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CooA is a heme-containing transcriptional activator that enables Rhodospirillum rubrum to sense and grow
on CO as a sole energy source. We have identified a number of CooA homologs through database searches,
expressed these heterologously in Escherichia coli, and monitored their ability to respond to CO in vivo. Further
in vitro analysis of two CooA homologs from Azofobacter vinelandii and Carboxydothermus hydrogenoformans
corroborated the in vivo data by revealing the ability of CO to bind to these hemoproteins and stimulate their
binding at specific DNA sequences. These data, as well as the patterns of conserved residues in the homologs,
are compared to what is already known about functionally important residues in the CooA protein of R. rubrum.
The results identify critical regions of CooA and indicate features that distinguish CooAs from the general

family of cyclic AMP receptor proteins.

The CO-dependent anaerobic growth of Rhodospirillum ru-
brum relies on a CO oxidation system encoded by two CO-
regulated transcriptional units, cooMKLXUH and cooFSCTJ
(8,9, 15-17, 32). The key products of the coo regulon are an
O,-sensitive CO dehydrogenase (CooS), a CooS-associated
Fe-S protein (CooF), and a CO-tolerant hydrogenase (CooH),
and the expression of the genes depends upon the activity of
the CooA protein, which senses CO under anaerobic condi-
tions. CooA, a member of the CRP/FNR (cyclic AMP receptor
protein/fumarate nitrate reductase) transcriptional regulator
family, is a homodimer in which each monomer contains a
b-type heme (34). Remarkably, CooA senses both the redox
state of the cell and CO, since the heme undergoes reduction
at approximately —300 mV (24) and only the reduced form
[heme Fe(II)] of CooA binds the effector (30, 32). An unusual
switch between the Cys75 and His77 heme ligands, which is
presumably important for setting the proper heme iron redox
poise, accompanies the oxidation-reduction of the CooA heme
(2, 33).

The crystal structure of Fe(II) CooA has been solved (Fig. 1)
and provides a basis for comparing the various CooA ho-
mologs. That analysis revealed a novel subunit-swapped N-
terminal Pro2 as the heme ligand trans to His77 in the ho-
modimer (20). Nuclear magnetic resonance and resonance
Raman studies indicate that CO displaces the Pro2 ligand of
Fe(II) CooA (40, 43) and exposes the CO-bound heme to the
long a-helices (termed the C-helices) that extend along the
homodimer interface (4, 44, 45). Extensive mutagenic analysis
suggests that CooA activation involves the monomer reposi-
tioning about the C-helices at the dimer interface (14, 44, 45).
Therefore, our present hypothesis for CooA activation posits
that CO binding displaces the endogenous Pro2 ligand, which
allows an interaction of the CO-bound heme with the C-heli-
ces. This interaction stabilizes an alternative domain confor-
mation about these helices which alters the hinge region (lying
between C- and D-helices) that separates the DNA- and CO-
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binding domains (20) (Fig. 1). The alteration of the geometry
of the hinge region destabilizes the inactive form of CooA and
stabilizes the active form, which is presumably similar to the
active form of CRP (26).

CO has also been suggested to serve as a neural signal in
vertebrates, perhaps by interacting with soluble guanylyl cy-
clase, although the matter remains controversial (3). Until this
is understood, the CooA protein from R. rubrum remains the
only naturally occurring CO sensor that has been proven to be
physiologically relevant.

Similar CO oxidation systems have been reported for Car-
boxydothermus hydrogenoformans (37) and Desulfovibrio vul-
garis, and a report of a CooA homolog in the latter organism
(41) motivated us to examine the databases of completed and
unfinished genomes for other CooA homologs. Eight ho-
mologs were identified in six organisms; all of these genomes
also possess homologs to the CO oxidation system of R. ru-
brum, which suggests that the CooA homologs might well serve
as CO sensors. The present work reports the functional char-
acterization of the CooA homologs, which, together with pre-
vious work on CooA from R. rubrum, provides functional com-
monalities among the CO sensors.

MATERIALS AND METHODS

Sequence searches and alignment. The R. rubrum CooA protein sequence was
used as the query in a TBLASTN (version 2.2.4) search of the entire genome
database of completed and unfinished microbial sequences (207 sequences) at
the National Center for Biotechnology Information (1). Extracted sequences
were aligned by using the T-COFFEE protocol (version 1.37) as implemented at
http://www.cmbi.kun.nl/bioinf/tools/T_COFFEE/ (25).

