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In Escherichia coli, cardiolipin (CL) is the least abundant of the
three major glycerophospholipids in the gram-negative cell enve-
lope. However, E. coli harbors three distinct enzymes that synthe-
size CL: CIsA, ClIsB, and CIsC. This redundancy suggests that CL is
essential for bacterial fitness, yet CL-deficient bacteria are viable.
Although multiple CL-protein interactions have been identified,
the role of CL still remains unclear. To identify genes that impact
fitness in the absence of CL, we analyzed high-density transposon
(Tn) mutant libraries in combinatorial CL synthase mutant back-
grounds. We found LpxM, which is the last enzyme in lipid A bio-
synthesis, the membrane anchor of lipopolysaccharide (LPS), to be
critical for viability in the absence of c/sA. Here, we demonstrate
that CL produced by CIsA enhances LPS transport. Suppressors of
cIsA and IpxM essentiality were identified in msbA, a gene that
encodes the indispensable LPS ABC transporter. Depletion of CIsA
in AlpxM mutants increased accumulation of LPS in the inner mem-
brane, demonstrating that the synthetic lethal phenotype arises
from improper LPS transport. Additionally, overexpression of CIsA
alleviated AlpxM defects associated with impaired outer mem-
brane asymmetry. Mutations that lower LPS levels, such as a YejM
truncation or alteration in the fatty acid pool, were sufficient in
overcoming the synthetically lethal Ac/sA AlpxM phenotype. Our
results support a model in which CL aids in the transportation of
LPS, a unique glycolipid, and adds to the growing repertoire of
CL-protein interactions important for bacterial transport systems.
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he cell envelope of bacteria allows the cell to cope with a

diverse range of environments and harsh conditions (1). In
gram-negative bacteria, such as Escherichia coli, the envelope
contains a symmetrical inner membrane (IM) consisting of
glycerophospholipids (GPLs) and an asymmetrical outer mem-
brane (OM) where GPLs comprise the inner leaflet and pri-
marily lipopolysaccharide (LPS) in the outer leaflet (2) (Fig. 14).
The OM’s topology promotes a formidable barrier to detergents,
antibiotics, and to key components of the host innate immune
response (1). Hydrophobic packing of acyl chains from GPLs and
LPS, coupled with divalent cations promoting strong lateral in-
teractions between LPS molecules, support a barrier with low
permeability (3).

Disruptions in OM asymmetry compromise the permeability
barrier and lead to sensitivity to toxic molecules, including an-
tibiotics. Therefore, the cell must synchronize the synthesis and
transport of LPS and GPLs to maintain OM integrity (4). LPS
synthesis begins in the cytosol and concludes at the periplasmic
face of the IM (5). LPS is divided into three major components:
the conserved lipid A domain, the core oligosaccharide, and the
distal O-antigen (6). E. coli utilizes nine enzymes for the syn-
thesis of Kdo,-lipid A (5). The enzymes involved in Kdo,-lipid A
(lipid A) are essential for bacterial viability, with the exception of
the late-step acyltransferases, LpxL and LpxM (Fig. 14) (7).
Although both IpxL. and IpxM can be deleted in E. coli, loss of
either results in OM permeability defects. Furthermore, sup-
pressor mutations are required for growth of JpxL. mutants at
temperatures >30 °C (8). The Kdo sugars are the first units of
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the core oligosaccharide; however, Kdo addition is synonymous
with lipid A biosynthesis as the Kdo sugars are required for LpxL
and LpxM acyl chain addition in E. coli (9) (Fig. 1). Upon
completion of core oligosaccharide assembly onto lipid A, the
essential ATPase transporter MsbA flips lipid A—core to the
outer leaflet of the IM (Fig. 14) (6, 10, 11). O-antigen is then
appended onto the core region at the periplasmic face of the
membrane, although its presence it not essential for viability or
present in K-12 strains (6). LPS is then transported to its final
destination in the OM by the Lpt system, which is a seven-
protein complex forming an envelope-spanning translocating
machine (Fig. 14) (12).

GPL synthesis also begins in the cytosol with the elongation of
fatty acids which are then shunted to the IM for synthesis of the
three major GPLs: phosphatidylethanolamine (PE), phosphati-
dylglycerol (PG), and cardiolipin (CL) (SI Appendix, Fig. S1) (1).
Interestingly, although CL is the least abundant of the three
major GPLs, E. coli has three separate CL synthases: ClsA, ClsB,
and CIsC (13). CIsA is responsible for the majority of CL syn-
thesis (13) and is active during logarithmic growth, producing
nearly all CL in log phase. During the stationary phase, CL levels
increase ~threefold because of increased CIsA activity (~10-
fold) along with the activation of ClsB and CIsC (13, 14). This
redundancy suggests that CL must be critical for the cell, yet CL
is not essential for growth under typical laboratory conditions
(15). Numerous studies indicate biological interactions between
CL and key proteins such as aquaporins, DNA recombination
proteins, and essential ATP-binding cassette (ABC) transporters.
Despite this, the physiological role of CL remains unclear (16-18),
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Biosynthesis and transport of LPS. (A) The latter steps of Kdo,-lipid A biosynthesis catalyzed by KdtA (WaaA), LpxL, and LpxM are shown. Two Kdo

sugars are added to the tetra-acylated lipid A precursor, termed lipid IVA. The Kdo sugars are part of the core oligosaccharide and are required for the
ordered addition of last two acyl chains by LpxL and LpxM. First, LpxL adds a laurate (C12:0) followed by LpxM that adds a myristate (C14:0) group forming
hexa-acylated Kdo,-lipid A. The remaining core oligosaccharide is extended at the cytoplasmic face of the IM, requiring various glycosyl transferase (not
shown). MsbA, an ABC transporter, flips the core-lipid A structure to the periplasmic face of the IM. For simplicity, the O-antigen addition is not shown and is
absent in E. coli K-12 strains. The intermembrane translocation of LPS to the OM is conducted by the Lpt system, which forms an envelope-spanning
translocation machine. PagP, an OM protein, transfers a palmitate (C16:0) group from mislocalized GPL (red) in the outer leaflet of the OM to LPS. (B,
Top) Chemical structure of Kdo,-lipid A with the acyl chain added by LpxM in blue, and the chain added by PagP is in red. (B, Bottom) Structure of cardiolipin.

as complete loss of CL does not result in the same phenotypic
consequences observed upon loss of function of key CL-
interacting proteins (e.g., Sec translocon) (15, 18).

