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Cyclic di-GMP (c-di-GMP) is an important second messenger
in bacteria, and its regulatory network has been extensively
studied. However, information regarding the activation mecha-
nisms of its receptors remains limited. In this study, we charac-
terized the two-component regulator DevR as a new c-di-GMP
receptor and further uncovered a novel co-activation mecha-
nism for effective regulation of DevR in mycobacteria. We show
that high c-di-GMP levels induce the expression of the devR
operon in Mycobacterium smegmatis and increase mycobacte-
rial survival under oxidative stress. The deletion of either DevR
or its two-component kinase DevS significantly weakened the
stimulating effect of c-di-GMP on oxidative-stress tolerance of
mycobacteria. We also found that DevR senses the c-di-GMP
signal through its C-terminal structure and that c-di-GMP alone
does not directly affect the DNA-binding activity of DevR. Strik-
ingly, c-di-GMP stimulated DevR phosphorylation by the kinase
DevS, thereby activating DevR’s DNA-binding affinity. In sum-
mary, our results indicated that c-di-GMP triggers a phosphor-
ylation-dependent mechanism that co-activates DevR’s tran-
scriptional activity. Our findings suggest a novel paradigm for
the cross-talk between c-di-GMP signaling and two-component
regulatory systems that activates transcription of stress-re-
sponse genes in bacteria.

Cyclic-di-GMP (c-di-GMP)3 is one of the signaling mole-
cules utilized by bacteria to rapidly respond to environmental

signals. As a global signaling molecule, c-di-GMP regulates bac-
terial physiological processes and environmental adaptation
through its downstream receptors (1–5). Alternatively, upon
sensing environmental signals, the two-component system uti-
lizes its sensory kinase in order to phosphorylate its regulator to
facilitate bacterial growth and survival under stress (6, 7). How-
ever, information regarding the activation mechanisms of c-di-
GMP receptors remains limited. To date, only few examples of
interplay between c-di-GMP signaling and two-component
systems are available (8 –11).

Oxidative stress is a common extracellular and intracellular
environmental signal for bacteria. Mycobacteria belong to a
type of slow-growing actinomycetes and possess a unique anti-
oxidant capacity. For example, Mycobacterium tuberculosis is
the causative agent of tuberculosis and can thrive in oxidative
environments and survive under stress (12, 13). Rv3133c/
Rv3132c as one of the two-component systems of M. tubercu-
losis was named DevR/DevS because they are differentially
expressed in virulent (Dev) strains compared with avirulent
strains (14, 15). The Rv3133c was also named DosR for its reg-
ulation function in dormancy survival (Dos) (16), and its part-
ner kinase DevS was also named DosS (17). Rv2027c, the homo-
logous kinase of DevS, was named DosT as a partner kinase of
DosR (17). DevR has recently been suggested to be involved in
the regulation of mycobacterial oxidative adaptation because it
is up-regulated under H2O2 stress (18 –20). DevR is a conserved
two-component regulator and plays an important role in the
adaptation of mycobacteria to hostile environments. Unphos-
phorylated DevR has poor DNA-binding activity in vitro. DevR
phosphorylation by DevS substantially enhances its DNA-bind-
ing affinity (21). The knockout of both DosS and DosT elimi-
nated the positive regulation of DevR (17). On the basis of the
crystal structure, Wisedchaisri et al. (22, 23) found that the
C-terminal DNA-binding domain of DevR (DevRC) interacts
with the N-terminal domain (DevRN) of DevR and covers the
phosphorylation site, Asp-54, which inhibits DevR activation
by DevS. However, intermolecular inhibition is usually in a
dynamic equilibrium, and DevR can be activated by a phos-
phorylation-dependent mechanism. When DevRC leaves the
DevRN, Asp-54 is exposed and phosphorylated by DevS. There-
fore, DevRC can subsequently interact with the DevRC of
another DevR molecule to form a dimer, which then effec-
tively binds with a cognate DNA (23). However, the associ-
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ation between oxidative stress and the phosphorylation-
dependent activation of DevR in mycobacteria remains
unclear. The signaling molecule for the activation that
directly interacts with the two-component system DevRS
has to be characterized.

Very recently, HpoR was characterized as a novel c-di-GMP
receptor transcription factor, which links the c-di-GMP signal
to bacterial antioxidant regulation (5). Both c-di-GMP signal-
ing and the two-component systems DevR/DevS are involved in
the regulation of adaptation to oxidative stress, thereby sug-
gesting a potential interaction between these two systems in
mycobacteria. However, the cross-talk between c-di-GMP and
the two-component system and its correlation with the ability
of bacteria to adapt to oxidative stress remain to be addressed.
In this study, we characterized DevR as a new c-di-GMP recep-
tor in Mycobacterium smegmatis (Msm), and we further uncov-
ered a novel mechanism on the c-di-GMP–triggered and phos-
phorylation-dependent co-activation of DevR. This finding
represented a novel paradigm for the cross-talk between c-di-
GMP signal and two-component systems.

Results

devR operon responds to c-di-GMP signal and considerably
contributes to the mycobacterial tolerance to H2O2 stress

Our finding on the relationship between c-di-GMP and
DevR/DevS originated from the results of a proteomic assay.
Using a previously reported strategy (24), we overexpressed an
Escherichia coli-derived diguanylate cyclase YdeH (25), which

has a high activity of c-di-GMP synthesis in M. smegmatis, and
constructed a mycobacterial strain (Msm/pMV261-ydeH) with
a high level of c-di-GMP (24). The control strain (Msm/
pMV261-ydeH (E208A,E209A)) expresses the mutant gene
ydeH (E208A,E209A), which lost the diguanylate cyclase activ-
ity. Through a quantitative proteomic iTRAQ assay, we
subsequently compared the differentially induced genes
in Msm/pMV261-ydeH with Msm/pMV261-ydeH (E208,
209A). As shown in Fig. 1, most Ms5241–5246 cluster genes
(Fig. 1A) designated as the devR operon (containing devR and
devS genes) were induced (Fig. 1B), suggesting that the
expression of the devR operon responded to the c-di-GMP
signal in Msm.

