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ABSTRACT: Spectroscopic characterization of the newly discovered heme-PAS domain sensor protein
BxRcoM-2 reveals that this protein undergoes redox-dependent ligand switching and CO- and NO-induced
ligand displacement. The aerobic bacterium Burkholderia xenoVorans expresses two homologous heme-
containing proteins that promote CO-dependent transcription in vivo. These regulators of CO metabolism,
BxRcoM-1 and BxRcoM-2, are gas-responsive heme-PAS domain proteins like mammalian neuronal PAS
domain protein 2 (NPAS2) and the direct oxygen sensor from Escherichia coli (EcDos). BxRcoM-2 was
studied using electronic absorption, MCD, resonance Raman, and EPR spectroscopies. In the Fe(III)
oxidation state, the heme is low-spin and six-coordinate with a cysteine(thiolate) as one of the two ligands.
The sixth ligand is a histidine (His74), which is present in all states of the protein that were studied.
Reduction to the Fe(II) oxidation state results in replacement of the cysteine(thiolate) with a neutral thioether
ligand, Met104. CO and NO bind to the Fe(II)BxRcoM-2 heme opposite the histidine ligand. Thus, BxRcoM-2
employs coordination state changes similar to those known for CO-sensing CooA, with redox-dependent
loss of a cysteine(thiolate) ligand and displacement of a relatively weakly bound axial ligand by the
effector gas molecule. Like EcDos, the weakly bound axial ligand that is displaced is methionine.

The past decade has witnessed the discovery of many new
heme-containing gas-sensing proteins, which couple the
binding of diatomic ligands at a heme center to the regulation
of protein function. Binding of O2, CO, or NO effector
molecules to heme iron acts as a switch for an allosteric
conformational change; the environment of the heme pocket
often discriminates against functional activation by more than

one specific ligand (1, 2). Oxygen sensors include bacterial
FixL1 (3), EcDos (4), and HemAT (5); the CO sensors
include bacterial RrCooA (6) and mammalian NPAS2 (7),
and the NO sensors include mammalian sGC (8) and bacterial
H-NOX proteins (9). This diverse collection of proteins
frequently utilizes a single-component signal transduction
system with a heme-binding domain and a functional domain,
which may be a guanylyl cyclase, phosphodiesterase, or DNA
binding domain. We report herein spectroscopic character-
ization of a new protein of this class, BxRcoM-2, a putative
regulator of aerobic CO metabolism.

A number of heme-based sensor proteins, including FixL,
EcDos, and NPAS2, bind heme within a conserved PAS
domain. PAS domains are found in proteins spanning all
kingdoms of life (10). The basic domain structure is an a/b
fold of ∼130 amino acids, although the level of sequence
identity among PAS-bearing proteins is quite low. Sensing
environmental signals through small molecule binding is a
function associated with PAS domains. Only a few PAS-
containing proteins are known to bind cofactors such as FAD,
FMN, and heme, and among these, the heme-containing PAS
domain proteins are the best-characterized. The heme-PAS
sensor kinase FixL is the regulator of a two-component signal
transduction system, which phosphorylates the transcription
factor FixJ (3, 11). Under aerobic conditions, binding of O2

to the heme in FixL inhibits kinase activity. Release of O2

from the heme under hypoxic conditions stimulates phos-
phorylation of FixJ, triggering a cascade that results in
production of the nitrogen fixation machinery. CO and NO
also inhibit the kinase activity of FixL, although with much
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reduced efficiencies (3- and 2-fold for CO and NO, respec-
tively, vs 100-fold for O2) (12, 13).

The direct oxygen sensor in E. coli (EcDos) (4) and the
A. xylinum phosphodiesterase A1 (AxPDEA1) (14) proteins
are closely related to one another and to FixL, with PAS
domains whose sequences are ∼30% identical to that of
FixL. These proteins combine an N-terminal PAS-fold heme
domain with a phosphodiesterase enzymatic domain, a
module found only in bacterial signal transduction systems.
AxPDEA1 regulates cellulose synthase, which is allosterically
activated by the precursor molecule 3′,5′-cyclic diguanylic
acid (c-di-GMP). Under aerobic conditions, AxPDEA1 is
inhibited by O2 binding to the PAS-domain heme. As oxygen
tension decreases and O2 is released, phosphodiesterase
activity is stimulated, hydrolyzing c-di-GMP to the linear
dinucleotide (pGpG) and inhibiting cellulose production. The
sequence of EcDos is approximately 40% identical with
AxPDEA1 over the heme and enzymatic domains (4). EcDos
exhibits O2-dependent cAMP phosphodiesterase activity (15),
as well as O2-, CO-, and NO-dependent c-di-GMP phos-
phodiesterase activity (16). Spectroscopic, structural, and
mutagenesis studies indicate that EcDos is low-spin and six-
coordinate in the Fe(III), Fe(II), and Fe(II) gas-bound states,
and that signal transduction occurs via displacement of an
endogenous ligand (Met95) (15–17).

PAS-domain heme-based sensor proteins are also known
to bind to DNA and to function as transcriptional regulators.
Neuronal PAS domain protein 2 (NPAS2) was the first
eukaryotic heme-containing PAS-domain protein identified
(7). NPAS2 is a transcription factor that binds to DNA as a
heterodimer with BMAL1. NPAS2 is expressed in the central
nervous system, where it regulates the expression of genes
critical for controlling circadian rhythm (18). Each of the
two PAS domains in NPAS2 contains a heme, and the
binding of CO inhibits heterodimerization with BMAL1 and
thus prevents transcription of NPAS2-BMAL1 regulated
target genes (7).

CooA (CO oxidation activator) is a CO sensor from the
bacterium R. rubrum and is the most throroughly character-
ized heme-based sensor protein (6, 19). RrCooA, which does
not contain a PAS domain, is a member of the cAMP
receptor protein (CRP) family and fumarate and nitrate
reductase (FNR) superfamily of transcriptional regulators.
In the absence of oxygen, the specific binding of CO to the
RrCooA heme activates transcription of the genes for the
CO oxidation machinery, thus enabling R. rubrum to utilize
CO as an energy source. The RrCooA homodimer consists
of two domains: an N-terminal heme-binding regulatory
domain and a C-terminal helix-turn-helix DNA-binding
domain (20). The RrCooA dimer binds two b-type heme
cofactors in the regulatory domain; the Fe(III) heme iron is
coordinated by cysteine(thiolate) (Cys75) and by the nitrogen
of the opposing monomer’s N-terminal proline (Pro2) (21).
When the heme is reduced, the cysteine(thiolate) is replaced
with a neighboring histidine (His77) (22, 23), which poises
the protein to bind CO via replacement of the coordinated
proline. The binding of CO is proposed to trigger a global
conformational change in which movement of the heme is
translated through the dimer interface to the DNA binding
domain (24, 25).

The newest members of the heme-based sensor family are
heme-PAS transcription factors that may regulate aerobic CO

metabolism in bacteria. Two proteins were isolated from
Burkholderia xenoVorans (LB400) (26), an aerobic poly-
chlorinated biphenyl (PCB)-degrading bacterium originally
found in PCB-contaminated landfill sites in New York (27).
Designated “regulators of CO metabolism” (RcoM), these
two homologous proteins (BxRcoM-1 and BxRcoM-2, 88%
identical and 93% similar in sequence) function as CO-
dependent transcription factors in vivo (26). Each protein
contains an N-terminal heme-containing PAS domain and a
C-terminal LytTR DNA binding domain. The N-terminal
PAS domain binds a b-type heme, and mutagenesis of two
conserved residues, His74 and Met104 in BxRcoM-1, identified
these residues as likely heme iron axial ligands.

