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ABSTRACT. Investigation of interactions between hydrophobic model peptides and lipid bilayers is perhaps
the only way to elucidate the principles of the folding and stability of membrane proteins (White, S. H.,
and Wimley, W. C. (1998)Biochim. Biophys. Acta 1367339-352). We designed the completely
hydrophobic “inert” peptide modeling a transmembrane (TM) helix without any of the specific side-chain
interactions expected, X-(LALAAAAFNH, [X = Ac (I), 7-nitro-2-1,3-benzoxadiazol-4-yl(), or 5(6)-
carboxytetramethylrhodamindll()]. Fourier transform infrared-polarized attenuated total reflection
measurements revealed tHats well asll assume a TM helix in hydrated 1-palmitoyl-2-ole@yt
glycero-3-phosphocholine bilayers. Dithionite quenching experiments detected no topological change (flip-
flop) in the helixIl for at least 24 h. Thus, the TM helix itself is a highly stable structure, even in the
absence of flanking hydrophilic or aromatic amino acids which are suggested to play important roles in
stable TM positioning. Helix self-association in lipid bilayers was detected by fluorescence resonance
energy transfer betwedh andlll . The peptide was in a monomeantiparallel dimer equilibrium with

an association free energy of—13 kJ/mol. Electron spin resonance spectra of 1-palmitoyl-2-stearoyl-
(14-doxyl)sn-glycero-3-phosphocholine demonstrated the presence of a motionally restricted component
at lower temperatures.

Elucidation of the physical principles of the folding and 3). Aqueous and membrane environments significantly differ
the stability of proteins is not only one of the central issues in physicochemical propertied)( For example, the lipidic
in biophysics but also important for the prediction of protein milieu with a low dielectric constant greatly strengthens the
structures from sequence data in the post-genomic era. Aslectrostatic interactions, whereas it nullifies hydrophobic
compared with water-soluble proteins, the folding funda- interactions, which are, in contrast, quite important in water.

mentals of membrane proteins (MPsgmain mostly un- Investigation of the interactions between hydrophobic
known, although the thermodynamic steps to their folded 6qe| peptides and lipid bilayers is an attractive approach
(or equilibrium) states have been clearly conceptualized (g this MP folding problem because it can overcome many
difficulties accompanied with treating MPs, such as the
* Supported in part by the Mitsubishi Foundation, the Kato Memorial r€sistance of MPs against complete denaturation and their
Bioscience Foundation, and Grant-in-Aid for Scientific Reserch for intractability due to insolubility4). One can directly obtain
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1 Abbreviations: ESR, electron spin resonance; FRET, fluorescence ; ; i ili il
resonance energy transfer; Fmoc, 9-fluorenylmethoxycarbonyl; FTIR (typically lysine) to increase solubility and stabilize TM

PATR, Fourier transform infrared-polarized attenuated total reflection; POSitioning 6—8). However, to detect relatively weak hefix
LUVs, large unilamellar vesicles; MLVs, multilamellar vesicles; MP, helix interactions in lipid bilayers, these peptides may not
membrane protein; NBD, 7-nitro-2-1,3-benzoxadiazol-4-yl; NHEE, be appropriate because electrostatic repulsion between

1,2-dipalmitoylsn-glycero-3-phosphoethanolamite¢7-nitro-2-1,3- . o
benzoI?(adiang-4-ygi‘)?l POPC,pl-paﬂmitoy|-2-o|ecgng$ycero-3-phos- charged residues tends to hamper the association of these

phocholine; RP-HPLC, reversed-phase high-performance liquid chro- Peptides. Therefore, we propose that an “inert” completely
matography; 14-SLPC, 1-palmitoyl-2-stearoyl-(14-doxsglycero- hydrophobic peptide even without aromatic amino acids, the

3-phosphocholine; TFE, 2,2,2-trifluoroethanol; TM, transmembrane; ; ; ; inh i ; il
TMR, 5(6)-carboxytetramethyirhodamine: TMRE, N-(6-tetramethyl- interfacial location of which is considered to stabilize TM

rhodaminethiocarbamoyl)-1,2-dihexadecansiyglycero-3-phospho- posjtioning @9, 10}: is es.semia| as a _starting point in a
ethanolamine triethylammonium salt. series of systematic studies to experimentally determine
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thermodynamic parameters related to helelix and helix-
lipid interactions. Such a peptide would faithfully report the

Yano et al.

