A JB

Journals.ASM.org

Multiple Envelope Stress Response Pathways Are Activated in an
Escherichia coli Strain with Mutations in Two Members of the DedA
Membrane Protein Family

Rakesh Sikdar, Angelica R. Simmons, William T. Doerrler

Department of Biological Sciences, Louisiana State University, Baton Rouge, Louisiana, USA

We have reported that simultaneous deletion of two Escherichia coli genes, yqjA and yghB, encoding related and conserved inner
membrane proteins belonging to the DedA protein family results in a number of intriguing phenotypes, including temperature
sensitivity at 42°C, altered membrane lipid composition, and cell division defects. We sought to characterize these and other
phenotypes in an effort to establish a function for this protein family in E. coli. Here, using reporter assays, we show that the ma-
jor envelope stress response pathways Cpx, Psp, Bae, and Rcs are activated in strain BC202 (W3110; AygqjA AyghB) at the permis-
sive growth temperature of 30°C. We previously demonstrated that 10 mM Mg>*, 400 mM NaCl, and overexpression of tatABC
are capable of restoring normal growth to BC202 at elevated growth temperatures. Deletion of the cpxR gene from BC202 results
in the loss of the ability of these supplements to restore growth at 42°C. Additionally, we report that the membrane potential of

BC202 is significantly reduced and that cell division and growth can be restored either by expression of the multidrug trans-
porter MdfA from a multicopy plasmid or by growth at pH 6.0. Together, these results suggest that the DedA family proteins
YqjA and YghB are required for general envelope maintenance and homeostasis of the proton motive force under a variety of

growth conditions.

Integral membrane proteins make up 20 to 25% of all predicted
open reading frames (1). Some are restricted to one or a few
closely related species, while others are conserved across diverse
phylogenies. The DedA membrane protein family falls into the
latter class and is represented in nearly all sequenced bacterial
genomes, as well as the genomes of many archaea and eukaryotes
(see the accompanying paper by Doerrler et al. [81]). At present,
there are more than 3,000 members of the DedA family found in
the NCBI genome database (2). The precise functions of the DedA
family remain enigmatic, but some clues have come from studies
involving bacterial genetics.

The Escherichia coli genome carries eight genes (dedA, yqjA,
yghB, yohD, yabl, ydjX, ydjZ, yqaA) which encode proteins be-
longing to the DedA family, with levels of amino acid identity
ranging from 25% to 60%. While all are individually nonessential
genes (3), we reported that simultaneous deletion of ygjA and
yghB (strain BC202), encoding integral inner membrane proteins
with ~60% amino acid identity, results in cell division defects at
all growth temperatures and loss of growth at 42°C (4). We dem-
onstrated that the altered cell division is due to inefficient secre-
tion of periplasmic amidases by the twin arginine transport (Tat)
pathway (5) in spite of the fact that neither YgjA nor YghB is
believed to play a direct role in the Tat pathway itself (6). We have
recently demonstrated the essentiality of the DedA protein family
in E. coli. While E. coli can survive with only one DedA family gene,
theloss of all 8 members of the family results in loss of viability and
cell lysis (7).

As mentioned, the DedA family is conserved across most bac-
terial phyla, and E. coli and many bacterial species have multiple
DedA homologues. However, the genome of the Lyme disease
pathogen Borrelia burgdorferi encodes only a single DedA ho-
molog (annotated bb0250) (8). We showed that cloned bb0250
rescues the temperature sensitivity and cell division defects of
BC202 despite encoding a protein with only 19% amino acid iden-
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tity to YqjA (9). In addition, bb0250 is an essential gene in Borrelia
and depletion of the protein product expressed from an inducible
promoter results in cell death preceded by cell division defects (9).
These results from B. burgdorferi and E. coli demonstrate that the
functions of DedA family proteins are critical for cell survival and
are conserved across distant bacterial species. Intriguingly, these
phenotypes described above for the Borrelia DedA mutant are
independent of any role these proteins may play in the Tat protein
export pathway, since the B. burgdorferi genome does not encode
homologs of the E. coli Tat components TatABCDE or any pro-
teins with predicted Tat-dependent signal peptides (10). Other
phenotypes of BC202 suggest that YqjA and YghB play more gen-
eral roles in E. coli instead of a specific role in the Tat pathway.
ATat mutants, like BC202, are viable and display cell division de-
fects due to loss of periplasmic amidases but, unlike BC202, can
grow at all temperatures (11-13). Additionally, BC202 displays an
altered membrane phospholipid composition with elevated levels
of acidic phospholipids phosphatidylglycerol (PG) and cardioli-
pin (CL) and reduced amounts of zwitterionic phosphatidyletha-
nolamine (PE) (4).

In an effort to explain the temperature sensitivity of BC202 and
explore the function of the DedA protein family in E. coli, we
measured the activation of several well-characterized stress re-
sponse pathways in BC202. E. coli responds to extracytoplasmic
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stress by activating one or more of several well-known stress re-
sponse pathways such as the o, Cpx, Psp, Bae, and Rcs stress
response pathways, which help the cells detect and combat alter-
ations in their cell envelope when challenged with a plethora of
conditions that compromise envelope integrity (14). The Cpx and
o" pathways are activated in response to disruptions in the folding
of envelope proteins and loss of outer membrane integrity and
have partially overlapping regulons (14-17). The o" stress re-
sponse is mediated by transcriptional regulation of target genes by
the alternative sigma factor o® (18), while the CpxAR two-com-
ponent system is responsible for the Cpx stress response, with
CpxA being the histidine kinase sensor and CpxR being the re-
sponse regulator (17). The broad and varied content of the Cpx
regulon (19) and recent discoveries which revealed that the Cpx
pathway is also activated in response to a variety of diverse signals
such as adhesion (20), onset of stationary phase (21), and growth
in the presence of excess carbon source such as pyruvate or glucose
(22) have broadened the known range and scope of this stress
response pathway.

The Psp (phage shock protein) response is activated by pertur-
bations in the integrity of the inner membrane by stress conditions
(e.g., extreme heat shock, exposure to ethanol, ionophores, and
pIV secretin stress), which results in dissipation of the proton
motive force (pmf) and changes the physiological redox state of
the cell (23-25). The primary function of the Psp stress response
pathway is to employ countermeasures when bacteria are chal-
lenged with conditions which can potentially dissipate the pmf by
compromising envelope integrity (26). The Psp stress response
system is comprised of the PspABCDE, PspF, and PspG proteins
(26). The response regulator PspF enhances o°*-dependent tran-
scription of the psp operon. PspA acts as the negative regulator by
binding to PspF in the absence of stress signals. Inner membrane
sensors PspB and PspC and the periplasmic sensor protein PspE
(27) are proposed to sense the stress signals and transduce them to
the PspF-PspA inhibitory complex, resulting in release of PspF
(26). PspA also binds to the phospholipids of the inner leaflet of
the inner membrane and prevents proton leakage (14, 28).

The Rcs (regulator of colanic acid synthesis) pathway is a com-
plex phosphorelay which participates in extracytoplasmic stress
response. It has been shown to be activated by stresses which affect
envelope composition (29-32) or stresses which compromise
murein integrity (33). In addition, interaction with solid surfaces
(30), acid stress, hyperosmotic shock (34) and changes in the
phosphorylation of undecaprenyl carrier lipid (35) can also trig-
ger Rcs activation. The main components of this stress response
system are the outer membrane (OM) lipoprotein RcsF (stress
sensor/transducer) (36), ResC (hybrid sensor with a histidine ki-
nase transmitter and an aspartate receiver domain), ResD (signal
transducer from ResC to ResB), and ResB and ResA (transcrip-
tional response regulators) (14, 30). The colanic acid biosynthesis
genes (cps) are regulated by ResA in an ResB-dependent manner
which results in overproduction of capsular polysaccharide, re-
sulting in the familiar mucoid phenotype of E. coli colonies in
response to Res activation (30).

The Bae (bacterial adaptive response) pathway is mediated by
the BaeSR two-component system, comprising the Bae$ histidine
kinase sensor and the BaeR response regulator. Bae stress response
is induced by exposure to toxic compounds such as indole and
ethanol and regulates the expression of genes encoding multidrug
transporters such as the mdtABCD operon, acrD, and emrK in
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addition to OM porin TolC and periplasmic chaperone Spy along
with a few other conserved proteins (14, 37, 38).

