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The Ton and Tol motor proteins use the proton gradient at the inner mem-
brane of Gram-negative bacteria as an energy source. The generated force is
transmitted through the periplasmic space to protein components associated
with the outer membrane, either to maintain the outer membrane integrity for
the Tol system, or to allow essential nutrients to enter the cell for Ton. We have
solved the high-resolution structures of the E. coli TonB-ExbB-ExbD and TolA-
TolQ-TolR complexes, revealing the inner membrane embedded engine parts
of the Ton and Tol systems, and showing how TonB and TolA interact with the
ExbBD and TolQR subcomplexes. Structural similarities between the two
motor complexes suggest a common mechanism for the opening of the pro-
ton channel and the propagation of the proton motive force into movement of
the TonB and TolA subunits. Because TonB and TolA bind at preferential ExbB
or TolQ subunits, we propose a new mechanism of assembly of TonB and TolA
with their respective ExbBD and TolQR subcomplexes and discuss its impact
on the mechanism of action for the Ton and Tol systems.

The Ton and Tol systems are sophisticated molecular machineries
essential for virulence and survival of Gram-negative bacteria. Both
systems rely on the proton gradient at the inner membrane to produce
force and movement that are transmitted to target proteins associated
with the outer membrane. Ton is involved in the uptake of essential
nutrients such as siderophore-iron, vitamin B12 and carbohydrates,
while Tol maintains outer membrane integrity and plays an active role
in cell division”. Ton and Tol are also the targets of bacteriocins and
bacteriophages that bind to specific outer membrane receptors and
hijack the Ton or Tol system to enter the periplasm and kill bacteria
with high efficiency’.

Ton drives active transport of nutrients across the outer mem-
brane. In the inner membrane, TonB, ExbB and ExbD subunits form the
TonB-ExbBD complex. Proton translocation through the ExbBD sub-
complex generates movement that is transmitted via the pivotal TonB
subunit to specific TonB Dependent Transporters (TBDTs) in the outer
membrane. The C-terminal domain of TonB interacts with the nutrient

loaded TBDT and upon activation, exerts force to open a channel
through the TBDT, allowing nutrient uptake (Fig. 1)*°.

For Tol, the TolA, TolQ and TolR subunits form the TolAQR
complex in the inner membrane. At the outer membrane, the lipo-
protein Pal interacts with the soluble TolB protein. Upon energization,
TolA displaces TolB from Pal, allowing Pal to interact with the pepti-
doglycan (PG) cell wall, stabilizing the connection between PG and the
outer membrane (Fig. 1)°.

Because Ton and Tol are essential for bacterial virulence and are
targets of specific bacteriocins, it is important to understand how the
different proteins involved interact with each other and how this
network of interactions is utilized to allow proton translocation and
force propagation.

Numerous structures of TBDTs have been reported, along with
ExbBD subcomplexes and periplasmic fragments of TonB and ExbD>°.
Recent crystallographic studies revealed how TonB and ExbD interact
in the periplasm”®,

TLaboratory of Molecular Biology, National Institute of Diabetes and Digestive and Kidney Diseases, National Institutes of Health, Bethesda, MD 20892, USA.
2| aboratoire d'Ingénierie des Systémes Macromoléculaires, UMR7255 CNRS/Aix-Marseille Université, Institut de Microbiologie de la Méditerranée, 13402

Marseille, France. . e-mail: susan.buchanan2@nih.gov

Nature Communications | (2025)16:5506


http://orcid.org/0000-0003-1203-8586
http://orcid.org/0000-0003-1203-8586
http://orcid.org/0000-0003-1203-8586
http://orcid.org/0000-0003-1203-8586
http://orcid.org/0000-0003-1203-8586
http://orcid.org/0000-0002-7702-6749
http://orcid.org/0000-0002-7702-6749
http://orcid.org/0000-0002-7702-6749
http://orcid.org/0000-0002-7702-6749
http://orcid.org/0000-0002-7702-6749
http://orcid.org/0000-0002-4208-6661
http://orcid.org/0000-0002-4208-6661
http://orcid.org/0000-0002-4208-6661
http://orcid.org/0000-0002-4208-6661
http://orcid.org/0000-0002-4208-6661
http://orcid.org/0009-0005-6672-1120
http://orcid.org/0009-0005-6672-1120
http://orcid.org/0009-0005-6672-1120
http://orcid.org/0009-0005-6672-1120
http://orcid.org/0009-0005-6672-1120
http://orcid.org/0000-0001-9657-7119
http://orcid.org/0000-0001-9657-7119
http://orcid.org/0000-0001-9657-7119
http://orcid.org/0000-0001-9657-7119
http://orcid.org/0000-0001-9657-7119
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-61286-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-61286-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-61286-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-61286-z&domain=pdf
mailto:susan.buchanan2@nih.gov
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61286-z

Fig. 1| The Ton and Tol systems. Schematic representation of the Tol and Ton
systems. Tol is represented on the left: five TolQ subunits assemble at the inner
membrane (IM) to form a pentamer that defines a central hydrophobic pore in
which a dimer of TolR subunits resides. The TolA subunit has one transmembrane
(TM) domain, a very elongated periplasmic linker with predicted helical domains,
and a folded C-terminal domain that crosses the peptidoglycan layer (PG) and
interacts with the TolB-Pal complex at the outer membrane (OM). The proton
gradient, or pmf, at the IM is used as an energy source by the TolQR subcomplex.
The force generated is transmitted by TolA to displace TolB from Pal, allowing Pal
to interact with the PG. The architecture of the Ton system, right, is similar: ExbB
and ExbD are homologous to TolQ and TolR and have the same architecture. The
elongated periplasmic linker of TonB crosses the PG layer and the C-terminal
domain of TonB interacts with TonB Dependent Transporters (TBDTs) at the OM.
The force generated by the proton translocation at the ExbBD subcomplex is
transmitted by TonB to open a channel in the TBDT, allowing diffusion of the bound
nutrient in the periplasmic space. The red arrow on TolA shows the location where
the TEV site was introduced.

The stoichiometry of the ExbBD subcomplex has been a matter of
debate as ExbB/ExbD ratios of 4/2, 5/1, 6/3 and 5/2 have been
reported’ ™. A four stage model has also been proposed for the Ton
activity, in which the oligomeric ratio of ExbB, ExbD and TonB is dif-
ferent for each stage'®. However, the 5/2 ratio is likely to correspond to
the physiological state as it has also been found for S. marcescens
ExbBD, E. coli TolQR, and the closely related MotAB complexes that
use the pmf to drive the flagellar rotation'*®,

For the Tol system, most of the structural knowledge comes from
soluble fragments or complexes of periplasmic domains of Pal, TolB,
TolR and TolA (see®). As mentioned above, a 4.3 A resolution cryo-EM
structure of EcTolQR shows the five TolQ to two TolR stoichiometry,
but the low resolution of the map did not allow structure building with
high confidence.

The ExbBD and TolQR subcomplexes are highly homologous.
TonB and TolA are less similar, reflecting their different functions, but
do have in common the conserved SHLS motif (Ser-X;-His-X¢-Leu-X5-
Ser) in their TM domain that is involved in the interaction of TonB with
ExbBD and TolA with TolQR"%. The two systems are similar to the
point that they are able to complement each other, meaning that some
Ton and Tol activities are still detected in exbBD or tolQR knockout
strains, but absent in a double knockout'. This cross-complementation
suggests that TonB can interact with TolQR and TolA with ExbBD, and
that the use of the pmf and propagation of force to TonB and TolA are
similar.

Our knowledge of how TonB or TolA interact with ExbBD or
TolQR subcomplexes in the membrane is currently limited. One TonB-
ExbBD structure was reported at 3.8 A resolution”. The P. savastanoi
cryo-EM map of TonB-ExbBD shows the five ExbB to two ExbD archi-
tecture, with one TonB transmembrane (TM) domain interacting with
TM1 of one ExbB subunit. Unfortunately, because of low occupancy
and/or local disorder, the local resolution was too low in this region of
the map to allow a high resolution structure of TonB to be built.

Here, we report the cryoEM structures of E. coli TonB-ExbBD and
TolAQR complexes at 2.8 A and 3.0 A resolution, respectively. One

TonB binds at the periphery of the ExbBD subcomplex through limited
interactions with TM1 and a small N-terminal amphipathic helix a1 of
one ExbB subunit. The same set of interactions is found for TolA with
TolQR, but two TolA subunits are bound per TolQR subcomplex. For
both TonB-ExbBD and TolAQR, the structures highlight a network of
conserved identical residues that connect the TM of TonB or TolA with
the TM3 of ExbB or TolQ, respectively. These residues may be involved
in signal transduction via TonB or TolA to open a proton channel in
ExbBD or TolQR. We also found that TonB and TolA bind to pre-
ferential ExbB and TolQ subunits. We propose that the interaction of
TonB with ExbBD, and TolA with TolQR, is modulated through addi-
tional interactions in the periplasm between TonB and ExbD, and TolA
and TolR. Based on this high resolution structural information, we
propose a new sequential model for the assembly of the TonB-ExbBD
and TolAQR complexes and discuss its implications for the mechan-
istic models of the Ton and Tol systems.

Results

Structure of the Ec TolAQR complex

The EcTolAQR complex was solubilized from membranes using the
detergent Lauryl Maltose Neopentyl Glycol (LMNG) or Dodecyl
Maltose Neopentyl Glycol (DMNG) and purified using a streptag-Il on
TolA. The Size Exclusion Chromatography (SEC) elution profile was
broad (Suppl. Fig. 1A, B), and cryo-EM Single Particle Analysis (SPA)
yielded structures at low resolution. Nevertheless, two-dimensional
(2D) classification showed pentameric complexes that formed higher
oligomers (Suppl. Fig. 1C). We hypothesized that the elongated
periplasmic domain of TolA was the main source of heterogeneity,
and we engineered a construct with a TEV proteolysis site between
lle50 and Asp51. This new construct copurified with TolQ and TolR
and SEC yielded two elution peaks after TEV proteolysis (Suppl.
Fig. 1A, B). The first SEC elution peak contained a mixture of dimers
and monomers of the complex, but analysis of the dimer particles
only yielded low resolution 3D structures. Cryo-EM images showed
homogeneous particles of monomers for the second SEC elution
peak (Suppl. Fig. 1D), which was used for high resolution cryoEM data
collection and image analysis.

