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ABSTRACT Mycobacteria, such asMycobacterium tuberculosis, are characterized by a uniquely thick and waxy cell envelope
that consists of two membranes, with a variety of mycolates comprising their outer membrane (OM). The protein Mycobacterial
membrane protein Large 3 (MmpL3) is responsible for the transport of a primary OM component, trehalose monomycolate
(TMM), from the inner (cytoplasmic) membrane (IM) to the periplasmic space, a process driven by the proton gradient. Although
multiple structures of MmpL3 with bound substrates have been solved, the exact pathway(s) for TMM or proton transport re-
mains elusive. Here, employing molecular dynamics simulations we investigate putative pathways for either transport species.
We hypothesized that MmpL3 will cycle through similar conformational states as the related transporter AcrB, which we used as
targets for modeling the conformation of MmpL3. A continuous water pathway through the transmembrane region was found in
one of these states, illustrating a putative pathway for protons. Additional equilibrium simulations revealed that TMM can diffuse
from the membrane into a binding pocket in MmpL3 spontaneously. We also found that acetylation of TMM, which is required for
transport, makes it more stable within MmpL3’s periplasmic cavity compared with the unacetylated form.
SIGNIFICANCE Mycobacteria are the causative agents of a number of infectious diseases, most notably tuberculosis.
These bacteria are characterized by a thick, hydrophobic cell envelope containing primarily mycolates. The membrane-
bound MmpL3 is an essential protein responsible for transporting trehalose mycolates from the inner membrane to the
periplasm, although the full transport pathway has yet to be resolved. Using extensive molecular dynamics simulations, we
further characterize two known substrate binding sites on the pathway and identify how the substrate may move between
them. Additionally, we observe water permeation through MmpL3 only in a specific conformation, which may provide a
pathway for protons that is necessary for energizing transport. Insights into MmpL3 function can inform the rational
development of new anti-mycobacterial drugs.
INTRODUCTION

Mycobacterium tuberculosis (Mtb), the causative agent of
tuberculosis (TB), poses an immense threat to human health
with an estimated 2 billion people around the world infected
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latently (1). Between 5% and 10% of latent infections prog-
ress to active TB cases (2), leading to approximately 1.5
million deaths per year (1). The death rate from TB is
50% without treatment. Available treatments reduce this to
15% (1) but require a combination of four drugs given for
4–6 months (3,4). However, even this treatment protocol
is facing great challenges due to the emergence of
drug-resistant Mtb (5). Equipped by its thick and waxy
cell envelope, which is composed of glycans and two mem-
branes (6), Mtb is extraordinarily resistant to drugs and an-
tibiotics, calling for novel antibacterial approaches to treat
its infections (7).
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Transport in MmpL3
One of the most distinct components accounting for the
unusually thick cell envelope inMtb are mycolic acids, fatty
acids present in the bacterium’s outer membrane (OM) with
lipid tails 60–90 carbon atoms long (8,9). Multiple types of
mycolic acids are found in Mtb, such as trehalose dimyco-
lates (TDMs) (8), the cord factor actively involved in TB
pathogenesis (10,11). During the biogenesis of TDM its
precursor, trehalose monomycolate (TMM), is transported
across the inner membrane (IM) by the essential protein
Mycobacterial membrane protein Large 3 (MmpL3)
(12,13). The enzyme complex called Ag85 then catalyzes
TMM maturation into TDM (14). Because of its key role,
MmpL3 is an attractive target for developing drugs against
TB (15–17); by inhibiting MmpL3-mediated transport,
TMM would be unavailable for TDM biogenesis (18,19).
The strategy has been validated by the development of a se-
ries of new potential antibiotics (17), AU1235 (19), BM212
(16), and SQ109 (15), the last of which has completed phase
2b–3 clinical trials (20). With the early success so far in tar-
geting MmpL3, an improved understanding of the molecu-
lar mechanisms of MmpL3-mediated transport can assist
in the further development of much needed novel antibiotics
against TB.

MmpL3 belongs to the resistance-nodulation-division
(RND) superfamily of transporters that actively transports
substrates such as proteins, lipids, and other small molecules
by using the proton gradient across the IM (21,22). The first
high-resolution structure of MmpL3 was solved in 2019
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is translocated into a deep binding pocket. During the tran-
sition from the T state to the O state, the deep binding pocket
opens up to the lumen of the attached periplasmic AcrA and
OM channel TolC, which permits the expulsion of the sub-
strate to the extracellular space.