The bacterial envelope stress response pathways sense a variety
of stresses which impair envelope integrity. They respond to these
stresses by regulating complementary physiological functions
necessary for mounting a complete adaptive response. They also
modulate necessary physiological functions such as bacterial
adhesion, biofilm formation, motility, conjugation, stationary-
phase adaptation, virulence, etc. (14). We report in this study that
envelope stress response pathways Cpx, Psp, Rcs, and Bae are
strongly induced in BC202 under permissive growth conditions
whereas o* is repressed (likely due to Cpx activation). This type of
nonspecific induction of multiple envelope stress responses is
reminiscent of a general loss of envelope integrity when chal-
lenged with certain growth conditions such as growth in 5% eth-
anol (14).

In addition, we demonstrate that the membrane potential is
significantly lowered in BC202 under normal growth conditions.
We propose that the phenotypes of BC202 result from an ineffi-
cient pmf homeostasis mechanism. The pmf homeostasis in bac-
teria under various growth conditions also reflects the accommo-
dation of pH homeostasis (39), and YqjA has also been previously
shown to be necessary for adaptation to alkaline pH (19). Consis-
tent with this hypothesis, we show that exposure of BC202 to a
growth medium of pH 6.0 rescues its temperature sensitivity and
cell division defects, possibly by reinforcing the pmf with an en-
hanced proton gradient and lowering the cytoplasmic pH. We also
isolated a suppressor of BC202 temperature sensitivity—MGdfA, a
multidrug transporter of the major facilitator superfamily
(MFS)—which exhibits transport promiscuity to a broad range of
substrates and participates in pmf homeostasis and adaptation to
alkaline conditions by acting asa Na*/K*-H™" antiporter (40-43).
In light of these results, we propose that YgjA and YghB play critical
roles in envelope quality control and maintenance, possibly through
homeostasis of pmf under a variety of growth conditions.

MATERIALS AND METHODS

Tryptone and yeast extract were from BD (Sparks, MD). Radioisotopes
were purchased from PerkinElmer. Phusion/Taq polymerase, T4 DNA
ligase, and all restriction enzymes were purchased from New England
BioLabs. All other chemicals were reagent grade and purchased from ei-
ther Sigma-Aldrich or VWR. E. coli was grown in Miller’s LB broth (1%
tryptone, 0.5% yeast extract, and 1% NaCl) unless otherwise mentioned.
LB medium of pH 6.0 was buffered with 100 mM 2-(N-morpholino)
ethanesulfonic acid (MES), and LB medium of pH 8.5 was buffered with
100 mM phosphate buffer. Ampicillin (Amp) (100 pg/ml), tetracycline
(Tet) (12.5 pg/ml), kanamycin (Kan) (30 pg/ml), or chloramphenicol
(Cam) (30 g/ml) was added to the growth medium as necessary.

Construction of plasmids. pRS101. The E. coli lacZ gene was ampli-
fied from W3110 genomic DNA and placed behind the o**-regulated grpE
promoter (81 bp upstream of grpE) (44) using forward primer pRS10Ifp
and reverse primer pRS10Irp (see Table S1 in the supplemental material).
The PCR product was purified using the QIAquick PCR purification kit
(Qiagen, Valencia, CA), digested with Sall and BamHI, and cloned into a
similarly treated and dephosphorylated pACYC184 vector (NEB), yield-
ing pRS101 (Table 1). Sequencing of all constructs was performed with an
ABI 3130XL DNA sequencer in the Genomics Laboratory of Louisiana
State University.

PRS102. E. coli lacZYA was amplified from W3110 genomic DNA so as
to be under the control of the o"-regulated degP promoter (72 bp up-
stream of degP) (18) using forward primer pRS102fp and reverse primer
PRS102rp (see Table S1 in the supplemental material). DNA was treated
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TABLE 1 Bacterial strains and plasmids

Strain or plasmid Relevant genotype/genetic markers

Source or reference

E. coli strains

W3110 Wild type, F~ N~ E. coli Genetic Stock Center,
Yale University
W3110F W3110, ApspF739::Kan" This work
BC202 W3110, AygjA:Tet" AyghB781::Kan® 4
BC203 W3110, AygjA::Tet" 4
BC204 W3110, AyghB781::Kan" 4
BC202C W3110, AygjA::Tet" AcpxR772 AyghB781::Kan® This work
BC202F W3110, AygjA::Tet" ApspF739 AyghB781::Kan" This work
BC202R W3110, AygjA:Tet" ArcsB770 AyghB781::Kan" This work
BC202bae W3110, AygjA::Tet" AbaeR778 AyghB781::Kan" This work
JW2976 F~ A(araD-araB)567 AlacZ4787(::rrnB-3) N~ AyghB781::Kan" rph-1 A(rhaD-rhaB)568 hsdR514 3
JW3883 F~ A(araD-araB)567 AlacZ4787(::rrnB-3) N~ rph-1 A(rhaD-rhaB)568 AcpxR772::Kan" hsdR514 3
JW1296 F~ A(araD-araB)567 ApspF739::Kan" AlacZ4787(::rrnB-3) N~ rph-1 A(rhaD-rhaB)568 hsdR514 3
JW2205 F~ A(araD-araB)567 AlacZ4787(::rrnB-3) N~ ArcsB770:Kan" rph-1 A(rhaD-rhaB)568 hsdR514 3
JW0192 F~ A(araD-araB)567 ArcsF721:Kan" AlacZ4787(::rrnB-3) N~ rph-1 A(rhaD-rhaB)568 hsdR514 3
JW2064 F~ A(araD-araB)567 AlacZ4787(::rrnB-3) N~ AbaeR778::Kan" rph-1 A(rhaD-rhaB)568 hsdR514 3
TB28 MG1655, AlaclZYA 45
RS28A TB28, AygjA::Tet" This work
RS28B TB28, AyghB781::Kan" This work
RS28B* TB28, AyghB781 This work
RS28C TB28, AcpxR772::Kan" This work
RS28F TB28, ApspF739:Kan" This work
RS28R TB28, ArcsB770::Kan" This work
RS28bae TB28, AbaeR778::Kan" This work
RS28AB TB28, AygjA::Tet" AyghB781::Kan" This work
RS28ABC TB28, AyqjA::Tet" AcpxR772::Kan" AyghB781 This work
RS28ABF TB28, AyqjA::Tet" ApspF739::Kan" AyghB781 This work
RS28ABR TB28, AyqjA::Tet" ArcsB770::Kan* AyghB781 This work
RS28ABrcsF TB28, AyqjA::Tet" ArcsF721::Kan" AyghB781 This work
RS28ABbae TB28, AyqjA::Tet" AbaeR778::Kan" AyghB781 This work
MVA4 MC1061 &(pspA-lacZ) (Amp*) 46
RSP28 TB28 b(pspA-lacZ) (Amp") This work
RSP28A RS28A d(pspA-lacZ) (Amp") This work
RSP28B RS28B &(pspA-lacZ) (Amp*) This work
RSP28F RS28F & (pspA-lacZ) (Amp") This work
RSP28AB RS28AB d(pspA-lacZ) (Amp") This work
RSP28ABF RS28ABF &b(pspA-lacZ) (Amp") This work
TB28sc TB28; pSH10; pRSpssAC This work
RS28ABsc RS28AB; pSH10; pRSpssAC This work
Plasmids
pBADHisA Expression vector; araBAD promoter, Amp" Invitrogen
pBADCamHisA Expression vector; araBAD promoter, Amp" Cam" This work
pACYC184 Low-copy-number expression vector; Tet" Kan" New England Biolabs
PRSpssAC H,-pssA expression vector; araBAD promoter, Amp”* This work
pRS101 o**-responsive vector; Cam', pACYC184 (grpE promoter-lacZ) This work
pRS102 o-responsive vector; Cam", pACYC184 (degP promoter-lacZ) This work
pRS103 ResB-responsive vector; Cam', pACYC184 (rprA promoter-lacZ) This work
pRS104 BaeR-responsive vector; Cam’, pACYC184 (mdtA promoter-lacZ) This work
pBADYqjA H,-yqjA expression vector; araBAD promoter, Amp” 7
pBADMAfA Hg-mdfA expression vector; araBAD promoter, Amp® This work
pBADTatABC tatABC operon expression vector; araBAD promoter, Amp" 5
pSH10 CpxR-responsive vector; Amp', pFZY1 (cpxP promoter-lacZ) 47
pCP20 FLP*, X cI857", \ pg Rep™ Amp* Cam” 48

with Sall and BamHI and ligated into a similarly treated and dephosphor-
ylated vector, pACYC184, yielding pRS102 (Table 1).

