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Soluble guanylate cyclase (sGC) is a key receptor in the mammalian nitric oxide (NO)
signaling pathway, which is involved in important physiological processes such as
vasodilation, platelet aggregation, and neurotransmission.[2=5] NO directly activates sGC,
leading to increased formation of the second messenger cyclic guanosine 3°,5"-
monophosphate (cGMP) from guanosine 5’-triphosphate (GTP), which goes on to mediate
the diverse physiological functions noted above.l8] sGC is a heterodimeric hemoprotein;
most commonly found as the a1/p1 isoform. The N-terminus of the B1 subunit contains a
Heme-Nitric oxide/OXygen binding (H-NOX) domain, a conserved gas-sensing domain
found in prokaryotes and eukaryotes.l”-9 The C-termini of the a1 and B1 subunits together
form the catalytic domain that is responsible for the Mg2*-dependent conversion of GTP to
cGMP. NO activates sGC by binding to the ferrous heme in the H-NOX domain leading to
the cleavage of the Fe2*-His bond.[®-11] Ferrous heme is essential for NO-mediated sGC
function; NO is a poor ligand for ferric sSGC and does not activate the enzyme.[12.131 sGC is
highly resistant to oxidation by molecular oxygen (O); the inability to form a ferrous-oxy
complex certainly contributes to this stability. However, reactive oxygen species can oxidize
sGC heme under conditions of oxidative stress, leading to a decreased sensitivity to NO in
the diseased tissue.[14-16] This desensitization to NO, results in tolerance to treatments
involving NO-donors.[17-19] While the extent of sGC oxidation /7 vivo is not known,
oxidation of sGC under pathological conditions is thought to be an important contributor to
the development of cardiovascular disorders and the decrease in effectiveness of treatments
involving NO-donors.[17-19] Therefore, sGC has emerged as a promising pharmacological
target for the treatment of cardiovascular and pulmonary disorders.[17:19. 20]

Since the emergence of sGC as a therapeutic target for cardiovascular disease, two classes of
molecules have been developed: sGC stimulators and sGC activators. sGC stimulators, such
as YC-1, the first SGC stimulator discovered, and BAY 41-2272, act directly on native,
ferrous sGC.[21-24] |n contrast, recently discovered sGC activators, such as BAY 58-2667
(cinaciguat, Figure 1A) and HMR-1766, have effects on both oxidized (ferric) and/or heme-
free sGC.[2526] Cinaciguat, one such activator, can cause a 200-fold increase in the activity
of oxidized and/or apo sGC.[2%! Previous studies have shown that cinaciguat binds to the
ferrous, ferric and apo states of sGC, but only activates the oxidized or apo forms of the
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enzyme.[Z3] A recently reported co-crystal structure of a homologous H-NOX domain from
Nostoc sp. (35% sequence identity to sGC) with cinaciguat showed the sGC activator bound
in the heme pocket in place of the native heme cofactor.[27.28] The co-crystal structure
showed that the two carboxylic acid moieties of cinaciguat mimicked the interaction of the
heme propionate side chains (Figure 1A) with the conserved Y-S-R motif, three conserved
amino acids known to be important for heme binding in H-NOX domains.[27-31] However,
the exact mechanism of cinaciguat activation of ferric sGC has so far remained unclear. Two
different mechanisms are possible: Cinaciguat could bind to the vacant heme pocket of apo
sGC or alternatively, cinaciguat could interact with the ferric enzyme and facilitate the direct
displacement of the heme (Figure 1B and 1C). Due to the significant role of oxidized sGC in
the progression of cardiovascular diseases as well as the therapeutic potential of sGC
activators, it is vital to understand the underlying mechanism of action of these compounds.
In this study, we demonstrate that oxidized sGC loses heme more readily than the ferrous
enzyme and that the activation mechanism of cinaciguat involves facilitation of heme loss
from ferric sGC and subsequent replacement of heme in the binding pocket.

Therapeutic interest in SGC is in part based on the hypothesis that SGC oxidation and heme
loss play a role in cardiovascular disorders and that SGC activators could potentially rescue
oxidized or apo sGC. This hypothesis relies on the following untested assumptions: 1)
oxidation of the sGC heme occurs, 2) reduced affinity of the ferric heme to the protein leads
to heme dissociation and the formation of apoprotein, and 3) the pharmacological effects of
sGC activators involve the rescue of ferric and/or apo-sGC. The work reported here directly
tests these fundamental assumptions of sGC dysfunction and the underlying mechanism for
the activation of sGC by the activator cinaciguat.

