate (14).5 One explanation
is that conversion from the vertical to the horizontal
orientation would require a significant energy cost due to
elastic deformation or disordering of bilayers upon tilting
or rotating the helix axis (42).
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