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ABSTRACT: Mycobacterium tuberculosisan exist in the actively growing state of the overt disease or in

a latent quiescent state that can be induced, among other things, by anaerobiosis. Eradication of the latent
state is particularly difficult with the available drugs and requires prolonged treatment. DevS is a member
of the DevS-DevR two-component regulatory system that is thought to mediate the cellular response to
anaerobiosis. Here we report the cloning, expression, and initial characterization of a truncated version of
DevS (DevS642) containing only the N-terminal GAF sensor domain (GAF-A) and of the full-length
protein DevS. The DevS truncated construct quantitatively binds heme in a 1:1 stoichiometry, and the
complex of the protein with ferrous heme reversibly binds @O, and CO. UV-vis and resonance
Raman spectroscopy of the wild-type protein and the H149A mutant confirm that His149 is the proximal
ligand to the heme iron atom. While the heat@O complex is present as two conformers in the GAF-A
domain, a single set of [FeEC—Q] vibrations is observed with the full-length protein, suggesting that
interactions between domains within DevS influence the distal pocket environment of the heme in the
GAF-A domain.

Mycobacterium tuberculosisemains one of the most targets within this bacterium. In this context, there is a need
dreaded pathogens, accounting for 9 million new cases andto unravel the mechanisms that alléwv tuberculosigo enter
about 2 million deaths worldwide in 2004)( The currently the dormant state. DevS-DevR, one of the 11 two-component
available therapeutic schemes require at least 6 months forsystems oM. tuberculosig11), is hypothesized to mediate
completion ), a situation that accelerates the development the entry of this pathogen into dormancy and its adjustment
of resistant strains3j. There are 450000 new cases of to unfavorable environmental conditions such as hypoxia and
multidrug-resistant tuberculosis each year while the total NO.

number of such infections is estimated at 1 million. HIV DevR has been identified in human monocytes infected
co-infection poses additional difficulties in the control of \yith M. tuberculosisbut it is absent in uninfected cell$2).
tuberculosis Z, 4, 5), as it accelerates the emergence of peyR is required for expression of thecrystallin gene that
resistant strains, and the combination of HIV and tuberculosis jg promptly induced upon exposure to either low oxygen or
therapeutic regimens is oftentimes problemalic§). NO (13). a-Crystallin, a heat shock protein, is likely to be
M. tuberculosis under the influence of environmental involved in stabilizing essential proteins . tuberculosis
stimuli such as hypoxia or NO, has been shown to undergo thus reducing the need for the biosynthesis of new molecules
a metabolic transformation to a different state previously for its survival (7). Other changes occur as the bacteria enter
labeled as nonreplicating persistenge-9). Hypoxia shifts  the nonreplicating persistent stage, including thickening of
M. tuberculosigo this nonreplicating persistent state in which the cell wall and a modified metabolic activitys,( 14).
its sensitivity to most drugs is diminished)( One-third of Replication of the bacilli is halted. Howevevl. tuberculosis
the world’s population is estimated to caivi tuberculosis  from anaerobic media can be cultured in the presence of

in this dormant form §, 10). The scale of the latent oxygen, and the bacteria resume their growth under these
tuberculosis infection and the fact that it responds poorly to favorable circumstance§)(

the available medications render eradication difficult. Hypoxic conditions are present in many tuberculosis

Clearly, tuberculosis represents a therapeutic challenge.jesjons in patientsdj. Another means of limiting tuberculosis
The development of new, more efficient anti-infective agents infections is the production of NO by the host. Exposure to
againstM. tuberculosisiepends on the identification of new  NO causes expression of a 16 kDa heat shock protein,
sHsp16, a homologue af-crystallin (15). The same two-
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alveolar macrophages of tuberculosis patients, and theFe(ll)-CO conformer in the full-length DevS contrasts with
administration of iINOS inhibitors to infected mice exacer- the detection of two Fe(ltyCO conformers in the truncated
bates their conditionl(/—19). These facts suggest that NO protein, which suggests that interdomain interactions have
assists the host in controlling infection by. tuberculosis an impact on noncovalent interactions in the distal pocket.
and that the ability of the bacteria to adapt to its presence

greatly enhances their chances of survival. MATERIALS AND METHODS

How doesM. tuberculosissuccessfully detect environ-
mental cues such as hypoxia and NO to undergo metabolic
changes allowing its survival in these unfavorable conditions?
The two sensors that function in conjunction with DevR are
r?wz\:r?br::(ej-aagﬁg.regoksigasaelg( ggvsaltvr\:(enrje hd(:‘nsc()::tbgg- S hemin from Fluka Biochemica, dithionite from J. T. Baker,

| t00ls d i ’d' t,t 9 b q .and IPTG from Promega. Lysozyme and phenylmethane-
i?]uiir;ﬁz:o(g‘otr?g)s/eoorzte?ngz)prSs:(r:] r;\lsrgaetrgbzgese%r:ﬁ:nssulfonyl fluoride were from Sigma. Protease inhibitors
engine SMART (httl|30: llsma rt.elmbl-hgi delberg.de/), both DosT (antipaip, Ieu_peptin, and pepstatin), chloram_phenicol, the Fast
and DevS appear as modular proteins with two N-terminal Start High Fidelity PCR system, and Amplitaq polymerase

. ) were obtained from Roché\ 1 kb plus DNA ladder was
GAF! (cGMP, adenylyl cyclase, FhlA) domains, one HisKA : .
(histid(ine Kinase p%gsp%or-acceptog) domain. and one C- purchased frqm Life Technologies. Argon and CO were from
terminal His ATPase (histidine kinase-like ATPase) domain Matheson Tri-Gas.