Cloning of cooA homologs. The coo4 homologs were cloned into EcoRI-
HindIII-digested pEXT?20 (6) after genomic PCR amplification with 5" (contain-
ing EcoRI) and 3’ (containing HindIII) primers designed according to each cooA
sequence with previously described extensions (14). The cloned homologs in-
cluded Azotobacter vinelandii CooA, C. hydrogenoformans CooA (C. hydrogeno-
formans 2350 CooA), and D. vulgaris Hildenborough CooA. For Desulfovibrio
desulfuricans G20 CooA and Desulfitobacterium hafniense CooA, an EcoRI site
inside the coo4 gene was eliminated (see below) without changing the protein
sequence before cloning the PCR product into the EcoRI/HindIII-digested vec-
tor. C. hydrogenoformans also contained a second cooA (C. hydrogenoformans
2340 CooA) as well as a second cluster of genes homologous to the coo genes of
R. rubrum (37). This cooA also contained an internal EcoRI site and was there-
fore cloned as a blunt-ended (5') and HindIII-digested (3") PCR fragment into
Smal/HindIlI-digested pEXT20. Genomic DNAs were kindly supplied by Luis
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Fused C-
and D-helices

FIG. 1. Inactive Fe(II) CooA structure adapted from that of the
strain with PDB identification no. 1FT9. The protein consists of two
monomers, shaded differently in this figure, which dimerize along the
central C-helices of adjacent effector-binding domains. The solved
structure is asymmetric, in which one monomer contains fused C- and
D-helices (20). Nonetheless, both F-helices that interact with DNA in
a sequence-specific manner are buried from the surface in the struc-
ture. The 4/5 loop is noted and so are the Pro2 and His77 heme Fe(II)
ligands. In these representations, the DNA-binding domains form the
upper part of each structure and the positions of the helices that
specifically interact with DNA are designated as the F-helix.

M. Rubio, University of California, Berkeley (4. vinelandii); Frank Robb, Uni-
versity of Maryland, Baltimore (C. hydrogenoformans); Gerrit Voordouw, Uni-
versity of Calgary, Calgary, Alberta, Canada (D. vulgaris Hildenborough); Judy
Wall, University of Missouri—Columbia, Columbia (D. desulfuricans G20); and
Richard Villemur, INRS-Institut Armand-Frappier, Laval, Quebec, Canada (D.
hafniense strain DCB-2). When necessary, mutations were introduced into the
cooA genes by the QuikChange procedure (Stratagene, La Jolla, Calif.).

Reporter system for CooA transcription activity in vive. The in vivo activities
of the CooA homologs were measured by their abilities to stimulate B-galacto-
sidase synthesis with the E. coli reporter strain developed for the analysis of
CooA of R. rubrum, which has been described previously (33). Anaerobic ex-
pression utilized 120-ml stoppered serum vials containing 20 ml of morpho-
linepropanesulfonic acid (MOPS)-buffered medium (38) supplemented with 100
pg of ampicillin (Na™ salt)/ml and 25 .M isopropyl-B-p-thiogalactopyranoside
(IPTG). For CO-induced cultures, the headspace of the vials contained 2%
(volvol) CO gas. Cultures were grown with shaking at 30°C to an optical density
at 600 nm of 1.5 to 1.8, cell pellets were prepared and frozen, and B-galactosidase
activities were measured by a standard protocol (28).

CooA homolog expression and purification. For the partial purification of
certain CooA proteins, the expression vectors were transferred into host strain
VJIS6737, which was a gift of Valley Stewart (35). For unknown reasons, the level
of CooAs expressed in this strain often exceeds those of our standard reporter-
containing host by 2- to 10-fold. Strains were cultivated at 30°C in 2X LC
medium (14) supplemented with phosphate buffer (pH 7.0) to 10 mM, glucose to
10 mM, ampicillin (Na™ salt) to 100 pg/ml, and IPTG to 500 pM. Aerobic
cultures involved the use of 40 ml of medium in 250-ml flasks agitated at 250 rpm;
anaerobic cultures employed 200 ml of medium in 250-ml screw-cap bottles that
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were gently mixed at 80 rpm. R. rubrum CooA, A. vinelandii CooA, and C.
hydrogenoformans 2340 CooA homologs were partially purified with a batch
hydroxylapatite method as described previously (45), as spectral analysis showed
that R. rubrum CooA and C. hydrogenoformans 2340 CooA were stable during
aerobic purification (data not shown). The heme content of the CooA prepara-
tions was estimated by a modified reduced pyridine-hemochromogen method
(42), and protein concentration was measured by the bicinchoninic acid assay
(Pierce, Rockford, Ill.). UV-visible absorption spectroscopy of CooA samples in
25 mM MOPS buffer, pH 7.4, with 0.1 M NaCl, was performed at room tem-
perature in quartz cuvettes with a Shimadzu UV-2401PC spectrophotometer.
Samples were made anaerobic by flushing with argon and were reduced by the
addition of an anaerobically prepared dithionite solution (final concentration,
2 mM). Anaerobic CO gas (final concentration, 20% [vol/vol]) was further added
and mixed by gentle inversion for the CO-bound spectra. Potassium ferricyanide
(20 puM final concentration) was used for the oxidation of isolated C. hydrogeno-
formans 2340 CooA.

In vitro DNA-binding assay. In vitro DNA-binding assays of CooA homologs
were performed by using the fluorescence polarization technique with a Beacon
2000 fluorescence polarization detector (PanVera Corp., Madison, Wis.) as de-
scribed previously (22, 39). As a fluorescence probe, a 26-bp target DNA con-
taining R. rubrum P, was labeled with Texas Red on one end of the duplex and
used at a concentration of 6.4 nM. Binding assays were performed in 40 mM
Tris-HCI (pH 8.0), 6 mM CaCl,, 50 mM KCl, 5% (vol/vol) glycerol, and 1 mM
dithiothreitol with salmon sperm DNA added at 6.4 pM as a nonspecific com-
petitor. The conditions for reduction and CO treatment of the samples were
similar to those used for obtaining UV-visible spectra.

