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ABSTRACT The outer membranes of Gram-negative bacteria provide a permeability
barrier to antibiotics and other harmful chemicals. The integrity of this barrier relies
on the maintenance of the lipid asymmetry of the outer membrane, and studies of
suppressors of a decades-old mutant reveal that YejM plays a key regulatory role
and provide a model for the maintenance of this asymmetry.
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One of the hallmarks of Gram-negative bacteria is their intrinsic resistance to
antibiotics, especially large and hydrophobic drugs, due to the presence of an

outer membrane (OM) (1). This membrane is unique in biology due to the asymmetry
of the bilayer and the presence of lipopolysaccharide (LPS). Although the inner leaflet
of the OM is rather typical and composed of phospholipids (PL), the outer leaflet
contains primarily LPS, which is composed of lipid A, a core oligosaccharide, and an
O-antigen polysaccharide (2). Maintaining this asymmetry is one of the keys to the
barrier function and requires regulation of the flow of fatty acyl chains from a common
precursor pool between two competing biosynthetic pathways that lead to the syn-
thesis of the LPS and PL (Fig. 1A). Recent papers, one of which is in this issue of the
journal (3), find a regulatory role for one of the last essential genes (yejM) in Escherichia
coli that lacks a clear function (4, 5). The papers provide evidence that YejM senses an
intermediate in these biosynthetic pathways to regulate the stability of LpxC, a key
enzyme in the biosynthesis of LPS (6, 7), to balance the synthesis of PL with LPS and
maintain OM asymmetry.

The cell envelopes of Gram-negative bacteria consist of a thin cell wall sandwiched
between the OM and the inner or cytoplasmic membrane (IM) in a compartment
referred to as the periplasmic space (8). Another key to the barrier function of the OM
is that it must be tethered to the cell wall, which occurs through noncovalent inter-
action between the peptidoglycan (PG) and several OM proteins. One of these is a
lipoprotein (lpp product) that is covalently attached to the PG at its carboxy terminus
and has its triacylated N terminus embedded in the OM (9). In the absence of this
lipoprotein, the outer membrane blebs and the barrier is compromised.

Since the OM is a diffusion barrier, it contains channels (porins) that allows nutrients
to enter the periplasmic space, where they encounter specific transport systems that
mediate transport across the inner membrane and into the cytoplasm (10). Hydrophilic
nutrients of less than �650 Da are able to diffuse through the well-characterized
general porins, whereas larger hydrophilic compounds (various iron chelators or glu-
cose polymers [maltodextrins]) require larger or specialized channels which are gated
and energized by TonB (11). Since most antibiotics act in the periplasm or cytoplasm,
they must pass through the OM to reach their target. Those that are small enough and
hydrophilic can diffuse through the general porins, whereas large and hydrophobic
antibiotics have difficulty permeating the OM. However, permeation of the OM is aided
by the accumulation of PL in the outer leaflet of the OM. In fact, Gram-negative bacteria
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have two systems that decrease PL in the outer leaflet, a retrograde transport system
(Mla) (12–14) and an enzyme (PldA) that degrades PL in the outer leaflet (12). None-
theless, a reduction in LPS synthesis compromises the OM barrier through the intro-
duction of PL in the outer leaflet and a reduction in the lateral interactions between LPS
molecules. Conditions that compensate for this reduction in LPS synthesis by restoring
the LPS/PL ratio reestablish the barrier.

LpxC is the main control point in LPS biosynthesis and, as a consequence, the
integrity of the OM. As with other aspects of envelope biogenesis, the study of the OM
barrier has been aided by the isolation of suppressors of a defect, an approach also
employed in recent papers. This approach has been aided in recent years by the ease
of doing whole-genome sequencing (WGS) to identify the affected targets; but first,
some history. The envA1 mutation dates to the 1970s and was found as a mutation that
confers increased sensitivity to antibiotics (15). Since envA was shown to be an essential
gene, it was assumed that envA1 resulted in decreased activity of the gene (16). Indeed,
Raetz’s group working on the LPS biosynthetic pathway found that envA1 had de-
creased deacetylase activity leading to a reduction in the amount of LPS (6). Moreover,
this enzyme was found to carry out the first committed step in LPS biosynthesis, and
so envA was renamed lpxC (6), in line with other genes in the pathway.

