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Mycobacterium tuberculosis DosS is a redox sensor
and DosT is a hypoxia sensor
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A fundamental challenge to the study of oxidative stress responses
of Mycobacterium tuberculosis (Mtb) is to understand how the
protective host molecules are sensed and relayed to control bacilli
gene expression. The genetic response of Mtb to hypoxia and NO
is controlled by the sensor kinases DosS and DosT and the response
regulator DosR through activation of the dormancy/NO (Dos)
regulon. However, the regulatory ligands of DosS and DosT and
the mechanism of signal sensing were unknown. Here, we show
that both DosS and DosT bind heme as a prosthetic group and that
DosS is rapidly autooxidized to attain the met (Fe3*) form, whereas
DosT exists in the O,-bound (oxy) form. EPR and UV-visible spec-
troscopy analysis showed that O,, NO, and CO are ligands of DosS
and DosT. Importantly, we demonstrate that the oxidation or
ligation state of the heme iron modulates DosS and DosT autoki-
nase activity and that ferrous DosS, and deoxy DosT, show signif-
icantly increased autokinase activity compared with met DosS and
oxy DosT. Our data provide direct proof that DosS functions as a
redox sensor, whereas DosT functions as a hypoxia sensor, and
that O, NO, and CO are modulatory ligands of DosS and DosT.
Finally, we identified a third potential dormancy signal, CO, that
induces the Mtb Dos regulon. We conclude that Mtb has evolved
finely tuned redox and hypoxia-mediated sensing strategies for
detecting O2, NO, and CO. Data presented here establish a para-
digm for understanding the mechanism of bacilli persistence.

carbon monoxide | dormancy | nitric oxide | oxygen | persistence

Tuberculosis (TB) is a major global health burden, and current
estimates suggest that one-third of the world’s population
(=2 billion) is latently infected with TB (1). Latency is important
largely because persistent Mycobacterium tuberculosis (Mtb) are
in a state of “drug unresponsiveness” wherein the bacilli are
resistant to existing antimycobacterial drugs. A major question
in the TB field is: “what are the mechanisms that allow M) to
persist in human tissues for decades without replicating, to then
abruptly resume growth and cause disease?” Addressing that
question is essential to the development of effective therapeutic
intervention strategies. Recent evidence implicates NO as an
environmental trigger of mycobacterial persistence (2-5). The
latter findings are particularly interesting in light of the fact that
inducible NO synthase (iNOS) and therefore NO production is
crucial for protection of mice against Mtb (6), and that human
macrophages in Mtb-infected tissues express iNOS (2, 7). An-
other factor associated with latent TB is hypoxia (8). The role of
oxygen tension in TB is receiving wide attention, especially
because it was demonstrated that rapid withdrawal of oxygen is
lethal to Mth, whereas a gradual depletion allows time for
adaptation and bacterial survival (8). Interestingly, a significant
overlap exists between the gene expression profiles of Mtb cells
treated with NO and that of bacilli cultured under hypoxic
conditions (3-5). These induced genes comprise the Dos regulon
and are thought to play a crucial role in the shift down of Mtb
to the persistent state (4, 5, 9). The Dos two-component system
[originally designated Dev by Kinger and Tyagi (10)] consists of
two GAF-containing sensor histidine kinases, DosS and DosT,
and the cognate response regulator, DosR (9, 11) that are
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believed to facilitate transition to the latent form of infection. In
fact, most Mtb genes up-regulated during hypoxia and NO
require DosR. Nevertheless, evidence directly linking NO and
hypoxia to latent TB in vivo remains circumstantial. Essential
questions regarding these important sensor kinases remain
unanswered. For example, how does Mtb initiate the shift down
from an actively growing state to the persistent state? Also,
despite extensive studies (3-5), to date, the presumed host
ligands of DosS and DosT have not yet been established exper-
imentally nor has it been determined how these sensors modu-
late signaling. In an accompanying paper (26), we provide
evidence that Mtb WhiB3 responds to the host signals O, and NO
via its [4Fe-4S] cluster. In this article, we believe that ascertain-
ing of host ligands of DosS and DosT and deciphering how the
Dos regulon is modulated will lead to a new and better under-
standing of the mechanism of M) persistence. To address these
issues, we tested the hypothesis that DosS and DosT sense Oo,
NO, and CO through their heme iron. We also tested the
hypothesis that ligand-induced changes in their heme prosthetic
group modulate autophosphorylation. To thoroughly character-
ize the biochemical mechanism of signal sensing, we used EPR
and UV-visible spectroscopy and studied the biochemistry of
DosS and DosT under defined aerobic and anaerobic conditions.
Finally, we identified a third diatomic gas that induces the Mtb
Dos regulon. We anticipate that the data generated in this work
will lead to a better understanding of the mechanism by which
Mitb enters a state of latency in humans.

