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Structure-Function Analysis of Mur] Reveals a Solvent-Exposed Cavity
Containing Residues Essential for Peptidoglycan Biogenesis in
Escherichia coli

Emily K. Butler, Rebecca M. Davis, Vase Bari,* Paul A. Nicholson,* Natividad Ruiz
Department of Microbiology, The Ohio State University, Columbus, Ohio, USA

Gram-negative bacteria such as Escherichia coli build a peptidoglycan (PG) cell wall in their periplasm using the precursor
known as lipid II. Lipid II is a large amphipathic molecule composed of undecaprenyl diphosphate and a disaccharide-pentapep-
tide that PG-synthesizing enzymes use to build the PG sacculus. During PG biosynthesis, lipid II is synthesized at the cytoplas-
mic face of the inner membrane and then flipped across the membrane. This translocation of lipid II must be assisted by flip-
pases thought to shield the disaccharide-pentapeptide as it crosses the hydrophobic core of the membrane. The inner membrane
protein Mur] is essential for PG biogenesis and homologous to known and putative flippases of the MOP (multidrug/oligo-sac-
charidyl-lipid/polysaccharide) exporter superfamily, which includes flippases that translocate undecaprenyl diphosphate-linked
oligosaccharides across the cytoplasmic membranes of bacteria. Consequently, Mur] has been proposed to function as the lipid
II flippase in E. coli. Here, we present a three-dimensional structural model of Mur] generated by the I-TASSER server that sug-
gests that Mur]J contains a solvent-exposed cavity within the plane of the membrane. Using in vivo topological studies, we dem-
onstrate that Mur]J has 14 transmembrane domains and validate features of the Mur] structural model, including the presence of
a solvent-exposed cavity within its transmembrane region. Furthermore, we present functional studies demonstrating that spe-
cific charged residues localized in the central cavity are essential for function. Together, our studies support the structural ho-
mology of Mur] to MOP exporter proteins, suggesting that Mur] might function as an essential transporter in PG biosynthesis.

he cell envelope of most bacteria contains a cell wall exoskel-

eton composed of peptidoglycan (PG) that surrounds the cy-
toplasmic membrane (1, 2). The rigid PG structure protects the
bacterium from osmotic rupture, serves as a scaffold onto which
other envelope components are attached, and defines cell shape.
Underscoring the essentiality of the PG cell wall is the fact that
many antibiotics target PG biosynthesis (3).

Bacteria build their PG sacculus by polymerizing an N-acetyl-
glucosamine—N-acetylmuramic acid (GlcNAc-MurNAc) disac-
charide-pentapeptide into long glycan chains that are cross-linked
by peptide bonds between stem peptides (2). This GlcNAc-
MurNAc disaccharide-pentapeptide is synthesized at the cyto-
plasmic side of the membrane as a polyisoprenyl lipid-linked
precursor known as lipid II (Fig. 1A) (4). Because lipid II polym-
erization occurs at the extracytoplasmic side of the membrane, an
obligatory step in PG biosynthesis is the translocation of the lipid-
linked disaccharide-pentapeptide across the cytoplasmic mem-
brane.

The use of polyisoprenyl lipid-linked precursors in the biogen-
esis of envelope glycopolymers is widespread in bacteria. Exam-
ples include the biogenesis of PG, certain capsules and exopoly-
saccharides, and O antigens (5, 6). In these systems, bacteria build
each precursor by transferring, in orderly fashion, sugar moieties
from nucleotide-sugar precursors to the Cs5 polyisoprenoid un-
decaprenyl phosphate (undecaprenyl-P); this synthesis occurs at
the cytoplasmic side of the membrane. Therefore, the resulting
precursor must be translocated across the cytoplasmic membrane
for the biogenesis of the glycopolymer to proceed. Membrane
transport of these large amphipathic precursors requires flippases
hypothesized to provide a cavity through which the hydrophilic
portion of the lipid-linked molecule translocates while being
shielded from the hydrophobic core of the membrane (Fig. 1) (7).
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We lack mechanistic details of how undecaprenyl diphosphate
(undecaprenyl-PP)—oligosaccharides are translocated across
membranes. Nevertheless, from what is perhaps the best-charac-
terized system, the biosynthesis of lipopolysaccharide O antigen,
we know that there are at least three different types of membrane
translocation of undecaprenyl-PP—saccharides: the synthase-de-
pendent, the ABC (ATP-binding cassette) transporter-dependent,
and the Wzy-dependent systems. The synthase-dependent system
is not widely conserved, and it relies on translocation that is cou-
pled to the synthesis of the undecaprenyl-PP—polysaccharide by a
polymerizing glycosyltransferase (8, 9). In the ABC transporter-
dependent pathway, synthesis of the full-length polysaccharide as
an undecaprenyl-PP—polysaccharide intermediate occurs in the
cytoplasmic side of the membrane, and ATP-dependent translo-
cation is mediated by an ABC transporter (10, 11). In the Wzy-
dependent system, an undecaprenyl-PP—oligosaccharide is syn-
thesized at the cytoplasmic side of the membrane, translocated by
the Wzx flippase, and polymerized by Wzy into undecaprenyl-
PP—polysaccharide at the extracytoplasmic side of the membrane
(Fig. 1B) (5).
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FIG 1 Membrane translocation of undecaprenol pyrophosphate-linked precursors during PG and O-antigen biosynthesis. (A) PG biogenesis requires synthesis
oflipid II from UDP-MurNAc-pentapeptide (M), UPD-GIcNAc (G), and undecaprenol pyrophosphate (UND-PP). Lipid I is subsequently flipped by a flippase
to the outer leaflet of the inner membrane, where it can be used by transglycosylases (TGs) to build glycan chains that are cross-linked by transpeptidases (TPs).
(B) After the precursor for O antigen is synthesized as an UND-PP-oligosaccharide at the inner leaflet, it is translocated by the Wzx flippase to the outer leaflet
of the inner membrane. Oligosaccharide subunits are then polymerized by Wzy to a length determined by Wzz and linked to the rough lipopolysaccharide (LPS)
by WaalL. The resulting smooth lipopolysaccharide is transported to the outer membrane (OM).