(20, 21). Recently, the first GAF domain of DevS (GAF-A) Simply Blue nge stain, In Vision Histag In-GeI stain, Seg
was reported to bind heme2). Moreover, site-specific Blue Plus 2 protein markers, and S.0.C. medium, along with

mutagenesis of the histidines within the N-terminal GAF the gel apparatus (Novex MiniCell), NuPage 12% Bis-Tris
domain of DevS showed that His149 is important for heme 9€!S, and NuPage MOPS SDS running buffer, were pur-
binding, leading Sardiwal et al2®) to propose that His149 chased from Invitrogen. ThEscherichia coliXL-10 gold,

acts as the proximal iron ligand in DevS. Yet, other histidine BL21DE3, and XL-1 Blue cells were from Stratagene.
mutants such as H89A studied by Sardiwal et al. also display The TOPO TA cloning kit was obtained from Invitrogen
severely affected heme binding properties. Because Sardiwalnd the QuikChange mutagenesis kit from Stratagene. DNA
et al. solely present UMvis spectra of “as isolated” GAF-A  purification was carried out using QIAgen kits. The restric-
domains, most likely corresponding to heme Fef(D, tion enzymes, T4 DNA ligase, and alkaline phosphatase were
complexes, the spin and coordination states of the heme infrom New England Biolabs. HisTrap TM HP columns were
DevS in the absence of an exogenous ligand remainobtained from GE Healthcare, while dialysis tubing was
unknown. Moreover, the fidelity of the heme binding pocket purchased from Spectrum Laboratories, Inc.

in the truncated GAF-A to that of the full-length protein The pET234& plasmid was purchased from Novagen. The
remains to be demonstrated. In the present study we examingTGroE plasmid was kindly provided by Dr. Shunsuke Ishii

the N-terminal GAF-A domain and full-length DevS using  from the Laboratory of Molecular Genetics, Riken Tsukuba
UV —vis and resonance Raman (RR) spectroscopies. Life Science Center, Japan.

We characterize the wild-type (wt) GAF-A domain and  The primers were designed using GCG software package
the H149A mutant in terms of heme binding to the protein version 10.3 for UNIX from the University of Wisconsin.
and coordination of diatomic gases to the heme iron. We Custom primers were synthesized by Invitrogen. Amino acid
provide RR evidence that residue His149 is, indeed, the analyses were performed at the University of California,

proximal heme ligand in the wt protein and show that the Davis. DNA samples were sequenced at the University of
H149A mutation causes a notable decrease in heme bindingCalifornia, Berkeley.

affinity. The proximal ligand His149 is essential for the Cloning the Full-Length DeS GeneThe DevS gene was
formation of a stable Fe()O, complex, and whereas a 5y pified fromM. tuberculosisH37Rv genomic DNA using
6-coordinate hemeNO complex is formed in the wt protein, 5 pcr PTC-200 Peltier thermal cycler from MJ Research

exposure of the H149A mutant to NO produces a 5-Co0r- 4y the Fast Start High Fidelity PCR system from Roche. A
dinate Fe-NO species. RR experiments also probed the 14 min initial denaturation at 94C was followed by 35
hydrogen bond interactions of the diatomic gases within the cycles: 94°C for 1 min, 45°C for 1.5 min, 72°C for 3

distal pocket that provide a potential framework for the 4 and a 10 min final extension at PZ. The forward

signaling pathway. Finally, the spectroscopic analysis carried primer (GGATAGGGCATATGACAACAGGGGGCCTC)
out with the GAF-A domain was reproduced with the full- j,c1uded anNdd cleavage site while the reverse primer
length protein. The near identity of the UWis and high- (CCAAACGGGGATCCGAAGAGCTACTGCGACAAC)
frequency RR spectra in the Fe(lll), Fe(ll), Fe(t$0O, and ¢ nained BanHi site. The reaction mixture contained 4%

Fe(ll)—0, forms ?}f thhese two proteins confirms t(;'a_t thﬁ DMSO. The product obtained in this reaction was reamplified
environment of the heme in DevsS is conserved in the using the same conditions in order to obtain sufficient

truncated GAF-A protein. However, the presence of a single 4 ounts of PCR product.

