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Background: Two-component signal transduction systems regulate important physiological functions in bacteria.

Results: The Fe(III), Fe(I)-O,, and Fe(II)-CO complexes of a heme-bound globin-coupled histidine kinase from Anaeromyxo-
bacter displayed autophosphorylation activity, whereas the Fe(II) complex was inactive.

Conclusion: Gas binding and heme redox regulate the histidine kinase function.

Significance: A novel heme-based globin-coupled oxygen sensor histidine kinase was identified and characterized.

Two-component signal transduction systems regulate nu-
merous important physiological functions in bacteria. In this
study we have identified, cloned, overexpressed, and character-
ized a dimeric full-length heme-bound (heme:protein, 1:1 stoi-
chiometry) globin-coupled histidine kinase (AfGcHK) from
Anaeromyxobacter sp. strain Fw109-5 for the first time. The
Fe(III), Fe(I1)-O,, and Fe(II)-CO complexes of the protein dis-
played autophosphorylation activity, whereas the Fe(II) com-
plex had no significant activity. A H99A mutant lost heme bind-
ing ability, suggesting that this residue is the heme proximal
ligand. Moreover, His-183 was proposed as the autophosphor-
ylation site based on the finding that the H183A mutant protein
was not phosphorylated. The phosphate group of autophos-
phorylated AfGcHK was transferred to Asp-52 and Asp-169 of a
response regulator, as confirmed from site-directed mu-
tagenesis experiments. Based on the amino acid sequences
and crystal structures of other globin-coupled oxygen sensor
enzymes, Tyr-45 was assumed to be the O, binding site at the
heme distal side. The O, dissociation rate constant, 0.10 s™*,
was substantially increased up to 8.0 s™' upon Y45L muta-
tion. The resonance Raman frequencies representing v, o,
(559 cm™ 1Y) and v_o (1149 cm™ 1) of the Fe(II)-O, complex of
Y45F mutant AfGcHK were distinct from those of the wild-
type protein (Vg,_ o5 557 cm™; v o, 1141 cm ™), supporting
the proposal that Tyr-45 is located at the distal side and forms
hydrogen bonds with the oxygen molecule bound to the Fe(II)
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complex. Thus, we have successfully identified and character-
ized a novel heme-based globin-coupled oxygen sensor histi-
dine kinase, AfGcHK, in this study.

Two-component signal transduction systems are involved in
a wide variety of responses to environmental cues in bacteria
(1-3). Typical two-component systems comprise a sensor his-
tidine kinase and response regulator (RR)* protein. Generally,
sensor kinases are multidomain proteins containing a non-con-
served sensory input domain responsible for detecting a partic-
ular stimulus or ligand and a conserved kinase domain (1-4).
Similarly, RRs are multidomain proteins with a conserved
receiver domain and variable output domain (5-7). In histidine
kinases, a conserved His residue is initially autophosphorylated.
The phosphate group is subsequently transferred to a con-
served Asp in the receiver domain of the cognate RR, resulting
in activation of the output domain.

Hitherto, several heme-regulated oxygen sensor histidine
kinases have been characterized (8 —=19). In the root nodule bac-
teria, Rhizobium meliloti and Bradyrhizobium japonicum,
FixLs with a heme-containing PAS domain regulate the expres-

“The abbreviations used are: RR, response regulator; GcHK, globin-coupled
histidine kinase; AfGcHK, a GcHK from Anaeromyxobacter sp. Fw109-5;
DGC, diguanylate cyclase; AvGReg, a globin-coupled oxygen-sensor
enzyme with the DGC activity from Azotobacter vinelandii; BpeGReg, a glo-
bin-coupled oxygen-sensor enzyme with the DGC activity from Bordetella
pertussis; ECDOS, E. coli direct oxygen sensor or heme-regulated phospho-
diesterase from E. coli; Fe(lll), Fe(lll)-protoporphyrin IX complex, Fe(lll)
heme complex, or hemin; Fe(ll), Fe(ll)-protoporphyn IX complex or Fe(ll)
heme complex; FixL, an oxygen-sensor histidine kinase with the heme-
bound PAS domain that regulates nitrogen fixation in R. meliloti (RmFixL)
or B. japonicum (BjFixL); GAF, domain conserved in cyclic GMP-specific and
stimulated phosphodiesterases, adenylate cyclases, and E. coli formate
hydrogen lyase transcriptional activator; GCS, globin-coupled oxygen sen-
sor; GsGCS, GCS from Geobacter sulfurreducens; HemAT-Bs, a globin-cou-
pled oxygen-sensor enzyme from Bacillus subtilis; HemDGC, a heme-con-
taining DGC from Desulfotalea psychrophila; Hb, hemoglobin, MtHb,
M. tuberculosis Hb; PAS, an acronym formed from Per (Drosophila period
clock protein)-Arnt (vertebrate aryl hydrocarbon receptor nuclear translo-
cator)-Sim (Drosophila single-minded protein); SWMb, sperm whale myo-
globin; YddV, heme-bound DGC from E. coli or EcDosC.
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sion of genes involved in nitrogen fixation and the anaerobic
respiratory chain (11, 13). DevS (DosS) and DosT, containing a
heme-bound GAF domain, regulate entry of the pathogenic
bacterium, Mycobacterium tuberculosis, into dormancy (14—
17). The PAS and GAF domains share structural similarities.
These kinases are also designated heme-bound oxygen sensor
enzymes, as association/dissociation to/from the heme iron
complex in the sensor domain regulates their functions. The
bacterial oxygen and NO sensor, H-NOX, is possibly a heme-
regulated histidine kinase (18). In Corynebacterium diphthe-
riae, ChrS is a heme sensor histidine kinase involved in acqui-
sition of host heme iron (19).

In addition to heme-regulated oxygen sensor histidine
kinases with the PAS, GAF, and H-NOX domains, other types
of oxygen sensor proteins with different functions, such as
heme-regulated oxygen sensor phosphodiesterases with the
PAS domain, EcDOS and AxPDEA1, have been identified (10,
13, 20-22). Moreover, an oxygen sensor protein, DcrA, with
covalently bound c-type heme (23) and those with noncova-
lently bound b-type heme in the vitamin B,, binding domain,
such as SCHIC (24), or in a globin fold have been documented.
The latter enzyme is designated globin-coupled oxygen sensor
(GCS) protein (25, 26). GCS proteins contain a heme-bound
oxygen sensor domain with the globin fold in the N terminus.
The structures of the globin fold of GCS enzymes are similar to
those of myoglobin and hemoglobin but lack the entire D- and
half of the E-helices of these proteins. Six heme-based oxygen
sensor proteins, YddV (27, 28), HemAT-Bs (29-32), AvGReg
(33), BreGReg (34), GsGCS (35), and HemDGC (36), with the
globin fold have been identified to date. Although both the sen-
sor histidine kinase in the two-component system and GCS
protein are important for bacteria to survive and/or to accom-
modate various stresses, no globin-coupled heme-regulated
histidine kinases (GcHK) have been documented to date.

Based on sequence homology of the heme-bound globin
domains of GCS proteins, including YddV, HemAT, and GRegs
(25-36), we speculated on the presence of a novel sensor histi-
dine kinase in soil slime bacteria, Anaeromyxobacter sp. strain
Fw109-5, containing a globin sensor domain at the N terminus
and histidine kinase domain at the C terminus. We designated
this gene, Anael09_2438, as gchK (globin-coupled histidine
kinase). The globin domain of the GcHK protein should bind
heme, in view of its similarity to the amino acid sequences of the
globin fold proteins, YddV, HemAT, GRegs, and HemDGC,
which are heme-based globin-coupled oxygen sensor enzymes
with sufficient heme binding affinity (25-36) (Fig. 1, A and B).
The putative structure of the heme binding site was conjec-
tured based on the structure of the cyanide-bound complex of
HemAT-Bs (32). The heme binding residue located at the prox-
imal side was identified as His-99, and Tyr-45 at the heme distal
side appeared critical in oxygen binding (Fig. 1, A and B) (28, 31,
32, 36). Accordingly, it is reasonable to hypothesize that GcHK
from the bacterial Anaeromyxobacter sp. strain Fw109-5
(AfGcHK) is a novel globin-coupled heme-based oxygen sensor
protein displaying autophosphorylation activity in response to
oxygen availability.