In Escherichia coli, lipid 1I is composed of GlcNAc-MurNAc
(L-Ala—y-D-Glu-meso-diaminopimelic acid—D-Ala—D-Ala)-un-
decaprenyl-PP (see Fig. S1 in the supplemental material) and syn-
thesized from nucleotide-sugar precursors at the cytoplasmic side of
the membrane (Fig. 1A) (4, 12). How this bacterium flips lipid II
across its cytoplasmic membrane during PG biosynthesis is contro-
versial. In recent years, three inner membrane proteins, RodA, FtsW,
and MurJ, have been proposed to be lipid II flippases in E. coli (13—
16). RodA and FtsW are paralogs thought to perform the same func-
tion in PG biogenesis but at different stages of development. While
RodA is required for the synthesis of lateral PG, FtsW is required for
the synthesis of septal PG (17-23). They are members of PG-synthetic
multiprotein complexes and have been proposed to be required for
the recruitment of the essential PG transpeptidases PBP 2 (by RodA)
and PBP 3 (by FtsW) (17, 24, 25). Both RodA and FtsW have 10
transmembrane (TM) domains (TMDs) (17, 26, 27) and were sug-
gested to be the lipid II flippases decades ago (13). Data supporting a
flippase role for RodA are lacking, but a recent in vitro study showed
that FtsW promotes lipid II translocation across membranes (15).
However, this study did not rule out nonspecific flipping. Further-
more, analysis of PG precursors in FtsW-depleted cells suggests that
precursors are still used in reactions downstream of lipid II translo-
cation and that their profile resembles that of cells treated with trans-
peptidase inhibitors (28). Therefore, additional studies are needed to
determine whether FtsW and RodA translocate lipid II in vivo.

Mur] is an essential inner membrane protein whose depletion
inhibits PG sacculus biosynthesis and leads to the accumulation of
PG precursors, including lipid-linked intermediates (14, 16). Or-
thologs in some Gram-positive bacteria are also required for PG
biosynthesis (29, 30). A key finding strengthening the proposal
that Mur] is the lipid II flippase in E. coli is the fact that Mur] is a
member of the MOP (multidrug/oligo-saccharidyl-lipid/polysac-
charide) exporter superfamily (14, 16, 31). The best-studied
members of this superfamily are drug exporters of the MATE
(multidrug and toxic compound extrusion) family, which export
lipophilic and cationic drugs across cytoplasmic membranes by
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using an electrochemical gradient of either Na™ or H ions to
drive substrate transport (32). Notably, the MOP exporter super-
family includes several proteins implicated in the flipping of poly-
isoprenyl-linked oligosaccharides. Among them are the afore-
mentioned bacterial Wzx flippases, which participate in the
biosynthesis of envelope polysaccharides, such as the O antigen,
the enterobacterial common antigen, and certain capsules. Wzx
flippases translocate undecaprenyl-PP—oligosaccharide interme-
diates across the cytoplasmic membrane (5). Although these find-
ings suggest a role for Mur] in lipid II transport, we lack direct
evidence showing that Mur] flips lipid II.

The structure and function of proteins are intimately related.
To gain insight into the function of Mur], we conducted structur-
al-functional analyses of the E. coli Mur] protein. Our studies re-
veal the topological map of Mur] and define a solvent-exposed
cavity within its transmembrane core. Furthermore, changes in
residues within this cavity affect function, suggesting that Mur]
functions as a transporter.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Strains are listed in Table S1 in
the supplemental material. Except for strains DY378 (33) and DH5a (In-
vitrogen Life Technologies), all strains were derived from strain NR754,
anaraD" revertant of MC4100 (34, 35). Lysogeny broth (LB) and glucose
M63 minimal broth and agar were prepared as described previously (36).
Yeast tryptone (YT) agar contains 10 g/liter of tryptone, 5 g/liter of yeast
extract, and 15 g/liter of agar. Unless indicated and for recombineering, all
liquid cultures were grown under aeration at 37°C, and their growth was
monitored by determination of the optical density at 600 nm (ODy).
When appropriate, kanamycin (25 pg/ml), ampicillin (25 pg/ml for plas-
mid pRC7Mur] and 125 pg/ml for plasmid pMurJTOP), chlorampheni-
col (20 pg/ml), and 5-bromo-4-chloro-indolyl-B-p-galactopyranoside
(X-Gal; 20 pg/ml) were added.

Construction of plasmids. All plasmids and primers referenced below
are listed in Tables S1 and S2 in the supplemental material, respectively.
To construct pRC7Mur], primers 5EcoR1PgfA and 3Hind3PgfA were
used to amplify a PCR product that included the mur] open reading frame
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(ORF) flanked by 15 and 11 bp at the 5" and 3’ ends, respectively, from the
chromosome of NR754. This PCR product and pRC7 (37) were digested
with EcoRI and HindIII and ligated to generate pRC7Mur]. Transfor-
mants containing pRC7Mur] were selected on LB agar containing 25
pg/ml ampicillin.

To construct pMurJTOP plasmids, primers 5MurJ10UPXba and
3Mur]J11DOWNBamH were used to amplify a PCR product that includes
the mur] and the 10- and 11-bp upstream and downstream sequences,
respectively, of the mur] ORF. The resulting PCR product and pPLEO!
(38) were digested with Xbal and BamHI and ligated to generate
pMurJTOP1533. DH5a transformants harboring pMurJTOP1533 were
selected on LB agar containing 125 pg/ml ampicillin. The pMur-
JTOP1533 plasmid expresses a tribrid fusion protein consisting of
full-length Mur] fused at its C terminus to the alkaline phosphatase (AP)-
LacZa (o fragment of B-galactosidase) dual-reporter fusion (39). A col-
lection of plasmids carrying 3'-end deletions in mur] were generated so
that the dual AP-LacZa reporter could be fused to Mur] derivatives
(Mur]runc) that had been C-terminally truncated at different residues.
To construct this collection of plasmids, pMurJTOP1533 was digested
with EcoRV and used as the template in PCR mixtures containing primer
5PhoAEcoRYV and each of the 3MurJEcoRV primers (see Table S2 in the
supplemental material). After digestion with EcoRV, PCR products were
ligated to generate the pMurJTOP collection (see Table S1 in the supple-
mental material). DH5a transformants harboring these pMur]TOP-de-
rived plasmids were selected on LB agar containing 125 pg/ml ampicillin.