Herein, we describe the spectroscopic characterization of
the BxRcoM-2 protein in the Fe(III), Fe(II), Fe(II)CO, and
Fe(II)NO states using the techniques of electronic absorption,
magnetic circular dichroism, electron paramagnetic reso-
nance, and resonance Raman spectroscopy. Our studies reveal
that one of the two axial ligands in Fe(III)BxRcoM-2 is a
cysteine(thiolate) that is replaced with a neighboring neutral
residue, likely Met104, upon reduction of the heme iron.
Binding of CO to the Fe(II) heme occurs opposite a neutral
endogenous donor, likely His74, while NO binds with
retention of a sixth nitrogen-containing ligand, presumably
the same histidine. Drawing on our spectroscopic data,
previous mutational analysis, and comparison to similar
heme-containing PAS-domain proteins (26), we propose a
model for heme coordination changes in BxRcoM-2 that are
associated with redox and ligand binding events.

MATERIALS AND METHODS

Materials. CO and NO gas (99.5%) cylinders were purchased
from AGA, and 13CO gas (99%) was purchased from Sigma-
Aldrich. The NO gas was passed over an anaerobic KOH
column to remove higher-order nitrogen oxides before use.
Na15NO2 (98%) was purchased from Cambridge Isotopes, while
NaNO2 was purchased from Fischer Scientific. Buffer and
glycerol were purchased from Sigma-Aldrich; high-purity
sodium dithionite was purchased from Fluka and stored under
Ar(g) at -20 °C. All chemical reagents were used as received.

Expression and Purification of BxRcoM-2. The cloning,
expression, and purification of the BxRcoM proteins have
been described previously (26). In brief, the ∼800 bp region
encoding BxRcoM-2 was cloned into pEXT20 (28) with
subsequent introduction of a segment that added a six-His
tag at the C-terminus of the expressed protein. For expres-
sion, E. coli cultures were grown in rich medium supple-
mented with ferric citrate and IPTG, and the protein was
purified as previously described (26). The purified protein
was desalted by gel filtration into 25 mM MOPS (pH 7.4)
and 500 mM KCl and stored at -80 °C. Protein concentra-
tions were determined using the BCA method (Pierce,
Rockford, IL) using bovine serum albumin as the standard,
and heme content was determined using the pyridine hemo-
chrome assay (29). The protein purity was >90% as
determined by SDS-PAGE analysis.

Electronic Absorption Spectroscopy. Electronic absorption
spectra were recorded on a double-beam Varian Cary 4 Bio
spectrophotometer equipped with a temperature controller
and set to a spectral bandwidth of 0.5 nm. Spectra were
obtained at 25 °C for protein samples diluted into 25 mM
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EPPS and 500 mM KCl (pH 8.0). Protein solutions were
purged with Ar(g) in the cuvette headspace to remove O2.
Reactions of the Fe(III) protein with a reducing agent
(sodium dithionite, Na2S2O4) were performed anaerobically
and were initiated by (1) the addition of an excess of the
solid reductant under Ar(g) or (2) the addition of a stock
solution of reductant, prepared anaerobically, to a final
concentration of 2 mM. The specific method used is noted
in individual figure legends. The Fe(II)CO adducts of
BxRcoM-2 were generated by injection of CO(g) into the
headspace of the septum-sealed cuvette via a gastight syringe,
after which the solution was gently agitated. CO(g) was
introduced either to the Fe(III) protein, followed by reduction,
or to the prereduced Fe(II) protein for the observation of
any order of addition effects. The Fe(II)NO adducts of
BxRcoM-2 were generated by injection of NO(g) into the
headspace of the septum-sealed cuvette via a gastight syringe,
after which the solution of Fe(III)BxRcoM-2 or dithionite-
reduced Fe(II)BxRcoM-2 was gently agitated. Typically,
50-200 µL of NO(g) or CO(g) was used to form the NO and
CO adducts; absorption spectra were recorded during the
experiment at room temperature until no further changes were
observed.

MCD Spectroscopy. Magnetic circular dichroism (MCD)
spectra were recorded on a Jasco J-715 CD spectropolarim-
eter with the sample compartment modified to accommodate
an Oxford Instruments SM-4000-8T magnetocryostat. MCD
spectra were recorded at temperatures ranging from 2 to 100
K. The MCD signal at -7 T for each temperature was
subtracted from the +7 T data, and the resulting trace was
divided by 2 to remove the CD contribution to each spectrum.
The buffer used for MCD samples consisted of 50 mM EPPS
and 500 mM KCl (pH 8.0), with approximately 55% (v/v)
glycerol present in the sample. Addition of glycerol had no
effect on the visible absorption spectrum of any sample at
room temperature, nor was any visible spectral change
observed at temperatures at which MCD data were collected.
Sodium dithionite was used as a reducing agent and was
introduced in excess as a solid into anaerobic samples of
the Fe(III) protein under Ar(g). The CO adduct was prepared
as noted for the absorption spectra. Each sample was
transferred to an Ar(g)-filled cell via a gastight syringe and
frozen in liquid nitrogen.

EPR Spectroscopy. X-Band EPR spectra were collected
on a Bruker ESP 300E instrument equipped with an Oxford
ESR 900 continuous-flow liquid helium cryostat and an
Oxford ITC4 temperature controller. The microwave fre-
quency was monitored using an EIP model 625A CW
microwave frequency counter. Spectra were recorded at 10
K. Spectra of Fe(III)- and Fe(II)NO BxRcoM-2 (150 µL,
∼250 µM heme) were recorded in 50 mM borate [B(OH)3]
buffer with additional 500 mM KCl at pH 8.0. For samples
containing a reducing agent, sodium dithionite was added
as a solid into anaerobic samples of the Fe(III) protein. The
NO gas adducts were prepared using Na14NO2 or Na15NO2;
NO gas was generated under anaerobic conditions in situ
by the reduction of the appropriate NaNO2 reagent with a
small excess of sodium dithionite in the aqueous protein
solution. Each sample was then transferred to an Ar(g)-filled
quartz EPR tube via a gastight syringe or Ar(g)-purged small-
bore tubing and frozen in liquid nitrogen. For all samples,
scans of 0-10000 G revealed no signals other than those

reported. EPR data were simulated using the WEPR program
written by F. Neese (30). The parameter set employed for
the EPR simulation is given in the Supporting Information.

Resonance Raman Spectroscopy. Resonance Raman spec-
tra were recorded with excitation wavelengths of 413.1 and
406.7 nm from a Kr+ laser (Coherent I-302C). The scattered
light was collected using a back-scattering 135° sample
geometry. Low incident laser powers of 50 mW for Fe(III)
and Fe(II) states, or ∼7-10 mW for CO and NO adducts to
minimize photodissociation of ligands, were focused with a
cylindrical lens onto the sample. An Acton Research triple
monochromator equipped with 2400 grooves/mm gratings
was used. Data were collected with a Princeton Instruments
Spex 1877 triple spectrograph equipped with a cooled,
intensified diode array detector. Data collection was auto-
mated using Spectrasense. Peak positions and intensities were
calibrated using the ice peak at 228 cm-1. The frozen protein
samples, in the same buffer that was used for EPR (vide
infra), were placed in a quartz dewar and cooled to 77 K to
reduce local heating. Windows centered at 650, 1250, and
1850 cm-1 were collected to obtain a complete spectral
window of ∼150-2250 cm-1. All spectral data were
imported into and processed with IGOR Pro (Wavemetrics,
Inc.). Vibrational modes are indicated in the figures, with
assignments based on comparison with those of other heme
proteins and the work of Spiro and Kitagawa (31–34).

