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Genomic analysis suggested the existence of a CO-sensing bacterial transcriptional regulator that couples
an N-terminal PAS fold domain to a C-terminal DNA-binding LytTR domain. UV/visible-light spectral anal-
yses of heterologously expressed, purified full-length proteins indicated that they contained a hexacoordinated
b-type heme moiety that avidly binds CO and NO. Studies of protein variants strongly suggested that the PAS
domain residues His74 and Met104 serve as the heme Fe(II) axial ligands, with displacement of Met104 upon
binding of the gaseous effectors. Two RcoM (regulator of CO metabolism) homologs were shown to function in
vivo as CO sensors capable of regulating an aerobic CO oxidation (cox) regulon. The genetic linkage of rcoM
with both aerobic (cox) and anaerobic (coo) CO oxidation systems suggests that in different organisms RcoM
proteins may control either regulon type.

Heme-containing sensor proteins exist in all kingdoms of life
and regulate cellular function in response to heme iron redox
poise [Fe(III)/Fe(II)] or the binding of gaseous ligands (25). In
general, these sensor proteins exhibit one of the following six
heme-coordinating structures: (i) the heme-nitric oxide bind-
ing form (termed H-NOX [3]), (ii) the globin fold (11), (iii) the
SCHIC domain (38), (iv) the CRP/FNR family (cyclic AMP
receptor protein/fumarate-nitrate reduction) CooA (bacterial
CO oxidation transcriptional activator) homologues (1, 44), (v)
the GAF domain (46, 47), or (vi) the extensive PAS fold family
(16, 17).

These domains can exhibit remarkable effector and cofactor
flexibility. In particular, the �7,000 identified PAS fold do-
mains (InterPro IPR013767 [http://www.ebi.ac.uk/interpro/])
appear to maintain similar structures despite low sequence
conservation over their �120-residue length, and they bind a
variety of effectors and cofactors (23). Moreover, even the
heme-containing PAS fold subclass displays only modest se-
quence conservation with an array of heme coordination char-
acteristics (17). For example, the bacterial O2 sensor proteins
FixL (oxygen sensor kinase) and phosphodiesterase A1 from
Acetobacter xylinum (PDEA1Ax) maintain a pentacoordinate
b-type heme with a single axial His ligand to the Fe(II) iron (5,
18), while the bacterial Escherichia coli direct oxygen sensor
phosphodiesterase (DOSEc) and the mammalian CO sensor
neuronal PAS domain protein 2 (NPAS2) incorporate a
hexacoordinate b-type heme with His/Met and His/His Fe(II)
axial ligands, respectively (6, 7, 21, 50). Also, a class of PAS
domain response proteins bearing c-type heme has been de-
scribed (34).

In addition to variations in heme coordination, these re-
sponse regulators exist either as one-component proteins,
where the sensor domain is covalently linked to the response
domain (13, 51), or as two-component systems, where the

sensor and response domains exist on two different proteins
(13, 15). Most heme-containing PAS, GAF, H-NOX, SCHIC,
and globin sensors belong to the latter class. In contrast, the
known CO sensors are single-component proteins: the pro-
karyotic CooA proteins fuse an N-terminal CRP/FNR-like
sensor module with a C-terminal helix-turn-helix DNA-binding
domain (1, 44), and the mammalian NPAS2 proteins join an
N-terminal basic helix-loop-helix DNA-binding module with a
C-terminal PAS fold sensor domain (7).

An appreciation of the biological significance of CO, and the
need to regulate metabolism accordingly, is increasing. Recent
studies have demonstrated that CO serves as a central meta-
bolic intermediate in anaerobic metabolism (42), as an enzyme
metallocenter ligand (8, 30), and as a physiologically significant
signal in higher organisms (53). A primordial role in the origin
of life has also been postulated (26). CO is present at a low
concentration (�1 ppm) in the bulk environment, yet numer-
ous prokaryotes express distinct CO-regulated systems that
catalyze catabolically productive aerobic and anaerobic CO
oxidation (28, 42, 44). Aerobic organisms employ a high-affin-
ity, oxygen-tolerant, molybdo-flavoprotein protein complex to
effect CO oxidation (37). This system is encoded by cox genes
and, in the best-studied example, from Oligotropha carbox-
idovorans, has been shown to be transcriptionally regulated
(45). The putative regulators CoxC and CoxH, however, re-
main uncharacterized (12). Anaerobic utilization of CO de-
pends on an oxygen-sensitive Ni-containing protein complex
that couples CO oxidation to CO2 with the production of H2.
This system is encoded by coo genes, which have been shown to
be transcriptionally regulated by CooA (1, 44).

