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ABSTRACT: Soluble guanylate cyclase (sGC) is the mammalian
endogenous nitric oxide (NO) receptor that synthesizes cGMP upon NO
activation. In synergy with the artificial allosteric effector BAY 41-2272 (a
lead compound for drug design in cardiovascular treatment), sGC can also
be activated by carbon monoxide (CO), but the structural basis for this
synergistic effect are unknown. We recorded in the unusually broad time
range from 1 ps to 1 s the dynamics of the interaction of CO binding to full
length sGC, to the isolated sGC heme domain β1(200) and to the
homologous bacterial NO-sensor from Clostridium botulinum. By
identifying all phases of CO binding in this full time range and characterizing how these phases are modified by BAY 41-
2272, we show that this activator induces the same structural changes in both proteins. This result demonstrates that the BAY 41-
2272 binding site resides in the β1(200) sGC heme domain and is the same in sGC and in the NO-sensor from Clostridium
botulinum.

The soluble guanylate cyclase (sGC) is the receptor of the
endogenous messenger nitric oxide (NO) in many cells. It

catalyzes the formation of cGMP from GTP upon activation
triggered by NO binding.1,2 NO and sGC play a crucial role in
several physiological processes: regulation of vascular blood
pressure,3 lung airway relaxation,4 synaptic transmission, and
immune response,5 whose dysfunction results in cardiovascu-
lar,3 inflammatory,5 and pulmonary pathologies.4 The NO-
signaling pathway is also involved in tumor progression and
apoptosis.6 The high potential of sGC as a pharmacological
target fostered the discovery of specific sGC activators,7−11

which revealed the existence of an allosteric site in sGC.12 In
particular, the activator BAY 41-2272, elaborated from the first
compound10 YC-1, has been widely studied,12 leading to the
discovery of the cognate compound Riociguat (BAY 63-2521)
whose pharmacokinetics is much more favorable.8 These NO-
independent activators induce the activation of purified sGC in
vitro and a response of endothelium and smooth muscles cells
from ex vivo isolated aorta rings7,13,14 and elicit a reduction in
blood pressure in experimental subjects;12 however, there is no
consensus on their mode of action on sGC at molecular level. A
key observation is their action in synergy with CO15,16 so that,
in the simultaneous presence of CO and YC-1 or BAY 41-2272,
sGC activation is not merely additive but similar to that
obtained by NO alone.

The GTP binding and catalytic site, located at the interface,
requires both the α- and β-subunits of the sGC heterodimer,
whereas the regulatory β-subunit contains the heme cofactor
necessary for NO binding and activation. The three-dimen-
sional structure of sGC is unknown, but the heme domain
structure of the β-subunit has been modeled from that of a
bacterial NO-sensor17,18 (named either H-NOX or SONO).
The first molecular event leading to sGC catalytic activation is
the cleveage of the heme iron-proximal His bond induced by
NO binding. Because the sensing heme domain is harbored in a
domain remote from the GTP catalytic site, activation must be
mediated by a large-scale structural change, but the detailed
activation mechanism is unknown. The synergistic activation7

due to BAY 41-2272 and CO bound to the heme is expected to
proceed through the same allosteric transition as that triggered
by NO. Numerous mechanistic models of sGC activation have
been proposed,19−25 but contradictory results have been
reported on the localization of activators binding site in sGC.
Modeling studies,26−28 mutations and activity assays,26,27,29,30

and use of a photoactivable derivative of BAY 41-227212 led to
localization of the activator binding site in the α1-subunit
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(possibly at the interface with β1-subunit), whereas no effect of
YC-1 or BAY 41-2272 on β1-heme domain constructs was
reported.21,31 Yet, Raman studies showed that the activators, in
synergy with CO, perturb the heme pocket in full length
sGC,32−35 so that the issue of their binding site remained open.
In this work, we studied the structural transition induced in

