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S T R U C T U R A L  B I O L O G Y

Structural architecture of TolQ-TolR inner membrane 
protein complex from opportunistic pathogen 
Acinetobacter baumannii
Elina Karimullina1,2, Yirui Guo3,4, Hanif M. Khan5, Tabitha Emde2,3, Bradley Quade3, Rosa Di Leo2,6, 
Zbyszek Otwinowski2,3,7, D. Peter Tieleman5, Dominika Borek2,3,7, Alexei Savchenko1,2*

Gram-negative bacteria harness the proton motive force (PMF) within their inner membrane (IM) to uphold cell 
envelope integrity, an indispensable aspect for both division and survival. The IM TolQ-TolR complex is the essen-
tial part of the Tol-Pal system, serving as a conduit for PMF energy transfer to the outer membrane. Here we pres-
ent cryo–electron microscopy reconstructions of Acinetobacter baumannii TolQ in apo and TolR-bound forms at 
atomic resolution. The apo TolQ configuration manifests as a symmetric pentameric pore, featuring a transmem-
brane funnel leading toward a cytoplasmic chamber. In contrast, the TolQ-TolR complex assumes a proton nonper-
meable stance, characterized by the TolQ pentamer’s flexure to accommodate the TolR dimer, where two protomers 
undergo a translation-based relationship. Our structure-guided analysis and simulations support the rotor-stator 
mechanism of action, wherein the rotation of the TolQ pentamer harmonizes with the TolR protomers’ interplay. 
These findings broaden our mechanistic comprehension of molecular stator units empowering critical functions 
within the Gram-negative bacterial cell envelope.

INTRODUCTION
The cell envelope is a complex barrier system that shields bacterial 
cytoplasm and facilitates bacterial survival in a rapidly changing envi-
ronment. In Gram-negative bacteria, the canonical structure of the 
cell envelope consists of a peptidoglycan (PG) layer sandwiched be-
tween outer and inner bilayer lipid-based membranes. The outer 
membrane (OM) composition is asymmetric with the inner phospho-
lipid layer and the outer layer made of lipopolysaccharide. Lacking 
systems to power active processes in OM, Gram-negative bacteria 
have evolved protein complexes spanning the cell envelope and con-
necting OM with the inner membrane (IM). Such systems allow for 
the energy generated by the proton motive force (PMF) in the IM to 
be used to drive reactions at OM. One such system is called Tol-Pal, in 
which the energy-transducing IM complex composed of TolQ, TolR, 
and TolA proteins, using PMF energy to modulate interactions of 
TolA with components of the TolB-Pal OM complex (1–5) (Fig. 1A). 
The Tol-Pal system is involved in the remodeling of PG at cell division 
sites and is implicated in other cell division steps involving OM in-
vagination (6–8). Indispensable for Gram-negative cell envelope Tol-
Pal protein complex is targeted by bacterial toxins—colicins—and is a 
frequent entry point for filamentous phages (9,  10), which exploit 
pulling-in mechanical force generation by TolQ-TolR-TolA complex.

Previous studies of Tol-Pal complex components have established 
some characteristics of individual components of this system. For 
TolA protein, three domains with distinct functions were identified. 

The N-terminal domain of TolA is embedded into IM and is followed 
by the long linker domain and C-terminal domains; both the linker 
domain and the C-terminal domains are shown to be responsible for 
interactions with various components of OM or proteins associated 
with OM (1), including TolB (11). TolR is a small protein that is pre-
dicted to contain a single N-terminal α-helical transmembrane do-
main (TMD) followed by a periplasmic domain that is expected to 
undergo a structural transition to make contacts with the PG layer 
(12, 13). The TolQ has been described as a multipass transmembrane 
protein containing three TMDs and a large cytoplasmic insertion do-
main located between the first and second TMDs (Fig. 1A) (13–16). 
Mutations in IM segments of all three proteins result in severe pheno-
typic aberrations, which emphasize the importance of interactions in 
TolQ-TolR-TolA complex (1, 3, 17–21). In Escherichia coli, the point 
mutations in TolQ transmembrane segments alter the cell envelope 
integrity (14) and result in ribonuclease I leakage and formation of 
OM vesicles (1). Similarly, point mutations in TolQ affected the per-
meability of the cell envelope in Salmonella typhimurium (22) and 
bacteremia-causing Erwinia chrysanthemi (23, 24), sensitizing these 
bacteria to bile salts and decreasing their survival. While ΔtolQ is not 
lethal in E. coli, it causes reduced O7 lipopolysaccharide expression, 
lower motility, and deficiency in colonization (25, 26). ΔtolQ mutants 
of Edwardsiella ictalurid (27), S. typhimurium (22), and S. holeraesuis 
(28) also demonstrated decreased virulence.

The established role of the Tol-Pal system in the virulence and 
survival of Gram-negative bacteria during pathogenesis makes it an 
attractive target for antibacterial intervention and is driving inten-
sive mechanistic studies of this system. These studies include the 
characterization of the periplasmic domain of TolA protein from 
several bacterial species including Pseudomonas aeruginosa (29), 
E. coli (30), and Vibrio cholerae (31). In addition, the structure of the 
corresponding domain of E. coli TolA has been determined in com-
plex with the N-terminal domain of g3p phage (30) and with the 
colicin A (32). However, the structure of full-length TolA remains 
uncharacterized. Similarly, the structures of the putative periplasmic 
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TolR fragments have been determined for Haemophilus influenzae 
(33) and E. coli (12) with nuclear magnetic resonance (NMR) and 
x-ray crystallography, respectively. However, the membrane-bound 
TolR segment has not been experimentally characterized at atomic 
resolution. TolQ is the only component of the TolQ-TolR-TolA sub-
complex for which no experimentally derived atomic structures have 
been available. Recently, a cryo–electron microscopy (cryo-EM) re-
construction of the TolQ-TolR subcomplex from E. coli was reported 
(34). It revealed 5:2 stoichiometry for the TolQ-TolR subcomplex 
with transmembrane helices of TolR dimers located inside the 
TolQ pentamer. However, the resolution of obtained data (the 4.3-Å 
overall resolution of reconstruction for the complex and 4.7-Å reso-
lution for the TolR component) did not allow for modeling TolQ-
TolR interactions.

The model for the molecular mechanism of the Tol-Pal system has 
been proposed on the basis of the flagellar motor system MotA-MotB 

and nutrient transport system ExbB-ExbD, the components of which 
share sequence similarly with TolQ and TolR (1, 11, 35). Recent cryo-
EM and x-ray crystallographic studies identified 5:2 stoichiometry 
for both systems, with five monomers of MotA/ExbB surrounding 
the transmembrane part of two MotB/ExbD molecules (36–39). On 
the basis of sequence similarities with MotA-MotB and ExbB-ExbD 
systems, the TolQ-TolR is expected to operate as the stator-rotor mo-
tor (40). In such a system, stators use PMF for the rotary motors, 
while energy provided to the motor generates torque applied to the 
rotor. This model has been best demonstrated in the MotA-MotB sys-
tem, where the MotB acts as a stator. However, it is less certain 
whether the homologous components of the other two systems adopt 
the same mode of action.

Here, we determined a 3.02-Å cryo-EM single-particle reconstruc-
tion (SPR) structure of the full-length TolQ in apo form and a 3.34-Å 
cryo-EM structure of the TolQ-TolR complex from Acinetobacter 

Fig. 1. Architecture and topology of the TolQ Cryo-EM structure. (A) Schematic overview of the Tol-Pal system for energy transduction. (B) Periplasmic side view of the 
cryo-EM map of the TolQ pentamer. (C) Side view of the cryo-EM map of the TolQ. (D) Cytoplasmic view of the cryo-EM map of the TolQ pentamer. (E) Periplasmic side view 
of the cartoon model of the TolQ pentamer. (F) Side view of the cartoon model of the TolQ pentamer. (G) Cytoplasmic side view of the cartoon model of the TolQ pen-
tamer. (H) Cartoon representation of the TolQ monomer.
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baumannii. A. baumannii is one of the most dreaded and clini-
cally important Gram-negative ESKAPE (Enterococcus faecium, 
Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, 
P. aeruginosa, and Enterobacter spp.) pathogens causing a broad-spectrum 
nosocomial infection mainly among patients admitted to intensive care
units (41–44).

Our findings offer experimentally derived, high-resolution 
structural models of both TolQ and the TolQ-TolR complexes. These 
models provide insights into potential mechanisms of proton trans-
location and force generation within the Tol-Pal system, serving as a 
reference for analyzing force generation in other 5:2 stator-rotor sys-
tems. In addition, they provide the molecular framework for the 
rational design of inhibitors against a vital molecular complex con-
served across Gram-negative bacteria.

RESULTS
Molecular architecture of TolQ pentamer
As an initial step in the structural characterization of Tol-Pal system 
components in A. baumannii, we pursued the structural character-
ization of the TolQ protein. The corresponding gene was cloned and 
recombinantly expressed in E. coli (see Material and Methods for de-
tails). TolQ protein was purified from the membrane fraction of the 
cell lysate by the combination of affinity and size exclusion chroma-
tography (fig. S1, A to D). Once purified, TolQ protein was recon-
structed using amphipol polymers. According to mass photometry 
analysis (fig. S1D), solubilized TolQ protein formed homogeneous 
particles having mass higher than 100 kDa thus amenable to analysis 
by cryo-EM SPR.

