
Sigma factor mimicry involved in regulation
of general stress response
Anne Francez-Charlot1, Julia Frunzke1, Christian Reichen, Judith Zingg Ebneter, Benjamin Gourion, and Julia A. Vorholt2
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Bacteria have evolved regulatory traits to rapidly adapt to chang-
ing conditions. Two principal regulatory mechanisms to modulate
gene expression consist of regulation via alternative sigma factors
and phosphorylation-dependent response regulators. PhyR repre-
sents a recently discovered protein family combining parts of both
systems: a sigma factor-like domain of the extracytoplasmic func-
tion (ECF) subfamily linked to a receiver domain of a response
regulator. Here we investigated the mode of action of this key
regulator of general stress response in Methylobacterium ex-
torquens. Our results indicate that PhyR does not act as a genuine
sigma factor but instead controls gene expression indirectly
through protein-protein interactions. This is evident from the
analysis of additional proteins involved in PhyR-dependent gene
regulation. We demonstrated that the ECF sigma factor-like do-
main of PhyR interacts with a protein, designated NepR, upon
phosphorylation of the PhyR receiver domain. Using transcriptome
analysis and phenotypic assays, we showed that NepR is a negative
regulator of PhyR response. Furthermore, we provide biochemical
and genetic evidence that NepR exerts this inhibitory effect
through sequestration of the ECF sigma factor �EcfG1. Our data
support an unprecedented model according to which PhyR acts as
a mimicry protein triggering a partner-switching mechanism. Such
a regulation of general stress response clearly differs from the two
known models operating via �S and �B. Given the absence of these
master regulators and the concomitant conservation of PhyR in
Alphaproteobacteria, the novel mechanism presented here is most
likely central to the control of general stress response in this large
subclass of Proteobacteria.

Alphaproteobacterium � two-component system � ECF sigma factor � PhyR

Bacterial responses to environmental stresses are mainly regu-
lated at the level of transcription initiation (1). This is primarily

carried out by alternative sigma factors, which allow promoter
recognition and initiation of transcription as a subunit of RNA
polymerase (2, 3). Among them, the large and diverse group of
extracytoplasmic function (ECF) sigma factors plays a key role in
adaptation to environmental conditions (4, 5). The activity of these
ECF sigma factors is often negatively regulated by direct interaction
with cognate anti-sigma factors, which prevent their association
with the core RNA polymerase or facilitate holoenzyme dissocia-
tion (6–9).

Alternatively, regulation of gene expression is achieved by tran-
scriptional regulators that bind DNA and modulate RNA polymer-
ase holoenzyme recruitment at specific promoters (1). One large
class of transcriptional regulators consists of response regulators of
His-Asp phosphorelays (10–12). In classic systems, response regu-
lators work together with a cognate sensor histidine kinase, and
both proteins communicate via phosphorylation. Perception of a
stimulus causes sensor autophosphorylation on a histidine residue;
the phosphoryl group is then transferred to an aspartate residue of
the response regulator, which modulates gene expression.

Both systems often result in the transduction of an external signal
into the cytoplasm to regulate gene expression. The mechanisms
from stimulus to gene regulation, however, are completely different
in both systems. Interestingly, we recently identified an original
regulator, PhyR, which combines domains of both systems: an

amino terminal ECF sigma factor-like domain and a carboxy
terminal receiver domain of a response regulator. This raises the
possibility that an ECF sigma factor could be directly regulated by
phosphorylation (13). Our previous work indicated that PhyR is a
key regulator of the general stress response in the methylotrophic
plant colonizer Methylobacterium extorquens. This protein is re-
sponsible for the activation of many stress-related genes, and a phyR
deletion mutant shows drastic phenotypes when faced with various
stressful conditions, including temperature shifts, oxidative stress,
and desiccation (13, 14), which are all of relevance to the natural
habitat of the bacteria (i.e., plant surfaces). Interestingly, PhyR is
conserved in Alphaproteobacteria (13, 15), which altogether lack
rpoS homologues, the gene encoding the well-known regulator of
the general stress response first described in Escherichia coli (16,
17). This repartition may suggest that the phylogenetic group of
Alphaproteobacteria uses PhyR to regulate the general stress
response. How such a regulator activates stress genes is not known.
Data from recent studies, however, provide indirect evidence for
the involvement of additional proteins in a PhyR-dependent trans-
duction cascade. Microsynteny is observed at the phyR locus of
various Alphaproteobacteria: a small gene, rmq12793 (named
nepR; see Results) in M. extorquens, is transcribed divergently to
phyR (14). Except in Methylobacterium spp., this gene precedes an
ECF sigma factor-encoding gene. In Sinorhizobium meliloti and
Caulobacter crescentus, both ECF sigma factors, RpoE2 and SigT,
respectively, have been shown to be involved in the general stress
response (18, 19). Genes regulated by RpoE2, SigT, and PhyR
possess conserved ECF-type promoters (14, 18, 19). In addition, the
product of the nepR homologue in S. meliloti, smc1505, was
described as a negative regulator of the ECF sigma factor RpoE2
response (18). These findings suggest that these 3 proteins act in the
same signal transduction cascade.

