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STRUCTURAL BIOLOGY

Structure of ATP synthase from ESKAPE pathogen

Acinetobacter baumannii

Julius K. Demmer't, Ben P. Phillips't, O. Lisa Uhrig', Alain Filloux?, Luke P. Allsopp>?,

Maike Bublitz*, Thomas Meier'->*

The global spread of multidrug-resistant Acinetobacter baumannii infections urgently calls for the identification of
novel drug targets. We solved the electron cryo-microscopy structure of the F1F,—adenosine 5'-triphosphate
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(ATP) synthase from A. baumannii in three distinct conformational states. The nucleotide-converting F; subcomplex
reveals a specific self-inhibition mechanism, which supports a unidirectional ratchet mechanism to avoid wasteful
ATP consumption. In the membrane-embedded F, complex, the structure shows unique structural adaptations
along both the entry and exit pathways of the proton-conducting a-subunit. These features, absent in mitochondrial
ATP synthases, represent attractive targets for the development of next-generation therapeutics that can act
directly at the culmination of bioenergetics in this clinically relevant pathogen.

INTRODUCTION

Acinetobacter baumannii is an ESKAPE (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter spp.) pathogen (1) that
causes a variety of hospital-acquired infections and severe treatment
complications, including severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2)-associated pneumonia (2). A marked increase in
multidrug resistance (MDR) in the past decade has placed A. baumannii
at the top of the World Health Organization’s (WHO?’s) priority
pathogen list, urgently requiring the development of new drugs with
alternative cellular targets (3). Recent successes in treating MDR
bacteria have included novel inhibitors of the F;F,-ATP synthase,
with bedaquiline (BDQ) having been approved in 2012 as the only
novel last-line antibiotic for MDR Mycobacterium tuberculosis since
rifampicin in 1971 (4). Adenosine 5'-triphosphate (ATP) synthase is
highly up-regulated in MDR patient strains of A. baumannii, and
unlike many traditional targets, the enzyme is conditionally essential
for survival in biofilms and dormant states (5-8).

F,F,-ATP synthases are large, membrane-embedded macro-
molecular complexes that harness energy from the proton-motive
force (pmf) and use it to synthesize ATP via a unique rotary mecha-
nism. The simplest forms of ATP synthase are found in bacteria and
plant chloroplasts and have an F; head containing subunits o3B3y0e
and an F, motor containing subunits ab,cy. 5. Protons travel through
the membrane-embedded a-subunit turning the c-ring. The rotating
c-ring transfers torque to a central shaft comprising the - and
y-subunits, which protrude into the 03B; hexamer, inducing con-
formational changes in the F; nucleotide binding pockets, thus con-
verting the rotary force into ATP synthesis. To identify unique
vulnerabilities of the A. baumannii ATP synthase, we have deter-
mined the structure by electron cryo-microscopy (cryo-EM) single-
particle analysis and analyzed its structure and mechanism.
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RESULTS AND DISCUSSION

Purification and structure determination of A. baumannii
ATP synthase

The A. baumannii ATP synthase complex was purified via affinity
tag and reconstituted into peptidiscs (fig. SLA). Adenosine triphos-
phatase (ATPase) hydrolytic activity assays indicated that the com-
plex was in an “autoinhibited state” (9) (fig. S1B). The sample was
analyzed by single-particle cryo-EM (fig. S1C); 11,490 movies yielded
349,160 particles that were refined into three separate states, dis-
tinguished by the position of the central stalk and reached overall
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State 2

Fig. 1. Structure of the F,F,-ATP synthase from A. baumannii. (A) Cryo-EM map
of A. baumannii ATP synthase colored by subunits as indicated. The membrane is
indicated in gray. The density representing the peptidisc has been manually removed
forincreased clarity. (B) Views of the state 1 cryo-EM map including peptidisc density
shown in gray. (C) Cartoon representation of the three rotational states observed
for A. baumannii ATP synthase, differing in the relative positions of the central stalk
shown in light blue (y) and pink () and the conformations of the a- and B-subunits.
Structural alignments of the y-subunit between states revealed that the three states
differ by almost exactly 120°.
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resolutions of 3.1, 4.6, and 4.3 A, respectively (figs. S2 and S3). Fur-
ther masked refinements improved the initially poor local resolution
in the F, region (4 to 7 A; fig. S3A) of state 1 to 3.7 A (fig. S3C) and
permitted de novo building of the complex into a composite map
(fig. S3D). State 1 was then used as a reference to build structures of
the remaining two states.

The A. baumannii ATP synthase has a subunit stoichiometry of
a3B3ydeabycyy; its overall architecture resembles that of other bacte-
rial and chloroplast ATP synthases (Fig. 1, A to C) (10-12). The
central stalk is rotated by almost exactly 120° between each of the
three conformational states (Fig. 1D), as seen previously (10), sug-
gesting common stable low-energy intermediate states in bacterial
ATP synthases.