The TolQ sample was biochemically and conformationally ho-
mogenous and generated well-behaving cryo-EM grids. Upon data 
acquisition, two-dimensional (2D) classification of selected parti-
cles revealed clear features of pentameric stoichiometry (fig. S2A). 
After 3D reconstruction with C5 symmetry, we obtained a 3.02-Å 
molecular density map (fig. S2, B to D, and table S2). The analysis of 
the map revealed five molecules of TolQ forming a pentameric as-
sembly of ~100 Å long with ~70-Å diameter (Fig. 1, B to D), stabi-
lized by a ring of A8-35 amphipol visible at lower contour density 
map at TMD region (fig. S3, A to C). To facilitate the comparative 
analysis, we named the chains in TolQ pentamer following nomen-
clature reported in previous studies for the TolQ homolog MotA 
(38) with chain 1 (see Fig. 1, B to F) corresponding to chain A in
Protein Data Bank (PDB) structure 6YKM and so on.

According to our analysis, TolQ protomers contain seven α heli-
ces (Fig. 1H). The N-terminal α1 helix is positioned along the peri-
plasmic surface of IM. The α2 helix spans the IM forming the first 
transmembrane helical region (TMH1) and extends into the cyto-
plasm. The α2 helix is followed by two cytoplasmic, relatively short, 
α3 and α4 helices. Cytoplasmic α5 helix loops back to the IM and is 
followed by α6 helix, corresponding to TMH2, which spans the 
membrane back to periplasmic space. The C-terminal and the lon-
gest α7 helix spanning ~100 Å forms TMH3. All helices are con-
nected via relatively short loops. In our structure, the outer surfaces 
of TMH1 and TMH2 interact directly with amphipol, while TMH3 
forms the inner surface of the TolQ central pore. This central tunnel 
has a circular opening of ~23 Å in diameter at the periplasmic side 
(Fig. 1E). The surface buried by interactions between two TolQ 
monomers is 1229 to 1234 Å2 per each interface (table S1), with both 
periplasmic and cytoplasmic segments of TolQ also contributing to 

interactions (Fig. 1, E to G). A small gap exists between adjacent pro-
tomers on the periplasmic side (fig. S4).

According to Foldseek server (45), our AcTolQ protomer struc-
ture is the most similar to the structure of ExbB from E. coli (PDB: 
6TYI) and Serratia marcescens (PDB: 7AJQ) with root mean square 
deviation (RMSD) of 1.60 Å over 193 Cα and 2.39 Å over 159 Cα 
atoms, respectively. The second closest structure is fl agellar st ator 
protein MotA from Aquifex aeolicus and Bacillus subtillis, although 
this protein’s protomers contain an additional cytoplasmic α helix 
lacking in TolQ (38, 46). Both MotA (PDB: 8GQY) and ExbB (PDB: 
6TYI and/or 6YE4) form pentameric symmetrical structures with 
the pore entrance from periplasmic side, similar to TolQ apo struc-
ture presented here (fig. S5, A to C).

Cryo- EM structure of TolQ- TolR complex
For structural characterization of A. baumannii TolQ protein in 
complex with TolR, TolQ and TolR genes were cloned and coex-
pressed using a tandem promoter vector system in E. coli (see Mate-
rial and Methods for details). After purification using affinity and 
size exclusion chromatography, the fraction corresponding to the 
TolQ- TolR complex (fig. S1, B and C) was further analyzed by mass 
photometry. This analysis suggested that TolQ- TolR complex was 
larger than TolQ pentamer by ~30 kDa, which would correspond to 
the TolR dimer (fig. 1D). Cryo- EM SPR of TolQ- TolR complex con-
firmed 5:2 stoichiometry (Fig. 2, A to H). We will refer to this com-
plex hereafter as AcTolQ- TolR. The reconstruction of AcTolQ- T olR 
reached overall resolution of 3.34 Å with C1 symmetry imposed 
(figs. S5, A to F, and S2).

Comparison of TolQ protomers conformations in apo and TolR- 
bound structures using PyMol revealed modest rearrangements re-
flected in very low RMSD value (0.50 to 0.82 Å) between TolQ 
protomers in both structures over 215 Cα atoms (Fig. 3A). However, 
superimposing tertiary structures, we observed a shift in the overall 
position of chain 1 in AcTolQ versus AcTolQ- TolR structures to 
maximum of 9.32 Å at periplasmic side of the complex (Fig. 3, B and 
C). As a result, TolQ pentamer’s central pore in the complex struc-
ture underwent the shape change from round to oval (Fig. 2B) with 
~30 Å in the widest diameter accommodating the TMHs of TolR 
dimer inside the pore (Figs. 2, G and H, and 3, B and C). The average 
variation for superimposed TolQ pentamers in apo and TolR- bound 
structures was 1.91 Å. The analysis of interface areas between pro-
tomers calculated by PISA (47) highlights the asymmetry between 
apo and bond TolQ forms in more detail (table S1). While interface 
area levels are equal (~1200 Å2) between TolQ protomers in the apo 
form, the interface area between TolQ chains varies greatly (755 to 
1439 Å2) in the AcTolQ- TolR complex with C1 symmetry. The larg-
est interface areas are between chains 1- 2, 2- 3, and 4- 5 of TolQ. The 
wider gap between chains 3- 4 and 5- 1 results in smaller interface 
areas 755 and 823 Å2, respectively (table S1).

AcTolQ- TolR structure revealed the position of the N-t erminal 
portion of TolR, which, according to our knowledge, has evaded to 
be experimentally visualized before. The N-t e rminal segments of 
both TolR protomers localize to the cytoplasmic chamber formed by 
TolQ pentamer and do not have a defined secondary structure for 
the region before the transmembrane helix (TMH) that starts at the 
residue Tyr25. TolR N- terminal segments corresponding to residues 
Gly7 to Ser45 and Phe9 to Ser45 at the N terminus of both TolR pro-
tomers are well resolved in obtained complex structure. Such posi-
tioning of TolR N termini inside the TolQ pentamer in our model 
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Fig. 2. Architecture and topology of the TolQ-TolR complex cryo-EM structure. (A) Periplasmic side view of the cryo-EM map of the TolQ-TolR 5:2 complex. (B) Periplas-
mic side view of the cartoon model of the TolQ-TolR 5:2 complex. (C) Side view of the cryo-EM map of the TolQ-TolR 5:2 complex. (D) Side view of the cartoon model of the 
TolQ-TolR 5:2 complex. (E) Cytoplasmic view of the cryo-EM map of the cryo-EM map of the TolQ-TolR 5:2 complex. (F) Cytoplasmic side view of the cartoon model of the 
TolQ-TolR 5:2 complex. (G) Side view of cryo-EM map of TolQ-TolR complex with the front of the complex removed. (H) Side view of TolQ-TolR complex surface representa-
tion of the model with the front of the complex removed.
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Fig. 3. Arrangements of TolQ and TolR protomers in the complex. (A) The superimposed TolQ protomers from TolQ (blue) and TolQ-TolR (yellow) cryo-EM structures. 
(B) The superimposed pentameric TolQ and 5:2 TolQ structures colored by RMSD, side view. Dark blue is good alignment; higher deviations are red. Residues not used for 
alignment are colored gray. (C) The superimposed pentameric TolQ and 5:2 TolQ-TolR structures colored by RMSD, periplasmic side view. Dark blue is good alignment; 
higher deviations are red. Residues not used for alignment are colored gray. (D) Cartoon representation of TolR TMD and N terminus solved structure relative to the IM, 
side view. (E) Colocalization of functionally important TolR residues (blue spheres) and its surrounding environment made by TolQ residues (blue cartoon and sticks rep-
resentation), side view. TolQ chain 2 is eliminated for clarity. (F) Colocalization of functionally important TolR residues and their surrounding environment made by TolQ, 
periplasmic view with the periplasmic part cut off for clarity. (G) Key TolR residues D27 (blue) interactions within 3.0 to 3.8 Å distances. (H) TolQ chain 1 F146 side chain 
double conformation in TolQ-TolR structure, slab view from the periplasm. (I) Zoomed TolQ chain 1 F146 side chain double conformation in TolQ-TolR structure with elec-
tron density depicted in magenta.
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contradicts the report that proposed for this portion of TolR to be 
exposed to cytosol (48). This orientation positions the resolved N 
terminus of TolR, which is composed by mostly positively charged 
residues against the large electronegative chamber formed by TolQ 
pentamer (Fig. 3E and fig. S8, C to F).

Following the segment lacking secondary structure, correspond-
ing to the residues Tyr25 to Ser45, each TolR protomer forms the α 
helix spanning the pore of TolQ pentamer and extending 15 Å be-
yond IM into the periplasmic side (Fig. 3D and fig. S7). The portion 
of TolR inside TolQ pentamer is accommodated by the oval-shaped 
periplasmic side of the TolQ central pore, which is lined with mostly 
negatively charged residues facing the periplasm side (fig. S8, A and 
B). The interface between TMHs in the TolR dimer buries an area of 
~600 Å2. This interface is almost exclusively hydrophobic (fig. S8, C 
to F) with six and eight residues from TolR chain 1 and chain 2, re-
spectively, contributing over 20 nonbonding interactions (fig. S9). 
The N-terminal segment of TolR is connected to the C-terminal 
periplasmic domain via a flexible linker formed by residues Gly46 to 
Ala66, which are not visible in the complex structure obtained. The 
C-terminal portion of TolR is referred to in the literature as the PG 
binding domain (PGBD) (12). The PGBD’s shape was determined to 
a very low resolution in AcTolQ-TolR, indicating substantial move-
ment of the domain (figs. S6A and S7). The low-resolution map ob-
tained for this portion of TolR agrees with previously determined 
crystal and NMR structures of this domain (12, 33), which can be 
confidently modeled into it.