Plasmid pFLAGMur], which encodes full-length Mur] with an N-ter-
minal FLAG epitope, was derived as follows from the ASKA collection
plasmid carrying mur] (40). The ASKA collection plasmid, which com-
plements depletion of MurJ (16, 30), encodes a Mur] variant with an
N-terminal 6X His tag and linker and 5 additional residues at the C
terminus. First, we restored the wild-type 3’ end of this plasmid-borne
his-mur] allele by deleting the 15 bp encoding the aforementioned
5 C-terminal residues using PCR with primers pEcMurJwtCterm and
3pEcMurJwtCterm to generate pEcMurJwtCterm. Codons encoding the
N-terminal 6 X His tag and linker were subsequently deleted by PCR using
the primers 5MurJNtHisDEL and 3pEcMurjntHISdel to construct
pMur]. Finally, pPFLAGMur] was generated by inserting codons encoding
an N-terminal FLAG tag using PCR with primers 5NtermFlgMmur] and
3NtermFlgMmur]. All of the above in-frame deletions and insertions
were made using site-directed mutagenesis (SDM) PCR (98°C for 2 min,
followed by 30 cycles of 98°C for 30's, 60°C for 30 s, and 72°C for 3 min and
a final extension of 5 min at 72°C) with the Phusion polymerase (New
England BioLabs), as per the manufacturer’s instructions, with the excep-
tion that PCR products were treated with T4 polynucleotide kinase (New
England BioLabs) prior to ligation in lieu of using phosphorylated prim-
ers. DH5a transformants harboring these plasmids were selected for on
LB agar containing chloramphenicol.

Plasmids carrying alleles of flag-mur] encoding amino acid substitutions
were constructed by SDM PCR (95°C for 2 min, followed by 18 cycles of 96°C
for 1 min, 56°C for 1 min, and 72°C for 12 min and a final extension of 12 min
at 72°C) using the Pfu Turbo polymerase (Agilent Technologies), as per the
manufacturer’s instructions. To generate pFLAGMurJACys, the two native
Cys codons in flag-mur] (C314, C419) were changed to Ser codons in two
consecutive steps. The mixture for the first PCR contained pFLAGMur] as the
template and mutagenic primers 5pEcMurJC314S and 3pEcMurJC314S, and
the PCR yielded pFLAGMurJC314S. Subsequently, primers 5SpEcMurJC419S
and 3pEcMur]JC419S were used to construct pPFLAGMurJACys. NR2117-
derived transformants harboring these plasmids were selected on medium
containing chloramphenicol. Plasmids derived from pFLAGMurJACys that
carry single Cys-codon substitutions in flag-mur] were generated by SDM
using the Pfu Turbo polymerase in PCR mixtures with complementary mu-
tagenic primers (see Table S2 in the supplemental material), as described
above.

Construction of Amur] strains. A Amur]::kan allele was constructed
by deleting codons 2 to 511 from the 511-codon mur] chromosomal gene
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using recombineering, as follows: primers 5murJP1 and 3murJP2 were
used to amplify a PCR product that contains a kanamycin resistance cas-
sette flanked by FLP recombination target (FRT) sites and 73 bp of ho-
mology to the target sequences in the mur] locus from pKD4 (41). This
PCR product was introduced into DY378(pRC7Mur]) via electroporation
for recombineering, and recombinants were selected at 30°C on LB agar
containing kanamycin (33). The resulting Amur]::kan allele was intro-
duced into NR754(pRC7Mur]) using P1 transduction (36), and transduc-
tants were selected on medium containing kanamycin to generate
NR1648. The kan cassette was excised using pCP20 (42) to construct the
Amur]::FRT strain NR2066. To allow direct transformation with SDM-
generated plasmids, AhsdR::kan from the Keio collection (43) was intro-
duced into NR2066 by P1 transduction to generate NR2117.

Functionality test of flag-mur] alleles. Plasmid pRC7Mur] is defec-
tive in partitioning functions, so it is easily lost from a population of cells
under nonselective conditions (37). Consequently, in the absence of am-
picillin, pPRC7Mur] is readily lost in mur] * cells. However, because mur] is
essential, pPRC7Mur] is stably maintained, even in the absence of ampicil-
lin, in cells where pRC7Mur] provides the only functional allele of mur].
We took advantage of the partitioning defect of pRC7Mur] to screen for
the functionality of the mur] alleles. Plasmids encoding functional flag-
mur] alleles were identified because when they were introduced into
NR2117 (a Amur] strain carrying pRC7Mur]), they allowed survival of
transformants that lost pRC7Mur]. This was evident by the loss of blue
color when colonies were obtained on solid medium containing X-Gal.
The resulting haploid flag-mur] single-Cys mutant strains were used as
described below. NR2117 cells transformed with mutagenized plasmids
encoding nonfunctional (i.e., total-loss-of-function) murJ alleles yielded
blue colonies in the presence of X-Gal because they could survive only if
they retained pRC7Mur]. We observed that the presence of pRC7Mur]
yielded a lower level of expression of flag-mur] from pFLAGMur]-derived
plasmids, for unknown reasons. Therefore, to conduct the substituted
cysteine accessibility method (SCAM) and assess the levels of nonfunc-
tional FLAG-Mur] mutant proteins, we constructed merodiploid strains
by introducing the noncomplementing plasmids into wild-type strain
NR754.

Sensitivity to low-osmolarity conditions. Haploid NR754 Amur]
AhsdR::kan strains carrying pFLAGMurJACys-derived plasmids with sin-
gle Cys substitutions were tested for growth defects in low-osmolarity
medium by examining the colony morphology and comparing it to that of
the NR2131 parent strain after overnight growth on YT agar at 37°C.
Strains that exhibited any growth defects were further tested by an effi-
ciency-of-plating (EOP) assay. For this assay, overnight cultures of
NR2131 and NR754 Amur] AhsdR::kan carrying pFLAGmurJACys-de-
rived plasmids with single Cys substitutions were grown in LB. Ten-fold
serial dilutions of cultures were prepared, and LB and YT agar plates were
inoculated with approximately 2 .l of each dilution using a 48-pin man-
ifold. After overnight growth at 37°C, EOP values were calculated by di-
viding the number of colonies obtained for each strain under each condi-
tion by the number of colonies that NR2131 yielded on LB agar. Data
represent the average * standard deviation of three independent experi-
ments.

Topology reporter assays. Cells carrying pMur]JTOP plasmids were
grown overnight in LB with ampicillin. One milliliter of these cultures was
pelleted and resuspended in 250 pl 1 M Tris-HCI (pH 8.0) to assay for AP
and B-galactosidase (BG) activities (44, 45). Detection of AP activity was
performed as follows: 100 pl of cell suspension was added to 900 .l of 1 M
Tris-HCI (pH 8.0); cells were permeabilized after the addition of 1 drop of
0.1% SDS and 2 drops of CHCl, and vortexed for 10 s. In a 96-well plate,
150 pl of p-nitrophenyl phosphate substrate (11.1 mg/ml in 1 M Tris-
HCI, pH 8.0) was added to 100 pl of permeabilized cells, and the absor-
bance at 410 nm was measured every 15 s for 10 min. For detection of
BG activity, 100 wl of cell suspension was added to 900 pl of Z buffer
(60 mM Na,HPO,-7H,0, 40 mM NaH,PO,-H,0, 10 mM KCl, 1 mM
MgSO,-7H,0, 50 mM B-mercaptoethanol); cells were permeabilized as
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described above for the AP activity assay. In a 96-well plate, 100 pl of
o-nitrophenyl-B-p-galactopyranoside (5 mg/ml in Z buffer) was added to
100 pl of permeabilized cells and 50 pl of Z buffer. The absorbance at 420
nm was measured every 15 s for 10 min. Relative activities (changes in
absorbance over time) were calculated from three independent assays,
and an average activity was obtained. For each reporter set, the highest
average activity value was identified as the maximal activity. The average
value for each fusion was used to calculate the percentage of the maximal
AP (AP max) and maximal BG (BG max) activities. A normalized AP/BG
activity ratio was calculated for each fusion by dividing its percent AP max
by its percent BG max (39).