To assess the stability of oxidized sGC, the rate of heme dissociation from the ferric enzyme
was investigated using both the full-length mammalian enzyme and previously reported H-
NOX domain truncations of sGC.[9:33] To prevent heme rebinding, an apomyoglobin
(apoMb) variant H64Y/V68F was used as a heme trap.[37] Previous studies have shown that
apomyoglobin H64Y/V68F binds heme rapidly (ki ~ 1 x 108 M~1s71) and exhibits a distinct
absorbance spectrum.[38] Full length sGC (2.7 uM) was oxidized with 5 uM 1H-
[1,2,4]oxadiazolo[4,3-4]quinoxalin-1-one (ODQ), and heme oxidation was confirmed by the
spectral shift in the Soret maximum from 430 to 391 nm.[24] The oxidized enzyme was
diluted to final concentration of 0.6 .M in the buffer containing the apomyoglobin variant
(50 nM, an 80-fold excess), and the spectral change was monitored for 13 hr at 22 °C
(Figure 2A).[14:3%1 Heme loss from oxidized sGC and the subsequent binding to the
apomyoglobin variant resulted in a decrease in the absorbance at 391 nm and a concurrent
increase in the absorbance at 417 nm (Figure 2A, inset). The spectral change [A AAbs(417-
391)] was fit to a single exponential equation to determine the rate of heme dissociation
(Figure 2D). Ferric sGC exhibited a rate of heme loss of (5.0 +£1.0) x10™* min~1 and a ty/, of
approximately 23 hrs. When ferrous sGC (1.9 uM) was incubated with an excess of the
apomyoglobin variant (50 M) under the same conditions, no heme loss was observed
(Figure S1 in the Supporting Information). Additionally, ferrous sGC maintained both basal
and fully NO-stimulated activity following 15 hours of incubation with the myoglobin trap
(Figure S1, inset). Taken together, these observations demonstrate that heme dissociation
from ferrous sGC is very slow and that ferrous sGC is very stable. The same would appear
to be true /n vivoas these data parallel previous findings regarding the stability of sGC in
endothelial cells.[40] In previous studies Stasch et a/. observed that cells treated with ODQ
exhibited significant decreases (40%) in sGC protein levels after 8 hr; showing that oxidized
sGC is prone to degradation /n vivo. However, inhibiting global protein expression without
ODQ resulted in no detectable loss of sGC during the same time period.[40] The apparent
stability of native sGC can be explained by the intrinsic stability of ferrous sGC as seen in
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Figure S1. These results support the hypothesis that ferric SGC is more prone to heme loss,
and therefore, is less stable than the ferrous enzyme, both /n vitro and in cellular conditions.

The most remarkable property of SGC is perhaps the aerobic stability of the ferrous heme
cofactor, a property attributable, in part, to the fact that the enzyme does not form a stable
ferrous-oxy complex.[1241] Although prone to oxidation, studies with various heme domain
truncations have been helpful in characterization, since the amounts available of the full-
length enzyme often preclude certain types of experiments. Indeed, a recent study with a
truncated insect sGC from Manauca sexta (Ms) reported on the heme dissociation from the
oxidized protein.[*3] These results from Montfort and colleagues are in agreement with the
findings reported here, showing that oxidized sGC is more prone to heme dissociation than
reduced sGC.[15] However, the rate of heme dissociation for truncated MssGC, lacking the
catalytic domain [a.(49-450)B(1-380)], was found to be 18 times faster (9 x 1073 min™1)
than that of the full-length mammalian enzyme. To assess the influence of the other sGC
domains on heme stability, rates of heme loss were measured for shorter sSGC H-NOX
domain truncations.[933] The rate of heme dissociation from sGC constructs p1(1-385),
B1(1-194) and p2(1-217) were investigated using the same apomyoglobin variant as a heme
trap. As with the shorter Ms construct, these sGC truncations were found to have
significantly faster heme dissociation rates (0.9 — 10 x 10 =2 min™1) compared to the full-
length enzyme (5 x 1074 min~1) (Figure S2). These results provide quantitative evidence
that the heme affinity of sGC is influenced by domain architecture remote from the
immediate heme environment. The increase in rate of heme dissociation in H-NOX domains
and truncations of SGC may be due to a greater degree of flexibility in these truncated
constructs thereby facilitating heme dissociation.

