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Abstract The subunit c-ring of H?-ATP synthase (Foc-

ring) plays an essential role in the proton translocation

across a membrane driven by the electrochemical potential.

To understand its structure and function, we have carried

out solid-state NMR analysis under magic-angle sample

spinning. The uniformly [13C, 15N]-labeled Foc from

E. coli (EFoc) was reconstituted into lipid membranes as

oligomers. Its high resolution two- and three-dimensional

spectra were obtained, and the 13C and 15N signals were

assigned. The obtained chemical shifts suggested that EFoc

takes on a hairpin-type helix-loop-helix structure in mem-

branes as in an organic solution. The results on the mag-

netization transfer between the EFoc and deuterated lipids

indicated that Ile55, Ala62, Gly69 and F76 were lined up

on the outer surface of the oligomer. This is in good

agreement with the cross-linking results previously

reported by Fillingame and his colleagues. This agreement

reveals that the reconstituted EFoc oligomer takes on a ring

structure similar to the intact one in vivo. On the other

hand, analysis of the 13C nuclei distance of [3-13C]Ala24

and [4-13C]Asp61 in the Foc-ring did not agree with the

model structures proposed for the EFoc-decamer and

dodecamer. Interestingly, the carboxyl group of the

essential Asp61 in the membrane-embedded EFoc-ring

turned out to be protonated as COOH even at neutral pH.

The hydrophobic surface of the EFoc-ring carries relatively

short side chains in its central region, which may allow soft

and smooth interactions with the hydrocarbon chains of

lipids in the liquid-crystalline state.
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Abbreviations

EFoc H?-ATP synthase subunit c from

E. coli

TFoc H?-ATP synthase subunit c from

thermophilic Bacillus PS3

IFoc Na?-ATPase subunit c from

Ilyobacter tartaricus

MALDI-TOF MS Matrix-assisted laser desorption/

ionization time of flight mass

spectrometry

Boc tert-Butoxycarbonyl group

ssNMR Solid-state NMR

MAS Magic angle sample spinning

RR Rotational resonance

DARR Dipole-assisted rotational resonance

RFDR Radio frequency-driven recoupling
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CODSHD 13C-NMR observation of 2H-selective
1H-depolarization

TPPM decoupling Two-pulse phase modulation

FID Free induction decay

F1Fo ATP synthase is a ubiquitous molecular motor

involved in H?-mediated energy conversion in organisms

from bacteria to man. The H?-driven ATP synthase

transfers the energy of the transmembrane electrochemical

potential to ATP. It consists of a water-soluble F1 sector

and a membrane integrated Fo sector. The former has

catalytic sites for ATP synthesis/hydrolysis, and the latter

mediates H? transport across membranes (Boyer 1997;

Yoshida et al. 2001; Dimroth et al. 2006). The F1 and Fo

sectors comprise multiple subunits, their compositions

being a3b3cde and ab2cn, respectively. The c subunits form

a ring rotor in Fo. This has been extensively studied bio-

chemically and genetically (Hutcheon et al. 2001; Fillin-

game and Dmitriev 2002; Suzuki et al. 2002; Moore and

Fillingame 2008). Furthermore, the ring structures of the

yeast (Stock et al. 1999), chloroplast (Vollmar et al. 2009),

and cyanobacterial (Pogoryelov et al. 2009) H?-ATP

synthases, and F-type (Meier et al. 2005) and V-type

(Murata et al. 2005) Na?-ATPases from bacteria have been

reported. The numbers of the subunits in the rings are 10,

14, 15, 11, and 10, respectively. Each subunit takes on a

hairpin structure with two membrane-spanning a-helices.

In the Fo complex, the subunit c-ring interacts with subunit

a, in which an acidic amino acid residue in the c-ring plays

an essential role. The crystal structure around this acidic

amino acid residue is different even for the two

H?-translocating c-rings (Vollmar et al. 2009; Pogoryelov

et al. 2009). In H?-ATP synthase, protons are assumed to

be translocated through subunits a and c with the

involvement of the essential amino acid residue (Moore

and Fillingame 2008).

The structure of subunit c from E. coli (EFoc) in an

organic solvent was determined by NMR analysis (Girvin

et al. 1998). In this solvent, a conformational change of its

C-terminal helix on deprotonation of the essential residue

Asp61 was found (Rastogi and Girvin 1999). A rotation

mechanism for the c12-ring (PDB ID 1J7F) driven by the

twisting of a helix coupled with H?-translocation was

proposed on the basis of this observation (Rastogi and

Girvin 1999; Dmitriev et al. 1999). Later, the structural

model was modified to that of a decamer ring (Jiang et al.

2001). On the other hand, the structure of subunit c from

thermophilic Bacillus PS3 (TFoc) indicated that de-pro-

tonation of the essential acidic residue (Glu56) did not

induce a large conformational change (Nakano et al. 2006).

On the basis of this observation, we proposed a new

mechanism. In this, side chain flipping at the essential

acidic residue on protonation/deprotonation drives

H?-translocation and the rotation of the c-ring in associa-

tion with the membrane potential (Nakano et al. 2006).

