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ABSTRACT: Carbon monoxide oxidation activator protein (CooA) is a dimeric carbon monoxide (CO)
binding transcription factor that in the presence of CO promotes the transcription of genes involved in
CO oxidation inRhodospirillum rubrum. The off state (inactive) of FeII CooA has His and Pro as the two
axial heme ligands. In contrast, in the on state, which is active in DNA binding, the Pro ligand bond has
been replaced by CO. This occurs by the transient loss of the Pro ligand, thus generating a pentacoordinate
heme that can bind CO. The active on state of CooA has two major structural differences from the off
state, in addition to the displacement of the Pro ligand by CO. There is a repositioning of long C helices
at the dimer interface and a concomitant reorientation of the hinge region between the DNA- and effector-
binding domains within each monomer [Roberts et al. (2005)J. Inorg. Biochem. 99, 280-292]. To better
understand the relationship of these conformational changes, we have removed the DNA-binding domains
and compared CO binding to the truncated and full-length protein. The crystal structure of truncated FeII

CooA is the same as that of the effector-binding domain of full-length FeII CooA, including the relative
orientation of the homodimer and the ligation environment of the heme. Thus, removing the DNA-binding
domains has little obvious effect on the structure of CooA in the inactive off state. However, CO binds
about 2-fold more tightly and about 10 times more rapidly to truncated CooA. The rate of CO binding is
known to be limited by the dissociation of the Pro heme ligand [Puranik et al. (2004)J. Biol. Chem. 279,
21096-21108]. Therefore, the absence of the DNA-binding domain makes it easier for the Pro ligand to
dissociate from the heme iron, which also makes it easier for truncated CooA to adopt the on-state structure.

Carbon monoxide oxidation activator protein (CooA)1 is
a carbon monoxide (CO) sensing transcription factor from
the photosynthetic bacteriumRhodospirillum rubrumthat
belongs to the catabolite activator protein (CAP) family of
prokaryotic transcription factors (1). Similar to CAP, CooA
is a homodimeric protein, with each monomer consisting of
an effector-binding domain and a DNA-binding domain,
which contains the classic helix-turn-helix DNA-binding
motif. Although CAP and CooA share only 28% sequence
identity, the DNA-binding helix-turn-helix motif exhibits
an rms difference of only 1.3 Å, while the effector domain
that binds cAMP in CAP and heme in CRP exhibits an rms
difference of 1.6 Å. While cyclic AMP binds to the effector
region in CAP, the effector domain in CooA binds heme,
which, in turn, binds the effector molecule CO. The binding

of CO to the heme promotes the binding of CooA to the 5′
promoter region of two operons, where CooA stimulates the
transcription of genes responsible for CO oxidation (2). This
enablesR. rubrumto utilize CO as an energy source (3, 4).

While there are structures of CAP both with (5) and
without (6) DNA bound, all of these structures are in the
DNA-binding on state with the effector, cAMP, bound. Our
initial publication on the CooA structure (7) provided the
first structure of a CAP-like transcription factor in the off
state. Because CooA and CAP are structural homologues
(Figure 1), the on state of CooA is expected to resemble the
on state of CAP. Therefore, a comparison between the off-
state CooA and on-state CAP structures provides insights
on the range of motions induced by effector binding in each
protein. Such a comparison shows that the DNA-binding
domain undergoes a very large reorientation relative to the
effector-binding domain upon activation. Although the two
monomers of inactive CooA are in rather different orienta-
tions, they are both different from those of active CAP
(Figure 1). Most importantly, the F helices, which make the
critical sequence-specific DNA contacts, in both monomers
of inactive CooA are not accessible for DNA binding. In
the crystal structure of CooA, the C helix of monomer A is
fully extended, having fused the C and D helices. In
monomer B, these helices are separated by a break, termed
the hinge region, as in active CAP, but the relative position
of the two domains is completely different in CooA monomer
B compared to active CAP. It is thus apparent that the DNA-
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binding domains can undergo rather large changes in
orientation relative to the effector-binding domain.