RESULTS AND DISCUSSION

Discovery and identification of CooA homologs. The report
by Voordouw (41) of a gene encoding a CooA homolog in D.
vulgaris prompted us to search the database for other cooA
homologs. Eight genes from six organisms were identified (Ta-
ble 1 and Fig. 2) that appeared to encode CO sensors based on
the following criteria. (i) They showed substantial protein se-
quence similarity, ranging from 49 to 55%, compared to R.
rubrum CooA. (ii) The homologs were found in genomes that
also contained genes for CO oxidation systems homologous to
that of R. rubrum. At least C. hydrogenoformans and D. vulgaris
have also been shown to have CO dehydrogenase activity (5,
41). (iii) Near the invariant histidine proximal ligand, all ho-
mologs contained an internal deletion of eight or nine codons
(with respect to the CRP) that appears to provide space for the

TABLE 1. In vivo B-galactosidase-stimulating activities
of CooA homologs

% B-Galacto-

CooA homolog sidase activity” Pellet color”
-CO  +CO

R. rubrum 1.1 100 Red
A. vinelandii 11 500 Light brown
A. vinelandii (S77C) 56 493 Light brown
C. hydrogenoformans 2340 20 1,268 Red
C. hydrogenoformans 2340 (C80S) 14 903 Red
C. hydrogenoformans 2340 (S)* 1.0 1,065 Red
D. vulgaris 1.5 3.8  Pale brown
D. desulfuricans 1.3 30 Negative?
D. hafniense 1.0 338 Pale brown
C. hydrogenoformans 2350 1.0 1.5  Negative

¢ Activity indicates the mean value of the results from two independent assays
expressed relative to that of R. rubrum CooA in the presence of CO. The assays
showed a variability of <10%.

b Cell pellet color obtained from anaerobically grown cultures.

¢ Shorter version of cloned C. hydrogenoformans 2340 CooA.

4 Negative indicates a similar pellet color (gray) to that of the control strain
which contains only vector.
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(Distal)

Rr 1 LSPDGETFFRGIRS
Dh(2) 1 PPAFLQTWKRNESR
Ch2350 1 SLDQLKEFIPSKE
Av 1 DALTQAALLQGHR
bd 1 : QRPELTELRGIRTR
Dv 1 MRLgDVD ERPGNRSFSSTHSS
Dh 1 MLVIIGEIKKKFIHNSERWSIMPARMKL%DID ————————— GSPEYSDLLSIROE
Ch2340 l ---------mem oo - MATQMRL :DTNI®:E- - ------- SEEYSGVLKERRE
Ec CRP

Rr
Dh(2)
Ch2350
Av

DA

Dv

Dh
Ch2340
Ec CRP

R
LG

Rr
Dh(2) 104
Ch2350
Av
Dd
Dv
Dh 106
Ch2340
Ec CRP

Rr 131 FFIDHEWNTTERQTQ
Dh (2) 155 RVFRRTMQG----~--~~-=- -~
ch2350 137 AKIRIWANLIBY OWTFSREIHOH
AV 133 DGMLARKERPHQ
Dd 132 KERMLRTETPCS
Dv 132 LEQREDSDRNRQQPADDMSDLPD
Dh 158 INANKDKECQVA ------- EGIQ
QAﬂMDT LKVP------- QGI

Ch2340 136
Ec CRP 135 LNLEKQPDAMTH -------- PDG

Rr 184
Dh(2) 201
Ch2350 190

Av 186
Dd 185
Dv 192
Dh 211

Ch2340 189
Ec CRP 187

FIG. 2. Sequence alignment of CooA homologs. Eight CooA homologs and CRP from E. coli were aligned by using the T-Coffee multiple
sequence alignment tool (version 1.37) as implemented at http://www.cmbi.kun.nl/bioinf/tools/T_COFFEE/ (25). Putative CooA homologs were
identified by a TBLASTN search of 207 completed and unfinished microbial genomes available at the National Center for Biotechnology
Information (http://www.ncbi.nlm.nih.gov/sutils/genom_table.cgi) queried with the R. rubrum CooA protein. Designations of the aligned sequences
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heme in CooA of R. rubrum. (iv) The alignment showed sig-
nificant conservation of R. rubrum CooA residues known to be
critical for protein function (discussed below). Notably absent
from the list are organisms wherein CO oxidation is an aerobic
process catalyzed by a molybdenum-containing hydroxylase
(23) as well as anaerobic organisms (e.g., methanogenic ar-
chaea) in which the capability of CO oxidation reflects an
intrinsic function of a constitutively expressed metabolic pro-
cess (7).