PRS103. E. coli lacZ was amplified from W3110 genomic DNA so as
to be under the control of the rprA promoter (56 bp upstream of rprA)
(34) using forward primer pRS103fp and reverse primer pRS101rp (see
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Table S1 in the supplemental material). DNA was treated with Sall and
BamHI and ligated into a similarly treated and dephosphorylated vec-
tor, pACYC184, yielding pRS103 (Table 1).

PRS104. We utilized a unique Spel restriction site 40 bp upstream of
the mdtA gene to create vector pRS104. E. coli lacZ was amplified from
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W3110 genomic DNA using forward primer pRSI104fpl and reverse
primer pRS101rp (see Table S1 in the supplemental material) so that part
of the mdtA promoter region (46 bp upstream of mdtA, including the Spel
site from —46 to —41) is present ahead of lacZ. DNA was treated with Sall
and BamHI and ligated into a similarly treated and dephosphorylated
vector, pACYC184, to yield an intermediate cloning vector, pRS104inc.
The —321 to —47 region of the mdtA promoter was amplified from
W3110 genomic DNA using forward primer pRS104fp2 and reverse
primer pRS104rp (see Table S1), treated with Sall and Spel, and ligated
into a similarly treated and dephosphorylated vector, pRS104ing, to yield
pRS104, which contains the 321-bp promoter region of mdtA (37) fused
to lacZ.

pBADMUfA. The mdfA gene was amplified from W3110 genomic
DNA using primers pBADMdfAfp and pBADMdfArp (see Table S1 in the
supplemental material). The PCR product was purified and digested with
Xholand HindIII and then ligated to a similarly digested and dephosphor-
ylated pBADhisA (Invitrogen) vector. This resulted in the expression of
MUdfA from an arabinose-inducible promoter with an N-terminal hexa-
histidine tag.

pBADCamHisA. The cat (Cam®) gene was amplified from a pPCR-
Script-Cam (Stratagene) template using primers CATfp and CATrp (see
Table S1 in the supplemental material). The PCR product was purified as
for PBADMASA, digested with Sphl and Accl, and cloned into a similarly
treated and dephosphorylated pPBADHisA vector, resulting in pBADCam-
HisA (Table 1), which confers resistance to both Cam and Amp. It retains
all the cloning and expression properties of the pBADHisA vector.

PRSpssAC. The E. coli pssA gene was amplified from W3110 genomic
DNA using primer sets pRSpssAfp and pRSpssArp (see Table S1 in the
supplemental material). The PCR products were purified as before, di-
gested with Xhol and HindIIl, and cloned into a similarly treated and
dephosphorylated pPBADCam-HisA vector (Table 1). This resulted in the
expression of the E. coli pssA gene with an N-terminal hexahistidine tag
from an arabinose-inducible promoter, leading to the formation of plas-
mid pRSpssAC (Table 1).

Construction of strains. All strains and constructions were verified
using colony PCR with primers flanking the relevant genes. In order to
cure the Kan' cassette, the temperature-sensitive plasmid pCP20 express-
ing FLP recombinase was used as described previously (48, 49). All strains
and genotypes are listed in Table 1.

RS28A, RS28B, RS28C, RS28F, RS28R, RS28bae, and RS28AB (Table
1). Strain TB28 (45) was used to provide a AlacZYA background for cer-
tain strains. RS28A resulted from P1 transduction of AygjA::Tet" into
strain TB28. RS28B was prepared by P1 transduction of AyghB781::Kan®
into TB28. Similarly, RS28C, RS28F, RS28R, and RS28bae were created by
P1 transduction of AcpxR772::Kan’, ApspF739::Kan", ArcsB770::Kan", and
AbaeR778::Kan', respectively, into TB28. RS28AB was generated by P1
transduction of AygqjA::Tet" into strain RS28B.

RS28ABC, RS28ABF, RS28ABR, RS28ABrcsF, and RS28ABbae (Ta-
ble 1). RS28ABC was generated starting from RS28B. The removal of the
Kan" cassette from RS28B with FLP recombinase expressed from pCP20
resulted in strain RS28B*. P1 transduction of AcpxR772:Kan" into
RS28B* resulted in generation of strain RS28BC. Subsequent P1 transduc-
tion of AygjA::Tet" into RS28BC resulted in strain RS28ABC. Similarly,
RS28ABF, RS28ABR, RS28ABrcsF, and RS28ABbae were generated from
P1 transduction of ApspF739::Kan", ArcsB770:Kan", ArcsF721:Kan", and
AbaeR778::Kan’, respectively, into RS28B*, followed by subsequent P1
transduction of AygjA::Tet" into each of the resulting strains.

BC202C, BC202F, BC202R, and BC202bae. BC203 (4) was trans-
duced to Kan" using a P1 lysate from strain JW3883 (Table 1), and an
isolate was subsequently cured of Kan" using FLP recombinase, resulting
in strain BC203C. Subsequent P1 transduction of AyghB781::Kan® into
strain BC203C resulted in strain BC202C. Following a similar procedure,
ApspF739::Kan', ArcsB770:Kan’, and AbaeR778::Kan" were transduced
into BC203, followed by curing of Kan' from each of the resultant strains
using FLP recombinase, and subsequent P1 transduction of AyghB781::
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Kan" into each of those cured strains resulted in strains BC202F, BC202R,
and BC202bae, respectively.

RSP28,RSP28A, RSP28B, RSP28F, RSP28AB, and RSP28ABF (Table
1). RSP28, RSP28A, RSP28B, RSP28F, RSP28AB, and RSP28ABF were
constructed by transducing strains TB28, RS28A, RS28B, RS28F, RS28AB,
and RS28ABF, respectively, to Amp" using a P1 lysate from strain MVA4
(46).

TB28sc and RS28ABsc. Plasmid pSH10 (Table 1) was transformed
into strains TB28 and RS28AB, followed by a subsequent transformation
with plasmid pRSpssAC, resulting in strains TB28sc and RS28ABsc (Table
1). Plasmid compatibility was ascertained by the ability of TB28sc to pro-
duce elevated levels of PE when grown in the presence of 0.2% arabinose
as well as the capability of B-galactosidase production when challenged
with alkaline growth conditions (data not shown).

B-Galactosidase assay. The (3-galactosidase (3-gal) assays were car-
ried out using the method of Miller (50). Overnight cultures of indicated
strains containing plasmid pRS101, pRS102, pRS103, pRS104, or pSH10,
or the RSP strains (Table 1), were diluted 1:100 in fresh LB medium
supplemented with appropriate antibiotics and grown at 30°C and 225
rpm until they reached an optical density at 600 nm (OD,,) of ~1.0. The
cultures were then diluted 1:3 in fresh LB medium, supplemented with
appropriate antibiotics and additives, prewarmed to either 30°C or 44°C,
and grown for the indicated times. Cells were harvested during exponen-
tial phase (ODy, ~0.4 to 0.8); 50, 100, or 500 .l of cells was added to Z
buffer (50) to a total volume of 1 ml, and the cells were lysed by the
addition of 50 pl chloroform and 25 pl 0.1% SDS and vortexing. The
reaction was started by the addition of 0.1 ml of 8 mg/ml (wt/vol) o-
nitrophenyl-B-p-galactopyranoside (ONPG), and the tubes were incu-
bated at 30°C until sufficient yellow color had developed (reaction time
varied from 15 min to 4 h). The reaction was stopped by adding 0.4 ml of
1.25 M Na,COj to the reaction mix and vortexing. The mixture was cen-
trifuged at 13,000 rpm for 10 min to remove cell debris, and absorbance
was read at 420 nm. Cells harboring the empty vector gave a reading at 420
nm that was not above background. Units of B-galactosidase were cor-
rected for culture density and correspond to 1 nmol ONPG hydrolyzed
per minute at 30°C.