sGC by the activator BAY 41-2272 in synergy with CO using
transient absorption spectroscopy36−38 in order to locate the
activator binding site and to demonstrate conformational
changes. The rationale for this approach is that dynamics of
all diatomics (O2, CO, and NO) are highly sensitive to
conformational changes because they modulate the energy
barriers within the protein38−41 and depend upon the allosteric
states of the protein, so that if BAY 41-2272 changes the sGC
allosteric state, we expect a change of CO dynamics in all time
scales. We measured the CO dynamics in the broadest possible
time range, encompassing 12 decades from picosecond to
second, in the full-length dimeric sGC, in the isolated sGC
heme domain β1(200), and in a bacterial heme protein from
Clostridium botulinum17 to identify effects of the activator in
their NO-sensing heme domain. The putative NO-sensor from
C. botulinum (186 amino acids in length, hereafter abbreviated
as Cb-SONO) is associated with a methyl-accepting chemotaxis
protein and is homologous to the sGC heme domain (Figure
1). The comparison between both proteins is motivated by the
similarity of their tertiary structure and sequence and by the
starting hypothesis that a binding site for BAY 41-2272
activator may also exist in SONO heme domains. We thus
compared the effect induced in sGC versus that induced in Cb-
SONO and the isolated β1(200) heme domain of sGC.

We probed the heme pocket conformation by monitoring at
the same time CO geminate rebinding (in the ps−ns time
range) and CO bimolecular rebinding from solvent (μs−ms
time range; kon rates) to probe large scale effects of BAY 41-
2272. The ligand CO was chosen instead of NO because the
latter geminately rebinds very quickly to sGC (7.5 ps)36 with
high efficiency (97%)36 and can hardly be used as a probe of
internal dynamics on time scales larger than 100 ps. Second,
CO does activate sGC in synergy with BAY 41-2272. The
investigation of the NO-sensor from Cb-SONO allows the
direct comparison with the sGC heme domain, which has the
same tertiary structure, and clearly demonstrates that this NO-
sensor is subject to induced conformational changes. This last
point is important because Cb-SONO has the highest affinity
for NO so far measured and is coupled to a methyl-accepting
chemotaxis domain17 that is expected to be involved in the
survival of the bacteria.

■ RESULTS AND DISCUSSION

Steady-State Interaction of BAY 41-2272 with sGC
and Cb-SONO. The binding of the effector BAY 41-2272 to
the full-length sGC in its resting state, without diatomic ligand
bound to the 5-coordinate heme, induces a ∼1-nm shift of the
Soret absorption band (from 432 to 431 nm; Figure 2a). A shift
(2.6 nm) is similarly observed in the case of the binding of BAY
41-2272 to the homologous NO-binding domain Cb-SONO
(Figure 2c). In agreement with the Soret band behavior, a shift
(2−3 nm) of the Q-bands (α and β) maxima (in the 530−570
nm range) occurs in the absence of CO upon binding of BAY
41-2272 to the proteins (Figure 2b and d).

Figure 1. Structure and sequences of the two proteins studied. (a) Superposition of the Cb-SONO (orange) and the β1(200) heme domain of sGC
(cyan). Both structures result from homology modeling based on the crystal structure of the bacterial SONO heme domain from Thermoanaerobacter
tengcongensis chemoreceptor protein. The energy of each molecule was minimized using CHARMM, and the superposition was performed using
Chimera. (b) Close up view of the heme pocket. The heme and the proximal histidine are indicated as wires. (c) Multiple sequence alignment of the
two proteins. Residues with strict identity are indicated in purple. Alignments were generated using BioEdit program.
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In the presence of CO bound to the heme, a 3.5-nm shift of
Soret band is induced by BAY 41-2272 binding to sGC-CO
(Figure 2a), and a 1-nm shift is observed in the case of Cb-
SONO (Figure 2c). The shift of the Soret band was
systematically observed with various preparations of sGC and
also in the presence of the activator YC-1 (Supporting Figure

S1). The simultaneous presence of the nonhydrolyzable
substrate analogue GTP-γ-S induces an even larger blue-shift
of the Soret (Supporting Figure S1), indicating a larger
conformational change of sGC. The α- and β-bands are also
affected by the binding of CO: a 4-nm down-shift affects the β-
band in sGC spectrum with a broadening of the α-band. For

Figure 2. Steady-state absorption spectra of sGC (a,b) and Clostridium botulinum NO-sensor (c,d). The comparison of the Soret band (a and c) and
the Q-bands (b and d) reveals the changes induced by the binding of CO to the heme (red lines) with respect to unliganded heme (green lines) and
by the binding of activator BAY 41-2272 (dotted lines) with respect to its absence (solid lines). The spectra were normalized for dilution due to the
addition of BAY 41-2272.

