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cardiovascular physiology.

B1Cys-122.

\_

(Background: Oxidation of the sGC heme iron causes dysfunction in NO/cGMP signal transduction, a key pathway in
Results: NO treatment of heme-oxidized sGC restores the reduced heme state but concomitantly oxidizes B1Cys-78 and

Conclusion: Heme-assisted S-nitrosation causes the NO desensitization of ferric sGC.
Significance: This mechanism describes a specific role for protein thiol modification in cardiovascular disease.

J

Nitric oxide (NO) signaling regulates key processes in cardio-
vascular physiology, specifically vasodilation, platelet aggrega-
tion, and leukocyte rolling. Soluble guanylate cyclase (sGC), the
mammalian NO sensor, transduces an NO signal into the clas-
sical second messenger cyclic GMP (cGMP). NO binds to the
ferrous (Fe?>*) oxidation state of the sGC heme cofactor and
stimulates formation of cGMP several hundred-fold. Oxidation
of the sGC heme to the ferric (Fe®*) state desensitizes the
enzyme to NO. The heme-oxidized state of sGC has emerged as
a potential therapeutic target in the treatment of cardiovascular
disease. Here, we investigate the molecular mechanism of NO
desensitization and find that sGC undergoes a reductive nitrosy-
lation reaction that is coupled to the S-nitrosation of sGC cys-
teines. We further characterize the kinetics of NO desensitiza-
tion and find that heme-assisted nitrosothiol formation of
B1Cys-78 and 31Cys-122 causes the NO desensitization of fer-
ric sGC. Finally, we provide evidence that the mechanism of
reductive nitrosylation is gated by a conformational change of
the protein. These results yield insights into the function and
dysfunction of sGC in cardiovascular disease.

Among the diatomic gasses, nitric oxide (NO) is second only
to oxygen (O,) in importance to human health and disease.
Although the significance of O, in biological systems was first
described in 1775 (1), the biological relevance of NO was not
demonstrated until 1987 (2). Since then, NO has been shown to
effect a myriad of responses in mammalian physiology; it acts as
a cytotoxin in the immune system (3), as a neurotransmitter in
the nervous system (4, 5), and as a regulator of vasodilation and
platelet adhesion in the cardiovascular system (2, 6). The most
prominent and best-characterized receptor for NO is soluble
guanylate cyclase, a heme-containing enzyme that increases the
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rate of cGMP synthesis in response to low nanomolar concen-
trations of NO that bind to the heme cofactor (7). cGMP is a
classical second messenger that initiates complex downstream
signal transduction cascades. Therefore, the regulation of
cGMP levels represents a key checkpoint in cellular signaling.
As evidenced in knock-out mice, sGC? serves a vital function in
mammalian physiology (8).

Cardiovascular disease is often associated with both reduced
sGC activity and increased oxidative stress (9, 10), and oxidants
have long been known to inhibit sGC function (11, 12). There
are three primary routes for oxidants to interfere with NO sig-
naling: the chemical destruction of NO that limits bioavailabil-
ity (13), the oxidation of sGC thiols that inhibits NO-dependent
activation (14 —16), and the oxidation of the sGC heme iron that
similarly blunts the NO-dependent activation of sGC (17, 18).
The role of heme-oxidized sGC in cardiovascular disease is
gaining recognition. Indeed, the small molecule therapeutic
BAY 58-2667 (Cinaciguat), selectively activates oxidized sGC to
ameliorate disease symptoms, as shown in animal models and
in human clinical trials (19 -21). It has therefore been proposed
that the formation of reactive oxygen species causes cardiovas-
cular dysfunction in part through local increases in heme-oxi-
dized sGC (22, 23). Despite the potential importance of heme-
oxidized sGC in the pathophysiology of cardiovascular disease,
little is known about the molecular mechanism of NO
desensitization.

The sGC resting state is characterized by a ferrous (Fe*")
heme iron that binds NO with picomolar affinity to stimulate
enzyme activity several hundred-fold (24, 25). However, oxida-
tion of the heme iron to the ferric (Fe**) state strongly attenu-
ates the enzymatic response to NO (17, 18). Ferric heme gener-
ally binds NO with a weaker affinity than ferrous heme (26), but
ferric sGC does not simply bind NO in a reversible bimolecular
interaction. Ferric sGC undergoes reductive nitrosylation with

2 The abbreviations used are: sGC, soluble guanylate cyclase; a1 and B1, a1
and B1 chain of soluble guanylate cyclase, respectively; DEA/NO, diethyl-
ammonium (2)-1-(N,N-diethylamino)diazen-1-ium-1,2-diolate; ODQ, 1H-
(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-one; TCEP, tris(2-carboxyethyl)phos-
phine; GMPCPP, «,3-methylene guanosine 5'-triphosphate; NEM,
N-ethylmaleimide.
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SCHEME 1. Hydroxide-mediated reductive nitrosylation of ferric heme.

NO, a reaction reported to occur in other hemoproteins (17,
27). This reaction requires two equivalents of NO. The first NO
reduces the ferric iron to generate the ferrous heme. The sec-
ond equivalent of NO then ligates the heme iron to form a
ferrous-nitrosyl complex (Scheme 1). The reductive nitrosyla-
tion of ferric sGC presents an apparent incongruity; although
the reaction restores the reduced, NO-bound heme state, this
enzyme is only partially active. Because the ferrous-nitrosyl
complex is regenerated at the heme, the observation of NO
desensitization suggests that an additional modification to the
protein occurs during the course of the reaction, and this mod-
ification prevents the full activation of sGC by NO.

Because the oxidation state of sGC thiols is known to
strongly affect cyclase activity, the role of cysteine reactivity in
the mechanism of NO desensitization of ferric sGC was inves-
tigated. We determined that the reductive nitrosylation of fer-
ric sGC is coupled to heme-assisted nitrosothiol formation and
that this S-nitrosation of sGC thiols accounts for the inhibition
of enzyme activity. Cys-78 and Cys-122 on the 1 subunit were
found to be key residues in this process, and a kinetic analysis of
reductive nitrosylation further indicated that the overall reac-
tion is gated by a conformational change of the protein. These
experiments demonstrate that the heme-assisted S-nitrosation
of critical B1 cysteine residues causes the NO desensitization of
heme-oxidized sGC.