A clue about the role of lpxC came when a suppressor of the antibiotic sensitivity
conferred by envA1 was located in fabZ, which encodes a dehydratase that carries out
the first committed step in PL biosynthesis (Fig. 1A). This finding genetically linked PL
and LPS biosynthesis (17, 18) and suggested that a partial loss of function mutation in
fabZ (reduced enzyme activity) rebalances the flux through the pathways. Subse-
quently, a decrease in LpxC activity was shown to reduce LPS biosynthesis and increase
the amount of PL. This decrease in LPS biosynthesis also led to an increase in the level
of LpxC, suggesting a feedback loop that senses some intermediate in the LPS pathway
to affect the level of LpxC to balance the two pathways (7). This link was further
strengthened when it was found that loss of FtsH, a well-known protease (19), was
suppressed by a mutation in fabZ; but in this case, the mutation enhanced the enzyme
activity, thus compensating for an increase in LpxC to balance flux between the two
pathways (20). FtsH was subsequently shown to degrade LpxC with the aid of the

FIG 1 Regulation of LPS biosynthesis. (A) The biosynthesis of LPS and PL depends upon a common precursor
(R-3-hydroxy-myristoyl-acyl carrier protein [ACP]). The first step in LPS biosynthesis is carried out by LpxA and is
reversible. The first committed step is carried out by LpxC, a deacetylase. The first committed step in PL
biosynthesis is carried out by FabZ, a dehydratase. LPS is in the outer leaflet of the OM, and PL is found in the inner
leaflet. (B) The level of LpxC depends upon the activity of the FtsH/YciM protease complex which is regulated by
YejM, which may sense the level of an LPS intermediate.

Commentary Journal of Bacteriology

September 2020 Volume 202 Issue 18 e00370-20 jb.asm.org 2

https://jb.asm.org


essential adaptor YciM (also called LapB) (21, 22). Consequently, deletion of either ftsH
or yciM increases the level of the deacetylase (LpxC) and in turn increases LPS causing
toxicity and cell death. Thus, ftsH and yciM are both essential genes, because their
absence leads to toxic levels of LPS. However, these genes can be bypassed if there is
a compensating mutation (such as in fabZ [18] or lpxC [19]) that rebalances the flux
between these two pathways. Although FtsH is known to degrade other substrates, it
is this role in regulating LPS biosynthesis that makes it essential (19).

Enter YejM. yejM is an essential gene that encodes an IM protein with 5 transmem-
brane helices and a large C-terminal periplasmic domain (23). The original yejM
mutation was found among isolates with increased sensitivity to hydrophobic antibi-
otics (24). Although yejM is essential, the original mutation truncated the periplasmic
domain, indicating this domain was not essential, but in its absence, the OM barrier was
not maintained due to decreased LPS (23). Similar mutations were also found in yejM
that allowed iron-chelating enterobactin to enter mutant cells defective in its transport
across the OM (25). Such mutations also caused the typical array of phenotypes
associated with a defective OM barrier, including sensitivity to vancomycin and deter-
gents, temperature sensitivity, and leakage of periplasmic enzymes. This suggested that
damage to the OM barrier allowed enterobactin to gain access to the periplasmic
space, where it would encounter the IM uptake system. To understand how YejM was
affecting the OM barrier, the various groups isolated suppressors that restored the
barrier, identified the genes involved using whole-genome sequencing (WGS), and then
tried to determine the molecular basis of the suppression. As a result, all three groups
propose a similar model to account for YejM’s role in maintaining the OM barrier
function (Fig. 1B).

In the paper in this issue of the journal, the Misra lab isolated 6 suppressors of YejM
truncated for its periplasmic domain that restored the typical resistance of E. coli to
large antibiotics, namely, vancomycin and erythromycin (3). Whole-genome sequenc-
ing (WGS) revealed that the suppressors mapped to the two components of the
protease, FtsH and YciM, involved in LpxC degradation. A straightforward hypothesis
was that activity of the protease was reduced and LpxC stabilized. Indeed, LpxC was not
detectable in the YejM mutant, but its level was restored to various degrees in the
suppressors, which correlated with the strength of the suppressor. How do the sup-
pressors work? The three in YciM result in the instability of YciM, although it is not clear
why, but loss of the adaptor explains the stabilization of LpxC. The three mutations in
ftsH affect fairly conserved residues and presumably reduce its activity, but the precise
mechanism remains to be determined. This leads to a model where YejM senses some
LPS precursor to inhibit FtsH/YciM proteolytic activity (Fig. 1B).

