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ABSTRACT. Membrane partitioning and self-association of transmembrane helices are crucial thermodynamic
steps for membrane protein folding, although experimental difficulties have hampered quantitative
estimations of related thermodynamic parameters, especially in lipid bilayer environments. This article
reports for the first time, the complete set of thermodynamic parame&i&sAH, AS andAC,) for the
formation of the antiparallel dimer of the inert hydrophobic model transmembrane helix X-(AALAE:XA)

(X = 7-nitro-2-1, 3-benzoxadiazol-4-yl (NBD) and ¥ NHz (1) or X = Ac and Y = NHCH,CH,-S-
N-[4-[[4-(dimethylamino)phenyllazo]phenyllmaleimide (DABMI)I{) in dimonounsaturated phospho-
choline lipid bilayers with different hydrophobic thicknesses (EC22) at 5-55 °C, as evaluated by
fluorescence resonance energy transfer fiomo Il . Stronger dimerization was observed in thicker
membranes and at lower temperatur&&(= —9 to —26 kJ mot?), driven by large negativAH values

(—18 to—80 kJ mot?). Fourier transform infrared-polarized spectroscopy revealed that the peptide formed
a stable transmembrane helix with an orientation anglte18° in all bilayers without significant effects

on lipid structures, suggesting that the depth to which the helix termini penetrate changes depending on
the degree of hydrophobic mismatch. The enthalpy changes for-Hadik interactions can be well
explained by the electrostatic interactions between helix macrodipoles in different dielectric environments.
The new concept of dipotedipole interaction as a basic driving force of helix dimerization will become

a basis for understanding the structural and functional modifications in response to hydrophobic mismatch.

The activities of membrane proteins are significantly A statistical analysis found that Golgi membranes in eu-
affected by the composition of membrane lipids-@). The karyotic cells preferentially include transmembrane helices
physicochemical properties of lipid bilayers, such as rigidity of ~15 amino acids, whereas thicker plasma membranes
and lateral pressure, are major determinants for this regula-include 20 amino acids9f. When the hydrophobic length
tion, although more specific proteitipid interactions are  of a protein is longer/shorter than the hydrophobic thickness
crucial in some cases. Especially, geometric matching of a bilayer, namely, under positive/negative hydrophobic
between the hydrophobic parts of proteins and the hydro- mismatch conditions, several adaptations to the mismatch
phobic thickness of surrounding lipid bilayers has been have been proposed, such as the deformation of bilayers and/

considered an important parameter for protdipid interac- or proteins, the exclusion of proteins from bilayers, and the
tions @—7). For example, the activity of C&ATPase, which association of proteins in bilayerd, (6).
is maximal in monounsaturated phosphocholine {P@ith Instead of membrane proteins, which are intractable

C16 chains, is reduced to 10% of the maximal value by because of their insolubility, model transmembrane helices
decreasing the chain length by only two carbo8fs The as the basic folding unit of helical membrane proteins have
sorting of membrane proteins in exocytotic pathways has been widely used to elucidate the driving forces of membrane
also been explained on the basis of hydrophobic matching.protein folding and the consequences of hydrophobic mis-
match (0—15). This model helix approach is theoretically

. N supported by the two-stage model of membrane protein
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1 Abbreviations: ATR, attenuated total reflection; DABM;[4- into the native state (stage Il). To understand the thermo-
[[4-(dimethylamino)phenyl]azo]phenyl]maleimide; diC (14:1) PC, 1,2- dynamics of hydrophobic mismatch, a thermodynamic cycle

dimynstoleoy'snglycero-3-phosphocholine: dic Eigiig PC 12 that includes the transfer of helices between different
ipalmitoleoylsn-glycero-3-phosphocholine; di : , 1,2- AR Lo L
dioleoyl-sn-glycero-3-phosphocholine; diC (20:1) PC; 1,2-dieicosenoyl- membranes and the he{ﬁhellx .mteraCt'on in each lipid
snglycero-3-phosphocholine; diC (22:1) PC, 1,2-dierucaiylycero- bilayer should be considered (Figure 1). However, there are
3-phosphocholine; FTIRPATR, Fourier transform infrared polarized  very few studies on comparisons of membrane partitioning

attenuated total reflection; FRET, fluorescence resonance energyand self-association of model transmembrane helices in
transfer; LUVs, large unilamellar vesicles; NBD, 7-nitro-2-1, 3-benz-

oxadiazol-4-yl; PC, phosphocholine; POPC, 1-paimitoyl-2-olenyl-  different membranes. A pioneering study by Mall et aR)(
glycero-3-phosphocholine. found, using fluorescence quenching, that the dimerization
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Membrane X MATERIALS AND METHODS

il ﬁi—ﬁ it Materials. X-(AALALAA) 5Y (X = NBD and Y = NH,
MH%HUMU Uyl

(1) or X = Ac and Y = NHCH,CH,-S-DABMI (1)) were
custom synthesized and characterized by the Peptide Institute