Fourier Transform Infrared-Polarized Attenuated Total
Reflection (FTIR-PATR) Spectroscopyriented films of

intrinsic properties of TM helices, and when used as a host POPC/peptide were prepared by uniformly spreading a
peptide, it would reveal the roles of various amino acids in chloroform/TFE solution (0.5 mL) of 10 mM POPC/0.1 mM

the stability of TM orientation and helixhelix interactions.
Indeed, polyalaninesl(—13) and polyalanines attached to
a soluble carrier proteirl@) have been used in computational
and experimental studies, respectively.

For the first time, we report the behavior of a completely
inert hydrophobic peptide modeling a TM helix in lipid
bilayers. The 21-residue peptide, X-(LALAAAANH, [X
= Ac (l), 7-nitro-2-1,3-benzoxadiazol-4-yl (NBDJI(), or
5(6)-carboxytetramethylrhodamine (TMRJ)I()], is exclu-

peptide on a germanium ATR plate (80 10 x 4 mm)
followed by gradual evaporation of the solvent. The last
traces of the solvent were removed under vacuum overnight.
The films were hydrated with a fD-soaked piece of filter
paper put over the plate for 3 h. Hydration was estimated to
be 30 w/w % by the intensity ratio of the OD stretching
band of DO to the antisymmetric CHstretching band of
POPC (8). The film thickness of about @m, estimated
from the applied amount of the lipid was much larger than

sively composed of helix-promoting leucine and alanine, and the depth of penetration of the evanescent wave—0.2
the terminal charges were blocked by acetylation and um) in the range 3000800 cni!. To minimize spectral

amidation. If the entire sequence formsaahelix, the length

contributions of atmospheric water vapor, the instrument was

(ca. 3 nm) almost matches the hydrophobic thickness of purged with dry N gas. FTIR-PATR measurements were

1-palmitoyl-2-oleoylsn-glycero-3-phosphocholine (POPC),

carried out on a BioRad FTS-3000MX spectrometer equipped

a representative phospholipid in mammalian cell membranes.with a Hg—Cd—Te detector and a PIKE horizontal ATR
No specific side-chain interactions, such as ion pair, hydrogenattachment and an AgBr polarizer. The total reflection

bond, or leucine zipper based on heptad repeksy @are

number was 10 on the film side. The spectra were measured

expected. The fluorescent probe NBD was introduced at theat a resolution of 2 cnt and an angle of incidence of 45

N-terminus to estimate helix topology and the location of

and derived from 256 co-added interferograms with the

the N-terminus using a quenching reaction with membrane- Happ—Genzel apodization function. The subtraction of the

impermeable dithionite ions16) and polarity-sensitive

gently sloping water vapor was carried out to improve the

position of maximum, respectively. Peptide aggregation was background prior to frequency measurement. The dichroic

estimated on the basis of self-quenchindglofind fluores-
cence resonance energy transfer (FRET) fibro 11l . We

found that even this simplest of helices can form a topologi-

cally stable TM helix and self-aggregates in the lipid matrix.

MATERIALS AND METHODS
Materials. A peptide chain was constructed by 9-fluore-

ratio, R, defined by AA/AA-, was calculated from the
polarized spectra. The absorband&\[ was obtained either
as the peak height for the Gldymmetric stretching vibration
band or as the area for the amide bands. The subsgripts
and[J refer to polarized light with its electric vector parallel
and perpendicular to the plane of incidence, respectively.
For ATR correction, refractive indexes of 4.003 and 1.440

nylmethyloxycaronyl (Fmoc) solid-phase synthesis on a Rink were used for germanium and the sample film, respectively.

amide resin. TMR, NBD, and acetyl moieties were intro-
duced at the N-terminus with 5(6)-carboxytetramethyl-
rhodamineN-hydroxysuccinimide ester, NBD-CI, and acetic

Vesicle PreparationLarge unilamellar vesicles (LUVS)
were prepared by an extrusion method, as described else-
where (6). Briefly, a lipid/peptide mixed film, after drying

anhydride in the presence of diisopropylethylamine, respec-under vacuum overnight, was hydrated with Tris-HCI buffer

tively. The peptide resin was treated with trifluoroacetic acid-

ethanedithiol (95:5) followed by purification by reversed-

phase high-performance liquid chromatography (RP-HPLC).