SCAM. Logarithmically growing cells were collected, washed with
phosphate-buffered saline (PBS; pH 7.4), and resuspended in a volume
of PBS normalized to the ODg, (100 pl for an ODy, of 1.0). For the
blocking step, four tubes containing 50 pl of cell suspension were
either untreated (positive- and negative-label control tubes) or treated
with 5 mM the blocking agent N-ethylmaleimide (NEM; Santa Cruz
Biotechnology) or sodium (2-sulfonatoethyl) methanethiosulfonate
(MTSES; Santa Cruz Biotechnology). After rotating at room temper-
ature for 1 h, cells were washed with PBS and resuspended in 50 pl of
lysis buffer (15 mM Tris-HCI, pH 7.4, 1% SDS, 6 M urea). Both of the
blocked samples and the positive-label control sample were labeled
with 5 mM maleimide-polyethylene glycol (Mal-PEG; molecular
weight [MW], 2,000; Laysan Bio); nothing was added to the negative-
label control tube. After rotating the samples for 1 h with protection
from light, 50 pl of 2X AB buffer (6.84 mM Na,HPO,, 3.16 mM
NaH,PO,, 50 mM Tris-HCI, pH 6.8, 6 M urea, 1% B-mercaptoetha-
nol, 3% SDS, 10% glycerol, 0.1% bromophenol blue) was added. Sam-
ples were incubated at 45°C for 30 min prior to immunoblotting.
Eighty-two of the single-Cys-substitution mutants were additionally
tested with a 5-min blocking incubation; in all but 11 of these mutants,
results from both blocking times were comparable. Representative re-
sults are shown in Fig. S6A in the supplemental material. All results are
presented in Fig. 5 and in Table S3 and Fig. S6B and C in the supple-
mental material. The SCAM topology map (see Fig. 4) was generated
using the TeXtopo package in the LaTeX program (46).

Detection of FLAG-Mur] by immunoblotting. Samples were either
prepared as described above for the SCAM experiments or as follows for
determining the levels of loss-of-function mutants. After overnight
growth, cells were normalized by the ODy, collected by centrifugation,
resuspended in 100 pl of 1X AB buffer containing 1 wl of Benzonase
(Novagen), and incubated for 30 min at 45°C. Samples were loaded onto
a10% SDS-polyacrylamide gel and subjected to electrophoresis. Proteins
were electrophoretically transferred from the gel to nitrocellulose mem-
branes in a semidry transfer apparatus (Bio-Rad). Membranes were incu-
bated with anti-FLAG M2 (1:20,000; Sigma-Aldrich) and antimouse-
horseradish peroxidase (HRP; 1:10,000; GE Amersham) antibodies. As
controls for loading, these membranes were blotted with anti-LptB (1:
50,000; our laboratory collection) and antirabbit-HRP (1:10,000, GE
Amersham) antibodies. The signal was developed with a VisiGlo Plus
HRP chemiluminescent substrate kit (Amresco) and detected using a
ChemiDoc XRS+ system (Bio-Rad).

In silico modeling. The E. coli Mur] amino acid sequence (GenBank
accession no. NP_415587) was submitted to the I-TASSER server (47, 48).
The model presented here was obtained from a 14 April 2013 submission.
Figures were prepared from Protein Data Bank (PDB) files downloaded
from the I-TASSER server using the PyMOL molecular graphics system,
version 1.5.0.4 (Schrédinger, LLC, Portland, OR). Solvent-accessible elec-
trostatic potential was calculated using the adaptive Poisson-Boltzmann
solver (APBS) program (49).

The E. coli Mur] amino acid sequence was also submitted to the
TOPPRED (50), HMMTOP (51), TMHMM (52), and SOSUI (53) servers
for topological predictions and MINNOU (54) for TMD predictions.

4642 jb.asm.org

RESULTS

In silico structural model of Mur]. We want to understand the
essential function that Mur] has in PG biogenesis (14, 16). Because
of the strong relationship between protein structure and function,
we first focused on obtaining a structural analysis of Mur] that
could guide and complement functional studies. We also reasoned
thatif MurJ is alipid II flippase, as it has been proposed (14, 16), its
structure might contain features supportive of this function.

Recent advances in computational biology are facilitating
structural modeling efforts (55). Therefore, we investigated
whether obtaining an in silico structural model of Mur] was pos-
sible using the I-TASSER server, which was ranked the number
one server for structural prediction in a recent Critical Assessment
of Techniques for Protein Structure Prediction competitions
(CASP7-10) (47, 48). The best structural model that I-TASSER
generated for Mur] (Fig. 2) had a confidence score (C) of —1.08 (C
scores range from —5 to 2; the higher that the score is, the better
that the quality of the model is) and a template modeling (TM)
score of 0.58 (a TM score of >0.5 indicates a model of correct
topology) (48, 56). The top 10 templates used in modeling are 5
regions of PEIMATE from Pyrococcus furiosus (PDB accession no.
3VVN), 3 regions of NorM-VC from Vibrio cholerae (PDB acces-
sion no. 3MKT), 1 region of the PR65/A subunit of protein phos-
phatase 2A (PDB accession no. 1B3U), and 1 region of NorM-NG
from Neisseria gonorrhoeae (PDB accession no. 4HUK) (57-60).
In these alignments, the normalized Z scores, which reflect the
quality of the threading alignments, with a value of >1 being a
confident alignment (47), were 1.06 to 3.29 for PEIMATE, 1.25 to
9.40 for NorM-VC, 2.36 for PR65/A, and 1.08 for NorM-NG.