EXPERIMENTAL PROCEDURES

Materials—Rat sGC «11, f1(1-194), and B1(1-385) were
recombinantly expressed and purified as described previously
(28, 29), as was human thioredoxin (30). The NO donor dieth-
ylammonium (Z)-1-(N,N-diethylamino)diazen-1-ium-1,2-dio-
late (DEA/NO) and 1H-(1,2,4)oxadiazolo(4,3-a)quinoxalin-1-
one (ODQ) were from Cayman Chemical Co., and stock
solutions were made in 10 mm NaOH and DMSO, respectively.
GMPCPP was from Jena Biosciences, N-ethylmaleimide
(NEM) was from Sigma, and NO gas and CO gas were from
Praxair. Oligonucleotide primers were obtained from Elim Bio-
pharmaceuticals. Sf9 (Spodoptera frugiperda) cells were
obtained from the Department of Molecular and Cell Biology
Tissue Culture Facility, University of California, Berkeley.

Electronic Absorption Spectroscopy—Absorption spectra
were collected on a Cary 3E spectrophotometer (precision 0.2
nm) with a Neslab RTE-100 temperature controller. Spectra
were collected over the range of 350 —600 nm at 600 nm/min
with a 1-nm data point interval. Anerobic samples were pre-
pared in septum-sealed cuvettes (Starna) by 10 cycles of alter-
nate evacuation and purging with 99.999% argon (Praxair) or in
an anaerobic chamber (Coy). Gas-tight syringes were used for
all subsequent manipulations.
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Preparation of Ferrous and Ferric Complexes and Various
Ligand Complexes—Full-length recombinant rat sGC was pre-
pared as described previously (31) except that 1 mm tris(2-car-
boxyethyl)phosphine (TCEP) was used as a reducing agent
instead of dithiothreitol (DTT) during the purification. On the
day of the experiment, TCEP was desalted from sGC by four
cycles of dilution/concentration using a 10K Ultrafree-0.5 cen-
trifugal filter device (Millipore) with 50 mm Hepes, pH 7.4, 50
mMm NaCl anaerobically at 4 °C. Ferric sGC was prepared by
incubation with 5 um ODQ for 1 h at 0 °C and desalted by an
additional round of dilution/concentration. Protein concentra-
tion and the ferric heme state were verified spectrally using
extinction coefficients of 148,000 M~ ' cm™" for the A,;, of
ferrous sGC (28) and 110,000 M~ ' cm ™" for the A,,, of ferric
sGC (32). B1(1-194) and B1(1-385) were either with treated 1
mM potassium ferricyanide or 1 mm sodium dithionite for 1 h at
4 °C in an anaerobic chamber (Coy) and desalted by 6 cycles of
dilution/concentration using a 5K Ultrafree-0.5 centrifugal fil-
ter device (Millipore Corp.) with 50 mm Hepes, pH 7.4, 50 mm
NaClat4 °C. Heme coordination states were assessed spectrally
after each manipulation. The CO complex was formed by pass-
ing CO gas over the headspace of an anaerobic cuvette of fer-
rous 31(1-194) at 25 °C, and the NO complex was formed by
the subsequent addition of NO gas. The cyanide complex was
formed by incubating ferric f1(1-194) with 20 mm NaCN for
20 min at 25 °C.

Preparation of NEM-alkylated Protein—Full-length ferric
sGC was either treated with 500 um NEM (thiol-alkylated) or
untreated (native) for 20 min at 37 °C. Identical results were
obtained whether or not excess NEM was desalted before
reductive nitrosylation assays. f1(1-194) was treated with 10
mM NEM (thiol-alkylated) or untreated (native) for 15 min at
25 °C, and excess NEM was removed by six rounds of dilution/
concentration using a 5K Ultrafree-0.5 centrifugal filter device
with 50 mm Hepes, pH 7.4, 50 mm NaCl at 4 °C.

Reductive Nitrosylation of Ferric Proteins—1-5 um thiol-al-
kylated or native full-length ferric sGC was treated with 50 um
DEA/NO in 50 mm Hepes, pH 7.4, 50 mm NaCl at 37 °C, and the
reactions were followed spectrally over time. The kinetic
dependence of the reductive nitrosylation rate on the NO con-
centration was determined by varying the initial concentration
of DEA/NO. The difference in absorbance from 392 to 398 nm
was plotted versus time, and the observed rate was obtained
from a single exponential fit of the data. Aerobic nitrosylation
reactions of sGC were also performed with similar results.
Reductive nitrosylation reactions of f1(1-194) were performed
at 25°C in 50 mm Hepes, pH 7.4, 50 mm NaCl and supple-
mented with reducing agent where indicated. The amount of
DEA/NO for each experiment is specified in the text.

Activity Assays—Duplicate end point assays were performed
at 37 °C as described previously (33). 133 nm ferrous or ferric
sGC was treated with and without 50 um DEA/NO in 50 mm
Hepes, pH 7.4, 50 mm NaCl. A matched ferric sample was
monitored by electronic absorption spectroscopy for 15 min.
After the formation of the ferrous-nitrosyl complex was con-
firmed, the protein was diluted 10-fold into an assay mixture to
initiate the enzyme reaction. Assays were initiated with sub-
strate, and the final assay contained 0.2 ug of enzyme in 50 mm
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Hepes, pH 7.4, 3 mm MgCl,, 1.5 mm GTP, and, where indicated,
5mM DTT in a final volume of 100 ul. Reactions were quenched
after 2 min by the addition of 400 ul of 125 mm Zn(CH;CO,),
and 500 ul of 125 mm Na,CO;. cGMP quantification was car-
ried out using a cGMP enzyme immunoassay kit, Format B
(Enzo Life Sciences), per the manufacturer’s instructions. All
results are given as means = S.D.

