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The copper-inducible ComR (YcfQ) repressor regulates
expression of ComC (YcfR), which affects copper
permeability of the outer membrane of Escherichia coli
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Abstract The pathway of copper entry into Esche-
richia coli is still unknown. In an attempt to shed light
on this process, a lux-based biosensor was utilized to
monitor intracellular copper levels in situ. From a
transposon-mutagenized library, strains were selected
in which copper entry into cells was reduced, apparent
as clones with reduced luminescence when grown in
the presence of copper (low-glowers). One low-glower
had a transposon insertion in the comR gene, which
encodes a TetR-like transcriptional regulator. The
mutant strain could be complemented by the comR
gene on a plasmid, restoring luminescence to wild-
type levels. ComR did not regulate its own expression,
but was required for copper-induction of the neigh-
boring, divergently transcribed comC gene, as shown
by real-time quantitative PCR and with a promoter-/ux
fusion. The purified ComR regulator bound to the
promoter region of the comC gene in vitro and was
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released by copper. By membrane fractionation,
ComC was shown to be localized in the outer
membrane. When grown in the presence of copper,
AcomC cells had higher periplasmic and cytoplasmic
copper levels, compared to the wild-type, as assessed
by the activation of the periplasmic CusRS sensor and
the cytoplasmic CueR sensor, respectively. Thus,
ComC is an outer membrane protein which lowers
the permeability of the outer membrane to copper. The
expression of ComC is controlled by ComR, a novel,
TetR-like copper-responsive repressor.

Keywords Copper homeostasis - Outer membrane
protein - Copper regulator - Biosensor

Introduction

Copper is an essential micronutrient for most, if not
all, living cells. Its chemical reactivity is based on its
high redox potential and cells harness this property by
incorporating copper as a cofactor into the active site
of enzymes involved in fundamental processes such as
energy generation, iron uptake and protection against
oxidative stress. Due to its ability to accept and donate
electrons, copper can also catalyze unwanted, delete-
rious reactions, and damage cellular components such
as DNA, proteins and membranes. Copper may also
catalyze the production of hydrogen peroxide and, in a
Fenton type reaction, highly reactive hydroxyl radicals
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can be generated and can oxidize proteins and lipids
(Yoshida et al. 1993). Therefore, protective mecha-
nisms against copper have evolved in prokaryotes and
eukaryotes. Prokaryotes developed efficient copper
resistance mechanisms which involve extracellular,
periplasmic, and cytoplasmic sequestration of copper
and efficient export. The components of copper
homeostasis are tightly regulated by specialized
copper-responsive regulators (Nies 2003; Harrison
et al. 2000).