The best structural analogs identified by I-TASSER with TM
scores of >0.5 were PEMATE (TM = 0.83), NorM-VC (TM =
0.77),and NorM-NG (TM = 0.74). These structural analogs have
459 to 461 amino acids, while Mur] has 511 amino acids; in all
three cases, the solved MATE protein structures align with the first
86% (i.e., up to amino acid 439) of the Mur] model structure.
Even though this region of Mur] and these proteins share only ca.
21% amino acid sequence identity (see Fig. S2 in the supplemental
material), alignments of the Mur] model and these crystal struc-
tures show high degrees of structural similarity (see Fig. S3 in the
supplemental material). Noteworthy is the fact that although
PfMATE and NorM-VC share only approximately 22% sequence
identity, their structures are very similar (57).

PfMATE and NorM are members of the MATE family of pro-
teins, which, as described above, belongs to the MOP exporter
superfamily (31). Both transporters translocate hydrophobic and
amphipathic toxic compounds across the cytoplasmic membrane
(32), but while PAMATE is H" driven, most characterized NorM
proteins are Na™ driven (57, 58, 60, 61). Their respective X-ray
crystal structures reveal that PEMATE and NorM have 12 TMDs
organized into two 6-helix bundles (TMDs 1 to 6 and TMDs 7 to
12, respectively) forming a V-shaped structure containing a cen-
tral cavity open to the periplasm and two lateral portals open into
the membrane (57, 58, 60). In addition, several structures have
revealed binding of these proteins to substrates and cations. Mod-
els for antiport transport through this cavity have been developed
from structures and functional data (57, 58, 60).

In the Mur] structural model, amino acids 1 to 439 of Mur]
align with the PEMATE structure representing the outward-open
state (see Fig. S3 in the supplemental material) (57). Accordingly,
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FIG 2 I-TASSER model structure of Mur]. (A) Front view from the mem-
brane plane. (B) View from the periplasm with TMDs numbered 1 to 14.
I-TASSER predicts a structure for TMDs 1 to 12 modeled after the crystal
structures of MOP exporters; the last two C-terminal « helices are demon-
strated herein to comprise TMDs 13 and 14. (C) Back view from the mem-
brane plane. The molecule is colored from red (N terminus) to blue (C termi-
nus) using a rainbow spectrum. Approximations of the membrane boundaries
are marked with black lines.

this portion of the model includes 12 TMDs arranged into two
6-helix bundles that form a V-shaped structure with a central
cavity and two lateral portals (Fig. 2; see Fig. S3 in the supplemen-
tal material). With respect to the last 71 amino acids of Mur]
(amino acids 440 to 511), which do not align with PEIMATE, the
I-TASSER model shows them folded into two additional « helices
that could potentially constitute two TMDs (Fig. 2). The central
cavity in the MurJ model structure is within the predicted trans-
membrane region of the protein, and it is lined by four o helices
that contain putative TMDs 1, 2, 7, and 8 (Fig. 2B). Therefore,
I-TASSER predicts that Mur] has 12 to 14 TMDs arranged into a
structure highly similar to that of MATE exporters, suggesting a
role for Mur] in the transport of substrates across the inner mem-
brane of E. coli.

Mur]J has 14 TMDs. To test the validity of the structural model
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generated by I-TASSER, we first determined the topology of Mur]
in silico and in vivo. Various commonly used topology algorithms
predict that MurJ has 12 to 14 TMDs (Fig. 3A). All programs
tested agree that the C terminus of Mur] is cytoplasmic, and two
also predict the existence of 13 TMDs between residues 26 to 503.
However, there are some discrepancies among the in silico topo-
logical predictions, especially regarding the existence of a TMD
within the first 25 amino acids of Mur]. This is likely because this
putative TMD contains several charged and polar residues. This
case illustrates the importance of using more than one topology
prediction algorithm and, ultimately, determining topology ex-
perimentally.

We used two complementary approaches to determine the to-
pology of Mur] experimentally: reporter fusion technology and
the substituted cysteine accessibility method (SCAM). Similar ap-
proaches have been used for the MOP exporter and O-antigen
flippase Wzx (38, 62, 63). For the reporter strategy, we employed a
dual-reporter fusion system (39). For this system, we generated
plasmid-encoded (38) tribrid proteins by fusing a hybrid protein
composed of alkaline phosphatase (AP) and the a fragment of
B-galactosidase (LacZa) to different C-terminal truncations of
Mur] (Mur]runc)- Because AP is active only in the periplasm and
LacZa is functional only in the cytoplasm, the AP and LacZ activ-
ities produced in every Mur]p ync-AP-LacZa tribrid can be used
to determine the topological location of the last amino acid in
Mur]rune. Specifically, high AP and low LacZ activities reflect
periplasmic localization, low AP and high LacZ activities reflect cyto-
plasmic localization, and low AP and LacZ activities reflect trans-
membrane localization (64). We constructed 52 reporter fusion
alleles that maximized coverage throughout murJ (see Table S1 in
the supplemental material). The average distance between adja-
cent joints was 10 residues, with the location of the fusion joint
ultimately being dependent on optimal primer design for plasmid
construction (see Table S2 in the supplemental material).

Using this method, we determined that Mur] contains 12
TMDs after residue 80 and that its C terminus is cytoplasmic; both
findings are in agreement with three of the four topology server
predictions (Fig. 3). Although the Mur]J structural model and to-
pology prediction servers predict 1 to 2 TMDs within the first 60
amino acids of Mur], our reporter fusion data suggested that this
region is cytoplasmic (Fig. 2 and 3). This disagreement is likely to
result from improper targeting or insertion into the membrane of
truncated proteins containing <80 amino acids of the N terminus
of Mur]. This targeting/insertion defect might explain why a Mur]
variant truncated after residue 80 is unstable (see Fig. S4 in the
supplemental material).

The second and complementary method that we used to exper-
imentally determine the topology of Mur]J is SCAM, which pro-
vides topological information on a specific Cys residue within a
protein (64—66). In this approach, cells expressing a collection of
mutant alleles each encoding a specific single Cys residue are
treated (or not) with one of two Cys-reactive chemicals, NEM and
MTSES (66-68). Because NEM crosses the inner membrane but
MTSES does not, a cytoplasmic Cys reacts only with NEM, while a
periplasmic Cys reacts with both NEM and MTSES. In contrast, a
membrane-buried Cys that is inaccessible to the aqueous environ-
ment will not react with either chemical. Cells are lysed after being
treated (or not) with either NEM or MTSES, and their proteins are
denatured and exposed to Mal-PEG, which reacts with free thiols,
causing a mass increase that can be detected by immunoblotting.
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FIG 3 Topological models predict 12 to 14 TMDs in Mur]. (A) Alignment of in silico topology predictions generated from various servers (as noted). Numbered
black line, MurJ amino acid positions; black boxes TMDs; blue line, cytoplasmic localization; red line, periplasmic localization. The number of TMDs obtained
from each prediction is given at the right. (B) Topological model (top) derived from in vivo Mur] truncation-fusion data (bottom). Domains and the numbers
of the TMDs are represented as described for panel A. The enzymatic activity for each tribrid Mur] truncation-reporter fusion was assessed to determine the
location of the Mur] amino acid at the fusion joint. Data are presented as the normalized activity ratio (percent AP max/percent BG max; see Materials and

Methods for details).