We further confirmed that devR and its operon genes signif-
icantly contributed to mycobacterial tolerance to H2O2 stress.
A devR-deletion strain (�devR) (Fig. S1), a devR-overexpression
strain (OEdevR), and a complementation strain (devR comp)
were constructed to compare their survival under H2O2 stress
with the WT strain (WT). As shown in Fig. 2A, devR knockout
resulted in an �2.7-fold decrease in mycobacterial survival rate.
By contrast, devR overexpression resulted in �1.6-fold increase
in mycobacterial survival rate under H2O2 stress. When
expressing the devR gene through a pMindD-derived vector in
the devR-deleted strain, the complementation strain (devR
comp) re-obtained a similar survival compared with the WT
strain. These results suggest that devR can play an important
role for mycobacterial adaptation to H2O2 stress. Several other
genes of this operon also contributed to the mycobacterial sur-

Figure 1. Quantitative proteomic assays for the effect of c-di-GMP on the gene expression of M. smegmatis. A, schematic of the devR operon (Ms5241–
Ms5246) and its regulatory regions. Several neighboring noncoding regions (Ms5243p, Ms5246p, and Ms5247p), which were potentially recognized by DevR,
are indicated by black arrows. B, schematic of the quantitative protein expression difference of the operon genes between Msm/pMV261-ydeH and Msm/
pMV261-ydeH (E208A,E209A) (25). All error bars in the figure represented the standard deviation (S.D.) of the data derived from three biological replicates. The
p values of the relative expression data were calculated by unpaired two-tailed Student’s t test using GraphPad Prism 5. Asterisks denote the significant
difference between two groups (**, p � 0.01; ***, p � 0.001).
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vival because their overexpression also significantly improved
the mycobacterial cell counts survived under H2O2 stress (Fig.
2B) compared with the WT strain. Thus, the devR operon
expression responded to the c-di-GMP signal and contributed
to mycobacterial tolerance to H2O2 stress.

We further determined and compared the growth of several
recombinant mycobacterial strains under H2O2 stress. As
shown in Fig. 2A, the survival rate of ydeH-overexpressed Msm
(OEydeH) increased �1.95-fold compared with the WT strain
(WT). This result indicates that c-di-GMP enhances the sur-
vival of Msm under H2O2 stress. We also found that the knock-
out of either DevR or DevS in the ydeH-overexpression Msm
eliminated the stimulating effect of c-di-GMP on survival.
When expressing the devS gene in the devS-deleted strain, the

complementation strain (devS comp) re-obtained a similar sur-
vival compared with the WT strain. Consistently, the devR
complementation strain also re-obtained a similar survival per-
centage to the WT strain (Fig. 2A). These results indicated that
both DevR and DevS were required for the enhancing effect of
c-di-GMP on Msm survival under H2O2 stress.

DevR specifically binds with two regulatory sequences of the
devR operon and positively regulates its expression

We further determined whether DevR directly regulates the
operon by binding to its regulatory regions. Using bacterial
one-hybrid assays (26), promoters of the M. smegmatis genes
were cloned into the reporter plasmid pBXcmT and co-trans-
formed with pTRG-devR into reporter strains to detect whether

Figure 2. Assays for the survival of WT and recombinant M. smegmatis under H2O2 stress. The WT and recombinant mycobacterial strains were cultured
to A600 � 0.5 and treated with 9 mM H2O2 for 3 h. Cells were harvested and plated on 7H10 plates at 37 °C for 3– 4 days for counting cfu. The survival percentages
were calculated by cfu (with H2O2)/cfu (without H2O2) for each strain. Error bars represented the variant range of the data derived from three biological
replicates. A, assays for the effects of devR, devS, and c-di-GMP on the mycobacterial survival under the stress of 9 mM H2O2. B, assays for the effects of the devR
operon genes on the mycobacterial survival under 9 mM H2O2. The p values of the relative survival rate were calculated by two-tailed Student’s t test using
GraphPad Prism 5. Asterisks represent significant difference between two groups (*, p � 0.05; **, p � 0.01). WT represents the wildtype mycobacteria strain;
OEydeH represents ydeH-overexpressing strain; �devR represents devR-deleted strain; OEdevR represents devR-overexpressing strain; OEydeH/�devR repre-
sents ydeH-overexpressing in �devR strain; devR comp represents devR-complementation strain; �devS represents devS-deleted strain; OEydeH/�devS repre-
sents ydeH-overexpressing in �devS strain; devS comp represents devS-complementation strain; OEMs5242 represents Ms5242-overexpressing strain;
OEMs5243 represents Ms5243-overexpressing strain; OEMs5245 represents Ms5245-overexpressing strain; OEMs5246 represents Ms5246-overexpressing
strain.
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DevR can specifically bind to the potential regulatory sequences
of the operon. As shown in Fig. 3A, reporter strain containing
devR and target DNA Ms5243p or Ms5246p grew well, but the
self-activation control strain containing either devR or DNA
alone did not grow under similar conditions. This result indi-
cated that DevR specifically interacted with the two regulatory

regions. ChIP assays can further confirm that the two target
DNA fragments can be specifically recovered by DevR antibody
(Fig. 3B). A neighbor promoter, i.e. Ms5247p, used as a negative
control was not recovered by the antisera. The specificity of
DevR antibodies can be confirmed using devR deletion strains
(Fig. 3B, right panel).