To identify novel CL-mediated functions in E. coli, we utilized
transposon sequencing (Tn-seq) in combinatorial c/s4, B, and C
mutants. We found that the presence of both CIsA and the lipid
A acyltransferase LpxM are essential for bacterial fitness. Ge-
netic suppressors in our AclsA, AlpxM mutant indicated that an
accumulation of LPS in the IM is responsible for cell death. We
find that JpxM mutants show decreased transport of LPS and that
CL levels mitigate penta-acylated LPS transport across the IM.
Furthermore, we reveal that lowering total LPS levels through
genetic manipulation promotes viability of AclsA, AlpxM double
mutants. We propose a model that CL produced by CIsA aids
MsbA in the transport of underacylated LPS.

Results

Loss of ClsA and LpxM Is Synthetically Lethal. To gain further insight
into the redundancy of cls enzymes and the role of CL in the
bacterial cell, we wanted to identify genes that impact fitness in
combinatorial cls mutants. We constructed an E. coli Tn inser-
tion library in wild-type (WT; W3110), Acls4, AclsB, AclsC,
AclsAB, AclsAC, AclsBC, and AclsABC backgrounds (~450,000
mutants per background), utilizing a Tn vector as previously
published (Dataset S1) (13, 19). We found that [pxM, the gene
encoding the enzyme that catalyzes the last step of lipid A bio-
synthesis, to be imperative in the absence of cis4 (8). In com-
parison with WT, there were 27-fold fewer Tn insertions in [pxM
when cls4 was absent (Fig. 24). Surprisingly, AclsB and AclsC Tn
libraries had a high number of Tn reads in [pxM, suggesting [pxM
to be dispensable in these genetic backgrounds (Fig. 24). Sup-
porting our initial finding that a dual essentiality for cls4 and
IpxM exist by Tn-seq analysis, we constructed and analyzed a
high-density Tn mutant library in a AlpxM background (Dataset
S1). We observed [pxM mutants to be absent of Tn insertions in
clsA, while cIsB and cIsC had a high number of Tn insertions in
IpxM (Fig. 2B). The significant fold change of Tn insertions
in cIsA and IpxM is illustrated in volcano plots of AlpxM and
AclsABC backgrounds, respectively (SI Appendix, Fig. S2). We
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were unable to introduce a AlpxM::kan allele into AclsA, dem-
onstrating that the presence of both cls4 and [pxM is essential for
cell viability.

To study the cause of the synthetic lethality of a AclsA, AlpxM
double mutant, we deleted the native cls4 gene and introduced a
plasmid (pBAD) expressing cls4 from an arabinose inducible
promoter. The IpxM deletion was then introduced by phage
transduction, resulting in the strain Acls4, AlpxM::kan
pBAD::clsA (referred to as clsA, IpxM P,,::clsA). W3110 cells
harboring a clsA or IpxM deletion have a slight growth defect
compared with WT (Fig. 34); however, CIsA depletion in the
absence of the inducer in the clsA, [pxM P,,,::clsA strain led to a
major growth defect (Fig. 3 4 and B). Similarly, depletion of
IpxM from an arabinose inducible promoter also leads to a se-
vere growth defect of the double mutant (SI Appendix, Fig. S3).
Loss of clsA has no major impact on overall cell morphology
(Fig. 3C), whereas deletion of [pxM leads to elongated cells,
consistent with previous findings (Fig. 3C) (20). Depletion of
CIsA in the double mutant, however, exacerbated the AlpxM
elongated cell morphology, showing gross changes in cell
morphology (Fig. 3C).

Since CIsA is the predominate CL synthase, we were inter-
ested if the overexpression of clsB or cIsC could rescue the
synthetic lethal phenotype of AclsA, AlpxM double mutants. To
this end, we built plasmids expressing clsB or ymdB-clsC from an
arabinose inducible promoter. ymdB is in operon with clsC, and
its coexpression with clsC increases CIsC activity (13). Although
plasmid expression of either clsB or ymdB-cisC in the triple
AclsABC mutant leads to CL levels similar to those in WT,
obtaining a /pxM mutant in these backgrounds required longer
incubation (~24 to 36 h) and resulted in the formation of smaller
colonies. Furthermore, these strains have a growth defect com-
pared with our P,,,::clsA control (SI Appendix, Fig. S4). Given
this data, ClsA may have another functional role outside of CL
synthesis that could not be supplied by ClsB or ClsC. To test this,
we generated a catalytically inactive CIsA (H224A) by mutating
one of the two HKD motifs found in the CL synthases (SI Ap-
pendix, Fig. S4). These motifs are characteristic for all members
of the phospholipase D super family and are required for
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Fig. 2.

Identification of JpxM as an essential gene in the absence of c/sA by Tn-seq. High-density Tn libraries were generated in WT (W3110) and clsA, c/sB,

cIsC, cIsABC, and IpxM mutants. The sites of Tn insertions were identified by deep sequencing and mapped onto the W3110 reference genome. (4) Shown are
Tn insertion profiles of the JoxM operon in WT and Ac/s Tn libraries. (B) Tn insertions of the three c/s genes in WT and lpxM Tn libraries. The height of each line
in the profile represents the number of sequencing reads corresponding to a Tn insertion at the indicated genome position. In blue, the RPKM value for the
gene is listed. In red is the fold change of RPKM value of the genes listed relative to WT. A total of three biological replicates where completed. The profile

and the RPKM shown is that of a single biological replicate, but the fold chan

enzymatic activity of E. coli CL synthases (15, 21). Expression of
both the catalytically inactive clsA4 and clsB or ymdB-clsC from an
arabinose inducible promoter does not phenocopy our P, :clsA
control (SI Appendix, Fig. S4B). Together, these results demon-
strate that CL synthesized specifically by CIsA must be present to
maintain normal growth in the absence of complete lipid A synthesis.