With inspiration from AcrB, we hypothesized that
MmpL3 will follow a similar cycle and used the L, T, and
O states of AcrB to generate corresponding states for
MmpL3. These L/T/O-like states were then relaxed with
molecular dynamics (MD) simulations during which water
was found to penetrate the transmembrane domain. More-
over, we simulated TMM at different binding sites in
MmpL3 to determine its behavior and interactions with
the protein. Since the acetylation of TMM was reported to
be necessary for the transport (32,33), both the acetylated
(AcTMM) and the deacetylated forms of TMM were simu-
lated to study how acetylation affects binding. We also used
targeted molecular dynamics (TMD) to drive TMM from the
binding pocket to the periplasmic cavity, thereby mapping
out a potential transport pathway for it.
MATERIALS AND METHODS

System preparation

MmpL3tb 1–752 was constructed from a recent cryo-electron microscopy

(cryo-EM) structure (PDB: 7NVH) (34). The missing residues (343–377)

were built by SWISS-MODEL (35); for comparison, we also show the

AlphaFold 2 (36) model for this segment in Fig. S1. We then embedded

the resulting MmpL3 into a native mycobacterial IM using the membrane

builder module of CHARMM-GUI (37,38). Since mycobacterial phospho-

lipids are not currently available in CHARMM-GUI, lipids with structures

similar to phosphatidylinositol mannosides (PIMs) and others were built

initially and modified later. This premodified membrane consisted of

multiple types of phospholipids, including 1,2-distearoyl-sn-glycero-3-

phosphorylethanolamine (DSPE), tetraoleoyl cardiolipin (TOCL1), 1-pal-

mitoyl-2-oleoyl-sn-glycero-3-phosphatidylinositol (POPI), and four groups

of glycolipids for construction of PIMs (39). The sugar sequence of glyco-

lipids is shown in Fig. S1. The resulting protein-membrane system was sol-

vated in a water box with 0.15 M KCl.

Phospholipids in the resulting protein-membrane system were further

modified to mycobacterial phospholipids using VMD (40), including the

tail saturation, the branched carbons on tails, the linkages of the sugars,

and the acylation. The structures of mycobacterial phospholipids were taken

from a previous study by Goren (39). DSPE (18:0/18:0) was modified to 1-tu-

berculostearoyl-2-palmitoyl-sn-glycero-3-phosphorylethanolamine (TPPE,

19 Br/16:0); TOCL1 (18:1/18:1, 18:1/18:1) was modified to 10,30-bis[1-
oleoyl-2-palmitoleoyl-sn-glycero-3-phospho]-glycerol (OPCL1, 18:1/16:1,

18:1/16:1); the phosphatidylinositol (PI) tails in glycolipids were modified

from 18:0/18:0 to 19 Br/16:0; POPI was not manipulated further. For

PIMs, the inositol ring adopted a chair conformation with five hydroxyl

groups in equatorial positions at C1, C3, C4, C5, and C6, respectively, while

the last OH group was positioned axially at C2. Depending on the species,

two or six a-D-mannose molecules were added to the PI core of PIMs.

The first mannose was added to the inositol ring by a 2)1 linkage, and a

glycosidic bond was created between the C6 of inositol ring and the C1 of

sugar for the second mannose. For mannoses 2–4, the hydroxyl group on

C1 was linked to C6 of the previous mannose, while C1 of mannoses 5

and 6 was attached to C2 of the last sugar. Two sites on PIM can potentially

be acylated to form acylated phosphatidylinositol dimannoside (AcPIM), in

which the first acyl tail (palmitoyl) is connected to C6 of the first mannose,
2344 Biophysical Journal 122, 2342–2352, June 6, 2023
while the second one is connected to C3 of the inositol ring of PI. The compo-

sition of the resulting mycobacterial IM is TPPE/OPCL1/POPI/AcPIM2/Ac2
PIM2/AcPIM6/Ac2 PIM6 ¼ 27:38:2:11:11:5.5:5.5. The degree of differences

in the per-leaflet composition of the IM remains under debate (9). Therefore,

we modeled it as a symmetric bilayer, although we note that another recent

model was constructed with an asymmetric composition (41).