Figure 3. Assays for interactions between DevR and its target DNAs. A, bacterial one-hybrid assays for the interaction between DevR and Ms5246p or
Ms5243p. Co-transformants containing pBX-Ms5246p/pTRG-devR or pBX-Ms5243p/pTRG-devR plasmids grew well on the screening medium. Positive control
strain (CK�) containing pBX-Rv2031/pTRG-Rv3133c grew well on the screening medium, but the negative control strain (CK�) containing the empty vectors
pBX/pTRG, pBX-Ms5243p/pTRG, pBX-Ms5246p/pTRG, pBX/pTRG-devR, and pBX-Ms5247p/pTRG-devR plasmids did not. B, ChIP assays. ChIP using preimmune
(P) or immune sera (I) raised against DevR. The promoter Ms5247p was used as the negative control. The devR-deleted strain (right panel) was used for the
negative control strain. C, EMSAs. The specific DNA-binding activity of DevR or the C-terminal DNA-binding domain of DevR (DevRC) on the Ms5246p promoter
DNA can be observed on the gel when the Ms5246p DNA substrate was co-incubated with increasing amounts of protein. By contrast, no binding activity was
observed for the N-terminal domain of DevR (DevRN) (lanes 6 – 8) and the phosphorylation site mutant protein DevR-D54V (lanes 14 –16). Additionally, the
negative control promoter Ms5247p was not be bound by DevRC (lane 18). D, �-gal activity assays. Left column: the schematic representation of plasmids is used
to generate reporter strains. The hsp60 –lacZ was used as the positive control. Null promoter lacZ and Ms5247p–lacZ were used as negative controls. �-Ga-
lactosidase activity was examined and presented as Miller units (right panel) both in WT and devR-deleted strains. Error bars represent the variant range of the
data derived from three biological replicates. The p values of the relative expression data were calculated by unpaired two-tailed Student’s t test using
GraphPad Prism 5. The p values of the results (p � 0.001) are indicated by *** on the right of the column.
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An electrophoretic mobility-shift assay (EMSA) was per-
formed to further confirm the interaction between DevR and
target DNA (Fig. 3C). With increasing amounts of DevR protein
(0.25–1 �M) in the reactions (Fig. 3C, lanes 2– 4), a stepwise
increase in the amount of shifted DNA was clearly observed.
DevRC demonstrated a slightly improved DNA-binding ability
(Fig. 3C, lanes 10 –12). By contrast, no DNA-binding activity
can be clearly observed for DevRN (Fig. 3C, lanes 6 – 8) and
DevR-D54V (lanes 14 –16) under the same experimental con-
ditions. The negative control promoter Ms5247p was not
bound by DevRC (Fig. 3C, lane 18). Additionally, the unlabeled
Ms5246p could competitively inhibit the binding of FITC-la-
beled Ms5246p to DevR (Fig. S2, lanes 6 and 7); by contrast, the
unlabeled Ms5247p did not compete for the binding of DevR to
the labeled Ms5246p. These results suggested that DevR specif-
ically bound the regulatory sequence of the devR operon
through DevRC.

We subsequently constructed a series of promoter lacZ co-
expression plasmids to examine the regulatory effect of DevR
on the gene expression by �-gal activity assays. As shown in Fig.
3D, the strong promoter hsp60 substantially promoted lacZ
expression in both WT and devR-deleted Msm strains com-
pared with the nonpromoter lacZ plasmid. These results indi-
cated that the report system worked well. When Ms5246p was
used as a promoter, lacZ expression was significantly down-
regulated in the devR-deleted mutant Msm strains compared
with the WT strains. An insignificant difference between the
WT and mutant strain was observed in lacZ expression when a
negative control, i.e. Ms5247p, was used as the promoter.
Therefore, DevR specifically recognized two regulatory se-
quences of the devR operon through its C terminus and posi-
tively regulated the operon’s expression.

c-di-GMP physically interacts with DevR protein

The expression of the devR operon responds to the c-di-
GMP signal, and DevR is a positive regulator of the operon,
suggesting that DevR would be a direct sensor of c-di-GMP
signaling. A cross-linking assay confirmed this hypothesis. As
shown in Fig. 4A, an autoradiograph signal corresponding to
DevR was bound to radioactively labeled c-di-GMP on a PAGE
(Fig. 4A, lane 1), indicating that DevR can bind with c-di-GMP.
Similarly, DevRC protein also bound c-[32P]di-GMP to form a
specific autoradiograph signal on the gel (Fig. 4A, lane 2). In
addition, a previously reported receptor protein STING bound
c-di-GMP well (Fig. 4A, lane 4) (27, 28). By contrast, no binding
signal can be observed for DevRN protein (Fig. 4A, lane 3). The
addition of unlabeled c-di-GMP at 50- and 100-fold excess to
the reaction mixtures competitively inhibited the binding of
DevR to c-[32P]di-GMP (Fig. 4B, lanes 2 and 3). This result
indicated the specificity of DevR binding to c-di-GMP. A neg-
ative control nucleotide, either GTP or ATP, did not alter the
binding of DevR to c-di-GMP even at a 100-fold higher concen-
tration (500 �M) (Fig. 4B, lanes 5 and 7). These results indicated
a specific interaction between DevR and c-di-GMP.

An isothermal titration calorimetry (ITC) assay further con-
firmed this specific interaction. Fig. 4C (upper panel) shows the
raw data for c-di-GMP titration against DevR and indicates that
the binding reaction was exothermic. The integrated heat mea-

surements are shown in the lower panel of Fig. 4C. The binding
stoichiometry between DevR and c-di-GMP was �1:1. The
binding affinity of the interaction (Kd) was 1.959 � 0.11 �M. By
contrast, no specific binding with DevR was observed when
GTP was used as a negative control molecule for a similar assay.
Our results showed that c-di-GMP can specifically interact
with DevR, which is a novel c-di-GMP receptor transcription
factor.

c-di-GMP regulates the DNA-binding activity of DevR

A direct interaction between c-di-GMP and DevR suggests
that the second messenger regulates the DNA-binding activity
of DevR. We first utilized ChIP assays to examine the regulation
of a high level of c-di-GMP on the Ms5246p DNA-binding
activity of DevR in the M. smegmatis cell. As shown in Fig. 5A,
DevR can precipitate �1.9-fold lower than the Ms5246p DNA
fragments from the ydeH (E208A,E209A)-overexpressing
strain than in the ydeH-overexpressing strain (Fig. 5A), indicat-
ing that high level of c-di-GMP can obviously stimulate the
intracellular DNA-binding affinity of DevR in Msm. It was fur-
ther confirmed through the �-gal activity assays (Fig. 5B).

