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ABSTRACT. Hydrophobic matching between proteins and lipids is essential for the thermodynamic stability

of integral membrane proteins. However, there is no direct thermodynamic information available about
the intermembrane transfer of proteins between membranes with different hydrophobic thicknesses, which
is crucial for understanding hydrophobic mismatch. This article reports the complete set of thermodynamic
parameters AG, AH, AS and AC,) for the intermembrane transfer of the inert hydrophobic model
transmembrane helix NBD-(AALALAAFNH, (NBD: 7-nitro-2-1,3-benzoxadiazol-4-yl), which is
exchangeable between vesicles, from 1-palmitoyl-2-olsmdlycero-3-phosphocholine (POPC) to
dimonounsaturated-phosphocholine lipid bilayers with different hydrophobic thicknesses Q22X at

37—-58 °C. The transfer free energies were calculated from equilibrium values of the extent of helix
transfer from donor to acceptor lipid vesicles, as monitored by a decrease in fluorescence resonance energy
transfer from the NBD group to a lipid-labeled Rhodamine in the donor upon transfer to the quencher-
free acceptor. Under hydrophobic mismatch conditions up~® A, the helix partitioning became
unfavorable up tet-7 kJ moll, hampered by an increase in entropic (upH20 kJ mot?) and enthalpic

(up to+66 kJ mof?) terms in thinner and thicker membranes, respectively. Together with the results that
H/D exchange at the membrane interface was accelerated in thinner membranes the obtained thermodynamic
parameters were reasonably explained assuming that hydrophobic mismatch induces aqueous exposure or
membrane burial of the helix termini, resulting in excess energies originating from the hydration of terminal
hydrophobic residues or the unfavorable Born energy of terminal partial charges of the helix macrodipole.

Geometric matching between the hydrophobic parts of is still rather limited ©). In this process, membrane proteins
integral membrane proteins and the hydrophobic thicknessalso should be localized in hydrophobically matched mem-
of surrounding lipid bilayers have been considered to be branes by lateral partitioning, although differences in other
important parameters for membrar@otein interactionsl(— physicochemical properties between lipid domains might also
4). Membrane proteins, such as ZaATPase §) and affect protein partitioning. Consistent with the idea mentioned
diacylglycerol kinase ), show maximal activity in mem-  above, lengthening of the hydrophobic parts of Golgi
branes with C16C18 fatty acyl chains. In addition to the membrane proteins results in their sorting to plasma mem-
regulation of activities of membrane proteins, an essential branes 9). Inversely, shortening of the hydrophobic parts
role of hydrophobic mismatch in mammalian cells is the of plasma membrane proteins causes their retention in the
sorting of membrane proteins in the exocytotic pathway in Golgi apparatus9). Interestingly, Engelman’s group recently
which membrane thickness increases from Golgi to plasmademonstrated that the situation is more complex, with
membranes?, 8). Because a statistical analysis shows that proteins and lipids not necessarily hydrophobically matched
thinner Golgi membranes and thicker plasma membranesin some biological membrane4a).
preferentially include transmembrane helices-@6 and~20 A thermodynamic model postulated by Mouritsen and
hydrophobic residues, respectivelg),( the proteins are  gjoom in 1984 (mattress model) assumes that under hydro-
considered to be sorted, at least partly, driven by hydrophobicphobiC mismatch conditions the balance between excess
matching. Because the distinct lipid compositions of Golgi energies originating from the deformation of the lipids
(relatively rich in glycerolipids) and plasma membranes (rich g,rrounding the proteins and the exposure of the hydrophobic
in cholesterol and sphingolipids) are maintained by vesicular parts of the proteins (under positive mismatch) or lipids

transport between them, membrane-lateral segregation with(nder negative mismatch) to water determines the response
different hydrophobic thicknesses should occur in the vesicle hydrophobic mismatch, although in most cases, elastic

formation process, although information on this mechanism geformation of lipids has been attributed to a major response
to the avoidance of highly unfavorable aqueous exposure of
t Supported in part by Grant-in-Aid for JSPS Fellows (155377) from hydrophobic groups. However, as the authors pointed out,
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. be refined with further experimental support. Although this
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B charged residues at the ends. The thermodynamic parameters
300 suggest that the helix partitioning into both thinner and
200 25°C & thicker membranes was energetically unfavorable because
of exposure and membrane burial of helix termini, respec-
tively. The water accessibility of the helix termini at the
membrane-water interface, as examined by H/D exchange,
also supported this conclusion. The origins of unfavorable
energies under hydrophobic mismatch conditions will be
discussed. Together with the results of the preceding article,
the importance of electrostatic energy at the water
22 membrane interface is highlighted.
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MATERIALS AND METHODS