TMM and AcTMMwere also built using VMD (40). The acetyl group of

AcTMM was linked to the hydroxyl group on the mycolic tails. Since the

structure of mycolates varies, we built the a form of the main component

of mycolates in M. tuberculosis (42,43). The corresponding mycolic acids

forming TMM can be represented as CH3-(CH2)l-cyclopropyl-(CH2)m-cy-

clopropyl-(CH2)n-CH(OH)-CH(COOH)-(CH2)p-CH3. Here, we used 19,

14, 13, and 23 for l, m, n, and p, respectively (42,43). Both cyclopropyl

groups were modeled in the cis conformation. The longer and shorter tails

are denoted as merochain and a branch, respectively. To obtain the

AcTMM/TMM-bound MmpL3tb at the binding pocket and at the periplas-

mic cavity, we used the cryo-EM structure of TMM-bound MmpL3smg

(PDB: 7N6B) as a template for the TMM only (25). AcTMM/TMM was

first aligned with the existing TMM in MmpL3smg, and the coordinates

of each atom were then set to match those in the template. The numbers

of each lipid in the bilayer as well as the total number of atoms for all sim-

ulations are given in Table S1.
MD simulation

MD simulations were performed by NAMD (44,45) with the

CHARMM36m (46) and CHARMM36 (47) force fields for protein and

lipids, respectively. Equilibration, Gaussian accelerated molecular dy-

namics (GaMD), and TMD simulations used NAMD 2.14 for GPUs, while

all others used the GPU-resident NAMD 3.0. The TIP3P water model was

used (48). The temperature was maintained at 310 K by a Langevin thermo-

stat, while the pressure was kept at 1 atm by a Langevin piston barostat

(49,50). The ‘‘flexible cell’’ option was enabled to allow the three dimen-

sions of the system to change independently, while the x=y ratio of the

membrane dimensions was held fixed. A 12-Å cutoff was used for

non-bonded interactions with a switching function starting at 10 Å. The Par-

ticle-mesh Ewald method (51) was utilized for calculating long-range elec-

trostatic interactions at every time step. Bonds involving hydrogen atoms

were kept rigid by the SHAKE (52) and SETTLE (53) algorithms.

Hydrogen mass repartitioning was employed to accelerate simulations, al-

lowing for a time step of 4 fs (54,55).

To equilibrate the membrane-protein system, a 2000-step minimization

was run, followed by equilibrium simulations using successively relaxed con-

straints (56). First, only phospholipid tails were free to move for 1 ns, fol-

lowed by releasing everything except protein for 10 ns and everything

except the backbone of the protein for 10 ns; finally, everything was released

for 100 ns. TMM or AcTMM was then added to the relaxed membrane-pro-

tein system in the appropriate location, either replacing a lipid in the binding

pocket or being added to the periplasmic cavity. The resulting systems were

minimized for 2000 steps and used for production simulations.

To find a potential transport pathway for TMM between the membrane-

binding pocket and the periplasmic cavity, we used TMD. The starting

structure of TMM was obtained from the simulations of the system with

TMM bound at the binding pocket after 25 ns, while the targeted conforma-

tion was exactly the same configuration of the system with TMM bound in

the periplasmic cavity that we constructed based on the cryo-EM structure

(25). The headgroup was targeted first for 50 ns, after which two carbons of

the shorter tail and three carbons of the longer tail were targeted in succes-

sive 10-ns steps until the entire TMM was transported.
Analysis

Since mycobacterial lipids are rarely simulated, we monitored the box di-

mensions (Fig. S3) as well as the area per lipid (ApL) of each type of lipid
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(Fig. S4) over time for each system. ApL was determined using LOOS

(57,58). We also measured the helical content (the number of helical resi-

dues) over time (Fig. S5) and the fraction of time each residue was in a he-

lical form (Fig. S6), demonstrating the stability of each system and

structural similarities or differences between them.
RESULTS AND DISCUSSION

Water transport through the TM region

MmpL3-mediated transport of TMMs across the IM is
poorly understood, especially how transport is coupled to
the proton motive force across the membrane. The pair of
hydrogen-bonded Asp-Tyr dyads, located in the TM region,
was previously identified to be necessary for MmpL3 func-
tion (13,23). It has been proposed that the arrival of a proton
can induce the formation of water chains across the mem-
brane even through a greasy lipid layer (59,60). Neverthe-
less, the presence of a few polar residues in the TM region
may be required to form a transient water wire, as proposed
by Kratochvil et al. in a recent synthetic system (59).
Because we are running classical MD simulations, in which
mobile protons are not modeled, we have investigated the
feasibility for formation of connected hydration patterns
through the membrane region of MmpL3tb as a proxy for
potential proton transport.
Water permeation into MmpL3 observed during
equilibrium and accelerated MD

