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The MmpL5/MmpSS5 efflux system in Mycobacterium tuberculosis plays crucial
roles in extruding therapeutic drugs (e.g., bedaquiline), and exporting side-
rophores (i.e., (carboxy)mycobactins). However, the molecular basis under-
lying these processes remains unknown due to the lack of structural
information. Here, we report the cryo-electron microscopy structures of
Mycobacterium tuberculosis MmpL5/MmpSS at resolutions ranging from 2.64
t0 3.31 A, revealing it to be a trimer. The core of this complex is formed by three
MmpL5 subunits assembled in a unique shoulder-to-shoulder ring-like con-
figuration, with each MmpSS5 subunit positioned between the two adjacent
MmpLS5 subunits. A remarkable feature of this system is the extracellular stalk,
which spans approximately 130 A in length and is composed of three inter-
twined anti-parallel coiled-coil portions of MmpL5. The stalk secures the tight
association of the three MmpL5 subunits and exhibits intrinsic structural
flexibility. Additionally, an unexpected MmpL5 binder, AcpM, a mycobacterial
acyl carrier protein, has also been identified. Collectively, the study provides
insights into the biological assembly and molecular function of MmpL5/
MmpSS5, which will facilitate the discovery of innovative inhibitors for this
system.

Drug resistance in Mycobacterium tuberculosis (Mtb) is a significant
problem for the effective treatment of tuberculosis (TB)"?, with mul-
tiple mechanisms making contributions®”’, including the highly
impermeable cell wall, mutations to target genes, antibiotic mod-
ification or degradation, and the action of efflux pumps. The role of
efflux pumps, particularly the MmpL5/MmpS5 system, is emerging as a
significant factor in Mtb drug resistance, especially considering its

involvement in the clinical tolerance of bedaquiline (BDQ) and clofa-
zimine (CFZ)*°, two drugs currently used to treat drug-resistant
tuberculosis (DR-TB).

BDQ, the first FDA-approved anti-TB drug in over 40 years, targets
subunit C of the ATP synthase encoded by the atpE gene ™. However,
cases of BDQ treatment failure have been reported”, with resistance
linked to efflux pumps rather than site-of-action changes to the target,
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AtpE*"*?°, Many clinically observed variants occur in the Rv0678 gene,
encoding a transcriptional repressor protein MmpRS that regulates the
expression level of the MmpL5/MmpS5 efflux system?°%°, These var-
iants upregulate the expression of MmpL5/MmpS5, enhancing the
ability of Mtb to efflux BDQ®. Moreover, upregulation of MmpL5/
MmpSS5 also augments clinical resistance to CFZ, a repurposed drug
for DR-TB treatment®?,

The physiological function of bacterial efflux pumps is not
inherently to transport antibiotics, and this is certainly the case with
the MmpL5/MmpS5 system”. The MmpL5/MmpS5 and MmpL4/
MmpS4 systems are responsible for exporting siderophores, specifi-
cally (carboxy)mycobactins, to scavenge iron from host proteins®.
This process is crucial for the survival and pathogenicity of Mtb within
the host®, as iron is an essential element for mycobacterial metabo-
lism and virulence®*”. However, the molecular details of how this
system extrudes drugs and siderophores remain unknown.

In the MmpL5/MmpS5 system, MmpLS5 is a predicted resistance-
nodulation-division (RND) superfamily transporter, which is powered
by the proton-motive force®’. The periplasmic adapter protein MmpSS5,
co-encoded with MmpLS5 in an operon, is integrated into the cell
membrane via its N-terminal single transmembrane helix*>. MmpS5 has
also been shown to play a role in the oligomerization of MmpL5 and is
essential for its function®®*. Yet, little is known about how the biolo-
gical assembly between MmpL5 and MmpSS5 is constructed, as well as
the exact function of MmpS5.

Beyond MmpL5, the Mtb genome harbors 12 virulence-related
MmpL (Mycobacterial membrane protein Large) proteins®, all mem-
bers of the RND protein superfamily®. Phylogenetic analysis divides
these MmpL proteins into two distinct clusters with similar
topologies®. Notably, structural predictions have revealed a striking
feature of Cluster | MmpL proteins, including MmpL5: their extra-
cellular regions contain a long anti-parallel coiled-coil structure (Sup-
plementary Fig. 1), which is not found in any other characterized RND
protein. Moreover, MmpL3 from Cluster Il appears to function as a
monomer”*%, whereas the functional forms of the 10 members in
Cluster 1 remain enigmatic due to the absence of structural
information.