In contrast to this view, using solution X-ray scattering,
Akiyama et al. (8) suggest that the solution structure of CooA
in the inactive CO-free off state is very similar to the CO-
bound on state and that what we see in the off-state crystal
structure with the C helix in one monomer completely
extended and the other kinked is a consequence of crystal-
packing forces. However, Akiyama et al. (8) calculate a fairly
small difference in the radius of gyration, 25.9 Å, based on
the crystal structure compared to an average value of 26.4
Å estimated from the experimental data, and what is not clear
from scattering experiments is the relative population of
various possible conformers. Moreover, crystal packing
forces are weak and are not likely to force the protein to
adopt a conformation that is not also accessible in solution.
Thus, it is much more probable that the dimeric structure
that we observe in the crystal structure is one of several
conformers accessible in solution and is one of the many
sampled in the scattering experiments. This leads to a picture
of the off state as an ensemble of DNA-binding domain
orientations, while the DNA-bound on state has only one
orientation.

The key to understanding the CO-mediated allosteric
transition from inactive to active forms of CooA is to explain

how CO binding, at the heme iron, can lead to reorientation
in the C-helix hinge region some 25 Å away. A careful
comparison between on-state CAP and off-state CooA
indicated that there is a change at the dimer interface and
especially at the interface between the C helices (7). That
is, if the C helices of one monomer of CAP and CooA are
superimposed, the C helices in the other monomers of each
protein do not superimpose (Figure 1). From this simple
change, a relatively detailed picture of the CooA activation
process has been developed (7, 9). This repositioning of the
C helices transmits a signal from the heme region to the hinge
region, which in turn stabilizes either the active or inactive
positions of the DNA-binding domains. However, the C-helix
repositioning is incompatible with the retention of the Pro2-
Fe bond. The transient deligation of the Pro2 ligand therefore
results in a pentacoordinate heme that can now bind CO.
On the basis of the Monod-Wyman-Changeux model for
allosteric transitions (10), CooA is viewed as an equilibrium
mix of the on- and off-state structures, with the off state
favored in the absence of CO (Figure 2).

The very close similarity in the structure of the DNA-
binding domains of CooA and CAP indicates that these
domains themselves are minimally changed upon activation.
Instead, the allosteric transition affects only the orientation
of the DNA-binding domains relative to that of the effector-
binding domain. Studying the structural and functional
properties of the effector-binding domain in the absence of
the DNA-binding domain provides a way of testing the
impact of the DNA-binding domain reorientation on the
energetics of CO binding. In this study, we describe the
structure and CO-binding properties of a truncated version
of CooA lacking the DNA-binding domain.

MATERIALS AND METHODS

Protein Expression and Purification.Full-length (wild-
type) CooA was expressed and purified as previously
described (11), with slight modifications as follows. Cells
were grown in 2xYT media and lysed through two passes
in a microfluidics ML-100 cell homogenizer at 18 000 psi.
The resuspended ammonium sulfate pellet was loaded
directly onto a Superdex S200 preparative column (Phar-
macia). The best fractions were then loaded onto a Q-
sepharose fast-flow column (Pharmacia). The final combined
fractions were estimated to be>95% pure via sodium

FIGURE 1: Structure of CAP and CooA. The cAMP and heme
groups are highlighted as red space-filled models. The F helices
that provide direct contact with DNA are labeled. (A) On-state
structure of CAP with the effector, cAMP, bound. (B) Off-state
structure of CooA in the reduced, CO-free form. Corresponding
leucine residues 134 in CAP and 130 in CooA are in the region
where the break in the C helices (highlighted in green and yellow)
must occur to accommodate the activation of each protein. (C)
Structural overlay of C-helical regions for CAP (blue) and CooA
(red) in both monomers. The monomer A helices were superim-
posed, which illustrates that the off/on transition results in the
motion of the monomer B helix relative to the monomer A helix.
This motion causes steric crowding between the C helix of the
monomer B helix and the Pro2 ligand, leading to the rupture of
the Pro2-Fe bond.

FIGURE 2: Off/on state equilibrium of CooA. On the left is the
reduced structure of CooA (1FT9), and on the right is a hypothetical
model for the on state of CooA, where the DNA-binding domains
have made their transition to bind DNA. Binding of CO to the heme
shifts the equilibrium toward the on state.
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

Escherichia coli strain UQ1904, expressing the heme
domain containing N-terminal amino acids through methion-
ine 131 plus six additional histidine residues, was constructed
by using appropriate oligo primers to modify the cloned wild-
typecooAsequence. The heme domain was expressed, and
the cells were lysed as with the full-length CooA and purified
via nickel-nitrilotriacetic acid (Ni-NTA) agarose (Qiagen).
Protein fractions with purity>95% were precipitated with
ammonium sulfate and resuspended in 25 mM 3-(N-
morpholino)propanesulfonic acid (MOPS) at pH 7.4, 500
mM NaCl, and 2 mM dithiothreitol (DTT). The protein
solution was subsequently desalted using the same buffer to
remove any trace amounts of ammonium sulfate and imi-
dazole.