The general architecture of AcTolQ5-TolR2 complex shares com-
mon features with the architecture of analogous subcomplexes from 
ExbB-ExbD and MotA-MotB systems (37,  38). However, the α-
helical regions of two TolR protomers in the AcTolQ5-TolR2 com-
plex are related by translational symmetry rather than by rotational 
symmetry observed in these systems (Fig. 3, E to G). To investigate 
the molecular determinants responsible for the observed differenc-
es, we pursue detailed comparative analysis of the transmembrane 
regions in these complexes (Fig. 4, A to F).

In AcTolQ5-TolR2 complex, the two TMHs of TolR protomers are 
congruent to each other and reside in a parallel, side-by-side man-
ner, with each amino acid in chain 1 aligned with its counterpart in 
chain 2. This arrangement reflects a form of translational symmetry, 
where chain 2 could be visualized as a translated copy of chain 1 
along an axis that runs perpendicular to the length of the TMHs 
(Fig. 4, A and D). As a result, within 25YIDVMLVLLVIFMVTAPM42 
regions of TolR protomers, the mean distance between Cαs of equiv-
alent residues was around 9.9 Å with only small (0.7 Å) deviations 
(Fig. 4B). The interactions between TolR protomers in this region 
are predominantly hydrophobic, with a number of residues includ-
ing Ile26,35, Val22,28,34, Leu32,33, Met39, Tyr25, and Phe36 from each 
chain engaging in nonpolar contacts (Fig. 4C). The symmetric ar-
rangement of these residues across the dimer interface of TolR 
would reinforce the stability of the AcTolQ5-TolR2 complex, mak-
ing this interface potentially crucial for the functional assembly of 
this complex.

In contrast, in the structures of ExbB5-ExbD2 and MotA5-MotB2 
complexes, the protomers of TolR paralogs ExbD and MotB are ar-
ranged in rotational symmetry when in complex with TolQ paralogs 
ExbB and MotA (Fig. 4, E and F). This analysis suggested that de-
spite overall similarity, the TolQ-TolR system may be capable of dy-
namic movements discrete from those previously suggested for 
other similar molecular systems (38, 49).

Analysis of TolQ-TolR interactions
Atomic resolution cryo-EM SPR enabled detailed analysis of interac-
tions between A. baumannii TolQ and TolR proteins and interpreta-
tion of these interactions in context of Tol-Pal system cellular activity 
based on results of previously conducted biochemical or genetic ex-
periments (1, 15, 17–19, 23, 48). Specifically, the analysis of TolQ-
TolR systems in E. coli and S. typhimurium identified a number of 
mutations critical for the function and interactions between these 
proteins (1, 15, 17–19, 23, 48). Since the primary sequences of these 
proteins show substantial similarity with A. baumannii TolQ and 
TolR (46% of sequence ID in case of TolQ), we investigated the role 
of corresponding residues in AcTolQ5-TolR2 structure (Fig. 5A).

The single mutations of residues corresponding to Asp27 in 
A. baumannii TolR or Thr148 and Thr181 residues in A. baumannii 
TolQ result in OM destabilization phenotypically comparable to that 
observed for tol operon deletion in E. coli (23). This residue colocal-
izes with Thr148 and Thr181 in one copy of AcTolQ-TolR at the dis-
tance that would allow for transient interactions between these 
residues (Fig. 3, E and F). A similar arrangement of the correspond-
ing residues has been observed in ExbB-ExbD and MotA-MotB com-
plex structures (37–39). Because of the asymmetric position of TolR 
dimer inside the TolQ pentamer, the Thr148 and Thr181 residues of 
each TolQ protomer form multiple interactions with TolR. Specifically, 
Thr148 and Thr181 in TolQ chain 1 form nonbonded contacts with 
Met29 and Ile26 from TolR chain 1, respectively (fig. S10); Thr181 in 
TolQ chain 5 forms hydrogen bonds and nonpolar contacts with 
Tyr25 in TolR chain 2 (fig. S11). In addition to the interactions men-
tioned above, the Asp27 from chain 2 of TolR along with Ile26 are also 
within nonbonding contact distances (3.0 to 3.8 Å, respectively) from 
Leu145 residues in the three adjacent TolQ protomers, chains 2, 3, and 
4 (Fig. 3G).

Notably, we observed the double conformation of the Phe146 lo-
cated in TMH2 of TolQ chain 1 in the area with the widest distance 
between TolQ protomers due to asymmetry (Fig. 3H). One possible 
explanation for the conformational changes interrupting contacts 
between TolQ protomers could be the requirement of such altera-
tions for TolR entry. According to the electron density map, the side 
chain of Phe146 either freely points outside the channel or turns to-
ward the TMH2 of the next TolQ protomer chain 5, forming two 
nonbonding contacts with Leu185 (Fig. 3I). The “pointing out” con-
formation of the Phe146 phenyl group was only detected when TolR 
dimer was present inside TolQ. Similar to Phe146 residues in apo 
TolQ5 (fig. S12), the Phe146 residues of the rest four TolQ protomers 
point toward TMH2, contributing to the interaction interface be-
tween TolQ protomers in the AcTolQ5-TolR2 structure (fig. S13).

Individual substitution of several conserved TolQ residues has 
been shown to substantially alter its cellular function. Specifi-
cally, the Pro190Val, Glu176Gln/Leu, Ala155Glu, Gly144Ala, Gly147Ala, 
Gly151Ala, and Leu185Cys mutations in E. coli TolQ protein resulted in 
crucial cell envelope defects (18,  23). According to AcTolQ5-TolR2 
structure, the proline oxygen atom of Pro190 forms a main-chain polar 
contact with the nitrogen atom from Ala194, which stabilizes α-helical 
structure of TolQ’s protomers’ TMH3. Substituting Pro190 to a Val 
would extend the distance between the two interacting atoms from 2.9 
to 3.4 to 3.5 to 3.6 Å, potentially affecting each protomer’s folding in 
TolQ pentamer. TolQ’s Glu176 forms from one to four main-chain po-
lar contacts stabilizing the helical architecture in TMH3 of each pro-
tomer. The Glu176Gln substitution either fully abrogates main-chain 
polar bonds or reduces their number (chains 1, 3, 4, and 5), thus 
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Fig. 4. Translational relations of residues in TolR TMHs in TolQ-TolR structure. (A) TolR chain 1 and chain 2 colored in rainbow backbones, side view. (B) Wenxiang dia-
grams for both TMHs of TolR protomers with distances between Cα. 2D depiction of TolR TMHs regions—25YIDVMLVLLVIFMVTAPM42—highlights the predominantly hy-
drophobic core of residues with the distances reflecting the spatial separation between amino acids in the interacting TolR chains 1 and 2. Residue types: The black color 
depicts acidic residues. The pink color depicts hydrophobic residues. The orange color depicts polar residues. (C) Depiction of interactions in TolR chain 1 (F) and chain 2 
(G) helices using LigPlot+. Arcs show hydrophobic interactions and, in addition to arcs, hydrophobic bonds with specific residues (dashed red lines). (D) TolR chain 1 and 
chain 2 colored in rainbow backbones with an electron density map depicted as isomesh. Side view. (E) Depiction of AcTolQ-TolR (colored) and EcExbB-ExbD (uncolored, 
PDB:6TYI) cryo-EM structures aligned by TolR/ExbD TMHs regions (chain 2 or G for TolR). Periplasmic view of the models with the back and front of the complexes removed. 
Translationally related residues of aspartic acid of TolR are colored in black, while rotationally related residues of aspartic acid of ExbD are colored in red. (F) Depiction of 
TolQ-TolR (colored) and Campylobacter jejuni MotA-MotB (uncolored, PDB:6YKP) cryo-EM structures aligned by TolR/MotB TMHs regions (chain 2 or G for TolR). Periplasmic 
view of the models with the back and front of the complexes removed. Translationally related residues of aspartic acid of TolR are colored in black, while rotationally re-
lated residues of aspartic acid of MotB are colored in red.
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Fig. 5. Validation of AcTolQ-TolR structure by prior functional data. (A) Sequence alignment of TolQ and TolR in species for which point mutation studies have been 
conducted. The mutated residues are plotted as spheres on the AcTolQ-TolR structure (gray) on the position of the Cα atoms of homologous residues in E. coli and 
S. typhimurium as periplasmic. Sequence alignment was conducted using ClustalW and ESPript (90). Letters in red stand for highly conserved but not necessarily identical 
residues. Top periplasmic view (B) and side (C) view. (D and E) Representation (shown as dotted yellow lines between the homologous Cα atoms) of E. coli TolQ and TolR 
residues that can be cross-linked when they are mutated to cysteines. The dotted purple lines correspond to in vivo cross-linking from the prior data and the protomeric 
nonbonding contacts we observed in AcTolQ5-TolR2 structure.
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affecting the interactions of this residue with TMH3. Glu176Leu sub-
stitution would have a milder effect on the main-chain polar bonds. 
However, the shorter side chain of leucine would fully abrogate inter-
actions of this residue with TMH3. Ala155 is involved in main chain 
polar bonds with Leu159 and Gly151, which stabilize the position of 
TMH2. When substituted with Glu, the long negatively charged side 
chain at this position will promote a substantial van der Waals overlap 
resulting in multiple clashes with residues of TMH3 from the same 
TolQ protomer (chains 1, 2, and 4 of TolQ). Gly144, Gly147, and Gly151 
are located at the pore forming TMH2 of TolQ. Gly144 maintains 
main-chain polar interactions within the same protomer with Thr148 
and Ala140 2.9 to 3.1 Å in length. Substitution of Gly144 by Ala will re-
sult in either abrogation of contact with Ala140 and/or elongation of 
the existing contact distance with Thr148 in adjacent protomers. Gly147 
faces intra-protomeric TMH1 of TolQ and provides polar interactions 
with Gly151 and Ile143. The effect of the Ala mutation of this residue 
mutation may be explained by the loss of conformational flexibility of 
TMH2 necessary to accommodate the TolR helices. Leu185 is located 
at TMH3 of TolQ and is part of hydrophobic interface between TolQ 
protomers. A cysteine at this position would introduce a sulfhydryl 
group abrogating multiple nonpolar bonds and thus dramatically af-
fecting the protomer packing of TolQ pentamer.