Here, we describe a high-resolution structure of the Mth MmpL5/
MmpS5 efflux transporter using single-particle cryo-electron micro-
scopy (cryo-EM) analysis. These structural insights provide an unpre-
cedented and detailed perspective on the biological assembly and
molecular function of this pivotal efflux transporter and associated
MmpL proteins.

Results

Structure determination

To elucidate the molecular architecture of the MmpL5/MmpSS5 efflux
system, we cloned the Mtb mmpS5-mmpLS (Rv0677c-Rv0676c) gene
into the pMV261 vector, where the C-terminus of MmpLS5 is attached
to a 1xFLAG-tag, and then expressed in Mycobacterium smegmatis (M.
smegmatis) strain mc*155. The isolated MmpL5/MmpS5 exhibited a
variety of oligomeric species in solution, as evidenced by SDS-PAGE,
BN-PAGE and mass spectrometry (MS) (Supplementary Fig. 2), sug-
gesting this transporter is dynamic in nature. The highest molecular
mass species obtained from gel filtration chromatography that was
homogeneous, was selected for analysis using single particle cryo-EM
(Supplementary Fig. 2). The composite 2.84 A resolution map (map-
1) calculated without imposed symmetry revealed three similar
protomers interacting closely as a trimeric structure (Supplementary
Fig. 3). We then generated an improved EM map (map-2) with an
overall resolution of 2.64 A by imposing C3 symmetry. It is note-
worthy that an unusual feature observed in the two-dimensional class
averages was a weaker, elongated density that most likely corre-
sponds to the quaternary structure composed of the coiled-coil part
of MmpLS5 (Supplementary Fig. 3b). Thus, we refer to this periplasmic

region as the “stalk” of the complex. However, this structure was not
observed in the composite map, speculating that the poor density is
the result of the movement of the stalk relative to other parts. In the
subsequent three-dimensional classification, we unexpectedly
observed an initial map reconstructed by a minor population of
particles, where the clear feature of the stalk emerged. We recon-
structed this density map (map-3) at an overall resolution of 3.31A in
C1 symmetry using a total of 10,751 particles (Supplementary Fig. 3c).
Map-3 shows an almost intact stalk, but the quality of this part is
poor. The overall resolution of map-3 was improved to 2.95A by
enforcing C3 symmetry (map-4), yet the EM density of the stalk
remained uninterpretable, especially its terminus, that is deterio-
rated, suggesting the intrinsic flexibility and complexity of this stalk.

The densities permitted the unambiguous assignment of the
MmpL5 and MmpS5 subunits (Supplementary Fig. 4). However, only
the density for the ordered transmembrane helices (residues: 1-34) of
MmpS5 was observed (Supplementary Fig. 4e), whereas the extra-
cellular domain (residues: 35-142) was invisible in the cryo-EM maps.
Furthermore, the density for the stalk formed by the coiled-coil
regions of MmpL5 (residues: 503-668) is too weak to assign secondary
structure, although a predicted stalk model correlated well with the
density envelope (Supplementary Fig. 4d). Unexpectedly, additional
protein-like densities tightly bound to the cytoplasmic surface of each
MmpL5 molecule were detected in the reconstructed EM map (Fig. 1a).
With the aid of a structure-based search utilizing a PolyA model
derived from the density map, the unknown protein was identified as
the M. smegmatis acyl carrier protein, AcpM (MSMEG_4326) (Supple-
mentary Fig. 4f). This analysis was further confirmed by MS analysis
(Supplementary Fig. 2e). In addition, large numbers of lipid molecules
were identified mainly situated on the cleft of the transmembrane
space formed by adjacent subunits (Supplementary Fig. 5).