The purities of the peptides-©0%) were confirmed by RP-

(10 mM Tris/150 mM NaCl/1 mM EDTA (pH 7.4)) and
vortex-mixed to produce multilamellar vesicles (MLVS). The
suspension was subjected to 10 freetteaw cycles and then
extruded through polycarbonate filters (Quir pore size

HPLC, amino acid analysis, and ion-spray mass spectros-filters, 31 times).

copy. POPC was obtained from Sigma (St. Louis, MO).

Detection of Peptide TopologyExternal addition of

Spectrograde chloroform and methanol were products of dithionite to LUVs chemically quenches the NBD groups in
Nacalai Tesque (Kyoto, Japan). NMR grade 2,2,2-trifluoro- the outer leaflets of the bilayers. Inner leaflet-labeled vesicles

ethanol (TFE) was purchased from Aldrich (Milwaukee, WI).
1,2-Dipalmitoylsnglycero-3-phosphoethanolamih&¢7-ni-
tro-2-1,3-benzoxadiazol-4-yl) (NBBPE) and 1-palmitoyl-
2-stearoyl-(14-doxylsnglycero-3-phosphocholine (14-S-
LPC) were supplied by Avanti Polar Lipids (Alabaster, AL).

N-(6-Tetramethylrhodaminethiocarbamoyl)-1,2-dihexade-

canoylsnglycero-3-phosphoethanolamine triethylammonium
salt (TMR—PE) was obtained from Molecular Probes

were prepared by reacting 2.4 mM POPC LUVs containing
0.5 mol % NBD-labeled peptide with 50 mM sodium
dithionite/50 mM Tris for 3 min at room temperature. The
vesicles were immediately separated from dithionite by gel
filtration (Bio-Gel A-1.5m, 1.5x 18 cm column). The inside
labeled LUVs were incubated for various times at Z5
After 20 uL of 1 M sodium dithionite/1 M Tris had been
added to 2 mL of the sample, NBD fluorescence was

(Eugene, OR). The lipids and the peptides were dissolved monitored at excitation and emission wavelengths of 450

in chloroform and methanol or TFE, respectively. The lipid

and 533 nm, respectively, on a Shimadzu RF-5000 spec-

concentration was determined in triplicate by phosphorus trofluorometer at 25C.

analysis 17). The concentrations of the fluorophore-labeled

Detection of FRET EfficiencykRET efficiency Er) or

peptides were determined on the basis of extinction coef- relative quantum yield@, = 1 — Er) was determined by

ficients in methanol €9 = 20 000 M for Il andesqq =
103 000 Mt for Il ), which were obtained by absorbance

combined with quantitative amino acid analysis in duplicate.

the degree of NBD (donor) fluorescence quenching. Briefly,
LUVs containing a donor and an acceptor were prepared as
described previously, and the donor fluorescence was
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compared with that of LUVs without the acceptor. Back- Of all the donor molecules, the fraction of donors aggregated
ground fluorescence intensity (caused mainly by lipid vesicle with acceptors is denoted iy Relative quantum yields due
scattering) was subtracted when it was larger than 1%.to spontaneous transfer and aggregation are expressgd by
Corrected emission spectra in the range-4880 nm were and g, respectivelyg, was assumed to be 0 (see Results).
obtained with quinine sulfate as a referent® (Fluorophore gs was estimated by (see Appendix)
concentration was precisely determined on the basis of
absorbance after dissolving the vesicles with 10 times the 0. = (i + 1 1)1 (7)
volume of methanol. ® \ldis  Ohrans

Er was calculated by

Ocis and Qyans represent the relative quantum yields due to
E;=1—Q =1— (Fo/Fo) (A, MCHAT™O (1) spontaneous transfers in the cis and trans leaflets, respec-
tively, which were evaluated by the analysis of Wolber and
Ficor andFo denote the donor fluorescence intensities in LUVs Hudson 22). The required parameters in this analysis were
with or without the acceptor, respectivelA™eoH and Ry, donor-acceptor closest approach, and two-dimensional
Ao™™eOH express donor absorbances at the absorption maxi-acceptor concentration (per unit area). The surface area per
mum in methanol (455 nmic,r was corrected for the inner  lipid was assumed to be 60?AThe donofr-acceptor closest
filter effect approaches of the peptides on the cis and trans sides were
evaluated to be 12.5 and 42.5 A, respectively, on the basis
Ficor = Fi X 1.0P-PAem (2 of fluorophore molecular diameters and helix orientation. In
the case of the fluorescent lipid (TMRPE), the closest
Fi represents the measured fluorescence intensity. The Pa%pproaches (cis, 12.5 A; trans, 39.0 A) were calculated using

length of the cuvette in centimeters is denotedtbyem  the distance of the fluorophore from the bilayer center
expresses the acceptor absorbance at the emission wavejetermined by the parallax method (19.5 A3\ The
length. fraction of aggregated peptidefs) (can be calculated by eq

