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ABSTRACT

The heme-based and CO-responsive RcoM transcriptional regulators from
Burkholderia xenovorans are known to display an extremely high affinity for CO while being
insensitive to O,. We have quantitatively characterized the heme-CO interaction in full-length
RcoM-2 and compared it with the isolated heme domain RcoMH-2 to establish the origin of
these characteristics. Whereas the CO binding rates are similar to those of other heme-based
sensor proteins, the dissociation rates are two to three orders of magnitude lower. The latter
property is tuned by the yield of CO escape from the heme pocket after disruption of the heme-
CO bond, as determined by ultrafast spectroscopy. For the full-length protein this yield is ~0.5%
and for the isolated heme domain even lower, associated with correspondingly faster CO
rebinding kinetics, leading to Kq values of 4 and 0.25 nM, respectively. These differences imply
that the presence of the DNA-binding domain influences the ligand-binding properties of the
heme domain, thus abolishing the observed quasi-irreversibility of CO binding to the isolated
heme domain. RcoM-2 binds target DNA with high affinity (K¢ < 2 nM) when CO is bound to
the heme, and the presence of DNA also influences the heme-CO rebinding kinetics. The

functional implications of our findings are discussed.
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INTRODUCTION

An important subset of the large family of heme proteins is constituted by heme-based
gas sensor proteins (1, 2). These proteins play crucial roles in the initial adaptation processes
of organisms to changing environmental gas conditions usually by altering the expression of
specific genes upon binding or release of specific small molecules to protein-bound heme.
Sensors of the highly reactive signaling and respiratory molecules NO and O have obviously
gained considerable attention. More recently, the more inert CO molecule was also established
as an important sensor molecule (3-6). Atmospheric CO is generated by natural and industrial
processes and as a eukaryotic heme breakdown product, and many prokaryotes possess distinct
CO-regulated systems that catalyze CO-oxidation. In mammalian systems, the transcription
factor NPAS2 (7) and the SUR2A receptor-associated Katp channel (8) have been reported to
be CO-responsive (with CO affinity around 1 uM), but the physiological relevance of these
responses remains debated. On the other hand, to date two distinct prokaryotic CO-specific
sensor proteins, CooA and RcoM, have been described; both are single-component
transcriptional regulators that are activated upon binding of CO to an associated heme domain.
Co0A, involved in the regulation of anaerobic CO metabolism in Rhodospirillum rubrum, is
relatively well-studied, and crystallographic models are available (9, 10). RcoM (regulator of
CO metabolism) proteins have been discovered a decade ago and are active in the aerobic
bacterium Burkholderia xenovorans (11). They are less well characterized (in particular
structural data are lacking), but display some surprising properties (11-16).

B. xenovorans expresses two RcoM proteins, RcoM-1 and RcoM-2, which are highly
homologous (11). Each is comprised of an N-terminal PAS heme-binding sensor domain and a
C-terminal LytTR DNA-binding effector domain. RcoM-1 has been reported to form
homodimers (17). In the absence of external ligands, in both the ferric and the ferrous state the

heme is six-coordinate with intrinsic amino acids as axial ligands. In its ferrous state, it can bind



CO and NO while forming 6-coordinate complex with a proximal histidine (15). In the ferrous
complex, binding of an external ligand is thought to displace a distal methionine residue (13,
15), triggering a conformational change that activates the C-terminal DNA-binding domain. In
particular, for RcoM-1 it has been demonstrated that target DNA binds in the CO-bound state,
but not in the ferric state and the ferrous state in the absence of CO (14). The Oz-complex
appears not to be stably formed, which presumably allows the protein to act as a CO sensor
under aerobic conditions. Other than for CooA and the mammalian CO-responsive systems, the
CO affinity is extremely high, at least in the low nanomolar regime for full-length RcoM-1 (14)
and even sub-nanomolar for the isolated heme sensor domain of RcoM-2 (12). Indeed, the
proteins are purified with a high amount of ferrous CO-complex present after standard
heterologous expression in Escherichia coli. The bound CO can be permanently removed from
the heme only by prolonged illumination under aerobic conditions (11, 12). Intrigued by these
findings, we have previously studied the kinetic properties of CO binding to the RcoM-2 heme
domain (termed RcoMH-2). These revealed unique Kinetics properties including a quasi-unity
(>99%) yield of heme-CO geminate rebinding on the picosecond timescale upon photocleavage
of the heme-CO bond (12). This indicates that CO can hardly escape from the heme pocket and
makes the RcoMH-2 construct a promising oxygen-compatible CO scavenger. On the other
hand, the question arises how RcoM-2 can physiologically function as a true sensor of the CO
concentration if CO-binding appears quasi-irreversible. Here, this question is investigated by
performing ligand-binding studies on the full-length RcoM-2 protein and also by determining
the effects of RcoM binding to DNA. We show substantially different heme-ligand interactions
in the heme sensor domain in the presence of the DNA-binding domain that lead to more

