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Abstract
DevS is one of the two sensing kinases responsible for DevR activation and the subsequent entry of
Mycobacterium tuberculosis into dormancy. Full length wild-type DevS forms a stable oxy-ferrous
complex. The DevS autooxidation rates are extremely low (half-lives > 24 h) in the presence of
cations such as K+, Na+, Mg2+, and Ca2+. At relatively high concentrations (100 µM), Fe3+ mildly
increases the autooxidation rate (six-fold increase) while Cu2+ accelerates autooxidation more than
1500-fold. Contrary to expectations, removal of the key hydrogen bond between the iron-coordinated
oxygen and Tyr171 in the Y171F mutant provides a protein of comparable stability to autooxidation
and similar oxygen dissociation rate. This correlates with our earlier finding that the Y171F mutant
and wild-type kinase activities are similarly regulated by the binding of oxygen: namely, the ferrous
5c complex is active whereas the oxy ferrous 6c species is inactive. Our results indicate that DevS
is a gas sensor in vivo rather than a redox sensor and that the stability of its ferrous-oxy complex is
enhanced by inter-domain interactions.

Tuberculosis remains a health concern in the 21st century, as it is a leading cause of mortality
among infectious diseases and results in the death of 2–3 million people each year (1). Active
tuberculosis cases are recruited from an immense reservoir of about 2 billion people latently
infected with the bacillus worldwide (1,2). Despite the magnitude of this health problem, no
new drug has been introduced for tuberculosis therapy during the past 30 years. The current
tuberculosis treatment requires at least six months, which makes it costly and reduces patient
compliance. The available medications can only be used with limited success in infections
caused by the rapidly emerging resistant tuberculosis strains, particularly multi-drug resistant
and extensively drug resistant tuberculosis (3). Latent tuberculosis is itself very difficult to
treat, since dormant Mycobacterium tuberculosis displays a diminished susceptibility to drugs.

The mechanism of Mycobacterium tuberculosis entrance into the dormant phase still needs to
be unraveled (4); this is a key step in the development of new and more effective approaches
to the therapy of this disease. When Mycobacterium tuberculosis enters dormancy, it alters its
metabolism in response to unfavorable environmental stimuli and undergoes striking
morphological changes (5,6). Dormant Mycobacterium tuberculosis bacilli have a thicker
modified cell wall (7) that has lost its acid-fastedness and is Ziehl-Neelsen negative (8,9).
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HspX, (Rv2031) an α-crystallin-like heat shock protein upregulated in this phase (10,11), is,
in fact, one of the most abundant proteins in dormant bacilli (11). Rv2031 belongs to the
“dormancy regulon” (12,13), a set of 48 genes whose expression is induced upon
Mycobacterium tuberculosis entry into the dormant state. α-Crystallin performs a key function
in Mycobacterium tuberculosis: it maintains proteins in their functional form, and thus reduces
the need for the de novo biosynthesis of proteins required for bacterial survival (10,11).

Induction of the dormancy regulon is accomplished exclusively via the DevS/DosT/DevR two
component system. DevS and DosT are the only sensing kinases within the Mycobacterium
tuberculosis genome that are capable of activating DevR (14). Both kinases are heme proteins
that bind oxygen, nitric oxide and carbon monoxide, the very stimuli that determine whether
or not Mycobacterium tuberculosis will enter the dormant state. The identification of DevR
protein in Mycobacterium tuberculosis inside in vitro infected human monocytes (15) suggests
that the DevS/DosT/DevR transduction pathway is operational in vivo and is clinically relevant.
Interestingly, antibodies against HspX are frequently identified in tuberculosis patients (16),
providing further support for the relevance of a functional DevS/DosT/DevR system in human
tuberculosis infections.

So far, DevS and DosT appear to be redundant in their function, suggesting that Mycobacterium
tuberculosis needs multiple genes to ensure that this important transduction system is
functional. A difference that has been noted, however, is differential induction of protein
expression in response to hypoxia: DevS expression is induced by hypoxia whereas DosT
expression is not (17). Recent reports have also suggested that the two proteins may display
different stabilities of the oxy complexes (18–20). DevS and DosT are highly homologous and
both possess a heme moiety anchored to the N-terminal GAF domain. The facile oxidation of
oxy DevS as compared to DosT in the hands of Kumar et al. (19) and Cho et al. (20) led the
authors to propose that DevS is a redox sensor while DosT is a gas sensor. In contrast, the two
proteins have also been reported to have similar low autooxidation rates (18). A discrepancy
thus exists in the reported autooxidation rate for DevS, and consequently in our understanding
of its physiological function.

We have performed a detailed study of full length wild-type DevS autooxidation in an effort
to understand the role of DevS in vivo as well as the factors that may contribute to its stability/
lability to autooxidation. We compare full length DevS to its truncated versions and to the full
length Y171F DevS mutant. Tyr171 is hypothesized to assist in signal transduction and to
stabilize the oxy complex by donating a hydrogen bond to the oxygen molecule that coordinates
to the ferrous heme iron.

