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Abstract

Biosynthesis of many important polysaccharides (including peptidoglycan, lipopolysaccharide,
and N-linked glycans) necessitates transport of lipid-linked oligosaccharides (LLO) across
membranes from their cytosolic site of synthesis to their sites of utilization. Much of our current
understanding of LLO transport comes from genetic, biochemical, and structural studies of the
multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) superfamily protein MurJ, which flips the
peptidoglycan precursor lipid I1. MurJ plays a pivotal role in bacterial cell wall synthesis and is
an emerging antibiotic target. Here we review the mechanism of LLO flipping by MurJ including
the structural basis for lipid 11 flipping and ion coupling. We then discuss inhibition of MurJ by
antibacterials including Humimycins and the Phage M lysis protein, as well as how studies on
MurJ could provide insight to other flippases both within and beyond the MOP superfamily.
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INTRODUCTION

One of the hallmarks of life is compartmentalization of cellular contents by lipid
membranes, allowing for segregation of metabolic pathways, protection from extracellular
stressors, as well as generation of membrane potential and chemical gradients to power
cellular processes. At the same time, evolution of the biological membrane also necessitated
adaptations for transmembrane movement of otherwise impermeable molecules, often in
the form of membrane-embedded transport proteins such as transporters or ion channels.
Besides selective transport of ions and water-soluble small molecules across membranes,
cells also require transmembrane transport of lipids—i.e., “flipping” from one side of the
membrane to another. Lipid transport is a critical step in many biosynthetic processes
including N-linked glycosylation in humans (1) and cell wall synthesis in bacteria (2). Lipid
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transporters also regulate membrane asymmetry, i.e., different composition of lipids on each
side of the membrane, which is critical to processes ranging from apoptosis in humans (3)
and antibiotic resistance conferred by the outer membrane of Gram-negative bacteria (4).

Lipid flippases are broadly classified as energy (ATP)-dependent and independent flippases
(5). Many ATP-independent lipid flippases belong to the rmultidrug/digosaccharidyl-
lipid/polysaccharide (MOP) exporter superfamily (http://www.tcdb.org/search/result.php?
tc=2.A.66). MOP proteins are characterized by a core transport domain consisting of

12-14 transmembrane helices (TMs) arranged in a fold distinct from other superfamilies.
This superfamily has six functionally characterized subfamilies, of which three are known
to mediate the transport of lipid-linked oligosaccharide (LLO) intermediates critical for
many biosynthetic pathways (6) (Figure 1): the bacterial mouse virulence factor (MVF)
family that transports lipid-linked cell wall precursors (7-9), the prokaryotic polysaccharide
transporter (PST) family that transports lipid-linked cell surface polysaccharide precursors
(10-14), and the eukaryotic oligosaccharidyl-lipid flippase (OLF) family that transports
LLO precursors for N-linked glycosylation (15-18). The other three families—the multi-
antimicrobial extrusion (MATE) family (19, 20), the Agrocin 84 exporter (AgnG) family
(21), and the progressive ankylosis (Ank) family (22)—mediate the export of xenobiotic
drugs, antibiotics, and inorganic pyrophosphate respectively (Figure 1).

In this review we focus on MurJ, the sole member of the MVF family and the first

flippase member of the MOP superfamily to be structurally characterized. Pioneering
genetic, biochemical, and structural studies on MurJ have provided much insight into the
MOP flippase mechanism. Because MurJ is an emerging target for antibiotics development,
we then review the remarkably diverse strategies of MurJ inhibition employed by small
molecule, lipopeptide, and protein inhibitors. Finally, we discuss how knowledge of the
MurJ mechanism and inhibition can be extended to other lipid flippases both within the
MOP superfamily and beyond.

MURJ IS THE FLIPPASE FOR PEPTIDOGLYCAN PRECURSORS

The importance of lipid transport in a biosynthetic pathway is exemplified by peptidoglycan
biosynthesis (Figure 2). Peptidoglycan (PG) is a unique protective matrix enveloping the
vast majority of bacterial cells, conferring rigidity and resistance to osmotic pressure as

the main component of the bacterial cell wall. Peptidoglycan biosynthesis begins in the
cytoplasm, where the water-soluble precursor UDP-MurNAc-pentapeptide is synthesized
by the muramyl ligases MurA-F (23). The integral membrane enzyme MraY transfers the
phospho-MurNAc-pentapeptide moiety from UDP-MurNAc-pentapeptide to the lipid carrier
undecaprenyl-phosphate, forming lipid | (24, 25). This step is notable as it translocates the
soluble precursors to the inner leaflet of the cytoplasmic membrane. Subsequently, MurG
adds a GIcNAc moiety from UDP-GIcNAc, forming undecaprenyl-disphosphate-MurNAc-
pentapeptide-GIcNAC, also known as lipid I1 (26). Lipid Il must be subsequently flipped
from the cytoplasmic side to the periplasmic side of the membrane. Once flipped, the
GIcNAc-MurNAc-pentapeptide moiety of lipid Il is incorporated into peptidoglycan by the
glycosyltranferase activities of either shape, elongation, division and sporulation (SEDs)
proteins (27-29) or bifunctional (class A) penicillin-binding proteins (aPBPs) (30). Glycan
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chains are then cross-linked between their stem peptides by transpeptidase activities of either
bifunctional or monofunctional (class B) penicillin-binding proteins (bPBPs) (31). Finally,
an undecaprenyl-diphosphate phosphatase regenerates the lipid carrier (32), which is then
flipped back into the cytoplasm (33-35). These membrane-associated steps of peptidoglycan
biosynthesis are known hot spots for antibiotic targeting (Figure 2).

The lipid I flippase bridges the cytosolic precursor synthesis steps with the periplasmic
polymerization and crosslinking steps. The MOP superfamily protein MurJ (formerly known
as MviN) was initially identified to be the flippase for peptidoglycan biosynthesis in 2008
by Ruiz (7) and Inoue et al (8). Ruiz (7) used a reductionist bioinformatics approach to
identify genes present in endosymbiotic bacteria producing peptidoglycan but absent in
non-producers, which was subsequently verified by radiolabel bioincorporation experiments
in a conditional MurJ depletion strain. Meanwhile, Inoue et al (8) isolated a temperature-
sensitive mutant of MurJ that swelled and burst at nonpermissive temperature and also
accumulated peptidoglycan precursors. Follow up complementation and homology modeling
studies showed that charged residues in a solvent-accessible central cavity are essential

for MurJ activity in Escherichia coli, consistent with the idea that MurJ is a transporter
protein (36, 37). Besides Escherichia coli, MurJ was also demonstrated to be essential

for cell wall synthesis and viability in Burkholderia cenocepacia (38). A breakthrough

came in 2014, when Ruiz, Bernhardt, and colleagues showed MurJ-dependent flipping

of radiolabeled lipid Il in £. coli cells and spheroplasts (9). They developed an /n vivo