RESULTS

Characterization of Fe(III)BxRcoM-2. The electronic
absorption spectrum of Fe(III)BxRcoM-2 (Figure 1) exhibits
optical features with similarities to those of known Fe(III)
heme-thiolate proteins. The spectrum shown in Figure 1 is
consistent with a low-spin, six-coordinate Fe(III) heme with
an axial ligand environment consisting of a cysteine(thiolate)
ligand opposite a neutral donor ligand, likely histidine. Key
spectral characteristics are a δ band at 354 nm, an intense
Soret (γ) peak at 423 nm, and broad, asymmetric R and �
features at 565 and 541 nm, respectively, and a pair of weak
charge transfer bands at ∼640 and 730 nm. The two most
significant optical features associated with coordination by
cysteine(thiolate) include the δ band in the near UV and
charge transfer bands in the visible region (35). The δ band
is a feature associated with mixing of a sulfur-based ligand-
to-metal charge transfer (LMCT) transition and the Fe(III)

FIGURE 1: Electronic absorption spectrum of purified Fe(III)BxR-
coM-2. The sample included 12 µM heme in 25 mM EPPS buffer
with 500 mM KCl (pH 8.0) at 25 °C.
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porphyrin (π f π*) Soret transition. Additionally, when an
Fe(III) heme is coordinated by a strong electron donor such
as thiolate, the absorption spectrum exhibits two low-energy
LMCT bands. Comparison of the spectral peak positions
observed in Fe(III)BxRcoM-2 (Table 1) with those of other
known heme-thiolate proteins, such as CooA from R. rubrum,
cytochrome P450 with imidazole, and human cystathione
�-synthase (hCBS), provides support for the assignment of
Fe(III)BxRcoM-2 as another member of the class of low-
spin six-coordinate heme-thiolate proteins.

The assignment of Fe(III)BxRcoM-2 as a low-spin, six-
coordinate species is also supported by the MCD spectral
features. The MCD spectrum of Fe(III)BxRcoM-2 shown in
Figure S1 of the Supporting Information is dominated by
an intense temperature-dependent, derivative-shaped C term
in the Soret region with a crossover at 419 nm. Another
temperature-dependent C term is also present in the R-�
region with a crossover at 570 nm; the intensity of this term
is much lower than that of the Soret feature. A magnetization
plot (∆ε vs �H/2kT) of data for Fe(III)BxRcoM-2 (Supporting
Information, Figure S1, inset) is consistent with a low-spin,
S ) 1/2 heme. Comparison of the MCD peak positions of
Fe(III)BxRcoM-2 (Supporting Information, Table S1) to
those of other low-spin, six-coordinate Fe(III) heme proteins
is consistent with the assignment of axial ligation by
cysteine(thiolate) opposite a neutral donor such as histidine.

EPR, which is sensitive to the unpaired spin density on
iron and the axial ligand environment, is clearly indicative
of cysteine(thiolate) ligated to the Fe(III)BxRcoM-2 heme
in a low-spin, six-coordinate system. The corrected and
simulated spectra for Fe(III)BxRcoM-2 at pH 8.0 are depicted
in Figure 2. The best-fit simulation yields g values of 1.88,
2.28, and 2.52 for gx, gy, and gz, respectively. Table 2
illustrates that these values are in agreement with those of
other Fe(III) heme proteins bearing cysteine(thiolate) coor-
dinated opposite a neutral sixth ligand. A second, minor
EPR signal with a narrower g anisotropy is observed in
Fe(III)BxRcoM-2 (Figure 2); this signal was not simulated
due to the very low intensity and the extent of overlap with
the major signal. The presence of dual signals in low-spin
heme-thiolate proteins, which may be due to differences in
protonation of the thiolate ligand (36), has been observed
for both RrCooA (37) and hCBS (38). The g anisotropy in
low-spin Fe(III) hemes correlates with the nature of the axial
ligands, and the narrow separation of gx, gy, and gz provides
definitive evidence of a thiolate ligand in Fe(III)BxRcoM-2
(Table 2 and references therein) (39). In contrast, low-spin,
Fe(III) heme proteins bearing two neutral donors (i.e., bis-
histidine) typically exhibit a rhombic spectrum in which the

g anisotropy is larger, e.g., cytochrome b5 and neuroglobin.
In cases where the axial ligands impose higher symmetry
on the dxz and dyz iron orbitals, e.g., in EcDos, the unpaired
electron becomes significantly delocalized, moving gz (gmax)
to a lower field while gx and gy become broad and nearly
undetectable. Blumberg and Peisach (39) utilized the energy
parameters V and ∆ as indicators of the strength and
symmetry of the ligand field exerted by the axial ligands in
low-spin Fe(III) hemes. Their analysis defined five regions
in a crystal field diagram, which plotted the rhombic field
(V/∆) versus the tetragonal field (∆/λ). Calculations using
the g values measured for Fe(III)BxRcoM-2 yield field
parameters that place BxRcoM-2 squarely within the “P”
region of the Blumberg-Peisach diagram, which is populated
by other cysteine(thiolate) Fe(III) heme proteins possessing
a sixth neutral axial ligand.

Resonance Raman analysis of Fe(III)BxRcoM-2 (Figure
3B) identified vibrational modes associated with oxidation,
spin and coordination states that are also consistent with a
low-spin, six-coordinate Fe(III) heme. The high-frequency
region of heme Raman spectra is dominated by porphyrin
in-plane modes, which are sensitive to the heme iron
oxidation state (ν4) and spin and coordination states (ν3, ν2,
and ν10) (33, 34). The Soret-excited resonance Raman

Table 1: Comparison of Electronic Absorption Peak Positions for
Low-Spin Six-Coordinate Fe(III) Heme Proteins

protein ligands δ Soret � R LMCT ref

BxRcoM-2a ?/Cys 354 423 541 565 640, 730 this work
RrCooA Pro/Cys 362 424 540 574 649, 750 21
P450CAM+ImH ImH/Cys 358 425 542 574 638, 753 72
hCBS His/Cys 365 428 550 NR 650, 700 56
M80C cyt c His/Cys 355 416 540 570 635, 734 72
cytochrome c His/Met 408 530 695 73
EcDos His/H2O 416 530 564 74
cytochrome b5 His/His 413 532 566 75
neuroglobin His/His 415 535 565 59

a Experimental values.

FIGURE 2: X-Band EPR spectrum of Fe(III)BxRcoM-2 (thick line)
and best-fit simulation (thin line). The sample included 250 µM
heme in 50 mM borate buffer and 500 mM KCl (pH 8.0). The
spectrum was recorded at 10 K with a 9.3567 GHz microwave
frequency, a 0.505 mW microwave power, a 3.2 × 105 receiver
gain, an 8.31 G modulation amplitude, a 100 kHz modulation
frequency, and a 163.84 ms time constant, using 10 added scans
each containing 2048 data points. The background was corrected,
and the best-fit simulation was generated. Asterisks denote the
unsimulated minor second signal, gx and gz components.

