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The DevS histidine kinase of Mycobacterium smegmatis contains tandem GAF domains (GAF-A and GAF-B)
in its N-terminal sensory domain. The heme iron of DevS is in the ferrous state when purified and is resistant
to autooxidation from a ferrous to a ferric state in the presence of O2. The redox property of the heme and the
results of sequence comparison analysis indicate that DevS of M. smegmatis is more closely related to DosT of
Mycobacterium tuberculosis than DevS of M. tuberculosis. The binding of O2 to the deoxyferrous heme led to a
decrease in the autokinase activity of DevS, whereas NO binding did not. The regulation of DevS autokinase
activity in response to O2 and NO was not observed in the DevS derivatives lacking its heme, indicating that
the ligand-binding state of the heme plays an important role in the regulation of DevS kinase activity. The
redox state of the quinone/quinol pool of the respiratory electron transport chain appears not to be implicated
in the regulation of DevS activity. Neither cyclic GMP (cGMP) nor cAMP affected DevS autokinase activity,
excluding the possibility that the cyclic nucleotides serve as the effector molecules to modulate DevS kinase
activity. The three-dimensional structure of the putative GAF-B domain revealed that it has a GAF folding
structure without cyclic nucleotide binding capacity.

Mycobacterium smegmatis is a nonpathogenic and fast-grow-
ing mycobacterium whose adaptive response to a gradual de-
crease in oxygen tension and exposure to NO is similar to that
of Mycobacterium tuberculosis (7). This adaptive capability of
mycobacteria has been suggested to allow them to persist in a
latent state in the immune-competent host, especially in the
case of M. tuberculosis (14, 24, 35, 52). The hypoxic conditions
within granulomas, although this is controversial (1), and the
NO synthesized by activated macrophages have been proposed
to serve as possible signals for the transition of mycobacteria to
the nonreplicating, latent state (35, 50, 52).

The DevSR (DosSR) two-component system plays a crucial
role in the adaptation of mycobacteria to hypoxic and NO
conditions. Approximately 48 genes of M. tuberculosis were
reported to be induced under hypoxic conditions, as well as on
exposure to NO. The upregulation of these genes is mediated
by the DevSR system (35, 38, 39, 52). The DevSR two-com-
ponent system consists of the DevS histidine kinase (HK) and
its cognate response regulator (39, 40). In addition to DevS,
the DosT HK was found to cross talk with DevR and to be
functional in M. tuberculosis (39, 40). DevS and DosT show
high sequence similarity to each other over the length of their
primary structures. The N-terminal sensory domains of DevS

and DosT contain two putative GAF domains. The first GAF
domain (GAF-A) serves as a heme-binding domain, while the
function of the second one (GAF-B) remains to be revealed
(18, 22, 43, 46). It was recently demonstrated that either the
binding of O2 to the ferrous form of hemes of both DevS and
DosT or the oxidation of Fe2� within the heme to Fe3� led to
a decrease in their autophosphorylation rate. DevS (DosT)
appears to have an ability to discriminate between O2 and NO,
as judged by the fact that the binding of NO to the hemes does
not result in the reduction of their autophosphorylation rate, in
contrast to the effect of O2 (22, 46). On exposure to O2, the
deoxyferrous form of DevS is converted to the met form
(Fe3�), while the heme iron of DosT is resistant to autooxida-
tion (22). M. smegmatis possesses a single DevS HK that phos-
phorylates DevR. The DevSR two-component system has also
been reported to be involved in the hypoxic adaptation of this
bacterium (29).

For this study, we purified the full-length DevS and the
truncated DevS lacking its N-terminal sensory domain (C-
DevS), along with the H150A mutant form of DevS, and dem-
onstrated that the heme accommodated by the GAF-A domain
of DevS is directly responsible for its O2- and NO-sensory
functions. The results of this study also show that neither the
redox state of the quinone pool of the electron transport chain
nor cyclic nucleotides affected the autophosphorylation rate of
DevS. Finally, the three-dimensional structure of the GAF-B
domain of DevS is presented in this paper.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. M. smegmatis strains were grown
aerobically on Middlebrook 7H9 medium (Difco, Sparks, MD) supplemented
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with 0.2% (wt/vol) glucose at 37°C. When required, hygromycin (50 �g/ml) was
added to the growth medium. To prevent clumping of bacterial cells, Tween 80
was added to 7H9 medium to a final concentration of 0.02% (vol/vol). For
hypoxic culture, M. smegmatis strains were grown in a 250-ml flask filled with 150
ml of 7H9-glucose medium and tightly sealed with a rubber septum on a gyratory
shaker (200 rpm) for 15 h following inoculation of the medium with aerobically
grown preculture to an optical density at 600 nm (OD600) of 0.05. Escherichia coli
strains were grown on Luria-Bertani (LB) medium at 37°C or 18°C.

DNA manipulation and electroporation techniques. Standard protocols or
manufacturer’s instructions were followed for recombinant DNA manipulations
(42). The introduction of plasmids into M. smegmatis strains was carried out as
described elsewhere (44).

Construction of plasmids. (i) pT7SIHIS and pT7STHIS. A 1,727-bp fragment
including the devS gene and the six histidine codons immediately before its stop
codon was amplified with SIHIS� (5�-ATGCCATATGGGGGGCGTGAACG
GCCAC-3�) and SHIS� (5�-ATGCGGATCCTCAGTGGTGGTGATGGTGG
TGGTCGGGGAGCGGCGCGGT-3�) using the M. smegmatis mc2155 genomic
DNA as the template and Pfu DNA polymerase. The PCR product was restricted
with NdeI and BamHI and cloned into pT7-7 digested with the same restriction
enzymes, yielding pT7SIHIS. pT7STHIS was constructed in the same way as
pT7SIHIS except for the primers used for PCR. The primer pair STHIS�
(5�-ATGCCATATGCCTTTCACCGCAGAACAGTTG-3�) and SHIS�, was
employed for the construction of pT7STHIS. pT7STHIS carries the portion of
devS encoding the C-DevS protein from which 342 N-terminal amino acids have
been removed.