Determination of membrane potential (Aids) using deconvolution
fluorescence microscopy. The membrane potential (Als) was determined
using a modified version of a previously described protocol (25, 46) em-
ploying the JC-1 red/green dye-based assay. JC-1 (Life Technologies) was
prepared as a stock of 5 mg/ml in dimethyl sulfoxide (DMSO) and stored
at —20°C until use. The working solution of the dye was prepared by first
diluting 4 pl of the stock into 16 pl of DMSO, followed by a stepwise
addition of 1 ml of a permeabilization buffer (25) containing 10 mM Tris,
pH7.5,1mMEDTA, and 10 mM glucose. Overnight cultures were diluted
1:100 in fresh LB medium with appropriate antibiotics and indicated ad-
ditives. A 2-ml sample of the culture was harvested during exponential
phase (ODg, ~0.8), pelleted and resuspended in 1 ml working solution
of JC-1, and subsequently incubated at 30°C in the dark. After incubation,
10 .l of cells was spotted on a 1% agarose-coated slide and immediately
observed underaLeica DM-RXA2 deconvolution microscope. Green fluo-
rescent protein (GFP) and tetramethyl rhodamine isocyanate (TRITC)
filter sets were used for recording the green (530 nm) and the red (590 nm)
emissions, respectively. Slidebook software (Intelligent Imaging Innova-
tion, Denver, CO) was used to calculate the green/red fluorescence ratio
from 100 cell units (individual cells or chains of cells) from 3 different
experiments.

Microscopy. All microscopy was done with a Leica DM-RXA2 deconvo-
lution microscope. All observations were recorded using a 100X, 1.30-nu-
merical-aperture oil immersion objective lens. Images from the deconvolu-
tion microscope were captured through a DIC (differential interference
contrast) filter by a cooled Cooke SensiCamQE 12-bit, 1.3-megapixel, charge-
coupled-device digital camera and recorded using a workstation computer
running Slidebook software. Overnight cultures of the indicated E. coli strains
were diluted 1:100 in fresh LB medium with appropriate antibiotics and ad-
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ditives and grown at 30°C in a shaking incubator. Live cells were harvested
directly from the medium when the cultures reached midexponential phase
(ODg> ~0.6) by centrifugation and resuspended at a final ODy,, of 1.0 in LB
medium, and 10 pl was spotted on a 1% agarose-coated glass slide for
imaging.

Membrane preparation and Western blotting. Membrane fractions
were prepared from exponentially growing cultures of BC202 harboring
pBADMUAfA, which were either uninduced or induced with 0.02% arabi-
nose or 0.2% arabinose, using a previously published protocol (51). Mem-
branes were incubated in 3X SDS-PAGE bulffer at room temperature for
20 min and subjected to SDS-PAGE. Western blotting was done by using
Penta-His primary antibody (Qiagen) (1:5,000) and goat-anti-mouse
horseradish peroxidase (HRP) secondary antibody (Pierce) (1:10,000).
Detection was done with an ImmunStar HRP kit (Bio-Rad).

RESULTS

The o>? cytoplasmic stress response pathway remains unin-
duced in BC202, while the ¢* periplasmic stress response path-
way is repressed. We previously hypothesized that YqjA and YghB
play critical roles in envelope quality control (5) and demon-
strated that the DedA protein family is essential to both E. coli (7)
and B. burgdorferi (9). The phenotypes of BC202 are similar to
those of E. coli strains which are deficient in or which exhibit
constitutive activation of certain stress response pathways (32,
52-54). It has also been previously reported that the AyqjA E. coli
mutant exhibits an induction of the Cpx stress response and is
sensitive to alkaline pH (19) and ygjA itself is subject to transcrip-
tional regulation by both Cpx (19) and o® (18). Therefore, we
measured the activation of various well-known stress response
pathways in an E. coli AygjA AyghB double mutant to better un-
derstand the physiological roles of these proteins.

We started with a AlacZYA parent strain, TB28 (45), and cre-
ated the individual AygjA and AyghB strains (RS28A and RS28B,
respectively) as well as the AyqjA AyghB double mutant RS28AB
(Table 1). As expected, the phenotypes of RS28AB are identical to
those of BC202 (4, 5), as it exhibits inefficient cell division and fails
to grow at temperatures above 42°C (data not shown). Therefore,
RS28AB and BC202 were used interchangeably depending upon
the requirements of individual experiments. In order to measure
the activation of o> cytoplasmic stress response in all TB28
strains, we constructed plasmid pRS101 (Table 1), in which the
expression of lacZ is under the control of a o”*-regulated grpE
promoter (44). The cytoplasmic stress response pathway is acti-
vated at elevated growth temperatures (55) and TB28 cultures
shifted to 44°C for 30 min exhibit approximately 2-fold induction
of B-galactosidase activity. Neither of the single-mutant strains
RS28A and RS28B nor the RS28AB double mutant exhibit a sig-
nificant increase in 3-galactosidase activity compared to the par-
ent strain at 30°C, indicating that the o> pathway is not activated
under these conditions (Fig. 1A).

The induction of the ¢* periplasmic stress response was mea-
sured using plasmid pRS102 (Table 1), in which expression of lacZ
is under the control of the degP promoter (18). TB28 cultures
shifted to 44°C exhibit an approximately 2.4-fold induction of the
o" stress response pathway (Fig. 1B), consistent with previous
reports that this pathway is induced by heat stress (56, 57).
RS28AB exhibits a minimal 1.2-fold induction of the " stress
response at 30°C compared to the parent TB28. It has been previ-
ously reported that the E. coli degP gene is under the regulation of
both Cpx and oF stress response pathways (16, 19, 58). However,
we have verified that our degP promoter-lacZ construct responds
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only to o* induction, as strains RS28AB and RS28ABC (AyghB
AygjA AcpxR) display similar degrees of o* induction (Fig. 1B).
None of the remaining TB28-derived strains exhibit any signifi-
cant activation of the o® response at 30°C. The activation of the o*
stress response system is essential for bacterial survival at elevated
growth temperatures (52). We show that RS28AB is capable of
activating the o™ stress response at higher growth temperatures,
but this activation is repressed by its activated Cpx stress response
(see below), since RS28ABC exhibits oF activation comparable to
that of the parent strain at elevated growth temperatures (see Fig.
S1 in the supplemental material). This is in accordance with pre-
viously published observations that ¢ and Cpx have partially
overlapping regulons (16) and regulate the expression of the same
periplasmic chaperones/proteases (e.g., DegP) (58) necessary for
survival at elevated growth temperatures (59, 60). Taken together,
these observations demonstrate that the o® stress response in
BC202 is repressed by its Cpx activation and the o> cytoplasmic
stress response remains uninduced under normal growth condi-
tions.

The Cpx stress response pathway is strongly activated in
BC202 under permissive growth conditions. The induction of
the Cpx envelope stress response in TB28 and its mutants was
measured using plasmid pSH10 (47), in which the CpxR-regu-
lated promoter of cpxP is fused to lacZ, resulting in Cpx-depen-
dent lacZ expression. The AygjA strain RS28A exhibits an approx-
imately 2-fold increase in the induction of the Cpx stress response
compared to the parent TB28 (Fig. 1C), in agreement with previ-
ously published observations (19). The AyghB mutant RS28B does
not induce Cpx-dependent transcription of lacZ. RS28AB (AygjA
AyghB), on the other hand, induces the Cpx pathway about 4.2-
fold over control. This degree of induction is similar to previously
published observations in a strain harboring the cpxA24* muta-
tion (47), which results in constitutive activation of the pathway.
Deletion of cpxR (strains RS28C and RS28ABC) results in loss of
Cpx induction (Fig. 1C). Challenging the parent strain TB28 with
alkaline medium (pH 8.5) or with 5% ethanol (vol/vol) in the
growth medium results in a 3-fold or a 2-fold induction, respec-
tively, of the Cpx stress response. Both of these conditions can
induce the Cpx stress response pathway in E. coli (14, 17, 61) and
serve as positive controls for Cpx induction in our experiment.