Table 2: Comparison of EPR g Values for Selected Fe(III) Heme
Proteins

protein ligands gz gy gx ref

BxRcoM-2a ?/Cys 2.52 2.28 1.88 this work
RrCooA Pro/Cys 2.46 2.25 1.89 (major) 37
RrCooA Pro/Cys 2.58 2.25 1.84 (minor) 37
P450CAM+ImH ImH/Cys 2.56 2.27 1.87 55
hCBS His/Cys 2.49 2.31 1.87 (major) 56
hCBS His/Cys 2.43 2.31 1.90 (minor) 56
M80C cyt c His/Cys 2.56 2.27 1.85 57
EcDos His/H2O 3.42 - - 76
cytochrome b5 His/His 3.03 2.23 1.43 (pH 7.0) 77
neuroglobin His/His 3.14 2.16 1.34 78

a Experimental values.
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spectrum for Fe(III)BxRcoM-2, shown in Figure 3B, displays
porphyrin skeletal modes at frequencies expected for a low-
spin Fe(III) heme: 1371 cm-1 (ν4), 1500 cm-1 (ν3), 1579
cm-1 (ν2), and 1634 cm-1 (ν10). Fe(III) heme centers exhibit
the oxidation state marker band ν4 in the range of
∼1370-1375 cm-1, and for low-spin hemes, the most
distinct spin state marker band ν3 occurs in the range of
1500-1510 cm-1 (33, 34). In contrast, high-spin, five- and
six-coordinate Fe(III) hemes exhibit ν3 bands at 1490-1500
and 1475-1485 cm-1, respectively. Though the porphyrin
skeletal modes are largely insensitive to the identity of the
iron axial ligands, the low-frequency region (200-700 cm-1)
can be useful in assigning vibrations associated with specific
metal-ligand bonds (40). In previous work, Champion, et
al. (41) characterized substrate-bound cytochrome P450CAM

isotopically labeled with 34S and 57Fe and identified the
stretching mode for the iron-sulfur bond (νFe-S) at 351 cm-1

for the high-spin Fe(III) enzyme. In the six-coordinate, low-
spin Fe(III) heme of hCBS, global 34S labeling was used to
identify νFe-S as a lower-energy band at 312 cm-1 (42). In
Figure 3A, by analogy to the assignment in hCBS, we
tentatively identify νFe-S as a broad band centered at ∼310
cm-1; however, definitive assignment of this mode cannot
be made without isotopic labeling. The breadth of this ∼310
cm-1 band suggests that there may be overlap of two different
bond vibrations or slightly different environments around the
thiolate ligand.

Characterization of Fe(II)BxRcoM-2. Treatment of
Fe(III)BxRcoM-2 with a reducing agent results in a new

electronic absorption spectrum suggestive of a low-spin, six-
coordinate Fe(II) heme in which the cysteine(thiolate) ligand
has been replaced. As shown in Figure 4A, when a reductant
is added to Fe(III)BxRcoM-2, the Soret band maximum
increases in intensity and red shifts slightly from 423 to 425
nm with simultaneous sharpening of the R and � peaks,
which shift to 562 and 532 nm, respectively (Figure 4A).
Comparison of the spectral peak positions for Fe(II)BxR-
coM-2 (Table 3 and references therein) with those of other
heme proteins such as RrCooA, which undergo a ligand
switch upon reduction, strongly suggests analogous behavior
for BxRcoM-2. If cysteine(thiolate) were retained as an axial
ligand after reduction of Fe(III)BxRcoM-2, the Soret maxi-
mum would be expected to appear at ∼450 nm, as seen in
reduced hCBS at pH 9. This is clearly not the case: the Soret
maximum of Fe(II)BxRcoM-2 at 425 nm in Figure 4A shows
conclusively that cysteine(thiolate) is replaced as an axial
ligand. In the case of Fe(II)CooA, cysteine(thiolate) is
replaced with a histidine; this change in coordination results
in a Soret maximum with a peak position identical to that
of Fe(II)BxRcoM-2 (425 nm), though the R and � posi-
tions of Fe(II)CooA are both blue-shifted 3 nm relative to
those of Fe(II)BxRcoM-2. Cytochrome b5 and neuroglobin,
which possess bis-histidine coordination in the Fe(II) state,
also exhibit Soret positions similar to those of Fe(II)BxR-
coM-2 and Fe(II)CooA (Table 3), supporting an assignment
in Fe(II)BxRcoM-2 of two neutral donor axial ligands. When
R and � peak positions are considered, the observed spectral

FIGURE 3: Resonance Raman spectra of Fe(III)BxRcoM-2 and
Fe(II)BxRcoM-2. The sample included 250 µM heme in 50 mM
borate buffer and 500 mM KCl (pH 8.0). Reduction was performed
using solid sodium dithionite. Spectra were recorded on the frozen
samples at 77 K using the 413.1 nm Kr+ laser line with a power of
∼50 mW at the sample. Spectral windows are shown for (A)
200-600 and (B) 1050-1650 cm-1 regions. Key vibrational modes
are indicated.

FIGURE 4: Electronic absorption (A) and MCD (B) spectra of
Fe(II)BxRcoM-2. (A) The electronic absorption sample included
12 µM heme in 25 mM EPPS buffer with 500 mM KCl (pH 8.0)
at 25 °C. Sodium dithionite was added in slight excess as a solid
to Fe(III)BxRcoM-2 (thin line) to prepare Fe(II)BxRcoM-2 (thick
line). (B) The MCD sample included approximately 30 µM heme
in 25 mM EPPS buffer with 250 mM KCl (pH 8.0) and ∼55%
glycerol. The average of three scans collected at 4.5 K under a
constant magnetic field (7 T) is shown.
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data for Fe(II)BxRcoM-2 most closely resemble those of
Fe(II)EcDos (4), which possesses a low-spin, six-coordinate
Fe(II) heme with histidine and methionine as axial ligands.

MCD spectroscopy corroborates the assignment of the
Fe(II)BxRcoM-2 protein as a low-spin, six-coordinate Fe(II)
heme with two neutral axial ligands. The MCD spectrum of
Fe(II)BxRcoM-2, shown in Figure 4B, is dominated by an
intense temperature-independent A term in the R-� region
with a crossover at 560 nm. Another much less intense
temperature-independent feature is observed in the Soret
region with a crossover at 421 nm. The temperature
independence of the MCD spectral features is consistent with
an assignment of S ) 0, low-spin, Fe(II) heme. The dominant
A term in the R-� region, also simply termed the alpha (R)
band, is typical of Fe(II), low-spin heme systems, and its
position is diagnostic for the type of axial ligation present
(Table 3 and references therein). When cysteine(thiolate) is
retained as a ligand after reduction, the R band crossover
occurs between 562 and 576 nm, which can be observed for
Fe(II)CBS at pH 9. When the sixth position is occupied by
a neutral/non-thiolate ligand, the crossover position blue
shifts to ∼550-560 nm, as observed in the Fe(II) states of
RrCooA and EcDos. The position of the R band in
Fe(II)BxRcoM-2 (560 nm), then, is in agreement with
previous observations for other low-spin, six-coordinate
Fe(II) hemes (Table 3), which contain two neutral donor
ligands.