reversible binding of CO.



MATERIALS AND METHODS

The full-length RcoM-2 protein (amino acids 1-267, UniprotKB Q131Y4) was
heterologously expressed in E. coli BL21 DE3 from a pQE80L expression vector (QIAGEN)
using 1 mM isopropyl-B-D-thiogalactopyranoside. RcoM-2 (expected MW 30.5 kDa),
containing the N-terminal heme-containing PAS domain (amino acids 15-86) and the C-
terminal HTH LytTR-type DNA-binding response domain (amino acids 161-266) was purified
by affinity chromatography on Ni-TED columns (Protino Ni-TED, Macherey Nagel) and eluted
with 50 mM NaH2POs, 300 mM NaCl and 250 mM imidazole, pH 8.0, followed by imidazole
removal on Econo-Pac columns (Bio-Rad). The heme-containing PAS sensor domain
RcoMH-2 was expressed and purified as described (12). The purified proteins were suspended
in 50 mM Tris-HCI buffer, pH 8.0, 150 mM NaCl and, unless otherwise indicated, all
experiments were performed in this buffer.

The heme-containing PAS sensor domain RcoMH-2 was purified almost entirely in the
ferrous CO-bound form, whereas this was only the case for a small fraction of full-length
RcoM-2. For experiments on other forms than the CO-bound form, the samples were first
transformed fully to the ferric form by illumination for ~12h with white light originating from
a halogen lamp equipped with an optical fiber at an intensity of ~0.15 W/cm?, at 4°C in an air-
exposed vial. To obtain the ferrous unliganded form, the ferric protein was degassed using a
gas train and reduced with a slight excess of dithionite. The ferrous NO form was fully formed
upon exposure of the ferrous protein to 0.1 atm NO in the cell headspace. To obtain the fully
CO-bound form, as-purified protein was reduced with a slight excess of dithionite and exposed
to 1 atm CO in the cell headspace.

All steady state and ultrafast spectroscopy experiments were performed in 1-mm cells
that could be sealed gastight with rubber stoppers. Steady-state spectra were obtained using a

Shimadzu UV-Vis 1700 spectrometer. Ultrafast transient absorption experiments at a 500 Hz



repetition rate, with a 570 nm pump pulse and a continuum probe pulse, were performed as in
ref. (18) using a heme concentration of ~30 M. To reduce baseline fluctuation noise the data
are plotted as difference kinetics between the induced maximum and the bleaching minimum
in the Soret absorption regions. To correct for beam-overlap, drifts on the nanosecond timescale
kinetics after photodissociation of CO-myoglobin (where no rebinding occurs on the
investigated timescale) were used as reference.

Stopped-flow experiments to monitor CO binding to the ferrous protein were performed
in a Biologic SFM 300 instrument equipped with a JM Tidas diode detector. The optical path
length of the measuring cell was 0.8 mm. The instrument was extensively flushed with gaseous
nitrogen prior to use. After mixing, the protein concentration was ~25 yM.

The rate of CO dissociation was determined by the NO replacement method (19). Here,
starting from the fully CO-bound form, CO in the cell head space was replaced by 1 atm NO.
The sample was then kept in the dark and spectra were taken at regular intervals.

Fluorescence anisotropy-based DNA-binding assays with full-length RcoM-2 were
performed using 5° Texas-Red fluorophore-labeled DNA in 1x1 cm optical path length cells.
Purified and CO-dissociated protein was suspended in 50 mM Tris-HCI, pH 7.6 and 100 mM
NaCl at a concentration of 1 uM. The ferrous and CO-bound forms were prepared in gastight
1x1 cm optical path length cells as described above.