AGX monomen | [ 1[56""" coen (Minoh, Japan). The purities of the peptides90%) were
ﬁ ﬁf_G_i ﬂﬁﬁ confirmed by reverse-phase high-performance liquid chro-
pasEa matography, amino acid analysis, and ion-spray mass
HU LJ,gl_J,LL HHH spectroscopy. All lipids were purchased from Avanti Polar
Membrane Y Lipids (Alabaster, AL). Spectrograde chloroform and metha-

FiGurRe 1: Schematic description of the thermodynamic cycle NOl were products of Nacalai Tesque (Kyoto, Japan). NMR
examined in this series of articleAG*, denotes the association grade 2,2,2-trifluoroethanol was purchased from Aldrich
free energy of antiparallel dimer formation in membraéevhereas  (Milwaukee, WI1). The lipids and peptides were dissolved in
AG*™ represents the transfer free energy of the peptide from chjoroform and methanol, respectively. The lipid concentra-
membraneX to membrane¥. tion was determined in triplicate by phosphorus analys (

constants of polyleucine-based peptides flanked by IysineThe concentrations of dye-labeled peptides were deter-

residues increased with the acyl chain length of PC. However,mmed on the basis of extinction coefficients in methanol

— 1 — 1
to fully understand the thermodynamics and the underlying (6?]‘!9h_ 20 OO% M f:rf ! andbe419b— 36 900 M for 1),
mechanisms of helixhelix interactions, the measurement which were obtained from absorbance measurements com-

of not only the Gibbs free-energy chang& but also the bined with a quantitative analysis of amino acids performed

corresponding enthalpy changél, entropy chang@AsS, and n dupl!cate. )
heat-capacity changkC, is essential. Regarding the transfer Foun'er Transform Infrared Polarized Attenua'ted Total
process, no thermodynamic parameters are available to dateReflection (FTIR-PATR) Spectroscopyriented films of
In this series of articles, we report for the first time the effects liPid/peptide were prepared by uniformly spreading a 2,2,2-
of hydrophobic mismatch on the complete set of thermody- trifluoroethanol solution (0.1 mL) of 50 mM lipid/1 mM
namic parametersAG, AH, AS, and AC,) for the dimer- ~ Peptide on a germanium ATR plate (30 10 x 5 mn)
ization and intermembrane transfer of the inert hydrophobic followed by gradual evaporation of the solvent. Last traces
model transmembrane helix with the symmetric sequence,©f the solvent were removed under vacuum overnight. The
X-(AALALAA) 3Y (X = 7-nitro-2-1, 3-benzoxadiazol-4-yl films were hydrated with BD-soaked filter paper placed over
(NBD) and Y= NH, (1) or X = Ac and Y = NHCH,CH,- the plate fo3 hat 25"_C. FTIR—PATR measurements were
S-N-[4-[[4-(dimethylamino)phenyl]azo]phenylJmaleimide carried out as described in the I]teratuﬂ@)(on a BioRad .
(DABMI) (11)). The average hydrophobic length based on FTS-3000MX spectrome‘ger equipped with a Specac hori-
the geometric configuration of hydrophobic amino acitg) zontal ATR attachment with a temperature controller._ After
is 2—3 residues shorter (2728.5 A), although the end-to- the temperature was changed, the sample was equilibrated
end length of the canonicathelical structure is 31.5 A. In ~ for at least 15 min before the measurements were taken.
contrast to other studied1, 12, 15), an important feature L_anolarlzed A_TR spectra were calculated as Ilne_ar c_ombma—
of the helices studied here is that there are no charged ortions of polarized spectra (0.8%, + AAc) with thick-film
aromatic residues at the ends of the helices that would ancho@Pproximations 21, 22). The subscripts and U refer to
the helices into membranes. To generate hydrophobicpplar'zed light with its _ele_ctnc vector parf_:lllel and perpen-
mismatch, the hydrophobic thicknesses of lipid bilayers dicular to the plane of incidence, respectively.
(defined by average distances between@groups) were Preparation of Vesicled.arge unilamellar vesicles (LUVS)
gradually changed from 20 to 34 A using doubly mono- were prepared by an extrusion meth@®)(using a buffer
unsaturated phosphocholines with 14 to 22 acyl chain containing 10 mM Tris, 150 mM NaCl, and 1mM EDTA
carbons: 1,2-dimyristoleoydr-glycero-3-phosphocholine,  (PH 7.4). Freezing and thawing of multilamellar vesicles
1,2-dipalmitoleoylsn-glycero-3-phosphocholine, 1,2-dioleoyl-  containing the peptides was avoided. The concentrations of
snglycero-3-phosphocholine, 1,2-dieicosenegglycero- | (FRET donor) andl (FRET acceptor) in the LUV samples
3-phosphocholine, and 1,2-dierucaytglycero-3-phospho- ~ were precisely determined in duplicate by a least-squares
choline (abbreviated as dixX{l) PCs,X = 14, 16, 18, 20, fitting of absorption spectra to a linear combination of the
and 22, respectively). Hydrophobic thicknesses of diC pure absorption spectra df and Il after dissolving the
(X:1) PCs were estimated assuming a linear relationship peptide-incorporated vesicles with a 20-fold volume of
between the thickness and the number of acyl chain carbongnethanol.
as follows: diC (14:1) PC, 20 A; diC (16:1) PC, 23.5 A; Determination of FRET Efficienc{RET efficiency Er)
diC (18:1) PC, 27A; diC (20:1) PC, 30.5 A; and diC (22:1) or relative quantum yield@ = 1 — Er) was determined
PC, 34 A (9. by the degree of NBD (donor) fluorescence quenching.
In this article, the helix stability and the thermodynamic Briefly, LUVs containing the donor and the acceptor were
analysis of a monomer-antiparallel dimer equilibrium of the prepared as described above, and the donor fluorescence
helix will be reported. The article will also describe the (excitation and emission at 450 and 530 nm, respectively)
thermodynamic parameters associated with the inter-was compared with that of the LUVs without the acceptor
membrane transfer of a helix as well as the accessibility of in duplicate. The fluorescence measurements were made after
water molecules to the helix termini. We emphasize the subtracting the background scattering of vesicles in a wide
important role of the helix macrodipole in the thermodynam- range of peptide/lipid ratios from 1/10 000 to 1/200, keeping
ics of hydrophobic mismatch. the peptide concentration in the cuvette around /\Vh
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Er was calculated by A
(o]
I:DA [D] -[’)_MeOH e
Er=1-Q=1—|="|| < Fweon 1) g
+MeOH
( Fo )( (D] DAe 2
<
whereFpa andFp denote the donor fluorescence intensities 1680 1650 1620 1680 1650 1620