Here we describe a new prokaryotic regulator of CO metab-
olism (RcoM) that in different organisms appears to regulate
coo or cox gene expression. Sequence similarity among puta-
tive representatives from several bacterial sources along with
spectral analyses of an RcoM protein from Burkholderia xeno-
vorans LB400 (4) indicates that these regulators join an N-
terminal heme-bearing PAS fold module with a C-terminal
LytTR-class DNA-binding module (39). Using a cox-linked
reporter system borne in E. coli, functional analyses of two
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proteins from B. xenovorans demonstrate a CO-dependent re-
sponse under aerobic growth conditions. Thus, RcoM-type
regulators represent the third analyzed example of a one-com-
ponent CO-sensing transcription factor: while it incorporates a
PAS fold heme domain like the mammalian NPAS2 CO sen-
sor, its particular heme ligation characteristics, DNA-binding
modules, and domain organizations differ from those of the
mammalian sensor, and both the heme- and DNA-binding
domains of RcoM and CooA are dissimilar.

MATERIALS AND METHODS

Cloning and plasmid constructions. Putative rcoM ORFs were identified by a
PSI-BLAST search (threshold � 0.005, expect � 100, word size � 2, matrix �
BLOSUM45, gap existence and extension values of 16 and 1, respectively) of the
nonredundant GenBank database (posting dates, 24 April 2007 and 15 January
2008; http://www.ncbi.nlm.nih.gov/) with residues 1 to 140 of the RcoM pro-
teins of Rhodospirillum rubrum (GenBank identifier [gi]:83594844), Pelobacter
carbinolicus DSM 2380 (gi:77917674), Alkalilimnicola ehrlichei MLHE-1
(gi:114320715), and Geobacter uraniumreducens Rf4 (gi:148262698). We ob-
tained chromosomal DNA samples of representative organisms and amplified
regions using Pfu Turbo polymerase (Stratagene, La Jolla, CA) and primers that
hybridized to the target region (purchased from the University of Wisconsin
Biotechnology Center oligonucleotide synthesis facility or Integrated DNA
Technologies (Coralville, IA). These primers also incorporated extensions that
permitted cloning and controlled expression: the upstream primers generally
appended 5�-GAATTCAGGAGGAATTTAAA-3� to the rcoM ATG codon,
thereby introducing an EcoRI restriction site (underlined) and a ribosome-
binding site (35), while the downstream primer typically added a TAA stop
codon and a HindIII restriction site such that the cloned region ended with
5�-TAAGCTT-3� (HindIII site underlined). In two instances a SacI site replaced
the 5� EcoRI site, and in one case a SalI site replaced the downstream HindIII
site, as dictated by the presence of EcoRI or HindIII sites in the amplified region.
All constructs were cloned into appropriately digested pEXT20 (Apr, pBR322 ori
[10]) to permit IPTG (isopropyl-�-D-thiogalactopyranoside)-dependent tran-
scription of the cloned rcoM. The cloned rcoM1 and rcoM2 regions from B.
xenovorans LB400 were subsequently amplified using a primer that inserted six
histidine codons immediately upstream of the endogenous stop codon, generat-
ing a terminal sequence of 5�-CAT-CAC-CAT-CAC-CAT-CAC-TGA-TAA-GC
TT-3�. This primer also introduced four translationally silent alterations in the
final six codons of the cloned rcoM1. Variant proteins were generated by mu-
tagenesis of rcoM1 according to the QuikChange protocol (Stratagene). Se-
quences of all constructs were verified using BigDye v. 3.1 reaction chemistry
(Applied Biosystems, Foster City, CA) with subsequent analysis by the University
of Wisconsin Biotechnology Center DNA sequencing facility.

Because the B. xenovorans rcoM and coxM regions are divergently transcribed
(see below), construction of a reporter system required a separate amplification
and cloning of an �1,200-bp region that encompassed rcoM1 and the first three
codons of the linked coxM1. The lacZ-Kmr cassette from pKOK6 (29) was cloned
into a SalI site introduced into coxM1 during amplification. Then, taking advan-
tage of BamHI sites in the vector multiple cloning region and within rcoM1, an
�5,500-bp fragment was moved into the low-copy-number vector pEXT21 (Sp-
Smr, IncW ori [10]) such that expression of the promoterless lacZ depended on
coxM1 transcription, while the vector Ptac promoter was oriented in the same
direction as the kan gene and thus in the direction opposite that of the lacZ
reporter. This construct, which is compatible with the pEXT20-based rcoM
expression plasmids, was introduced into E. coli strain BW29860 (54) to create
the reporter strain designated UQ4972.