A key component of copper homeostasis in Esche-
richia coli is CopA, the Cu(l) transporting ATPase of
the cytoplasmic membrane. It detoxifies the cytoplasm
by extruding excess intracellular copper (Rensing et al.
2000; Rosen and Hellenas 2002). This important pump
is induced by copper via the action of CueR, a MerR-
like transcription activator, which senses cytoplasmic
copper in the zeptomolar range (Rae et al. 1999;
Stoyanov et al. 2001; Outten et al. 2000; Petersen and
Moller 2000; Changela et al. 2003). CopA pumps
copper from the cytoplasm to the periplasmic space.
There, a multi-copper oxidase, CueO, and a copper
transport system, CusCFBA, safeguard the periplasm
against copper toxicity (Franke et al. 2003; Rensing and
Grass 2003). CueO, which is also under the control of
the CueR regulator, has cuprous oxidase activity and
can oxidize Cu™ to Cu®™, thus rendering it less toxic
(Singh et al. 2004). Enterobactin, a catechol sidero-
phore of E. coli, is very toxic to the cell in the presence
of copper. CueO can oxidize enterobactin which, in its
oxidized form, sequesters copper and contributes to the
detoxification of the periplasm (Grass et al. 2004). The
CusCFBA system transports copper from the periplas-
mic to the extracellular space and is essential in
providing copper resistance under anaerobic condi-
tions, presumably because the accessory CueO copper
resistance mechanism cannot operate in the absence of
oxygen (Munson et al. 2000; Outten et al. 2001). The
cusCFBA operon is induced by copper via the CusRS
two-component regulatory system. In contrast to the
CueR regulator which responds to cytoplasmic copper,
the CusRS system responds to periplasmic copper
levels (Outten et al. 2001; Munson et al. 2000). The
combined operation of CopA, CueO, CusCFBA, and
their respective regulators provide efficient copper
homeostasis in E. coli (Nies 2003). While much is
known about how copper is being exported and
sequestered in E. coli, much less is known about the
copper uptake by this organism.
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We here addressed the question of copper entry into
E. coli by using a [ux-based biosensor which responds
to cytoplasmic copper levels. The working hypothesis
was that cells mutated in copper uptake pathways
would have lower cytoplasmic copper levels and could
be selected by their reduced luminescence (low-
glowers). Thus, low-glowers were selected from a
transposon-mutagenized library. One of the low-
glowers contained a transposon insertion in the ycfQ
regulatory gene; for clarity, we renamed this gene
comR (copper outer membrane regulator). ComR is a
novel TetR-type copper-inducible repressor which
regulates expression of the adjacent, inversely tran-
scribed ycfR gene, which was renamed comC (copper-
induced outer membrane component). ComC encodes
a 85 amino acid protein which appears to reduce the
permeability of the outer membrane to copper. ComR
and ComC are thus two novel proteins involved in
copper tolerance by E. coli.

Materials and methods
Generation of transposon library

Escherichia coli top 10 electrocompetent cells (Invit-
rogen) were electroporated with a GenePulser (Bio-
Rad) at 1.8 kV and a 200 Q serial resistor with 1 pl of
EZ:TN<DHFR-1> transposon (Epicentre Technolo-
gies), suspended in 1 ml of SOC medium [2%
trypticase peptone (BBL), 0.5% yeast extract (BBL),
10 mM NaCl, 2.5 mM KCI, 10 mM MgCl,, 10 mM
MgS0,, 0.2% glucose (added after autoclaving)], and
incubated for 1 h at 37°C with shaking, followed by
plating on LB agar media (Ausubel et al. 1995),
supplemented with 10 pg/ml of trimethoprim. Fol-
lowing incubation at 37°C for 36 h, 8.3 x 10? colo-
nies containing a transposon insert were obtained. The
colonies were washed off the plates and aliquots of this
transposon library were frozen in 25% glycerol at
—80°C.

Mutant selection

Of the transposon library, electrocompetent cells
were prepared and electroporated with the biosensor
pUAG615 (Stoyanov et al. 2003) as described (Ausubel
et al. 1995). Cells were plated on LB plates containing
50 pg/ml of kanamycin and 3 mM of CuSO;,.
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After overnight incubation at 37°C, luminescence of
the colonies was recorded with a cooled CCD camera
(LAS1000, Fuji). Images were inspected for low-
glowers as well as more strongly glowing colonies
(high-glowers). Clones of interest were subcloned for
further analysis.

Identification of transposon insertion sites

The Wizard Genomic DNA Purification kit (Promega)
was used to isolate genomic DNA from 1 ml overnight
cultures according to the manufacturer’s instructions.
PCR was used to generate PCR products spanning the
transposon—genome junction by PCR amplification with
a single primer, DHFR RP or DHFR FP, complementary
to the transposon (see supplementary material, Table S1,
for primer sequences). PCR amplifications were con-
ducted with 5 U of LA Taq polymerase (Takara)
according to the manufacturer’s instructions and the
following thermal cycling: 95°C for 5 min, 60 cycles of
95°C for 30 s, 55°C for 30 s, and 72°C for 3 min,
followed by 72°C for 5 min. The PCR products were
separated on 0.7% agarose gels and the DNA extracted
from the gels, using the Qiagen gel purification kit as
described by the manufacturer. The DNA fragments
were submitted to a commercial sequencing service
(Microsynth, Balgach, Switzerland), using the primers
DHFR RP-1 and DHFR FP-1, which were nested relative
to the PCR amplification primers.