C. hydrogenoformans and D. hafniense each contained two
cooA homologs, consistent with the observation that each con-
tains two clusters of other coo gene homologs as well. We
cloned both of the CooA homologs from C. hydrogenoformans
(designated C. hydrogenoformans 2340 and 2350 CooA) be-
cause they differ at a unique cysteine residue that serves as an
Fe(III) heme ligand in R. rubrum CooA (Cys75 in R. rubrum
CooA) (Fig. 2) but arbitrarily cloned only a single CooA ho-
molog from D. hafniense (Fig. 2). The genes encoding D. haf-
niense CooA and C. hydrogenoformans 2340 CooA have the
additional complication of more than one potential start
codon, an issue of particular relevance for R. rubrum CooA,
since the N-terminal Pro2 of one monomer is a heme ligand in
the other. The cloned region of D. hafniense CooA was chosen
in accordance with the terminus predicted by the ORF Finder
utility (http://www.ncbi.nlm.nih.gov/gorf/gorf.html) and its po-
sition homologous to the R. rubrum CooA terminus (Fig. 2).
We created two clones for C. hydrogenoformans 2340 CooA,
with start sites at residues —1 and —5 relative to the R. rubrum
CooA sequence (Fig. 2). As shown below, both of these clones
displayed substantial CooA activity, so the issue of the proper
terminus remains unresolved.

CO-responsive in vivo activities of CooA homologs. To de-
termine if the CooA homologs function as CO sensors, we
introduced each cloned cooA into the Escherichia coli reporter
strain we employed for the analysis of R. rubrum CooA. This
system has a CooA-binding site and a promoter cloned from
R. rubrum placed in front of lacZ. We reasoned that since the
DNA-binding F-helices are highly conserved among the CooA
homologs (Fig. 2), a CO-dependent response would affect
binding of the appropriate sequence in the reporter and, given
appropriate levels of CooA accumulation and proper interac-
tion with E. coli RNA polymerase, result in -galactosidase
accumulation. Indeed, most of the homologs displayed a sig-
nificantly higher level of lacZ expression under anaerobic con-
ditions in the presence of CO than in its absence, strongly
suggestive that these cloned CooA homologs are capable of
serving as CO sensors in vivo (Table 1). As mentioned before,
both versions of C. hydrogenoformans 2340 CooA, which pre-
sumably differ in the length and identity of their N termini,
displayed similar high activity. The only homologs that failed to
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FIG. 3. Cells containing most CooA homologs accumulate heme-
containing proteins. CooA proteins were partially purified from anaer-
obically grown cells by the hydroxylapatite preparation described in
Materials and Methods. The spectrum of each partially purified sam-
ple was corrected by subtracting the spectrum of a similarly treated
control sample of the same protein concentration prepared from a
strain containing only the pEXT20 vector. OD, optical density.
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show a CO response were C. hydrogenoformans 2350 CooA
and D. vulgaris CooA. The former of these accumulated very
poorly, but the basis of failure of the latter to show activity is
unclear (Table 1 and Fig. 3). In the case of R. rubrum CooA,
accumulation of heme-containing protein is revealed by a dis-
tinct reddish color of the cell pellet (Table 1). While D. desul-
furicans CooA and D. hafniense CooA appeared to accumulate
poorly (Table 1 and Fig. 3), they were active in response to CO
in vivo (Table 1).

Although a positive response in this assay clearly implies the
presence of a CO-sensing protein, comparisons of the magni-
tude of the response are more difficult to interpret because the
assay reflects the combination of factors: the expression of
CO-responsive heme-containing protein, the fraction of that
population that exists in the proper form to bind DNA, inter-
actions with a heterologous RNA polymerase, and the affinity

and their accession parameters are as follows: Rr, R. rubrum (gi no. 1498752); Dh(2), D. hafniense (gi no. 23114031); Ch2350, C. hydrogenoformans
(gnl no. TIGR_129958, contig 2350:c_hydrogenoformans); Av, A. vinelandii (gi no. 23105899); Dd, D. desulfuricans G20 (gi no. 23473780); Dv, D.
vulgaris (gnl no. TIGR_881, 1531); Dh, D. hafniense (gi no. 23111778); Ch2340, C. hydrogenoformans (gnl no. TIGR_129958, contig 2340:c_hy-
drogenoformans); Ec CRP, E. coli (gi no. 117484). Shaded portions indicate 70% conservation, with key structural elements indicated above
sections of the alignment. These include residues that form the distal and proximal heme ligand environments (overlined with a dotted line) as well
as conserved structural elements including the His heme ligand (His77 in R. rubrum CooA), the B-4 sheet, helices aC, aE, and oF, the hinge
sequence between the effector and DNA-binding domains, and the AR1 and AR3 regions that interact with RNA polymerase (overlined with a
thick line). Boldface underlined residues at or near the N terminus represent the cloned initiation of the proteins; for the CooA from R. rubrum,

the terminal Met is removed posttranscriptionally.
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of the CooA homolog for the R. rubrum P, promoter. De-
spite the complexity, we currently believe that many of the
other homologs interact substantially better with E. coli RNA
polymerase than does R. rubrum CooA, based on both the in
vivo results and on in vitro analyses described below. The
regions of CooA that interact with RNA polymerase are
termed activating regions (AR), based on the large body of
work done with CRP and FNR, another distantly related ho-
molog (18, 19). This apparently better AR surface in the ho-
mologs was initially surprising, since R. rubrum CooA has been
shown to function with the E. coli RNA polymerase in vivo and
in vitro (12, 21). Nevertheless, there is no reason to suppose
that R. rubrum CooA would interact any better with the het-
erologous RNA polymerase from E. coli than would any other
homolog. Indeed, it is interesting that R. rubrum CooA variants
with improved AR interactions were easily obtained in a screen
for improved function (21), consistent with the notion that
wild-type R. rubrum CooA might actually be rather poor in this
regard. Based on this logic, we believe that A. vinelandii, C.
hydrogenoformans 2340, and D. hafniense CooA possess en-
hanced AR surfaces (for interaction with RNA polymerase
from E. coli) because the activity with CO is higher than that of
R. rubrum CooA. This might also explain some of the activity
without CO.