EMSA was further used to determine the regulation of c-di-
GMP on DevR DNA-binding activity in vitro. As shown in Fig.
5C, when increasing amounts of c-di-GMP (25– 400 �M) are
added into the reactions, we cannot observe a corresponding
increase in the amounts of shifted DNA substrates by DevR
(Fig. 5C, lanes 7–11) and DevRC (Fig. S3). DevR phosphoryla-
tion by DevS considerably enhances its DNA-binding affinity
(21), thereby suggesting that DevS is involved in the c-di-GMP–
triggered DNA-binding activity of DevR. We used EMSA to test
this assumption. As shown in Fig. 5C, c-di-GMP could enhance
the DNA-binding ability of DevR in the presence of DevS (lanes
13–17). These results indicated that c-di-GMP indirectly but
not directly stimulated the DNA-binding activity of DevR.
Therefore, c-di-GMP modulated the DNA-binding ability of
DevR in vivo in Msm and in vitro.

Two-component kinase DevS is required to stimulate DNA-
binding affinity of DevR by c-di-GMP in vivo in Msm

We constructed a devS-deleted Msm strain (Fig. S4) and a
series of promoter lacZ co-expression plasmids, and we utilized
�-gal activity assays to examine whether DevS is required to
stimulate the DNA-binding ability of DevR by c-di-GMP in
Msm. Overexpressing YdeH in Msm, which can improve the
c-di-GMP level, significantly enhanced the expression of
Ms5246p-lacZ in the WT strains but not in the devS-deleted
mutant Msm strains (Fig. 6A). In comparison, we cannot
observe a similar enhancement when overexpressing YdeH
(E208A,E209A), which lost the activity of c-di-GMP synthesis.
No significant difference between the WT and devS-deleted
strains was observed in lacZ expression when a negative con-
trol, i.e. Ms5247p, was used as the promoter. The strong pro-
moter hsp60 substantially promoted lacZ expression in both
WT and devS-deleted Msm strains compared with the nonpro-
moter lacZ plasmid (Fig. 6A). These results suggested that DevS
was required for the c-di-GMP–triggered DNA-binding activ-
ity of DevR in Msm.
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To further confirm this observation, we constructed a phos-
phorylation site mutant of DevR, DevR-D54V, which inhibits
the activation of DevR by DevS (29), and performed a similar
�-gal activity assay. WT DevR can significantly enhance the
lacZ expression through Ms5246p in the ydeH-overexpressing
Msm strains, but DevR-D54V cannot (Fig. 6B). The effect of
DevR-D54V on the lacZ expression was very similar to that of
DevR-�C, in which the DNA-binding domain was deleted.
Hence, either deleting two-component kinase DevS or mutat-
ing the phosphorylation site of DevR eliminated the stimulation
effect of c-di-GMP on the DNA-binding activity of DevR in
Msm.

c-di-GMP stimulates DevR phosphorylation by DevS

To further pursue the mechanism of the c-di-GMP–
triggered activation of DevR by DevS, we next utilized the puri-
fied DevSC protein to determine the effect of c-di-GMP on its
kinase activity in vitro. As shown in Fig. 7A, in a time-course
assay, purified DevSC protein had good DevS autophosphory-
lation activity (lanes 1–3). However, insignificant stimulation
or inhibition on DevS autophosphorylation activity was
observed in the presence of 500 �M c-di-GMP (Fig. 7A, lanes
4 – 6) compared with the reactions in the absence of c-di-GMP.
This result indicated that c-di-GMP did not affect the autophos-

Figure 4. Assays for the specific interaction between c-di-GMP and DevR. A, UV cross-linking assay. STING was used as the positive control (lane 4), and 12
�M DevR (lane 1), DevRC (lane 2), and DevRN (lane 3) were co-incubated with 5 �M labeled c-di-GMP for 30 min on ice, respectively. After that, reaction samples
were irradiated by UV for 30 min and assayed on 12% (w/v) SDS-PAGE. Radioactive gel was exposed to a storage phosphor screen (GE Healthcare). Radioac-
tively-labeled nucleotides are indicated by *. B, competitive experiment assays. Different amounts of unlabeled c-di-GMP, ATP, or GTP were added to the
mixture with the radioactively-labeled c-di-GMP and co-incubated with 12 �M DevR for 30 min on ice, respectively. Then the assays were conducted as
described in A. *c-di-GMP–DevR complex was quantified as shown in the lower panel. The error bars represent the variant range of the quantified data derived
from three repeat experiments. The p values of the quantified data were calculated by unpaired two-tailed Student’s t test using GraphPad Prism 5. Asterisks in
the figure denote the significant difference between two groups (***, p � 0.001). C, ITC assays. Original titration data and integrated heat measurements are
shown in the upper and lower plots, respectively. The solid line in the bottom panel represents the best fit to a one-site binding model of the interaction of DevR
with c-di-GMP. GTP was used as the negative control, and no interaction between DevR and GTP was observed.
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phorylation activity of DevS. We further determine the effect of
c-di-GMP on the protein kinase activity of DevS for the phos-
phorylation of its partner regulator DevR (Fig. S5). As shown in
Fig. 7B, with increasing amounts of c-di-GMP (0 – 400 �M) in
the reactions (lanes 3– 6), a stepwise increase in the amount of
a 32P-labeled autoradiograph signal corresponding to DevR was
clearly observed on a polyacrylamide gel. Meanwhile, the
amount of the signal corresponding to DevSC decreased (Fig.
7B, lanes 3– 6). This result suggested that c-di-GMP can stim-
ulate the DevR-phosphorylation by its two-component kinase
DevS.

