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ABSTRACT The F{F,-ATP synthase utilizes the transmembrane H™ gradient for the synthesis of ATP. F,, subunit c-ring plays a
key role in transporting H™ through F, in the membrane. We investigated the interactions of Escherichia coli subunit ¢ with
dimyristoylphosphatidylcholine (DMPC-ds,) at lipid/protein ratios of 50:1 and 20:1 by means of H-solid-state NMR. In the liquid-
crystalline state of DMPC, the 2H-NMR moment values and the order parameter (Sgp) profile were little affected by the presence of
subunit ¢, suggesting that the bilayer thickness in the liquid-crystalline state is matched to the transmembrane hydrophobic surface
of subunit ¢. On the other hand, hydrophobic mismatch of subunit ¢ with the lipid bilayer was observed in the gel state of DMPC.
Moreover, the viscoelasticity represented by a square-law function of the 2H-NMR relaxation was also little influenced by subunit ¢
in the fluid phase, in contrast with flexible nonionic detergents or rigid additives. Thus, the hydrophobic matching of the lipid bilayer
to subunit ¢ involves at least two factors, the hydrophobic length and the fluid mechanical property. These findings may be

important for the torque generation in the rotary catalytic mechanism of the F{F,-ATPse molecular motor.

INTRODUCTION

The F,F,-ATP synthase is a ubiquitous molecular motor in-
volved in H"-mediated energy conversion. It is found in a
variety of organisms from bacteria to humans. The H™ -driven
ATP synthase converts the energy of the transmembrane
electrochemical potential to ATP. It consists of a water-
soluble F; portion and a membrane-integrated F, portion.
The former has catalytic sites for ATP synthesis and hy-
drolysis, and the latter mediates H" transport across the
membrane (1,2). The F; and F, domains consist of multiple
subunits a3B5y8¢ and ab,c,, respectively. The rotary motor
contains an ion-binding rotor ring embedded in the mem-
brane bilayer. The rotor ring in F, consists of an oligomeric
assembly of subunit c. The rotor ring of the F-type H"-ATP
synthase has been well studied by biochemical approaches
(3-5), including investigations of biological activity that is
affected by various genetic modifications. Recently, the ring
structures of the F-type and V-type Na™-ATPase have been
reported (6,7). Structural studies of c-ring of H" -ATP synthase
have been performed with atomic force microscopy and cryo-
transmission electron microscopy (8,9), and the ion translo-
cation mechanism has been discussed on the basis of these
studies. The oligomeric subunit c-ring structure interacts with
subunit a, which is located outside the c-ring. Proton move-
ments through F, are reversibly coupled to ATP synthesis or
its hydrolysis. Protons are thought to be translocated through
subunits a and c.
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A conformational change of the C-terminal helix on de-
protonation of the essential residue Asp-61 was found in a
solution NMR study of monomeric subunit ¢ in organic
solvent (10). A rotational mechanism by the helix twisting
coupled with H™ -translocation was proposed on the basis of
this observation. On the other hand, Nakano et al. reported a
new structure of subunit ¢ indicating that deprotonation of the
essential Asp-61 residue of subunit ¢ does not induce large
conformational change. They proposed that side-chain flip-
ping coupled with the membrane potential drives the rotation
of the c-ring (11). A Brownian ratchet model has also been
proposed on the basis of thermal fluctuations of the ring (12).

To understand the rotary catalytic mechanism of the mo-
lecular motor, investigations on interactions of the rotor with
the membrane lipid bilayer are also important. Since subunit ¢
is deeply embedded in the bilayer, lipid-protein interactions
could play an important role not only in mechanical support of
F, but also in generating the torque in the rotary mechanism.
We applied solid-state “H-NMR spectroscopy to obtain infor-
mation on interaction of the Escherichia coli F, c-ring with the
membrane lipid bilayer in relation to the molecular mechanism
of the force generation, using dimyristoylphosphatidylcholine
with perdeuterated acyl chains (DMPC-ds,). Although the real
membranes contain not only the saturated fatty acids but also
unsaturated ones, DMPC can be used as a model in terms of
physicochemical properties at ambient temperatures (13). Our
results reveal that hydrophobic matching of subunit ¢ to the
thickness of the bilayer hydrocarbon region occurs in the L,
state despite the significant mismatch in the gel state. The in-
fluence of subunit ¢ on the lipid properties in the L, phase was
examined through measurement of the order parameters and
spin-lattice (R,z) relaxation rates using H-NMR. Its influ-
ences on the bilayer elasticity were evident but rather small in
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contrast to other additives such as cholesterol and detergents.
Implications of these findings for the rotary mechanism cou-
pled with H" translocation in H" -ATP synthase are discussed.