We performed two independent equilibrium MD simula-
tions (674 ns and 664 ns, respectively) to investigate water
dynamics in MmpL3. We also determined the overall extent
of water penetration into MmpL3 by calculating the water
volume map within 3.5 Å of MmpL3 using the VolMap plu-
gin of VMD (40); each map represents water accessibility in
the system and is averaged over the trajectory (Fig. S7).
Both Asp residues in the central Asp-Tyr dyads were
modeled in their default (deprotonated) form, producing
the most stable hydrogen-bonding network. While water
molecules enter the TM region from the cytoplasmic side,
they do not penetrate farther than the hydrogen-bonded
dyads (Fig. 1 A). The stable presence of water within a
membrane protein near polar residues has been observed
before (59) as well as more specifically in other membrane
transporters (61). Furthermore, the gating of water conduc-
tion by non-polar residues has been postulated previously in
AcrB (62).

To explore the possibility of larger fluctuations creating
deeper water penetration, we carried out GaMD simulations
(63,64) using a 10 kcal/mol boost potential. However, even
with this enhanced sampling strategy, we did not observe
water density beyond the position of the central hydrogen-
bonded dyads. Similar water density profiles were found
for both the equilibrium and GaMD simulations (Fig. S7),
suggesting that the formation of a stable hydrated pathway
through MmpL3 in its experimentally solved conformation
is unlikely.
Modeling LTO-like states in MmpL3

It has been proposed that TMM transport requires changes
in MmpL3’s conformation (25), which must also be coupled
to proton transport across the TM region. While resolving
the nature of this coupling is beyond the scope of this study,
we explored the possibility of MmpL3 cycling through
different states that may allow water, and thus also proton,
transport through the TM region. In this context, we
explored three potential conformations of MmpL3, analo-
gous to those reported for AcrB. AcrB is a trimer, and in
one structure each monomer is captured in a functionally
distinct L, T, or O state (PDB: 4DX7) (65). We aligned
the equilibrated structure of MmpL3 to each of these states,
using residues from TM helices (Fig. S8 A and Table S2),
which share 42% sequence similarity. The alignment be-
tween TM helices was determined using the structural align-
ment tool STAMP, part of MultiSeq in VMD (40,66,67), and
plotted using ESPript (68) (see Fig. S9). Three independent,
30-ns TMD simulations were then used to drive the confor-
mation of MmpL3 to each of the corresponding L, T, and O
states. We then carried out 200-ns restrained simulations for
each state in which non-moving restraints were applied to
the same atoms as in the TMD simulations. Additional re-
straints were applied to maintain the secondary structure.
Finally, we ran 400-ns unrestrained equilibrium simulations
of each state. We calculated the root-mean-square deviation
(RMSD) of the TM region over both the restrained and
unrestrained simulations, which is similar among all three
states (Fig. S8 C). Root-mean-square fluctuations also
appear broadly similar among all three states (Fig. S8 B),
with the exception of disordered residues 343–377, which
were modeled in. We also measured the number of residues
in a helix over time (Fig. S5), finding them to be broadly
similar, with the only small differences coming from cyto-
plasmic/periplasmic regions (Fig. S6).