FRET Theory. Eis related to the inverse sixth power of = g assuming a monomen-mer equilibrium and the binomial
the distanceR) between the donor and the acceptor in an gistribution of donor and acceptor in themer @4), because
isolated donor-acceptor system2() the oligomer without any acceptors does not contribute to

FRET
R=RyE; ' — 1" (3)
f=f(1—-P, "
Ry (A) is called the Fester distance b= T a ) (8)
Py denotes the fraction of donor in the dor@cceptor
mixture. The association constai€,] and corresponding
standard Gibbs free-energy changes() are given by

R, = (9.8 x 10%)(J?Q,n %Y* (4)

Qp, n, and«? are the quantum yield of the donor in the

absence of acceptor, the refraction index of the medium, and AG. = —RTInK Q)
the dipole-dipole orientation factor, respectively. If the " "
donor and the acceptor are randomly oriented with each M,]
other, as frequently assumead,= %s. J, the spectral overlap = (20)
integral, is given by M]"
o0 4 R and T represent the gas constant and the absolute
J:‘/; AEMA” di (5) temperature, respectively. fland [M] denote the mole
/:)E(/l) di fractions ofn-mer and monomer in the bilayers, respectively.

The experiments were performed at sufficiently low peptide

A(J) is the absorbance spectrum of the acceptor(bn ) concentrations, expecting an ideal dilution regime

as a function of wavelength,, and E(1) is the corrected

fluorescence emission spectrum of the donor. These spectra M] =(1—f) Gl (11)
were measured in LUVs containing 0.5 mol % fluorescent 2n, +n,

probes.A(1) was determined after subtraction of the corre-

sponding background transmittance spectrum. Under our M,] = 2fanp (12)

experimental conditions, the estimated apparent absorbance
loss originating from vesicle light scattering was less than
3%, which had little influence on the evaluationRy. The The moles of peptide and lipid are denoted fpyand n;,
donor quantum yield@p) in the vesicles was determined respectively. The factor of 2 is introduced to take the TM
with NBD—PE in ethanol as a referenc2lj. nature of the peptide into consideration.

Calculation of Association Free Energy from FRET Data.  Electron Spin Resonance (ESROPC MLVs (4 mM)
In lipid bilayers, spontaneous FRET between a donor and containing 1.5 mol % 14-SLPC with or without 2 mol Bo
randomly distributed acceptors, as well as FRET due to were prepared and subjected to 10 freettew cycles. The
donor-acceptor association, contribute to the obser@ed  sample was packed in a 10L Drummond hematocrit
value capillary tube. ESR spectra were recorded on an X-band ESR

spectrometer JESRE—1X (JEOL; Tokyo, Japan) equipped
Q=1 -fas+fa, (6) with nitrogen gas flow variable-temperature regulation.

B n(2n, +n)
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Ficure 1: FTIR—PATR amide region spectra of 0 hydrated Ficure 2: Topology determination by NBD-dithionite reaction.

I/POPC (1/100) film for the IR beam with its electric vector parallel Sodium dithionite was added to POPC LUVs (20M) containing

(—) and perpendicular (- - -) to the plane of incidence, at ambient 0.5 mol %ll at the time indicated by the arrow (final concentration

temperature {25 °C). 10 mM). Fluorescence at 533 nm was monitored at an excitation
wavelength of 450 nm at 2%C.

