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ABSTRACT: F1Fo-ATP synthase is a large multiprotein complex, including at least 10 subunits in the
membrane-bound Fo-sector. One of these Fo proteins is subunit e (Su e), involved in the stable dimerization
of F1Fo-ATP synthase, and required for the establishment of normal cristae membrane architecture. As a
step toward enabling structure-function studies of the Fo-sector, the Su e transmembrane region was
structurally characterized in micelles. Based on a series of NMR and CD (circular dichroism) studies, a
structural model of the Su e/micelle complex was constructed, indicating Su e is largely helical, and
emerges from the micelle with Arg20 near the phosphate head groups. Su e only adopts this folded
conformation in the context of the micelle, and is essentially disordered in DMSO, water or trifluoroethanol/
water. Within the micelle the C-terminal Ala10-Arg20 stretch is helical, while the region N-terminal
may be transiently helical, based on negative CSI (chemical shift index) values. The Ala10-Arg20 helix
contains the G14XXXG18 motif, which has been proposed to play an important role in dimer formation
with another protein from the Fo-sector. The Gly on the C-terminal end of this motif (Gly18) is slightly
more mobile than the more buried Gly14, based on NMR order parameter measurements (Gly14S2 )
0.950; Gly18S2 ) 0.895). Only one Su e transmembrane peptide is bound per micelle, and micelles are
22-23 Å in diameter, composed of 51( 4 dodecylphosphocholine detergent molecules. Although there
is no evidence for Su e homodimerization via the transmembrane domain, potentially synergistic roles
for N-terminal (membrane) and C-terminal (soluble) domain interactions may still occur. Furthermore,
the presence of a buried charged residue (Arg7) suggests there may be interactions with other Fo-sector
protein(s) that stabilize this charge, and possibly drive the folding of the N-terminal 9 residues of the
transmembrane domain.

F1Fo-ATP synthase catalyzes the synthesis of adenosine
triphosphate (ATP)1 from ADP, which is coupled to proton
translocation across the mitochondrial inner membrane. Two
distinct parts of this large multiprotein complex can be
distinguished: the F1-sector, which catalyzes ATP synthesis,

and the membrane-bound Fo-sector, which mediates the
proton transport (1). Crystal structures have been solved, first
for bovine (2) and later for yeast (3) F1-sectors at 2.8 Å and
2.9 Å, respectively. The Fo-sector, with the exception of the
subunit c (Atp9)-oligomer (4-6) and secondary structure of
subunit a (7), remains structurally uncharacterized. Subunit
e (Su e) is one of at least 10 proteins associated with the
membrane bound Fo-sector inSaccharomyces cereVisiae(8-
10). Previous work has shown that Su e (and Su g) support
the stable dimerization of the F1Fo-ATP synthase complex
(8, 9, 11, 12), which leads to oligomerization in the inner
mitochondrial membrane and the establishment of normal
cristae membranes that penetrate into the mitochondrial
matrix (11, 13, 14). Genetic knockout of either Su e or Su
g leads to loss of normal cristae morphology in yeast, even
though the F1Fo-ATP synthase is still catalytically active (9,
11, 14, 15). Both Su e and Su g are highly conserved across
eukaryotes (12, 16), and analysis of the Su e protein sequence
indicates that it has a single hydrophobic N-terminal trans-
membrane region (∼20 residues) and a hydrophilic C-
terminal region (∼75 residues) that resides in the intermem-
brane space. Su e is known to form homodimers as well as
heterodimers with Su g, based on cross-linking studies (12,
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17, 46). The C-terminal domain has been proposed to play
a role in the dimerization of Su e, mediated by a predicted
coiled-coil motif in this segment (18-20), while the N-
terminal transmembrane domain contains a highly conserved
GXXXG motif, which is commonly associated with protein-
protein interactions in the transmembrane regions of dimer-
izing proteins (18-20). This GXXXG motif has been shown
to play a role in the proper positioning of Su e within the Fo

sector, possibly contributing to homo- and heterodimerization
activites of Su e (12, 13). As a step toward understanding
these and other structure-function properties of Su e, we
have structurally characterized the N-terminal transmembrane
domain of yeast Su e, bound to dodecylphosphocholine
(DPC) micelles.

In order to structurally characterize Su e, 2D NMR, CD
(circular dichroism), DOSY (diffusion ordered spectroscopy),
and paramagnetic probe methods were applied to the Su e
transmembrane domain (resides 1-20) embedded in DPC
micelles. Although this Su e domain adopts a random coil
configuration in aqueous solution, bound to micelles it forms
mainlyR-helical structure, and emerges from the lipid surface
with Arg20 near the phosphate head groups. No evidence
of dimerization is observed, although it is possible there could
be homodimerization through the GXXXG motif if the
C-terminal domain were also present. The studies presented
herein provide a foundation for future studies of full-length
Su e, and of Su e in complex with other Fo-sector proteins.