These results demonstrate that the majority of these ho-
mologs have a clear responsiveness to the presence of CO,
consistent with the hypothesis that they serve as CO sensors in
the organisms in which they are normally found. It is therefore
appropriate to compare their properties with those of R. ru-
brum CooA to elucidate the necessary features of the gener-
alized CooA family.

The CooA homologs accumulate poorly under aerobic
growth conditions. A preliminary experiment showed that the
expressed CooA homologs accumulated heme-containing pro-
tein much less effectively than did R. rubrum CooA in aerobi-
cally grown cells (data not shown). We felt that this poor
accumulation might reflect poor stability of the heme during
aerobic growth because all but one of these homologs lacked a
residue homologous to Cys75 (Fig. 2), one of the Fe(III) heme
ligands in R. rubrum CooA (29), and it has already been shown
that a C75S variant of R. rubrum CooA is unstable under
aerobic conditions (33).

To determine if growth conditions perturb the level of
heme-containing CooA homologs in E. coli, we prepared both
aerobic and anaerobic cultures producing R. rubrum, A. vine-
landii, and C. hydrogenoformans 2340 CooAs and compared
their heme contents normalized to total extract protein. Con-
sistent with the hypothesis of poorer accumulation of 4. vine-
landii and C. hydrogenoformans 2340 CooAs under aerobic
conditions, anaerobic growth provided much higher heme ac-
cumulation for these homologs than for R. rubrum CooA (Ta-
ble 2). However, these CooA homologs were stable during and
after purification under aerobic conditions, suggesting that the
higher yield of heme-containing protein from anaerobic ex-
pression might be related to external factors such as protease
activity or better heme incorporation during anaerobic protein
synthesis. A plausible explanation for this phenomenon is that
under physiological conditions, the 4. vinelandii and C. hydro-
genoformans 2340 CooAs are never exposed to oxidizing con-
ditions in their native hosts. While A. vinelandii is an aerobe, its
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TABLE 2. Heme accumulation and Soret maxima
of selected CooA homologs

Concn (nM) of
heme b per 1 mg of
protein/ml®

Soret maxima (nm)
for form
CooA homolog

‘;f;g}t’;f A‘g‘fj@‘t’ﬁ‘c Fe(Il) Fe(Il) Fe(I1)-CO
pEXT20? <50 <50
R. rubrum CooA 4,292 1,362 424 425 422
A. vinelandii CooA 145 357 419 4215 419.5
C. hydrogenoformans 773 1,656 416 4245 420.5
2340 CooA

“ The heme b content was quantified by a modified pyridine-hemochromogen
method with partially purified samples as described in Materials and Methods.

® pEXT20 represents the same preparation of a control strain containing only
the cloning vector.

internal milieu is sufficiently reducing to permit operation of
strictly anaerobic nitrogenase systems (27), and C. hydrogeno-
formans is an obligate anaerobe isolated from a hydrothermal
vent (36).

Spectral comparison of R. rubrum, A. vinelandii, and C. hy-
drogenoformans 2340 CooAs reveals differences in Fe(III) and
Fe(II) forms. UV-visible spectra and in vitro DNA-binding
activities were analyzed for R. rubrum, A. vinelandii, and C.
hydrogenoformans 2340 CooAs that had been partially purified
from anaerobically grown cells. The C. hydrogenoformans 2340
CooA was chosen in part because it is the only homolog that
has a Cys residue at a position homologous to Cys75 of R. ru-
brum CooA, which serves as one of the heme ligands in the
six-coordinate low-spin Fe(III) form (Fig. 2 and 4A). We were
therefore interested to know whether C. hydrogenoformans
2340 CooA showed similar spectral properties to those of
R. rubrum CooA.