Previous observations from other laboratories have shown that
cell division defects arise due to constitutive activation of the Cpx
pathway in E. coli (53). Therefore, we wished to determine the
cause and effect of Cpx activation in BC202 and determine if it
results from and/or causes any or all of the phenotypes exhibited
by BC202. Deletion of cpxR in BC202 (strain BC202C) or RS28AB
(strain RS28ABC) still results in strains with temperature sensitiv-
ity (Fig. 2A) and altered cell division (Fig. 2H). Therefore, we
conclude that the activation of the Cpx pathway in BC202 is not
the cause of any of these phenotypes. To determine if the Cpx
activation in BC202 is the result of any of its phenotypes, we mea-
sured Cpx activation in RS28AB in the presence of 10 mM MgCl,
or 400 mM NaCl, both of which correct the cell division (Fig. 2F
and G) and temperature sensitivity (Fig. 2B and C) of BC202. We
observed that the level of Cpx activation in RS28AB is attenuated
by approximately 2.0- to 2.3-fold when grown in the presence of
10 mM Mg " or 400 mM NaCl but still remains activated 2-fold
over that of the parent strain grown under similar conditions (see
Fig. S2A in the supplemental material). This observation suggests
that the factors which lead to both the cell division defects and

Journal of Bacteriology


http://jb.asm.org

Envelope Stress in E. coli DedA Family Mutants

A. ™ E— O 52 B B28 - of
Rs28A - Rs28A [
Rs288 Rs288 [
RS28C - rRs28C -
Rs28AB RS28AB NS
RS28ABC I RS28ABC .-
TB28 44°C I TB28 44°C [
0 50 100 150 200 250 0 100 200 300

Relative B-Gal Activity (% control) Relative B-Gal Activity (% control)

C. D.

TB2S - CcpXxX

RS28A N

RSP28 - pS p

RSP28A |-
RS28B |-
* RsP28B -
RS28C F
RSP28F
RS28AB I
G e —— e
RS28ABC F RSP28AB *
TB28 pH 8.5 I — RSP28ABF [
TB28 +5% EtOH |- RSP28 +5% EtOH -
0 100 200 300 400 500 0 50 100 150 200 250

Relative B-Gal Activity (% control) Relative B-Gal activity (% control)

E TB28 W F
. —— rcs . TB28 | bae
R RS28A -
RS28B
RS28R f—
RS28C .-
RS28AB I
RS28AB - ¢
RS28ABR B
RS28bae |-
RS28ABresF *
resF RS28ABC NN *
Y —
TB28 + 5% EtOH * RS28ABbac [N
¥ —
TB28 + 0.6M NaCl * TB28 +5% EtOH I
0 500 1000 1500 TB28 + 5 mM Indole |G

Relative B-Gal Activity (% control)

=

200 400 600
Relative B-Gal Activity (% control)

FIG 1 Activation of stress response pathways. The indicated strains were transformed with plasmid pRS101 (A), pRS102 (B) pSH10 (C), pRS103 (E), or pRS104
(F) to measure induction of 6, 6%, Cpx, Rcs, and Bae pathways, respectively. The induction of Psp stress response was determined by using RSP strains (Table
1) containing the ¢(pspA-lacZ) (Amp") chromosomal fusion (D). Cells were grown to exponential phase at 30°C unless otherwise indicated and assayed for
B-galactosidase activity. Growth of TB28 at a higher temperature (44°C) for 30 min served as a positive control for induction of ¢** (A) and ¢" (B) stress
responses. Growth of TB28 in alkaline medium (LB medium buffered with 100 mM phosphate buffer at pH 8.5) or in LB supplemented with 5% ethanol (EtOH)
for 40 min served as a positive control for Cpx induction (C). Growth of RSP28 in LB supplemented with 5% EtOH for 30 min served as a positive control for
activation of the Psp stress response (D). Growth of TB28 in LB supplemented with either 0.6 M NaCl or 5% EtOH for 45 min served as a positive control for Rcs
activation (E). Growth of TB28 in LB supplemented with either 5 mM indole or 5% EtOH for 1 h served as a positive control for Bae activation (F).
3-Galactosidase activity is expressed as a percentage of that displayed by the control parent strain, TB28. Each bar represents the average and standard deviation
of three replicates of a representative experiment. Statistical significance was determined by Student’s unpaired ¢ test. The significance values are represented as
follows: *, P < 0.001; **, P < 0.01.

temperature sensitivity in BC202 contribute only partially toward
its increased Cpx activation, as both these defects can be corrected
without fully alleviating the Cpx stress response in BC202. This is
also supported by the observation that the E. coli AygjA mutant
does not share the growth and cell division phenotypes exhibited
by BC202 (4) yet the Cpx stress response pathway remains acti-
vated. Therefore, we conclude that the Cpx pathway is not indi-
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rectly activated in BC202 as a result of its inefficient cell division
and temperature sensitivity. In addition, we demonstrate (see Fig.
S2B and Cin the supplemental material) that the altered phospho-
lipid composition of the AygjA AyghB double mutant is not the
cause of its Cpx activation, an observation made in a phosphati-
dylethanolamine-deficient strain (62).

BC202C (AyqjA AyghB AcpxR) not only retains all the pheno-
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FIG 2 Cell division and temperature sensitivity of strains BC202 and BC202C
under different growth conditions. Strains BC202 and BC202C (Table 1) were
streaked onto LB agar plates (A) or LB agar plates supplemented with 10 mM
MgCl, (B) or 400 mM NaCl (C). Alternatively, BC202 and BC202C were first
transformed with plasmid pPBADTatABC (5) and streaked on LB-Amp plates
supplemented with 0.1% arabinose (D). All plates were incubated at 43°C
overnight. Strains BC202 (E to G) and BC202C (H to J) were grown at 30°C to
mid-log phase in LB medium (E and H) or LB medium supplemented with 10
mM MgCl, (F and I) or 400 mM NaCl (G and J). Cells were visualized with a
Leica DM-RXA2 deconvolution microscope. Similarly, expression of TatABC
partially restores cell division to BC202C (not shown), as was reported for
BC202 (5).

types of BC202 but also exhibits additional prominent pheno-
types. Unlike BC202, inclusion of either 10 mM MgCl, (Fig. 2B) or
400 mM NaCl (Fig. 2C) in the growth medium or overexpression
of TatABC (Fig. 2D) fails to rescue the growth of BC202C at 43°C.
However, as with BC202 (Fig. 2E to G), both 10 mM MgCl, (Fig.
2I) and 400 mM NacCl (Fig. 2J) do correct the cell division defect
(Fig. 2H) of BC202C. Therefore, the ability of these additives to
rescue growth of BC202 is dependent upon an intact Cpx path-
way. Additionally, BC202C exhibits mucoid colony morphology
on LB agar plates at 30°C (data not shown). Possible reasons for
this phenotype are discussed later.

The Psp stress response pathway is activated in BC202 under
permissive growth conditions. The Psp stress response was mea-
sured in strains containing the chromosomal ¢(pspA-lacZ)
(Amp") fusion that are here designated RSP strains (Table 1). In
these strains, the expression of lacZ is under the control of the
PspF-regulated pspA promoter as described previously (25, 46).
The Psp stress response pathway is strongly and transiently acti-
vated when challenged with conditions which impair inner mem-
brane integrity, such as exposure to extreme heat shock (48 to
50°C) or 5 to 10% ethanol or growth in the presence of carbonyl
cyanide m-chlorophenylhydrazone (CCCP), an ionophore which
dissipates the pmf at the membrane (14, 25). As expected, strains
RSP28F and RSP28ABF express little lacZ activity due to the ab-
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sence of PspF (Fig. 1D). The parent strain RSP28 displays about
2-fold induction of the Psp stress response when challenged with
5% ethanol for 30 min, and this condition serves as a positive
control for this experiment. Interestingly, the AygjA strain
RSP28A exhibits a reproducible 2-fold reduction of Psp stress re-
sponse compared to the parent for reasons that are not clear (see
Discussion). The AyghB strain shows no significant change in Psp
response, while the AygjA/AyghB strain RSP28AB exhibits ap-
proximately 2-fold induction of the Psp stress response compared
to the parent strain (Fig. 1D), similar to levels seen when the par-
ent strain RSP28 is challenged with 5% ethanol.

