The rigid connecting loop stabilizes hairpin folding
of the two helices of the ATP synthase subunit ¢
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Abstract

We have tested the role of the polar loop of subunit ¢ of the Escherichia coli ATP synthase in stabilizing
the hairpin structure of this protein. The structure of the c;3,_s, peptide corresponding to the cytoplasmic
region of subunit ¢ bound to the dodecylphosphocholine micelles was solved by high-resolution NMR.
The region comprising residues 41-47 forms a well-ordered structure rather similar to the conformation
of the polar loop region in the solution structure of the full-length subunit ¢ and is flanked by short a-
helical segments. This result suggests that the rigidity of the polar loop significantly contributes to the
stability of the hairpin formed by the two helices of subunit c¢. This experimental system may be useful
for NMR studies of interactions between subunit ¢ and subunits y and €, which together form the rotor of

the ATP synthase.
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The F,F; ATP synthase is a multisubunit protein complex,
which catalyzes ATP synthesis using the driving force
of transmembrane gradient of protons in mitochondria,
chloroplasts, and most microorganisms, or sodium ions in
some bacteria (Senior 1988). In Escherichia coli and
other bacteria the membrane domain of ATP synthase (F,)
consists of three types of subunits in a ratio of a:b:c =
1:2:10-12 (Schneider and Altendorf 1986; Fillingame
et al. 2000; Jiang et al. 2001), and contains the trans-
membrane ion channel. The F,;-domain protruding into
the cytoplasm consists of two major subunits, o and 3,
arranged in a hexamer, and three minor subunits present
in a ratio of (af3);yde.

The flow of protons through the Fjy-channel induces
rotation of the cylindrical oligomer built of the ¢ subunits.
This rotation is transmitted inside the core of the F,
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complex through the shaft built of the elongated subunit
v. Cyclical conformational changes in the three substrate
binding centers, which are located on the (3 subunits, caused
by the subunit v rotation constitute the structural basis of
ATP formation in F; (Cross 2000; Yoshida et al. 2001).

Molecular steps of enzymatic catalysis in mitochon-
drial F; have been illuminated by a series of high-
resolution X-ray structures capturing the protein at differ-
ent stages of the catalytic cycle (Abrahams et al. 1994;
Braig et al. 2000; Menz et al. 2001). In contrast, structure
of the F, complex is still largely unknown, with the
exception of the rotor module built of 10—12 copies of the
¢ subunit and the membrane anchor of the subunit b dimer
(Dmitriev et al. 1999a). Model structures of the subunit
¢ oligomer in E. coli were calculated from the solution
structure of the subunit ¢ monomer and extensive inter-
subunit cross-linking data (Dmitriev et al. 1999b; Rastogi
and Girvin 1999). Recently, a high-resolution structure of
the subunit ¢ oligomer from Ilyobacter tartaricus was
solved by X-ray crystallography (Meier et al. 2005).

In an organic solvent—water mixture, subunit ¢ mono-
mer folds into a hairpin consisting of two long a-helices
connected by a short well-ordered loop (Girvin et al.
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1998). The number of atomic contacts between the
helices is relatively small, which limits the number of
possible interactions stabilizing the hairpin structure in
the solution and in the native enzyme within the mem-
brane. Stacking interactions between aromatic rings of
Y10, Y73, and F76 located close to the periplasmic ends
of the helices were proposed to stabilize the hairpin
structure (Girvin et al. 1998). However, such interactions
are absent in the structure of subunit ¢ at pH 8 (Rastogi
and Girvin 1999), as well as in the structures of the
subunit ¢ monomer from thermophilic bacterium PS3 in
organic solvent (Nakano et al. 2006) and of the subunit
c oligomer from Ilyobacter tartaricus (Meier et al. 2005).

The loop connecting the two helices of subunit ¢ is
well-ordered, and its rigid conformation could conceiv-
ably stabilize the folding of the helices in the hairpin
structure. The sequence of the loop region includes a
highly conserved sequence motif RQP(E/D) correspond-
ing to R41-D44 in E. coli. Mutations in the R41-D44
region result in uncoupling of ATP hydrolysis from
proton transport (Fillingame 1997; Mosher et al. 1985),
presumably by disrupting functionally important interac-
tions between the F; and F, complexes. Close contacts
between the polar loop region of the subunit ¢ and the
subunits y (Watts et al. 1995, 1996) and ¢ (Zhang and
Fillingame 1995; Hermolin et al. 1999) were directly
demonstrated by Cys—Cys cross-linking analysis in cell
membranes. Thus, the polar loop region of subunit ¢ is
directly involved in maintaining stability of the rotor
assembly in the ATP synthase. The available high-
resolution structures of the E. coli subunit ¢ were solved
in a mixture of chloroform, methanol, and water. In the
native enzyme in cell membranes, the polar loop region is
believed to be located at the interface between the lipid
bilayer and the cytoplasm. Therefore, detergent micelles
in water may provide a closer approximation to the native
environment than organic solvent.

