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Fundamental Studies on Membrane Protein Folding Using Model Transmembrane Helices
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To understand the folding process of a-helical membrane proteins in a lipid bilayer environment, the mechanisms
of membrane partitioning and self-association of the helix should be elucidated. Considering the inhomogeneity of bio-
logical membranes composed of various lipids, not only the amino acid sequence of the transmembrane helices but also
the composition of the lipid bilayers are determinants for folding and intramembrane distribution of membrane proteins
thorough the balance between helix-helix, helix-lipid, and lipid-lipid interactions. Thermodynamic study using model
transmembrane helices is fascinating to measure these complex interactions experimentally. The effects of lipid composi-
tion on membrane partitioning and self-association of an inert model transmembrane helix, (AALALAA);, were exa-
mined. Partitioning of the helix into phosphoethanolamine-containing bilayers, gel-phase bilayers, or liquid ordered-
phase bilayers significantly decreased, presumably by decreasing the fluidity in the hydrophobic region of the bilayer. It
was found that the difference in the length of the hydrophobic regions between helix and lipid bilayers is energetically un-
favorable, and partitioning into thicker and thinner membranes were weakened by increasing enthalpic and entropic
terms, respectively. In contrast, stronger helix associations driven by the decrease in enthalpy were observed with in-
creasing membrane thickness. These results demonstrate that the surrounding lipids are also important factors determin-
ing the behavior of transmembrane helices.

Key words——model transmembrane helix; membrane protein folding; hydrophobic mismatch; helix—helix interaction;
helix macrodipole
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Fig. 1. Two-stage Model for the Folding of an a-Helical Membrane Protein
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Fig. 2. Separation of Helix—Helix Interaction from Helix—Lipid and Lipid-Lipid Interactions

The formation of a new helix-helix contact in lipid bilayers is associated with changes in helix-helix, helix-lipid, and lipid-lipid interactions. In a lattice like
model, n lipids were removed from proximity of the helix to bulk lipids to form n/2 lipid-lipid interactions, AG,=AGy g —nAGy_L+n/24G . (1). Considering
the difference between membrane X and Y, A4G,=AAGy-y—nAAGy L +n/24AG . (2). On the other hand, transfer free energies AG, from membrane X to Y
can be described by the difference in helix-lipid and lipid-lipid interactions between membranes, 4G, =kA4A4Gy_ —k/24AG | (3). Thus, the A4 Gy-y term can be
extracted from the measured 4G, and AG, values, AAGy y=AAG,+k/nAG, (4). Because of the radii of the helix (5 A ) and the lipid (4.7 A ) at the bilayer plane
are similar, hexagonal packing between the helices and the lipids can be assumed.
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Fig. 3. Design of Model Transmembrane Helices
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Fig. 4. Intervesicular Transfer of the Helix

(A) The helix transfer kinetics was monitored by fluorescence recovery of the quenched peptide in donor vesicles containing a quencher upon its transfer to ac-
ceptor vesicles without the quencher. (B) FRET from NBD to Rhodamine for measuring the kinetics of II transfer between 16 : 0/18 : 1 PC vesicles. Donor POPC
vesicles (200 um) containing 0.5 mol% II and 1 mol% Rhodamine-PE were mixed with an excess of acceptor vesicles (1 mm) in 10 mm Tris/150 mm NaCl buffer
(pH 7.4) at 25 °C. Emission spectra before (solid line) and after (broken line) 24 h incubation are shown. The arrow indicates recovery of NBD fluorescence due to
transfer of II to acceptor vesicles. (C) Vesicle concentration-dependence of transfer rate. Donor 16 : 0/18 : 1 PC vesicles were incubated with acceptor vesicles in a
donor-to-acceptor ratio of 1/5 at total lipid concentrations of 1.2 mm (closed squares) and 12 mm (open squares) . NBD-PE transfer in the presence of unlabeled