Selective S-Nitrosation of Ferric sGC—Cysteine S-nitrosation
in the presence and absence of O, and NO was determined by
the biotin switch method (34) with minor modifications. Aero-
bically or in an anaerobic chamber, sGC or 31(1-385) was incu-
bated with the indicated amount of DEA/NO for 20 min at
37 °C in 50 mm Hepes, pH 7.4, 50 mm NaCl. Reactions were
then quenched aerobically with an equal volume of 250 mm
Hepes, pH7.2,1 mM EDTA, 0.1 mMm neocuproine, 10% SDS, 120
mM NEM. Reactions were transferred to 65 °C for 30 min and
vortexed frequently. Samples were then acetone-precipitated,
and the protein pellets were subsequently dissolved in 30 ul of
62 mMm Hepes, pH 7.2, 0.25 mm EDTA, 0.025 mM neocuproine,
5% SDS, 1 mm maleimide-PEO,-biotin (Pierce), 10 mm sodium
ascorbate, and incubated for 1 h at 25 °C. The reactions were
quenched by the addition of SDS-PAGE loading buffer contain-
ing 50 mm DTT. The samples were then split and analyzed by
both Neutravidin-HRP Western blot and Coomassie Blue
staining or anti-sGC Western blot.

Preparation of B1(1-194) Mutants—Mutants of B1(1-194)
were generated using the QuikChange XL site-directed
mutagenesis kit (Stratagene), according to the manufacturer’s
instructions. Each substitution was verified by sequencing
(University of California, Berkeley, DNA Sequencing Facility),
and recombinant $1(1-194) mutants were expressed and puri-
fied as described previously (28). The protein purity of all sGC
mutants was assessed by SDS-PAGE and was routinely greater
than 95%. Protein concentrations were determined using the
Bradford microassay (Bio-Rad). Several mutants were isolated
without a bound heme cofactor, and these mutants were recon-
stituted according to a previously published protocol (31).

RESULTS AND DISCUSSION

Ferric sGC Undergoes Reductive Nitrosylation to an NO
Desensitized Form of the Ferrous-Nitrosyl Complex—Using
electronic absorption spectroscopy and electron paramagnetic
resonance (EPR) spectroscopy, Zhao et al. (17) previously dem-
onstrated that NO treatment of ferric sGC results in the forma-
tion of the ferrous-nitrosyl complex. Although this final liga-
tion state is typically associated with high sGC activity, the
activity of NO-stimulated ferric sGC was only a fraction of the
activity of NO-stimulated ferrous sGC. Zhao et al. (17) specu-
lated that NO treatment of ferric sGC induces only a partial
conversion to the ferrous-nitrosyl complex, and the resulting
enzyme exists as a heterogeneous mixture of heme states con-
taining only a minor population of the high activity ferrous-
nitrosyl species. To investigate this hypothesis, the spectral het-
erogeneity of NO-stimulated ferric sGC was determined and
compared with enzymatic activity.

The extent of conversion and kinetics of reductive nitrosyla-
tion of ferric sGC were measured by electronic absorption spec-
troscopy. Ferric sGC was treated with a 50 um concentration of
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the NO donor DEA/NO at 37 °C, and the conversion to the
ferrous-nitrosyl complex was monitored over time. The Soret
band of ferric sGC (A,,,, = 392 nm) is readily differentiated
from that of the ferrous protein (A,,,, = 431 nm) (35); after a
30-min incubation with NO, the spectra of NO-treated ferrous
and ferric sGC are identical (A,,,,, = 398 nm) (Fig. 1A4), in agree-
ment with previous EPR characterizations (17, 36). The spectra
that result from NO treatment demonstrate the complete con-
version of ferric heme to the ferrous-nitrosyl complex. When
reductive nitrosylation was monitored over time, the reaction
kinetics fit to a single exponential process with a rate of 0.15 =
0.01 min~" (Fig. 1B). Therefore, NO treatment of ferric sGC
produces a spectrally homogenous population of ferrous NO-
bound sGC, and these observations rule out the hypothesis of
partial occupancy to explain the partial stimulation.

Reductive nitrosylation forms a ferrous-nitrosyl complex
from ferric sGC that is spectrally identical to the ferrous-ni-
trosyl complex formed from ferrous sGC. To investigate the
consequences of reductive nitrosylation on enzyme kinetics,
sGC activity of the ferric-derived ferrous-nitrosyl species was
measured. The species was formed (>85% complete) after a
15-min reaction of ferric sGC with NO (Fig. 1B). To ensure that
excess NO remained in solution, the reaction solution was sup-
plemented with additional NO (0.2 um DEA/NO) immediately
prior to the activity assay. The NO-stimulated activity of the
ferric-derived ferrous-nitrosyl complex was only 9% of the NO-
stimulated activity of the ferrous-derived ferrous-nitrosyl com-
plex (Fig. 1C). This level of desensitization is consistent with
previous measurements of ferric sGC activity (17, 18), but here
we have combined measurements of enzyme kinetics and spec-
troscopy to simultaneously interrogate the heme state and
active site. These data establish that the fully formed ferrous-
nitrosyl complex derived from the reductive nitrosylation of
ferric sGC is desensitized to NO relative to the spectrally iden-
tical enzyme formed from ferrous sGC.

To further characterize this partially active form of sGC, the
sensitivity of reductively nitrosylated sGC to NO was quantified
and compared with that of ferrous sGC. Full activation of the
ferrous-derived enzyme was observed at 0.2 um DEA/NO, con-
sistent with the reported EC,, of 0.005 um (7); however, the
EC,, for reductively nitrosylated sGC is 2.1 = 0.8 um (Fig. 1D).
Moreover, even when maximally stimulated with NO, the
reductively nitrosylated sGC is only 30% as active as NO-stim-
ulated ferrous sGC (Fig. 1D). Similar results were obtained
under both aerobic and anaerobic conditions. These observa-
tions suggest a mechanistic basis for the desensitization of fer-
ric sGC to NO. Despite identical heme coordination and redox
states, the reductively nitrosylated ferric sGC requires more
NO to effect a weaker stimulation than ferrous sGC. The per-
sistence of NO desensitization after the complete conversion to
a ferrous-nitrosyl complex suggests that a non-heme modifica-
tion to sGC has occurred during the process of reductive
nitrosylation, and this modification prevents the full NO-acti-
vation of the ferric species.