Results

Mthb DosS and DosT Are Heme Proteins. To investigate the mecha-
nism of signal sensing and relay of the Mtb Dos regulon, we
initiated a thorough biochemical characterization of DosS and
DosT and found that both purified preparations yielded a red
color, suggesting the presence of heme.

We exploited UV-visible spectroscopy and the pyridine hemo-
chromogen assay to conclusively establish that both DosS and
DosT are heme proteins and to determine the type and oxidation
state of the heme. For DosS, the sharp Soret (409 nm), « (575
nm), and B (536 nm) bands, in addition to another weak band at
~640 nm, are indicative of a hexa-coordinated, high-spin heme
protein [supporting information (SI) Fig. 8] and is in support of
a previous study (12). For DosT, the Soret (412 nm), « (575 nm),
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Fig. 1. Characterization of DosS by EPR and UV-visible spectroscopy. (A) UV-visible characterization of DosS (3 M in 20 mM Tris, pH 7.5) as purified, exposed
to DTH or treated with DTH and reexposed to air. (Inset) Enlarged image of the 500- to 600-nm region. (B) EPR spectroscopy analysis of air-exposed DosS (6 uM
in 20 mM Tris, pH 7.5). (C) UV-visible spectrum of DosS as purified, exposed to air after DTH treatment, the former treated with KCN or Fe(CN)¢3~. Note the
characteristic met-CN peak at 540 nm. Numbers in parentheses indicate absorption maximum in nanometers.

and B (538 nm) bands are indicative of a hexa-coordinated heme
protein (SI Fig. 8 and SI Text, note 1). The pyridine hemochro-
mogen assay demonstrated that both native proteins bind ap-
proximately equimolar amounts of heme b (SI Fig. 9). These
results demonstrate that the GAF-containing proteins DosS and
DosT bind heme as a prosthetic group (see SI Text, note 2).

DosS is in the Met (Fe3+) Form. Heme-based sensor proteins are key
regulators of adaptive responses to ligands such as O, and NO
and are generally comprised of a heme-containing sensory
domain that modulates the histidine kinase domain of the same
protein. Bacterial heme sensor kinases typically bind O, and are
in the oxy form (13). To dissect the mechanism of the heme
iron-mediated ligand sensing of DosS, we used EPR and UV-
visible spectroscopy and examined the redox state of the heme
iron and whether O is a ligand of DosS. First, we compared the
absorption spectra of aerobically purified DosS with that of
dithionite (DTH)-exposed DosS. This exposure caused a shift in
the Soret band from 409 to 430 nm, and the « and B bands
converged into a new peak at 557 nm (Fig. 14), which resembles
the deoxy form of FixL and hemoglobin (14). Importantly, when
this reduced sample was exposed to atmospheric oxygen, the
absorption spectrum rapidly reverted back within seconds to that
of native DosS (Fig. 14, SI Fig. 10, and SI Text, note 3).

To conclusively determine the heme-iron oxidation status, we
used EPR spectroscopy and demonstrated that O,-exposed
DosS gave a strong axial feature centered at g = 5.98, which is
indicative of Fe3* high-spin (S = 5/2) species (Fig. 1B and SI
Text, note 4). These data provide conclusive evidence that, upon
air exposure, reduced DosS is rapidly oxidized by O, to generate
met DosS.

As an additional verification that the DosS heme iron is
oxidized rather than ferrous O,-bound, the oxidation status of
the DosS heme iron after air exposure was determined by other
independent techniques. Because the met (Fe3™) form of heme
reacts with CN~ to produce a met-CN~ complex characterized
by single peak at 540 nm, the spectral properties of the CN~
complex with met heme proteins are routinely used to determine

the oxidation status of heme iron. Reduced DosS was exposed
to atmospheric oxygen for 30-120 s and then exposed to an
excess of KCN. This process caused the convergence of « and 3
bands into a single peak at 540 nm, which is indicative of a
complex between met DosS and KCN, a finding that substan-
tiates that the DosS heme iron is in the met form (Fig. 1C).
Finally, air-exposed DosS was treated with an excess of the
oxidant Fe(CN)e>~ and no change was observed in the spectral
properties of DosS (Fig. 1C). Taken together, these data dem-
onstrate that DosS exists in the met form and that ferrous DosS
is rapidly oxidized by O, to generate met DosS.