lipid 11 flippase assay based on the fact that the Colicin M toxin cleaves the flipped

lipid 11 and releases the soluble product (diphosphate-MurNAc-GIcNAc-pentapeptide) into
the periplasm. Combined with the /n vivo assay, they performed substituted cysteine
accessibility method (SCAM) experiments and discovered that cells expressing the A29C
mutant exhibit reduced lipid Il flipping activity leading to cell lysis when treated with
sodium 2-sulfonatoethyl methanethiosulfonate (MTSES) (9). Subsequent studies showed
inactivation of the MurJ variant A29C with MTSES resulted in lipid 1l accumulation
(39-41). Direct binding of lipid Il by MurJ was detected by native mass spectrometry (42,
43). Because cell wall synthesis and cell division are coordinated processes in bacteria, MurJ
activity appears to play a critical role in regulation of bacterial cell division—fluorescent
microscopy studies showed that MurJ is recruited to the midcell septum together with

other late localizing divisome proteins (including upstream enzymes MraY and MurG) and
this recruitment is dependent on complete divisome assembly and both upstream lipid II
synthesis and downstream FtsW/PBP3 activity in Escherichia coli (44). Recruitment of MurJ
to the septum (and presumably MurJ activity there) drives local peptidoglycan incorporation
coinciding with switch from a slow FtsZ-dependent stage to a fast FtsZ-independent stage of
cytokinesis in Staphylococcus aureus (45).

While an increasing body of biochemical and genetic evidence has supported MurJ as the
lipid 11 flippase, our understanding of this critical step was limited by a dearth of structural
information. MATE drug exporters in the MOP superfamily have been proposed to utilize
an alternating-access mechanism (46-50) driven by either a Na* or H* gradient (12, 46,

51, 52), but the mechanism and energy factor(s) that drive MurJ transport remain unknown.
It has been shown that MurJ activity is dependent on membrane potential but not on the

H* gradient (40, 53), but involvement of either Na* or anions has not been ruled out.
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Taken together, the transport mechanism of MurJ is an important question that would not
only advance our understanding of peptidoglycan biosynthesis, but also of other membrane
transport pathways mediated by MOP superfamily proteins including those in humans.

STRUCTURE AND MECHANISM OF MURJ

Architecture of MurJ

The first crystal structure of MurJ we published in 2017 provided an initial glimpse into

its transport mechanism (54). We identified the MurJ protein from the hyperthermophile
Thermosipho africanus (MurJta) as a suitable candidate for structural studies. Expression of
MurJya was able to rescue E. coli growth upon depletion of endogenous MurJ (MurJgc),
indicating MurJta can complement MurJgc in function (54). Crystals of MurJta were
subsequently grown in lipidic cubic phase and a 2.0-A resolution structure was determined
using experimental phases from selenomethionine-substituted crystals (54). The crystal
structure of MurJta revealed an inward-facing conformation (Figure 3a), the first such
structure in the MOP superfamily because all previously available crystal structures are

of MATE drug exporters in the outward-facing conformation (47-50, 55). MurJ consists

of 14 transmembrane helices (TMs)—the first 12 TMs forming the core transport domain
common to all MOP superfamily proteins and 2 additional C-terminal helices (TMs 13-14)
unique to MurJ. The core transport domain is made up of two helical bundles of 6 TMs
each, the N-lobe (TMs 1-6) and C-lobe (TMs 7-12), which are arranged in an inward-facing
N-shaped conformation instead of the outward-facing V-shaped conformation seen in MATE
transporters. While the N-lobe and C-lobe are symmetric in MATE structures, this two-fold
symmetry between two lobes is distorted in MurJ, especially in TMs 1, 2, 7, 8 that enclose
the central cavity. TMs 13 and 14, not found in MATE drug exporters, form a hydrophobic
groove that leads into the central cavity through a lateral membrane portal between TMs

1 and 8 (Figures 3a and 3b). The central cavity can be divided into a strongly cationic

site adjacent to the portal (proximal site) and a polar site away from the portal (distal

site) (Figure 3c). Directed mutagenesis and complementation experiments by us and others
revealed the positive charges at the portal (Arg18) and proximal site (Arg24 and Arg255,
that is Arg270 in E. coli MurJ) to be essential (36, 37, 54, 56). Furthermore, cysteine
mutants placed at three positions in the cavity of £. co/i MurJ result in cell lysis or cell
shape defects upon treatment with the cysteine-reactive reagent MTSES (9). Based on these
mutagenesis, chemical genetics, and in-silico docking data we proposed a model of lipid 11
binding (Figure 3d)—placing the undecaprenyl tail in the hydrophobic groove, the anionic
GlcNac-MurNAc-diphosphate moiety in the cationic proximal site, and the pentapeptide in
the polar distal site (54). To gain functional insight into the MurJ mechanism, we mapped
the previously determined MTSES-sensitive cysteine substitutions that resulted in cell lysis
or cell shape defects in £. coli (9) (Figure 3e). Two of the positions (A29 and S248) were
located at the periplasmic gate, suggesting that adducts at these positions could have blocked
closure of this gate. The other three positions (F49, S254, L258) were located in the central
cavity and adducts could have blocked lipid 11 binding (Figure 3f).

A crystal structure of £, coli Murd (MurJgc) was subsequently determined to 3.5-A
resolution by fusion to the crystallization chaperone BRIL (56) (Figures 3g and 3h). While
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this structure of MurJgc is similar to MurJta, it was crystallized in the absence of lipid

Il in contrast to the presence of lipid Il in MurJta crystallization conditions. The MOP
transporter domain of this MurJgc structure is ~10% narrower than that in MurJya and the
portal appears to be closed. Taken together, the authors concluded that this structure likely
represents an apo state of MurJ (56). They also presented high-throughput mutagenesis
data confirming the importance of the hydrophobic groove, central cavity, and cytoplasmic/
periplasmic gates to MurJ function, noting that substitutions that altered the charge of the
central cavity were particularly poorly tolerated consistent with importance of electrostatic
interactions to lipid Il binding and/or transport (56).

Co-evolution data showed strong couplings between the N-lobe and C-lobe, not only at

the periplasmic gate but also the cytoplasmic gate, supporting the existence of an outward-
facing state (56). Mapping of five positions previously determined to be sensitive to the
membrane-impermeant cysteine-reactive reagent MTSES (9) indicated that the central cavity
is accessible to the periplasm, again consistent with the presence of an outward-facing
conformation. The two positions at the periplasmic gate (Ala29 and Ser248) were located
at the interface between the N-lobe and C-lobe, suggesting that MTSES labeling at

these positions would sterically block periplasmic gate closure and leave MurJ trapped

in an outward-facing conformation (54). Our inward-facing MurJta structure provides

the molecular basis for the reduced flippase activity of the A29C mutant upon MTSES
introduction (9) and also suggest that an outward-facing conformation is important for lipid
Il flipping (54). Further evidence for an outward-facing conformation was subsequently
presented in cysteine crosslinking and thrombin proteolysis data (53). Taken together, we
proposed that MurJ utilizes an alternating access mechanism between the inward- and
outward-facing states for flipping the lipid Il headgroup, while the lipid I1 tail stays outside
the central cavity possibly in the hydrophobic groove. This mechanism is unlike what was
proposed for the lipid-linked oligosaccharide flippase PgIK, in which the outward-facing
conformation alone is sufficient for flipping (57).

