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The pgsA gene encodes the enzyme for the committed step in the synthesis of acidic phospholipids in
Escherichia coli, and the pssA gene does the same for zwitterionic phospholipid. It has been reported that
the Rcs and Cpx phosphorelay signal transduction systems are activated in pgsA- and pssA-defective
mutants, respectively. In this study, we show that the Cpx system is activated also in a pgsA mutant,

Keywords: whereas the Rcs system was not activated in a pssA mutant. Lack of phosphatidylglycerol in pgsA mutants
Phospholipid causes inadequate modification of lipoproteins, resulting in poor localization to the outer membrane. The
pgsg outer membrane lipoprotein RcsF is necessary for the response of the Rcs system to various stimuli, and
ﬁscss Rcs activation in pgsA mutants involves inner membrane mislocalization of this lipoprotein. The outer
Cpx membrane lipoprotein NIpE, however, while necessary for the surface adhesion-induced Cpx response,

Outer membrane lipoprotein

was not involved in Cpx activation in the pgsA mutant.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The membranes of Escherichia coli (excluding the outer leaflet of
the outer membrane, which is made up of lipopolysaccharide) are
composed of acidic phospholipids (phosphatidylglycerol and cardi-
olipin) and zwitterionic phospholipid (phosphatidylethanolamine)
[1] (Fig. 1). These are synthesized from a common intermediate,
CDP-diacylglycerol. The committed steps to the synthesis of acidic
and zwitterionic phospholipids are catalyzed by the gene products
of pgsA and pssA, respectively (Fig. 1). A pgsA null mutant com-
pletely lacking phosphatidylglycerol and cardiolipin has been
shown to be viable if it lacks the major outer membrane lipopro-
tein encoded by the Ipp gene [2-4]. A pssA null mutant completely
lacking phosphatidylethanolamine was found to be viable if grown
in the presence of divalent metal ions at high concentrations [5,6].

It has been reported that in the pgsA null mutant the Rcs phos-
phorelay signal transduction system is activated, causing a ther-
mosensitive growth defect [7,8], and that in the pssA null mutant
the Cpx phosphorelay signal transduction system is activated [9].
The Rcs system is composed of the sensor kinase RcsC, the phos-
photransmitter YojN (also called RcsD) and the response regulator
RcsB [10]. The Cpx system is composed of the sensor kinase CpxA
and the response regulator CpxR [11]. These systems respond to
different kinds of envelope stresses, and both are implicated in bio-
film formation. We wondered if the pgsA mutation would cause
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Cpx activation and if the pssA mutation might cause Rcs activation.
We found that the former is the case, whereas the latter is not.

2. Materials and methods
2.1. Bacterial strains, plasmids, and culture media

The E. coli strains and the plasmids used for this study are listed
in Table 1. For the detailed strain construction procedure, see Sup-
plementary Table S1. Primers used for this study are listed in Sup-
plementary Table S2. For placement of the pssA gene under the
control of the Pgap promoter, the A InCh system [12] was used. In
pAI2, a Notl restriction site was created between the termination
codon and the p-independent transcription terminator of the cpxP
gene. The FLK2 cassette from pTOF30 [13] was introduced into the
Notl site to construct pAI3. Replacement of the corresponding
chromosomal region with the cloned fragment in pAI3 resulted
in operon fusion, in which lacZ was fused downstream of cpxP. Ge-
netic and recombinant DNA procedures were based on standard
methods [14,15].

Luria-Bertani (LB) medium [14], buffered LB medium [7], and
M9 medium [14] were used. For plates, media were solidified with
1.5% agar. When appropriate, antibiotics were included at the fol-
lowing concentrations (in pg ml~') for multicopy and single-copy
resistance genes, respectively: ampicillin, 50 and 20; chloram-
phenicol, 50 and 10; kanamycin, 50 and 20; tetracycline, 3 (for sin-
gle copy); spectinomycin, 50 and 10. L-Arabinose was used at a
concentration of 0.2% as the inducer of the Pgap promoter. Cell
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Fig. 1. The biosynthetic pathway for the major phospholipids in E. coli. Major acidic
and zwitterionic phospholipids are enclosed in rectangles and an oval, respectively.
Reactions catalyzed by pgsA and pssA gene products are indicated.

growth was monitored with a Klett-Summerson colorimeter
equipped with a No. 54 filter.

2.2. Biochemical procedures

Cellular phospholipids were extracted and analyzed as de-
scribed previously [16]. Densities of spots on thin layer chromato-
grams were quantified by High Speed TLC Scanner CS-920
(Shimadzu). The B-galactosidase assay method using o-nitro-
phenyl-B-p-galactoside as substrate and the unit definition were
as described in Wang and Doi [17].