DosT Is in the Oxy (0»-Bound) Form. Having established that DosS
is in the met form, we next sought to determine whether
exposure of DosT to oxygen converts its heme iron to the met
or the Oz-bound (oxy) form. To do so, we recorded the absorp-
tion spectrum of aerobically purified DosT and compared it with
DTH-exposed DosT. DTH exposure of DosT caused a red shift
in Soret bands from 412 to 430 nm, whereas the « and 8 bands
produced a major and minor peak at 560 and 528 nm, respec-
tively (Fig. 24). When DTH-treated DosT was reexposed to air,
the absorption spectrum rapidly reverted back to that of aero-
bically purified DosT (Fig. 24 and SI Text, note 3). This behavior
is consistent with the deoxy form reported for the Escherichia
coli direct oxygen sensor (EcDOS) (15). To accurately determine
the redox state of the heme iron, we used EPR spectroscopy and
demonstrated that air-exposed DosT generated no signal, sug-
gesting the absence of a paramagnetic iron species. However,
treatment of air-exposed DosT with the Fe(CN)e*>~ generated a
sharp axial signal centered at g = 5.98, demonstrating that
oxidized DosT contains a paramagnetic high-spin Fe3* heme
species (Fig. 2B). The latter finding strongly suggests that
air-exposed DosT is in the oxygen-bound (oxy) form similar to
that of NifL, HemAT, and EcDOS. Exposing DosT to air for 4
days at room temperature did not change the spectral properties
(results not shown) and may indicate it is an unusually stable
O5-bound heme iron protein. To further confirm that DosT is in
the oxy form, DosT was constantly stirred in a sealed cuvette for
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Fig. 2. Characterization of DosT using EPR and UV-visible spectroscopy. (A) UV-visible spectroscopy characterization of DosT (3 wM in 20 mM Tris, pH 7.5) as
purified, exposed to DTH, followed by air exposure. (Inset) An enlarged image of the 500- to 600-nm region. (B) EPR spectroscopy analysis of purified DosT (6
wM) after treatment with Fe(CN)s3~. No EPR signal was detected with purified DosT without Fe(CN)e3~ exposure. (C) UV-visible spectrum of DosT exposed to air
followed by DTH treatment, the former treated with KCN, and exposed to Fe(CN)g3~ followed by KCN. Numbers in parentheses indicate absorption maximum

in nanometers.
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Fig. 3. NO and CO are ligands of DosS or DosT. (A) UV-visible spectroscopy
characterization of DosS exposed to DTH and exposed to NO or CO. (B) EPR
spectroscopy analysis of DosS (6 uM) treated with DTH followed by NO. (C)
DosT exposed to DTH and exposed to NO or CO. (D) EPR spectroscopy analysis
of DosT (6 uM) treated with DTH followed by NO. Numbers in parentheses
indicate absorption maximum in nanometers.

2 h under a constant flow of argon gas to allow replacement of
bound oxygen, and the absorption spectrum was recorded. The
spectrum was virtually identical to the DTH-exposed DosT
spectrum (data not shown), strongly suggesting that DTH or
deoxygenating by argon gas converts oxy DosT (Fe?*-0,) into
deoxy DosT (Fe?*"). To further corroborate that DosT is in the
oxy form, we treated air-exposed DosT (up to 48 h at room
temperature) with an excess of KCN, but did not observe any
change in the absorption spectrum, demonstrating that DosT
contains ferrous iron and is not capable of forming a complex
with CN~. However, when air-exposed DosT was first treated
with an excess of Fe(CN)g>~ followed by KCN, a peak at 540 nm
was generated. This finding indicated that DosT contains ferrous
heme that can be oxidized by Fe(CN)¢*~ to generate a met heme
specie, which can then react with CN~ (Fig. 2C) to form a met
CN~ complex. In sum, the spectroscopy data conclusively dem-
onstrate that native air-exposed DosT is in the stable, oxy form.