Analyzing the water density maps from the TMD simula-
tions, we find that water permeation through the TM region
is still blocked at the hydrogen-bonded Asp-Tyr dyads
(Fig. S10). However, the water density maps from subse-
quent restrained (Fig. 2 A) and unrestrained (Fig. 2 B) sim-
ulations clearly capture water permeation through the TM
region of MmpL3. More specifically, the three conforma-
tions of MmpL3 each offer a distinct degree of access by
water to the interior of the TM region, providing a possible
pathway for proton transport. The T-like state (Fig. 2 B) has
a continuous water pathway connecting the cytoplasmic and
periplasmic sides of MmpL3. The L-like and O-like states
show a similar but lower extent of water permeation through
the TM region. Interestingly, the two Asp-Tyr dyads are
closest in the T-like state and still form hydrogen bonds
occasionally, while in the O-like and L-like states they do
Biophysical Journal 122, 2342–2352, June 6, 2023 2345



FIGURE 2 Water volume and contact maps in the

TM region. Water volume maps are calculated using

(A) 200-ns restrained simulations starting from the

end of the TMD simulations or (B) 400-ns unre-

strained simulations starting from the end of those

in (A). Water density is calculated as an average

over the simulation trajectories of each state using

the VolMap plugin in VMD (40). Red and green

spheres are Asp and Tyr residues of the dyads,

respectively. To see this figure in color, go online.
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not (Fig. S11). Overall, the difference in degrees of water
penetration in the three states provides a potential mecha-
nism for coupling proton transfer to substrate transport in
MmpL3 in a manner analogous to AcrB.

We also analyzed the average number of water contacts to
MmpL3 residues. We find that average water contacts > 5

usually happen for water-exposed domains either in the
periplasm or in the cytoplasm. In contrast, residues in the
TM region exhibit fewer water contacts. To represent stable
and persistent water contact within the TM region, we high-
light TM residues with average water contacts between 1
and 5 in Fig. S12. Again, a connected water permeation
pathway is most evident in the unrestrained simulations of
the T-like state. In contrast, the L-like and O-like states
allow water permeation to a certain extent. These two states
do not allow fully connected hydration between cytoplasm
and periplasm through the TM region, as observed from
the unrestrained simulations in Fig. S12.

Next, we investigated how the L-like, T-like, and O-like
states differ from the initial MmpL3 structure as well as
from the structure at the end of a 664-ns MD simulation
(MD run #2). Both structures were used as references, and
two separate RMSD calculations were performed for each
state using the TM helices for alignment. The lowest
average RMSD values are obtained for the TM region, while
the periplasmic PN and PC domains exhibit higher average
RMSD values (Table S3). For the L-like and T-like states,
the PC domain has the highest average RMSD compared
with either reference. In contrast, the PN domain of the
T-like state has the highest average RMSD. Furthermore,
the TM region is similar among the three states, as indicated
by cross-state RMSD analysis (Table S4). However, the PN
and PC domains are quite different among the states, despite
2346 Biophysical Journal 122, 2342–2352, June 6, 2023
the fact that only TM-domain residues were targeted to
create these states. Thus, we conclude that subtle changes
in the TM regions can induce significant conformational
changes in the PN and PC domains, as indicated by higher
values in the cross-state RMSD analysis.

Since we used the equilibrated structure prior to
restrained simulations as a reference, we observed higher
RMSD values even when comparing with the same state.
For example, the PN and PC domains in the O-like state
have high RMSD values compared with the reference struc-
ture, indicating significant structural changes in these
domains during the simulation. A previous study also pro-
posed that changes in the relative orientation of the PN
and PC domains are essential for the transport of substrates
(25). The changes in the PN and PC domains in different
states modeled here may represent the initiation of the
necessary PN and PC conformational changes.
Transport of AcTMM/TMM from the binding
pocket to the periplasmic domains

Multiple structures of MmpL3 with detergents, TMM ana-
logs, or phospholipids bound to either the periplasmic cavity
or the membrane-binding pocket have been determined,
including lauryl maltose neopentyl glycol (LMNG) (34),
dodecyl maltoside (DDM) (23), 6-n-dodecyl-a,a-trehalose
(6DDTre) (23), and phosphatidylethanolamine (PE) (13).
Recently, a cryo-EM structure of MmpL3smg in complex
with TMM was resolved, in which the TMMs were captured
in both the binding pocket and the periplasmic cavity,
providing more details of the molecular interactions be-
tween MmpL3 and TMM (25). However, the mechanisms
of transport remained elusive. On the one hand, much of
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the merochain tail of TMMwas missing in this structure and
no intermediate TMM-bound state was resolved; on the
other hand, only one LMNG-bound structure has been deter-
mined for Mtb (34). Thus, connecting the two TMM-bound
sites by mapping the potential pathway would provide sig-
nificant insight into the mechanism of transport. In addition,
the acetylation of TMM has been reported to be essential for
its transport (32,33), yet its precise role during binding and
transport is poorly understood. Here, we developed models
and ran simulations of MmpL3tb with TMM or AcTMM
bound in the binding pocket and in a cavity between the
periplasmic domains. We then used TMD simulations to
explore possible pathways for the transport of TMM.
AcTMM/TMM diffuses spontaneously from the
membrane into the binding pocket