Discussion

c-di-GMP is an important second messenger in bacteria, and
its regulatory function has been extensively studied (2–5, 27,
30 –35). However, the activation mechanisms of the signaling
molecule’s receptors remain largely unclear. In this study, we
characterized a two-component regulator DevR as a new c-di-
GMP–responsive transcription factor in mycobacteria and fur-
ther uncovered a novel co-activation mechanism of DevR. Our
data support that DevR positively regulates the expression of
the devR operon and contributes to the mycobacterial oxidative
stress tolerance. c-di-GMP directly targets DevR and activates
its DNA-binding affinity by enhancing DevR phosphorylation
with DevS. Therefore, although c-di-GMP acts as a global signal
molecule, its cross-talk with the two-component system DevR/
DevS significantly contributed to the regulation of mycobacte-
rial tolerance to oxidative stress.

In our study, DevR senses c-di-GMP through its C-terminal
DNA-binding domain. Several types of c-di-GMP– binding
motifs have been identified in previous studies, which include
the PilZ domain in the Pseudomonas aeruginosa PilZ protein
(36), the degenerate GGDEF/EAL domain in the P. aeruginosa
PelD protein (30), the GEMM (RNA effectors) domain in the
Vibrio cholerae Vc1 protein (38), and the AAA�54 interaction
domain in the P. aeruginosa FleQ protein (39). However, we
failed to find any of these known c-di-GMP– binding motifs
within the DevRC protein. Our results imply that DevR repre-
sents a novel class of receptors/effectors in M. smegmatis.

Transcription factors have been successfully characterized as
c-di-GMP receptors in different bacterial species (2, 3, 24,
39 – 41). Generally, c-di-GMP directly stimulates or inhibits the
DNA-binding activities of these receptor transcriptional fac-
tors (2, 3, 39 – 41). Different from most previously reported
activation models of receptor transcription factors, c-di-GMP
physically interacts with DevR but cannot directly affect the
DNA-binding activity of DevR in this study. Alternatively, c-di-

GMP stimulates the phosphorylation of DevR by its two-com-
ponent kinase DevS, which finally results in the enhancement
of the DNA-binding ability of DevR. Our finding is consistent
with a previous structural study of DevR (23). Wisedchaisri et
al. (23) solved the crystal structure and proposed that the
DevRC of DevR is responsible for DNA binding, which interacts
with the DevRN of DevR. The intermolecular interaction covers
the phosphorylation site Asp-54, which inhibits the activation
of DevR by DevS (23). In this study, we confirm that DevR
sensed the c-di-GMP signal through DevRC, and the binding of
c-di-GMP stimulated the DevR phosphorylation by its two-
component kinase DevS, thereby further triggering the rear-
rangement of DevR and dimer formation, which finally acti-
vates the interaction between DevR and target DNA. Our
finding supports a model shown in Fig. 8A representing a novel
model for the activation of the c-di-GMP receptor regulator.

The regulatory role of c-di-GMP has been associated with
the mycobacterial adaptation to oxidative stress (5). In this
study, DevR has been characterized as a new c-di-GMP–
responsive receptor regulator, which further links the function
of c-di-GMP to stress tolerance in mycobacteria. Recently,
DevR was found to be up-regulated under H2O2 stress both in
M. smegmatis and in M. tuberculosis (18 –20), thereby implying
that the regulator may be involved in the oxidative stress
response. However, the signaling pathway and molecular
mechanism remain unclear. Previously, it was found that H2O2
induces c-di-GMP accumulation in Msm (5). This current
study further characterized DevR as a novel c-di-GMP receptor
transcriptional factor and found that DevR positively regulated
bacterial tolerance to oxidative stress in M. smegmatis. Our
data together with previous findings support a model in which,
under oxidative stress, c-di-GMP is induced (5) and physically
interacts with DevR. Thereafter, this stimulates the phosphor-
ylation of DevR by its two-component kinase DevS and acti-
vates the DNA-binding affinity of DevR (Fig. 8B). Then, DevR
positively regulates the expression of devR regulon and triggers
the mycobacterial adaptation to oxidative stress. Our finding
extends the second messenger’s regulatory function to stress
tolerance in bacteria.

c-di-GMP signaling and two-component systems are two
important mechanisms utilized by bacteria to fight against
environmental stress. Findings from this study show that the
cross-talk between the two systems triggers oxidative stress tol-
erance in mycobacteria. Several modes have been reported for
the interaction between c-di-GMP signal and the two-compo-
nent system. On the one hand, the two-component system

Figure 5. Effect of c-di-GMP on the DNA-binding activity of DevR in vitro and in vivo in M. smegmatis. A, ChIP-qPCR assays for the effect of c-di-GMP on
the intracellular DNA-binding activity of DevR in M. smegmatis. Input (5%) indicated that the supernatant of disrupted cells was diluted to 5% and used as the
template for PCR. ChIP was performed using preimmune (P) or immune sera (I) raised against DevR. These experiments were quantified using qPCR. The p
values of the relative expression data were calculated by two-tailed Student’s t test using GraphPad Prism 5. ** represent significant difference (p � 0.01)
between the two groups. B, effect of the presence or absence of DevR on the c-di-GMP–triggered activities of Ms5246p. Left column, schematic representation
of plasmids used to generate reporter strains. Right column, schematic representation of �-gal activity determined in both Msm/WT and Msm hyg::devR
(devR-deleted) strains. Data are presented as Miller units (right panel). For statistical analysis, two-tailed Student’s t tests were performed using GraphPad Prism
5. Null promoter lacZ, hsp60-lacZ, and Ms5247p were used as controls. Values presented are the averages of three independent biological experiments. The p
values of the results (p � 0.01) are indicated by **. C, c-di-GMP indirectly stimulated the DNA-binding activity of DevR. c-di-GMP alone did not stimulate the
DNA-binding activity of DevR (lanes 7–11), but c-di-GMP obviously stimulated the activity in the presence of 0.5 �M autophosphorylated DevSC (lanes 13–17).
The DevR–DNA complex was quantified, and the mean values of three independent experiments along with error bars are shown. ns, no significant difference
between two groups.