The substitutions of Ala180 or Gly184 equivalent residues in 
S. typhimurium TolQ by a Val or an Asp, respectively, increases RcS-
signaling activity and suppresses intracellular survival in C57BL/6 mice 
macrophages during bacteremia (22). Gly184 is located in TMH3 of 
TolQ and is proximal to TMH2 of the same protomer. The substitution 
of Gly184 to Asp will cause clashes with TMH2 as well as with TMH1 
residues. In turn, the Ala180 forms main-chain polar contacts with 
Ala177 and Gly184. Mutation of Ala180 to Val will introduce multiple 
clashes with residues from TMH2 from the same protomer.

Cysteine substitutions of Ser33, Ser36, or Ile40 residues in TolQ 
result in colicin- and deoxycholate-sensitive phenotype (18). These 
three residues are located in the IM region of TMH1 with side 
chains facing TMH2 or TMH3 of the same TolQ protomer (Fig. 5, B 
and C). The modeling of Cys at the Ser33 position resulted in clashes 
with residues from TMH3 in each protomer of TolQ. Ser36 to Cys 
mutation will result in clashes with multiple residues from TMH2, 
TMH1, or TMH3, and abrogation of polar contacts with Ala32 and 
Ser33. While the Ile40Cys mutation does not produce obvious clash-
es, its discriminative effect may be explained by its location within 
Ser33-Ala41 TolQ region interacting with TolA.

In TolR dimer packed inside TolQ pentamer, the Ala40’s side chain 
faces either TMH3 of the TolQ protomer or toward the chain 1 of 
TolR, where it forms polar contacts with Phe36 and Ile43. Mutation of 
this residue to a Val will cause clashes with TolR’s chain 2 and the 
residues from TolQ protomer. Pro41 residue is located at the extrem-
ity of TMD of TolR facing periplasm. Substitution of this residue by a 
Val introduces multiple clashes with TolQ residues belonging to 
chains 2 and 3. Pro24 is located at the border of the disordered N 
terminus region of TolR and well-ordered helical TMD. In TolR 
chain1, Pro24 forms nonbonding contacts with Tyr145 of TolQ’s 
chain1. The Pro24Leu mutation will abrogate interaction with Tyr145 
and will introduce multiple clashes with residues from TolQ chain 2 
and Ile26 from the TolR’s chain 1. Furthermore, in TolR’s chain 2, this 
mutation creates multiple clashes with residues from TolQ’s chain 4.

As mentioned above, TolR’s Asp27 is expected to play a critical 
role in the proton pathway. Substituting this negatively charged ami-
no acid to an Ala or a Cys will sabotage such function. Mutation of 

this residue to glutamic acid will also be detrimental. In TolR chain 
1, the Asp27Glu mutation introduces multiple clashes with Leu145 
from TolQ’s chain 2 or Pro24 from the same TolR protomer due to its 
extended side chain.

The analysis of AcTolQ5-TolR2 structure also facilitated the inter-
pretation of previously published in vivo cross-linking experiments 
to map the interface between these proteins in the complex (17, 18). 
Following these previous studies, the residues identified as proximal 
belong to TolQ helices line at the inner surface of the channel (Fig. 
5, D and E). However, the cross-linking observed between residues 
of chains 1 and 5 of TolQ protomers is not supported by our struc-
tural model of AcTolQ-TolR due to the abovementioned asymmetry 
introduced by the binding of TolR dimer in the complex. The in vivo 
cross-linking studies were conducted for TolR (17) and TolQ (18) 
individually. Therefore, the observed discrepancy may be due to the 
presence of apo versus TolR-bound TolQ in bacterial cell. The cross-
linked pair of residues Tyr142-Ile189 of TolQ and Val23-Val23 of TolR 
correspond to the inter-protomeric nonbonding contacts we ob-
served in AcTolQ5-TolR2 structure (Fig. 5, D and E, and fig. S9).

Evaluating AcTolQ5-TolR2 structural plasticity and 
permeability by MD
Using the obtained AcTolQ5-TolR2 structure, we applied in silico mo-
lecular dynamics (MD) approach to gain molecular insight into the 
possible structural fluctuation of this complex in the context of bacte-
rial membrane. The stability of the simulated AcTolQ5 and AcTolQ5-
TolR2 structures was maintained throughout the duration of the 
microsecond-simulation timescale. No substantial structural rear-
rangements were observed in either AcTolQ pentamer or AcTolQ-
TolR heteroheptamer in this experimental setup. The final structural 
models obtained from the simulation studies closely resembled the 
model derived from cryo-EM studies (Fig. 6, A to F). Analysis of the 
root mean square fluctuations indicated minimal structural fluctua-
tions during the simulation (fig. S14). The TolQ5-TolR2 complex ex-
hibited minor fluctuations in the terminal region, while the TolQ 
pentamer showed slightly higher fluctuations in the soluble cytoplas-
mic helix (Leu67-Leu76) and the adjacent loop region (Trp62-Glu66) in 
only one chain. In both cases, the transmembrane portions of the 
structures retained their shape. The energy landscapes calculated 
from the simulations were mostly flat, indicating minimal structural 
rearrangements in the microsecond-long MD simulations. In the 
TolQ-TolR complex, we did not observe any translational or rota-
tional movement of the TolR monomers with respect to each other. 
We also did not observe any rotational movement of the TolR mono-
mers with respect to the TolQ pentamer in the simulation timescale, 
highlighting the nonpermeable state. Throughout the simulation 
timescale, the Asp27 residues of the TolR dimers remain translation-
ally coupled as the calculated distance between the Cγ atoms was 
10.27 ±  0.4 Å. These findings suggest that TolQ5 and TolQ5-TolR2 
structures remain stable over extended time periods when analyzed 
in the context of bacterial membrane mimic and that the molecular 
model obtained from cryo-EM studies is representative of the native 
conformation of this Tol-Pal subcomplex.

To investigate the dynamic states of the AcTolQ5-TolR2 complex 
and whether it could selectively allow the permeation of protons 
(H+) or small cations like K+, we calculated the pore radius along the 
obtained cryo-EM structure of the TolQ5-TolR2 complex (Fig. 6, G to 
I). The analysis revealed the presence of a narrow pathway in the 
channel spanning the transmembrane region, and constrictions were 
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Fig. 6. Structural plasticity and pore profiles of AcTolQ-TolR and apo AcTolQ structures. (A to C) TolQ-TolR structure and (D to F) TolQ structure extracted after the MD 
simulations in native membrane environment. For clarity, only the bilayer is shown. (A and D) side view, (B and E) periplasmic view, (C and F) cytoplasmic view. Protein is 
shown with surface, and the lipids are shown with sticks representations. Both the structures remain largely unperturbed. (G to I) Calculated pore profiles of the cryo-EM 
structures and (J to L) from average structures from MD simulations. Left (G and J) shows the variation of the pore along the long-axis (membrane normal) of the proteins. 
Middle (H and K) and right (I and L) represent the TolQ-TolR structure and TolQ structure, respectively. Proteins are shown in ribbon, and pore profiles are shown in surface.
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observed between the TolR dimer and chain 2 of TolQ. The pathway 
alternated between single-file water and constriction points. Three 
constriction points were found near the TMHs of the TolR dimer. 
Beyond TolR TMH, the channel path widened to a radius of at least 
3 Å and maximum 6 Å in some regions, which would allow for the pas-
sage of multiple water molecules or ions. On the basis of these obser-
vations, we suggest that the overall conformation observed in the 
AcTolQ5-TolR2 complex structure corresponds to a nonpermeable 
state of the channel. To confirm this hypothesis and explore the pos-
sibility of attaining a partially permeable state compatible with ion 
leakage based on the current structure, we performed and analyzed 
the MD simulations of AcTolQ5-TolR2 complex. The calculated pore 
profile on an average structure extracted from the MD simulations 
remained mostly unchanged (Fig. 6, J to L), highlighting no substan-
tial local rearrangements along the narrowest portion of the channel 
path. We also examined the possible dynamics of K+ and Cl− ions 
placed within the channel. The simulation confirmed the possibility 
of the entrance of such ions from the cytoplasmic side into the large 
cavity of TolQ pentamer and the possibility of K+ ions translocating 
along the channel. However, our simulations also suggested that the 
passage of these ions will be blocked by the constriction points 
around the upper part of TMHs of the TolR dimer (fig. S15). These 
simulations also suggested that no chloride ions would be favored to 
enter the channel, as indicated by its electronegative nature. In sum-
mary, our simulation found no possible route for uninterrupted ion 
transfer in the obtained structure of TolQ5-TolR2 complex. To enable 
the passage of water and protons/ions, substantial structural rear-
rangement of the TolR dimer in relation to the TolQ pentamer will be 
necessary to allow for passage through identified constriction points. 
Alternatively, the passage would have to involve other structural 
states permissive of ion transfer.