F, complex

In F;, we observe the canonical “Walker-Boyer” state geometries in
both the “open” conformation (Bg, “empty”) and the “loose” con-
formation (Brp, with bound Mg-adenosine 5’-diphosphate) (Fig. 2A)
(13, 14). As in Bacillus PS3 (10), the third B-subunit (“tight” or Bpp)
is in a “forced open” conformation (denoted as fpp*), and we find
only weak map features in this region, which we interpret as a loosely
bound inorganic phosphate ion (Fig. 2A). This conformation is in-
duced by an interaction between the e-subunit and a predominantly
hydrophobic loop-helix region in the Bpp*-subunit (*’”DITAILGMDE™®),
which overlaps with the highly conserved *** DELAEED*' motif
(fig. S4). The forced open conformation of the Bpp* site is more similar
to the open Bg conformation [all-atom root mean square deviation
(RMSD) of 1.5 A] than to the loose Brp (all-atom RMSD Bpp to Brp
2.6A) (fig. S4) but is less open than the equivalent site in PS3 (all-atom
RMSD A. baumannii Bpp* to Bacillus PS3 Bg = 0.65 A).

Fig. 2. Structural details in the F; complex. (A) Close-up views of the catalytic
nucleotide binding sites in the B-subunits in cartoon representation. The maps for
the nucleotide and phosphate are shown in mesh. (B) Structure of the F; complex
in surface representation including the central stalk; subunits app, Bpp*, and o re-
moved to reveal how subunits y and € insert into the head. Inset: Close-up of the
C-terminal extension of e-subunit inserting between Brp and opp* (not shown)
showing the unwound turn of € 126pqQL'2%8 (yellow) and the A. baumannii-specific
C-terminal extension of €. (C) Horizontal section of F; as indicated by the dashed
line in (B) reveals mechanism of unidirectional inhibition. Steric clashes between &
and Brp prevent rotation of the central stalk in the ATP hydrolysis direction (red cross)
but permit unlocking and rotation in the ATP synthesis direction (yellow arrow).
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Fig. 3. Structure of the F, motor and an Acinetobacter-specific proton entry
channel site. (A) Ribbon representation of the a-subunit with the key conserved
aR231 and the protonatable cD61 carboxylates in the c;o ring shown in ball-and-
stick representation. Periplasmic and cytoplasmic channels are shown in maroon
and purple, respectively. Arrow indicates direction of rotation during ATP synthe-
sis. (B) Structurally distinct proton entry route into the periplasmic entry channel of
A. baumannii ATP synthase. A structural alignment of A. baumannii (light blue) and
Bos taurus (gray) a-subunit is shown in cartoon representation, along with the peri-
plasmic entry channels calculated using HOLLOW (33). Red channel: A. baumannii.
Pink channel: B. taurus. The dashed rectangle indicates the zoomed region shown
in the right panel figure, with a simplified view of the channels shown in two rota-
tions. Viewing direction is indicated in the left panel and is consistent in the re-
maining panels (B to H). The equivalent mini-helix 1 residues are colored in
magenta and correspond to the region indicated in the a-subunit amino acid align-
ment (fig. S5A). This helix can assume a proximal (A. baumannii) or distal (B. taurus)
position, as indicated. The corresponding proton entry paths from either the front
(A. baumannii) or from the rear (B. taurus) are indicated by green and orange ar-
rows. (C to H) Same view as in (B) of the a-subunit, the periplasmic channel,
the proton entry route, and the position of mini-helix 1in various species. (C)
A. baumannii, state 1 (7P2Y); (D) B. taurus, 6ZQM (37); (E) M. smegmatis, 7JGA (16); (F)
Saccharomyces cerevisiae, 6B8H (38); (G) E. coli, 60QR (39); and (H) Spinacia oleracea,
6FKF (72). Note that the residues corresponding to mini-helix 1 are not modeled in
the M. smegmatis and S. oleracea structures.
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Blockage of ATP hydrolysis and F, ratchet mechanism

The A. baumannii e-subunit is similar to those seen in other bacte-
ria, containing an extended C-terminal o helix. However, where
PS3 e terminates, both A. baumannii and Escherichia coli unwind in
a short *°AQL'?® motif (Fig. 2B) (9, 10). While the E. coli subunit &
bends here and protrudes “horizontally” between the app- and Brp-
subunits, A. baumannii € continues further upward into the F;
head, forming two more helical turns followed by a five-residue
extension (Fig. 2B), which forms several additional interactions with
the y-, Brp-, and opp-subunits. This may further stabilize subunit €
in the inhibitory “up” position, which blocks rotation in the hydro-
lysis direction, while still enabling ATP synthesis (Fig. 2C) (10). The
importance of the bacterial e-subunit C-terminal region has been
highlighted in a biochemical study where an E. coli ATP synthase
mutant with a truncated C terminus showed reduced growth, in-
hibited ATP synthesis activity, and a markedly reduced capacity to
inhibit ATP hydrolysis (15). The “ratchet” mechanism seen in
A. baumannii ATP synthase is similar to that observed in PS3 but
distinct from that in the mycobacterial ATP synthase, which instead
relies on the formation of a temporary B strand interaction between
o- and e-subunits (16). The stronger blockage may help avoid
wasteful ATP hydrolysis, enhancing in vivo host persistence.