Previous studies of the chemical mechanism of reductive
nitrosylation provided a basis for further experiments. The
reductive nitrosylation of a ferric hemoprotein was first
reported in 1937 (37), when the addition of NO gas to either
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FIGURE 1. The redox-dependent effects of NO stimulation on sGC at the heme and the active site. A, Fe(ll) sGC (800 nm) (heme-reduced) (gray dotted line)
was treated with 50 um DEA/NO at 37 °C for 30 min to form the Fe(ll)-NO complex (gray solid line). Upon identical treatment, Fe(lll) sGC (1.5 um) (heme-oxidized)
(black dotted line) also converted to a Fe(ll)-NO complex (black solid line). B, Fe(lll) sGC was treated with NO as in A, and spectra were acquired over time. The
fractional ligand occupancy was calculated from the difference in absorbance between the Soret peak of the Fe(ll)-NO complex (398 nm) and the Soret peak
of Fe(lll) sGC (392 nm). C, the Fe(ll)-NO complex was derived from Fe(ll) or Fe(lll) sGC by a 15-min treatment with NO. The enzymatic activity of each species was
then measured. NO-treated samples were supplemented with 200 nm DEA/NO immediately before initiating the assay to ensure excess NO in solution. D, a
Fe(ll)-NO complex was derived from Fe(ll) or Fe(ll) sGC as in C. The enzymatic activity was measured in response to the amount of the secondary addition of NO.
The Fe(ll)-derived Fe(ll)-NO complex was fully stimulated by 200 nm DEA/NO (triangles), whereas the Fe(lll)-derived Fe(ll)-NO complex exhibited an EC5, 0f 2.1 =

0.8 um (circles). Error bars, S.D.

ferrous or ferric hemoglobin formed identical electronic
absorption spectra. Subsequent EPR studies confirmed that the
species derived from the NO treatment of ferric hemoglobin
was the same ferrous-nitrosyl complex derived from ferrous
hemoglobin (38). Reductive nitrosylation proceeds under basic
conditions in myoglobin, hemoglobin, neuroglobin, and cyto-
chrome c via the nucleophilic attack of a hydroxide ion on the
ferric-nitrosyl (Fe**-NO) complex, shown as an attack on the
Fe*>"-NO™" resonance form in Scheme 1 (27, 39). The hydrox-
ide-mediated reaction liberates an equivalent of nitrite and
regenerates the original ferrous heme. Other nucleophiles can
substitute for hydroxide, such as glutathione, in the thiol-me-
diated reductive nitrosylation reaction of cytochrome ¢, which
yields the ferrous heme and the corresponding nitrosothiol
(40). Similarly in nitrophorin and partially in hemoglobin, a
cysteine thiol can act in place of hydroxide, causing reductive
nitrosylation at the heme and concomitant S-nitrosation of a
cysteine residue (41, 42); this particular variation of the reduc-
tive nitrosylation reaction has been called heme-assisted
S-nitrosation.

Activation of sGC by NO is not a simple one-step process.
NO first binds to the ferrous heme cofactor of sGC and only
partially stimulates the enzyme, but in order to effect full acti-

43056 JOURNAL OF BIOLOGICAL CHEMISTRY

vation, NO must bind to an additional site composed of
reduced sGC cysteines (14, 43, 44). Additionally, oxidation of
sGC thiols inhibits enzyme activity (14—16). We reasoned that
thiol modification during the reductive nitrosylation reaction
could similarly manifest as both a decreased sensitivity to NO
and an inhibition of maximal stimulation. Therefore, the role of
protein thiols in the reductive nitrosylation and subsequent NO
desensitization of ferric sGC was investigated.

Thiol Dependence of Reductive Nitrosylation in sGC—Initial
experiments to probe the thiol dependence of the reaction uti-
lized the H-NOX (heme-nitric oxide and/or oxygen binding)
domain of sGC, which consists of the N-terminal 194 amino
acids of the rat 81 subunit. $1(1-194) is purified in high yields
and maintains many of the heme ligand binding properties of
full-length sGC (45). Similar to full-length sGC, NO induced
reductive nitrosylation of ferric B1(1-194). NO treatment
caused the spectral transition of the Soret band from 414 to 399
nm, indicative of the conversion from the ferric-aqua state to
the ferrous-nitrosyl complex (Fig. 24). To test the role of pro-
tein cysteine residues in the reductive nitrosylation reaction,
the free thiols of ferric B1(1-194) were alkylated with NEM.
After treatment with NO, alkylated 1(1-194) exhibited no
change in the Soret maximum (414 nm), indicating that thiol
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FIGURE 2. The requirement for a reduced thiol in the reductive nitrosylation of 31(1-194) and full-length sGC. A, native Fe(lll) 31(1-194) (solid gray line)
was treated with 500 um DEA/NO at 25 °C, and spectra were acquired at 0.5, 1.5, 4, and 8 min (dotted black lines) and at 12 min (solid black line). The Soret peak
transition from 414 to 399 nm reflects the conversion from Fe(lll) to the Fe(ll)-NO complex. B, thiol-alkylated Fe(lll) 31(1-194) (solid gray line) was treated with
NO as in A. Spectra were acquired at 0.5, 1.5, 4, and 8 min (dotted black lines) and at 12 min (solid black line). The unchanged position of the Soret peak at 414
nm represents a stable Fe(lll) oxidation state, and the progressive decrease in absorbance indicates heme loss. Co-stimulation of a matched reaction with 1 mm
DTT rescued reductive nitrosylation to the thiol-alkylated Fe(lll) 81(1-194), restoring the formation of the Fe(ll)-NO complex (399 nm) in the same time interval
(heavy solid black line). C, thiol-alkylated Fe(lll) B1(1-194) was treated with 250 um DEA/NO and either 1 mm B-ME (solid black line), 1 mm DTT (long dashed line),
1 mm GSH (medium dashed line), 10 um thioredoxin (dotted black line), or 1 mm TCEP (solid gray line) for 15 min at 25 °C. For comparison, data from each reaction
are presented as difference spectra from the pretreated spectrum and corrected for progressive heme loss estimated from a matched, untreated control.
D, full-length Fe(lll) sGC (solid gray line) was treated with 50 um DEA/NO at 37 °C, and spectra were acquired at 0.5, 1.5, 3, 6, 8, 12, and 16 min (dotted black line)
and at 20 min (solid black line). As in Fig. 1A, the Soret peak shifts from 392 nm (Fe(lll)) to 398 nm (Fe(ll)-NO). E, thiol-alkylated Fe(lll) sGC (solid gray line) was
treated with 50 um DEA/NO at 37 °C. Spectra were acquired at 0.5, 1.5, 3,6, 8, 12,and 16 min (dotted black line) and at 20 min (solid black line). Before the addition
of NO, thiol alkylation alone induced a transition of the 392 nm Soret peak to a 413 nm species, both indicative of Fe(lll) heme. The Soret peak of thiol-alkylated

