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ABSTRACT The { subunit is a novel natural inhibitor
of the a-proteobacterial F,F,-ATPase described origi-
nally in Paracoccus denitrificans. To characterize the
mechanism by which this subunit inhibits the FFg
nanomotor, the { subunit of Paracoccus denitrificans
(Pd-{) was analyzed by the combination of Kinetic,
biochemical, bioinformatic, proteomic, and structural
approaches. The { subunit causes full inhibition of the
sulfite-activated PdF;-ATPase with an apparent IC;, of
270 nM by a mechanism independent of the € subunit.
The inhibitory region of the { subunit resides in the
first 14 N-terminal residues of the protein, which
protrude from the 4-a-helix bundle structure of the
isolated { subunit, as resolved by NMR. Cross-linking
experiments show that the { subunit interacts with rotor
(y) and stator (o, 3) subunits of the F;-ATPase, indi-
cating that the { subunit hinders rotation of the central
stalk. In addition, a putatively regulatory nucleotide-
binding site was found in the { subunit by isothermal
titration calorimetry. Together, the data show that the {
subunit controls the rotation of F,Fy-ATPase by a
mechanism reminiscent of, but different from, those
described for mitochondrial IF;, and bacterial € sub-
units where the 4-a-helix bundle of { seems to work as
an anchoring domain that orients the N-terminal
inhibitory domain to hinder rotation of the central
stalk.—Zarco-Zavala, M., Morales-Rios, E., Mendoza-

Abbreviations: 1D, I-dimensional; 2D, 2-dimensional; 2-IT,
2-iminothiolane; B-Me, B-mercaptoethanol; ANT, N-termainal
deletion; BLAST, Basic Local Alignment Search Tool; CD,
circular dichroism; DEAE, diethylaminoethyl; DEAH, diethyl
aminohexyl; DSP, dithio-bissuccinimidylpropionate; DTT, di-
thiothreitol; DUF, domain of unknown function; ICg,, half-
maximal inhibitory concentration; ITC, isothermal titration
calorimetry; Js-{, { subunit of Jannaschia species; LDAO, lauryldi-
methylamine oxide; NMR, nuclear magnetic resonance; ORF,
open reading frame; Pd-€, € subunit of Paracoccus denitrificans,
Pd-{, { subunit of Paracoccus denitrificans; PAF,, Paracoccus denitri-
ficans Fy; P;, inorganic phosphate; PK/LDH, pyruvate kinase/
lactate dehydrogenase; Rs-{, { subunit of Rhodobacler sphaeroides;
TCA, trichloroacetic acid; TEV, tobacco etch virus; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis; WB,
Western blot; WT, wild type
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FFo-ATP SYNTHASES ARE energy-transducing enzymes
that produce ATP from ADP and inorganic phosphate
(P;) using the energy from electrochemical proton/
sodium gradients across the plasma membrane of bac-
teria or the inner membranes of mitochondria and
chloroplasts. Mechanistically, these enzymes consist of
2 nanomotors, coupled by rotary motion: an ion chan-
nel (Fy) and an ATP-synthesizing catalytic head (F,).
The operation of the enzyme is reversible; the direction
of rotation depends on the direction of the reaction.
During ATP synthesis, driven by transmembrane ion
flow, rotation is clockwise (viewed from the Fg ion
channel toward the F; catalytic head), while during
ATPase-driven ion pumping, rotation is counterclock-
wise. To prevent the wasteful F;-ATPase activity, the
F,F, nanomotors of mitochondria, chloroplasts, and
eubacteria are tightly controlled through mechanisms
that involve various supernumerary subunits or regula-
tory domains (reviewed in refs. 1, 2). For instance, in
mitochondria, the IF, inhibitor protein (3) prevents
the backward F-ATPase activity during collapse of the
proton gradient by stalling rotor gyration (4) and
blocking the conformational changes of the o/ cata-
Iytic interfaces (2, 4), whereas in chloroplasts, an inter-
nal disulfide bridge of the <y subunit prevents the
counterclockwise rotation in the ATPase direction (3).
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In eubacteria, the canonical inhibitor of the F,-ATPase
turnover is the € subunit (5), which works as a ratchet
to preferentially inhibit the counterclockwise rotation
during ATPase turnover (6), with some evidence that it
also controls the ATP synthase activity (7, 8).

In contrast to the progress toward understanding the
control of the ATP synthase nanomotor in mitochon-
dria, chloroplasts, and eubacteria, the regulatory mech-
anism of the F;Fy nanomotor of a-proteobacteria was
unknown until our recent isolation of the F;-ATPase
and F;Fo-ATP synthase complexes from Paracoccus deni-
trificans (9), where we found a novel regulatory protein
of 11 kDa. This subunit was named {, since it follows &
in decreasing size and operates as a novel strong
inhibitor of the P. denitrificans F, (PdF,)-ATPase activ-
ity. Interestingly, { is not related in sequence to the
canonical F;-ATPase inhibitors from eubacteria (€) or
mitochondria (IF;). The gene encoding { had been
identified as a hypothetical protein or domain of
unknown function (DUF; DUF1476) in all a-proteobac-
teria (9). Moreover, a homologous { subunit was found
associated with the ATP synthase of Rhodobacter spha-
eroides (9), suggesting that this subunit may work as a
novel inhibitor of the F;-ATPase nanomotor all along
the a-proteobacterial family.

Here we describe further functional and structural
studies to resolve this novel inhibitory mechanism of
the { subunit of the ATP synthase of P. denitrificans.
These studies include the reconstitution of the recom-
binant { subunit into the PdF;-ATPase, combined with
cross-linking, bioinformatic, proteomic, and structural
approaches. Taken together, the data resolve key fea-
tures of this novel control mechanism of a-proteobac-
terial F;-ATPases exerted by the { subunit and correlate
these features with the newly resolved tertiary structure
of the isolated { protein in solution.

MATERIALS AND METHODS

Strains

P. denitrificans (strain PD1222) was grown aerobically in the
presence of succinate. Subbacterial particles (SBPs) prepared
by sonication of inside-out membranes and the soluble PdF -
ATPase were obtained as described before (9). The Escherichia
coli strain BL21 was used to overexpress the { and € subunits
of P. denitrificans (Pd-{ and Pd-g, respectively) using the
plasmids pIPPD1 and pEPPD1, respectively, constructed pre-
viously to clone the P. denitrificans { and € genes (9).