18 Materials. NBD-(AALALAA) 3-NH; (1) was custom syn-
ool v  Pore thesized and characterized by the Peptide Institute (Minoh,
0 10 20 30 40 50 60 Japan). The purity of the peptide (90%) was confirmed
Time (h) by reverse-phase high-performance liquid chromatography,
FiGURE 1. Measurement of the intervesicular transfer of the peptide. amino acid analysis and ion-spray mass spectroscopy. To
EA) Rfepreffegtative Pe(lr)nlisg‘ion _splaectral ;:h_angeougon il?;gf\(/jezicmargenerate hydrophobic mismatch, doubly monounsaturated
ransfer ofl. Donor vesicles containing 0.5 moll%n ; ; ;
mol % Rh-PE were incubated with acceptor dgi]C (18:1) PC vesicles phosphocho_lme_s with 14 to 22 acyl chain carb_ons were
at a donor-to-acceptor lipid ratio of 1:5 (total lipid concentrations, US€d: 1,2-dimyristoleoysn-glycero-3-phosphocholine, 1,2-
1.2 mM). NBD and rhodamine emission maxima are around 530 dipalmitoleoylsn-glycero-3-phosphocholine, 1,2-diolecyt-
and 590 nm, respectively. Emission spectra beferp gnd after glycero-3-phosphocholine, 1,2-dieicosenswglycero-3-
(---) 66 h of incubation are shown. (B) Sensitized rhodamine phosphocholine, and 1,2-dierucasii-glycero-3-phospho-

fluorescence intensity at 590 nm is proportional to the amount of ; : e —
peptides in the donor vesicles. The background contribution from choline (abbreviated as diX{l) PCs,X = 14, 16, 18, 20,

directly excited Rh-PE fluorescence has been subtracted. (C) Time@Nd 22, respectively). Hydrophobic thicknesses of diC
course of sensitized rhodamine fluorescence intensity in the presencéX:1) PCs were estimated assuming a linear relationship

of acceptor POPC), diC (18:1) PC M), and diC (22:1) PCY) between the thickness and the number of acyl chain
vgsicles at 37°C. n= 2): The observed values are fitted by the ~5rhons: diC (14:1) PC, 20 A; diC (16:1) PC, 23.5 A; dic
single-exponential functiof(t) = F() + (F(0) = F=Dexp (1g:1) pc, 27A; diC (20:1) PC, 30.5 A; and diC (22:1) PC,
(kD). 34 A (20). All lipids were purchased from Avanti Polar
Lipids (Alabaster, AL). Spectrograde chloroform and metha-
nol were products of Nacalai Tesque (Kyoto, Jap&hj6-
tetramethylrhodaminethiocarbamoyl)-1,2-dihexadecanol-
glycero-3-phosphoethanolamine, triethylammonium salt (TR-
PE) and Lissamine Rhodamine B 1,2-dihexadecanol-
glycero-3-phosphoethanolamine, triethylammonium salt (Rh-
PE) were obtained from Molecular Probes (Eugene, OR).
The lipids and the peptides were dissolved in chloroform
; ) and methanol, respectively. The lipid concentration was
membrane protein folding and the consequences of hydro-determined in triplicate by phosphorus analysis (21). The

phobic mismatch ](.1_15)' Several studies using ”.‘Ode' concentration of the dye-labeled peptide was determined on
transmembrane helices reported that hydrophobic mlsmatchthe basis of the extinction coefficient in methanalsf =

actually decreases the partitioning of the heli2,(16-18), 20 000 M), which was obtained from absorbance measure-

ﬁgcguggt tgge?:qeesaps%':ggnfﬁ :ﬁ;g:rgsgégart?:g pgrgmeter%ents combined with a quantitative analysis of amino acids
y X i performed in duplicate.