Fe(lll) sGC does not shift appreciably when treated with 50 um DEA/NO. The decrease in absorbance probably reflects heme loss.

alkylation completely inhibited reductive nitrosylation (Fig.
2B).

Like any chemical modification of a protein, NEM treatment
risks a broader impact on protein function. For instance, thiol
alkylation introduces steric bulk that could nonspecifically pre-
vent ligand access to the heme. To ensure that NEM induced a
specific defect in reductive nitrosylation rather than a general
inhibition of ligand binding, spectral characterization of the
ligand binding properties of the thiol-alkylated B1(1-194)
heme iron was carried out. As shown in Table 1, alkylated, ferric
B1(1-194) binds cyanide, showing that NEM treatment does
not block ligand access to the ferric heme. Additionally, when
reduced by dithionite, ferrous thiol-alkylated f1(1-194) bound
both CO and NO, which further demonstrates both ligand
access to the ferrous heme and the structural integrity of the
heme-binding pocket in the NEM-treated protein. Impor-
tantly, the observation of NO binding to ferrous thiol-alkylated
B1(1-194) confirms that the ferrous-nitrosyl complex can be
stably formed. Cumulatively, these data show that thiol alkyla-
tion does not block ligand access to the heme iron, but rather it
specifically inhibits the process of reductive nitrosylation. In
short, a reduced protein thiol drives the chemistry of reductive
nitrosylation in sGC.

To explore the potential of exogenous reductants to partici-
pate in the reductive nitrosylation of 31(1-194), small molecule
thiols were substituted for reduced protein thiols in the reac-
tion. When ferric thiol-alkylated 81(1-194) was treated with
500 uMm DEA/NO in the presence of 1 mm DTT, the heme con-
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verted from the ferric to the ferrous-nitrosyl complex (Fig. 2B
and Table 1). Therefore, DTT chemically rescued the defective
reductive nitrosylation caused by thiol alkylation. Moreover,
many other exogenous thiols were similarly able to rescue the
reaction. Treatment with 250 uM DEA/NO and either 1 mMm
glutathione (GSH), 1 mm B-ME, or 10 uMm thioredoxin restored
the reductive nitrosylation of thiol-alkylated B1(1-194) (Fig.
2C). Interestingly, 1 mm TCEP, a phosphine based reductant,
did not restore reductive nitrosylation (Fig. 2C), suggesting
either that TCEP cannot access the heme or that the phosphine
moiety is not a competent nucleophile to participate in the
reductive nitrosylation chemistry. These data indicate that the
thiol-alkylated protein is structurally competent to undergo
reductive nitrosylation but lacks the requisite reduced thiol that
would otherwise serve as an intramolecular reductant to drive
the reductive nitrosylation reaction.

To assess the thiol dependence of reductive nitrosylation in
full-length sGC, ferric sGC was alkylated with NEM. Unexpect-
edly, thiol alkylation alone induced a spectral shift in the Soret
band from 392 to 413 nm (supplemental Fig. S1A), suggesting
that the 5-coordinate high spin ferric heme had converted to a
low spin ferric aqua species similar to the stable ferric state of
the B1(1-194) construct. Like ferric f1(1-194), native ferric
sGC underwent reductive nitrosylation (Figs. 14 and 2D); how-
ever, thiol-alkylated ferric sGC was not capable of reductive
nitrosylation (Fig. 2E). When treated with NO, the Soret band
of thiol-alkylated ferric sGC decreased in absorbance and
slowly transitioned from 413 to 411 nm. This subtle change

JOURNAL OF BIOLOGICAL CHEMISTRY 43057

/T0Z ‘22 |udy uo AINN ILVIS YMOI e /61070 'mmmy/:dny woly pspeojumoq


http://www.jbc.org/cgi/content/full/M112.393892/DC1
http://www.jbc.org/

Heme-assisted S-Nitrosation Desensitizes Ferric sGC to NO

TABLE 1

The effect of thiol alkylation by NEM on ligand binding properties of 81(1-194)
Ligand binding was assessed by electronic absorption spectroscopy with 5-10 um B1(1-194) at 25 °C.