In the present work, we investigated how PhyR activates its target
genes and the role of these additional proteins in the PhyR signal
transduction cascade in M. extorquens using complementary genetic
and biochemical approaches. Our findings suggest that upon acti-
vation, PhyR dissociates the sigma/anti-sigma interaction (i.e., the
interaction between the anti-sigma factor NepR and the ECF sigma
factor �EcfG1). This mechanism represents the first example of the
use of sigma factor mimicry in a partner-switching mechanism.

Results
Characterization of PhyR as a Response Regulator. To characterize
the mechanism of PhyR action, we first investigated whether PhyR
was regulated by phosphorylation. Sequence analysis indicated that
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the PhyR receiver domain possessed the 5 highly conserved amino
acids that constitute the active site of described response regulators
(10, 20): Glu-144, Asp-145, Asp-190, Thr-218, and Lys-238 (corre-
sponding to Asp-12, Asp-13, Asp-57, Thr-87, and Lys-109, respec-
tively, in CheY of E. coli), with Asp-190 being the predicted site of
phosphorylation. We changed aspartate residue 190 to an alanine
and tested whether this allele could complement a phyR mutant.
For this purpose, phyR and phyRD190A were cloned into pCM62
under the control of its native promoter and the resulting plasmids
introduced into the �phyR mutant. Both strains were tested for their
sensitivity to the electrophilic compound methylglyoxal in disk
diffusion assays (14). As shown in Fig. 1A, expression of phyRD190A

in the �phyR mutant did not restore the wild-type level of meth-
ylglyoxal resistance. This result suggests that phosphorylation of
PhyR is required to activate the protein in vivo and that Asp-190 is
the site of phosphorylation.

In some response regulators, the receiver domain inhibits the
output domain, and this steric hindrance is suspended upon phos-
phorylation. Thus, such response regulators can be activated by
removing their receiver domain (21–24). To test whether a similar
mechanism was active for PhyR, we tested whether the N-terminal
ECF sigma factor-like domain alone could complement a �phyR
mutant. To this end, a truncated PhyR protein containing the first
132 aa was overproduced in a phyR mutant, which was then tested
for its sensitivity to methylglyoxal in disk diffusion assays. As shown
in Fig. 1A, the ECF sigma factor-like domain of PhyR restored the
wild-type phenotype, indicating that this domain is active in vivo.
This finding suggests that upon phosphorylation, PhyR undergoes
conformational changes that release the inhibitory effect of the
receiver domain on the output domain.

PhyR-Dependent Response Is Negatively Regulated by NepR. The
finding that PhyR is activated upon phosphorylation facilitates the
study of the role of its output domain. We were unable to show a
DNA-binding activity or an interaction with RNA polymerase of
phosphorylated and unphosphorylated PhyR or of its N-terminal
ECF sigma factor domain alone (data not shown). Therefore, we
searched for other proteins that could be involved in the regulatory
cascade directed by PhyR. As pointed out in the Introduction, nepR
encodes a protein with unknown function and seemed to be a good
candidate given that (i) it is conserved and found in synteny with
phyR in Alphaproteobacteria (14), and (ii) the NepR homologue
SMc01505 is a negative regulator of the ECF sigma factor RpoE2
in S. meliloti (18). Thus, this protein could represent a link between
PhyR and another ECF sigma factor.