Figure 3. Changes in CO dynamics (1 ps to 5 ns time range) within the heme pocket of Cb-SONO induced by the activator BAY 41-2272. (a)
Transient absorption spectra of the heme Soret band at selected time delays showing that CO binding to the heme is being probed. (b) Comparison
of CO dynamics up to 5 ns for sGC and Cb-SONO in the absence and presence of the BAY 41-2272. All kinetics were fitted to a multiexponential
function whose parameters are listed in Table 1.
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Cb-SONO, the α-band shifts by 0.5 nm upon the binding of
BAY 41-2272 to Cb-SONO-CO. It should be noted that the
effect induced by BAY 41-2272 on the spectrum of Cb-SONO
is mostly observed in the absence of CO, while it is
conspicuous for sGC in the presence of CO. This point will
be discussed below.
These shifts show that the binding of BAY 41-2272

influences the electronic molecular orbitals of the heme, an
effect that stems from modified structural constraints and heme
distortion due to a conformational change induced by the
activator. In the case of Cb-SONO, the binding of BAY 41-2272
necessarily occurs to the heme domain, and this leads to the
hypothesis that it does so to sGC. We thus compared the effect
of BAY 41-2272 on ligand dynamics in both proteins with that
in the isolated heme domain β1(200) from sGC.
Ligand Dynamics Induced by the Activator BAY 41-

2272. Because BAY 41-2272 and CO activate sGC15,16 in
synergy, we studied the dynamics of the interaction between
CO and both sGC and Cb-SONO to probe the effects induced
by the effector. We measured CO rebinding during the first 5
ns following its dissociation from the heme (Figure 3) with a 1-
ps time resolution in order to measure the exact contribution of
the fast rebinding phases. The CO geminate rebinding to Cb-
SONO is identified by the probed transient spectra of the
process (Figure 3a), which are identical to the steady-state
spectral difference [unliganded minus CO-liganded Cb-SONO].
The substates of CO dissociated and moving in different sites
within the protein have the same electronic spectrum but are
distinguished by their time constants due to different energy
barriers to be overcome from one state to the other. Because
these energy barriers depend upon the structure, the
modulation of time constants and their amplitude translates
conformational changes in the protein.
In the 5-ns time range, CO moves within the heme pocket

and rebinds from the heme pocket. The kinetics (Figure 3b),
representing the evolution of the entire spectra, show that this
geminate rebinding of CO occurs only modestly to native sGC
and Cb-SONO. Remarkably, this process is strongly enhanced
in the presence of BAY 41-2272, and this enhancement is
similar in both proteins (fitted kinetic parameters in Table 1).
We have verified that DMSO alone does not alter the electronic
spectrum or the kinetics of CO rebinding to Cb-SONO
(Supporting Figure S2). This fast CO rebinding occurs even
more quickly for sGC in the presence of the substrate analogue
GTP-γ-S (Cb-SONO does not have a GTP binding site) and is
multiphasic, similar to NO dynamics in the enzyme NO-
synthase.41 GTP-γ-S has additional effects on the conformation
of sGC (Supporting Figure S1) and drives it further toward the
activated state. To obtain a measurement of CO dynamics with
sGC in a conformation as close as possible to the fully activated

state, which is the real one in the presence of GTP and NO, the
next measurement of sGC-CO dynamics was carried out in the
presence of GTP-γ-S bound to sGC.
In order to obtain a complete overview of the structural