Cloning of ComR

A ComR expression vector was constructed by PCR
amplification of the comR open reading frame from
genomic DNA, using the primers ycfQHisF and
ycfQHisR. The resultant PCR product was cut with
Xbal and Narl and ligated into the histidine tag
expression vector pProExHTa (Invitrogen) to yield an
N-terminal 6 x histidine-comR fusion gene containing
a cleavage site for rTEV protease for tag removal. The
resultant expression vector pProExComR was verified
by sequencing. Cleaved ComR had the N-terminal
methionine replaced by gly—ala.

Luminescence assays
Cultures of 5 ml LB media were grown aerobically at

37°C to an OD at 595 nm of 0.5, and induced for 1 h
with CuSO, as indicated in the experiments.

Luminescence was measure in 0.3 ml aliquots of
culture in 96-well microtiter plates with a cooled CCD
camera and quantified with the AIDA image analysis
software (Raytest).

Purification of ComR

Histidine-tagged ComR was overexpressed in E. coli
by growing cells aerobically to mid-log phase in LB at
37°C, followed by induction with 5 mM isopropyl-f3-
D-thiogalactoside for 2 h. Cells were collected by
centrifugation, disrupted with a French press, and the
cleared cell lysate applied to a Ni-NTA agarose
column (Qiagen). The column was washed with 50 ml
of 20 mM imidazole, 50 mM Na-HEPES, pH 7.4,
followed by elution of 6His-ComR in 5 ml of 200 mM
imidazole in the same buffer. The protein was desalted
by dialysis against 50 mM Na-HEPES, pH 7.4. The
histidine tag of 1 mg of protein in 1 ml was cleaved
with 100 U of rTEV protease (Invitrogen) by incuba-
tion for 2 h at 30°C and overnight at 4°C. The cleaved
tag was removed by ultrafiltration on an Amicon
ultrafiltration device, using a membrane with a cut-off
of 10 kDa. One hundredth volume of a protease
inhibitor cocktail (100 mM N-a-p-tosyl-L-lysine-chlo-
romethyl ketone, 100 mM N-p-tosyl-L-phenylalanine-
chloromethylketone, 100 mM p-aminobenzamidine,
and 100 mM phenyl-methyl-sulfonyl-fluoride, dis-
solved in dimethylsulfoxide) was added to the final
preparation to prevent degradation.

RNA isolation and cDNA synthesis

Mid-log aerobic cultures in LB media were induced as
indicated under Results for 1 h at 37°C and RNA was
isolated from 1 ml aliquots, using the Qiagen RNeasy
miniprep column kit according to the manufacturer’s
procedure, including treatment with DNase I (RNase-
free) for 1 h at 37°C. RNasin (100 U/sample,
Promega) was added and the RNA stored at —80°C.
The quality of the RNA was checked on 1.2% agarose-
formaldehyde gels. cDNA was transcribed from 1 pg
of RNA using the iScript cDNA synthesis kit (BioRad)
according to the manufacturer’s protocol.

Real-time quantitative PCR (qPCR)

Real-time quantitative PCR was performed with the
SYBR Premix Ex Taq (Takara) in a LightCycler 1.5
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(Roche). The PCR products were analyzed for spec-
ificity and homogeneity by melting curve analysis and
electrophoresis on 1% agarose gels. To normalize the
qPCR results, the E. coli 16 S ¢cDNA was amplified
with primers mmO7 and mmOS8. Reaction conditions
were as follows: 95°C for 30 s, 50 cycles of 95°C for
5 s, 58°C for 10 s, and 72°C for 15 s.

Construction of a comC promoter-lux fusion

A 241 bp fragment of the comC promoter region was
amplified by PCR with the primers PycfQF and
PycfQR, phosphorylated with polynucleotide kinase,
and ligated into pUCD615 (Rogowsky et al. 1987),
which had been cut with EcoRI and BamHI, made
blunt-ended with Klenow DNA polymerase (Roche),
and dephosphorylated with alkaline phosphatase (New
England Biolab). The resulting plasmid, pPcomC-lux,
had the comC promoter region cloned in front of the
lux gene cluster of Aliivibrio fischeri.