In this study we identified, cloned, overexpressed, and puri-
fied AfGcHK and characterized the catalytic and physicochem-
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ical properties of wild-type and mutant proteins for the first
time. Purified AfGcHK was clearly a dimeric heme-binding
protein. Significant autophosphorylation activities were ob-
served for the Fe(III), Fe(II)-O,, and Fe(II)-CO complexes but
not the Fe(II) complex. Data obtained on the physicochemical
properties of the mutant enzymes suggested that His-99 is the
heme axial ligand at the proximal side, and Tyr-45 located at
the distal side forms hydrogen bonds with oxygen bound to the
heme iron complex, whereas His-183 is an autophosphoryla-
tion site of AfGcHK. Kinase activity toward RR (phosphate
transfer reaction from phosphorylated AfGcHK to two sites on
RR) by the Fe(Ill) and Fe(II)-O, forms of AfGcHK was con-
firmed, and the phosphorylation sites on RR were identified
using site-directed mutagenesis experiments.

EXPERIMENTAL PROCEDURES

Materials—Hemin chloride was obtained from Tokyo
Chemical Industry Co., Ltd. (Tokyo, Japan). Other chemicals
acquired from Wako Pure Chemical Industries (Osaka, Japan)
were of the highest guaranteed grade available and were used
without further purification. Oligonucleotides were synthe-
sized by Operon Biotechnologies (Tokyo, Japan). Phos-tag
acrylamide was from the Phos-tag consortium.

Construction of Expression Plasmids—cDNAs encoding
Anael09 2438 (corresponding to AfGcHK) and Anael09_2439
(corresponding to RR) from Anaeromyxobacter sp. strain
Fw109-5 were synthesized by Mr. Gene (Regensburg, Ger-
many) and optimized for Escherichia coli expression.
Anael09_2438 ¢cDNA was digested with Ndel and Xhol and
subcloned into the pET21c vector (Novagen, Darmstadt, Ger-
many), leading to the introduction of a His tag at the C termi-
nus of the desired protein. Anael09 2439 cDNA was digested
with BamHI and EcoRI and subcloned into pGEX-6P-2 vector
(GE Healthcare), introducing a glutathione S-transferase (GST)
tag at the N terminus of the desired protein.

Site-directed Mutagenesis—Mutagenesis was conducted
using the QuikChange mutagenesis kit from Stratagene and the
PrimeSTAR mutagenesis basal kit from Takara Bio (Otsu,
Japan). The presence of the desired mutations was confirmed
via DNA sequencing by Greiner Bio-One (Tokyo, Japan). The
oligonucleotides employed are listed in supplemental Table S1.

Overexpression and Purification of Full-length AfGcHK—
Full-length wild-type and mutant AfGcHKs were expressed in
E. coli BL21(DE3) (Novagen) harboring the pET21c(+) expres-
sion vector. Briefly, E. coli BL21(DE3) was transformed with the
required plasmid, plated on LB agar containing 100 ug/ml
ampicillin, and incubated at 37 °C overnight. The following day,
a single colony was inoculated in LB containing 100 ug/ml
ampicillin and shaken overnight at 200 rpm and 37 °C. The
culture medium was added to Terrific Broth (1:1000 dilution)
containing the above antibiotic and shaken at 120 rpm and
37 °C for 4 h. Subsequently, the medium was cooled to 15 °C,
and protein expression was induced by adding 0.1 mm isopropyl
B-p-thiogalactopyranoside followed by further shaking for 20 h.
E. coli cells were harvested by centrifugation for 10 min at
6750 X g and 4 °C, frozen in liquid nitrogen, and stored at
—80 °C until purification.
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E. coli cells frozen at —80 °C were suspended in buffer A (50
mwM Tris-HCI, pH 8.0, 100 mm NacCl), 1 mm phenylmethanesul-
fonyl fluoride, 1 mm EDTA, and 0.2 mg/ml lysozyme. The solu-
tion was sonicated, centrifuged at 100,000 X g for 30 min and
incubated for 5 min with hemin (50 uM) in DMSO solution.
Supernatant fractions were applied to the nickel-nitrilotriacetic
acid-agarose (Qiagen, Hilden, Germany) column pre-equili-
brated with buffer A containing 10 mm imidazole. Subse-
quently, the column was washed with buffer A containing 20
mM imidazole, and AfGcHK fractions were eluted with a linear
gradient of 20-200 mm imidazole in buffer A. The AfGcHK-
containing solution was dialyzed against 20 mm Tris-HCI, pH
8.0 (buffer B), and concentrated with Amicon Ultra (Millipore,
Billerica, MA). Proteins were immediately frozen in liquid
nitrogen and stored at —80 °C until use. Concentrations were
determined using the Quick Start Bradford Protein Assay kit
(Bio-Rad) for protein and the pyridine hemochromogen
method for heme (37). Purified proteins were >90% homoge-
nous, as confirmed using SDS-PAGE (supplemental Fig. S1).

Overexpression and Purification of GST-tagged RR Protein—
Full-length wild-type and mutant GST-RR proteins were
expressed in E. coli BL21(DE3) harboring the pGEX-6P-2
expression vector. E. coli cells were suspended in buffer C (10
mwm Na,HPO,, 1.8 mm KH,PO,, pH 7.5, 140 mm NaCl, 2.7 mm
KCl) with 1 mm EDTA, 1 mm phenylmethanesulfonyl fluoride,
and 0.2 mg/ml lysozyme. Cells were crushed via pulsed sonica-
tion for 2 min (3 times with 2-min intervals) on ice and centri-
fuged at 100,000 X g for 30 min at 4 °C. The supernatant fac-
tions were applied to a glutathione-Sepharose 4B column (GE
Healthcare). Subsequently, the column was washed with buffer
C, and protein fractions were eluted with 10 mm reduced glu-
tathione in 50 mm Tris-HCI, pH 8.0. Fractions were pooled and
dialyzed against 20 mm Tris-HCI, pH 8.0. Purified proteins were
concentrated with Amicon Ultra device (Millipore), immedi-
ately frozen in liquid nitrogen, and stored at —80 °C until use.
Purified GST-RR was more than 95% homogeneous, as deter-
mined with SDS-PAGE, followed by staining with Coomassie
Brilliant Blue (supplemental Fig. S1).

Gel Filtration Chromatography—To determine the oligo-
merization state, gel filtration was carried out using the AKTA
liquid chromatography system equipped with a Superdex 200
HR 10/30 column (GE Healthcare). The buffer used for gel fil-
tration was 20 mm Tris-HCI, pH 8.0, 150 mm NaCl. Molecular
weight was estimated from the correlation between molecular
weight and elution volume of standard proteins using a gel fil-
tration calibration kit (GE Healthcare).