TOPO TA Cloning3 polyadenine overhangs were added

! Abbreviations: IPTG, istfDDVﬁ?-D-thiogalaCtprranosi_de; RR, to the purified PCR product using Amplitag DNA poly-
resonance Raman; wi, wild type; GAF domain, protein domain merase. The TOPO TA cloning reaction was performed for
conserved in cyclic GMP-specific and stimulated phosphodiesterases, . . \
adenylate cyclases, anBscherichia coliformate hydrogenlyase 30 Min atroom temperature, according to the manufacturer’s

transcriptional activator (Pfam accession number PF01590) instructions using the pCR2.1-TOPO vector. Plasmid DNA

Materials. M. tuberculosifH37Rv genomic DNA was
obtained from Dr. Jeffery Cox of the University of California,
San Francisco. Ampicillin was purchased from Fisher
Biotech while chloramphenicol was obtained from Roche,
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was purified from several colonies of TOP10 cells trans-  Expression of the H149A Mutant of E@642 The mutant
formed with the TOPO TA cloning reaction product. could be expressed both as the heme-bound protein and as
Insertion of the DevS gene was verified using restriction the apoprotein following the method employed in the case
digests (eitheNcd or Notl), and the correct sequence of of wt DevS642. In order to obtain the apoprotein, the lack
the DevS gene was confirmed by DNA sequencing. of hemin addition was sufficient and no further steps were
Subcloning of DeS642 The first 642 bp which code for  required in order to decrease contamination with the heme-
the N-terminal GAF domain were amplified using the same bound recombinant protein. The apoprotein of the H149A
PCR conditions and the following primers: CCGCCGC- mutant was obtained using LB medium.
CATATGCATCATCATCATCATCACGAGAACTTATA- Protein Purification The cells were lysed in phosphate
TTTTCAAGGAATGACAACAGGGGGCCTCGTCGAC buffer, pH 7.6 (50 mM NakPQy, 10% glycerol, 200 mM
(forward primer containing a 6-His tag and lddd cleavage NacCl, 1% Triton X-100, 0.5 mg/mL lysozyme, and protease
site) and CGGACAAGCTTCTATTACGACTGACGCGC- inhibitors antipain, 1ug/mL, leupeptin, 1uM, pepstatin,
CTTAGCCTGCTG (the reverse primer that includes a 1uM, and PMSF, 0.1 mM). Then the mixture was incubated
Hindlll site). The purified PCR product was digested with with shaking at 37C for 10 min. The cell membranes were
Ndd and Hindlll and ligated into pET23& cleaved with disrupted by repeated sonication cycles at 50% using a
the same restriction enzymes as well as with alkaline Branson sonifier 450 from VWR Scientific, while cooling
phosphatase. XL-10 gold ultracompetent cells were trans-on ice. The insoluble fraction was isolated by centrifugation
formed with the ligation product. After restriction analysis, at 35000 rpm fol h at 4°C. The cell lysate was applied to
the plasmid DNA was also submitted for sequencing in order a 5 mL His trap column at a rate of 1 mL/min. The column
to confirm the correct sequence. was then washed with 20 and 50 mM imidazole in phosphate
Mutagenesis of His149 of D8642 The QuikChange  buffer (50 mM NaHPO,, 10% glycerol, 500 mM NacCl,
mutagenesis kit from Stratagene was used to mutate His14%0 mL at a rate of 2 mL/min). The recombinant protein
to an alanine according to the manufacturer’s instructions. eluted with 200 mM imidazole in phosphate buffer (50 mL,
The mutagenic primers used were CGATTGGTTTTCCGC- 1 mL/min). The sample was then dialyzed, and the fractions
CGTATGCCCCGCCGATGCGTACCTTCCT (forward prim-  that were not pure were repurified on a His trap column to
er) AGGAAGGTACGCATCGGCGGGGCATACGGCGG-  provide the pure protein. This procedure was successful for
AAAACCAATCG (reverse primer). The constructs were the heme containing wt DevS642 and H149A and also for
submitted for DNA sequencing in order to confirm the the apoprotein of the H149A mutant. The buffer was replaced

correct sequence. with 20 mM Hepes buffer (150 mM NacCl, pH 8) for the
Expression of DeS642 and Full-Length D& BL21gold isolation of apoDevS642.
DE3 cells were cotransformed with pET28®evS642 and Protein Quantification The protein content for the wt