with and without the acceptor, respectively. fi™e°H and
[D]p*MeCH express donor concentrations determined after . o Amide I reqi tra of E-hydrated peptide/dic
methanol solubilization as described abdwg, andFp have IGURE 2. AMIde | region spectra ot sU-hydrated peptide/di
. ) L (X:1) PC (1/50) films at 25°C. Unpolarized spectra that were

been corrected for inner-filter effectd() at the excitation  reconstructed from polarized spectra are shodrindicates the
wavelength (450 nm) because not only the donor but also number of acyl chain carbons. (A) NBD-labeled peptitle (B)
the acceptor had significant absorbance in the region. TheDABMI-labeled peptidg(ll) .
correction resulted in an increasehfnof at most 2%.

Estimation of the Fuster Distance The Faster distance  RandT represent the gas constant and absolute_temperature,
(Ry) for the NBD-DABMI pair was determined as described €Spectively. [D] and [M] denote the mole fractions of the
in the literature 10). The absorption spectrum of the acceptor dimer and the monomer in the bilayers, respectively. The
and the fluorescence-emission spectrum of the donor wereMole fraction unit is appropriate in this case, where the size
measured in methanol and in LUVs composed of POPC of the solute (helix) is similar to that of the solvent (lipid)
containing 0.5 mol % fluorescent probes, respectively. The (27). Fu_rthermore, the concentration in this unit is very close
flexible linker of the DABMI moiety guarantees an orienta- (0 that in the molar unit because the molecular weights of
tion factor ofZs. The refraction index of the medium was (he lipids are close to 1000. Therefore, our system is free
assumed to be 1.33. from the unit problems often discussed in evaluating

Calculation of Association Free Energy from FRET Data. thermodynamic parameters. The experiments were performed
In lipid bilayers, random (spontaneous) FRET between a at sufficiently low peptide concentrations, expecting an ideal

donor and randomly distributed acceptors as well as FRET dilution regime.
due to donoracceptor association contributes to the ob-

Wavenumber (cm™)