A total of 59,369 particles were used to calculate a three-
dimensional (3D) map of the TolAQR complex in LMNG at 2.95A
resolution (Fig. 2, Suppl. Fig. 2, Table 1). The structure reveals most of
the TolQ subunit (residues 2-225), the N-terminus and TM of TolR (8-
40) and the TM of TolA (4-34). The periplasmic domains of both TolA
and TolR were not visible, suggesting these regions are flexible.
TolAQR is a pentamer of TolQ, a dimer of TolR inside the TolQ pen-
tamer, and two TM of TolA binding at the periphery of the pentamer
(Fig. 2B, C). The complex dimensions are 100 x 80 x 80 A, the bulk of
the cytoplasmic domains of TolQ extend 60 A into the cytoplasm, and
the periplasmic regions protrude about 20A into the peri-
plasm (Fig. 2B).

TolQ consists of a-helices connected by short loops. It has an
elongated shape with dimensions 100x30x30A (Fig. 2A, D). The
N-terminus resides in the periplasm. The four first residues are dis-
ordered and followed by a short amphipathic helix a—1 (residues 5-12)
that lies parallel to the periplasmic leaflet of the membrane. A short
loop (13-15) connects with elongated helix a—2 (16-57) that crosses the
membrane and protrudes into the cytoplasm, followed by another
loop (58-61), a short helix a-3 (62-72), loop (73-78), helix a—4 (79-94),
loop (95-101) and helix a-5 (102-125) that points back toward the
membrane. Helix a—6 (127-155) crosses the membrane, with a kink at
residue Pro138, and protrudes into the periplasm. Helix a-6 is fol-
lowed by a periplasmic loop (156-163) that connects with the elongated
helix a—7 (164-225) that crosses the membrane and extends towards
the cytoplasm. The TM domain of helices a-2, a—6 and a7 have their
main axis tilted 30 to 35° relative to the perpendicular axis to the
membrane (Fig. 2A, D).
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Fig. 2 | Structure of TOIAQR. A Schematic drawing of the Tol system. TolA (purple)
and TolR (red) have one TM domain at the IM, TolQ (green) has seven a-helices, and
three TM domains. Periplasmic domains of TolA and TolR, not visible in the
structure, are shown with dashed lines for the linkers and ovals for the C-terminal
domains. TolA crosses the peptidoglycan layer (blue) and interacts with the TolB-
Pal (blue and grey) complex anchored in the OM. B Cryo-EM structure of the E. coli
TolAQR complex. TolAQR density map in LMNG (micelle masked), viewed per-
pendicular to the membrane (grey rectangle) plane (left), and to the periplasm
(right). C Cartoon representation of TolAQR The labelling scheme follows PDB
entry 6TYI’: TolQu blue, TolQg coral, TolQc green, TolQp tan, TolQg orange, TolRy
black, TolRz light grey, TolAg gold and TolAg plum. D Cartoon representation of
TolQ. Views from the membrane (grey rectangle) with a-helices in rainbow colors
and loops in purple. E Cartoon representation of TolQa p and TolRy,z, showing the
hydrophobic pore and cytoplasmic hydrophilic cavity from the membrane plane.

hydrophobic pore

cytoplasmic cavity

TolQg ¢ and TolAg g omitted for clarity. Conserved Pro138 and Prol87 (magenta
stick) form a kink in helices a—6 and o—7. Side chains shown as stick, with conserved
Asp23 (ball and stick) and Thr138 and Thr178 (cyan stick). F ToIAQR cross-section in
the membrane plane, observed from the periplasm. Cartoon representation of
TolAgg (plum), TolQapcpe (light grey), and TolRy; (green). Asp23, Thr138 and

178 side chains shown as spheres. G Details of the interactions between TolAr and
TolQgc. For clarity only a1 and TM of a-2 of TolQc, and part of a-1 and TM of a-2
of TolQg are shown, together with TolAg. TolAQ shown in cartoon, contacting side
chains (using PDBsum®) as spheres and SHLS motif residues identified with bold
labels. H Structural variability of the TolAQR complex. Superimposition of density
maps for TolArgyQR-I (grey) and TolArgyQR-Il (yellow) observed from the mem-
brane plane (left) or periplasm (right). Arrows show differences (see also

the Suppl. Video).

The five TolQ subunits have a similar fold but exhibit variability in
the orientations of helices a—6 and a—7 that line the hydrophobic pore.
After fitted alignment and superposition of the five TolQs, TolQ chains
B, C and D are similar, while the axis of helix a-6 of TolQ chain A
(TolQ,) is tilted toward a—2, and the axis of the a—7 TM of TolQg is
tilted in the opposite direction (Suppl. Fig. 3A). The pivot points for
these different conformations lie at conserved Prol38 on a-6 and
Pro187 on -7 (Fig. 2E, Suppl. Fig. 3A).

TolQ assembles as a pentamer. The monomers interact with one
another along their -5 and a7 helices in the cytoplasm, and a—6 and
-7 in the membrane and periplasm. The inside of the pentamer
defines an elongated pore that can be divided into two regions: a 60 A
long hydrophilic cavity that starts at the cytoplasmic opening and

protrudes into the membrane, followed by a 30 A long hydrophobic
pore that starts in the middle of the membrane and extends to the
opening on the periplasmic side (Fig. 2E). Prolines 138 in a—6 and 187 in
«-7 sit at the interface between the hydrophobic pore and hydrophilic
cavity.

The structure of the TolR dimer was built from residues 12 to 37
for TolRz and 8 to 40 for TolRy. Each TolR comprises an unfolded
region (8-18) stabilized through contacts with TolQ residues in the
hydrophilic cavity, followed by an a-helix (19-40) that sits in the TolQ
hydrophobic pore (Fig. 2E, Suppl. Fig. 3C). The N-terminal unfolded
regions point in different directions in the hydrophilic cavity.

The two TolR a-helices are not at the same height in the pore,
shifted about half a helical turn, with TolRy closer to the hydrophilic
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Table 1| CryoEM data collection, structure determination and model statistics

TonB-ExbBD TolArevQR TolAQR
Data collection
Nominal magnification 105,000x 105,000x 45,000x
Voltage (kV) 300 300 200
Exposure time (s/frame) 0.05 0.075 0.08
Number of frames 46 30 30
Total dose (&/A%) 69.9 61.4 69.9
Defocus range (um) -0.8t0 -2.8 -0.8t0-2.8 -0.7t0-25
Pixel size (A) 0.83 0.83 0.89
Image processing
Micrographs selected 5,784 7,81 5,084
Initial particle images (no.) 5,414,663 11,112,982 1,519,049
TonB bound to ExbBg TonB bound to ExbBg TonB bound to ExbBa TolAeyQR-I TolA7g/QR-II
Final particle images (no.) 227,584 30,556 40,906 59,369 78,674 107,631
Symmetry imposed C1 C1 C1 C1 C1 C1
FSC threshold 0.143 0.143 0.143 0.143 0.143 0.143
Final map resolution (A) 2.80 3.16 3.19 2.94 3.18 5.40
Resolution range (A) 2.7-35 2.9-45 3.0-4.4 2.7-3.9 2.9-45
Atomic model
Number of protein residues 1209 1199 1199 1221 1206
Validation
Most favored (%) 99.50 99.07 99.24 99.25 98.57
Allowed (%) 0.50 0.93 0.76 0.75 1.43
Disallowed (%) 0 0 0 0 0
Rotamer outliers (%) 0.53 0.43 0.43 0.30 0.51
r.m.s.d Bond lengths (&) 0.01 0.01 0.01 0.012 0.012
r.m.s.d Bond angles (°) 1.626 1.624 1.603 1.628 1.639
Clashscore 0.48 2.40 1.26 1.91 2.03
Map CC (mask) 0.88 0.88 0.88 0.86 0.84
Map CC (volume) 0.88 0.88 0.88 0.85 0.83
Deposition ID
PDB ID 9DDO 9DDP 9bDQ 9DDM 9DDN
EMDB ID EMD-46778 EMD-46779 EMD-46780 EMD-46776 EMD-46777 EMD-70142

cavity than TolRz. The essential TolR Asp23 residues are close to the
conserved TolQ threonines 145 and 178 but have different environ-
ments (Fig. 2E, F). These threonines form a polar ring in the hydro-
phobic pore (Fig. 2F). Asp23 on TolRz contacts threonines on TolQp,
while Asp23 on TolRy points toward the hydrophilic cavity and is too
distant to interact with either threonine on TolQ, or TolQg
(Fig. 2E, F).

Residues 4 to 34 of TolA (ATEQNDKLKRAIISAVLHVILFAA-
LIWSSF), which include the conserved SHLS motif*°, were built (Fig. 2B,
C, and G, Suppl. Fig. 3D). TolA TM is a 40 A long, straight a-helix, tilted
20° relative to the perpendicular axis to the membrane plane, in the
opposite direction of TolQ a-2 TM (Fig. 2A, G). The two TolAs, labelled
TolAg and TolAg, have a similar fold (Suppl. Fig. 3D), and share a similar
surface of interactions with TolQ (Table 2). The highly conserved and
essential TolA His22” makes multiple contacts with TolQ Ser28, Trp32
and lle29 (Fig. 2G). A detailed list of interactions between TolA and
TolQ are summarized in Suppl. Fig. 4.

The stoichiometry of the TolArgyQR complex is two TolA, five
TolQ and two TolR. The structure was obtained with a truncated ver-
sion of TolA containing a TEV sequence inserted between residues
lle50 and AspS51, which lies in the conserved motif lle50-Asp-Ala-Val-
Met-Val-Asp56 (IDAVMVD) that is predicted to interact with TolR’. This
modification could affect the assembly and/or activity of the TolAQR
complex.