To analyze the role of this protein, a nepR-overexpressing strain
was constructed and tested for its sensitivity to the broad spectrum
of stresses that have been shown to affect a phyR mutant (14). As
indicated in Fig. 1, this strain showed increased sensitivity to
methylglyoxal (Fig. 1A), hydrogen peroxide (Fig. 1B), and UV
exposure (Fig. 1C) compared with wild type. Furthermore, when
exposed to drought stress for 3 days, the capacity of the nepR-
overexpressing strain to form colonies was found to be 1,000-fold
lower than wild type (data not shown). In addition, this strain was
more sensitive to heat shock compared with wild type, and the
protection against heat shock after carbon starvation seen in the
wild type was partially lost when nepR was overexpressed (Fig. 1D).
Thus, the phenotypes of the phyR mutant and the nepR-
overexpressing strain were very similar, both qualitatively and
quantitatively, involving the same stresses with comparable levels of
sensitivity. These results suggest that NepR is a negative regulator
of the PhyR-mediated response, and in light of this finding we
named the protein NepR.

To confirm that PhyR and NepR regulate a common set of genes,
we used microarray analyses to compare the transcriptional profile
of the NepR-overexpressing strain with wild type and compared
this regulon with the PhyR regulon, which we previously identified
(14). Among 263 genes differentially regulated when NepR was
overproduced, 114 were also part of the PhyR regulon (Table 1 and
Table S1). These genes were found to be downregulated by NepR
and upregulated by PhyR. This further supports the finding that
NepR acts as a negative regulator of the PhyR response. Among the
genes identified to be regulated by PhyR and NepR were several
genes encoding typical stress proteins, including genes involved in
oxidative stress (catalase), methylglyoxal resistance (lactogluta-
thione lyase), and heat shock response (RpoH) (Table 1). These
findings are in agreement with the observed phenotypes.

Both proteins also had specific regulons. The 133 genes specific
to PhyR mainly encoded proteins of unknown function or putative
enzymes with unassigned pathways (Table S1). Among 149 genes

Fig. 1. Phenotypic analysis of M. extorquens mutant and overexpressing
strains. (A and B) Methylglyoxal and hydrogen peroxide resistance. Sensitivity
was tested in disk diffusion assays. Data indicate the diameter of the growth
inhibition zone and are the mean of 3 measurements from at least 3 inde-
pendent experiments. Bars show the standard error. (C) UV tolerance. UV
tolerance was tested by spotting a dilution series of exponential-phase cul-
tures on plates and exposing the plates to UV light (254 nm). Data indicate the
percentage viability after 40 s of UV exposure compared with nonexposed
cells and are the mean of 3 independent experiments. Bars show the standard
error. (D) Cross-protection against heat shock after carbon starvation. Cultures
were subjected to heat shock (closed symbols) or exposed to overnight carbon
starvation before heat shock (open symbols). Data of 1 representative exper-
iment out of 3 independent experiments is shown. Strains are noted as
follows: WT, wild type; �phyR; PhyR, �phyR/pCM62�phyR; D190A, �phyR/
pCM62�phyRD190A; PhyRN, �phyR/pCM80�phyRNterm; NepR��, wild type/
pCM80�nepR (rmq12793); NepR PhyR��, wild type/pCM80�nepR�phyR.
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specific to the NepR regulon, we found genes encoding sulfur-
oxidizing ability (25) and methanol oxidation to formaldehyde (26),
as well as a region in the genome comprising approximately 50
genes, which seemed to correspond to a prophage (Table S1).

To further analyze whether PhyR and NepR belong to the same
signaling cascade, we tested the possibility of suppressing the effects
of nepR overexpression by coexpressing nepR and phyR. We con-
structed a pCM80�nepR�phyR plasmid, whereby both genes were
under the control of the strong mxaF promoter, and introduced it
in the wild-type strain. We then compared the methylglyoxal
resistance of wild type, wild type/pCM80�nepR, and wild type/
pCM80�nepR�phyR. As shown in Fig. 1A, the co-overexpression of
phyR and nepR partially restored the wild-type phenotype relative
to the overexpression of nepR alone. This finding clearly supports
the hypothesis that both proteins act in the same signal transduction
cascade.