Mutations in msbA Suppress the clsA, lJpxM Synthetic Lethal Phenotype.
We next turned to suppressor analysis to identify mutations that
bypass the synthetic lethal Acls4, AlpxM phenotype. To this end,
both AclsA and AclsABC mutants were used. The triple mutant was
used to avoid suppressors in other CL synthesis enzymes. To select
for suppressors, we performed a large-scale transduction and
transduced a AlpxM::kan mutation into both Acls4 and AclsABC
mutants. Additionally, possible transductants were allowed to grow
for 36 h at 37 °C as opposed to selection for 16 h. Surviving
transductants were isolated and their mutations were mapped by
whole genome sequencing. A AclsABC AlpxM suppressor contained
a single missense mutation in msbA4 encoding a T411P substitution.
The AclsA AlpxM suppressor mutant also contained a single mu-
tation in msbA, with a missense mutation encoding a PS00T sub-
stitution. MsbA is an ABC transporter that flips the lipid A—core
oligosaccharide from the inner leaflet to the periplasmic face of the
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ge is the average of all replicates.

IM (1). In both suppressors, the substitution is mapped to the
nucleotide-binding domain of the protein. The suppressors allevi-
ated the growth and morphological defect of the parent mutant
strains (Fig. 4). Since MsbA is essential, we hypothesized that
overexpression of MsbA would also rescue the viability of a AclsA,
AlpxM double mutant. Thus, Acls4 mutants harboring prisbA were
recipients in a transduction using P1 phage AlpxM::kan. Kanamycin
resistant transductants were obtained on agar containing arabinose
to induce the expression of msbA4, and these strains had an im-
proved growth (Fig. 44) and showed WT morphology (Fig. 4B)
compared with the ClsA-depleted clsA, [pxM P,,,::clsA strain.

Our initial suppressor analysis suggest LPS transport defi-
ciency is responsible for the lethality of Acls4, AlpxM double
mutants. We therefore examined the LPS distribution between
the OM and IM of ClsA-depleted clsA, [pxM P,,,::clsA and
control parent strains. The OM and IM were separated by su-
crose density gradient fractionation, and peak OM and IM
fractions were identified by quantification of the OM B-barrel
protein OmpA (fractions 11, 12, and 13) and NADH oxidase
activity (fractions 5, 6, and 7), respectively (SI Appendix, Fig. S5)
(21, 22). We establish that [pxM mutants have ~threefold more
LPS in the IM relative to WT (Fig. 5 and SI Appendix, Fig. S6).
Furthermore, depletion of CIsA in the absence of [pxM further
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Fig. 3. Depletion of ClsA in the absence of LpxM leads to a growth and morphological defect. (A) Growth curve following depletion of ClsA in the absence of
IpxM. The strain clsA, [pxMI/P,,,::clsA was grown under inducing conditions with 0.2% arabinose (+Ara, gray) or under repressing conditions with 0.2% glucose
(—Ara, red). WT, single c/sA, and single [pxM mutants were used as controls. The growth of a c/sA, IpxM/P,..::lpxM mutant was also observed in inducing
conditions. Growth of indicated strains were monitored by ODggo every 30 min. Error bars represent SEM from technical triplicate. (B) Serial dilutions of
indicated strains were spotted on LB plates containing 0.2% glucose and grown at 37 °C. (C) Micrographs of cells at the 5 h time point of growth curve shown

in A. (Scale bar, 5 pm).

increases localization of LPS to the IM fraction (~fourfold more
LPS compared with WT) (Fig. 5 and SI Appendix, Fig. S6). In-
terestingly, LPS levels in the IM of JpxM mutants are lowered
when CIsA is overexpressed (Fig. 5 and SI Appendix, Fig. S6).
Overall, these data suggest that CIsA levels modulate LPS ac-
cumulation in the IM.

Depletion of Cardiolipin in the Absence of IpxM Lowers MsbhA
Transport of LPS. We next wanted to determine if LPS accumu-
lation at the IM occurs in the inner or outer leaflet upon CIsA
depletion. LpxE, an LPS modification enzyme present in several
gram-negative bacteria (e.g., Francisella), removes the
1-phosphate group from lipid A at the periplasmic face of the IM
(23, 24). Although not present in E. coli, heterologous expression
of LpxE results in efficient dephosphorylation of E. coli lipid A
(25). Thus, LpxE modification of lipid A can be used as a to-
pological reporter of MsbA flippase activity (25). Cells express-
ing LpxE were grown to early log phase and then labeled with
32P; for one doubling time prior to lipid A extraction. WT lipid A
consists of two major lipid A species: the bulk species (~70%) is
phosphorylated at the 1’ and 4’ positions, and an additional 77is-
phosphorylated species contains a diphosphate at the 1’ position
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that migrates more slowly during thin-layer chromatography
(TLC) (Fig. 6) (26). Upon expression of LpxE, 58% of the lipid
A is dephosphorylated in the WT background, resulting in lipid
A that migrates faster than the two WT lipid A species (Fig. 6).
LpxM is responsible for the last acylation step in lipid A syn-
thesis; as expected its absence resulted in penta-acylated lipid A
species, reducing the migration of lipid A on a TLC (Fig. 6) (7).
The expected dephosphorylated lipid A species makes up 36% of
the lipid A, indicating the lipid A is not readily accessible to
LpxE compared with the lipid A in a WT background (Fig. 6).
Only 16% of the ClsA-depleted clsA4, ipxM P,,,::clsA strain’s lipid
A was dephosphorylated by LpxE (Fig. 6), suggesting poor
transport of LPS across the IM. However, LpxE activity in the
AlpxM strain is equivalent to WT if clsA4 is overexpressed (Fig. 6).
Because the absence of CL has been shown to decrease protein
transport through the SecYEG system (18), we wanted to dem-
onstrate that the increase in LpxE-modified lipid A when cls4 is
overexpressed in a AlpxM background is independent of in-
creased LpxE levels. Therefore, we measured LpxE-modified
lipid A in a WT background overexpressing clsA4, and we ob-
served no increase in LpxE activity (SI Appendix, Fig. S7). This
suggests that increased LpxE activity in a AlpxM mutant
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0.2% arabinose (+Ara) to induce plasmid expression or in 0.2% glucose (—Ara) to repress plasmid expression. Cultures were measured by ODggo every 30 min.
(B) Micrographs of cells at the 5 h time point of growth curve shown in A. (Scale bar, 5 pm.) Error bars represent SEM from a technical triplicate.