(ii) pNChspX. A 498-bp fragment including the hspX gene promoter region
was amplified with hspBamHI (5�-AATTGGATCCTCGGCGTCGGCGATCG
TC-3�) and hspEcoRI (5�-CGAAGAATTCGGACATCTCCGGAAAGAG-3�),
using M. smegmatis mc2155 genomic DNA as the template and Pfu DNA poly-
merase. The PCR product was restricted with EcoRI and BamHI and cloned into
pBS II KS� digested with the same restriction enzymes, yielding pBShspX. A
526-bp fragment from pBShspX was cloned into pNC digested with ClaI and
XbaI, resulting in pNChspX.

Site-directed mutagenesis. To mutate H150 of DevS to alanine, site-directed
mutagenesis was performed using the plasmid pT7SIHIS as the template plasmid
and a QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA).
Synthetic oligonucleotides 33 bases long, containing an alanine codon (GCT) in
place of the histidine codon in the middle of their sequences, were used to
mutagenize the histidine codon. The mutation was verified by DNA sequencing,
and the resulting plasmid, pT7SIH150A, was introduced into E. coli strain
BL21(DE3).

Protein purification. (i) Intact DevS. The E. coli BL21(DE3) strain carrying
either pT7SIHIS or pT7SIH150A was grown aerobically at 37°C in LB medium
containing 100 �g/ml ampicillin to an OD600 of 0.4 to 0.5. The devS gene was
induced by the addition of isopropyl-�-D-thiogalactopyranoside (IPTG) to a final
concentration of 0.5 mM, and the cells were further grown for 4 h at 30°C. After
2 liter of culture was harvested, cells were resuspended in 30 ml of buffer A (20
mM Tris-HCl [pH 8.0] containing 100 mM NaCl) and disrupted by two passages
through a French pressure cell. Following DNase I treatment (150 units) in the
presence of 10 mM MgCl2 for 30 min on ice, cell-free crude extracts were
obtained by centrifugation two times at 20,000 � g for 20 min. After the addition
of imidazole to a final concentration of 5 mM, 1 ml of 80% (vol/vol) Ni-
Sepharose high-performance resin (Amersham Biosciences, Piscataway, NJ) was
added to the crude extracts and mixed gently by shaking for 2 h on ice. The
protein-resin mixture was loaded into a column, and the column was washed with
40 volumes of buffer A containing 10 mM imidazole, followed by 20 volumes of
buffer A containing 50 mM imidazole. The His6-tagged DevS protein was eluted
with buffer A containing 200 mM imidazole. The fractions containing the DevS
protein were collected and dialyzed against 2 liter of 20 mM Tris-HCl (pH 8.0)
overnight at 4°C. The desalted DevS was concentrated by means of ultrafiltration
(YM10 membrane; Millipore Co., Bedford, MA), and 0.1% (wt/vol) n-dodecyl
�-D-maltoside (DM) was added to the concentrated protein.

(ii) C-DevS. C-DevS was overexpressed in an E. coli BL21(DE3) strain carry-
ing pT7STHIS. The strain was grown, and the devS gene was induced as de-
scribed above for overexpression of the intact DevS. The purification procedure
for C-DevS was the same as that for the intact DevS except for the washing and
elution conditions during affinity chromatography; these consisted of 20 volumes
of buffer B (20 mM Tris-HCl [pH 8.0] containing 500 mM NaCl) containing 5
mM imidazole in the first wash step, 40 volumes of buffer B containing 20 mM
imidazole in the second wash step, and elution with buffer B containing 250 mM
imidazole. The purified C-DevS was concentrated and stored at �70°C without
the addition of DM. When DevS and C-DevS were purified to determine their
autokinase activities, �-mercaptoethanol was added to all buffers used in the
purification procedure to a final concentration of 20 mM.

(iii) The GAF-B domain. Glutathione S-transferase-fused GAF-B (amino ac-
ids 231 to 379) was overexpressed in an E. coli BL21 strain carrying pGST-
parallel1-GAFB. The proteins were purified by affinity chromatography using
glutathione-Sepharose 4B (GE Healthcare, Piscataway, NJ). The recombinant
protein was digested by using rTEV (Invitrogen, Carlsbad, CA) at 10°C in the
presence of 0.5 mM EDTA and 1 mM dithiothreitol (DTT). After complete
digestion, the glutathione S-transferase tag was removed by using a glutathione-
Sepharose 4B column. Gel filtration was performed with a Superdex G75 column

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant phenotype or genotype Source or reference

Strains
E. coli

DH5� (�80dlacZ	M15) 	lacU169 recZ1 endA1 hsdR17 supE44 thi-1 gyrA96 relA1 19
BL21(DE3) F� ompT hsdSB(rB

�mB
�) dcm gal 
(DE3) Promega

M. smegmatis mc2155 High-transformation-efficiency mutant of M. smegmatis ATCC 607 44

Plasmids
pBS II KS� Apr; lacPOZ� Stratagene
pNC Hygr; promoterless lacZ Y. M. Kim, unpublished data
pT7-7 Apr; T7 promoter, ribosome binding site, and translation start codon

overlapping with NdeI site
48

pT7SIHis pT7-7 with an insertion of a 1,727-kb NdeI-EcoRI fragment containing
devS with six His codons before its stop codon

This study

pT7STHis pT7-T with an insertion of a 0.739-kb NdeI-EcoRI fragment containing
the 3� part of devS with six His codons before its stop codon

This study

pT7SIH150A pT7SIHIS in which the codon for H150 is displaced with GCT This study
pT7HIS9A pT7-7 with an insertion of a 1.4-kb NdeI-PstI fragment containing prrB

with nine His codons before its stop codon
34

pNChspX pNC with an insertion of a 0.498-kb ClaI-XbaI fragment containing the
hspX promoter region

This study

pGST-parallel1-GAFB pGST-parallel1 containing an NcoI-EcoRI fragment encoding the GAF-B
domain (D232 to S373)

B. S. Kang, unpublished data
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(GE Healthcare) equilibrated with 20 mM Tris-HCl (pH 7.5), and the fractions
containing GAF-B were collected and concentrated by using Centriprep YM10
(Millipore) for crystallization. The purified protein contains an additional three
amino acids (GAM) at the N terminus due to the cloning procedure.