Phosphorylated PhyR Interacts with NepR via Its ECF sigma Factor-Like
Domain. The functional relationship of PhyR and NepR could be
explained by a physical interaction between the proteins. To test for
the formation of such a complex in vitro, we performed analytic
size-exclusion experiments. PhyR and NepR were overproduced in
E. coli and purified by means of a histidine tag. When passed
separately over a Superdex 75 10/300 column, the elution volume
corresponded to an apparent molecular mass of PhyR of �32 kDa
(predicted molecular mass, 29.5 kDa), suggesting that it was present
as a monomer. An identical elution profile was obtained with
phosphorylated PhyR using acetyl phosphate as phospho-donor
(data not shown). Thus it can be concluded that PhyR remains in
its monomeric form when phosphorylated. Under the same con-
ditions, the elution profile of purified NepR (predicted molecular
mass, 11.8 kDa) revealed an apparent molecular mass of �22 kDa,
indicating homodimer formation (Fig. 2A). When nonphosphory-
lated PhyR was incubated with NepR, no complex formation
between the 2 proteins was observed (Fig. 2B). PhyR phosphory-
lated by the addition of acetyl phosphate, however, directly inter-
acted with NepR when both proteins were incubated in equimolar
amounts before loading onto the column. The observed PhyR-P/
NepR complex eluted with an apparent molecular mass of �42
kDa, indicating the formation of a heterodimer composed of
phosphorylated PhyR and NepR (Fig. 2C). When we tested the
PhyRD190A mutant, no interaction with NepR was observed, with
or without the addition of acetyl phosphate (Fig. 2F). These results
clearly show that binding of PhyR to NepR strongly depends on the
phosphorylation status of PhyR in vitro and are in agreement with
results obtained in vivo.

To further characterize the interaction between PhyR and NepR,
we tested whether the N-terminal ECF sigma factor domain of

PhyR alone could bind to NepR. As showed in Fig. 2 D and E, when
both proteins were incubated together, a heterodimeric complex of
the N-terminal ECF sigma factor domain of PhyR (predicted mass,
18.9 kDa) and NepR was formed (apparent molecular mass of 35
kDa). This result indicates that the ECF sigma factor domain of
PhyR is sufficient to interact with NepR. Altogether, these findings
demonstrate that phosphorylation of PhyR enables interaction of
its N-terminal ECF sigma factor-like domain with NepR.

Table 1. Genes of PhyR, NepR, and �EcfG1 regulons*

Function (gene homologue) Gene
Fold change

phyR OE/�phyR†

Fold change
nepR OE/WT†

Fold change
�ecfG1/WT†

Detoxification/protection against stresses
Catalase (katE) RMQ09549 10.2 �7.4 �7.9
Lactoylglutathione lyase (gloA) RMQ01575 4.9 �3.7 �2.1
Lactoylglutathione lyase (gloA) RMQ02894 6.1 �4.4 �2.7
Glutathione S-transferase (yqjG) RMQ06706 4.7 �2.2 �3.2
Glycogen debranching enzyme (glgX) RMQ05904 7.0 �4.2 �4.4
DNA protection during starvation protein (dps) RMQ05258 12.1 �7.7 �5.7

Regulation
RNA polymerase � 32 factor (rpoH) RMQ12010 9.0 �4.3 �8.0
Transcriptional regulator CRP/FNR family RMQ08139 24.6 �6.4 �10.2

OE, overexpression; WT, wild type.
*Twenty-six additional genes are not presented in this table. For a complete list, see Table S1.
†Average changes of 3 experiments.