MATERIALS AND METHODS

Peptide Synthesis.The N-terminal Su e transmembrane
peptide (1-20, Ac-STVNVLRYSALGLGLFFGFR) was
synthesized at the Protein and Nucleic Acid Shared Facility
at the Medical College of Wisconsin (Milwaukee, WI). Note
the amino acid residue numbering used here for Su e
corresponds to that of the mature protein, as previous analysis
had indicated that Su e undergoes N-terminal modification,
with removal of the initial methionine residue and acetylation
of Ser at position 2 (9). For this reason Ser is referred to
here as position 1 of the peptide. The Su e peptide was
obtained in 34 mg yield utilizing Fmoc chemistry, and was
prepared using an Applied Biosystems 432A peptide syn-
thesizer. N-Terminal acetylation was used to remove the
charge, which would be absent on native yeast Su e, and
the C-terminus was present as an amide. The MALDI-TOF
mass spectrum showed a mass of 2259m/z (expected) 2259
m/z), and HPLC indicated>95% purity. The peptide was
aliquoted into single-use portions and stored at- 20 °C.

Another batch of peptide (∼38 mg) was synthesized with
three 15N labeled glycine residues (G12, G14 and G18),
which includes those present in the GXXXG motif. Glycine-
15N-Fmoc was purchased from Cambridge Isotope Labora-
tories and used for the synthesis. The HPLC and mass
spectrum showed that the peptide was>95% pure, and had
the expected molecular mass of 2262 m/z.

DPC Micelle Preparation. Fully deuterated DPC-d38

(dodecylphosphocholine-d38) was purchased from Cambridge
Isotope Laboratories. DPC has a critical micelle concentration
(CMC) of ∼1 mM (21), and the aggregation number of DPC
micelles is reported to stabilize at∼56 molecules per micelle,
with the micelle adopting a nearly spherical shape (22, 23).
Peptide:micelle samples were prepared by dissolving Su e

peptide powder in a DPC micelle solution. The buffer was
20 mM potassium phosphate, pH 6.0, with 90% H2O and
10% D2O. The sample was placed in an eppendorf tube and
sonicated in an ice water bath until the solution became clear.
The solution was centrifuged after sonication, to give the
final sample for the CD and NMR experiments. In order to
achieve an approximate peptide:micelle ratio of 1:1, and a
higher content of secondary structure, we finally chose the
peptide:detergent molar ratio of 1:70 for NMR studies.

CD Spectroscopy. All CD experiments were performed
at the Biochemistry department of the Medical College of
Wisconsin. CD spectra were recorded for Su e (125µM) in
different concentrations of DPC micelles (20 mM potassium
phosphate buffer, pH 6.0) in order to determine the best
peptide:DPC ratio, which gives maximum secondary struc-
ture (i.e., folding). The CD measurements and the corre-
sponding high tension voltage traces were made on a JASCO
J710 spectropolarimeter with a 1 mmquartz cuvette at room
temperature. Wavelengths were set from 190 to 250 nm. The
response time (time constant), scan rate and bandwidth were
2 s, 50 nm/min, and 0.5 nm, respectively, and 8 scans were
collected. Analysis of spectra was performed using the CD
analysis software DICHROWEB (www.cryst.bbk.ac.uk/cd-
web/html/home.html) (24).

NMR Spectroscopy. Samples of peptide in DPC micelles
contained 2 mM peptide and 140 mM perdeuterated DPC.
All NMR samples contained 20 mM phosphate buffer (pH
6.0) and 10% D2O (or 5% D2O). Perdeuterated DPC-d38 was
used to reduce background signal from the detergent. A series
of 2D NMR experiments were recorded on the Su e/DPC
micelle solutions at 310 K, on 800 MHz or 600 MHz Varian
spectrometers with cryoprobes. Water suppression was
achieved with the WATERGATE pulse sequence (25).