In vitro autophosphorylation assay. Protein phosphorylation was performed
at either room temperature (RT) or 30°C in an assay buffer containing the
appropriate protein components, 20 mM Tris-HCl (pH 8.0), 50 mM KCl, 5 mM
MgCl2, 3 to 15 mM �-mercaptoethanol, 0.001 to 0.007% (wt/vol) DM. The
autophosphorylation assay with deoxyferrous, oxyferrous, and NO-ferrous forms
of DevS was performed inside an anaerobic chamber (Thermo 1025 Forma
anaerobic system). The reaction was initiated by the addition of a mixture of
[�-32P]ATP and unlabeled ATP to a final concentration of 200 �M (1,000
Ci/mol). In the case of time course experiments, samples (10 �l) were removed
at various time intervals, and reactions were stopped by the addition of 3 �l of
5� loading buffer (50 mM Tris-HCl, [pH 6.8], 4% [wt/vol] sodium dodecyl sulfate
[SDS], 20% [wt/vol] glycerol, 20 mM DTT, 1% [vol/vol] �-mercaptoethanol,
0.1% [wt/vol] bromophenol blue, and 100 mM EDTA). To examine the effect of
cyclic AMP (cAMP) and cGMP on DevS autophosphorylation, 80 pmol of DevS
was incubated in an assay buffer in the presence or absence of cAMP and cGMP
for 1 h on ice before the reaction was started. To test whether ubiquinone and
menaquinone affect DevS autophosphorylation, the autophosphorylation rate of
DevS was determined with the presence or absence of coenzyme Q1 (Sigma, St.
Louis, MO) and vitamin K2 (Sigma) in the reaction mixture. They were dissolved
in 95% (vol/vol) ethanol at a concentration of 12.5 mM as 50� stock solutions.
The 50� stock solutions of coenzyme Q1 and vitamin K2 were added to the
reaction mixtures to a final concentration of 250 �M (or the same volume of 95%
ethanol was added as a negative control). Following the incubation of the reac-
tion mixtures for 25 min at 30°C, the reaction was initiated by the addition
of ATP.

Spectroscopic analyses. (i) Visible absorption spectrum. The spectra of oxy-,
deoxy-, and NO-ferrous forms of DevS were measured for the purified proteins
on a spectrophotometer (Shimadzu UV-1650PC) in 20 mM Tris-HCl (pH 8.0)
containing 10 mM DTT at RT. The spectra of the CN� form were measured in
20 mM Tris-HCl (pH 8.0) without DTT after the addition of KCN, to a final
concentration of 10 mM. To test whether O2 and NO can act as ligands for DevS,
protein samples were diluted with 20 mM Tris-HCl in a quartz cuvette stoppered
with a rubber septum (Aldrich, St. Louis, MO). The protein samples were
deoxygenated for 10 min with a bubbling flow of N2 gas, yielding deoxyferrous
DevS. Oxyferrous DevS was prepared by a brief exposure of deoxyferrous DevS
to air. NO-ferrous DevS was prepared by bubbling the purified NO gas through
deoxyferrous DevS in the dark for 1 min. NO gas was purified by sequential
passage through 0.5 M, 0.75 M, and 1 M KOH solutions.

(ii) Hemochrome assay. To identify the heme type of DevS, 100 �l of DevS (5
mg/ml) was added to 3 ml of 50 mM NaOH containing 20% (wt/vol) pyridine and
6 �l of 0.1 M K3Fe(CN)6, and then an air-oxidized spectrum was recorded on the
spectrophotometer. The same sample was reduced with 30 �l of 15% (wt/vol)
sodium hydrosulfite (dithionite) for 2 min at RT, and then a reduced spectrum
was recorded. The difference spectrum was obtained by subtraction of the oxi-
dized spectrum from the reduced spectrum. Myoglobin (Sigma) was used as a
reference protein containing the b-type heme.

�-Galactosidase assay and determination of protein concentration. M. smeg-
matis cells were harvested, resuspended in the appropriate buffer, and disrupted
by passage through a French pressure cell. Cell-free crude extracts were obtained
by centrifugation at 20,000 � g. �-Galactosidase activity was assayed spectro-
photometrically as described previously (33).

The protein concentration was determined by using a Bio-Rad protein assay
kit (Bio-Rad, Hercules, CA), with bovine serum albumin as the standard protein.

Crystal structure determination. The crystallization of GAF-B proteins was
performed with a selenomethionine (SeMet)-labeled protein and a native
GAF-B protein solution containing 1 M cAMP by using the sitting-drop vapor
diffusion method at 294 K. The crystals were obtained under conditions of 1.25
M sodium citrate in 0.1 M Tris-HCl, pH 9.0, containing 0.6% (vol/vol) isopro-
panol. The data were collected at beamlines 4A and 6B at the Pohang Acceler-
ator Laboratory (PAL, Korea), and all data were processed by using HKL-2000
(37). An initial GAF-B model was generated after subsequent improvements of
the structure built automatically from Resolve (49) and used as templates for the
molecular replacement procedures using AMoRe (32), with the data for the
SeMet-labeled crystal at a 2.0-Å resolution and the data for a native crystal at a
2.1-Å resolution. Further model building was performed manually in the electron
density map by using the programs O (20) and Coot (8), and the refinement with
isotropic displacement parameters was performed with CCP4 refmac5 (31).