A cryo-EM dataset of native, full-length TolAQR in DMNG was
collected at 200 keV and SPA yielded a 5.4 A resolution structure cal-
culated with 107,631 particles (Suppl. Fig. 5A, Table 1). This complex
does not have the TEV sequence inserted in TolA and therefore has the
intact R-box motif. A perfect fit was found between this map and the
TolA+e/QR structure, showing that insertion of the TEV site on TolA did
not affect the stoichiometry of the complex (Suppl. Fig. 5B).

Furthermore, the insertion of the TEV sequence had no significant
effect on Tol activities. Using a AtolA strain, we found that com-
plementation with the tolAtgy construct or wt tolA restored all Tol
dependent activities, i.e. ability to grow on SDS containing medium,
sensitivity to the Tol dependent colicin A, and absence of filamentous
cells during cell division (Suppl. Fig. 6).

The TolA1gyQR complex is highly dynamic, especially in the
cytoplasmic region. The final 3D classification step in Relion4* yielded
three distinct classes (Suppl. Fig. 2). The class that showed the best
resolution was chosen to calculate the structure described above.
Another 3D class that comprised 78,674 particles showed significant
displacements of some of the TolQ subunits (Fig. 2H). Further refine-
ment yielded a 3.2 A resolution 3D density and a second structure of
the TolArgyQR complex, named TolArgyQR-Il was built (Table 1).
Comparison of the two structures shows significant displacement of
the cytoplasmic regions of TolQ chains A, B and C, whereas the
structures of the transmembrane and periplasmic regions are virtually
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Table 2 | Interface buried surface areas (A%

TonB-ExbBD
ExbBp.¢ 1551.2
ExbBg.a 1529.0
ExbBea 1485.4
ExbBc.g 1392.0
ExbBeo 1378.4
TonB-ExbBg 477.6

TolArevQR-I TolArevQR-11
TolQp.c 1041.9 981.5
TolQga 1092.1 1053.9
TolQe.a 1254.3 1275.3
TolQes 1381.1 1368.1
TolQen 984.1 907.8
TolAs-TolQc 624.8 472.3
TolAr-TolQg 135.5 10.2
TolAg-TolQcp 760.3 582.5
TolAg-TolQg 599.1 606.1
TolAg-TolQp 196.7 180.1
TolAg-TolQep 795.8 786.2

Interfaces calculated with PISA®®

identical. A morph movie reveals that the cytoplasmic regions of TolQa
and TolQg sway together laterally with up to 9 A displacements relative
to the membrane plane, and the TolQ¢ cytoplasmic region rotates
along its elongated axis perpendicular to the membrane (Suppl.
Movie). The N-terminal region of TolRy in the hydrophilic cavity also
shows two distinct conformations, with a rearrangement of the Leul3-
Ser14-Glul5 region (Suppl. Fig. 3C, Suppl. Movie).

Structure of the Ec TonB-ExbBD complex

The EcTonB-ExbBD complex was solubilized using the detergent n-
Dodecyl-B-D-Maltopyranoside (DDM). Using DDM throughout the
purification procedure led to significant loss of TonB at each step,
suggesting that the interaction between TonB and the ExbBD sub-
complex was labile. To stabilize TonB-ExbBD, DDM was replaced with
amphipol PMAL-C12 after the first IMAC affinity step, and the
remaining purification was performed in the absence of detergent.
Using these conditions, the TonB-ExbBD complex was stable and
showed no sign of degradation over extended periods of storage at
4°C (Suppl. Fig. 7A, B).

SPA of EcTonB-ExbBD in PMAL-CI12 yielded a 2.8 A resolution
consensus 3D map using 227,384 particles (Fig. 3B, Suppl. Fig. 8,
Table 1). The structure is similar to the reported 3.3A resolution
structure of ExbBD in MSP1D1 nanodiscs’, with the addition of a TM
helix of one TonB bound to ExbB chain C (Fig. 3B, C, and E, chain IDs
according to PDB 6TYI°). The stoichiometry of the complex is one
TonB subunit, five ExbB and two ExbD. This ratio was confirmed by
Mass Photometry (MP) and Sedimentation Velocity Analytical Ultra-
centrifugation (SV-AUC) experiments performed using TonB-ExbBD
and ExbBD in PMAL-C12 (Suppl. Fig. 7C, D).

As previously described’'°, ExbB consists of 7 a-helices connected
with short loops (Fig. 3A, Suppl. Fig. 3B). The TM domains of helices a
-2, a—6 and a7 are tilted 30° to 40° relative to the perpendicular axis
of the membrane plane, and five ExbB subunits assemble around a
pseudo-5-fold symmetry axis with the a—6 helix and TM region of a7
defining a hydrophobic pore that extends 10 A toward the periplasm. A
dimer of ExbD TM domains (residues 21-42) dock into the pentameric
ExbB hydrophobic pore. The two ExbD TM helices are parallel but
shifted relative to one another by about half a helical turn (Fig. 3D).
Inside the cytoplasmic cavity formed by the pentamer of ExbB,

densities for the N-terminal part of ExbD allowed us to build a model
starting at residue Aspll. The fold of these two regions of ExbD is
similar but their orientations relative to their respective TM domains
are different, resulting in an asymmetrical dimer. ExbD Metl5 and
Glul4 residues are stabilized through H-bonds with ExbB,p Asn196 and
Arg200 (Fig. 3D).

Clear densities in the membrane region allowed us to build a
structure for TonB residues 10 to 32 (PWPTLLSVCIHGAVVAGL-
LYTSGV), which corresponds to the TM helix region with the SHLS
motif (Fig. 3E, Suppl. Fig. 3E). The TonB TM is a 35 A long a-helix, tilted
about 15° from the perpendicular axis of the membrane, and interacts
with the ExbB¢ a1 helix and a-2 TM (Fig. 3B, C, and E). The axes of the
TonB and ExbB a2 TM helices are tilted in opposite directions.

Most of the contacts between TonB and ExbB are located within
a region close to the cytoplasm. In this region, the highly conserved
TonB residues Serl6 and His20 interact with the ExbB highly conserved
Trp38 and Ser34 (Fig. 3E). The interface area between TonB and ExbB¢
is 478A2, involving the interaction between ten residues on ExbBc with
seven on TonB (Fig. 3E, Table 2, Suppl. Fig. 4).

The cryo-EM map also shows elongated densities in the mem-
brane region at the interface between adjacent ExbB subunits. These
densities were attributed to lipids that copurified with the TonB-ExbBD
complex. The resolution was high enough to build two phosphatidy-
lethanolamine (PE) lipid molecules (Suppl. Data Fig. 10A). These two PE
are located at the interface between ExbB chains A and B, and D and E.
No external lipids were added during purification. As observed for Sm
ExbB (pdb 6YE4"), these tightly bound lipids are anchored through
interaction between their polar head group and an arginine residue
(Arg200 for Ec ExbB, Arg237 for Sm ExbB).

While exploring the optimal conditions to determine the struc-
ture of TonB-ExbBD, several cryo-EM datasets were collected at
200 keV and analyzed. Among these, three independent analyses
yielded structures at resolutions close to 4 A, which were fitted and
oriented with the ExbBD structure (PDB 6TYI°). The three maps
showed an extra elongated density in the membrane region that was
attributed to the TM of TonB, but at different positions: two showed
TonB interacting with ExbBg, and one with ExbBc.

TonB interacts with ExbBc in the consensus map. To eventually
detect structural heterogeneities and/or TonB binding at different
ExbB, we performed an additional 3D classification step with the
227,384 particles that yielded the 2.8 A resolution map. The 3D clas-
sification was performed within Relion4?, using the local angular
search and fine angular step options (Suppl. Fig. 9). Inspection of the
five resulting classes showed that three classes (69% of the particles)
matched the structure of the consensus map. The two others, repre-
senting 18% and 13% of the particles, clearly showed two different
orientations of the ExbD dimer (Fig. 3F, Suppl. Fig. 9). These two maps
were further oriented and fitted with the ExbBD structure’. Each of the
two maps resulted in a better fit with ExbBD after rotation along the
pseudo-5-fold and alignment of the ExbD regions. In these new
orientations, TonB was found to bind ExbBg (18% of the particles) or
ExbB, (13% of the particles).

The 2.8 A resolution consensus structure thus corresponds to a
mixed population of TonB-ExbBD, aligned on the TonB subunit, but
with ExbBD in three different orientations along the pseudo-5-fold
axis. Because about 70% of the particles are correctly aligned, the
contribution of the ~30% misaligned particles did not affect the model
building of ExbB and ExbD, but merely contributed to the quality of the
consensus map for TonB. A structure was built for these two maps
(Fig. 3G, Table 1). Except for the binding of TonB to different ExbB, the
three structures do not show any noticeable structural difference for
the ExbBD subcomplex, nor in the way TonB interacts with ExbB.

For the remainder of this report, the designation TonB-ExbBD will
refer to the consensus 2.8 A resolution structure with TonB bound to
ExbB chain C.
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Fig. 3 | Structure of EcTonB-ExbBD. A Schematic drawing of the Ton system. TonB
(yellow) and ExbD (red) have one TM domain at the IM, ExbB (blue) has seven a-
helices, and three TM domains. Periplasmic domains of TonB and ExbD, not visible
in the structure, shown with dashed lines for linkers and ovals for C-terminal
domains. TonB crosses the PG (blue) and interacts with the TBDT transporter
(green) in the OM. B Cryo-EM structure of the E. coli TonB-ExbBD complex. TonB-
ExbBD isosurface density map in PMAL-C12 (micelle masked), observed perpen-
dicular to the membrane (grey rectangle, left), and from the periplasm (right).
Lipids are colored grey. C Cartoon representation of TonB-ExbBD, viewed as in (B).
The labelling scheme follows PDB entry 6TYI". ExbB, blue, ExbBg coral, ExbBc
green, ExbBp, tan, ExbBg orange, ExbDy black, ExbD; light grey, TonBg in gold.