An 18-mer of double stranded DNA, comprising the equivalent of region a of the
RcoM-2 DNA binding region (14), was obtained by mixing equimolar amounts of the two
complementary oligonucleotides 5 -TCGATTTTCGCGCAAATT-3" (forward) and 5’-
AATTTGCGCGAAAATCGA-3’ (reverse) (Eurogentec). The 5’-extremity of the forward
oligonucleotide was labeled with Texas Red. The oligonucleotides were heated three minutes
at 80°C followed by slow cooling down to room temperature to allow complete annealing. The

DNA concentration in the assays was 6.4 nM. For the experiments with reduced protein, the



DNA stock solution was degassed in the sealed optical cells and ~0.5 mM dithionite was added.
For the experiments with CO-liganded protein, it was in addition equilibrated with 1 atm CO
atmosphere. RcoM-2 in the different forms was added stepwise using a gastight Hamilton
syringe up to concentrations of 25 nM. Fluorescence anisotropy was measured following a
procedure as described (20) in a Cary Eclipse fluorometer equipped with a manual polarization
device, with an excitation beam centered at 590 nm and by scanning the Texas Red emission
spectrum. Anisotropy data were fitted to a tight binding formalism (21, 22) to estimate the
binding constant (Kq).

All experiments were performed at room temperature.

RESULTS

Steady-state absorption spectra. Fig. 1 shows the steady-state absorption spectra of
RcoM-2 under different conditions. The as-prepared, reduced, and carbonylated spectra are
similar to those reported previously by Marvin et al. (15) that were assigned to Felll His-Cys,
Fell His-Met and Fell His-CO coordinated heme-complexes, respectively. Yet we note that
upon prolonged illumination, the spectrum changes somewhat, with a modestly blue-shifted
and broadened Soret band and a less pronounced shoulder around 570 nm. This finding
indicates that a fraction of CO was present in the as-purified protein. This fraction is far smaller
than in the isolated heme domain RcoMH-2 that is almost completely purified in the CO-bound
form (12). For RcoM-1, differences in CO-binding in the purified protein have been related to
differences in protein expression (14). We used the same expression system and E. coli growth
conditions for our full-length and heme domain constructs. Therefore we assign this difference

to intrinsic differences in CO affinity, as will be quantified below.
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The spectra of the fully reduced and CO-bound form are very similar in the full-length
protein and the purified heme domain, although small (~1 nm) shifts are observed (Table S1).
By contrast, the Felll (as-prepared illuminated) form is substantially blue-shifted in the
RcoMH-2 construct; this can be assigned to the presence of a fraction of 5-coordinate complex
(12).

Bimolecular CO binding. CO binding to RcoM-2 was monitored by stopped-flow
spectroscopy. Fig. 2A shows spectra at different delay times after mixing reduced RcoM-2 with
CO. The initial spectrum corresponds to the 6-coordinate His-Met complex and the final one to
the 6-coordinate His-CO complex (cf. Fig. 1). The spectra show clear isosbestic points and no
indication for the population of distinct intermediate species. The kinetics can be well fit with
single-exponential kinetics (Fig. 2B) that vary linearly with CO concentration (Fig. 2B, inset)
yielding an apparent bimolecular rate constant kops of 16x10® M*s™. In principle, for such a

ligand exchange reaction the rate is described by a hyperbolic function (cf. Refs. (12, 23))

_ k_mkcolCO]
Kops = kpm+kcol[CO] (1)



where k_,, is the rate of dissociation and displacement of the intrinsic (methionine) ligand, k,,
the rate of association of the intrinsic ligand (K, = ky/k_y >> 1, as the protein is initially
predominantly 6-coordinate), and k., is the bimolecular rate constant of CO binding to the 5-
coordinate heme. Within the tested [CO] range, no rate saturation was observed, so the rate is

not limited by dissociation of the intrinsic methionine, and k_,,>> 5 s*. kobs then corresponds
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These findings are distinct from those that we reported earlier for the purified heme
domain RcoMH-2, but also have some common properties: in RcoMH-2 the kinetics were
biphasic, with the main phase displaying a very similar value for k., /Ky, (15x10% M1s), but
clear saturation behaviour corresponding to k_,,= 5 s™*. Thus motion of the intrinsic distal heme

ligand appears less restricted in the full-length protein.