EFoc is a hydrophobic protein composed of 79 amino

acid residues. Its sequence is as follows:

MENLN MDLLY10 MAAAV MMGLA20 AIGAA

IGIGI30 LGGKF LEGAA40

RQPDL IPLLR50 TQFFI VMGLV60 DAIPM IAVGL70

GLYVM FAVA79

To elucidate the mechanisms underlying H?-transloca-

tion and energy conversion, we employed solid-state NMR

(ssNMR) analysis. This is one of the most powerful

methods because structural analysis can be performed in a

membrane environment. We reported signal assignment for

the uniformly [13C, 15N] labeled EFoc solid with magic-

angle spinning (MAS) and estimation of its secondary

structure (Kobayashi et al. 2006). A hairpin-like structure

was anticipated even in the solid state. Furthermore, we

reconstituted the EFoc oligomer in lipid membranes, and

investigated its interaction with lipid bilayers in the liquid-

crystalline and gel states (Kobayashi et al. 2008). Charac-

terization of the oligomer strongly suggested that it took on

a well-defined ring structure. NMR analysis revealed that

the transmembrane-hydrophobic region of the EFoc oligo-

mer mechanically matched the dipalmitoyl phosphatidyl-

choline bilayer. The purpose of this work is to characterize

the structure of the EFoc oligomer in membranes and to

analyze the ring surface involved in the interaction with the

hydrocarbon chains of lipids by ssNMR analysis. Since the

structure of the essential acidic residue is not yet well

understood in H?-translocating c-rings (Vollmar et al.

2009; Pogoryelov et al. 2009), its structure in the proposed

ring models was examined. To obtain reliable information,

we have chemically synthesized the whole subunit c for

site-specific isotope-labeling, and biosynthetically prepared

the uniformly 13C, 15N-labeled sample as well. The results

have shown that the membrane-reconstituted EFoc oligo-

mer is similar to the intact c-ring in vivo and the structure

of the essential residue in the proposed model is unlikely.

Materials and methods

Preparation of uniformly 13C, 15N-labeled subunit c

E. coli (MEG119 strain) cells transformed with plasmid

pCP35 harboring the EFo subunit c gene were cultured in a
13C- and 15N-labeled CHL medium (CHLORELLA

Industry Co., Japan) with a [13C, 15N] amino acid mix-

ture, 0.5 g/l, and [13C] glucose (CIL, Inc., Andover, MA),
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4.0 g/l, for 24–26 h. EFoc was purified according to the

reported method (Kobayashi et al. 2006, 2008; Girvin and

Fillingame 1993). Subunit c was extracted from homoge-

nized cells with 12 wet-cell volumes of a chloroform/

methanol (1:1) mixture. The crude subunit c was applied to

a carboxymethyl cellulose column and eluted with a

chloroform/methanol/water (5:5:1) solution. The yield was

about 10 mg/4l culture. The purity of the subunit c was

confirmed by Tricine-SDS–PAGE and MALDI-TOF–MS

(Autoflex, Bruker Daltonics, Bremen, Germany).

Chemical synthesis of selectively labeled subunit c

EFoc selectively 13C-labeled at the methyl group of Ala24

and the carboxyl group of Asp61 (EFoc ([3-13C]Ala24,

[4-13C]Asp61)) was chemically prepared by solid phase

peptide synthesis based on the Boc (tert-butoxycarbonyl

group) strategy. Starting from Boc-Ala-OCH2-Pam resin, a

protected peptide corresponding to the sequence of EFo

subunit c was assembled with an automated peptide syn-

thesizer, ABI 430A (Applied Biosystems, Foster, CA),

except for the two labeled amino acids, which were intro-

duced manually. The protected peptide resin was treated

with a mixture of anhydrous HF (9.0 ml) and anisole

(1.0 ml) under ice cooling for 90 min, and then HF was

evaporated off under reduced pressure. After the residual

solid had been washed with ether three times, it was dis-

solved in trifluoroacetic acid (TFA) and the resin was fil-

tered off. The peptide in the TFA solution was precipitated

with ether, suspended in 50% aqueous acetonitrile, and then

freeze-dried to give a crude powder. The crude product was

purified on a Cosmosil 5PhAR-300 column (10 9 250 mm;

Nacalai Tesque, Japan) with a linear gradient of formic

acid/water (2:3) and formic acid/1-propanol (4:1) at a flow

rate of 2.5 ml/min. The yield of crude EFo subunit c was 3%

(w/w). MALDI-TOF MS revealed: m/z 8257.6. Calcd for

[M ? H]? 8259.1 (average). Amino acid analysis of the

synthetic EFo subunit c was performed by hydrolysis with

constant-boiling hydrochloric acid at 110�C for 48 h:

Asp4.3Thr1.1Glu3.4Pro2.4Gly10Ala12.7Val6.1Met5.7Ile8.0Leu12.4

Tyr1.3Phe4.3Lys 0.90Arg2.0.

Preparation and characterization of reconstituted

membranes

EFoc was reconstituted into lipid membranes in the same

way as reported previously (Kobayashi et al. 2008).