Activation mechanism of c-di-GMP receptor regulator

12736 J. Biol. Chem. (2019) 294(34) 12729 –12742

http://www.jbc.org/cgi/content/full/RA119.008252/DC1


directly regulates the expression or activity of diguanylate
cyclase and phosphodiesterase. For example, yaiC in E. coli
CFT073 (8) and RapA in Pseudomonas fluorescens are activated
by phoB/phoR (9). RavR in Xanthomonas campestris is a digua-
nylate cyclase in the form of a nonphosphorylated state but

obtains phosphodiesterase activity after it is phosphorylated by
RavA (11). On the other hand, c-di-GMP physically interacted
with two-component kinases. For example, c-di-GMP directly
binds to the sensory kinase SgmT in Myxococcus xanthus and
spatially sequesters SgmT (10). However, whether and how the

Figure 6. �-Gal activity assays for the effect of two-component kinase DevS on the c-di-GMP–triggered DNA-binding affinity of DevR in M. smegma-
tis. A, effect of the presence or absence of DevS on the c-di-GMP–triggered activities of Ms5246p. B, effect of phosphorylation site Asp-54 of DevR on the c-di-GMP
receptor activation by DevS. Left column, schematic representation of plasmids used to generate reporter strains. Right column, schematic representation of �-gal
activity determined in both WT and devS-deleted M. smegmatis strains. Data are presented as Miller units (right panel). For statistical analysis, two-tailed Student’s t tests
were performed using GraphPad Prism 5. Null promoter lacZ, hsp60-lacZ, and Ms5247p were used as controls. Values presented are the averages of three independent
biological experiments. The p values of the results (p � 0.01) are indicated by **. ns, no significant difference between two groups.
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c-di-GMP mechanism directly interacts with the response regu-
lator of the two-component system remain unclear. In this study,
on the basis of proteomic screening, we detect the correlation of
the c-di-GMP signal with the expression of the DevR operon,
which contributes to oxidative stress tolerance in Msm. Subse-
quently, we characterize a direct interaction between c-di-GMP
and the two-component regulator DevR. Finally, we uncover a
novel mechanism on the c-di-GMP–triggered and phosphoryla-
tion-dependent activation of DevR by its two-component kinase
DevS. This finding represents a novel paradigm for the cross-talk
between the c-di-GMP signal and the two-component systems.

Experimental procedures

Expression and purification of recombinant proteins

The genes in this study were amplified by PCR using their
respective primer pairs as follows: 5�-CCCGGAATTCGCAT-

GATCAGGGTTTTTCTGG-3� and 5�-CTAGTCTAGACTA-
GTTGCGCCGGTCCAGT-3� for devRMs; 5�-CCCGGAATT-
CCGATGATCAGGGTTTTTCTGG-3� and 5�-CTAGTC-
TAGACTAGGAGCGTTCGGCGTCG-3� for devRN (1–144
aa); 5�-CTAGGAATTCTTATGTCCGATCCGCTCTCGGG-
CCT-3� and 5�-CTAGTCTAGACTAGTTGCGCCGGTCCA-
GTT-3� for devRC (144 –211 aa); and 5�-GATAAGAATTCA-
CATGACGCGCGACATCGGC-3� and 5�-GACGGCGAGT-
AGTCTAGAGGGTCACCTTCC-3� for devSC (220 –571 aa)
from genomic DNA of M. smegmatis mc2 155. The mutant gene
of devR-D54V was produced through site-directed mutagenesis
by overlapping extension–PCR. The mutagenic PCR primers
were designed as follows: 5�-ATGTCGCGGTGCTCGAAGT-
GCGGCTGCCCGA-3� and 5�-TCGGGCAGCCGCACTTC-
GAGCACCGCGACAT-3�. The amplified DNA fragments
were cloned into modified pET28a or pMV261 vectors to pro-
duce recombinant plasmids (Table S1). The expression strains
of E. coli BL21 containing the recombinant plasmids were
grown in 1 liter of LB medium at 37 °C up to an A600 of 0.8.
Protein expression was induced with 0.6 mM isopropyl D-1-
thiogalactopyranoside at 30 °C for 5 h. The cells were harvested
and resuspended in binding buffer (100 mM Tris-HCl, pH 8.0,
500 mM NaCl, and 10 mM imidazole) and sonicated. The pro-
teins were purified on a Ni2�-affinity column as described pre-
viously (42). The elution was dialyzed against the buffer (50 mM

Tris-HCl, pH 7.5, 100 mM NaCl, 10% glycerol) for 2 h and stored
at �80 °C.

Quantitative proteomic (iTRAQ) analysis

M. smegmatis was grown in 7H9 medium at 37 °C and cul-
tured to A600 1.2. The cells were suspended in lysis buffer (7 M

urea, 2 M thiourea, 4% CHAPS, 40 mM Tris-HCl, pH 8.5, 1 mM

phenylmethylsulfonyl fluoride, 2 mM EDTA) and sonicated in
ice. The proteins were reduced with 10 mM DTT at 56 °C for 1 h
and alkylated by 55 mM iodoacetamide in the darkroom for 1 h.
The final samples were kept at �80 °C for further analysis. The
next step is iTRAQ labeling and SCX fractionation. 100 �g of
proteins were digested with Trypsin Gold (Promega, Madison,
WI) at 37 °C for 16 h and further processed according to the
manufacturer’s protocol (Applied Biosystems). SCX chroma-
tography was performed with an LC-20AB HPLC pump system
(Shimadzu, Kyoto, Japan). For LC-ESI-MS/MS analysis, each
fraction was resuspended in buffer A (5% acetonitrile, 0.1% for-
mic acid) and centrifuged at 20,000 	 g for 10 min. 10 �l of
supernatants were loaded, and data acquisition was performed
with a triple TOF 5600 system (AB SCIEX, Concord, Ontario,
Canada). Raw data files were converted into MGF files, and
protein identifications were performed by using a Mascot
search engine (version 2.3.02, Matrix Science, London, UK)
against a database containing M. smegmatis mc2 155 protein
sequences. The quantitative protein ratios were weighted and
normalized by the median ratio in Mascot.