The mixing times used for 2D1H-1H NOESY experi-
ments were 100, 150, 200, 300, and 400 ms. For 2D1H-1H
TOCSY experiments, spin-lock times were 40, 60, 80, and
100 ms. The spectral width was 10000 Hz in both dimensions
at 800 MHz, and the spectra were collected with 3412 data
points in theω2 and 512 data points in theω1 dimensions
for both 2D 1H-1H NOESY and 2D 1H-1H TOCSY
experiments. For the 2D DQF-COSY experiment, the spectral
width was 6830.6 Hz in both dimensions at 600 MHz, and
the spectrum was collected with 1746 data points in theω2

dimension and 256 data points in theω1 dimension. A 600
MHz 3D 15N-edited NOESY experiment was run for the15N-
glycine labeled Su e peptide; but parameters were set to
acquire only the two1H dimensions, so the 2D showed only
1H-1H NOEs originating from15N attached protons. The
spectral width for theω1 dimension was 5954 Hz and for
ω2 was 10000 Hz. The spectra were collected with 2048 data
points in the direct dimension and 256 data points in the
indirect dimension. Two such15N-filtered NOESY spectra
were collected, with mixing times of 150 and 300 ms. Spectra
were processed with NMRPipe (44) on an SGI Octane
workstation, and assignments were completed using Sparky
3.110 (26). Chemical shifts were referenced to the HOD
signal at the carrier frequency (4.64 ppm at 310 K).

Glycine Backbone Dynamics. In order to assess the
dynamic properties of the glycine residues,15N relaxation
rates (R1 andR2) and the15N-{1H} heteronuclear NOE values
were determined from NMR experiments on the Su e peptide
containing three15N labeled glycines. The buffer conditions
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were the same as described above. All NMR data were
collected at 310 K on a 600 MHz Varian NMR spectrometer.
For determining the15N spin-lattice (R1) relaxation rates,
13 linearτ increments ranging from 0.05 to 1.2 s were used.
For the 15N spin-spin (R2) relaxation rates, 15 linearτ
increments between 4 ms and 200 ms were used with the
CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence (45).
The pulse sequences used for15N R1, R2 and NOE measure-
ments were gNT1, gNT2, and gNnoe in BioPack from
Varian.

The 15N R1 andR2 values were calculated by fitting the
peak intensity (M) and the varied delay time (τ) to the
following equation using SigmaPlot software:

whereR is R1 or R2 andM0 corresponds to the equilibrium
peak intensity.

For the15N-{1H} NOE experiments, two 1D data sets were
obtained with and without1H saturation. Saturation was
achieved by irradiation at the middle of the amide proton
frequency.15N-{1H} NOE values were calculated as peak
intensity ratios of the three15N labeled glycine signals
obtained with and without1H saturation experiments. The
relaxation and NOE data were processed using the Modelfree
software package from Dr. Arthur Palmer (http://www.cum-
c.columbia.edu/dept/gsas/biochem/labs/palmer/software/mod-
elfree.html). The basic input data for Modelfree includesR1

values with errors,R2 values with errors,15N NOE ratios
with errors estimated from two sets of15N NOE experiments,
and the correlation timeτc, which can be calculated fromT1

andT2 values using the following equations (27):

and

where d ) µ0hγIγS/[(8π2)r3], c2 ) ωS
2∆σ2/3, µ0 is the

permeability of free space,γI andγS are the gyromagnetic
ratios of1H and15N, respectively,h is Planck’s constant,r
is the internuclear1H-15N distance,ωI and ωS are the1H
and 15N Larmor frequencies, respectively, and∆σ is the
chemical shift anisotropy of the15N spin (assuming an axially
symmetric chemical shift tensor). The symmetry axis of the
chemical shift tensor is assumed to be collinear with the
N-H bond vector. The calculatedτc was 7.4 ns for 2 mM
Su e peptide in 140 mM DPC.

Paramagnetic Measurements. Dipolar interactions with
paramagnetic molecules enhance the relaxation rate of nuclei
in their vicinity. The most obvious evidence for proximity
to a paramagnetic probe is line broadening (aT2 effect) or
fasterT1 relaxation. In order to determine where the Su e
peptide emerges from the micelle, the water-soluble para-
magnetic reagent, CROX (chromium oxalate) and NiEDDA
(nickel ethylenediaminediacetic acid) were added, and effects
onT1 relaxation measured for micelle-bound peptide. CROX

and NiEDDA were chosen, based on their effective use in
recent EPR studies of MsbA (the ATPase lipid A transporter
found in the inner membranes of bacteria) for measuring how
deeply that protein penetrated the membrane lipid (28), and
earlier EPR characterization of membrane-embedded bac-
teriorhodopsin (29). Likewise, NMR-based paramagnetic
probe studies have been used to characterize peptide/DPC
micelles for over a decade (30, 31), and one recent study
presented the application of a variety of paramagnetic probes
to characterize topology of the OmpX/DHPC mixed protein/
micelle system (32).