NO and CO Are Ligands of DosS and DosT. Despite the fact that it has
been known for some time that DosS and DosT are sensor
kinases (9, 11), surprisingly no ligand for either protein had been
identified. On the other hand, it is well known that heme-based
sensors commonly bind diatomic gases such as O,, NO, and CO
(13). NO has been shown to be essential for the control of acute
and chronic infection of Mtb (2, 6), but there is to date no
evidence to implicate CO in the virulence of Mib.

To determine whether NO and CO are ligands of DosS or
DosT, we used absorption and EPR spectroscopy and compared
the spectral properties of DosS and DosT independently exposed
to NO or CO. Because heme nitrosylation and carbonylation
requires binding of NO or CO to deoxy ferrous heme iron, DosS
and DosT were first treated with DTH and then exposed to
either the NO generator proline NONOate, or alternatively,
to CO.

The absorption spectroscopy results strongly suggest that
ferrous DosS treated with NO and CO generated heme-nitrosyl
and heme-carbonyl DosS species as indicated by the changes in
spectral properties (e.g., the shift in the Soret and appearance of
distinct « and B bands) compared with unexposed ferrous DosS
(Fig. 34). These changes are highly characteristic of heme-NO
and heme—CO complexes (16, 17). To further validate that NO
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Fig. 4. O3 NO, and CO are regulatory ligands of DosS. (A) Effect of O, and
NO on DosS autokinase activity. Purified DosS (Fe3*) was exposed to DTH to
generate the Fe2* form and analyzed in the autokinase assay. Note the
significant difference in autokinase activity between met and ferrous DosS.
DosS (Fe3*) or DTH-reduced DosS (Fe2*) were exposed to proline NONOate
and are indicated by the Fe3"+NO and Fe2* —NO labels, respectively. (B) Effect
of the heme-iron redox state on DosS autokinase activity. DosS was exposed
to DTH (Fe2*) followed by treatment with Fe(CN)¢3~ to generate met DosS. (C)
Met DosS was exposed to DTH to generate the ferrous form. Both forms were
exposed to CO and are indicated by the Fe3*+CO and Fe2*—CO labels,
respectively. Numbers indicate minutes of incubation.

binds the heme iron of DosS, we used EPR spectroscopy. DosS
was treated with DTH to generate ferrous DosS, and then
exposed to proline NONOate. A highly characteristic nitrosyl-
heme EPR spectrum was obtained, demonstrating that NO binds
DosS (Fig. 3B). These experiments confirmed that only ferrous-
DosS binds NO, which leads to the formation of a characteristic
nitrosyl-heme complex (Fig. 3B and SI Text, note 5).

To demonstrate that NO and CO are ligands of DosT, deoxy
DosT was independently exposed to NO or CO. The spectral
changes observed were highly characteristic of the formation of
nitrosylated and carbonylated heme species (Fig. 3C) (16, 17). To
further confirm that NO is a ligand of DosT, we used EPR to
analyze deoxy DosT exposed to proline NONOate. Highly
characteristic nitrosyl-heme EPR spectra were obtained, dem-
onstrating that NO binds deoxy DosT (Fig. 3D). In addition, oxy
DosT exposed to proline NONOate did not generate met DosT
(SI Text, note 6 and SI Fig. 11). These data conclusively
demonstrated that NO is a ligand of DosT.

As an initial step toward examining whether NO and CO can
generate heme-nitrosyl or heme—carbonyl complexes in the
presence of O,, we independently treated oxy DosT with CO or
NO. Intriguingly, CO-exposed, but not NO-exposed, oxy DosT
caused a characteristic change in electronic absorption spectra
(SI Fig. 11), which is highly indicative of a heme-carbonyl
complex (16, 17). In sum, these data conclusively demonstrate
that NO and CO are ligands of ferrous DosS and deoxy DosT.
Finally, the data also suggest that binding of NO or CO is
influenced by the redox state of DosS heme iron and the ligation
state of DosT.

DosS Is a Redox Sensor. Having identified O,, NO, and CO as
ligands for DosS and DosT, we sought to examine whether they
were regulatory ligands capable of affecting autophosphoryla-
tion of the histidine kinases.