Purification of PdF,-ATPase, Pd-{, and Pd-¢

The PdF,-ATPase and recombinant Pd-€ and Pd-{ subunits
were purified to homogeneity as described before (9). Addi-
tional modifications to the original purification protocol
include a HiTrap Q Sepharose high-performance (QHP)
column (5 ml; GE Healthcare, Little Chalfont, UK) preceding
the Superdex 200 gel filtration to desalt the PdF,-ATPase,
followed by diethyl aminohexyl (DEAH) as affinity column at
the final step used as reported before (9). This third chro-
matographic step improved the purity of the preparation (see
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Supplemental Fig. S1A). The Pd-{ subunit was purified essen-
tially as before (9), but the protein was eluted with a smaller
KCI gradient (0-0.3 M) from diethylaminoethyl (DEAE)
Sepharose followed by a Superdex 75 gel filtration step. For
the purification of Pd-g, the initial ammonium sulfate precip-
itation was at 15% saturation (instead of 50% as used before;
ref. 9) to collect the supernatant, followed by additional 25%
(NH,) SO, to reach 40% saturation to precipitate the protein
and resuspend the pellet containing the enriched Pd-e. The
protein was desalted by overnight dialysis against 20 mM
phosphate (pH 8.0) followed by a DEAE Sepharose column,
eluting the protein with a 0-0.7 M KClI gradient followed by
Superdex 75, as reported before (9).

Preparation of the PdF,-&e-{ (a335v3) complex

Removal of the endogenous { and/or € subunits from PdF,
was carried out by immunoaffinity chromatography using
protein-G agarose coupled to anti-{ or anti-€ antibodies as
described by Dunn (10). Briefly, the PdF,-ATPase was prein-
cubated in buffer A (250 mM sucrose, 10 mM Tris, 10%
glycerol, 1 mM EDTA, 2.5 mM PAB, 0.2 mM ATP, and 30 mM
sodium sulfite at pH 7.0) for 15 min before loading it into a
5 ml column of protein-G agarose coupled to anti-{ and/or
anti-€ antibodies and preequilibrated in buffer A. When the {
was removed (without removing €), a single protein-G-anti-{
agarose column was used, and when both subunits were
removed, 2 consecutive columns (anti-{ and anti-€) were
coupled. Subunit composition of the eluted proteins was
analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and the fractions with reduced
amounts of { or € subunits relative to 8 or vy (as judged from
densitometry analyses) were concentrated in Centricon filters
of 100 kDa cutoff. The immunoaffinity columns were washed
by elution of bound { or € subunits (or residual PdF,) with 2
vol of 2 M glycine (pH 3.0) and extensive washing with PBS.

Determination of the half-maximal inhibitory concentration
(IC5,) of the Pd-{ in PdF,-ATPase

The PdF,-ATPase preparations were preincubated for 20 min
at room temperature in reconstitution buffer containing 250
mM sucrose, 60 mM sodium sulfite, and 20 mM Tris (pH 8.0)
with different amounts of Pd-{ and/or Pd-g (see Fig. 1). The
ATPase activity was determined spectrophotometrically by
the amount of P; released from ATP as described before (9).
The PdF,-ATPase activities were obtained from the initial
linear rates of P; release (1-2 min) to avoid accumulation of
the inhibitory Mg2+—ADP product (9). Alternatively, in order
to use another F,-ATPase activator different to sulfite, real-
time monitoring of the PdF,-ATPase and PdF,F,-ATPase
reactions were carried out by enzyme-coupled pyruvate ki-
nase/lactate dehydrogenase (PK/LDH) ATPase assays as de-
scribed before (11) in the presence of 0.15% lauryldimethyl-
amine oxide (LDAO). The IC,, of the { subunit was
determined by nonlinear fitting of the ATPase activity data to
a Hill equation, 1 — v/V, = ([11/1C5,)*/[1 + ([11/1Cg,) "1,
using Origin 7.5 (OriginLab Corp., Northampton, MA, USA),
where Vj is the initial catalytic rate without inhibitor, 1C;, is
the apparent inhibitor concentration that decreases the cat-
alytic rate to V,/2, and « is the Hill coefficient. The ICj,
obtained is “apparent” since it depends on the enzyme
concentration, which in this work is in the same range as that
of the inhibitor; therefore, a significant fraction of the latter
is bound to the enzyme (see Figs. 1 and 3). Curve fitting with
this Hill equation has been used properly before to estimate
K; values under these relatively high enzyme concentrations
(12); thus, instead of an exact K|, we estimated the apparent

2147

Downloaded from www.fasebj.org by (187.207.232.83) on June 10, 2020. The FASEB Journal Vol. ${ article.issue.getVolume()}, No. ${ article.issue.getlssueNumber()}, pp. 2146-2157.



ICy, by curve fitting with this kinetic model. It is worth noting
that this Hill equation provided the best curve fitting since
simpler noncompetitive kinetic models, which are valid under
relatively smaller enzyme concentrations, produced fittings
with higher standard errors.

Cross-linking of the PdF;-ATPase with 2-iminothiolane
(2-IT) and dithio-bis-succinimidylpropionate (DSP)

2-IT and DSP are dithiothreitol (DTT) or B-mercaptoethanol
(B-Me) reversible and homobifunctional lysine cross-linkers
of 14 and 12 A crosslinking distance, respectively. Their
reversibility is due to an internal disulfide bond suitable for
resolution of cross-linked proteins by nonreducing-reducing
2-dimensional (2D)-SDS-PAGE. Cross-linking reactions were
started by adding the indicated concentrations of 2-IT or DSP
to the PdF-ATPase (diluted to 1-2 mg protein/ml) at room
temperature in a buffer containing 20 mM phosphate and
10% glycerol at pH 8.0. For 2-IT crosslinking, the PdF;-
ATPase was thiolated with 1 mM 2-IT by 1 h in 20 mM
phosphate buffer containing 1 mM EDTA at pH 8.0. The
reaction was arrested by filtration through centrifuge Sepha-
dex-G50 columns to remove excess cross-linker and EDTA.
To oxidize neighboring thiols, 120 wM CuCl, was added and
incubated for 30 min at room temperature. Afterward, thiol
oxidation was arrested by removal of Cu®* with 10 mM EDTA
together with the addition of protease inhibitors (Complete
Protease Cocktail EDTA-free; Roche, Indianapolis, IN, USA).
The DSP cross-linker contains an internal disulfide; thus, a
single cross-linking reaction was carried out as described
before with mitochondrial F;-ATPase (4) but without further
oxidation with Cu®". The DSP cross-linking was arrested with
20 mM r-lysine after 30 min of cross-linking reaction and by
filtration through centrifuge Sephadex-G50 columns. Finally,
the cross-linked PdF,-ATPase was concentrated in Amicon
filters (10-kDa cutoff; Millipore, Billerica, MA, USA) and
loaded into nonreducing 1D-SDS-PAGE followed by reducing
2D-SDS-PAGE, as described before (4) and detailed below. In
some cases the nonreducing 1D-SDS-PAGE was transferred to
a PVDF membrane and immunoblotted with antibodies anti-g
or anti-{ as described before (9).