The T1 relaxation experiments were performed using the
standard 1D inversion recovery presat pulse sequence in
VnmrJ with satmode) “yyn”. Spectral width was 7225 Hz,
with 14450 data points,d1 of 0.02 s, and 512 transients. For
theT1 relaxation study of 2 mM Su e in 140 mM DPC with
no paramagnetic reagent present,d2 was set as 0.001, 0.005,
0.01, 0.02, 0.05, 0.08, 0.1, 0.3, 0.5, 0.7, 0.8, 0.9, 1, 2, 4, and
8 s. For theT1 relaxation study of 2 mM Su e in 140 mM
DPC with 10 mM CROX or 50 mM NiEDDA present,d2

was set as 0.001, 0.005, 0.01, 0.02, 0.04, 0.05, 0.06, 0.08,
0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 s. All data were processed
using VnmrJ. It should be noted that although amides for
residues throughout the Su e peptide sequence might be
expected to provide a gradient ofT1 effects, correlated with
depth of penetration into the micelle, the greatest effect was
on the C-terminal Arg20 residue. Unfortunately, because of
spectral overlap, it was not possible to determineT1 values
for other residues. Arg20, besides being most affected by
paramagnetic probe, is also well-resolved from other residues,
including Arg7. Furthermore, backbone and side chain NHs
of Arg20 show correlatedT1 effects, also distinguishing it
from Arg7.

Diffusion Ordered Spectroscopy (DOSY) Measurements.
DOSY is an accurate method for determining the self-
diffusion constantD of a molecular species in solution (33),
which provides an estimate of its hydrodynamic radius.
DOSY experiments were performed to determine if the Su
e peptide is fully associated with the DPC micelles, and the
approximate size and stoichiometry for the peptide:micelle
complex. The DOSY spectra were acquired on a 750 MHz
Bruker NMR spectrometer (at NMRFAM, UWsMadison)
at 310 K. The observed signal intensity in the DOSY
experiment is given by

where I0 is the reference intensity,D is the diffusion
coefficient, γ is the 1H gyromagnetic ratio,δ is the total
length of the defocusing/refocusing gradient pulses,∆ is the
diffusion time (80 ms), andτ/2 is the delay time between
the two bipolar gradient pulses, which depends on spec-
trometer constraints, andg is the gradient strength, which
was increased from 0 to 60 G cm-1. From the determined
D, the hydrodynamic radiusr′ of the peptide:DPC micelle
could be calculated using the Stokes-Einstein equation:

where k is the Boltzmann constant,T is the absolute
temperature, andη is the bulk viscosity of the solution, which
is a function of solution conditions (e.g., temperature, salt,

M ) M0 e-Rτ (1)

R1 ) (d2/4)[3τc/(1 + ωS
2τc

2) + τc/(1 + (ωI - ωS)
2τc

2) +

6τc/(1 + (ωI + ωS)
2τc

2)] + c2[τc/(1 + ωS
2τc

2)] (2)

R2 ) (d2/8)[4τc + 3τc/(1 + ωS
2τc

2) +

τc/(1 + (ωI - ωS)
2τc

2) + 6τc/(1 + (ωI + ωS)
2τc

2) +

6τc/(1 + ωI
2τc

2)] + (c2/6)[4τc + 3τc/(1 + ωS
2τc

2)] (3)

I ) I0 exp(-Dg2γ2δ2(∆ - δ/3 - τ/2)) (4)

D ) kT/(6πηr′) (5)
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and protein concentration). Theη value was estimated from
the diffusion constant of the residual HOD signal. From the
calculatedr′, the molecular mass (MM) in daltons could be
estimated by relating the equation of the volume of a sphere
to the partial specific volume of a proteinVp. TheVp of an
average protein is estimated to be 0.73× 10-6 m3 Da-1.
The protein/micelle assembly is also assumed to have aVp

of approximately 0.73× 10-6 m3 Da-1.

RESULTS AND DISCUSSION

Su e in DPC Micelles: Structural Characterization Using
CD and DOSY. CD measurements of the Su e peptide were
performed at different DPC:Su e ratios (Figure 1), and the
secondary structure content of the Su e peptide was calculated
from the spectra, as summarized in Table 1. At a low DPC:
Su e ratio (20:1) there was no significant secondary structure
for the Su e transmembrane peptide, which exhibited mainly
random coil conformation with only∼13%R-helical content.
However,R-helical content increases significantly when the
DPC:Su e ratio increases to 70:1 or higher, indicating the
lipid environment is required for folding. Likewise, NMR
studies (especially 2D NOESY; not shown) indicate that the
peptide folds better in DPC micelles than in water,d6-DMSO
or 30% trifluoroethanol (TFE). Within the DPC micelle, the
Su e peptide appears to have∼50%R-helical content based
on CD (note: calculations ofR-helical content based on CD
are only approximate, especially for peptides). But, additional
studies were needed to establish whether all of the peptide
is bound to the micelle, how many peptides are present per
micelle, and how large the micelle complex is, relative to
peptide (i.e., can the micelle accommodate the transmem-

brane domain). These questions could be addressed with
DOSY experiments on the peptide:micelle complex.