F, complex and unique structural features

The ye complex is linked to the F, motor, which comprises 10 copies
of the c-subunit (cjo ring) and one copy of the proton-conducting
a-subunit. Its core fold is highly conserved and resembles other
ATP synthase structures, while the proton-conducting channels are
most similar to those in other bacterial a-subunits (Fig. 3A and fig. S5B).
Bacterial ATP synthases contain sequence insertions in the N ter-
minus of the a-subunit, and A. baumannii has the largest insertion
of the structurally characterized ATP synthases (fig. S5A), resulting
in a repositioning of the first short o helix toward the periplasm
(Fig. 3, B and C). This shift relocates the entry site of the periplasmic
proton channel: In the mammalian ATP, synthase protons enter
from behind this mini-helix (Fig. 3E), whereas in A. baumannii,
they approach from the front, as viewed from the c-ring (Fig. 3,
B and C). Positioning of this mini-helix also appears important in
determining the channel entry point in other ATP synthases (Fig. 3,

Rotation during
ATP synthesis

C to H). As several inhibitors of ATP synthases bind to the proton
entry channel, including organotin compounds currently used as
pesticides (17, 18), the identification of a distinct entrance may
provide an avenue to design specific inhibitors that target bacterial
ATP synthases but not those of the mammalian host.

The A. baumannii a-subunit contains an additional loop exten-
sion between aH4 and aH5 (Fig. 4A). The loop extension is formed
by predominantly hydrophobic residues plus a charged lysine resi-
due (*PSNPVAKALLIP*'") and is conserved in the Acinetobacter
genus and in the Moraxellaceae family but is fully or partially absent
and least conserved in other ATP synthases (fig. S5A). A structural
alignment of a-subunits from several bacterial ATP synthases (Fig. 4A)
reveals that the A. baumannii loop is substantially longer than in
other bacteria and may even reach the periplasmic membrane edge
(fig. S6). In cells, such proximity may provide privileged access to
small molecules and biologics, which is absent in other species. In
addition, lysine 206 appears to stretch toward the bilayer leaflet,
suggesting that it might even interact with phospholipid headgroups
(Fig. 4A and fig. S6).

ATP synthase of bacterial pathogens as drug target

The success of BDQ in treating tuberculosis has ignited interest in
targeting ATP synthases in ESKAPE pathogens. Unlike most ATP
synthase inhibitors (18), BDQ binds with high specificity to mycobacte-
rial ATP synthases. In structures of BDQ bound to the Mycobacterium
smegmatis ATP synthase, the highest-affinity binding sites were found
at the interface between ¢ and the a-subunit (Fig. 4B) (16). Further-
more, the broad-spectrum antimalarial antibiotic mefloquine and the
new antibiotic lead tomatidine (19) are suggested to act in a similar
manner, targeting the a/c-ring interface (20).

As the a-subunit loop insertion is conserved within the Acinetobacter
family but is absent or structurally diverse in other bacteria and
the mitochondrial ATP synthase, the unique a/cq interface in
A. baumannii represents a prime target for the development of
highly specific inhibitors. BDQ belongs to a class of small molecules
known as diarylquinolines (DARQs). A targeted screen of ~700
DARQs yielded compounds that specifically inhibited the ATP syn-
thase from Staphylococcus aureus and Streptococcus pneumoniae
but showed minimal activity toward M. tuberculosis (21). These

M. smegmatis + BDQ

M. smegmatis + BDQ

A. baumannii

Fig. 4. Acinetobacter-specific a-subunit extension at the proton exit channel. (A) Surface representation of c-ring (yellow) and a-subunit (translucent cyan) viewed
from within the membrane plane. Inset: Structural alignment of a-subunits from A. baumannii and E. coli (PDB: 60QR) (39) and M. smegmatis (PDB: 7JGA) (16) indicates
extent of a-subunit loop insertion. K206 shown in stick representation. (B) Comparison of a/cyq interface in A. baumannii (yellow and light blue) and in M. smegmatis [dark
gray and turquoise, PDB: 7JGA (16)] showing the binding site of BDQ in M. smegmatis (light gray ball and sticks); proton-carrying residues are shown in dark red. Bottom
panels are rotated by 180° around the membrane normal.
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data demonstrate that inhibitors that bind at the c-ring or the a/c;g
interface can be optimized to target specific ATP synthases beyond
Mpycobacteria, and future structure-based drug design may facilitate
the development of compounds targeting this interface in ESKAPE
pathogens (I). The structure of the A. baumannii ATP synthase
reveals novel and unique features of a bacterial ATP synthase and
will inform future efforts to develop much needed antibiotics to
treat MDR Acinetobacter.