Table 1: FTIR-PATR Parameters dfin POPC Bilayers

=3 540 T T T T T T
band frequency (crt) Re 0 (degy  a (deg)y E
amidel 16596+ 0.2  4.8+005 35 16t1 5 in LUVs
amidell 1546.9+ 0.2 0.9+ 0.03 88 10+ 4 2 5301
aErrors indicate standard deviations of two independent measure- E
ments.P Dichroic ratio.¢ Angles between the transition moment and S
the helix axis 28). ¢ Mean orientation angle of the helix around the E 520 o W
membrane normal calculated from tRevalue @9). E ,f B
o \
. . . m 510! ; | .
Instrumental conditions were as follows: microwave fre- zZ7 0 20 40 60 80

quency, 9.24 GHz at 5C and 9.40 GHz at 2%C; microwave Dielectric constant
power, 5.0 mW; field modulation frequency, 100 kHz; Ficure 3: Dependence of wavelength of maximal intensity on

modulation amplitude width, 0.1 mT; magnetic field scan, medium polarity. NBD fluorescence spectra lof(1 uM) were
10 mT; scanning time, 4 min; receiver gain, 250; response measured in various dioxane/water mixtures with different dielectric

. . . constants at 25C. The open circles denote the position of
time, 0.3 s. The spectrometer was calibrated with an paximum in POPC LUVs. P P

Advantest Microwave Counter R5372 (Tokyo, Japan). The

central magnetic field was adjusted to coincide with the field 0.06) did not change upon hydration (data not shown),
of the second spectral signal due to the nitroxide radical usingsuggesting that the helix, which was embedded in the
Mn (Il) doped in MnO AHs-4 = 8.69 mT) as a standard. hydrocarbon core of the membrane, suffered from no H/D
ESR spectral data were collected and analyzed with an ESRexchange 27). Several bands assignable to lipid functional
Data Analyzer WIN-RAD (Radical Research; Tokyo, groups (CH symmetric stretching, €0 stretching, P@
Japan). The ESR spectrometer’s analogue signal was conantisymmetric stretching, NCH; antisymmetric stretching)
verted to the digital mode by the ESR Data Analyzer and did not show any noticeable changes in the presence of the

then input to a memory device. peptide (data not shown). Similar results were also obtained
for Il (data not shown). These results did not depend on the
RESULTS peptide concentrations studied«2 mol %).

FTIR-PATR. FTIR—PATR spectroscopy is useful for Helix Topology.The topology of the helix was examined
simultaneously determining the conformations and orienta- On the basis of the quenching of the NBD group with
tions of both peptides and lipids without perturbation. Figure membrane-impermeable dithionite ioi#). Figure 2 shows
1 shows PATR spectra of D-hydrated!/POPC (1/100)  that the addition of the ions to POPC LUVs containing 0.5
films in the region 1506-1700 cnt’. The wavenumbers of mol %1l reduced the fluorescence intensity by 50% within
maximal intensity of the amide | and Il bands are listed in Seconds, indicating that half of the peptide molecules
Table 1, indicating that the peptide assumed a helical @ssumed an N-terminal-outside topology. The gradual sub-
structure 25, 26). Both peaks were narrow with half-widths ~Sequent decrease in fluorescence suggests that the dithionite
of ~15 cnT?, suggesting that the entire peptide assumed anion was slowly permeable across the peptide-containing
almost pure helix without major contributions from any other membrane.
secondary structures. The dichroic ratio can be used to The wavelength of maximal intensity of NBD fluorescence
determine the orientation of the transition dipoles and, iS highly dependent on the polarity of its environment. NBD
therefore, the molecular axig?). Using the known angles, fluorescence spectra tf were measured in various dioxane/
0, between the helix axis and the transition mome@®),( ~ Wwater mixtures. Figure 3 plots the position of maximum as
the helix orientation angleg, was calculated29) and is a function of the dielectric constant of the mediéinihe

summarized in Table 1 position of maximum ofll in POPC bilayers was 533 nm
before and after dithionite addition, suggesting that (1) the
coda =1 4 R—200, , (13) fluorophore was located at a rather polar environment of the

. 2The peptiddl was practically insoluble and formed aggregates in
The angles less than 2@learly demonstrate that the helix  yater. However, the fluorescence spectrum could be measured, and its
spanned the bilayer. The amide I/amide Il area ratio £3.0  position of maximal was most blueshifted.
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Ficure 4: Flip-flop of Il in POPC LUVSs. Inner-labeled LUVs
were prepared by treating POPC LUVs containing 0.5 mall %
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FIGURE 6: Detection of peptide aggregation using FRET at@5
Q: values ofl —-TMR—PE pair @) and Il —lll pair (@) were
measured at a peptide/lipid mole ratio of 0.007. Theoretical