The resonance Raman spectrum of Fe(II)BxRcoM-2
(Figure 3B) shows oxidation, spin, and coordination state
vibrational modes consistent with the assignment of a low-
spin, six-coordinate heme. In the Fe(II) state, the heme axial
ligands compete more effectively for the iron dπ orbitals,
which results in lowered frequencies for the π-sensitive
marker bands, of which ν11 is considered the most
sensitive (33, 34). Fe(II)BxRcoM-2 (Figure 3B) exhibits an
oxidation state (ν4) band at 1359 cm-1, which is appropriately
shifted to a frequency lower than that of Fe(III)RcoM-2 (ν4,
1371 cm-1). The shoulder on ν4 at 1368 cm-1 is attributed
to a fraction of CO-bound protein that is present in the as-
isolated protein (26). The spin and coordination state bands
(ν3 and ν2) for Fe(II)BxRcoM-2 occur at 1490 and 1580
cm-1, respectively. The 1490 cm-1 position of the spin state

marker (ν3) is indicative of a low-spin system and is at lower
frequency than in Fe(III)BxRcoM-2 (1500 cm-1). Marker
band ν2, which overlaps with ν19, is not shifted appre-
ciably from its position in Fe(III)BxRcoM-2; however, in
Fe(II)BxRcoM-2, ν10 is observed to shift to a lower frequency
(∼1620 cm-1), underneath a band associated with the νCdC

porphyrin mode. The degree of overlap of ν11 with ν38

decreases as ν11 shifts to a lower frequency upon reduction
of Fe(III)BxRcoM-2, and this band is located at ∼1536 cm-1

in the Fe(II)BxRcoM-2 spectrum. The positions of all key
marker bands in Fe(II)BxRcoM-2 (Figure 3B) agree with
expected values for low-spin, six-coordinate Fe(II) heme
proteins in which both ligands are neutral donors (33, 34).
Importantly, these characteristic vibrational frequencies are
not consistent with either a high-spin state or the presence
of cysteine(thiolate) as a heme iron ligand (43).

Characterization of the Fe(II)CO Adduct of BxRcoM-2.
Electronic absorption and MCD spectra of Fe(II)CO
BxRcoM-2 (Figure 5) exhibit features consistent with the
formation of a six-coordinate Fe(II)CO adduct with CO
bound opposite a neutral ligand. In the presence of CO and
reductant, the optical spectrum (Figure 5A) displays a slightly
blue-shifted, very sharp, and intense Soret feature at 423 nm.
The sharp, inequivalent R and � peaks present in the
Fe(II)BxRcoM-2 spectrum are converted to a pair of nearly
equivalent peaks at ∼540 and 570 nm, respectively. The
order of CO addition and reduction does not appreciably
influence the peak intensity ratio in the visible region. The
same spectrum is obtained either when CO(g) is added to
Fe(II)BxRcoM-2 or when dithionite is added to Fe(III)-
BxRcoM-2 in the presence of excess CO(g) (Figure 5A). The
positions and shapes of the observed peaks in the UV and
visible regions are typical for low-spin, six-coordinate
Fe(II)CO heme adducts (Supporting Information, Table S2)
in which CO binds opposite a neutral donor ligand. At 100
K, the MCD spectrum of Fe(II)CO BxRcoM-2 (Figure 5B)
is dominated by a derivative-shaped, temperature-indepen-
dent A term in the Soret region with a crossover at 423 nm
and another temperature-independent feature in the R-�
region with a crossover at 571 nm. At temperatures normally
used in low-temperature MCD (2-25 K), the CO adduct
was susceptible to photolysis, which has been documented

Table 3: Comparison of Electronic Absorption and MCD Peak Positions for Selected Six-Coordinate Fe(II) Heme Proteins

protein ligands Soret � R ref

Electronic Absorption

BxRcoM-2a ?/? 425 532 562 this work
RrCooA His/Pro 425 529 559 58
hCBS (pH 9.0) His/Cys 448 540 570 56
cytochrome c His/Met 413 521 550 79
EcDos His/Met 427 532 563 4
cytochrome b5 His/His 423 526 556 80
neuroglobin His/His 426 530 560 59

Peak Crossover Peak Peak Crossover Peak ref.

MCD

BxRcoM-2a ?/? 417 421 424 557 560 562 this work
RrCooA His/Pro 416b 420 425b 550b 554 558b 81
hCBS (pH 9) His/Cys 445b 448 452b 563b 566 569b 56
cytochrome c His/Met 414 420 425 544b 546 549b 82
EcDos His/Met NRc NRc 430 558 561 565 74
cytochrome b5 His/His 415 426 438 544 547 549 82

a Experimental values. b Peak positions were not reported in the original paper and are presented from inspection of the data. c Not reported.
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for other six-coordinate CO-bound heme proteins (44).
Comparison of the MCD peak positions (Supporting Infor-
mation, Table S2) with those of other six-coordinate
Fe(II)CO proteins shows a clear resemblance of Fe(II)CO
BxRcoM-2 to proteins with histidine as the axial ligand trans
to CO.

Further characterization of Fe(II)CO BxRcoM-2 utilized
isotope-edited resonance Raman spectroscopy, as shown in
Figure 6, to identify the Fe-CO and C-O stretching and
bending modes to confirm the assignment of a six-coordinate
CO adduct with a trans histidine ligand. The binding of CO,
a π acid ligand, to the Fe(II) heme is expected to compete
with the porphryin macrocycle for iron dπ electrons, resulting
in upshifts of π-sensitive marker bands toward Fe(III)
frequencies as the porphyrin bonding modes strengthen. In
Figure 6B, the marker bands that are sensitive to the Fe(II)CO
oxidation, spin, and coordination states, ν4 (1368 cm-1), ν2

(1575 cm-1), ν3 (1494 cm-1), and ν10 (1630 cm-1), are
observed to shift relative to those of the Fe(II)BxRcoM-2
spectrum. The frequencies of the major observed bands in
Fe(II)CO BxRcoM-2 (Figure 6B) are in agreement with those
of other six-coordinate CO-heme adducts with histidine as
a trans ligand (45). Isotopic substitution with 13CO identified
the CO-associated stretching and bending modes, as shown

in Figure 6A. The stretching modes [ν(Fe-12CO), 485 cm-1;
ν(Fe-13CO), 476 cm-1] and bending modes [δ(Fe-12CO),
565 cm-1; δ(Fe-13CO), 554 cm-1] correlate well with those
of known six-coordinate Fe(II)CO proteins (Supporting
Information, Table S3 and references therein). In the high-
frequency region, modes for the coordinated C-O stretches
[ν(12C-O), 1965 cm-1; ν(13C-O), 1920 cm-1] are also
observed (Figure 6C). The Fe-CO and internal C-O

FIGURE 5: Electronic absorption (A) and MCD (B) spectra of
Fe(II)CO BxRcoM-2. (A) Electronic absorption spectra of Fe(II)CO
BxRcoM-2, with order of addition effects, are shown. A sample
(∼8 µM heme) with CO(g) present at the time of reduction (solid
line) is compared with a sample (∼8 µM heme) with CO(g) injected
after reduction (dashed line). The Fe(II) Soret is shown (thin line);
the Fe(II)CO Soret is the same in both experiments. (B) The MCD
sample included ∼30 µM heme in 25 mM EPPS buffer with 250
mM KCl (pH 8.0) and ∼55% glycerol. The average of three scans
collected at 7 T and 100 K is shown. Samples were prepared in 25
mM EPPS buffer with 500 mM KCl (pH 8.0) maintained at 25 °C.
A sodium dithionite solution was used to reduce the protein samples
in panels A and B. For MCD (B), CO(g) was mixed with the
Fe(III)BxRcoM-2 sample before reduction.