Assays of RcoM- and CO-dependent lacZ expression in vivo. Cultures bearing
the desired rcoM expression plasmid in the UQ4972 reporter system host were
assayed for activity using MOPS [3-(N-morpholino)propanesulfonic acid]-buff-
ered medium in which a nonfermentable carbon source (40 mM sodium acetate)
replaced glucose, which was used previously (27). Growth in this medium was
strictly O2 dependent (data not shown). Log-phase (optical density at 550 nm
[OD550] � 1) cultures in this medium were used to inoculate 120-ml serum vials
containing 3 ml of medium at an OD550 of 0.05; these cultures were sealed, and
2 ml of CO was injected, as required. Cultures were incubated at 30°C with
agitation (100 rpm, 2.5-cm throw), and cell pellets were collected and frozen
when cultures reached an OD550 of �1.1. The assay yielded similar results for
samples obtained between OD550s of 0.9 and 1.7, and all strains grew similarly,

regardless of CO addition, and were not O2 limited (data not shown). �-Galac-
tosidase activities were determined according to a standard protocol (43).

Protein accumulation, purification, and CO photolysis. Expression constructs
were introduced into the host strain E. coli VJS6737 (48) and cultivated at 28 to
30°C in rich medium supplemented with ferric citrate and IPTG (27). Cell pellets
were resuspended in lysis buffer (50 mM Tris � HCl [pH 8.0], 500 mM NaCl) and
then lysed by passage through a French press. Extract supernatants (�200 ml)
were applied to 25-ml His-Bind column (Novagen, EMD Biosciences, Madison,
WI), which was washed with 200 ml of lysis buffer and then 150 ml of lysis buffer
containing 50 mM imidazole. Protein was eluted using lysis buffer containing 300
mM imidazole and immediately applied to a 25-ml column containing Bio-Gel
HTP hydroxyapatite resin (Bio-Rad, Hercules, CA) equilibrated in lysis buffer.
This column was sequentially washed with 200 ml of lysis buffer and then �50 ml
of lysis buffer amended with 40 mM potassium phosphate (pH 8.0), and the
protein was then eluted with �50 ml of lysis buffer containing 100 mM potassium
phosphate (pH 8.0). Protein was precipitated by the addition of (NH4)2SO4 to
55% and centrifugation. After all liquid was removed, the protein pellet was
dissolved in �1 ml of buffer A (25 mM MOPS [pH 7.4], 500 mM KCl), applied
to a buffer-equilibrated Sephadex G-25 column (GE Healthcare, Piscataway,
NJ), and eluted. The desalted protein was distributed into aliquots, frozen, and
stored at �80°C. Sample protein concentration was determined with a bicincho-
ninic acid assay (Pierce, Rockford, IL) with bovine serum albumin as the stan-
dard. Protein purities were �90% by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis analysis. Determinations of heme content relied on formation of
the pyridine hemochrome (52).

In the rich medium used for expression, RcoM proteins were typically isolated
in predominantly the CO-bound form, which under aerobic conditions was stable
under low illumination. The bound CO was gradually photolyzed by exposing
samples to incandescent illumination at an incident intensity of 140 W/m2.
Samples were air cooled and maintained at �25°C during illumination.

UV/Vis spectral analyses. Room-temperature UV/visible-light (UV/Vis) ab-
sorption spectra of samples diluted in buffer A in 1-cm-path, 1.8-ml quartz
cuvettes were obtained using a Shimadzu UV-2401PC spectrophotometer oper-
ated at a 75-nm/min scan speed, 1-nm slit width, and 0.2-nm data recording
interval. The instrument wavelength accuracy was verified weekly. Samples (1
ml) in sealed cuvettes were reduced by flushing the headspace with Ar for 2 min
and then injecting a freshly prepared anaerobic solution of sodium dithionite to
0.5 to 1 mM. CO-bound samples were prepared by flushing the cuvette head-
space with CO for 2 min, followed by dithionite addition. The dithionite-free
CO-bound spectrum (see Fig. 3B) was obtained by adding the minimally suffi-
cient level of dithionite (0.2 mM final concentration) to a CO-saturated sample
to obtain the CO-bound species and then desalting the 1-ml sample over a 10-ml
anoxic Sephadex G-25 column. The spectrum of the desalted sample was nor-
malized to the A280 of the Fe(III) sample and was verified to be unaffected by
subsequent additions of CO and dithionite (data not shown). NO-bound RcoM
was generated by the addition of excess NO gas to an anoxic sample in the
presence of 1 mM ascorbate.

RESULTS

Genomic analyses suggest that RcoM is a new single-com-
ponent regulator of CO metabolism. The RcoM sensor type
was initially suggested by analysis of bacterial genomic se-
quences that showed linkage of genes encoding LytTR-type
DNA-binding proteins to cox- and coo-encoded CO oxidation
functions. We further probed the National Center for Biotech-
nology Information database using the N-terminal portion of
several potential RcoM proteins (thereby avoiding the pleth-
ora of LytTR-class proteins; see Materials and Methods) and
identified 14 candidates that were similar in primary sequence
and domain organization: the �140-residue N-terminal por-
tion aligned with the conserved PAS fold (16, 17, 23), and the
C-terminal �100-residue portion invariably bore a highly con-
served LytTR DNA-binding domain (39). Figure 1 presents an
alignment of the candidate proteins, and their gi numbers are
given in the legend.