From the DOSY spectrum of 2 mM Su e peptide in 140
mM DPC, it was observed that the peptide diffused at the
same rate as the DPC micelles, with an average diffusion
coefficient of 6.4× 10 -11 m2 s-1. That is, all of the Su e
peptide appears to be embedded within the micelle. Based
on this diffusion coefficient, a hydrodynamic radius of 22-
23 Å was calculated. This is∼twice the length of a fully
helical Su e peptide (Vide infra), so the micelle can easily
accommodate the transmembrane domain. Furthermore, the
molecular mass of the peptide:DPC micelle could be
estimated as 22.1( 1.4 kDa using eq 6. Based on the
molecular weights of the Su e peptide (2259 g/mol) and the
perdeuterated DPC (389 g/mol), this leads to an estimate of
51 ( 4 DPC detergent molecules that comprise one 22-23
Å micelle sphere, with one Su e peptide present per micelle.
Previous molecular dynamics calculations suggest the shape
of the DPC micelle is nearly spherical, being only slightly
prolate (22). This micelle size is in close agreement with a
published average aggregation number for DPC of 56 (23).
The approximate 1:1 stoichiometry of peptide:micelle is
based on the fact that micelles are present at 140 mM, so
140 mM/51) 2.7 mM micelles, and the peptide is present
at 2 mM and is fully bound to micelle. Although it is possible
that some micelles contain>1 peptide, while others are
vacant, NMR data discussed below show no evidence of
interpeptide NOEs. In addition to DOSY data, titration of
peptide with micelle supports the presence of monomeric
peptide within a given micelle. That is, CD data indicate
maximum helical content when there is a micelle:peptide
stoichiometry of∼1:1, whereas if two peptides were bound
per micelle, maximum helical content would be achieved at
lower micelle concentrations. These DOSY and CD data,
coupled with15N relaxation data that suggest a homogeneous
structure, and the lack of interhelical NOEs, provide evidence
that Su e is present within the micelle as a monomer rather
than as a dimer. The DOSY and CD data together also
suggest that the folding of Su e peptide is driven by the need
to have at least one micelle present for each Su e peptide
molecule; and peptide is much more soluble in micelle than
in water, as expected. But the CD data do not distinguish
between the possibilities of one longR-helix that oscillates
between folded and unfolded states, versus a well-folded
structure that is only partially helical. Furthermore, it is not
known where the Su e peptide emerges from the micelle,
and whether only one end of the peptide is close to the
micelle surface (polar head groups), or whether it folds in
such a way as to permit both ends to be near the surface.
Although there is a C-terminal arginine (Arg20) that is likely
to be near the micelle surface, there is another Arg (in
position 7) that might also be expected to be near the polar
surface of the micelle, if the peptide adopts a bent conforma-
tion, such as a helix-turn-helix. To answer these questions,
a more detailed NMR structural analysis was pursued.

NMR-Based Structural Analysis.All spin systems for the
Su e transmembrane peptide in DPC micelles were assigned
based on chemical shifts and characteristic TOCSY and
DQF-COSY cross-peak patterns. Sequence-specific assign-
ments of backbone and most of the side chain resonances
were made for the Su e transmembrane peptide bound to
perdeuterated DPC micelles, using the sequential assignment

FIGURE 1: CD spectra of Su e peptide in DPC micelles. The peptide
concentration was 125µM in 20 mM potassium phosphate buffer,
pH 6.0. The concentration ratios of peptide:DPC were 1:20 (red
trace), 1:70 (green trace) and 1:86 (blue trace).

Table 1

Su e:DPC R helix(%) â sheet(%) coil (%) NRMSDa

1:20 13 39 48 0.555
1:70 45 22 34 0.096
1:86 51 24 25 0.096

a Normalized root-mean-square deviation.

r′ ) {[(4)(0.73× 10-6)(MM)]/[(3 π)(6.023× 1023)]}1/3 (6)
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strategy described by Wu¨thrich (34). Table 2 provides a
summary of the assignments for the 20 residues of the
micelle-bound Su e peptide. The dNN region of the1H-1H
NOESY spectrum is shown in Figure 2, where it is evident
that the strongest sequential connectivities are observed in
the Ala10-Arg20 stretch of residues, consistent with this
region being helical. The fingerprint (dRN) region was also
assigned, but severe overlap left some assignment ambiguities
that required specific labeling to resolve. The fingerprint
region for a 2D15N-filtered 1H-1H NOESY of the labeled
peptide (three15N-glycines) is shown in Figure 3, where a
number of sequential and medium range connectivities are
evident, includingi to i + 3 NOEs associated withR-helical
structure. A summary of1H-1H NOE connectivities for the
Su e peptide in DPC micelles is shown in Figure 4. The
connectivities indicate anR-helical conformation for the
Ala10-Arg20 stretch, with the typical pattern of dNN (i, i +