Overall architecture

The resolved complex exhibits an elongated shape, with dimensions of
approximately 101 A x101 A x 235 A, and can be characterized as a tri-
mer of heterotrimers, with each trimer consisting of a single copy of
MmpL5, MmpS5, and AcpM (Fig. 1). The three MmpL5 subunits con-
stitute the core of the complex, where each MmpS5 subunit is posi-
tioned between the two neighboring MmpL5 subunits, specifically its
N-terminal membrane-spanning region is tightly adjacent to the
transmembrane helix 8 (TMHS8) of one of the MmpL5 subunits. The
AcpM subunits, exposed in the cytosol, form the base of the complex.
A remarkable feature of this complex is the extracellular stalk, which
extends to a total length of around 130 A and is composed of three
intertwined anti-parallel coiled-coil portions of MmpL5 (Fig. 1). A total
of 12 phospholipids, including six cardiolipins (CDL) and six phos-
phatidylethanolamines (PE), were resolved within the membrane inner
leaflet of the complex (Fig. 1 and Supplementary Fig. 5). Each MmpL5
protomer harbors two distinct lipid-binding sites (Supplementary
Fig. 5), one located at the surface of MmpL5 and the other within the
protomer-protomer interface, specifically at the interior surface of the
central cavity of the trimeric MmpL5. In addition, a PE and a CDL
molecule are stacked at the interface of each MmpL5 and MmpS35,
respectively (Supplementary Fig. 5). In contrast, although distinct
lipid-like density patches were observed in the membrane outer leaflet,
particularly at the trimeric interface, the resolution of these densities
was too low to definitively identify their composition (Supplementary
Fig. 5a). Nonetheless, the presence of these lipids appears to con-
tribute to the stabilization of the membrane-spanning region of the
entire complex.

The MmpLS5 trimer

The structure reveals that MmpLS5 subunits assemble into a symmetric
homotrimer with a propeller-like configuration through a unique
shoulder-to-shoulder  ring-like  assembly, except for the
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Fig. 1| Cryo-EM structure of the MmpL5-MmpS5-AcpM complex from Myco-
bacterium tuberculosis. a Two views of the cryo-EM map of the MmpL5-MmpS5-
AcpM complex colored by subunit (MmpL5, blue and silver; MmpSS5, yellow; AcpM,
pink). The volume threshold is 0.15 o for the stalk and 0.3 ¢ for the other regions.
b Cartoon representation of the MmpL5-MmpS5-AcpM complex structure from

two different viewpoints. Color scheme same as in (a). A pseudo-atomic model of
the stalk is also depicted and colored silver. Phosphatidylethanolamine (PE) and
cardiolipin (CDL) molecules are shown as light green and orange sticks,
respectively.

uncharacterized coiled-coil region (Fig. 2a and Supplementary Fig. 6).
This assembly pattern is pronouncedly different from the well-
characterized typical RND trimer such as AcrB¥, all of which are
arranged in a face-to-face ring-like manner (Fig. 2a). The unique
arrangement results in a smaller central cavity of the transmembrane
domains within the MmpLS5 trimer (Fig. 2a). To verify the trimerization
of MmpLS5 itself, we expressed and purified MmpLS5 alone, following
the same procedure as for the MmpL5/MmpS5 complex. The results
showed that the isolated MmpL5 samples exhibited similar char-
acteristics in shape and size to that of the MmpL5/MmpS5 complex in
solution (Fig. 2b, c). Moreover, the in vivo occurrence of the MmpL5
trimer was validated by the introduction of cysteine substitutions
designed to mediate disulfide bond formation between monomers
(Fig. 2d). Thus, these findings indicate that the MmpL5 subunit ensures

the trimeric form of the MmpL5/MmpS5 complex and anchors it to the
membrane.

Each MmpL5 monomer consists of a 12 transmembrane o-helices
(TMHs) stacked transmembrane domain (TMD) and two extracellular
domains (ECDs) located between TMH1 and TMH2 (ECD1) and
between TMH7 and TMHS8 (ECD2), respectively, and exhibits a typical
RND transporter domain organization (Fig. 2e and Supplementary
Fig. 7a). Compared to other characterized RND proteins, the structure
of MmpL5 monomer most closely resembles that of its paralog, the
mycolic acid transporter MmpL3¥, but they differ in the extracellular
regions in terms of size and shape (Fig. 2e). In both structures, ECD1 is
largely similar, consisting of only one subdomain (i.e., PN) with an
“open face” a + 3 sandwich fold. In sharp contrast, MmpL5’s ECD2, in
addition to a PN-like subdomain PC, has an additional insertion region
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situated between the 2nd and 3rd -strands of PC, which is absent in
MmpL3. Insertion regions are widely observed in other RND proteins,
but their configurations and amino acid sequences vary (Supplemen-
tary Fig. 8), which is associated with the unique activity of each
protein*®, In MmpLS5, the insertion region is primarily composed of the
unmodeled coiled-coil part, implying that this region has an inherent
structural flexibility relative to other regions of MmpL5. In addition,
due to the closer proximity of PN and PC in MmpL5, no cavity exists
resembling that observed in MmpL3, formed by the intertwined
subdomains®. As with other characterized RND proteins, MmpL5’s 12
transmembrane helices (TMH1 to TMHI12) are stacked with a pseudo-
two-fold symmetry, where TMH4 and TMHI10 are located at the core of
the transmembrane helix bundle (Fig. 2e). Two Asp-Tyr pairs (Asp276-
Tyr850 and Asp849-Tyr277) of key conserved hydrophilic residues,
believed to be involved in the proton-relay pathway of MmpL
members*, are situated at the middle of TMH4 and TMH10 (Fig. 2f),
similar to that observed in MmpL3¥. Significantly, three residues—
Asp276, Asp849, and Tyr850—are essential for the functionality of
MmpL5, whilst Tyr277 may not be needed. Specifically, Asp276 and
Asp849 mutations almost completely abrogate the drug efflux activity
of the MmpL5/MmpS5 complex (Fig. 2g).