Table 1
Bacterial strains and plasmids used for this study.

3. Results
3.1. Characterization of pgsA- and pssA-repressed cells

For this study we used strains in which pgsA or pssA is under the
control of the r-arabinose-inducible Pgap promoter, instead of
using pgsA null or pssA null strains in which activation of the Rcs
or Cpx system was first reported. The strain construction proce-
dures were carried out in the presence of arabinose, and the activ-
ities of the signal transduction systems were tested in the absence
of the inducer.

In the presence of arabinose, the pgsA-repressible strain UE107
and the pssA-repressible strain UE110 showed phospholipid com-
position similar to the wild type MG1655 (Table 2). In the absence
of arabinose, phosphatidylglycerol and cardiolipin contents were
greatly reduced in UE107, and the phosphatidylethanolamine con-
tent was significantly reduced in UE110. Although removal of the
inducer did not lead to complete loss of phosphatidylglycerol in
UE107 or of phosphatidylethanolamine in UE110, the growth phe-
notypes of these strains in the absence of arabinose were the same
as those of pgsA null and pssA null strains: UE107 was thermosen-
sitive at 42 °C, and UE110 was dependent on supplementation of a
high concentration of Mg?" for growth. Moreover, Rcs and Cpx
signal transduction systems were activated in the pgsA- and
pssA-repressed strains, respectively, (see below) just as in the
corresponding null strains.

3.2. Cpx activation in the pgsA-repressed cells

The cpxP gene is positively regulated by the Cpx system [18]. In
this study a cpxP-lacZ operon fusion was constructed and used for
monitoring the activation of the system. Since CpxP is a regulatory
component of the Cpx system [19], cpxP was kept intact and lacZ

Strain or plasmid Relevant genotype or description

Construction, source, or reference

Strains

MG1655 Wild type Laboratory collection
EDCM367 MG1655 AlacZY [31]

UE107 EDCM367 dara714 Ipp-2 A(\ attL-lom)::(bla araC Pgap-pgsA) ApgsA::FRT? This study

UE110 EDCM367 Aara714 A(h attL-lom)::(bla araC Pgap-pssA) ApssA10::cam This study

SG20781 MC4100 cpsB10::lac-Mu-imm A [21]

UE90 SG20781 Aara714 This study

UE46 SG20781 Aara714 Ipp-2 A(h attL-lom)::(bla araC Pgap-pgsA) pgsA30::kan [7]

UE93 SG20781 Aara714 A(h attL-lom)::(bla araC Pgap-pssA) ApssA10::cam This study

AITO1 EDCM367 ®(cpxP-lacZ)® Km" Cm® pTOF procedure [13] using pAI3
AIT02 EDCM367 Aara714 Ipp-2 A(h attL-lom)::(bla araC Pgap-pgsA) ApgsA::FRT ® (cpxP-lacZ) Km" P1(AITO1) x UE107
AIT03 EDCM367 Aara714 A(\ attL-lom)::(bla araC Pgap-pssA) ApssA10::cam @ (cpxP-lacZ) Km" P1(AITO1) x UE110
TR51 MC4100 cpxR1::spc [19]

AIT04 AITO1 cpxR1::spc P1(TR51) x AITO1
AITO5 AITO2 cpxR1::spc P1(TR51) x AIT02
AIT06 AITO3cpxR1::spc P1(TR51) x AITO3
S330A21 W3110 Ipp-2 pgsA30::kan rcsA330::1S5 rcsC::mini-Tn10 cam [7,8]

AITO7 AITO1 resC::mini-Tn10 cam P1(S330A21) x AITO1
AITO8 AITO2 rcsC::mini-Tn10 cam P1(S330A21) x AIT02
AIT09 AITO03 rcsC::mini-Tn10 cam P1(S330A21) x AIT03
WBS262 MC4100 nlpE::spc [29]

AIT10 AITO1 nlpE::spc P1(WBS262) x AITO1
AIT11 AITO2 nlpE::spc P1(WBS262) x AIT02
AIT12 AITO3 nlpE::spc P1(WBS262) x AIT03
Plasmids

pTOF24 pSC101 derivative; repA(Ts) sacB Cm" Km" [13]

pAI2 pTOF24 ’cpxP fieF'; Cm" Km® This study

pTOF30 pUC18 derivative; lacZ aph Ap" Km" [13]

pAI3 PTOF24 'cpxP lacZ aph fieF'; Km" Cm" This study

pHR741 PGB2 lacl? Pyo4-djlA [7]

2 FRT, FLP recombinase recognition target.
> ®(cpxP-lacZ), operon fusion in which lacZ is fused downstream of cpxP.
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Table 2
Phospholipid composition (%) of pgsA- and pssA-repressed cells.