The activation of the Psp stress response has been previously
associated with impaired protein translocation via both the Sec
and Tat secretion systems, and increased expression of PspA was
shown to stimulate both Sec- and Tat-mediated secretion (63—
65). These results have been attributed to the capability of PspA to
bind to the inner membrane and prevent proton leakage (28). It
has also been shown that efficient Tat-mediated protein secretion
relies on the pmf (66, 67). These observations prompted us to
check if we could correlate the cell division defects and tempera-
ture sensitivity of BC202 with its elevated Psp stress response.

Strains BC202F and RS28ABF were constructed by deletion of
pspF from strains BC202 and RS28AB, respectively (Table 1). Both
RS28ABF (not shown) and BC202F (see Fig S5D in the supple-
mental material) retain the temperature sensitivity and cell divi-
sion defects (data not shown) of their corresponding double mu-
tants, suggesting that the Psp activation in BC202 is not the cause
of these phenotypes. Additionally, strain RSP28AB, when grown
in medium supplemented with 10 mM MgCl, or 400 mM NaCl to
correct temperature sensitivity and cell division, displays a signif-
icant reduction in its Psp induction (see Fig. S3 in the supplemen-
tal material). Therefore, we conclude that the activation of Psp
stress response in BC202 is independent of its cell division defects
and temperature sensitivity but that the Psp stress response and
the phenotype changes result from a common cause— compro-
mised envelope integrity coupled with a loss of pmf.

The Rcs stress response pathway is strongly activated in
BC202 in an RcsF-dependent manner. To measure the induction
of Res stress response, we cloned lacZ under the control of the rprA
promoter in vector pACYC184, yielding plasmid pRS103 (Table
1). RprA is a small regulatory RNA and is under the transcrip-
tional control of RcsB (34). The Res pathway is strongly induced
when E. coli cultures are exposed to 5% ethanol or 0.6 M NaCl
(14), and both of these conditions serve as positive controls for Rcs
activation in our experiment. Growing the parent strain TB28
harboring plasmid pRS103 in 5% ethanol or 0.6 M NaCl for 45
min caused about 5- and 7-fold activation, respectively, of the Rcs
stress response (Fig. 1E). The AygjA mutant RS28A exhibits a
small but significant (P < 0.01) 1.3-fold activation of Rcs response
over the parent strain. Surprisingly, RS28AB (AyqjA AyghB) dis-
plays an extremely strong (about 12-fold) induction of the Rcs
stress response under permissive growth conditions, with activa-
tion levels similar to those found in constitutively active ArcsC
mutants (32). This strong activation is partially dependent on the
OM lipoprotein RcsF, because deletion of rcsF in RS28AB (strain
RS28ABrcsF) led to about a 4-fold reduction of the Rcs stress
response, but it still remains about 3-fold activated compared to
the parent strain (Fig. 1D). Deletion of response regulator rcsB led
to a decrease in 3-gal activity of both the parent (strain RS28R)
and the AygjA AyghB double mutant (strain RS28ABR).
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The strong Rcs activation in BC202 automatically raises the
question of whether the temperature sensitivity of BC202, which
results in cell lysis after about a 2-h growth at nonpermissive tem-
peratures (4), is due to its strong Rcs activation. Therefore, we
proceeded to check if the activation of Rcs phosphorelay in BC202
is related to its phenotypes. Both RS28 ABR and BC202R retain the
characteristic cell division defects (data not shown) and tempera-
ture sensitivity (BC202R [see Fig. S5Ei in the supplemental mate-
rial]), even when the Rcs activation has been attenuated by the
removal of the transcriptional response regulator ResB (Fig. 1D).
This suggests that Rcs activation in BC202 is not the cause of its
cell division defects and temperature sensitivity. Growth of the
strain RS28AB harboring pRS103 in LB medium supplemented
with 10 mM MgCl, completely alleviates the Rcs stress response,
while addition of 400 mM NaCl in growth medium or growth in
acidic medium (pH 6.0) partially but significantly attenuates the
Rcs response in RS28AB (see Fig. S4 in the supplemental mate-
rial). All of these growth conditions can restore the cell division
and temperature sensitivity of BC202/RS28AB (this study and ref-
erence 4). These results lead us to conclude that the cell division
and temperature sensitivity of BC202 are unrelated to its Res ac-
tivation and probably share a cause stemming from a perturbed
envelope.

The Bae stress response is significantly activated in BC202. In
order to measure the activation of the Bae stress response system,
we cloned lacZ under regulation of the BaeR-responsive mdtA
promoter in vector pACYC184, resulting in the plasmid pRS104
(Table 1). The promoter of mdtA is dependent on both CpxR and
BaeR for optimal activation (37). Since the Cpx pathway is already
induced in BC202, we verified that pRS104 responds to Cpx acti-
vation only. As shown in Fig. 1E, deletion of cpxR did lower the
mdtA promoter activity in both TB28 and RS28AB (strains RS28C
and RS28ABC, respectively) but RS28ABC still exhibits about
2-fold induction of the Bae stress response compared to TB28.
This corresponds to previous reports that the mdtABCD operon
either remains largely unaffected by several Cpx-activating condi-
tions, such as CpxR overexpression or the presence of the consti-
tutively activating cpxA24* allele, or is even negatively regulated by
conditions such as NIpE overexpression (19). The well-known
activators of the Bae stress response in E. coli are indole and etha-
nol (14, 37). We used both of these conditions as positive controls
in our experiment. Exposure of the parent strain TB28 to 5%
ethanol and 5 mM indole for an hour resulted in a 3.6-fold and a
5-fold induction, respectively, of the Bae stress response (Fig. 1E).
Deletion of baeR results in reduction of promoter activity in both
the parent strain RS28bae and the AygjA AyghB double mutant
(strain RS28 ABbae). RS28AB exhibits about a 2.8-fold activation
of the Bae stress response pathway (Fig. 1E). Deletion of baeR in
either RS28AB or BC202 results in strains RS28ABbae and
BC202bae, respectively. Both these triple mutants retain the tem-
perature sensitivity (BC202bae [see Fig. S5Ek in the supplemental
material]) and cell division defects (data not shown) of their cor-
responding double mutants. Growth of the strain RS28AB har-
boring pRS104 in LB supplemented with 10 mM MgCl, or 400
mM NaCl or in acidic medium (pH 6.0) partially but significantly
alleviated its Bae activation (see Fig. S6 in the supplemental mate-
rial). All of these growth conditions can restore the cell division
and temperature sensitivity of BC202/RS28AB (this study and ref-
erence 4). Taken together, these results suggest that, similar to the
Cpx, Psp, and Res stress responses observed in BC202, Bae activa-
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tion is also independent of its growth and cell division phenotypes
and thus these actions share a cause—a perturbation in the enve-
lope.

BC202 exhibits a significant loss of membrane potential. The
proton motive force (pmf) in E. coli comprises two components—
the transmembrane electrical membrane potential difference, Als
(= Ui — Pour)> With U, (electrical potential inside) being more
negative than s, (electrical potential outside), and the trans-
membrane pH difference, ApH (= pH,, — pH,,,), with pH,, (in-
tracellular pH) being more alkaline than pH,,, (extracellular pH)
under normal growth conditions. This pattern varies due to phys-
iological processes involved in pmf homeostasis when E. coli cells
are subjected to adverse growth conditions like alkaline pH (39).
Any alteration in one component of the pmf results in a simulta-
neous compensative change in the other which maintains an op-
timal pmf and nearly constant cytoplasmic pH (~7.6) over a di-
verse range of growth conditions (39).

It has been previously demonstrated (23, 26) that loss of enve-
lope integrity leading to dissipation of pmf results in induction of
the Psp stress response. Efficient Tat-mediated secretion of sub-
strates also relies on optimal pmf (66—68). RS28AB exhibits about
a 2-fold induction of the Psp stress response under normal growth
conditions compared to parent TB28 (Fig. 1D), alongside a defect
in cell division resulting from inefficient Tat-mediated secretion
of periplasmic amidases AmiA and AmiC (5). Therefore, we mea-
sured the relative membrane potential of BC202 using a previ-
ously described protocol (23, 25) relying on the JC-1 red/green
dye-based assay. JC-1 is a membrane-permeating dye which in its
monomeric form emits a green fluorescence (~530 nm) when
excited. It exhibits a potential-dependent accumulation at the
bacterial membrane, causing formation of ] aggregates whose flu-
orescence emission shifts from green to red (~590 nm). Conse-
quently, we can express the membrane potential as a ratio of its
red/green fluorescence intensities.