Figure 4B presents the UV-visible spectra of the C. hydro-
genoformans 2340 CooA in the “as isolated” form [expected to
be Fe(III)] as well as the Fe(II), Fe(II)-CO, and chemically
oxidized Fe(III) forms. Not surprisingly, CO addition to the
Fe(II) form resulted in a spectral change indicative of CO
binding. Overall spectral features of the CO-bound form are
very similar to those of CO-bound R. rubrum CooA, presum-
ably reflecting the invariant His77 that serves as the proximal
ligand in that form of R. rubrum CooA (Fig. 2). In contrast, the
Soret peak of C. hydrogenoformans 2340 CooA shows a re-
duced intensity ratio of the Fe(II) Soret band to the Fe(II)-CO
Soret band, implying that the Fe(II) form in this homolog is
altered relative to that of R. rubrum CooA. This spectral prop-
erty is also a characteristic of Fe(IT) AP3R4 R. rubrum CooA
(46), in which the Pro2 ligand is perturbed by the deletion of
the two penultimate residues, and suggests a weakened endog-
enous ligand trans to the invariant His in the C. hydrogenofor-
mans 2340 CooA. Surprisingly, even aerobic purification
yielded partially reduced C. hydrogenoformans 2340 CooA, in-
dicated by sharply resolved « and B peaks in the spectrum of
the as isolated form (Fig. 4B). These o and B peaks were
eliminated by treatment with the oxidant potassium ferricya-
nide (Fig. 4B), confirming the partially reduced state of the as
isolated protein. The as isolated R. rubrum CooA did not show
any spectral difference with or without 20 uM potassium fer-
ricyanide (data not shown). The redox potential of R. rubrum
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FIG. 4. UV-visible spectra of the selected CooA homologs. (A) R. rubrum CooA; (B) C. hydrogenoformans 2340 CooA; (C) C80S C.
hydrogenoformans 2340 CooA; (D) A. vinelandii CooA. CooA proteins were partially purified from anaerobically grown cells by the hydroxylapatite
preparation described in Materials and Methods. Analyzed samples were diluted to 1 mg of protein/ml. For the spectra of C. hydrogenoformans
2340 CooA proteins, 20 pM potassium ferricyanide [K;Fe(CN)4] was added to the as isolated forms of the proteins.

Co0A has been determined to be approximately —300 mV, the
threshold below which the CO oxidation catalytic enzyme, CO
dehydrogenase, is active. This result suggests that C. hydro-
genoformans 2340 CooA is shifted in its redox poise, presum-
ably because of a less favorable Fe(III) state in this protein.
The potassium ferricyanide-treated Fe(III) form of C. hydro-
genoformans 2340 CooA appears to predominantly be the six-
coordinate form (Fig. 4B) and not significantly different from
that of R. rubrum CooA, but the natures of the endogenous
ligands are yet to be determined.

To test whether or not Cys80 (Cys75 in R. rubrum CooA)
serves as one ligand in the Fe(III) form of C. hydrogenoformans
2340 CooA, we introduced Ser at that position by site-directed
mutagenesis. Both the heme accumulation and spectra of C80S
C. hydrogenoformans 2340 CooA are remarkably similar to
those of wild-type C. hydrogenoformans 2340 CooA (Fig. 4B
and C), in contrast to the low heme accumulation and Fe(III)
spectral perturbation of the R. rubrum CooA C75S variant
(33). This indicates that Cys80 is not the ligand in the Fe(III)
C. hydrogenoformans 2340 CooA. The most probable candidate
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for the proximal Fe(III) heme ligand in C. hydrogenoformans
2340 CooA is His82, which is homologous to the critical His77
of R. rubrum CooA.

A. vinelandii CooA was also analyzed spectrally because it
represented a CooA homolog containing Ser at the position
homologous to Cys75 in R. rubrum CooA (Fig. 2). Like C.
hydrogenoformans 2340 CooA, A. vinelandii CooA displayed a
typical Fe(II)-CO spectrum, but the spectra of its Fe(IT) and as
isolated forms were notably different from those of R. rubrum
CooA (Fig. 4D) and are consistent with a significant fraction of
five-coordinate heme ligation. As for C. hydrogenoformans
2340 CooA, we presume this reflects a weak endogenous li-
gand frans to the invariant His.

R. rubrum and C. hydrogenoformans 2340 CooA are the only
two wild-type homologs that have Cys at the position homol-
ogous to Cys75 in R. rubrum CooA (Fig. 2), and this correlates
with their excellent accumulation of heme-containing protein
(Table 1; Fig. 3). However, the ability of C80S C. hydrogeno-
formans 2340 CooA to also accumulate heme well suggests that
this is not a causal relationship. This notion was further tested
by the creation and analysis of S77C A. vinelandii CooA. Nei-
ther protein accumulation nor spectra were significantly differ-
ent from that of wild-type A. vinelandii CooA (data not shown).
The above results suggest that the presence of Cys at this
position is not correlated with the accumulation of heme-con-
taining protein under these conditions.

As noted in the introduction, R. rubrum CooA undergoes a
highly unusual ligand switch during oxidation and reduction
and maintains a six-coordinate heme ligation under all condi-
tions. One implication of the rather different redox behavior of
the other homologs and the general absence in them of a
strong ligand residue homologous to Cys75 [C. hydrogenofor-
mans 2340 CooA contains a Cys residue, but it does not appear
to serve as an Fe(III) ligand] is that these proteins probably do
not undergo a similar redox change. Though this notion has
not been experimentally tested, it is nevertheless consistent
with the fact that R. rubrum is the only one of these organisms
likely to face such a physiological decision.

The conclusion from these results is that the examined
CooA homologs bind CO to create a species that is spectrally
very similar to that of R. rubrum CooA. However, the ho-
mologs display some clear differences in the spectra of the
Fe(II) and Fe(III) forms from that of R. rubrum CooA, though
the molecular basis for these differences is unknown. The re-
sults suggest that it is not merely the presence or absence of a
Cys75 analog that underlies these differences. Rather, we as-
sume that these other homologs lack other residues in the
heme vicinity that affect the properties of the Fe(II) and
Fe(IIT) forms.