'n;e;%(iet'?gcgazrggslnu?ﬁg t?]r:e trzirggrs;ezf it:ethgeg;erﬁ g Preparation of Vesicled.arge unilamellar vesicles (LUVS)
PEp P P'€ \vere prepared by an extrusion meth@®)(using a buffer

preparation 12, 17) and the partitioning between the containing 10 mM Tris, 150 mM NaCl, and 1mM EDTA
membrane surface (noninserted) and transmembrane con; f ’

figurations (6, 18). However, the effects of hydrophobic (pH 74) Freez_mg and thavx_/lng of multilamellar vesicles
‘ S . containing peptides was avoided.
mismatch on the membrane partitioning of the helix can be
evaluated directly by the helix-intermembrane-transfer pro- — - —
1 Abbreviations: diC (14:1) PC, 1,2-dimyristoleoyirglycero-3-

Cess Vl.a the ?‘q“eous phasgg|( also see Figure 1 in the phosphocholine; diC (16:1) PC, 1,2-dipalmitolesylglycero-3-phos-
preceding article). phocholine; diC (18:1) PC, 1,2-dioleoghglycero-3-phosphocholine;
In this article, the complete set of thermodynamic param- diC (20:1) PC, 1,2-dieicosenoghglycero-3-phosphocholine; diC

. - . (22:1) PC, 1,2-dierucoynglycero-3-phosphocholine; ESI, electrospray
eters for the intermembrane transfer of the inert hydrophobic ji; ation: FRET. fluorescence resonance energy transfer; LUV, large

model transmembrane helix NBD-(AALALAANH, (NBD: unilamellar vesicles; NBD, 7-nitro-2-1,3-benzoxadiazol-4-yl; POPC,
7-nitro-2-1,3-benzoxadiazol-4-yIYI) between membranes 1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine; Rh-PE, lissamine

; ; ; ; ; rhodamine B 1,2-dihexadecanstglycero-3-phosphoethanolamine,
with different hydrophobic thicknesses was determined. The triethylammonium salt; TR-PEN-(6-tetramethylrhodaminethiocar-

peptide is convenient for measuring the inte_rmembrarje- bamoyl)-1,2-dihexadecanshglycero-3-phosphoethanolamine, triethyl-
transfer process because it does not contain anchoringammonium salt.

0.4

Rhodamine fluorescence

tures @), there are few studies that directly measure the
thermodynamic parameters (Gibbs free energy chax@e
enthalpy chang@&H, entropy chang@sS, and heat-capacity
changeAC,;) for membrane partitioning of proteins under
hydrophobic mismatch conditions.

Instead of membrane proteins, model transmembrane
helices as basic folding units of helical membrane proteins
have been widely used to elucidate the driving forces of
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Intervesicular Transfer of Peptidedonor POPC LUVs negligible. Fy(t) followed the first-order kinetics with a
(200uM) incorporating 0.5 mol % and 2 mol % Rh-PE as  limiting value Fy(«) (Figure 1C), which was dependent on
an NBD quencher were mixed with an excess of acceptor the acceptor lipid species. The equilibrium peptide concen-
LUVs (1 mM) composed of diCX:1) PCs. Fluorescence trations in the donor ([R) and the acceptor ([R] vesicles
emission spectra between 430 and 650 nm (excited at 450can be calculated as
nm) were measured on a Shimadzu RF-5300 spectrofluo-

rometer. The efficiency of peptide transfer to acceptor-vesicle P (f) = Fyx() [P 1
populations was determined by a decrease in sensitized [Plo(® = Fy(0) [Plo (1)
fluorescence of Rh-PE at 590 nm £ 2). After subtracting

the contribution of directly excited Rh-PE fluorescence, the Fy(0) — Fy () [L]p

intensity of the sensitized fluorescence of Rh-PE was [Pla= . Plo 2)
obtained from a least-squares curve fitting using a linear Fx(0) [La

combination of the emission spectra lond Rh-PE. The
vesicles containing peptide did not show any fusion or
exchange of lipids (TR-PE and Rh-PE) between donor and
acceptor vesicles for at least 50 h (data not shown).
Electrospray lonization (ESI) Mass SpectrometrylVs
composed of diCX:1) PCs incorporating 2 mol % were
prepared in 10 mM ammonium acetate buffer (pH 7.4). H/D