The Rwork and Rfree values of the structure with the SeMet substitution are 0.208

and 0.249, and the values of the native structure are 0.199 and 0.215, respectively.
The statistics of the crystallographic data are summarized in Table 2.

Protein Data Bank accession numbers. The final models of the SeMet-labeled
and native structures have been deposited in the worldwide Protein Data Bank
(3) under the PDB ID codes 2VJW and 2VKS, respectively.

RESULTS

Ligand-binding properties of purified DevS. The soluble
full-length DevS was purified, without using any detergent, by
affinity chromatography. When purified under oxidizing con-
ditions where reducing agents, such as �-mercaptoethanol and
DTT, were not included in the buffers used during purification,
the DevS protein showed a light brown color, indicating that
DevS of M. smegmatis contains heme as a prosthetic group, like
the DevS and DosT proteins of M. tuberculosis. The results of
a hemochrome assay demonstrated that purified DevS dis-
played a major peak at 556 nm, like myoglobin containing
b-type heme, indicating the presence of b-type heme in DevS
(data not shown).

Using UV-visible spectroscopy, the redox state and O2 bind-
ing state of heme iron of DevS were determined. When the
aerobically purified DevS was reduced to the ferrous form by
treatment with DTT and deoxygenated by sparging with N2

TABLE 2. Data collection and refinement statistics

Parameter
X-ray sourcea

PAL 4A PAL 6C

Experimental data
Wavelength (Å) 1.0000 1.2398
Space group P61 P61
Unit cell

parameters (Å)
73.2 � 73.2 � 48.5 73.2 � 73.2 � 48.8

Resolution limit (Å) 40–2.0 (2.07–2.00) 40–2.1 (2.18–2.10)
Total reflections 72,234 92,286
Unique reflections 10,102 (968) 8,716 (796)
Redundancy 7.2 (6.5) 10.6 (8.8)
Completeness (%) 99.5 (97.1) 99.1 (93.4)
Rsym

b 0.082 (0.376) 0.084 (0.424)
Average I/� (I) 31.7 (5.3) 31.2 (4.6)

Refinement details
Space group P61 P61
Resolution (Å) 30–2.0 30–2.1
Reflection (working) 9,590 8,282
Reflection (test) 485 409
Rwork

c 0.208 0.199
Rfree

c 0.249 0.215
No. of water molecules 41 44
Root mean square

deviation from ideal
geometry
Bond length (Å) 0.011 0.010
Bond angle (o) 1.273 1.283

Avg B factors (Å)
Molecule A
(main/side chain)

32.9 (31.9/34.1) 29.0 (28.3/29.9)

Waters 37.7 33.4

a The numbers in parentheses describe the relevant value for the last resolu-
tion shell.

b Rsym  � Ii � �I� /�I, where Ii is the intensity of the ith observation and
�I� is the mean intensity of the reflections.

c Rwork  ��Fobs - Fcalc�/� Fobs , crystallographic R factor, and Rfree  ��Fobs -
Fcalc�/� Fobs when all reflections belong to a test set of randomly selected data.
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gas, the deoxyferrous form of DevS had broad absorption in
the visible region of 500 to 600 nm and a Soret band at 425 nm,
implying that heme iron is in the pentacoordinate state (Fig.
1A). When the deoxyferrous form of DevS was reexposed to
air, DevS showed well-resolved � and � bands at 576 and 541
nm, respectively, and the Soret band was blue-shifted from 425
to 413 nm and became sharper (Fig. 1A). This spectral char-
acteristic indicates that air-exposed DevS has a hexacoordinate
heme iron with O2 as the distal ligand (oxyferrous form). In-
terestingly, the results of absorption spectroscopy showed that
aerobically purified DevS had distinct � and � bands, as well as
the Soret band, at the same wavelengths as the oxyferrous form
of DevS (Fig. 1B), indicating that aerobically purified DevS is
in the ferrous state, even though it was not treated with any
reducing agents. To confirm that heme iron of the aerobically
purified DevS is in the ferrous state, the purified DevS was
treated with KCN and the absorption spectrum was deter-
mined. The purified DevS treated with KCN displayed the
same spectrum as the control that was not treated with KCN
(Fig. 1B). When the purified DevS was oxidized with
K3Fe(CN)6, its Soret band was shifted from 413 to 407 nm. The
oxidized DevS treated with KCN showed a shift of its Soret
peak from 407 to 417 nm (data not shown), indicating that
CN� ion binds to the oxidized DevS. As judged by the fact that
CN� ion binds to Fe3� but not Fe2�, the aerobically purified

DevS is in the ferrous state. When the deoxyferrous form of
DevS was treated with NO gas, the Soret band was shifted from
413 to 425 nm (data not shown), indicating that the deoxyfer-
rous form of DevS can bind NO.

The autokinase activity of DevS is controlled by the ligand-
ing state of the heme. We next examined the effect of ligand
binding on DevS autokinase activity. C-DevS, in which the
heme-containing N-terminal sensory domain is removed, and
the H150A mutant form of DevS were included as the controls.
The H150 residue, which has been suggested to serve as the
proximal axial ligand for heme iron (18, 43), was replaced with
alanine in the H150A mutant form of DevS. The results of a
hemochrome assay showed that the mutant form of DevS did
not contain heme when purified from E. coli (data not shown).

As shown by the results in Fig. 2, the autophosphorylation

FIG. 1. Absorption spectra of purified DevS. The spectra were
recorded using 300 �g of DevS in 20 mM Tris-HCl buffer at RT. The
DevS protein was purified in the absence of any reducing reagent in
the buffer used during the purification procedures. (A) DevS was
reduced by the addition of DTT to a final concentration of 10 mM and
sparged with N2 gas for 10 min to yield a deoxyferrous derivative of
DevS (solid line). The deoxyferrous form of DevS was exposed to air
to generate the oxyferrous form of DevS (dashed line). (B) The spectra
of the purified DevS before (solid line) and after (dashed line) 10 mM
KCN treatment.

