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ABSTRACT: Thermodynamic parameters for the insertion and self-association of
transmembrane helices are important for understanding the folding of helical
membrane proteins. The lipid composition of bilayers would significantly affect
these fundamental processes, although how is not well understood. Experimental
systems using model transmembrane helices and lipid bilayers are useful for
measuring and interpreting thermodynamic parameters (AG, AH, AS, and AC,)
for the processes. In this study, the effect of the charge, phase, acyl chain
unsaturation, and lateral pressure profile of bilayers on the membrane partitioning
of the transmembrane helix (AALALAA); was examined. Furthermore, the effect
of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (POPE) on the
thermodynamics for insertion and self-association of the helix in host membranes
composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) was
investigated in detail. Interbilayer transfer of the helix monomer from POPC to
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POPC/POPE (1/1) bilayers was unfavorable (AG = +4.5 + 2.9 kJ mol™!

35 °C) due to an increase in enthalpy (AH = +31.1 + 2.1 k] mol™"). On the other hand, antiparallel dimerization of the helices
in POPC/POPE (1/1) bilayers was enhanced compared with that in POPC bilayers (AAG = —4.9 + 0.2 k] mol™! at 35 °C) due
to a decrease in enthalpy (AAH = —33.2 + 1.5 kJ mol™). A greater thickness of POPC/POPE bilayers only partially explained
the observed effects. The residual effects could be related to changes in other physical properties such as higher lateral pressure in
the hydrocarbon core in the PE-containing membrane. The origin of the enthalpy-driven “lipophobic” force that modulates the
insertion and association of transmembrane helices will be discussed.

Integral membrane proteins are crucial to cellular functions
such as transport, signal transduction, and energy conversion.
However, the forces that determine the folding and stability of
membrane proteins are not well understood compared with
those for soluble proteins because of experimental limitations
such as the insolubility of hydrophoblc proteins and difficulties
with protein-folding experiments."” Furthermore, the folding
and function of a membrane protein are determined not only
by the amino acid sequence of the protein but also by the
physical properties of lipid bilayers surrounding the protein.
Experiments using proteoliposomes have shown that activities
of membrane proteins are often affected by lipid composi-
tion.>* For example, nonbilayer-forming lipids such as
phosphatidylethanolamine (PE) with a negative spontaneous
curvature can alter the activities of a protein translocase,®
ATPases,® and rhodopsin.” Both specific lipid—protein
interactions and general changes in the physical properties of
lipid bilayers are possible mechanisms for the effect. The
general influence of nonbilayer lipids has often been ascribed
to the modulation of conformational equilibria of proteins
originating from a change in elastic curvature stress of the
bilayer (or a change in lateral pressure profile),” although it
has been difficult to directly measure forces that drive the
folding of proteins in lipid bilayers.
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In spite of the experimental limitations and mysterious effects
of lipid composition, it is widely accepted that the folding
of helical membrane proteins can be separated into two
thermodynamically distinct stages. First, each hydrophobic
domain forms a transmembrane helix, and the helices then
interact to form a tertiary structure.'®"" In the biosynthesis of
membrane proteins, translocons are essential for effective
integration and topology formation in lipid bilayers,'* although
even in the folding process mediated by translocons, the helices
are considered to be in thermodynamic equilibrium with lipid
bilayers.">™'* A promising approach to elucidating the forces
driving the folding of membrane proteins in the context of the
thermodynamics of helix—helix, helix—lipid, and lipid—lipid
interactions is the use of peptides forming transmembrane
helices and lipid bilayers. A number of studies have investigated
the insertion of helices and helix—helix interactions in
membranes using specially designed hydrophobic peptides.'®"”
We have measured thermodynamic parameters for the self-
association and intermembrane transfer of the completely
hydrophobic transmembrane helix (AALALAA);.'"®" The
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sequence is devoid of motifs that drive oligomerization, such as
GXXXG, leucine zipper motifs, and polar interactions. The
membrane partitioning and self-association of even this “inert”
transmembrane helix (hydrophobic length of 27—28.5 A) was
found to significantly depend on the hydrophobic thicknesses
of bilayers (20—34 A) composed of di-monounsaturated
phosphatidylcholine (PC) lipids.

In this study, the effects of the charge, phase, acyl chain
unsaturation, and lateral pressure profile of lipid bilayers on the
membrane partitioning of (AALALAA); were examined by
monitoring the intervesicular transfer of the helix.'”*® The
analysis focused on the inhibitory effect of 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidylethanoamine (POPE), which induces
a higher lateral pressure in the hydrocarbon core region in the
host membrane of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphati-
dylcholine (POPC). Fourier transform infrared-polarized
attenuated total reflection (FTIR-PATR) spectroscopy was
used to confirm the transmembrane orientation of the helix.
Furthermore, fluorescence resonance energy transfer (FRET)
experiments were performed to detect self-association of the
helix, which was enhanced in PE-containing membranes.
Thermodynamic parameters for membrane partitioning and
self-association of the helix were obtained and compared with
those in POPC bilayers. A “lipophobic” interaction on
transmembrane helices will be discussed.