MATERIALS AND METHODS

Chemicals, enzymes, and strains

If not stated otherwise, all chemicals were purchased from Sigma-
Aldrich and Life Technologies/Thermo Fisher Scientific.

Bacterial strains and growth conditions

A. baumannii American Type Culture Collection 17978 was grown
in tryptone soy broth, Terrific broth, or Lysogeny broth (LB) agar
plates at 37°C. E. coli Top10 was grown in LB at 37°C with the addi-
tion of agar as required. Media were supplemented with antibiotics
tetracycline (15 pg/ml) or kanamycin (50 pg/ml) as required.

Molecular cloning

A. baumannii genomic DNA isolation was performed using the
PureLink Genomic DNA mini kit (Life Technologies). Isolation of
plasmid DNA was carried out using the QIAprep spin miniprep kit
(QIAGEN). The B-subunit encoding gene of A. baumannii ATP
synthase (3815454-3814060, GenBank: CP053098.1) was amplified
with KOD Hot Start DNA Polymerase (Novagen) as described by the
manufacturer with the inclusion of 1 M betaine using the BetaFstrep
forward primer 5'-TCTGACTCGAGTAACAGGAGGAATTAAC-
CATGTGGAGCCACCCGCAGTTCGAAAAGAGTAGCGGTCG-
TATCATTC-3" and the BetaR reverse primer 5'-CAGATCTGC-
AGTTAGAGTTTCTCAGCTTTAGCAA-3'. These primers intro-
duce the optimized pBAD 18-base pair ribosome-binding site and
then the sequence encoding a Strepll tag at the gene 5" end of the
gene. The amplified gene was inserted into pCR-Blunt II-TOPO and
transformed into E. coli Top10 and confirmed by colony polymerase
chain reaction (PCR) screening with standard Taq polymerase [New
England Biolabs (NEB)] with the addition of 2% dimethyl sulfoxide.
The correct insert was then digested from purified plasmid using
Xho I'and Pst I restriction endonucleases according to the manufac-
turer’s specifications (Roche). The insert was then ligated into digested
pBBR-MCS3 (22) before transformation into Top10. The confirmed
sequence of plasmid pBBR_AbATPbetaSII was then introduced
into A. baumannii cells via electroporation. DNA sequences were
confirmed by sequencing of all polymerase-amplified regions
(GATC Biotech).

Isolation of ATP synthase from A. baumannii

Cultures of A. baumannii cells containing vector pBBR_AbATP-
betaSII were grown in TB media containing tetracycline (15 ug/ml)
overnight and harvested by centrifugation at 5000g. All subsequent
steps were performed at 4°C. Wet cells (5 g) were resuspended in
buffer A [50 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (Hepes) buffer (pH 6.8), 150 mM KCl, and 5 mM MgCl,] sup-
plemented with a spatula tip of deoxyribonuclease I and cOmplete
Protease Inhibitor Cocktail (Roche). Cells were lysed by passaging
three times through a French pressure cell at 20,000 psi and
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centrifuged at 10,000g for 1 hour. The remaining supernatant was
first filtered through 0.2-pum filters and then centrifuged at 200,000g
for 1 hour to harvest membranes. The supernatant was discarded, and
membranes were resuspended and solubilized in buffer A, which was
supplemented by 1% (w/v) of trans-4-(trans-4’'-propylcyclohexyl)
cyclohexyl-a-p-maltoside (tPCC-a-M) (Glycon, Luckenwalde,
Germany) by gentle agitation for 60 min. The unsolubilized mem-
branes were removed by ultracentrifugation (200,000¢ for 30 min).
The supernatant was next loaded onto a Strep affinity column (IBA
Lifesciences), equilibrated in buffer B [50 mM Hepes (pH 6.8), 100 mM
KCl, and 5 mM MgCl, with 0.05% (w/v) tPCC-a-M] and eluted
with buffer B containing 2 mM desthiobiotin using an Akta Pure
chromatography system (GE Healthcare). The eluate was loaded
onto a MonoQ 5/50 GL column (GE Healthcare), which was previ-
ously equilibrated with buffer B. The product was then gradually
eluted with buffer B plus 1 M KCl. Fractions containing the ATP
synthase were pooled and desalted using a PD-10 desalting column
(GE Healthcare). The enriched ATP synthase was next bound to
0.3 ml of buffer B equilibrated Q Sepharose material for 1 hour.
Fractions of 50 to 100 ul were eluted with buffer B plus 500 mM
KCl. The purified A. baumannii ATP synthase sample was next re-
constituted into peptidiscs (Peptidisc Biotech) (23) using a peptidisc-
to-sample ratio of 2:1 (w/v). Last, sample polishing was performed
by size exclusion chromatography (Superose 6 Increase 3.2/300,
buffer A, without detergent), and fractions containing the enzyme
were selected by SDS-polyacrylamide gel electrophoresis (SDS-PAGE)
(24) and subsequently pooled (fig. S1, A and B).