2D-SDS-PAGE

The crosslinked subunits of the PdF,-ATPase were first
resolved by a nonreducing 1D (12-22%) SDS-PAGE accord-
ing to Laemmli (13) or Schigger and Von-Jagow (14). The
lane containing the resolved cross-linked PdF, bands was
excised and preincubated in 5% B-Me plus 10 mM DTT to
reduce the disulfides formed between cross-linked proteins.
Afterward, the lane was loaded horizontally on top of a 2D
(16%) SDS-PAGE according to Laemmli (13) or Schiagger
and von Jagow (15) flanked by standard lanes. Once electro-
phoresis was completed, the 2D gel was subjected to Coomas-
sie blue or Silver staining as described before (4).

Subunit { constructs

Construction of the N-terminal truncated (ANT) Pd-{ANT

subunit lacking the first 14 N-terminal residues of Pd-{ was
carried out by PCR amplification of the Pd-{ gene as de-
scribed before for the cloning of the wild-type (WT) Pd-{"™"
(9) using the pIPPD1 plasmid carrying the WT-{ gene (9) to
amplify the truncated Pd-{Z*™" with the forward oligonucleo-
tide ZANTFWD 5'-TATATTGAATTCATGTTCGCCCATGAT-
GCGG-3' together with the original reverse primer used
before (PdzCTerm) to amplify the Pd-{™" (9). The first
oligonucleotide introduced an EcoRI site used together with
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the Hindlll site of PdzCterm for cloning of the amplified
Pd-{*NT gene into pT77. The construct (pDNTPDZ1) was
verified by double digest with FEcoRl/Hindlll and by auto-
mated sequencing showing the exact DNA sequence of the
Pd-{™" gene but lacking the first 14 residues. The designed
Pd-{*N" protein starts at its N-terminal side with a Met residue
before the Phe-15 of the Pd-{L™" gene. The N-terminal
truncated { subunit of Jannaschia species (Js-{*™'; PDB_id
2KZC) and the full Js-{ proteins were kindly provided by Dr.
Pedro Serrano and Prof. Kurt Wiithrich (Scripps Research
Institute, La Jolla, CA, USA). Both Js-{ proteins contain a His
tag at the N-terminal side that was removed by tobacco etch
virus (TEV) protease proteolysis before carrying out the
functional PdF;-ATPase inhibitory assays (see Supplemental
Fig. S1C). The Js-{*" protein lacks 19 residues from the
N-terminal side of the protein and 5 residues from the
C-terminal end.

Other procedures

Circular dichroism (CD) measurements were carried out using
a Jasco J-715 spectropolarimeter (Jasco, Inc., Easton, MD, USA)
in 0.1-cm pathlength quartz cuvettes (far-UV CD) at 25°C. The
spectra shown are the average of 3 consecutive scans. Deconvo-
lution and secondary structure calculation were carried out with
the software CDNN (16). Isothermal titration calorimetry (ITC)
measurements were carried out in an isothermal titration calo-
rimeter (MicroCal model iTC200;MicroCal LLC, Northampton,
MA, USA). Curve fitting to a single ATP binding site model was
carried out with Origin 7.5. Protein sequences after limited
proteolysis of the Pd-{ subunit were obtained by liquid chroma-
tography/electrospray ionization-tandem mass spectrometry
(LC/ESI-MS/MS) as described before (17). Protein concentra-
tion was determined by the method of Lowry (18), modified by
trichloroacetic acid (TCA) precipitation (19) as described pre-
viously (9), to avoid errors derived from interfering substances.
Protein concentrations present during CD or ITC experiments
were confirmed by Lowry-TCA determinations of the protein
solutions recovered from the CD cuvettes or from the ITC cell
after carrying out the respective determinations. Initial protein
alignments were carried out by Basic Local Alignment Search
Tool [BLAST; U.S. National Center for Biotechnology Informa-
tion (NCBI), Bethesda, MD, USA; http://www.nlm.nih.gov/
blast/] analyses and by ClustalW (http://www.clustal.org). Final
alignments and phylogenetic trees were constructed with Con-
surf (Tel Aviv University, Tel Aviv, Israel; http://
consurf.tau.ac.il/) and Chimera (University of California, San
Francisco, CA, USA; http://www.cgl.ucsf.edu/chimera/).

RESULTS

Kinetic inhibitory mechanism of Pd-{ on the
PdF,-ATPase

Previously (9), we showed that the novel 11-kDa Pd-{
subunit found in the F,F5-ATP synthase of P. denitrifi-
cans works as a strong inhibitor of the PdF;-ATPase
activity. To estimate the ICy, of Pd-{, the recombinant
{ and € subunits were prepared and reconstituted to the
PdF; complex from which the endogenous € and {
subunits had been previously removed by immunoaf-
finity chromatography. Binding of the { subunit alone
(no recombinant € subunit present) showed a strong
decay of the ATPase activity in response to increasing
concentrations of Pd-{ that was well fitted to a kinetic
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Figure 1. Inhibition of PdF,-ATPase by increasing concentra-
tions of the Pd-{ subunit. PdF;-ATPase lacking the endogenous
Pd-€ and Pd-{ (05B5yd complex; 10 pg) was preincubated for 30
min with the indicated concentrations of the isolated recombi-
nant Pd-{ in a total volume of 100 pl in reconstitution buffer
containing 60 mM sodium sulfite before starting the ATPase
reaction. Afterward, the PdF,-ATPase-catalyzed reaction was
started by addition of 10 mM of Mg*"-ATP. The reaction was
arrested after 2 min of reaction by adding 6% TCA, and the
amount of P; released was determined colorimetrically by the P;
release assay (see Materials and Methods). The control experi-
ment (squares) was carried out with the agB5yd subcomplex
lacking both the endogenous Pd-€ and Pd-{, and a parallel
experiment (circles) was preceded by reconstitution of 10-fold
stoichiometric excess of recombinant Pd-€ before preincubation
with the indicated amounts of Pd-{. Trace shows the fitting to a
noncompetitive kinetic model to estimate the concentration of
inhibitor (Pd-{) necessary to achieve 50% of total inhibition.
Inset: initial velocities in the absence of Pd-{, and estimated
values of 1C,.