MATERIALS AND METHODS

Expression and purification of F{F,-ATP
synthase subunit ¢

E. coli (MEG119 strain) cells transformed by a plasmid carrying the gene for
E. coli subunit ¢ (pCP35) were cultured in LB (Luria-Bertani broth) for 24-26
h. Purification of subunit ¢ was carried out according to the reported method
(14,15). The collected cells (wet 27.2 g) were suspended in the same volume
of a 100 mM sodium acetate buffer and were homogenized by sonication on
ice. Subunit ¢ was extracted from them with 12 wet cell volumes of a chlo-
roform/methanol (1:1) mixture for 2 h at 4°C. The supernatant was collected
after centrifugation. Chloroform and water were added to the supernatant. The
resultant chloroform/methanol/water (8:4:3) mixture was left standing still
overnight at 4°C. The chloroform fraction was collected and concentrated to
2-4 mL with a rotary evaporator. Then, subunit ¢ was precipitated with the
addition of 5 volumes of diethyl ether at —30°C for 2 days. The crude subunit
¢ was applied to a carboxymethyl cellulose column and was eluted with a
chloroform/methanol/water (5:5:1) solution. The yield was ~10 mg/4 L
of culture. The purity of the subunit ¢ was confirmed by Tricine sodium
dodecylsulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and matrix-
assisted laser desorption ionization time-of-flight mass spectrometry with a
matrix-assisted laser desorption ionization time-of-flight mass spectrometer
(Autoflex, Bruker Daltonics, Bremen, Germany). The latter gave the mass
number of 8299, which is within experimental error of the theoretical mass
number of 8284 for formylated subunit c.

Preparation and characterization of
reconstituted membranes

1,2-diperdeuteriomyristoyl-sn-glycero-3-phosphocholine (DMPC-ds4) was
obtained from Avanti Polar Lipids (Alabaster, AL). Silica gel thin-layer
chromatography developed with CHCl;/MeOH/H,O (65:35:5) gave a single
spot. First, 5 mg of subunit ¢ was dissolved in 10 mL of deionized water
containing ~40 mM octyl--D-glucoside (OG) (critical micelle concentra-
tion, 25 mM). The solution was visually translucent. Then, DMPC-ds4 was
added to the solution ata 1:50 or 1:20 protein/lipid molar ratio. It was dialyzed
for 4 days against 5 L of buffer solution (200 mM NaCl, | mM NaNj3, 10 mM
Tris-HCI, pH 8.0) at 26°C (above the main lipid phase transition temperature),
using dialysis tubing with an 8000 molecular weight cutoff (Nacalai Tesque,
Kyoto, Japan). NaCl was omitted from the final dialysis buffer solution to
suppress the conductivity of the samples. The reconstituted membranes were
collected by centrifugation at 5000 rpm (6100 X g) in a 50 mL Falcon tube.

The precipitated membranes were suspended in 1-2 mL of buffer. To form
homogeneous liposomes, freeze-thaw cycles (30°C, 4°C, and —30°C for 20
min at each temperature) were repeated more than 10 times. The liposome
suspension was then transferred to a 1.5 mL Eppendorf tube. To suppress the
natural abundance signal, water was replaced by a 2H—depleted one (CEA-
ORIS; Bureau des Isotopes Stables, Paris, France) through washing three
times. The presence and stability of the subunit ¢ was confirmed by Tricine
SDS-PAGE after the experiments. A control sample of reconstituted mem-
branes containing subunit ¢ was prepared in exactly the same way using
nonlabeled DMPC. It was applied to a sucrose density-gradient centrifugation
at 28,000 rpm (103,500 X g) for 16 h at 4°C. A single predominant band
corresponding to the proteolipid membrane was observed, suggesting that
prepared sample was homogeneous. Pure DMPC liposomes gave a distinctly
different band in the lighter density region. Therefore, the membranes should
be properly reconstituted.

Analytical ultracentrifugation of subunit ¢ in OG solution (1 mg/mL)
above the critical micelle concentration was performed with a Beckman
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Optima XL-A centrifuge at 20°C (Beckman, Fullerton, CA). Sedimentation
velocity and sedimentation equilibrium experiments were carried out at
35,000 rpm for 1 h and at 12,000 rpm for 24 h, respectively. Protein con-
centration in the cell was scanned using an ultraviolet light at 280 nm.