Conformational transitions of MurJ

While MurJ utilizes alternating access for transport, neither the outward-facing
conformation nor the conformation transitions that drive lipid 11 flipping were known.
Crystal structures of MurJya in 4 additional conformations were subsequently determined
in the presence of lipid Il—an outward-facing conformation and 3 inward-facing
conformations distinct from the previously published structure (Figure 4 and Supplemental
movie) (41). Superposition of the inward-facing structures revealed different sizes of the
lateral portal ranging from closed to wide open, regulating accessibility of the central cavity
from the membrane (Figure 4a). The Ca-Ca distance between Serll (TM 1) and Ser267
(TM 8) increased from 8.0 A in the closed structure to 17.4 A in the open structure.

The initial inward-facing structure appeared to be an intermediate between these two
conformations (Ca-Ca distance of 10.7 A). Portal opening is controlled by the bending

of TM 1 out into the membrane together with concomitant rearrangements in TM 8 and
the TM 4-5 loop (Figure 4a). Notably, the conserved Phel51 (Phel57 in MurJgc) in the
TM 4-5 loop acts as a lever to push TM 1 out into the membrane (41). Because lipid Il is
believed to access the central cavity of MurJ through the portal between TM 1 and TM 8
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(54), the different sizes of the portal could regulate entry of the large lipid Il headgroup,
thereby providing a lateral-gating mechanism. Many residues in TM 1 and TM 4-5 loop are
conserved in MurJ sequences but not MATE drug efflux pumps in the same superfamily,
suggesting the lateral gate to be a specific adaptation for flippase function.

The inward-occluded conformation of MurJ exhibited a partially dilated membrane portal
but was otherwise divergent from the rest of the inward-facing structures. The first defining
feature of the inward-occluded conformation is located at the apex of the cavity, where
Arg24 and Arg255 are brought into unusual proximity (just 2.9 A apart at the closest)
(Figure 4b). Since such close contact between two arginine side chains would experience
unfavorable repulsion, we reasoned that they could be stabilized by electrostatic interactions
with Asp25 and the diphosphate moiety of lipid 1. Because of their conserved and essential
nature (36, 54), as well as their coordinated rearrangement at the cavity apex in proximity to
unmodeled density, we designated Arg24-Asp25-Arg255 to be the putative substrate-binding
triad (41). The second defining feature is the thin gate formed between Glu57 of the
conserved G/A-E-G-A motif in the N-lobe with Arg352 (Lys368 in MurJgc) on TM 10 of
the C-lobe (Figure 4c). Formation of the thin gate is mediated by bending of the C-lobe
towards the N-lobe, as well as by bending of TM 2 facilitated by the flexible G/A-E-G-A
motif. Mutation of Glu57 or Arg352 to alanine led to loss of MurJta function, supporting
the importance of this thin gate for transport (41). Taken together, we proposed that the
Arg24-Asp25-Arg255 triad at the apex of the cavity could serve to bind the diphosphate
moiety of lipid 11, while the Glu57-Arg352 thin gate concurrently occludes the bound lipid Il
headgroup from the cytosolic milieu.

Transition to the outward-facing conformation is associated with a rotation of the N- and
C-lobes resulting in cytoplasmic gate closure and periplasmic gate opening (Figure 4 and
Supplemental movie). The N-lobe rotated by ~15° from the inward-occluded structure while
the C-lobe rotated by only ~7.5°, possibly because the latter has already bent inwards in

the occluded structure. The fulcrum of this rotation is located at TM 7 bridging the N-

and C-lobes, which was bent by 90° in the inward-occluded structure but straightened in

the outward-facing structure (Figures 4 and 5). Aside from TM 7, TM 1 also straightens
from its bent conformation in the inward-occluded structure, closing the lateral membrane
portal. The outward-facing cavity was substantially shallower and narrower than the inward-
facing cavity, supporting the idea that cavity shrinkage could be a mechanism to displace
substrate into the periplasm, as was proposed for MATE transporters (46, 48). We observed
unmodeled electron density in the hydrophobic groove leading into the outward-facing
cavity, which might indicate the binding site of the undecaprenyl lipid tail of lipid Il while
the headgroup is on the periplasmic side.

lon coupling of MurJ

While the conformation transitions that mediate lipid Il flipping have been characterized,
the energy-coupling mechanism of MurlJ is still an open question. We observed a chloride
ion bound in the N-lobe of the original inward-facing structure and in the inward-closed

structure (Figure 5a). This ion is coordinated by Arg24, Tyr4l, and Arg255, with only the
latter residue coming from the C-lobe. Phe28, Phe42, and Phe184 are also in orientations
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suitable to form anion-quadrupole interactions with chloride. Spontaneous and specific
binding of chloride to this position was observed during molecular dynamics simulations of
the recent inward-facing PFMATE crystal structure in the same superfamily (PfMATE has
Arg284 at the same location as Arg255 in MurJ), from which the authors suggested that
chloride could be part of the transport mechanism (58). Because Arg255 is a member of
the putative substrate-binding triad which is dissociated in the outward-facing conformation,
we speculate that chloride binding could serve to re-engage Arg255 with the N-lobe and
thus reset MurJ from the outward-facing state back to the inward-facing state. However, we
caution against excessive interpretation of the chloride ion as current biochemical data only
reveals a role of membrane potential in resetting MurJ to the inward-facing state (40). As
such, the importance of chloride is yet to be tested.

In contrast to the unclear significance of the chloride ion, many MATE transporters in the
MOP superfamily have been characterized to be driven by sodium ions (51, 52, 59-62).

A sodium ion was bound in the C-lobe of the outward-facing (1.8 A resolution, shown),
inward-occluded, and inward-closed structures (Figure 5b). Sodium is coordinated in
trigonal bipyramidal geometry, with an equatorial plane formed by Asp235, Asn374, Val390
(backbone carbonyl) and axial positions occupied by Asp378 and Thr394. The equatorial
positions were intolerant of substitutions underlining their importance, while certain
substitutions were tolerated at the axial positions. Asp235 is the only Na*-coordinating
residue from TM 7, with the rest from either TM 11 or TM 12. The Na* bound structures
exhibited different degrees of TM 7 straightening, resulting in concomitant lowering of the
N-terminal half of TM 7 and the TM 6-7 loop relative to the Na* site, suggesting that Na*-
induced conformational change at Asp235 could be propagated down TM 7. Interestingly,
recent structural re-analysis of PFMATE crystal structures showed that they contain an
identical Na* site albeit in the N-lobe (48, 62), consistent with spectroscopic experiments
on another MATE protein, NorM (52). Taken together, Na* coordination appears to be
associated with rearrangement of TM 7 in MurJ or TM 1 in PFMATE, suggesting a role of
Na* in inward-to-outward transition.