Electrophoretic mobility-shift assays (EMSA)

PCR products of the comR—comC intergenic region
were amplified from E. coli genomic DNA using LA
Taq polymerase (Takara) and the primers F1, F2, F3,
F4, R1, R2, R3, and R4. EMSA were performed
according to Parkhill et al. (1993). Briefly, DNA and
purified ComR were incubated in 10 mM Tris, pH 8.0,
100 mM K-glutamate, 0.1 mM EDTA, 1 mM CaCl,,
5% glycerol, | mM DTT, 100 pg/ml BSA, for 15 min
at 20°C and then applied to 8% vertical polyacryl-
amide gels in 40 mM Tris—acetate, pH 8, 1 mM
EDTA, pre-run at 150 V for 30 min at 25°C. Where
required, the following metal salts were added to the
incubations: CuSQ4, AgNO3, AuCl;, CoCl,, CdSOy,
and NiSOy; note that the added Cu?* was reduced to
Cu* by the DTT in the reaction. Gels were stained
with SYBR Green I (Invitrogen) according to manu-
facturer’s protocol and images recorded with a CCD
camera under UV light.

Gene knockouts

The comC gene was inactivated by using the com-
mercial Targetron gene knockout system (Sigma
Aldrich) according to the manufacturer’s instructions.
Targeted disruption was verified by PCR amplification
and sequencing of the corresponding genomic region.
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A transposon insertion mutant of comC was also
obtained from NBRP, Japan (strain JD27538).

Localization of ComC

A C-terminal comC-V5-6His fusion was generated by
PCR amplification of genomic E. coli DNA with
primer ms100 and msl101. The PCR product was
ligated into pET101 with the D-Topo kit from
Invitrogen according to the manufacturer’s instruc-
tions, resulting in pETR103. The plasmid was verified
by sequencing and transformed into E. coli
BL2I(DE3)RIL (Invitrogen) as described before.
Cells were grown aerobically at 37°C in 400 ml of
LB media to mid-log phase and induced with 1 mM
isopropyl-fi-p-thiogalactoside for 2 h. Cells were
collected, washed once with 100 mM NaCl, 50 mM
NaPi, pH 7,4, and disrupted with a French press at
40 MPa. Debris was collected by centrifugation for
10 min at 8,000 x g and the membranes were pelleted
from the supernatant by ultracentrifugation for 1 h at
100,000x g. Membranes were suspended in 1 ml of
50 mM Na-HEPES, pH 7, and 5 mg fractionated on a
30 to 60% sucrose gradient as described (Bishop et al.
2000). Inner membrane NADH oxidase was assayed
by measuring NADH oxidation at 340 nm and outer
membrane phospholipase A was assayed with a kit
from Shizuoka (Japan). ComC-V5-6His was deter-
mined by western blotting as described (Towbin et al.
1979), using an anti-histidine-antibody (Qiagen).

Results

To identify genes involved in copper influx into E.
coli, we mutagenized cells with a transposon to obtain
a random knockout library. This library was trans-
formed with the biosensor pUA615, which consists of
the [ux operon of A. fischeri under the control of the E.
coli copA promoter (Stoyanov et al. 2003). As
cytoplasmic copper levels rise, the copA promoter,
which is under the control of the E. coli CueR
regulator, is induced and expression of the down-
stream /ux genes results in luminescence. This allowed
in situ monitoring of cytoplasmic copper concentra-
tions by luminescence. The library was screened for
low-glowers on solid growth media containing 3 mM
copper (Fig. 1a). As proof of concept, we also isolated
and analyzed two high-glowers, both of which had a
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Fig. 1 Detection of cytoplasmic copper with a biosensor.
a Transposon-mutagenized cells containing the /ux biosensor
were plated on LB agar plates with 3 mM CuSO, and grown for
14 h at 37°C. Luminescence of colonies was recorded with a
cooled CCD camera. The bright spots correspond to the
bacterial colonies, while the fainter, shadow-like signals are
due to light scattered by the agar. The arrow points to a high-
glower, the dashed arrow to a low-glower colony. b Lumines-
cence was recorded quantitatively in liquid media for the AcomR
strain (open circle) and the wild-type (closed circle) at different
extracellular CuSO, concentrations. Luminescence was nor-
malized to the number of cells; the error bars indicate the
standard deviations of three independent experiments