Solid-state 2H- and *'P-NMR spectroscopy

NMR measurements were performed with a Varian (Palo Alto, CA) Infinity-
plus 500 spectrometer operating at 11.74 T static magnetic field (*H- and
31p-frequencies, 76.705 and 202.277 MHz, respectively). For static *H- and
3TP.NMR experiments, a 3.2 mm¢ magic-angle spinning (MAS) probe was
used. A glass NMR tube (3 mme, Shigemi; Tokyo, Japan) was cut and used as
a sample tube with a Teflon cap. The sample volume was 35-40 uL. The
position of the sample was carefully adjusted to minimize the /2 pulse
length, which was 3.57 us, corresponding to yB/27 = 70 kHz. The quad-
rupolar echo sequence was used for ’H-NMR measurements with a 30 us
pulse spacing period 7. The spectral width was 1.0 MHz, and the recycle delay
was 1.0 s for the samples in the liquid-crystalline state and 0.5 s for the gel
state. The number of acquisitions was 4000-12,000. The *H-spin-lattice re-
laxation (Zeeman) rates (R;) of the DMPC-ds, reconstituted membranes
were measured in the liquid-crystalline state using a combination of quad-
rupolar echo and inversion recovery pulse sequences, () — t — (7/2)x — T —
(m/2)y —7 — acquisition. Pulses were appropriately phase-cycled and delay
times ¢ ranged 0.2-1 s, depending on the T, relaxation time of the sam-
ple. *'P-spectra were obtained with a single pulse under two-pulse-phase-
modulation "H-decoupling at 30°C. The /2 pulse length was 5 us. The
number of acquisitions was 10,000.

Reduction and analysis of ?H-NMR data

’H-NMR spectral powder patterns were numerically deconvoluted (de-
Paked) to yield the spectra for the orientation at # = 0° as described (16,17).
Order parameters were determined from the observed residual quadrupolar
couplings (RQCs; Avg) according to

SU 1Py (cosh)|. (1)

3
Here xq = ¢>qQ /h represents the static quadrupolar coupling constant (167
kHz for °H in the C—*H-bond; 18), Sg])) = 1/2(3cos’B; — 1) is the segmental
order parameter, and P, is the second Legendre polynomial, where 6 is the
angle between the bilayer director axis and the main external magnetic field
By. For the de-Paked H-NMR spectra (6 = 0°), Py(cosf) = 1. The Pake
doublets are assigned beginning with the terminal methyl group, which
exhibits the smallest quadrupolar splitting. The methylene groups were
assigned consecutively according to their increasing quadrupolar splittings.

Half-moments (M) of the powder-type spectra were calculated using the
equation
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where flw) is the spectral intensity at frequency w. The kth moment is related
to the distribution of the segmental order parameters by
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where Ay is a constant proportional to & (18,19). The moments are useful for a
qualitative characterization of the bilayer order, particularly in the gel state
where quadrupolar splittings due to individual carbon segments are not
resolved. The first moment (M) is proportional to the mean value of Scp over
all the acyl chain segments:
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and the second moment (M,) is proportional to the average value of the
squared order parameter:

= (5 i S 5

Calculation of structural parameters

2

9
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From the Sgi) order profiles, the thickness of the hydrocarbon region D¢ can
be calculated (20). The equilibrium or average chain length is described by a
set of virtual bond vectors attached to each of the segments, which are per-
pendicular to the methylene >H-C—>H plane and have a length of Iy =1.27 A
(21-24). The most important quantity for calculating the structural param-
eters is the instantaneous travel of each carbon segment i along the bilayer
normal D;, which is twice the travel of a single methylene group and has a
maximal value of Dy = 2.54 A. D¢ can be calculated from the order pa-
rameters obtained for the plateau region carbon segments. As discussed else-
where (20), D¢ can be expressed by

1 1 \!
De = 2 CDM<COSB> ’ ©
and
(L) ~ 3 — 3{cosB) + (cos’B). @)
cosf

Here B is B;, which is the angle between the vector connecting the two
neighboring carbons of the segment i relative to the bilayer normal.

Now, we need the values of {cosB;) and {cos?8,), which are related to the
first and second moments M; and M,, respectively. In the liquid-crystalline
state, they are obtained directly from the measured S<CD order parameters. The
calculation of (cos@;) is straightforward and is given by

1450
(cos’By) = ——3—2.