Therefore, a mass increase can be observed only in proteins con-
taining a thiol that was not previously blocked by NEM or MTSES.

Two requirements for using SCAM are that the protein be
detectable and initially Cys-less. Therefore, we developed a system
that relies on FLAG-MurJACys, an N-terminally FLAG-tagged
Mur] derivative where the two native Cys residues (C314 and
C419) were changed to Ser. The resulting FLAG-MurJACys pro-
tein is detectable by probing for the FLAG tag in immunoblots and
is functional, since it complements the deletion of chromosomal
mur] (Fig. 4). A total of 110 different single Cys substitutions in
FLAG-MurJACys were constructed and analyzed by SCAM using
NEM and MTSES (see Table S3 in the supplemental material). We
maximized coverage by using in silico topological and structural

A AmurJ/ B —— murt
4 1 . g=. AmurJipFLAGMurJ
pFLAGMurJ +eees AmurJIpFLAGMurJACys
WT ACys 3
8
OFLAG| e == | § 2

ALPIB | e s

0 2 4 6 8 10
Time (hrs)

FIG 4 Native Cys residues are dispensable for Mur] function. (A) Anti-FLAG
immunoblot analysis shows equivalent levels of FLAG-Mur] (wild type [WT])
and FLAG-MurJACys C314S C419S (ACys) in their respective haploid strains
(Amur] carrying pFLAGMur] plasmids). The slower mobility of the ACys
derivative is caused by the C314S substitution. To test sample loading, blots
were reprobed with anti-LptB antiserum. (B) Haploid Amur] strains comple-
mented with pFLAGMur] or pFLAGMurJACys exhibit no growth defects in
LB compared to the growth of a wild-type strain (mur]").
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predictions as a guide. We probed TMDs 1, 2, 7, and 8 at a higher
density because of the results that we describe below.

Using SCAM, we determined that Mur] has 14 TMDs and that
its N and C termini are in the cytoplasm (Fig. 5). Thus, our data
support cytoplasmic localization (100% block with NEM and 0%
block with MTSES) and periplasmic localization (100% block
with each of NEM and MTSES) of segments flanking all TMDs
that had been predicted by topology prediction servers in toto and
implied by the Mur] structural model (Fig. 2, 3, and 5; see Table S3
in the supplemental material). The topological model derived
from SCAM corresponding to the Mur] sequence encompassing
TMDs 3 to 14 also correlated with the topological model derived
from the reporter fusion approach (see Fig. S5A in the supplemen-
tal material).

Membranes are composed of an ~30-A hydrophobic domain
flanked by two 15-A interface domains; a challenge in topological
studies is to determine the boundaries of these domains. To obtain
our topology model (Fig. 5), we combined our in vivo data, the
known frequency of occurrence at a particular depth in the lipid
bilayer for each particular amino acid (69), and the Mur] struc-
tural model. Figure S5B in the supplemental material highlights
the transmembrane core of our topology model on the three-
dimensional (3-D) model.

A comparison of our topology model to in silico topology pre-
dictors revealed that SOSUI was most similar to our model (see
Table S4 in the supplemental material) (53). Most of the disagree-
ments between our model and the topology predictors occurred in
TMDs 1 to 4 and 7 to 9. This is likely because, in the model struc-
ture, these TMDs contain 27 to 35 amino acids owing to the pre-
dicted tilting and bending of their helices (see Table S4 in the
supplemental material); therefore, their length is longer than that
of a canonical ~20-residue TMD (70), a parameter that con-
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FIG 5 Mur]J has 14 TMDs and a solvent-exposed cavity within the transmembrane region. SCAM results for 110 Mur] single-Cys-substitution mutants are
consistent with the model structure generated by I-TASSER for the first 12 TMDs and further define TMDs 13 and 14. TMD numbers are shown on top of the
topology model. Amino acids in TMDs 1, 2, 7, and 8 are accessible to aqueous Cys-blocking agents, supporting the existence of a solvent-exposed cavity within
the membrane plane. Substituted Cys are defined as not blocked (0% block with NEM, 0% block with MTSES), partially NEM blocked (<<100% block with NEM,
0% block with MTSES), NEM blocked (100% block with NEM, 0% block with MTSES), partially blocked (<100% block with NEM, <<100% block with MTSES),
partially MTSES blocked (100% block with NEM, <100% block with MTSES), and MTSES blocked (100% block with NEM, 100% block with MTSES).

strains some of these algorithms, such as 20 amino acids for
TOPPRED and 25 amino acids for HMMTOP and TMHMM (50,
52,71, 72). It is worth noting that although the MINNOU server
does not provide information regarding the orientation of TMDs
with respect to the membrane, the model predicted by this algo-
rithm for the location of TMDs correlated best with our model
(see Table S4 in the supplemental material) (54).

Mur]J contains a solvent-exposed cavity within the mem-
brane region. A key feature of the Mur] structural model is that
it contains a central cavity mostly lined by TMDs 1, 2, 7, and 8
(Fig. 2). We obtained SCAM results that support this model,
since many residues located within the plane of the membrane
in these TMDs react with MTSES and/or NEM (Fig. 5; see Fig.
S6 and Table S3 in the supplemental material). Specifically,
membrane-permeant NEM reacted with residues in TMDs 1, 2,
4,5,7,8,and 11.

When mapped onto the Mur] structural model, residues that
fully reacted with NEM were located as follows: (i) facing the
cavity along TMDs 1, 2, 7, and 8; (ii) at the cytoplasmic end of
TMDs 4 and 5; (iii) in TMDs 7 and 11, where both helices face each
other; and (iv) in TMD 1 in a region facing TM5 (see Fig. S6B and
C and Table S3 in the supplemental material). Of these, some
residues also fully reacted with membrane-impermeant MTSES
(see Fig. S6B and C and Table S3 in the supplemental material).
These residues are located in the Mur] structural model in TMDs
1,2,7,and 8 and at a single location (S276) in TMD 8 facing TMD
10. Together, these SCAM results validate the I-TASSER struc-
tural model in three ways. First, residues that react with both NEM
and MTSES concentrate with respect to the membrane on the top
half of the 3-D model, while those that react only with NEM con-
centrate in the bottom half (see Fig. S6C in the supplemental ma-
terial); this would be expected of a correct model, since NEM
reaches the cytoplasm but MTSES does not. Second, these SCAM
results confirm the existence of the central cavity predicted by the
Mur] structural model. Third, they also confirm that this cavity is
mainly lined by TMDs 1, 2, 7, and 8 (Fig. 2).