transposon insertion in the copA gene. CopA encodes
the only known cytoplasmic copper export pump of E.
coli and its disruption will of course lead to increased
cytoplasmic copper. Several low-glowers were ana-
lyzed for the genetic defect. Most of them had
transposon insertions in genes which control plasmid
copy number, thus reducing the gene-dosage of the
biosensor, or were in genes of unknown function. One
low-glower of particular interest had a transposon
insertion in the comR gene. ComR shares 80-90%

sequence identity with over 100 TetR-like transcrip-
tional regulators in the protein database. However, the
activator or ligand is only known for a handful of these
(Yu et al. 2010). A TetR-like regulator with a role in
copper homeostasis has so far not been identified and
the comR mutant was studied in detail here.

The low-glowing phenotype of the AcomR mutant
was confirmed in liquid media at different copper
concentrations (Fig. 1b). The reduced luminescence
of the AcomR strain suggested that this mutant
contained lower cytoplasmic copper levels compared
to the wild-type when exposed to copper. Inspection of
the genomic region around the comR gene revealed
that it is monocistronic, but is juxtaposed to the
divergently transcribed comC gene. The function of
the 85 amino acid protein encoded by comC is
unknown. There is a 241 bp putative promoter region
located between comR and comC. The expression
levels of comR and comC in response to copper were
assessed by qPCR. Expression of comR was not
significantly stimulated by copper (Fig. 2a). In con-
trast, comC was induced approximately 30-fold by
3 mM copper. The expression of comC was also
determined in the comR knockout strain and was found
to be increased by 270-fold on average, supporting the
repression of ComC by ComR in the wild-type
(Fig. 2b). No significant induction of the nearby up-
and down-stream genes ndh, ycfJ, ycfM, ydfN,
yefO,ycfP,ycfS, ycfT, and ycfU was observed in the
AcomR strain. The comC gene thus appears to be the
only gene of that genomic region which is suppressed
by ComR.

To confirm the copper-regulation of the comC
promoter, the 241 bp intergenic region upstream of the
comC gene was cloned into a [ux reporter plasmid and
luminescence was recorded as a function of added
copper. Copper induced luminescence maximally
30-fold at 2 mM copper (Fig.2c). Induction of
luminescence qualitatively agreed with induction of
comC mRNA. However, the two assays are expected
to respond differently to the toxic effects of copper
since the generation of comC message only requires
mRNA synthesis, while induction of luminescence
also requires protein synthesis and the generation of
substrates for the luminescence reaction. The latter
process would be expected to be more susceptible to
copper toxicity, which could explain why lumines-
cence decreased above 2 mM copper, while comC
message levels still increased.
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Fig. 2 Induction of comR and comC by copper. a Expression of
the comR (open circle) and the comC (closed circle) gene in
wild-type E. coli, determined by qPCR at a range of CuSO,
concentrations. The error bars indicate the standard deviation of
three independent experiments. b Expression of comC and
neighboring genes in the repressor knockout (AcomR). Wild-
type and AcomR cells were grown until late exponential phase,
followed by RNA extraction and qPCR analysis of mRNA
levels. Expression levels in the AcomR mutant are expressed
relative to the wild-type. The error bars show the standard
deviations of three independent experiments. ¢ Induction of a
comC promoter-lux reporter by copper. E. coli DH50 containing
the reporter plasmid pPcomC-lux was exposed to different
CuSOy concentrations in LB media and the luminescence was
measured with a cooled CCD camera and normalized to the
number of cells. The error bars indicate the standard deviation
of three independent experiments
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To test the interaction of the putative ComR
repressor with the comC promoter, ComR was
expressed in E. coli as a his-tagged protein, purified
to homogeneity, and the his-tag removed by cleavage
with rTEV (Fig. 3a). As shown by EMSA, the 241 bp
comR—comC intergenic region interacted with purified
ComR, with increasing ComR/DNA ratios resulting in
increasing complex formation (Fig. 3b). At a molar
ComR/DNA ratio of 64, essentially all DNA was
shifted to lower mobility. Copper, silver, and gold
released ComR from the DNA, but also formed some
protein aggregates of intermediate mobility, apparent
as dark smears (Fig. 3c). Cobalt, cadmium, and nickel
did not dissociate ComR from the DNA. Thus, copper
appears to be the physiological inducer of ComR. The
binding-region of ComR on the 241 bp fragment used
in Fig. 3b, ¢ was narrowed down by testing a set of
PCR fragments for the interaction with ComR
(Fig. 3d). This delineated an approximately 60 bp
region upstream of the comC gene as the ComR
binding-region (Fig. 3e).