Of the candidate RcoM proteins, representatives were en-
coded in four of the five proteobacterial classes (	, �, 
, and �),
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FIG. 1. Modular domain structure and alignments of RcoM proteins. RcoM proteins consist of an N-terminal �140-residue heme-binding PAS
fold joined to a C-terminal �100-residue DNA-binding LytTR domain. (A) Alignment of 14 RcoM PAS fold domains and the PAS fold regions
of the Bradyrhizobium japonicum FixL [FixL; gi:27351017] and E. coli DOS (DOS; gi:50513458) sensor proteins. Bx1 and Bx2, B. xenovorans LB400
(gi:91783672 and gi:91780098); Ae, A. ehrlichei MLHE-1 (gi:114320715); Ac, Azorhizobium caulinodans ORS571 (gi:158425899); Xa, Xanthobacter
autotrophicus Py2 (gi:154246483); MmA, Magnetospirillum magneticum AMB-1 (gi:83310685); MmM, Magnetospirillum magnetotacticum MS-1
(gi:23014593 and 46201255; protein fragments encoded on two DNA contigs); Mg, Magnetospirillum gryphiswaldense MSR-1 (gi:144897948); Rr, R.
rubrum UR2 (gi:83594844); G, Geobacter sp. strain FRC-32 (gi:110600736); Gs, Geobacter sulfurreducens PCA (gi:39997197); Gu, G. uraniumre-
ducens Rf4 (gi:148262698); Pp, Pelobacter propionicus DSM 2379 (gi:118579919); and Pc, P. carbinolicus DSM 2380 (gi:77917674). The conserved
His residues in the RcoM proteins (�, His74 in Bx1) are aligned with the proximal heme ligands of the FixL (His200) and DOS (His77) proteins.
The semiconserved Met residue that likely serves as the distal RcoM Fe(II) heme ligand is also indicated (2, Met104 in Bx1). The Met95 distal ligand
of the hexacoordinate Fe(II) heme DOS protein is indicated by an upward arrow, and a circle indicates the Arg residue which stabilizes

3338 KERBY ET AL. J. BACTERIOL.



and most were readily grouped into one of three genomic
contexts: six were adjacent to an uncharacterized but con-
served �300-nucleotide ORF (cORF), four were adjacent to
coo genes predicted to encode anaerobic CO oxidation sys-
tems, and three were linked to cox genes predicted to encode
aerobic CO oxidation systems. Representative rcoM genomic
contexts are illustrated in Fig. 2. The physiological significance
of the juxtaposition of rcoM and the cORF is unclear, for the
function of the cORF-encoded �100-residue acidic protein is
unknown (although it appears to be regulated by CooA in
some organisms [data not shown]), but otherwise the genomic
contexts are appropriate: rcoM is adjacent to cox genes in
organisms that grow aerobically and adjacent to coo genes in
anaerobes (Fig. 2). Moreover, the genomes of anaerobes with
adjacent rcoM and cooS genes (P. carbinolicus and Geobacter
spp.) do not appear to encode CooA, and therefore cooS
expression, if regulated, is likely controlled by RcoM. Similarly,
both organisms with juxtaposed rcoM and coxM genes (B.
xenovorans and A. ehrlichei) do not appear to contain coxC or
coxH, making RcoM a reasonable regulator of cox expression
in these systems.

The RcoM proteins from B. xenovorans are hexacoordinate
hemoproteins that bind CO and NO but not O2. We cloned
seven rcoM genes, including two from the multireplicon ge-
nome of B. xenovorans, and attempted their IPTG-dependent
expression in E. coli (see Materials and Methods). Both the B.
xenovorans rcoM1- and rcoM2-encoded proteins accumulated
well, yielding dark red cell pellets, and UV/Vis spectral analysis
of extracts confirmed the overproduction of hemoproteins.
Under the same expression conditions, RcoM proteins from
Xanthobacter autotrophicus Py2 and A. ehrlichei MLHE-1 ac-
cumulated �5% of the hemoprotein level of expressed B.
xenovorans RcoM-1. We did not detect (�1%) hemoprotein

expression in cultures bearing rcoM genes cloned from R.
rubrum, P. carbinolicus DSM 2380, or G. uraniumreducens Rf4,
which could reflect poor protein accumulation or the possibil-
ity that the expressed proteins do not contain heme. The B.
xenovorans RcoM-1 and RcoM-2 expression systems were sub-
sequently modified to incorporate a C-terminal six-His tag,
permitting facile protein purification, and these proteins are
designated RcoMBx-1 and RcoMBx-2, respectively.