B EXPERIMENTAL PROCEDURES

Materials. X-(AALALAA);-Y (X = 7-nitrobenz-2-oxa-1,3-
diazole (NBD) and Y = NH, (I) or X = Ac and Y =
NHCH,CH;—S-N-[4-[[4-(dimethylamino)phenyl]azo]-
phenyl]-4"-maleimide (DABMI) (II)) was custom-made and
characterized by the Peptide Institute (Minoh, Japan). The
purity of the peptides was confirmed by reverse-phase high-
performance liquid chromatography and ion-spray mass
spectroscopy. Phospholipids were obtained from Avanti
(Alabaster, AL). Spectrograde chloroform and methanol were
products of Nacalai Tesque (Kyoto, Japan). The lipid was
dissolved in chloroform, and its concentration was determined
in triplicate by phosphorus analysis.”' Lissamine Rhodamine B
1,2-dihexadecanol-sn-glycero-3-phosphatidylethanolamine, trie-
thylammonium salt (Rh-PE), and N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanol-
amine, triethylammonium salt (NBD-PE), were obtained from
Invitrogen (Carlsbad, CA). All other chemicals were of special
grade and obtained from Wako (Tokyo, Japan).

FTIR-PATR Spectroscopy. Oriented films of lipid/peptide
were prepared by uniformly spreading a 2,2,2-trifluoroethanol
solution (0.1 mL) of 50 mM lipid/0.25 mM peptide on a
germanium ATR plate (70 X 10 X S mm) followed by gradual
evaporation of the solvent with N, gas. The last trace of the
solvent was removed under vacuum overnight. The films were
hydrated with a D,O-soaked piece of filter paper put over the
plate for 3 h at 25 °C. FTIR-PATR measurements were carried
out as described in ref 18 on a BioRad FTS-3000MX spectro-
meter equipped with a Specac horizontal ATR attachment with
an AgBr polarizer and a temperature controller. The dichroic
ratio, R, defined by AAp/AA;, was calculated from the
polarized spectra. The absorbance (AA) was obtained as the
area for the amide I band. The subscripts II and L refer to
polarized light with the electric vector parallel and perpendic-
ular to the plane of incidence, respectively. The averaged
helix orientation angle to bilayer normal, @, was calculated
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from R.*?

cos2 o= l( 1)
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We assumed a fixed angle (0) of 35° between the helix axis and
the transition moments for amide I bands.**

Preparation of Vesicles. Large unilamellar vesicles
(LUVs) were prepared by an extrusion method using a buffer
containing 10 mM Tris, 150 mM NaCl, and 1 mM EDTA
(pH 7.4)."® Freezing and thawing of multilamellar vesicles
containing the peptides were avoided.

Intervesicular Transfer of Peptide. The intervesicular
transfer of the peptide was determined by relief from FRET
between the NBD-labeled peptide I and Rh-PE in donor vesicles
upon transfer to acceptor vesicles without Rh-PE, as described
elsewhere.'” Donor POPC LUVs (200 ;M) incorporating 0.5 mol
% I and 2 mol % Rh-PE were mixed with an excess of acceptor
LUVs (1 mM) composed of various phospholipids. Fluorescence
emission spectra at 430—650 nm (excited at 450 nm) were
measured on a Shimadzu RF-5300 spectrofluorometer (Kyoto,
Japan). The efficiency of peptide transfer to the acceptor vesicle
populations was determined by a decrease in sensitized fluorescence
of Rh-PE at 590 nm (n = 2). After subtracting the contribution of
directly excited Rh-PE fluorescence, the intensity of sensitized
fluorescence of Rh-PE was obtained from a least-squares curve
fitting using a linear combination of emission spectra of I and Rh-
PE. The sensitized fluorescence of Rh-PE instead of the donor
NBD fluorescence was used as an indicator of the transfer because
the emission quantum yield and spectral shape of NBD depend on
the lipid species in the acceptor vesicles. The sensitized fluorescence
intensity of Rh-PE was confirmed to be groportional to the peptide
concentration in the donor vesicles."” Therefore, Fy(t) being
sensitized rhodamine fluorescence at time t after mixing with
acceptor vesicles, the amounts of the peptide in the donor and
acceptor vesicles are simply proportional to Fx(t) and Fx(0) —
Fx (1), respectively, because the fraction of the peptide in aqueous
phase is negligible. The equilibrium peptide concentrations in the
donor ([P]p) and the acceptor ([P]4) vesicles can be calculated as

4 R —2.00
3 +
3cos“O— 1R+ 145

_ Fx(0)

[Plp = F(0) [Py @)
_ Fy(0) — Fx(0) [L]p

Ph=""F0 Lo 3)

[Plo and ([L]p/[L]s) represent the initial concentration of the
helix in the donor vesicles and the donor-to-acceptor lipid
concentration ratio, respectively.