However, the calculation of {cosf;) is more complicated since (cos’;)
{cosB;). To correlate {cosB;) with (cos’8;) a model describing the populd—
tion of all possible tilt angles 3; is required. Within the framework of a mean-
torque model for the segmental distribution function an analytical solution for
(cosp;) can be obtained, leading to (20):

@®)

1/2

(10)

Note that the above result is only applicable for Sggs — 1/8 and uses the
plateau values of the order parameter. The first-order mean-torque potential
used for the calculations in this article is superior to other descriptions, such
as the diamond lattice model (21).

RESULTS

Ultracentrifugal analysis of subunit ¢ in
octylglucoside micelles

Analytical ultracentrifuge experiments were carried out for
evaluation of the size and distribution of subunit ¢ oligomers
in OG micelles. The sedimentation experiments gave rise to a
single major component at4 S as shown in Fig. 1 a. From the
sedimentation equilibrium experiment shown in Fig. 1 b, an
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FIGURE 1 Analytical ultracentrifugation of subunit ¢ in OG solution

above the critical micelle concentration at 20°C. Protein concentration in the
cell was scanned using ultraviolet light at 280 nm. (@) Distribution of
sedimentation coefficient obtained in the sedimentation velocity experiment
at 35,000 rpm for 1 h. (b) Sedimentation equilibrium experiment at 12,000
rpm for 24 h.

apparent molecular weight was estimated according to the
equation,
d(InC)  ’M(1 —vp)
d(r’y  2RT

) an

where r is the radial position in the centrifugation cell, C is
the concentration of the protein at distance r, v is the partial
specific volume calculated from amino acid composition of
subunit ¢, and p is the solvent density. Several analytical
models can be applied to the curve shown in Fig. 1 b. On the
basis of single component analysis, the apparent molecular
weight for the detergent-bound protein was estimated to be
142,000. The molecular weight of subunit ¢ is 8284. The
contribution of the detergent molecules to this mixed micelle
is not known, although the molecular weight of OG micelles
is reported to be in the range 8000-29,000 (25,26).

Furthermore, self-assembly of the subunit c-ring in deter-
gent solution has been reported (27). In view of the single
major component in the sedimentation profile, the formation
of uniform oligomers of subunit ¢ in OG micelles can be
concluded. This suggests formation of a c-ring in the order of
decamer in the reconstituted membranes (28).
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2H-NMR spectra of the subunit
c-reconstituted membranes

“H-NMR powder pattern spectra were obtained for DMPC-
ds4 membranes in the absence and presence of subunit ¢ at
various temperatures as shown in Fig. 2 a. The membranes at
molar lipid/protein ratios of 50:1 and 20:1 were investigated.
The “H-NMR spectra changed significantly with the tem-
perature. At 30°C the results for the three membrane samples
were similar to one another and indicated that they were in the
liquid-crystalline phase (19). The splittings represent a set of
RQCs corresponding to the different segments of the deu-
terated acyl chains. As the temperature decreased, the line
shape was broadened substantially, and the distinct quad-
rupolar splittings became unresolved. At 18°C, the spectrum
of DMPC-ds4/subunit ¢ (20:1) lost the resolved pattern in
contrast to those of DMPC-ds, and DMPC-ds4/subunit ¢
(50:1) membranes. In the gel state below 15°C, the individual
splittings disappeared and the spectra of all three samples had
a triangular shape. The spectral width extended to =60 kHz,
with an additional small splitting arising from the terminal
C?H; groups. At —60°C, broad powder patterns with inten-
sity maxima at =60 kHz and with rotating methyl signals
were observed (spectra not shown).

Fig. 2, b—d, presents theoretical spectra calculated as
benchmarks for various limiting types of motions that can