Hill model (Fig. 1 and Materials and Methods). This
result confirms that Pd-{ works as a potent total inhib-
itor of the PdF,-ATPase even in conditions of maximal
catalytic turnover, as exerted by sulfite. The Hill coef-
ficient obtained with the a3B45yd complex was 1.3 with
or without reconstitution of € subunit (Fig. 1), suggest-
ing a single high-affinity site for the { subunit in the
PdF,-ATPase with an apparent IC;, =~ 270 nM. Further-
more, the apparent ICy, of Pd-{ is essentially the same
in the presence or absence of exogenous Pd-¢ (Fig. 1),
under conditions where exogenous € binds efficiently
to the PdF;-ATPase (9). In summary, € does not inhibit
the PdF-ATPase and does not modify the affinity of
exogenous Pd-{ to inhibit the PdF;-ATPase. It seems,
therefore, that { substitutes € as the inhibitory subunit
in the F-ATPase of P. denitrificans. Accordingly, it is
expected that removal of the { subunit from the PdF,
should increase its ATPase catalytic rate. Therefore, the
{ subunit was specifically removed by anti-{ immunoaf-
finity chromatography (see Materials and Methods). As
expected from the observed inhibitory role of {, re-
moval of ~30% of the endogenous Pd-{ (as estimated
by densitometry of Coomassie-stained SDS-PAGE) in-
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creased ~b-fold the PdF,-ATPase turnover, from 0.88
to 4.50 wmol - min~' - mg~ ! in the presence of 0.15%
of LDAO. Although the latter is a less potent ATPase
activator than sulfite, this result also shows that the
inhibitory effect of Pd-{ occurs irrespective of the
F-ATPase activator used. Furthermore, removal of
both subunits (€ and {) to obtain the asB5yd complex
(see Materials and Methods) decreased to about half
the sulfite-activated PdF;-ATPase activity from 20-25
pwmol - min ! - mg71 (see Fig. 3) to 12 pmol - min ! -
mg ' (Fig. 1). Therefore, removal of € seems to de-
crease the PdF;-ATPase and therefore counteract the
increase in PdF;-ATPase activity induced by removal of
{. In concordance with this, reconstitution of € into
PdF, restored partially the sulfite-activated catalytic
turnover (see, for instance, the red point at 0 concen-
tration of Pd-{ in Fig. 1). Taken together, these data
confirm that Pd-€ does not work as an intrinsic inhibitor
of the PdF;-ATPase; therefore, the { subunit has the key
inhibitory role in the F-ATPase of P. denitrificans, and
probably in related a-proteobacteria.

Evolution of the inhibitory { subunit of the
F,Fy-ATPase in a-proteobateria

BLAST and ClustalW alignments of the { subunit
showed no significant similarity with bacterial (g) or
mitochondrial (IF;) F;-ATPase inhibitors, implying that
{ provides a novel control mechanism of the bacterial
F,Fonanomotor. However, alignment of the first 14
N-terminal residues of the { subunit with the IF; family
showed some similarity with the inhibitory domain of
the IF, protein (ref. 20 and Supplemental Fig. S4). It is
worth noting that the { subunit was found as an open
reading frame (ORF) or DUF1476 all along the a-pro-
teobacterial family (Fig. 2) and has been found bound
to the native ATP synthase of the closely related a-pro-
teobacterium R. sphaeroides (9). Therefore, to deter-
mine the evolutionary relationships among homolo-
gous { subunits, a phylogenetic tree of the { subunit was
constructed by the maximal likelihood method after
multiple sequence alignment with 100 representative
sequences of the { ORFs found along the a-proteobac-
terial family (DUF1476); from these, 12 representative
protein sequences were chosen and are shown for
clarity (Fig. 2A). In concordance with robust protein
phylogenetic trees of the a-proteobaceria (21, 22), the
best-scored phylogenetic tree showed that the homolo-
gous { subunits closest to that of P. denitrificans include
R. sphaeroides and Jannaschia species (Fig. 2A). This
result is in agreement with the previous observation
that the { subunit of R. sphaeroides (Rs-{) is bound to the
F,Fo-ATP synthase of this bacterium (9). The close
relationship between Pd-{ and Js-{ was therefore stud-
ied at the structural and functional levels as shown
below. Since no ORFs or DUFs of the { subunit were
found outside the a-proteobacterial family, the { sub-
unit emerges as a regulatory subunit exclusive of the
a-proteobacterial F,Fo-ATP synthase. Furthermore,
alignment of the representative { subunit ORFs from
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Figure 2. Evolution of the { subunit of the ATP synthase in a-proteobacteria. A) Chladrogram of the gene sequence of Pd-{ in
a-proteobacteria. ORF of the conserved Pd-{ gene in a-proteobacteria was downloaded from BLAST. The gene appeared as a
DUF in all a-proteobateria, from which 100 representative sequences were aligned with ClustalW, and a chladrogram was
constructed with neighbor joining analysis, from which a small phylogenetic tree was constructed with Consurf and Chimera by
maximal likelihood with 12 representative protein sequences showing the proximity of the { subunits of R. sphaeroides, Jannaschia
species and P. denitrificans (PD1222). Essentially the same tree is obtained with the minimal parsimony method. B) Protein
sequence alignment generated with Consurf with 12 { subunit representatives from species shown in A and numbered according
to the Pd-{ sequence. Amino acids are colored according to conservation, following Consurf conventions (color codes indicated:
blue, variable; white, average; and cherry red, highly conserved). Conservation scores are shown in bars and numbers [scale 1
(less conserved) to 10 (totally conserved)] at top of each residue.

a-proteobacteria showed that the highly conserved
residues (pink to cherry red in Fig. 2B) cluster on the
N-terminal domain, whereas the C-terminal side has a
lower density of conserved residues (blue in Fig. 2B),
suggesting that the N-terminal side contains important
functional domains, as described below.