Calculation of the Transfer Free Energy. Our previous
studies have suggested that in both the donor and acceptor
vesicles a fraction of the helices also exists as an antiparallel
dimer."® The concentration of monomer in each membrane
[M] was calculated from the total peptide concentration [P]
and the monomer—dimer association constant K, obtained in
the self-association experiments (vide infra):

J8K[PI+1 —1

4K, )

(M] =

[M]a/[M]p gives the partition coefficient of the helix monomer
from the donor to the acceptor. To precisely determine the
partition coeflicient of the peptide between the acceptor species Y
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acceptor vesicles in each experiment, to obtain [M]popc values.
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The free energy of transfer of the monomer from POPC to Y was
calculated as

POPC—Y _
AGt(monomer) =

Mlpopc

POPC—Y
—RT In Kt(monomer)

(©)

The corresponding AG; value for the helix dimer was determined
by

POPCY _

AGERRCIY = - AGPOPC | 3o GPOPC>Y

t(monomer)

+ AG: ?)
AGPOPC and AGY denote the Gibbs free energy for the forma-
tion of the antiparallel dimer in POPC and Y, respectively (vide
infra).

Helix Self-Association. The self-association of the helix was
determined by the FRET between I and IL'® LUVs containing
and II were prepared, and the donor fluorescence (excitation and
emission at 450 and 530 nm, respectively) was compared with that
of the LUV without the acceptor in duplicate, after subtracting the
background scattering of vesicles. The I/II ratio was kept at
around 1/0.4 because this gave a sufficient fluorescence intensity
of I, a larger signal change by the dimerization, and a smaller
random (spontaneous) FRET.

FRET efficiency (Er) or relative quantum yield (Q, = 1 —
Er) was determined by the degree of NBD (donor)
fluorescence quenching. Et was calculated with

ET=1_Q1-

= 1 — (Fpa/Fp)([DIEMOH /[DIENOH) (8)

Fpa and Fp denote the donor fluorescence intensity with and
without the acceptor, respectively. [D]1*°H and [D]MH express
donor concentrations determined after the methanol solubilization.

The calculation of association free energy was described in
ref 18. First, random FRET between a donor and randomly
distributed acceptors was separated from FRET due to donor—

acceptor association.

Q= (1 = f)g, + g, ©)
The fraction of donors associated with acceptors is denoted by
fv. Relative quantum yields due to random transfer and
association are expressed by g, and gq,, respectively. The g
value was estimated based on the analysis of Wolber and
Hudson.”® The dimer fraction (f;) can be calculated assuming a
monomer—dimer equilibrium and a binomial distribution of
donors and acceptors in the dimer.

-

¢ 1-p (10)
P4 denotes the fraction of donor in the donor—acceptor mixture.
The association constant (K,) and corresponding standard Gibbs
free energy change (AG,) are given by

AG, = —RT In K, (11)
_ [n]
MP (12)

R and T represent the gas constant and the absolute temperature,
respectively. [D] and [M] denote the mole fractions of dimer
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and monomer in the bilayers, respectively. The experiments were
performed at sufficiently low peptide concentrations, expecting
an ideal dilution regime.

M) = (1 - f)—%
B d 2nP +m (13)
f.
] = 42
2n
X, =[M] +2[D] = ——
an + m (15)

The moles of peptide and lipid are denoted by n, and nj,
respectively. The total peptide mole fraction is represented by
Xp. The factor of 2 was introduced to take the transmembrane
nature of the peptide into consideration.

B RESULTS

Partitioning of Peptides between Membranes. We
first screened for lipid compositions that significantly affect the
membrane partitioning of I by monitoring the intervesicular
transfer of the peptide from POPC LUVs doped with 2 mol %
Rh-PE (donor vesicles) to acceptor vesicles composed of
various lipids. The intervesicular transfer proceeds via slow
dissociation of the peptide into the aqueous phase and
redistribution between vesicles, rather than via contact between
vesicles.”® As shown in Figure 1A, the transfer of the peptide
from the donor to the acceptor vesicles resulted in a decrease
in the sensitized emission from rhodamine accompanied by an
increase in the emission from NBD. We confirmed that the
transfer of headgroup-labeled lipids (Rh-PE and NBD-PE) was
negligible in the time range (Figure 1A), although in general
fluorophore-labeled lipids can transfer among vesicles with rates
depending on the type of fluorophore, labeling position, and
lipid composition.””*> The relative rhodamine fluorescence
intensity, which linearly depends on the concentration of the
peptide in the donor vesicles,"” was monitored at 37 °C for
acceptor membranes composed of POPC, 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphatidylglycerol (POPG), 1-palmitoyl-2-oleo-
yl-sn-glycero-3-phosphatidylserine (POPS), and POPC/POPE
(1/1) (Figure 1B). Membranes composed of negatively
charged lipids (POPS and POPG) incorporated the peptides
similarly to POPC membranes. On the other hand, POPE/
POPC (1/1) membranes, which are zwitterionic but have a
higher lateral pressure in the hydrocarbon core region,
significantly decreased partitioning of the peptide. Furthermore,
gel phase membranes (dimyristoyl-sn-glycero-3-phosphatidyl-
choline (DMPC) at 15 °C) completely excluded the peptide
even after a 150 h incubation although the peptide slowly
dissociated from donor vesicles even at this lower temperature,
as confirmed by the transfer to acceptor membranes composed
of POPC (Figure 1C). From the plateau values for exponential
fitting (Fx(00)), the apparent transfer free energy from POPC
to acceptor membranes was calculated at 37 °C as AG, = —RT
In (1 — Fx(0))/(1 — Fpopc(0)) (Figure 1D). Even in the Ly
phase, the partitioning to PC membranes with saturated acyl
chains (DMPC at 37 °C) (AG, = 0.5 + 0.1 kJ] mol™!) was
slightly decreased compared to that to dipalmitoleoyl-sn-
glycero-3-phosphatidylcholine (DPoPC) having doubly mono-
unsaturated acyl chains (AG; = 0.2 + 0.2 kJ mol™"') despite
similar hydrophobic thicknesses (~23 A®°). Among the
membranes examined, however, an obvious effect was observed
only for POPC/POPE (1/1) (AG; = 4.6 + 02 kJ mol™").