Thiol state” Initial heme state Ligand Soret a/f3 Final heme state
nm nm
Native Fe(I1I) None” 414 565/535 Fe(I1I)
Native Fe(III) NO 399 570/538 Fe(II)-NO
Native Fe(III) NO/DTT 399 570/538 Fe(II)-NO
Native Fe(III) KCN 418 567/538 Fe(III)-CN
Native Fe(II) None® 427 560/531 Fe(II)
Native Fe(II) NO 398 568/539 Fe(II)-NO
Native Fe(II) cO 422 567/540 Fe(II)-CO
Alkylated Fe(III) None® 414 566/534 Fe(III)
Alkylated Fe(III) NO 414 566/534 Fe(III)
Alkylated Fe(III) NO/DTT 396 570/539 Fe(II)-NO
Alkylated Fe(III) KCN 417 567/538 Fe(III)-CN
Alkylated Fe(II) None® 427 560/531 Fe(II)
Alkylated Fe(II) NO 396 568/539 Fe(II)-NO
Alkylated Fe(II) cO 422 567/540 Fe(II)-CO

“ Protein was either alkylated with 10 mm NEM or untreated for 10 min at 25 °C and then desalted into 50 mm Hepes, pH 7.4, 50 mm NaCl.
 Oxidized B1(1-194) initially forms a high spin ferric-unligated species at 392 nm, but it readily converts to a low spin ferric-aqua/hydroxide species at 414 nm (17). This

stable low spin species was used in these experiments.

¢ Due to an extremely rapid oxidation of the alkylated B1(1-194), dithionite was in excess to measure the spectral properties of ferrous 81(1-194).

probably reflects heme loss, but a conversion to an alternate
ferric conformation is possible. The addition of DTT was sim-
ilarly able to restore reductive nitrosylation to thiol-alkylated
sGC (supplemental Fig. S1B). These studies show that a
reduced thiol is essential for the reductive nitrosylation of full-
length ferric sGC as we observed above for 81(1-194).

Heme-assisted S-Nitrosation Causes NO Desensitization of
Ferric sGC—A one-electron reduction of the heme iron is
required for reductive nitrosylation (Scheme 1), and our results
suggested that an sGC cysteine is the source of this electron.
Such a cysteine residue would be concomitantly oxidized dur-
ing reductive nitrosylation, and we hypothesized that this oxi-
dative protein modification is responsible for the desensitiza-
tion to NO of ferric sGC. If thiol oxidation inhibits the NO
activation of reductively nitrosylated sGC, subsequent thiol
reduction should restore NO sensitivity to the enzyme. To test
this, the ferrous-nitrosyl complexes derived from either ferrous
or ferric sGC were formed as described above, and then each
sample was briefly treated with DTT. A 4-min incubation with
5 mm DTT restored the NO-stimulated activity of the ferric-
derived sGC to the level of the ferrous-derived sGC (Fig. 3).
Therefore, treatment with DTT rescued the NO sensitivity to
the ferric-derived form of sGC. The observation that thiol
reductants recover enzyme activity suggests that the molecular
basis for the NO desensitization of ferric sGC is some form of
thiol oxidation.

The reductive nitrosylation of sGC requires a protein thiol to
provide one electron for the reaction, and a nitrosothiol is the
one-electron oxidation product of nitric oxide and a thiolate
anion. Additionally, heme-assisted nitrosothiol formation has
been shown to occur concomitantly with the reductive nitrosy-
lation of nitrophorin from Cimex lectularius (41) and hemoglo-
bin (42). Therefore, the S-nitrosation of sGC cysteines during
reductive nitrosylation was investigated.

Initially, the heme domain construct 1(1-385) was used
because of the relative stability of the ferrous oxidation state
(46). The ferrous and ferric oxidation states were subjected to
reductive nitrosylation, and the biotin switch method was used
to detect S-nitrosation (34). Due to detection limitations of the
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FIGURE 3. Thiol rescue of reductively nitrosylated sGC activity. DTT
restores the NO-stimulated activity of reductively nitrosylated sGC. Fe(ll) or
Fe(lll) sGC was converted to the Fe(l)-NO complex by treatment with 50 um
DEA/NO for 15 min at 37 °C. DTT (5 mm) was then added to the indicated
reactions for 4 min. NO-treated reactions were then supplemented with an
additional 50 um DEA/NO, and the enzyme activity was measured under each
condition. Error bars, S.D.

biotin switch assay, a higher concentration of DEA/NO was
needed to observe nitrosation than to spectrally observe reduc-
tive nitrosylation. When the assay was performed aerobically,
significant nitrosothiol formation occurred in both oxidation
states (supplemental Fig. S2) because NO reacts with O, in
solution to form higher order nitrogen oxides that result in
nonspecific S-nitrosation (47). Therefore, ferrous and ferric
B1(1-385) were treated anaerobically with NO to eliminate the
background of O,-mediated S-nitrosation and to increase the
signal for the nitrosothiol formation which is specifically cou-
pled to the reductive nitrosylation of the heme. In the absence
of O,, NO led to S-nitrosation of ferric 81(1-385) but not of the
ferrous protein (Fig. 44), demonstrating a specific nitrosothiol
formation that results from the reductive nitrosylation of the
heme iron. To extend these observations to full-length sGC,
both ferric and ferrous sGC were anaerobically treated with NO
and subjected to the biotin switch assay. Similar to 81(1-385),
S-nitrosation was observed on the 81 subunit of ferric sGC but
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FIGURE 4. Selective heme-assisted S-nitrosation of ferric 31(1-385) and
ferricsGC. A, Fe(ll) and Fe(lll) B1(1-385) were anaerobically treated with 0, 10,
50, or 150 um DEA/NO (left to right) for 20 min at 37 °C and subjected to the
biotin switch method (top). Coomassie staining of a duplicate gel is shown
below as a loading control. B, Fe(ll) and Fe(lll) sGC were treated with 150 um
DEA/NO as in A, and nitrosothiol formation was observed selectively on the
B1 subunit of Fe(lll) sGC (top). The Western blot was stripped and restained
with an anti-sGC antibody as a loading control (bottom).

Fe(lll)

not on ferrous sGC (Fig. 4B). Densitometry of these bands
showed that ferric sGC was labeled >4-fold more than ferrous
sGC in the presence of 150 um DEA/NO. Cumulatively, our
results show that after NO stimulation, both ferrous and ferric
sGC exhibit identical ferrous-nitrosyl heme coordination states
but differ in their final thiol redox states. Specifically, the oxi-
dation of the heme iron is transferred to the oxidation of a
protein thiol in the form of a nitrosothiol. Moreover, because
thiol reduction can restore NO sensitivity to the reductively
nitrosylated sGC, these data suggest that the nitrosothiol
formed on sGC cysteines via the heme-assisted mechanism
prevents the NO activation of the enzyme.