overexpressing cls4 is independent of SecYEG function. To-
gether, our results indicate that the presence of CL impacts the
transport of LPS across the IM.

Depletion of Cardiolipin in IpxM Mutants Exacerbates OM
Permeability Defects. If LPS transport is hindered in our strains,
one would expect a disruption of OM asymmetry leading to in-
creased GPLs presented at the bacterial surface (27). One way to
monitor this disruption is modification of lipid A by the OM
pB-barrel acyltransferase PagP. PagP transfers a palmitate (C16:0)
from PE, the bulk GPL, to one of the B-hydroxymyristate chains
(3-OH-C14:0) of lipid A (Fig. 1) (28). Since the active site of
PagP faces the extracellular environment, only PE localized to
the outer leaflet of the OM can serve as an acyl donor. Thus,
PagP activity functions as a reporter of mislocalized GPLs and
OM asymmetry (28). To monitor for PagP modification, cultures
were grown in the presence of *?P;, and lipid A species were
extracted and analyzed by TLC (Fig. 74). The deletion of cls4
resulted in no major changes to the lipid A profile compared
with WT (Fig. 74). However, in the [pxM mutant, species are
observed migrating similar to hexa-acylated lipid A. These spe-
cies are PagP-acylated lipid A as determined by matrix-assisted
laser desorption/ionization-time of flight (MALDI-TOF) analy-
sis (Fig. 74 and SI Appendix, Fig. S8) and comprise ~10% of the
total lipid A species, indicating an increase in mislocalized GPLs.
In the ClsA-depleted cisA, IpxM P,,,::clsA strain, PagP-acylated
lipid A makes up ~40% of the lipid A, suggesting that OM
asymmetry is severely compromised. This severe reduction in
OM asymmetry is not present when an inducible plasmid with
clsA or IpxM is grown in the presence of arabinose (Fig. 74).
Interestingly, we observe reduced PagP-acylated lipid A in our
msbA suppressors, suggesting LPS flux to the OM is restored (S
Appendix, Fig. S9).
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Additionally, we measured the minimum inhibitory concen-
tration (MIC) of vancomycin for each strain (Fig. 7B). Vanco-
mycin is a large antibiotic that cannot readily pass through the
gram-negative OM (29), and increased sensitivity to the antibi-
otic indicates a disruption in OM asymmetry. The vancomycin
MIC mirrored PagP-acylated lipid A levels of each mutant.
AclsA mutants are slightly less resistant to vancomycin compared
with WT cells, 192 and >256 pg/mL, respectively (Fig. 7B).
AlpxM mutants exhibited a severe decrease in vancomycin re-
sistance, with a MIC of 64 pg/mL, similar to previously published
reports (Fig. 7B) (7). The ClsA-depleted clsA, IpxM/P,,,::clsA
strain is even more sensitive with an MIC of 32 pg/mL (Fig. 7B).
Induction of cls4 or IpxM in the conditional double mutant re-
stored vancomycin phenotypes to the same level or above those
of the individual AclsA4 or AlpxM strains (Fig. 7B). Additionally,
overexpression of clsA increased the vancomycin resistance in
IpxM mutants in both W3110 and MG1655 strains (SI Appendix,
Table S1). Furthermore, the suppressors mapped to msbA in-
crease vancomycin resistance to 96 pg/mL, above that of AlpxM
(SI Appendix, Table S1). These data sets suggest that the double
mutant has a severe OM defect, and the overexpression of cls4
can alleviate OM defects associated with loss of LpxM
acyltransferase activity.

Decreasing LPS Synthesis Rescues Growth of CL-Deficient IpxM
Mutants. In addition to suppressors in msbA, a single-
nucleotide polymorphism in fabF allowed for viable transduc-
tants when AclsABC mutants were transduced with P1 phage
AlpxM::kan. The fabFri96pm suppressor rescued both growth
(Fig. 84) and cell morphology (Fig. 8B). The deletion of fabF in
a AclsABC mutant did not allow transductants with AlpxM::kan
P1 phage to be produced, leading us to speculate that our
fabFri96m suppressor is a gain-of-function mutation. FabF is one
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Fig. 5.

Depletion of CIsA in the absence of LpxM increases LPS levels in the IM. Indicated strains were grown for 5 h in 0.2% arabinose (+Ara) to induce

plasmid expression or in 0.2% glucose to repress plasmid expression (—Ara), and cultures were normalized for ODggo. IM and OM fractions from listed cultures
were separated by a three-step sucrose gradient. Sodium dodecyl sulphate-polyacrylamide gel electrophoresis stained for LPS was used to quantify LPS
concentrations across the isolated fractions. IM) peak fractions are indicated by NADH oxidase, and OM peaks are indicated by OmpA concentration (S/
Appendix, Fig. S2). %LPS was calculated by fraction density divided by total LPS density. Gels are representative of three biological experiments.

of three 3-ketoacyl-ACP synthases and has the highest affinity
for the elongation of palmitoleic acid (16:1 A9) to vaccenic acid
(18:1 A11) (30). We therefore hypothesized that increasing the
level of vaccenic acid within the cell would promote viability in
the absence of both clsABC and IpxM. Increasing the cell’s pool
of 18:1 fatty acids can be accomplished by adding the fatty acid
exogenously or through genetic manipulation. FabR functions as
a repressor for fabB, which is an additional 3-ketoacyl-ACP
synthase (31). The deletion of fabR results in increased expres-
sion of fabB, leading to an increase in the 18:1 fatty acid cellular
pool (31). Both the deletion of fabR or the addition of 18:1 fatty
acids to the growth media rescued the lethality and aberrant cell
morphology exhibited by cells in the absence of CIsA and LpxM
(Fig. 8). Altogether, this data indicates that increasing the 18:1
fatty acid pool promotes cell viability in the absence of clsABC
and IpxM.