2n
servedQ; value. =(1—f)—P
Q M) = (= o 5, (6)
Q=@1-fas+f,a, (2)
| o | __fd%
The fraction of donors associated with acceptors is denoted [D] = n +n (7)
by f,. Relative quantum yields due to random transfer and P !
association are expressed byand g, respectively. The 2n
value ofg, was assumed to be 0 (see Results). The value of xp =[M] + 2[D] = N (8)
gs Was estimated by the theoretical analysis of Wolber and 2n, +ny

Hudson 24), assuming a random distribution of the acceptors _ o

in two dimensions. The required parameters in this analysis 1€ number of moles of peptides and lipids are denoted by
wereRo, donor-acceptor closest approach, and 2D acceptor Mo and n;, respectively. The totql—p_epude mole fraction is
concentration (per unit area). The surface area per lipid wasrePresented by,. A factor of 2 is introduced to take the
assumed to be 60%425). In the case of the NBBDABMI transmembrane nature o_f the peptide into consideration. In
pair, the contribution of random FRET from trans leaflets all experiments, the/ll ratio was kept around 1/0.4 because
was negligible because of tiRg value 25 A), which was tr_ns ratio gave a suff|_C|en_t qu_orescence intensity o larger
smaller than the length of the helix-80 A). The donor signal change by Qm_]enzatlon, and a smaller spontaneous
acceptor’s closest approach was evaluated te-be A on transfer. The association enthalpy, entropy, and heat-capacity
the basis of molecular diameters. The dimer fractfgncan changes were determined from temperature dependence of
be calculated with eq 3, assuming a monomgimer  the association free energy (see Results).

equilibrium and a binomial distribution of donors and

acceptors in the dime6) because an oligomer without any RESULTS

acceptors does not contribute to FRET. FTIR-PATR. To examine the effects of hydrophobic
f, thicknesses of bilayers on the secondary structure and
fy= ) 3 orientation of the peptide, FTIRPATR measurements were

d performed. The peptide/lipid molar ratio was fixed at 1/50
to obtain a sufficient signal from the peptide. At 26, in
all of the bilayers used, the peptide amidéands showed
similar narrow peaks (half-widthsy15 cni?) at 1661+ 1
cm 1, typical for transmembrane helical structur@s, (29)

P4 denotes the fraction of the donor in the doracceptor
mixture. The association constakt) and the corresponding
standard Gibbs free-energy change3() are given by

_ irrespective of the presence of the dye at the peptide terminus
AG, RTInK, ) (Figure 2). Similar narrow peaks were also observed at 5
D] and 55°C (data not shown). The average orientation angles

e (5) of the helix axis with respect to the bilayer normal calculated

[M] 2 from the measured dichroic ratio®l( 22) were also not very
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Ficure 3: Concentration-dependent oligomerization lof (A)
Concentration dependence of NBD fluorescence in diC (18:1) PC
at 25°C. X, indicates the doubled peptide mole fraction (eq 8).
Self-quenching was observed in concentration rang&ybwas
changed by keeping the concentration of lipid constant.(S.
(B) Schematic representation of various oligomers. The helix is in
a monomer-antiparallel dimer equilibrium in concentration range
a without self-quenching. Oligomers, except for the antiparallel
dimer, should involve close contact between NBD moieties,
resulting in self-quenching.

sensitive to bilayer thickness, mostly in the range-20°,
although slightly larger values were observed in diC (14:1)
PC (224 10°) and diC (22:1) PC (2% 4°) membranes at

55 °C (data not shown). Incorporation of the peptide did
not have significant effects on the peak wavenumbers and
dichroic ratios of the Cklbands of diC X:1) PCs (data not
shown). Overall, a stable transmembrane helical structure
of the peptide was generally observed in membranes with a
variety of hydrophobic thicknesses over a wide range of
temperatures.

Conditions for Detection of the Antiparallel Dime@ur
previous study has suggested that the transmembrane heli
(LALAAAA) ; preferentially forms an antiparallel dimer at
low concentrations 10). At higher concentrations, the
formation of a parallel dimer and/or higher oligomers resulted
in the self-quenching of the fluorescent probe NBD placed
at theN-terminus of the peptide (Figure 3, footnote 3 of ref
10). The peptide (AALALAA) used in this study should
have similar properties if the major driving force of the
association originates from the attraction between the helix
macrodipoles. In LUVs composed of diC (14:1) PC and diC
(18:1) PC, the self-quenching bappeared aX,~0.004 and
0.014, respectively at 25C (Figure 4B, arrows), whereas
in thicker diC (22:1) PC membranes, no self-quenching was
observed in the concentration range studied. In this study,
we measured the free energy of antiparallel dimer formation
AG,in the concentration range without self-quenching, where
the peptides do not form parallel dimers or higher oligomers.