FIG. 2. Kinase activities of the DTT-reduced ferrous DevS deriv-
atives. Purified DevS was treated with 10 mM DTT and sparged with
N2 gas for 10 min to generate the deoxyferrous form of DevS. Oxy- and
NO-ferrous DevS derivatives were prepared as described in Materials
and Methods. The autophosphorylation reactions were performed by
using 80 pmol each of DevS, C-DevS, and H150A DevS and 200 mM
(1,000 ci/mol) ATP in the anaerobic box at RT. At the time points
indicated, samples (10 �l) were removed and added to 3 �l of loading
buffer to stop the reaction. (A) The phosphorylation of the protein was
assayed by SDS-polyacrylamide gel electrophoresis and subsequent
autoradiography. (B) Quantitation of the band intensity of phospho-
rylated DevS was performed with a densitometer program, ImageJ
(version 1.37), and the relative values are plotted as a function of the
reaction time. Symbols: filled circle, oxyferrous DevS; open circle,
deoxyferrous DevS; filled inverted triangle, NO-ferrous DevS.
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rate of deoxyferrous DevS was higher than that of oxyferrous
DevS. The NO-ferrous form of DevS was also autophosphor-
ylated significantly faster than oxyferrous DevS. In contrast,
when DTT-treated C-DevS and H150A DevS were sparged
with N2 or NO, their autophosphorylation rates were not in-
creased. Taken together, these results suggest that the sensory
function of DevS for O2 and NO is mediated through their
binding to the heme moiety located in the N-terminal sensory
domain of DevS.

The heme iron of aerobically purified DevS is in the ferrous
state, implying that DevS has a ferrous form of heme inside the
cell and that the binding of the ligands, such as O2 and NO,
rather than the redox state of the heme iron regulates DevS
kinase activity in vivo. To test this assumption in vivo, the
expression of the hspX gene belonging to the DevR regulon in
M. smegmatis cells grown under various growth conditions was
measured (Fig. 3). As expected, the expression of hspX in the
cells grown under hypoxic stress was increased 62-fold in com-
parison to that in the cells grown aerobically. When aerobically
grown M. smegmatis culture was treated with an NO generator,
sodium nitroprusside, hspX expression was enhanced 4.5-fold
over that in the aerobically grown culture. In contrast, the
treatment of aerobically grown culture with KCN did not lead
to an increase in hspX expression, which is in good agreement
with the fact that CN� cannot bind to the ferrous form of heme
iron.

The GAF-B domain of DevS appears not to be involved in
the sensing of cyclic nucleotides. DevS has the tandem putative
GAF domains in its N-terminal sensory domain, and the prox-
imal GAF domain (GAF-A) from the N terminus is implicated
in binding the heme moiety (43). The role of the second GAF

domain (GAF-B) remains elusive. The GAF domains found in
some cyclic-nucleotide phosphodiesterases (PDEs) and cya-
nobacterial adenylyl cyclases are known to serve as the binding
domains for cyclic nucleotides, such as cGMP and cAMP (25).
To assess whether cGMP and cAMP affect the DevS kinase
activity as the regulatory ligands, the autophosphorylation rate
of DevS in the presence or absence of the cyclic nucleotides
was determined. As shown by the results in Fig. 4A, treatment
with cGMP or cAMP did not lead to noticeable changes in the
autophosphorylation rate of DevS.

The redox state of quinone/quinol does not affect the autoki-
nase activity of DevS. The autophosphorylation of the ArcB
and RegB HKs, which are involved in redox sensing in E. coli
and Rhodobacter capsulatus, respectively, has been suggested
to be controlled by the redox state of the quinone/quinol pool
of the electron transport chain (9, 23, 47). Ubiquinone was
shown to inhibit the autophosphorylation of ArcB and RegB.
Since DevS also pertains to redox sensing, the effects of ubiqui-
none and menaquinone on the autophosphorylation rate of
DevS were investigated. As shown in Fig. 4B, when purified
DevS was incubated in the presence of ubiquinone or mena-
quinone, its autokinase activity was not affected. As a control,
PrrB HK (RegB homolog in Rhodobacter sphaeroides) was
included in this experiment. The autophosphorylation of PrrB
was completely abolished when purified PrrB was incubated in
the presence of 250 �M ubiquinone before the autophosphor-
ylation reaction. This result clearly demonstrates that the ki-
nase activity of DevS is not controlled by the redox state of the

FIG. 3. Expression of hspX in M. smegmatis grown under various
stress conditions: Control, the M. smegmatis strain carrying the
hspX::lacZ transcriptional fusion plasmid pNChspX was grown aero-
bically in 7H9-glucose medium to an OD600 of 0.5; Hypoxia, the strain
was grown in a 250-ml flask filled with 150 ml of 7H9-glucose medium
and sealed with a rubber septum on a gyratory shaker (200 rpm) for
15 h following inoculation of the medium with aerobically grown pre-
culture, to an OD600 of 0.05; NO and KCN, the strains were initially
grown aerobically in 7H9-glucose medium to an OD600 of 0.3. The
cultures were treated with either 500 �M sodium nitroprusside or 500
�M KCN and further grown aerobically for an additional 2 h. Cell-free
crude extracts were used to determine �-galactosidase activity. The
�-galactosidase activity is expressed as nanomoles per minute per
milligram of protein. All values provided are the average of the results
of two independent determinations. Error bars indicate standard de-
viations.