Other biochemical methods

ATP hydrolytic activity was assayed as previously described (25).
ATP hydrolysis activity was induced by the addition of 0.5% (w/v)
lauryldimethylamine oxide and trypsin digestion [1:1 (w/w)] at 37°C.
Digestion was stopped by the addition of aprotinin [1:5 (w/w)] after
5 min for 2 min on ice. Protein samples were analyzed by SDS-PAGE
(24). The protein concentration was determined by the bicinchoninic
acid assay (Thermo Fisher Scientific/Pierce) or Azgonm absorbance
via NanoDrop (Thermo Fisher Scientific).

Sample preparation and cryo-EM

Ultrathin carbon support film, 3 nm on lacey carbon grids (Agar
Scientific), was plasma-cleaned in a hydrogen environment for 30 s.
Four microliters of purified sample (0.05 mg/ml) was pipetted on
the grid in a Vitrobot III [Thermo Fisher Scientific/Field Electron
and Ion Company (FEI)] in a 100% humidity chamber at 8°C and
frozen in liquid ethane. Images were recorded in a Titan Krios G3
microscope operated at 300 kV (Thermo Fisher Scientific/FEI) with
electron-optical alignments adjusted with Sherpa (Thermo Fisher
Scientific) on a Gatan K3 direct electron detector in electron count-
ing mode at a nominal magnification of x5000, corresponding to a
calibrated pixel size of 0.425 A in superresolution mode. A total of
11,490 dose-fractionated movies were recorded using EPU software
(Thermo Fisher Scientific/FEI) with an electron flux of 1.42 e~ pixel_1
s over 42 fractions corresponding to a total dose of ~60 ¢ /A% in a
defocus range of —1.4 to -3 um.

Image processing

Image processing was performed using CryoSPARC throughout
the complete image processing procedure (26). First, beam-induced
motion was corrected, and dose-weighted images from movies for
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initial image processing were generated. Then, contrast transfer
function (CTF) parameters for each movie were determined. Next,
particle images were automatically picked and extracted with a box
size of 450 x 450 pixels. The dataset was cleaned by two-dimensional
classification, and several iterations of ab initio reconstruction and
heterologous refinement resulted in three final maps (figs. S2 and S3).
The maps were refined using nonuniform refinement from 72,317
(state 1), 26,147 (state 2), and 25,428 (state 3) polished particles.
Gold standard Fourier shell correlations were calculated from two
independently refined datasets to determine the overall resolution of
the reconstructions according to the 0.143 Fourier shell correlation
criterion (27). To improve the reconstruction of the membrane re-
gion, focused refinements using a mask excluding the F; subcomplex
(03Bsye) and a soft-edged mask around the membrane-embedding
ab,cjo subcomplex were applied before local realignment. Local
resolution was assessed using the built-in routine, and maps were
sharpened in CryoSPARC. All cryo-EM data collection and refine-
ment parameters are available in table S1.

Model building and refinement

The structure was built into the EM maps in Coot (28) using a com-
bination of Phyre2 (29) and based on homologous bacterial and
chloroplast structures (10-12). Parts of the a-, b-, c-, y-, 6- and
e-subunits and the C- and N-termini of the o- and B-subunits were built
de novo. The structure was refined by Namdinator (30) and Phenix
real space refinement (31), followed by manual polishing in Coot,
using a composite map of the 3.1-A state 1 map and the 3.7-A focused
map of the F, membrane region. MolProbity (32) was used for valida-
tion. The depicted state 1 map in all figures and final validations
were made using the state 1 map only, without the composite map.
Water-accessible regions of the membrane intrinsic F, subcomplex
were probed by mapping the interior surface using HOLLOW (33).
Figures and movies were made with PyMOL, Chimera, or ChimeraX
(34-36). Rotational analysis was performed according to (12).