Thermodynamics for Helix-Antiparallel Dimer Formation
in diC (X:1) PCs.To detect the antiparallel dimer by FRET,
the fluorescence donor NBD and the acceptor DABMI were
labeled at theN- andC-terminus of the peptide, respectively
(I and II'). In the case of the antiparallel heterodimer
composed ofl andll, the expected distance between the
donor and the acceptor (at most 15 A) was expected to be
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IGURE 4: (A) Example of FRET data. Line 1 indicates the

ﬁuorescence spectrum bin the absence df (X, = 0.001). Lines

2—5 indicate the fluorescence spectralai the presence off

(111 ~1/0.4) atX, values of 0.001, 0.002, 0.0037, and 0.0074,
respectively in diC (18:1) PC at 25C. (B) Monomer-dimer
equilibrium of the helix in diC X:1) PCs measured in-5%5 °C:
X=14 @), 16 (a), 18 @), 20 (#), and 22 ¥). X, indicates the
doubled-peptide mole fraction in lipids. The data was fitted with
theoretical curves, assuming a monomeimer equilibrium (eq

9). The arrows indicate the minimal concentrations at which self-
quenching ofl occurred (5, 25, and 5%C). In diC (22:1) PC, no
self-quenching was observed upXp= 0.01.

sufficiently shorter than thB, value of~25 A, guaranteeing

a FRET efficiency higher than 95%. Furthermore, the
measured’, values were not sensitive to temperature (25.5
and 23.1A at 5 and 53C, respectively). Therefore we
assumed that the fluorescence of NBD is completely
guenched in the heterodimer. Spontaneous FRET originating
from the random distribution of the acceptor was calculated
as described in Materials and Methods. The shétereatly
decreased the degree of random transfer (at most 3% in this
study) compared to the NBERhodamine pairR, ~50 A

and a spontaneous transfer ®80% was observedL()),
enabling precise estimation of the FRET due to helix
association. Figure 4A represents fluorescence spectra at
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Table 1: Thermodynamic Parameters for the Formation of the Antiparallel Dimer of the Helix at 308 K

AG, AHa —TAS ACpa

membranes (kJ molt) (kJ mol?) (kJ mol?) (kJ K1 mol™) R?
diC (X:1) PC

142 —10.1+0.1 —-17.8+ 1.5 +7.7+15 —0.4+0.2 0.90
14 —9.9+0.1 —15.3+1.9 +544+1.9 0.66
16° —10.7+ 0.4 —24.1+1.0 +13.5+1.1 0.98
18 —12.7+ 0.4 —31.3+1.0 +18.7+ 1.1 0.99
200 —14.84 0.5 —58.5+ 1.5 +43.7+ 1.6 0.99
222 —20.0+1.2 —78.7+£ 6.5 +58.7+ 6.6 +2.6+1.1 0.98
22 —20.8+1.2 —80.0+ 10.2 +59.1+ 10.3 0.92

2 Estimated assumindCys) is constant in the temperature range (eq t®stimated assumingCp = 0.

small to be measured precisely and that the way the helix
adapts to the mismatch was essentially the same as that under
more positive and negative mismatch conditions because the
thermodynamic parameters changed systematically in re-
sponse to the mismatch (Table 1).

-15

-25

-30 ’.’ " L " "
270 290 310 330 DISCUSSION
T(K)
Ficure 5: Temperature dependences/B, measured in 555 Membrane systems have been proposed to adapt hydro-

°C. The symbols are the same as in Figure 4B. The data was fitted

by eq 10. Solid lines indicate data fitted assumMiGye = 0. phobic mismatch in several ways to minimize the exposure

of hydrophobic parts of proteins and lipid§ 6). However,
our thermodynamic data suggest that not only hydrophobic

various X, values, indicating stronger FRET at higher interaction but also electrostatic interactions involving helix
concentrations. F|gure 4B shows the dimer fraction measuredmacrodipoies piay important roles in determining the type