MmpL5 monomer association is predominantly mediated by its
ECD2, although each protomer makes contact at the cytoplasmic

surface (Supplementary Fig. 7b). Intriguingly, the insertion region of
MmpLS5, especially the coiled-coil part, appears to provide a strong
interaction holding the MmpL5s together. Notably, the removal of this
part leads to the disassembly of the trimeric MmpL5/MmpS5 complex,
thereby causing the loss of its efflux activity (Fig. 2b, c, h). In addition,
the PC subdomains of the MmpL5 protomer contact each other
through charged patches in an anti-parallel head-to-tail manner, fur-
ther enhancing the stability of the trimer (Supplementary Fig. 7b). The
parts of the PC subdomain in contact with each other result in a central
pore with an inner diameter of around 10 A, whose opening appears to
be sealed by the bottom of the stalk, while the other parts of the PC
subdomain lacking contact leave three lateral openings that could
allow specific molecules to enter (Supplementary Fig. 7b).

Interface between MmpL5 and MmpS5

In the present structure, we only observed the membrane-spanning
and N-terminal regions of MmpSS5, which are situated at the cleft
formed by two adjacent MmpLS5 subunits (Fig. 3a). The single trans-
membrane helix of MmpS5 is parallel to the TMHS8 of MmpLS5 in each
protomer, while its N-terminal short helix exposed to the cytosol ori-
ents to another neighboring MmpL5 subunit. Stabilization of the
membrane region of MmpS5 is primarily achieved via extensive
hydrophobic interactions with the TMH8 of MmpL5 (Fig. 3b). In
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addition, the loop connecting between the TMH5 and TMH6 of MmpL5
also directly interacts with MmpS5 at the periplasmic interface, parti-
cipating in the stabilization of the two subunits by forming additional
hydrogen bonds (Fig. 3b). It has been demonstrated that MmpS5
promotes the oligomerization of MmpL5*, which is also corroborated
by the resolved structure. In terms of the TM region, the presence of
MmpS5 not only provides additional contacts with the adjacent pro-
tomers but also creates additional lipid attachment sites at the trimer
interface (Fig. 3¢, d).

The interplay between MmpS5 and MmpLS5 is essential for the
substrate efflux in this system®>**, which is further confirmed by our
study. Disruption of the transmembrane interface between these two
components in the protomer severely compromises the ability of Mtb
to resist BDQ (Fig. 3e). Functional studies on another mycobacterial
siderophore exporter, MmpL4/MmpS4, have shown that the extra-
cellular region of MmpS4 can directly contact the PN subdomain of its
cognate MmpL4°°. However, no extracellular region of MmpS5 was
therefore identified in our EM maps, despite sharing approximately
63% sequence identity between MmpLS5/MmpS5 and MmpL4/MmpS4,
suggesting either a lower affinity or a transient contact. Interestingly,
our functional data showed that the extracellular region of MmpSS5 is
indispensable for the functionality of the MmpS5/MmpL5 system
(Fig. 3f), which underscores the importance of further exploring its
exact role.

In addition to MmpL4 and MmpL5, other MmpL proteins,
including MmpL1 and MmpL2 in Mtb, have been reported to poten-
tially interact with their accessory proteins MmpS1 and MmpS2,
respectively®>*2, Given the highly conserved residues at the interface of
the membrane-spanning regions (Supplementary Fig. 9a), it appears
that the assembly mechanism of other MmpL and MmpS proteins is
similar to that observed in the MmpL5/MmpS5 complex.