YejM showed up in a screen that the Bernhardt lab was doing, and since it was an
essential gene of unknown function, they explored it further (4). Depletion of YejM
resulted in cell chaining and lysis similar to what is observed when cells are treated with
an inhibitor of LPS biosynthesis. Moreover, YejM depletion was rescued by overexpres-
sion of LpxC, consistent with YejM being needed to stabilize LpxC. In fact, YejM was
able to be deleted in a strain in which LpxC was overexpressed. To better understand
the role of YejM, the lab also turned to suppressor analysis. Twelve suppressors of the
sensitivity of a YejM depletion to SDS (sensitivity to detergents is another phenotype of
mutants with an altered OM) were obtained. WGS revealed quite a variety of mutations,
most of which are consistent with enhancing the level of LpxC, such as increased gene
dosage of lpxC and missense mutations in yciM. In addition, a novel POLAR-recruitment
2-hybrid assay suggested an interaction between YejM and YciM.

The Silhavy lab obtained suppressors of a truncated YejM mutant by selecting for
growth at 42°C in the presence of SDS and EDTA (EDTA weakens the OM barrier by
chelating Mg2�, which helps to stabilize lateral interactions between LPS molecules) (5).
WGS revealed that the suppressor mutations were in yciM and lpxC. One in lpxC was a
frameshift in the stop codon leading to a C-terminal extension known to stabilize LpxC
as it is no longer a substrate for FtsH/YciM (26). This suggests that the YejM mutant has
lower LPS, which is corrected by the suppressors. Measuring total LPS, in fact, confirmed
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that this is the case. This left one thing to clarify: how does deletion of lpp (lipoprotein
gene) suppress the toxicity of excess LPS caused by loss of the otherwise essential yciM
gene (21, 27)? Lipoprotein is perhaps the most abundant protein in E. coli, and it was
thought that deletion of lpp preserved acyl chains that could then be used to make PL,
helping to restore the PL/LPS ratio. However, a mutant Lpp that is acylated, but cannot
be attached to the PG, still suppressed the YejM mutant, ruling out that hypothesis.
Instead, the loss of lpp increases vesiculation that sheds excess LPS, reducing its toxicity.

The work in E. coli offers a possible explanation for a finding in Salmonella enterica
serovar Typhimurium. In this organism, YejM is called PbgA and was identified as a
protein required for the OM barrier function during infection, where the LPS is modified
and the phospholipid (cardiolipin) content of the OM is increased (28). PbgA bound
cardiolipin, and it was proposed that PbgA shuttled cardiolipin to the OM. The structure
of the periplasmic domain revealed striking similarities to lipoteichoic acid synthase
(LtaS) but lacked a functional active site, although it had a hydrophobic cleft that could
potentially bind LPS precursors (29). More recently, the structure of full-length PbgA
was obtained, revealing a cleft within the membrane domain that contained conserved
residues suggesting an active site (30). The structure also had two bound cardiolipin
molecules consistent with PbgA being involved with cardiolipin. However, cardiolipin
is not essential in E. coli, and so it is unlikely that this plays a role in the barrier function
(31).

Mice infected with PbgA mutants truncated for the periplasmic domain survive,
whereas those infected with the wild type (WT) succumb to the infection (32).
Interestingly, survivors were found among organ homogenates of mice infected
with the PbgA mutant that restored the LPS defect (based upon a reporter for
membrane integrity). In this earlier study, WGS, like in the above-described studies
with E. coli, revealed that the survivors contained mutations in yciM, ftsH, and lpxC
and suppressed various envelope phenotypes to various degrees. Although various
explanations were put forward, the recent studies in E. coli suggest how the
suppressor mutations reestablish the balance between PL and LPS biosynthesis in
the mutant and thus restore the asymmetry of the OM and reestablish its barrier
function (Fig. 1B).

While these recent studies have connected YejM to LPS synthesis by regulating LpxC
levels, it remains to be determined how YejM senses the LPS assembly status and
communicates with the FtsH/YciM proteolytic machinery to regulate LpxC levels. Also,
the more severe phenotype caused by complete loss of YejM compared to the
truncated version remains to be explained. Moreover, it is possible that this regulation
can be exploited to find compounds that disrupt the OM barrier to overcome the
intrinsic resistance to antibiotics. With several labs converging on YejM, the answers
may come soon.
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