HOLLOW channel analysis

All proton channel analyses were conducted using HOLLOW 1.3
(33) using a grid spacing of 0.5 A and a surface probe of 0.8 A.
“Dummy waters” were selected manually, and then, all others
within 1.8 A of seed waters were selected to create the surface visual-
ized in the final figures. Analysis of channels was cross-referenced
with existing biochemical data and surface charge characteristics
of channels where available.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abl5966

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. M.S.Mulani, E. E. Kamble, S. N. Kumkar, M. S. Tawre, K. R. Pardesi, Emerging strategies
to combat ESKAPE pathogens in the era of antimicrobial resistance: A review. Front.
Microbiol. 10,539 (2019).

2. E.M.Duran-Manuel, C. Cruz-Cruz, G. Ibanez-Cervantes, J. C. Bravata-Alcantara,
0. Sosa-Hernandez, L. Delgado-Balbuena, G. Leon-Garcia, I. A. Cortes-Ortiz,
M. A. Cureno-Diaz, G. Castro-Escarpulli, J. M. Velez-Resendiz, J. M. Bello-Lopez, Clonal
dispersion of Acinetobacter baumannii in an intensive care unit designed to patients
COVID-19. J. Infect. Dev. Ctries. 15, 58-68 (2021).

3. E.Tacconelli, E. Carrara, A. Savoldi, S. Harbarth, M. Mendelson, D. L. Monnet, C. Pulcini,
G. Kahlmeter, J. Kluytmans, Y. Carmeli, M. Ouellette, K. Outterson, J. Patel, M. Cavaleri,

Demmer et al., Sci. Adv. 8, eabl5966 (2022) 16 February 2022

10.
1.

20.

21.

22.

23.

24,

25.

26.

E. M. Cox, C. R. Houchens, M. L. Grayson, P. Hansen, N. Singh, U. Theuretzbacher,

N. Magrini; WHO Pathogens Priority List Working Group, Discovery, research,

and development of new antibiotics: The WHO priority list of antibiotic-resistant bacteria
and tuberculosis. Lancet Infect. Dis. 18, 318-327 (2018).

. S.Khoshnood, M. Goudarzi, E. Taki, A. Darbandi, E. Kouhsari, M. Heidary, M. Motahar,

M. Moradi, H. Bazyar, Bedaquiline: Current status and future perspectives. J. Glob.
Antimicrob. Resist. 25, 48-59 (2021).

. A.Siroy, P. Cosette, D. Seyer, C. Lemaitre-Guillier, D. Vallenet, A. Van Dorsselaer,

S. Boyer-Mariotte, T. Jouenne, E. De, Global comparison of the membrane subproteomes
between a multidrug-resistant Acinetobacter baumannii strain and a reference strain.
J. Proteome Res. 5, 3385-3398 (2006).

. V. Tiwari, J. Vashistt, A. Kapil, R. R. Moganty, Comparative proteomics of inner membrane

fraction from carbapenem-resistant Acinetobacter baumannii with a reference strain.
PLOS ONE 7, 39451 (2012).

. T.C.Umland, L. W. Schultz, U. MacDonald, J. M. Beanan, R. Olson, T. A. Russo, In vivo-validated

essential genes identified in Acinetobacter baumannii by using human ascites overlap
poorly with essential genes detected on laboratory media. MBio 3, e00113-12 (2012).

. N.Wang, E. A. Ozer, M. J. Mandel, A. R. Hauser, Genome-wide identification

of Acinetobacter baumannii genes necessary for persistence in the lung. MBio 5,
e01163-14 (2014).

. M. Sobti, C. Smits, A. S. Wong, R. Ishmukhametov, D. Stock, S. Sandin, A. G. Stewart,

Cryo-EM structures of the autoinhibited E. coli ATP synthase in three rotational states.
elife 5,e21598 (2016).

H. Guo, T. Suzuki, J. L. Rubinstein, Structure of a bacterial ATP synthase. eLife 8, €43128 (2019).
M. Sobti, R. Ishmukhametov, J. C. Bouwer, A. Ayer, C. Suarna, N. J. Smith, M. Christie,

R. Stocker, T. M. Duncan, A. G. Stewart, Cryo-EM reveals distinct conformations of E. coli
ATP synthase on exposure to ATP. eLife 8, e43864 (2019).

. A.Hahn, J. Vonck, D. J. Mills, T. Meier, W. Kiihlbrandt, Structure, mechanism,

and regulation of the chloroplast ATP synthase. Science 360, eaat4318 (2018).

. J.P.Abrahams, A. G. W. Leslie, R. Lutter, J. E. Walker, Structure at 2.8 A resolution

of F1-ATPase from bovine heart mitochondria. Nature 370, 621-628 (1994).

. P.D.Boyer, The ATP synthase—A splendid molecular machine. Annu. Rev. Biochem. 66,

717-749 (1997).

. N.B.Shah, T. M. Duncan, Aerobic growth of Escherichia coli is reduced, and ATP synthesis

is selectively inhibited when five C-terminal residues are deleted from the e subunit
of ATP synthase. J. Biol. Chem. 290, 21032-21041 (2015).