Fig. 2. Phosphorylated PhyR directly interacts with NepR via its N-terminal
ECF sigma factor-like domain. Protein complexes were resolved on a Superdex
75 10/300 column (flow rate, 0.5 mL/min). The elution volume is indicated
above the absorption peak. Fractions were subsequently analyzed on a 15%
SDS-polyacrylamide gel and silver stained. (A) The elution profile of purified
PhyR and NepR (each 3 �M) passed separately over the column. (B) No
interaction of PhyR and NepR was observed when incubated in equimolar
amounts (each 3 �M) in the absence of acetyl phosphate. (C) Upon the
addition of acetyl phosphate to the binding buffer (25 mM), the formation of
a heterodimeric complex of phosphorylated PhyR and NepR was observed. (D)
Separate gel filtration of the purified N-terminal ECF sigma factor-like domain
of PhyR and NepR. (E) The ECF domain of PhyR and NepR showed a direct
interaction, even in the absence of acetyl phosphate. (F) A PhyR D190A mutant
could not form a complex with NepR in the presence of 25 mM acetyl
phosphate.
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NepR Is an Anti-Sigma Factor of �EcfG1. The finding that PhyR acts
through protein-protein interactions raises the question of how the
incoming signal is transferred from PhyR and NepR to the level of
transcriptional regulation. As mentioned in the Introduction, nepR
homologues are located upstream of genes encoding the ECF sigma
factors RpoE2 and SigT in S. meliloti and C. crescentus, respectively.
In fact, many genes regulated by RpoE2, SigT, and PhyR possess
the same ECF sigma factor-type promoter (14, 18, 19). Although no
gene encoding a putative ECF sigma factor could be detected in the
phyR genomic region in M. extorquens AM1, the complete genome
sequence indicated the presence of several genes encoding putative
ECF sigma factors. Thus, we pursued the possibility that an ECF
sigma factor could be responsible for PhyR-dependent stress gene
regulation in this Alphaproteobacterium and that NepR might
exert its function as an anti-sigma factor. Among 14 putative ECF
sigma factors, RMQ08147 (designated �EcfG1, G standing for
general stress response) exhibited the highest sequence identity to
RpoE2 of S. meliloti (18) and was therefore considered to be a
prime candidate for a possible involvement in the general stress
response in M. extorquens AM1.

To address the question of whether NepR acts as an anti-sigma
factor of �EcfG1, recombinant �EcfG1 containing an N-terminal
histidine tag was purified from E. coli to study potential interactions
with NepR by gel filtration. No interaction of NepR and full-length
�EcfG1 was observed (data not shown). However, this could be due
to solubility problems with purified �EcfG1, a problem that has been
encountered for several sigma factors (27). In addition to the
conserved regions 2 and 4 of sigma factors, �EcfG1 possesses an
unusual �75-aa N-terminal extension. A truncated version of
�EcfG1 missing the first 64 aa showed better solubility and was used
for interaction studies. When incubated in equimolar amounts,
NepR and truncated �EcfG1 formed a stable complex, which eluted
from a Superdex 75 10/300 column corresponding to a molecular
mass of 32 kDa, indicating heterodimer formation between NepR
and �EcfG1 (predicted molecular mass: NepR, 11.8 kDa; truncated
version of �EcfG1, 21.5 kDa) (Fig. 3). When �EcfG1, full-length or
truncated version, was incubated with PhyR or phosphorylated
PhyR no complex formation was observed (data not shown).

To test for an interaction of NepR with PhyR and �EcfG1 in vivo,
NepR with a C-terminal histidine tag was overproduced in M.
extorquens AM1/pCM80-nepRhis. When NepR and associated
proteins were purified using Ni2�-activated agarose beads, both
PhyR and �EcfG1 were detected in the elution fraction using specific
antibodies against PhyR and �EcfG1, respectively (Fig. 4). Neither
PhyR nor �EcfG1 were detected in the elution fraction for the
negative control M. extorquens AM1/pCM80 (data not shown). In
the case of �EcfG1, 2 specific bands were detected in Western blot
analysis. N-terminal sequencing of the 2 �EcfG1 versions revealed
that the upper band represented the full-length �EcfG1 with the
annotated N terminus MRNDT, whereas the smaller protein was
missing 14 aa at the N terminus (N terminus: TDGRP). This finding
indicates that NepR is able to interact with full-length �EcfG1 in vivo.

To test the involvement of �EcfG1 in the general stress response,
we constructed an ecfG1 deletion mutant and tested its sensitivity
to stresses. No increased sensitivity was observed upon exposure to
methylglyoxal, hydrogen peroxide, or UV light (data not shown).
To identify the genes regulated by �EcfG1, we used microarray
analyses. We found 39 genes differentially regulated in the ecfG1
deletion mutant compared with wild type (Table S1); all but 1 were
downregulated in the absence of ecfG1. A comparison of the PhyR,
NepR, and �EcfG1 regulons indicated that essentially all �EcfG1-
regulated genes are part of the PhyR and/or NepR regulons (Table
1 and Table S1). As shown in Table 1, genes found in all 3 regulons
include genes involved in protection against stresses and genes
encoding putative transcriptional regulators. Taken together, these
findings suggest that NepR acts as an anti-sigma factor of �EcfG1, the
latter being responsible for the regulation of a subset of PhyR-
regulated genes.