Strain Ara Phosphatidyl-ethanolamine Phosphatidyl-glycerol Cardiolipin Phosphatidic acid CDP-diacylglycerol
MG1655 - 73.2+0.9 23.6+0.8 32+0.2 ND? ND
UE107 + 73.0+0.7 23.1+04 40+04 ND ND
- 86.6+1.5 1.5+14 ND 7.6+4.0 43+28
UE110 + 723 +2.1 24120 3.6+03 ND ND
23.5+0.6 45.7+2.0 30.7+1.4 ND ND

Overnight precultures were prepared at 30 °C in LB medium in the presence or absence of 0.2% arabinose. For UE110 50 mM MgCl, was included in the medium. The
precultures were diluted 250-fold into the same media, and cells were grown at 30 °C to mid-exponential phase (ca. 100 Klett units). The lipids were extracted and separated
by thin-layer chromatography; spots were stained with Dittmer-Lester reagent. Spot density was quantified by High Speed TLC Scanner CS-920 (Shimadzu). The means and

standard errors of three measurements are shown.
¢ ND, Not detected.

was fused downstream of the cpxP termination codon and up-
stream of the p-independent transcription terminator (see Section
2). In pssA-repressed cells the Cpx system was activated (Fig. 2A) as
reported for pssA null cells [9]. The activation depended on CpxR.
CpxR-dependent activation was also observed in the pgsA-re-
pressed cells. Thus, not only zwitterionic phospholipid deficiency
but also acidic phospholipid deficiency causes the Cpx activation
(a preliminary report on a part of these results was presented in
[20]).

3.3. The Rcs system is not activated in the pssA-repressed cells

Activation of the Rcs system was monitored with a cpsB'-lacZ
operon fusion [21]. As reported for pgsA null cells [7,8] the Rcs sys-
tem was activated in pgsA-repressed cells (Fig. 2B). By contrast, the
pssA-repressed cells did not show Rcs activation at all. Overexpres-
sion of the djlA gene encoding a Dna]J-like protein is known to acti-
vate the Rcs system [22,23]. Overexpression of djlA from plasmid

A cpxR cpxP-lacZ
+
WT
pgsA-  *
repressed  _
PSSA- *
repressed  _
0 100 200 300 400
B pHR741 cpsB'-lacZ
Wt
+

pgsA-repressed

PSSA-
repressed 4+

0 50 100
B-Gal activity, arb. units

150

PHR741 resulted in Rcs activation in the pssA-repressed cells, indi-
cating the Rcs system was intact in this strain. Thus, zwitterionic
phospholipid deficiency that activates the Cpx system does not
activate the Rcs system.

3.4. ResC — CpxR cross-talk is not involved in Cpx activation in the
pgsA-repressed cells

Acidic phospholipid-deficient cells showed activation of both
Cpx and Rcs systems. Rcs activation has been shown to depend
on the sensor kinase RcsC [7]. We suspected that RcsC — CpxR
cross-talk phosphorelay might be responsible for the Cpx activa-
tion in our pgsA mutant. However, disruption of rcsC in pgsA-
repressed cells did not abolish the Cpx activation (Fig. 2C). Thus,
RcsC — CpxR cross-talk seems unlikely. We do not understand
why pgsA-repressed cells showed higher Cpx activation in the
absence of RcsC than in its presence.

C resC cpxP-lacZ
+
WT
pgsA- T
repressed  _
PSSA- +
repressed  _
0 100 200 300 400 500
D nipE (‘:pxP‘-lacZ‘
+
WT
pgsA-  *
repressed  _
pSSA- +
repressed  _
0 100 200 300 400