a b

T
-100 0 100
kHz

FIGURE 2 H-NMR powder pattern spectra of multilamellar liposomes.
(a) Experimental 2H-NMR of fully hydrated DMPC-ds, membranes (black
line), DMPC-ds4/subunit ¢ membranes (50:1 molar ratio) (red line), and
DMPC-ds4/subunit ¢ (20:1) membranes (blue line) at 30°C, 25°C, 18°C,
15°C, and —5°C. On the left, theoretical spectra for (b) equally probable
three-site jumps corresponding to crankshaft motion of polymethylene
chains or threefold rotation of methyl groups on static chain ((xq) =
—1/3 xq), (¢) rotation of all-trans polymethylene chain ((xq) = —1/2xq),
and (d) rigid limit (yq = 167 kHz).
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average the static quadrupolar coupling (19). In the liquid-
crystalline state, a crankshaft-type motion corresponds to an
infinite polymethylene chain saturated with trans-gauche™ —
trans-gauche™ pairs, with three-site jumps of the C—"H-
bonds on a tetrahedral lattice with equal populations. The
axis for the jumps sites is inclined at 6 = 109.47° relative to
the symmetry axis of the electric field gradient (EFG) tensor,
giving Py(cos ) = —1/3 (19). Fig. 2 b depicts the theoretical
powder-type 2H-NMR spectrum for a crankshaft model with
spectral discontinuities at £20.875 kHz and + 41.75 kHz. In
the gel state, one can analogously consider as a benchmark
the case of two-site jumps, corresponding to restricted iso-
merization, which yields a totally asymmetric spectrum with
discontinuities at 0, *+62.625 kHz (29) (not shown). By
contrast, continuous or threefold rotation of all-trans poly-
methylene chains, where the rotational axis is at § = 90° to
the largest EFG principal axis, is axially symmetric, giving
P>(cos ) = —1/2. Fig. 2 ¢ shows the theoretical H-NMR
spectrum corresponding to the rotation of lipid molecules
around the long axis parallel to the membrane normal,
yielding discontinuities at =31.313 kHz and + 62.625 kHz.
Lastly, when the rotation is ‘‘frozen’” on the H-NMR time-
scale, the “H-NMR line shape represents a static powder
pattern as shown in Fig. 2 d, with discontinuities at about
*62.625 kHz and + 125.25 kHz.

With these spectra as benchmarks, we can thus see that in
the gel phase at 15°C and below “H-NMR spectral intensity is
evident at =60 kHz. The spectra increasingly adopt a trian-
gular shape, excepting the central C*H; component, which
might be indicative of a contribution from two-site jump
isomerization. On the other hand, little evidence for axial
diffusion of the chains is apparent, indicating they are highly
entangled. The “H-NMR spectra at —5°C and 15°C are also
broadened, indicating the occurrence of motions at interme-
diate timescales.

Moment analysis of 2H-NMR powder
pattern spectra

First and second moments of the “H-NMR spectra of the three
DMPC-ds, membrane samples as a function of decreasing
temperature are presented in Fig. 3. Spectra were obtained for
both decreasing and increasing temperature, and the pro-
cesses were found to be essentially reversible for the three
membrane systems investigated. As temperature decreases,
the first and second moment values for all three membranes
increase. A phase transition occurred from the liquid-crys-
talline (L,) to the gel state at around 18°C, which is some-
what lower than for nondeuterated DMPC (23°C) due to the
H-isotope effect. Although line broadening in the ZH-NMR
spectrum of DMPC-ds,/subunit ¢ (20:1) at 18°C was no-
ticeable in Fig. 2 a, the phase transition temperature changed
little in the moment plots. In the liquid-crystalline state, the
first and second moments are similar for the three membrane
samples. In contrast, the moments are smaller in the presence
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FIGURE 3 Plots of (a) the first moment (M;) and (b) the second moment
(M5) of the 2H-NMR spectra as a function of temperature on decrease. The
error is given by the size of the symbol. Spectra were acquired with
decreasing temperature. Dotted lines correspond to the moment values cal-
culated for average order parameters of —1/2 (Fig. 2 ¢) and —1/3 (Fig. 2 b).

of subunit ¢ in the gel state, suggesting that the proteins in-
duce more disorder in the lipid bilayers.

As the temperature decreases, the moments M; and M,
become larger. The first and second moments are correlated
to the average order parameter and the mean-squared order
parameter, respectively, as given by Egs. 4 and 5. Therefore,
the average orientational order of the C—"H-bonds increases
with decrease in temperature. For comparison, the moments
calculated for all-trans rotation (Scp = —1/2) and a crank-
shaft model, which involves three-site jump isomerization
(Scp = —1/3), are indicated as dotted lines. The moment and
spectral line shape analyses show that the crankshaft motion
of methylene chain is not enough to explain fluidity in the
liquid-crystalline L, phase.