Identification of the inhibitory domain of the { subunit

As a first approach to identify the inhibitory domain of
the { subunit, the recombinant protein was subjected to
limited proteolysis with trypsin, which removed 14 and
25 residues from the N- and C-terminal extremes,
respectively, as found by tandem mass spectrometry
analyses (Fig. 2B, arrows, and Materials and Methods).
The purified proteolytic Pd-{'*~" fragment showed no
inhibition of the PdF;-ATPase activity at a concentra-
tion as high as 10 wM, i.e., concentrations that resulted
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in full inhibition of the PdF,-ATPase when the Pd-{""
subunit was reconstituted into PdF; (Fig. 1). This
fragment, however, binds to the enzyme since it pre-
vented the inhibition exerted by the WT Pd-{ when
reconstituted in sub-bacterial particles. These results
indicated that the inhibitory domain of the Pd-{ sub-
unit lies either in the first N-terminal 14 residues or in
the last 25 residues near the C terminus. The proteo-
Iytic accessibility of the N and C termini indicates that
both extremes of the protein are exposed and most
likely highly mobile, whereas the central Pd-{'*"" do-
main seems resistant to the protease treatment, suggest-
ing that it should have a rigid folded structure that
competes with Pd-{"" for binding to the PdF,-ATPase.
These features were confirmed by the Pd-{ conformers
resolved by nuclear magnetic resonance (NMR), which
show a highly mobile N-terminal domain and a more
rigid globular central domain (Pedro Serrano and Kurt
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Wiithrich, personal communication, 2012; see Supple-
mental Movie S1). Although at this point the inhibitory
domain of the { subunit could be either in the C- or
N-terminal extremes, the following observations
pointed to the N-terminal side of Pd-{ as the inhibi-
tory domain: the higher conservation of the { N
terminus (Fig. 2B), the limited but significant simi-
larity of the first 14 N-terminal residues with the
inhibitory domain of IF; (see Supplemental Fig. S4),
and the higher mobility of the N-terminal side observed
in the { conformers (Supplemental Movie S1). There-
fore, we hypothesized that the first 14 N-terminal
residues of Pd-{ contain the inhibitory domain; to assess
this, these residues were removed genetically in a
Pd-{*NT construct (see Materials and Methods). The
recombinant Pd-{*~" construct was overexpressed in F.
coli and purified as described for the Pd-{"" to ~93%
purity (see Materials and Methods and Supplemental
Fig. S1C). The Pd-{*NT was reconstituted into the
PdF,;-ATPase, and the inhibitory activity was measured.
As shown in Fig. 3, removal of the first 14 N-terminal
residues of Pd-{ in the Pd-{*™" construct completely
abolished the inhibitory capacity of the protein at
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Figure 3. N-terminal domain of the Pd-{ subunit is the
inhibitory region of the protein, and this inhibitory function
is conserved in Js-{. PdF;-ATPase (10 pg) was preincubated
for 30 min with the indicated concentrations of the recombi-
nant Pd-{W?, Pd-{ANT, Js-tMT, and JS—CANT proteins in a total
volume of 90 pl in reconstitution buffer before starting the
ATPase reaction. Afterward, the PdF,-ATPase-catalyzed reac-
tion was started by adding 10 pl of Mg®"-ATP to the premixed
PdF, and the respective { subunits to obtain a final concen-
tration of 10 mM Mg”"-ATP in a reaction mixture containing
60 mM sodium sulfite (see Materials and Methods). The
reaction was arrested after 1 min of reaction by adding 6%
TCA, and the amount of P, released was determined colori-
metrically by the P; assay (see Materials and Methods). Trace
shows the fitting to a Hill kinetic model. Maximum (100%)
control activity corresponded to 17-20 pmol - min™" - mg™!
for JS—CANT, Js-LV"Pd-LMT, and Pd-{*NT titration curves with
ICy, values of 0.57 = 0.03 pM for Pd-L"" and 0.41 = 0.02 pM
for Js-{"". Data points are averages of 3 independent exper-
iments for each curve and had an sp of 10% (omitted for
clarity).

NOVEL CONTROL OF BACTERIAL F;-ATPASE BY { SUBUNIT

concentrations as high as 9 M, i.e., concentrations that
result in saturation of the Pd-{"'" and completely block
PdF,-ATPase activity (Figs. 1 and 3). These data indi-
cate that the N-terminal side of the Pd-{ subunit
contains the inhibitory domain of the protein. To
confirm that the Pd-{*"" construct keeps its native
folding, a binding assay to PdF, was carried out by
reconstitution of a 10-fold excess of Pd-{*NT (mol/mol
of PdF,) followed by gel filtration through Superdex
200. The elution profile of this reconstitution assay
showed 2 elution peaks; the first consisted of the
PdF,~Pd-{*NT reconstituted complex (containing en-
dogenous Pd-{ and exogenously added Pd-{*N"), and
the second contained the free Pd-{*N" (see Supplemen-
tal Fig. S2). Furthermore, the previous reconstitution of
Pd-{*N" into PdF, delayed the onset of inhibition
exerted by the Pd-{"" added during coupled ATPase
assays, indicating that the Pd-{*N" construct binds
competitively to the same binding site of the Pd-{""
subunit of the PdF,;-ATPase. Remarkably, these results
show that the Pd-{*NT construct keeps its native folded
structure that binds to the PdF;-ATPase and suggest
that the globular domain of Pd-{ works as an anchoring
domain of this inhibitory protein, whereas the N termi-
nus harbors the inhibitory domain of the protein.

Conservation of the inhibitory function of the {
subunit in the a-proteobacterial family

To confirm the inhibitory role of the { subunit in other
a-proteobacteria, we looked to isolate the homologous
{ subunit from another member of this bacterial class.
Coincidentally, the NMR structure of a homologous {
protein was reported in the NCBI BLAST server (PDB_
id 2KZC). This protein was a member of the DUF1476
family in Jannaschia species, another a-proteobacterium
closely related to P. denitrificans (Fig. 2). This structure
was uploaded by the group of Kurt Withrich, who
kindly provided the full Js-{ subunit. The Js-{ subunit
was reconstituted into the PdF;-ATPase in the same
conditions used for the Pd-{"" (Fig. 1). As shown in
Fig. 3, the Js-{ protein also worked as a strong inhibitor
of the PdF;-ATPase, with apparent 1G5, (0.41 pM) and
Hill coefficient (a=2) very similar to those of the
Pd-{™" (0.57 pM and a=2). These ICy, and « values
obtained with the whole PdF;-ATPase (Fig. 3) are
higher than those obtained with the PdF,-&-{ (Fig. 1),
most likely because in the a3B45y8 complex, the exoge-
nous recombinant { binds more efficiently in the
absence of the endogenous { and € than in the PdF-
ATPase. Most important, the titration curve of Js-{ vs.
PdF,-ATPase activity superimposed with that of Pd-{
(Fig. 3), reflecting the high similarity (85.6%) and
identity (58.6%) between Js-{ and Pd-{ (see Supplemen-
tal Fig. S5). Although further studies with other a-pro-
teobacteria more distant to P. denitrificans are ongoing
to reinforce this conclusion, these results strongly sug-
gest that the { subunit works as a potent F;F,-ATPase
inhibitor all along the a-proteobacteria class.

In addition to the PdF;-ATPase inhibition by the
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complete Js-{, functional reconstitution studies were
also carried out with the truncated ]S-@ANT protein
originally resolved by NMR (PDB_id 2KZC), which
lacks the first N-terminal 19 residues (and the last 5
C-terminal ones). As expected from the lack of inhibi-
tory function of the Pd-{ANT construct (Fig. 3), this
truncated protein was also unable to inhibit the PdF;-
ATPase activity (Fig. 3). Furthermore, since the ]s-CANT
subunit folds nearly identically with a 4-a-helix bundle
as the WT Pd-{ (P. Serrano and K. Withrich, personal
communication, 2012; see PDB_id 2KZC), it can be
inferred that the removal of 19 N-terminal residues
from Js-{ (or the 14 N-terminal residues from Pd-{)
does not affect its overall folding, since the central
4-a-helix bundle remains properly folded. In summary,
the loss of inhibitory PdF,-ATPase function of the
Pd-{*N" and the Js-{*N' truncated proteins does not
result from defective folding but from the removal of
their respective inhibitory N-terminal domains. This
conclusion is better ascertained from the Pd-{*~T con-
struct, since it lacks the first 14 N-terminal residues,
whereas the Js-{*N" construct lacks 19 residues from N
terminus and also 5 residues from the C-terminal side.