in membranes with different hydrophobic thicknesses in the of adaptation.
temperature range-55 °C except for diC (22:1) PC at 5 Stability and Orientation of Transmembrane Helic®sie
C because the membrane is in the gel phase. The concentrasggsjple adaptation is the distortion of helical structures. The
tion dependen_ce of dlmerlza'glon well fllf[ted the theoretical FTIR—PATR measurements demonstrated that the trans-
curves assuming a monomedimer equilibrium. membrane helical structure of our peptide is stable and
mostly preserved in membranes with different hydrophobic
_ AKX, +1— y8KX+1 ) thicknesses (Figure 2). Previous studies also reported that
B AKX, noticeable conformational changes were not observed unless
the membranes were in gel phad4,(31).
The AG, values are summarized in Table 1. Generally, a  Helices can also reduce hydrophobic mismatch by tilting
stronger association with more negatités, values was  their axes. The angle of orientation of our helix was typically
observed in thicker membranes or at lower temperatures,~15°, The WALP and KALP peptides also showed small
ranging from—9.2 + 0.8 kJ mof? (in diC (14:1) PC at  orientation angles<30°) in various PC bilayers, although
55 °C) to —25.8 + 1.2 kJ mot? (in diC (22:1) PC at a small but systematic increase in tilt angle was observed
15 °C). The temperature dependenceAss, was analyzed  upon decreasing bilayer thicknedd(32, 33). Maximal tilt
assuming a constai{Cy,) in the temperature range studied was observed under highly positive mismatch conditions. We

fg

(30). also observed a larger tilt (22 10°) in diC (14:1) PC at 55
°C, where thermal fluctuation is maximal. Recently, the
AG,= AH, + AC T — Ty — transmembrane helix of the Vpa protein was reported to
TAS, — TACp(a)In(T/Tref) (10) change its orientation in response to hydrophobic mismatch

(34), probably because the positively charged helix termini
T and T, represent the observed temperature and thewere always fixed at the surface of the negatively charged
standard-state reference temperature (308 K in this study),lipid bilayers.

respectively. In cases whede= 16, 18, and 20, the data Membrane deformation is another way to tolerate hydro-
was adequately fitted by linear regression (Figure 5, solid phobic mismatch. IndeeéiH NMR studies showed that the
lines), indicating that the changes in enthalpy and entropy incorporation of WALP peptides results in systematic
upon dimerization are almost consta\y) =~ 0), whereas ~ changes in lipid bilayer thickness, although the changes are

obvious deviations from linearity were observed o= 14 too small to fully compensate for hydrophobic mismatg8h, (

and 22. The thermodynamic parameters obtaindd., 36). In our case, bilayer deformation was minimal. No
—TAS, andACy) at 308 K are summarized in Table 1. The appreciable changes in peak wavenumbers or dichroic ratios
association was enthalpy driven (up+&0 kJ mof*in diC of the CH stretching bands were observed in FTIR spectra.

(22:1) PC), and enthalpyentropy compensation was ob- Assuming hexagonal packing between the helices and lipids,
served. In diC (14:1) PC and diC (22:1) PC, negative and our transmembrane helix has 12 annular lipid molecules
positive ACy) values were obtained. We interpreted that (Figure 6). Thus, the incorporatiori @ 2 mol % helix would
ACy» values under moderate mismatch conditions were too affect the conformations of approximately 25% of lipids. If
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Table 2: Thermodynamic Parameters for Helbtelix Interactions
at 308 K (relative to diC (14:1) PC)
AAGHWH Xy AAHY X, —TAAS Xy

l membranes (kJ mol?) (kJ mol) (kJ mol?)

diC (X:1) PC
—0.7+0.4 —22419 +1.6+1.8

16

18 —25+04 —4.3+£23 +1.9+2.2
20 —4.2+0.5 —30.3+ 1.6 +26.1£ 1.6
22 —7.7£1.2 —32.3+£7.0 +24.6+7.0

Ficure 6: Changes in helixhelix, helix—lipid, and lipid—lipid . L .

contacts accompanying helix association assuming a hexagonaf€spectively. Considering the difference between membranes
packing. Black and white circles indicate helices and lipids, X andY

respectively.

Y X — X—Y _ x—y , N X—Y
the helix had induced significant conformational changes in AG, — AG, = AAG, AAGy + ZAAG'-"-

the surrounding lipid molecules, then such changes could nAAGﬁfZ (12)
have been detected by FTIR. Our spin-label study revealed

that for related transmembrane helix (LALAAAfpoundary  Following this model, the free energy of transfe; of the
lipids are detectable only at temperatures lower thaf@5  nelix from membrané to membraneY, determined in this

(10). Taken together, the thermodynamic data mainly reflects article, can also be described by the differences in helix
factors other than changes in the conformations and orienta-jipid and lipid—lipid interactions between membranes.

tions of the helix and the lipids.