pT-GroE. The cells were grown on LB plates containing both DevS642 was determined by amino acid analysis at the
ampicillin (50u«g/mL) and chloramphenicol (34g/mL). Five University of California, Davis. The yield of soluble protein
starter cultures were then inoculated with one colony each.was 16 mg/L of culture in the case of coexpression with the
The five cultures were then pooled and used to inoculate heat shock proteins GroEL/ES. The yield of soluble protein
flasks containing 1.5 L of LB medium as well as the when it was expressed without chaperones was 2.3 mg/L of
antibiotics ampicillin (100ug/mL) and chloramphenicol  culture.
(34 ug/mL). The cells were grown to an optical density of Heme Content Determination of Wt X642 Sodium
ODggo 0.8 at 37°C and 230 rpm. Hemin was added before hydroxide 5 N (5uL), and pyridine (18:L) were added to
induction (45 mg/4.5 mL of NaOH, 0.1 N, for each 1.5 L the protein sample (8L of the ferric complex). The
culture). Protein expression was induced with IPTG at a final oxidized spectrum was recorded, and then sodium dithionite
concentration of 1 mM, and the flasks were kept at°C8 (a few crystals) was added to obtain the reduced spectrum.
for 20 h. The cells were harvested by centrifugation at The absorbance at 539 and 556 nm was used to determine
5000 rpm for 25 min. Besides. coli BL21DE3, two other the heme content according to the published proto2d). (
cell lines were tested: Rosetta 2 and RHDH5a cells The heme content was determined to be 97%.
did not express the desired protein either when they were Size Exclusion Chromatography of Wt &£3642 The
transformed only with the plasmid coding for DevS642 or oligomeric state of the recombinant protein DevS642 was
when they were cotransformed in order to provide the established using a Superdex 75 (FPLC) column in a
GroEL/ES complex as well. Rosetta 2 cells were also tested,phosphate buffer system (50 mM phosphate, 200 mM NacCl,
because several codons of lower usageEincoli were pH 7.6). The absorbance of the eluate was monitored at two
identified inside the gene. It was found, however, that the wavelengths, 280 and 406 nm. Dextran (1 mg/mL) was used
expression level was not significantly enhanced. The full- to determine the void volume. The calibration curve was
length DevS was cloned into pET2B8ausing the same  obtained with the following protein standards: albumin
strategy as in the case of the wt DevS642 protein. The full- (MW 66000, 10 mg/mL), alcohol dehydrogenase (MW
length DevS was coexpressed with the GroEL/ES complex 150000, 5 mg/mL), carbonic anhydrase (MW 29000, 3 mg/
and then purified using the same conditions. mL), and cytochrome (MW 12400, 2 mg/mL). DevS642
Expression of ApoD&642 The same procedure was is 96% monomeric (MW 30269 as estimated from the gel
followed as for the heme bound protein except (i) no hemin filtration assay) and 4% dimeric (MW 61518).
was added and (ii) extra steps were taken to remove iron Hemin Titrations of Wt ApoD&642.A 500 uL protein
and cobalt from the culture medium. A published procedure sample (typically 5uM concentration in 20 mM Hepes,
was used and modified to exclude cobalt salts from the 150 mM NaCl, 10% glycerol buffer) was titrated with a
mineral mix @3). hemin solution. Aliquots of 0.aL of a 0.106 mg/mL hemin
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solution were added, and the difference spectrum was
recorded 10 min after each addition (the reference cuvette
contained buffer and the same amounts of hemin). To obtain
the dissociation constamhabsorbance at 467350 nm was
plotted as a function of hemin concentration, and the data
points in the titration were fit to the equatidxabsorbance

= Amnad(1 + Kp/[hemin]) 25).

Cyanide and Azide Titrations of Wt b®642. The
concentration of DevS642 was determined on the basis of
the intensity of the Soret peak at 406 nm. A 500sample
(usual concentration EM) was used in these assays. The
initial spectrum of the protein in phosphate buffer (50 mM
phosphate and 200 mM sodium chloride) was recorded, and
then difference spectra were acquired 5 min after each
addition (typically 0.5¢L) of the ligand to both the reference
cuvette and the cuvette containing the protein solution. fgure 1: SDS-PAGE of wt DevS642 (molecular mass
Sodium azide and potassium cyanide were prepared as25330 Da) and the H149A mutant after purification by affinity
aqueous solutions in the same buffer. The increase inchromatography. In each lane about Adof protein was loaded
absorbance at 424 nm (cyanide) or 422 nm (azide) waso" @ 12% BT Novex NuPage gel. Lanes (from left to right): 1,

. ; . See Blue Plus 2 prestained protein standardl(y, 2, DevS642
plotted as a function of ligand concentration, and the data expressed in the presence of hemin; 3, H149A mutant expressed

were fit to a rectangular hyperbola (the azide titration) or in the presence of hemin; 4, DevS 642 apoprotein; 5, H149A mutant
the quadratic tight binding equation in the case of cyanide apoprotein.

(26).

Electronic Absorption and Resonance Raman Spectros-63 to residue 210. The DevS gene was cloned from genomic
copy. Typ|ca| enzyme concentrations used werd00— M. tuberculosisH37Rv DNA, and the first 642 base pairS
300uM. Biomax-10 ultrafiltration devices (Millipore) were ~ Of the gene along with an N-terminal six-histidine tag were
used for buffer exchange and for concentrating the protein. subcloned into a pET23aexpression vector. The construct
Reduction to the ferrous state was achieved by addingWwas expected to provide high levels of protein expression,
microliter aliquots of 25-35 mM sodium dithionite solution ~ but the strong IPTG-inducible T7 promoter in pET vectors
to an argon-purged sample in the Raman capillary cell andis also known to provide the recombinant proteins as
was monitored by UV-vis spectroscopy directly in the insoluble inclusion bodies2(). To increase the yield of
capillary using a Cary 50 spectromet&CO (Airgas) and  soluble protein, DevS642 was coexpressed with the GroEL/
13CO (99% 3C; ICON Stable Isotopes) adducts were ES chaperones, and the expression was carried out at a
obtained by injecting CO through a septum-sealed capillary relatively low temperature (18C) for an extended period

containing argon-purged, reduced protein2Q ul). O,
(Airgas), 80, (99% 0; ICON Stable Isotopes), NO
(Aldrich), and SN0 (98% *N and 959%°%0; Aldrich)

of time (20 h). Experiments varying the IPTG concentration
from 1 to 0.4 mM were also performed, but the lower IPTG
concentration resulted in lower levels of recombinant protein