dx.doi.org/10.1021/bi200560c | Biochemistry 2011, 50, 6806—6814
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Figure 1. Measurement of the intervesicular transfer of the peptide. (A) An example of change in emission spectra upon intervesicular transfer of I.
Donor POPC vesicles containing 0.5 mol % I and 2 mol % Rh-PE were incubated with acceptor DOPC vesicles at a donor-to-acceptor lipid ratio of
1:S (total lipid concentration, 1.2 mM). NBD and rhodamine emission maxima were around 530 and S90 nm, respectively. Emission spectra before
(solid trace) and after (dotted trace) a S1 h incubation at 37 °C are shown. (B) Time courses of sensitized rhodamine fluorescence intensity for
acceptor vesicles composed of POPC (O), POPG (M), POPS (A ), and POPC/POPE (1/1) (@) at 37 °C. The transfer of fluorophore-labeled
lipids (X) was also examined by incubating donor POPC vesicles containing 0.5 mol % NBD-PE and 2 mol % Rh-PE with acceptor POPC vesicles.
(C) Time courses for POPC (O) and DMPC (4) acceptor vesicles at 15 °C (n = 2). The observed values were fitted by the single-exponential
function F,(t) = F,(c0) + (F,(0) — F,(c0)) exp(—kt) as shown by lines. (D) Summary of apparent transfer free energies for various acceptor

membranes at 37 °C (n = 2).

A reciprocal experiment, in which the peptide was transferred
from donor POPC/POPE vesicles to acceptor POPC vesicles,
gave a similar AG, value with opposite sign (AG, = —4.2 +
0.7 kJ mol™!, Supporting Information Figure S1), demonstrat-
ing that the system is reaching equilibrium.

FTIR-PATR. Our previous study has shown that the peptide
(AALALAA); assumed a stable transmembrane helix in PC
bilayers even under hydrophobic mismatch conditions.'®
However, higher lateral pressure in the hydrocarbon core
region induced by POPE may inhibit the transmembrane
insertion of the helix. To examine the secondary structure and
orientation of the peptide in POPC/POPE bilayers, we
measured FTIR-PATR spectra of oriented bilayers containing
0.5 mol % peptides. Figure 2 shows the amide region spectra
(1500—1700 cm™") for polarized light parallel and perpendic-
ular to the plane of incidence measured at 25 °C. Narrow
amide I and amide II absorption bands with half-widths of
~15 cm™! were observed at around 1660 and 1547 cm™!,
respectively, characteristic for helices in both POPC and
POPC/POPE membranes. Similar narrow peaks were observed
at S and S5 °C (data not shown), indicating stable helical
structures in the range of temperatures examined. The spectra
including OD stretching (~2500 cm™) and lipid carbonyl
(~1740 cm™) stretching bands are shown in Supporting
Information Figure S2. The average orientation angle of the
helix axis with respect to bilayer normal was estimated from R
values for the amide I band assuming a fixed angle between the
helix axis and direction of the transition dipole moment (see
Experimental Procedures). The large R values (>3.8) indicate
transmembrane orientations of the helices with orientation
angles <30°. In general, the helices appeared to slightly tilt in
the presence of PE (for example, R decreased from 6.4 to 4.3
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Figure 2. PATR-FTIR spectra in the amide region measured for I/
lipid (1/200) films hydrated with D,O (25 °C). The lipid
compositions are shown in the figure. Solid and dotted lines indicate
raw speactra for the IR beam with its electric vector parallel and
perpendicular to the plane of incidence, respectively.

on incorporation of 50% POPE at 25 °C). The amide I/amide
I absorption ratios calculated from unpolarized spectra'® were
similar in POPC and POPC/POPE bilayers (~3.0, data not
shown), suggesting that the helix was embedded in the
hydrocarbon core of the membrane without H/D exchange.””
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We concluded that the helices assume transmembrane
orientations in both POPC and POPC/POPE bilayers.
Formation of Antiparallel Dimer. Our previous studies
have demonstrated that the helix preferentially associated in an
antiparallel orientation at low concentrations because of
electrostatic interaction between helix macrodipoles.'®** At
higher concentrations, the formation of a parallel dimer and/or
higher oligomers resulted in the self-quenching of the fluore-
scent probe NBD placed at the N-terminus of the peptide.
To determine the concentration range for measurement of the
equilibrium between the monomer and antiparallel dimer, the
concentration dependence of the NBD fluorescence of I
was measured in POPC and POPC/POPE (1/1) membranes
(Supporting Information Figure S3). The concentration up to
which the fluorescence increases linearly was determined to
be X, = 0.02 and 0.0022 in POPC and POPC/POPE vesicles,
respectively. To detect the antiparallel dimer by FRET, the
fluorescence donor NBD and the nonfluorescent acceptor
DABMI were attached at the N- and C-terminus of the peptide,
respectively (I and II). Fluorescence spectra for I were
measured in the absence and presence of II (Figure 3).