Discussion
In the present study, we investigated the mechanism by which PhyR
activates stress genes to trigger the general stress response in M.
extorquens. Our results show that PhyR is a response regulator and
is active in its phosphorylated form in vivo. Because no evidence of
PhyR acting as a bona fide sigma factor was found, we investigated
whether PhyR acts through protein-protein interaction and eluci-
dated the role of 2 additional proteins in the regulatory pathway,
NepR and �EcfG1. Our results indicate that the negative regulator
of the general stress response NepR interacts with the ECF sigma
factor �EcfG1 and the ECF sigma factor-like domain of phosphor-
ylated PhyR. Thus our results are in agreement with a partner-
switching mechanism in which NepR represents the anti-sigma
factor of �EcfG1, and PhyR represents the antagonist or anti-anti-
sigma factor (Fig. 5). According to this model, PhyR is inactive in
unstressed cells, and the ECF sigma factor �EcfG1 is sequestered by
its anti-sigma factor, NepR. In response to stress, PhyR is phos-
phorylated and interacts with NepR, thus releasing its interaction
with �EcfG1, which can then associate with RNA polymerase to
transcribe stress genes. Such a regulation involving a partner-
switching mechanism to control the general stress response is

Fig. 3. NepR forms a complex with �EcfG1. (A) Elution profile of purified �EcfG1

and NepR (4 �M) analyzed separately by gel filtration using a Superdex 75
10/300 column (flow rate, 0.5 mL/min). (B) Mixture of equimolar of each
protein (8 �M each) led to the formation of a heterodimeric complex of �EcfG1

and NepR. Fractions were collected and analyzed on a 15% SDS-polyacryl-
amide gel and silver stained. The exact elution volume is indicated above the
absorption peak.

Fig. 4. NepR interacts in vivo with PhyR and �EcfG1. Recombinant NepR
protein was overproduced in M. extorquens AM1/pCM80-nepRhis and puri-
fied by Ni-NTA via a C-terminal hexahistidine tag. Crude extract (lane 1),
washing step (lane 2), and elution fraction (lane 3) were analyzed by Western
blot using the polyclonal antibodies, anti-PhyR and anti-�EcfG1.
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reminiscent of the system found in Bacillus subtilis (28). That system
consists of a sigma factor, SigB, an anti-sigma factor, RsbW, and an
antagonist protein, RsbV, with protein communication occurring
via serine-threonine phosphorylation. RsbW phosphorylates RsbV
in growing cells to maintain RsbV in an inactive state. In response
to stimuli, 2 phosphatases, RsbP and RsbU, dephosphorylate
RsbV, which can dissociate the RsbW-SigB complex. Both the M.
extorquens and the B. subtilis regulatory systems use phosphoryla-
tion/dephosphorylation mechanisms of the antagonist protein to
achieve the release of the sigma/anti-sigma interaction. However,
whereas in the B. subtilis system the anti-sigma factor phosphory-
lates the antagonist protein, there is no indication for a kinase
activity of NepR, because NepR has no homology to RsbW and
does not contain a conserved kinase domain. Thus we expect that
the phosphoryl group is provided to PhyR by one or more not-yet-
identified histidine kinases. Genes encoding histidine kinases are
often found associated to the phyR locus in Alphaproteobacteria,
which is, however, not the case in M. extorquens (14). Here, we
propose that the anti-anti-sigma factor PhyR uses a sigma factor
mimicry mechanism to compete with �EcfG1 for NepR binding.
Although we cannot completely rule out that PhyR is a DNA-
binding protein, sequence comparison of the PhyR sigma factor-
like domain with ECF sigma factors suggests that this domain is a
degenerate sigma factor, in which the region 2.4 involved in �10
binding is lost and the �35 binding region 4.2 is degenerate (Fig. S1;
T. Mascher, unpublished data). Thus it may be assumed that only
the determinants for the interaction with the anti-sigma factor are
present, whereas those for DNA binding have been lost. Structure
determination of NepR-PhyR and NepR-�EcfG1 complexes will be
necessary to elucidate the binding sites of these interacting partners
at the molecular level.