1), dRN (i, i + 3), and dRâ(i, i + 3) NOEs. The15N-filtered
NOESY spectrum for the labeled peptide was very helpful
in confirming many of the assignments. It not only permitted
confirmation of resonance assignments for the three glycine
residues, it aided with the sequential assignment of nearby
residues, especially Leu11, Leu13, Leu15, Phe16, Phe17, and
Phe19.

Since backbone HR proton chemical shifts are sensitive
to environment, confirmatory information on protein or
peptide secondary structure can often be obtained by
comparing the HR chemical shifts to random-coil values,
expressed as chemical shift index (CSI) values. Typically,
HR proton resonances for amino acids that are part of an
R-helix tend to shift upfield (CSI< 0), whereas resonances
for amino acids inâ-sheet structures tend to shift downfield
(CSI > 0), compared to random-coil chemical shifts (35,
36). Most HR proton resonances for micelle-bound Su e are
shifted upfield (Figure 5), which is indicative of anR-helical
structure. The fact that residues in the most N-terminal region
(residues 2-9) are also shifted upfield may mean that they
populate anR-helical state transiently.

In summary, these data clearly show that the region
containing the GXXXG motif isR-helical, although there

Table 2

residue NH RH âH others

S1 8.38 4.50 3.87, 3.95
T2 8.47 4.21 4.06 γCH3 1.20
V3 8.13 3.82 2.07 γCH3 0.93, 0.99
N4 7.99 4.18 2.89, 2.92 γNH2 6.75
V5 8.18 3.8 2.22 γCH3 0.95, 1.05
L6 8.31 3.72 δCH3 0.99, 0.91
R7 7.68 4.14 1.66, 1.82 γCH2 1.53

δCH2 3.13
NH 7.32

Y8 8.1 4.37 3.00, 3.09 2, 6 H 7.09
3, 5 H 6.80

S9 8.32 4.47 3.84
A10 8.37 4.22 1.19
L11 7.94 4.14 1.88, 1.63 δCH3 0.91
G12 8.33 (15N ) 106.5) 3.81, 3.73
L13 8.2 4.20 1.48, 1.44
G14 8.42 (15N)106.4) 3.78
L15 7.93 4.16 1.79, 1.45 δCH3 0.86, 0.89
F16 8.03 4.59 3.19, 3.27 2, 6 H 7.30

3, 5 H 7.28
4 H 7.17

F17 7.98 4.46 3.29, 2.87 2, 6 H 7.43
3, 5 H 7.31
4 H 7.19

G18 7.8 (15N ) 106.8) 3.96, 3.87
F19 8.14 4.61 3.19, 2.93 2, 6 H 7.31

3, 5 H 7.27
R20 7.65 4.15 1.82, 1.64 γCH2 1.52

δCH2 3.16
NH 7.40, NH2 6.76

FIGURE 2: The dNN region of the1H-1H NOESY spectrum of 2
mM Su e transmembrane peptide in 140 mM DPC in 20 mM
potassium phosphate buffer, pH 6.0 and 310 K.

FIGURE 3: Fingerprint region of the15N-filtered 1H-1H NOESY
spectrum (τm ) 150 ms) of Su e peptide in DPC micelles (600
MHz with cryoprobe, and 310 K). Su e was 2 mM and DPC was
140 mM in potassium phosphate buffer, pH 6.0 with 10% D2O.

FIGURE 4: Summary of1H-1H NOE connectivities for the Su e
transmembrane peptide (Ser1-Arg20) bound to DPC micelles.
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may be some break in helicity at the center of the GXXXG
motif. But this is difficult to conclude with certainty, as the
lack of medium range connectivities in this region could also
be attributed to the highly overlapped nature of the fingerprint
region. Longer range NOEs were observed from Ser1 to Val5
and from Tyr8 to Gly18, possibly from transiently populated
state(s), but there were not enough long range NOEs to
permit a structure calculation. What is clear though, is that
the region from Ala10-Arg20 isR-helical. This is the region
containing the GXXXG dimerization motif, so the motif is
clearly helical even in the absence of dimerization with
another Su e molecule or with Su g or with other Fo-sector
proteins. The region N-terminal to Ala10 might not be well-
folded, but may become folded in the context of interactions
with other Fo-sector proteins.