Order parameters of C-D bonds in the subunit
c-reconstituted membranes

A detailed analysis of order parameters was performed for the
resolved segment positions of the deuterated hydrocarbon
chains of DMPC-ds, in the liquid-crystalline state. Fig. 4 a
reveals representative “H-de-Paked spectra of DMPC-ds4
membranes in the absence and presence of subunit ¢ at 30°C.
The de-Paked “H-NMR spectrum represents the bilayer nor-
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FIGURE 4 (a) De-Paked *H-NMR spectra of DMPC-ds;, DMPC-ds,/
subunit ¢ (50:1), and DMPC-ds4/subunit ¢ (20:1) membranes at 30°C. (b)
The segmental order parameter of the C—>H-bond in the fatty acid chains as
a function of carbon number i at 30°C. The error is given by the size of the
symbol.

mal aligned parallel to the magnetic field, corresponding to
the average orientation of the lipid molecules. Nine resolved
residual quadrupolar splittings could be clearly observed.
Assignments were made following a previous work (30). The
largest splitting was assigned to the C2—-C6 methylene car-
bons of the sn-1 chain and C3—C6 carbons of the sn-2 chain.
The progressively decreasing splittings were assigned to the
C7 to terminal methyl groups of the acyl chains, respectively.

The order parameter obtained from the splitting was plot-
ted in Fig. 4 b only for the sn-1 chain for simplicity. The
profile was similar for the sn-2 chain. The largest order pa-
rameters in the plateau region were almost —0.22 for all
membrane samples (Fig. 4 b). This value is almost identical
to the previously reported one. This is smaller in absolute
magnitude than that for the benchmark crankshaft model
(Scp = —1/3). Consequently, the motions even in the most
rigid part of the acyl chains are more disordered than the
three-site jump crankshaft motions. Subunit ¢ induced a
slight decrease only in the largest quadrupolar splitting, in-
dicating that it must interact with the fluid phospholipid
chains in a manner that preserves their fluid properties. As the
fraction of subunit ¢ in the bilayer increased, the spectral
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resolution became lower. However, the order parameters did
not change significantly. The segmental order parameters are
plotted as a function of carbon number in Fig. 4 b for the three
membrane samples at 30°C. The Sg) values decrease toward
the methyl termini of the chains and approach the isotropic
limit (Scp = 0) in the bilayer center, showing a liquid-like
property. The effect of subunit ¢ is small, especially in the
center of the bilayer.

The *'P-NMR spectrum was also observed at 30°C for
monitoring the effect on the polar headgroup. It gave a typical
axial symmetric powder pattern in accordance with the bi-
layer structure in the liquid-crystalline state. Introduction of
subunit ¢ induced a small line-broadening but no significant
change in the chemical shift anisotropy (spectra not shown).

Spin-lattice relaxation rates of the deuterons in
fatty acid chains in the subunit
c-reconstituted membranes

To explore the dynamic properties of the subunit c-reconstituted
membranes, the spin-lattice relaxation rates of the deuterons
of the hydrocarbon chains were measured. Partially relaxed
H-NMR spectra of DMPC-ds,/subunit ¢ (50:1) in the de-
Paked form at 30°C are presented in Fig. 5 a. Note that the
relaxation rate for inversion recovery increases as the residual
quadrupolar splitting becomes larger. The largest splitting cor-
responds to the C2—C6 methylene carbons and recovers in <20
ms. The smaller splittings recover with a longer delay time; in
particular the smallest splitting of the methyl resonance takes
more than 200 ms for the inversion recovery. The 2H-spin-
lattice relaxation rate, Rg%, at 30°C s plotted as a function of the
chain carbon number for the three membrane samples in Fig.
5 b for the sn-1 chain. The values show a plateau that is remi-
niscent of the corresponding order profile, and they decrease
from the carbonyl side to the methyl terminus of the chain. The
effect of subunit ¢ on Rg% was small but evident in contrast to
the case of order parameters at the same temperature.

DISCUSSION

The centrifugal analysis of subunit ¢ in OG micelles clearly
shows that it forms a well-defined oligomer in the micelles.
This result suggests that the subunit ¢ oligomer adopts a ring
structure in the reconstituted membranes as shown for the
V-type ATPase K-ring (7) and F-type Na"-ATP synthase
c-ring (6). The c-ring in E. coli F, has been reported to be a
decamer of subunit ¢ molecules (4). Thus, this work can
provide information regarding interactions between the subu-
nit c-ring and the surrounding lipid bilayers.