(—) at 25°C. spontaneous transfer curves of the TMR—PE pair (-) andll —
Ill pair (- - -) were calculated according to Wolber and Hudson
_opn +peptide (22)'
§ ‘Al ! N rorc 2.05 and 0.99 mT for the boundary lipid components,
3 /\ ; respectively. The calculated order parameter value of the
w/\\,f / \ boundary lipid component (0.43) was obviously larger than
' Sy ‘/3\”“’”,30,;0 that of pure lipid (0.25). At 28C, the two components were
o /’ \\V/' j more averaged (inset), probably because the exchange rate
’/\\ \/\,/ , of spin-labeled lipids between the two components was
— Y y peplide comparable to the ESR timescate1(0° s) (33).
1mT : oA 1 Helix Association in Lipid BilayersFRET was used to

' ‘ determine the helixhelix interaction thermodynamics in the
Ficure 5: ESR spectra of 14-SLP(E in the’presencg (lower) or the lipid bilayers. NBD and TMR were selected as an energy
absence (upper) of 2 mol % at 5°C. 24’ and 2 show the  44q4c acceptor pair and attached to the N-terminus of the
outer and inner hyperfine splittings, respectively. (Inset: expanded . . .
spectra (high field region) at 2%C.) peptide because thg, value for this pair ¢50 A) was
greater than the interchromophore distance, even in the
membrane (effective dielectric constan®0), in keeping antiparallel association. We made the commonly used simple
with the TM orientation and (2) there were only two assumption that one TMR per aggregate completely quenches
populations of TM helices with different topologies. We also the fluorescence of all NBD molecules in the same oligomer
compared the position of maximum with that of NBPE (34). Spontaneous FRET originating from the random
in POPC LUVs, because no simple correlation of the position distribution of the acceptors in two dimensions was experi-
of maximum may not be expected with the solvent dielectric mentally estimated using a TMR-labeled lipid as an acceptor.
constant considering the rather complex photochemistry of With «? = /3, the R, values were calculated to be 50.6 and
NBD (31). The NBD group of NBD-PE is known to locate ~ 54.1 A for thell —=TMR—PE and thdl —IIl pairs, respec-
approximately at the level of the phosphate grad®.(The tively. Figure 6 shows the observ€l values as a function
position of maximum of NBB-PE (522 nm) was more  of acceptor mole fraction at a constant peptide/lipid ratio of
blueshifted as compared with, suggesting that the NBD  0.007. For thdl —-TMR—PE pair, the observed values were
group of the peptide existed in a more polar environment. well explained by the WolberHudson equation, guarantee-
The topological stability oll was also estimated using ing that parameters such Bs, closest approach, and lipid
the dithionite method. The fraction of the flopped NBD- surface area were reasonably selected. Fotlthdll pair,
labeled peptide was quantitated by adding sodium dithionite the observed); values were significantly lower than the
after incubation of the inside-labeled vesicles for 15 min and theoretical spontaneous transfer curve, suggesting peptide
25 h (Figure 4) 16). No exposure of the NBD group was aggregation. To evaluate the association thermodynamics,
observed, even after a 25 h incubation, suggesting that theFRET measurements were carried out at various peptide/
flip-flop of the helix did not occur on a timescale of a day. lipid ratios. Figure 7A plots the association free energy
ESR. ESR spectra of the spin-labeled lipids provide against the peptide concentration assuming monemer
information on the peptidelipid interactions. The ESR  oligomer equilibria. The monomeidimer equilibrium gave
spectra measured arg& are shown in Figure 5. Pure POPC almost constant association free-energy values (£2098)
with 14-SLPC in the fluid lamellar phase was characterized kJ/mol over the measured peptide concentration range, which
by a spectrum with three sharp peaks. In the presence of thewas limited to <0.7 mol % expecting an ideal dilution
peptide Il (2 mol %), a second, motionally restricted regime. Figure 7B plots the fraction of dimer as a function
component (so-called boundary lipid component) was ob- of the peptide concentration. The observed values were well
served in the outer wings of the central three-line componentsexplained by the theoretical prediction.
(arrows), suggesting that the peptide affected the mobility Helix Orientation in Dimer.To obtain information on the
of the surrounding lipid chains. This second component was structure of the dimer, self-quenching df in the lipid
more readily detected in the high field region. Lipid order bilayers was examined. The fluorescence of NBD-labeled
parameterS, was calculated according to Subczynski et al. lipids in membranes is known to be self-quenched at higher
(5) from maximum splitting of ESR spectra. Measukd concentrations3b). If the N-terminus fluorophores in the
and A7’ values were 1.55 and 1.01 mT for pure lipid and dimer are close to each other, as expected in a parallel dimer,
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Ficure 7: Thermodynamics of peptide self-association at@5