D Cartoon representation of ExbB, p and ExbDy,z, showing the hydrophobic pore
and cytoplasmic hydrophilic cavity viewed from the membrane (grey rectangle).
For clarity, ExbBg c ¢ and TonBg were omitted. The ExbB a-5, a—6 and a-7 helices

ExbDy

interact in the pentamer to form the hydrophilic cytoplasmic cavity and the
hydrophobic pore, in which the ExoD TM domains reside. Conserved Prol41 and
Pro190 (magenta stick) form a kink in helices a-6 and a—7. The two essential Asp23
side chains (ball and stick), and the conserved Thr148 and Thri81 (cyan stick), are
shown. Conserved Asn196 and Arg200 on ExbB, p (green stick) form H-bonds
(green dashed lines) with Met15 and Glul4 on ExbDy z. E TonB and ExbBc interac-
tion details in cartoon representation. For clarity only a1 and TM of a-2 of ExbBc
are shown, together with TonB. Contacting side chains (with PDBsum®') shown as
spheres and labelled. TonB residues from the SHLS motif are labeled bold. F 3D
density maps of TonB-ExbBD with TonB interacting with ExbBg (left) or ExbB,
(right). G Cartoon representation of TonB-ExbBD structures, viewed from the
periplasm, with TonB (gold) interacting with ExbBc (green) (left), ExbBg (tan)
(center) or ExbB, (blue) (right). TonB subunits are shown with red arrows, ExoBD
subcomplexes are in the same orientation.

Discussion

The high-resolution structures of both TonB-ExbBD and TolAQR
complexes provide us with the unique opportunity to determine, at
the molecular level, the structural elements shared by the two systems,
and how the TonB and TolA subunits might modulate the gating of the
proton channel.

ConSurf # (https://consurf.tau.ac.il) was used to determine and
visualize the degree of conservation of each residue in our structures.
As previously reported*, most of the highly conserved residues are
localized within the hydrophobic pore, where the proton translocation
is predicted to occur (Fig. 4, Suppl. Fig. 11). The respective local
environments of the two essential Asp residues on the TM domains of

either ExbD or TolR are highly similar (Fig. 2E, F, Fig. 3D). The same
configuration is found in the cryo-EM structures of the MotAB and
PomARB stators that use the proton or sodium gradient, respectively, to
drive flagellar rotation (Suppl. Fig. 12). As for the ExbBD and TolQR
subcomplexes, MotAB and PomAB share the 5 to 2 stoichiometry with
a central hydrophobic pore shifted toward the periplasm that
encompasses the dimer of MotB or PomB TM domains. The two
essential Asp on MotB and PomB have the same asymmetrical envir-
onment, either in contact with a conserved Thr of MotA/PomA or
pointing toward the cytoplasmic cavity (Suppl. Fig. 12)>%. These
striking structural similarities indicate that these four systems share a
common ancestor?”. They also suggest that the path and mechanism of
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Fig. 4 | Conserved network of residues connecting TolA/TonB and TolQ/ExbB
TM3, preferential binding of TolA and TonB, and schematic model of Ton
assembly and mechanism. A Left panel: atomic surface representation of
TolAreyQR highlighting the conservation of residues (Consurf 2). Middle panel:
TolQ chains (A-D) omitted to show the hydrophobic pore and TolR. Network of
conserved residues connecting the TM of TolA with the TolQ TM3 is highlighted.
Right panel: zoom in of the highlighted region, in cartoon representation. Residues
that form the network are shown with spheres. B Same representation as in panel A
for TonB-ExbBD. C Predicted structure of the full TonB-ExbBD complex in cartoon
representation. Unfolded linkers are dashed lines. The different subunits are
colored as in Fig. 3 with the periplasmic domains of TonB in gold, ExbDy black and
ExbDy light grey. D Two schematic representations of the TonB-ExbBD complex,
seen from the periplasm. ExbB subunits shown as rounded triangles, TonB (yellow)
and ExbD (black and light grey) TMs as circles, ExbD periplasmic domains as ovals,
the TonB linker connecting the TM and the D-box with yellow dashed lines, and the
D-box as a yellow arrow. The distal C-terminal domain of TonB is not represented.
The color code is the same as in (C). The upper panel has the D-box bound to the
ExbD periplasmic dimer in one orientation, leading to the binding of the TonB TM
domain either to ExbBg (orange) or ExbB, (blue). In the lower panel the D-box is in

7

the opposite direction, and the TonB TM domain binds ExbBc (green).

E Hypothetical assembly and mechanistic model for Ton. (1) Monomeric TonB
(yellow) diffuses in the cytoplasmic membrane. TBDT (green) in the OM binds a
nutrient (purple), inducing the TonB box (green arrow) to extend into the peri-
plasm. (2) TonB C-terminal domain binds the TBDT TonB box, and the TonB D-box
(yellow arrow) comes close to the ExbD periplasmic dimer (grey and black). (3)
TonB D-box binds the ExbD dimer and (4) TonB TM domain interacts with ExbB in
the membrane (red arrow) forming a full TBDT-TonB-ExbBD complex. (5) TonB-
ExbBD lateral diffusion in the membrane pulls on the TonB periplasmic domain and
reorients the TonB TM domain. This change is transmitted to the ExbB TM3 and
opens the pentameric pore. Proton translocation through the pore causes the ExbD
TM dimer to rotate. (6) ExbD rotation wraps around the TonB periplasmic linker,
exerting a pulling force on the TonB C-terminal domain towards the periplasm. (7)
The pulling force gradually unfolds the TBDT plug domain and opens a channel
allowing the nutrient to diffuse into the periplasm. The force necessary to further
unfold the plug domain is greater than the pulling force and TonB detaches from
the TonB box, dissipating the tension on the periplasmic linker. TonB-ExbBD
reverts to the ground state with proton channel closed, and the TBDT plug domain
refolds into the barrel.
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proton or cation translocation are similar for the four systems, likely
resulting in the rotation of the dimer of MotB/PomB/ExbD/TolR inside
the pentameric pore as hypothesized for Mot'>",

In the Mot system, the MotB plug domain binds to MotA and
maintains the proton channel in its closed state. Upon association with
the flagellum, the MotB plug domain dissociates from MotA, allowing
MotB C-terminal periplasmic domains to interact with the PG layer,
and the proton channel to open®. The same gating mechanism is
observed for the Pom system®.

In Ton and Tol, there is no plug domain on the ExbD and TolR
subunits, therefore the gating mechanism must be different. The
opening of the proton channel is likely dependent on the association
of TonB with ExbBD or TolA with TolQR, together with the signaling of
TonB interacting with a nutrient loaded TBDT or TolA with TolB-Pal at
the outer membrane. Comparison of the structure of EcCExbBD’ with
EcTonB-ExbBD shows no significant conformational change for ExbBD,
suggesting that the association of TonB to ExbBD is not sufficient to
trigger the opening of the proton channel. For Tol, we attempted to
compare the structures of the TolAQR complex with the recently
reported 4.2 A resolution structure of TolQR™. While we see some
noticeable differences between TolAQR and TolQR, especially for the
cytoplasmic domains of TolQ, it is not clear whether these differences
are due to the presence of TolA, or to the low resolution of the TolQR
structure.

Upon opening of the proton channel, one of the two conserved
Asp residues on ExbD or TolR likely translocates a proton through
transient protonation of its carboxyl group and generates a power
stroke. Based on the MotAB and ExbBD structures, different rotary
models have been proposed™”*°. These mechanistic models differ in
the detailed sequence of molecular events that lead to the power
stroke, but they all hypothesize that the dimer of MotB/ExbD TM
domain rotates 36° for each proton translocated, and that the opening
and closing of the proton channel alternates between the two essential
Asp residues.

In the TonB-ExbBD and TolAQR structures the TM domains of
ExbD or TolR are tucked in the ExbB or TolQ pentameric pores. In this
tight configuration, it is hard to conceive that ExbD or TolR could
rotate unless some or all the ExbB or TolQ subunits modify their
conformations to widen the lumen of the pentameric pore. The ExbBD
complex has been observed in different oligomeric states, ranging
from 5 ExbB to 2 ExbD, 5 to 1, or 6 to 3° ™. While the 5 to 2 ratio likely
represents the physiological state, it shows that ExbB has enough
structural plasticity to form different oligomers and accommodate
different ratios of ExbD subunits. The two structures of TolAQR
described in this report show that TolQ can adopt different con-
formations, with a high degree of flexibility between the cytoplasmic
and TM domains. This region has two conserved proline residues,
Prol138 and Prol87, that introduce a kink in their respective a-6 and «
-7 helices. These two prolines have equivalent residues in ExbB, MotA
and PomA and have been found to be important for activity, especially
for the proline in a7 for ExbB (EcExbB Pro190), TolQ (EcTolA Pro187),
and in TM4 for MotA (EcMotA Pro222)**. Prolines are known to form
kinks in TM helices and to be involved in signal transduction®¢, These
two prolines may modulate the widening of the hydrophobic pore that
would not only loosen the restraints on the ExbD/TolR TM dimer,
allowing it to rotate, but could also participate in the gating of the
proton channel.

The distribution of conserved residues in our TonB-ExbBD and
TolAQR structures shows that the most conserved regions are in the
hydrophobic pore, while residues exposed to solvent and/or lipids are
more variable (Fig. 4A, B). It also highlights a network of highly con-
served residues that connect TonB/TolA with the TM3 of ExbB/TolQ.
Serl6 and His20 on TonB, part of the SHLS motif, make multiple
contacts with Ser34 and Trp38 on ExbB TMI, while Trp38 is also in
contact with Pro190 on ExbB TM3 (Fig. 4B). The same arrangement is

found for TolAQR, with Ser18 and His22 on TolAg and Ser28, Trp32
and Prol38 on TolQcg forming the same 3D network observed for
TonB-ExbBD (Fig. 4A). In this configuration, a change of orientation of
the TM of TonB or TolA could modify the conformation of ExbBc
Prol190 or TolQc g Prol87 via the two conserved Ser and Trp residues
on TML1. Most of these residues are critical as their mutations result in
the inhibition or a complete loss of pmf dependent Ton and Tol
activities (Suppl. Table 1).