Optical Absorption Spectra—Absorption spectral data were
obtained under aerobic conditions using a UV-2550PC (Shi-
madzu, Kyoto, Japan) spectrophotometer. Anaerobic spectral
experiments were conducted on a Shimadzu UV-1650PC spec-
trophotometer in a glove box with 90% N, and 10% H, gas (O,
concentrations less than 50 ppm) (28). After reduction of heme
with sodium dithionite, excess dithionite was removed using a
Sephadex G-25 column (GE Healthcare) in the glove box. To
ensure that the appropriate temperature of the solution was
maintained, the reaction mixture was incubated for 5 min
before spectroscopic measurements. The Fe(II) complex was
prepared in N,-saturated buffer (50 mm Tris-HCl, pH 8.0).
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Fe(II)-O, and -CO complexes were prepared in O,- and CO-
saturated buffers (50 mm Tris-HCI, pH 8.0), respectively. Gas-
saturated solutions were obtained by bubbling buffers with the
appropriate gas for at least 30 min at room temperature.

Enzymatic Assays—Autophosphorylation activity was as-
sayed at 25 °Cin areaction mixture containing 50 mm Tris-HCI,
pH 8.0, 50 mm KCl, 5 mm MgCl,, and 10 um AfGcHK. The
phosphotransfer reaction was assayed at 25°C in the same
buffer containing 10 um AfGcHK and 10 um GST-RR. The
reaction mixture was preincubated for 5 min, and the reaction
was initiated by adding 1 mm ATP at 25 °C.

Atthe indicated times the reaction was terminated by adding
2X termination buffer (125 mm Tris-HCI, pH 6.8, 4% SDS, 4%
2-mercaptoethanol, 20% glycerol, 0.004% bromphenol blue).
Samples were loaded on a 7.5% SDS poly-acrylamide gel con-
taining 50 uM Phos-tag acrylamide and 0.1 mm MnCl,. Phos-
phorylated protein interacted with the Phos-tag manganese
complex, so that mobility was slower than that of phosphate-
free protein (38, 39). Proteins were visualized with Coomassie
Brilliant Blue R350 (GE Healthcare) staining. Gel images were
acquired using LAS-3000 (Fujifilm, Tokyo, Japan) and quanti-
fied using Multi-Gauge software (Fujifilm).

Pulse Radiolysis—O, and CO association rate constants were
obtained using pulse radiolysis. Experiments were performed
essentially as described previously (28, 40 —42).

O, and CO Dissociation Rate Constants—To determine the
O, dissociation rate constant, 2 um O,-bound AfGcHK was
mixed with anaerobic buffer containing 50 mm Tris-HCI, pH
8.0, and 5 mm dithionite in an RSP-1000 stopped-flow spec-
trometer (Unisoku, Osaka, Japan) at 25 °C. The CO dissociation
rate constant was estimated by mixing 5 um CO-bound
AfGcHK with 0.1 mMm potassium ferricyanide in 50 mm Tris-
HCl, pH 8.0, using a MultiSpec-1500 (Shimadzu) photodiode
array spectrometer equipped with a Peltier cell temperature
controller at 25 °C (28, 43, 44).

Resonance Raman Spectra—Resonance Raman spectra were
obtained with a single polychromator (SPEX500M; HORIBA
Jobin Yvon, Longjumeau, France) equipped with a liquid nitro-
gen-cooled CCD detector (Spec-10:400BLN; Roper Scientific,
Sarasota, FL) (12, 23, 30, 36). The excitation wavelength
employed was 413.1 nm from a krypton ion laser (BeamLok
2060; Newport Corp. & Spectra Physics Lasers, Mountain
View, CA). Laser power at the sample point was adjusted to 5
milliwatts for air-oxidized, dithionite-reduced, and O,-bound
forms and 0.1 milliwatt for the CO-bound form to prevent pho-
todissociation of CO. Raman shifts were calibrated with indene,
CCl,, acetone, and an aqueous solution of ferrocyanide. The
accuracy of the peak position of well defined Raman bands was
+1 cm™ ' The protein concentration for resonance Raman
experiments was ~20 uMm in 50 mm Tris-HCl, pH 8.0.

RESULTS

Identification of a Novel Histidine Kinase in the
Anaeromyxobacter sp. Fw109-5 Genome

Gene analysis of Anael09_2438 revealed the presence of a
GCS with a globin domain at the N terminus and a histidine
kinase domain at the C terminus (Fig. 14). Comparative analy-
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FIGURE 1. A, the putative domain structure of AfGcHK is shown. The heme binding site is suggested as His-99 in the globin domain at the N terminus, and the
autophosphorylation site is suggested as His-183 near the central region. B, amino acid alignment of the globin domain of AfGcHK and relevant globin-coupled
oxygen sensor proteins are shown. It is assumed that Tyr-45 (Tyr-70, HemAT-Bs) is located at the heme distal side, whereas His-99 (His-123, HemAT-Bs) is the
proximal axial ligand in AfGcHK. C, shown are amino acid sequences of the putative autophosphorylation sites of GcHK homologs and another histidine
kinases, FixLs. His-183 is conserved among the histidine kinases. AdGcHK, a GcHK from A. dehalogenans; MxGcHK, a GcHK from M. xanthus.

sis of the globin domain sequence with those of other globin
proteins suggested that the N-terminal domain binds heme,
similar to myoglobin, YddV, HemAT, AvGReg, BpeGReg,
GsGCS, and HemDGC (Fig. 1B) (25-36). The globin domain of
this GcHK displays homology with that of SWMBb (34% similar-
ity and 16% identity) and HemAT-Bs (39% similarity and 24%
identity). Based on the data, we speculated that GcHK from
Anaeromyxobacter sp. Fwl09-5 (abbreviated as AfGcHK) is a
heme-bound, globin-coupled oxygen sensor enzyme with his-
tidine kinase activity. In this study we cloned, overexpressed,
and purified the full-length AfGcHK protein and characterized
its catalytic and physicochemical properties for the first time.

Oligomerization State

Gel filtration chromatographic patterns indicated that puri-
fied AfGcHK exists as a dimer in solution (supplemental Fig.
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S2). Dimerization was required for catalytic activity, similar to
other histidine kinase proteins, which generally autophos-
phorylate in trans (1-4).

Optical Absorption Spectra of Purified Full-length AfGcHK

We obtained purified full-length AfGcHK containing heme
(iron-protoporphyrin IX complex) at a heme:protein stoichi-
ometry of 1:1, as determined using the pyridine hemochromogen
method (37). The Fe(III) complex of purified full-length AfGcHK
contained a Soret band at 411 nm and visible band at 538 nm,
suggestive of a 6-coordinated low spin complex (37, 45) (Fig. 24,
Table 1). The spectrum of the Fe(III) complex was stable and did
not alter over a pH range of 7.0-10.0 (data not shown), although
precipitates formed below pH 6.0 (pI = 6.32). The pK, value of the
Tyr-OH is 10.9, whereas the corresponding values for water asso-
ciated with SWMb and human hemoglobin are 8.99 and 8.05,

JOURNAL OF BIOLOGICAL CHEMISTRY 35525


http://www.jbc.org/cgi/content/full/M111.274811/DC1
http://www.jbc.org/cgi/content/full/M111.274811/DC1

Globin-coupled Histidine Kinase

(A) 06 —
WT Fe(lll)
S 044
c
©
£
]
3
< 0.2+
0.0 T T T |
300 400 500 600 700
Wavelength (nm)
(B) 1.0
WT . — Fe(ll)-0,
0.8 | Fe(ll)-CO

Absorbance

00 T T T T
300 400 500 600 700
Wavelength (nm)
(C) 0.20
H99A
0.15+
[
o
c
'g 0.10+
o
7]
E-}
<
0.05+
0.00 ; - Y -
300 400 500 600 700

Wavelength (nm)

FIGURE 2. Absorption spectra of the Fe(lll) (solid line), Fe(ll) (dotted line)
(A), Fe(ll)-0, (solid line), and Fe(l1)-CO (dotted line) (B) complexes of wild-
type and H99A mutant (C) of full-length AfGcHK. Protein concentration
was 5 um, and buffer was 50 mm Tris-HCl, pH 8.0. Spectra of other Tyr-45
mutants and H183A mutant full-length AfGcHK were essentially similar to
those of the corresponding complexes of the wild-type protein, as summa-
rized in Table 1.

respectively (37). Based on the pH-insensitive spectral behavior of
AfGcHK between pH 7.0 and 10.0, we suggest that the hydroxide is
the axial ligand in the distal heme side, similar to EcDOS (20, 22,
43). The Fe(II) complex was a 5-coordinated high spin complex,
whereas Fe(II)-O,- and Fe(II)-CO-bound proteins were 6-coordi-
nated low spin complexes (Fig. 2B), similar to myoglobin (37, 45).
Notably, the Fe(II)-O, complex was very stable, and the spectrum
of this complex did not change, even after more than 3 days at
room temperature.