A met DosS sample was divided into two aliquots inside an
anaerobic glove box. One aliquot was reduced with DTH, whereas
the other sample was left untreated. Both were then examined in
the autokinase assay. Results showed that ferrous DosS possessed
much higher autokinase activity than did met DosS (Fig. 44) and
suggest that ferrous DosS is in the “on” or active state (SI Text, note
7). As a further validation that the redox state of DosS heme iron

Kumar et al.
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modulates autokinase activity, we used Fe(CN)s*>~ rather than O,
to oxidize DTH-reduced DosS and analyzed its effect on autoki-
nase activity. Similar to met DosS autokinase activity, we found that
the oxidation of ferrous DosS heme iron by Fe(CN)g*~ to the ferric
form also inhibited DosS kinase activity (Fig. 4B). These data
suggest that ferric DosS is in the “off” or inactive state.

Next, we assessed whether NO influenced DosS autokinase
activity. This is an important experiment, largely because of the
role of NO in protection against Mtb infection and because NO
induces expression of the Dos regulon (3-5). DosS was anaer-
obically reduced with DTH, exposed to proline NONOate, and
used in the autokinase reactions. Notably, nitrosylation of DosS
showed autokinase activity comparable to levels of active ferrous
DosS autokinase activity (Fig. 44). These results suggest that
NO directly binds ferrous DosS through the formation of
nitrosyl-heme complex and is consistent with its role in regu-
lation of the Mtb Dos regulon.

Heme proteins are used by some bacteria, for example,
Rhodospirillum rubrum (18), to sense CO. We therefore exam-
ined whether CO had any effect on DosS autokinase activity. We
found that exposure of met DosS to CO did not generate any
further autokinase activity. However, reduction of DosS with
DTH followed by CO exposure producing CO-DosS showed
autokinase activity comparable with that of reduced DosS
(Fig. 4C).

In sum, these data demonstrated that molecular O, rapidly
oxidizes ferrous DosS to met DosS, which dramatically decreases
its autokinase activity. As a result, we conclude that DosS is a
redox sensor. As opposed to the role of environmental O,, which
functions as an off switch, host-generated ligands such as NO or
CO may function to maintain stable NO-DosS or CO-DosS
complexes in the “locked” or active state. Lastly, the biochem-
istry of DosS strongly suggests that DosS can directly modulate
the expression of the Mtb Dos regulon in response to hypoxia,
NO, and CO.

DosT Is a Hypoxia Sensor. Having established that NO and CO are
potential modulatory ligands of DosS, we next sought to deter-
mine the effect of these ligands on DosT autokinase activity. An
oxy DosT sample was transferred to the glove box and divided
into two aliquots. One aliquot was treated with DTH to remove
dissolved O, and the O bound to DosT (deoxy), whereas the
other samples were left untreated (oxy). The results demon-
strated that deoxy DosT had significantly increased autokinase
activity as compared with inactive oxy DosT (Fig. 54), strongly
suggesting that the O, bound to DosT inhibits autokinase activity
(SI Text, note 8).

Next, we assessed the effect of NO on oxy and deoxy DosT.
The samples were independently exposed to proline NONOate
and analyzed for autokinase activity. NO-DosT autokinase
activity was found to be comparable to that of deoxy DosT (Fig.
5A), suggesting that ligands, as well as the ligation state, can
modulate autokinase activity. Importantly, as is the case for
NO-DosS, these data are consistent with a role for NO-DosT in
modulating expression of the Mtb Dos regulon.

Because the spectroscopic data (SI Fig. 11) suggested that CO
can bind DosT in the presence of O,, we analyzed whether CO
had any effect on oxy DosT autokinase activity. Oxy DosT was
divided (on the bench) into two aliquots, one was exposed to CO
and the other was left untreated. Oxy DosT treated with CO
showed enhanced autokinase activity compared with inactive
oxy DosT (Fig. 5B), further supporting our spectroscopy data
that CO can replace bound O, to generate a heme—CO complex.
Next, an oxy DosT sample was deoxygenated with argon gas and
transferred to the glove box where it was reduced with DTH. The
sample was divided into two aliquots, one was treated with CO
and the other was left untreated; both were analyzed for
autokinase activity. The data demonstrated that deoxy DosT
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Fig. 5. O, NO, and CO are regulatory ligands of DosT. (A) Effect of O, and
NO on DosT autokinase activity. To remove bound O, and generate the deoxy
form (Fe2*), oxy DosT (Fe2* —0,) was deoxygenated, transferred to the glove
box, exposed to DTH, and analyzed in the autokinase assay. To study the effect
of NO on autokinase activity, oxy DosT (Fe2* —0,) and deoxy DosT (Fe2*) was
exposed to proline NONOate and are indicated by the Fe2*—0, +NO and
Fe2t—NO labels, respectively. (B) To study the effect of CO on autokinase
activity, oxy DosT (Fe2* —0;) and deoxy DosT (Fe2*) were exposed to CO for30s
and are indicate by the Fe?* —0, +CO and Fe?* —CO labels, respectively. Note
that partial substitution of oxygen bound to DosT by CO (performed in the
presence of air) leads to increased autokinase activity, albeit not as much as
the heme-carbonyl and deoxy DosT samples.
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showed the highest autokinase activity, followed by NO-DosT,
CO-DosT, and oxy DosT (Fig. 5B).