Backbone Dynamics for GXXXG Motif Glycines. Given
the potentially important role of the GXXXG motif in Su e
and other membrane embedded proteins, and the possibility
of a helical break in the middle of this motif, we wondered
if these residues were part of a flexible/mobile region that
rigidifies only when the dimerization partner is encountered,
or in the context of the intact Fo-sector. To partially address
this question, backbone motion on the picosecond to
nanosecond time scale was assessed using dynamics mea-
surements of the15N-labeled glycine residues. Peptide
backbone dynamics and flexibility were quantified using the
Lipari-Szabo formalism (37, 38). The generalized order
parameters,S2, were calculated from the experimentally
measuredR1, R2, and heteronuclear NOE values for the three
15N-labeled glycine residues (N-H vectors). When measur-
ing the15N R1 andR2 values, it was clear that peak intensities
were very well defined by a single-exponential function,
indicating that the motional freedom of the peptide was
identical for all Su e molecules. That is, the Su e structure
is homogeneous, and is therefore not a mixture of mono-
meric/dimeric states with different motional regimes for the
GXXXG motif. The measuredR2 values are 11.2( 0.4 s-1,
11.3 ( 0.4 s-1, and 10.4( 0.4 s-1 for G14, G12 and G18
respectively; the measuredR1 values are 1.80( 0.034 s-1,
1.74 ( 0.029 s-1, and 1.78( 0.035 s-1 for G14, G12 and
G18 respectively; and, the measured15N NOEs are 0.74(
0.02, 0.74( 0.01, and 0.59( 0.02 for G14, G12 and G18
respectively. Relatively high NOE values (>0.6) are indica-
tive of residues that are located in regions with restricted
internal motions.

The calculatedS2 values are 0.988, 0.950, and 0.895 for
G12, G14 and G18, respectively. Values ofS2 between 0.85
and 1 are typical of a well-defined and somewhat rigid
structure. All three glycine residues have similar motional

characteristics, with order parameters between 0.89 and 0.99.
Such high values forS2 are consistent with reasonably well-
defined secondary structure, and have been observed previ-
ously for peptides embedded in micelles (39, 40). Of the
three labeled glycines, G18 has a slightly lowerS2, which
indicates it has more motional freedom. This motional
freedom is probably due to G18’s location near the C-
terminus of the Su e transmembrane helix. But there is not
significant motion for any of these glycine residues, con-
sistent with the GXXXG motif having a fairly well-defined
structure, even in the absence of binding partners and outside
of the context of the intact Fo-sector. Future studies will be
directed to dynamics measurements of other selectively
labeled Su e residues, and in the context of other F0 sector
proteins.

A Su e:DPC Micelle Structural Model. The Su e trans-
membrane peptide is clearlyR-helical for residues Ala10-
Arg20, which includes the GXXXG dimerization motif. The
region N-terminal to this may also populate anR-helical
structure. But lack of more medium range connectivities leads
us to propose that residues Thr2-Ser9, and possibly residues
Phe16-Arg20, may be only transiently helical, and the
overall helical content may be lower than predicted from
CD data. In contrast though, highS2 values argue that the
Phe16-Arg20 stretch may be somewhat more ordered (or
else that the helical/unstructured transition is a slow exchange
process within the micelle). This helical structure is only
adopted within the micelle, and not in water, TFE/water or
DMSO. This requirement for a proper membrane-like
environment is commonly required for proper folding of
transmembrane proteins and peptides (41, 42). DOSY results
indicate that the Su e peptide/micelle complex has a
hydrodynamic radius of 22-23 Å, corresponding to∼50
DPC lipid molecules per Su e peptide. Indeed, helical
structure is only present at DPC:peptide ratios that are at
least this high. NMR protein dynamics studies of the Su e
glycines (G12, G14, and G18), which span the conserved
GXXXG motif, suggest this helix is highly structured and
rigid, although the C-terminal Gly (G14XXX G18) is slightly
more mobile. This residue is near the C-terminal end of the
Ala10-Arg20 helix, where the transmembrane region may
begin to emerge from the micelle. Certainly, emergence from
the micelle must occur at some point in this vicinity, since
the C-terminal domain, which occurs soon after this trans-
membrane domain, is known to reside in the intermembrane
space (8). Where the transmembrane peptide emerges from
the micelle, and how it is oriented (approximately) within
the micelle, was next explored using water-soluble para-
magnetic agents.