Catalytic Activities of Purified Full-length AfGcHK

We examined the autophosphorylation activities of various
heme complexes of AfGcHK using Phos-tag SDS-PAGE, which
differentiates between non-phosphorylated and phosphory-
lated proteins (38, 39). The Fe(Ill), Fe(II)-O,, and Fe(II)-CO
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TABLE 1

Absorption spectra of the Fe(lll), Fe(ll), Fe(ll)-O,, and Fe(ll)-CO com-
plexes of wild-type and mutant AfGcHK

Corresponding spectra of other heme-based oxygen sensor enzymes and SWMb are
shown as the reference. Proposed coordination structures are presented in paren-
theses. 6¢LS, 6-coordinated low spin; 5¢cHS, 5-coordinated high spin; 6¢HS, 6-coor-
dinated high spin.

Proteins Fe(I1I) Fe(II) Fe(II)-O, Fe(II)-CO
AfGcHK
WwWT 411, 538 431, 559 413, 545,580 420, 541, 565
(6¢LS) (5¢HS) (6¢LS) (6¢LS)
Y45F 411, 535 430, 555 414, 546,579 420, 541, 563
(6¢LS) (5¢HS) (6¢LS) (6¢LS)
Y45L 410, 534 431, 564 415, 548,578 421, 541, 565
(6cLS) (5cHS) (6cLS) (6cLS)
Y45W 410, 534 431, 558 414, 547,580 420, 543, 565
(6¢LS) (5¢HS) (6¢LS) (6¢LS)
H99A No heme absorption
H183A 411, 543 432,561 413,545,580 421, 541, 565
(6¢LS) (5¢HS) (6¢LS) (6¢LS)
Yddv“ 394, 506, 651 432, 560 413, 542,578 420, 539, 566
(5¢cHS) (5¢HS) (6¢LS) (6¢LS)
HemAT-Bs” 402,505,640 431,563 414, 543,578 422,543, 567
(6cHS) (5cHS) (6cLS) (6cLS)
SWMb* 410, 505, 635 434, 556 418,543,581 423,542,579
(6¢cHS) (5¢HS) (6¢LS) (6¢LS)
EcDOS? 417,530,562 428,532,563 417,542,578 424,542,578
(6¢LS) (6¢LS) (6¢LS) (6¢LS)
BjFixL*® 395,509, 645 437,556 419, 545,562 427, 548, 560
(5cHS) (5cHS) (6cLS) (6cLS)
“ Ref. 28.
® Ref. 30.
© Ref. 37.
4 Refs. 22 and 53.
¢ Ref. 46.

complexes clearly displayed autophosphorylation activity but
not the Fe(Il) complex (Fig. 3, A and C). This trend of redox-
and ligand-regulated catalytic activity is similar to that
observed for YddV, a globin-coupled diguanylate cyclase (28).
The turnover rate of the reaction was estimated as more than 20
min~ L. However, evaluation of the correct initial velocity of the
catalytic reaction was not feasible because of its rapidity and
completion within 5 min. In addition, an amount of autophos-
phorylated protein in fresh preparations of the enzyme was
observed before the reaction was initiated.

Autophosphorylation Site

To identify the autophosphorylation site, amino acid se-
quences in the kinase domain of GcHKs were compared with
those of other orthologs of GcHK and FixL (Fig. 1C). His-183
was well conserved throughout the GcHK and FixL sequences.
Accordingly, a HI83A mutant was generated to examine the
role of this residue in autophosphorylation activity. Fe(III) and
Fe(II)-O, complexes (active forms of wild type) of H183A lost
autophosphorylation activity compared with wild-type enzyme
(Fig. 3, Band E), clearly suggesting that His-183 is the autophos-
phorylation site in AfGcHK.

Identification of Cognate RR and Phosphotransfer Reaction
from AfGcHK to RR

Anael09_2438 is located adjacent to the CheY-like RR,
Anael09_2439, predicted as its cognate RR, composed of two
receiver domains (Fig. 4A) (1,2, 5-7). Purified glutathione S-trans-
ferase-tagged RR (GST-RR) was incubated with the Fe(II)-O,
complex (active form for autophosphorylation) of AfGcHK, and
catalysis was initiated by adding ATP. As expected, the phospho-
transfer reaction from autophosphorylated AfGcHK to GST-RR

VOLUME 286+NUMBER 41+-OCTOBER 14, 2011



Globin-coupled Histidine Kinase

(A) (C)
WT o
Time 0 05 1 2 4 8 (min)
£ 40
Fe(lll) P-GeHK  §
GcHK g 30
=
EZO—
o_l N T 1 d T 1
4 8
(D)
60
g
§,40—
®) H183A 890
o
Tme 0 1 2 5 10 15 (min) & 20
10
Fe(ll)-0, 01
T T ¥ T 2] T T
0 2 4 6 8
Time (min)

m

50
§ 40
s
=
5 304
<
S
2 20-
<
o
xX 104
09— ——@ ——9¢
0 5 10 15
Time (min)

FIGURE 3. Autophosphorylation activities of full-length AfGcHKs. Phos-tag SDS-PAGE gel patterns demonstrate a time-dependent increase in phosphor-
ylated AfGcHK (upper) and simultaneous decrease in phospho-free AfGcHK (lower) catalyzed by the various complexes of wild-type (A) and H183A (B) proteins.
The H183A protein was not phosphorylated, suggesting that His-183 is the autophosphorylation site. Data were obtained at the indicated times after initiation
of the reaction. Shown are time-courses for autophosphorylation of wild-type (C) and Y45F (D) full-length AfGcHKs for Fe(lll) (open triangles), Fe(ll) (closed
circles), Fe(ll)-O, (open circles), and Fe(ll)-CO (open squares) complexes. Time-courses for autophosphorylation of H99A (heme-free form) (open circles) and
H183A (Fe(ll)-O, complex) (closed circles) mutants of full-length AfGcHKs are shown in E. See “Experimental Procedures” for details.

was observed as early as at 5 min after ATP addition, and GST-RR
was diphosphorylated, as observed from Phos-tag SDS-PAGE (Fig.
4C). Specifically, a time-dependent decrease in phosphorylated
AfGcHK (P-GcHK) was accompanied by simultaneous increase in
diphosphorylated RR (P-P-RR). Interestingly, two species of
monophosphorylated RR (P-RR) were also observed separately,
which decreased time-dependently with a concomitant increase in
the diphosphorylated species. Based on sequence analysis, Asp-52
and Asp-169 were predicted as the phosphorylation sites (Fig. 4B).
Each of the two mono-phosphotransfer reactions was observed for
the two single mutant proteins (D52A, D169A), supporting the
proposal that Asp-52 and Asp-169 are the phosphorylation sites in
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RR. Moreover, the extent of protein migration of Asp-52-phos-
phorylated RR was smaller than that of Asp-169-phosphorylated
RR on Phos-tag SDS-PAGE (Fig. 4D). The di-phosphotransfer
reaction was not observed for the two single Asp-52 and Asp-169
mutants and the double Asp-52/Asp-169 mutant (Fig. 4D). Similar
results were obtained with the Fe(III) complex of AfGcHK.