1,2-Diperdeuteriomyristoyl-sn-glycero-3-phosphocholine

(DMPC-d54) was obtained from Avanti Polar Lipids

(Alabaster, AL). Silica gel thin-layer chromatography

with development with CHCl3/MeOH/H2O (65:35:5)

gave a single spot. At first, 6 mg of subunit c was dis-

solved in 10 mL of de-ionized water containing about

40 mM octyl-b-D-glucoside (OG) (critical micelle con-

centration, 25 mM). The solution was visually translu-

cent. Then, DMPC-d54 was added to the solution to a

protein/lipid molar ratio of 1:40. The mixture was dia-

lyzed for 4 days against 5 l of a buffer solution

(200 mM NaCl, 1 mM NaN3, 10 mM Tris–HCl, pH 8.0)

at 26�C, using dialysis tubing with a 8000 molecular

weight cutoff (Nacalai Tesque, Inc., Japan). NaCl was

omitted from the final dialysis buffer. The reconstituted

membranes were collected by centrifugation at

6100 9 g, and then suspended in 1–2 ml of buffer. To

obtain homogeneous liposomes, a freeze–thaw cycle (30,

4, and -30�C for 20 min at each temperature) was

repeated more than 10 times. The centrifuged liposomes

were put into an NMR rotor. Rotors of 4.0 and 3.2 mm/
were used for the uniformly labeled and specifically

labeled samples, respectively.

Solid-state NMR experiments

NMR measurements were performed with Varian Infinity-

plus 500 and 600 spectrometers operating at 11.74 and

14.09 T, respectively (Palo Alto, CA). Broadband double

and triple resonance MAS probes for 4.0 and 3.2 mm/
rotors were used. The MAS frequency was 12.5–13.0 kHz.

The probe temperature was set at 193–233 K. The sample

temperature could be 10–20�C higher than the probe tem-

perature. Only the probe temperature is given in this paper.

The 1H RF amplitude was 65–75 kHz for TPPM decoupling

(Bennett et al. 1995) during the evolution and data acqui-

sition periods, and 70–80 kHz for CW decoupling during

the dipolar mixing period. The repetition time was 3 s.

Two-dimensional (2D) 13C homonuclear correlation

experiments with DARR (Takegoshi et al. 2001), 2D

N–CaCb correlation experiments (Fujiwara et al. 2004),

and a three-dimensional (3D) N–Ca–C0 experiment were

performed under MAS to obtain the intra-residue correla-

tions. For the inter-residue correlations, 2D Ni?1–(C0Ca)i,

2D Ci?1
a –(C0Ca)i, and 3D Ni?1–Ci

0–Ci
a correlation spectra

under MAS (Fujiwara et al. 2004) were recorded. For the

cross polarization (CP), the RF field amplitude was ramped

near the first sideband for the Hartmann-Hahn condition,

cB1
X = cB1

H - xR. Here cB1
X and cB1

H are the RF field

amplitudes of 13C/15N and 1H, respectively, and xR is the

sample spinning frequency. The DARR mixing time was

15 ms. The data matrix, 512 (t1) 9 512 (t2), for DARR was

zero-filled to 2048 9 2048. The number of acquisitions

was 64 for each FID. Frequency selective CP from 15N to
13C was used in the 13C-15N correlation experiments under

the condition of cB
13C
1 þ cB

15N
1 ¼ xR (Baldus et al. 1998).

15N RF was set at 121 ppm. In the N–CaCb experiments,

the contact time for N/(Ca and Cb) was 4 ms with

J Biomol NMR (2010) 48:1–11 3
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cB
13C
1

.
2p; cB

15N
1

.
2p

� �
¼ 3 kHz; 8 kHzð Þ: The data matrix

was 216 (t1) 9 512 (t2) with a spectral width of 50 kHz

for both the 13C and 15N axes. For the Ni?1–(C0CaCb)i

pulse sequence, the contact time for N/C0 was 4 ms

with cB
13C
1

.
2p; cB

15N
1

.
2p

� �
¼ 3 kHz; 8 kHzð Þ: The DARR

mixing time for C0 to CaCb was 15 ms with the amplitude

of 12.5 kHz. The data matrix was 256 (t1) 9 512 (t2), and

the spectral widths were 60 and 50 kHz for the 13C and 15N

axes, respectively. In both N–CaCb and Ni?1–(C0CaCb)i

spectra, the data matrices were zero-filled to 1024 9 1024.

The numbers of acquisitions for the N–CaCb and Ni?1–

(C0CaCb)i experiments were 88 and 128, respectively. In the

3D Ni–Ci
a –Ci

0 experiment, the 13C-15N mixing time was

4 ms with cB
13C
1

.
2p; cB

15N
1

.
2p

� �
¼ 9 kHz; 4 kHzð Þ: The

RFDR mixing time for Ca to C0 was 1.23 ms with the

amplitude of 50 kHz. The spectral widths were 3, 8, and

60 kHz for the 15N, 13Ca, and 13C0 axes, respectively. The

data matrix, 15 (t1) 9 37 (t2) 9 512 (t3), was zero-filled to

128 9 256 9 1024. The number of acquisitions was 64.