Structure of the isolated { subunit of
a-proteobacterial ATP synthase

To understand the structure-function relationships inher-
ent to this novel control mechanism of the a-proteobac-
terial F-ATPase, the secondary structure of the isolated {
subunit was first analyzed by CD. These analyses showed
that the Pd-{"" subunit is an all-o-helix protein with an
a-helix content > 90% at pH 6.0 and pH 8.0 (Supple-
mental Fig. S6). Subsequently, in collaboration with Kurt
Withrich, the NMR structure of the recombinant Pd-{
was resolved. The structure (PDB_id 2LL0) was part of a
preliminary report (23) that will be described in detail
elsewhere (P. Serrano and K. Wiithrich, personal commu-
nication, 2012). The NMR structure of the isolated Pd-{
exhibits a novel 4-o-helix bundle tertiary structure, differ-
ent from that of the known F;-ATPase inhibitors, i.e.,
bacterial € and mitochondrial IF,, which are o + 8 and
extended a-helix proteins, respectively (see Fig. 6). The N
and C termini of { converge in the tertiary structure of the
protein, where the N-terminal side protrudes from the
globular 4-o-helix central domain (see Fig. 658). The NMR
structure of Pd-{ was resolved at pH 6.0 and not at pH 8.0
(the optimal inhibitory pH of Pd-{) to avoid the extensive
proton exchange with the solvent, which hinders the
resolution of several NMR peaks. To confirm that the
secondary structure of Pd-{ is preserved at pH 6.0, CD
spectra of Pd-{ were obtained at both pH values, resulting
in ellipticity traces that superimposed almost identically
(Supplemental Fig. S6), indicating a similar secondary
structure of the Pd-{ subunit at both pH values.

Cross-linking of Pd-{ with neighboring subunits of the
rotor and the stator of the PdF,-ATPase

To determine the locus of the { subunit in the quater-
nary structure of the PdF,-ATPase, the endogenous
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Pd-{ subunit was cross-linked with neighboring subunits
in the PdF;-ATPase with 2-IT. This crosslinker pro-
duced Pd-{ adducts of ~26, 41, and 65-70 kDa (Fig. 4).
The sizes of these adducts suggested the following cross-
linking products: € (11+16=27 kDa), {y (114+30=
41 kDa), {-o (11+50=61 kDa), and - (11+55=66
kDa) (Fig. 44, right panel). To confirm the identity of
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Figure 4. Reversible cross-linking of Pd-{ and Pd-€ with rotor and
stator subunits of the PdF,-ATPase. A) Top: 20 pg of the
PdF,-ATPase containing its endogenous Pd-€ and Pd-{ were
thiolated on accessible lysine residues with 1 mM 2-IT; afterward,
reversible disulfide cross-linking was induced by incubation with
120 uM CuCl, where indicated. WB anti-€ (left) and anti-{
(right) of control (first lanes) and cross-linked enzymes (right
lanes) were carried out as described in Materials and Methods.
Major crosslinking products obtained were &, €, &y, (o, (-3,
and -y adducts. Smaller products included a low-yield &{
adduct. B) Identities of these adducts are confirmed as follows:
900 pg of PdF,-ATPase crosslinked with 1 mM 2-IT as in A were
overloaded on a nonreducing 1D-SDS-PAGE according to
Laemmli (13). Afterward, the entire lane containing the cross-
linked PdF,-ATPase was reduced with 5% B-Me and 10 mM DTT
for 0.5 h before loading it into a 2D-SDS-PAGE according to
Schagger and Von Jagow (14). Smaller spots aligned vertically
under the major spots aligned diagonally (arrows) indicate
crosslinked subunits, which are identified with the right (PdF;-
ATPase) and left (MWS) standard lanes. Major cross-linking
products resolved are {-o, {3, and {+y as observed in A. Positions
of {-€ and {-{ crosslinking adducts are also indicated.
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these cross-linking products, Western blot (WB) analy-
ses with anti-{ and anti-€ antibodies were carried out.
The 27-kDa adduct had cross-reactivity with both anti-
bodies (Fig. 4A), thus confirming the cross-linking
between { and €. The putative {-y adduct of ~41 kDa
and other cross-linking products were resolved as ver-
tically aligned spots in a reducing 2D-SDS-PAGE. The
final 2D gel showed clearly all the Pd-{ cross-linking
products previously observed by WB (compare Fig. 44,
B). The observed { cross-linking subunits are (Fig. 45,
left to right) {-o, {-B, and -y (Fig. 4B, dark arrows); a
low yield {-€; and a {-{ cross-linking that may result from
dimeric Pd-{, as observed before with mitochondrial IF;
(4). The presence of a {-{ dimer is also suggested by gel
filtration of the isolated Pd-{, which eluted as 2 peaks
from Superdex 75. To discard the possibility that the
observed Pd-{ cross-linkings resulted from nonspecific
thiol oxidation by Cu®*, similar cross-linking experi-
ments were carried out with DSP, a similar cross-linker
that already contains an internal disulfide, and there-
fore thiol oxidation with Cu®" was not necessary.
Cross-linking with DSP showed {-y (11+30=41 kDa),
- (11+50=61 kDa), and -8 (11+55=66 kDa) ad-
ducts (see Supplemental Fig. S2) similar to those
observed with 2-IT (Fig. 4A), with the exception of {-€
and {-{. These results show that the observed {-cross-
linkings ({-o, {-B, and {-y) do not result from non-
specific thiol oxidation but from actual cross-liking
interactions between the latter PdF, subunits. Fur-
thermore, the relatively low {-y cross-linking yields
obtained with 2-IT and DSP (Fig. 4 and Supplemental
Fig. S2) were increased by previous reconstitution of
excess { subunit into PdF; followed by gel filtration
through Superdex 200 to remove the free recombi-
nant subunit before cross-linking. In sum, the cross-
linking data show that the { subunit interacts with
rotor (y) and stator (a, ) subunits of the PdF,;-
ATPase, strongly suggesting that the { subunit inter-
feres with rotation of the central rotor, a result
reminiscent of those observed with mitochondrial IF,
and bacterial € as derived from cross-linking (4, 6)
and crystallographic studies (24-28).