Why does changing the inherent fatty acid pool suppress our
synthetic lethal phenotype? We examined if suppressors AfabR
and fabFri96\m restore the OM asymmetry defects seen in the
ClsA-depleted clsA, IpxM/P,,,::clsA strain by performing a van-
comycin Etest (SI Appendix, Table S1). The result indicated that
the AfabR and fabFri9enm suppressors failed to restore OM de-
fects as the MICs were even lower than the AlpxM parent strain
(81 Appendix, Table S1). Furthermore, we see that when fabR is
deleted in either a AclsABC or AlpxM background, vancomycin
resistance is decreased (SI Appendix, Table S1). Based on these
results, we hypothesize that LPS levels are reduced when 18:1
fatty acid pools increase, alleviating LPS accumulation in the IM
observed in ClsA-depleted clsA, IpxM/P,,,::clsA mutants (Fig. 5)
(32). To test this possibility, we measured the overall LPS levels
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of AclsA and AlpxM strains containing fabR deletions or grown in
the presence of 18:1 fatty acids (Fig. 9 4 and B). The addition of
18:1 fatty acids to the growth medium or deletion of fabR led to a
decrease in overall LPS levels in WT (Fig. 9 4 and B). We also
observe that absence of cls4 or [pxM also results in an overall
decrease in LPS levels.

With the hypothesis that lowering LPS rescues the double
mutants, we took advantage of a truncated yejM mutant
(vejM569) to lower LPS through genetic means. LpxC catalyzes
the committed step for lipid A production, and stability of the
enzyme dictates the flux of precursors into lipid A synthesis (33).
YejM has recently been identified to regulate LpxC stability, and
disruption of YejM synthesis results in lowered LPS levels
(34-38). Addition of a yejM569 allele into the clsA strain allows
for IpxM to be deleted with no severe growth defect (S Appendix,
Fig. S10). This viability is attributed to the decrease in LPS levels
by the yejM569 allele (Fig. 9 C and D). Taken together, our re-
sults indicate that lowering LPS levels allows the cell to survive
when LPS transport is restricted from loss of CL synthesis.

Discussion

Extensive research on the synthesis and biochemical properties
of GPLs has been conducted for over 40y, yet the biological role
of CL remains poorly understood. CL composes ~5% of the
GPL makeup under broad conditions, but CL concentrations can
increase threefold during the stationary phase (13). Despite the
fluctuating levels of CL and the presence of three separate CL
synthase enzymes, ClsA, ClsB, and ClsC, CL is not required for
cell growth (13). Previous work has shed light on multiple
protein—CL interactions that impact the bacterial cell. Some
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Fig. 6. Depletion of ClsA in the absence of LpxM decreases MsbA-mediated
LPS transport. Cultures were grown to mid-log phase in either presence 0.2%
arabinose (+) to induce plasmid expression or in 0.2% glucose () to repress
plasmid expression. Cells were then labeled with 32P; for one doubling, and
the lipid A was isolated and separated by TLC and visualized by phosphor-
imaging. %LpxE-modified lipid A were determined by densitometry. Lipid A
species are indicated, and the TLC is representative of three biological
experiments.

examples include the activation of respiratory complexes (39),
the polar localization of the osmosensory transporter protein
ProP (40), and influencing the subcellular distribution of cell
division proteins (41-44). More recently, CL has been shown to
aid in protein transport through the Sec system and to facilitate
drug efflux by binding to a resistance-nodulation-cell division
(RND) efflux pump (18, 45). Additionally, previous studies fo-
cused on how the absence of CL affects the cell, such as changes
in biofilm formation, decreased protein secretion, and cell
morphology (15, 46). In this study, we sought to identify major
gene networks that become essential in the absence of CL
through Tn-seq analysis of cls combinatorial mutants. We iden-
tify that the presence of [pxM is essential in the absence of cls4
for proper growth, cell division, and OM integrity.

LpxM is the final enzyme in the synthesis of the Kdo,-lipid A
substructure transferring a secondary acyl chain, a myristoyl
group, to the 3’ position, forming hexa-acylated lipid A (6). The
gene encoding LpxM was first described as a multicopy sup-
pressor that rescued the temperature-sensitive growth of an
E. coli IpxL mutant (47). Later, Raetz and colleagues charac-
terized the function of LpxM as one of the so-called “late”
acyltransferases of lipid A biosynthesis (8, 47) (Fig. 14). Dis-
ruption of the IpxL allele in E. coli results in LPS with tetra-
acylated lipid A, termed lipid IV (Fig. 14), that is not effi-
ciently transported by MsbA, resulting in a lack of growth at
elevated temperatures (10). The poor transport of tetra-acylated
LPS results in morphological defects reminiscent of the CIsA-
depleted AclsA AlpxM strain (Fig. 3C). LpxM acylates Kdo,-lipid
IV at a slow rate, and therefore its overexpression increases
lipid A acylation, promoting MsbA-mediated flipping and cell
viability (8). The transport of lipid A in JpxM mutants has not
been studied as extensively as /pxL mutants. However, MsbA’s
poor transport of underacylated lipid A, coupled with the
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sensitivity of [JpxM mutants to antibiotics, suggests penta-acylated
lipid A may also be poorly transported (7, 10). We have repli-
cated the findings that [pxM mutants are vancomycin sensitive (7)
(Fig. 7B and SI Appendix, Table S1) and have observed increased
PagP activity in [pxM mutants (Fig. 7B), suggesting disruption of
OM asymmetry. Previous lipid A profiles of /pxM mutants did
not reveal as high levels of PagP activity as our AlpxM mutant,
but these experiments characterized lipid A from cells grown at
30 °C in minimal media (7, 8). To prove that OM defects asso-
ciated with [pxM mutants arise from decreased transport of lipid
A, we separated OM and IM fractions. Mutants lacking LpxM
had a threefold increase in accumulation of LPS in the IM
compared with WT cells (Fig. 5 and SI Appendix, Fig. S7). This
accumulation of LPS is located at the inner leaflet of the IM,
prior to MsbA transport, as LPS from [pxM mutants were less
accessible to periplasmic LpxE modification (Fig. 6). Therefore,
MsbA cannot transport penta-acylated lipid A as efficiently as
hexa-acylated lipid A. Penta-acylated lipid A produced by lpxM
mutants was recently shown to have altered binding to the hy-
drophobic pockets in the Lpt system, which transports LPS from
the periplasmic leaflet of the IM to the OM, further supporting
that the acylation state of the substrate affects LPS transport
systems (48).