It has been hypothesized that the signaling of TonB bound to a
nutrient loaded TBDT involves tension on the TonB periplasmic linker
generated by the tethering of TonB to the OM coupled with the dif-
fusion of the TonB-ExbBD complex in the inner membrane®>*’. This
tension could affect the orientation of the TonB TM domain, and the
associated conformational change of His20 and Serl6 would be
transmitted to Prol90 on ExbB via Ser34 and Trp38. The conforma-
tional change of Prol90 could modify the orientation of ExbB a-7
helix, eventually widening the lumen of the hydrophobic pore. A
similar mechanism would apply for the Tol system.

As deduced from the TonB-ExbBD structures, one TonB subunit
associates with ExbBD via ExbB chains C, E or A (Fig. 3F, G). There are
two TolA in the TolAQR complex, which are bound to TolQ chains C
and E (Fig. 2). Further inspection of the non-sharpened TolAtgyQR 3D
density map shows a stretch of weak densities close to TolQ chain A,
suggesting that TolA can also bind TolQ4 (Suppl. Fig. 10D). TonB and
TolA thus bind to the same ExbB and TolQ chains C, E or A, but not to
chains B and D. The preferential binding could be a consequence of the
asymmetry of the ExbB and TolQ pentamers, induced by the presence
of the ExbD and TolR dimers in the pore. The asymmetry within the
pentamers is illustrated by the different interaction surfaces of the
ExbB or TolQ subunits (Table 2). However, the regions of ExbB or TolQ
involved in the interaction with TonB or TolA are equally exposed in
the membrane and share the same conformation. Another explanation
would be that the preferential binding is a consequence of other
interactions within the TonB-ExbBD or TolAQR complexes.

For the Ton system, interactions of TonB and ExbD in the peri-
plasm have been structurally characterized. Crystallographic struc-
tures of a soluble construct of EcExbD in complex with a peptide of
EcTonB have been reported’®. The ExbD periplasmic domain forms a
symmetric homodimer that binds to a conserved sequence on TonB
(Suppl. Fig. 13A). Upon association with ExbD, the so-called D-box on
EcTonB (45-ISVTMVT-51) forms a B-strand that binds to B5-strands on
each ExbD. The D-box binding site on ExbD exhibits 2-fold symmetry,
meaning that the D-box can bind the ExbD dimer in either direction.
The periplasmic domain of TolR has been shown to form at least two
different dimers, with one similar to the ExbD dimer®**** (Suppl.
Fig. 13C), and TolA, like TonB, has a conserved motif in its periplasmic
domain that is suspected to act as a R-box motif’ (Suppl. Fig. 11).

While the ExbD periplasmic dimer and the TonB D-box are not
visible in the TonB-ExbBD maps, the full complex is likely organized as
shown in Fig. 4C, with the periplasmic linkers of TonB and ExbD
unfolded and dynamic (see also Supplementary Fig. 16 in Zinke et al.®).
The binding of the D-box to ExbD is likely responsible for the pre-
ferential binding of TonB with ExbB. If the ExbD periplasmic dimer is
not randomly oriented but restricted by the orientation of the ExbD
TM dimer within the pore, the TonB D-box will only have limited access
to ExbD and hence the TonB TM to ExbBD in the membrane.

It has been shown that a short motif in the ExbD periplasmic
linker, the N-terminal Intermolecular Beta-Strand or NIBS, can stabilize
a closed form of the dimer through self-association to form an inter-
molecular B-sheet® (Suppl. Fig. 13B). The closed state is in equilibrium
with an open state in which the NIBS is unfolded. The periplasmic
dimer is likely dynamic in both the closed and open states as it is not
visible in the reported 3D maps of the ExbBD subcomplex®. Never-
theless, the closed state ought to further restrain the respective
orientations of the ExbD periplasmic and TM dimers.
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We hypothesize that the axes of the ExbD periplasmic and TM
dimers are aligned as shown in Fig. 4D. In this configuration, the
association of the TonB D-box on either side of the ExbD dimer would
bring the TonB TM closer to ExbB chains C or E, then to chain A, but far
from chains B and D, explaining why TonB is mostly found to bind
ExbB chains C or E. It also suggests that the association of TonB to
ExbBD is dictated first by contacts between TonB and ExbD in the
periplasm, and then between the TM of TonB and ExbB in the mem-
brane. Because of the extensive similarities between the Ton and Tol
systems, i.e. the presence of a D- and R-box on TonB and TolA, the
presence of the NIBS and equivalent dimer for ExbD and TolR, and the
preferential binding of TonB or TolA to equivalent ExbB or TolQ sub-
units, a similar mechanism of assembly is likely to take place for Tol. An
updated schematic model for the Ton assembly and usage of the
proton motive force is summarized in Fig. 4E.

The main difference between the TonB-ExbBD and TolAQR com-
plexes is the respective stoichiometries of TonB and TolA. The phy-
siological significance of two TolA subunits in TolAQR is not clear. The
binding of TolA to TolQ is more stable than TonB with ExbB, with an
average buried surface area of 720 A2, compared to 480 A2 for TonB
and ExbB. The overexpression of TolA, TolQ and TolR for structural
analyses might result in an artefactual binding of multiple TolAs to
TolQR. Cryo-EM observation of intact TolAQR solubilized complexes
show that TolAQR can form dimers and higher oligomers, with most of
them showing a similar orientation in the membrane. On the other
hand, TEV digested TolA7gyQR is mostly monomeric (Suppl. Fig. 1D, E),
suggesting that interactions between the TolA periplasmic domains
might influence the oligomeric state of TolAQR.

Both TolA and TonB have a conserved SHLS (Ser-3X-His-6X-Leu-
3X-Ser) motif which is lined up on the same side of the TM helix (Suppl.
Fig. 3D, E). The first Ser-His residues are the most structurally con-
served and share the same network of interactions with the conserved
Ser, Trp and Pro on both TolQ and ExbB as shown on Fig. 4A, B. This
illustrates the importance of the His residue, shown to be essential for
Tol or Ton activities’®”. The other Leu and Ser of the SHLS motif are
not as well conserved for Ton (Suppl. Fig. 11C). The Ser-His residues of
the SHLS motif might be important for the interaction between TolA/
TonB and TolQ/ExbB and signal transduction, while Leu-Ser might play
a role when the complexes are activated to generate force.

In conclusion, the TolAQR and TonB-ExbBD complexes show
extensive structural similarities. Both share a network of conserved
residues that connect the Ser-His of the SHLS motif on TolA and TonB
to the TM1 and TM3 of TolQ and ExbB, which we hypothesize is
involved in signal transduction. The observed preferential binding of
TolA or TonB to equivalent chains of TolQ or ExbB is likely the con-
sequence of interaction between TolA or TonB with TolR or ExbD in
the periplasm, suggesting that the interactions in the periplasm and in
the membrane are synchronized. The association of TolA to TolQR or
TonB to ExbBD is not sufficient to trigger opening of the proton
channel, therefore additional molecular events are needed to open
both the proton channel and the hydrophobic pore.

Methods

Bacterial strains and plasmids

The bacterial strains and plasmids used in this study are listed in data
Table 3.

EctolA was subcloned into pCDFDuet-1 (Novagen) with an
N-terminal streptag-1l using the Restriction-Free cloning technique®.
The mutant of EctolA with a TEV site insertion was prepared by site-
directed mutagenesis using the Q5 Site-Directed Mutagenesis Kit (New
England Biolabs). Following TEV digestion, the sequence of the
resulting  N-terminal  fragment is  MGSWSHPQFEKGSSKA-
TEQNDKLKRAIIISAVLHVILFAALIWSSFDENIEASAGGGGGSSIENLYFQ
(streptag-ll and TEV sequences are underlined). EctonB was subcloned
into a pACYCDuet-1 vector with a C-terminal TEV protease site tag

Table 3 | plasmids and strains

plasmid

ptolAstrep tolA N-term streptag-Il, pCDFDuet, Sm"  this study

ptolAsireptev PtolAsyrep TEV site, pCDFDuet, Sm' this study

pQR ybgC-tolQ-tolR operon, pT7-1QR, Amp"  Germon et al.,

1998%°

ptonBstrepil tonB C-term TEV site and streptag-ll, this study
PACYCDuet, Cm'

pexbB exbB, pET26b, Kan' Celia et al., 2016'°

pexbDiohis exbD, C-term TEV site and 10his-tag, Celia et al., 2016
pCDFDuet, Sm"

strain

W3110 F'NIN(rrnD-rrE)1 rph-1 Bachmann, 1972

AtolA W3110 AtolA::frt Petiti et al., 2019*

followed by a streptag-Il. The sequence of all plasmid constructs and
mutations were verified by sequence analysis (Macrogen USA). Primer
sequences for all cloning and mutagenesis experiments are available
upon request.

Protein expression

BL21(DE3) competent cells (New England Biolabs) were cotransformed
with either ptolA and pQR, or ptonB, pexbB and pexbD plasmids. A
single colony was grown in SEC medium with selected antibiotics,
mixed with glycerol at a final concentration of 20% and stored at
-70 °C. For protein expression, an aliquot of glycerol stock was spread
on LB agar supplemented with antibiotics and left overnight at 37 °C.
Colonies were used for a 60 ml LB starter culture, later used to
inoculate 4 flasks containing 1L 2-YT medium and incubated at 37 °C
with shaking at 220 rpm until the optical density (OD¢oo) reached 0.8-
1.0. Isopropyl B-D-1-thiogalactopyranoside (IPTG) was added at 0.1 mM
final concentration and the culture was allowed to continue to grow
overnight at 26 °C and 180 rpm. Cells were collected by centrifugation,
resuspended in 1x phosphate buffer saline (PBS) and stored at 70 °C.

TolArgy in vivo activities

Wild type E. coli W3110 and AtolA strains were used to test the in vivo
activities of tolArgy*"*2. Protein production was assessed by western
blot with overnight cultures. Samples (ODgoo = 0.2) were run on SDS-
Page and analyzed by immunodetection with antibodies against TolA.
Colicin A (Tol dependent) and D (Ton dependent) lethal activities were
checked by the presence of halos on a cell lawn of the strain to be
tested®. Sensitivity to SDS was determined by measuring bacterial
growth after 4 h of incubation at 37 °C in liquid LB medium containing
SDS concentration ranging from 0.25% to 2% (w/v). For division assays,
cells were grown 4 h in LB liquid medium without NaCl, then immo-
bilized on Poly-L-Lysine (0.1% w/v) coated microscope slides*.
Observation was carried out on an Eclipse 50i optical microscope
(Nikon, France).