adducts were generated using the same procedure after exceds BL21DE3 cells (Figures S1 and S2). Comparable amounts
dithionite was removed from the reduced sample with of recombinant protein were produced in cells that expressed
desalting spin columns (Zebra 0.5 mL; Pierce). These only DevS642 and cells where DevS642 and GroEL/ES were
procedures were performed in a glovebox with a controlled coexpressed, but the coexpression of GroEL/ES resulted in
atmosphere of less than 1 ppm o} Mmni-Lab System;  a 7-fold yield increase in the purification of soluble DevS642.
Vacuum Atmospheres Co.). RR spectra were obtained usingPurification of the wt protein was achieved using a metal
a custom McPherson 2061/207 spectrograph (0.67 m with affinity column (Figure 1). Size exclusion chromatography
variable gratings) equipped with a Princeton Instruments indicated that the recombinant protein exists predominantly
liquid N2-cooled CCD detector (LN-1100PB). Kaiser Optical as a monomer in the buffer system employed. A pyridine
supernotch filters were used to attenuate Raleigh scatteringhemochrome assay revealed that DevS642 binds heme in

A krypton laser (Innova 302, Coherent) and a He/Cd laser stoichiometric amounts with one heme molecule bound per
(Liconix 4240NB) were used for the 413 and 442 nm GAF domain.

géggztr'i?‘ns’ (;(ca)rs'rﬁ)eet(r?“v:rl\y;sasn?eg ;aazvfc:gr‘:ct)(lekran(:ti?aizrg ?:Cr)e- The full-length DevS and the H149A DevS642 variant
ng g Ty P . P ) were expressed and purified following the same procedure
quencies were calibrated relative to indene and,@6dl are . . ;
,1 used for the wt DevS642 protein. Despite the mutation, the
accurate attl cm. CCl, was also used to check the . o . - .

o o . : variant protein is purified as a heme-containing protein when
polarization conditions. The integrity of the RR samples, the arowth medium is complemented with hemin before
before and after laser illumination, was confirmed by direct . d gt' WTh u tl Id FI) b .f.V\g th : e
monitoring of their U\V~vis spectra in the Raman capillaries. induction. The variant could aiso be purified as the apoprotein

when the expression occurs in the usual LuiBertani
culture medium (which includes both iron and cobalt) but
in the absence of added hemin. The affinity for hemin in
Protein Expression and Purificatioffhe truncated protein  the mutant could not be precisely determined due to spectral
DevS642 comprises the first 214 amino acids of DevS and overlap difficulties but is clearly lower than that of wt
includes the putative N-terminal GAF domain from residue DevS642 K4 3.1+ 2.0 uM).

RESULTS
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Ficure 2: UV—vis spectra of the ferric, ferrous, and FetfO complexes of wt DevS642 (A) and the H149A DevS642 mutant (B).

Table 1: UV-Vis Spectroscopic Data for Wt and H149A GAF-A

Domains of DevS and Their Complexes ,\1370

wt DevS H149A DevS 1557
Soret visible Soret visible 1579

heme state band (nm) bands (nm) band (nm) bands (nm)

Fe(lll) 406 500, 630 412 535 1609 1639
Fe(ll) 428 562 422 559

Fe(I)-CO 422 540, 570 413 533, 567

Fe(l)-NO 419 545,574 400 541, 568

Fe(lll—-NO 420 539, 569 unstable unstable

Spectroscopic Characterization of Wt and H149A/8642.
UV —vis absorption spectra of wt DevS642 (see Figure 2A
and Table 1; also see Figure S3A) clearly establish that its
heme forms stable complexes with, @O, and NO. The
formation of a stable oxy complex is consistent with its
potential role as a gas sensor in vivo. Additionally, DevS642
in the ferric state binds cyanide with high affinit)K{ =
0.37+ 0.2uM). DevS 642 also binds azid&{ = 8.81+
0.76 mM) but fails to interact with the typical P450 azole
inhibitors clotrimazole, econazole, fluconazole, miconazole, Raman Shift (cm™)
sulconazole, or ketoconazole. NO binds to both oxidation Ficure 3: High-frequency RR spectra of ferric (A) and ferrous
states of the iron, while CO and,©nly bind to the reduced  (B) wt DevS642 at room temperaturgefc = 413 nm; 5 mW).
protein. The histidine to alanine substitution in the H149A
variant has serious consequences on the heme absorption (sdeequency RR spectra of the nitrosyl adducts in the H149A
Figure 2B and Table 1; also see Figure S3B). Most variant confirm the UV-vis analyses (data not shown).
importantly, H149A DevS642 does not form a stable oxy  The coordination number, spin state, and oxidation state
complex, as exposure of the reduced form tpl€ads to of the heme iron of the wt and H149A proteins are revealed
autoxidation, producing the oxidized protein. The H149A by the frequency of thes, vs, v,, andvio modes in the high-
variant also responds differently to NO than the wt protein. frequency region of the RR spectra obtained with Soret
Specifically, the ferrous heme in H149A DevS642 binds NO excitation (Table 2)Z7). At room temperature and neutral
to form a 5-coordinate Fe(H)NO complex with a charac-  pH, ferric wt DevS642 exhibits,, v, v,, andvio at 1370,
teristic Soret absorption near 400 nm (Figure S3B and 1479, 1557, and 1609 crh respectively. The frequencies
Table 1). When the ferric heme is exposed to NO, the Soret of these bands are characteristic of a 6-coordinate high-spin
absorption is slightly broader with a maximum at 402 nm (6cHS) heme (Figure 3A). A minor 6-coordinate low-spin
which suggests the presence of a transient species with g6¢cLS) species is evidenced by a shoulder at 1507*¢dm
red-shifted Soret, either an Fe(HNO or a 6-coordinate  the range ofvs; modes. The intense high-spin charge-
Fe(I)—NO, but the sample quickly evolves to produce the transfer marker band at 630 nm in the YVis spectrum
5-coordinate Fe(l-NO complex (Figure S3B). High-  (Figure 2A) and the dominance of high-spin marker bands