FIG. 4. Effects of cyclic nucleotides, menaquinone, and ubiquinone
on DevS autokinase activity. (A) The autophosphorylation reactions
were performed by using purified DevS (80 pmol) and 200 �M (1,000
ci/mol) ATP at 30°C. The reaction mixtures with either 1 mM cGMP
or 1 mM cAMP were incubated on ice for 1 h before the addition of
ATP. As a control, the reaction mixture without a cyclic nucleotide was
included in the experiment. At the time points indicated, samples (10
�l) were removed and added to 3 �l of loading buffer to stop the
reaction. The phosphorylation of the protein was assayed by SDS-
polyacrylamide gel electrophoresis and subsequent autoradiography.
(B) The autophosphorylation reactions were performed by using 80
pmol each of DevS or PrrB and 100 �M (1,000 Ci/mol) ATP at 30°C.
The reaction mixtures with either 250 mM menaquinone or 250 �M
ubiquinone were incubated at 30°C for 25 min before the addition of
ATP. As a control, the reaction mixture without a quinone compound
was included in the experiment.
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quinone/quinol pool of the electron transport chain, which
closely reflects the cellular redox state.

The three-dimensional structure of the GAF-B domain. The
three-dimensional structure of GAF-B (D232 to S373) from
the DevS protein was determined by X-ray crystallography
using single-wavelength anomalous dispersion and refined to a
crystallographic R factor of 0.208 at a 2.0-Å resolution (Table
2). The structure of GAF-B is composed of three �-helices, six
�-strands, and long connecting loops. The structure is built
around a central antiparallel six-stranded �-sheet with the
strand order 321654 (Fig. 5). The strongly curved �-sheet
forms a half barrel and divides the three �-helices into two and
one at either side. The N- and C-terminal portions of the
sequence are the �1- and �3-helices, respectively, and form an
outer layer of the barrel structure. The loop between the �3-
and �4-strands, along with the �2-helix, fills the inside of the
half barrel. There are missing residues (P261 to S264) in the
loop region connecting the �1- and �2-strands due to a poor
electron density at the region, suggesting flexibility of the loop.
The structural comparison of DevS GAF-B with other known
GAF-B domains revealed that the overall folding of the do-
main is similar to that of a typical GAF domain, except for the
absence of an �-helix in the loop between the �4- and �5-
strands (Fig. 6). The structure is also similar to those of PAS
(Per-Arnt-Sim) domains, which contain a five-stranded �-sheet
and �-helices on the sheet. Previously, sequence analysis of M.
tuberculosis DevS suggested two transmembrane motifs (5),
A289 to L295 and L325 to V341, within the GAF-B domain.
These sequences correspond to the regions V278 to I294 and
L319 to A335, respectively, of DevS from M. smegmatis (Fig.
7). In the crystal structure, the first transmembrane motif is
around the �3-strand and the second one forms a �-hairpin
structure with the �5- and �6-strands.

A search with the DALI server (16) revealed the proteins
that are structurally similar to the GAF-B domain of DevS.
Although the sequence similarity is low, there were a few
structurally similar proteins. The server yielded seven struc-
tures with Z-scores above 10 (data not shown). The sequence
identities between GAF-B and the structurally similar proteins
range between 7 and 18%. The root mean square differences of

the structures from the GAF-B structure were between 2.1 and
3.0 Å. The GAF-B domain of mouse PDE2A (1LQ9) shows
the highest Z-score, 15.7. The GAF domains of cyanobacterial
adenylyl cyclase CyaB2 (1YKD) and the chromophore-binding
domains from the phytochromes DrBphP (1ZTU) and
RpBphP3 (2OOL) are also similar to the GAF-B domain of
DevS. The GAF-B domain of PDE2A contains cGMP (27),
and both the GAF-A and -B domain of CyaB2 bind cAMP in
the cyclic-nucleotide binding pockets (26). The chromophore-
binding domains of the phytochromes are also considered
GAF structures, and they accommodate biliverdin molecules
in their binding pockets (51, 53).

Since the PDE2A and CyaB2 GAF domains bind cyclic
nucleotides, the structure of the DevS GAF-B domain was
superimposed on the GAF domains bound by the cyclic nucle-
otides (Fig. 6). GAF-B of PDE2A and GAF-A of CyaB2 hold
cGMP and cAMP, respectively, in their binding pockets. The
binding pocket for a cyclic nucleotide consists of the half-barrel
�-sheet structure and the �3-helix between the �4- and �5-
strands covering the half-barrel structure. Unlike these GAF
domains, a short loop of DevS GAF-B connecting strands �4
and �5 does not contain the �-helix structure corresponding to
the �3-helix forming the binding cavity in the other GAF
domains. The absence of the �3-helix in DevS GAF-B leaves a
hydrophobic groove exposed on the surface of GAF-B (data
not shown). The curved �-sheet and two outer helices of DevS
GAF-B, as well as the �2-helix, at the bottom of the barrel
structure fit well to the structure of the GAF domains of
PDE2A and CyaB2. However, there is no space for cyclic-
nucleotide binding in the structure of DevS GAF-B. Two loops
connecting the �2- and �3-strands and the �4- and �5-strands
are located close to the inside of the half-barrel structure and
fill the putative cyclic-nucleotide binding pocket. The position-
ing of these loops close to the �-sheet allows no room for the

FIG. 5. Ribbon diagrams of the GAF-B domain of DevS. The do-
main consists of a six-stranded antiparallel �-sheet and three �-helices.
Residues P261 to S264 are missing in the structure. The left diagram is
rotated 90o about the vertical axis.