In the 2D Ci?1
a –(C0Ca)i pulse sequence, 13C RF was

set at 61, 177, and 117 ppm for the two CPs and the RFDR

mixing, respectively. 15N RF was set at 120 ppm. The RF

amplitudes were cB
13C
1

.
2p; cB

15N
1

.
2p

� �
¼ 10 kHz; 3 kHzð Þ

for Ci?1
a to Ni?1, and cB

13C
1

.
2p; cB

15N
1

.
2p

� �
¼ 7 kHz;ð

5 kHzÞ for Ni?1 to Ci
0. The contact times for Ci?1

a to Ni?1 and

Ni?1 to C0i were 4 ms. The RFDR mixing time was 1.5 ms.

The number of acquisitions was 304. The data matrix, 260

(t1) 9 512 (t2), was zero-filled to 1024 9 1024. In the 3D

Ni?1–Ci
0–Ci

a experiment, the 13C–15N mixing time was 4 ms

with cB
13C
1

.
2p; cB

15N
1

.
2p

� �
¼ 8 kHz; 4 kHzð Þ: The RFDR

mixing time was 1.28 ms with the amplitude of 50 kHz. The

spectral widths were 5, 5, and 60 kHz for the 15N, 13C0, and
13CaCb axes, respectively. The experimental data matrix, 16

(t1) 9 16 (t2) 9 512 (t3), was zero-filled to 64 9 64 9 1024.

The number of acquisitions was 144. The States method was

used for quadrature detection in the indirect dimension.

Measurements so far were carried out at 14.09 T and 233 K.
13C-NMR observation of 2H-selective 1H-depolarization

(CODSHD) under MAS was carried out at 223 K and

11.74 T according to the reported method (Harada et al.

2006). The RF phase for the depolarization period was

alternated at the interval of 200 ms for 2H. The 1H depo-

larization was facilitated by phase-alternating cross polar-

ization. The flip angle of all the 1H pulses was 54.7�. The

B1 field amplitudes satisfy the condition cB1,X = cB1,1H
eff -

xR mentioned above at the spinning rate of 10 kHz. The

B1,X amplitudes were 42 kHz for 2H and 77 kHz for 13C.

The frequency of B1 was shifted by about 150 kHz under

the off Hartmann-Hahn condition. The contact time for

13C-1H Lee-Goldburg cross polarization (LGCP) was

100 ls. The 1H RF amplitude was 70 kHz. 24,000 tran-

sients were accumulated.

A rotational resonance (RR) experiment under MAS for

the EFo Ala24 [13Cb], Asp61 [13Cc]-subunit c was per-

formed at mR of 12.155 kHz under the n = 2 RR condition.

The temperature and magnetic field were 193 K and

14.09 T, respectively. A constant-time rotational resonance

pulse sequence (Balazs and Thompson 1999) was used to

suppress the evolution time-dependent sample heating by

the RF fields. Spectra of the natural abundance and labeled

EFoc were obtained with the same evolution time for

evaluation of the magnetization transfer.

The obtained FID signals were processed with

Felix2007 (Felix NMR Inc., San Diego, CA). Fourier-

transformations were performed with exponential and sine-

bell broadening functions. The 13C chemical shift was

referenced to DSS by using the methine carbon signal of

adamantane under MAS at 40.5 ppm relative to DSS

(Morcombe and Zilm 2003). The 15N chemical shift was

referenced to that of liquid NH3 deduced from the 13C

chemical shift using the c
15N
.

c
13C ratio following the

IUPAC recommendation (Markley et al. 1998).

An EFoc decamer model mimicking the crystal

structure of IFoc-ring

The crystal structure of the IFoc-ring (PDB ID, 1yce) was

used as the starting structure. Sequential alignment was

carried out with Visual Molecular Dynamics 1.8.6

(Humphrey et al. 1996). Then, amino acid residues were

replaced, using SCWRL Server (http://www1.jcsg.org/

scripts/prod/scwrl/serve.cgi) (Canutescu et al. 2003).

Finally, the decamer structure was optimized with Xplor-

NIH 2.13 (Schwieters et al. 2003) under the restrictions of

inter-subuint Ca-Ca distances of the IFoc-ring, and dihedral

angles and inter-helix Ca-Ca distances of the EFoc solution

structure (PDB ID, 1c99).

Results

Secondary structure information on the EFoc

in DMPC membranes

It was confirmed in our previous work that well-defined

EFoc oligomers could be reconstituted in DMPC mem-

branes (Kobayashi et al. 2008). To obtain secondary

structure information on EFoc, we recorded solid-state

NMR spectra for it. Figure 1 presents 2D 13C–13C DARR

spectra of the uniformly 13C-labeled EFo subunit c/DMPC

bilayers. Since EFoc is an integrated membrane protein, it

4 J Biomol NMR (2010) 48:1–11
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contains 13 Ala, 12 Leu, 10 Gly, 8 Met, 8 Ile, and 6 Val