[Plo and ([L]o/[L] ») represent the initial concentration of the
helix in the donor vesicles and the donor-to-acceptor lipid
concentration ratio, respectively. Our previous studies have
suggested that in both the donor and acceptor vesicles a
fraction of the helices also exists as an antiparallel dimer
depending on peptide concentration and lipid composition,
L L .~ although the helix dissociates from membranes as a monomer
exchange was initiated by diluting the LUVs 30-fold in (19). The concentration of monomers in each membrane [M]

deuterated ammonium acetate buffer aresn = 3.)' ES.I was calculated from total peptide concentration [P] and the
mass measurements were performed on an Applied Biosys-

tems Mariner electrospray time-of-flight mass instrument n:gr;gg?ﬁr-dlzrineerr association consta{ obtained in the
(Foster City, CA) operating in the positive ion mode. In P 9 pap

LUVs dispersed in the pD buffer, the peptide was detected o o1 L1
as singly charged [M- H]* (m/z= 1925.3) and [M+ Na]* M] = BKPI+1—-1 3)
(m/'z = 1947.3) ions as well as doubly charged ions. In this 4K,

study, the spectrometer’s variables were optimized to detect ) N o )
singly charged proton adducts of the peptide used for the [M]+/[M]o gives the partition coefficient of the helix
evaluation of the H/D exchange. The sample solution was monomer from the donor to the acceptor. Although the
introduced into the spectrometer at a flow rate gflZmin monomer fraction was significantly dependent on acceptor
using a syringe pump with a stainless steel needemm membranes (e.g~0.9 and~0.5 in diC (14:1) PC and diC
from the orifice. The electrospray needle, nozzle, and (22:1) PC, respectively), there were no notable differences
skimmer voltages were set 2900 V, +150 V, and+11 betweemAG; values calculated from [M] and those calculated
V, respectively. The flow rate of the curtain nitrogen gas to from [P] because in equilibrium, the monomer fraction in
assist solvent vaporization was 0.6 L/min. The nozzle and the donor became similar to that in the acceptor (within
quadrupole temperatures were fixed at 150 and 1@0 +0.15). To precisely determine the partition coefficient of

respectively. the peptide between dicX(1) PC and POPQK{ o omer We
also used pure POPC vesicles as the acceptor vesicles in
RESULTS each experiment, to obtain [Mjec values.
Helix Partitioning between Membraneghe absence of M
charged residues and the moderate hydrophobicityeoafble KPOPC-X [M] x (4)
us to measure the membrane insertion/dissociation processes tmenomen™ IM] s opc

of the helix. The helix-transfer free energies®;) between

the different membranes were measured on the basis of thelhe free energy of transfer of the monomer from POPC to
finding that the helix slowly transfers between lipid bilayers diC (X:1) PC was calculated as

via the aqueous phas&9). In the donor vesicles composed .. ..

of POPC labeled with 2 mol % Rh-PE, FRET from the NBD AGimanomen= ~RTIN Kimoromen (5)
moiety of | to Rh-PE occurred strongly, whereas in the ) o

acceptor vesicles without the quencher, FRET was relieved The corresponding\G; values for the helix dimer were
(Figure 1A). The FRET signals were detected as sensitizeddetérmined by

fluorescence of Rh-PE instead of the donor NBD fluores- = >

cence because the emission-quantum yield and spectral shape AGngngr)X = _AG§OPC+ ZAGtFErazr?orr)\(er)+ AGZ (6)