Nucleotide binding to the { subunit of P. denitrificans

The eubacterial € subunit binds ATP (29), and it was of
interest to examine whether this is also the case for
Pd-{. The first evidence of nucleotide binding to Pd-{
was obtained by NMR experiments of Pd-{ carried out
in the presence of ATP or ADP (P. Serrano and K.
Wiithrich, personal communication, 2013). Therefore,
we estimated the binding affinity of ATP to Pd-{ by ITC.
The isothermal titration of ATP into the isolated (
subunit was fitted to a single binding site with a K, of
11.4 mM (Fig. 5). Similar calorimetric experiments also
showed the binding of ADP to Pd-{ but with a lower
affinity (not determined). Given the low affinity of the
nucleotide binding site observed, the protein concen-
tration of { was relatively high (60 mg/ml), and to avoid
excessive heat of dilution of the protein, the nucleotide
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Figure 5. Calorimetric isothermic titration of ATP binding to
Pd-{. Pd-{ subunit was preequilibrated at 25°C at a concen-
tration of 60 mg/ml in reconstitution buffer (see Materials
and Methods). Once the system was stabilized, the calorime-
ter cell was automatically titrated with the indicated injections
from an ATP stock solution of 82.14 mM in the injection
syringe. Heat peaks of the injections were integrated manu-
ally to avoid errors in automatic peak detection, and dilution
heat of the ATP stock was subtracted from a parallel experi-
ment with the same injection program but in the absence of
Pd-{ in the calorimeter cell. After dilution heat of the
nucleotide was subtracted, heat of ATP binding was fitted to
a nonlinear single binding site, as shown by black trace.
Dissociation constant obtained was 11.4 mM.

was injected into the cell containing the protein, and
the heat of dilution of the nucleotide (determined with
control injections without the protein in the cell) was
subtracted from the trace containing the { subunit to
obtain a good curve fitting (Fig. 5). To confirm the
binding of nucleotides into the isolated Pd-{ sub-
units, the structure of the Pd-{ protein was resolved
by NMR in the presence of ADP (P. Serrano and K.
Wiithrich, personal communication, 2013), and the
resulting structure (PDB_id 2MDZ) was different
from that of the isolated Pd-{ (PDB_id 2LL0). Al-
though the detailed differences between the isolated
apoPd-{ and the ADP-bound Pd-{ structures will be
presented in detail elsewhere (P. Serrano and K.
Waiithrich, personal communication, 2013), the over-
all results confirm the existence of a low-affinity
nucleotide binding site in the Pd-{ subunit.

DISCUSSION

Kinetic inhibitory mechanism of Pd-{ on the
PdF,-ATPase

Previously, we found that the { subunit was a potent
inhibitor of the PdF;-ATP synthase (9); however, the
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putative participation of the € subunit in this inhibitory
mechanism remained to be clarified. Here, by working
with an a3B4y8 complex lacking the endogenous € and
{ subunits (PdF,-(-€), it was possible to assess the
functional effects of recombinant € and { by separate or
joint reconstitution of both subunits into the PdF;-{-€
complex. As expected from the inhibitory role of (,
removal of this subunit increased severalfold the steady-
state PdF,-ATPase activity. Furthermore, the PdF,-{-€
ATPase activity decreased to 0 in response to increasing
{ concentrations, with a decay well fitted to a Hill
equation and a = 1.3, suggesting a single inhibitory
binding site with apparent IC;, ~ 0.27 mM. Further-
more, when the { subunit was reconstituted into the
PdF,-ATPase containing the endogenous € and { sub-
units, the Hill coefficient raised from a = 1.3 in the
agBsyd complex to a = 2, and the apparent IC;,
increased ~2-fold (compare Figs. 1 and 3, respectively).
Although these results might suggest a {/PdF; stoichi-
ometry >1, it is possible that the presence of the
endogenous { and € subunits in the PdF; have raised
the a and apparent ICy, values. Thus, although further
reconstitution and binding assays are necessary (and in
course) to determine more accurately the {/PdF; stoi-
chiometry and K; values, the present data suggest that
the { subunit binds to a single binding site of high
affinity to exert full inhibition the PdF,-ATPase. By
comparison, the K; values of eubacterial € (=10 nM; ref.
5) and mitochondrial IF, (=0.4 pM; refs. 30, 31) were
determined under similar relatively high enzyme con-
centrations; thus, the apparent ICy, of PdF, for the {
subunit of ~0.27 uM resulted in the same range.
Remarkably, the € subunit did not exert inhibition of
the PdF;-ATPase either directly or indirectly, i.e., as a
factor promoting the binding of the { subunit (Fig. 1).
Furthermore, removal of € decreased the PdF;-ATPase
activity, and the latter improved partially after € recon-
stitution (Fig. 1). Since € has been described as the
canonical inhibitor of bacterial F;-ATPases, it is of
relevance to find here that this subunit does not work as
such intrinsic inhibitor in P. denitrificans, suggesting
that the { subunit substitutes € as the natural F,-ATPase
inhibitor in the whole a-proteobacteria class. Similar to
the noninhibitory properties of Pd-g, the homologous
subunit of Bacillus subtilis was recently described as
F;-ATPase activator rather than inhibitor, acting by
relieving the intrinsic inactivation of the enzyme ex-
erted by endogenous Mg”*-ADP (32). Thus, the lack of
inhibitory function of the € may not be exclusive of
a-proteobacteria but this may be extended to gram-
positive bacteria.

Conservation of the primary sequence and
inhibitory function of the { subunit in the
a-proteobacterial family

According to the endosymbiotic theory (33) and robust
phylogenetic analyses (21, 22), P. denitrificans and other
a-proteobacteria are closely related to the protoendo-
symbiont from which mitochondria emerged. This sug-
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gested that { could be an evolutive predecessor of
mitochondrial IF,. However, the overall sequence of {
does not align with mitochondrial IF, or € subunits,
suggesting that the limited similarity of its N-terminal
inhibitory domain with that of IF,; (Supplemental Fig.
S4) is a case of structural evolutive convergence. This
N-terminal inhibitory domain of { is highly conserved
along a-proteobacteria (Fig. 2), whereas its C-terminal
side is rather variable, indicating the functional rele-
vance of the N-terminal domain. Coincidentally, some
of the { homologues closer to that of P. denitrificans
were found in R. sphaeroides and Jannaschia species (Fig.
2). Accordingly, given the similarity between Pd-{ and
Rs-, it was possible to immunodetect the homologous
{ subunit of R. sphaeroides as an integral ATP synthase
subunit (9). However, the putative inhibitory function
of other { subunits homologous to that of P. dentitrifi-
cans remained to be demonstrated. Therefore, the
observation that the { subunit from Jannaschia species
worked as a strong inhibitor of the Pd-F; ATPase with a
similar ICy5, compared with that of Pd-{ (Fig. 3) con-
firmed that the inhibitory function of the { subunit is
conserved in other a-proteobacteria. On the other
hand, the central globular and C-terminal portions of
the { subunit are different in primary and tertiary
structure to mitochondrial IF, and bacterial €, and
consequently, some of their functional properties differ
as well. For instance, the conserved regulatory histidine
pairs (34, 35) of IF, that enhance F,-ATPase inhibition
at pH <7 are absent in the { subunit and consequently,
the optimal pH of Pd-{ is different (~pH 8). On the
other hand, the ATP binding motif of € [I(L)DXXRA;
ref. 36] is absent in the { subunit although the latter
binds ATP with relatively low affinity (Fig. 5); thus, the
{ subunit possesses a new ATP binding motif that
remains to be defined. In summary, the data show that
the { subunit is highly conserved along a-proteobacte-
ria as a novel Fj-ATPase inhibitor and differs in primary
and tertiary structure to the canonical € and IF, inhib-
itors of eubacteria and mitochondria, respectively.