Transport mechanism of MurJ

Taken together, the current understanding of MurJ function points to an intricate alternating-
access mechanism exchanging lipid 11 with sodium and chloride ions, with involvement of
membrane potential as previously proposed (40, 53) (Figure 6). In the inward-open state,
lipid Il enters the central cavity through the lateral membrane portal. The diphosphate
moiety of lipid 11 is captured by the Arg24-Asp25-Arg255 triad positioned at the apex of
the cavity, while the lipid tail is associated to the hydrophobic groove formed by TMs 13
and 14. The bound lipid Il headgroup is occluded from the cytosol by the thin gate formed
by Glu57 and Arg352, which poises the MurJ-lipid-1l complex for outward transition.
Binding of a sodium ion to the conserved site in the C-lobe tips the balance towards

the outward-facing state. The shallow outward-facing cleft is too small to fit the lipid 11
headgroup, which is then released. We have observed unmodeled electron density in the
hydrophobic groove and a short tunnel leading up to the outward-facing cleft but not inside
the cleft itself (41), suggesting the undecaprenyl tail could remain associated with MurJya
even after the headgroup has been displaced from the outward-facing cleft. The binding and
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dissociation of such a large, flexible substrate might not follow simple single-step kinetics,
and it is conceivable that the headgroup might be displaced first before the lipid tail follows.
While this is a high (1.8 A)-resolution structure, we cannot exclude the possibility that these
densities could be a conglomeration of adventitious lipid molecules.

After release of lipid 11, MurJ is reset to the inward-closed state by membrane potential
and/or chloride binding, which re-engages Arg255 with Arg24 and Asp25 and thus
completes the substrate-binding triad once again. Usage of chloride could be evolutionarily
advantageous for two reasons. First, it allows bacteria to tap into not just the inward sodium
gradient but also the inward chloride gradient when living in high-salinity environments,
providing additional driving force for lipid Il transport. Second, uptake of chloride could
help offset the positive charge buildup generated from export of the anionic lipid Il molecule
and uptake of sodium. Each lipid Il molecule carries 3 to 4 negative charges (depending on
whether lipid 11 is meso-diaminopimelate type or lysine type) from the cytoplasmic to the
periplasmic side of the membrane. Factoring in sodium uptake, this would be buildup of 4
to 5 positive charges inside the cell relative to outside per MurJ transport cycle—uptake of
chloride would reduce this back to 3 to 4 positive charges accumulated per cycle. Release of
chloride and sodium ions into the cytosol mediates reopening of the portal, allowing entry of
another lipid Il molecule thus completing the transport cycle.

INHIBITION OF MURJ FOR ANTIBIOTICS DEVELOPMENT

MurJ is a promising but underexplored target for novel antibiotics development for the
following reasons. First, MurlJ is an essential protein in the PG synthesis pathway. Second,
antibiotic development campaigns by pharmaceutical companies led to the identification of
compounds that potentiate p-lactams and restore the antibacterial p-lactam efficacy. These
compounds target either MurJ or a MurJ homolog. Third, natural products from human
microbiome or a phage protein were discovered to inhibit MurJ. Taken together, MurJ is a
good candidate as an antibiotic target and potentially useful for restoring the clinical utility
of B-lactams. Here we discuss the inhibitors that have been identified to date.

Lipopeptides: Humimycins

Humimycins (human microbiome mycins) are lipopeptides that were predicted from

gene clusters in the human microbiome and produced by chemical synthesis (63,

64). Humimycins are broadly active against Firmicutes (including Staphy/lococcus and
Streptococcus) and potentiate and restore the activity of p-lactam against methicillin-
resistant Staphylococcus aureus (MRSA) (63). SAV1754, a homolog of MurJ in
Staphylococcus aureus and other Gram-positive bacteria, is the target of humimycin as
mutations and overexpression of SAV1754 confers resistance. Humimycins are linear
heptapeptides N-terminally capped with B-hydroxy myristic acid (Figure 7a). The position
and stereochemistry of the B-hydroxylation is critical for antibiosis suggesting its
involvement in binding to SAV1754. The peptide sequences also likely play important role
of the inhibition because the entire heptapeptide showed little tolerance for changes with the
central three residues (Tyr, Phe, Thr) being the most critical for antibacterial activity (64).

Annu Rev Biochem. Author manuscript; available in PMC 2023 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuk et al.

Page 9

Chu et al. subsequently optimized Humimycin A to the more potent inhibitor Humimycin
17S, against which no resistant mutations have arisen (64).

Currently there is no direct biochemical study delineating the mechanism of action

of humimycin. Mutations leading to resistance against humimycin A cluster near the
cytoplasmic side of the N-lobe and partially overlap with the putative lipid Il binding site
(Figure 7a), so it is possible that humimycin acts by blocking closure of the cytoplasmic gate
and/or is a competitive inhibitor for SAV1754.

Phage M lysis protein (LysM)

The bacteriophage lysis protein (LysM) of the £. colilevivirus Phage M, a small lytic phage,
was discovered as a putative MurJ inhibitor by Chamakura et a/ (65). LysM is a 37-residue
polypeptide that is predicted to contain a single transmembrane helix and predicted to be
N-out and C-in membrane topology (Figure 7b) (66, 67). Expression of LysM induced
morphological defects prior to lysis similarly cause by p-lactams suggesting LysM might be
an inhibitor of cell wall synthesis. Mutations and overexpression of MurJ give resistance to
LysM, pinpointing the target of LysM to MurJ. Colicin M assay showed that lipid 11 flipping
is inhibited in the presence of LysM jn vivowhile Lipid 11 flipping in £.coli with the MurJ
variant containing resistant mutations is not inhibited (65).

Resistance mutations cluster in TM2 and TM7 regions exposed to the surrounding
membrane (Figure 7b). SCAM experiments on MurJ demonstrated that LysM induces
conformation changes in MurJ and likely traps MurJ in an outward-facing conformation
(65). Direct binding of LysM to MurJ remains to be demonstrated.

Small molecule inhibitors (I): Compound C & D

Compound C and D belong to a class of anthranilic acid derivative (Figure 7c). By analysis
of incorporation of radiolabeled precursors of fatty acid, DNA, RNA protein or cell wall,
treatment with compound C and compound D resulted in inhibition of cell wall biosynthesis
(68) . One point mutation was identified on SA1575 (which is the same gene as SAV1754.
SA1575 is based on S. aureus strain N315 genome annotation) that confer resistance to
compound D suggesting these compounds inhibits SAV1754 (68).