0, Association and Dissociation Rate Constants of Wild-type
Full-length AfGcHK

Because AfGcHK appears to be a heme-based oxygen sensor
enzyme, we examined the O, association and dissociation rate
constants of the wild-type full-length protein. Pulse radiolysis
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FIGURE 4. The domain structure (A) and amino acid sequences of the receiver domain (B) of RR are shown. Asp-52 and Asp-169 are the assumed
phosphorylation sites. C, phospho-transfer reactions to RR catalyzed by the Fe(ll)-O, complex of full-length AfGcHK are shown. Phos-tag SDS-PAGE gel
patterns showing a time-dependent decrease in phosphorylated AfGcHK (P-GcHK) and simultaneous increase in diphosphorylated wild-type RR (P-P-RR)
are shown. The two monophosphorylated wild-type RR bands (P-RR) increased at 5 min after initiation of the reaction but subsequently decreased in a
time-dependent manner. Data were obtained at 0, 1, 2, 5, 10, 15, 30, and 60 min after initiation of the reaction. D, phospho-transfer reactions to Asp
mutants of RR by the Fe(ll)-O, complex of full-length AfGcHK is shown. The upper and lower bands represent the two singly phosphorylated RR bands
were abolished in the D52A and D169A mutants of RR, suggesting that these bands correspond to phosphorylated Asp-52 and Asp-169, respectively.
The D52A/D169A double mutant was not phosphorylated using the same procedure. See “Experimental Procedures” for experimental details. FixJ, a
response regulator for B. japonicum and R. meliloti; EcCheY, a response regulator for chemotactic signal transduction from E. coli; MtDeVR, a response
regulator for a two-component system and a target of phosphorylation by DevS of M. tuberculosis.

experiments involve the instantaneous generation of hydrated
electrons (e ), which in turn reduce the heme iron of hemo-
proteins and are employed to evaluate O, association rate con-
stants (supplemental Fig. S3) (28, 40—42). The second-order
rate constant for O, association with full-length AfGcHK was
composed of a two phases with rate constants of 1.3 and 0.15
uM~'s™! at a ~1:1 ratio (Table 2). The O, association rate
constants (1.3 and 0.15 um~'s™') of AfGcHK were similar to
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that (0.9 um~'s™") of YddV (28) but markedly higher than
those (0.0019-0.14 um 's™') of heme-bound PAS proteins
(EcDOS and BjFixL) (42, 43, 46) and lower than those (7-32
uM~'s™') of globin proteins (SWMb, HemAT-Bs, and
BpeGReg) (31, 34, 45). The rate constant for O, dissociation,
determined using the stopped-flow method, was evaluated as
0.10 s~ ' and was composed of a single phase (Table 2; supple-
mental Fig. S4). The O, dissociation rate constant (0.10 s ") of
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TABLE 2

0, association parameters of wild-type and mutant full-length
AfGcHK

Parameters of other heme-based oxygen sensor enzymes and SWMb are addition-
ally described for reference. Experiments were repeated at least three times, and
averaged values are described. Experimental errors were less than 20%. K, values
were calculated from &, and kg values.

Globin-coupled Histidine Kinase

TABLE 3

CO association parameters of wild-type and mutant full-length
AfGcHK

Parameters of other heme-based oxygen sensor enzymes and SWMb are addition-
ally described for reference. Experiments were repeated at least three times, and
averaged values are described. Experimental errors were less than 20%. K, values
were calculated from &, and kg values.

Proteins Kon Kogr K, References Proteins koo Koge K, References
um It st M st st M
AfGcHK WT 1.3,0.15 0.10  0.077,0.67  This work AfGcHK WT 0.052 0.0042 0.081 This work
Y45F 1.8,0.15 0.35 0.19,2.3 This work Y45F 0.053 0.0010 0.019 This work
Y45L 15,0078 8.0 5.3, 100 This work Y45L 0.033 0.0042 0.13 This work
Y45W 1.3,0.12 3.4 2.6,28 This work Y45W 0.10 0.0018 0.018 This work
H183A  1.5,0.15 0.11  0.073,0.73  This work H183A  0.042 0.0042 0.10 This work
YddV 0.9 13 14 Ref. 28 YddV 0.22 0.021 0.095 Ref. 28
HemAT-Bs 32 23 0.72 Ref. 30 HemAT-Bs 0.34 0.067 0.20 Ref. 31
BpeGReg 7.0 4.5 0.64 Ref. 34 BpeGReg 1.0 0.056 0.055 Ref. 34
SWMb 17 15 0.88 Ref. 45 SWMb 0.51 0.019 0.037 Ref. 45
EcDOS 0.0019 0.64 340 Ref. 43 EcDOS 0.00081 0.025 3.1 Ref. 43
BjFixL 0.14 20 140 Ref. 46 BjFixL 0.005 0.045 9.0 Ref. 46

AfGcHK was lower than those (4.5-23 s~ ') of BjFixL (46) and
the globin proteins (SWMb, YddV, HemAT-Bs, and BpeGReg)
(28, 31, 34, 45) but comparable with those (0.64 s ') of EcDOS
proteins (43). The equilibrium dissociation constants of
AfGcHK calculated from these rate constants were 0.077 and
0.67 uM, which were lower than those (0.64—14 um) of other
globin proteins (28, 31, 34, 45), suggesting that the novel histi-
dine kinase has unusually high oxygen affinity as GCS.

CO Association and Dissociation Rate Constants of Wild-type
Full-length AfGcHK

AfGcHK appears to be an oxygen sensor rather than a CO
sensor, as extremely low concentrations of CO exist in cells.
Nevertheless, knowledge of the CO binding kinetics is essential
to clarify the molecular mechanism of AfGcHK (37, 45). The
CO association and dissociation curves of the full-length
enzyme were both composed of a single phase with rate con-
stants of 0.052 uM ™~ 's™' and 0.0042 s, respectively (supple-
mental Figs. S5 and S6) (Table 3). The association rate constant
of CO for AfGcHK was higher than those (0.00081-0.005
uM ™ 's™1) of heme-bound PAS proteins (EcDOS and BjFixL)
(40, 43, 46) but lower than those (0.22—1.0 um~*s™ ') of the
globin proteins (YddV, HemAT-Bs, BpeGReg, and SWMb) (28,
31, 34, 45). The dissociation rate constant of CO for AfGcHK
was significantly lower than those (0.019-0.067 s™') of the
other oxygen sensor enzymes and SWMb (45). The equilibrium
dissociation constant (0.081 um) of CO, calculated from the
association and dissociation rate constants of CO for AfGcHK,
was similar to those (0.037—-0.20 um for: YddV, HemAT-Bs,
BpeGReg, and SWMb) of the globin proteins (28, 31, 33, 45) but
substantially lower than those of heme-bound PAS proteins
(3.1-9.0 uM for EcDOS and BjFixL) (42, 43, 46).

Resonance Raman Spectra of Wild-type Full-length AfGcHK
Resonance Raman spectroscopy provides useful information
about the heme coordination structure and heme environment
(12, 47—-49). To elucidate the heme coordination structure, we
obtained resonance Raman spectra of the Fe(III), Fe(II), Fe(II)-
O,, and Fe(II)-CO complexes of wild-type full-length AfGcHK
proteins (Fig. 5). The high frequencies of marker bands repre-
senting spin state and coordination number are summarized in
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supplemental Table S2 (12, 47—49). The coordination states of
the heme iron complex based on Raman shifts (presented in the
right-hand column in supplemental Table S2) are consistent
with those suggested from optical absorption spectra (Table 1).