A B
1 1
n
% 0.8 0.8
BE
NG 0.6 0.6
ge
58 04 0.4
z3
So2 0.2
0 - | L 1 L 1= O - | L 1 1 1=
480 560 640 480 560 640

Wavelength (nm) Wavelength (nm)

Figure 3. Examples of fluorescence spectra for I in the absence (solid
line) and presence (dotted line) of nonfluorescent quencher II
incorporated into (A) POPC and (B) POPC/POPE = 1/1 vesicles at
25 °C. The peptide mole fraction (X, ), I/1I ratio, and lipid concentration
were 0.0012, 1/04, and SO uM, respectively. Slight differences in the
concentration of I between samples were corrected (see eq 8).

We assumed that the fluorescence of NBD is completely
quenched in the antiparallel heterodimer composed of I and II
(q. = 0)."® Contribution from the random FRET originating from the
random distribution of the acceptor (<5%) was subtracted to analyze
the FRET from the dimer (see Experimental Procedures). Even at the
smallest X, value, 0.0012, a significant FRET was observed in POPC/
POPE bilayers (Figure 3B). Note that the minimal Fps/Fp value
corresponding to complete dimerization is ~0.6.

Figure 4 plots the dimer fraction as a function of X, in the
temperature range 15—55 °C. The concentration dependence
of dimerization well fitted the theoretical curve assuming a
monomer—dimer equilibrium with the association constant K,
as the adjustable parameter.

4K3XP +1- ISKaXP +1
- 4KaXp (16)

Energetics of Partitioning and Self-Association. Based
on the above measurements, thermodynamic parameters for
intermembrane transfer and the formation of the antiparallel

fa
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Figure 4. Monomer—dimer equilibrium of the helix in POPC (@)
and POPC/POPE (1/1) (M) bilayers measured at (A) 15 °C, (B)
25°C, (C) 35°C, (D) 45 °C, and (E) 55 °C (n = 2). Error bars are
within the symbols. Solid lines indicate fitting curves assuming a
monomer—dimer equilibrium (eq 16) with K, values indicated in
the figure.

dimer were calculated as described in Experimental Procedures.
Here transfer energies for the monomer and dimer were
determined separately by considering association constants in
the donor and acceptor vesicles (Figure SA). Intermembrane

5 -10 g _
5 L = PoPC ]
o~ T 14_./
s'5 3t g T
g E 2 -
b2 2 pEREY ]
£ 1 -~ < POPC/POPE
o B dimer/2 ‘.-.' =11 1
< ol 22 . .

305 315 325 335 280 300 320 340

T (K) T (K)

Figure 5. Temperature dependence of (A) AG; and (B) AG,. Solid
lines indicate fitting using eq 17 assuming AC,,) = 0 except for
AG, in POPC vesicles. In the case of AGy(gimer), 2 theoretical curve

(dotted line) was reproduced from the thermodynamic parameters
in Table 1.

partitioning of the helix from POPC to POPC/POPE (1/1) was
generally unfavorable up to 4.5 kJ mol™" in the experimental
conditions, and the tendency was stronger at lower temperatures
and for the monomer. Formation of the antiparallel dimer,
however, was facilitated in the presence of POPE and at
lower temperatures down to —22 kJ mol™' (Figure SB). The
temperature dependence of the thermodynamic parameters for
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the transfer and self-association was analyzed using eq 17'%*®

AG = AH + AC,(T — T,) — TAS

— TAC, In(T/T) (17)
T and T, represent the observed temperature and the
standard-state reference temperature (308 K in this study),
respectively. The data were adequately fitted by linear regression
(AC, = 0) for the transfer and self-association in POPC/POPE
(1/1), indicating that the changes in enthalpy and entropy are
temperature-independent, whereas a deviation from linearity
was observed for self-association in POPC. In the latter case, a
nonzero AC, value was assumed for the fitting. In the case of
the transfer of the dimer, the thermodynamic parameters were
indirectly determined from those for the transfer of the
monomer and dimerization (eq 7). The thermodynamic
parameters AH, —TAS, and AC, at 308 K for transfer and
association are summarized in Tables 1 and 2, respectively. The
transfer from POPC to POPC/POPE membranes was
unfavorable because of significant increases in enthalpy for the
monomer (+31.1 + 2.1 k] mol™!) and dimer (+14.5 + 1.6 kJ
mol™!), which are largely compensated for by decreases in
entropic term (—26.5 + 2.0 and —12.4 + 1.6 k] mol™" for the
monomer and dimer, respectively). On the other hand,
formation of the antiparallel dimer in POPC/POPE bilayers
was driven by a significant decrease in enthalpy (—61.5 = 1.4 kJ
mol™!), accompanied by an increase in entropic term (+43.8 +
1.5 kJ mol™).