We also conducted simulations to check the permeability of 
TolQ5 in its apo form. Initially, we hypothesized that TolQ5 would 
lack stability and selective permeability by protons (H+) or potassium 
ions (K+) due to the larger radius of its pore compared to canonical 
pores found in other ion-channels/transporters (50). In the absence 
of TolR2, the radius of in TolQ5 channel varies from 3.16 Å at its 
most narrow point to the maximum of ~11 Å at the certain segment 
and having a radius of ~4 Å in the periplasmic side (Fig. 6, G to I). 
To explore the dynamics of unbound TolQ5 and assess this protein’s 
potential for nonselective ion permeation, we conducted the MD sim-
ulations of apo TolQ pentamer.

During the simulations, the channel in TolQ5 remained con-
tinuous thus confirming the possibility of this protein forming a 
pore in the IM. The narrowest region of the pore with a radius of 
3.16 Å was at the cytoplasmic side and ~4 Å at the periplasmic 
side with Leu167 residues from all five TolQ protomers forming a 
constriction point. The simulations suggested rapid dewetting in 
specific regions of TolQ5 pore, and these areas remained water 
molecule free throughout the simulation, even after simulating 
with generated pore waters (fig. S16). Dewetting initiated in the 
lower part of the channel, where the radius was approximately 
3.16 Å, while the dehydrated portion of the channel in other re-
gions with pore radius reaching 7.24 Å was considerably larger. 
Parts of the two TMHs formed the dewetting pore from each 
TolQ5 protomer (-167LATVAPGIAEALIATAIGL185- from TMH3 
and -144GLFGTVWGIMNAFIGLAAV162- from TMH2). The for-
mation of these extensively dewetted regions would not permit 
the continuous passage of K+/H+ ions through TolQ5 (fig. S17).

On the basis of the simulations, the structure of TolQ-TolR ap-
pears to have a stable conformation that corresponds to the nonper-
meable state of the AcTolQ5-TolR2, and because of the highly ordered 
plugging TMHs of TolR into the TolQ pore, ions are inhibited from 
diffusing freely across the pore. As for the apo TolQ pentamer, our 
simulation data suggest a nonpermeable stable apo-complex with a 
dehydrated pore creating a barrier for ions and waters between the 
cytoplasmic and periplasmic side.

Analysis of AcTolQ-TolR complex dynamics
Next, we explored the dynamics of component interactions in AcTolQ5-
TolR2 complex by analyzing the heterogeneity of the particles used in 
the cryo-EM 3D reconstruction through 3D Variability Analysis 
(3DVA) (51). The 3DVA algorithm identifies the “variability compo-
nents” of the particles in the latent space, which may be indicative of 
different conformational states captured in the analyzed protein sample.

Accordingly, this analysis identified multiple types of motions 
within the AcTolQ5-TolR2 (movies S1 to S15). Notably, we observed 
that the shape of the TolQ5 pore undergoes changes primarily driven 
by the bending motions of its protomers (movies S1 and S2). Fur-
thermore, the rotation of a specific TolQ protomer around the per-
pendicular axis within the cytoplasmic region played a role in 
modulating pore shape in several variability components as ob-
served in the cytoplasm and cross view of modes 1 and 2 (movies S4, 
S5, S7, and S8).

We observed only marginal movements in the central and upper 
segments of the TolR TMHs, which provided additional support for 
a stable H+ nonpermeable state of the stator unit structure. In con-
trast, the 3DVA analysis suggested potential dynamic folding and 
refolding processes occurring at the N terminus of TolR in the non-
permeable state of the AcTolQ5-TolR2 complex. The density corre-
sponding to the disordered N terminus of TolR and the N-terminal 
part TMH altered between defined or undefined across all five ana-
lyzed modes (movies S3, S6, S9, S12, and S15). This recurring pat-
tern can be indicative of this portion of TolR being in dynamic 
equilibrium between ordered and disordered states or accompanied 
and involved in the movement up and down the TolQ cavity, which 
results in averaging out the molecular density.

Together, 3DVA analysis revealed the bending and rotation of 
TolQ protomers with the magnitude of TMH movements smaller 
than those occurring in the cytoplasmic region. These coordinated 
structural changes of TolQ protomers, along with their collec-
tive interactions, have the potential to modify the shape of the 
pore/channel and exert an influence on its interaction with TolR 
dimer components.

We used Molecular Dynamics Flexible Fitting (MDFF) to ex-
tract these structures from these 3DVA intermediate maps. We fit-
ted the structure to the intermediate maps obtained from these 
modes. Only one mode has notable movement that we can capture 
using the cryo-EM density as constraint. We observe the clear 
bending and rotational motion of the TolQ monomers in the cyto-
plasmic side (fig. S18A). We also observed the upward translational 
movement of the one TolR monomer (chain G) in the unstructured 
part (fig. S18B).

Modeling of TolQ-TolR interactions with TolA
Previous analysis (1, 21, 52) suggested direct interactions between 
TolQ-TolR subcomplex with the N-terminal portion of TolA pro-
tein localized to IM. Therefore, we used the obtained structure of 
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AcTolQ-TolR to model its interaction with TolA using AF2 Colab-
Pro server (53).

In the highest-ranked predicted model of TolQ-TolR-TolA com-
plex, the single TMH of TolA spanning TM residues Phe9 to Leu33 is 
oriented at ABC angle with respect to the first TMH of TolQ, and the 
interactions between the two structural elements are stabilized by 
van der Waals interactions close to the cytoplasmic side of the com-
plex (Fig. 7, A and B). Recently published Rosetta model predicted 
that E. coli TolA TMH is inserted into a TolQ groove on the exterior 
of the TolQ pentamer (54). However, cryo-EM reconstruction of the 
ExbB-ExbD-TonB system in Pseudomonas savastanoi (PsExbB-
ExbD-TonB), which share substantial sequence similarity with Tol-
Pal system components revealed an arrangement similar to the one 
suggested by our model (Fig. 7C). Analysis of PsExbB-ExbD-TonB 
data at a low contour level identified a single additional density, at-
tributed to TMH of TonB, a TolA homolog, traversing the micelle 
located on the outer side of the ExbB-ExbD complex. This density is 
positioned to interact with ExbB, a homolog of TolQ, aligning with 
the predicted location of TonB, a homolog of TolA, determined by 
covariance analysis (39). The same arrangement between TolA and 
TolQ is suggested by our AlphaFold model. According to this mod-
el, residues Ala15, Thr19, His23, and Leu30 belonging to TolA’s TMH 
are involved in nonbonding contacts with Ser33, Ile34, Trp37, Tyr38, 
and Ala41 residues of the TolQ TMH1. Notably, these residues are 
conserved across the corresponding components of AcTol-Pal and 
PsExbB-ExbD-TonB systems, thus further validating the proposed 
model and suggesting that TolQ-TolA interactions may be following 
the same pattern as observed in ExbB-TonB complex structure (39). 
The polar interaction between AcTolA His23 and AcTolQ Ser33 was 
also suggested by our model, which is consistent with previous ob-
servations in E. coli TolA-TolQ and P. savastanoi TonB-ExbB sys-
tems (39, 54).

Our AcTolQ-TolR-TolA model suggested that TolA is forming 
direct interactions with the periplasmic domain of TolR. More spe-
cifically, TolA sequence following the TMH, which makes part of its 

periplasmic extended domain, is inserted into the C terminus peri-
plasmic domain of TolR to form two parallel β strands (Fig. 7, A and 
B). This arrangement also positions the five residues of TolA (Thr46-
Val50) between protomers in TolR dimers proximal enough to form 
multiple hydrogen bonds and nonbonded contacts with TolR resi-
dues. This model is somewhat reminiscent of interactions observed 
in recently defined crystal structures of E. coli ExbD-TonB periplas-
mic fragment complex, where ExbD, the TolQ homolog, captures 
one copy of the TonB peptide via β strand recruitment (55,  56). 
However, the superimposition of this crystal structure with the ob-
tained model of AcTolQ-TolR-TolA highlights a substantial differ-
ence in the orientation of TonB versus TolA interacting regions. 
Thus, the experimental validation of proposed AcTolQ-TolA inter-
actions is required.