If the short range interactions within the connecting polar
loop segment of subunit ¢ are sufficient to maintain a rigid
structure, which in turn would stabilize the folding of the
two helices into a hairpin, then the isolated loop segment
should possess a well-ordered structure similar to its
conformation in the full-length subunit c¢. The NMR struc-
tures of soluble protein fragments corresponding to the
loops connecting the transmembrane helices in bacteriorho-
dopsin and lactose permease have suggested an important
role of short-range interactions in the well-structured con-
necting segments in determining the global fold of polytopic
membrane proteins (Katragadda et al. 2001; Bennett et al.
2004). To clarify the role of the polar loop in stabilizing the
structure of subunit ¢ and to determine its conformation in
an aqueous detergent, we have solved the structure of a
subunit ¢ fragment corresponding to residues 32-52 in the
presence of dodecylphosphocholine.

Results and Discussion

The c;3,_5, peptide corresponds to the polar loop connect-
ing the two long a-helices of subunit ¢ (residues 41-47),
and the adjacent several turns of helices I and II (Fig. 1A).
As expected from the high content of polar amino acids in
this region of subunit ¢, the c3,_s5, peptide was found to
be easily soluble in water. To facilitate NMR assign-
ments, the peptide was '’N-labeled on glycine, alanine,
and leucine residues. The Fmoc derivatives of these
amino acids are commercially available and relatively
inexpensive, allowing routine incorporation of the corre-
sponding '"N-labeled amino acids in the synthetic pep-
tides for structure determination.

Chemical shift dispersion of the c;,_s, sample in water
was poor (Fig. 1B) and appeared to indicate a disordered
state lacking secondary structure. In the native ATP
synthase complex in the cell membrane residues 32-52
are predicted to extend from the lipid polar head group
region into the cytoplasm. To simulate this environment,
dodecylphosphocholine was added to the sample. Addi-
tion of dodecylphosphocholine to the peptide solution
dramatically improved chemical shift dispersion and
caused large chemical shift changes of several residues
(Fig. 1B). These changes strongly indicate binding of
the peptide to DPC micelles. A single set of signals was
observed for all the '’N-labeled amino acid residues in
the peptide in the presence of 100 mM DPC.

We have calculated a structure of the c;,_5, peptide
bound to DPC micelles (Supplemental Table 1). The
peptide is folded, and comprises three distinct structural
regions (Fig. 2A-D). Residues 33-39 form a short a-helix
hinged to a rigid loop including residues 41-47 followed by
another turn of an a-helix (residues 48-51). This structure
strongly resembles the corresponding region of the full-
length subunit ¢ structure determined in the chloroform—
methanol-water mixture (Girvin et al. 1998). The RMSD
for the backbone atoms of residues 41-47 between the
ensembles of the 10 best structures of the c3,_s» and the
full-length subunit ¢ was 1.1 A (Fig. 3A).

The rigidity of the loop region in the subunit ¢ and the
c32_52 peptide is most likely determined by steric con-
straints introduced by two proline residues (P43 and P47)
and the bulky side chains of the other residues in the
sequence R41-QPDLI-P47 combined with spatial restric-
tions caused by peptide binding to the detergent micelle.
Proximity of the Q42 side-chain amide to the backbone
carbonyl of 146 in the cj;,_ 5, structure suggests the
possibility of an H-bond formation, but the Q42 side-
chain conformation is not defined well enough to detect
such an H-bond with certainty.

In the cj3,_5» peptide, the short a-helical segments
flanking the polar loop region do not fold together. The
connection of the N-terminal a-helix to the polar loop
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Figure 1. (A) NMR structure of subunit ¢ (1COV) with the region corresponding to the ¢;,_s, peptide shown in blue. (B) 'H,'*N-HSQC
spectra of c3;_s, peptide recorded in the presence of 100 mM DPC (red) and without any detergent added (black). Sequential
assignments made in the presence of DPC are shown. The residue numbers correspond to the full-length subunit c. Amino acid
sequence of the ¢3,_s, peptide is shown below with '*N-labeled residues underlined.

appears to be very flexible. An amphipathic nature of this
short helix combined with the hydrophilic profile of the
adjacent loop region suggests that the c3,_s» peptide is
bound to the surface, rather than inserted inside the
micelle. The C-terminal a-helical segment displays less
flexibility probably due to the presence of P47.