The next step in further characterizing this regulatory mechanism
will be to demonstrate displacement of NepR from �EcfG1 by
phosphorylated PhyR. In preliminary experiments, only the NepR-
�EcfG1 complex was formed when NepR, �EcfG1, and PhyR were
incubated together, even in the presence of acetyl phosphate (data
not shown). As mentioned in Results, however, we could only show
the interaction of �EcfG1 and NepR using the truncated form �EcfG1

�1–64. This truncated form apparently does not exist in vivo. The
possibility that NepR interacts more strongly with �EcfG1�1–64
compared with the forms present in vivo could explain why PhyR
cannot dissociate the complex. Surprisingly, this N-terminal exten-
sion shows similarity with NepR, leading to the hypothesis that
some determinants for NepR binding in the �EcfG1 structure are
hindered by the N-terminal domain interacting with the rest of the
protein. On the basis of this sequence identity, even a direct
interaction of PhyR with �EcfG1 is conceivable; however, this
interaction was not observed in our in vitro studies. Again, structure

data will be required to answer these questions as well as comple-
mentation experiments with �EcfG1 isoforms to understand the role
of the N-terminal extension. In this context, it is interesting to note
that although they are not typical, N-terminal extensions have been
observed in other ECF sigma factors (29–31). In all of these studies,
however, the role of the N-terminal extension has not yet been
elucidated.

The observation that �EcfG1 regulates only a subset of PhyR-
dependent genes suggests that additional sigma factors are part of
the regulatory pathway. In support of this idea, M. extorquens AM1
possesses 5 other sigma factors belonging to the same subgroup of
ECF sigma factors (T. Mascher, personal communication) that
could fulfill this function. Further investigation of the regulon of
each sigma factor will provide important insights with respect to the
specificity and redundancy of these ECF sigma factors in M.
extorquens. The possible involvement of several ECF sigma factors
raises the question of whether NepR is the anti-sigma for all of them
or whether several anti-sigma factors are involved. The observation
that approximately 90 genes are PhyR and NepR dependent but not
regulated by �EcfG1 suggests that NepR could control the activity of
several sigma factors. In addition, the finding that specific regulons
exist for PhyR and NepR supports the notion of a more complex
regulatory network. The elucidation of this system together with the
identification of proteins involved in the perception of activating
stimuli will require more detailed analyses. Indeed, signal percep-
tion and transmission in the general stress response in the well-
studied organisms E. coli and B. subtilis have proven to be highly
complex (28, 32, 33).

In conclusion, central to the regulation of the general stress
response in M. extorquens is the response regulator PhyR, which
carries as its output domain a paralogue of an ECF sigma factor.
This domain interacts with NepR, the anti-sigma factor of a bona
fide sigma factor in a proposed model of partner switching. Such a
core mechanism can be expected to exist in other Alphaproteobac-
teria as well. Thus, besides the well-described �S- and �B-dependent
pathways, the PhyR-dependent cascade would represent a novel
way to control general stress response in this large and diverse group
of bacteria.

Experimental Procedures
Bacterial Strains and Growth Conditions. Strains and plasmids used in this study
are listed in Table S2. M. extorquens AM1 strains were grown at 28 °C on minimal
medium (MM) (34) containing 18.5 mM sodium succinate and 120 mM methanol.
E. coli DH5� was used for all cloning purposes, and E. coli BL21 (DE3) was used for
overproduction of recombinant proteins. E. coli strains were cultivated aerobi-
cally in LB medium at 37 °C (DH5�) or 30 °C [BL21(DE3)]. When appropriate, the
media contained kanamycin (50 �g/mL), ampicillin (100 �g/mL), or tetracycline
(10 �g/mL).

Recombinant DNA Work. The oligonucleotides used in this study are listed in
Table S3 and were obtained from Microsynth. All DNA manipulations were
performed according to standard protocols (35).

Strain Constructions. For complementation and overexpression studies in M.
extorquens AM1, the different genes were introduced in plasmid pCM62 under
the control of their own promoter or in its derivative pCM80, which contains the
strong pmxaF promoter (36).

To construct ecfG1 deletion mutant, the broad-host-range sacB-based vector
for unmarked allelic exchange pCM433 was used (37). Plasmids were introduced
into M. extorquens AM1 by electroporation (38) or were transferred between E.
coli S17 (39) and M. extorquens AM1 by conjugative transfer (40). Details of strain
constructions can be found in SI Experimental Procedures.

Phenotypic Assays. For all assays, bacteria were grown at 28 °C in MM supple-
mentedwithmethanolandsuccinate toanOD600 of1.Allphenotypicassayswere
performed as described previously (14).