An unexpected binder, AcpM

AcpM, an acyl carrier protein (ACP), is well recognized for its vital role
in the biosynthesis of fatty acids and mycolic acids in mycobacteria®’.
Beyond this, AcpM has also been implicated in arabinogalactan (AG)
assembly or lipoarabinomannan (LAM) synthesis****. Unexpectedly, in
the MmpL5/MmpSS5 efflux system, the mycobacterial AcpM binds to
the MmpLS5 subunit at the cytoplasmic face (Fig. 4a), thus forming an
MmpL5-MmpS5-AcpM ternary complex. AcpM primarily interacts with
the amphiphilic helix (al2) connecting TMH6 and TMH7 of MmpL35, as
well as the cytosol-exposed portion of TMHII, and their contacts are
defined largely by extensive electrostatic interactions and hydrogen
bonds (Fig. 4a, b). Notably, the part of AcpM involved in this tight
association is similar to the contact sites with its other target proteins,
such as AcpS and Emb proteins***°. Furthermore, the C-terminal loop
of MmpL5 extends along the surface of AcpM to its N-terminal helix,
where Trp952 on the loop wedges into a relatively hydrophobic pocket
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formed by six residues of AcpM (Fig. 4c), further strengthening the
association of these two subunits. Of note, 4’-phosphopantetheine
(Ppant), covalently attached to the conserved serine residue (Ser41) via
a phosphodiester, is observed in the AcpM structure (Fig. 4a, d),
indicating that AcpM is in its holo-form**, which inserts into the gap
between the two adjacent MmpL5 and phospholipid molecules.

The assembly between AcpM and MmpL5 (or an equivalent) has
not been observed in any other characterized RND transporter, not
even in MmpL3. During the identification of this unknown subunit, a
structure-based search in the AlphaFold Protein Structure Database®’
using Foldseek*® revealed an unresolved Mtb protein, MbtL (Rv1344),
with a similar fold to AcpM (Fig. 4d), despite a sequence identity of
only around 30% with M. smegmatis AcpM. MbtL is another myco-
bacterial ACP known to be involved in the biosynthesis of siderophores
in Mtb*°, in the same metabolic pathway as MmpL5/MmpS5. Sequence
analysis showed that the residues involved in the association with
MmpLS5 are relatively conserved in both AcpM and MbtL (Fig. 4e),
suggesting a potential direct interplay between MbtL and MmpL5. In
addition, the residues of MmpL5 involved in contact with AcpM are
also conserved in MmpL4*°* (Supplementary Fig. 9b). Thus, this
assembly pattern of MmpL5 with AcpM provides significant clues to
the coupling of siderophore biosynthesis and transport in myco-
bacteria, warranting further investigation.

Discussion

MmpL5/MmpSS is distinguished as the most clinically relevant multi-
drug efflux pump in Mtb. In this study, we present the previously
uncharacterized structure of the MmpL5/MmpS5 complex from any
source, which not only offers unprecedented insights into the assem-
bly of the complex but also provides a foundational framework for
understanding the functionality of this important efflux transporter.
Moreover, the study discloses a distinctive trimer assembly pattern in
the RND protein superfamily, enhancing our comprehension of the
diversity and evolutionary ingenuity of these transporter structures.
Notably, the MmpL5 extracellular region forms a stalk composed of
coiled-coil parts, which secures the tight association of three MmpL5
subunits. The coiled-coil region’s role in trimerization is analogous to
the docking subdomains found in other prototypical RND multidrug
efflux pumps®®, despite significant differences in shape and composi-
tion. Given that MmpL proteins in Cluster I all possess a coiled-coil
structure (Supplementary Fig. 1), we suggest that other members of
this cluster may also assemble into functional MmpL5-like trimers.
Moreover, this study serves as a paradigm for understanding the bio-
logical assembly of other MmpL proteins and their accessory MmpS
proteins across Mycobacterium species.

It has been documented that the MmpL5/MmpSS5 efflux trans-
porter resembles the AcrAB-TolC system, a typical tripartite efflux
pump of Gram-negative bacteria, where MmpL5 and MmpS5 respec-
tively correspond to the inner membrane transporter AcrB and the
periplasmic adapter protein AcrA, although the identity of the outer
membrane channel equivalent to TolC remains elusive®. Structural
comparisons indicate that the stalk of MmpL5/MmpS5 seems to
extend to a position analogous to that of AcrA in the AcrAB-TolC
system (Supplementary Fig. 10), where AcrA primarily serves to con-
nect AcrB to TolC*°. However, due to the distinct location and struc-
tural divergence, MmpSS is unlikely to function as an adapter linking
MmpL5 to an unidentified outer membrane channel as AcrA does.
Thus, whether the stalk of MmpL5/MmpS5 connects to a potential
outer membrane channel or mediates substrate transport across the
periplasmic space awaits further investigation.