We previously demonstrated with MD simulations that a PE
phospholipid can spontaneously diffuse partially out of the
outer leaflet of the membrane into the binding pocket
formed between TM7 and TM10 of MmpL3smg (69). To
further investigate the binding process of AcTMM/TMM
at this binding pocket, we simulated three replicas of
MmpL3tb with bound TMM or AcTMM each for 1.0 ms.
We then measured the distance along the membrane normal
between the trehalose’s esteric oxygen and the average
phosphate plane over time. The results show that the
analyzed oxygen can move significantly, up to z7.5 Å
above the phosphate plane (Fig. 3 B). For better visualiza-
FIGURE 3 AcTMM/TMMbound to the binding pocket of MmpL3tb. (A) TMM

pocket formed between TMs 7 and 10 of MmpL3tb (gray). Tan spheres represent

the trehalose oxygen in the (left) AcTMM or (right) TMM ester group with res

butions are shown on the right side of each plot. (C) The interaction energy be

tunnel between the binding pocket and periplasmic cavity. The residues frequent

residues in red, basic in blue, polar in green, and non-polar in white. To see thi
tion, we plotted the probability distribution of this oxygen
based on its relative z position (Fig. 3 B). In contrast to
TMMs in a pure mycobacterial membrane (Fig. S13), we
found for most replicas of the protein-membrane systems
that the analyzed oxygen was located higher than the phos-
phate plane, further illustrating that AcTMM/TMM can be
extracted from the membrane by MmpL3. Furthermore,
we found that AcTMM/TMM forms a number of hydrogen
bonds with the protein, primarily with residues L417, S418,
L419, S522, E548, and H553 (Tables S5 and S6).

To investigate the binding affinity of AcTMM to the pro-
tein, the interaction energy between MmpL3 and the ligand
(Fig. 3 C) was calculated by the NAMDEnergy plugin in
VMD (40). The interaction energy was relatively stable
for both TMM and AcTMM. Interestingly, one TMM sys-
tem showed a noticeably lower (more favorable) interaction
energy than the others. Close examination of the simulation
revealed a unique conformation of TMM, in which its head-
group was crossing the tunnel that connects the two binding
sites (membrane and periplasmic; Fig. 3 D). In particular,
hydrogen bonding between TMM and E548 was observed
only in this replica, suggesting that this residue may play
a role in the transfer of TMM to the periplasmic cavity.
AcTMM is more stable than TMM in the
periplasmic cavity

To investigate the dynamics of AcTMM/TMM when
bound to the periplasmic cavity, we constructed an
(ice blue and red for carbon and oxygen atoms, respectively) in the binding

the phosphorus atom of lipids. (B) The z position over time (main graph) of

pect to the phosphorus plane of the membrane (z ¼ 0). Probability distri-

tween MmpL3 and AcTMM (left) or TMM (right). (D) TMM crossing the

ly hydrogen bonding with the TMM headgroup are highlighted, with acidic

s figure in color, go online.
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AcTMM/TMM-bound model for MmpL3tb using the cryo-
EM structure of TMM-bound MmpL3smg (PDB: 7N6B)
(25) as a template. After equilibration, we ran three indepen-
dent simulation replicas without any restraints for 1.0 ms
each. We then measured the RMSD of AcTMM/TMM in
each system. Since AcTMM/TMM has exceptionally long
tails, they will contribute the most to the RMSD. Therefore,
to eliminate their influence, we aligned the protein first, fol-
lowed by calculating the RMSD of only the headgroups of
the AcTMM/TMM. The results show that TMM is less sta-
bly bound in the periplasmic cavity than AcTMM (Fig. 4 B).
Two out of three replicas of the AcTMM system exhibited
RMSD values of z6 Å while for the TMM system, the
RMSD values were notably larger and more variable in all
three replicas. Hydrogen bonding between the protein and
AcTMM/TMM (Fig. S14), however, was similar in all the
systems.