Taken together, the spectroscopic and autokinase results
demonstrate that O, bound to DosT inhibits autokinase activity,
whereas deoxy DosT enhances autokinase activity. Accordingly,
we conclude that DosT is an O, sensor. In addition, similar to
DosS, the results suggest that NO or CO can keep DosT in a
locked state by altering the DosT heme ligation state by forming
stable CO-DosT or NO-DosT complexes.

CO Induces Expression of the Mth Dos Regulon. Having established
conclusive biochemical evidence that CO is capable of reacting
with DosS and DosT, we now sought to test the hypothesis that
CO is able to induce the Mrtb Dos regulon. We used the
CO-releasing molecule tricarbonylchlororuthenium(II) dimer
(CORM-2) or CO dissolved in PBS to generate 50 uM CO in
THO (SI Text). Logarithmically cultured WT Mtb and Mtb dosR
mutant (Mtb AdosR) cells were independently treated with 50
uM CO for 3 h, and Mtb dosR (Rv3133c), hspX (Rv2031c), and
fdxA (Rv2007c) expression was examined by real-time PCR. The
relative expression of the three genes were enhanced ~3.8- to
160-fold in CO-treated WT Mtb, but not in CO-treated Mtb
AdosR (Fig. 6) or untreated cells, strongly suggesting that the Mrb
Dos regulon is induced by CO and mediated via DosR. Impor-
tantly, because CO is generated in human lungs (19) by heme
oxygenase 1 (HO-1), we strongly anticipate that these findings
will have significant implications for understanding Mtb persis-
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Fig. 6. Induction of the Mtb Dos dormancy regulon by CO. Mtb H37Rv and
Mtb AdosR cells were independently treated with or without 50 uM CO
(dissolved in PBS buffer) for 3 h in 7H9 media. Mycobacterial cells were
harvested and RNA was isolated. Real-time PCR was used to analyze the
expression of dosR (Rv3133c), hspX (Rv2031c), and fdxA (Rv2007c) in either WT
Mtb or Mtb AdosR cells.
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tence and suggest a complex synergism between in vivo-induced
hypoxia, NO, and CO.

Discussion

The Mtb DosR/S/T two-component system has been implicated
in inducing Mtb to acquire the latent state in response to hypoxia
and NO (3-5). Before this work, the ligand(s) and biochemical
mechanism of DosS and DosT signal sensing and relay were
unknown to our knowledge. We have shown that O,, NO, and
CO are modulatory ligands of the heme sensor kinases DosT and
DosS. We discovered that Mtb DosS functions as a redox sensor,
whereas DosT functions as a hypoxia sensor. Finally, we iden-
tified a third potential dormancy signal CO, which is capable of
inducing the Mtb Dos regulon. We anticipate that these findings
in particular will provide a paradigm for how Mb initiates the
shift down to a persistent state.

Evidence in this work has been obtained by several comple-
mentary methodologies and differs significantly from that of
previous studies, which either used truncated versions of DosS
and DosT (20) or assessed phosphate transfer reactions under
aerobic conditions (9). Here, native, full-length DosS and DosT
were carefully purified and extensively characterized under both
aerobic and anaerobic conditions. Using a combination of
established spectroscopic techniques (EPR and UV-visible ab-
sorption spectroscopy) reagents and conditions (aerobic and
anaerobic) we demonstrate that DosS is in the met (Fe*") form
and that DosT is in the oxy (Fe?*-O;) form. To obtain better
insight into the molecular mechanism of how DosS and DosT
assist Mtb to enter latency, we sought to identify the physiolog-
ically relevant host ligands capable of reacting with these sensor
kinases. It is well known that heme-binding sensors such as NifL
(21), HemAT (22), and EcDOS (15) are capable of directly
sensing O, through their heme prosthetic groups. We were
particularly interested in NO and hypoxia, primarily because
several lines of in vitro and in vivo evidence suggest that
host-generated NO and hypoxia are associated with the estab-
lishment and maintenance of latent TB. For example, Mtb
responses to NO and hypoxia were shown to be mediated by
DosR/S/T and each induced the same transcription profiles
(3-5). Also, Mtb dosR was shown to be essential for full virulence
in guinea pigs (23), and iNOS knockout mice were demonstrated
to be susceptible to Mtb infection (6). Finally, human Mib-
infected lungs were shown to produce active iNOS (7). These
aforementioned studies, coupled with the significant interest
that oxygen tension has received in generating a persistent Mtb
phenotype in vitro (8), strongly point toward NO and hypoxia as
physiologically relevant host ligands.