Determination of Equilibrium Binding Constants.All
protein samples and buffers were made anaerobic by
exchange with O2-free argon on a vacuum manifold. Anaero-
bic handling was performed in a soft-sided glovebox (Coy
Laboratories). CO binding to both full-length and truncated
forms of CooA was monitored by measuring spectral changes
at 558 nm using a Varian Cary 3E UV-vis spectrophotom-
eter in 1.5 mL sealed anaerobic cuvettes (Starna Cells).
Protein samples (2µM by heme) were reduced with
dithionite (5 mM) and titrated with a saturated solution of
O2-free CO (1 mM). Headspace was limited to the volume
of total CO added (<1% of total volume) to minimize
degassing of CO. Data were fitted as previously described
(12).

Determination of CO Association Rate Constants.Rates
of CO binding were measured using an Applied Photophysics
Ltd. SX.18MV-R stopped-flow instrument, and absorbance
changes were measured at 558 nm. Protein samples (20µM)
were reduced with dithionite and combined with various

concentrations of O2-free CO. To obtain data at higher CO
concentrations, asymmetric mixing experiments were per-
formed using a 2:1 ratio of CO/protein.

Crystallization and Data Collection. Crystals were grown
under anaerobic conditions at 22°C by the hanging-drop,
vapor diffusion method in Nextal plates. All solutions were
made anaerobic by continuous exchange with O2-free argon
on a vacuum manifold. The reservoir solution consisted of
20% (w/v) poly(ethylene glycol) (PEG) 8000, 100 mM
2-(cyclohexylamino)ethylsulfonic acid (CHES) at pH 9.0,
and 5 mM dithionite. Drops consisted of 2µL of reduced
truncated CooA (12 mg/mL) and 2µL of reservoir solution.
Large (∼100× 500µm) rod-shaped crystals formed after 3
weeks but diffracted weakly. Dehydration of the crystals was
performed via the addition of 1µL of dehydration solution
[30% (w/v) PEG 8000, 20% glycerol, 100 mM CHES at pH
9.0, and 5 mM dithionite] to the 4µL drop. The drop was
then moved to a new well and allowed to equilibrate over
the dehydrating solution for 1 week. This process improved
the resolution of the data from∼6 to 2.7 Å. Crystals were
found to belong to the tetragonal space groupP41 with unit-
cell dimensions ofa ) 71.23,b ) 71.23, andc ) 143.73
Å. X-ray intensity data were collected at the Stanford
Synchrotron Radiation Laboratory on beamline 9-1. Data

Table 1: Data Collection and Refinement Statistics

data set
CooA

heme domain

PDB code 1FT9
cell dimensions (Å)
(SG: P41)

a ) 71.23
b ) 71.23
c ) 143.73

data resolution (Å) 2.70
total observations 184 353
unique reflections 19 766
Rsym

a 0.066 (0.650)b

〈I/σ〉 22.3 (2.0)b

completeness (%) 99.8 (99.9)b

reflection used in refinement 18 584
R factorc 0.2079
Rfree

d 0.2640
number protein atoms 4148
number heterogen atoms 172
number water molecules 63
rms deviation

bond length (Å) 0.007
bond angle (deg) 1.3

a Rsym ) ∑|I - 〈I〉|/∑I, whereI is the observed intensity of a reflection
and〈I〉 is the averaged intensity of multiple observations of the reflection
and its symmetry mates.b The values in parentheses were obtained in
the outermost resolution shell.c R factor) ∑||Fo| - |Fc||/∑|Fo|, where
Fo andFc are the observed and calculated structure factors, respectively.
d Rfree was calculated with the 5% of reflections set aside randomly
throughout the refinement.

FIGURE 3: 2Fo - Fc composite omit electron-density maps
contoured at 1.0σ for (A) the heme environment and (B) the
interface between the C helices.
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were indexed, integrated, and scaled using Denzo and
Scalepack (13).