FIGURE 6: Resonance Raman spectra for Fe(II)(12CO) and
Fe(II)(13CO) BxRcoM-2. The samples included 250 µM heme in
50 mM borate buffer and 500 mM KCl (pH 8.0). After CO(g) was
injected into the Fe(III)BxRcoM-2 sample headspace, reduction was
performed using a sodium dithionite solution. Spectra were of frozen
samples were recorded at 77 K using the 413.1 nm Kr+ laser line
with an ∼7-10 mW power at the sample. The difference spectrum
(12CO - 13CO) is shown for the frequency ranges containing
ν(Fe-CO), δ(Fe-CO), and ν(C-O). (A) Lowest-frequency win-
dow, 200-600 cm-1, containing stretching and bending modes
ν(Fe-CO) and δ(Fe-CO). (B) Midfrequency window, 1050-1650
cm-1, containing the major oxidation, spin, and coordination state
marker bands. Shown is a comparison of the Fe(III), Fe(II), and
Fe(II)CO states. (C) High-frequency window, 1750-2100 cm-1,
containing stretching mode ν(C-O). Key vibrational modes are
indicated.

9022 Biochemistry, Vol. 47, No. 34, 2008 Marvin et al.



stretching frequencies are linearly correlated with a negative
coefficient; the ligand trans to CO also influences the
observed frequencies of the two stretching modes (46, 47).
When the protein environment surrounding CO becomes
more positive, π-electrons are more highly delocalized from
the Fe(II) to CO, strengthening the Fe-C bond, but weaken-
ing the C-O bond through increased population of the π*-
antibonding orbitals. The inverse is observed when the
environment of the CO is more negative in nature. When
the frequencies of the Fe-CO and C-O stretching modes
are plotted on a ν(Fe-CO)/ν(C-O) correlation diagram
(Supporting Information, Figure S2), the values for
BxRcoM-2 are observed to fall near a cluster of values for
other six-coordinate Fe(II)CO heme proteins and related
model complexes with histidine trans to CO. Furthermore,
the position of Fe(II)CO BxRcoM-2 on this correlation is
consistent with a CO ligand which resides in a neutral,
nonpolar environment.

Characterization of the Fe(II)NO Adduct of BxRcoM-2.
Electronic absorption spectroscopy of Fe(II)NO BxRcoM-2
reveals spectral features (Figure 7) characteristic of a six-
coordinate Fe(II)NO heme. As illustrated in Figure 7, upon
addition of NO(g), the Soret absorption maximum of
Fe(II)BxRcoM-2 undergoes a blue shift from 425 nm to a
slightly less intense, sharp Soret maximum at 422 nm, the
shape and position of which are comparable to those of
known six-coordinate Fe(II)NO heme proteins (Supporting
Information, Table S4). The transition of the R and � bands
from the sharp, inequivalent peaks of the Fe(II) protein to
the broader, more equivalent peaks at ∼544 and 577 nm of
the NO adduct is observed over several minutes (Figure 7)
after a bolus of NO(g) is injected into the cuvette headspace.
Five-coordinate NO-heme adducts, in which both endog-
enous ligands to iron have been displaced, display a broad,
low-intensity blue-shifted Soret typically at ∼400 nm with
R and � bands of approximately equivalent intensity (48).
In contrast, six-coordinate NO-heme adducts, in which one
endogenous ligand is retained opposite the NO, have distinct,
sharp Soret bands with maxima in the range of 415-425
nm (49). The shape and position of the observed Fe(II)NO

Soret feature for BxRcoM-2 in Figure 7 are clearly indicative
of a six-coordinate heme. Nitric oxide is also able to bind to
Fe(III) hemes and induce reduction of heme to Fe(II) (50).
In the case of BxRcoM-2, the six-coordinate Fe(II)NO adduct
forms readily over 5-10 min after NO(g) is introduced into
an anaerobic Fe(III)BxRcoM-2 sample (data not shown).
Anaerobic samples of Fe(II)CO BxRcoM-2, however, remain
relatively resistant to changes in coordination, even in the
presence of a large excess of NO(g) (data not shown).

EPR spectroscopy of Fe(II)NO BxRcoM-2 provides un-
ambiguous confirmation of a six-coordinate Fe(II) heme in
which NO binds opposite a nitrogen-containing endogenous
protein ligand. The observed rhombic spectrum for the 14NO
adduct of Fe(II)BxRcoM-2, shown in Figure 8A, yields g
values of 1.976, 2.005, and 2.076 for gx, gy, and gz,
respectively. The presence of a sixth nitrogen-containing
ligand opposite the bound 14NO gives rise to a rhombic
splitting pattern in which nine lines are observed due to
hyperfine and superhyperfine coupling between the unpaired
electron on the nitrogen of the NO ligand and the proximal
ligand nitrogen atom (51). In Fe(II)(14NO) BxRcoM-2, the
observed hyperfine and superhyperfine coupling constants
are measured at ∼22.5 and ∼7.5 Gauss, respectively. The
observed g values and coupling constants for the Fe(II)(14NO)
adduct are similar to those of other six-coordinate Fe(II)NO
heme proteins (Supporting Information, Table S5 and refer-
ences therein). When isotopic substitution with 15NO is
performed (Figure 8B), hyperfine coupling of the unpaired
electron with the I ) 1/2

15N nucleus results in the expected
shift to a six-line spectrum with an increase in the hyperfine
coupling constant to ∼32.5 G and a slight decrease in the
superhyperfine coupling constant to ∼6.5 G; the g values
remain consistent with those of Fe(II)(14NO) BxRcoM-2.
These signals are clearly distinct from those of five-
coordinate NO-heme adducts, which exhibit axially sym-
metric three-line spectra due to coupling of the electron with
the single I ) 1 14N nucleus of the bound NO; isotopically
substituted five-coordinate NO adducts have a hyperfine
doublet due to the I ) 1/2

15N nucleus (51). The observed
EPR spectra (Figure 8, both isotopomers) of Fe(II)-

FIGURE 7: Electronic absorption spectrum of Fe(II)NO BxRcoM-2.
The electronic absorption spectrum of Fe(II)NO BxRcoM-2 (thick
line) is shown overlaid on the Fe(II) spectrum (thin line). The
conversion profile from the ferrous protein after a bolus of NO(g)
was added is indicated in the R-� region (dotted line). The sample
included 6 µM heme in 25 mM EPPS buffer with 500 mM KCl
(pH 8.0) maintained at 25 °C. The sample was prepared by reducing
Fe(III)BxRcoM-2 with solid sodium dithionite followed by addition
of NO(g).

FIGURE 8: X-Band EPR spectra of (A) Fe(II)(14NO) and (B)
Fe(II)(15NO) BxRcoM-2. Each sample included approximately 200
µM heme in 50 mM borate buffer with 500 mM KCl (pH 8.0).
The samples were prepared via reduction of Fe(III)BxRcoM-2
followed by generation of NO(g). Spectra were recorded at 10 K
with a 9.3567 GHz microwave frequency, a 0.16 mW microwave
power, a 6.3 × 105 receiver gain, a 2.09 G modulation amplitude,
a 100 kHz modulation frequency, and a 163.84 ms time constant,
using 10 added scans containing 2048 data points.
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NO BxRcoM-2 contain an additional feature at g1 ∼ 2.04
with a complementary feature presumed to occur near g2 ∼
1.98, which was not resolved in these spectra. These features
are found in other six-coordinate Fe(II)NO adducts; the
additional signals are attributed to alternate His-Fe(II)-NO
structures, which vary in Fe(II)-His and Fe(II)-NO dis-
tances and in the Fe(II)-N-O angle (52).