We tested the hypothesis that O,, NO, and CO are ligands of
DosS and DosT. EPR and UV-visible absorption spectroscopy
data showed that O, rapidly oxidizes DosS to generate the met
form and that NO and CO bind ferrous DosS. These data
demonstrated that NO and CO are ligands of ferrous DosS, and
in addition, suggest that DosS functions as a potential redox
sensor. In contrast to DosS, we demonstrated that native DosT
binds O».

We identified fundamental differences between DosS and
other well studied sensor proteins such as FixL, HemAT, and
EcDOS. These sensors use O, binding as a mechanism to
modulate their kinase activity. In contrast, DosS uses the
oxidation of its heme iron by O,, as opposed to O, binding, as
a mechanism for altering autokinase activity. Therefore, DosS
functions as a redox sensor, which can modulate expression of
the Dos regulon. To our knowledge, such a redox-mediated
mechanism for O, sensing has not yet been described and
represents a novel mechanism of action. Intriguingly, because
ferrous DosS and NO-DosS autokinase activity is similar, it is
clear that DosS does not require ligand binding (e.g., NO and
CO) for activity. This idea suggests that upon in vivo activation
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Fig. 7. Proposed mechanism for the role of Mtb DosS and DosT in the shift
down of tubercle bacilli to the persistent state. The sense-and-lock model
proposes that during disease progression hypoxia NO and CO are being
sensed, independently or in conjunction, to induce the persistent state. Hyp-
oxia, NO, and CO induce reductases to generate active ferrous DosS, whereas
deoxygenation generates active ferrous DosT. Both ferrous DosS and DosT is
now capable of binding NO and CO to generate NO-DosS, CO-DosS, NO-DosT,
and CO-DosT, which keep the Dos regulon in a locked (active) state. See
Discussion for more details.

of DosS (via reduction), NO or CO can lock DosS in an active,
stable state.

Autokinase experiments also showed that oxy DosT is in the
inactive state, whereas deoxy-DosT is in the active state. These
findings provide strong evidence that DosT is a hypoxia sensor
and that O, inactivates DosT. Furthermore, DosT activity can
also be modulated by changing the O, ligation state, which allows
it to bind NO or CO, which can also lock DosT in the active state.
Because we demonstrated that bound ligands or the redox state
of the heme iron could either increase (e.g., ferrous DosS,
CO-DosT) or decrease (met DosS, oxy DosT) autokinase
activity, we strongly anticipate that these findings have important
in vivo implications.

To date, only NO and hypoxia are linked to latent TB in vivo.
Our biochemical data pointed toward CO as a third possible
dormancy signal. Subsequently, our real-time expression analysis
confirmed the induction of key members of the Mtb Dos regulon
(e.g., hspX, fdxA, and dosR) by CO. Importantly, as is the case
for NO and hypoxia, the differential regulation of these genes is
mediated via DosR (Fig. 6). CO as a physiologically relevant host
signaling molecule has been well described (24) and is produced
from the enzymatic degradation of heme by HO-1 to modulate
antiinflammatory and antiapoptotic activity. As a result, we
conclude that CO is a physiological relevant in vivo signal.