Cinaciguat was shown to activate both the oxidized and apo states of sGC through a
mechanism that likely involves binding in place of the heme cofactor.[25] However, it was
not clear whether the effects of cinaciguat are due to binding to the apo protein or if
cinaciguat actively displaces the ferric heme (Figure 1B and 1C).[2542] There are two most
likely possibilities. One, cinaciguat acts on apo sGC and action is delayed until heme
dissociates from ferric sGC (t1/» ~ 23 hrs, vide supra). Alternatively, cinaciguat may interact
with ferric sGC directly, inducing and accelerating heme loss. To probe the mechanism of
action, the effect of cinaciguat on heme dissociation was determined using the heme trap
method as described above. sGC (2.7 M) oxidized with 5 »M ODQ was diluted to 0.6 oM
in buffer with cinaciguat (20 pM) in the presence or absence of the apomyoglobin trap (50
M), and UV-vis spectral changes were monitored (Figure 2B). The rate of heme
dissociation from ferric sGC was determined by fit of the data to a single exponential
(Figure 2D). In the presence of cinaciguat, the rate of heme dissociation from ferric sGC was
(2.3 +0.15) x 1073 min~1, five times faster than heme dissociation from ferric sGC without
cinaciquat (5 x 10~ min~1). A rapid decrease in the Soret absorbance of SGC at 391 nm was
also observed, when sGC (0.6 M) was incubated with cinaciguat (20 M) in the absence of
apomyoglobin trap (Figure 2C). The rate of heme dissociation in the absence of
apomyoglobin was faster (4.5 + 1.4 x 1073 min~1). The decrease in rate of heme dissociation
in the presence of apomyoglobin was due to a weak binding between apomyoglobin and
cinaciguat as verified by equilibrium dialysis (results not shown). In addition, cinaciguat had
no effect on heme dissociation from the reduced enzyme (Figure S3). The effect of
cinaciguat on heme dissociation cannot be explained by binding to apo-sGC and shifting the
equilibrium (Figure 1B), because apomyoglobin, which has a very high affinity for heme
(Kp ~10714 M), is in excess (80 equiv); thus heme re-binding to SGC never takes place.[37]
In addition, since the binding of heme to apomyoglobin is rapid the only rate-determining
step in this process is the dissociation of heme from sGC. Taken together, cinaciguat acts to
increase the rate of heme dissociation through direct interaction with ferric SGC. These
results confirm that cinaciguat can selectively activate oxidized sGC by preferentially

Chembiochem. Author manuscript; available in PMC 2013 May 07.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Surmeli and Marletta

Page 4

binding to ferric state and further suggest that cinaciguat actively displaces the ferric heme
cofactor (Figure 1C).

Although cinaciguat accelerated heme loss from sGC, it was not clear if the displacement of
the heme leads to increased activity levels. To establish whether the binding of cinaciguat to
the sGC heme pocket is the basis of activation, heme loss and activity were measured
concurrently. sGC (1.8 M) was oxidized with ODQ (7.5 uM) and incubated with
cinaciguat (20 M). Throughout the time-course of heme loss (Figure 3A) aliquots of sGC
were withdrawn and frozen for subsequent activity measurements. The percent of heme loss
was monitored from UV-vis spectra by following the decrease in the ferric SGC Soret
maximum (391 nm). The specific activity for each time-point was determined by measuring
the initial rate of cGMP formation as quantified by an ELISA assay (Figure 3B). Initially, as
cinaciguat replaced oxidized heme, there was an increase in the activity of oxidized sGC,
and the increase in activity correlated with the percent of heme displaced (Figure 3C). This
result shows that the binding of cinaciguat at the heme pocket directly leads to enzyme
activation. The trend toward increased sGC activity ceased after 30 minutes (approximately
60% oxidized heme remaining) despite ongoing heme displacement for the duration of the
assay (Figure S4). The activity of the oxidized enzyme alone did not change during this time
period (Figure S5). These data suggest that the decrease in the potency of cinaciguat at
longer time periods is most likely linked to the long term stability of cinaciguat-bound sGC.
Nevertheless, in the initial phase of the incubation, it is clear that rescued sGC activity
correlates well with cinaciguat displacement of the oxidized heme.