The Role of B1Cys-78 and BICys-122 in the Reductive
Nitrosylation and NO Desensitization of sGC—sGC is a het-
erodimeric protein with a combined molecular mass of 150 kDa
and contains 34 cysteine residues; however, the heme domain
B1(1-194) contains only 3 cysteine residues distributed in a
single 22-kDa domain. Because reductive nitrosylation is thiol-
dependent in both sGC and the heme domain, f1(1-194) was
used as a model to identify which cysteine is S-nitrosated by
reductive nitrosylation. Each of the three single point mutants
(C78A, C122A, and C174A) and the triple mutant f1(1-194)
C78A/C122A/C174A were expressed, purified, and character-
ized. The ferric form of each mutant was treated with NO at
25 °C, and spectra were acquired over time to monitor reduc-
tive nitrosylation. Whereas C122A and C174A exhibited simi-
lar spectral conversions as wild-type, C78A and the cysteine-
free triple mutant exhibited a spectral transition in the Soret
band from 414 to 408 nm (supplemental Fig. S3). This transi-
tion to 408 nm was observed even when the C78 A mutants were
incubated without the addition of NO at 25 °C (supplemental
Table S1), indicating that the 408 nm species is probably an
alternate form of the ferric heme and not a nitrosyl complex.
Functional reductive nitrosylation of the C78A and cysteine-
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FIGURE 5. Activity of sGC cysteine mutants. A, Fe(ll) or Fe(lll) wild-type sGC
was converted to the ferrous-nitrosyl complex Fe(Il)-NO by 50 um DEA/NO for
15 min at 37 °C. The enzyme was maximally stimulated with an additional 10
um DEA/NO, and the activity of each species was measured, as in Fig. 3. The
sGC mutants B1C78A (B), B1C122A (C), and B1C78A/B1C122A (D) were sub-
jected to identical treatment as in A. Error bars, S.D.

free mutants were restored in the presence of DTT, because
both formed the 400 nm Soret band indicative of the five-coor-
dinate ferrous-nitrosyl complex (supplemental Fig. S3). The
defective reductive nitrosylation of the C78 A mutants suggests
that the reduced thiol of Cys-78 is the key cysteine residue that
provides the electron to reduce the heme iron in the reaction.

To test the role of B1Cys-78 in the NO desensitization of
ferric sGC, the B1C78A mutant in full-length sGC was
expressed and purified. The specific activity of this mutant can-
not be directly compared with wild-type sGC because activity
varies between preparations; therefore, the fold stimulation or
percentage change of the basal and NO-stimulated states was
evaluated. As described above, ferric wild-type sGC exhibited
only ~30% of the maximally NO-stimulated activity of the fer-
rous enzyme after reductive nitrosylation (Fig. 5A4). In contrast
to predictions based on the B1(1-194) heme domain, the ferric
B1C78A sGC underwent functional reductive nitrosylation
(supplemental Fig. S4) and exhibited ~50% of the NO-stimu-
lated activity of the ferrous protein (Fig. 5B). The modest dif-
ferences between the C78 A mutants and wild-type sGC led us
to explore the potential role of other cysteine residues in the
NO desensitization of ferric sGC.

Mutation of B1Cys-122 has been reported to protect sGC
activity from the oxidative damage of small molecule nitroso-
thiols, H,O,, and aldosterone-induced oxidants (15, 16). To
test the role of this residue in the NO desensitization of ferric
sGC, the sGC B1C122A mutant was expressed and purified, but
again the mutant enzyme underwent reductive nitrosylation
and exhibited ~50% of the maximally NO-stimulated activity
of its ferrous counterpart (Fig. 5C). If S-nitrosation of either
B1Cys-78 or B1Cys-122 can participate in the NO desensitiza-
tion of ferric sGC, then significant compensation might occur
in either of the single mutants. To test this, the double mutant
sGC BI1C78A/B1C122A was prepared, and although the
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FIGURE 6. The kinetics and mechanism of reductive nitrosylation in sGC. A, Fe(lll) sGC was treated with 50 um DEA/NO for 15 min at 37 °C, and spectra were
recorded at 0.5, 1.5, 3, 6, 8, 12, and 16 min (dotted black lines) and at 20 min (solid black line). The developing difference spectra exhibit isosbestic points in the
transition from the Fe(lll) state to the Fe(ll)-NO complex without any accumulation of a Fe(lll)-NO intermediate. B, Fe(lll) sGC was treated with the indicated
amount of DEA/NO. The rate of reductive nitrosylation was measured as in Fig. 1B. A linear fit to the data (dotted gray line) verifies the NO independence of the
reductive nitrosylation rate. C, a homology model of the 81 H-NOX domain shows the relative position of key residues. His-105 (orange) ligates the heme iron,
Cys-78 (green) is located in the distal heme binding pocket, and Cys-122 (blue) is ~6.6 A from the vinyl groups of the heme. D, Fe(lll) sGC is proposed to
equilibrate between open and closed forms. Cys-78 is restricted to an inert position in the closed form, but in the open form, Cys-78 quickly reacts with the NO
bound to the Fe(lll) heme. This nucleophilic displacement forms a nitrosothiol and a Fe(ll) heme, which subsequently binds another equivalent of NO. The final
productis an Fe(ll)-NO complex that is spectrally identical to the high activity Fe(ll)-derived sGC. However, the concomitant S-nitrosation modifies the enzyme

and prevents stimulation, ultimately causing the NO desensitization of the Fe(lll) heme oxidation state. Error bars, S.D.

enzyme still underwent reductive nitrosylation, the ferric dou-
ble mutant displayed ~80% of the maximally NO-stimulated
activity of ferrous sGC (Fig. 5D). Therefore, the combined
mutations of C78A and C122A induced a clear protection of
ferric sGC against NO desensitization. The functional reduc-
tive nitrosylation of the double mutant does implicate an addi-
tional compensation from another sGC thiol in the reduction of
the heme iron. However, the resistance against NO desensiti-
zation of the ferric double mutant suggests that the S-nitrosa-
tion of Cys-78 and Cys-122 are the prominent modes of inhibi-
tion of heme-oxidized sGC.