B DISCUSSION

In this study, we demonstrated a significant effect of POPE on
the fundamental processes for membrane protein folding, i.e.,
insertion and self-association of transmembrane helices,
through measurements of thermodynamic parameters using a
model transmembrane helix (AALALAA);. Considering the
inert character of the helix consisting of only hydrophobic
residues (Leu and Ala) without flanking hydrophilic or aromatic
residues, it is reasonable to assume that (1) the observed effect
of lipid composition on the behavior of transmembrane helices
represents a basal property of the transmembrane helix and (2)
the effect primarily originates from the difference in physical
properties of the bilayers, rather than from the difference in
specific interactions between the helices and lipid headgroups
(PC or PE).

Transmembrane Structure. Our FTIR measurements
demonstrated that the peptide forms a stable helical secondary
structure with a transmembrane orientation (orientation angle

<25°) in PE-containing bilayers. The highly stable secondary
structure of the helix in PE-containing membranes is consistent
with other study using another model transmembrane helix,
K,-(LA)12-Ky, although the structure can be disrupted in gel
phase.” In the presence of POPE, a larger orientation angle of
the helix was observed. However, surface binding of the helix at
the water—membrane interface is not plausible because of (1)
the absence of amphiphilicity in the helix and (2) no H/D
exchange of backbone amide protons, although such an
interfacial orientation should exist as a metastable state in the
membrane insertion process.”’* We considered that the
observed larger orientation angle was due to the formation of
transmembrane helix dimers with a larger crossing angle in PE-
containing bilayers (vide infra).

Membrane Partitioning. The intervesicular transfer ex-
periments revealed a significant enthalpy-driven, inhibitory
effect of PE on the membrane partitioning of the trans-
membrane helix. For the helix monomer, electrostatic energy
for burying the partial charge of the helix macrodipole would be
unfavorable in thicker membranes because of lower dielectric
constants around the helix termini, as discussed in our previous
study under hydrophobic mismatch conditions.'® PE lipids with
a smaller headgroup increase the hydrophobic thickness of the
bilayers by ordering acyl chains to compensate for the reduced
headgroup repulsions. Recent deuterium NMR experiments
suggest that a difference in hydrophobic thickness between
POPC bilayers (~26.9 A) and POPE bilayers (~29.1 A) is
2.2 A*° We assumed that the hydrophobic thickness of POPC/
POPE (1/1) bilayers was their average (28.0 A). Assuming a
helix length of 27.5 A,'® the dielectric constant at the helix
termini is expected to decrease from ~1S to ~10 upon transfer
from POPC to POPC/POPE (1/1) bilayers.>® The corre-
sponding increase in enthalpic Born energy is only ~8 kJ
mol™!, which is much smaller than the observed AH, value
(31 kJ mol™). It should be noted that a stron%er hydration
of the headgroup region in PE-containing bilayers>* can further
attenuate the difference in Born energy. The remaining
unfavorable enthalpy (>23 kJ mol™') can be attributed to the
stronger lipid—lipid packing (or higher lateral pressure) in the
hydrocarbon core region in PE-containing bilayers, originating
from a decrease in headgroup repulsion.**** The favorable
change in the entropic term (—TAS; = —27 kJ mol™) is also
consistent with the stronger packing and ordering of lipid acyl
chains in PE-containing bilayers.

Here we introduce a lattice-like model to clarify the dif-
ferences in the number of molecular contacts upon the
transfer.'® The transfer can be expressed using the differential
helix—lipid and lipid—lipid interaction free energy assuming k

Table 1. Thermodynamic Parameters for Transfer of the Helix from POPC (X) to POPC/POPE (1/1) (Y) at 308 K

AGKY (KJ mol™) AHXZY (K mol™) —TAS™Y (k] mol™) AC;((:)’Y J K mol™)
monomer” +4.5 £ 29 +31.1 £ 2.1 —26.5 + 2.0
dimer/2" +2.1 +23 +14.5 + 1.6 —124 + 1.6 +0.2 + 0.1
“Estimated assuming AC,) = 0. bThermodynamic parameters were determined using eq 7.

Table 2. Thermodynamic Parameters for the Formation of the Antiparallel Dimer of the Helix at 308 K

membranes AG, (kJ mol™)
POPC (X) -12.8 + 02
POPC/POPE (1/1) (V)¢ -17.7 £ 0.1

“Estimated assuming AC,(,) = 0.

AH, (KJ mol™!)