The expressed RcoMBx-1 protein contained predominantly
CO-bound heme, and the bound CO persisted in the isolated
His-tagged protein despite aerobic extract preparation and
purification steps. The heme Fe(II)-CO species was stable for
days under aerobic conditions at room temperature when
maintained in the dark, but CO could be dissociated by incan-
descent illumination, with conversion of the heme to the
Fe(III) state (Fig. 3A). As indicated by the appearance of an 	
peak (562 nm [Fig. 3A]), a small pool of Fe(II) heme was
evident during this aerobic photolysis, suggesting that the pro-
tein does not readily bind O2. [The correspondence of this 	
peak to that of the Fe(II) heme was consistent with its peak
position (562 nm; see below) and its immediate elimination
upon ferricyanide oxidation or addition of CO, an Fe(II)-
specific ligand (data not shown).] We subsequently attempted
to effect oxygen binding to the Fe(II) heme after removal of
reductant using a Sephadex G-25 desalting column; this prep-
aration oxidized to the Fe(III) form over a period of 2 to 3 h
at room temperature, again indicating the absence of stable O2

binding (data not shown).
UV/Vis absorption spectra of the photolyzed protein (Fig.

3B) indicated hexacoordinate heme iron ligation in all forms.
The Fe(III) species showed 	, �, Soret, and � bands at 574
(shoulder), 539, 420 (ε � 110 mM�1 cm�1), and 360 nm,
respectively, the Fe(II) spectrum exhibited intense peaks at

bound O2 in FixL and DOS proteins (see Discussion). (B) Alignment of the LytTR DNA-binding domains of RcoM proteins. The conserved His
residue of this domain (His218 in the Bx1 sequence) is indicated (●). Sequences were aligned using the CLUSTALW2 service (version 2.0.1,
http://www.ebi.ac.uk/Tools/clustalw2/ [33]), with subsequent manual adjustment of the FixL and DOS sequences to bring the proximal His residue
into alignment with the conserved RcoM His residue, as suggested by an anonymous reviewer of the manuscript. The alignment was shaded using
Boxshade (version 3.21, http://www.ch.embnet.org/software/BOX_form.html; shading alignment fraction � 0.5).

FIG. 2. Taxonomic occurrence and genomic arrangement of representative rcoM ORFs. Of 14 identified rcoM genes, three are genetically
linked to regions that encode the CO oxidation (cox) functions of aerobic metabolism (rcoM of A. ehrlichei; B. xenovorans rcoM1 and rcoM2 occur
on different chromosomes and are linked to different coxM genes), four are adjacent to CO oxidation functions (coo encoded) of anaerobic
organisms (the rcoM genes of Geobacter sp. strain FRC-32, G. sulfurreducens, G. uraniumreducens, and P. carbinolinicus), while six are immediately
adjacent to a cORF that encodes an �100-residue acidic protein of unknown function (the rcoM genes of A. caulinodans, X. autotrophicus, M.
magneticum, M. magnetotacticum, M. gryphiswaldense, and R. rubrum). The genomic organization is presented for representatives of each group,
along with taxonomic and growth habitat characteristics of the relevant organism.
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562 nm (ε � 27 mM�1 cm�1), 531 nm (ε � 17 mM�1 cm�1),
and 426 nm (ε � 168 mM�1 cm�1), and the Fe(II)-CO spec-
trum (after dithionite removal) revealed peaks at 570, 540, 423
(ε � 230 mM�1 cm�1), and 344 nm, respectively. The Fe(II)
protein also readily bound NO, generating a typical hexacoor-
dinate spectrum with stable absorbance bands at 578, 545, and
421 nm (Fig. 3B). The reduced pyridine hemochromogen dis-
played an 	 peak at 557 nm, diagnostic for a b-type heme. A
more extensive spectroscopic analysis of the purified B. xeno-
vorans RcoM-2 protein, which although encoded on a different
chromosome than RcoMBx-1 is likewise adjacent to a cox sys-
tem (Fig. 2) and is 93% similar to RcoMBx-1 at the protein
level (Fig. 1), supports the conclusion that the RcoMBx-1 and
-2 proteins maintain hexacoordinate heme ligation in all forms
with displacement of an endogenous axial heme ligand upon
the binding of CO or NO (K. A. Marvin, R. L. Kerby, H. Youn,
G. P. Roberts and J. N. Burstyn, unpublished data). Thus, the
genetic and spectral data are consistent with a CO-sensing
function for RcoM proteins, though a biochemical ability to
sense NO cannot be discounted at present.