Fig. 4, C and D show two AcTMM/TMM binding poses
observed in the simulations. For AcTMM, the trehalose head-
group formed hydrogen bonds with Y44, D64, N450, R448,
and T544 (Table S7). The acetyl group of AcTMM was sur-
rounded by A164, G165, I422, Q437, and F440, which poten-
tially stabilized the whole molecule through hydrophobic
effects. In contrast, TMM adopted a noticeably different
conformation. The position of the entire TMM shifted
down (toward the membrane), yet with the headgroup mov-
ing up (away from the membrane). Hydrogen-bonding resi-
dues for TMM were Y44, D58, D64, S66, H68, and D139
(Table S8). Therefore, we conclude that acetylation of
TMM stabilizes it further in the periplasmic cavity.
FIGURE 4 Dynamics of AcTMM/TMMbound to the periplasmic cavity of Mm

The hydroxyl group (TMM) and the acetyl group (AcTMM) are highlighted by

(left) and TMM (right). (C and D) Close-up of the interactions of (C) AcTMM o

polar in green, and non-polar in white. To see this figure in color, go online.
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Potential transport pathway of TMM from TMD

To connect the two TMM binding sites and identify a poten-
tial transport pathway, we employed TMD to drive the
TMM transport process. The initial and targeted conforma-
tions were directly derived from the above simulations (see
details in materials and methods). We targeted the head-
group first, followed by TMD for the hydrophobic tails.
The results show that TMM passed through the tunnel
formed between the binding pocket and the periplasmic cav-
ity (Fig. 5). With the headgroup anchored to the bottom of
the periplasmic cavity, TMM flipped into the cavity, after
which the hydrophobic tails moved between the PN and
PC domains. These observations are similar to those in a
previous TMD simulation, albeit using a shorter trehalose
6-decanoate (25). While the pathway is plausible, its valida-
tion would require more extensive free-energy calculations.
Dynamics of TMM in the membrane

We built four membrane-only systems to investigate the dy-
namics of TMM in the membrane. In each system, one
TMM was placed in the outer leaflet and one in the inner
leaflet. The membrane composition matched the one used
in other simulations (see materials and methods), and each
system was simulated for 450 ns.

One of the two lipid tails in TMM is much longer than the
other (70); the TMM used here had an a-branch tail with 24
carbons and a longer merochain tail with 52 carbons. Thus,
the conformations adopted by TMMs in the membrane were
pL3tb. (A) Structural differences between TMM (left) and AcTMM (right).

the dashed blue circles. (B) RMSD of the trehalose headgroup for AcTMM

r (D) TMM with MmpL3. Acidic residues are colored in red, basic in blue,



FIGURE 5 Stepwise TMD of the TMM from the binding pocket to the periplasmic cavity of MmpL3tb. TMM is shown as space-filling spheres. The head-

group of TMM was targeted first, followed by the long hydrophobic tails. To see this figure in color, go online.
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more complex and varied than typical phospholipids (Fig. 1
C). Some conformations observed during the simulations
are shown in Fig. 6. The shorter a-branch tail usually spans
just one leaflet, only occasionally sampling the other. The
longer merochain tail, however, was more flexible, either
occupying only one leaflet in a more compact conformation
or extending into the other leaflet. Folding of the longer tail
was aided by two cyclopropyl groups present at carbon
atoms 14 and 30 (Fig. 7).

We also calculated the order parameters (SCH) of the
TMM tails from the simulations according to the equation

SCH ¼ C3 cos2 q � 1D
�
2; (1)

where q is the angle between a given CH bond and the mem-
brane normal (Fig. 7). In general, SCH is higher for the meth-

ylene carbon atoms closer to the headgroup and lower for
those near the terminus, since the latter are less ordered.
While SCH for the a-branch tail is similar to that for phos-
pholipids (55), the values for the merochain tail are more un-
usual. The first portion of the merochain tail is relatively
well ordered, but there is a sharp drop in SCH at the first
cyclopropyl group (C14), which then persists until the
next cyclopropyl group (C30). The carbon atoms between
these two rings even show a slightly negative SCH, indicating
a large effect of the two rings on their conformation result-
ing in a high probability of them being oriented parallel to
the bilayer surface. After the second cyclopropyl group,
SCH rises to z0.05, which may reflect conformations in
which the tail traverses the other leaflet, although it is still
relatively disordered. We revisited the simulations with
TMM in the MmpL3 binding pocket, also finding a diversity
FIGURE 6 TMM conformational dynamics in the membrane. Seven selected c

with one TMM per leaflet. To see this figure in color, go online.
of TMM conformations; however, there was no apparent
correlation between TMM’s conformations and its interac-
tion energy with MmpL3 (Fig. S15).