Cross-linking assays

The cross-linking assays were conducted as described previ-
ously (5) with modifications. Briefly, radioactively-labeled c-di-
GMP was enzymatically produced from [�-32P]GTP by E. coli
diguanylate cyclase encoded by the ydeH gene (25). 10 �M YdeH

Figure 7. Assays for the effects of c-di-GMP on the kinase activity of DevS
and their co-regulation on mycobacterial tolerance to oxidative stress. A,
effect of c-di-GMP on the autophosphorylation activity of DevS. DevSC was
co-incubated with [�-32P]ATP, and 10-�l aliquots were removed from the
mixture at 10, 15, and 20 min (lanes 1–3), and reaction was quenched imme-
diately. Activity was also detected in the presence of 500 �M c-di-GMP (lanes
4 – 6). The phosphorylation signal intensity of DevSC was quantified and is
shown in the lower panel. B, effect of c-di-GMP on the phosphorylation of
DevR by DevS. A total of 15 �M DevSC was fully autophosphorylated for 60
min and mixed with 15 �M DevR for further phosphotransfer reactions in the
presence of 100 – 400 �M c-di-GMP. The phosphorylation signal intensity of
DevR was quantified and is shown in the lower panel.
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was co-incubated with 30 �M [�-32P]GTP in DGC buffer (50
mM Tris-HCl, pH 7.5, 50 mM NaCl, and 5 mM MgCl2) at 37 °C
for 12 h. 12 �M DevR, DevRN, DevRC, or STING proteins were
co-incubated with 5 �M radioactively-labeled c-di-GMP in
DGC buffer on ice for 30 min. For competitive experiment
assays, the competing cold ligands c-di-GMP, ATP, and GTP
were added at the same time with radioactively-labeled c-di-
GMP and co-incubated with 12 �M DevR for 30 min on ice,
respectively. Then, samples were irradiated by UV for 30 min
and directly subjected to 12% SDS-PAGE. Electrophoresis was
performed at 120 V for 1 h. Gels were exposed to a storage
phosphor screen (GE Healthcare) overnight. Images were
acquired using a Typhoon Scanner (GE Healthcare).

Bacterial one-hybrid assays

Bacterial one-hybrid assays were performed as described
previously (26) with modifications. devR was cloned into pTRG

vector (Stratagene). Promoters of the M. smegmatis genes were
cloned into pBXcmT vector. All recombinant pTRG and pBX-
cmT plasmids were transformed into E. coli XL1-Blue MRF�
Kan strain (Stratagene) (Table S1). Co-transformants contain-
ing the pBX-Rv2031/pTRG-Rv3133c plasmids (26) served as
positive control, and co-transformants containing the empty
vectors pBX and pTRG served as negative control. Positive-
growth co-transformants were selected on a selective screening
medium plate containing 20 mM 3-amino-1,2,4-triazole, 16
�g/ml streptomycin, 15 �g/ml tetracycline, 34 �g/ml chloram-
phenicol, and 50 �g/ml kanamycin.

ChIP assay

ChIP was carried out as described previously (5) with some
modifications. The late-logarithmic phase cells of M. smegma-
tis mc2155 were fixed with 1% formaldehyde at room tempera-
ture for 20 min and stopped with 125 mM glycine. The cross-

Figure 8. Schematic representation of the mechanism on DevR activation by c-di-GMP and two-component system DevS/DevR and its regulation on
mycobacterial tolerance to oxidative stress. A, DevR-activation mechanism co-triggered by c-di-GMP and DevS. DevRN dynamically interacts with DevRC

and covers the phosphorylation site (Asp-54). Upon binding of c-di-GMP with the C-terminal domain of DevR (DevRC), its structure is rearranged, thereby
disrupting the dynamic interaction between DevRC and DevRN. This allowed Asp-54 to be exposed. Therefore, DevS can transfer the phosphor group to Asp-54
of DevRN, which induced an interaction of DevRC with a second subunit to form an activated DevR dimer. B, model for c-di-GMP–triggered and DevS/DevR-
dependent oxidative stress tolerance in mycobacteria. H2O2 induced c-di-GMP accumulation in mycobacteria, and then c-di-GMP bound to DevRC and
refolded it to expose the phosphorylation site Asp-54, which enhanced the phosphotransfer between DevS and DevR and activated DevR. The activated DevR
bound to the target promoter and up-regulated the expression of target genes to increase the survival rate of mycobacteria under oxidative stress.

Activation mechanism of c-di-GMP receptor regulator

J. Biol. Chem. (2019) 294(34) 12729 –12742 12739

http://www.jbc.org/cgi/content/full/RA119.008252/DC1


linked cells were harvested and resuspended in 1 ml of TBSTT
buffer (20 mM Tris-HCl, 150 mM NaCl, 0.1% Tween 20, and
0.1% Triton X-100). The sample was sonicated, and the super-
natant extract was collected by centrifugation. The sample
extracts were incubated with 10 �l of antibodies against DevR
or preimmune serum under rotation for 3 h at 4 °C. The com-
plexes were immunoprecipitated with 20 �l of 50% protein
A–agarose under rotation for 1 h at 4 °C. The immunocom-
plexes were collected by centrifugation and resuspended in 100
�l of TE (20 mM Tris-HCl, pH 7.8, 10 mM EDTA, 0.5% SDS).
Then, the cross-linking was reversed for 6 h at 65 °C. The DNA
samples of the input and ChIP were purified and analyzed by
PCR. Three pairs of primers were used for PCR analysis:
5�-ACCGGAATTCGCAAGTCCCTGCTGGACAAC-3� and
5�-CTAGTCTAGATCAACAGGTCCCAGCACTC-3� for
Ms5243p; 5�-ACCGGAATTCCGGTGATCGAGAAGC-
TCA-3� and 5�-CTAGTCTAGAAGGAACAGCTTCAGCT-
CGC-3� for Ms5246p; and 5�-ACCGGAATTCCCGTACCAG-
GACAAGGT-3� and 5�-CTAGTCTAGAGGAACGGCGCT-
CTTCATG-3� for Ms5247p.