residues, which account for 72% of the 79 residues. This

causes serious signal overlapping. The DARR dipolar

mixing provided cross peaks among aliphatic carbons

(Fig. 1), among aromatic carbons (data not shown), and

between the aromatic and Cb carbons of Phe and Tyr (data

not shown). The spectrum was similar to that of the uni-

formly 13C-labeled EFo subunit c solid without lipids

(Kobayashi et al. 2006). However, the resolution of Cab

cross peaks in the spectrum is much better than that

reported, revealing that the EFoc structure is homogeneous

in membranes. This is consistent with the results of ultra-

centrifugation analysis (Kobayashi et al. 2008). To check

the resolution, we compared the Valab cross peaks that

appeared on opposite sides of a diagonal line (in boxes), as

shown at the bottom of Fig. 1. There are at least three

resolved signals with a line-width of 1 ppm. However,

there are differences of up to 0.5 ppm in the peak tops

except for that of the peak at around (66.7, 31.7) ppm due

to the effect of noise. The intra-residue spin connectivities

of major Ala, Leu, Val and Ile residues can be traced, as

shown in Fig. 1. The cross peaks of their side chains are

not resolved, in contrast to those of Cab. The Ca/Cb

chemical shifts of the EFoc subunit monomer in an organic

solution (Girvin et al. 1998) are presented in the figure as

red dots. They overlap with the corresponding cross peaks

of EFoc in membranes, suggesting that the major secondary

structures of EFoc in membranes are similar to the solution

structure. However, there are also some clear differences.

To obtain more detailed information, we carried out partial

assignment of the 13C and 15N signals. The details of this

are given in the supporting material.

A 2D 13C–15N spectrum for the intra-residue N–Ca

correlation (Fig. S1A) provided the information on Pro

cross peaks at (64.7, 137) and (62.3, 134) ppm. Two

pieces of sequential information could be obtained from a

2D 13C–15N spectrum for the Ni?1–(C0CaCb)i correlation

(Fig. S1B). The isolated cross peak of G32G33 can be

easily identified. The cross peak at (55.5, 134) ppm can

be assigned to Q42P43 because of the Pro-specific 15N

chemical shift and its 13Ca chemical shift, excluding the

possibility of two other Pro residues (I46P47 and

I63P64).

We have carried out further assignment on the basis of

inter-residue Ci?1
a -Ci

a correlations. Here, we could convert

the shortcoming of the membrane protein to an advantage.

Namely, the Ca signals of Gly, Ile, and Val residues, which

are the main components of membrane proteins, could be

efficiently used for the assignment because of their sig-

nificantly high or low field shifts. Figure 2 presents an

inter-residue Ci?1
a -Ci

a correlation spectrum of EFoc/DMPC

bilayers. Although the central part of the spectrum is

congested, we can take advantage of the isolated cross

peaks for sequential assignment. Furthermore, the chemical

shift of a certain amino acid residue was assumed to be in

the range of the average chemical shift ±2x(standard

deviation) in BMRB database. This covers 95% of the

deposited data, assuming their Gaussian distribution. For

example, when we start from a unique sequence, G32G33,

sequential walking from I28 to K34 can be performed, as

shown in Fig. 2. L31G32 should be at (58.5, 47.5) ppm,

since the other possibility at around (60, 47.5) ppm does

not exhibit connectivity with I30L31. Otherwise, the con-

nectivity is straightforward. In addition to this, sequential

walking for A21 * I28, E37 * A39, I55 * L59,

A67 * L72, and F76 * V78 could be carried out, as

discussed in the supporting material (Fig. S2), leading to

the assignment of 36 Ca signals in total.

Analysis of the intra- and inter-residue 3D spectra pro-

vided the chemical shifts of 15N and carbonyl 13C. An

example of 3D sequential walking for A67-Y73 is pre-

sented in Fig. S1C. The obtained chemical shifts are

summarized in Table S1 in the supporting material and

deposited with BMRB (ID 11172). The dihedral angles of

Fig. 1 Intra-residue 2D 13C-13C correlation DARR spectrum of

[U-13C, 15N] EFo subunit c in d54-DMPC bilayers (EFoc/DMPC). The

DARR mixing time was 15 ms. The carbon spin systems of Leu, Val

and Ile were connected, respectively. A sine-bell window function

(90�) was used. Red cross peaks are the chemical shifts obtained for

EFoc in solution (Girvin et al. 1998). Bottom, superimposed Val Cab

cross peaks in two symmetric regions (in boxes)

J Biomol NMR (2010) 48:1–11 5
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the main chain were deduced from the chemical shifts of

the assigned signals with program TALOS (Cornilescu

et al. 1999), and are presented as a function of the sequence

in Fig. 3. The angles indicate an a-helical conformation

except for the Q42 * P43 and F76 * V78 regions.

Magnetization transfer from protons of the subunit c

to deuterons of the lipid membrane

To examine the exposure of amino acid residues to mem-

brane lipids, we measured the magnetization transfer

between the protons of subunit c and the deuterons of fatty

acid chains in EFoc/d54-DMPC bilayers by means of 13C-

NMR observation of 2H-selective 1H-depolarization

(CODSHD) pulse sequence with MAS (Harada et al.

2006). The results are presented in Fig. 4, the contact times

being on the right. The reference spectrum at the top was

obtained with the Lee-Goldburg cross polarization (LGCP)

pulse sequence (Lee and Goldburg 1965). It contains all
13C signals expected for that of EFoc. The others are dif-

ference spectra, exhibiting only CODSHD signals. There-

fore, the residues giving rise to these signals should be

located on the surface close to the hydrocarbon chains of

the lipids. The signals derived from hydrocarbon chains are

suppressed by deuteration.