1300 1400 1500 1600 1700

Table 2: Heme Iron Coordination and Raman Frequencies of Porphyrin Skeletal Modes for Wt and H149A DevS642

protein heme state va(cm?) va(cm™?) va(cm?) vio(cm)
Fe(lll) wt DevS642 6CHS/6¢CLS 1370 1479, 1507 1557, 1579 1609, 1639
Fe(lll) H149A DevS642 6¢LS/5¢HS 1374 1506, 1491 1581, 1568 1640, 1624
Fe(ll) wt DevS642 5cHS 1354 1470 1557 1603

Fe(ll) H149A DevS642 5cHS/4clS 1359 1471, 1501 1557, 1583 1603, 1638
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FiGure 4: High-frequency RR spectra of ferric (A) and ferrous Raman Shift (Cm'1)

(B) H149A-DevS642 at room temperatuig,e = 413 nm; 5 mW).

Ficure 5: Low-frequency RR of ferrous wt DevS642 (A) and

. . . H149A-DevS642 (B) at room temperatusg4 = 442 nm; 15 mW).
in the RR spectra (Figure 3A) support the assignment of the

high-spin state as the major conformer in the wt protein. The normal @34, 35), such analysis is beyond the scope of this
low-spin population remains nearly constant when the pH paper. While other low-frequency modes are only marginally
is raised to 9.5 or when the temperature is lowered to 100 K perturbed in the ferrous H149A variant, th@ge—Ny;s) band
(data not shown). Upon reduction with dithionite, the ferrous is not observed (Figure 5B). The origin of the weak signal
wt DevS642 adopts a pure 5-coordinate high-spin (5cHS) at 218 cm?® observed in the RR spectrum of the variant
configuration withv,, vs, v, andvig at 1354, 1470, 1557,  protein is unknown. This signal may correspond to an Fe-
and 1603 cm?, respectively (Figure 3B). (1) =N stretching mode or an out-of-plane porphyrin defor-
In contrast to the wt protein, the ferric heme in HLI49A mation mode.
DevS642 exists as a mixture of 5cHS and 6¢LS states with  The identification of His149 as the proximal ligand to the
vz at 1491 and 1506 cm andvio at 1624 and 1640 cm, iron in the wt protein was further confirmed by the RR
respectively (Figure 4A). The ferrous hemd149A DevS characterization of the carbonyl complexes. Vibrations from
also exists as a mixture of spin and coordination states wherethe [Fe-C—0O] unit were unambiguously identified B¥C/
a 5cHS species is indicated ly, v3, v2, andvy at 1359, 13C isotopic substitution (Figure 6). In wt DevS642, RR
1471, 1557, and 1603 crh respectively (Figure 4B), and  bands at 524 and 490 cithat downshift by 4 and 3 cd
contributions from a 4-coordinate intermediate-spin (4clS) upon'2CO substitution, respectively, are assigned to two
species are also apparent withandvqo at 1501 and 1638  distinct v(Fe—CO) bands. Corresponding(C—O) bands
cm L, respectively 28—30). Determining spin-state popula- appear at 1936 and 1971 chwith 2C/A3C shifts of —43
tions from relative intensities in the RR spectra could be and—44 cnt?, respectively. These observed frequencies are
misleading since the ferric and ferrous variant proteins exhibit characteristic of hemecarbonyl complexes with a neutral
broad Soret absorptions, raising the possibility of significant histidine coordinatingrans to the CO group 36). Effects
differences in resonance enhancement for individual spin of the trans ligand on the FeC—O vibrations are well
states. As with the wt protein, varying the pH has little effect understood in terms of competition forbond donation to
on the RR spectra of the H149A variant protein (data not the iron and are easily visualized in graphs correlating
shown). (Fe—CO) tov(C—0) frequencies (Figure 7). The two sets
When 442 nm excitation is used, the low-frequency region of Fe—C—0 vibrations observed in the wt protein fall on
of the RR spectrum of the reduced wt protein displays a the correlation line for complexes wittanshistidine ligands
strong RR signal at 214 cm (Figure 5A). The vibrational  and, thus, suggest two species with distinct distal pocket
frequency and the intensity of this band are characteristic of conformations. These two conformers appear to be present
av(Fe—Nuis) mode from a neutral proximal histidine thatis at equivalent concentration as their respectif€—0)
free of any strong hydrogen bond&l]. The intensity of the  vibrations show comparable intensities. The position of a
v(Fe—Nuis) is large compared to the out-of-plane porphyrin correlation point along the line for an imidazadtansligand
vibrations and(C—C—C) from porphyrin peripheral groups is governed by the degree of back-bonding from the filled
observed within this 250450 cm! frequency window Fed orbital to the emptyr* orbital of the bound CO. The
(Figure 5A) and more alike to what is seen in ferrous heme extent of back-bonding is a good indicator of the electrostatic
oxygenases than in deoxymyoglobiB0{-33). While dif- environment in the distal pocket where positive polarity and/
ferences in the/(Fe—Ny;s) intensities may reflect variations  or hydrogen-bonding interactions at the CO group promote
in displacement of the iron from the heme plane and/or back-bonding while negative polarity inhibits back-bonding
changes in tilt angle of the FeNyis bond from the heme  (36). The low correlation point originating from the
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Ficure 7: v(C—0) versusy(Fe—CO) plots of heme proteinCO
complexes. Data points for wt DevS642)(and H149A-DevS642
(a) are compared with values for wt and distal mutants of
myoglobin ©4) (W) and for cytochrome P450 and NO synthase
(¥) (36, 68). Also shown are proximal histidine mutants of heme
oxygenase o)
(29, 30).