Detection of Helix Association in Lipid Bilayers by FRET. X—Y _ _ k X—Y X—Y
The thermodynamics of the association of helices has been AG ZAAG'-"- +KAAG (13)
mainly studied in detergent micelles. To detect oligomers n . ) ,
in micelles, SDS-PAGE (14, 37), FRET @8), and analytical Herek lipid molecules are assumed to interact with one helix.
centrifugation {3, 39) techniques were successfully applied. 1heAAGH-w term can be extracted from measure@, and
However, there are few studies concerning the associationCa values.
of transmembrane helices in lipid bilayers, which faithfully n
reflect native environments for integral membrane proteins, AAG>H<__'E = AAG;(*Y - éAAfo,f + nAAGﬁfZ =
because of experimental difficulties in detecting the helix
association quantitatively. In addition to FRETO( 40), AAG;(*YJFEAG{“Y (14)
fluorescence quenchindl?) and thiol-disulfide equilibria
(41) have been utilized. Although FRET can in principle be Because the radii of the helix-6 A) and the lipid (4.7
applieq to a _Iipid bilayer system, significant spontaneous A) on the bilayer plane are similar, hexagonal packing
FRET in 2D bilayers24) often overwhelms the FRET signal a4 veen the helices and the lipids can be assumed. Taking

originating from helix association, especially when the e yransmembrane nature of the helix into consideration,
assoclation Is weak. . andk were assumed to be 4 and 12, respectively (Figure 6).
In this study, we carefully chose the NBIDABMI pair  The above procedure is also applicable for calculation of
and labeling positions to reduce spontaneous transfé¥4) corresponding enthalpies and entropies. The obtained ther-
by decreasing the'Frster distance while maintaining a high  modynamic parameters for hefihelix interaction relative
FRET efficiency &95%) in the antiparallel dimer, enabling {5 those in diC (14:1) PC are shown in Table 2. It is
the precise determination &G, (error <0.4 kJ mot?). The  gyggested that heliKipid and lipid—lipid interactions can
contribution of the direct NBB-DABMI interaction toAG, be important factors for helix association, 6, 12, 44).
appears to be negligible because #@, value in diC (18:  However, the above analysis indicates that predominant
1) PC at 25°C (—12.74+ 0.4 kJ mof*) was almost the same  griving forces for the association originate from helixelix
as that of the peptide labeled by another FRET pair with a jnteractions. For example, theAG422, (—9.9 kJ mot?)
distant configuration X-(LALAAAX-NH, (X = NBD or value is close to that ockAG122,_y, (7.7 kJ mot?). The
tetramethylrhodamine)~(12.9 + 0.8 kJ mot?) in POPC  enthalpic and entropic terms were also determined by helix
(10). helix interactions. Roughly half akAH422, (—56 kJ mot?)
Helix—Helix Interaction EnergeticsThe formationof new  and —TAAS“"2%, (+51 kJ mot?) originated from
helix—helix contact in lipid bilayers is associated with AAHY%"22, ,, (—32 kJ motl) and—TAASH 2%, (+25 kJ

changes in helixhelix, helix—lipid, and lipid—lipid interac- mol~1), respectively.
tions. In a lattice-like modeh lipids are removed from the Our results can be well explained by the hypothesis that
vicinity of the helix to bulk lipids to formn/2 lipid—lipid electrostatic macrodipole interaction, which is enthalpic in
interactions 42, 43). nature, is the major driving force of hetbhelix interactions.
First, the increase in dimerization with bilayer thickness can
_ n _ be interpreted as enhanced electric interaction due to a
AG,=AG + ZAG'-"- NAGy- (11) lowering of the dielectric constant. Second, the facilitated

parallel dimer formation in thinner membranes as evaluated
AGu-p, AG_—, and AGy-. denote the free energies of by self-quenching of NBD fluorescence (Figure 4B) can be
helix—helix, lipid—lipid, and helix-lipid interactions, understood on the same basis: the difference in dipole-
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interaction energy between antiparallel and parallel configu-
rations is smaller in thinner membranes, where the helix
termini are in more polar environments. TARAHy—y values
are ascribed to dipotedipole interaction energies, although
the temperature dependence &, is thought to contain

Yano and Matsuzaki

AC, is considered to be the hallmark of the hydrophobic
effect instead oAS For example, globular protein unfolding
at room temperature has a positi€, (52), whereas the
partitioning of hydrophobic compounds from water to
membrane generally has a negativg, (51). In the present

the effects of a decrease in hydrophobic thickness at higherstudy, negative and positive\Cy,) values upon helix

temperatures (a decrease~ad.3 A/10°C increase for diC
(18:1) PC) 45). The contribution from losses of translational
and rotational enthalpiess(—3RT) is expected to be small,
especially in thicker bilayergig). Dipole—dipole interaction
energies \{) were calculated as

w(r,0,,0,,0) =
Ul
4-.7I€06I’3

(2 cos6, cosH, — sin 6, sin O, cosg) (15)

wherewu, €, €, andr represent the dipole moment, dielectric
constant in a vacuum, relative dielectric constant, and the
distance between dipoles, respectively. Thandr values
are assumed to be 2:6 1022 Cm (0.5e x 31.5 A) and 10