of NBD depend on the lipid species in the acceptor vesicles.
The sensitized fluorescence intensity of Rh-PE was con- —™ X S ,
firmed to be proportional to the peptide concentration in the @ntiparallel dimer formation in POPC and di&:{) PC,
donor vesicles (Figure 1B). Therefore, Fx(t) is the respectlvelpy(/).P'ghe Iaétgprcvalues were rg'locorted in the preceding
sensitized thodamine fluorescence at tiraéter mixing with ~ Paper. AG;°" AHZPS and —TAS°"® values obtained
acceptor vesicles composed of dik:{) PG the amounts using methods similar to those in the preceding paper were
of the peptide in the donor and the acceptor vesicles are~12.8+ 0.2, -27.94 1.6, and+15.14 1.6 kJ mof* (at
simply proportional tdFx(t) andFx (0) — Fx(t), respectively, 308 K), respectively, assumir§Cp) = 0. Figure 2A and

because the fraction of the peptide in the aqueous phase i summarizeAGyyooe . and AG{grE /2 values at 37, 44,

AGL"Cand AGY denote the Gibbs free energy values for
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FIGURE 2: Thermodynamics of helix transfer. (MG neor.)

values forl from POPC to diC X:1) PCs at 37 @), 44 (a), 51
(m), and 58°C (#). (B) AG{ 3 92 values forl from POPC to
diC (X:1) PCs at 37@), 44 (a), gl @), and 58°C (¢). (C) van't
Hoff plot of AGIPeX in the range of 3758 °C. Symbols: X

t (monomer

=14 (0), 16 (»), 18 @), 20 ©), and 22 ¢).

51, and 58C. DIiC (16:1) PC (at 37C) and diC (18:1) PC
(at 44, 51, and 58C) showed the smallesAGyooe ™,
values 1 kJ mol?), and both thinner and thicker mem-
branes gave larger values up to 7 kJ mMpbemonstrating
that hydrophobic mismatch decreases helix partitioning.
Notably, helix transfer into thicker membranes was signifi-
cantly unfavorable. Although the end-to-end length of the

helix is 31.5 A assuming a canoniaalhelical structure, the

average hydrophobic length based on the geometrical con-

figuration of hydrophobic amino acid23) is 2—3 residues
shorter (27-28.5 A), similar to or slightly longer than the
hydrophobic thickness of diC (18:1) PC membran28).(
However, the helix dimer preferentially partitioned in thicker
membranes with the smallesiGqne,. values in diC
(18:1) PC (at 44, 51, and 5&) and diC (20:1) PC (at 37
°C) membranes.

The temperature dependence/ds; was analyzed assum-
ing a constanACyy in the temperature range studiezhy.

Yano et al.

T
AG, = AH, + AC,(T — T,o) — TAS — TAC,, In(_l_—f) @
re

T and T, represent the observed temperature and the
standard-state reference temperature (308 K in this study),
respectively. As in the analysis for helix-antiparallel-dimer
formation (in the preceding paper), the data was adequately
fitted by linear regression (Figure 2C, solid lines) in the cases
whereX = 16, 18, and 20, indicating that the changes in
enthalpy and entropy upon dimerization are almost constant
(AC, n = 0), whereas obvious deviations from linearity were
observed foiX = 14 and 22. The obtained thermodynamic
parameterdH;, —TAS, andAC, at 308 K are summarized

in Table 1. In thinner membranes, the unfavorable free
energies originated from an increase in the entropic term
—TAS (up to+20 kJ mof?), whereas in thicker membranes,
an increase in the enthalpic teth; (up to+66 kJ mot™)
hampered membrane partitioning. Corresponding thermo-
dynamic parameters for helix dimer transfer were similarly
calculated (Table 2). A similar tendency was observed for
dimer transfer, although a significant decrease in the
unfavorable enthalpic term in thicker membranegi{ kJ
mol~* for diC (22:1) PC) was observed.