Identification of endogenous heme ligands. A key to under-
standing heme protein function is the identification of the
endogenous axial ligand(s) to the heme iron. All characterized
PAS fold hemoproteins utilize a histidine proximal heme li-
gand, and the comparison of RcoM sequences (Fig. 1) indi-
cated two invariant residues, His74 in the PAS fold and His218
in the LytTR domain (numbers refer to the RcoMBx proteins),
as possible ligand candidates. The purified RcoMBx-1 H218A

variant accumulated well and was spectrally identical to wild-
type (WT) protein (data not shown), discounting this residue
as a heme ligand, but the purified H74Y, H74K, and H74M
variants contained �1% as much heme as WT protein (Fig. 3B
and data not shown). We propose that His74 is the proximal
axial heme ligand in RcoMBx-1, based on (i) the low heme
content of the His74 variants, (ii) the absence of spectral
changes in the H218A variant and evidence that its conserva-
tion reflects a role in DNA binding by LytTR-domain proteins
(36), and (iii) the alignment of His74 with the conserved prox-
imal His axial ligands in the structurally characterized FixL (19,
20) and DOSEc (31, 40) PAS fold domains (Fig. 1A).

The PAS fold alignment (Fig. 1A) did not indicate a con-
served distal heme ligand trans to RcoMBx-1 His74, but the
PAS fold loop between the F	 and G� structural elements is
known to be highly flexible (23). We therefore analyzed con-
served RcoM residues as well possible ligands (RcoMBx

Met104 and Met105) in the vicinity of the characterized distal
heme pockets (19, 20, 31, 40) of FixL and DOSEc (Met95), as
indicated in the alignment (Fig. 1A). The RcoMBx-1 M105L
variant exhibited a typical hexacoordinate Fe(II) spectrum,
with intense 	� peaks, and proteins altered at other conserved
RcoM residues (Lys81, Lys160, His185, Tyr186, and His221)
did not display altered Fe(II) spectra (data not shown), which
rules them out as likely Fe(II) heme ligands. In contrast, the
M104L variant bound CO with higher affinity than the WT
protein and required a twofold-prolonged photolysis treatment
to effect removal of most of the bound CO. This suggested the

FIG. 3. Purified RcoMBx-1 has a high affinity for CO and contains a hexacoordinate heme cofactor with His74/Met104 Fe(II) heme ligands.
(A) Purified RcoMBx-1 protein (partially CO bound; red line), subjected to photolysis in aerobic buffer at �25°C (see Materials and Methods),
gradually released bound CO and developed a metastable Fe(II) 	 peak (562 nm), particularly in the 4-h (not shown) and 8-h samples. (B) Spectra
of photolyzed WT protein (0.24 mg protein/ml) show typical hexacoordinate features in the Fe(III) form (black line), the Fe(II) form (in the
presence of dithionite; blue line), the Fe(II)-CO form (after desalting to remove dithionite; red line), and in the Fe(II)-NO form (in the presence
of ascorbate; green line). The Fe(II)-CO spectrum of the H74Y variant (at 1.6 mg protein/ml, in the presence of dithionite; yellow line) indicates
a heme content of �1% relative to the WT protein. (C) The spectra of Fe(III) (black line), Fe(II) (blue line), and Fe(II)-CO (red line) forms of
the photolyzed M104L RcoMBx-1 protein (at 0.30 mg protein/ml) are most notable for the altered Fe(II) spectrum, with a diminished Soret band
intensity (425-nm peak and prominent 439-nm shoulder) and a broad absorbance between 530 and 580 nm instead of the discrete 	� peaks of the
WT protein. (D) The M104K RcoMBx-1 protein (at 0.30 mg protein/ml) exhibited hexacoordinate Fe(III) (black line) and Fe(II) (blue line)
spectra, although peak positions are blue-shifted relative to the WT spectra.
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loss of a competitive endogenous ligand. Moreover, the Fe(II)
spectrum of the M104L variant displayed a notably diminished
and broadened Soret band and a broad absorbance in the 530-
to 580-nm range (Fig. 3C), without the distinctive 	� peaks of
the WT protein (Fig. 3B). These spectral features are consis-
tent with a single axial heme Fe(II) ligand in the M104L vari-
ant, based upon their similarities to spectra of pentacoordinate
PAS fold hemoproteins, including FixL (18) and PDEA1Ax (5),
and the DOSEc protein with substitutions (Ala, Ile, or Leu) of
the distal Met ligand (21, 24). It is worth noting that the
CO-bound spectra of WT and M104L RcoM proteins were
nearly identical, suggesting that Met104 is the protein ligand
displaced by CO.