v(Fe—CO) andv(C—0) at 490 and 1971 cni, respectively,

is very similar to that measured with the H64L variant of
human myoglobin (i.e., 490 and 1965 chrespectively)
(37, 38), suggesting that, in this conformer, the CO group
lacks any hydrogen bond interaction (Figure 7). In contrast,
the high correlation point withv(Fe—CQO) andv(C—0O) at
524 and 1936 cnt, respectively, falls nearer to values
obtained with the V68N myoglobin variant (i.e., 526 and
1922 cm?, respectively) 37, 39), where an additional

413 nm, 0.5 mW).

in the distal pocket (Figure 7). These observations suggest
that this CO conformer in wt DevS642 engages strong
hydrogen bond interaction(s) with distal pocket residue(s).

The RR spectra of the carbonyl complex in the H149A
variant reveal a single conformer, withvFe—CQO) at 533
cm 1 (AC = —4 cnmY) and av(C—0) at 1956 cm* (ASC
—46 cml) (Figure 6). These FeC—O stretching
frequencies are characteristic of a complex with a very weak
or no proximal ligand (Figure 7), supporting the identification
of His149 as the proximal histidine ligand in the wt protein.

Spectroscopic Characterization of the Full-Length Wt
DevS. To confirm the relevance of the spectroscopic data
obtained with the heme-containing GAF-A domain of Devs,
some of the RR experiments were reproduced with the full-
length protein wt DevS. The UVvis spectra of the full-
length protein (Figure S4) are virtually identical to those of
wt DevS642 (Figure 2A). A comparison of the high-
frequency RR spectra of the ferric and ferrous proteins
revealed no significant differences between the GAF-A and
the full-length protein (Figure S5). Moreover, the reduced
full-length protein displays a strong(Fe—Ngis) which is
identical within experimental error{1 cnmrl) to that
observed in the truncated protein (Figure S6). Thus, it appears
that the proximal pocket in the full-length protein is not
affected by interactions of the GAF-A domain with other
domains of DevsS.

In contrast with the identity of the proximal pocket in
truncated and full-length DevS, the characterization of the
CO complex in the full-length protein reveals differences in
the distal pocket of the isolated GAF-A domain and the full-
length protein. Specifically, the CO conformation lacking
the hydrogen bond interaction is the only conformer stabi-
lized in the full-length protein (Figure 8). Thus, it appears
that interdomain interactions in the full-length protein
eliminate the structural flexibility that leads to the presence
of two CO conformers. Interactions between the heme