While the CODSHD spectra with different contact times

are similar to one another, their spectral patterns are sig-

nificantly different from that of LGCP. In the former, sharp

peaks at 14.2 (shoulder), 17.6, 47.5 and 65.8 ppm are

clearly enhanced, suggesting that specific amino acid res-

idues are involved in magnetization transfer. In addition,

observed is a broad aromatic peak at around 130 ppm,

which can be assigned to Phe, because of the weak pure

Fig. 3 Predicted backbone dihedral angles of EFoc in membranes.

The dihedral angles, / and w, were predicted with TALOS, using the

chemical shifts in Table S1. The error bars indicate RMSD for the ten

predicted dihedral angles. The secondary structures of EFoc in an

organic solvent at pH 5 and 8 (Girvin et al. 1998; Rostogi and Girvin

1999), and those in the Na?-ATPase crystal structure (IFoc) (Meier

et al. 2005) are also presented on the top by rods (helices) and sticks
(extended)

Fig. 4 2H-selective 1H-depolarization 13C-NMR (CODSHD) spectra

of [U-13C, 15N] EFoc/d54-DMPC bilayers. Contact times are given on

the right. The LGCP spectrum is a reference one. Amino acid residues

that may contribute to each peak are indicated with a single-letter
code. Line broadening, 150 Hz

Fig. 2 2D Ci?1
a -Ci

a correlation spectrum of [U-13C, 15N] EFoc/
DMPC. Sequential walking for the region from I28 to K34 is

presented, as an example. Additional walking is presented in the

supplemental figures. An exponential window function with 100 Hz

broadening factor was used

6 J Biomol NMR (2010) 48:1–11

123



Tyr Ce signal at around 118 ppm. Among the enhanced, the

peak at 47.5 ppm can be assigned to Gly Ca, because there

is no cross peaks at around this chemical shift in spite of

the presence of a diagonal peak in the DARR spectrum

(Fig. 1). The shoulder at 14.2 ppm can be assigned to Ile

Cd, because no other signals appear in this region (Fig. 1).

Consequently, at least one Phe, one Ile, and one Gly are

located on or close to the surface facing the hydrophobic

region of lipids.

Measurement of the distance between Ala24 Cb

and Asp61 Cc in the EFoc-oligomer

It was shown that an acidic amino acid residue plays an

essential role in the proton translocation across membrane

(Fillingame 1992). This is Asp61 in EFoc. Furthermore,

EFoc mutant proteins with interchange of Asp61 and Ala24

(A24D/D61G or A24D/D61 N EFoc) were found not to

impair the activity of EFoF1 (Fillingame and Dmitriev

2002). Therefore, these residues should be closely corre-

lated in the subunit c-ring. Actually, in the proposed

models of the EFo subunit c-ring for the decamer and

dodecamer, the distances between Ala24 Cb and Asp61 Cc

are 0.42 and 0.44 nm, respectively (Jiang et al. 2001).

Since this information is important to examine a structural

model of the c-ring, we chemically synthesized EFoc

([3-13C]Ala24, [4-13C]Asp61), using a solid-phase peptide

synthesis method developed for this study. The specifically

labeled EFoc was reconstituted into deuterated DMPC

membranes. The rotational resonance (RR) was observed at

different mixing times (0.01, 5, 10, 15, and 20 ms). The

results are presented in Fig. 5. To make the comparison

clear, the intensity differences between the labeled and

natural abundant ones are only presented for the Ala24
13Cb and Asp61 13Cc signals of EFoc. As can be seen in the

figure, there was no intensity change for the mixing times

examined. Actually, a clear decay of the magnetization

transfer was observed for the distance of 0.42 nm in the

case of membrane-bound Mastoparan X with the same

machine under the same conditions (Todokoro et al. 2006).

Similar observations were reported for RR experiments on

Neu receptor tyrosine kinase (Smith et al. 2002), Ca2?-

ATPase (Hughes and Middelton 2003), and others. On the

basis of analysis, the distance between Ala24 Cb and Asp61

Cc should be greater than 0.6 nm.

We could also determine the chemical shifts of Ala24

Cb and Asp61 Cc unequivocally from the spectra. The

chemical shift of the latter is 179.6 ppm. Since the chem-

ical shifts of the protonated and deprotonated carboxyl

carbons are 179.5 and 180.7 ppm, respectively (Smith et al.

1996), the side chain of Asp61 should take on the pro-

tonated (COOH) state.

Discussion

The EFoc oligomers in octylglucoside micelles were found

to be homogeneous by ultracentrifuge analysis and the

reconstituted EFoc/DMPC-liposomes gave rise to a single

band on sucrose density gradient analysis (Kobayashi

et al. 2008). On the basis of these results and earlier

reports (Dmitriev et al. 1995; Arechaga et al. 2002), we

assumed that EFoc oligomers reconstituted in DMPC

bilayers take on a ring structure similar to the intact one

(Kobayashi et al. 2008). Observation of a single set of

signals in the spectra is consistent with the rotational

symmetry of the ring structure. We carried out all

experiments at -40, -50 or -80�C to obtain well-defined

structural information.