Unlike the classical multidrug efflux transporter AcrB*, MmpL5
lacks periplasmic clefts between the PN and PC subdomains and does
not possess proximal and distal substrate binding sites. Consequently,
the MmpL5/MmpS5 system does not appear to capture drugs from the
periplasm in the same manner as AcrB. Instead, the transmembrane

gap between MmpSS5 and the two adjacent MmpL5 subunits may serve
as a potential binding pocket for hydrophobic drugs, including BDQ
(Supplementary Fig. 10c). This pocket allows access from either the
outer or inner leaflet of the membrane, as observed in the resolved
structure, although the pocket is occupied by endogenous lipids. We
also surmise that the physiological substrates, such as (carboxy)
mycobactins, are likely captured by the MmpL5/MmpS5 system
through this gap after synthesis. This hypothesis is supported by the
presence of a large hydrophobic molecule-binding patch adjacent to
the entrance of the membrane inner leaflet, namely the CDL binding
site, which is conducive to capturing the relatively hydrophobic seg-
ments of (carboxy)mycobactins®’. In addition, residues in MmpLS5 that
may be involved in the association of MbtL are located near this
entrance.

In terms of substrate transport, the multidrug exporter AcrB
extrudes drugs/substrates via a functionally rotating mechanism®,
where each protomer adopts distinct configurations, namely binding/
tight, access/loose and extrusion/open. In this study, the MmpL5/
MmpSS5 structure we determined is a symmetric trimer, a characteristic
also observed in other trimeric RND transporters, including AcrB, in
their resting state**>, which is deemed likely to be due to the absence
of bound substrates or additional components such as outer mem-
brane channels or accessory subunits®*>%. The details of substrate
transport mediated by the MmpL5/MmpS5 system therefore require
further elucidation. In conclusion, the investigation significantly dee-
pens our understanding of the structure and function of MmpL5/
MmpSS5 and, in so doing, other MmpL family members, and will facil-
itate the discovery of innovative inhibitors that target these systems.

Methods

Cloning and expression

The genes mmpSS-mmpl5 (Rv0677c-Rv0676¢) encoding MmpL5/
MmpSS5 complex were cloned from the genomic DNA of Mycobacter-
ium tuberculosis strain H37Rv, and subsequently inserted into the
pMV261 vector, fused with a C-terminal 1xFLAG tag attached to
MmpL5. The recombinant plasmid, verified by sequencing, was then
transformed into Mycobacterium smegmatis MC?155 cells using elec-
troporation. The transformed cells were cultivated at 37 °C in Luria
Broth (LB) liquid media supplemented with 50 pg/mL kanamycin,
20 pg/mL carbenicillin and 0.1% (v/v) Tween 80, and were induced with
0.2% (w/v) acetamide (final concentration) at 16 °C when the ODggo
reached 1.0. Cells were harvested after four days and frozen at — 80 °C.
All site-directed mutant plasmids, as well as a plasmid harboring a
truncated coiled-coil region of MmpLS5, were generated using standard
PCR methods. Each of these constructs was overexpressed following
the same protocol as the wild-type MmpL5/MmpSS5. The sequences of
primers used for cloning and related materials are provided in Sup-
plementary Data 1-3.

Protein purification

Cell pellets were thawed and resuspended in the buffer containing
20 mM HEPES at pH 7.5, and 150 mM NaCl. Disruption of cells was
achieved using a high-pressure homogenizer operated at 1200 bar.
Subsequent removal of cell debris was facilitated by centrifugation at
14,000 x g for 15 min at 4 °C. The supernatant was further applied to
ultracentrifugation at 150,000 x g for 1.5 h. The fractions were then
resuspended in an extraction buffer containing 50 mM HEPES at pH
7.5, 150 mM NadCl, and 1% (w/v) DDM (D310, Anatrace), incubated at
4°C for 1.5 h, and subsequently centrifuged at 20,000 x g for 45 min.
The supernatant was loaded onto an anti-DYKDDDDK affinity resin
(GenScript) column, and washed with buffer containing 20 mM HEPES
at pH 7.5, 150 mM NaCl, and 0.04% (w/v) GDN (GDN-101, Anatrace).
Target proteins were eluted using an elution buffer composed of
20 mM HEPES at pH 7.5, 150 mM NaCl, 0.2 mg/mL FLAG peptides
(Sigma-Aldrich) and 0.04% (w/v) GDN. After concentration, proteins
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underwent further purification through size exclusion chromato-
graphy on a Superose 6 Increase 10/300 GL column from GE Health-
care, using a running buffer containing 20 mM HEPES at pH 7.5,
150 mM NaCl, 2mM DTT, and 0.04% (w/v) GDN. The peak fractions
were pooled and concentrated to a final concentration of 5 mg/mL for
cryo-EM sample preparation.