peptide in the donor vesicles was also examined (closed circles) .
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Fig. 5. Lipid Compositional Effects on the Partitioning of the Helix
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(A) The effect of incorporation of phosphoethanolamine on the transfer free energy (4G,) of the helix, calculated from the equilibrium values of the transfer.
(B) The van’t Hoff analysis of the helix transfer to PE/PC=2/5 membranes. (C) The helix partitioning between liquid-disordered and liquid-ordered phases. Con-
focal fluorescence images of giant unilamellar vesicles composed of diC18 : 1 PC/diC 16 : 0 PC/cholesterol=2/2/1 are shown. To visualize liquid-disordered and
liquid-ordered domains, 0.1 mol% of Rhodamine-PE and monosialoganglioside GM1 were incorporated, respectively. GM1 was detected by Alexa Fluor 647 dye-

labeled cholera toxin B subunit.
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Fig. 6. Thermodynamics of Hydrophobic Mismatch

Thermodynamic parameters for the helix association (A) and the helix transfer (B) at 35°C in doubly monounsaturated phosphocholines (diC (X : 1) PCs).
Hydrophobic thicknesses of diC (X : 1) PCs were estimated assuming linear relationship of the thickness to acyl chain carbons as following: diC (14 : 1) PC : 20
A,diC (16:1) PC:23.5A,diC (18:1) PC:27A, diC (20:1) PC:30.5A,diC (22:1) PC:34A.
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Fig. 7. Alterations in Electrostatic and Hydrophobic Interactions of the Transmembrane Helix in Response to Hydrophobic Mis-
match

Stronger attraction between helix macrodipoles originated from smaller dielectric environments of the helix terminus in thicker membranes explains the strong-
er antiparallel dimer formation. The origins of unfavorable partitioning energies are different in thinner and thicker membranes. In thinner membranes, the ex-
posure of hydrophobic residues, leucines, to aqueous environment seems to cause decrease in entropy while in thicker membranes, the burying of the helix termini
into more hydrophobic environment results in an increase in the enthalpic Born energy. The balance of these contributions should determine the matching mem-

brane thickness.
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MISEE O FR BRI BAE AR E < BT 2 2 &0
ffexns, Dk, BRIZKD5E, RAE%¥HOE(L
% Fig. TITE &0z,

6. &EHYIC

AL TIE, FHHICTTA >, G 7z inert 72
EFTINRTF REBEZpFIREOHEERZ AN
v 7 A, ANUw o ZA—REMHEEER QBT 7O
BIRNSHFANRZ, BE D TR TOREEAY v
I ADEREREND L, NS Otz EDEY
S FMICEH T RE IR S B R I M N TR <, K
WIEEHMR O FE R BRI TE S E NS HTH
NBETINERRTHDEFAS. FHHANEZDIZ
BeE OMEAER 272720 inert 72 EF )L T F R
THHEH, N ITAITOBMFREDTRT
DIEEBENY v 7 ANFF ORI EE 2 Kk L 72
LEZOND, BT A2 ThHh> THREDOH
FIZE > TAY v 7 ZADESEIRRBIIRE S
L, IBEOZHMEEZZEB LMD ARAIRTHD T
EEHEIRLTWS, £2, SEHAWEXRTFR
VRS 2 SRS &8 AR REIR R A MECAIE U TR
HAThadI Lz, %7 X MHZEEAL
RTF REHAWT, Y >N E BRI 67
WEIE TR BR D BREN 17 D T34 )VF — 1B A 72 0,

BEE  AWMROZRTICHZD, KIARELRDH
54, HMREEDD £ LR E#KRFZRERE LI
Bl - IR EBIRICEN s @B ERLET. T
IWRTF RERICE U TR RGBT R
e 2, KA TR - AR
%, KiaEFEEL, FPELELICEG ) Z2HEE,
£/ A>T X)L ESR #IEICB U THRAER K
e IPAEEE, ZHMZBhERR I 2 THE £
L7z, ZZITBESHNZLET. TRKRIBERR
HipE S Hp N ETEE L/ REEE L, NEE
WELZIZU® ET 25 RERER IR A TR

i BB AT A B, R, BUER AR
Be L an B AR 2 X T AR 0 B DB ARITO K
DIEH N2 L XY,
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