(A) Association Gibbs free energies were calculated from the
observedQ, values at a doneracceptor mole ratio of 1/0.4
assuming monomerdimer @), monomet-trimer (@), and mono-
mer—tetramer #) equilibrium, respectively. (B) Fraction dimer was
plotted as a function of peptide mole fractio®)( The curve is a
theoretical one witAG, = —12.9 kJ/mol.
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Ficure 8: Absence of self-quenching bf. Fluorescence intensity
defined as emission peak area in the range-48D nm is plotted
as a function of peptide mol % in POPC LUVs at 25.
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On the basis of X-ray structures of MPs, flanking
hydrophilic or aromatic amino acids are considered to play
important roles in stable TM positioning,(8—10). Indeed,
model TM peptides with their “stabilizing” residues at both
ends of the hydrophilic stretches were confirmed to orient
almost parallel to the bilayer normal by FTHRATR (6),
oriented CD 10), and fluorescence quenching.(Our results
clearly show that the inert hydrophobic sequence with a
helical length matching the hydrophobic thickness of the lipid
bilayer is enough for the formation of an orientationally
stable TM helix. Indeed, not all TM helices in MPs have
these stabilizing residues.

Topological Stability. Surprisingly, the flip-flop study
(Figure 4) indicates that the TM helix without any polar
residues is topologically very stable. These results also reject
the possibility of apparent flip-flop due to redistribution of
the helix through the aqueous phase, in keeping with the
practical insolubility of the helix. The introduction of the
NBD group never suppresses the flip-flop motion because
NBD labeling greatly accelerates the flip-flop of a phospho-
lipid (16). There have been very few studies on helix flip-
flop in lipid bilayers. NMR @4), and theoretical45) studies
evaluated the flip-flop rate of alamethicin in POPC bilayers
to be 107 to 10°®s™%, in accordance with our study. Honig’s
group calculated the energetics of insertion of the (Ala)
helix into a model bilayer of 3 nm thicknes$2). The free-
energy difference between the TM helix and the helix
completely embedded in the bilayer center with the helical
axis perpendicular to the bilayer normal (a transition state

self-quenching may be observed. Figure 8 shows that no self-0f helix flip-flop) was estimated to be -840 kcal/mol,

guenching was observed in the peptide concentration rang
of significant dimerization (Figure 7), suggesting an anti-
parallel association of the helicés.

DISCUSSION

TM Helices.The FTIR-PATR and fluorescence measure-

gepending on the degree of capping of the helix ends. This

calculation assumed the complete exposure of both helix ends
to water in the TM state. The ends of our helix backbones
appear to be largely shielded from water, as judged from no
H/D exchange. The red-shifted NBD fluorescence (Figure
3) may be explained by the lack of the polar “headgroup”
in the helix, facilitating water-chromophore interactions as

ments demonstrate that our model peptides stably form TM compared with NBB-PE. However, if N-H and C=0

helices in POPC bilayers (Figures-3 and Table 1). The

attachment of the NBD group at the N-terminus did not affect
the conformation or the orientation of the helix. The
wavenumber of maximal intensity of the amide | band (1660

groups at the helix ends hydrogen bond to lipid polar groups,
the energy cost of transfer of the former groups to the bilayer
center will be as high as that in the case of the hydrated
helical ends. Other energy barriers for the helix flip-flop

cm %) was several wavenumbers larger than those of typical include the elastic deformation of the bilayer upon helix
o helices. Similar observations were reported for representa-tilting (11) and the burial of either terminal partial charge,

tive TM helicies of bacteriorhodopsir8§, 37) and alame-
thicin (37). Slight derivations from normal,-type structures
may exist as proposed for bacteriorhodopsa8)( The
presence of a3 helix is unlikely because the amide I
frequency of this structure is around 1532 ¢ni39).

The free energy of insertion of a TM helix is determined

originating from the helix macro dipole, in the membrane
(45).