The conclusion that the pentacoordinate Fe(II) spectrum of
the RcoMBx-1 M104L variant resulted from direct perturba-
tion of a heme ligand, rather than an indirect effect of an
altered protein conformation, was supported by analysis of a
variant protein in which an amino acid (Lys) capable of heme
ligation replaced the native Met residue. The RcoMBx-1
M104K protein was predominantly isolated in the CO-free
Fe(III) state (Soret band at 410 nm [Fig. 3D]) that upon
reduction exhibited sharp peaks at 558, 528, and 424 nm (Fig.
3D), consistent with a hexacoordinate heme ligation that is
different from that of the WT protein. The RcoMBx-1 M104K
protein bound CO slowly, transforming to the Fe(II)-CO spe-
cies in several hours under the same conditions in which both
the M104L and the WT proteins bind CO within the few
minutes it takes to prepare and scan the sample (data not
shown). The altered peak positions and slowed CO-binding
properties indicate an altered heme ligation in the Fe(II) form
of the M104K variant, supporting the hypothesis that the Lys
residue has replaced the native Met104 distal ligand. In gen-
eral accord with the alignment and as indicated by the analysis
of variant proteins, we propose that the RcoMBx-1 heme Fe(II)
axial ligands are the His74/Met104 pair.

In vivo evidence for CO-dependent activation of RcoM. We
next assessed the functional activities of RcoMBx-1 and -2
proteins using an E. coli host bearing two compatible plasmids
that express rcoM under IPTG-dependent regulation and en-
code a reporter system that fused lacZ to B. xenovorans coxM1

(adjacent but divergently transcribed from rcoM1 [Fig. 2; also
see Materials and Methods]). Figure 4 presents results for
aerobically grown cultures treated with CO and left untreated.
Under these growth conditions, �-galactosidase activity is both
RcoM and CO dependent (samples A to C), with more activity
for RcoMBx-1 (sample B) than RcoMBx-2 (sample C). The
H74K RcoMBx-1 variant was inactive (sample D), as was a
construct that expressed H74A (data not shown). However, the
H74Y variant was clearly different, for its high activity was
RcoM expression dependent (samples E and F) but not CO
regulated (sample F). Although the mechanism of the H74Y
constitutive activity remains uncertain, alterations of
RcoMBx-1 His74 clearly affect both heme ligation (Fig. 3B) and
CO-sensing function (Fig. 4), consistent with the role of this
residue as the proximal ligand.

The M104L distal ligand alteration eliminated CO-depen-
dent activity in vivo (Fig. 4, sample G) without significantly
affecting heme incorporation (Fig. 3C). It remains to be deter-
mined whether this inactivity results from a deleterious effect
of the introduced amino acid or the lack of the native Met.

Finally, the H218A variant was also inactive (sample H). This
His residue is conserved in LytTR domain proteins and is
essential for DNA-binding function (36). In summary, these
results indicate that under conditions of aerobic growth (using
acetate as a nonfermentable carbon source [see Materials and
Methods]), both WT RcoMBx proteins can respond in vivo to
exogenous CO and therefore act as aerobic sensors of CO.

DISCUSSION

PAS fold proteins with different heme ligation schemes and
effector responses. The PAS fold is noted for its structural and
ligand-binding flexibility (16, 23), and comparisons of RcoM
and other members of the PAS fold hemoprotein class indicate
different heme axial ligands [in the Fe(II) state: His in FixL
and PDEA1Ax, His/His in NPAS2, His/Met in DOSEc and
RcoMBx] and heme environments, particularly in the distal
region. The diversity of PAS fold heme ligands appears to be
recapitulated among the RcoM proteins, as a residue corre-
sponding to the Met104 distal ligand of RcoMBx-1 is conserved
in only about half of the proteins identified here (Fig. 1A).
Either the proteins lacking this Met residue employ different
distal ligands, a distinct possibility given the flexibility of the
region, or they maintain a pentacoordinate heme, similar to
FixL and PDEA1Ax proteins. Of course, it is also possible that
certain RcoM proteins do not contain heme, though the abso-
lute preservation of the proximal His residue suggests other-
wise.

We note that RcoMBx-1 formed a stable hexacoordinate
Fe(II)-NO species (Fig. 3B), and it is possible that the protein
is also activated by NO. NO would not be stable under the
aerobic conditions of the in vivo assay reported here and would
seem to be physiologically irrelevant for organisms growing
under aerobic conditions, yet there is a recent claim of NO
oxidation by the aerobic CO oxidation system of mycobacteria
(41). This might indicate a physiological rationale for NO-
dependent regulation of cox genes and deserves further anal-

FIG. 4. In vivo analysis of RcoMBx CO-sensing transcriptional ac-
tivity. E. coli strains bearing compatible plasmids that express rcoM
under IPTG-dependent regulation and have coxM1 of B. xenovorans
LB400 fused to a lacZ reporter were grown aerobically with and with-
out CO. Cells were assessed for RcoM- and CO-dependent lacZ ex-
pression. Activities are presented in Miller units (MU), and error bars
indicate 95% confidence intervals.
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ysis. Likewise, analysis of the ligand binding and response
properties of an RcoM from an anaerobic organism is of in-
terest insofar as NO should be more stable under anoxic con-
ditions.