In solid-state 2H—NMR, the order parameters and corre-
sponding first moments are related to the volumetric thick-
ness of the membrane. In the L, phase of DMPC, the first and
second moments were not affected by the presence of subunit
¢ within experimental errors, suggesting matching of the
membrane thickness to the hydrophobic region of subunit c.
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FIGURE 5 (a) Partially relaxed de-Paked “H-NMR spectra of DMPC-ds,/

subunit ¢ (50:1) at 30°C. Values of inversion-recovery delay 7 are 0.2,0.5, 1,
2,5, 10, 20, 50, 100, 200, 500, and 1000 ms from bottom to top. (b) The
profile of *H-spin-lattice relaxation rates RE'% as a function of segmental
position i for DMPC-ds;, DMPC-ds,/subunit ¢ (50:1), and DMPC-ds4/
subunit ¢ (20:1) membranes at 30°C. Their errors were ~9%, 7%, and 4%,
respectively.

A simple question would arise. Do these samples really in-
clude the subunit ¢? The presence of subunit ¢ was confirmed
as described in Materials and Methods. It can also be con-
firmed by the “H-NMR spectra of those in the gel state (Figs.
2 and 3). Furthermore, a well-defined cross-polarization/
MAS "*C-NMR spectrum of subunit ¢ could be obtained for
the sample with the uniformly'*C-labeled subunit ¢ prepared
in the same way (Y. Todokoro, M. Kobayashi, T. Fujiwara,
and H. Akutsu, unpublished result). Thus, we are sure that the
subunit c-ring is embedded in the membrane homoge-
neously. Then, we calculated a hydrocarbon thickness of the
DMPC bilayer using Eqgs. 6-10.

The obtained value was 26 A at 30°C. The thickness was
little affected by the presence of subunit ¢, even at very high
molar ratios of 50:1 and 20:1. The value of the thickness is
in good agreement with that reported of the hydrocarbon
core of the DMPC bilayer, 26 A (13,20,32). In the gel state,
however, the thickness of the DMPC-ds, membranes in-
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cluding subunit ¢ is thinner than that for DMPC-ds, mem-
branes in its absence. This indicates a mismatch of the
membrane thickness to the hydrophobic interface of subunit
c. Hydropathy analysis (33) can be used to estimate the
length of the hydrophobic surface of subunit ¢ across the
membrane. Its hydrophobic length can be compared to
the bilayer dimensions determined on the H-NMR analysis.
The charged residues (34) are colored red and blue in the
structure of subunit ¢ from E. coli. (Protein Data Bank:
1A91) in Fig. 6 b.

According to this, the hydrophobic thickness of subunit ¢
is close to that of the bilayer in the liquid-crystalline state (26
A) but is much smaller than that in the gel state (~32 10\). The
difference in the hydrophobic thickness between the protein
and the lipid bilayers in the gel state will induce a disorder in
the lipid molecules around subunit c¢. The hydrophobic
matching in the L, phase has been reported for membrane
proteins and lipid bilayers. For example, E. coli and Myco-
bacterium tuberculosis MscLs (mechanosensitive channel
of large conductance) were shown to have the highest af-
finity with dipalmitoleoyl phosphatidylcholine (PC) and
dimryristoleoyl PC among unsaturated PCs with different
carbon numbers (35); and the hydrophobic thickness of
MscL in the unsaturated PC membrane was found to be 25 A
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FIGURE 6 (a) Rg'% plots as a function of |Sg)D|2 for DMPC-ds4, DMPC-
ds4/subunit ¢ (50:1), and DMPC-ds,/subunit ¢ (20:1) membranes at 30°C.
Reference data for DMPC-ds,/cholesterol (1:1) (30) and DMPC-ds4/C,,Eg
(2:1) (39) are also presented. (b) A schematic model of the c-ring in lipid
bilayers in the liquid-crystalline state. A solution structure of EF, subunit ¢
(41) was used. Charged amino acid residues are highlighted in the structure
of the subunit ¢-ring (Glu and Asp in red, and Lys and Arg in blue).
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(36). This is in good agreement with our result. Therefore, the
hydrophobic matching found in this work will have physio-
logical significance.

Let us turn to the effect of subunit ¢ on the spin-lattice
relaxation rates in the liquid-crystalline state. The relaxation
mechanism of deuterons in lipid bilayers is governed by
segmental motions such as exchange of trans-gauche con-
formations, motions of the centers of mass of the flexible
molecules within the bilayer or collective motions of the
bilayer lipids (37). To investigate the effect of subunit ¢ on
viscoelastic properties of the membrane, RE’% was plotted as a
function of |S 8])3 |* as shown in Fig. 6 a. DMPC bilayers in the
absence of subunit ¢ revealed a linear relationship as reported
earlier (37). This is explained by its viscoelastic behavior;
i.e., the relaxation is governed by relatively slow fluctuations
of the RQC averaged over local segmental motions of the
bilayer lipids, which are further modulated by slower bilayer
disturbances associated with their viscoelastic behavior of the
membrane lipids. The slope represents the softness of the
lipid bilayers, viz. the viscoelastic behavior on a mesoscopic
distance scale (37,38).