Molecular replacement using MolRep (14) was performed
using the heme domain of the wild-type protein as a search
model. The correct solution was found to contain four
subunits (two dimers) per asymmetric unit. The structure was
refined using CNS (15). Final data parameters are sum-
marized in Table 1.

RESULTS

Crystal Structure.The crystallographic structure of the FeII

form of the heme domain was determined to a resolution of
2.7 Å. Electron-density maps of the C-helix interface and
heme-ligation environment are shown in Figure 3. Figure 4
shows a comparison between truncated and full-length CooA.
The overall root-mean-square (rms) deviation for 130 com-
mon CR atoms is 0.7 Å. The only significant deviation is
near the C-terminal Met131. The surfaceâ turn centered on
Glu59 shifts about 5 Å. The DNA-binding domain contacts
Glu59 in full-length CooA; therefore, it is not surprising that
the removal of the DNA-binding domain results in the
movement of Glu59. However, the core of the effector
domain remains unchanged, including the dimer interface
and the relative positioning of the two C helices. The heme-
ligation environment consisting of His77 and Pro2 as axial
heme ligands also remains unchanged.

Equilibrium Titration. CO titration curves for both full-
length and truncated CooA are shown in Figure 5. For full-
length CooA, the apparentKD ) 0.65µM, which is similar
to theKD ) 2.0µM published previously (12). The truncated
protein exhibited an apparentKD ) 0.32 µM. These
experiments were performed multiple times (∼20), and in
each experiment, the apparentKD value for the heme domain
was always lower than in full-length CooA, indicating that
removal of the DNA-binding domain increases the affinity
for CO.

Stopped-Flow Studies.The association rates of full-length
and truncated CooA are shown in Figure 6. The binding of
CO is slow, biphasic, and exhibits a hyperbolic dependence
on the CO concentration (Figure 6). The kinetics of CO
binding has previously been analyzed in detail, and the
dissociation of the Pro2 heme ligand was shown to be rate-
limiting (12). Therefore, the maximumkobs measured in the
stopped-flow studies is directly related to the rate of Pro
ligand dissociation. For full-length CooA, we obtain values

of 0.4 and 0.2 s-1 for the fast and slow phases, respectively.
Truncated CooA also exhibits biphasic binding kinetics,
except the rates increase about 10-fold to 4.0 and 1.0 s-1.
This indicates that, in the absence of the DNA-binding
domain, Pro2 dissociates from the heme iron faster than in
full-length CooA.

DISCUSSION

Unraveling the structural basis for the CO-induced allos-
teric switch in CooA will require the structure of the CooA-
CO complex and possibly the CooA-CO complex bound
to DNA. Until then, the simplest working hypothesis is to
assume a simple allosteric two-state model, where the on
and off states of CooA are in equilibrium. While the on state
is very likely dominated by a single conformer, the same is
not true for the off state. As the structure of full-length off-
state CooA shows, only monomer A is totally extended,
while monomer B has a bend in the hinge region between
the DNA-binding and effector-binding domains. Because it
is sterically impossible for both monomers to simultaneously
adopt the completely extended form of monomer A, it is
very likely that in solution the orientations of the DNA-
binding domains are not fixed. In contrast, the requirements
of proper F-helix positioning for specific DNA interactions
argue that the on state of CooA is stabilized by inter- and
intramolecular contacts. This reorientation of the DNA-
binding domains is stabilized by the repositioned C helices,

FIGURE 4: Stereodiagram showing the superimposition of truncated CooA (green) and full-length CooA (blue). Mol A and B refer to
molecules A and B in the dimer.

FIGURE 5: Titration curves for the binding of CO to truncated and
full-length CooA. Lines represent the best fit to the Hill equation.
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which in turn requires the breakage of the Pro2-Fe bond.
CO binding stabilizes this Pro2-Fe bond displacement and
thus shifts the on/off equilibrium in favor of the on state.