B-Gal activity, arb. units

Fig. 2. Activity of Rcs and Cpx signal transduction systems monitored with cpsB’-lacZ and cpxP-lacZ operon fusions, respectively, in the pgsA- and pssA-repressed cells.
Overnight precultures were prepared at 30 °C in LB medium containing 50 mM MgCl, in the absence of arabinose and diluted 100-fold into the same medium. Cells were
grown to mid-exponential phase (60-90 Klett units), and the p-galactosidase activity was measured. The means and standard errors of three measurements are shown. (A)
Activation of Cpx system. Strains used were AITO1 (WT cpxR*), AITO4 (WT cpxR), AITO2 (pgsA cpxR"), AITO5 (pgsA cpxR), AITO3 (pssA cpxR*) and AITO6 (pssA cpxR). (B) Activation
of Rcs system. Strains used were UE90 (WT), UE46 (pgsA), and UE93 (pssA). pHR741 carries the djlA gene under IPTG-inducible promoter P54 [7]. For pHR741-harboring
strains 50 pg spectinomycin ml~"' and 0.8 mM isopropyl-p-p-thiogalactoside was included in the medium. (C) Possibility of cross-talk. Strains used were AITO1 (WT rcsC),
AITO7 (WT rcsC), AITO2 (pgsA rcsC*), AITOS (pgsA resC), AITO3 (pssA resC), and AITO9 (pssA resC). (D) Possibility of the involvement of NIpE in Cpx activation. Strains used were
AITO1 (WT nlpE"), AIT10 (WT nlpE), AITO2 (pgsA nlpE*), AIT11 (pgsA nIpE), AITO3 (pssA nlpE*), and AIT12 (pssA nlpE").
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3.5. The outer membrane lipoprotein NIpE is not involved in Cpx
activation in the pgsA-repressed cells

Phosphatidylglycerol is the main substrate of diacylglycerol
modification of lipoproteins. This modification is prerequisite for the
subsequent processing and modification processes [24]. Outer-
membrane lipoprotein RcsF was initially identified as an activator of
the Rcs system when overproduced [25]. Later it was demonstrated
that a variety of environmental and mutational stresses that activate
the Rcs system are dependent on RcsF for activation [26]. Phosphati-
dylglycerol deficiency leads to poor modification of lipoproteins and
mislocalization of outer-membrane lipoproteins to the inner mem-
brane [4]. Mislocalization of RcsF in phosphatidylglycerol-deficient
cells leads to Rcs activation, probably because of better accessibility
to the sensor kinase RcsC and transmitter YojN. This is one of the
causes of Rcs activation in the pgsA-defective mutant [27].

The outer membrane lipoprotein NIpE activates the Cpx system
when overproduced [28]. Cpx activation requires NIpE at least
when it is activated in response to bacterial adhesion to surfaces
[29]. We thus suspected that Cpx activation in the pgsA-repressed
cells might be due to mislocalization of NIpE to the inner mem-
brane. However, the pgsA-repressed cells showed only slightly low-
er Cpx activation in the absence of NIpE than its presence (Fig. 2D).
Thus NIpE was not responsible for the Cpx activation in the pgsA-
repressed cells. Neither was Cpx activation in pssA-repressed cells
dependent on NIpE, consistent with observations by Mileykovs-
kaya and Dowhan [9].

4. Discussion

It is intriguing that the Cpx system is activated in pgsA-repressed
cells as well as in pssA-repressed cells. The pgsA-repressed cells are
deficient in acidic phospholipids, (phosphatidylglycerol and cardio-
lipin) and instead have a higher content of zwitterionic phospho-
lipid (phosphatidylethanolamine) than wild-type cells. The pssA-
repressed cells have a lower content of phosphatidylethanolamine
and instead higher contents of phosphatidylglycerol and cardiolipin
than wild-type cells. These shifts in membrane phospholipid com-
position cause changes not only in membrane surface charge but
alsoinintrinsic curvature: phosphatidylethanolamine has a propen-
sity to form a nonbilayer phase owing to its small polar head group,
whereas phosphatidylglycerol prefers the bilayer phase. Cardiolipin
also has a nonbilayer-forming propensity, but only in the presence
of high concentrations of divalent cations [30]. The intrinsic curva-
ture of the membrane with a higher content of nonbilayer-forming
phosphatidylethanolamine should result in a lower packing density
of head groups at the membrane surface. Although the physical
properties of the membranes of the pgsA- and pssA-repressed cells
are thus quite different, the alterations may directly affect the con-
formation of the sensor kinase CpxA or exert an indirect influence by
disturbing the conformation of some periplasmic or membrane pro-
tein(s), which then activates the Cpx system. Activation of Cpx sig-
naling in the pgsA-defective mutant is one of the causes of
accumulation of ¢® in this mutant through partial repression of
the expression of the genes for CIpXP protease [20].

Both Rcs and Cpx systems are implicated in biofilm formation
[10,11]. The alterations of the properties of the membrane in the
pgsA- and pssA-defective mutants may mimic the envelope pertur-
bation brought about by environmental stresses during biofilm
formation.
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