BC202 (Fig. 3B and D) exhibits a significant loss of membrane
potential compared to W3110 (Fig. 3A and D). Treatment of
W3110 with 100 wM CCCP for 20 min (Fig. 3C) also results in a
loss of membrane potential, as indicated by its high green/red
ratio (Fig. 3D). Since BC202 cells are mostly in chains of varied
lengths, we considered a chain of cells as a single unit wherein we
calculated its total red and green fluorescence intensities. BC202
chains containing lower numbers of cells per chain (<4) often
exhibit a membrane potential which is comparable to that of the
parent strain, but longer chains were often characterized by more
green and minimal red regions. Deletion of PspF in the AygjA
AyghB strain results in loss of Psp induction (Fig. 1D), and subse-
quently there is a significant loss of membrane potential in
BC202F compared to BC202 (Fig. 3D). The single-deletion mu-
tants BC203 and BC204 demonstrate only a small loss of mem-
brane potential. BC202 grown at a higher temperature of 44°C for
1 h exhibits a degree of membrane potential deficiency similar to
that found when it is grown at 30°C. These results demonstrate
that the induction of Psp stress response in BC202 is an effect of its
loss of membrane potential under normal growth conditions.
This deficiency in membrane potential is exacerbated when
BC202 loses its ability to activate the Psp stress response.

The cell division defect and temperature sensitivity of BC202
can be rescued by either overexpression of MdfA or growth at
PH 6.0. Isolation of multicopy suppressors of BC202 was done
following a previously described protocol (69). Plasmids that re-
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FIG 3 Assessment of the membrane potential (Ays) using JC-1 red/green dye-based assay. Strains W3110, W3110F, BC203, BC204, BC202, and BC202F
transformed with empty vector pBADhisA and BC202 harboring plasmid pBADMdfA were grown in LB-Amp medium. BC202 harboring pBADMdfA was
grown in the presence of 0.2% arabinose. W3110 treated with 100 uM CCCP for 20 min served as a control for loss of Ais. As indicated, strains were grown at
either 30°C or 44°C. Membrane potential at higher growth temperatures was determined by growing strains W3110, BC202, and BC202 harboring pPBADMdfA
at 44°C for 1 h. All strains were treated with JC-1 dye in a permeabilization buffer as described in Materials and Methods and subjected to fluorescence
deconvolution microscopy. The red and green intensities were captured using the TRITC (590 nm; exposure time, 300 ms) and the GFP (530 nm; exposure time,
1,500 ms) filter sets, respectively, and quantified using Slidebook software. (A to C) Fluorescent red-green overlay images of W3110 (A), BC202 (B), and W3110
treated with CCCP (C). (D) Changes in Ays are presented as the green (530 nm)/red (590 nm) ratio. Each bar represents the mean and standard deviation of the
ratio of total red and green intensities determined from 100 cell units (cells or chains) from three independent experiments. Statistical significance was
determined by Student’s unpaired ¢ test. The significance values are represented as follows: *, P < 0.001; **, P < 0.01. An increase in the green/red ratio indicates

a decrease in membrane potential (Ais).

stored the growth of BC202 at 42°C were isolated and sequenced.
One of the sequenced inserts was found to contain 4 genes: mdfA,
ybjH, ybjl, and ybj]. We cloned mdfA, which encodes a multidrug
transporter with Na*/K™-H™ antiporter functions (42), with an
N-terminal His tag under the regulation of an arabinose-inducible
promoter (vector pBADMdAfA) (Table 1). BC202 transformed
with empty vector pBADhisA and BC202 transformed with vector
pBADMUAfA were grown in the absence (Fig. 4C) or presence (Fig.
4D) of 0.1% arabinose on LB-Amp plates overnight at 43°C.
BC202 harboring empty vector pBADhisA failed to grow under
either condition, whereas BC202 harboring vector pPBADMdfA
grew at 43°C only in the presence of 0.1% arabinose. In addition,
normal cell division was restored to BC202 at 30°C when MdfA
was overexpressed (Fig. 4B). This rescue of cell division was ac-
companied by an increase in the membrane potential when MdfA
was overexpressed in BC202 at 30°C (Fig. 3D). Overexpression of

20 jb.asm.org

Hy-MdfA from pBADMASfA in an arabinose-dependent manner is
shown by Western blotting (Fig. 4E). MdfA overexpression also
restored growth of strains BC202C (see Fig. S5Cf in the supple-
mental material), BC202F (see Fig. S5Fh in the supplemental ma-
terial), BC202R (see Fig. S5Fj in the supplemental material), and
BC202bae (see Fig. S5F in the supplemental material) at 43°C.
The inability to maintain optimal pmf at neutral pH can be over-
come by growth under acidic conditions. Acidic pH reinforces/in-
creases the pmf by providing an enhanced proton gradient (39)
(pHyue < pHi,). Strains were grown in LB medium at pH 6.0 buffered
with 100 mM MES. The Na* concentration in the buffered LB me-
dium was made equivalent to that of normal LB growth medium
(~170 mM). BC202 grown in LB medium of pH 6.0 displayed nor-
mal cell division (Fig. 5F) and growth at 43°C (Fig. 5B), unlike when
it was grown in LB medium at pH 7.0 (Fig. 5A). A similar correction
of phenotypes was observed when BC202C, BC202F, BC202R, and
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FIG 4 MdfA overexpression corrects the cell division defect and restores
growth to BC202 at 43°C. (A and B) Normal cell division is restored to BC202
at 30°C in the presence of 0.2% arabinose (B) which induces MdfA expression
from the plasmid. (C and D) BC202 harboring empty vector pBADhisA or
vector pPBADMAfA was streaked on LB-Amp-agar plates in the absence (C) or
presence (D) of 0.1% arabinose and incubated overnight at 43°C. BC202 har-
boring pBADhisA (right sides of plates) fails to grow on either plate. BC202
harboring pPBADMAJfA (left sides of plates) grows only in the presence of 0.1%
arabinose. (E) Western blot using anti-His tag antibody showing MdfA over-
expression in BC202 from pBADMAfA in an arabinose-dependent manner.
Equal amounts of membrane protein were loaded in each lane.

He-MdfA

BC202bae were grown in buffered LB medium at pH 6.0 (Fig. 5B and
data not shown).

Taken together, these results demonstrate that MdfA is a po-
tent suppressor of the cell division and temperature-sensitive phe-
notypes exhibited by BC202. Similar results can be observed with
mild acidification of the growth medium. The commonality be-
tween these suppressors is that they enhance the proton influx
across the inner membrane. These results strongly support the
hypothesis that YqjA and YghB are required for proper pmf/pH
homeostasis in E. coli.

DISCUSSION

The DedA family of membrane proteins is highly conserved and
likely essential in many bacterial species (81). E. coli encodes as
many as eight DedA family genes, and a distinct phenotype is not
observed unless ygjA and yghB are simultaneously deleted (4). In
this study, we analyzed the induction of several stress responses
and discovered that the Cpx, Psp, Rcs, and Bae envelope responses
are significantly activated in the AygjA AyghB strains (BC202 and
RS28AB) under permissive growth conditions (Fig. 1). These re-
sults strongly suggest that BC202 experiences significant envelope
stress when grown under permissive conditions and that YghB/
YqjA play critical roles in envelope homeostasis.

We were also interested in determining the effect of the induc-
tion of multiple envelope stress response pathways on the other
observable phenotypes of BC202, namely, temperature sensitivity
and altered cell division. We show that the induction of Cpx stress
response is a distinct phenotype and is independent of the other
major phenotypes exhibited by BC202. While deletion of ¢pxR
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FIG 5 Rescue of cell division defect and temperature sensitivity of BC202 and
BC202C in LB medium of pH 6.0. Strains W3110, BC202, and BC202C, har-
boring empty vector pBADhisA, were grown in LB-Amp medium at pH 7.0
and LB-Amp medium buffered with 100 mM MES at pH 6.0 at 30°C. The cell
chaining of BC202 (E) observed in LB medium at pH 7.0 is corrected in LB
medium at pH 6.0 (F). The cell division of W3110 (C and D) is unaltered in
growth medium of either pH. The temperature sensitivity of BC202 and
BC202C (A) observed on LB-agar plates at pH 7.0 at 43°C is rescued (B) when
they are grown in LB-agar plates at pH 6.0 at 43°C.

from BC202 (strain BC202C) (Table 1) eliminates the activation
of Cpx response, BC202C retains all of the phenotypes exhibited
by BC202. In addition, growth of BC202C at 42°C is not rescued
by the presence of millimolar concentrations of Mg** or 400 mM
NaCl in growth medium (Fig. 2). Similarly, deletion of pspF, rcsB,
and baeR from BC202 (strains BC202F, BC202R, and BC202bae,
respectively) eliminates the activation of the Psp, Rcs, and Bae
stress response pathways, respectively, in BC202. All of these
strains retained the cell division and temperature sensitivity of
BC202 and, unlike BC202C, were rescued by suppressors which
are capable of rescuing the phenotypes of BC202, namely, growth
in 10 mM Mg>" or 400 mM Na™.