CO dissociation. The rate of thermal CO dissociation from the protein was determined
by exposing the CO-bound protein to excess NO and monitoring the spectral changes associated
with replacement of CO by NO as a function of time (Fig. 3A). To avoid light-induced CO
dissociation, the samples were kept in the dark between monitoring subsequent spectra. The
kinetics (Fig. 3B) are plotted as peak-to-bleaching absorption difference to minimize the effect
of baseline variations. They are well-described by single-exponential Kinetics with a time

constant of 4.4 h, corresponding to a CO off rate of 64x10° s,
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This time constant is much shorter than the rough estimation in the order of days that
we previously advanced for the heme domain RcoMH-2 (12). We therefore used the same
method to precisely determine the time constant for RcoMH-2 at 80h (CO off rate 3.5x10° s1)

and found it indeed to be almost 20-fold longer than for the full-length protein.
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Heme-CO geminate rebinding. Recombination upon photodissociation of the heme-
CO bond was investigated using ultrafast pump-probe spectroscopy. The kinetics (Fig. 4, red
curve) are characterized by a phase of a few picoseconds that reflects mostly photophysical
processes (24) and multiphasic rebinding that can be fitted (Table 1) with time constants of 170
ps and 660 ps (with ~45/55 amplitude ratio). The rebinding is substantially slower than in the
isolated heme domain (green curve, fit constants 170 ps and 500 ps, 65/35 amplitude ratio (12)).
Moreover, for the full-length protein a small but significant asymptotic value of 0.5% was
found, which reflects CO escape from the heme pocket, whereas in the heme domain rebinding

was complete within experimental error.

0.154 015 —full length
= — full length + DNA
—— heme domain
010 Figure 4. Rebinding kinetics
£ of CO to RcoM-2 after
N photodissociation  in  the
3 absence and presence of DNA.
< 0054 The corresponding kinetics for
3 RcoMH-2 (12) are also given.
Inset: same on a logarithmic
time scale
0.00
(I) I 5(I)O I 10|00 I 15|OO I ZOIOO I 25|OO I 3000
Time (ps)

Table 1. Fit parameters for the kinetics of heme-CO recombination (Fig. 4). The data on the
time scale > 10 ps were fitted to a function of the form A;e~%/"t + A,e~t/%2 + A;. The
amplitudes are normalised to 1 and the time constants are in picoseconds.

K2 A1 T2 A Az
RcoMH-2 170 0.35 500 0.65 0.00
RcoM-2 180 0.453 660 0.541 0.006
RcoM-2 + DNA 170 0.514 710 0.482 0.004
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Heme-NO geminate rebinding. NO rebinding to the full-length protein was also

investigated (Fig. 6). Faster kinetics as with CO are observed, as is the case in most heme

proteins (24). The kinetics can be fit by two phases of 8 ps and 300 ps (12%) which are

substantially slower and more dispersed than those of the corresponding kinetics of the heme

domain (6 ps and 130 ps (5%) (12)). The trend is similar as with CO recombination and in full

agreement with more conformational freedom for the dissociated ligand in the full-length

protein.
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DNA binding. Previous work using fluorescence anisotropy indicated that RcoM-1

binds DNA only in the CO-bound form, but the affinity could not be determined (14). Here,

measuring fluorescence anisotropy of a 5’-Texas Red-labelled target DNA sequence as a

function of RcoM-2 protein concentration (Fig. 6), we show that the affinity for the CO-bound

form of this protein is very high (Kq < 2 nM) and that the Felll form of the protein does not