FIG. 6. Structural comparison of the DevS GAF-B domain with
GAF domains containing cyclic nucleotides. The structure of the
GAF-B domain of DevS (cyan) is superimposed on the structures of
the GAF-A domain (green) of adenylyl cyclase CyaB2 (A) and the
GAF-B domain (yellow) of PDE2A (B). For the binding of cAMP
(red) or cGMP (magenta), the �3-helix and the loop between the �2-
and �3-strands of the GAF domains of PDE2A (orange) and CyaB2
(dark green) form the binding pocket. In GAF-B of DevS, two loops
corresponding to the orange and dark green regions are presented in
blue.
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binding of small molecules, such as cyclic nucleotides. We
obtained the crystals with the native GAF-B protein from the
drop containing cAMP and determined the structure of the
native GAF-B domain (Table 2). However, this trial of cocrys-
tallization of the GAF-B domain with cAMP failed to get the
complex. This native crystal structure was almost identical to
the structure of the SeMet-labeled crystal (data not shown),
suggesting that the absence of space for a cyclic nucleotide was
not due to the lack of ligands when it was crystallized.

Several hydrophilic residues are involved in the binding of
cAMP or cGMP in the GAF domains known to bind the cyclic
nucleotide (Fig. 8). Among them, E512 at the �6-strand and S424
at the �1-strand are hydrogen bonded to cGMP in the GAF-B of
PDE2A. The corresponding residues, Q196 and T105 in GAF-A
of CyaB2 and Q383 and T293 in GAF-B of CyaB2, participate in
the binding of cAMP. The threonine residues in the loop con-
necting to the �5-strand of PDE2A GAF-B (T492), as well as
CyaB2 GAF-A (T176) and GAF-B (T363), are also implicated in
the binding of the cyclic nucleotides. These three hydrophilic

residues are replaced by the hydrophobic residues V334, L254,
and L314 in GAF-B of DevS, implying that DevS GAF-B is
unlikely to bind a cyclic nucleotide.

DISCUSSION

The heme iron within DevS is in the petacoordinate state in
the absence of exogenous ligands. The b-type heme within
DevS was suggested to be coordinated by the GAF-A domain
with H150 providing a proximal axial ligand (18, 43). The GAF
domain is distantly related to the PAS domain with regard to
the basic fold structure (17, 25). The PAS domains are impli-
cated in heme binding in FixL HKs from bacterial origins and
in DOS (direct oxygen sensor) from E. coli (13). In the case of
E. coli DOS, the heme iron is coordinated to H77 on the
proximal side and a displaceable M95 residue on the distal
side, thereby exhibiting the absorption spectra typical of the
hexacoordinate heme in the absence of any exogenous ligands,
such as O2, NO, and CO (6). In contrast, the heme iron in FixL

FIG. 7. The multiple sequence alignment of DevS of M. smegmatis with its homologs in M. tuberculosis. Amino acid sequences of DevS from
M. smegmatis (Msm_DevS) and DosT (Mtb_DosT) and DevS (Mtb_DevS) from M. tuberculosis were aligned. Numbering was done using DevS
of M. smegmatis. The arrows and coils above the aligned sequences indicate the elements of the secondary structure of the DevS GAF-B domain.
Conserved residues are shown by the gray background. The putative transmembrane motifs, which were predicted with M. tuberculosis DevS, are
denoted by thick lines below the alignment. The amino acid residues corresponding to those hydrogen bonded to a cyclic nucleotide in PDE2A
and CyaB2 are indicated by the inverted triangles. Multiple alignment was performed using ClustalW2 (http://www.ebi.ac.uk/Tools/clustalw2/) and
visualized using ESPript (http://espript.ibcp.fr/ESPript/ESPript/).
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is coordinated by a proximal histidine residue and its distal
axial position is not occupied in the absence of the exogenous
ligands (11, 12, 30). When the purified DevS protein was de-
oxygenated by N2 sparging following DTT treatment, it showed
an absorption spectrum characteristic of the pentacoordinate
heme. The spectrum of deoxyferrous DevS of M. smegmatis
was similar to those of deoxyferrous DevS and DosT of M.
tuberculosis, as well as of FixL proteins of rhizobia, i.e., with no
distinct � and � peaks in the region of 500 to 600 nm and a
red-shifted Soret peak (11, 18, 22, 46). These results indicate
that the distal axial position of the heme iron is not occupied
by an endogenous ligand derived from the DevS polypeptide
chain.

The DevS protein purified under oxidizing conditions
showed the same absorption spectrum as the oxyferrous form
of DevS and did not form a complex with CN�. Despite pro-
longed desalting by means of dialysis under atmospheric con-
ditions, the purified DevS was in the ferrous state, indicating
that the heme iron in DevS is resistant to autooxidation from
an oxyferrous to a ferric state in the presence of O2 and that
DevS inside the cell is in the ferrous state. It has been reported
that there are two DevS homologs (DevS and DosT) in M.
tuberculosis that cross talk with the DevR response regulator
(39, 41). DevS of M. tuberculosis was shown to be rapidly
autooxidized from an oxyferrous to a ferric form when exposed
to air, whereas an oxyferrous DosT was relatively stable in air
and was not easily converted to the ferric form (22). Regarding
the autooxidation property, DevS of M. smegmatis is similar to
DosT rather than DevS of M. tuberculosis. Multiple-alignment
analysis of the GAF-A domains (amino acids 68 to 210 of M.

smegmatis DevS) of the DevS homologs showed that DevS of
M. smegmatis is more closely related to the corresponding
domains of DosT (82% identity) than of DevS (69% identity)
of M. tuberculosis (Fig. 7), which is consistent with the similar-
ity of its autooxidation property to that of M. tuberculosis
DosT. This finding indicates that DevS of M. smegmatis is an
ortholog of M. tuberculosis DosT. Therefore, it is reasonable to
rename DevS of M. smegmatis DosT. Phylogenetic analysis
using the GAF-A domain revealed that the DosT homologs
occur in Mycobacterium vanbaalenii and Mycobacterium gilvum,
as well as M. tuberculosis, Mycobacterium bovis, and M. smeg-
matis, while the DevS homologs are found in M. tuberculosis,
M. bovis, Mycobacterium marinum, and Mycobacterium ulcer-
ans. M. vanbaalenii, M. marinum, and Mycobacterium avium
contain DevS (DosT) homologs that form a phylogenetically
distinct branch from both DosT and DevS of M. tuberculosis
(data not shown).