R. rubrum, A. vinelandii, and C. hydrogenoformans 2340
CooAs bind target DNA in a CO-dependent manner. The
DNA-binding properties of the partially purified CooA ho-
mologs were tested by a fluorescence polarization assay (39).
This technique measures the ability of CooA to bind a known
CooA binding site that is identical to that in the in vivo assay
but without the complication of RNA polymerase interactions.
As shown in Fig. 5, these CooA proteins showed substantial
CO responsiveness regardless of whether the assay was nor-
malized to sample heme or protein content, although the lower
fraction of heme-containing CooA in the A. vinelandii CooA
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FIG. 5. Invitro DNA-binding activities of selected CooA homologs
purified from anaerobically grown cells. The analyzed samples dupli-
cated those prepared for spectral analyses (Fig. 4). The activities of the
CooA homologs were measured at the same concentrations of either
heme or protein. —, absent.

preparation reduces its activity in the latter analysis. The ob-
servation that these homologs display DNA-binding activity
similar to that of R. rubrum CooA indicates that their very high
in vivo activities (Table 1) reflect heterologous RNA polymer-
ase interactions superior to those of R. rubrum CooA, insofar
as the in vivo and in vitro assays depend on the same R. rubrum
CooA DNA-binding sequences. Of course, conclusions cannot
be extrapolated for relative affinities of these homologs for
their native binding sites in their natural hosts. These results
confirm the CO responsiveness of the tested homologs in terms
of DNA binding, consistent with a CO-induced conformational
change to reposition the F-helices, as envisioned for R. rubrum
CooA (14).

Sequence analysis of the regions 5’ to the coo structural
genes in all the organisms from which cooA4 genes were isolated
revealed reasonably positioned binding sites corresponding to
the TGTC(A/G)N4(C/T)GACA consensus found in R. rubrum:
5" of cooS in D. desulfuricans, 5' of cooF in A. vinelandii, 5" of
cooF in D. hafniense, 5' of cooS in D. vulgaris. Similar se-
quences are found in the 5’ regions of both cooF genes in C.
hydrogenoformans. However, these sequences have not been
confirmed experimentally as binding sites, nor is the R. rubrum
CooA consensus a robust one, as it is based on the only two
known binding sites in the genome (11). Nevertheless, exami-
nation of the F-helices of all the homologs (Fig. 2) reveals
significant similarity with one another, consistent with the no-
tion that they bind similar sequences. For example, they all
have an Arg residue homologous to Argl80 of CRP that con-
tacts the first G of the binding half-site (TGTGA) and they all
have Gln at the position homologous to Glul81 of CRP. Be-
cause this Glul81 interacts with the second G of the CRP
half-site (TGTGA), this replacement in the CooA homologs
suggests that the Gln might interact with the C of the CooA
half-site [TGTC(A/G)].

Critical residues in heme region of CooA. The heme-binding
region of CooA does not resemble those of other common
heme regions, such as the PAS domain (10) or the heme
domain found in globins (13). However, a comparison of the



VoL. 186, 2004

various CooA homologs, together with a substantial amount of
mutational analysis of R. rubrum CooA, has revealed a number
of critical residues in the vicinity of the heme.

All the homologs conserve a proximal heme environment
(Fig. 2) that consists of an invariant His at position 77 (R.
rubrum CooA numbering), small residues at position 75 and
78, and a Phe or Tyr at position 74. As already mentioned,
Cys75 is a ligand for the Fe(III) heme in R. rubrum CooA (29)
and its absence in most of the homologs is consistent with the
strict anaerobic physiology of these organisms, whether a result
of their environment or metabolic function. A C758S variant of
R. rubrum CooA accumulates stable, active protein when ex-
pressed and analyzed under anaerobic conditions (33), consis-
tent with the data for the homologs which all have Cys or Ser
residues (32), while larger residues at this position preclude
activity.

All the homologs possess a His residue homologous to His77
of R. rubrum CooA. The His77 residue of R. rubrum CooA
serves as the proximal ligand in the Fe(II) and Fe(II)-CO
forms and is critical for proper CO activation (33). We assume
that its role is twofold. First, it must provide sufficient ligand
strength to preclude its displacement by various small-mole-
cule ligands, including CO, which itself must displace the trans
ligand (43). Secondly, because it remains tethered to the CO-
bound heme, it helps define the position that the heme can
assume. As CooA activation depends on an interaction of the
CO-bound heme with the C-helices, heme positioning is almost
certainly critical for proper activation.

One of the striking observations from the Fe(II) structure of
R. rubrum CooA was the evidence of Pro2 as the heme ligand
trans to His77 (20), and indirect evidence also strongly suggests
that it is the ligand in the Fe(III) form as well (24, 39, 45). An
important role of this residue appears to be to maintain R.
rubrum CooA in an inactive (non-DNA-binding) form in the
absence of CO, and it also appears to provide at least one level
of effector specificity, since other ligands such as CN™ and
imidazole are unable to displace it. However, it has little im-
portance in the conversion to the active form when CO is
present (39). Its dispensability is supported by the lack of
conservation in the N-terminal region in the homologs (Fig. 2),
where only one protein (D. hafniense CooA) potentially pro-
vides an N-terminal Pro ligand. The ligand trans to the His77
homologous position in the other CooAs is unknown, but it
may be the terminal Met. In contrast to R. rubrum CooA, the
large residues at position 2 should prevent the posttransla-
tional processing that yields Pro2 as the R. rubrum CooA
terminus. The various CooA homologs also differ in the ap-
parent length of the N terminus, which is again consistent with
mutational data for R. rubrum CooA, where increasing or
shortening the N terminus yielded variants with substantial
CO-responsive activity (39). Because of its reasonable level of
accumulation, C. hydrogenoformans 2340 CooA was tested for
imidazole and CN~ binding but appeared to bind neither at
concentrations up to 50 mM. This implies that the amino-
terminal ligand of this homolog, at least, provides a roughly
comparable type of exclusion to the binding of improper ef-
fectors, as does Pro2 of R. rubrum CooA.