Addition of water-soluble paramagnetic agents confirms
that the C-terminal region is more solvent exposed than the
rest of the peptide, and represents the point at which Su e
would enter the intermembrane space. The paramagneticT1

relaxation study (Figure 6) indicates that one residue in the
Su e peptide experiences a faster relaxation rate compared
to other residues, due to presence of the paramagnetic reagent
CROX or NiEDDA, which resides predominantly in the
aqueous layer. The proton signal that relaxes fastest in Figure
6 is at∼6.78 ppm, which is for Arg20. In this inversion-
recovery experiment, atτ ) 0.04 s a positive signal appeared
for that resonance, but all other protons started to appear

FIGURE 5: HR CSI plot for the Su e transmembrane peptide (Ser1-
Arg20) bound to DPC micelles.
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positive only at aroundτ ) 0.1 s. Therefore, this Arg20
proton experiences a slightly stronger paramagnetic effect,
due to exposure to solvent on the outside of the micelle.

To summarize, we propose a Su e:DPC model with the
N-terminus of the transmembrane domain buried deeply in
the micelle, and emerging from the micelle with the
C-terminal Arg20 interacting with the negatively charged
polar head groups while Phe19 is still buried in the
hydrophobic lipid layer. Because CSI values for the entire
peptide are only slightly negative (Figure 5), it could be that
peptide adopts a somewhat loose helical state. This would
be consistent with the sparsity of medium range connectivi-
ties (Figure 4), even in the Ala10-Arg20 stretch. While the
first 9 residues of Su e do not show NOE connectivities
consistent with helix, the presence of negative CSI values
do suggest helix. As such, we suspect that this region may
at least transiently populate a helical state, which may adjust
to a properly folded conformation in the intact Fo-sector.
Indeed, it would be unusual to have an unstructured region
with unsatisfied H-bond donor/acceptors buried within a low-
dielectric medium, so we suspect this transient unfolded state
is an artifact of our system, which lacks the other Fo-sector
proteins that may be needed to fully stabilize the N-terminal
secondary structure. Furthermore, we conclude also from our
data that Arg7 appears to be buried in the micelle, indicating
that it would be located within the lipid bilayer of the
mitochondrial inner membrane, an unusual position for a
potentially charged residue. We suspect therefore that Arg7
will participate in interactions with other Fo-sector proteins,
which may have complementary negative charges. This
would be consistent with the highly conserved nature of the
R7YSAL motif in which Arg7 is located. One potential
interaction partner is Su g. Although Su g is known to
dimerize with Su e through their respective transmembrane
segments and in a manner which is not dependent on the
integrity of their respective conserved GXXXG motifs (15,
17, 46), it is unlikely that Su g provides charge stabilization
for Arg7. Although many Su g proteins contain a negatively
charged residue (Glu) within their GXXXG motif (17), it
would not be properly positioned to interact with Arg7.
Because the Su e and Su g GXXXG motifs immediately
precede the positively charged residues (Arg20 in Su e and
Arg106 in Su g) thought to interact with the phospholipid
phosphates, they are buried at approximately the same depth
in the bilayer, which means that the properly positioned

amino acid on Su g for interaction with Arg7 of Su e would
be located 7-8 residues to the N-terminus of the Su g
GXXXG motif (i.e., not in the GXXXG motif). One could
then ask if there is a potential interacting residue in Su g, at
the appropriate position N-terminal to GXXXG. ButSac-
charomyces cereVisiaeSu g does not contain any negatively
charged amino acid in the region 7-8 residues N-terminal
to the GXXXG motif; although Su g peptides from other
organisms do contain a Glu in this position. Still, if Su e/Su
g GXXXG motifs were to pack in the typical manner, with
the two peptides crossing each other at∼40° angles (43),
this would position Arg7 of Su e far from the corresponding
region of Su g (Gln or Glu 93). A more likely interaction
between Su e and Su g might be similar to that proposed by
Bustos and Velours (46), where the phenylalanines of Su e
(Phe16/Phe17 in our numbering) interact with Tyr98 of Su
g; and the Glu93 of Su g has no interaction with Su e. We
therefore suspect that another inner membrane protein (not
Su g), most likely another Fo-sector protein, may interact
with and stabilize the buried Arg7 of Su e.

Finally, our data do not support a model of Su e
homodimerization via their transmembrane domains, as there
was no evidence of Su e/Su e homodimerization within the
micelle. This observation is consistent with previous results
(12, 15, 17) where mutation of the highly conserved GXXXG
motif of Su e did not affect Su e/Su e dimerization, as judged
by chemical cross-linking experiments. Thus, we consider
it more likely that protein-protein interactions occurring via
the conserved coiled-coil motifs in the soluble intermembrane
space domain, i.e., C-terminal of Arg20, are responsible for
any Su e-Su e homodimerization.
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