Currently the mode of action is unknown. Compound C and D were reported before the
structure of MurJ was published; mapping the resistance mutation A48T to the MurJta
structure shows that A48 is at the periplasmic side, away from the substrate binding site
(Figure 7c). Based on this observation, it is unlikely that compounds C and D compete with
lipid 11 for binding to MurJ. Rather, it is possible that Compound C and D bind to a site
away from lipid 11 and allosterically inhibit MurJ by trapping it in a certain conformation.
Whether compounds C and D bind to the site containing A48 remains to be determined. We
caution against drawing conclusions about the inhibitory mechanism from a single resistant
mutant because it could have secondary effects such as affecting protein folding.
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Small molecule inhibitors (Il): DMPI and CDFI

Huber et al. identified compounds DMPI and CDFI using high-throughput screening for
compounds that can restore activity of p-lactams against MRSA(69). DMPI and CDFI

are indole compounds (Figure 7c). When treated with these compounds, S. aureus cells
displayed a significance reduction in peptidoglycan labeling by fluorescent-vancomycin,
especially at the septum. DMPI and CDFI were found to target protein SAV1754, as
overexpression of SAV1754 or specific point mutations in SAV1754 confer resistance to
these compounds. Genetic inactivation of SAV1754 results in pronounced hypersensitivity
to a wide range of beta-lactams, and even more than PBP2 inactivation, highlighting the
druggability of MurJ and MurJ homologs as antibiotic targets (69). DMPI was subsequently
used by Monteiro et a/. to investigate the critical step of peptidoglycan synthesis for
cytokinesis during cell division (45). They found that addition of DMPI blocked septal

ring constriction and thus cytokinesis by inhibition of peptidoglycan synthesis (45). This
indicates that DMPI could be a peptidoglycan synthesis inhibitor /n vivo, making it a useful
research tool for biochemical and cell biology studies.

Three point-mutations were identified to confer resistance to DMPI and CDFI. The three
mutants do not confer resistance to compound D suggesting that these indole compounds
likely have different inhibition mechanism from compound D (69). The three resistant
mutation sites are far from each other on MurJ suggesting that not all three sites are involved
in binding to DMPI and CDFI (Figure 7c). Similar to Compound C & D, DMPI and CDFI
might also inhibit MurJ allosterically.

Summary of inhibition mechanisms

MurJ undergoes dynamic conformation changes, especially at the cytoplasmic gate, TM7
which rearranges during inward to outward transition and TM1 (closing the lateral
membrane portal). Resistance mutations of all the putative inhibitors mostly cluster around
cytoplasmic gate, TM7 and TM1. Because these regions (TM7, TM1, and the cytoplasmic
gate) in MurJ are critical for lipid Il flipping (Figure 7d), it is tempting to speculate these
compounds inhibit MurJ by conformational locking. Unfortunately, there is no biochemical
data available to further support the genetic studies on MurJ inhibition by these inhibitors.
Given their diverse chemical structure, the inhibitory mechanism for MurJ is most likely to
be different for each type of inhibitor. Whether these molecules act on MurJ as competitive
or allosteric inhibitors is yet to be determined.

Intriguingly, these putative MurJ inhibitors are diverse in size and chemical structure,

which include lipopeptide-like molecules, transmembrane helical-like peptides, and small
molecules. This suggests that MurJ has various hot spots for inhibition and reinforces further
the idea that MurJ is a promising target for novel antibiotic development. Despite low
sequence similarity between Gram-negative MurJ and SAV1754 (~18%), Ruiz reported that
the SAV1754 homolog from Streptococcus pyogenes (YtgP) complements £.coli strains
depleted of MurJ (70), suggesting that there is structural similarity between Gram-negative
and Gram-positive MurJ. This observation raises a possibility that inhibitors for SAV1754
could also be used for £.coli MurJ upon chemical structure optimization..
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MURJ AND OTHER LIPID-LINKED OLIGOSACCHARIDE FLIPPASES

Amongst different types of lipid flippases with different lipid specificity, MurJ is a lipid-
linked oligosaccharide (LLO) flippase. LLO are precursors for many critical cellular
polysaccharides such as N-link glycan, peptidoglycan, lipopolysaccharide (LPS), and O-
antigens. LLOs are formed by translocases that attach oligosaccharide precursors to a lipid
carrier: undecaprenyl phosphate in bacteria and dolichyl phosphate in eukaryotes (71).

The translocation of LLO across membrane is a common process in all domains of life,
which is carried out by LLO flippases. There have been recent advances on structural and
mechanistic studies of other types of LLO flippases, expanding our understanding on the
principles of innerworkings of LLO flippases. Here we summarize current understanding on
mechanisms of various LLO flippases. We will discuss the other LLO flippases in the same
superfamily as of MurJ as well as LLO flippases from other superfamilies.

LLO flippases in the MOP superfamily

We first discuss LLO flippases from the same superfamily as MurJ before we expand our
discussion to LLO flippases in other superfamilies.

Wzx proteins: Wzx proteins (belonging to the PST family within the MOP superfamily)
transport various undecaprenyl pyrophosphate (Und-PP)-linked oligosaccharides that are
displayed on the cell surface (Figure 1) (14). For example, the O-antigen components

of nearly all £.colilipopolysaccharide are transported through Wzx (72). The Lam

group performed an elegant experiment to monitor I~ flux from liposome-reconstituted
Pseudomonas aeruginsa \Wzx (Wzxp,) and found that Wzxp, exhibited pH-dependent 1~
flux. They also found that mutation of the three acidic amino acids (E61, D269, and D359)
reduced pH-dependent I~ flux by Wzxp, substantially, suggesting that these residues are
involved in H*-coupled transport (12). Based on the observation, the Lam group proposed

a H*-dependent antiporter mechanism for Wzxp,. However, the underlying assumption for
this antiporter proposal is that I~ can be a surrogate for O-antigen, which has not been
substantiated. Regardless, it is noteworthy that this study presented the involvement of both
cation (H*) and halide anion (17) in the O-antigen transport by Wzxp,, which is analogous to
the potential involvement of Na* and CI~ in the lipid 11 flipping by MurJ (Figure 6). Earlier
mutagenesis studies reported both positively and negatively charged residues essential for
Wzx function (73, 74). Because most O-antigens are not charged, these charge residues may
not participate in direct O-antigen binding but play a role in either ion coupling (e.g. D269)
or conformational changes associated with transport.