TolA1evQR purification

Cells in PBS were thawed and resuspended in 100 ml 1xPBS supple-
mented with 100 uM 4-(2-aminoethyl)benzenesulfonyl fluoride (AEBSF
Goldbio), 100 uM DNase (Goldbio), and 50 pg/ml lysozyme (Sigma),
and disrupted with two passages through an EmulsiFlex-C3 (Avestin)
operating at 15,000 psi. Membranes were pelleted by ultracentrifuga-
tion in a Type 45 Ti Beckman rotor at 200,000 g for 30 min at 4 °C.
Membranes were resuspended in 1 x PBS using a dounce homogenizer
and solubilized by the addition of LMNG to a final concentration of 1%
by stirring at medium speed for 1-2hrs at room temperature. Insoluble
material was pelleted by ultracentrifugation in a Type 70Ti Beckman
rotor at 300,000g for 1hr at 4°C and the supernatant was used
immediately.
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Streptactin affinity chromatography was performed using a
StrepTrap-HP 5ml prepacked column (Cytiva) equilibrated in Tris
50 mM pH8 NaCl 200 mM EDTA 1mM supplemented with LMNG
0.005%. Elution was performed with the same buffer supplemented
with 4mM d-Desthiobiotin (Sigma). Fractions were analyzed by SDS-
Page and those containing the bands for TolA, TolQ and TolR were
pooled. TEV digestion was performed through the addition of TEV
protease and DTT at 0.1 mg/ml and 2mM final concentrations and
rocked overnight at 4 °C. The soluble periplasmic domain of TolA and
undigested TolAQR were eventually separated from digested TolAQR
using cation exchange chromatography: the digest was diluted 10x
with Tris 50 mM pH7.4 LMNG 0.005% and loaded on a prepacked
Resource-S 6 ml column (Cytiva) and eluted with a linear 0-1M NaCl
gradient over 10 column volumes. The flowthrough was collected and
concentrated by ultrafiltration on an Amicon-Ultra filter unit (Milli-
pore) with a100 kDa MW cut off. The concentrated sample was subject
to SEC using a Superose6 increase 10/300 GL (Cytiva) equilibrated with
Hepes/NaOH 30 mM pH7.5 NaCl 150 mM EDTA 1 mM LMNG 0.002%,
yielding two elution peaks. The fractions corresponding to the second
elution peak were pooled, concentrated by ultrafiltration and used for
cryo-EM.

TolAQR purification

The purification of native TolAQR, i.e. without the TEV site on TolA, is
the same as for TolAtgyQR except that the complex was solubilized
from membranes with 1% DMNG. The Streptactin affinity and SEC
purification steps were performed with buffers containing DMNG at
0.03% and 0.01% respectively. No cation exchange chromatography
was performed.

TonB-ExbBD purification

Cells were disrupted and membranes pelleted as described for
TolA1eyQR. The membrane pellet was resuspended in 100 ml 1x PBS
and solubilized with the addition of 1% DDM by stirring at medium
speed for 1-2 hrs at room temperature. Insoluble material was pel-
leted by ultracentrifugation in a Type 70Ti Beckman rotor at
300,000¢ for 1 hr at 4 °C and the supernatant was used for immo-
bilized metal affinity chromatography. Imidazole was added to the
supernatant at 20 mM final concentration and loaded on a 10 ml
HisPur nickel (Thermo Fisher) prepacked column equilibrated with
1xPBS imidazole 20 mM DDM 0.1%. The column was washed in two
steps using the same buffer with 40 and 60 mM imidazole and eluted
with 300 mM imidazole. Fractions were analyzed by SDS-Page and
those containing the three bands for TonB, ExbB and ExbD were
pooled. The concentration of TonB-ExbBD in mg per ml was roughly
estimated with absorbance at 280 nm reading, and a 2-3 weight per
weight excess of amphipol PMAL-C12 was added to the sample and
gently rocked for 30 min at room temperature. Detergent was
depleted from the sample by adding freshly hydrated Bio-Beads SM-2
(Bio-Rad) and gentle stir at room temperature for 1hr. The sample
was separated from beads using a 0.22 ym vacuum-driven filter unit
(Steriflip Millipore) and aggregates were pelleted by ultra-
centrifugation in a Type 70Ti Beckman rotor at 300,000 g for 1 hr at
4 °C. The supernatant was subjected to Streptactin affinity chroma-
tography using a StrepTrap-HP 5ml prepacked column (Cytiva)
equilibrated in Tris 50 mM pH8 NaCl 200 mM EDTA 1 mM. Elution
was performed with buffer supplemented with 4mM d-Desthiobiotin
(Sigma). SDS-Page analysis showed the presence of the TonB-ExbBD
complex in the elution peak only, while the ExbBD subcomplex was
found in the flowthrough. The elution and flowthrough were pooled
separately and concentrated by ultrafiltration using a 100 kDa MW
cut off. The concentrated TonB-ExbBD and ExbBD samples were
subjected to SEC using a Superose6 increase 10/300 GL (Cytiva)
equilibrated with Tris 30 mM pH8.0 NaCl 170 mM EDTA 1 mM.

Mass Photometry

Mass photometry measurements were performed on glass cover slips
using a OneMP instrument (Refeyn Ltd)**. The samples were diluted to
20-50mM in 1xPBS just prior the measurement and 10pul were
deposited on the cover slip. 60 s videos were recorded using Acquir-
eMP and analyzed with DiscoverMP (Refeyn Ltd version 2021 R1).
Masses were calculated from measurements on calibrated standards.

Sedimentation Velocity Analytical Ultracentrifugation
Sedimentation velocity was carried out at 50,000 rpm (195,650 x g at
7.0 cm) and 20 °C on a Beckman Coulter ProteomeLab XL-I analytical
ultracentrifuge and An50-Ti rotor. Samples of ExbBD and TonB-ExbBD
with PMAL-C12 in SEC buffer were studied in 12mm two-channel
centerpiece cells, and data were analyzed in SEDFIT* in terms of a
continuous c(s) distribution of sedimenting species. The solution
density, viscosity, protein extinction coefficient, and protein partial
specific volume were calculated in SEDNTERP. The protein refractive
index increment was calculated in SEDFIT. The partial specific volume
for PMAL-C12 was calculated based on its chemical composition fol-
lowing the method of Durchschlag and Zipper*¢, and a refractive index
increment of 0.14 cm®g” was assumed. Absorbance and interference
c(s) distributions were analyzed simultaneously using the fitted f/f,
membrane protein calculation module in GUSSI* to obtain the protein
and amphipol contributions to the sedimenting complex of interest.

EM sample preparation

3-4 microliters of TEV digested TolArgyQR (abs,go=2.3), TolAQR
(abs,g0 =5) or TonB-ExbBD (abs,so =1.4) were applied to a Quantifoil
R1.2/1.3 300 mesh grid (Electron Microscopy Sciences, Protochips,
Inc.) that had been glow discharged for 45 s at 15 mA (Pelco easiGlow,
Ted Pella, Inc.). The grid was blotted and immediately plunged into
liquid ethane cooled down with liquid nitrogen using a Vitrobot Mark
IV system (Thermo Fisher Scientific). The freezing conditions were as
follows: 100% humidity, temperature 5 °C, no wait time, 2-4 secs blot
time and +3 blot force.

EM data acquisition
Data collection for native TolAQR was performed with a FEI Glacios
(Thermo-Fisher) operating at 200 keV coupled with a K3 direct elec-
tron detector (Gatan) using SerialEM*¢, Micrographs were collected as
dose-fractionated movies with a calibrated pixel size of 0.445 A/pixel
in the counting and super resolution mode, with 30 frames per movie
and a total dose of 70 e/A? per movie. 5563 movies were collected.
The datasets for TolAtgyQR and TonB-ExbBD were collected on a
Titan Krios G3 (Thermo-Fisher) operating at 300 keV and equipped
with an Imaging Filter Quantum LS and a K3 direct electron detector
(Gatan). The pixel size was 0.415 A/pixel in super resolution mode for
both datasets. For TolAtgyQR 7,958 micrographs were collected as
dose-fractionated movies with SerialEM*® in the counting mode, with
30 frames and a total dose of 61e/A% For TonB-ExbBD 5784 micro-
graphs were collected, with 46 frames and a total dose of 70 /A

EM data processing

For TolAQR the movies were imported and processed with
CryoSPARC* v4 (Suppl. Fig. 5). The movies were binned by a factor of
two (0.89 A/px) and gain and motion corrected using patch-motion.
The Ctf parameters were estimated with patch-CTF. 479 movies were
rejected because of excess drift. Blob-picker was used to extract
317,684 particles from 1000 movies and submitted to 2D classification.
Four 2D classes were then selected for template-picking on the 5084
movies, yielding 1,519,049 particles. The particle images were extrac-
ted with a binning of 2 (box size 128x128, 1.78 A/px) and submitted to
two rounds of 2D classification. The 217,752 selected particles were
submitted to ab-initio reconstruction with three classes followed by
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hetero-refinement with 3 classes. The best class comprised 126,682
particles and was subjected to non-uniform refinement, yielding a 5.9 A
resolution 3D density map. These particles were used to train a neural
network for particle picking using Topaz®. 2,213,448 particles (box
size 128x128, 1.78 A/px) were extracted, subjected to two rounds of 2D
classification. The resulting 304,787 particles were subjected to ab-
initio reconstruction with five classes. The best class contained 107,631
particles and non-uniform refinement yielded a final 3D density map at
5.4 A resolution.