RNA Sample Preparation and Transcriptome Analysis. Overnight cultures of wild
type/pCM80, wild type/pCM80�nepR, wild type, and �ecfG1 were diluted 1:10 in

Fig. 5. Model of partner-switching mechanism controlling general stress
response in M. extorquens. In unstressed cells, PhyR is inactive, and the ECF
sigma factor �EcfG1 is sequestered by its anti-sigma factor, NepR. In response to
a stress, PhyR is phosphorylated and interacts with NepR, thus releasing �EcfG1

and allowing �EcfG1 to associate with RNA polymerase to transcribe stress
genes. Note that additional �EcfG sigma factors are likely to be involved in PhyR
dependent stress response (see Discussion for further details).
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fresh MM supplemented with methanol and succinate and grown to mid-
exponential phase (OD600 � 1). RNA was prepared as described previously (14).

Sixty-mer oligonucleotide microarrays of M. extorquens AM1 were described
previously (41). Hybridization probe preparation, microarray hybridization, scan-
ning, and basic data analyses were performed by MOgene. A significance analysis
of microarrays [1 class, default settings, false discovery rate (FDR) 0.5% and FDR
2% for NepR and �EcfG1 experiments, respectively] was performed on normalized
data of 3 independent replicates. From this list, genes with a fold change average
of at least 2.5 for NepR or 2 for �EcfG1 and an initial P value �0.005 for each
replicate were considered to be significantly differentially expressed.

Overproduction and Purification of PhyR, NepR, and �EcfG1. The PhyR, NepR, and
�EcfG1 constructs were produced as His-tagged versions in E. coli BL21 (DE3) and
purified using Ni-NTA and gel filtration. Detailed protein purification protocols
can be found in SI Experimental Procedures. Purified PhyR, NepR, and �EcfG1 were
used to raise polyclonal antibodies from rabbits (Neoclone and Biogenes).

Analytic Gel Filtration. For complex formation, equimolar amounts of proteins (3
�M) were mixed in binding buffer [50 mM Tris/HCl (pH 8.0), 40 mM KCl, 5 mM
MgCl2, 5% glycerol, and 1 mM DTT] and incubated at room temperature for 10
min. For phosphorylation of PhyR, 25 mM acetyl phosphate was added to the
incubation buffer. Subsequently, samples (total volume, 500 �L) were loaded
onto a Superdex 75 10/300 column (Amersham Pharmacia), equilibrated with
buffer A [50 mM Tris/HCl (pH 8.0) and 150 mM NaCl] at a flow rate of 0.5 mL/min,
using an Äkta purifier (Amersham Pharmacia). Apparent molecular masses were
estimated by comparison to a low molecular mass standard (Amersham Pharma-

cia). After gel filtration, fractions were analyzed on a 15% SDS-polyacrylamide
gel, and proteins were visualized by silver staining (42).

In Vivo Interaction Studies. For in vivo interaction studies, recombinant NepR
containing a C-terminal hexahistidine tag was overproduced in M. extorquens
AM1 using the pCM80-nepRhis vector (Table S2). M. extorquens AM1 trans-
formed with an empty pCM80 vector was used as a negative control. Both strains
were grown in 1 L of minimal medium containing succinate and methanol and
harvested at an OD600 of 2.0. For cell extract preparation, cells were washed once
and resuspended in 8 mL of TNI5 buffer [20 mM Tris/HCl (pH 8.0), 150 mM NaCl,
and 5 mM imidazol] supplemented with a protease inhibitor mixture (Complete,
EDTA-free; Roche). Subsequently, the suspension was passed 3 times through a
French pressure cell. After centrifugation (1 h, 4 °C, 100,000 � g), the supernatant
was incubated with 0.5 mL of Ni-NTA agarose beads (Qiagen). The resin was then
washed with 5 mL of TNI5 buffer before eluting bound proteins with 3 mL of
TNI200 buffer (TNI5 with 200 mM imidazol). The fractions were separated on a
15% SDS-polyacrylamide gel, electrotransferred to a nitrocellulose membrane,
and immunoblotted with anti-PhyR and anti-�EcfG1. Bound antibody was visual-
ized with an alkaline phosphatase-conjugated goat antirabbit secondary immu-
noglobin (Bio-Rad).
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