In contrast to its high affinity for CO and NO, the low affinity
of RcoMBx-1 for O2 may in part result from the distal heme
environment, as indicated by the PAS fold sequence alignment
(Fig. 1A). A highly conserved Arg residue present in the distal
pocket of O2-binding PDEA1Ax (not shown), DOSEc (Arg97),
and FixL (Arg220) is not evident in this region of RcoMBx-1
and likewise is not conserved in most RcoM proteins (Fig. 1A).
The distal-pocket Arg coordinates with bound O2 in DOSEc

and FixL proteins (19, 40), and alterations of this residue often
reduce O2 affinity (2, 9, 49). Thus, these RcoM PAS fold
environments may discriminate against the binding of O2. The
alignment does indicate conservation of a basic residue at the
analogous position in the RcoM proteins from Pelobacter and
Geobacter spp., but here the physiological relevance of O2

binding is unclear, since these anaerobic organisms would not
typically encounter high O2 concentrations.

Finally, the mammalian NPAS2 sensor is reportedly specific
for CO (7). However, the mechanism of this selectivity is not
well understood, because the His residue displaced upon li-
gand binding remains uncertain (50), and structural data are
presently unavailable. It would be unsurprising if the PAS fold
structural differences influenced binding of different exoge-
nous ligands and portend somewhat different mechanisms of
signal transduction among the hemoprotein regulators. For the
RcoM and NPAS2 proteins, more specific conclusions must
await further biochemical analyses and structural characteriza-
tions.

RcoM and CooA: dual nonhomologous mechanisms of pro-
karyotic CO-dependent regulation. Numerous and diverse
prokaryotes bear coo- and cox-encoded CO oxidation func-
tions (28, 42, 44). In contrast to extensive studies of CooA-
dependent coo expression (44), cox operon regulation has not
been extensively analyzed, and it is generally thought to de-
pend on the CoxC (or the similar CoxH) protein (12, 39, 45).
Here, however, the cox systems of B. xenovorans LB400 and A.
ehrlichei MLHE-1 are the exception, as tBLAST genome
searches using the O. carboxidovorans CoxC or CoxH as a
probe yields matches to the RcoM proteins instead of probable
CoxC/H proteins. Like RcoM proteins, the predicted CoxC/H
proteins from O. carboxidovorans exhibit a C-terminal LytTR
domain, but these larger (�400 residues) membrane-spanning
proteins remain biochemically uncharacterized. An alignment
of CoxC and RcoM proteins indicates both the conserved
LytTR region and some similarity between one CoxC MHYT
motif, a conserved residue sequence thought to represent a
sensor domain (14), and the region with the RcoM-proximal
His residue (data not shown). The apparent conservation of a
His residue might indicate that CoxC is likewise a hemopro-
tein, though if CO is its sole effector, and DNA binding its sole
response, then the significance of its integral membrane con-
formation is curious, as CO is readily diffusible. Indeed, the
ability of CO to transverse cellular boundaries is critical for its
roles in eukaryotic signal transduction (53).

The RcoM proteins are fundamentally different from the
CooA regulators. Instead of the PAS fold, the CooA heme
domain is structurally similar to the cyclic AMP-binding region

of CRP with a short deletion and appropriate residues that
permit heme binding (44). The DNA-binding domains of
CooA and RcoM are also dissimilar. The CooA/CRP/FNR
helix-turn-helix DNA-binding domains recognize well-charac-
terized inverted repeats (22, 32, 44), whereas the RcoM LytTR
domain interaction with DNA likely involves multiple imper-
fect direct repeats (36, 39). Unfortunately, neither the struc-
ture of any LytTR domain (�1200 representatives are indi-
cated in the InterPro database [IPR007492]) nor its precise
DNA interactions have been determined (13).

Functionally, compared to CooA, RcoM proteins appear to
regulate a more diverse array of CO oxidation regulons, in-
cluding aerobic cox expression in selected organisms (Fig. 2
and 4). The fact that the metabolically versatile aerobe B.
xenovorans (4) contains two RcoM paralogues could indicate
differential expression of the associated cox regulons in re-
sponse to undetermined environmental cues. Similarly, the fact
that R. rubrum contains both RcoM and CooA may indicate
differential regulation of cORF (by RcoM [Fig. 2]) and the coo
genes (by CooA [44]), and we are investigating this regulation
using appropriate reporter fusions constructed in R. rubrum.
Alternatively, RcoM and CooA may simply represent two non-
homologous mechanisms for prokaryotic CO-dependent tran-
scriptional regulation, with similar functional properties. Indeed,
the fact that certain anaerobes appear to harbor coo-encoded
CO-oxidation functions and RcoM (Fig. 2), but not CooA,
suggests that here RcoM has supplanted CooA.
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