MATERIALS AND METHODS
Chemicals (99.999+% pure metal salts) were purchased from Sigma Aldrich. Ampicillin was
purchased from Fisher Biotech while chloramphenicol was obtained from Roche, hemin from
Fluka Biochemica, dithionite from JT Baker, and IPTG from Promega. Lysozyme and
phenylmethylsulfonyl fluoride were from Sigma. Protease inhibitors (antipain, leupeptin and
pepstatin), were obtained from Roche.

Protein Expression and Purification
Genetic manipulations were performed and recombinant proteins were expressed and purified
as described in our previous publications (21–23).
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Autooxidation Reactions: General Procedure
The protein sample was reduced inside a glove box with excess dithionite (100 mM solution)
and then desalted on a PD10 column. All tubes and glassware were first rinsed with 5 mM
dithionite solution and then 5 times with anaerobic buffer. The protein sample (600 µL) was
removed from the glove box in an anaerobic cuvette and the starting spectrum was recorded.
Then oxygenated buffer was added (250 – 600 µL) and UV-visible spectra were typically
recorded for 1–3 days at 15 min time intervals. The data obtained were analyzed with Specfit
and fitted to the single exponential model reaction A converted to B. The starting and ending
spectra of DevS were used as limits for the fitting procedure. Two types of buffers were used:
either 20 mM Hepes pH 7.5, pretreated with Chelex 100 resin, or 50 mM phosphate buffer (pH
7.5) containing 200 mM NaCl and 1 mM EDTA. If Hepes buffer treated with Chelex was used,
the protein sample was treated with EDTA before the desalting step. Reagents of high purity
(99.999+%) were used to determine the effect of metal ions on autooxidation rates.
Autooxidation rate measurements were carried out at 25 °C in duplicate.

Reduction of Full Length DevS
Ferric full length DevS was reduced by ferredoxin (Rv0763c) and ferredoxin reductase
(Rv0688) under anaerobic conditions to the ferrous form. These reductase proteins were
provided by Hugues Ouellet (UCSF). Full length DevS was fully oxidized inside the glove box
using ferricyanide to the ferric form and it was desalted on a PD10 column to transfer it to 20
mM Hepes buffer containing 1 mM EDTA. The final protein concentration was 2.5 µM.
Ferredoxin was then added to a final concentration of 5 µM and ferredoxin reductase was
present at 1 µM concentration. The final NADH concentration was 100 µM. Glucose oxidase
(2 U/mL) glucose (10 mM) and catalase (100 µg/mL) were also added to ensure complete
removal of oxygen traces. The ferredoxin/ferredoxin reductase combination was added to the
DevS protein sample, the solution was mixed quickly in the 500 µL cuvette and then spectra
were recorded every 30 s for 30 min. The data were fit to the first order rate equation by
monitoring the absorbance changes at the two wavelengths (405 and 433 nm) where changes
were maximal, as established from the difference spectrum between the ferric and oxy ferrous
DevS complex. The data from 150 s onwards were fit to the single exponential equation to
obtain the reduction reaction rates. This experiment was carried out three times and the results
were averaged.

Stopped flow experiments and determination of kinetic constants of ligand binding
Kinetic parameters were measured using a Hi-Tech KinetAsyst Stopped Flow System
(SF-61DX2) in diode array mode, with some experiments repeated in photomultiplier mode at
the wavelength of maximal spectral change. CO binding constants were determined at 4 °C,
while oxygen dissociation rates were measured at 25 °C. Datasets were analyzed using Specfit
software (version 3.0.36 for 32 bit Windows systems). Each data point represents the average
of 5–6 independent determinations. All kinetic experiments were performed at least three times.

Phosphate buffer (50 mM), pH 7.5 containing 200 mM NaCl and EDTA 1 mM was used for
all solutions. Heme protein concentrations were in the range 3–7 µM. Protein samples were
typically reduced with excess dithionite inside the anaerobic glovebox and desalted on PD10
columns. The oxy complexes were prepared by mixing the reduced protein sample with aerated
buffer, while CO complexes were formed by adding CO saturated buffer to the ferrous species
to a final concentration of 50 µM. Ligand solutions were prepared in gas tight syringes under
anaerobic conditions inside the glovebox from saturated CO and NO buffers.

For the determination of CO association constants, ligand concentrations ranged from 50 µM
to 250 µM. Generally the kobs (s−1) was determined at 7 different concentrations and plotted
as a function of ligand concentration (µM); the slope provided the CO association constant.

Ioanoviciu et al. Page 3

Biochemistry. Author manuscript; available in PMC 2010 June 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The CO dissociation constant was measured using wild-type-DevS CO complex and air
saturated buffer. The result was confirmed using 80% air saturated buffer, NO 100% and 80%
saturated solutions. The CO dissociation constant for DevSY171F mutant was determined
using NO solutions (80% and 100% saturated.)

Oxygen dissociation rates were measured using CO saturated solutions for the wild-type-DevS
protein constructs, while dithionite solutions (5 and 6 mM) were used in the case of
Y171FDevS.