effects induced by BAY 41-2272 on the CO-heme sensor
interaction by measuring all the transitions, we aimed at
comparing the CO dynamics for both proteins (Figure 4) in the
unusually broad time range encompassing 12 orders of
magnitude (from 0.5 ps to 0.3 s). Indeed, CO dynamics within
the heme pocket or the protein core (geminate rebinding) are
probed in the ps−ns (and partly μs) time range, whereas
bimolecular rebinding from solvent is probed in the ms (and
partly μs) time range. Thus, the comparison of kinetics in
Figure 4 provides a wealth of information. First, one remarks
that all six kinetics comprise a plateau between ∼0.1−1 μs that
separates fast geminate rebinding phases and slower bimo-
lecular rebinding phases. Second, for both geminate and
bimolecular phases, different behaviors between the proteins
are clearly revealed by visual examination of the kinetics. We
fitted the data in the entire time range to a multiexponential
function; the kinetic parameters of the global fit (time constants
τi and their relative amplitudes Ai) are given in Table 1, and the
mechanistic significance of all rebinding phases are given in
Figure 5.
The CO dynamics appear multiphasic throughout the entire

time range, revealing multiple energy barriers for CO rebinding.
The observed phases are assigned to the dynamics of CO in the
heme pocket36,37 (τ1 and τ2), CO in docking sites39 (τ3 and τ4),
and bimolecular rebinding (diffusion) from solvent40 (τ5 and
τ6) as depicted in Figure 5. For both Cb-SONO (Figure 4a)
and full-length sGC (Figure 4b) the second and third
components (τ2 and τ3) are faster and have a larger amplitude
in the presence of BAY 41-2272. This is remarkable and
demonstrates that both proteins react in exactly the same
manner as the binding of BAY 41-2272. Since this effect is
observed for CO dynamics in the ps−ns time range, we
conclude that the same conformational change occurred in the
heme pocket of these two homologous proteins. As for the
heme domain β1(200), we also found a faster CO rebinding in
the presence of BAY 41-2272 (Figure 4c) with a decrease of all
three time constants but with a lower amplitude (Table 1). This
shows that in the absence of the activator, CO geminate
rebinding to the isolated heme domain is predominant and
already as fast as in sGC in the presence of the activator. This
observation is important and will be further discussed below
with respect to allostery.
The fastest time constant τ1 = 6−7 ps is identical to that

measured for NO rebinding to the 4-coordinate heme after
dissociation of 5c-NO heme,36,37,42 suggesting the involvement
of a 5-coordinate heme-CO (Fe-His bond cleaved) in the

Table 1. Parameters of Global Fit of the CO Binding Kinetics (Figure 4) to a Multiexponential Functiona

protein τ1 (A1) τ2 (A2) τ3 (A3) τ4 (A4) τ5 (A5) τ6 (A6)

Cb SONO 7 ps (0.05) 100 ps (0.03) 8 ns (0.08) 0.5 ms (0.84)
Cb SONO +BAY 7 ps (0.05) 80 ps (0.06) 3.5 ns (0.21) 6 μs (0.05) 0.7 ms (0.63)
sGC 6 ps (0.07) 120 ps (0.01) 5.7 ns (0.05) 0.9 μs (0.02) 0.1 ms (0.06) 10 ms (0.79)
sGC +BAY +GTP-γ-S 6 ps (0.09) 90 ps (0.20) 1.2 ns (0.13) 16 ns (0.10) 12 μs (0.08) 6 ms (0.22)

0.4 ms (0.16)
β1(200) 18 ps (0.17) 190 ps (0.22) 0.95 ns (0.16) 35 ns (0.05) 0.1 ms (0.25) 1.6 ms (0.15)
β1(200) +BAY 10 ps (0.18) 100 ps (0.22) 0.8 ns (0.17) 19 ns (0.11) 5 μs (0.14) 0.6 ms (0.08)