We also measured the mean-squared displacement vs.
time and calculated the corresponding diffusion coefficients
for individual lipid types in the membrane (Table S8 and
Fig. S16). Diffusion coefficients ranged from 0.61 to

0.76 �A
2
/ns (6.1–7.6 � 10� 8 cm2/s). These values indicate

the IM is in the fluid phase; they are also comparable with
a recent study in which the mycobacterial IM was modeled

(range of 0.61–1.5 �A
2
/ns) (41).
CONCLUSIONS

In this study, we have used MD simulations to probe
possible proton and substrate transport pathways in different
conformational states of the essential mycobacterial trans-
porter MmpL3. The protein was simulated in a model myco-
bacterial IM. The substrate, TMM, in a pure membrane
exhibits significant conformational heterogeneity, espe-
cially in its longer (52-carbon) tail. This longer tail was
observed in both compact and extended conformations,
sometimes crossing both leaflets (Fig. 6). Additionally,
because the membrane is fluid, its rate of diffusion was
found to be the same as in other lipids (Table S8).

Because of its evolutionary relationship to the transporter
AcrB, we hypothesized that MmpL3 may adopt similar
conformational states during its transport cycle. In particular,
using structures of AcrB in L, T, and O states, we modeled
analogous states of MmpL3 in the TM region. Although
onformations of TMM from the 4� 450-ns simulations of pure membranes
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FIGURE 7 Order parameter (SCH) averaged for

both TMMs over all four simulations. The plot

on the right corresponds to the shorter a-branch

tail, while that on the left is for the longer mero-

chain tail. One conformation of TMM is shown

in the middle to indicate the tail lengths as well

as the locations of the cyclopropyl rings in the mer-

ochain. To see this figure in color, go online.
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the changes in the TM region were subtle, we observed larger
shifts in the periplasmic PN and PC domains, demonstrating
that the conformation of the TM region can influence the
periplasmic domains’ conformations. Additionally, a contin-
uous pathway through the TM region was evident in an unre-
strained simulation initialized in the T-like state (Fig. 2). This
pathway could also be utilized by protons to reach the
Asp-Tyr dyads during the transport cycle.

High-resolution structures of MmpL3 have revealed (so
far) two binding sites for the substrate, TMM, one in a
pocket exposed to the membrane (Fig. 3) and one in a cavity
between the periplasmic domains (Fig. 4). Our simulations
revealed spontaneous association of TMM to the mem-
brane-binding pocket, as also reported previously (69). We
also observed AcTMM to be stabilized in the periplasmic
cavity relative to TMM, which may be related to the require-
ment of acetylation for transport of TMM (32,33). Finally, a
TMD simulation provided a putative pathway between the
two binding sites (Fig. 5).

Multiple aspects of MmpL3-mediated transport were
investigated here, although we note that they are not all
distinct. We hypothesize that substrate transport is
coupled to water permeation and, thus, proton transport.
MmpL3 employs a proton-substrate antiport mechanism,
whereby substrate transport to the periplasm is driven
by proton influx into the cytoplasm, likely utilizing water
molecules for at least part of the pathway. With regard to
substrate binding, we observed trapped lipids at the bind-
ing site for each proposed LTO state, regardless of the
presence of a continuous water pathway, suggesting that
it is independent of water permeation. Conformational dy-
namics of AcTMM/TMM in the membrane are also un-
likely to be directly related to its binding, which
primarily involves the headgroup, as previously seen for
a different lipid (69).

Although our simulations have provided additional
insight into possible proton and substrate pathways, the
full transport cycle remains elusive. Nevertheless, the results
presented here will inspire new experiments. For example,
2350 Biophysical Journal 122, 2342–2352, June 6, 2023
residues along the proposed water permeation pathway
can be mutated to determine whether they play a role in pro-
ton transfer. Other steps required for transport, such as
TMM flipping across the IM, also remain obscure.
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