ESI Mass Spectrometryo further support the interpreta-
tion of the above thermodynamic data, the effects of
hydrophobic thickness on the accessibility of water molecules
to the main-chain amide protons of the helix were examined
using the H/D exchange reaction. Recent studies have
demonstrated that the H/D exchange efficiency of trans-
membrane helices at the watenembrane interface in LUV
suspensions can be measured by ESI mass spectro2fetry (
27). Because membranes are sufficiently permeable to water
(28), we assumed that the helix termini on the outer and
inner leaflets of LUVs were equally exposed to deuterium
after the dilution of LUV suspensions with a deuterated
buffer. Figure 3 shows the average mass after the H/D
exchange in diCX:1) PCs for the singly charged deuterium
adducts. The measurements were performee200min after
dilution to detect the numbers of amino protons that quickly
exchanged with deuterium under hydrophobic mismatch
conditions. After this fast exchange, the average mass did
not increase significantly, at least until 60 min (data not
shown). We focus on the differences in the average mass of
the peptide among various diX:(l) PCs to evaluate the
degree of accessibility of water instead of the overall mass
increase, which may involve H/D exchange in the ionization
process via collisions with gaseous deuterium molecules. In
thinner diC (14:1) PC and diC (16:1) PC, significantly larger
mass values were observed, suggesting that the helix termini
protrude into the aqueous phase. However, the helix in diC
(18:1) PC and thicker PCs exhibited similar degrees of H/D
exchange. Because an effective H/D exchange should occur
only in a sufficiently polar environment in which the helix
can relax to form H bonds with water, the above results
indicate that as membrane thickness increases the helix
termini are positioned in similar, more hydrophobic environ-
ments.

DISCUSSION

Adaptation to Hydrophobic Mismatciihe results obtained
using Fourier transform infrared polarized spectroscopy in
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Table 1: Thermodynamic Parameters for Helix Monomer Transfer from POPC toXdif RC at 308 K

AGI (monomer) AH t (monomer) _TASt (monomer) ACp (t) (monomer)

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

14 +0.3+£0.1 —19.8+ 3.9 +20.1+ 3.9 +0.8+1.1 0.92
14 +0.4+0.1 —10.4+ 2.9 +10.9+ 2.9 0.88
16 —-0.1+0.1 —7.7+23 +7.6+23 0.86
18 +0.7+ 0.1 +7.84+3.2 —7.1+3.2 0.73
20 +1.7+£0.1 +11.5+£ 0.5 —9.8+0.5 0.99
22 +6.9+ 0.1 +65.9+ 3.9 —59.0+ 3.8 —2.2+0.3 0.99
2% +6.6+ 0.1 +38.7£ 4.9 —32.1+4.9 0.96

2 Estimated assuming tha&iCy is constant in the temperature range (eg”Bstimated assumingCy = O.

Table 2: Thermodynamic Parameters for Helix Dimer Transfer from POPC toxiij PC at 308 K

AG dimerf2 AH ¢ gimerf2 —TAS; (dimery2 AC; (v (dimerf2
membranes (kJ mol) (kJ mol?) (kJ mol?) (kJ Kt mol™)
dic (X:1) PC
142 +1.7+£0.1 =147+ 2.4 +16.4+ 2.4 +0.54+ 0.6
14 +1.9+0.1 —4.14+24 +4.3+1.4
16 +1.0+ 04 —5.8+1.6 +6.8+ 1.5
18 +0.7+ 0.4 +6.1+1.9 —53+1.8
200 +0.7+ 0.5 —3.8+1.6 +4.54+1.6
22 +3.3+1.2 +40.5+ 6.8 —37.2+6.7 —-09+1.1
22 +2.6+1.2 +12.6+ 10.5 —34.5+ 2.6

2 Estimated assuming tha&iCy is constant in the temperature rang&stimated assumingCp = O.

exposure/burial of the helix termini are major adaptations
to the mismatch. It should be noted that the polarity around
the helix termini in which the degree of H/D exchange alters
significantly (C14-C16,¢ > 30) is higher than the polarity
range in which the transfer free energy (mainly Born energy)
changes dramatically (C20C22,¢ < 30).