Laser flash photolysis experiments
Oxygen association rates were measured using laser flash photolysis with a pulsed dye laser
system fitted with a Quantel Brillian B Nd:YAG laser. Solutions were irradiated at 540 nm
with a pulse of 10 ns and monitored at 434 nm. Formation of the complex was confirmed by
optical absorption spectra recorded before and after laser flash photolysis measurements. Both,
in the case of wild-type DevS and the Y171F mutant, the ferric heme was first reduced with
sodium dithionite in deoxygenated buffer. Then, the excess dithionite was removed by loading
the sample onto a column of Sephadex G-25 and the protein sample was eluted with buffer
containing known oxygen concentrations. The oxygen stock solution was prepared by
equilibrating the buffer with 1 atm of pure oxygen gas at room temperature. All of the kinetic
measurements were carried out at pH 7.5 in phosphate buffer (20 mM) containing 200 mM
NaCl and 1 mM EDTA.

RESULTS
The autoxidation rates of ferrous oxygen-bound complexes are widely considered a key
parameter that reflects the stability of heme proteins (24,25). In the present paper, we have
examined the autooxidation of full length DevS over extended periods of time at room
temperature in the presence and absence of metal ions. In addition, we have investigated the
autooxidation behavior of the isolated GAF A domain, GAF A/B domains, and Y171F full-
length mutant to investigate the influence of the protein context on the autooxidation rates.

The heme proteins used in this study were co-expressed with the GroEL/ES chaperones as
previously reported in order to promote protein folding (21). This is a key step, as it is the
protein matrix that protects the heme from oxidation (26). Minimal changes in the distal pocket
that affect the size and hydrophobicity of the heme environment have been shown to modulate
the stability of the corresponding oxy-complexes (26–28). To this end, site directed
mutagenesis experiments, mainly done with myoglobins, have demonstrated that the shape,
size and lipophilicity of the heme pocket modulate resistance to autooxidation. These earlier
results show that the protein architecture is of prime importance and may account for the
discrepancy in the previously published results on DevS autooxidation (18,19).

The degradation of the full-length DevS oxy complex to the met form upon exposure to air
was monitored by UV-vis spectroscopy. In buffers free of transition metals, DevS proved to
be very stable to autooxidation (Table 1). The conversion of the oxy-complex to the ferric form
is extremely slow in phosphate buffer in the presence of 1 mM EDTA or in 20 mM hepes buffer
pretreated with Chelex, with t1/2 values >30 h. Removal of transition metal ions either by using
a cation exchange resin (Chelex 100) or by sequestration as an inert EDTA chelate, provides
an environment in which oxy-DevS is highly stable. Mg2+ and Ca2+ ions are commonly used
by kinases and DevS requires Mg2+ for autophosphorylation (17,29). Neither Ca2+ nor Mg2+

at 0.1 mM or 1 mM concentration, respectively, accelerated the autooxidation of full-length
DevS. We next examined the stability of DevS in the presence of 200 mM KCl or 200 mM
NaCl. Again DevS was very resistant to autooxidation. We then selected two ions found in
biological fluids at low concentrations, Fe3+ and Cu2+. In the presence of 0.1 mM Fe3+ the
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autooxidation of DevS was mildly accelerated (half life of 7.8 h.) Interestingly, addition of 0.1
mM Cu2+ resulted in a large enhancement of the autooxidation rate from more than 60 h to
less than 2 min. We conclude that DevS displays a very high stability to autooxidation in the
presence of physiologically relevant cations such as Na+, K+, Mg2+, and Ca2+, but Cu2+ at
relatively high concentrations is able to act as an efficient electron acceptor and oxidizes oxy-
DevS at high rates, k = 25 h−1. The stability of oxy-DevS to autooxidation suggests that DevS
functions as a gas sensor in vivo. Autooxidation is very slow, characterized by half-lives greater
than one day in the absence of Fe3+ and Cu2+. The physiological concentrations of iron and
copper are very low compared to the levels tested in this study and therefore are unlikely to
cause a significant acceleration of DevS autooxidation. We note that a tenfold decrease in
Cu2+ concentration (from 100 to 10 µM) decreased the DevS autooxidation rate over 300 fold
and correspondingly increased the autooxidation half life from less than 2 min. to 11h. We
conclude that oxy-DevS is very stable in the mycobacterial cell.

Representative traces of autooxidation experiments are shown in Figure 1 and Figure 2. In
Figure 1, a three dimensional plot of UV-visible spectra collected over time, shows that oxy-
DevS is very slowly converted to ferric DevS in the presence of 200 mM NaCl over the course
of roughly three days. In Figure 2, DevS quickly undergoes autooxidation from the oxy-form
to the ferric complex in the presence of Cu2+. In this experiment, spectroscopic traces were
collected every 30 s for a total of 8 h (only traces from the first 30 min of the experiment are
shown). Clear isosbestic points at 413, 524, 594, and 648 nm indicate that a smooth conversion
occurs from the oxy complex reactant into the product met form under these conditions.