In contrast to the case of Pro2, the C-helix residues Leull6
and Gly117 (Fig. 2) that form the distal heme pocket in CO-
bound state of R. rubrum CooA are particularly critical for its
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response to CO (44, 45). Their conservation in all the ho-
mologs suggests that these residues are crucial for the CO
response of the entire CooA family. Recent evidence also
suggests that Leul20 is also important for this CO response
(R. L. Kerby and G. P. Roberts, unpublished data), and this
residue is again absolutely conserved in the CooA family.

Conservation of a signal transduction pathway within CooA.
The C-helices of the CRP/FNR family of regulators provide a
stable hydrophobic dimer interface, but at the same time, they
must allow sufficient mobility to permit an altered conforma-
tion, in at least CRP and CooA (14, 20, 26). This has been
directly shown to be a critical signal pathway for CO binding
(14) in R. rubrum CooA. It was therefore of great interest to
see that the CooA homologs share with CRP the leucine zipper
residues Ile113, Leull6, Leul20, Ile127, and Leul30 but in-
variably lack a typical d position residue at Cys123 (R. rubrum
CooA numbering) (Fig. 2). Several residues around the inter-
domain hinge region are also conserved in both the CooA
family and in CRP; these include Phe132, Asp134, Argl38, and
Alal40 of R. rubrum CooA (Fig. 2). This extensive conserva-
tion suggests that the C-helix repositioning upon effector bind-
ing, as well as the mechanism for reorienting the DNA-binding
domains, may be fundamentally similar in all these proteins,
although this hypothesis must be experimentally tested.

The unusual C terminus of R. rubrum CooA is not conserved
in the CooA homologs. R. rubrum CooA not only possessed a
unique N-terminal heme ligand but also contained a novel run
of C-terminal Asp residues (Fig. 2) whose conformation, un-
fortunately, is unresolved in the structure (20). The deletion or
substitution of these residues generally has little effect on
CooA activity (H. Youn and G. P. Roberts, unpublished data),
and their relative unimportance is supported by the absence of
such residues in any of the homologs.

Surprising conservation of the 4/5 loop. The 4/5 loop refers
to the structure formed by the B-4 and B-5 sheets (Fig. 1) that
extends from the effector-binding domain toward the DNA-
binding domain, making contacts with this domain in the active
form of CRP. In CRP, the tip of this loop has been shown to
interact with the sigma subunit of RNA polymerase and is
termed AR3 (31), but the 4/5 loop residues immediately pre-
ceding and subsequent to the AR3 region are not known to
provide structural or functional importance. Surprisingly, in-
spection of the sequence alignments shows the B-4/5 loop to be
highly conserved in the CooA homologs and notably different
from CRP through the presence of two basic residues (Fig. 2).
Indeed, the purified R51C R53C CooA double variant had low
heme content and extremely poor DNA binding in response to
CO (M. V. Thorsteinsson and G. P. Roberts, unpublished
data). Given the structural connection of this region to the
His77 region, the proximal heme ligand in the CO-bound form,
the B-4/5 loop region containing these residues might therefore
constitute a separate CO signal conduit within CooA in addi-
tion to the C-helix mechanism.

The results of the sequence comparison and functional and
spectral analysis of the CooA homologs not only verifies their
capability as CO sensors but have also corroborated the iden-
tification of critical features of CooA that had previously only
been based on mutational and biochemical analysis of R. ru-
brum CooA. These features include the His ligand of the heme,
the hydrophobic distal heme pocket, the negligible role of
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C-terminal poly-Asp tail in the CO-sensing function of R. ru-
brum CooA, the modified leucine zipper formed by the C-
helices, residues in the hinge region between the effector- and
DNA-binding domains, and the surprising conservation of the
B-4 region. It is probably of significance that the residues in the
C-helix and the hinge region are well conserved in CRP, sug-
gesting a common pathway of activation that remains to be
completely elucidated. An important difference between R.
rubrum CooA and the homologs was the lack of redox-based
ligand switch in the latter class, and it is clear that a Cys75
analog is necessary but not sufficient for this ability. Another
interesting difference is in the N terminus, since it provides a
heme ligand in R. rubrum CooA that serves as a factor in
small-molecule specificity. It remains to be seen whether the
CooA homologs have similar ligand specificities, and if so,
what ligand supports this. The results provide a fairly clear idea
of the functionally critical elements of the CooA family and, in
most cases, the biochemical property that underlies the role of
those elements.
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