For TolArgyQR 7958 movies were imported in Relion4*%. The
movies were gain corrected, aligned and binned by a factor of two
(0.83 A/px) using MotionCor2™ and the CTF parameters were esti-
mated with Getf %, 7,811 exposures that showed resolution better than
4 A were selected for further processing. A total of 11,112,982 particles
were extracted with a binning of four (box size 64x64, 3.32 A/px) using
a Topaz pre-trained model. 1,694,927 particles were selected after two
rounds of 2D classification. The resulting particles were re-extracted
with a binning factor of two (box size 128 x128, 1.66 A/px) and sub-
mitted for 3D initial model with three classes. The 1,274,028 particles
for the two best initial model 3D classes were selected for further
processing. The best 3D initial model structure was hand flipped,
aligned along a pseudo 5-fold symmetry and used as 3D reference for
3D classification into three classes. Two resulting 3D classes were
selected for 3D refinement, yielding a 3.8 A resolution density map
with 811,535 particles. These particles were re-extracted (box size
256x256, 0.83A/px) and submitted to 3D classification with four
classes and local angular searches of 20° (see Suppl. Fig. 2 for details).
Three 3D classes out of four were selected, representing 474,068
particles, and 3D refinement yielded a 3.5A resolution map. The
selected particles were submitted to Bayesian polishing, CTF refine-
ment, followed by an extra Bayesian polishing step, resulting in a3.27 A
resolution refined 3D map. An additional 3D classification step using a
tight mask excluding the detergent micelle was performed. Of the
three classes, two were selected, accounting for 59,369 and 78,674
particles respectively. These two classes were refined, then the
respective particles and 3D refined maps were transferred to cryoS-
PARC v4. Non-uniform refinement yielded a 2.94 A final resolution 3D
density map for the 59,369 particles, and 318A for the 78,674
particles.

For TonB-ExbBD 5784 movies were imported in Relion4* (Suppl.
Fig. 8). The movies were gain corrected and the frames were aligned
with MotionCor2®. Defocus determination was carried out with Getf >
A total of 5,414,663 particles binned with a factor of two (box size
128x128, 1.66 A/px) were extracted using a Topaz pre-trained model.
2,788,259 particles were selected after two rounds of 2D classification
and initial models were calculated using five classes. The largest initial
model class (53% of the particles) contained damaged particles showing
featureless structures in the membrane region. The best initial model
class (26% of the particles) showed structural features expected for the
ExbBD subcomplex’ and was selected as 3D reference after correction
for handedness. The 3D reference was aligned along 5-fold symmetry
(C5), and C5 symmetrized. A first 3D classification step was performed
using C5 symmetry to select the particles that better match the ExbB
pentamer that represents the bulk of the complex. The particles were
separated into four subsets, and the particles for the best class (871,353
particles) were selected for 3D refinement with C5 symmetry. The
871,353 particles were re-extracted without binning (box size 256x256,
0.83 A/px) and used to calculate an initial 3D model with no symmetry
imposed. The particles were then subjected to 3D classification using
three classes. The best class accounted for 26% of the particles
(227,584) that was used for 3D refinement, yielding a 3.3 A resolution
structure. The 227,584 particles were subjected to one round of Baye-
sian polishing followed with CTF refinement, resulting in a 3.1A reso-
lution map after 3D refinement. The refined polished particles and 3D
refined map were transferred to cryoSPARC v4* for non-uniform

refinement, yielding a 2.9 A resolution map. A first atomic model of
TonB-ExbBD was generated with ModelAngelo®. This model was used
to generate a protein mask in Chimera*, and a mask for the PMAL-C12
micelle using the InvertMask option. The micelle mask was smoothed
and used for particle substraction in cryoSPARC. The substracted
particles were submitted to local refinement using the protein mask,
yielding a final 2.8 A resolution map.

The procedure revealing TonB binding at different ExbB chains is
summarized in Suppl. Fig. 9. The polished 227,584 particles used to
calculate the refined 3.3A resolution map in relion4 were further
subjected to 3D classification with local angular searches limited to 20°
and a loose mask covering both the protein and the micelle. The par-
ticles were sorted into five classes, using an angular sampling of 3.7°
and T =4 for the first 25 iterations, then a sampling of 1.8° and 7= 8 for
an additional 20 additional iterations. After visual inspection the five
resulting classes were regrouped into 3 groups (69, 18 and 13% of the
particles) that showed different orientations of the ExbD dimer. Each
group was 3D refined, then transferred to cryoSPARC v4, submitted to
non-uniform refinement, particle substraction with a micelle mask and
locally refined, yielding three structures at 3.0A, 32A and 32A
respectively.

Except for the lower resolution, the 3.0 A structure was the same
as the 2.8 A described previously. The two others at 3.2 A showed the
TM of TonB bound to different ExbB chains, respectively chain E or A.

Model building and refinement

Three different structures were built: the 2.8 A resolution structure
with TonB bound to ExbB chain C, and the two 3.2 A structures with
TonB bound to either chain E or A. For ExbBD the PDB coordinates of
the ExbBD Cryo-EM structure 6TYI° were fit into the map with UCSF
ChimeraX® and real-space refined with Phenix*®. For TolArzyQR a
Model Angelo® partial structure generated from a sharpened map was
used as a starting model. The structures were iteratively rebuilt in
Coot” and real-space refined in Phenix. DeepEMHancer*® maps were
used in Coot for rebuilding poorer density regions. The final structures
were further relaxed in ISOLDE*’.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The atomic coordinates of Ec TonB-ExbD are deposited at the Protein
Data Bank under the accession codes 9DDO (TonB bound to ExbB
chain C), 9DDP (TonB bound to ExbB chain E) and 9DDQ (TonB bound
to ExbB chain A). For the Ec TolAtg/QR structures the accession codes
are 9DDM (TolArgyQR-I) and 9DDN (TolArgyQR-II). The associated
cryoEM 3D maps are deposited at the Electron Microscopy Data Bank
under accession codes EMD-46778 (TonB bound to ExbB chain C),
EMD-46779 (TonB bound to ExbB chain E), EMD-46780 (TonB bound
to ExbB chain A), EMD-46776 (TolAtgyQR-1), EMD-46777 (TolAgyQR-11)
and EMD-70142 (TolAQR without TEV sequence). Data supporting the
findings of this study are available upon request. The biochemical and
biophysical data generated in this study are provided in the Supple-
mentary information. The source data underlying Supplementary
Figs. 1, 6 and 7 are provided as a Source Data File. Source data are
provided with this paper.

References

1. Braun, V., Ratliff, A. C., Celia, H., Buchanan, S. K. Energization of
outer membrane transport by the ExbB ExbD molecular motor. J.
Bacteriol. 205, 0003523 (2023).

2. Szczepaniak, J., Press, C. & Kleanthous, C. The multifarious roles of
Tol-Pal in gram-negative bacteria. FEMS Microbiol. Rev. 44,
490-506 (2020).

Nature Communications | (2025)16:5506


http://doi.org/10.2210/pdb9DDO/pdb
http://doi.org/10.2210/pdb9DDP/pdb
http://doi.org/10.2210/pdb9DDQ/pdb
http://doi.org/10.2210/pdb9DDM/pdb
http://doi.org/10.2210/pdb9DDN/pdb
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-46778
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-46779
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-46780
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-46776
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-46777
https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-70142
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61286-z

10.

.

12.

13.

14.

15.

6.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Cascales, E. et al. Colicin biology. Microbiol. Mol. Biol. Rev. T1,
158-229 (2007).

Noinaj, N., Guillier, M., Barnard, T. J. & Buchanan, S. K. TonB-
dependent transporters: regulation, structure, and function. Annu.
Rev. Microbiol. 64, 43-60 (2010).

Silale, A., van den Berg, B. TonB-dependent transport across the
bacterial outer membrane. Annu. Rev. Microbiol. 77, 67-88 (2023).
Celia, H., Noinaj, N., Buchanan, S. K. Structure and stoichiometry of
the ton molecular motor. Int. J. Mol. Sci. 21, 375 (2020).

Loll P. J., Grasty K. C., Shultis D. D., Guzman N. J., Wiener M. C.
Discovery and structural characterization of the D-box, a conserved
TonB motif that couples an inner-membrane motor to outer-
membrane transport. J. Biol. Chem. 300, 105723 (2024).

Zinke, M. et al. Ton motor conformational switch and peptidoglycan
role in bacterial nutrient uptake. Nat. Commun. 15, 331 (2024).
Celia, H. et al. Cryo-EM structure of the bacterial Ton motor sub-
complex ExbB-ExbD provides information on structure and stoi-
chiometry. Commun. Biol. 2, 358 (2019).

Celia, H. et al. Structural insight into the role of the Ton complex in
energy transduction. Nature 538, 60-65 (2016).

Maki-Yonekura, S., et al. Hexameric and pentameric complexes of
the ExbBD energizer in the Ton system. Elife 7, e35419 (2018).
Sverzhinsky, A. et al. Amphipol-trapped ExbB-ExbD membrane
protein complex from Escherichia coli: a biochemical and structural
case study. J. Membr. Biol. 247, 1005-1018 (2014).

Gresock, M. G., Kastead, K. A. & Postle, K. From homodimer to
heterodimer and back: elucidating the TonB energy transduction
cycle. J. Bacteriol. 197, 3433-3445 (2015).

Biou, V. et al. Structural and molecular determinants for the inter-
action of ExbB from Serratia marcescens and HasB, a TonB paralog.
Commun. Biol. 5, 355 (2022).

Deme, J. C. et al. Structures of the stator complex that drives
rotation of the bacterial flagellum. Nat. Microbiol.5,

1553-1564 (2020).

Martin, F. J. O., Santiveri, M., Hu, H. & Taylor, N. M. I. lon-driven
rotary membrane motors: from structure to function. Curr. Opin.
Struct. Biol. 88, 102884 (2024).

Santiveri, M. et al. Structure and function of stator units of the
bacterial flagellar motor. Cell 183, 244-257 €216 (2020).
Williams-Jones, D. P. et al. Tunable force transduction through the
Escherichia coli cell envelope. Proc. Natl Acad. Sci. USA 120,
2306707120 (2023).

Koebnik, R., Baumler, A. J., Heesemann, J., Braun, V. & Hantke, K.
The TonB protein of Yersinia enterocolitica and its interactions with
TonB-box proteins. Mol. Gen. Genet 237, 152-160 (1993).