Next we compared full-length wild-type DevS to the truncated proteins GAF A DevS and GAF
A/B DevS in phosphate buffer containing EDTA (Table 2). The first of these proteins consists
only of the heme-containing GAF A domain, and the second of the GAF A and B domains.
All the proteins are fairly stable to autooxidation under these conditions. GAFA DevS is the
least stable (half life 16.5 h) followed by GAF A/B DevS (half life 26.0 h). Full length wild-
type DevS (half life 73.6 h) is the most stable in this series.

The autooxidation behavior of Y171F is similar to that of wild-type full-length DevS (Table
2).

Heme proteins used for oxygen storage and transportation are physiologically active only in
the ferrous form and autooxidize spontaneously to the inactive met form. Reduction systems
are normally present to reduce the ferric forms back to the ferrous complexes that are capable
of binding oxygen. For this reason we have examined the reduction of full-length DevS by an
endogenous Mycobacterium tuberculosis ferredoxin reductase/ferredoxin system, the Rv0688
and Rv0763c gene products, respectively. As shown in Supplemental Figure 1 and
Supplemental Figure 2, ferric full-length DevS was quickly reduced by this system to the
ferrous form, at a rate of 0.0027 s−1, as monitored both at 405 nm and 433 nm (t1/2 4.4 min).
We propose that DevS, if oxidized to met-DevS, can be reduced inside Mycobacterium
tuberculosis to the physiologically relevant ferrous DevS, the active kinase.

Kinetic CO and O2 binding parameters were determined for wild-type DevS and Y171F DevS
(Figure 3). Additionally CO association and dissociation constants were measured for the
truncated DevS constructs. While the differences in CO on-rates are small, ranging from 0.18
to 0.73 µM−1s−1, a clear trend is established; CO association constants increase in the order:
DevSGAFA < DevSGAFA/B < DevS < Y171F DevS. Representative traces of CO binding to
Y171F DevS are shown in Figure 3. The CO kon for wild-type DevS proteins is higher than
for FixL gas sensors including BjFixL (0.005 µM−1s−1) (30) and comparable to the CO
association rate of the AxPHEA heme domain (31).
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CO off-rates are virtually constant in the DevS protein series at around 2.5 s−1, and notably
higher than CO off values for FixLs. UV-visible spectra of the displacement reaction between
Y171F Fe2+ CO and NO are included in Figure 4. These trends result in an increase in KDCO
in the following order: Y171F DevS < DevS < DevSGAFA/B < DevSGAFA. Wild-type full
length DevS has a KDCO value that is quite close to the BjFixL constant (KDCO 9 µM) (30).

The oxygen association constant for the Y171F mutant is about three times larger than that of
the wild-type (Table 3). The wild-type DevS value is lower, while the mutant O2 association
constant is higher than the corresponding constants of FixLs (BjFixL and RmFixL), EcDosH
(32) and AxPDEAH (31). The O2 association constants for all gas sensors, DevS and FixLs
included, are considerably lower than for the globin family of proteins, represented by
myoglobin and hemoglobin. O2 dissociation rates for the wild-type DevS and Y171FDevS are
comparable. In both cases, O2 dissociation rates are notably lower than for FixLs and globins.
Only RmFixLH provided a similar koffO2 value (6.8 s−1) (30). Taken together, these data
suggest that DevS proteins are more effective stores of O2 than CO. The Y171F mutant has
slightly increased affinity for both gases, roughly threefold, as compared to wild-type DevS.

DISCUSSION
Full length DevS, one of the two kinases that control DevR phosphorylation, plays a key role
in allowing Mycobacterium tuberculosis to enter the dormant phase.

In our previous work, wild-type full length DevS was compared to Y171F DevS in terms of
resonance Raman data, UV-visible spectra, and autophosphorylation behavior (Table 4 and
Table 5). Functional assays performed with wild-type DevS revealed that the ferrous unligated
form has intermediate kinase activity, and ligand binding either further activates the kinase
(CO and NO) or completely inactivates it (O2) (23). Earlier work using the kinase domain of
DevS by itself showed that the isolated kinase core is active (33). Therefore, the role of the
GAFA and GAFB domains is to repress/enhance the activity of the DevS kinase as a function
of ligand identity and the diatomic gas concentration. The Y171F mutant is only capable of
discriminating between the presence and absence of ligands and is unable to distinguish among
them. Y171F DevS is active in the ferrous unligated form (5c complex) and inactive in the
ligand bound form (6c complex with CO, NO or O2) (23).

These data indicate that the Tyr 171 side-chain is critical for activation and repression of the
kinase activity as well as for discrimination among ligands. Here we present the kinetic and
autooxidation data of Y171F DevS and compare it to that of wild-type DevS in order to glean
more insight into the role of this particular amino acid side-chain as well as the biological role
of DevS in Mycobacterium tuberculosis infections.

Previous resonance Raman studies established that the CO complexes of wild-type DevS exist
as two conformers: the hydrogen bonded conformer defined by the high correlation point at
1936 cm−1 and 524 cm−1 in the plot of νC-O versus νFe-CO and the non-hydrogen bonded
conformer defined by the low correlation point at 1971 cm−1 and 490 cm−1 (Supplemental
Table 2) (21,22).