Figure 3 reveals that the region of A21 * A39 in the N-

terminal half, and those of I55 * L59 and A67 * V74 in

the C-terminal half take on a-helical conformations. In

addition to the information derived from sequence-specific

dihedral angles, amino acid-specific chemical shifts also

provide the secondary structure information. In the

M1 * A20 region, four Ala and four Leu residues are

located. Most of them must take on a-helical conformations

in view of DARR spectrum in Fig. 1. Therefore, the major

part of the N-terminal half would take on an a-helical

conformation like in the case of the solution EFoc struc-

tures and the IFoc crystal structure (Fig. 3, top). In the C-

terminal half, there are three Leu and one Ile residue, and

one Ala and two Ile residues in the L45 * R50 and

V60 * I66 regions, respectively, suggesting that the major

part of the C-terminal half also takes on an a-helical con-

formation. In contrast, Q42P43 take on an extended con-

formation. These two residues comprise a conserved

sequence in loop structures in the known hairpin structures.

Consequently, each EFoc in the oligomer would take on a

hairpin-type helix-loop-helix conformation in membranes

Fig. 5 13C rotational resonance spectra of EFoc ([3-13C]Ala24,

[4-13C]Asp61)/DMPC as a function of the mixing time. Resonance

conditions, n = 2 at mR = 12.155 kHz. Only the methyl and carboxyl

carbon signals of the labeled/non-labeled difference spectrum are

presented. The mixing times for spectra A, B, C, D, and E were 0.01,

5, 10, 15, and 20 ms, respectively. Line broadening, 50 Hz
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as in solution (Girvin et al. 1998; Rastogi and Girvin 1999).

The CODSHD and RR experiments provided more detailed

information on the EFoc-oligomer structure.

Regarding the magnetization transfer with CODSHD, we

have to consider the contributions of deuteron reservoirs

inside and outside of the ring. Most of DMPC molecules are

located outside of the c-ring. However, they may reside

inside of the ring as well, although there is no direct evi-

dence so far. According to molecular dynamics estimation,

about six PC molecules can be accommodated the inner

space (Dr. S. Fuchigami, personal communication). Taking

the ratio of PC/EFoc = 40 into account, the ratio of PCout/

PCin is 66. On the other hand, the ratio of the outer and inner

surfaces is about ten. This should be correlated to the

deuteron density ratio at the two surfaces. Therefore, the

contribution of the signals from the inner surface is about

one-tenth of that of those from the outer surface at a short

contact time. This will gradually decrease to 1/66 along with

an increase in the contact time. Because of the contact-time

independency of the spectral pattern, the enhanced peaks in

Fig. 4 can be attributed to the outer surface of the ring. This

is the case with at least one Gly, one Phe and one Ile residue.

In the N-terminal helix, there is only one Phe in the sequence

K34FLEGAA. Since this region is polar and is a direct

neighbor of the loop, it should be in the polar-head area in

the membrane. Therefore, Phe35 would not contribute to

CODSHD. In the C-terminal helix, there are three Gly, three

Phe and four Ile in the hydrophobic region. We can assume a

pitch of roughly 3.6 residues/turn for a helix. Thus, the

following line-ups on the surface across a membrane are

possible, assuming 60� allowance around the helix axis:

Namely, (a) V56, (L59V60), I63, (I66A67), L70, and

(Y73V74), (b) (F53F54), M57, (V60D61), P64, (A67V68),

G71, and (V74M75), (c) (F54I55), G58, (D61A62), M65,

(V68G69), and L72, (d) (I55V56), L59, (A62I63), I66,

(G69L70), and Y73, (e) F53, (V56M57), V60, (I63P64),

A67, (L70G71), and V74, (f) F54, (M57G58), D61,

(P64M65), V68, (G71L72), and M75, and (g) I55,

(G58L59), A62, (M65I66), G69, (L72Y73), and F76. Here,

the single residue is assumed to fall on the line-up, and the

residues in a parenthesis are assumed to be located around

the line connecting single residues in each line-up. Only

line-ups (c), (e) and (g) include a combination of Gly, Phe,

and Ile. In the cases of (c) and (e), however, there are two

issues, which contradict with the observation. First,

although signals due to Val and Leu should be enhanced in

these cases, the signal at around 23 ppm due to Val and Leu

is not enhanced. Second, although a weak Tyr signal is

observed at around 118 ppm, line-ups (c) and (e) do not

include Tyr. Therefore, (c) and (e) are unlikely. If (g) is the

case, Ala signals should be enhanced in addition to Ile, Gly,

and Phe. The intense CODSHD signals at around 18 and

55 ppm are consistent with this requirement. Therefore, we

can conclude that line-up (g) is located on the outer surface

of the EFoc-ring.

The accessibility of the amino acid residues of EFoc to

EFo subunit a has been extensively investigated by means of

cross-linking methods (Moore and Fillingame 2008; Jiang

and Fillingame 1998). Our observation can be directly

compared with the results. The cross-linking experiments

revealed that Phe54, Ile55, Ala62, Met65, Gly69, Leu72

and Tyr73 were accessible to residues on subunit a (Jiang

and Fillingame 1998). Therefore, they should be located on

the outer surface of the c–ring. This coincides with our

conclusion rearding Ile55, Ala62, and Gly69. In addition,

Met65, Leu72 and Tyr73 should also be located on the

surface area as shown in the parentheses. Phe76 was not

examined in the cross-linking experiment. Furthermore, the

I55C mutation completely suppressed growth, and the

G69C and Y73C ones resulted in significantly low growth

(Jiang and Fillingame 1998), suggesting the importance of

these residues. The agreement of our observation on mag-

netization transfer with the cross-linking between subunits a

and c in vivo substantiates our assumption that EFo subunits

c in DMPC bilayers form a ring structure similar to the

intact one in E. coli membranes.