We found additional labeling patterns that probably reflect the
differential accessibility of certain residues to these Cys-reacting
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reagents. Sixteen residues were fully labeled with NEM but only
partially with MTSES (see Fig. S6B and C and Table S3 in the
supplemental material). Because MTSES (MW, 242.27) is larger
than NEM (MW, 125.13) and charged, we interpret these results
to mean that these residues are not as accessible to the aqueous
periplasm as those that are fully labeled with MTSES. In the Mur]
structural model, these residues are located as follows: (i) within
TMDs 1, 2, and 8, facing the cavity; (ii) in TMD 2 facing TMDs 3
and 4; (iii) at the membrane interface in the periplasmic end of
TMD 3; and (iv) in the cytoplasmic end of TM7, facing the cavity
(residue 228) and possibly delineating the limit of MTSES acces-
sibility within the cavity (<<50% MTSES reactivity). It is notewor-
thy that 9 of these 16 residues that fully reacted with NEM but that
only partially reacted with MTSES are located in TMD 2, even in
locations that face away from the cavity. This set of data suggests
that TMD 2 might move within the core of Mur], as this has been
proposed for various TMDs lining the central cavity of MATE
transporters (57, 60).

In addition, two residues in TMD 8 (A268C and R270C) re-
acted partially with both MTSES and NEM and showed decreased
reactivity when blocked with either reagent for 5 min versus 1 h,
suggesting minimal accessibility to the aqueous environment. The
Mur] structural model shows that A268 faces away from the cavity
and toward TMD 10, which could explain the partial reactivity;
however, it is not clear what could prevent reactivity with R270C,
since this residue faces the cavity. We also found 15 residues that
only partially reacted with NEM (see Fig. S6B and C and Table S3
in the supplemental material). Interestingly, in the Mur] struc-
tural model, none of these residues face the central cavity. Instead,
most are located in the top half of the protein (with respect to the
membrane), and with the exception of 3 residues in TMD 1 (fac-
ing the membrane) and one in TMD 3 (at the periplasmic end at
the membrane interface), they are dispersed along TMDs 7 to 12.

In agreement with the idea that partial reactivity or blocking
with NEM and/or MTSES reflects limited accessibility to the aque-
ous environment, we observed an increase in blocking when in-
cubation with these agents was extended from 5 min to 45 min for
residues 109, 249, 268, 270, 272, 350, 387, and 389. With the ex-
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FIG 6 Detection of FLAG-Mur] variants bearing Cys substitutions that affect
Mur] function. (A) Anti-FLAG immunoblot analysis of a wild-type (mur]™")
strain with pFLAGMurJACys variants expressing total-loss-of-function sin-
gle-Cys mur] alleles revealed that only the D39C change results in lowers levels
of detection of FLAG-Mur] derivatives than of the parent allele flag-murJACys
(wild type). (B) Anti-FLAG immunoblot showing that haploid (Amur]/
pFLAGMurJACys) strains with pFLAGMurJACys variants expressing partial
loss-of-function single-Cys mur] alleles contain lower levels of FLAG-Mur]
derivatives than of the parent allele flag-murJACys (wild type). To test sample
loading, blots were reprobed with anti-LptB antiserum.

ception of residue 109 (in TMD 3), these residues are in TMDs 7,
8,10, and 11. Most of these residues face away from the cavity but
are located near the predicted periplasm-membrane interface in
the model, which could explain the observed reduced reactivity.
Alternatively, it is possible that reduced reactivity reflects partial
movement of helices within Mur]. In contrast, we cannot explain
why NEM reaches residue 389 over time, since it is predicted to be
facing the membrane.

Interestingly, we found that MTSES blocking of Cys residues at
positions 14, 57, and 281 decreases with time, indicating loss of the
MTSES label. Strikingly, these residues (T14, E57, and V281 in
TMDs 1, 2, and 8, respectively) are positioned near the bottom of
the V-shaped cavity. Since MTSES forms a disulfide bond by re-
acting with the thiol of a Cys residue, MTSES blocking is sensitive
to reducing agents. It is therefore possible that the loss of the
MTSES label with time reflects exposure of these residues to the
reducing environment of the cytoplasm, as suggested by their lo-
cation in the Mur] structural model.

In summary, data generated by SCAM demonstrate that the
Mur] structure contains a central cavity. The pattern of reactivity
and the degree of accessibility further validate the in silico 3-D
model presented here.

The central cavity in Mur]J contains charged residues essen-
tial for function. The similarity of the Mur] structural model to
the crystal structure of known MATE transporters suggests that
Mur] might also function similarly to MATE transporters. Be-
cause the central cavity is a feature of MATE transporters that is
key for their function (32), we predicted that if Mur]J functions as
a transporter, we might find residues within its cavity that are
functionally important.

We tested the functionality of the 110 flag-mur] alleles gener-
ated for SCAM and identified both total- and partial-loss-of-func-
tion alleles. Total-loss-of-function alleles were identified by their
inability to complement the deletion of chromosomal mur].
When plasmids encoding nonfunctional flag-mur] alleles were in-
troduced into a AmurJ/pRC7Mur] strain, only those cells that
retained pRC7Mur] survived (see Materials and Methods for de-
tails). These alleles encode Cys substitutions for charged residues
located in TMD 1 (R18 and R24), periplasmic loop 1 (D39), TMD
2 (R52), and TMD 8 (R270). Detection by immunoblotting to the
FLAG tag was significantly reduced only for the D39C variant (Fig.
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6A), indicating that changes in residues R18, R24, R52, and R270
affect MurJ activity. Whether residue D39 is required only for
structural stability or also for function remains to be determined.
To test whether these effects on Mur] function were specific to
replacements with Cys, we also constructed derivatives with re-
placements with Ala. Like those with Cys substitutions, Mur] vari-
ants with an Ala residue at positions R18, R24, D39, or R270 were
nonfunctional. For R52, while a replacement with Cys rendered
Mur] nonfunctional, a replacement with Ala rendered it partially
functional, according to the high sensitivity to low osmolarity ex-
hibited by a haploid strain expressing this R52A derivative (deter-
mined as described below; data not shown). Clearly, R52 plays a
key role in Mur] function, but additional studies are required to
determine the specific requirements at this position.