The structure of the monomeric subunit ¢ of the E. coli
ATP synthase in chloroform—methanol-water mixtures

solved by NMR resembles a hairpin of two long a-helices
connected by a short well-structured loop. This architec-
ture is also observed in the high-resolution X-ray struc-
ture of the subunit ¢ oligomer from Ilyobacter tartaricus
(Meier et al. 2005), even though the relative orientation of
the two helices and the conformation of polar loop are
somewhat different. A remarkable feature of the NMR
solution structure is that the helices fold together even

Figure 2. Best fit superpositions of the 10 lowest energy c3,_s» structures calculated for the backbone atoms of residues 32-52 (A),
32-39 (B), 45-52 (C), and 41-47 (D). The corresponding RMSD values are shown in each panel.
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Figure 3. Stereoview of the superimposed polar loop regions (residues 41—47) in the c3,_s5, peptide and in the full-length subunit ¢
structures. (A) The c¢;3,_s, structure (red) and the NMR structure of the E. coli subunit ¢ (1COV, blue). The RMSD for backbone atoms
is 1.1 A. (B) The c;3; s, structure (red) and the X-ray crystal structure of the subunit ¢ from Ilyobacter tartaricus (1YCE, blue).

The RMSD for backbone atoms is 2.4 A.

though the number of interhelical contacts that may
stabilize the hairpin structure is relatively small.

A rigid connecting loop could limit the conformational
space available to the two helices, and thus the other weak
interactions could stabilize the hairpin structure of the
subunit ¢ monomer in the solution and of the oligomeric
complex in the membrane. The structure of the loop
region in the c3,_s5» peptide is indeed very well defined
and quite similar to the corresponding region in the NMR
structure of the full-length subunit ¢ (Fig. 3A). Impor-
tantly, this structural similarity is not significantly
affected by the difference in the solvent systems used for
the c3,_s, peptide and the full-length subunit c, respectively.
This observation indicates that the short-range interactions,
which determine the conformation of the polar loop, are
strong enough to outweigh the difference in the energy
contribution from peptide—solvent interactions, and further
validates the use of organic solvent—water mixtures in
structural studies of membrane proteins. In contrast, polar
loop conformation in the c3,_s5, peptide and in the NMR
structure of the E. coli subunit ¢ differs significantly from
the conformation observed in the crystal structure of the
Ilyobacter tartaricus subunit ¢ oligomer (Fig. 3B). Since
the choice of the solvent does not significantly affect polar
loop structure, this difference may be accounted for by
structural rearrangement taking place when the individual ¢
subunits form an oligomeric complex.

The interactions between the polar loop region of subunit
¢ and subunits € and vy appear to be essential for maintain-
ing the structural integrity of the ATP synthase rotor.
However, no high-resolution structure of the c—ye contact

region is available. The NMR structure of the subunit
€ (Wilkens and Capaldi 1998) and the present work provide
the basis for mapping the interactions between the c3,_s;
peptide bound to DPC micelles and the isolated subunit €.

In conclusion, the short-range interactions define a
well-ordered structure of the subunit ¢ polar loop. These
interactions constitute an important factor stabilizing the
hairpin structure of the subunit c¢. In general, the short
structured connecting loops are likely to play an impor-
tant role in defining the global fold of the polytopic
membrane proteins.

Materials and Methods

Peptide synthesis

A 21-residue peptide corresponding to residues 32—-52 of the E.
coli subunit ¢ (GGKFLEGAARQPDLIPLLRTQ) was synthe-
sized at the University of Wisconsin Biotechnology Center on
an Applied Biosystems Synergy 432A instrument using Fmoc
(N-(9-fluorenyl)-methoxycarbonyl) chemistry. The alanine,
glycine, and leucine precursors were '°N-labeled (Cambridge
Isotope Laboratories, Inc.). The N terminus was acetylated and
the C-terminal carboxyl was amidated. The peptide was purified
from the crude synthesis mixture by reverse-phase high-pressure
liquid chromatography. Identity of the purified peptide was
confirmed by amino acid analysis and electrospray mass
spectrometry. The final product was judged to be >98% pure
based on analytical high-pressure liquid chromatography.

NMR spectroscopy and structure calculation

Samples for NMR were 2 mM peptide in 10 mM sodium
phosphate, pH 6.3 prepared in D,O, or a 9:1 mixture of H,O
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and D,O. The samples used for structure determination also
contained 100 mM uniformly deuterated dodecylphosphocholine
(Cambridge Isotope Laboratories, Inc.). Details of NMR experi-
ments are provided in the Supplemental material. The structure
was calculated from 208 NOE-derived inter- and intraresidue
distance restraints, and further refined by the addition of eight
hydrogen bond constraints involving backbone amide protons of
residues 36—40 and 50-52, where the NOE pattern was character-
istic of an a-helix. Distance calibration and structure calculation
by simulated annealing were performed with the DYANA software
package (Guntert et al. 1997). The MOLMOL program (Koradi
et al. 1996) was used for visual analysis of the structure and for
preparing molecular graphics figures.
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