Interestingly, some WzxC variants (capsule colanic acid synthesis) lost their substrate
specificity for colonic acid and instead can flip lipid Il and thus complement £. coli

MurJ depletion (75, 76), suggesting that WzxC is structurally similar to MurJ with low
intrinsic substrate specificity. Although the structure of WzxC is not available, most of
those variants were predicted located at the periplasmic gate based on homolog model,
suggesting these variants might destabilize the inward-facing conformation and promote
conformation transitions (76). Similar mutation leading to the loss of substrate specificity
was identified in another member of the PST family, TacF. TacF is thought to be the teichoic
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acid flippase in Streptococcus pneumoniae (77, 78). A TacF variant was identified that
can transport precursors with slight difference and this variant was predicted to located at
the periplasmic side of TacF. The variant was proposed to destabilize the inward-facing
state and bypass the need for substrate-induced conformational transition (76, 77). The
apparent importance of the inward-facing state for substrate specificity is interesting, but
because the observation was based on genetic studies, future biochemical and biophysical
studies on an isolated system are necessary to test this interesting idea. Consistent with
this hypothesis, some LLO transporters themselves appear to be interchangeable between
different organisms despite their presumably different O-antigen compositions—the ATP-
binding cassette (ABC) transporter superfamily LLO flippase PgIK from Campylobacter
Jejuni (discussed in the section titled PgIK) could complement the depletion of Wzx and
restore LPS synthesis (79), showing the interchangeable role between LLO flippases.
However, we caution that many of these substrate-switching experiments were performed
under non-physiological conditions (overexpression of the complementing flippase and/or
depletion of the endogenous flippase, the latter of which could result in elevation of
substrate levels). The Reeves group reported exquisite specificity of Wzx proteins for their
ideal substrates when the experiment was performed under near-physiological conditions
using gene replacement (80).

Rft1l: The eukaryotic protein Rftl belongs to the OLF family. Based on the yeast genetic
analysis, Rft1 was proposed to be the LLO flippase that flip MansGIcNAc,-PP-Dol from the
cytoplasmic side to the luminal side of the endoplasmic reticulum (Figure 1) (15). However,
this result was challenged by the observation that a Rft1-null low-eukaryotic organism
(Trypanosoma brucei) grows normally (18). Despite the controversy (15, 16, 18), it remains
conceivable that Rftl is the LLO flippase involved in mammalian A-linked glycosylation,
given the similarity between the membrane-associated steps of bacterial cell wall synthesis
and the early steps of A-linked glycosylation, together with the homology between Rft1 and
MurlJ.

LLO flippases in other superfamilies

Here, we highlight a few LLO flippases belonging to other superfamilies of transporters that
have been biochemically and structurally characterized.

LtaA, a member of the major facilitator superfamily (MFS), is the flippase for the
translocation of the lipid-linked precursor of lipoteichoic acids in Gram-positive bacteria.
LtaA transports the anchor lipid-linked-disaccharide gentiobiosyl-diacylglycerol (anchor-
LLD) across the cytoplasmic membrane (81). Deletion of LtaA results in attenuated
virulence in S. aureus. Recently, the structure of LtaA (PDB 6S7V) was reported (82).
Similar to MurJ, the LtaA structure reveals a large amphiphilic central cavity that is
expected to bind the lipid tail at C-terminal hydrophobic pocket and the disaccharide group
at the N-terminal hydrophilic pocket (Figure 8). LtaA displays two lateral hydrophobic
entrances, similar to the hydrophobic groove in MurJ. Also, it likely adopts an alternating-
access mechanism. Using fluorescence quenching liposome assay, LtaA was shown to be a
proton-coupled antiporter (82).

Annu Rev Biochem. Author manuscript; available in PMC 2023 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kuk et al.

Page 13

Wzm-Wzt, the ABC transporter responsible for flipping the lipid-linked polysaccharides for
O-antigen synthesis, has been proposed to use a channel-like mechanism (Figure 8) (83-85).
Unlike MurJ flipping monomer of Lipid Il, Wzm-Wzt flips the long O-antigen polymers
that have been synthesized on the cytoplasmic side prior to flipping (86, 87). The structural
studies by the Zimmer group revealed that Wzm-W?zt forms a continuous transmembrane
channel in the transmembrane domain that is spacious enough to accommodate an O-antigen
glycan polymer. The presence of a small gate helix creates a positive pocket near the inner
leaflet of the membrane that could interact with the pyrophosphate group of Und-PP and

the first sugar unit, suggesting that this gate helix provides the substrate specificity (84).
Lipid-linked O-antigen likely first interact with the small gate after which undecaprenol
lipid tail flipping and the polymer insertion into the channel was speculated to take place
spontaneously. The channel is lined with hydrophilic residues as well as aromatic residues,
which likely to provide interaction with the sugar rings of the polymer. ATP hydrolysis
results in the gate helix and TM-forming helixes moving toward the periplasmic side and
this rigid body movement propagates the processive polymer translocation through the
transmembrane channel (83, 88). Periplasmic channel exit forms later gates facing the outer
leaflet, proposed to function as releasing the LLO (84, 85).

PglK, the flippase for substrate of N-link glycosylation in the bacteria Campy/lobacter
Jejuni, was proposed to adopt a novel flipping mechanism where only the outward-facing
conformation plays a role in transport (57). The Locher group proposed the polyisoprenoid
end of the LLO interacts with the hydrophobic grooves formed by the external helix at the
periplasmic side (Figure 8). The headgroup of LLO enters the outward-facing translocation
cavity and stabilized by the positively charged belt in the cavity. ATP hydrolysis-driven
motion on the transmembrane domain squeeze the LLO headgroup to be released into

the external side of the membrane (89). Mutagenesis studies showed the importance of

the external helix on flippase function, but there is no direct evidence of the interaction

of the lipid tail with the helix. Although structural and mutagenesis analysis supports the
importance of the outward-facing state in LLO transport in PglK, an alternating-access
mechanism has not been definitively ruled out for PglK.

Summary of LLO flippases

Both prokaryotes and eukaryotes use flippases to transport LLOs across cellular membranes.
Our mechanistic understanding of LLO flipping comes from extensive biochemical and
structural studies on MurJ, LtaA, Wzm-Wzt, and PgIK. MurJ and LtaA utilize the classic
alternating-access mechanism, while Wzm-Wzt and PgIK adopt very distinct mechanisms
(i.e., channel-like transportation and an outward-facing squeezing mechanism). These
mechanisms for LLO flipping are likely conserved in other flippases that have yet to be
identified or characterized. LLO flippases share similar features such as a charged cavity,
pocket, or channel to facilitate transport of LLO polar head groups, hydrophaobic grooves

to capture the lipid tail, and a gating mechanism to pro- mote conformational changes.
Interestingly, though, LLO molecules have evolved over time and exhibit great chemical
diversity. This implies that differences in LLO transportation mechanisms and/or substrate
specificity must also exist to transport different species of LLO molecules. Despite recent
progress on structural and mechanistic studies of LLO flippases, ho LLO flippase structures
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with their substrate have been reported. This is likely due to the highly flexible nature

of LLOs. Therefore, the diverse proposed mechanisms for LLO flipping by different LLO
flippases remains speculative. Capturing the structure of an LLO flippase bound to its
substrate will help answer many open questions in the field regarding the mechanisms for
LLO flipping.