To identify mutants with altered Mur]J function among those
carrying a complementing flag-mur] allele, we screened haploid
strains carrying single Cys substitutions in pFLAGMurJACys for
growth defects in low-osmolarity medium since the PG sacculus
protects cells from osmotic lysis. Among the 105 mutants tested,
we found 3 with increased sensitivity to low osmolarity (Table 1).
These alleles encode changes in TMD 2 (K46) and TMD 8 (D269
and E273), and they are partial-loss-of-function alleles because
they are recessive to wild-type mur]. Similar phenotypes were ob-
served when these residues were changed to Ala instead of Cys. We
also found that the K46C substitution resulted in a phenotype
milder than the phenotypes caused by the D269C and E273C sub-
stitutions (Table 1) and that each of these changes decreased de-
tection of their respective FLAG-Mur] variants, with the D269C
and E273C substitutions causing a stronger reduction in detection
than the K46C substitution (Fig. 6B).

Together, these functional data show that after changing 110
residues in Mur] to Cys, we detected significant phenotypes only
in specific charged residues located in TMDs 1, 2, and 8 and the
periplasmic loop that connects TMD 1 and TMD 2. These regions
are integral components of the solvent-exposed cavity that we
have identified through SCAM (Fig. 5). Therefore, our in vivo data
demonstrate an essential role of this central cavity in Mur] struc-
ture and function.

DISCUSSION

The inner membrane protein Mur] is essential for PG biogenesis
and, therefore, the viability of E. coli (14, 16). Here we have com-
bined in silico and in vivo approaches to generate the first struc-
tural and topological model of Mur]. Our results demonstrate that
Mur] has 14 TMDs and suggest that the first 12 TMDs form a
structure highly similar to the crystal structure of transporters of
the MOP exporter superfamily (31, 57, 58, 60). A key feature of
this model structure is a central, solvent-exposed cavity that ex-

TABLE 1 Sensitivity of selected mutants to low-osmolarity medium

EOP*
Amino acid change TMD LB YT
None 1.00 = 0.00 0.70 = 0.52
K46C 2 0.40 £ 0.52 0.01 £ 0.00
D269C 8 0.70 = 0.52 <10~°
E273C 8 4.00 *5.20 <107

@ EOP values for haploid strains with flag-mur] alleles expressing single Cys
substitutions were calculated as described in Materials and Methods.
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tends into the hydrophobic core of the membrane. Importantly,
we present further in vivo evidence supporting the suggestion that
this cavity contains several charged residues essential for Mur]
function. Together, our data suggest a model where Mur]J is a
transporter essential for PG biogenesis.

Obtaining high-resolution structural information for cyto-
plasmic membrane proteins composed of multiple TMDs is diffi-
cult. Nevertheless, in recent years the number of membrane pro-
teins that have been crystallized has increased, and this structural
information has aided the development and improvement of al-
gorithms that generate de novo topological and structural models
(55). These models are crucial for understanding the biogenesis,
function, and structure of these proteins. A dilemma that investi-
gators face is which of these in silico modeling algorithms to use.
Our studies with Mur] illustrate how crucial it is that investigators
use more than one topology prediction algorithm and that they
also conduct topological studies in vivo to ultimately develop to-
pological models. In cases where structural homologs have been
crystallized, a structural prediction algorithm, like I-TASSER, can
be extremely powerful in developing such models (47).

In these studies, we obtained a high-confidence structural
model of Mur] with I-TASSER because three proteins that also
belong to the MOP exporter superfamily were crystallized (31, 47,
57, 58, 60). We confirmed in vivo important features of this pro-
posed structure. We showed that Mur] has 14 TMDs, which was
previously suggested to be a feature that makes Mur] differ from
most 12-TMD MOP exporters (31). The relevance of the addi-
tional TMDs remains to be elucidated (see below). Importantly,
we demonstrated using SCAM the existence of a central, solvent-
exposed cavity lined by TMDs 1, 2, 7, and 8. This type of architec-
ture is conserved among crystallized MATE proteins (57, 58, 60)
and proposed in a structural model for the O-antigen flippase
Wzx (62), despite the low level of primary sequence homology
among these proteins. The Wzx proteins belong to the polysac-
charide transporter (PST) family of proteins; notably, among the
MOP exporter superfamily, Mur] is most related to the PST and
MATE families, with the greatest sequence similarity being to PST
proteins (31). Based on this homology and the fact that the central
cavity of Mur] contains several polar and charged residues, some
of which are essential for function, we propose a model where
Mur] is a transporter that uses its central cavity as a conduit to
translocate, across the cytoplasmic membrane, a substrate con-
taining a hydrophilic moiety.

The crystal structures of MATE proteins have revealed that the
outward-opened cavity in each of these exporters contains two
side portals that open into the outer leaflet of the cytoplasmic
membrane. This architecture suggests a model where amphi-
pathic substrates might exit the cavity and enter the membrane
after transport (57, 58, 60). Analogous side portals at the cytoplas-
mic face might allow substrate engagement into the transporter
cavity for export; however, a high-resolution structure in the in-
ward-opened state is not available. The structural model of MurJ,
which is in the outward-opened conformation, also predicts two
side portals that open into the periplasmic leaflet of the mem-
brane. However, it is possible that TMDs 13 and 14, which are
absent in MATE proteins, are not properly oriented in this struc-
tural model with respect to the remaining MATE-like structural
component and they might occlude one of these portals.

There are two pressing questions regarding the function of
Mur] as a transporter. What is the energy source driving transport,
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and what is the substrate(s) that Mur]J transports? Regarding the
energy source, it is likely that Mur] is a secondary active antiporter
that utilizes the electrochemical potential of either Na* or H™,
since this is the mechanism that powers other members of the
MOP exporter superfamily (5, 31, 32). Regarding the substrate(s),
the structural model predicts that the central cavity in MurJ has an
overall positive charge (see Fig. S7 in the supplemental material).
Interestingly, Wzx has a cationic lumen that mediates the translo-
cation of its anionic substrate, the O antigen (62). Our functional
data show the essentiality of some positively charged residues lo-
cated in the Mur] cavity, but it remains to be determined whether
the cationic nature of its lumen reflects the ability of Mur] to
transport a negatively charged substrate, including lipid II (see
Fig. S1 in the supplemental material). Nevertheless, the work pre-
sented here suggests that Mur] is a transporter; therefore, we con-
tinue to favor a model for PG biogenesis where Mur] functions as
alipid II flippase (14, 16). Future work is needed to test this model
and elucidate the essential role of Mur] in PG biogenesis.
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