We found that depletion of CISA in [pxM mutants results in a
severe growth and morphological defect (Fig. 3). The depletion
of CIsA exacerbated IpxM phenotypes, such as vancomycin sen-
sitivity, disruption of OM asymmetry, and LPS aggregation in the
IM (Figs. 5, 6, and 7B). Interestingly, the overexpression of cls4
alleviates such associated phenotypes in /pxM mutants (Figs. 5, 6,
and 7B and SI Appendix, Table S1). Furthermore, we demon-
strate that the synthetic lethal phenotype of Acls4 and AlpxM are
associated with MsbA transport (Fig. 6), providing evidence that
CL affects MsbA activity. Our first line of evidence that CL af-
fects MsbA activity is that we mapped suppressors to the
nucleotide-binding domain of MsbA (Fig. 44), which powers the
transport of LPS through ATP hydrolysis (49). Previous studies
have shown that MsbA poorly flips underacylated lipid A be-
cause of inefficient stimulation of ATPase activity (11). Together
with our results, these findings indicate that the transmembrane
regions of MsbA must sense lipid A binding, which triggers
conformational changes to stimulate the ATPase, a process in
ABC transporters called coupling (50). For MsbA, proper cou-
pling occurs with the completely synthesized hexa-acylated lipid
A but must be inefficient with the tetra- or penta-acylated lipid
A, suggesting MsbA serves as a checkpoint for whether LPS
synthesis has been completed. Notably, the P5S00T substitution in
one of our suppressors is located between the ATPase Walker B
motif and the helical subdomain that is involved in coupling
conformational movements (51, 52). Thus, our suppressors likely
alter coupling of MsbA so that ATPase activity is stimulated by
binding of the poor substrate, penta-acylated lipid A, and bypass
a normal checkpoint for LPS synthesis. The exacerbation of
transport defects in the cls4 [pxM double mutant indicates that in
bacteria with reduced CL levels, MsbA’s selectivity for hexa-
acylated lipid A becomes more stringent. Furthermore, a Acls4
mutation could not be introduced into a mutant harboring im-
paired Lpt transport machinery, further supporting that absence
of CL in tandem with increased LPS at the IM results in death
(53). Overexpression of MsbA rescues the synthetic phenotype
(Fig. 4A4), possibly in a manner analogous to the rescue of IpxL
mutants (54).

Several studies have shown CL-protein interactions. Recent
evidence reveals the presence of CL-binding sites in SecY and
SecA (18). The SecYEG complex transports proteins through
the IM powered by the essential SecA ATPase (55). Absence of
CL binding to the Sec system results in lowered ATPase activity
of SecA, leading to a reduction in protein translocation activity
(18). The protein magnesium transporter A (MgtA), a
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Fig. 7. Depletion of ClsA in the absence of LpxM increases OM defects. (A) Lipid A profile of ClsA-depleted c/sA, IpxM/P,,,::clsA mutant and control strains.
Cultures were grown to mid-log phase in the presence 0.2% arabinose (+) to induce plasmid expression or in 0.2% glucose (-) to repress plasmid expression in
the presence of 3P;. Lipid A was isolated, separated by TLC, and visualized by phosphorimaging. Lipid A species are indicated. (B) Measured OM defects of
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comycin. Cultures began at an ODggo 0.05 and grew at 37 °C for 8 h. MICs were defined as no growth above the starting ODggo. The level of PagP-modified
lipid A species were determined by densitometry. TLC data and antibiotic sensitivity are representative of three biological experiments.

specialized P-type ATPase, was found to colocalize with CL, but
CL also activates the transporter. Absence of CL has also been
shown to impact the function of the Acr (acriflavine resistance)
multidrug efflux system. In this case, CL may act allosterically to
modulate AcrB activity, a transporter belonging to the RND
superfamily (45). We speculate that CL may have similar effects
during LPS transport, supporting MsbA activity. The bacterial
cell can ordinarily tolerate loss of [pxM; however, this comes at
the cost of inefficient MsbA-dependent transport, which, when
combined with the loss of cls4, results in a synthetic lethal
phenotype. Therefore, we propose a model in which MsbA
ATPase activity is reduced in the absence of both CL or LpxM,
and when both are absent, MsbA is no longer functional leading
to cell death. We hypothesize that CL binds to MsbA, and in the
absence of CL, MsbA ATPase is lowered, as seen in the SecYEG
system (18). Since underacylated LPS forms are poor substrates
for MsbA (11), when both CL and LpxM are absent, the likely
additive reduction in ATPase activity and LPS transport leads to
cell death.