76 μs (0.10)
aTime constants (τi) are given with their relative amplitudes Ai such that ΣAi = 1.
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synergistic activation of sGC. Similarly with the well-studied
myoglobin case,39 the intermediate time constant τ4 in the time
interval 0.1−1 μs is assigned to CO rebinding from a “docking
site” in the protein core. This phase is not present in the case of
Cb-SONO but only in sGC and its isolated domain β1(200)
with small amplitudes (0.02 and 0.05, respectively). Remark-
ably, the presence of BAY 41-2272 increases this amplitude
(0.10 and 0.11) and decreases the time constant to values
similar for sGC (τ4 = 16 ns) and for β1(200) (19 ns); this

component was also detected (17 ns) in a limited linear time-
range for sGC from Manduca sexta.43 The fact that BAY 41-
2272 induces the same effect on CO internal dynamics in sGC
and its isolated heme domain β1(200) indicates that the same
structural transition occurred in both cases, and consequently
that the effector binds to the 1−200 domain in full-length sGC.
On the other side of the time scale, the time constant of

bimolecular rebinding of CO from the solution depends upon
CO concentration40,44 and can occur with a time constant as
fast as 1 μs with [CO] = 1 mM.40 This bimolecular rebinding
occurs with time constants of 0.5 and 10 ms for Cb-SONO and
full-length sGC respectively, yielding association rates constants
kon = 1.5 × 106 M−1 s−1 for Cb-SONO and kon = 0.75 × 105

M−1 s−1 for sGC (Table 2). Thus, CO binding to Cb-SONO
from solution appears faster than to sGC. Now, in the presence
of BAY 41-2272, the relative amplitude of bimolecular
rebinding decreases for Cb-SONO (as a consequence of
more efficient geminate rebinding), yet it occurs with the same
time constant. This is at variance with the case of full-length
sGC where not only did the amplitude decrease, but so did all
the time constants of the multiphasic CO rebinding dynamics,
including bimolecular (CO from the solvent) and geminate
(CO still in the heme pocket). Because BAY 41-2272 modifies
all the time constants of CO dynamics in sGC, we readily
conclude that this effector induces a major conformational
change not only in the heme pocket but also extended to the
entire protein. As a result of this conformational change, the
CO association rate from solution is much higher and almost
diffusion-limited (kon = 1.25 × 108 and 0.75 × 108 M−1 s−1 in
the presence of BAY 41-2272 for Cb-SONO and sGC,
respectively). In Cb-SONO, homologous but limited to the
heme domain of dimeric sGC, we observed the same structural
changes upon binding of the effector as in sGC, yet those
effects on time constants are limited to the ps−ns range,
reflecting changes in dynamics and energy barriers within the
heme pocket. In other words, CO association to Cb-SONO
from solvent is fast because of the absence of any other β-
domain and α-subunit. The fact that the rate of CO bimolecular
rebinding to Cb-SONO is not changed by BAY 41-2272 but is
modified in the full-length sGC shows that the conformational
change induced by BAY 41-2272 involved both subunits of
sGC.

Isolated β1(200) Heme Domain. Similarly as with full-
length sGC, the bimolecular rebinding of CO appears biphasic.
Such a biphasic process has been observed in the case of
tetrameric human hemoglobin A (HbA)40 and was assigned to
the interconversion of R to T states in the same time scale as
ligand rebinding. For an isolated subunit, the biphasic character
of bimolecular rebinding may come from the fluctuating
position of a side-chain involved in the accessibility of the heme
pocket, as was observed in the case of HbA in which the gating
His was mutated to Trp, which fluctuates between blocked and
open positions.40

For the isolated heme domain β1(200) the time constant of
bimolecular rebinding (kon = 0.47 × 106 M−1 s−1) is faster than
for sGC but similar to that of Cb-SONO. Thus, because Cb-
SONO and β1(200) have the same length and folding, this
similarity leads one to attribute the difference of kon between
sGC and Cb-SONO to higher accessibility of the heme to CO
in Cb-SONO than in full-length sGC because of the presence of
additional β-domains and α-subunit. On the other hand, the
overall CO dynamics for β1(200) in absence of BAY 41-2272
through the 12-decade time range is very similar to that