DevS kinase activity is controlled by ligand binding rather
than the redox state of its heme iron. The heme iron of M.
smegmatis DevS HK appears to be in the ferrous state inside
the cell. Therefore, it is not the redox state (Fe2� or Fe3�) of
the heme iron that controls the kinase activity of DevS in vivo
in response to changes in oxygen tension. The fact that the
oxyferrous form of DevS has a lower autokinase activity than
the deoxy- and NO-ferrous forms suggests that the kinase
activity of DevS is inhibited by O2 binding. NO binding appears
to lock the conformation of DevS into an active state which
resembles that of the deoxyferrous form of DevS. Thus, NO
might mimic hypoxia even in the presence of O2. The regula-
tion of DevS autokinase activity by O2, NO, and CO was
recently reported for DevS and DosT of M. tuberculosis (22,
46). In this study, we included the DevS derivatives lacking the
heme group as the negative controls and provided direct evi-
dence that DevS directly senses the diatomic gases, such as O2

and NO, by means of its heme group. The mechanism by which
DevS discriminates O2 from NO can be revealed when the
three-dimensional structure of the ligand-bound sensory do-
main of DevS is determined, although the basis of the discrim-
inating mechanism has been suggested for FixL HKs (10, 15).

An increase in DevS kinase activity under hypoxic condi-
tions is not the result of inhibition of aerobic respiration. One
of the mechanisms underlying redox sensing by HKs is that the
HKs perceive the redox state of the quinone/quinol pool of the
electron transport chain, since it reflects the availability of O2,
the terminal electron acceptor of aerobic respiration, as well as
the redox state of the environment. The equilibrium of ubiqui-
none and ubiquinol is shifted to the ubiquinone-dominant state
when aerobic respiration takes place efficiently under aerobic
conditions. The kinase activities of the ArcB and RegB HKs
from E. coli and R. capsulatus, respectively, were shown to be
inhibited by ubiquinone (9, 21, 23, 47).

It was demonstrated in this study that neither ubiquinone
nor menaquinone had an inhibitory effect on DevS kinase
activity. Furthermore, the addition of 500 �M KCN to an
aerobically growing culture of M. smegmatis did not affect
the expression of the hspX gene, which is under the control of
the DevSR system (29, 36), although 500 �M KCN inhibited the
O2 consumption rate (aerobic respiration) by �70% (data not
shown). It was also recently reported that inactivation of the
bc1-aa3 pathway of the M. smegmatis electron transport chain

FIG. 8. Hydrophilic residues involved in the binding of cyclic nu-
cleotides in the GAF domains. The residues presented on the �-sheets
and the loop linked to the �5 strand are hydrogen bonded directly to
the cyclic nucleotides in the GAF-B domain of PDE2A (S424, T492,
and E512) (A) and the GAF-A domain (T105, T176, and Q196)
(B) and GAF-B domain (T293, T363, and Q383) (C) of adenylyl
cyclase CyaB2. These hydrophilic residues are replaced by hydropho-
bic ones in the GAF-B domain of DevS (L254, V334, and L314) (D).
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by mutations did not induce the DevR regulon (28). These
results clearly indicate that an increase in DevS kinase activity
under hypoxic conditions or in the presence of NO is not the
result of inhibition of aerobic respiration and that the redox-
sensing mechanism of DevS is not related to the functional
state of the respiratory electron transport chain.

Implication of the GAF-B domain in the function of DevS.
The GAF-A domain of DevS has been known to be implicated
in heme binding, while the role of the GAF-B domain remains
to be determined (18, 22, 43, 46). The GAF domains have been
found in a number of proteins which are involved in many
signal transduction pathways and the regulation of gene ex-
pression, as exemplified by cGMP-regulated cyclic-nucleotide
PDEs, some adenylyl cyclases, phytochromes, and the tran-
scriptional regulator FhlA (25). The GAF domains in the
cGMP-regulated cyclic-nucleotide PDEs and adenylyl cyclases
serve as the binding domains for the cyclic nucleotides, which
play an important role in signal transduction as secondary
messengers (2, 4, 45). For this reason, the possibility that the
cyclic nucleotides modulate the DevS kinase activity as effector
molecules by their binding to the GAF-B domain was exam-
ined. Neither cGMP nor cAMP affected the DevS autophos-
phorylation rate, indicating that the cyclic nucleotides do not
function as the regulatory molecules controlling the DevS ac-
tivity and that the GAF-B domain of DevS might not be in-
volved in the binding of the cyclic nucleotides. In good agree-
ment with these results, structural analysis of DevS GAF-B
revealed that it appears not to be suitable to bind a cyclic
nucleotide, since its putative nucleotide binding pocket is col-
lapsed and the hydrophilic residues involved in the binding of
a cyclic nucleotide in the pocket are not conserved in the DevS
homologs (Fig. 7).

The presence of transmembrane domains in the N-terminal
sensory domain of DevS has been controversial (29). In silico
analysis of the primary structure of M. tuberculosis DevS has
suggested that the protein contains three transmembrane seg-
ments (5), although the DevS (DosT) proteins have been re-
ported to be purified in the soluble form without any detergent
(18, 22, 43, 46). The overlap of the predicted transmembrane
segments and the regions in the GAF domains in DevS implies
that DevS is not a membrane protein (Fig. 7).

The GAF-B domain of M. tuberculosis DevS was suggested
to help in the formation of a better-defined distal pocket of the
heme-binding domain (GAF-A) through interdomain interac-
tions within DevS (54). Since GAF-B has a hydrophobic
groove on the �-sheet, it might interact with a hydrophobic
ridge of its binding partner.
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