The assignment of a six-coordinate Fe(II)NO BxRcoM-2
adduct is also supported by resonance Raman data, which
are shown in Figure S3 of the Supporting Information. Modes
sensitive to the Fe(II)NO oxidation, spin, and coordination
states, ν4 (1371 cm-1), ν2 (1575 cm-1), ν3 (1496 cm-1), and
ν10 (1630 cm-1) (Supporting Information, Figure S3B), are
in agreement with those of other six-coordinate Fe(II)NO
heme proteins; no additional features were observed for ν3

to indicate the presence of five-coordinate Fe(II)NO (53).
In the low-frequency region, isotopic substitution with 15NO
resolved a weak ν(Fe-NO) stretching mode [ν(Fe-14NO),
565 cm-1; ν(Fe-15NO), 552 cm-1] (Supporting Information,
Figure S3A). Isotopic substitution with 15NO also results in
the loss of a shoulder overlapping with ν10, which we
tentatively assign as the ν(14N-O) band at 1631 cm-1

(Supporting Information, Figure S3C). The ν(15N-O) stretch-
ing mode, which would be expected at ∼1600-1605 cm-1,
was obscured by porphyrin skeletal modes with excitation
at 413.1, 406.7, and 530 nm and cannot be assigned. The
ν(Fe-14NO) and tentative ν(14N-O) frequencies correlate
well with those of other six-coordinate Fe(II)NO proteins
with histidine trans to NO (Supporting Information, Table
S6). As with heme-CO adducts, the ν(Fe-NO) and ν(N-O)
frequencies for proteins and model complexes are correlated;
Fe(II)NO adducts follow a less well-behaved “anticorrela-
tion” relationship (46). When the frequencies of ν(Fe-NO)
and ν(N-O) for Fe(II)NO BxRcoM-2 are plotted (Supporting
Information, Figure S4) with available protein and model
complex data, the values of Fe(II)NO BxRcoM-2 fall near
values for other six-coordinate Fe(II)NO heme proteins and
related model complexes with a neutral/histidine ligand trans
to NO.

DISCUSSION

Functional studies of BxRcoM-1 and BxRcoM-2 implicate
these proteins in aerobic CO sensing (26). The rcoM genes
reside adjacent to open reading frames encoding aerobic CO-
oxidizing machinery, and in in vivo reporter assays, both
BxRcoM proteins drive CO-dependent transcription. Fur-
thermore, in several organisms that lack a cooA gene, rcoM
is found adjacent to the coo operon. These observations
strongly suggest that RcoM serves as a CO-sensing tran-
scription factor analogous to CooA. However, the BxRcoM
proteins, with a heme-PAS domain and a LytR DNA-binding
domain, are unrelated to CooA and utilize different heme
coordination changes to transmit the CO signal. Our data
suggest that the B. xenoVorans RcoM proteins are also
members of a more select group of heme-thiolate CO and
NO gas-sensing proteins, which possess heme axial ligand
environments that attenuate their sensing response to exclude
regulation by O2. As previously observed in RrCooA (6),
the BxRcoM-2 heme appears to be tuned to sense CO as an
effector ligand using a low-spin, six-coordinate heme envi-
ronment and a redox-dependent ligand switch (Scheme 1).

BxRcoM-2 exhibits striking spectral similarities to other
members of the heme-thiolate family of gas-sensing proteins,
including the heme-PAS sensor NPAS2. Resonance Raman
and mutagenesis studies were used to identify the Fe(III)
heme axial ligands of the NPAS2 PAS-A heme domain as
Cys170 and His119 (54). Spectral comparisons of BxRcoM-2
to RrCooA (37), NPAS-2 (54), and other proteins with a
neutral ligand opposite cysteine(thiolate) (55–57) suggest
that a comparable coordination environment is present in
BxRcoM-2. For example, the narrow g anisotropy charac-
teristic of heme-thiolate proteins that is observed for
Fe(III)BxRcoM-2 is similar to that seen for RrCooA (37).
The thiolate-coordinated hemes of BxRcoM-2 and NPAS2
are distinct from those of the heme-containing PAS-domain
proteins EcDos, FixL, and AxPDEA1. In both FixL and
AxPDEA1, the Fe(III) heme is high-spin and five-coordinate,
with a single conserved histidine ligand (3, 14). EcDos, in
contrast, is low-spin and six-coordinate, with both the
conserved histidine and a water (or hydroxide) coordinated
to the heme iron (Scheme 1) (15).

Scheme 1: Heme Coordination Environments of (A)
RrCooA, (B) BxRcoM,a and (C) EcDos

a The essential features of the BxRcoM redox and gas binding
mechanism (B) include (1) a common histidine ligand in all states, (2)
coordination of cysteine(thiolate) to Fe(III), (3) coordination of
methionine to Fe(II), and (4) selective replacement of methionine with
CO.
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Like RrCooA and NPAS2, BxRcoM-2 undergoes a ligand
switch when reduced, replacing the cysteine(thiolate) axial
ligand, as illustrated in Scheme 1. All the spectral charac-
teristics of Fe(II)BxRcoM-2 are indicative of a low-spin, six-
coordinate Fe(II) heme with two neutral donors, suggesting
that the cysteine(thiolate) is no longer bound to the heme.
Analogous replacement of a thiolate ligand upon reduction
occurs in RrCooA (22, 23), where Cys75 is replaced with
His77, and in NPAS2, where Cys170 is replaced with His171

(54). In contrast, the O2-sensing PAS-domain proteins FixL
and AxPDEA1 remain high-spin and five-coordinate in the
reduced state (3, 14). Of the known gas-sensing heme-PAS
domain proteins, only EcDos is low-spin and six-coordinate
in both the Fe(III) and Fe(II) states; in the Fe(II) state, EcDos
binds a methionine (Met95) opposite histidine, which replaces
a coordinated water (15). Fe(III)EcDos and Fe(III)BxRcoM-2
differ considerably in their spectral characteristics (Tables
1 and 2); however, there are considerable similarities between
these proteins in their reduced states. Comparison of
Fe(II)EcDos and Fe(II)BxRcoM-2 leads to the interesting
observation that, while the position of the Soret band in
Fe(II)BxRcoM-2 is most similar to those of proteins with
two neutral nitrogen donors, i.e., RrCooA (58) and neuro-
globin (59), the positions of the R and � peaks are most
similar to those of EcDos (4) (Table 3).

The identity of potential ligands in the BxRcoM proteins
was inferred by sequence comparison among a related set
of heme-PAS proteins and verified by mutational analysis
(26). Alignment of the PAS domains of BxRcoM-2, its
homologue BxRcoM-1, FixL proteins from two organisms,
and EcDos suggested that His74 in the BxRcoM proteins was
a heme ligand candidate. Mutational analysis corroborated
this proposal: in BxRcoM-1, alteration of His74 eliminated
accumulation of heme-bound protein. The spectral data for
BxRcoM-2 presented herein strongly suggest that histidine,
presumably His74, is a ligand in both the Fe(III) and Fe(II)
states. Our data further reveal that BxRcoM-2 undergoes a
redox-mediated ligand switch in which the cysteine(thiolate)
ligand is replaced with a neutral donor. In the BxRcoM
proteins, there are only three cysteines, Cys94, Cys127, and
Cys130; studies are underway to identify which of these is
the axial ligand to the Fe(III) heme. By analogy to RrCooA
and NPAS2, we would expect a nearby neutral residue to
replace cysteine in the Fe(II) state. A model for Fe(II)
BxRcoM-1, using the structure of Fe(II)EcDos (17) as a
template, placed either Met104 or Met105 in the proximity of
the heme. Variants at Met104, but not Met105, altered
BxRcoM-1 visible spectral and functional behavior (26),
consistent with the conclusion that Met104 serves as a ligand
to the Fe(II) heme. The observed spectroscopic data are
consistent with, though not conclusive evidence for, the
presence of the analogous Met104 ligand in Fe(II)BxRcoM-
2.