. H.Guo, G. M. Courbon, S. A. Bueler, J. Mai, J. Liu, J. L. Rubinstein, Structure

of mycobacterial ATP synthase bound to the tuberculosis drug bedaquiline. Nature 589,
143-147 (2021).

. C.von Ballmoos, J. Brunner, P. Dimroth, The ion channel of F-ATP synthase is

the target of toxic organotin compounds. Proc. Natl. Acad. Sci. U.S.A. 101, 11239-
11244 (2004).

. S.Hong, P. L. Pedersen, ATP synthase and the actions of inhibitors utilized to study its

roles in human health, disease, and other scientific areas. Microbiol. Mol. Biol. Rev. 72,
590-641 (2008).

. M. Lamontagne Boulet, C. Isabelle, I. Guay, E. Brouillette, J. P. Langlois, P. E. Jacques,

S. Rodrigue, R. Brzezinski, P. B. Beauregard, K. Bouarab, K. Boyapelly, P. L. Boudreault,
E. Marsault, F. Malouin, Tomatidine is a lead antibiotic molecule that targets
Staphylococcus aureus ATP synthase subunit C. Antimicrob. Agents Chemother. 62,
€02197-17 (2018).

A. J. Martin-Galiano, B. Gorgojo, C. M. Kunin, A. G. de la Campa, Mefloquine and new
related compounds target the Fo complex of the FoFy H-ATPase of Streptococcus
pneumoniae. Antimicrob. Agents Chemother. 46, 1680-1687 (2002).

W. Balemans, L. Vranckx, N. Lounis, O. Pop, J. Guillemont, K. Vergauwen, S. Mol,

R. Gilissen, M. Motte, D. Lancois, M. De Bolle, K. Bonroy, H. Lill, K. Andries, D. Bald, A. Koul,
Novel antibiotics targeting respiratory ATP synthesis in Gram-positive pathogenic
bacteria. Antimicrob. Agents Chemother. 56, 4131-4139 (2012).

M. E. Kovach, P. H. Elzer, D. S. Hill, G. T. Robertson, M. A. Farris, R. M. Roop II, K. M. Peterson,
Four new derivatives of the broad-host-range cloning vector pBBR1MCS, carrying
different antibiotic-resistance cassettes. Gene 166, 175-176 (1995).

M. L. Carlson, J. W. Young, Z. Zhao, L. Fabre, D. Jun, J. Li, J. Li, H. S. Dhupar, I. Wason,
A.T.Mills, J.T. Beatty, J. S. Klassen, |. Rouiller, F. Duong, The peptidisc, a simple method
for stabilizing membrane proteins in detergent-free solution. eLife 7, e34085 (2018).

H. Schagger, G. von Jagow, Tricine-sodium dodecyl sulfate-polyacrylamide gel
electrophoresis for the separation of proteins in the range from 1 to 100 kDa. Anal.
Biochem. 166, 368-379 (1987).

G. M. Cook, S. Keis, H. W. Morgan, C. von Ballmoos, U. Matthey, G. Kaim, P. Dimroth,
Purification and biochemical characterization of the F1F,-ATP synthase

from thermoalkaliphilic Bacillus sp. strain TA2.A1.J. Bacteriol. 185, 4442-4449 (2003).
A. Punjani, J. L. Rubinstein, D. J. Fleet, M. A. Brubaker, cryoSPARC: Algorithms for rapid
unsupervised cryo-EM structure determination. Nat. Methods 14, 290-296 (2017).

50f6


https://science.org/doi/10.1126/sciadv.abl5966
https://science.org/doi/10.1126/sciadv.abl5966
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abl5966

SCIENCE ADVANCES | RESEARCH ARTICLE

27. P.B.Rosenthal, R. Henderson, Optimal determination of particle orientation, absolute
hand, and contrast loss in single-particle electron cryomicroscopy. J. Mol. Biol. 333,
721-745 (2003).

28. P.Emsley, K. Cowtan, Coot: Model-building tools for molecular graphics. Acta Crystallogr.
D Biol. Crystallogr. 60, 2126-2132 (2004).

29. L.A.Kelley, S. Mezulis, C. M. Yates, M. N. Wass, M. J. Sternberg, The Phyre2 web portal
for protein modeling, prediction and analysis. Nat. Protoc. 10, 845-858 (2015).

30. R.T.Kidmose, J.Juhl, P. Nissen, T. Boesen, J. L. Karlsen, B. P. Pedersen, Namdinator—
Automatic molecular dynamics flexible fitting of structural models into cryo-EM
and crystallography experimental maps. [UCrJ 6, 526-531 (2019).