These conformers were identified in the truncated versions of DevS; however, their proportion
was altered as a function of truncation. Briefly, while in DevS GAFA the two conformers were
present in roughly equal concentrations, in full length DevS the non-hydrogen bonded
conformer predominates (85%). In DevS GAFA/B the conformers are present in intermediate
proportions (22).

Our kinetic analysis provides support for the existence of two conformers in the Fe2+ unligated
complex of DevS, analogous to the two CO conformers detected by resonance Raman in the
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Fe-CO complex. In only one conformer, a hydrogen bond between the Tyr171 hydroxyl and
a water molecule serves to position the water in the distal heme pocket in the proximity of the
iron atom; however, not close enough to achieve coordination. Recently, the crystal structure
of DevS GAFA was solved, confirming this conclusion (20). In the other conformer (for which
structural or crystallographic data are lacking), no water molecule is fixed in the distal site at
that position, resulting in unhindered access of the ligand to the heme iron. The absence of that
“fixed” water molecule in the distal heme pocket can be interpreted as the result of the
displacement of the Tyr 171 side-chain, its attachment point. Tyr 171 may adopt a different
conformation than in the crystal structures (20,34), where it serves as a gate that separates the
immediate small distal heme pocket (10 Å3) from a larger cavity of 45 Å3; perhaps the phenol
ring is flipped out of the way of the incoming ligand.

As the proportion of the hydrogen bonded conformer of the Fe2+ unligated complex increases,
the CO and O2 association rates are expected to decrease. This trend was confirmed by the CO
on-rates determined in this study: DevS > DevS GAFA/B > DevS GAFA. In the case of the
Y171F DevS mutant, no such hydrogen bonded conformer can exist, and, in fact, CO and O2
association rates for Y171F DevS were roughly threefold higher than for full length wild-type
DevS, providing further support for this trend. The gas association rates for our DevS proteins
suggest that interdomain interactions preferentially stabilize the conformer lacking the
hydrogen bonded water molecule.

We evaluated the stability of the oxy-complexes of DevS and Y171F DevS in terms of
autooxidation rates. Three recent papers have provided conflicting data on the autooxidation
properties of DevS. In 2007, Steyn et al. reported that their full length DevS protein, isolated
as a SUMO fusion, exists in the ferric form; the oxygen ferrous complex could not be isolated
by the authors and they concluded that it is completely unstable. On this basis alone, Steyn and
co-workers concluded that DevS is a redox sensor (19). More recently, Cho et al. arrived at
the same conclusion based on work done with the isolated GAF A domain of DevS (20). Yet
another research group used a slow expressing vector to produce full length DevS and they
reported an autooxidation half life of 4 h at 37 °C (18). Our examination of the full-length
DevS autooxidation behavior reveals that this heme protein actually forms a very stable oxy
complex. The DevS autooxidation rates are extremely low under a variety of conditions. In the
presence of K+, Na+, Mg2+, and Ca2+, ions that are universally present in biological fluids,
DevS retains its stability, with autooxidation rates between 0.005-0.02 h−1. Fe3+ increases the
autooxidation rate to 0.09 h−1, while Cu2+ accelerates the autooxidation reaction by 3 orders
of magnitude to 25 h−1, when present at the non-physiological concentration of 0.1 mM. The
high stability of oxy-DevS establishes that this kinase acts as a gas rather than redox sensor.
This is consistent with DevS kinase activity being turned off upon oxygen binding to the ferrous
complex.

In fact, as shown in Table 6, DevS is one of the most stable heme proteins. DevS is much more
stable than the oxygen sensors EcDos or FixL; the DevS autooxidation rate is between 30 and
240 times lower. In addition, DevS is more stable than the human α-and β-hemoglobin chains
and sperm whale myoglobin (SWMb); its stability at the physiological pH is comparable to
that of bovine myoglobin in basic conditions (63 h half-life at pH 9.)

In DevS the heme moiety is associated with a GAF domain, whereas in all the other oxygen
sensors in Table 6, including the E. coli phophodiesterase EcDos and the FixL kinases, the
heme group is anchored in a PAS domain. This comparison suggests that the GAF protein fold
is better able to stabilize the oxygen-bound heme against oxidation than the PAS domain. From
the previously characterized PAS oxygen sensors, only AxPDEA1 is fairly stable
(autooxidation half life > 12 h.)
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The previous data also suggest that the globin fold encountered in proteins used either for
oxygen transport (hemoglobins) or oxygen storage (myoglobins) is more efficient in preventing
autooxidation of the heme iron than are the PAS domains.

In this work, we show that in DevS the GAF domain effectively shelters the heme from
autooxidation, leading to properties similar to myoglobins. The GAF domain was only recently
shown to bind heme (21,35). DosT GAF was the first heme binding GAF domain to be
crystallized (34). DevS is thus similar to DosT, another protein possessing a GAF anchored
heme moiety that has been shown to possess enhanced stability against autooxidation (18,19)
(unpublished results.)