—TAS, (kJ mol™) ACy;) J K" mol™)

—283 + 04 +15.5 + 04 —-0.5 £ 0.1
—61.5 + 1.4 +43.8 + 1.5
6811 dx.doi.org/10.1021/bi200560c | Biochemistry 2011, 50, 6806—6814
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lipids around one helix (~12)

- k -
AGYTY - 5AAG{{L”

t(monomer) =

X-Y
+ kKAAG{ L (18)
where X = POPC and Y = POPC/POPE (1/1)). A similar
analysis is possible for AH; and AS;. Assuming that the helix
monomer—lipid interactions are similar in POPC and POPC/
POPE bilayers having the same acyl chains except the Born
energy (kAAHy_; = 8 k] mol™'), AAH;_| and AAS;_, are
estimated to be —4 kJ mol™! and —14 J mol™! K™, respectively
(eq 18). The observed differences were almost twice those for
fluid-to-gel phase transition per CH, group (AH = —2.1 kJ
mol™' and AS = —5.6 J mol™' K™1,* in accordance with the
hypothesis that they originated from differential lipid—lipid
interactions). The transfer free energy for the dimer was less
unfavorable with a weaker enthalpy/entropy compensation
than that for the monomer because (1) the antiparallel dimer
partially neutralizes the terminal charges from helix macrodi-
pole, decreasing the unfavorable Born energy, and (2) better
protein—lipid packing in PE-containing bilayers by dimerization
(vide infra).

Formation of the Antiparallel Dimer. The energetic
contributions from helix—helix interactions were estimated
using the lattice model, assuming that the formation of a new
helix—helix contact accompanies a decrease and increase in
helix—lipid and lipid—lipid contacts, respectively.*'®*® Consid-
ering the differencial free energy of association between the two
lipid systems

AG) - AGS = AAGETY
= AAGETY + gAAcf:’LY

— nAAGEY (19)
Here n is the number of lipids removed from the vicinity of the
helix to bulk lipids upon the association (~4).'* Thermody-
namic parameters for helix—helix interaction were calculated by
combining eqs 18 and 19

AAGEZY = AAGK™Y — gAAGﬁ‘jLY

+ nAAGH Y

— n —

= AAGaX Y + ZAGt)((moiomer) (20)

The observed stronger self-association in PE-containing
vesicles (AAG, = —4.9 kJ mol™") originates not only from
direct helix—helix interactions (AAGy_y = —3.4 k] mol™!) but
also from indirect lipid—lipid (nAAGi-1/2) and helix—
lipid (—nAAGy-1) interactions. A similar analysis of the
AAH, and —TAAS, terms indicates that the helix—helix
interaction and the other interactions were enthalpy-driven
and similar in magnitude (AAHy_p —23 kJ mol™ and
nAAH;_1/2 — nAAHy_;, = —10 kJ mol™"). Interestingly, the
PE-induced forces were enthalpically favorable, in contrast to
conventional hydrophobic interactions in aqueous phase, which
is entropy-driven. Similarly to the discussion of the helix
transfer (vide supra), the latter contribution (nAAH; /2 —
nAAHy_) predominantly reflects the differences in lipid—lipid
interactions in the hydrocarbon core region (nAAH;_1/2
~ —8 kJ mol™!). The observed difference in enthalpy change
for helix—helix interactions (—23 kJ mol™') was only partially
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explained by an increase in electrostatic interaction between
helix macrodipoles (—8 kJ mol™) calculated as described in
ref 18 (see also Supporting Information Figure SS) assuming a
change in crossing angle between the helices (¢, POPC: ~0°;
POPC/POPE: 44° calculated from the dichroic ratios at
25 °C) and a decrease in dielectric constants at the helix
termini from 15 to 8 (membrane thickening and helix tilting).
Helix—helix contact in an hourglass-shape with a crossing angle
can partially compensate for the negative curvature strain (or
higher lateral pressure in hydrocarbon core) of PE-containing
bilayers. This lipid reorganization effect upon dimerization in
POPC/POPE bilayers, inherent helix—lipid interactions, is
incorporated in the H—H term in the lattice model (eq 20).
Dan and Safran calculated excess energy originating from the
lateral pressure profile as a form of line tension on trans-
membrane proteins, based on physical properties of monolayers
(spontaneous curvature and elasticity) and proteins (contact
angle between the monolayer and the protein).”” The line
tension on the helix dimer in POPC/POPE and POPC bilayers
was calculated according to the model (eq 3b in ref 37)
assuming the contact angles (POPC: ~0°; POPC/POPE: 22°)
and membrane physicochemical parameters.****” A significant
decrease in tension (0.24 kJ mol™' A™!) in POPC/POPE bilayers
compared with that in POPC bilayers was estimated, which is
comparable to the observed favorable AAHy_y other than from
stronger helix macrodipole interaction (—15 kJ mol™") considering
that the lipid-accessible circumference is ~60 A, although the
numerical value of the tension was sensitive to the contact angle.
The favorable protein—lipid packing upon dimerization in PE-
containing bilayers is also consistent with the observed unfavorable
change in entropic term (—TAASy_y = +19 k] mol™"). Another
factor that can affect the difference in the entropic term is changes
in the hydrophobic interaction near the helix termini.'® In addition
to the above interactions, long-range and generally nonmonotonic
interactions such as lipid-mediated protein—protein interaction***'
originating from the oscillating fluctuation of carbon density
around a protein may also contribute to stronger helix—helix inter-
actions in PE-containing membranes. A theoretical study
performed by Bohonc and co-workers based on membrane
elasticity theory and director model predicts attractive helix—helix
interactions in bilayers with a negative spontaneous curvature,
which is significantly enhanced in negative hydrophobic mismatch
conditions (thicker bilayers compared with the length of the
helix).*!