Figure 4. Dynamics of CO interacting with the heme in a broad time
range from 0.5 ps to 0.3 s both in the absence (red symbols) and in the
presence of the activator BAY 41-2272 (green symbols): (a) in Cb
SONO; (b) in full-length sGC; (c) in the isolated heme domain
β1(200). All kinetics were fitted to a multiexponential function whose
parameters are listed in Table 1.
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observed with the full-length sGC in the presence of BAY 41-
2272. This means that β1(200) adopts a structural con-
formation that is very close to that of the activated state of sGC
(i.e., with BAY 41-2272 or NO bound to the heme). The
corresponding kinetic parameters (Table 1) are as follows: BAY
41-2272 induces CO rebinding phases in sGC (τ3 = 1.2 ns, τ4 =
16 ns for CO motion from internal docking sites, and τ5 = 0.4
ms for CO diffusing from solvent) that are similar (in time
constants as well as in amplitudes) to those occurring in
β1(200) in the absence of the effector (τ3 = 0.95 ns, τ4 = 35 ns,
and τ5 = 0.1 ms). Consequently, we conclude that BAY 41-
2272 induces a conformation of sGC similar to that of the
isolated heme domain in the absence of effector (since Cb-
SONO and β1(200) are monomers, the binding of BAY 41-
2272 cannot have full allosteric effects stricto sensu conveyed to
a catalytic site, but the change in CO dynamics proves that
structural changes occurred, similarly as with those present in
sGC).
Allostery in sGC. The present observations support a

previous hypothesis:38 in the absence of the α-subunit and of
the remaining part of β-subunit, the isolated heme domain
β1(200) adopts an activated conformation. This agrees with a
slower relaxation of the isolated β1(385) fragment in
comparison with full-length sGC observed by transient
Raman spectroscopy after CO photolysis.45 The effect of
BAY 41-2272 on Cb-SONO in the ps−ns time range seems
larger because Cb-SONO does not adopt the relaxed
conformation of isolated β1(200). Its effect on isolated heme
β1(200) is to drive the structure more completely toward the
activated state, as deduced from the faster dynamics in the
nanosecond to millisecond phases and slightly faster pico-
second phases when the effector is bound (Figure 4c and Table
1). This effect is a clear consequence of the interaction between
subunits since the structural constraints on β1(200) are
decreased by the lack of the α-subunit and β1(201−619)
domain, so that β1(200) adopts a more relaxed conformation.

This constitutes a direct demonstration of allostery in sGC. A
similar observation is made for isolated HbA subunits, which
adopt a relaxed R-state conformation, because of the absence of
intersubunit constraints existing in the tetramer.40

The overall picture is that binding of the allosteric effector
triggers a conformational change, not only localized in the
heme pocket but also in the entire heme domain, which is then
transmitted to the catalytic site of sGC through interactions
between both subunits. In absence of these interactions, the
isolated heme domain relaxes to the activated state without
effector, whose binding further shifts the energy minimum of
the molecule to the activated conformation.

Relation with Previous Experiments. Our results
unambiguously demonstrate that BAY 41-2272 binds to the
domain 1−200 of sGC and Cb-SONO and that this binding is
sufficient to trigger a structural transition in both proteins.
Importantly, Cb-SONO has partly the behavior of sGC and
partly that of the isolated β1(200) heme domain. We infer that
the sGC heme domain contains all the structural features
necessary for the CO/BAY synergistic activation. So far, various
and contradictory results have been reported about the
localization of the sGC activators binding site. Previous
experiments26−30 aimed at localizing the YC1 or BAY 41-
2272 binding site with mutations either in the α-subunit26,29 or
in the β-subunit26,29,46 identified residues involved in sGC
activation induced by NO or by activators. Several locations
were speculated for this site, including the “pseudosymmetric”
site26 and the H-NOX pocket in α-subunit.27 However,
measuring the activity of mutated sGC does not discriminate
between the role of side-chains in activation or in binding
activators and does not permit to localize the activator site.
Competition binding measurements showed that the BAY 41-
2272 site can also bind some nucleotides,47 but this fact does
not imply that it corresponds necessarily the to “pseudosym-
metric” site.
Whereas the effect of YC1 and BAY 41-2272 on full-length

sGC was detected by EPR spectroscopy,31 no effect was
observed on β2-(217)-NO or β1-(385)-NO heme domain
constructs.31 Possibly these nitrosylated constructs are in a fully
activated conformation so that EPR cannot detect further
changes in structure due the activators, whereas the dynamics
of CO is sensitive to subtle changes far from the heme. The
observation that a photoactivable derivative of BAY 41-2272
has labeled side-chains of α-subunit12 (Cys238 and Cys243)
does not contradict our results: in that case, the bulky
photolabeling moiety linked to the activator derivative very
likely interacts with side-chains more distant and not directly
involved in the BAY 41-2272 binding site. Finally, our result
agrees with changes induced by the cognate compound YC-1 in
Raman spectra of the sGC domain β1(385)