Using PSORT (http://psort.nibb.ac.jp/), ComC was
predicted to be an outer membrane protein with a 21 or
22 amino acid N-terminal signal sequence. The cel-
lular localization of ComC was determined by
expressing a ComC fusion protein with a C-terminal
V5-6xHis tag from a plasmid and separating outer and
inner membranes from a corresponding culture on a
sucrose density gradient (Fig. 4). Phospholipase A and
NADH oxidase were assayed to determine outer and
inner membrane fractions, respectively. ComC in the
fractions was visualized by western blotting, using an
anti-histidine antibody. A 12.4 kDa band corre-
sponding to pre-ComC and an 11 kDa band corre-
sponding to processed ComC comigrated with the
outer membrane marker, phospholipase A, at the
density range 1.23 to 1.26 g/ml. This experimentally
supports the outer membrane localization of ComC, in
line with the bioinformatics prediction.

To more directly demonstrate the involvement of
ComC in controlling copper leakage of the outer
membrane, a knock-out AcomC strain was analyzed.
In line with the working hypothesis, growth of the
AcomC mutant was more sensitive to copper, com-
pared to the wild-type; the growth rate of the AcomC
mutant decreased from approximately 0.5 h™" without
added copper to less than 0.2 h™' in the presence of
3 mM copper (Fig. 5). In contrast, the growth rate of
the wild-type was not significantly affected by copper
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Fig. 3 Interaction of ComR with the comC promoter.
a Coomassie blue-stained SDS gel of the purification of ComR.
Lane 1 marker with the molecular weights indicated in kDa; lane
2 cleared lysate of uninduced culture; lane 3 cleared lysate of
culture induced for 2 h with 1 mM isopropyl--p-thiogalacto-
side; lane 4 flow-through of Ni-NTA column; lane 5 column
eluate with 200 mM imidazole. The arrow indicates the
migration of recombinant his-ComR. b EMSA with a 241 bp
comC promoter fragment (0.4 pmol), which was incubated with
purified ComR at the molar ComR/DNA ratios indicated in the
Figure, separated by polyacrylamide gel electrophoresis, stained
with SYBR green and the gel photographed under UV light. The
arrow indicates the protein—-DNA complex. ¢ EMSA with the