CONCLUSIONS

The structural and biochemical characterization of MurJ have brought us considerable
understanding of the design principles and transport mechanisms of lipid-linked
oligosaccharide flippases. Recent advances to further this understanding have been very
forthcoming, ranging from capability to detect specific versus annular lipid binding by mass
spectrometry techniques (43), detection of transport intermediates by photo-crosslinking
and biotin-tagging (90), and fluorescence anisotropy assays for high-throughput screening
of binders (91). Nevertheless, many questions remain open, especially pertaining to how
lipid Il is actually bound by MurJ and the molecular basis of selectivity over other lipids
which should not be transported (such as lipid | that is only missing a GIcNAc residue

when compared to lipid I1). We envision that more exciting developments are to come

in this nascent field given its increasing importance as antibiotic targets. On a more
fundamental level, these specialized flippase mechanisms could be the reason such elaborate
polyisoprenoid-linked oligosaccharide biosynthesis pathways have evolved in the first place.
The undecaprenyl tail of lipid Il, if fully extended, is longer than the thickness of the
membrane bilayer (25)—it is conceivable that the polyisoprenoid tail could itself be integral
to the flipping mechanism such as by looping inside the flippase or in the membrane.
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Figurel.

MOP superfamily proteins mediate the transport of lipids important for biosynthetic
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pathways as well as the expulsion of small molecules. (&) Three subfamilies (MVF, OLF,

PST) comprise flippases that transport lipid substrates, while another three subfamilies
(MATE, AgnG, and Ank) transport small molecules. (6) MurlJ is the prototypical MOP
flippase belonging to the MVF family. Abbreviations: AgnG, Agrocin 84; Ank, ankylosis;

LLO, lipid-linked oligosaccharide; LPS, lipopolysaccharide; MATE, multidrug and toxic
compound extrusion; MOP, multidrug/oligosaccharidyl-lipid/polysaccharide; MVF, mouse
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Figure2.
Membrane-associated steps of peptidoglycan biosynthesis are hot spots for antibiotic

targeting. (&) Soluble cell wall precursors are synthesized in the cytosol and attached to the
lipid carrier C55-P by MraY and MurG to form the lipid-linked intermediate lipid Il. Lipid
Ilis a large (~1,900 Da), flexible (~70 rotatable bonds), and anionic molecule that requires
a dedicated transport protein to flip across the membrane. (5) On the periplasmic side of the
cell membrane, a series of glycosyltransferase (SEDS proteins) and transpeptidases (class
B PBPs) activities form the cell wall. The flippase MurJ forms the critical link between
the cytosolic and periplasmic steps by flipping lipid 11 from the cytoplasmic side to the
periplasmic side. Many of these steps are established targets of known antibiotics.
Abbreviations: C55-P, undecaprenyl phosphate; C55-PP, undecaprenyl diphosphate;

CDFI, 2-(2-Chlorophenyl)-3- [1-(2,3-dimethylbenzyl)piperidin-4-yl]-5-fluoro-1H-indole;
DMPI, 3-{1-[(2,3-Dimethylphenyl)methyl]piperidin-4-yl}-1-methyl-2- pyridin-4-yl-1H-
indole; GIcNAc, N-acetylglucosamine; MurNAc, A-acetylmuramic acid; bPBP, class B
penicillin-binding protein; SEDS, shape, elongation, division, sporulation; UDP, uridine
diphosphate; UMP, uridine monophosphate.
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Figure 3.
Structure of MurJ and putative mode of lipid 11 binding. (&) MurJTA was captured in an

inward-facing conformation not previously seen in other MOP superfamily proteins. MurJ
contains the 12-TM MOP transporter domain arranged in two 6-TM bundles (N-lobe and
C-lobe) plus two additional C-terminal helices (TMs 13 and 14). (6) TMs 13 and 14

form a hydrophobic groove that enters into the central cavity through a lateral membrane
portal between TM1 and TM8. The central cavity can be divided into a proximal site
adjacent to the portal and a distal site away from the portal. (¢) The proximal site is highly
cationic, while the distal site is only polar. (@) Model of lipid 1l (yellow sticks) docked

into the MurJta structure, placing the undecaprenyl tail in the hydrophobic groove, the
disaccharide-diphosphate in the proximal site, and the pentapeptide in the distal site. ()
Previously determined MTSES-sensitive positions in MurJgc that result in cell lysis or cell
shape defects are mapped to the MurJtpa structure as red spheres. ( ) Ala29 and Ser248
are located at the periplasmic gate, and adducts likely obstructed the closure of this gate.
In contrast, Phe49, Ser254, and Leu258 face toward the central cavity and adducts at these
positions could have blocked lipid Il binding. (g) The structure of MurJgc was determined
by fusion with a crystallization chaperone in the absence of lipid Il, whereas lipid 11

was present in the MurJa crystallization conditions. The MOP transporter domain of this
MurJgc structure is less wide than that of MurJya. (4) MurJgc also contains a hydrophobic
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groove and central cavity, but the portal appears to be closed in this structure, possibly due to
the BRIL-induced distortion of TM1 and/or the absence of lipid II.

Abbreviations: BRIL, thermostabilized cytochrome b562 RIL; MOP,
multidrug/oligosaccharidyl-lipid/polysaccharide; MTSES, sodium 2-sulfonatoethyl
methanethiosulfonate; MurJEC, Escherichia coli Murl; MurJTA, Thermosipho africanus
MurJ; TM, transmembrane helix.
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First structure Inward open Inward occluded Outward Inward closed

Lateral portal

Figure 4.
Crystal structures of MurJya in inward-open, inward-occluded, outward, and inward-closed

states elucidate the conformational changes that mediate lipid Il flipping. (&) The lateral
membrane portal is opened in the inward-open conformation by the bending of TM1 out
into the membrane and concomitant rearrangements in TM8 and the TM4-5 loop (orange),
specifically those involving the Phel51 lever, allowing entry of the large lipid Il headgroup
into the cavity. Translucent outlines denote the other inward-facing conformations. (6) In
the inward-occluded structure, Arg24 and Arg255 are brought into unusual proximity at
the apex of the cavity, their electrostatic repulsion possibly stabilized by Asp25 and the
anionic diphosphate moiety of lipid Il (orange oval). TM1 is hidden in this panel for clarity.
Translucent sticks denote these residues in the other inward-facing conformations. Arg255
is disengaged from this Arg24-Asp25-Arg255 triad in the outward-facing conformation. (¢)
Bending of TM2 and closing of the C-lobe forms a thin gate between Glu57 of the N-lobe
and Arg352 of the C-lobe, possibly to occlude the lipid Il headgroup from the cytosol.
Translucent sticks denote these residues in the other inward-facing conformations.
Abbreviation: MurJTA, Thermosipho africanus MurJ; TM, transmembrane helix.
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a First inward-facing structure

Figureb.
lons captured in the MurJtp structure that might be involved in lipid 11 transport. (a) A

chloride ion was observed in the first inward-facing (2.0-A resolution, shown) and the
inward-closed structures. Chloride was coordinated by Arg24, Tyr41, and Arg255, with the
last being the only residue from the C-lobe and the rest from the N-lobe. Phe28, Phe42,

and Phe184 are also in orientations suitable to form anion-quadrupole interactions with
chloride. Anomalous difference electron density from a bromide soak is shown in brown
mesh contoured to 4.5 o. (£) A sodium ion was observed in the outward-facing (1.8-A
resolution, shown), inward-occluded, and inward-closed structures. Sodium was coordinated
in trigonal bipyramidal geometry by Asn374, Asp378, Val390 (backbone carbonyl), Thr394,
and Asp235, with the last being the only residue from the hinge helix TM7 (orange) and the
rest from TM11/12. Omit electron density for sodium is shown in purple mesh contoured to
450.