24,48 or of the full-
length sGC.19,34

Figure 5. Correspondence between the measured time constants and the rebinding of CO to the heme from different states of the protein−ligand
system. The subscripts indicate the different positions of CO with respect to the protein: in the heme pocket, docking site, protein core, and in
solvent, respectively. τ1 and τ2 correspond to two positions of CO within the heme pocket, whereas τ5 and τ6 correspond to two different
conformations of the protein or at least of the entry channel. Contrary to CO in solvent, the other phases involve the same CO molecule that was
photodissociated.

Table 2. CO Association Rates Calculated from Bimolecular
Rebinding Time Constants (τ5 and τ6) with [CO] = 1.33
mMa

protein
kon (M

−1 s−1) (fast
phase)

kon (M
−1 s−1) (slow
phase)

Cb SONO (1.5 ± 0.1) × 106

Cb SONO +BAY (1.25 ± 0.5) × 108 (1.07 ± 0.1) × 106

sGC (0.75 ± 0.2) × 107 (0.75 ± 0.1) × 105

sGC +BAY +GTP-γ-S (0.8 ± 0.2) × 108 (1.25 ± 0.3) × 105

(1.9 ± 0.3) × 106

β1(200) (0.75 ± 0.1) × 107 (0.47 ± 0.1) × 106

β1(200) +BAY (1.5 ± 0.5) × 108 (1.25 ± 0.2) × 106

(1 ± 0.2) × 107

aThe amplitudes are same as A5 and A6 in Table 1.
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Summary and Conclusions. In summary, we have
demonstrated that the regulatory site where BAY 41-2272
binds resides in the portion β(1−200) of the sGC heme
domain. Binding of the activator to this domain is sufficient to
trigger a conformational change toward the sGC activated state,
which controls the dynamics of CO. We also showed that BAY
41-2272 binds to the NO-sensor of the bacteria C. botulinum,
which is coupled to a protein domain homologous to the
methyl-accepting chemotaxis protein. In recent years, numer-
ous SONO proteins were discovered in bacteria. The SONO
(H-NOX) proteins from two bacteria of the genus Vibrio have
been recently shown to be involved in quorum sensing through
the detection of NO.49,50 Two other SONO (from Legionella
and Shewanella) are involved in regulation of cyclic-di-GMP
synthesis in a NO-dependent manner so that the NO-liganded
SONO restricts the biofilm formation.51,52 Thus, cognate
compounds of BAY 41-2272 could exert a control on the
behavior of particular bacteria (including C. botulinum) with
respect to their response to the presence of NO or NO-donors.

■ METHODS
Preparation of the Full-Length Soluble Guanylate Cyclase.

sGC was purified from bovine lung by chromatography, and its activity
was assayed as previously described.36 sGC was obtained directly in
the ferrous state after the last column (λmax = 431 nm). The final buffer
was triethanolamine 25 mM, NaCl 50 mM, DTT 1 mM, MgCl2 1 mM,
pH 7.4. An aliquot of sGC in buffer (70−100 μL at ∼20 μM) was put
in a quartz cell (1-mm optical path length) sealed with a rubber
stopper and degassed with four cycles of vacuuming and purging with
argon (Air Liquide, 99.999%) so that O2 was completely removed. For
preparing CO-liganded sGC, 100% CO gas phase at 1.3 bar (0.13
MPa) was directly introduced in the vacuumed spectroscopic cell
through the gas train, yielding 1.33 mM of CO in the aqueous phase.
Full equilibration was obtained by waiting 30 min with the cell still
connected to the gas train, ensuring an “infinite” reservoir of CO.
Then, a second stopper in silicone, with vacuum grease, was stacked
on the cell. Steady-state absorption spectra (Shimadzu 1700
spectrophotometer) were recorded for monitoring the evolution of
CO binding, and after the laser measurements to verify the state of the
sample. The absorbance of the CO-liganded sGC was in the range
0.2−0.3 for 1 mm at the maximum of the Soret band.
To prepare the proteins liganded with the activator BAY 41-2272,