Helix—Lipid Interactions.Protein-lipid interactions have
been extensively studied using spin-labeled lipig3).(In
contrast to integral MPs, two-component ESR spectra have
rarely been observed in TM peptide systems. For example,

by the unfavorable free energy of dehydrating the peptide TM helicies flanked with tryptophar#g) and lysine residues
backbone and the favorable free energy associated with side{5) did not affect ESR spectra, even at a high peptide-to-

chain partitioning 2, 40, 41). Therefore, the amino acid
composition of the buried TM segment is important to overall
TM stability. Recently, it was reported that polyalanine-based
helices did not form stable TM heliced4Z, 43), indicating
that six hydrophobic leucine residues in our peptides
contribute to the stabilization of the TM helices.

3The NBD fluorescence of a leucine zipper-forming TM helix

exhibited self-quenching, suggesting a parallel association (Yano et al.,

unpublished work).

lipid ratio of 1/10. Even at a low peptide concentration (2
mol %), our model peptide yielded the motionally restricted
component (Figure 5), probably because our ESR measure-
ments were carried out at a lower temperature. These results
support lipid perturbation around the helix, that is, a lowering
the conformational entropy in the vicinity of a rigid inclusion
(3, 11).

Helix—Helix Interactions. Several studies have been
carried out on the thermodynamics of glycophorin A TM
helix dimerization in detergent micelles using FREZ#,(47,
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48). In contrast, there have been few experimental studiesAPPENDIX
in lipid bilayers. Model TM helices have been qualitatively
suggested to self-aggregate in lipid bilayers in concentration-
and hydrophobic mismatch- dependent manngrdd, 50).

Our FRET results could be best explained by a monemer
dimer equilibrium withAG ~ —13 kd/mol (5 RT), although Kem " Kor

some possible errors must be considered. First, the assump-

tion that one acceptor per aggregate completely quenchedem and kn- represent the rate constants of fluorescence
the donor in the same oligomer may result in underestimation €Mission and nonradiative decay (other than FRET) pro-
of association. However, this error is not significant because, CESS€S, respectively. In the presence of cis spontaneous

Under the photosteady-state conditio@s, is given by

Kem

Qo (A1)

assuming an interfluorophore distance of 42.5 A for anti-
parallel dimer, we obtain a similar value &G ~ —14 kJ/
mol. Second, the actuaf value of thell —Ill pair might be
larger thar¥/s, especially when the chromophores are directly
labeled at the N-terminus. The FRET results fréimto
TMR—PE could be well described by the Wolbddudson
equation assuming? = ?/3 (Figure 6). In a fluid membrane,
the rhodamine fluorophore attached to PE was reported to
have a rotational diffusion time on the order of its excited-

the

state lifetime $1). The fluorescent anisotropy as a measure Grrans = Ko + Ko\ kﬂanSQ_D - Kom T Kor T Kirans

of motional freedom ofll (~0.18) was even smaller than

'transfer, the quantum yield relative @ is given by using

corresponding rate constakg;d

Qe = Kem i: Kem T Kor
o kem + knr + kcis QD kem + knr + kcis

(A2)

A similar equation holds for trans spontaneous transfer

Kem 1 Kem + Kor

(A3)

that of TMR—PE (~0.2). Furthermore, FRET studies using s is deduced frontcs and Gyans

N-termini-labeled TM or amphipathic helices demonstrated

the validity of thex? = 2/3 assumption §2). Errors in the _ Kem 1
estimation ofAG are estimated to be-23 kJ/mol if various S Ko+ Kop T Keis T Kyrans@o
possible errors are taken into consideration; for example, a
«? value of 1 or an uncertainty of 3% in the determination Kem + Ko
of Q are assumed. Koy Koyt Keis t Kyans

van der Waals interactions between tightly packed non-
polar side chainsi(7, 53) and interactions between polar side — Kem + Kor T Keis | Kem+ Ko ktrans_ Kem + Knr| ™2
chains 84, 54—56) are known to drive TM helix association. Kem T+ Ko Kem+ Kor Kem T Ko,
The fact that our peptide lacking these interactions also
weakly self-aggregates suggests the presence of some “basal” —= (i + 1 _ 1)1 (Ad)
driving forces for TM helix association. These forces Ueis  Orans
plausibly include antiparallal helix dipotedipole interaction,
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