Cryo-EM sample preparation and data collection

3puL aliquots of concentrated samples were applied to glow-
discharged holey carbon grids (Quantifoil Au R0.6/1.0, 300 mesh).
The glow discharge was conducted following a standard mixture of
hydrogen and oxygen gases. Grids were blotted for 3 s and then rapidly
plunge-frozen in liquid ethane, which was cooled by liquid nitrogen,
using a Vitrobot Mark IV (ThermoFisher Scientific) at 8 °C and 100%
humidity. Grids were then transferred to a Titan Krios electron
microscope (ThermoFisher Scientific) operating at 300 keV. The
microscope was equipped with a Gatan Gif Quantum energy filter and a
spherical aberration (Cs) image corrector. Micrographs were recorded
using a K3 Summit direct electron detector (Gatan Company) in super-
resolution mode, with a nominal magnification 0of 105,000 x, yielding a
calibrated pixel size of 0.832 A. Each micrograph was exposed for 2's,
with a total dose of around 60 e/A? and 40 dose-fractionated frames.
SerialEM software was employed for fully automated data collection®.
The defocus values were set, ranging from - 1.2 to - 1.8 pum.

Image processing

8961 cryo-EM micrographs were collected and subjected to beam-
induced motion correction with MotionCor2°, Subsequent proces-
sing steps were performed using cryoSPARC. After contrast transfer
function (CTF) estimation, micrographs exhibiting poor quality, such
as those with high astigmatism, low CTF fit resolution, and large-offset
defocus values, were manually discarded. From the selected micro-
graphs, 2,985,321 particles were automatically picked and extracted
with a box size of 384 pixels. Reference-free 2D classification was
performed to eliminate ice spots, contaminants, and aggregates,
yielding a refined set of 149,391 particles. The particles were then used
for ab-initio reconstruction to generate initial 3D volumes, which
served as templates for heterogeneous refinement. This process led to
the generation of a high-quality 3D volume containing 83,178 particles,
which was then underwent homogeneous refinement, followed by
non-uniform and local refinement. Ultimately, density maps imposed
with C1 and C3 symmetry were obtained, with estimated average
resolutions of 2.84 A (map-1) and 2.64 A (map-2), respectively, based
on the gold-standard Fourier shell correlation (FSC) cut-off of 0.143%,
To generate a map that included the stalk region, a consensus set of
particles was used for 3D classification. Particles from the selected 3D
classification class were subjected to re-2D classification to remove
bad particles. Particles from the chosen 2D classes were re-extracted
with a box size of 512 pixels (unbinned) and refined using homo-
geneous and non-uniform refinement to generate the maps that
encompassed the entire complex. The final density maps, with
imposed C1 and C3 symmetry, had estimated average resolutions of
3.31 A (map-3) and 2.95 A (map-4), respectively, again based on the FSC
cut-off of 0.143. Local resolution ranges were analyzed in cryoSPARC.
Detailed numbers and processing steps are presented in Supplemen-
tary Fig. 3.

Model building and refinement

The predicted models of MmpL5 and MmpS5, generated by
AlphaFold2", were docked into the cryo-EM density maps in UCSF
ChimeraX®® and subsequently manually refined in Coot®’. To uncover
the unidentified subunit, the Ca backbone of the polypeptide was
manually traced in Coot, and then these coordinates were used to
perform a structure-based search in the Protein Data Bank and
AlphaFold Protein Structure Database*’. Among the top-ranking

results from these searches, an acyl carrier protein, AcpM, from
Mycobacterium smegmatis (MSMEG_4326), emerged with a TM-score
of 0.889. After minimal adjustments, the structure of Mycobacterium
smegmatis AcpM (PDB ID: 7BVE) was found to align well with the cryo-
EM density, confirming its identity. Multiple cycles of real-space
refinement were conducted in PHENIX® to optimize the models’ fit to
the density maps. The models were evaluated using MolProbity®°.
Cryo-EM data collection and model refinement statistics are shown in
Supplementary Table 1. All graphics were generated using PyMOL
(www.pymol.org) or UCSF ChimeraX.