bind the target DNA.
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Figure 6.  Fluorescence
anisotropy of 5’ Texas Red-
labelled target DNA as a
function of RcoM-2
concentration in the Felll state
(black) and CO-bound state
(red). The fit is to a tight-
binding formalism for RcoM-
2 dimers and indicates that
CO-bound RcoM-2  binds
DNA stoichiometrically with a
| S . Ka< 2 nM.
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Effect of DNA binding on CO-bound protein. Adding unlabelled target DNA to the
CO-bound RcoM-2 protein did not have any measurable effect on the shape of the absorption
spectrum (Table S1). However, a small but significant effect was observed on the rebinding of
CO (Fig. 4, blue curve, Table 1) that overall accelerated: the fit constants were similar to those
in the absence of DNA, but the amplitude ratio changed to ~50/50. The fractional escape was
found to be unchanged within experimental error. The effect on the decay is in the same
direction as that observed for DNA binding to the CooA CO sensor (25). As discussed in detail
in the Discussion section, this result suggests that DNA binding somewhat favors more rigid

conformations of the heme domain.

DISCUSSION

We have investigated the heme-ligand (in particular heme-CO) interactions of full-
length RcoM-2 and compared them with those of the isolated heme domain RcoMH-2. In
general terms, the binding properties were found to be quite different, with RcoM-2 displaying

weaker binding of CO than RcoMH-2. A ~20-fold higher CO dissociation rate is observed in
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RcoM-2. This feature can be related to the fact that despite the extremely high CO
recombination yield a sizeable fraction (~0.5%) of photodissociated CO escapes the heme
pocket in the full-length protein RcoM-2, but not in RcoMH-2. Thus in the presence of the
DNA-binding domain, the heme pocket appears to yield more conformational freedom for the
ligand. This is in agreement with the observed slower kinetics of CO and NO recombination,
as well as with the higher rate of displacement of the internal ligand, presumably a methionine
residue (12). While obviously the ligand-binding properties of the heme domain influence the
DNA-binding properties and transcriptional activity of the DNA-binding region, interestingly
our results demonstrate that a reverse influence also occurs. One may speculate that the DNA-
binding domain exerts a strain on the heme pocket that as a result becomes more open.
Unfortunately structural data on RcoM proteins that could shine light on this matter on a
molecular level are still missing. In general terms, the influence of DNA-binding on the CO
recombination kinetics (as discussed below) supports the notion of a bidirectional effect
between the two domains that might have a regulatory role.

Table 2. CO affinity (K) and effective binding (kes, equivalent of k.,/K,, in RcoM) and

dissociation (koff) rates for full-length RcoM-2, the heme domain RcoMH-2 and other 6-
coordinate heme-based sensor proteins.

Kett (Ms?) Kot (53 K (MY
RcoM-22 16x10° 64x10° 0.25x10°°
RcoMH-2° 15x103 3.5x10° 4x10°°
EcDosH 1.1x10%¢ f 0.011°¢ 0.1x10°%¢
7.8 x10%¢ 0.078¢
CooA " 8x103 0.02 0.45x10°
1.2x103 0.002
NPAS2 ' PASA 370x103 ~0.59 0.5-1x10°
PASB 40x103 0.8¢ 0.048x10°
SUR2A’ 270x103 0.05 1.6x108
Neuroglobin (human) 150x10° 0.014 11x10°

& This work

® Computed from kest and Ko
¢ From ref. (12)

d From ref. (26)

¢ From ref. (27)

14



fusing stopped flow; substantially higher ke values were determined using flash photolysis (28-
30), see discussion in (28)

9 Computed from kesf and K

" From ref. (31), biphasic kinetics

' From ref. (7), NPAS2 contains two heme-binding PAS domains

} From ref. (8)

K From ref. (32)

Whereas the measured CO dissociation rate of RcoM-2, 64x10° s, is higher than that
of RcoMH-2, it is still much lower than that of most other heme proteins, including other 6-
coordinate heme-based sensors (Table 2). Assuming the intrinsic thermal dissociation rate of
the Fe-CO bond is similar in all systems, this difference is likely mostly due to the different
yields in heme-CO geminate recombination. From the difference in dissociation rates we can
estimate the CO escape probability in the RcoMH-2 heme-domain at ~0.03%, which is below
our direct detection limit. Indeed, for most other 6-coordinate heme-based sensor proteins in
Table 2 the geminate rebinding yield is much lower (8, 18, 24, 25, 28, 33, 34) and the off-rate
is 2-3 orders of magnitude higher than for RcoM-2. This is of the same order as the CO escape
yield measured for RcoM-2 on the nanosecond time scale (~0.5%, Fig. 4). Furthermore the
relatively slow CO dissociation in CooA (slowest phase 2x1072 s, (31)) correlates with a
relatively low CO escape (a few percent (18, 25, 33)). Altogether, the CO off-rate is modulated
by the escape probability from the heme pocket of dissociated CO and in RcoM proteins this
modulation has led to extremely slow CO release from the protein.