Difference resonance Raman spectra in the low and high fre-
quency regions for '°0,—'%0, of the Fe(II)-O, complex and
12C'%0-"2C'80 of the Fe(I)-CO complex of wild-type full-
length AfGcHK proteins were obtained to assign the respective
frequencies (Fig. 5 and supplemental Figs. S7-S9). Based on the
isotope-sensitive shifts of frequencies, bands at 557, 1141, 497,
and 1958 cm ™! were assigned as Vg, o9 Yo.or Vre.cor a0d Ve s
respectively. Table 4 summarizes the lower and higher frequen-
cies of the stretching modes of the Fe(II)-O, and Fe(II)-CO
complexes assigned from isotope-sensitive frequencies. The
Vre.oo frequency (557 cm ™ ') was similar to that (560 cm 1)
of MtHb, but lower than that (569 cm ') of SWMb, suggest-
ing that the O, molecule bound to the Fe(II) heme in
AfGcHK is in a polar environment formed by hydrogen bond
networks. The v o, frequency (557 cm ™) of AfGcHK was
also lower than those (565-566 cm™ ') of other globin-cou-
pled oxygen sensors, including YddV-heme, HemAT-Bs,
HemDGC, and Ascaris Hb.

We obtained a resonance Raman spectrum of the Fe(II)-O,
complex in the deuterium solvent to determine which oxygen
atom (proximal, thus interacting with Fe(II); or distal, thus not
interacting with Fe(II)) of the O, molecule interacts with the
Tyr-45 OH group. Shifts in the v, o, and v, o frequencies
were observed for the wild-type protein in deuterium solvent
(Fig. 6A). The vp, 1y, frequency (223 cm™') of AfGcHK was
similar to those (225-226 cm ™~ ') of HemAT-Bs and M¢Hb (30,
50, 51).

An inverse correlation plot between v, o and v. o fre-
quencies of the Fe(II)-CO complex (supplemental Fig. S8C)
suggested that a proximal ligand trans to CO is histidine
imidazole, and the CO molecule bound to the Fe(II) complex in
AfGcHK is located in a hydrophobic environment (12, 49). The
Ve co frequency (497 cm™') of AfGcHK was close to those
(493-495 cm™ ') of YddV, HemAT-Bs, and P.caudatum
hemoglobin (25, 27, 52), whereas the v o frequency (1958
cm ™~ ') was comparable to that (1960 cm™*) of MtHb (50, 51).
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FIGURE 5. Shown are resonance Raman spectra of the Fe(lll) (a), Fe(ll) (b), Fe(l)-O, (c), and Fe(l1)-CO (d) complexes of wild-type full-length AfGcHK in the low (left
panel) and high frequency regions (right panel). The excitation wavelength was set as 413.1 nm. Band frequencies are summarized in supplemental Table S2.
Resonance Raman spectra representing the Fe(ll)-'80, and Fe(ll)- *C'80 complexes of wild-type full-length AfGcHK are described by the dotted lines. Difference
resonance Raman spectra representing the differences ('°0,-'20,) (e) in the Fe(ll)-O, complexes and differences (*2C'°0 - '3*C'80) (f) in the Fe(l)-CO complexes
of full-length wild-type AfGcHK are depicted in the insets and supplemental Figs. S7-59. See “Experimental Procedures” for experimental details.

TABLE 4
Resonance Raman spectral parameters of wild-type and Tyr mutant GCS proteins, AfGcHK, YddV, HemAT-Bs, and other hemoproteins
Proteins Vee-niis V0, Voo Vee-co Veo References
AfGcHK WwWT 223 557 1141 497 1958 This work
Y45F 223 559 1149 505 1953 This work
YddV-heme WwWT 227 565 495 1965 Ref. 28
Y43F 227 559 505 1959 Ref. 28
HemAT-Bs WwWT 225 566 494 1964 Ref. 30
Y70F 566 494 1961 Ref. 58
HemDGC WwWT 226 566 1138 506 1944 Ref. 36
Y55F 506 Ref. 36
SWMb 220 569 507 1947 Refs. 47, 59, and 60
MtHb 226 560 500, 535 1960, 1916 Refs. 50 and 51
PcHb* 220 563 493 1974 Ref. 52
Ascaris Hb 201 566 515, 543 1909, 1948 Refs. 48 and 57
EcDOS 214 561 486 1973 Ref. 55
RmFixL 211 571 498 1962 Refs. 12 and 56

“ PcHb, Paramecium caudatum hemoglobin.

Effects of Mutations at His-99 and Tyr-45 on the Heme
Environment of Full-length AfGcHK

Based on the structure of the heme environment proposed
from the amino acid sequences and structures determined for
GCSs to date (25, 26, 32) (Fig. 1), we hypothesized that His-99 is
a heme axial ligand at the proximal side and Tyr-45 is located at
the heme distal side and critical for recognition or binding of
the O, molecule. Accordingly, we generated mutants at His-99
and Tyr-45 and examined the roles of these residues in spectro-
scopic, kinetic, and catalytic activities of the enzyme.

Optical Absorption Spectra and Kinetic Properties of Mutant
Proteins of Full-length AfGecHK—Optical absorption spectros-
copy studies revealed loss of heme binding ability for the HO9A
mutant (Fig. 2C, Table 1), supporting the possibility of His-99 as
an axial ligand on the proximal side, in accordance with our
proposal (Fig. 1). However, optical absorption spectra of the
three Tyr-45 mutants were similar to those of wild type (Table
1). Interestingly, Y45L and Y45W mutations led to markedly
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enhanced O, dissociation rate constants but did not alter the
0O, association rate constants (Table 2). Thus, Tyr-45 is possibly
critical in the stability of the Fe(II)-O, complex but does not
appear to be located at the O, access channel and, therefore,
may not be involved in O, binding to the Fe(II) complex of
AfGcHK. The extremely slow autooxidation rate constant of
AfGcHK was not significantly altered by the mutations at
Tyr-45.

The Y45F and Y45W mutations led to a 4-fold lower disso-
ciation rate constant for CO than the wild-type protein (Table
3). However, the effects of the Tyr-45 mutations on the CO
dissociation rate constant were considerably lower than those
on the O, dissociation rate constant, where up to an 80-fold
increase was observed (Table 2). These findings suggest that
Tyr-45 is not important for the stability of CO binding to the
Fe(II) complex, distinct from the O, molecule. The H183A
mutation did not significantly alter the O, and CO binding
kinetic values (Tables 2 and 3), which appears a reasonable find-
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FIGURE 6. Difference resonance Raman spectra representing the differ-
ences ('°0,/H,0 — '°0,/D,0) in the Fe(ll)-0, complexes of wild-type (A)
and Y45F (B) full-length AfGcHK in the low (left panel) and high (right
panel) frequency regions, with excitation at 413.1 nm. See “Experimental
Procedures” for details.

ing, as His-183 is the autophosphorylation site and should thus
be distinct from the heme-binding domain.