hydrogen bond donor is substituted for a hydrophobic residue sensing domain and the kinase domains are anticipated, since
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' T Recently, Sardiwal et al. reported that the GAF-A domain
1893 1938 of DevS binds heme2Q). However, the UV-vis spectra
' 1971 suggested that DevS possesses a low affinity for heme, since
: a relatively low fraction of the protein appears to be heme-
bound. The GAF-A domain is thought to bind heme in a
pocket similar to that which binds cGMP in the GAF-B
domain of phosphodiesterase 2A, for which a crystal structure
is available 22, 55). With our expression system, the protein-
to-heme ratio deduced from amino acid quantitation and
pyridine hemochrome assay indicates that heme binds in a
stoichiometric amount to the GAF-A domain. The improve-
ment in heme incorporation in DevS642 is probably due to
our addition of hemin before induction of the recombinant
protein expression. While the early addition of hemin could
facilitate proper folding of the protein, we assign our
1900 2000 increased yield of soluble protein to the presence of GroEL/
Raman Shift (cm”) ES, since in its absence our yield of soluble protein is
Ficure 8: High-frequency RR difference spectra of the reduced comparable to that of Sardl-wa-l et ak2)
12C0O minus reduced3CO complexes of DevS642 (A) and full- we chara_ctenzed the binding of DevS642 to_sgveral
length DevS (B) o = 413 nm; 0.5 mW). nonvplatlle ligands. The wt DevS642 has a high affinity for
) o o cyanide Kq = 0.37 £ 0.2 uM), as expected for a heme
conformational changes accompanying ligand binding to the protein with a water-accessible active site. It also binds azide
heme domain must be tr_apsduced to the kinase domain ing|peit with much lower affinity Kq = 8.81+ 0.76 mM).
order to modulate its activity. Azole antifungals, most notably econazole, have been found
to be active againd¥l. tuberculosisoth in vitro and in vivo
DISCUSSION (56—58). M. tuberculosisCYP121 and CYP51 are two
Analysis of the DevS amino acid sequence using different possible hypothetical targets, as these enzymes have been
algorithms leads to conflicting results regarding the presenceshown to bind azole antifungalS%-61). DevS642 does not
of transmembrane segments. Based mainly on the SwissProtnteract with the azole P450 inhibitors clotrimazole, econa-
database of proteins and their transmembrane helices, TM-zole, ketoconazole, miconazole, sulconazole, or fluconazole,
Pred (European Molecular Biology Network, Swiss node) ruling out a direct role for this protein in inhibiting the growth
(40) identifies three hypothetical transmembrane helices in of M. tuberculosisvhen exposed to these agents.
DevS, one within the GAF-A domain (TM1 1872206), and The previous report on the H149A mutant of DevS
two within the GAF-B domain (TM2 276295 and TM3 suggested that this protein did not bind heme at all, a finding
327-351). In contrast, TMHMM (Center for Biological that was used as evidence for a role of His149 as a heme
Sequence Analysis, Technical University of Denmark) axial ligand @2). In our system, the H149A variant incor-
predicts no transmembrane domain within De¥%)(As a porates heme and displays an intense Soret band suggesting
result, different views exist in the literature concerning a well-defined environment governed by henpeotein
transmembrane regions within DevE&2(20—22). With the interactions other than direct coordination of the His149
aid of chaperones, we were able to express the first GAFimidazole ring to the iron atom. While these henprotein
domain of DevS and the full-length protein as soluble, well- interactions in the H149A variant are sufficient to generate
behaved proteins. These proteins showed no unusual proa homogeneous complex, they remain weak and allow easy
pensity to aggregation, an observation that argues againsticquisition of apo-H149A-DevS642 under conditions where
the presence of transmembrane segments in DevS. the wt DevS642 remains fully loaded with heme. Indeed,
The bulk of the full-length DevS and truncated versions the omission of added hemin suffices to produce the apo
were expressed in the earlier study as insoluble prot@®)s (  form of H149A, whereas wt DevS642 retains 50% heme
We counteracted the anticipated difficulties of inclusion occupancy under similar conditions even when steps are
bodies by co-overexpressing the N-terminal GAF domain taken to exclude iron from the culture medium, and the iron
and full-length DevS with the GroEL/ES complex. The chelator 2,2dipyridyl must be used to obtain the apo wt
accumulation of recombinant protein in inclusion bodies in protein.
E. colias a consequence of protein expression using a strong Our RR analysis provides direct evidence for proximal
promoter such as T7 is well documented. Previous attemptscoordination of the heme iron to His149. The observed
to obtain other proteins in their biologically active soluble (Fe—Ny;s) vibrations in wt DevS642 and in full-length DevS
form included chaperone coexpression methots-@7). are in the expected range for a proximal histidine with a
Expression of heat shock proteins is often induced shortly neutral imidazole ring free of strong hydrogen-bonding
before or at the same time as the recombinant protein ofinteractions 81). A neutral proximal histidine is also present
interest §8—53). Moreover, in vitro studies indicated that in the heme domain oBradyrhizobium japonicuniixL,
an excess of GroEL/ES favors refolding of recombinant another oxygen sensing protei2). Signal transduction in
proteins b4). Consistent with this observation, overexpres- FixL is believed to be dominated by an expansion of the
sion of these chaperones proved to be beneficial in our heme pocket and salt bridge interactions engaged by the
situation as well, as the GroEL/ES chaperones apparentlyheme propionate group$Z, 63). This mechanism of gas
assisted proper folding of the DevS proteins. sensing in FixL contrasts with the allosteric control that takes

A | 1926
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place in hemoglobin, where ;inding results in a subtle
shift of the proximal histidine and F-helix. Proximal rear-

loanoviciu et al.

complex of the ferrous DevS GAF-A domain, yet in the full-
length protein only one of these two conformations is present.

rangements are also important in soluble guanylate cyclaseThe first GAF domain has limited flexibility in the full-length
(sGC), where binding of NO results in cleavage of the heme protein, probably due to interdomain interactions within
iron—histidine bond and activation of the catalytic activity DevS. Overall, our results provide support for the role of

located on a different subunib4—66). While proximal

DevsS as a gas sensor responsible for mediating the adaptation

histidine movement cannot be ruled out as a source of signalof M. tuberculosigto stress factors.

transduction in wt DevS, the UWis and RR characteriza-

tion (data not shown) of its nitrosyl complex excludes a labile SUPPORTING INFORMATION AVAILABLE

histidine as a possible mechanism.

Supplementary SDSPAGE data on different expression

The ferric wt DevS exists predominantly as a 6¢HS species systems, UV-vis spectra of FeNO and Fe-O, complexes

with minor contributions from a 6¢LS species. The inde-

and low-frequency and high-frequency RR spectra of ferric

pendence of the RR spectra to changes in pH and temperaturg . ferrous DevS642 and full-length DevS. This material is
argue against a water molecule as the sixth iron ligand. These, 5jjaple free of charge via the Internet at http://pubs.acs.org.

observations suggest that a protein residue may ligate the

heme iron on the distal side of the heme, and the existence(REFERENCES

of two spin states may be explained as an equilibrium
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