Germon, P., Clavel, T., Vianney, A., Portalier, R. & Lazzaroni, J. C.
Mutational analysis of the Escherichia coli K-12 TolA N-terminal
region and characterization of its TolQ-interacting domain by
genetic suppression. J. Bacteriol. 180, 6433-6439 (1998).

Larsen, R. A. et al. His(20) provides the sole functionally significant
side chain in the essential TonB transmembrane domain. J. Bac-
teriol. 189, 2825-2833 (2007).

Kimanius, D., Dong, L., Sharov, G., Nakane, T. & Scheres, S. H. W.
New tools for automated cryo-EM single-particle analysis in
RELION-4.0. Biochem. J. 478, 4169-4185 (2021).

Yariv, B. et al. Using evolutionary data to make sense of macro-
molecules with a “face-lifted” ConSurf. Protein Sci. 32,

e4582 (2023).

Cascales, E., Lloubes, R. & Sturgis, J. N. The TolQ-TolR proteins
energize TolA and share homologies with the flagellar motor pro-
teins MotA-MotB. Mol. Microbiol. 42, 795-807 (2001).

Johnson, S. et al. Structural basis of directional switching by the
bacterial flagellum. Nat. Microbiol. 9, 1282-1292 (2024).

Hu, H. et al. lon selectivity and rotor coupling of the Vibrio flagellar
sodium-driven stator unit. Nat. Commun. 14, 4411 (2023).

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Marmon, L. Elucidating the origin of the ExoBD components of the
TonB system through Bayesian inference and maximum-likelihood
phylogenies. Mol. Phylogenet. Evol. 69, 674-686 (2013).

Hosking, E. R., Vogt, C., Bakker, E. P. & Manson, M. D. The Escher-
ichia coli MotAB proton channel unplugged. J. Mol. Biol. 364,
921-937 (2006).

Li, N., Kojima, S. & Homma, M. Characterization of the periplasmic
region of PomB, a Na+-driven flagellar stator protein in Vibrio algi-
nolyticus. J. Bacteriol. 193, 3773-3784 (2011).

Rieu, M., Krutyholowa, R., Taylor, N. M. I. & Berry, R. M. A new class of
biological ion-driven rotary molecular motors with 5:2 symmetry.
Front. Microbiol. 13, 948383 (2022).

Baker, K. R. & Postle, K. Mutations in Escherichia coli ExbB trans-
membrane domains identify scaffolding and signal transduction
functions and exclude participation in a proton pathway. J. Bac-
teriol. 195, 2898-2911 (2013).

Braun, T. F. et al. Function of proline residues of MotA in torque
generation by the flagellar motor of Escherichia coli. J. Bacteriol.
181, 3542-3551 (1999).

Goemaere, E. L., Cascales, E. & Lloubes, R. Mutational analyses
define helix organization and key residues of a bacterial mem-
brane energy-transducing complex. J. Mol. Biol. 366, 1424-1436
(2007).

Zhou, J. & Blair, D. F. Residues of the cytoplasmic domain of MotA
essential for torque generation in the bacterial flagellar motor. J.
Mol. Biol. 273, 428-439 (1997).

Cordes, F. S., Bright, J. N. & Sansom, M. S. Proline-induced dis-
tortions of transmembrane helices. J. Mol. Biol. 323, 951-960
(2002).

Sansom, M. S. & Weinstein, H. Hinges, swivels and switches: the
role of prolines in signalling via transmembrane alpha-helices.
Trends Pharm. Sci. 21, 445-451 (2000).

Ratliff, A. C., Buchanan, S. K. & Celia, H. The Ton motor. Front.
Microbiol .13, 852955 (2022).

Wojdyla, J. A. et al. Structure and function of the Escherichia coli
Tol-Pal stator protein TolR. J. Biol. Chem. 290, 26675-26687 (2015).
Parsons, L. M., Grishaev, A. & Bax, A. The periplasmic domain of TolR
from haemophilus influenzae forms a dimer with a large hydro-
phobic groove: NMR solution structure and comparison to SAXS
data. Biochemistry 47, 3131-3142 (2008).

van den Ent, F. & Lowe, J. RF cloning: a restriction-free method for
inserting target genes into plasmids. J. Biochem. Biophys. Methods
67, 67-74 (2006).

Bachmann, B. J. Pedigrees of some mutant strains of Escherichia
coli K-12. Bacteriol. Rev. 36, 525-557 (1972).

Petiti, M. et al. Tol energy-driven localization of pal and anchoring to
the peptidoglycan promote outer-membrane constriction. J. Mol.
Biol. 431, 3275-3288 (2019).

Duche, D., Frenkian, A., Prima, V. & Lloubes, R. Release of immunity
protein requires functional endonuclease colicin import machinery.
J. Bacteriol. 188, 8593-8600 (2006).

Young, G. et al. Quantitative mass imaging of single biological
macromolecules. Science 360, 423-427 (2018).

Schuck, P. Size-distribution analysis of macromolecules by sedi-
mentation velocity ultracentrifugation and Lamm equation model-
ing. Biophys. J. 78, 1606-1619 (2000).

Durchschlag, H. & Zipper, P. Calculation of partial specific volumes
and other volumetric properties of small molecules and polymers.
J. Appl. Crystallogr. 30, 803-807 (1997).

Brautigam, C. A. Calculations and publication-quality illustrations
for analytical ultracentrifugation data. Methods Enzymol. 562,
109-133 (2015).

Mastronarde, D. N. Automated electron microscope tomography
using robust prediction of specimen movements. J. Struct. Biol. 152,
36-51(2005).

Nature Communications | (2025)16:5506

12


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-61286-z

49. Punjani, A., Rubinstein, J. L., Fleet, D. J. & Brubaker, M. A. cryoS-
PARC: algorithms for rapid unsupervised cryo-EM structure deter-
mination. Nat. Methods 14, 290-296 (2017).

50. Bepler, T. et al. Positive-unlabeled convolutional neural networks
for particle picking in cryo-electron micrographs. Nat. Methods 16,
1153-1160 (2019).

51. Zheng, S. Q. et al. MotionCor2: anisotropic correction of beam-
induced motion for improved cryo-electron microscopy. Nat.
Methods 14, 331-332 (2017).

52. Zhang, K. Gctf: Real-time CTF determination and correction. J.
Struct. Biol. 193, 1-12 (2016).

53. Jamali, K. et al. Automated model building and protein identifica-
tion in cryo-EM maps. bioRxiv 17, 2023.05.16.541002 (2023).

54. Pettersen, E. F. et al. UCSF Chimera-a visualization system for
exploratory research and analysis. J. Comput. Chem. 25,
1605-1612 (2004).

55. Pettersen, E. F. et al. UCSF ChimeraX: structure visualization for
researchers, educators, and developers. Protein Sci. 30,

70-82 (2021).

56. Adams, P. D. et al. PHENIX: a comprehensive python-based system
for macromolecular structure solution. Acta Crystallogr. D. Biol.
Crystallogr. 66, 213-221 (2010).

57. Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. Features and
development of coot. Acta Crystallogr. D. Biol. Crystallogr. 66,
486-501 (2010).

58. Sanchez-Garcia, R. et al. DeepEMhancer: a deep learning solution
for cryo-EM volume post-processing. Commun. Biol. 4, 874
(2021).

59. Croll, T. I. ISOLDE: a physically realistic environment for model
building into low-resolution electron-density maps. Acta Crystal-
logr. D. Struct. Biol. 74, 519-530 (2018).

60. Krissinel, E. Stock-based detection of protein oligomeric states in
jsPISA. Nucleic Acids Res. 43, W314-W319 (2015).

61. Laskowski, R. A., Jablonska, J., Pravda, L., Varekova, R. S. & Thorn-
ton, J. M. PDBsum: Structural summaries of PDB entries. Protein Sci.
27, 129-134 (2018).

Acknowledgements

The authors thank Yanxiang Cui, Huaibin Wang and Ulrich Baxa for
technical support on the NIH MICEF electron microscopes, and Di Wu
and Grzegorz Piszczek for support with biophysical analyses. H.C., I.B.,
R.G., B.M.B. and S.K.B. are supported by the Intramural Research Pro-
gram of the National Institute of Diabetes and Digestive and Kidney
Diseases, NIH. D.D. and R.L. are supported by the Centre National de la
Recherche Scientifique, the Aix-Marseille Université and grants from the
Agence Nationale de la Recherche (ANR-18-CE11-0027). This work uti-
lized the NIH Multi-Institute Cryo-EM Facility (MICEF), the computational
resources of the NIH HPC Biowulf cluster (http://hpc.nih.gov) and the
Biophysics Core Facility (NHLBI).

Author contributions

H.C., R.L. and S.K.B. conceived the study. H.C. designed mutants,
expressed and purified the proteins, prepared EM grids, collected and
analyzed cryo-EM data, and wrote the manuscript. I.B. constructed the
structures and wrote the manuscript. R.G. collected and analyzed SV-
AUC data. D.D. tested the in vivo activities of the tolArgy construct. B.M.B
and R.L designed expression plasmids. S.K.B. directed the work and
wrote the manuscript.

Funding
Open access funding provided by the National Institutes of Health.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-61286-z.

Correspondence and requests for materials should be addressed to
Susan K. Buchanan.

Peer review information Nature Communications thanks Lucile Moynié,
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article's Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article's Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

This is a U.S. Government work and not under copyright protection in the
US; foreign copyright protection may apply 2025

Nature Communications | (2025)16:5506

13


http://hpc.nih.gov
https://doi.org/10.1038/s41467-025-61286-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Cryo-EM structures of the E. coli Ton and Tol motor complexes
	Results
	Structure of the Ec TolAQR complex
	Structure of the Ec TonB-ExbBD complex

	Discussion
	Methods
	Bacterial strains and plasmids
	Protein expression
	TolATEV in vivo activities
	TolATEVQR purification
	TolAQR purification
	TonB-ExbBD purification
	Mass Photometry
	Sedimentation Velocity Analytical Ultracentrifugation
	EM sample preparation
	EM data acquisition
	EM data processing
	Model building and refinement
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