Thermodynamic Parameters for Monomer Transidre

*P <0.001
**P <0.01

Average Mass

14 16 18 20 22 ; . -
diC (X:1) PC above exposure/burial of the helix termini model was

assumed in the following estimations of the unfavorable
of | after a 10 min H/D exchange in di&{l) PCs i = 3). LUVs energies for the partition of the helix into thinner or thicker

composed of diCX:1) PCs incorporating 2 mol %were prepared ~~ membranes. The burial of the helix termini into more
in 10 mM ammonium acetate buffer (pH 7.4). H/D exchange was hydrophobic environments results in an increase in the

initiated by dllutlng LUVs 30-fold in a deuterated ammonium entha|pic Born energy in thicker membranes. When the

Ficure 3: Average masses of singly charged deuterium adducts

acetate buffer (10 mM ammonium acetate, pD 7.4) at@5 relative dielectric constant changes from to e, the

the preceding paper and H/D exchange-ESI mass spectromdifference in Born energy is calculated as

etry in the present study reveal the way helices and lipids

adapt to hydrophobic mismatch. As discussed in the preced- A _ 27 eZNA 1 1 ®)

ing paper, changes in structure and orientation of the helix e i—e, — 8rea \e, €

and the deformation of the membranes are not major

adaptations to the mismatch, suggesting that the dielectricz and a express the charge and the radius of the ion,
environments around the helix termini can significantly respectively.N, denotes the Avogadro number. Partial
change. Consistent with this notion, the H/D exchange charges originating from the helix macrodipole (= 0.5)
experiments demonstrated that the accessibility of waterare assumed to localize at the terminal atoms with 1.4
molecules to the helix backbone was actually increased inA. Following the discussion in the preceding paper, the
thinner membranes (positive mismatch). The mass increasedielectric constant around the helix termini should decrease
may not quantitatively indicate the water-exposed length of from 45 (in diC (14:1) PC) to 9.5 (in diC (20:1) PC),
the helix because (1) H/D exchange requires the unwinding corresponding to an increase in Born energy by 21 kJ ol

of the helix, which does not necessarily accompany complete This value is about two-thirds of the observed difference in
aqueous exposure of the helix and (2) the background H/D AHymonomen(+31 kJ mot?). The remaining 10 kJ mot may
exchange in the ionization process apparently reduces thearise from a decrease in enthalpy in thinner membranes
mass difference before an analysis. Despite these limitations because of the exposure of terminal residues to the aqueous
the observed-3 Da difference between diC (14:1) PC and phase (up to 15 kJ mol, see below). As discussed in the
diC (18:1) PC suggests a protrusion-ef.5 A of the helix preceding paper, th&AH~22,_, value was significantly
termini into water in diC (14:1) PC (assuming a helix length affected by the partial aqueous exposure of the terminal NBD
of 1.5 A per backbone amide), corresponding~t65% of and DABMI groups upon dimerization. Therefore, the
the difference in hydrophobic thickness between these dielectric constant around the helix termini in diC (22:1) PC
bilayers -7 A). These results support a model in which was estimated geometrically € 4, see the preceding paper).
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The calculated Born transfer energy assuming 4 (+57

kJ mol?) well explains theAAH 2% onomenValue (+86 5B M

kJ mol1). The difference may originate from the burial of ™

the hydrophobic residues and the NBD group into the Mz'r:‘;'::;e Pl

hydrophobic core (see below). -0.5¢ |C B
AGC, is considered to be the hallmark of the hydrophobic

effect instead oAS. From the helix transfer from POPCto . .

thinner diC (14:1) PCAC;monomenWas positive 40.8 kJ *T *T

K-t mol™), indicating a decrease in hydrophobic interaction. =~ "77mmooosoooommommommoooenes

In a study of the membrane partitioning of Cox IVp peptides, N N|C [—

the transfer of Ala and Leu side chains from the aqueous h'}lla:b“:r?e N

phase to the membrane surface was reported to W€lg - cln|

values 0f—0.05 and—0.38 kJ K'* mol%, respectively24. = ==
Thus, the observedC,, value is reasonably explained by l
the exposure of terminal residues such as four Ala and two f lf

Leu residues 1.0 kJ K* mol™). The increase in the N iR i
entropic term should originate from a change in the Thinner Ry T
hydrophobic interaction near the helix termini. Hydrophobic REttme . S
interaction is mainly entropic but also has a minor enthalpic Leu—> [C} CIN

effect. The_tranSfer of Leu and Ala side Cha'ns from the FiIGUrRe 4: The exposure/burial of the helix termini model for
membrane interface to the aqueous phase yiglds= —2.8 hydrophobic mismatch. The origins of unfavorable partitioning
and —2.4 kJ mot?! and —TAS = +14 and+6 kJ mol?, energies are different in thinner and thicker membranes. In thinner
respectively 24). The exposure of two Leu and four Ala membranes, the exposure of hydrophobic residues, especially Leu
residues to the aqueous phase is estimated to induce ée3|dues, to the aqueous environment causes a decrease in hydro-