F2-R1  F3-R1 F4-R1 F3-R2 F3-R3

comC promoter fragment without ComR (—R), or with a 24-fold
molar excess of ComR, but no metal (—Me), or with ComR and
50 uM of the metal ions indicated below the lanes. Other
conditions were as in b. d Intergenic region between comR and
comC, with the starts of these genes indicated by filled arrows.
The PCR fragments depicted by bold horizontal lines were
generated with the primers listed on the /left; the scale at the
bottom indicates length in basepairs (bp). Interaction with
ComR is indicated by 4 and — signs on the right of the DNA
fragments. e EMSA with the PCR fragments shown in d. DNA
fragments (0.4 pmol) were incubated either without ComR (—),
a 24-fold molar excess of ComR (+), and without (—) or with
(+) 50 uM Cu™*. Other details of the experiment were as in b
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Fig. 4 Membrane localization of ComC. a E. coli membranes
were separated on a 30 to 60% (w/v) sucrose gradient and
fractionated from the top. Fractions were assayed for the inner
membrane marker NADH oxidase (open circle) and the outer
membrane marker phospholipase A (closed circle), given in %
of total activity. The density (white triangle) is indicated in g/ml.
b Western blot showing the presence of ComC in the fractions
of a. The scale on the left indicates the migration of molecular
weight markers in kDa. Lane C 50 pg of unfractionated
membranes

in this concentration range. In the absence of copper,
the wild-type did not grow quite as well as the AcomC
mutant. While this remains unexplained, it appears
clear that the absence of ComC makes cells more
copper-sensitive, presumably by making the outer
membrane leakier to copper. To assess periplasmic
copper levels, we made use of the CusRS regulatory
system which naturally senses periplasmic copper and
regulates the cusCFBA operon in response to it
(Outten et al. 2001; Munson et al. 2000). When the
AcomC mutant was exposed to copper, expression of
the cusCFBA operon was induced over 50% more
strongly than in the wild-type under the same condi-
tions, as assessed by qPCR (Fig. 6a). This supports
increased copper leakage across the outer membrane
in the AcomC mutant. As expected, this in turn also
lead to increased cytoplasmic copper, as evident by the
increased expression of copA, which is under the
control of the cytoplasmic copper-sensing CueR
regulator (Fig. 6b).

Taken together, we here identified ComC as a
small, outer membrane protein which reduces the
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Fig. 5 Effect of copper on the growth rates of wild-type and
AcomC cells. Cells were grown in LB media, supplemented with
different CuSO, concentrations, and the growth rates were
calculated from the logarithmic growth phase of the cultures.
closed circle, wild-type; open circle, AcomC. The error bars
show the standard deviations of three independent experiments

permeability of the outer membrane to copper, prob-
ably by reducing leakage. ComC is under the control
of the TetR-like repressor ComR. Both, ComC, and
ComR are novel proteins involved in the response of
E. coli to copper.

Discussion

Since it is still unknown how copper enters E. coli
cells, we here used transposon mutagenesis in com-
bination with a biosensor to identify mutants with
altered copper permeability. This led to the identifi-
cation of a low-glower with a transposon insertion in
the comR transcriptional regulator gene. ComR is
predicted to encode a 210 amino acid protein which
belongs to the family of TetR transcriptional regula-
tors. These regulators form a large, diverse group and
although over 100 structures are available, only five of
these structures (ActR, CgmR, QacR, TtgR, and TetR)
are of repressors with proven biological ligand (Yu
et al. 2010). For most TetR-like repressors, the
inducers are still unknown. TetR of E. coli represses
transcription by the binding of a homodimer to the
promoter (Orth et al. 2000). Upon binding of the
inducer, Mg*"-tetracyclin, the protein undergoes a
conformational change which lowers its DNA binding
affinity and allows transcription to proceed. The
structure of ComR could be modeled with SWISS-
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Fig. 6 Induction of copper-regulated genes in wild-type and
AcomC cells. Expression of the cus operon (a) and the copA
gene (b) was analyzed in wild-type (closed bars) and AcomC
(open bars) cells in response to copper. Cells were grown to
mid-log phase and, where indicated, exposed to 2 mM CuSO,
for 30 min, followed by RNA extraction and qPCR analysis of
mRNA levels. Values were normalized to rRNA and expressed
relative to wild-type levels in the absence of copper. The error
bars show the standard deviations of three independent
experiments and the asterisks indicate values significantly
different with P = 0.015 (a) and 0.003 (b)

MODEL, based on the putative TetR regulator from
Rhodococcus sp. RHA1 [PDB accession 2110; (Bord-
oli et al. 2009)]. This yielded a TetR-like structure for
ComR with a potential copper binding site formed by
Cys-117, Met-119, and GIn-179 (supplementary Fig-
ure S1). Only one other TetR-like metalloregulator has
so far been described, namely SczA of Streptococcus
pneumoniae (Kloosterman et al. 2007). SczA activates
transcription of the czcD gene, and possibly other
genes, in response to Co>", Zn>", or Ni**. However,

SczA and ComR are evolutionarily distant and share
only 17% sequence identity.