When Fe(II)BxRcoM-2 binds CO, we infer that His74 is
retained as the sixth ligand, while Met104 is replaced with
CO (Scheme 1). The spectral features of Fe(II)CO BxRcoM-2
in the electronic absorption, MCD, and resonance Raman
spectra (Supporting Information, Table S2 and S3) are all
consistent with the presence of histidine trans to CO. The
observed Fe-CO and C-O stretching frequencies, when
plotted on a correlation diagram (46), place BxRcoM-2 on
the correlation line for histidine as the trans ligand, near a

cluster of His/CO heme adducts that includes EcDos (Sup-
porting Information, Figure S3). Furthermore, the correlation
position indicates that the CO ligand is bound in a neutral/
nonpolar environment in BxRcoM-2 (45, 47), suggesting that
the BxRcoM-2 heme-PAS domain is comparable in hydro-
phobicity to those of FixL and EcDos (17, 60). In contrast,
RrCooA has a C-O stretching frequency that is upshifted
considerably (Supporting Information, Figure S3) (61).

Despite the strong negative trans influence of NO (62),
which thermodynamically favors a five-coordinate NO-
heme adduct, Fe(II)BxRcoM-2 forms a six-coordinate nitrosyl
adduct. EPR of the isotopically labeled 14NO and 15NO
adducts reveals the presence of superhyperfine coupling that
can arise only from the coordination of a nitrogen atom
opposite the NO ligand at the heme iron. The most likely
source of this nitrogen is His74, suggesting that Met104 is the
ligand that is replaced upon gas binding. The presence of a
six-coordinate nitrosyl in the heme-PAS domain sensor
proteins has precedent; the FixLs have been shown to form
a temperature-dependent mixture of five- and six-coordinate
NO adducts, and the six-coordinate NO adduct is favored
by both AxPDEA1 and EcDos (63). Interestingly, in all heme-
thiolate proteins thus far characterized, including RrCooA
(58), hCBS (64), and NPAS2 (PAS-A) (54), coordination
of NO to the heme iron causes the displacement of both axial
ligands to form a five-coordinate NO adduct. Furthermore,
the formation of the five-coordinate NO adduct in RrCooA
results in inactivation of the protein, which implies that
retention of the proximal histidine ligand is required for
transcriptional activation in RrCooA (58). It is not yet clear
what effect or relevance, if any, the binding of NO to form
a six-coordinate adduct has on the DNA binding activity of
BxRcoM-1 or BxRcoM-2.

Patterns that illuminate how heme-based sensors discrimi-
nate among the three diatomic gases (O2, NO, and CO),
which serve as signals in a variety of cellular systems, are
now evident. In the O2-sensing PAS-domain proteins, as in
hemoglobin and myoglobin, the Fe(II) heme is five-
coordinateandhigh-spin,withasinglehistidine ligand(13,65).
The binding of O2 to form a six-coordinate complex induces
a spin state change, which alters local steric interactions and
drives a global conformational change. In the FixL proteins,
specificity for O2 arises from interactions of the bound O2

ligand with a conserved arginine residue via hydrogen
bonding. Donation of a hydrogen bond to bound O2, as
originally observed in the globins, appears to be a common
selection mechanism for O2. In the H-NOX proteins, which
are either O2 or NO sensors, a distal pocket tyrosine is
required to select for O2 binding (66, 67). The tyrosine traps
the bound O2, which would otherwise dissociate too rapidly
to form a complex; H-NOX proteins without this tyrosine
exhibit low affinities for O2 and are NO sensors. Trans ligand
influences amplify this discrimination: the O2-sensing pro-
teins form a six-coordinate NO adduct, which is thermody-
namically less favorable, while NO sensors form the
thermodynamically preferred five-coordinate NO adduct. The
H-NOX family member soluble guanylyl cyclase employs
this strategy to bind NO with a high degree of discrimination
against O2 (68), and displacement of the trans histidine ligand
to form the five-coordinate NO adduct induces enzyme
activation (69). CO, which activates soluble guanylyl cyclase
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only weakly, forms a six-coordinate adduct with retention
of the histidine (68).

RrCooA uses this five- and six-coordination number
difference to selectively respond to CO. RrCooA is active
only when CO forms a six-coordinate adduct; the five-
coordinate NO adduct is inactive for DNA binding (58). A
CooA homologue from the thermophilic bacterium C.
hydrogenoformans (ChCooA) forms six-coordinate NO and
CO adducts at room temperature, both of which are active
for DNA binding (70). At temperatures relevant to the
physiological environment of the bacterium, the six-
coordinate NO adduct reversibly converts to a five-coordinate
NO adduct, suggesting that CO is the physiologically relevant
regulator. Further selectivity for CO arises from the unique
coordination properties of RrCooA that preclude formation
of an O2 adduct. The Fe(II) protein is six-coordinate, and
only the strongly binding ligands NO and CO are able to
replace the endogenous proline ligand. Furthermore, ligand
switching between the Fe(II) and Fe(III) states ensures that
the heme is oxidized by O2, as the Fe(III) heme is stabilized
by its cysteine(thiolate) ligand.

Our data support a mechanism in which the BxRcoM
proteins utilize selective ligand replacement to respond to
CO, as illustrated in Scheme 1. The heme environment of
BxRcoM-2 shares similarities with both RrCooA and the
heme-PAS gas sensor EcDos. Similar to that of RrCooA,
the Fe(III) heme of BxRcoM-2 is six-coordinate and low-
spin with a cysteine(thiolate) as one of the ligands, and this
cysteine(thiolate) is lost upon reduction. Like EcDos (16, 17),
the new ligand in the Fe(II) state of BxRcoM-2 is likely to
be methionine. EcDos is unique among the heme-PAS gas
sensors in requiring the rupture of a heme iron-ligand bond
to bind a gas molecule, and Met95 is the ligand that is
replaced when gases bind. In the FixLs, AxPDEA1, and
EcDos, a conserved arginine provides important hydrogen
bonding contacts when O2 binds (12); this residue is not
conserved in the BxRcoM proteins (26). The absence of this
key O2 interaction in the BxRcoMs is consistent with a role
in CO sensing. In BxRcoM-2, as in EcDos, the methionine
ligand is more weakly bound than the histidine ligand, and
therefore, it is the methionine that is selectively replaced upon
effector binding. This ligand replacement is similar to that
of RrCooA, in which the more weakly bound proline ligand
is selectively replaced upon binding of CO (21, 71).

CONCLUSION

Previous work by Kerby, et al. (26) and the work described
herein demonstrate that BxRcoM-2 and, by analogy, BxR-
coM-1 possess features similar to those of the well-
characterized heme-thiolate CO-sensor CooA and the heme-
PAS domain gas-sensing protein EcDos, which require the
replacement of an endogenous ligand for gas binding. On
the basis of the results of these studies, we propose that the
resting state of Fe(III)BxRcoM-2 is low-spin and six-
coordinate with His74/Cysxx axially coordinated. Reduction
results in the replacement of Cysxx with a nearby methionine
(Met104), which is then itself replaced when CO binds
opposite His74. Although replacement of His74 with CO is
plausible, Met104 retention is not consistent with our observa-
tion that NO binds opposite an endogenous nitrogen-donor
ligand. By analogy to other six-coordinate heme-based

sensors, EcDos and RrCooA, we propose that methionine
serves in the BxRcoM proteins as a less avidly bound ligand,
which is preferentially replaced by the CO effector molecule.
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