Quantitative PCR analysis

qPCRs were performed as described previously (5). The
25-�l reaction mixture of PCR contained 10 �l of 2	 SYBR
qPCR Mix kit (Aidlab, China), 200 nM Ms5246p-specific primer
pairs(5�-GGCGCAGTCGCTCGAA-3� and 5�-TCCCACCCG-
CAGGTTGTC-3�), and 2 �l of the immunoprecipitated and
purified DNA samples from the ChIP assays. Each reaction was
performed in triplicate. Ms5246p was amplified and detected
using a CFX96 instrument (Bio-Rad) with the following proto-
col: 95 °C for 5 min, followed by 40 cycles of 95 °C for 15 s, 60 °C
for 15 s, and 72 °C for 45 s; melting curve, 55–99 °C, 0.5 °C/10 s,
25 °C for 5 min. The data were analyzed with Bio-Rad CFX
Manager version 2.1. Amplification specificity was assessed
using melting-curve analysis. The relative quantity of Ms5246p
in ChIP was normalized to the quantity of Ms5246p in input.
The degree of change in relative quantity of Ms5246p was cal-
culated using the 2���Ct method (43). For statistical analysis,
two-tailed Student’s t tests were performed.

EMSA

EMSAs were carried out as described previously (24). Briefly,
the DNA fragments for EMSA were amplified by PCR. A pair
of primers (5�-ACCGGAATTCCGGTGATCGAGAAGC-
TCA-3� and 5�-CTAGTCTAGAAGGAACAGCTTCAGCT-
CGC-3�) was used to amplify the upstream regulatory sequence
of devR operon, named as Ms5246p (375 bp). For competition
assay, the Ms5246p DNA fragment was re-amplified with the
FITC-labeled reverse primer. The DNA substrates (5 ng/�l)
and different amounts of proteins were co-incubated in EMSA
buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl2,
10% glycerol) for 30 min on ice. The reaction mixtures were
then subjected to 4.5% native polyacrylamide gel. Electropho-
resis was performed at 150 V at room temperature for 1.5 h in
0.5	 Tris borate-EDTA buffer. Images of gels were acquired
using a Typhoon scanner (GE Healthcare).

�-Gal activity assays

�-Gal activity experiments were performed in M. smegmatis
by constructing promoter–lacZ fusions based on the expres-
sion vector of pMV261 (5). The elements, including promoters
ydeH, ydeH (E208,209A), devR, devRD54V, and lacZ, were
sequentially cloned into the pMV261 backbone as indicated in
the figures. The recombinant plasmids were transformed into
the devR knockout strain, devS knockout strain, or WT
M. smegmatis strain. Mycobacterial strains were grown in 7H9
medium at 37 °C until late logarithmic phage. For detecting
DevR expression under H2O2 stress, the logarithmic strains
continued to culture with the addition of 6 mM H2O2 for 3 h.
The cells were harvested and washed with phosphate-buffered
saline (PBS). �-Gal measurements were performed as described
previously (44).

Isothermal titration calorimetry (ITC) analysis

ITC assays were performed at 25 °C with a nano-ITC low
volume isothermal calorimeter (TA Instruments, New Castle,
DE) controlled by ITC-run software as described previously
(28). Briefly, the DevR protein was dialyzed in the buffer (20 mM

Tris base, 100 mM NaCl, 5 mM MgCl2, pH 7.5), and all buffers
were degassed before use. DevR (13.5 �M) and the c-di-GMP
(100 �M) were added into the sample cell (350 �l) and the
syringe (50 �l), respectively. Data were recorded automatically
and subsequently analyzed using the NanoAnalyze software
provided by the manufacturer. In control experiments, the c-di-
GMP solution was titrated into the buffer in sample cells to
obtain the heat of dilution. The value of the heat of dilution was
then subtracted from the experimental curve in the final anal-
ysis. All the titration curves were fitted to the independent-site
binding model.

Autophosphorylation and phosphotransfer assays

The autophosphorylation and phosphotransfer assays were
performed as described previously (45) with modifications.
Briefly, for autophosphorylation, DevSC (15 �M), which repre-
sents the active C-terminal fragment of MSMEG_5241
encoded by 220 –571 amino acids, was co-incubated with 5 �Ci
of [�-32P]ATP (3000 Ci/mM) in 30 �l of reaction buffer (50 mM

Tris-HCl, pH 8.0, 50 mM KCl, 25 mM MgCl2, 50 �M ATP) at
room temperature. 10-�l aliquots were removed from the mix-
ture at 10, 15, and 20 min and were stopped with the addition of
5 �l of SDS-PAGE loading buffer. For detecting the effect of
c-di-GMP on phosphotransfer, DevSC was first autophosphor-
ylated for 60 min. 15 �M DevR was incubated with different
amounts of c-di-GMP on ice for 30 min. Then, the mixtures
were co-incubated with autophosphorylated DevSC at room
temperature for 2 min and stopped immediately with addition
SDS-PAGE loading buffer. The radioactive SDS-polyacryl-
amide gels were exposed to a storage phosphor screen (GE
Healthcare) overnight. Images were obtained using Typhoon
Scanner (GE Healthcare).

Assays for survival of mycobacteria under H2O2 stress

Assays for the sensitivity of mycobacteria to H2O2 were car-
ried out as described previously (37) with several modifications.
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Briefly, the WT and recombinant mycobacterial strains were
cultured to mid-log phage and then diluted in fresh 7H9
medium until A600 � 0.1. Then, 9 mM H2O2 were added into the
medium when the A600 of the cells reached to 0.5 and then
continued to culture for 3 h. The cells were harvested and
washed with PBS, then diluted with PBS, and plated onto 7H10
plates to count the colony-forming units (cfu). The survival
percentages were calculated by cfu (with H2O2)/cfu (without
H2O2) for each strain.
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