Although detection of heme-free sGC is the subject of active investigation,[43] thus far direct
detection of oxidized sGC /n vivois unprecedented. Cinaciguat-induced activation of sGC is
selective for the oxidized enzyme; cinaciguat only marginally activates the reduced or NO-
bound state of sGC.[2% It is conceivable that this selectivity could be leveraged as a probe
for the oxidation state of sGC in cells. Because ferric heme dissociates slowly from sGC,
oxidized, dysfunctional sGC is predicted to persist /77 vivo. Therefore, the increase in sGC
activity induced by the addition of cinaciguat could be diagnostic of the extent of sGC
oxidation. Indeed, a similar approach has been used to determine the oxidative burden in
coronary artery disease patients.[44] The ability to detect the redox state of SGC under
normal and diseased conditions has important implications for assessing the relationship
between sGC dysfunction and disease progression.

Diseased cardiovascular tissue is often less sensitive to the effects of NO.[16] Oxidation of
sGC could play a central role in this desensitization to NO. The recent focus on the
discovery of small molecule effectors of sGC was spurred on by the hypothesis that oxidized
sGC, known to be insensitive to NO, could be targeted for treatment. The two classes of
SGC effectors developed thus far can be divided into heme-dependent stimulators and heme-
independent activators. sGC stimulators act to increase the activity of ferrous sGC. These
types of molecules will have limited clinical utility under conditions of oxidative stress
because sGC appears to become oxidized. Because of this limitation, attention has shifted
towards targeting oxidized sGC. Understanding the mechanism of action of heme-
independent sGC activators is vital to the development of therapeutics. The results reported
here establish that the sGC activator cinaciguat actively displaces the ferric heme of
oxidized sGC. Furthermore, cinaciguat-induced displacement of the sGC heme is directly
associated with increased enzyme activity. Future experiments will be aimed at delineating
the molecular details underlying the cinaciguat-induced displacement of the oxidized sGC
heme.
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Experimental Section

Materials

sGC from Rattus novegicus was obtained via a baculovirus/Sf9 expression system and
purified as previously described.[32] sGC heme domain constructs p1(1-385) and p2(1-217)
were expressed in £. coliand purified as previously described.[33] The mouse myoglobin
mutant H64Y/V68F was obtained using site-directed mutagenesis following the Quikchange
protocol (Stratagene). All DNA primers were obtained from Integrated DNA Technologies,
Inc. and sequencing was performed by Quintara Biosciences. H64Y/V68F mouse myoglobin
was expressed with an N-terminal hexahistidine tag from plasmid pCW. Similarly, sGC
heme domain B1(1-194) was expressed with a C-terminal His tag from plasmid pCW. These
proteins were expressed and purified from RP523 £. coli cells as previously described (see
Supporting Information).[34351 1H-[1,2,4]oxadiazolo[4,3-4]quinoxalin-1-one (ODQ) and
diethylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate (DEA/NONOate)
were obtained from Cayman chemicals. Cinaciguat (Bay 58-2667) was provided by Bayer
HealthCare (Germany). All other reagents were analytical grade.

Heme-dissociation assay

The rates of heme dissociation were determined from the decrease in Soret absorbance of
SGC or sGC heme domains, and the concurrent increase in myoglobin H64Y/V68F Soret
absorbance. Spectra from 350-750 nm were recorded for 13 hours on a Cary UV-vis
spectrometer at 22°C using a 1-cm path length septum-sealed cuvette. The absorbance
changes were plotted versus time and fit to a single exponential equation (supplemental Eq.
1). To monitor heme dissociation under various conditions, sGC (2.7 M) was oxidized with
ODQ (5 uM) in spectral buffer (40 mM HEPES, pH 7.4, 120 mM NacCl, 10 % v/v glycerol)
at 4 °C under anaerobic conditions. Then, the oxidized sGC sample was diluted to a final
concentration of 0.6 .M in three different samples in spectral buffer containing: a)
apomyoglobin variant (50 M), b) apomyoglobin variant (50 tM) and cinaciguat (20 M),
and c) cinaciguat (20 wM). The samples were mixed thoroughly, and the changes in UV-vis
spectra were monitored for 13 hrs, spectra taken at 1hr intervals are shown in Figure 2. In
Figure 2C, noise in UV spectra was reduced by 5 point adjacent averaging for clarity. Heme
dissociation from sGC heme domains is described in the Supporting Information.