Abbreviations: Murlyta, Thermosipho africanus MurJ; TM, transmembrane helix.
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Figure®6.
Mechanism of lipid 11 flipping by MurJ. Lipid Il enters the central cavity through a lateral

portal. The Arg24/Asp25/Arg255 triad in the cavity binds the diphosphate moiety of lipid

I1, while the undecaprenyl tail fits into the hydrophobic groove formed by TMs 13 and 14.
Lipid Il is occluded from the cytosol by the Glu57-Arg352 thin gate, poised for outward
transition. Upon sodium binding to the C-lobe, MurJ transits to the outward-facing state,
disengaging Arg255 from Arg24 and Asp25. Because the outward-facing cleft is too narrow
to accommodate the lipid Il headgroup, lipid Il is released. Chloride binding reassociates the
Arg24/Asp25/Arg255 triad, resetting MurJ to an inward-facing apo state where the portal is
closed. Membrane potential might also facilitate this inward reset. Release of sodium and
chloride ions into the cytosol mediates reopening of the portal, completing the transport
cycle. The net reaction is the export of lipid 11, uptake of one sodium ion, and uptake of one
chloride ion.

Abbreviation: TM, transmembrane helix.

Annu Rev Biochem. Author manuscript; available in PMC 2023 June 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Kuk et al.

a
Humimycin A o C-lobe » N-lobe C-lob ™ N-lob
o o o o ) ~lobe -lobe
BUSUURURY ¥ oo YN -
LR -\@o & LA c'\‘g“\w 32% . 2P ), €
o Sho | shhe S )
D SRS € « 2 & ¢ r},ﬂ.f ™2
Tyr - Sor- 6Tyr- Phe -oTh - Val - Val VES < <4
)t)\, S (.‘Ll 2o 10
Humimycin 17s Yored €3, €Y 24 7 AP
o B s O 3% K g
o 4 ] 'ITN\‘)LON <) & ‘m ] (&) cytoplasmic view
W\/\NY\WWJLN N H oo AL o
i H o ano "OH

O O
P
8 C-lobe ,N-lobe

o o
[ Y €= '@
Tip-Sor-Trp-Trp-oThr - Val-Va . e%/":"ﬁ’ §F (}@ a ?’L
b ! S :'5»,(:5‘“ O )‘?\3@35‘7{‘(’ Ca
Lys™ ‘5))rJr£: D20C 25¢ Qﬁi"c’!,’ ba
MKYIINLAFCVLLLVAGDSIAYRVSQYLAPLVDTFTK e, ’f;(‘,\,xf (éu , P LD L8 S @x d=
T30S e 3@ TS
A= - r - W T K §
structural prediotion: a transmembrane helix D IS @/a, i D7 < ?‘ea
C 298, L, ¢ 2y A5
fj (6% ] - <5
(4
C-lobe N-lobe 7 @
o2 NSog L C-lobe f@)
OH “OH —~ 3)/ & 7?7 ™10 - N-lobe
(SO § s e A
LRy s S % o4 ,
: 5O P I v D %
AN Y IO Y > § P
DMPI CDFI ‘5))‘) Se 9 e S < 2 =
r@ g)\\“»)n»é [=] /’a\(‘ @ ™3
C € > 2 >(,
r@ d : 19S CE g
n 5 * 7\‘%/,;,, \‘i’( T periplasmicview "
B — F. ) ) 7
N 0~ ‘ -
i ¥ o
d
™ ™2 CoMe _Tve ™S TMZ TMIO e
A13_ T14  A40 Ad4 V54 AS9 M6O F64  S69 S72 K76 L8O P102 Li: 12 ‘M\Qi 1195 H202 F214 F217 L218 T224 Q229 V233 N237 A356  Murdm
QOQ 0
PR o2e
o%ele’e o*d
Humimycins nde|as7| [ves| |az2[ws|sss | ver savirse
LysM ass| | Fsa s
Compouond D | As8 | savirse
DMPI / CDFI i A
Figure7.

Page 27

Residue
location

. Portal
! Cytoplasmic gate
Periplasmic gate

Inhibitors of MurJ. (8) Chemical structures of humimycins. The locations of resistance
mutations mapped to the MurJtp structure are indicated as spheres. (5) Peptide sequence
of LysM and resistance mutations to LysM mapped to the MurJy structure. (¢) Chemical
structures of the putative small-molecule inhibitors DMPI, CDFI, Compound C, and
Compound D. Resistance mutations to each were mapped to the MurJta structure. (@) A
barcode tabular summary of resistance mutations for each inhibitor and their locations on
MurJ. Humimycins appeared to target the portal and cytoplasmic gate of MurJ, while LysM
putatively targets the TM2-TM7 region of MurlJ facing outside, toward the membrane. The
mechanism of small-molecule inhibitors is less clear due to the small number of resistant

mutants that have been isolated.

Abbreviations: CDFI, 2-(2-Chlorophenyl)-3-[1-(2,3-dimethylbenzyl)piperidin-4-yl]-5-
fluoro-1H-indole; DMPI, 3-{1-[(2,3-Dimethylphenyl)methyl]piperidin-4-y1}-1-methyl-2-
pyridin-4-yl-1H-indole; LysM, phage M lysis protein; Murdta, Thermosipho africanus MurJ;

TM, transmembrane helix.
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Figure 8.
Diversity of LLO flipping mechanisms beyond the MOP superfamily. Cartoon

representations of LLO flippases MurlJ, LtaA, Wzm-Wzt and PgIK with their flipping
mechanisms. Dashed lines indicate a hydrophobic groove or opening. MurJ and LtaA utilize
alternating access. Wzm-Wzt forms a continuous channel inside the transmembrane region
to transport substrate. PglK was proposed to use an unconventional mechanism in which
only the outer-facing conformation is involved in flipping. The lipid tail does not enter into
the protein but interacts only with the helix on the periplasmic side while the headgroup
enters the positive charged cavity. Shown below are electrostatic surface representations
highlighting the cavity where substrates bind, with cationic surfaces in blue and anionic
surfaces in red.

Abbreviations: ABC, ATP-binding cassette; LLO, lipid-linked oligosaccharide; MFS, major
facilitator superfamily; MOP, multidrug/oligosaccharidyl-lipid/polysaccharide; PDB ID,
Protein Data Bank identifier.
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