In our Tn-seq analysis, 7faC and rfaF were identified to be
essential in both AclsABC and AlpxM mutants (Dataset S1 and
SI Appendix, Fig. S2). RfaC and RfaF are responsible for adding
the first and second heptose sugars of the inner core oligosac-
charide, respectively (56). Since core addition is sequential, ab-
sence of RfaC and RfaF results in a deep-rough LPS phenotype
lacking the core region (56). Mutants containing deep-rough

80of 11 | PNAS

https://doi.org/10.1073/pnas.2018329118

LPS are sensitive to antibiotics, and LPS with core truncations
decrease MsbA ATPase activity, all suggesting poor transport of
deep-rough LPS (11, 57, 58). Furthermore, core modification in
Pseudomonas aeruginosa is essential for LPS transport by the Lpt
system (59). Therefore, the poor transport of deep-rough LPS
coupled with hindered MsbA activity of cls4A or [pxM mutants
may cause a lethal accumulation of LPS in the IM, decreasing
bacterial fitness. We are actively investigating how specific core
truncations affect LPS transport.

Through suppressor analysis, we establish that increasing cel-
lular pools of 18:1 fatty acids by exogenous or genetic means
rescue the growth defects of AclsA AlpxM mutants (Fig. 84).
Proteins involved in fatty acid biosynthesis and regulation have
recently been identified to interact with and regulate LpxC (60).
We speculate that our suppressors modulate LpxC levels to re-
duce overall LPS levels (Fig. 9). The fabF suppressor does not
restore vancomycin resistance, suggesting that OM asymmetry
remains disrupted and indicates reduced LPS at the bacterial
surface (SI Appendix, Table S1). Our suppressor may decrease
LPS levels in one of two ways: 1) FabF overexpression has been
shown to decrease LpxC stability in vivo, and therefore
FabFri96p may have increased activity or a longer half-life,
leading to decreased LpxC levels (60); and 2) FabF is also re-
sponsible for increased synthesis of 18:1 fatty acids (31), and
previous work in E. coli has shown that mutants with higher 18:1
fatty acid content have decreased amounts of LPS (33). Here, we
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were grown in 0.2% glucose (-Ara) to repress plasmid expression. Growth of indicated strains were measured by ODgqo every 30 min. (B) Micrographs of cells
at the 5 h time point of growth curve shown in A. (Scale bar, 5 um.) Error bars represent SEM from a technical triplicate.

demonstrate that addition of exogenous 18:1 fatty acid lowers
LPS levels (Fig. 9), rescuing our synthetic lethal phenotype.
Deletion of the transcriptional regulator FabR also rescues the
IpxM, clsA deletion (Fig. 8). Loss of fabR increases transcript
levels of FabA and FabB, leading to increased levels of 18:1 fatty

acid (61), and fabR mutants produce significantly less LPS (Fig. 9).
Notably, FabA overexpression also decreases LpxC stability (60).
Regardless, we demonstrate that our mutations in fatty acid syn-
thesis lead to decreased LPS levels and reinforce the critical cross-
talk between LPS and fatty acid levels (33, 62, 63).
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Fig. 9. Decreasing LPS levels rescue the growth defect of c/sA, joxM mutants. (A and C) LPS levels were determined by a gel stain of proteinase K-treated
whole cell lysates of the indicated strains. (B and D) Densitometry of LPS levels normalized to the WT strain. Error bars represent SEM from a technical
triplicate. A t test was used between strains. *P < 0.05, **P < 0.005, and ***P < 0.001.
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We observed single Acls4 and AlpxM mutants have lowered
LPS levels compared with WT cells. We speculate the cell senses
the absence of CL and signals the cell to balance GPL and LPS
synthesis by lowering LPS levels. A possible link between CL and
LPS synthesis is that LpxK’s catalytic activity is driven by GPLs
in vitro, especially CL, as absence of CL reduces LpxK activity
drastically (64). Decreased activity of LpxK would lead to an
increase in lipid A disaccharide, which has recently been postu-
lated to increase LpxC degradation by FtsH, leading to the ob-
served decrease in LPS (Fig. 9 A and C) (65). We found
increased LPS levels in the inner leaflet of the IM in our AlpxM
strain, leading us to hypothesize the presence of an unknown
sensor of LPS accumulation in the IM. The cell may sense this
increase in LPS and signal the cell to decrease synthesis to al-
leviate the poor transport of LPS from the IM to the OM.

Our study demonstrates that CL generated by CIsA promotes
the transport of poor lipid A substrates for MsbA. We propose
that CL aids in MsbA ATPase activity to transport LPS. Al-
though further studies are required to test this possibility, the
identification of CL aiding in maintenance of OM asymmetry
represents a novel mechanism of this poorly understood GPL.

Materials and Methods

Bacterial Growth Conditions. Unless otherwise stated, bacteria were cultured
in Luria-Bertani (LB) or on LB agar at 37 °C. LB was supplemented with
ampicillin (Amp) (100 pg/mL), kanamycin (Kan) (30 pg/mL), chloramphenicol
(Cam) (30 pg/mL), L-arabinose (0.2% [wt/vol]), and/or D-glucose (0.2% glu-
cose [wt/vol]). For growth curves, cultures were grown in 0.2 mL using the
BioTek Epoch 2 plate reader in a polystyrene 96-well plate.

Strain Construction in E. coli. All bacteria strains and plasmids used in this study
are listed in SI Appendix, Table S2 in the supplemental material, and oli-
gonucleotides are listed in S/ Appendix, Table S3. Chromosomal mutations
were introduced into E. coli K-12 strain W3110 using generalized transduc-
tion and the Keio collection (66). Strain c/sA, IpxM::kan /P,,::cIsA and clsA,
IpxM::kan [P,.::lpxM were maintained in medium supplemented with
arabinose unless otherwise stated.

Flippase recognition target-flanked resistance cassettes were removed by
flippase (FLP)/ FRT) site-specific recombination as previously described (67).
pCP20, which expresses FLP from a temperature-sensitive promoter, was
electroporated into W3110 containing the Keio allele. Transformants were
recovered in LB at 30 °C for 1 h followed by selection on LB agar supple-
mented with Amp at 30 °C. The following day, single colonies were grown
on LB at 37 °C. Colonies were screened on Amp and Kan sensitivity to con-
firm loss of both pCP20 and removal of the kan allele. PCR was also used to
confirm removal of the Kan resistance cassette. The scar region following
FLP/FRT recombination contains a single FRT site (68).