In light of the results generated in this work, several important
questions are raised. For example, do hypoxia, NO, and CO
function alone or in conjunction with each other to initiate Mtb
persistence in the host? Also, why does Mtb have two sensor
kinases that sense protective host molecules through related, but
distinctly different, mechanisms? Based on our data, we believe
that DosS and DosT are fully capable of sensing and responding
to Oy, NO, and CO. Our “sense-and-lock” working model (Fig.
7) proposes that during aerobic respiration, DosS and DosT
sense O and are kept primarily in the oxidized (inactive) and oxy
(inactive) form, respectively, maintaining the Dos regulon at a
basal level. During hypoxia, a reductant converts DosS to the
reduced (active) form to induce the Dos regulon. The ferrous
form of DosS is also required to react with NO/CO and allows
subsequent host-mediated modulation of the Dos regulon. Be-
cause NO (3, 5) and CO (Fig. 6) induce the Dos regulon during
aerobic respiration in vitro, NO/CO also triggers a factor that
reduces DosS, and the latter then induces the Dos regulon. The
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identification of this unknown reductant or enzyme will lead to
a better understanding of the initiation of dormancy. Our model
also proposes that oxy DosT keeps the Dos regulon at basal level.
During hypoxia, DosT is deoxygenated, which can either induce
the Dos regulon or react with NO/CO to allow host-mediated
modulation of the Dos regulon. Consequently, because of the
stability of the heme—nitrosyl complex (25), NO/CO may further
modulate persistence by keeping CO/NO-DosS and CO/NO-
DosT in the locked (active) state. Altogether, our model favors
an ordered and coordinated, but complex, response to O, NO,
and CO to enter and/or maintain a latent state. For example,
DosS first has to be reduced before it can bind NO/CO. Also,
DosT first has to be deoxygenated to bind NO. Finally, these
three ligands most likely operate in conjunction with each other
in vivo.

In summary, we have shown that under aerobic conditions Mtb
DosS is in the met form and DosT in the oxy form. We have
demonstrated that O,, NO, and CO are modulatory ligands of
DosS and DosT whose binding modulates autokinase activity.
Importantly, we have shown that DosS functions as a redox
sensor, whereas DosT functions as a hypoxia sensor. Finally, we
have linked a third signal, CO, to Mtb persistence. We conclude
that DosS, DosT, and DosR are part of the precise redox and
hypoxia-mediated mechanisms that Mtb has evolved to sense the
protective host immune response and induce a state of bacterial
persistence.

Materials and Methods

Cloning, Expression, and Purification of DosS and DosT. For standard
cloning and purification experiments see SI Text.

Electronic Absorption Spectroscopy. The absorption spectra of
purified DosS or DosT (3 uM each) were analyzed at 23°C in
stoppered quartz cuvettes with a DU8S00 spectrophotometer
(Beckman Coulter, Fullerton, CA) unless specified otherwise.
When necessary, protein samples were transferred to an anaer-
obic glove box (Plas Labs, Lansing, MI) and treated with 30 uM
DTH before sealing the cuvettes and recording the spectra. For
air-exposed samples, aliquots of protein were exposed to air by
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pipetting for 30-120 s into the cuvettes. In all experiments, DTH
was removed by using D-Salt Polyacrylamide Desalting Columns
(6K; Pierce, Rockford, IL).

EPR Spectroscopy. Protein samples were transferred to SQ EPR
tubes (Wilmad Glass, Buena, NJ) immediately before freezing
the tubes in liquid nitrogen. EPR spectra were recorded with an
Elexsys/Oxford Cryostat EPR instrument (Bruker, Billerica,
MA). For analyzing the redox status of DosS or DosT, EPR was
performed at 5.6-G modulation amplitude, 0.2-mW microwave
power, 9.63-GHz microwave frequency, and 10 K of helium
temperature. When necessary, EPR tubes were sealed inside the
anaerobic glove box. To analyze nitrosylation of DosS or DosT,
EPR spectroscopy was performed at a temperature 8 K of
helium temperature, with a microwave frequency at 9.63 GHz
and microwave power of 1 mW. Hemoglobin exposed to proline
NONOate was used as a control in the spectroscopy analysis.

In Vitro Phosphorylation Assay. In vitro phosphorylation assays
were performed as described (9), analyzed on 4-20% Tris'HCl
gradient PAGE gels, dried, and exposed to x-ray film overnight
at —80°C. Formation of a heme-nitrosyl/carbonyl complex was
first confirmed by absorption spectroscopy before analyzing
samples for autokinase activity. As an additional control, air-
exposed samples were also treated with proline NONOate. The
effect of CO on autokinase activity was measured as described
for NO, except that protein samples were flushed with 100% CO
for 30 s. All autokinase reactions were performed inside the
glove box.

Expression Analysis of Dormancy Regulon in Response to CO. Real-
time PCR expression analysis was performed on WT Mtb or Mtb
AdosR cells treated with 50 uM CO. See SI Text for complete
details.
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