31. P.D.Adams, P.V. Afonine, G. Bunkoczi, V. B. Chen, I. W. Davis, N. Echols, J. J. Headd,

L. W. Hung, G. J. Kapral, R. W. Grosse-Kunstleve, A. J. McCoy, N. W. Moriarty, R. Oeffner,
R.J.Read, D. C. Richardson, J. S. Richardson, T. C. Terwilliger, P. H. Zwart, PHENIX:

A comprehensive Python-based system for macromolecular structure solution.

Acta Crystallogr. D Biol. Crystallogr. 66, 213-221 (2010).

32. V.B.Chen, W.B. Arendall 3rd, J. J. Headd, D. A. Keedy, R. M. Immormino, G. J. Kapral,

L. W. Murray, J. S. Richardson, D. C. Richardson, MolProbity: All-atom structure validation

for macromolecular crystallography. Acta Crystallogr. D Biol. Crystallogr. 66, 12-21 (2010).

33. B.K. Ho, F. Gruswitz, HOLLOW: Generating accurate representations of channel
and interior surfaces in molecular structures. BMC Struct. Biol. 8, 49 (2008).

34. T.D.Goddard, C. C. Huang, E. C. Meng, E. F. Pettersen, G. S. Couch, J. H. Morris, T. E. Ferrin,
UCSF ChimeraX: Meeting modern challenges in visualization and analysis. Protein Sci. 27,
14-25(2018).

35. E.F.Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng,

T. E. Ferrin, UCSF Chimera—A visualization system for exploratory research and analysis.
J. Comput. Chem. 25, 1605-1612 (2004).

36. L.Schrodinger, W. DeLano, 2020. PyMOL; www.pymol.org/pymol.

37. T.E.Spikes, M. G. Montgomery, J. E. Walker, Structure of the dimeric ATP synthase
from bovine mitochondria. Proc. Natl. Acad. Sci. U.S.A. 117, 23519-23526 (2020).

38. H.Guo, S. A. Bueler, J. L. Rubinstein, Atomic model for the dimeric Fo region
of mitochondrial ATP synthase. Science 358, 936-940 (2017).

39. M. Sobti, J. L. Walshe, D. Wu, R. Ishmukhametov, Y. C. Zeng, C. V. Robinson, R. M. Berry,

A. G. Stewart, Cryo-EM structures provide insight into how E. coli F1F, ATP synthase
accommodates symmetry mismatch. Nat. Commun. 11, 2615 (2020).

Demmer et al., Sci. Adv. 8, eabl5966 (2022) 16 February 2022

40. H.Ashkenazy, S. Abadi, E. Martz, O. Chay, I. Mayrose, T. Pupko, N. Ben-Tal, ConSurf 2016:
An improved methodology to estimate and visualize evolutionary conservation
in macromolecules. Nucleic Acids Res. 44, W344-W350 (2016).

Acknowledgments: This work is dedicated to our late collaborator E. Marsault (Sherbrooke
University, Canada). We thank P. Simpson and the Centre for Structural Biology (CSB) electron
microscopy facility at Imperial College London for EM support. We are also grateful to

N. Cronin and the London Consortium for electron microscopy (LonCem) at the Crick
Institute (London, UK) and the Electron Bio-Imaging Centre (eBIC) at Diamond Light Source
(Harwell, UK) for continued support and microscopy time. S. Islam is acknowledged for IT
support. N. Shah and A. Menni are thanked for processing advice to J.K.D. Funding: This
research was funded in whole or in part by the Wellcome Trust (WT110068/Z/15/Z) to

T.M. For the purpose of Open Access, the author has applied a CC BY public copyright license
to any Author Accepted Manuscript version arising from this submission. Author
contributions: JK.D,, O.L.U, and L.P.A. grew cells and purified and optimized the protein
sample. J.K.D. collected and analyzed the data, built and analyzed the structure, and
provided figures and text drafts. B.P.P. analyzed the structure, made figures, and wrote the
final paper version. O.L.U. performed biochemical assays. L.P.A. and A.F. provided constructs,
helped with Acinetobacter genetics, and provided method sections and comments for the
manuscript. M.B. built, refined, and analyzed the structure and contributed to the
manuscript. T.M. obtained funding, analyzed and interpreted data, wrote the paper, and
directed the project. Competing interests: The authors declare that they have no
competing interests. Data and materials availability: All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials. The
cryo-EM maps have been deposited in the Electron Microscopy Data Bank with accession
numbers EMD-13174, EMD-13181, and EMD-13186 for states 1, 2, and 3, respectively. Atomic
models have been deposited in the Protein Data Bank with accession numbers 7P2Y, 7P3N,
and 7P3W for states 1, 2, and 3, respectively.

Submitted 23 July 2021
Accepted 23 December 2021
Published 16 February 2022
10.1126/sciadv.abl5966

60f 6


http://www.pymol.org/pymol