. ; phobic interaction (i.e., an increase XCpy and a decrease in
decrease in the enthalpic term byl5 kJ mof* and an  gnyropy), whereas in thicker membranes, the burial of the helix

increase in the entropic term by52 kJ mot™. The latter  termini into a more hydrophobic environment results in an increase
value is comparable to the observed value for the transferin the enthalpic Born energy. The balance of these contributions
from diC (20:1) PC to a thinner diC (14:1) PC membrane determines the matching membrane thickness. In contrast, stronger

1 : . : : attractions between helix macrodipoles in thicker membranes
(+30 kJ ”.‘Of .)' Note that this gstlmatlon does not_ include originate from the smaller dielectric environments of the helix
the contribution of the peptide backbone, which may terminus.

significantly affect the partitioning energetic®9. The
changes in the lipietlipid interactions between the two types analysis of self-association and membrane partitioning of the
of membranes also contribute to the observed thermodynamicnert transmembrane helix under conditions of hydrophobic
parameters. The observed laty€,y andAS values indiC  mismatch demonstrated that (1) bilayer deformation was not
(22:1) PC may be understood on the basis of the loss of hecessarily the major adaptation to the mismatch, and
hydrogen bonds upon the burial of the NBD group, in jmportantly (2) that there is another response to the mismatch
addition to the mcreqsed hydrophob!c mteractloﬂ other than satisfying maximal hydrophobic interaction: a
Monomerversus Dimer.The most important difference change in electrostatic energy at the wat@embrane
between the helix monomer and the antiparallel dimer nerface (Figure 4). Partial charges at the helix termini
affecting membrane partitioning is considered to be the yiginating from the helix macrodipole play a critical role
effective charges at the helix termini. In the dimer, partial i, ‘slectrostatic energy. The electrostatic effects become
charges originating from the helix macrodipole are partly ,rominent in thicker membranes (under negative mismatch
neutralized by antiparallel association, resulting in a signifi- conditions) because the polarity around the helix termini
cant decrease in unfavorable Born energies upon transfer tQyecreases as the hydrophobic thickness of the surrounding
thicker membranes (e.g., fro66 to+41 kJ mof*fordiC jverq increases. The stronger helix dipettipole attrac-
(22.1) PC). Together with a magked m_creasg In the entropic i, grives antiparallel dimer formation, whereas the unfa-
term (from —59 to —37 kJ mot™ for d'cf‘ (22:1) PC) that vorable Born energy significantly decreases helix partition-
mostly compensates for the decrease in the enthalpic termmg_ However, in thinner membranes, the hydration of
the free energy of the dimer transfer was more favorable by terminal hydr(;phobic residues appear,s to modulate helix

~ 1 . AL
3 ki mol™® than that of the monomer. However, upon association and membrane patrtitioning, although the effects

trf':msfer to thinner membranes, a heibelix contact in the might be weaker than those of the electrostatic energy for
dimer reduced the unfavorable aqueous exposure of the

hydrophobic parts of the helix, resulting in a decrease in the the helix used in this study. These alterations in electrostatic

entropic term (from+20 to +16 kJ mot* for diC (14:1) energies as W_eII asin hydrop.h0b|c energies under conditions
g of hydrophobic mismatch will become a basis for under-
PC) and theAC, term (from+0.8 to+0.5 kJ K+ mol™?). ; . o .
. standing the sorting of membrane proteins in the exocytotic
Importance of Electrostatic Energy at the Water athway and the structural and functional modulation of
Membrane InterfaceAccording to the conventional view b y

of hydrophobic mismatch, the primary principle to reduce protein activities by membrane thickness.
the free energy of the system is assumed to satisfy maximal
hydrophobic interaction, mainly by the deformation of REFERENCES
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