In the case of the myoglobins, the presence of a distal pocket hydrogen bond donor that
stabilizes oxygen in the ferrous species and a water molecule in the met form correlates with
a γmet/γoxy>1 (the ratio of molar absorptivities at the wavelengths corresponding to the Soret
peak). Typically the distal hydrogen bond donor is a histidine residue which confers these
spectral characteristics, and its lack usually results in a lower γmet/γoxy<1 (36).

Replacement of this hydrogen bonding residue with a hydrophobic amino acid results in an
altered γmet/γoxy<1 and in a blue shift of the Soret band for the met form. The same characteristic
changes were observed in the case of DevS: mutation of Tyr 171 to Phe decreased the γmet/
γoxy ratio from 1.37 for the wild-type to 0.97 for the mutant. This was accompanied by a blue-
shifted Soret for the respective ferric species, as expected. The intensity and position of the
Soret band is considered to be strongly influenced by the structure of the distal heme pocket
and by the interaction between the heme group and the apoprotein (37). In our case the ferrous
oxy complex of the mutant had a red-shifted Soret at 422 nm as compared to the wild-type at
414 nm (Table 5), suggesting that the oxygen molecule is coordinating to the heme iron in a
different distal environment.

Mutation of other residues in the myoglobin distal pocket that increased lipophilicity resulted
in decreased autooxidation rates (26). In our case, mutation of Tyr to Phe also increases the
lipophilicity of the heme pocket, and, due to the absence of the Tyr hydroxyl in the mutant,
favors exclusion of solvent/water molecules. This, in turn, increases the stability of the oxy-
complex and accounts at least in part for its low autooxidation rate.

The full length protein demonstrated an increased stability to autooxidation as compared to the
truncated GAFA DevS and GAFA/B DevS. The presence of the second GAF domain and,
additionally, the kinase core decrease susceptibility to autooxidation. The full length Y171F
mutant displays an autooxidation behavior similar to that of the wild-type.

Inter-domain interactions between the GAFA domain of DevS, GAFB and the kinase core and
possibly inter-domain interactions resulting from DevS dimerization are hypothesized to
decrease the flexibility of the GAFA domain and stabilize the conformation resistant to
autooxidation. The hypothesis that inter-domain interactions enhance stability of heme proteins
against autooxidation is not unprecedented. In fact, Kawano et al. studied the relationship
between artificial multiple domain myoglobins and their tendency to undergo autooxidation.
They found that as the number of domains increased, autooxidation rates decreased. The
authors hypothesized that poly-domain formation stabilizes oxygen storage and reduces
autooxidation rates, and they concluded that the structural flexibility of the globin domain is
restricted in their unusual poly-domain myoglobins (25). In addition, naturally occurring
polymeric hemoglobins from Barbatia lima demonstrate higher stability and reduced
autooxidation rates as compared to the simple dimers of the hemoglobin chains (25). Human
hemoglobin is much more resistant to autooxidation than the isolated α- and β- chains, and
inter-domain contacts are hypothesized to be responsible for this differential stabilization of
the human hemoglobin tetramer (38).
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Heme proteins are typically maintained in their active reduced state by a reduction system.
This is the case for both myoglobin (39) and hemoglobin (40). In fact, in the absence of a
functional reduction system, myoglobin would exist entirely in its met form, which is
physiologically useless. In erythrocytes, oxidizing compounds convert 1.5–3% per day of
hemoglobin to methemoglobin, but in vivo the methemoglobin is present in less than 1% due
to the activity of this reducing enzymatic system (41).

In the current work, we determined that DevS can be quickly reduced by a physiological
reducing system, the gene products of Rv0688 and Rv0763c, an endogenous Mycobacterium
tuberculosis ferredoxin reductase and ferredoxin pair. This system may provide reducing
equivalents to DevS in Mycobacterium tuberculosis in vivo and thus help to maintain this kinase
in its reduced active form. It is known that ferredoxins are highly similar proteins (42). FdxA
is upregulated upon entrance into dormancy (10,13). The expression of the Rv0763c gene was
induced in the murine lungs during tuberculosis infection (43). Thus, either the gene product
of Rv0763c or FdxA could support DevS reduction in vivo. In addition to the already
hypothesized roles of FdxA in dormancy, FdxA may serve to maintain DevS in its functional
state.

As mentioned earlier, the positioning of the 171 Tyr residue side-chain in the distal heme pocket
determines the activation or repression of the kinase function in DevS. It has previously been
shown that the hydrogen bond to the coordinated O2 is different from the hydrogen bond formed
with CO or NO in the active site (22). The hydrogen bond to oxygen is not sensitive to protein
truncations, suggesting two possibilities: 1) only one hydrogen bonded O2 conformer is present
in all constructs (Figure 5), or 2) several hydrogen bonded O2 conformers are present but they
are indistinguishable by resonance Raman. These data suggest that the DevS protein is able to
accommodate hydrogen bond formation to the coordinating O2 more easily than in the case of
NO or CO. This results in apparently relaxed steric constraints for the hydrogen bond to the
oxygen molecule serving as the 6th heme ligand, with the Tyr171 side-chain positioned
differently than in the CO and NO complexes. Thus oxygen binds to both wild-type DevS and
Y171FDevS and forms complexes of comparable stability, as determined by O2 dissociation
and autooxidation rates. The downstream effect is in both cases inactivation of the histidine
kinase activity (23).