Mechanism of Reductive Nitrosylation in sGC—There are
two general chemical mechanisms for the thiol-mediated
reductive nitrosylation of hemoproteins. The first is an inner
sphere electron transfer, where the ferric-nitrosyl complex is
subjected to a direct nucleophilic attack from a protein thiol
that is located in physical proximity to the heme (supplemental
Fig. S5A). The second mechanism is an outer sphere electron
transfer, where long distance electron transfer from a distant
thiol to the ferric-nitrosyl complex causes the transient forma-
tion of a ferrous-nitrosyl complex and a thiyl radical. The thiyl
radical then reacts quickly with solution NO via radical recom-
bination to yield a nitrosothiol (supplemental Fig. S5B). Both
mechanisms necessitate the formation of a ferric-nitrosyl com-
plex that precedes the chemistry of the reductive nitrosylation,
and detailed studies of the reactions in hemoglobin, myoglobin,
and nitrophorin have demonstrated the rapid formation a fer-
ric-nitrosyl complex followed by a slower conversion to the
ferrous-nitrosyl complex (27, 39, 41). However, the conversion
of ferric sGC to the ferrous-nitrosyl complex does not appear to
go through a stable ferric-nitrosyl intermediate. The develop-
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ing spectra exhibit clear isosbestic points indicative of a two-
state reaction with no detectable intermediate (Fig. 6A). The
only alternative consistent with these mechanisms is that the
rate-limiting step of the overall reaction is the formation of
the ferric-nitrosyl complex. Therefore, the ferric-nitrosyl inter-
mediate never accumulates because the downstream chemistry
of reductive nitrosylation occurs too rapidly. To test if NO asso-
ciation with the ferric heme is the rate-limiting step of the reac-
tion, the kinetics of reductive nitrosylation were determined as
a function of [NO]. Because the bimolecular association rate
scales linearly with [NOJ, this scenario necessarily implies that
the observed rate of reductive nitrosylation should also scale
linearly with [NO]. However, in contradiction to the prediction,
the rate of reductive nitrosylation was independent of [NO]
between 5 and 150 um DEA/NO (Fig. 6B). Because neither a
ferric-nitrosyl intermediate nor a linear dependence on the
amount of NO was observed, we conclude that the rate-limiting
step of the reaction must occur prior to the association of NO
with the enzyme.

The simplest model to reconcile these properties is that ferric
sGC equilibrates between an “open” and a “closed” conforma-
tion, where the open conformation reacts with NO to undergo
reductive nitrosylation but the closed conformation is re-
stricted from undergoing the reaction (Fig. 6D). In fact, differ-
ent sGC conformations of the five-coordinate ferrous-nitrosyl
complex have been observed directly by EPR (48), and these
multiple conformations regulate both enzyme activity and NO
dissociation rates (28, 43, 44). For reductive nitrosylation, we
propose that the overall rate-limiting step of the reaction is a
relatively slow rate of conformational opening, k..., and then

ope

the relatively fast subsequent steps of NO binding and electron
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transfer preclude the accumulation of any intermediate or NO
dependence. In this proposal, a conformational change of the
protein gates the reductive nitrosylation of sGC.

Although there is currently no high resolution structure of
sGC, structures of protein homologues to the 81 H-NOX
domain have been solved by x-ray crystallography (49 —51) and
NMR spectroscopy (52). Homology modeling of the $1(1-194)
sequence and H-NOX structure from Thermoanaerobacter
tengcongensis predicts that the thiol side chain of Cys-78 is in
the distal heme binding pocket (Fig. 6C) and adjacent to the NO
ligand. This location suggests that Cys-78 is involved in the
heme-assisted S-nitrosation via an inner sphere electron trans-
fer (Fig. 6D). Cys-122, on the other hand, is predicted to be 6.6
A from the vinyl group of the heme, and it is therefore more
plausible that the heme-assisted S-nitrosation of this residue
occurs via outer sphere electron (supplemental Fig. S5B).

Nucleotide Binding Does Not Inhibit Reductive Nitrosylation
or NO Desensitization—Allosteric nucleotide binding strongly
affects the NO activation of sGC (43, 44, 53). Preincubation
with either GTP or the non-cyclizable GTP analog guanosine-
5'-[(e,8) methylene] triphosphate (GMPCPP) sensitizes fer-
rous sGC to NO. Therefore, we examined the NO desensitiza-
tion of ferric sGC in the presence of GMPCPP. We found that
reductive nitrosylation of ferric sGC proceeds unimpeded
when the enzyme is prebound to GMPCPP (supplemental Fig.
S6). Furthermore, preincubation with GMPCPP does not sen-
sitize ferric sGC to NO (supplemental Fig. S7). Thus, endoge-
nous nucleotides would not protect ferric sGC from NO
desensitization.

CONCLUSION

Upon NO stimulation of ferric sGC, there is a one-electron
reduction of the heme iron at the expense of a one-electron
oxidation of either Cys-78 or Cys-122. This electron transfer
stably transforms the reduced thiol into a nitrosothiol. The
S-nitrosated sGC that is derived from ferric sGC exhibits two
distinct forms of NO desensitization; it requires higher concen-
trations of NO to effect stimulation, and it has a lower level of
activity even when maximally stimulated. Both properties
probably contribute to NO desensitization in vivo, where NO
signaling concentrations are estimated to be in the mid-nano-
molar range (54). In vivo, we expect the endogenous generation
of reactive oxygen species, NO, and thiol reductants to induce
heme oxidation, reductive nitrosylation, and thiol-mediated
rescue of sGC activity, respectively. The complex interplay of
these forces creates a dynamic equilibrium between the NO-
sensitive and NO-desensitized sGC states, and the balance has a
dramatic impact on human health and disease.
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