Catalytic Activities of Full-length Mutant AfGcHKs—Inter-
estingly, H99A displayed catalytic activity comparable with that
of the Fe(II)-O,-complexed wild-type protein (Fig. 3E). This
finding is consistent with results obtained for other oxygen sen-
sor enzymes, YddV and EcDOS, where the heme-free forms
display similar activities to the O,-bound catalytically active
forms (28, 53), leading to the proposal that the protein is fur-
nished with the heme iron complex to suppress catalysis. How-
ever, careful examination revealed that phosphorylation of
H99A reached maximum levels only at 15 min after initiation of
the reaction (Fig. 3E), in contrast to wild-type, where maximum
phosphorylation was observed within 1 min after initiation of
the reaction (Fig. 3C). The initial rate of the H99A mutant reac-
tion appeared ~5-fold lower than that of its wild-type counter-
part. Furthermore, Tyr-45 mutants displayed catalytic activities

OCTOBER 14,2011 +VOLUME 286+-NUMBER 41

Globin-coupled Histidine Kinase
(A)

(% Tyrd5 \ z Tyr4d5 )

% %.2

¥ _ | = R
— Fle:”— — i~ Flep/ — | — Flezo—
His99 _ His99 \  His99 )
6¢cLS 5cHS 6cLS
active inactive active & stable
(B) 0, —
AfGcHK - o -
Anae109 2438 | 9lobin ‘ ‘ histidine kmase| 382 aa
- His99 His183
(axial ligand) é C ATP
ADP
»“f )
RR Asp52 Asp169
Rec-1 Rec-2 238 aa

Anae109_2439

FIGURE 7. A, shown is the proposed heme coordination structures relevant to
catalytic activities dependent on the coordination structures and heme redox
states of AfGcHK. The low spin complexes (Fe(lll), Fe(ll)-O,, Fe(ll)-CO) are
active, whereas the high spin complex (Fe(ll)) is inactive. Tyr-45 OH interacts
with the proximal O atom in the Fe(ll)-O, complex, but interactions with the
distal O atom cannot be totally ruled out. B, shown is a proposed mechanism
of globin-coupled heme-based oxygen sensing of a histidine kinase, AfGcHK,
in the two-component signal transduction system. His-99 is the heme axial
ligand at the proximal side of AfGcHK. The inactive high spin Fe(ll) complex is
activated by association of O, forming the active low spin Fe(ll)-O, complex
or autooxidized to the active low spin Fe(lll) complex. His-183 is autophos-
phorylated by the active form of AfGcHK, and the phosphate group of phos-
phorylated AfGcHK is transferred to the Asp-52 and Asp-169 sites in RR. aa,
amino acids; 6¢LS, 6-coordinated low spin; 5cHS, 5-coordinated high spin.

comparable to those of wild type (activities of Y45F are shown
in Fig. 3D; Y45L and Y45W showed similar activities as wild-
type protein).

Resonance Raman Spectra of Full-length Mutant AfGcHKs—
The frequencies of the Fe-O,, O-O, Fe-CO, and C-O stretching
modes of Y45F are summarized in Table 4 along with frequen-
cies of Fe-His (see supplemental Fig. S9 for difference reso-
nance Raman spectra in the low and high frequency regions for
0,-1%0, of the Fe(I)-O, complex and **C**O-"3C*#0 of the
Fe(II)-CO complex of wild-type and Y45F full-length AfGcHK
proteins). The Vg, o, (557 cm™ '), vo o (1141 cm™ 1Y), v o
(497 cm™ '), and v, (1958 cm ™ ') values of wild-type protein
were shifted to 559, 1149, 505, and 1953 cm ™', respectively, in
spectra of the Y45F mutant, implying that both O, and CO
molecules interact with the tyrosine residue. Importantly, the
shifts in the v, o, and v, _g frequencies observed for the wild-
type protein in deuterium solvent were not detected for the
Y45F mutant (Fig. 6B). Therefore, the OH group of Tyr-45
appears to form a direct hydrogen bond with the O, molecule at
the heme distal side of AfGcHK (Fig. 74).

DISCUSSION

Several heme-regulated oxygen or NO sensor histidine
kinases have been identified, but no GcHKs are known at pres-
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ent (supplemental Fig. S10). In this study we have identified
AfGcHK from Anaeromyxobacter sp. strain Fwl09-5 and
examined its catalytic, kinetic, and spectral properties for the
first time.

Tyr-45 as the Axial Ligand for the Fe(Ill) Heme Complex—
We suggest that a hydroxide group serves as an axial ligand at
the heme-distal side of the six-coordinated low spin Fe(III)
complex of AfGcHK (Fig. 7). Direct coordination of the Tyr-
45-OH to Fe(Ill) heme is unlikely because the broad band
(600-700 nm) characteristic of the six-coordinated high spin
Fe(IlI) complex of the F113Y mutant of EcDOS and the H64Y
mutant of SWMb (45, 53) is not observed when wild-type
AfGcHK s studied (Fig. 2). However, small differences in opti-
cal absorption (Table 1) and resonance Raman spectral traces
(supplemental Table S1) between the wild-type enzyme and the
Tyr-45 mutant are evident. Probably, indirect interaction of the
Tyr-45-OH and the Fe(III) heme complex via a hydroxide moi-
ety (the direct axial ligand of the Fe(III) complex) or another
electrostatic interaction may contribute to spectral changes
associated with the Tyr-45 mutation. In Chlamydomonas chlo-
roplast Hb (in which Tyr-63-OH serves as the direct axial ligand
of the Fe(III) heme complex), an H/D-sensitive band at 502
cm™ ! (assigned to the Fe-O[Tyr] stretching mode) was
observed, and Tyr-63 mutation caused significant shifts in the
resonance Raman spectral patterns (66). In contrast, the reso-
nance Raman spectral properties characteristic of direct
Tyr-OH ligation were not observed when AfGcHK was studied.
We further discuss the resonance Raman spectral characteris-
tics of AfGcHK later in this section.

Autophosphorylation—Phos-tag SDS-PAGE patterns (Fig. 3)
demonstrating autophosphorylation activities indicated
termination of the reactions at around 50-60% phosphoryla-
tion. These phenomena may occur due to equilibrium between
the autophosphorylation and phosphatase reactions. Because
GcHK is about 50% phosphorylated in general and other histi-
dine kinases are only 5-10% phosphorylated at the final stage,
the Phos-tag SDS-PAGE patterns observed for AfGcHK are not
surprising. It should be emphasized that the Phos-tag SDS-
PAGE method is superior to the radioisotope method using
[*?P]ATP to evaluate phosphorylated protein with the kinase,
as it can effectively detect trace amounts of phosphorylated
protein in the fresh protein preparation. No pre-autophos-
phorylated protein was detected for the inactive H183A mutant
(Fig. 3, B and E), validating the superiority of Phos-tag SDS-
PAGE over the radioisotope method (1-4, 19).

Mechanism of Catalytic Activation—For AfGcHK, all the
active species are low spin complexes (Fe(IlI), Fe(II)-O,, and
Fe(II)-CO complexes), whereas the high spin complex (Fe(II)
complex) is inactive. In crystal structures of myoglobin and
other heme proteins, the iron atom projects out 0.4—0.6 A
from the porphyrin plane in the Fe(II) high spin complex but is
on the porphyrin plane in the low spin Fe(II)-O, complex (37,
45, 61, 62). Therefore, the Fe-His bond length on the proximal
side appears crucial for catalytic activation of globin-coupled
Sensors.

The initial reaction rate of the H99A protein (axial ligand
mutant; heme-free form) appeared 5-fold lower than that of
wild-type protein (Fig. 3, C and E). Autophosphorylation is
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exerted in a crosswise manner in that kinase on one subunit
phosphorylates His-183 on another subunit. It is speculated
that Ala-99 interacts directly or indirectly with the kinase
active site on another subunit and partially hampers catalysis
in the heme-free H99A mutant. Heme binding to His-99 as
the proximal axial ligand of the wild-type protein may assist
in regulation of the catalytic reaction with the aid of heme
redox changes and/or external ligand (O,, CO) binding to
the heme iron.

On the other hand, distal Tyr-45 may be critical for oxygen
sensing. An important role of the Tyr residue in the heme distal
side of oxygen sensor proteins with the globin-, GAF- and
H-NOX domains in oxygen sensing has been documented (18,
28, 32, 36, 54).