DISCUSSION
The components of the Tol-Pal system (TolA, TolB, TolQ, TolR, and 
Pal) assemble into complexes that, depending on their composition, 
are anchored at the IM and/or OM and interact with PG. The struc-
tural transitions of these complexes are driven by the electrochemi-
cal gradient that forms between the cytoplasm and periplasm. The 
TolQ-TolR-TolA subcomplex is considered to represent a motor that 
generates rotary force driven by the electrochemical gradient. The 
rotary force is then transferred by TolA to reorganize other subcom-
plexes of the Tol-Pal system. There are unanswered questions about 
how TolQ-TolR generates torque and how the torque force is used 
by TolA. The torque generation is presumably conserved across oth-
er reported 5:2 motors; however, whether the force is used in an 
analogous way after it is generated remains to be determined.

The structures of TolQ-TolR complex in comparison to the TolQ 
pentamer are used as the basis for the TolQ-TolR-TolA activation 
mechanism proposed here, which has distinct features not consid-
ered in previously published models. The earlier models were based 
on the similarity of the TolQ-TolR system to two other systems: the 

Fig. 7. Interaction of AcTolQ-TolR with TolA. (A) AlphaFold2 model colored by residue conservation. (B) AlphaFold2 model colored by subunit (TolQ, red; TolR, green; 
TolA, blue). (C) Low-resolution cryo-EM map of ExbB-ExbD-TonB adapted from (39).
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MotA-MotB pilus motor and the ExbB-ExbD transport system. 
However, the structural data presented here revealed several impor-
tant features that differentiate TolQ-TolR from these homologous 
systems: (i) TolR helices in the TolQ pore are related to each other by 
translation, not by rotation, as in the homologous structures of 
MotA-MotB and ExbB-ExbD complexes; (ii) the TolQ pentamer in 
the 5:2 complex deviates from perfect fivefold symmetry in periplas-
mic region substantially more than in other complexes resulting in 
the absence of contacts between two subunits of TolQ (chain 1/A 
and chain 5/E in our model).

On the basis of obtained structural data, we suggest the following 
model for TolQ-TolR-TolA complex. In this model, TolQ pentamer 
is embedded in the IM, with the N-terminal fragments of two TolR 
molecules complexed residing inside the opening in pentameric 
TolQ. This portion of TolR is connected via flexible linkers to the 
periplasmic domains of this protein forming a dimer. The N-
terminal TMH of TolA complexes with the TolQ-TolR subcomplex, 
with its periplasmic part also interacting with TolR. TolA is thought 
to extend through the periplasm and is known to interact with TolB 
and Pal through its C-terminal domain in a PMF-dependent man-
ner. This assembly mechanism is consistent with previously pub-
lished biochemical, biophysical, and phenotypical data.

Along with MotA-MotB and ExbB-ExbD complexes, the TolQ-
TolR is expected to serve as a stator-rotor motor in the IM. Such 
molecular systems operate by cycling through distinct conforma-
tional states, in response to an energy input. During operation, one 
component of the motor rotates relative to the other. The number of 
cycles involved in a full 360° rotation of the stator-rotor motor de-
pends on the intermediate conformational states. In the MotA-
MotB system, 10 cycles were suggested, each leading to a rotation by 
36°. However, a model with a 72° cycle has also been suggested as an 
alternative (38).

Conformational flexibility adds to complexity of molecular stator-
rotor motors rotation, compared to mechanical analogs. In the case of 
TolQ-TolR, the TolQ pentamer (stator by engine analogy, but rotor in 
our drawing) does not have a perfect fivefold symmetry, indicating 
that it must readjust its shape during its relative rotation around 
TolR. The direction of the molecular rotation is not apparent from ob-
tained structural data requiring further analysis by MD modeling that 
would couple proton transfer to this motor’s rotation. Accordingly, the 
direction of rotation in our schematics was chosen arbitrarily.

TolR carries the critical proton-binding Asp27 residue shown to 
be critical for proton binding, which can operate individually or in 
tandem in context of the dimer formed by this protein. Accordingly, 
1 or 2 protons can be transferred per rotation event. On the basis of 
the analysis of AcTolQ5-TolR2 complex, we propose that the transfer 
of a proton (or two) generates a conformational change in the TolQ-
TolR complex, resulting in a 36° rotation of TolQ, coordinated with a 
180° rotation of the TolR helices within the TolQ pore. This subse-
quent structural state would retain the same interactions between 
TolQ and TolR as at the starting point while the positions of two TolR 
helices are being swapped. The entire complex will require another 
36° rotation coupled to another (or two) proton transfer to return to 
the state with the same stereochemistry of TolQ and TolR interac-
tions. Since the local chemical interactions between the TolQ and 
TolR helices are maintained after the first 36° rotation, the kinetics of 
the second step are the same as in the first step (49). Ultimately, the 
entire cycle involves a 72° rotation of the TolQ pentamer around the 
TolR dimer, forming a state shifted by one TolQ subunit (Fig. 8).

In each 36° cycle, the two TolR protomers may rotate either in 
sync or sequentially, one after the other. If they rotate in sync, it is 
likely that they rotate in opposite directions to preserve their con-
tacts acting similarly to a twin-screw pump. However, the TolR heli-
ces may also rotate sequentially, with each rotation coupled to 
conformational or chemical events (e.g., proton transfer, changes in 
protonation of Asp residues, or shifts in the TolQ pentamer). In this 
case, rotation of both TolR helices could involve two proton trans-
fers. The sequential rotation mechanism may generate states where 
the helices are related by a twofold axis, as observed in related stator-
rotor complexes (38, 49).

If TolR subunits rotate independently, the direction of rotation is 
difficult to predict, as it depends on intermediate conformational 
states and kinetics of the reaction. TolR could either rotate back and 
forth as proposed for in sync rotation or may rotate continuously in 
one direction. The unwinding of the connection between TolR α he-
lices to the N terminus and C terminus in the model of continuous 
rotation of TolR is not necessary because peptide bond can rotate 
around psi angle with a moderately low energy barrier.

Assignment of specific stator and rotor roles to TolQ and TolR is 
hindered by substantial structural flexibility of each of these compo-
nents suggested by our structural analysis. Notably, no substantial 
structural rearrangements were proposed for systems like MotA-
MotB and ExbB-ExbD, where inner components maintain twofold 
symmetry, recreating equivalent structures after each 36° rotation.

The rotation of TolQ-TolR in the IM must be coupled with changes 
in other components of the Tol-Pal system in the IM, periplasm, and 
OM (Fig. 9, A to C). For a torque-generating motor, energy propaga-
tion requires that both components be anchored separately, meaning 
that both TolQ and TolR must be externally anchored. TolA is the pro-
tein that anchors TolQ to a structure external to TolQ (Fig. 9B). One 
postulated possibility is TolA’s interaction with TolB, which is anchored 
in the OM by Pal component of this system; such interactions would 
create a necessary anchor for TolQ. In this model, TolR is anchored 
through interactions with PG. However, there is also an alternative 
model (57), in which TolA is topologically trapped by the TolR dimer, 
simultaneously creating both anchors, with the rotation of TolQ around 
TolR pulling TolA through the topological trap (Fig. 9C). Recently pub-
lished ExbD (TolR homolog) structures complexed with TonB (a TolA 
homolog) and HasB (TonB paralog with single heme transport func-
tion) fragments (55, 56) may be capturing the intermediate state lead-
ing to the formation of such topological trap. Collectively, previously 
reported experimental data and our analysis indicate that this system 
may be using either model depending on a specific function.

As discussed above, our analysis suggests that the obtained struc-
ture of AcTolQ5-TolR2 complex corresponds to a nonpermeable 
conformation state (Fig. 9A). TMHs of the TolR dimer are highly 
ordered and embedded inside the TolQ pentamer forming a trans-
membrane IM channel with no ion flow. The periplasmic domain of 
TolR seems to be dimerized in this state as well. The periplasmic and 
partial IM region of one TolQ protomer is shifted to the side because 
of the insertion of the two TolR TMHs. Considering that PG is ex-
pected to be rigid (58) and that the periplasmic domain of TolR may 
need to bind PG for its active state (12), we propose a rotary mecha-
nistic model for the TolQ-TolR complex where the TolQ pentamer 
rotation around TolR dimer during activated phase, similar to the 
ExbB-ExbD mechanistic rotary model (Fig. 9, B and C). TolR can be 
tethered by two possible mechanisms. One involves the attachment 
to the PG layer, which is in line with previously proposed model. 
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The other possibility is that TolA is engaging the periplasmic por-
tion of TolR dimer. Data showing a strong interaction between TolA 
and the C terminus of TolR homologs support the plausibility of 
latter model (56). It is also possible that both mechanisms function 
under different physiological conditions. The activation of the pro-
ton flow can be initialized by the Thr46-Val50 sequence of TolA em-
bedding into the β sheets predominantly formed by the C terminus 
of the TolR dimer. In this case, the TolA hairpin may need no PG 
pore to extend to OM to associate with TolB in its complex with Pal 
(Fig. 9B). However, this process may involve additional steps that 
need to be further investigated. According to this model, the 1.5 full 
rotations of TolQ protomers along with the serial rotation of TolR 
protomers would lead to formation of an additional space between 
periplasmic portions of TolR protomers. This can serve as so-called 
topological trap where the portion of TolA slides between two β 
strands of TolR initiating the pulling of the TolA helical hairpin to-
ward the IM (Fig. 9C). We did not indicate the elongation of the 
flexible TolR linker between TMHs and the β sheet periplasmic do-
main during the activation step because the thickness of periplasm 
varies between bacterial species (59). The distance between the IM 
and the low-resolution density of the TolR periplasmic domain in 
the low-contour cryo-EM map is about 50 Å (fig. S7), which seems 
to be enough to reach and go through the thin PG layer.