We hypothesize that a different mechanism is at work in Y171F DevS in order to stabilize the
oxy complex of the mutant. This mechanism that substitutes for the stabilizing effect of the
O2 hydrogen bond in the wild-type is most likely the interaction between the heme bound
oxygen molecule and the phenyl edge of F171. A large body of crystallographic data provides
support for the favorable interaction between oxygen atoms bearing partial or integral negative
charges and the edge of phenyl rings (44). Oxygen atoms from carbonyl groups (44) and
negatively charged carboxylate oxygens (45) are frequently positioned at the edge of phenyl
rings in proteins. This interaction is thought to be due in part to the electrostatic forces between
the negative charge on the oxygen atom and the positive charge at the edge of the phenyl ring,
which acts as a multipole having negative charge density below and above its surface. Another,
perhaps more important, contribution is the polarization effect of the aromatic ring. In our case,
the phenyl ring of F171 is hypothesized to interact with the partial negative charge on the
oxygen atom. Heme bound oxygen molecules are known to display superoxide character. This
effect may be responsible for the stabilization of the Y171F oxy complex and correlates with
its high stability to autooxidation and the low oxygen dissociation rate. This is analogous to
the F29 oxy-myoglobin mutant which displayed a higher stability to autooxidation and a lower
oxygen dissociation rate than the wild-type protein. The crystal structure of F29 oxy-myoglobin
revealed a short distance of 3.2 Å between the bound oxygen molecule and the nearest carbon
atom from the F29 residue; this suggested the presence of a favorable interaction between the
oxygen partial negative charge and the positive edge of the phenyl ring (28).
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The presence of partial negative charges in the distal pocket in close proximity to the bound
ligand have been shown to destabilize the oxy complex in heme proteins causing a decrease
in the oxy complex stability of myoglobin mutants such as V68S and V68T (26). Partial
negative charges present on the hydroxyl group from T68 in which the negative end of the T68
dipole points toward the coordinating ligand have also been shown to increase the νC-O
frequency (46). The presence of the Y171 hydroxyl group in wild-type DevS may cause similar
effects in terms of νC-O stretching frequencies. The Y171 hydroxyl moiety in wild type DevS
is involved in hydrogen bonding to the ligand in one CO conformer (νC-O 1936 cm−1) while
in the other the Tyr171 residue may adopt an entirely different conformation or its hydroxyl
may orient itself with the negative end of its dipole towards the bound ligand giving the νC-O
at 1971 cm−1. Removal of this partial negative charge in the Y171F DevS mutant results in a
lower CO stretching frequency (νC-O 1965 cm−1) and, of course, the hydrogen bonded
conformer is entirely absent in this DevS mutant.

As a result, the distal heme pocket of the mutant provides only one CO conformer according
to resonance Raman data, νC-O 1965 cm−1 and νFe-CO 487 cm−1 (23) located close to the non
hydrogen bonded conformer of DevS. In the DevS series we therefore see a trend in
autooxidation rates that is opposite to the myoglobin or hemoglobin models where hydrogen
bonding stabilization between the distal His and bound CO corresponds to enhanced stability
to autooxidation and higher correlation points on the νC-O versus νFe-CO plots.

We conclude that the N-terminal GAF domain in full-length wild-type DevS effectively
protects the ferrous oxygen-bound heme from oxidation under a variety of conditions. The
presence of the most abundant cations, K+, Na+, Mg2+, and Ca2+ does not decrease the stability
of DevS. Two transition metal ions, Fe3+ and Cu2+, enhance autooxidation 6-fold and over
1000-fold respectively when present at 100 µM concentrations. However, in biological fluids
these ions are present at much lower levels.

The autooxidation properties of DevS clearly indicate that DevS functions as a gas sensor in
vivo. Its stability to autooxidation is enhanced by inter-domain interactions and replacement
of the key distal tyrosine with a phenyl alanine residue results in a protein equally resistant to
autooxidation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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IPTG, isopropyl-β-D-thiogalactopyranoside; wt, wild-type; GAF, domain, protein domain
conserved in cyclic GMP-specific and stimulated phosphodiesterases, adenylate cyclases, and
E. coli formate hydrogenlyase transcriptional activator (Pfam accession number PF01590).
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FIGURE 1.
Autooxidation of wild-type full-length DevS in the presence of 200 mM NaCl, 20 mM Hepes
buffer, pH 7.5 at 25 °C. The reaction was monitored every 15 min for 3 days. Other metal ions
were excluded using a Chelex 100 anion exchange resin.
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FIGURE 2.
Autooxidation of wild-type full-length DevS in the presence of 100 µM CuCl2, 20 mM Hepes
buffer, pH 7.5 at 25 °C. The reaction was monitored every 30 s for 8 h. Only 50 spectra recorded
during the first half hour of the experiment are shown. Other metal ions were excluded using
a Chelex 100 anion exchange resin.
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FIGURE 3.
Representative traces of the CO binding reaction to Y171F DevS monitored in diode array at
4 °C at 50 µM CO concentration in the stopped-flow instrument.
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FIGURE 4.
Representative traces of the CO displacement reaction of Y171F DevS Fe(II)CO with NO
saturated buffer, monitored in diode array at 4 °C in the stopped-flow instrument.
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FIGURE 5.
Model of oxygen binding to DevSGAFA based on the structure from the crystallized DevS
GAF A (PDB ID 2W3F)(20) with the oxygen ligand positioned according to the DosT GAFA
crystal structure (PDB ID 2VZW)(34). The porphyrin ring, His 149, and Tyr 171 are shown
in purple as capped sticks, while the protein backbone is represented as a blue ribbon. The
oxygen molecule coordinating to the iron in the distal pocket is shown in red.
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TABLE 1
Autooxidation rates of full-length wild-type DevS in the presence of common metal ions. Rates were measured at 25
°C. Buffer conditions:

conditions k (h−1) t1/2 (h)

KCl 200 mMa 0.013 78

CaCl2 0.1 mMa 0.0049 170

MgCl2 1 mMa 0.012 59

NaCl 200 mMa 0.010 96

hepes 20 mMa 0.0033 210

Phosphate EDTAb 0.019 36

CuCl2 0.1 mMa 25 0.03

CuCl2 10 µMa 0.062 11

FeCl3 0.1 mMa,c 0.089 7.8

a
hepes buffer (20 mM), pH 7.5, pretreated with Chelex 100 resin. The cations indicated were added as salts of high purity (>99.999+%)

b
phosphate buffer (50 mM), pH 7.5, 1 mM EDTA and 200 mM NaCl.

c
The nominal FeCl3 concentration is indicated.
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TABLE 2
Autooxidation rates of the truncated proteins, DevS GAFA and DevS GAFA/B, and of the the full-length Y171F DevS
mutant. Rates were measured at 25 °C in phosphate buffer (50 mM) containing 1 mM EDTA and 200 mM NaCl.

Protein k(h−1) t1/2 (h)

DevS
GAFA

0.046 16.5

DevS
GAFA/B

0.027 26.0

full-length
Y171F
DevS

0.012 73.6
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TABLE 3
Summary of kinetic constants.

CO

Protein kon (µM−1s−1) koff (s
−1) Kd (µM)

Y171FdevS 0.73 ± 0.071b 2.43 ± 0.15b 3.33

DevS 0.31 ± 0.031b 2.57 ± 0.40b 8.29

DevSGAFA/B 0.26 ± 0.024b 2.45 ± 0.26 9.42

DevSGAFA 0.18 ± 0.007b 2.74 ± 0.40 15.22

EcDosH(32) 0.0011 0.011 10

AxPDEAH(31) 0.21 0.058 0.28

BjFixL(30) 0.005 0.045 9

RmFixLT(30) 0.012

RmFixLH(30) 0.017 0.083 4.9

O2

Protein kon (µM−1s−1) koff (s
−1) Kd (µM)

Y171FDevS 32.4a 3.85 ± 0.69b 0.12

DevS 11.8a 6.79 ± 0.33b 0.58

EcDosH(32) 0.0026 0.034 13

AxPDEAH(31) 6.6 77 12

BjFixL(30) 0.145 20 138

RmFixLT(30) 0.217 11 51

RmFixLH(30) 0.217 6.8 31
a
The oxygen association constants were determined in this study using laser flash photolysis.

b
All other rates were determined in this work using the stopped flow method.
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TABLE 5
Resonance Raman vibrations of CO complexes, with the dominant complex shown in bold.

Protein H-bonded conformer Non H-bonded conformer

νC-O (cm−1) νFe-CO (cm−1) νC-O (cm−1) νFe-CO (cm−1)

Y171F DevS(23) - - 1965 497

DevS(22) 1936 524 1971 490

DevS GAFA/B(22) 1936 524 1971 490

DevS GAFA(22) 1936 524 1971 490
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TABLE 6
Autooxidation rates of various heme proteins, where Mb is myoglobin; Hb is hemoglobin; EcDos is the Escherichia
coli Dos. Conditions:

Protein k (h−1) t1/2 (h)

EcDos-PAS(47)a 0.3 2.3

EcDos-PAS R97A(47) a 570 0.0012

EcDos-PAS R97E(47) a 2760 0.00025

EcDos(48) 0.7 1

AxPDEA1(31)b >12

BjFixL(30) c 2.8 0.25

RmFixLT(30) c 1.9 0.37

RmFixLH(30) c 2.3 0.3

SWMb(49) c 0.06 12

SWMb H(E7)L(49) c 10.4 0.07

Bovine Mb(50) d 0.01 63

Human Hb chain alpha(51) e 0.05 13

human Hb chain beta(51) e 0.09 7.8

a)
pH 8, 25 °C;

b)
pH 8, Tris buffer, 23 °C;

c)
pH7, 37 °C;

d)
pH 9, 25 °C;

e)
pH 8, 35 °C.
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