we first prepared a stock solution of activator in DMSO
(dimethylsulfoxide) and added 5 μL directly in the spectroscopic
cell to obtain a final concentration of 200 μM, necessary to ensure the
saturation of 20 μM sGC. The samples were incubated for 2 h at 4 °C
in the presence of activator in the dark. To prepare sGC liganded with
the subtrate analogue GTP-γ-S, we first prepared a stock solution in
buffer and added 10 μL in the spectroscopic cell to obtain a final
concentration of 1 mM. BAY 41-2272 was purchased from Alexis.
GTP-γ-S were purchased from Sigma Chemicals.
Preparation of Bacterial SONO and the Heme Domain

β1(200) of Human Soluble Guanylate Cyclase. The isolated
domain β1(200) has a sequence strictly identical for both human and
bovine species. The expression and purification of isolated heme
domain β1(200) of human sGC and of bacterial SONO(186) from C.
botulinum was performed as previously described.17 The final buffer
was 50 mM triethanolamine, 300 mM NaCl, 5% (v/v) glycerol, pH
8.2. The SONO and the isolated heme domain were prepared for
spectroscopy similarly as sGC, except for a supplementary step of
reduction: after vacuuming, a 10-μL aliquot of sodium dithionite (5
mM) was introduced into the cell with a gastight syringe to obtain final
concentration of 0.5 mM. The reduction of the heme was monitored
by measuring the spectrum before adding 100% CO. The absorbance
of the CO-liganded SONO was in the range 0.4−0.6 for 1 mm at the
maximum of the Soret band.
Femtosecond to Picosecond Time-Resolved Absorption

Spectroscopy. Transient spectra were recorded simultaneously

with kinetics as a time-wavelength matrix data using the pump−
probe laser system previously described.53 Photodissociation of CO
was achieved by excitation in the Q-bands of the heme (λex = 564 nm;
pulse duration Δt ≈ 40 fs; repetition rate 30 Hz). The entire transient
absorption spectrum after a variable delay between dissociating and
probe pulses was recorded with a CCD detector. The global analysis of
the data was performed by singular value decomposition (SVD) of the
time-wavelength matrix as described.53 The SVD component having
the highest singular value corresponded to the geminate rebinding, and
its kinetics were fit to a minimum number of exponential components.
The absorption kinetics represent the evolution of the difference
spectrum, taking into account both the 5-coordinate deoxy heme
decay and the appearance of the 6-coordinate CO-liganded heme. The
time constants were obtained from fitting the average of several scans
(up to 24).

Nanosecond to Second Time-Resolved Absorption Spec-
troscopy. To measure the nanosecond geminate and bimolecular CO
rebindings, we have used a home-built spectrophotometer with an
extended time-range for detection, from 5 ns to 1 s, based on two
lasers that are electronically synchronized.54 The photodissociating
pulse (pulse duration Δt ≈ 5 ns) is tuned at 532 nm in the Q-band of
the heme. The probing pulse, provided by a tunable optical parametric
oscillator, is tuned at 450 nm to probe the kinetics of differential
absorption due to the disappearance of 5-coordinate dissociated heme.
The electronic time delay after the dissociating pulse was changed
linearly from 1 to 30 ns and then was changed with a half-log10
progression from 30 ns to 0.3 s. Eight scans were averaged for each
kinetics. Importantly, the same samples were used for the picosecond
and for the nanosecond to second measurements. Because the kinetics
in the ps−ns time range ended at 5 ns and the kinetics in the ns−s
time range started at 1 ns, there is a temporal overlap from 1 to 5 ns
that allows the merging of both measurements, provided that the same
sample is used for both time ranges.
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