The regulation of the comC gene by ComR in a
copper-dependent manner raised the question of
the function of the 9 kDa ComC gene product.
A C-terminal V5-6His-fusion of ComC was shown
to be localized in the outer membrane, as assessed with
an anti-histidine antibody and corresponding inner and
outer membrane markers in density gradient-fraction-
ated membranes. Thus, increased levels of ComC in
the outer membrane appear to make the membrane less
leaky to copper, as apparent by the low-glower
phenotype of the comR mutant (constitutive ComC
expression) and the increased copper sensitivity of a
AcomC knockout strain. The copper-leak caused by
the absence of ComC only allows copper to access the
periplasmic space, from where it still has to overcome
the permeability barrier of the cytoplasmic membrane
to get into the cytoplasm. This, together with the
house-keeping function of the CopA ATPase in
exporting cytoplasmic copper, could explain the
relatively weak copper-sensitive phenotype of a
AcomC strain. Increased periplasmic copper levels in
the AcomC mutant could however directly be demon-
strated by the increased expression of the cusCFBA
copper efflux pump, which is regulated by the
periplasmic copper-sensing CusRS regulator.

In various microarray studies, comR was found to
be induced 25-fold by 25 uM cadmium (Egler et al.
2005) (copper was not found to induce comC, but the
report relied on a single dataset), during a pH-shift
from 8.7 to 5 (Maurer et al. 2005), a heat-shock of
50°C for 7 min (Richmond et al. 1999), treatment with
5 mM sodium salicylate (Pomposiello et al. 2001),
and 1 mM hydrogen peroxide (Zheng et al. 2001).
More recently, ComC was also reported to be involved
in biofilm formation (Zhang et al. 2007). It was found
that a comC-deletion rendered cell more hydrophobic,
increased cell aggregation, and sensitivity to acid,
heat, hydrogen peroxide, and cadmium. It remains
unclear to what extent and by what mechanism ComC
was involved in all these phenotypic observations.

Based on bioinformatics, the promoter region of
comC is predicted to contain a binding site for the
cAMP response protein (CRP), which is a global
regulator involved in catabolite repression (Brown and
Callan 2004). CRP-binding to a 259 bp DNA frag-
ment upstream of comC was also shown experimen-
tally (Zhang et al. 2007). In addition, comC-induction
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by cadmium was shown to be lower in an rpoE mutant
(Egler et al. 2005). RpoE of E. coli functions in general
stress response and controls the extracytoplasmic
function protein family [proteins involved in main-
taining the integrity of periplasmic and outer mem-
brane components (Egler et al. 2005)]. These findings
suggested that comC expression is modulated by the
global regulators RpoE and CRP, in addition to the
copper-dependent regulation by ComR shown here.
However, induction of comC by copper via ComR is
much more pronounced than the effects described for
RpoE and CRP and we assume that copper-induction
of comC is the principal regulation of this gene.
Conceivably, ComC functions as a scaffolding or
tethering protein in the outer membrane.

In line with a periplasmic function of ComC,
related proteins could not be found in Gram-positive
bacteria by a BLAST search, while the genomes of
most, if not all, Gram-negative bacteria encode
proteins with 50 to 90% sequence identity to ComC.
Thus, ComC-like proteins are a typical feature of outer
membranes of Gram-negative organisms. The wide-
spread occurrence of ComC-like proteins contrasts
with the lack of information on the localization,
structure, and function of this family of proteins and
we here present the first study of such a protein.
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