Generation of E. coli Tn Mutant Library. To generate the Tn mutant library in
W3110 WT and mutant strains, we modified a previous published method
(19). E. coli B-3914, which is a diaminopimelic acid auxotroph, was electro-
porated with pJNW684 to create the donor strain (19). Mutant Tn libraries
were generated by mating $-3914 with our W3110 recipient strains and the
exconjugants selected on kanamycin. A total of 450,000 exconjugant colo-
nies were collected by scrapping agar plates, and the colonies were pooled
and stored in 30% glycerol at —80 °C.

Growth Challenge Assay and DNA Library Preparation. Three individual ali-
quots of the Tn library were thawed and back diluted into 50 mL of plain LB to
a starting optical density (OD) at 600 nm of 0.001 and grown at 37 °C until an
ODgoonm Of 0.5. Cells were pelleted, and genomic DNA was extracted using
the Easy-DNA Kit from Invitrogen following manufacturer instructions. The
DNA was then diluted to 250 ng/pL and sheared by sonication to obtain
fragments around 300 base pairs. Poly-C tails were added to 2.5 pg of the

1. J. C. Henderson et al., The power of asymmetry: Architecture and assembly of the
gram-negative outer membrane lipid bilayer. Annu. Rev. Microbiol. 70, 255-278 (2016).

2. Y. Kamio, H. Nikaido, Outer membrane of Salmonella typhimurium: Accessibility of
phospholipid head groups to phospholipase ¢ and cyanogen bromide activated
dextran in the external medium. Biochemistry 15, 2561-2570 (1976).

3. M. Schindler, M. J. Osborn, Interaction of divalent cations and polymyxin B with li-
popolysaccharide. Biochemistry 18, 4425-4430 (1979).
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sheared DNA using a terminal deoxynucleotidyl transferase (Promega) for
1 h at 37 °C using 9.5 mM deoxycytidine triphosphate/0.5 mM dideox-
ycytidine triphosphate mix per manufacturer instructions. DNA fragments
were purified using AMPure beads (Beckman Coulter) and used as template
for a first PCR step using Platinum Pfx Polymerase (Invitrogen) along with
primers olj510-Biotin and olj376. PCR products were again purified using
AMPure beads, and the biotin-tagged eluted DNA was separated using
streptavidin beads (New England Biolabs). Before the DNA purification,
the streptavidin beads were equilibrated in 1x bind and wash (B&W)
buffer (1 M NacCl, 5 mM Tris HCl, and 0.5 mM ethylenediaminetetraacetic
acid [EDTA], pH 7.5) and washed with 1x B&W and two washes in low Tris-
EDTA (LOTE) buffer (3 mM Tris HCl and 0.2 mM EDTA, pH 7.5). The biotin-
tagged DNA bound to the streptavidin beads was used as a template for a
second PCR step, using the Platinum Pfx Polymerase and primers olj511
and BC#. The PCR product was purified using 40 uL AMPure beads, and
the concentration of the DNA was quantified using the Qubit double-
stranded DNA High Sensitivity assay and the Qubit 3.0 Fluorometer (Life
Technologies).

Samples were paired-end sequenced using the Illumina HiSeq 2500
platform at the Georgia Genomics and Bioinformatics Core Facility. Tn-seq
data analysis was performed using QIAGEN CLC Genomics Workbench
and the E. coli W3110 genome sequence (GenBank accession number
NC_007779).

Selection of Suppressors for c/SABC and IpxM Essentiality. Overnight cultures
of c/sABC or c/sA were used as the recipient strain in a transduction using P1
phage with a AlpxM::kan allele from the Keio collection. Transductants were
plated on LB agar containing Kan and 2.5 mM sodium citrate and incubated
until colonies formed. Suppressor mutations in msbA and fabF were iden-
tified by whole genome sequencing. Genomic DNA was extracted as previ-
ously described, and the DNA was prepped using Nextera DNA Flex Library
Prep Kit per manufacturer’s instructions (Illumina). Libraries were sequenced
on the lllumina iSq 100, and sequencing analysis was carried out using
QIAGEN CLC Genomics Workbench and the E. coli W3110 genome (GenBank
accession number NC_007779).

Separation of IM and OM Fractions. Sucrose density gradient centrifugation
was performed as previously described with some modifications (21). For each
strain, a 30 mL LB culture was inoculated with a 1/100 dilution of an over-
night culture and grown until ODgoo ~0.5. Washed cells were then resus-
pended in 6 mL 10 mM Tris HCI (pH 8.0) and 20% sucrose (wt/wt) containing
50 pg/mL DNase | and lysed by a single passage through a cell press at 8,000
psi. Unbroken cells were then removed by centrifugation at 10,000 x g for
10 min. A total of 5 mL of cell lysate was layered on a two-step sucrose
gradient consisting of 40% (5 mL) and 65% (1.5 mL) sucrose solution (wt/wt)
in 10 mM Tris HCl (pH 8.0). To separate the membrane fractions, samples
were centrifuged at ~100,000 x g for 16 h in a Beckman SW41 Rotor in an
ultracentrifuge. From the top of each tube, 0.8 mL fractions were then
collected and frozen for further analysis. LPS was then visualized with the
use of the Pro-Q Emerald 300 Lipopolysaccharide Staining Kit (Molecular
Probes, Inc.) after proteinase K treatment. The presence of the OM protein
OmpA and the level of NADH oxidase activity were used as OM and IM
markers, respectively (S/ Appendix, Supplementary Materials and Methods).
The fraction containing the highest level of OmpA, including the fraction
immediately below and above it, is referred to as our pooled LPS OM frac-
tion. The same method was used to identify our pooled LPS IM fraction,
except using fractions with peak NADH oxidase activity. The sum of the LPS
density in these pooled membrane fractions were used to determine the
fold change in LPS located in the IM and OM between strains.

Data Availability. All study data are included in the article and/or supporting
information.
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