Our results show that removal of the DNA-binding domain
has no effect on the heme-binding effector domain structure
of CooA, except for changes near Glu59, which contacts the
DNA-binding domain in full-length CooA. However, trun-
cated CooA binds CO more tightly and more rapidly than
does full-length CooA. Even so, the kinetics of CO binding
remains biphasic as in full-length CooA. Such biphasic
kinetics has been attributed to the cooperative CO binding,
such that the binding of the first CO to heme A slows down
the dissociation of the Pro2 from heme B (12). Truncated
CooA behaves similarly with respect to biphasic kinetics,
but the binding of CO is faster. Because CO binding is
limited by dissociation of the Pro2 ligand (12), the removal
of the DNA-binding domain makes it easier for the Pro2
ligand to dissociate. One possible explanation is that without
the DNA-binding domain fewer inter- and intrasubunit
contacts must be broken in going from the off to on state,
which lowers the activation energy barrier for rupture of the
Pro2-Fe bond. For example, without the DNA-binding
domain, the hinge reorientation at Leu130, which necessitates
breaking helical hydrogen bonds, is no longer required.

Removal of this energetic barrier thus lowers the activation
energy barrier in the on/off transition, which is reflected in
a faster dissociation of the Pro2 ligand and, hence, more rapid
CO binding. A more specific example is an ion pair that
must be broken in the off/on transition. In inactive CooA,
Glu59 of monomer A forms an ion pair/hydrogen bond with
Arg138 in monomer B, but in active CAP, the analogous
Arg residue (Arg142) is positioned to hydrogen bond with
a purine carbonyl oxygen atom about 3 Å away. Thus, the
Glu59-Arg138 salt bridge is most likely to be broken in
the off state, and the energy lost is regained when Arg138
forms new interactions with the DNA. Without the DNA-
binding domain, Arg138 is missing and, thus, there is no
need to break an off-state ion pair, which again lowers the
activation energy in the on/off transition.

These differences can be more quantitatively analyzed by
assuming a simple relationship between rates of CO binding
and activation energy, which enables estimates to be made
on the activation energy for disruption of the Pro2-Fe bond.
The rate of CO binding to the pentacoordinate heme in CooA
estimated from flash photolysis studies is about 30 000 s-1

(12, 16). Our stopped-flow experiments, where Pro2 dis-
sociation is limiting, give 0.4 s-1 for the fast phase of the
reaction in full-length CooA. This 75 000-fold difference in
rate is due to the barrier imposed by dissociation of the Pro2
ligand. If we assume simple transition-state theory andk ∝
exp(∆G*/RT), where∆G* ) the activation energy andk )
the rate of CO binding, then the activation energy barrier
for Pro2 dissociation is on the order of 6.7 kcal/mol. By a
similar analysis, an increase in the rate of CO binding by
10-fold owing to the removal of the DNA-binding domains
translates into a lowering of the activation energy barrier
for Pro2 dissociation by 1.4 kcal/mol. This suggests that the
intra- and intermolecular on/off changes involving the DNA-
binding domains contribute a modest 1-2 kcal/mol in Pro2
dissociation. Therefore, most of the “work” in the allosteric
transition is due to changes in the effector domain as
discussed by Puranik et al. (12). The switch to the on state
when Pro dissociates and the heme binds CO unmasks new
interactions that lock the DNA domains into the orientation
favorable for DNA binding. Similar arguments can explain
why truncated CooA binds CO with a higher affinity than
full-length CooA. In the simple two-state on/off model, the
tighter binding indicates that theKeq between the on/off states
has shifted toward the on state in truncated CooA. There
also is higher cooperativity in truncated CooA as evidenced
by an increase in the Hill coefficient for CO binding from
≈1.5 in full-length CooA to≈2.0 in truncated CooA.

In summary, our results show that the DNA-binding
domains play no role in the structure of the off-state heme-
binding domain. The DNA-binding domains do contribute
about a factor of 10 in the rate of Pro2 dissociation from the
heme iron, although in terms of the activation energy of
Pro2-Fe dissociation, this factor of 10 is a rather modest,
1-2 kcal/mol. This means that a majority of the energetic
changes that occur in the off/on transition are centered in
the effector heme-binding domain. Given the very close
structural homology between CooA, CAP, and related
transcription factors, it is very likely that the DNA-binding
domains also play a minor role in the allosteric transition in
other members of the CAP family of transcription factors.

FIGURE 6: Kinetics of CO binding. Plot of pseudo-first-order rate
constants versus the CO concentration for the full-length (top) and
truncated (bottom) CooA. The slow phase of the reaction is
indicated byO, and the fast phase is indicated byb.
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