The structure of the TolQ-TolR system from E. coli became avail-
able recently (34). However, comparative analysis of this structure 
with that of AcTolQ5-TolR2 is hampered by relatively low resolution 
of obtained molecular density maps (the 4.3-Å overall resolution of 
reconstruction for the complex and 4.7-Å resolution for the TolR 
component). As a result, accurately assigning residues’ positions in 
the density map was not possible, and the model was obtained by 
docking of the model obtained using AlphaFold server directly into 
the density. This atomic model does not agree well with deposited 
density maps (EMDB-16816). Upon inspection, we found that of 
the five subunits of EcTolQ in the model, only three partially agree 
with the map, while the remaining two subunits do not. The density 
in these regions indicates that the reconstruction contains a mixture 
of structural states. This interpretation is further supported by the 
presence of molecular density representing a single helix that is not 
discussed but overlaps with both poorly resolved subunits of the Al-
phaFold model simultaneously.

In conclusion, here we reported the structures of TolQ-TolR pro-
tein complex from A. baumannii, a pathogen of substantial clinical 
concern. We analyzed computationally the molecular flexibility and 
characterized the proton sites and general flow path through this 
complex revealing that obtained structure appear to be in a state that 
does not allow for proton flow. The phenomenon of dewetting 

Fig. 8. Schematics of coevents during TMD rotational movements of AcTolQ and AcTolR protomers in IM environment. State 1 represents the TMH core of the 
AcTolQ-TolR complex, viewed from the periplasmic side, with five TolQ chains asymmetrically surrounding two TolR dimer TMHs and TolA single TMH bond to TolQ TMH 
chain 1/A protomer. The actual view of AcTolQ-TolR complex from the periplasmic side is overlapped for convenience. State 2, one TolR rotated 180°; TolQ rotated possibly 
between 0° and 36°. State 3, both TolR are now rotated 180° compared to state 1; TolQ rotated 36° compared to state 1. State 4, one TolR rotated 180° from state 3; TolQ 
rotated between 0° and 36° from state 3 like in step 2. State 5, both TolR rotated 180° from state 3, TolQ rotated another 36° from state 3. States 3 and 5 represent the same 
complex with 36° and 72° rotation of TolQ pentamer from state 1. States 2 and 4 represent possible intermediate states of the complex after 180° with rotation of each TolR 
protomer. Structures representing states 2 and 4 are observed in other homologs of TolQR (37–39). The direction of rotation is arbitrarily chosen. The rearrangement of 
uneven gaps between TolQ protomers in respect to TolR in steps 2 and 4 is unknown. It is also unclear which steps are coupled to proton transfer. Steps from 1 to 3 could 
translocate 1 or 2 protons. Analogously, steps from 3 to 5 could also accommodate the translocation of 1 or 2 protons.
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regions of the pore formed by TolQ protomers identified through 
molecular simulations holds substantial scientific interest and may 
serve as inspiration for the design of de novo hydrophobic pores. 
Obtained structural data allowed us to map the critical functional 
mutations in TolR and TolQ shown to disrupt the bacterial OM sta-
bility locating the structural regions that could be exploited in ratio-
nal, structure-assisted development of antibacterial therapeutics. 
On the basis of TolQ-TolR structure, we proposed a model for TolQ-
TolR-TolA interactions and discussed possible mechanisms of ac-
tions of TolQ-TolR-TolA subcomplex of Tol-Pal. These predictions 
await experimental validation by further structural studies. Com-
bined, our findings bring knowledge to help further understand 
how molecular stator units energize vital bacterial functions, which 
will potentially be applicable for drug discovery.

MATERIALS AND METHODS
Protein cloning, expression, and purification
The A. baumannii DNA encoding the protein AcTolQ (GenBank: 
KFC02860.1) was codon optimized for expression in E. coli expres-
sion systems, synthesized (Twist Bioscience), and used as the tem-
plate for subcloning into pMCSG53 and pNIC-CH vectors with an 
N- and C-terminal 6His-tag, respectively. Both constructs had high 
level of expression. Therefore, we proceeded further with the con-
struct cloned in pMCSG53 since it contained a Tobacco Etch Virus 
protease cleavage site enabling us to eliminate all nonspecific Ni 
resin binders from the samples. For the AcTolQ-TolR complex, the 
AcTolR (GenBank: HAV5244423.1) sequence was also codon opti-
mized, synthesized (Bio Basic Inc.), and used for subcloning. Ini-
tially, we used a single-cassette-polycistronic strategy (60) using the 
abovementioned pMCSG53 vector where 6His-tag was associated 

with AcTolQ protein. This led to higher abundance of AcTolQ than 
AcTolR in the purified sample. To overcome these technical difficul-
ties, we applied a multi-cassette approach (60), where N-terminally 
6His-TEVcleavage site–tagged AcTolR [multiple cloning site 1 
(MCS1)] and untagged AcTolQ (MCS2) genes were cloned in the 
petDUET1 vector. Vectors were transformed into the C43(DE3)–
competent cells by 60-s heat shock at 42°C and 1-hour outgrowth 
and plated onto LB agar selection plates. Subsequently, the single 
colonies of transformed cells were cultured overnight in 50-ml LB 
medium supplemented with ampicillin (100 μg/ml) at 37°C. The 
next morning, the 3, 5, or 6 liters of LB medium containing ampicil-
lin (100 μg/ml) was inoculated with starter culture for further 
growth at 37°C until reaching an optical density at 600 nm of 0.6. 
Afterward, the culture was incubated on ice for 1 hour, followed by 
induction using 1 mM isopropyl β-d-thiogalactopyranoside and 
overnight growth at 20°C. Harvesting of cells was achieved through 
centrifugation, and pelleted cells were resuspended in 1x phosphate-
buffered saline (PBS) (pH 7.4) and lysed using serial freezing and 
thawing cycles in the presence of phenylmethylsulphonyl fluoride, 
deoxyribonuclease 1 (20 μg/ml), lysozyme (100 μg/ml), and 0.5 mM 
reducing agent [Tris(2-carboxyethyl)phosphine (TCEP)]. All subse-
quent purification steps were carried out at 4°C. The cells were bro-
ken in a cell disruptor (Avastin) at 15,000 psi and three passes. 
Cell debris was spun down at 13,500g for 20 min. The isolated su-
pernatant was ultracentrifuged for 1 hour and 40 min at 40,000 rpm. 
The pellet (crude membrane preparation) was washed using a spat-
ula with 1x PBS with 0.5 mM TCEP and ultracentrifuged again at 
40,000 rpm for 1 hour and 30 min. The isolated membrane pellet 
was frozen and kept at −80°C. The crude membrane preparation 
was solubilized with extraction buffer [50 mM Na phosphate buffer 
(pH 7.6), 300 mM NaCl, 20% (v/v) glycerol, 0.5 mM TCEP, and 1% 

Fig. 9. Mechanistic model for the generation of Tol-Pal torque. (A) Structurally resolved state of asymmetric AcTolQ-TolR complex. (B) Presumed intermediate state in 
the process of TolA being topologically captured by TolR periplasmic dimer (AF). (C) The state representing TolA being threaded through by the topological trap after se-
rial rotation of asymmetric TolQ pentamer and TolR dimer. During this threading, secondary structure of TolA (e.g., red β strand or the α helix next to it) may be disrupted. 
In this state, TolA slips between two TolR straps through an unstructured hole formed between the periplasmic TolR protomers.
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n-Dodecyl-β-D-maltoside (DDM)] for 2 hours. After ultracentrifu-
gation (40 min and 40,000 rpm), the supernatant was incubated 
with 3 ml of nickel-nitrilotriacetic acid (Ni-NTA) beads (Qiagen) 
preequilibrated with the same buffer overnight. The next day, the 
beads were washed with 30 ml of wash 1 [50 mM Na phosphate 
(pH 7.6), 500 mM NaCl, 15% (v/v) glycerol, 0.5 mM TCEP, 40 mM 
imidazole, and 0.1% (w/v) DDM] and wash 2 [50 mM Na phosphate 
(pH 7.6), 300 mM NaCl, 10% (v/v) glycerol, 0.5 mM TCEP, 50 mM 
imidazole, and 0.05% (w/v) DDM] buffers and then eluted with 
15 ml of the elution buffer [50 mM Na phosphate (pH 7.6), 300 mM 
NaCl, 5% (v/v) glycerol, 0.5 mM TCEP, 0.05% (w/v) DDM, and 
300 mM imidazole]. The eluate was dialyzed overnight with TEV pro-
tease (purified in-house) in dialysis buffer [50 mM tris (pH 8.0), 
300 mM NaCl, 5% (v/v) glycerol, 0.5 mM TCEP, and 0.05% (w/v) DDM]. 
The next day, IMAC Ni-NTA beads (Qiagen) were used for the sec-
ond time where the flow-through fraction was passed for five times 
through the beads. The further steps of purification using various 
detergent environments failed to generate samples suitable for cryo-
EM SPR. Therefore, other membrane protein stabilizers were tested. 
Amphipol A8-35 (Anatrace) resulted in the best-quality sample in 
our trials and was then used in large-scale purifications. Amphipol 
was added to the flow-through solution in 1/3 (w/w) protein/amphipol 
ratio, and the mixture was incubated with gentle rotation. After 
4 hours of rotation, Bio-Beads (Bio-Rad) were added to the mixture 
in a ratio of 15 mg of beads per 1 ml of mixture volume and incu-
bated overnight. The next day, the sample with proteins stabilized in 
amphipol was poured over an empty column to get rid of Bio-Beads 
and concentrated using 100-kDa cut-off centrifugal concentration 
tube (Amicon). The concentrated sample was loaded on a Super-
dex 200 increase 10/300 column equilibrated with detergent-free 
50 mM tris (pH 8.0), 150 mM NaCl, and 0.5 mM TCEP Cryo-EM 
buffer. The peak fractions were collected, concentrated, aliquoted 
at 15 μl, flash frozen in liquid nitrogen, and kept frozen at −80°C 
until use. Mass photometry assay was conducted as previously de-
scribed (61).