Blue Native PAGE

Chromatographically purified samples of MmpL5/MmpS5, MmpL5 and
Stalk-truncated MmpL5/MmpSS5 were respectively mixed with glycerol
to a final concentration of 20%. These samples were subsequently
loaded onto 4-16% NativePAGE™ Bis-Tris Gel (Invitrogen) and sub-
jected to electrophoresis at a constant voltage of 150V for a duration
of 2h at 4 °C. All buffer conditions and procedures were based on a
previously published Blue Native PAGE protocol®’.

Structure-guided disulfide cross-bridge experiment

To determine the natural oligomeric configuration of MmplL5, a
search for engineering the insertion of a stabilizing disulfide bridge
was conducted. We isolated cell membranes from Mycobacterium
smegmatis MC?155 expressing Mycobacterium tuberculosis MmpLS5
with the strategic cysteine substitutions (MmpL5a460cgaes2c), and
established a parallel control with the purified wild-type MmpL5.
Protein samples were treated with loading buffer containing sodium
dodecyl sulfate (SDS), either with or without the reducing agent
dithiothreitol (DTT). Following electrophoresis, the proteins were
transferred onto a polyvinylidene difluoride (PVDF) membrane. The
membrane was then blocked with TBST buffer [20 mM Tris-HCI (pH
8.0), 150 mM NacCl, and 0.05% Tween 20] supplemented with 5% skim
milk at room temperature for 2 h. Subsequently, the PVDF mem-
branes were incubated with anti-FLAG antibody (1:10,000) (catalog
no. 66008 from Proteintech with validation data available on the
manufacturer’s website) at 4 °C overnight. The PVDF membranes
were then thoroughly washed three times with TBST buffer and
incubated with Multi-rAb horseradish peroxidase (HRP)-conjugated
goat anti-mouse secondary antibody (1:10,000) (RGAMOO1, Pro-
teintech) at room temperature for 1h. Finally, the PVDF membranes
were developed using an ECL Light Chemiluminescence Kit (Epi-
zyme) to visualize the immunoreactive bands.

Drug susceptibility assay

Mycobacterium tuberculosis mmpS5-mmplL5 (mmpS5L5) deletion
mutant was constructed using mycobacterial recombineering as pre-
viously described®®. The mmpSSLS open reading frame was designed to
be expressed from the Hsp60 promoter of pMV306HNK, a derivative
of pMV306®. The resulting plasmid, pMBM12, was synthesized and
cloned at GenScript. All variants of MmpL5/MmpS5 were constructed
by GenScript using their mutagenesis protocol. All plasmids were
transformed into AmmpS5L5:hyg using previously described
protocols’®”. All colonies were screened for bedaquiline susceptibility
using previously described compound susceptibility assays’. Briefly,
inner wells (rows B-G, columns 3-11) of a 96-well flat-bottomed
microtiter plate (ThermoFisher Scientific) were filled with 75 pL 7H9
media. Outer wells were filled with 150 pL 7H9 media as media only
controls, and 75 pL of 7H9 media containing compound of interest was
added to column 2 of rows B-G. Compound was diluted 2-fold, by
transferring 75 pL between wells, down to column 10. Dilution con-
tinued across two 96-well plates to give a 20-point dilution curve.
Column 11 on both plates was kept as solvent only. Strains were diluted
to an ODgpo 0f 0.01. 75 pL of diluted culture was added to inner wells of
the 96-well flat-bottomed microtiter plate containing compound to
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achieve a starting ODggo of 0.005 in a final volume of 150 pL. Plates
were incubated at 37 °C for 10 days without shaking. After 10 days,
plates were covered with plate seals, shaken for 1 min and the ODggo
was determined using a Varioskan Flash microplate reader (Thermo-
Fisher Scientific). ODgoo reads from duplicate plates were corrected
for background, and values relative to the growth of the no compound
control were analyzed using a nonlinear fitting of data to the Gompertz
equation’. The list of plasmids and the sequences of oligos used in this
experiment are available in Supplementary Data 1-3. All images were
generated using GraphPad Prism 10.2.3 (https://www.graphpad.com).

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

Data availability

The 3D cryo-EM density maps have been deposited in the Electron
Microscopy Data Bank (EMDB) and assigned the accession numbers
EMD-60202, EMD-60203, EMD-60204 and EMD-60205. The atomic
coordinates for the Mtb MmpL5-MmpS5-AcpM structure have been
deposited in the Protein Data Bank (PDB) under the identification
codes 8ZKP and 8ZKQ. PDB codes of previously published structures
used in this study are 7BVE, 2DHH, 6VKS, 2V50, 7NVH, 6AJF, 3AQP,
SKHN, 1IWG and 5V5S. Source data are provided in this paper.
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