N-terminal inhibitory domain, cross-linking, and
structure of the { subunit

As predicted from domain conservation (Fig. 2) and
limited proteolysis of {, the Pd-{*" construct is unable
to inhibit the rotary PdF,-ATPase turnover (Fig. 3),
although it preserves its 4-a-helix globular structure
(PDB_id 2KZC) and it binds to the PdF, (Supplemental
Fig S2). These results show that the first 14 N-terminal
residues of the { subunit harbor the inhibitory domain
of the protein. Together with the {-y cross linking
observed (Fig. 4), the data suggest that the { subunit
inserts its highly mobile inhibitory N-terminal domain
in an a/B/vy interface to block y/€ rotation and/or the
a/B catalytic movements of the PdF;-ATPase (Fig. 5
and Supplemental Movie S1). This is reminiscent of the
inhibitory mechanisms of bacterial € and mitochondrial
IF, to block rotation of their respective F;-ATPases (24,
26-28). However, the { subunit shows functional simi-
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larities but structural differences with these well-known
F,-ATPase inhibitors. For instance, the { subunit shows
hybrid properties of € (such as ATP binding) and IF,
(such as an N-terminal inhibitory domain) but pos-
sesses a remarkably different structure (Fig. 6). Further-
more, the N-terminal domain of { is highly mobile
(Supplemental Movie S1), and it does not acquire a full
a-helical conformation (Fig. 6B), as compared with the
inhibitory a-helical domains of € and IF; bound to their
respective F-ATPases (24, 26-28). Furthermore, € and
IF, have different interactions with rotor and stator
interfaces to block rotation of mitochondrial and bac-
terial F-ATPases (24, 26-28). Whereas € is a rotary
subunit that works as a ratchet and contacts mainly the
v subunit, mitochondrial IF; is part of the stator and
shows more contacts with an o/ interface than with
the rotary y subunit (24, 26-28). This suggests that the
{ subunit blocks rotation of the PdF;-ATPase by inter-
acting with an o/f/7v interface but with rotor/stator
interactions that may be different from those observed
for € and IF, (24, 26-28). On the other hand, regard-
ing the central 4-o-helical globular domain of the {
subunit, the observation that the Pd-{*™" construct is
able to bind to the PdF;-ATPase (Supplemental Fig. S2)
without exerting F;-ATPase inhibition (Fig. 3) suggests
that this portion of the protein works as an anchoring
domain of {, preserving its 4-a-helix structure after
binding to the PdF,-ATPase. The higher cross-linking
yields of the {-o and (- adducts compared with {-y and
(- (Fig. 4) suggest that the anchoring domain of  is
part of the stator and that the N terminus of this
inhibitor sticks to the rotary y subunit to block rotation.
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Figure 6. Structures of the F,-ATPase protein inhibitors and
their inhibitory domains. A) X-ray structure of the € subunit
for E. coli (Ec-€; PDB_id 1AQT). B) X-ray structure of the
inhibitor protein IF, from Bos taurus (PDB_id 1HF9). C)
NMR solution structure of the { inhibitory protein from P.
denitrificans (PDB_id 2LL0). In all structures, the segment in
red shows the inhibitory domains, which correspond to the
C-terminal 2-a-helixes of Ec-€ (A), the mobile N-terminal 14
residues of Pd-{ (B), and the N-terminal IF; region of
mitochondrial F-ATPase. The crosslinking (Fig. 4) and
structural comparison indicates that the inhibitory domain of
Pd-{ sticks into a rotor/stator interface to block rotary catal-
ysis of the PdF-ATPase (see text for details).
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Accordingly, the N terminus of { contains only 2 Lys
residues (Fig. 2B) that likely produce a low -y cross-
linking yield (Fig. 4), whereas the globular anchoring
domain of { possesses 4 Lys residues, likely forming
{-o/ (B adducts of higher cross-linking yields compared
with {-y (Fig. 4). However, the structural details of the
inhibitory conformation of { bound to the PdF,-ATPase
are yet to come after ongoing structural studies at
atomic resolution.

Nucleotide binding site of the { subunit

Finding a low-affinity nucleotide binding site on the {
subunit (Fig. 6) suggests that the inhibitory function of
this protein may be regulated by ATP or ADP binding,
as found with eubacterial € subunit. Comparing the
low-affinity nucleotide binding site of { with that of
eubacterial €, it is worth mentioning that the E. coli €
subunit binds ATP with a K; of 22 mM (36), whereas
that of thermophilic bacterium PS3 binds it with a K; of
200 uM (387). ATP binding to € seems to control the
inhibitory/noninhibitory transitions of € (25, 29). Fur-
thermore, some functional antecedents of the ATP
synthase of P. denitrificans also indicate the regulatory
effects of ATP or ADP. For instance, it has been shown
that the continuous PdF,Fy-ATPase activity of mem-
brane vesicles from P. denitrificans requires the presence
of ADP in the medium (38, 39), and that the forward
PdF,F,-ATP synthase activity is inhibited by product
ATP (40, 41). However, the apparent binding affinities
for ADP and ATP that control the PdF,F,-ATPase/ATP
synthase turnover are in the micromolar range (38—
41), i.e., affinities ~10% times higher than the low-
affinity K, observed for ATP with the isolated { subunit
(Fig. 5). Thus, further functional studies are required
to assess the putative regulatory role of the ATP/ADP
binding site of the { subunit on the functional PdF, and
F,Fo-ATPase complexes.

CONCLUSIONS

In summary, several key features of the new inhibitory
{ subunit of the a-proteobacterial F;-ATPase were here
resolved and are enlisted as follows. The strong inhibi-
tion of PdF, exerted by the { subunit appears to require
1 mol/mol of enzyme, and its binding is independent
of the € subunit of a-protobacteria, which is not by itself
an inhibitor. The { subunit is a natural F;-ATPase inhib-
itor conserved all along the a-proteobacteria class. The
highly conserved and protruding N-terminal domain of
the  subunit is the inhibitory domain of the protein,
whereas the globular 4-o-helix part of the protein seems
to work as an anchoring domain. The structure of the {
subunit is essentially different from the other known
F;-ATPase inhibitors, IF; and €. Cross-linking studies place
the { subunit at a rotor (vy)/stator (o, B) interface, which
indicates that the inhibitory mechanism of the { subunit
involves the interference with rotation of the central stalk.
The subunit has a nucleotide binding site whose function
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remains to be evaluated. In sum, from the functional and
structural differences observed between the { subunit and
the € or IF, canonical F-ATPase inhibitors, this work
provides the basis of a new control mechanism of the
bacterial F;F5-ATP synthase nanomotor, particularly con-
served in a-proteobacteria.
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