The influence of subunit ¢ on the plots is small, suggesting
that the hydrophobic matching of subunit ¢ is realized not
only for the bilayer thickness but also for the softness in the
liquid crystalline state. This is in sharp contrast to effects of
other bilayer additives such as cholesterol and cosurfactants
or detergents. The relaxation rates in the presence of cho-
lesterol and nonionic detergent (C,Eg) (30,39) are presented
in Fig. 6 a for comparison. These relaxation rates are also
proportional to |S8]))\2. The slope of the square-law plot for
the DMPC-ds4/C,Eg (2:1) mixed bilayer is much steeper
than that for DMPC-ds,/cholesterol (1:1) membrane. This
indicates that cholesterol stiffens and C;,Eg softens the
DMPC-ds4, membranes in accord with their macroscopic
effects on the bilayers. On the contrary, the average slope
for DMPC-ds4/subunit ¢ membranes is similar to that for
DMPC-ds4 bilayers. This means that the interactions between
lipids and the surface of the subunit c-ring is soft and well
matched, resulting in small perturbations to the lipid bilayers.
However, a close inspection of the plots reveals an effect of
the additive to the membrane properties.

The methylenes in the bilayer central core show a steeper
slope for the subunit ¢/DMPC bilayers than for DMPC bi-
layers, whereas near the top of the chain the influence of
subunit ¢ is less. This is typical behavior for inhomogeneous
lipid bilayers (40) and suggests that the central part of DMPC
in the presence of subunit ¢ is softer than the pure DMPC
bilayers. Recently the crystal structures of the K-ring of
V-type ATPase (7) and the c-ring of Na™ -ATP synthase were
reported (6). The hairpin structure shows a bend in the center
in the ring structures in crystal as well as in solution. This
provides an inward curvature on the outer surface of the ring
with the shortest diameter at the center of the membrane. It
will offer more space to the disordered part of the hydro-
carbon chains. This may be one reason that the lipids are
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softer in the center than in the region of the interface to the
polar groups.

Our results clearly indicat that subunit ¢ interacts with the
lipids in nearly the same manner that the flexible lipids in-
teract among themselves in the liquid-crystalline state. This is
achieved by their matching in the thickness. A mismatch
introduces disorder in the lipid molecules around subunit c,
which can be the origin of strong friction between the protein
and the lipid bilayer. Furthermore, the soft interactions be-
tween the c-ring and flexible hydrocarbon chains would be
important for exerting functions of subunit c. In F,F,-ATP
synthase embedded in membranes, a subunit ¢ in the c-ring
receives H' from the proton channel in one side of the mem-
brane. Then, the c-ring has to rotate in the lipid membrane to
release the proton to the proton channel in the other side of the
membrane. The thickness matching and soft interactions be-
tween the c-ring and lipid bilayers mentioned above should
make this rotation smooth with a minimal loss of energy by
friction. This would contribute to the high-speed rotation of the
c-ring in F, and the ye subunit axle in F; for efficient ATP
synthesis and hydrolysis. Any significant degree of hydro-
phobic mismatch could lead to membrane deformation that
could alter the rotation of the c-ring within the bilayer. Indeed,
F,F,-ATP synthase from thermophilic Bacillus is active in
DMPC bilayers in the liquid-crystalline state (T. Suzuki and
M. Yoshida, Tokyo Institute of Technology, personal com-
munication, 2006).

CONCLUSION

“H-NMR spectroscopy provided direct information on the
interactions between the subunit ¢-ring and lipid bilayers.
The hydrophobic length of subunit ¢ appeared to be similar to
that of DMPC bilayers in the liquid-crystalline state but less
than that in the gel state. From the dynamic point of view, *H-
NMR relaxation profiles showed a fluid mechanical matching
of the lipid bilayers to subunit ¢ in the liquid-crystalline state.
Therefore, the hydrophobic matching can be accounted for
by at least two factors: the hydrophobic length and the fluid
mechanical property. The hydrophobic matching between
subunit ¢ and DMPC bilayers is realized in the liquid-crys-
talline state, where F,F,-ATP synthase is active.
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