The autophosphorylated amounts (~60%) of Y45F (Fig. 3D)
appeared significantly higher than those (~40%) of wild-type
protein (Fig. 3C). Tyr-45 may interfere with catalysis in a neg-
ative manner, as suggested for His-99. Because the reaction was
so rapid and almost completed within 1 min using the present
method, correct catalytic parameters, such as V, . and K, val-
ues, could not be obtained.

Stability of the Fe(I[)-O, Complex and O, and CO Binding
Kinetics—One of the characteristic features of AfGcHK is the
high stability of the Fe(I)-O, complex. Our findings suggest
that AfGcHK is constitutively active as the Fe(II)-O,, (or Fe(III))
complex under aerobic conditions but inactive as the Fe(II)
complex under hypoxia or anaerobic conditions. The O, affin-
ity (K, 0.077 and 0.67 uMm) of AfGcHK is the highest among the
known oxygen sensor enzymes and SWMb (Table 2) but differs
from those (EcDOS, 340 um; BjFixL, 140 um) of heme-bound
PAS oxygen sensor enzymes (42, 43, 46). AfGcHK may need to
detect the presence of trace amounts of oxygen in the bacterial
anaerobic environment to switch catalysis, whereas PAS
oxygen sensor enzymes are required to detect lowering of the
oxygen concentration under normoxia conditions (260 um or
saturated O, concentration, 1.3 mm) in an aerobic bacterial
environment.

Effects of Tyr-45 mutations on the kg value were more
marked than those on the k_, value for O, binding (Table 2).
These findings are in accordance with the resonance Raman
spectral findings in that Tyr-45 mutations shifted the frequen-
cies of the Fe(II)-O, complex (Table 4). A k4 value can be used
to evaluate ligand dissociation from a ligand-heme complex
and thus reflects the heme-distal structure; this is the region in
which a ligand becomes dissociated (37, 45). However, a k_,,
value can be used to evaluate the characteristics of a ligand-
access channel (37, 45). Therefore, it is suggested that the
Tyr-45 side chain interacts with the O, molecule bound to
Fe(II) heme by forming a hydrogen bond network on the heme
distal side. Note that the kg value of ligand dissociation for the
heme complex correlated with resonance Raman frequencies,
as shown below. Mutations at the distal Tyr residue of MtHb
enhanced the k_ value of O, by 100-fold, consistent with the
results for AfGcHK (50, 51).

Resonance Raman Spectra—The iron-histidine bond-
stretching mode (vg. ;y;,) is only observed in the 5-coordinate
Fe(II) complex and is very sensitive to the protein matrix sur-
rounding the histidine residue (48). Because the frequency of
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this mode of AfGcHK (223 cm ™ ') is similar to those of other
heme proteins, such as SWMb (220 cm ™), HemAT-Bs (225
cm ™), and MtHb (226 cm ™), it is suggested that the Ne atom
of the proximal histidine of AfGcHK interacts only weakly with
a nearby polar side chain, distinct from horseradish peroxidase
(244.cm™"). The hydrogen bond of the proximal histidine of the
peroxidase enzyme appears to be important in terms of stabili-
zation of reactive intermediate oxygen species including Com-
pound L. The frequency differences between SWMb (220 cm ™)
and those of GCS proteins/truncated globin (AfGcHK, 223
cm™'; HemAT-Bs, 225 cm™'; MtHb, 226 cm ™ ') may be attrib-
uted to variation in the strength of hydrogen bonds associated
with the oxygen-transfer and gas-sensing functions of such
proteins.

The vp._o, frequency (557 cm ™) of AfGcHK was similar to
those (560 cm ') of MtHb (50, 51). Interestingly, Tyr mutations
on the heme distal side of MtHbD led to a shift in the vg, o,
frequency from 560 to 570 cm ', This spectral behavior is anal-
ogous to that of AfGcHK, suggesting that the proximal oxygen
atom of the O, molecule bound to the Fe(Il) heme forms a
hydrogen bond with the Tyr-OH group (50, 51). The shifts in
the vg, o, and vg o frequencies of the wild-type protein in de-
uterium solvent were not observed for Y45F (Fig. 6B), support-
ing the presence of hydrogen bond(s) between the O, molecule
and Tyr-45 OH in wild-type AfGcHK. A crystal structure study
of the Fe(II)-O, complex of MtHb suggested that both oxygen
atoms in the O, molecule are almost at the same hydrogen-
bonding distance from the phenolic OH group of Tyr-33 (aver-
age value, 3.12 A) (63).

The resonance Raman spectral frequencies (vg. oo, 497
cm™ 5 e o, 1958 cm ™) of the Fe(II)-CO complex of AfGcHK
were also similar to those (Vg o, 500 cm™'; ve o, 1960 cm ™ 1)
of MtHb (Table 4), suggesting comparable binding of the CO
molecule to Fe(II) heme in AfGcHK to that in M¢tHb. The Y45F
mutation led to increased v, o frequency but decreased v
frequency of the Fe(II)-CO complex of AfGcHK. We propose
that the CO molecule does not form a hydrogen bond in the
wild-type protein but forms a hydrogen bond(s) with a nearby
polar residue(s) or water molecule(s) in the Y45F mutant based
on the inverse correlation plot between vg, o and ve o (12,
49). The Y45F mutation may induce steric rearrangement of a
neighboring polar amino acid residue (or the water molecule)
to face and/or to interact with CO.

The Fe(IlI)-OH stretching frequency should be observed
between 450 and 555 cm ™! (47). However, the bands of the
Fe(III) complex of AfGcHK were very weak. We could not even
detect clear differences between spectra obtained in H,O and
D,O. Further attempts are required to probe Fe(III)-OH coor-
dination from the resonance Raman spectral point of view.

Physiological Functions—In the absence of clear phenotypic
data, it is difficult to determine the actual physiological func-
tion(s) of RR encoded by the Anael09 2439 gene. RR identified
in this study has two tandem receiver domains, whereas other
documented RRs consist of a single receiver domain, such as
CheY, and affect protein localization, function as phosphate
sinks, or control chemotactic or chemokinetic responses (5-7).
The two-component systems associated with this gene have
additionally been identified in Anaeromyxobacter dehalogen-
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ans and Myxococcus xanthus, among the sequenced bacteria.
Anaeromyxobacter exhibits both aerobic and anaerobic
growth. On the other hand, Myxococcus is an obligate aerobe
and cannot survive under anaerobic conditions. Therefore, the
two-component system may regulate specific physiological
functions, such as fruiting body formation and sporulation, for
these soil slime bacteria, which require optimal oxygen concen-
trations to exert adequate physiological functions for cell sur-
vival (64, 65).

Summary—In this study we have isolated and characterized
the novel heme-bound globin-coupled histidine kinase,
AfGcHK, from Anaeromyxobacter sp. Fwl09-5 for the first
time. The low spin Fe(III), Fe(II)-O,, and Fe(II)-CO complexes
appear to be the active forms, and the high spin Fe(II) complex
appear to be the inactive form of the enzyme. Spectral data on
proteins with mutations in the heme domain suggest that
His-99 is the proximal axial ligand to the heme iron complex,
whereas Tyr-45 is located in the heme distal side and forms
electrostatic interactions with the O, molecule bound to the
Fe(II) complex. An autophosphorylation site, His-183, on
AfGcHK, and phosphorylation sites Asp-52 and Asp-169 on RR
have been further identified. Histidine kinases with heme-
bound sensor domains having different folds, such as PAS and
GAF (supplemental Fig. S10), have been documented, but no
histidine kinases with the heme-bound globin fold have been
reported to date. To our knowledge, AfGcHK is a first known
globin-coupled oxygen sensor histidine kinase critical for the
two-component system in Anaeromyxobacter sp.
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