Grids preparation and data collection
The purified proteins samples were processed on Quantifoil R 1.2/1.3 
300 Mesh Gold grids, which had been made hydrophilic through 
glow discharge for 90 s at 30 mA in a PELCO easiGlow system. These 
prepared grids were then used to create vitrified samples using a 
Thermo Fisher Scientific Vitrobot Mark IV, applying 3 μl of protein 
at 4°C and 100% humidity before blotting. Data collection was per-
formed using a Titan Krios G2 microscope with a K3 Summit cam-
era, without a phase plate or objective aperture, using SerialEM for 
automated collection and a GIF Quantum Energy Filter. Data were 
collected using a 300 kV Titan Krios G2 microscope equipped with a 
K3 Summit camera, without a phase plate or objective aperture, at a 
magnification of 105,000× and a pixel size of 0.834 Å. SerialEM soft-
ware facilitated automated collection in beam-image shift mode, 
capturing nine images per stage shift across a defocus range of −1.0 
to −3.0 μm, with beam-image shift compensation. The slit width of 
the GIF Quantum Energy Filter was set to 25 eV. Movies were dose-
fractionated into 125 frames with a total dose of ~100 e−/Å2.

Cryo-EM image processing and model building
For apo AcTolQ, 2763 movies were imported into CryoSPARC, fol-
lowed by patch motion correction using binning of 2 and patch 
Contrast Transfer Function (CTF) correction. Particles were first 

picked manually to generate templates, which was followed by 
template-based autopicking, resulting in 472,724 particles. Iterative 
2D classification led to the selection of 246,741 particles for further 
processing. Ab initio reconstruction on the clean particle stack with 
four classes and one round of heterogeneous refinement was con-
ducted, resulting in one class corresponding to the TolQ pentamer 
and three classes unrelated to TolQ. Nonuniform refinement of 
215,170 particles resulted in a 3.02-Å final map in C5 symmetry, 
which was post-processed using DeepEMHancer to guide map in-
terpretation. The homology model built in SwissModel using the 
ExbB structure as the template was used in Chimera to build the 
pentamer. The pentameric model was manually adjusted with rigid 
body refinement in Coot and then further adjusted using real-space 
fitting procedures. The built model was refined in Servalcat within 
CCPEM and validated with the MolProbity server. Model statistics 
can be found in table S2.

For AcTolQ-TolR complex, all movies were imported into Cryo-
SPARC followed by patch motion correction using binning of 2 and 
patch CTF correction (62). Particles were first picked using blob 
picker on 200 micrographs to generate initial 2D templates. Tem-
plates were created from selected 2D classes and template picking on 
all micrographs, resulting in a total of 3,009,251 particles. Particles 
were extracted with box size of 432 pixels followed by several rounds 
of 2D classification that yielded 465,839 clean particles. Ab initio 
reconstruction on the clean particle stack with three classes to sepa-
rate TolQ/TolR complexes from TolQ oligomers and contaminants. 
The class for TolQ/TolR complex (224,768 particles) was selected for 
homogeneous refinement and nonuniform refinement in C1 sym-
metry and resulted in a resolution of 3.46 Å (63). The periplasmic 
domain of TolR was not well resolved because of its small size and 
high flexibility and was likely causing misalignment of the well-
resolved TMD. For this reason, local refinement was performed by 
masking out the density from the periplasmic domain, which im-
proved the map resolution to 3.34 Å. An initial atomic model was 
obtained by manually docking the AF2 model of the TolQ-TolR 
complex to the map using Chimera (64). The model was then it-
eratively rebuilt manually in Coot and refined using Phenix.real_
space_refine and Servalcat (65–70) . Model statistics can be found in 
table S3.

Point mutation analysis
The mutagenesis wizard of PyMOL was used to analyze mutations 
mapped onto the TolQ-TolR complex structure (71).

MD simulation procedure
All atom MD simulations (table S4) were performed for both the 
TolQ-TolR 5:2 complex and TolQ pentamer. Both the complexes 
were embedded in a bacterial IM mimic. The membrane model con-
sists of PPPE, PVPG, PVCL2, and POPA lipids in the following ratio 
PE:PG:CL:PA = 78:12:6:4; the model is consistent with other theo-
retical models and experimental assays in the literature (12, 72–74). 
Lipids were distributed equally in both leaflets. A total of 400 lipids 
were used for both the systems. A water buffer of 14.5 Å is used in z 
dimension, with a salt concentration of 150 mM KCl. For the TolQ 
system, we generated pore water in the empty space of TolR dimers. 
The systems were generated using Charmm-GUI membrane builder 
(75–77). All the simulations were performed using NAMD (v 2.14) 
(78). We used CHARMM36 force field parameters for these simula-
tions (79, 80). The systems were initially minimized for 10,000 steps 
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with a conjugate gradient algorithm before the 6-step equilibration 
protocol recommend by Charmm-GUI. Later, we carried out 1-μs 
simulation for both systems. The simulations were carried out at 
310 K. A cut-off distance of 12 Å was used, and the switch distance was 
set to 10 Å. Long-range electrostatics calculations beyond the cutoff 
were taken into account using particle mesh Ewald method (81). A 
time step of 2 fs was used for the production simulations. The tem-
perature was controlled using the Langevin dynamics (temperature 
damping coefficient: 1.0), and the pressure was controlled using the 
Langevin piston method (81) (set to 1 atm, oscillation period: 50 fs, 
damping timescale: 25 fs). Semi-isotropic pressure coupling was used 
to retain the bilayer shape. Analyses were carried out using VMD (82), 
MDAnalysis (83), and HOLE (84).

3D variability assay procedure
To visualize the motion of the complex, a mask that excludes the 
amphipol ring around the TMD was generated. This mask and 
the particles in the local refinement were used as inputs for the 3D 
Variability job in CryoSPARC (51). Five modes were solved in the 
analysis with C1 symmetry and filter resolution of 6 Å. Results were 
exported using 3D Variability Display job (simple mode) with 
20 frames per mode. Movies for each mode/component were gener-
ated by Chimera (64).

MDFF procedure
We used MDFF (85) to fit the cryo-EM structures to the intermedi-
ate maps obtained from the 3DVA analysis. We used CHARMM36 
force field and NAMD to perform these simulations using the vacu-
um protocol of MDFF. The cutoff and switching distances were 9 
and 10 Å. A timestep of 1 fs was used, and the temperature was set 
to 300 K. We applied secondary structure restraints along with cis-
restraints and chirality restraints. A gscale value of 0.3 was applied. 
The MDFF simulations were ran for 500 ps.

AlphaFold modeling
To determine the Cryo-EM structures, the AlphaFold models of 
apo AcTolQ5 and AcTolQ5-TolR2 were calculated using the Google 
Colab platform and AlphaFold2_advanced option https://colab.
research.google.com/github/sokrypton/ColabFold/blob/main/beta/
AlphaFold2_advanced.ipynb (86). The default mode of sampling op-
tions was used: num_models = 5, ptm option, num_ensemble = 1, max_
cycles = 3, num_relax = 0, tol = 0, num_samples = 1. The model 
with the highest-ranked pTMscore was used as a template for 
molecular replacement. For AcTolQ5-TolR2 heteroheptamer pre-
diction, the 5:2 stoichiometry was included in the input. To stay 
within the 1400-residue limit, each TolQ protomer was 12 and 
9 amino acids truncated from N and C termini, respectively.

The same approach was used to model AcTolQ-TolR interaction 
with AcTolA. To not exceed the residue limit, TolQ:TolA:TolR in 
1:1:2 stoichiometry was used as input. AcTolQ had no truncations in 
this calculation set. AcTolA fragment contained the first 99 amino 
acids corresponding to the IM domain and the periplasmic frag-
ment. AcTolR dimer was included in full length. The structure fig-
ures were drawn with PyMOL (71).

Figures preparation
Figures were generated using Chimera (64), ChimeraX (87), PyMOL 
(71), VMD (82), HOLE (84), Matplotlib (88), PDBSum (89), ENDscript 
(90), PISA (47), R package and helixvis (91), and BioRender.com.

Supplementary Materials
The PDF file includes:
Figs. S1 to S18
Tables S1 to S4
Legends for movies S1 to S15

Other Supplementary Material for this manuscript includes the following:
Movies S1 to S15
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