This agreement allows us to evaluate the proposed

model structures for the EFoc-ring, using the results of our

RR experiment. It turned out from the crystal structures of

c-rings (Vollmar et al. 2009; Pogoryelov et al. 2009) that

the structure around the essential amino acid could be

different for different species. Therefore, it is important to

examine the structure of Asp61 in the EFoc-ring in a

membrane. It was revealed in this work that the distance

between Ala24 Cb and Asp61 Cc is longer than 0.6 nm,

while the distances in the decamer and dodecamer models

of the EFoc-ring structures (PDB ID, 1J7F) are around 0.44

and 0.42 nm, respectively (Fig. 6A, B). Therefore, our

results are not consistent with the current models. There are

four reported structures of subunit c-rings (Stock et al.

1999; Vollmar et al. 2009; Pogoryelov et al. 2009; Meier

et al. 2005). Among them, IFoc11 (Meier et al. 2005) is

closest to the EFoc-ring in terms of the subunit number.

The distance corresponding to Ala24 Cb and Asp61 Cc in

the EFoc-ring is that of Pro29 Cb-Glu68 Cc in IFoc. It is

0.57 nm, as shown in Fig. 6C. Since Glu68 in IFoc is

coordinated to Na?, we should focus our attention on the

global orientation of the side chain. As can be seen in

Fig. 6, the orientation of the essential acidic amino acid is

different for the EFoc model and the IFoc-ring crystal

structure in terms of the helix rotation and packing. On the

basis of our distance analysis, the helix packing of IFoc

might be better than that of the EFoc-ring model. We built

an EFoc decamer model based on the crystal structure of

IFoc-ring (see ‘‘Materials and methods’’). In this model,

Ile55, Ala62, and Gly69 are lined up on the surface of the

8 J Biomol NMR (2010) 48:1–11
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ring as can be seen in Fig. 6D. The shortest distance

between Ala24 Cb and Asp61 Cc (corresponding to the

solid line in Fig. 6C) is about 6.5 nm in good agreement

with our observation. However, the structural determina-

tion is left for the future. Furthermore, it is important to

point out that the protonated state of the Asp61 carboxyl

group is stabilized in the c-ring even at neutral pH.

It was shown in our previous work that EFoc-rings

hydrophobically and mechanically match the DMPC

bilayers in the liquid-crystalline state (Kobayashi et al.

2008). Namely, perturbation of a subunit c-ring on

hydrocarbon chains is subtle in contrast to in the cases of

other membrane proteins. This would be important for

smooth rotation of the subunit c-ring in membranes cou-

pled with H? translocation. The CODSHD experiment has

revealed that Ile55, Ala62, Gly69, and Phe 76 are located

on the hydrophobic surface. This means that residues with

relatively small side chains appear on the surface in the

central region of a membrane as can be seen in Fig. 6D.

The smaller side chains provide more space in the center,

which supports the motions of the methyl terminal regions

of hydrocarbon chains of lipids and longer side chains of

subunits c on the surface. Thus, the hydrocarbon chains of

lipids would be able to interact with the surface of the

subunit c-ring without stress.

In conclusion, the assigned chemical shifts suggest that

EFoc in a membrane takes on a hairpin-type helix-loop-

helix conformation in the c-ring. The magnetization

transfer results coincide with those of the cross-linking

experiments, which substantiates that the EFoc ring struc-

ture in DMPC membranes is similar to the intact one built

in H?-ATP synthase in E. coli membranes. The distance

measurement was not consistent with the proposed EFoc-

ring models. In the ring structure, the side chain of essential

Asp61 takes on the COOH state. The hydrophobic surface

of the EFoc-ring carries relatively small side chains in its

central region, which may allow soft and smooth interac-

tions with the hydrocarbon chains of lipids in the liquid-

crystalline state.
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Fig. 6 Model structures of the EFoc decamers, the distance between

Ala24 Cb and Asp61 Cc in the model, and the corresponding one in

the IFoc-ring structure. The helices are viewed from the polar loop

end of the subunit c hairpin in A, B and C. A A top view of the EFoc
decamer-ring model (Jiang et al. 2001); B a blowup of the relevant

region of the two subunits colored in A; C the corresponding region in

the IFoc-ring structure (PDB ID, 1yce); and D a model structure of

EFoc decamer mimicking the crystal structure of IFoc-ring. The

residues in the line-up derived from the CODSHD spectra (Fig. 4) are

colored red. The solid and broken lines are intra- and inter-molecule

distances, respectively. The models in A and D, and B and C were

drawn using UCSF CHIMERA (Pettersen et al. 2004) and RASMOL

(Sayle and Milner-White 1995), respectively
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