In addition to the phenotypes mentioned above, BC202C ex-
hibits a lower growth rate than BC202 and exhibits enhanced mu-
coid colony morphology on LB agar plates at 30°C (data not
shown), unlike BC202. The colanic acid biosynthetic genes (cps)
need to be upregulated for this phenotype, and such upregulation
relies on both ResB and ResA (30). The rprA promoter-based re-
porter assay that we describe in this study relies only on ResB. This
observation can be explained in light of previously published data
indicating that activation of Cpx upregulates the transcriptional
regulator H-NS (14), which in turn represses the transcriptional
levels of ResA (70). Hence, BC202, which exhibits a strong induc-
tion of the Cpx stress response as well as the Rcs stress response,
does not exhibit mucoid colony morphology. In the absence of
cpxR in BC202C, it is possible that the H-NS levels are downregu-
lated and consequently RcsA levels are elevated enough to allow
enhanced colanic acid production and subsequent mucoid colony
formation. Surprisingly, BC202F, BC202R, and BC202bae do not
show any apparent additional phenotypes.
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The induction of the Psp stress response in BC202 (Fig. 1D) is
in agreement with our observation that the membrane potential is
significantly lower in BC202 than in the parent strain (Fig. 3). The
single AygjA mutant, surprisingly, displays a >50% decrease in
activity of the pspA promoter (Fig. 1D). Previous observations
have demonstrated that in the absence of cpxR, the levels of PspF
are increased 3-fold (14). This might indicate that the activation of
Cpx stress response in the AygjA mutant represses the PspF-de-
pendent pspA promoter activity.

The Rcs pathway is strongly induced in BC202 (Fig. 1E), with
activation similar to that found in constitutively active ArcsC mu-
tants (32). The activation is at least partially dependent on RcsF,
an outer membrane lipoprotein (36). The activation of the Rcs
pathway is only poorly understood, and it has been reported acti-
vated in only a few strains, such as mutants of membrane-derived
oligosaccharide glycosyltransferases (mdoH) (29) and those with
alterations in lipoprotein transport and localization (71, 72), per-
turbations of the peptidoglycan layer (33), and changes in the
phosphorylation levels of undecaprenyl carrier lipid (35). We can
now add BC202 to thislist. The Res pathway is necessary for RpoS-
mediated acid and base resistance, and the small regulatory RNA
RprA plays an important role in the translational regulation of
RpoS (34, 73). It is difficult to say at this point if the Rcs stress
response observed in BC202 is a result of its loss of pmf homeo-
stasis, as we have proposed. It is possible that BC202 might try to
prevent proton leakage and the induction of Psp stress response is
not sufficient to downregulate nonvital processes like motility to
conserve protons, so the Rcs pathway is called upon. Similarly to
the Psp stress response (25, 26), the Rcs stress response has been
reported to downregulate motility in the early stages of biofilm
formation (30). In this regard, we have observed that BC202 is
nonmotile (R. Sikdar and W. T. Doerrler, unpublished observa-
tions).

We also report a new multicopy suppressor for BC202 (Fig.
4)—the multidrug transporter MdfA, which plays a very impor-
tant role in pmf homeostasis and mediates tolerance to alkaline
conditions viaan Na*/K*-H™ antiport activity (42). Based on the
characteristics of this suppressor, we hypothesize that the pheno-
types of BC202 are the result of an impaired pmf homeostasis
mechanism in BC202, which is inefficient at all growth tempera-
tures. The activation of the Psp stress response and the loss of
membrane potential in BC202 under normal growth conditions
support this idea. Further evidence to support this hypothesis
comes from the observation that lowering the pH of growth me-
dium, which strengthens the pmf by providing an enhanced pro-
ton gradient (ApH) and promotes proton influx across the mem-
brane, corrects the cell division and temperature sensitivity of
BC202 (Fig. 5). We can explain the phenotype-rescuing capability
of Mg and Na™ (4) on similar lines. Increasing Mg>™ levels can
have multiple effects on bacterial cells—it can support/enhance
membrane integrity in general and have specific effects like inhib-
iting the proton-extruding ATPase activity of the FF,-ATP syn-
thase machinery (74, 75). It is important to note that when bacte-
rial cells are exposed to conditions which require proton influx
into the cytoplasm, such as alkaline growth conditions, the expres-
sion of proton-pumping F F,-ATP synthase is elevated in E. coli
along with a repression of proton-extruding respiratory chain
complexes (39). Monovalent cations like Na* can stimulate the
activity of several classes of Na*/K* proton antiporters, many of
which have a central role in pH homeostasis under a variety of
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growth conditions (for example, NhaA [76, 77] and MdfA [42]).
However, since both Mg®" and Na™ rely on Cpx activation to
rescue the temperature sensitivity of BC202, it is possible that
some Cpx-induced gene(s) is required for these conditions to res-
cue the growth defect of BC202. While the identity of this gene is
not known, the list of Cpx-induced genes in E. coli is not exhaus-
tively long (14, 19) and experiments are in progress to answer this
question.

Based on the observations presented in this study, we propose
that YqjA/YghB plays a role in pmf homeostasis. This is also in
accordance with previously published observations (19) that YqjA
is required for E. coli for adaptation to alkaline pH. YqjA/YghB can
execute this role either directly as proton transporters or indirectly
as regulators/modulators of an existing pH homeostasis mecha-
nism. The idea that they may be a novel class of transporters with
possible proton antiport functions similar to MdfA is indeed in-
triguing. Using NCBI BLAST, we could not find any amino acid
similarity between YqjA/YghB and any existing class of transport-
ers. However, evidence does exist which provides credence to this
idea. The DedA protein family bears limited similarity to the LeuT
family of transporters: they potentially share an ancestor, as re-
vealed by a novel type of evolutionary analysis known as AlignMe
(2). The DedA homolog of Ralstonia metallidurans has been im-
plicated in selenite uptake by the bacterium (78). The Mycobacte-
rium DedA homolog BCG2664 has been found to confer resis-
tance to a macrocyclic alkaloid halicyclamine-A (79), and as is
often the case with macrocyclic drugs, resistance is conferred by
the action of several classes of multidrug transporters which help
to secrete the drug outside the cell (80). These observations col-
lectively support the idea that YqjA/YghB may belong to a novel
family of membrane transporters.

Since MdfA overexpression rescues the temperature sensitivity
of BC202, it is highly likely that the proton antiport (influx) func-
tion of MdfA is responsible for that observation. If we hypothesize
that the pH;, of BC202 is more alkaline under normal growth
conditions due to inefficient pH homeostasis, we can explain how
overexpression of MdfA can rescue the phenotypes of BC202 by
promoting proton influx and lowering the cytoplasmic pH. We
can also explain the phenotype-rescuing capability of low-pH me-
dium on similar lines. Growth in acidic pH can reinforce the pmf
in BC202 by enhancing the ApH component, thus rescuing the
cell division defect. Additionally, the enhanced proton gradient
provided by acidic medium leads to increased proton influx across
the inner membrane, which rescues the temperature sensitivity of
BC202 by lowering the cytoplasmic pH. Acidification of the cyto-
plasm below the threshold is prevented by several mechanisms
which participate in acid resistance (39). Both MdfA and lower
external pH alleviate alkaline stress by enhancing proton influx
across the inner membrane and consequently acidifying the cyto-
plasm. Further studies will test these ideas and try to pinpoint
functions of the DedA membrane proteins.
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