A, respectively 47). In the case of an antiparallel dimer with
an orientation angle of15°, 6,, 6,, and¢ are considered

to be 108, 255, and O, respectively. Assuming that the
hydrophobic thickness of diC (14:1) PC and the hydrophobic
length of the helix are 20 and 28 A, respectively, the helix
termini should be positioned around phosphate gretyd5)
(48). Given that the observeAH™"2%,_,; andAAH™23,_4
values (Table 2) are totally attributable to the helix macro-

association were observed in thinner and thicker membranes
(Table 1), implying an increase and a decrease in hydro-
phobic interaction, respectively. In thinner membranes, some
of the terminal hydrophobic side chains exposed in the
aqueous phase should come into contact with each other upon
dimerization. The transfer of Ala and Leu side chains from
the aqueous phase to the membrane surface yiedded
values of—0.05 and—0.38 kJ K'* mol™?, respectively 80).
Thus, the observedCy value of—0.4+ 0.2 kJ K’ mol™*

can be explained only by a partial dehydration of hydro-
phobic residues near the helix termini upon dimerization.
The contribution of the side-chain dehydration to the
observedAH, value is expected to be smak8 kJ mol™)

(30). In contrast, a large, positiv&Cy, value of 2.6+ 1.1

kJ K1 mol~! was observed in diC (22:1) PC bilayers. The
dimerization appeared to result in a partial agueous exposure
of the terminal NBD and DABMI groups, as inferred from
the red shift of NBD fluorescence upon dimerization (e.g.,
an increase in dimer fraction from 0.2 to 0.6 leda 5 nm
shift; spectra not shown). Such a polarity change, which
would also make a significant contribution &H, (51), is
probably induced by the large void formed by the dimer in

dipole attraction, the effective dielectric constants decreasethe interfacial region.

to 9.5 and 9.1, respectively, corresponding to the burial of
the helix termini around the carbonyl groug8. The
difference in hydrophobic thickness between diC (14:1) PC
(~20 A) and diC (20:1) PC~+30.5 A) is consistent with
the distance between phosphate and carbonyl greupg\(

x 2). However, considering the difference in hydrophobic
thickness between diC (14:1) P&20 A) and diC (22:1)
PC (34 A), the helix termini should be buried in the
hydrophobic core of the bilayers (~ 4) (49, 50. This

The increase in the entropic terrTAS, up to 60 kJ mot?
can originate from various sources, including changes in the
hydrophobic interaction near the helix termini as discussed
above, a decrease in side chain conformational entropy of
up to 22 kJ mot? (53), and losses of the translational and
rotational degrees of freedonx8kJ moi™?) (46).

In conclusion, our first detailed thermodynamic analysis
of the formation of the antiparallel dimer of an inert model
transmembrane helix in lipid bilayers strongly suggests that

discrepancy suggests the existence of another factor increasthe dielectric environments of the helix termini change

ing AAH'%23,_,,in addition to helix macrodipole attraction.
The observed large, positiveC,) value in diC (22:1) PC
implies that this originates from partial aqueous exposure
of the terminal NBD and DABMI groups upon dimerization
(see below). The difference (52 kJ m¥l between the
calculated macrodipole attraction assuméing 4 (—84 kJ
mol~1) and the observedAH*2%,_,; value (~-32 kJ mol™)
should originate from partial hydration of the dye moieties.
Although no information is available for NBD and DABMI
hydration enthalpies, they might be comparable to the value
for two indole groups oft+52 to +80 kJ mof? (51). The
change in the location of the ends of the helix with changing
bilayer thickness will presumably occur only for a helix
without terminal anchoring residues. For example, it would
not occur for a tryptophan-flanked heli®4).

Mall et al. reported thaAG, values of Leu-based peptides
L16 and L22 were almost linearly dependent onXhealue
with a slope of—0.63 and—0.45 kJ mot? per carbon atom
at 25°C, although they discussed that a major contribution
to AG, comes from an interaction with lipids®). These
slope values are smaller than our value {1 kJ mol?),
probably because electrostatic repulsion between flanking
Lys residues partially masks interdipole attraction.

depending on the degree of hydrophobic mismatch, leading
to significant changes in the strengths of helix macrodipole
interactions (26-80 kJ mot?). This concept will become a
basis for understanding the structural and functional modi-
fications of integral membrane proteins in response to
hydrophobic mismatch.
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