In contrast to the dissociation rate, the effective CO binding rate (at low CO
concentrations) is very similar in RcoM-2 and RcoMH-2 (and of the same order as in other
heme proteins, Table 2). This finding is indicative of a similar rate of CO reaching the heme
pocket, suggesting that in full-length RcoM-2 CO enters the protein directly at the heme domain
and the intra-protein migration pathway does not pass via the DNA binding domain. Taking

together the measured binding and dissociation rates, we determined the Kq for CO at 4 nM for

RcoM-2 and 250 pM for RcoMH-2; these high affinities being largely determined by the

15



properties of the heme pocket hindering CO escape. Even for the full-length protein these are
among the highest CO affinities known. As discussed in our previous work (12) they are on the
order of those observed for some truncated hemoglobins (35) that display slow ligand exchange,
but where CO does not need to displace an internal ligand.

Our determination of a Kq of 4 nM for CO binding to RcoM-2 is in general agreement
with the assessment of a value below ~100 nM by direct titration in the highly homologous
RcoM-1 sensor (14). As has been discussed (14), these findings and the notion that aerobic
RcoM sensors should be sensitive to persistent CO levels in the low nanomolar range, where
CO oxidation in Burkholderia occurs (36), concord. The observed slow ligand exchange in this
range also avoids rapid fluctuations in the sensor activity.

Fluorescence anisotropy-based DNA-binding assays were carried out to quantitatively
determine the affinity of RcoM-2 to 5” Texas Red-labelled binding region (14) in its active CO-
bound and inactive forms. In the Felll form no DNA binding occurs, whereas for CO-bound
RcoM-2, the observed anisotropy saturation upon protein addition indicates sequence-specific
binding. The observed DNA binding constant Kq of <2 nM is higher than what has been
observed under the same assay conditions for the NO-dependent transcriptional regulator DNR
(44 nM (18) ) and the anaerobic CO-dependent transcriptional activator CooA (values between
6 and 16 nM have been reported (18, 37, 38)). It is in agreement with a high functional affinity,
similar to what has been observed for binding of RcoM-1 to the a + b + ¢ region (14), and an
efficient CO-specific recruitment of RcoM-2.

Finally, our experiments show a small but significant effect of DNA substrate binding
on the dynamics of CO recombination in the active site (Fig. 4), in general agreement with the
bidirectional influence between the sensor and DNA-binding domains. Upon DNA binding the
overall dynamics accelerate, a finding that is qualitatively similar to that observed in CooA

(25). For RcoM-2, where the rebinding kinetics can be described with two exponentials of
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similar amplitude, DNA binding results in enhancement of the faster (170-ps) phase, which is
also the dominant phase for the isolated heme domain. This comparison indicates that DNA
binding induces a more rigid configuration of the heme domain with less configurational
freedom for the dissociated CO. A similar conclusion was reached for CooA, based on
narrowing of a wider range of rate distributions upon DNA binding (25) (a feature itself not
occurring in RcoM-2). Altogether, these results suggest that this is a general feature for heme-
based gas-regulated transcription factors.

In conclusion, we have demonstrated that the CO affinity in RcoM-2 is regulated by the
ligand dynamics properties in the heme pocket, which are fine-tuned by long-range interactions
with the DNA-binding domain. Whereas CO binding to the isolated heme domain is quasi-
irreversible, these interactions allow reversible CO binding in the full-length RcoM-2 protein.
The resulting CO affinity (Kq 4 nM) is high compared to other CO-regulated systems, but brings
the sensor in the sensitivity range expected for CO oxidation under aerobic conditions. Studies
of the precise molecular origin of the important dynamic properties of the heme pocket must

await the availability of structural data on the protein.
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