AC,(,) was negative in POPC bilayers, whereas it was ~0 in
POPC/POPE bilayers. AC, has been considered a hallmark of
hydrophobic interactions.**** Hourglass-shaped dimers formed
in PE-containing bilayers may increase the penetration by water
of the hydrophobic region, which increases AC,,).

In contrast to our results, the self-association of a poly-
leucine-based model transmembrane helix (K,GL;WLoK,A)
was not enhanced in DOPC/DOPE bilayers compared with
that in DOPC bilayers.** Differences in the design of the helix
appear to result in the striking difference in response to
incorporation of PE. The flanking Lys residues can contribute
to lateral pressure in the headgroup region, which can alter the
response to change in the lateral pressure profile. Furthermore,
electrostatic repulsion between Lys residues should significantly
reduce self-association of the helix.

dx.doi.org/10.1021/bi200560c | Biochemistry 2011, 50, 6806—6814
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B CONCLUSION

By using the above lattice-like model, the significant effects of
POPE on the thermodynamics of membrane partitioning and
oligomerization of the inert transmembrane helix have been
well described as alterations in the balance among lipid—lipid,
helix—lipid, and helix—helix interactions. For the transfer of the
helix from PC to PC/PE membranes, the observed unfavor-
able enthalpy AH; (+31 kJ mol™) can be attributed to a loss
of strong lipid—lipid interaction (+23 kJ mol™') and more
unfavorable helix—lipid interactions (the Born energy, +8 kJ
mol ™! in the PE-containing membranes). The favorable enthalpy
change upon dimerization of the helices AAH, (—33 kJ mol™)
was roughly decomposed into a decrease in the number of
helix—lipid contacts (the Born energy, —2 kJ mol™!), stronger
helix macrodipole interactions (—8 kJ mol™!), increase in the
number of lipid—lipid contacts (—8 kJ mol™!), and difference in
the strength of helix—lipid interactions between the monomer
and dimer (—1S kJ mol™). The latter two driving forces,
comprising ~70% of AAH,, originate from the lateral pressure
profile in membranes and should represent a general “lip-
ophobic” interaction on transmembrane helices, originally
proposed in theoretical studies.****>*® The above principle
will generally work for interactions between nonbilayer-forming
lipids and transmembrane helices. The lipophobic forces
demonstrated in this study may be a regulatory mechanism for
bilayer-dependent modulation of the folding and conformational
equilibrium of membrane proteins.
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Bl ABBREVIATIONS

DABM], n-[4-[[4-(dimethylamino)phenyl]azo]phenyl]-4"-mal-
eimide; DMPC, dimyristoyl-sn-glycero-3-phosphatidylcholine;
DPoPC, dipalmitoleoyl-sn-glycero-3-phosphatidylcholine;
FTIR-PATR, Fourier transform infrared-polarized attenuated
total reflection; FRET, fluorescence resonance energy transfer;
LUVs, large unilamellar vesicles; NBD, 7-nitrobenz-2-oxa-1,3-
diazole; PC, phosphatidylcholine; NBD-PE, N-(7-nitrobenz-2-
oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoe-
thanolamine, triethylammonium salt; PE, phosphatidylethanol-
amine; POPC, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidyl-
choline; POPE, 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidy-
lethanoamine; POPG, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylglycerol; POPS, 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphatidylserine; Rh-PE, Lissamine Rhodamine B 1,2-
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dihexadecanol-sn-glycero-3-phosphatidylethanolamine, triethy-
lammonium salt.

Bl ADDITIONAL NOTES

“Helix self-association experiments in POPC/POPE (1/1)
vesicles (Figure 4) suggest that most helices form a dimer or
higher order oligomers under experimental conditions (Xp =
0.01). Therefore, the FTIR data do not directly support a
transmembrane orientation for the helix monomer. However,
we also observed a large R value (4.5) for the amide I band
even at a lower peptide concentration (Xp = 0.003) at 55 °C
(Supporting Figure S4), at which ~60% of the helices should
exist as monomers.

YParameters used for POPC and POPC/POPE (1/1)
monolayers respectively were as follows: area per lipid, 68.3
and 65.8 A% hydrophobic thickness, 13.45 and 14 A;?8 lateral
compressibility per lipid, 68.2 X 107*' and 732 x 107 J
(calculated from area expansion®® and area per lipid®’);
bending modulus, 39.1 X 107! J (9.5 kgT) and 422 X
1072 J (10.3 kpT);*” spontaneous curvature normalized to
monolayer thickness, 0 and —0.245.>" The parameters for
POPC/POPE monolayers were assumed to be the averages of
those for SOPC and POPE*® or POPC and DOPE.”’
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