Correlation of sGC activity with heme dissociation

SGC (1.8 uM) was oxidized with ODQ (7.5 M) and incubated alone or with cinaciguat (20
M) in spectral buffer. Throughout the time-course of heme loss, aliquots of sGC (0.5 pL)
were withdrawn, diluted in HEPES buffer (9.5 wL, 50 mM at pH 7.4) and immediately
frozen on dry ice in the glove bag. The percent heme loss was obtained from UV-vis spectra
by following the decrease in the ferric SGC Soret maximum. The final heme content of sGC
was determined from the Soret peak after the removal of the labile heme by gel filtration.
Frozen aliquots of sGC were thawed at 37 °C and added to HEPES activity buffer (90 pL,
50 mM at pH 7.4) containing GTP (1 mM) and MgCl, (2.5 mM). Activity assays were
carried out at 25 °C. At 30, 60, 90 and 120 seconds, the reaction mixture (20 L) was
withdrawn and the reaction quenched by the addition of Zn(CH3CO5), (80 nL, 125 mM)
and Na,COs3 (100 L, 125 mM). The cGMP formed was quantified using a cGMP ELISA
Kit (Enzo Life Sciences) following the manufacturer’s instructions.

Activity of ferrous sGC

Activity of ferrous SGC was determined as previously described.[3¢] Briefly, samples
contained sGC (0.2 pg) and DTT (1 mM) in HEPES buffer (50 mM at pH 7.4). Where
necessary, DEA/NONOate (0.3 L, 38 mM stock dissolved in 10mM NaOH) was added to
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the enzyme. The assays were initiated by the addition of MgCl, (2.5 mM) and GTP (1 mM).
The final volume of each sample was 100 L. Reactions were quenched after 3 min by the
addition of Zn(CH3CO5), (400 pL, 125 mM) and Na,CO3 (500 L, 125 mM). The cGMP
formed was quantified using the cGMP ELISA Kit.

Each assay point was determined in duplicate. All experiments were repeated at least two
times, and representative results are shown.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

The structure of cinaciguat (Cin) and heme (A), possible mechanisms for the replacement of
ferric heme in sGC by cinaciguat (B and C). In (B), oxidized sGC loses heme and then
cinaciguat binds and activates the apo form of the enzyme. In (C), cincaciguat is shown to
play a direct role in ferric heme displacement forming a cinciguat-sGC complex.
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Figure2.

Time-dependent heme loss from oxidized sGC with and without cinaciguat. Representative
changes in the UV-visible spectra of ferric sGC (0.6 tM) under various conditions over
time (13 hr): A) in the presence of the apoMb H64Y/V68F trap (50 M), B) in the presence
of cinaciguat (20 M) and the H64Y/V68F apoMb trap (50 M) and C) in the presence of
cinaciguat (20 M) without the H64Y/V68F apoMb trap. The Soret absorbance maximum
shifts from 391 nm to 408 nm in A and B, while it shifts from 391 nm to 415 nm in C. D)
Timecourse of heme dissociation from oxidized sGC was obtained from the spectral
changes: with the H64Y/V68F apoMb trap (ApoMb) in the absence (open circles) and
presence (black) of cinaciguat (cin), and in the presence of cinaciguat without H64Y/V68F
apoMb trap (grey). Data was extracted from the difference spectra and plotted with a single
exponential fit.
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Figure 3.

Correlation of ferric SGC heme loss with activity in the presence of cinaciguat. A) Heme
dissociation from ferric sSGC (1.8 tM) in the presence of cinaciguat (20 tM) was observed
via the decrease in the sGC Soret maximum (391 nm) with time. B) The initial rate of sGC
activity is shown from aliquots withdrawn at the same time as spectra were taken in (A)
(without cinaciguat: - cin). C) Correlation of the increase in ferric SGC activity with heme
replaced by cinaciguat.
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