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ABSTRACT: The soluble guanylyl cyclase (sGC) is an
important receptor for nitric oxide (NO). Nitric oxide activates
sGC several hundred fold to generate cGMP from GTP.
Because of sGC’s salutary roles in cardiovascular physiology, it
has received substantial attention as a drug target. The heme
domain of sGC is key to its regulation as it not only contains
the NO activation site but also harbors sites for NO-
independent sGC activators as well an S-nitrosylation site
(β1 C122) involved in desensitization. Here we report the
crystal structure of the activator BAY 60-2770 bound to the
Nostoc H-NOX domain that is homologous to sGC. The structure reveals that BAY 60-2770 has displaced the heme and acts as a
heme mimetic via carboxylate-mediated interactions with the conserved YxSxR motif as well as hydrophobic interactions.
Comparisons with the previously determined BAY 58−2667 bound structure reveal that BAY 60-2770 is more ordered in its
hydrophobic tail region. sGC activity assays demonstrate that BAY 60-2770 has about 10% higher fold maximal stimulation
compared to BAY 58-2667. S-Nitrosylation of the BAY 60-2770 substituted Nostoc H-NOX domain causes subtle changes in the
vicinity of the S-nitrosylated C122 residue. These shifts could impact the adjacent YxSxR motif and αF helix and as such
potentially inhibit either heme incorporation or NO-activation of sGC and thus provide a structural basis for desensitization.

Cyclic GMP (cGMP) was first characterized in rat urine by
Ashman and co-workers.1 Enzymes that catalyze the

conversion of GTP to cGMP, guanylyl cyclases, were
discovered a few years later.3,16,39,47 Soluble guanylyl cyclase
(sGC) is a heterodimeric enzyme that regulates several classic
functions of nitric oxide.31,35,45 Upon NO binding to the heme
of the H-NOX domain in the β-subunit, sGC is activated
several hundred fold.4 Mammalian cells express four soluble
(α1, α2, β1, and β2) guanylyl cyclase subunits that form
heterodimers with sGCα1β1 being the most abundant. The
subunit arrangement for sGCβ1 includes an N-terminal heme-
containing NO-sensing H-NOX domain, a PAS domain, a
coiled-coil (CC), and a guanylyl cyclase (GC) domain. sGCα1
is 30% sequence identical to sGCβ1 and has a similar
organization, except that its N-terminal domain is of unknown
function and contains no heme. Targeting sGC has
pharmaceutical potential for treatment of hypertension, heart
failure, and erectile dysfunction.10

The H-NOX domain of subunit sGCβ1 contains H105, the
proximal ligand of the 5-coordinated ferrous heme iron
center.4,28 NO activates sGC by binding to the distal side of
the heme, which causes breakage of the bond between the
proximal H105 and iron to form a penta-coordinated NO-

bound heme iron. How these conformational changes in H-
NOX are transmitted to the rest of sGC is partially understood
likely involving a change in the orientation of the H105
containing αF helix and loop region following this helix.27,29,32

sGC activators, such as BAY 58-2667 and BAY 60-2770, likely
activate sGC by mimicking conformational changes elicited by
NO, albeit by a different mechanism: they recapitulate
interactions of displaced heme within the heme pocket, as
revealed by the BAY 58-2667 cocrystal structure.29 BAY 58-
2667 has been in clinical trials for decompensated heart
failure,15 whereas BAY 60-2770 has shown potential for treating
liver fibrosis20,51 and also lowers both pulmonary and systemic
arterial pressures in rats.34 BAY 60-2770 differs chemically from
BAY 58-2667 in that its hydrophobic tail is less flexible and it
contains fluoro and trifluoromethyl moieties (Figure 1).
Despite these differences, BAY 58-2667 and BAY 60-2770
have comparable sGC activating properties. In the presence of
the heme oxidizer 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one
(ODQ), BAY 58-2667 and BAY 60-2770 stimulate the
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production of cGMP 187- and 176-fold, respectively.20,42 Using
heme-free sGC, the fold stimulation in cGMP production is
190- and 242-fold, respectively, for these two activators. BAY
60-2770s propensity to enact a somewhat larger stimulation of
sGC in the absence of the heme moiety, compared to BAY 58-
2667, makes BAY 60-2770 also an attractive pharmaceutical
candidate since heme deficiency is a possible cause of NO
resistance.19,43 These two activators also behave comparably in
sGC reporter cell lines with BAY 60-2770 having a slightly
lower EC50: 5.4 and 0.39 nM (in the absence and presence of
ODQ20) compared to 10.3 and 1.48 nM for BAY 58-2667.42,50

In addition to the coordinate binding of heme, NO can
covalently bind to a Cys thiol group (S-nitrosylation) and in
fact may exchange between hemes and thiols if redox
requirements are fulfilled as was shown for hemoglobin25 and
recently for sGC.11 S-Nitrosylation is increasingly recognized to
have broad functional purview in normal physiology, whereas
aberrant S-nitrosylation plays a role in many human
diseases7,13,14,23 including cardiovascular diseases.18,22 Specifi-

cally, one cysteine in both α1 and the β1 subunits of sGC was
found to be able to be S-nitrosylated.30 These residues were
identified as β1 C122 and α1 C243 and are postulated to be
responsible for desensitization of sGC.36 Notably, the site for
activation by both NO and sGC activators, the H-NOX
domain, contains a Cys locus (β1 C122) for negative regulation
by NO.36 As was observed recently for ferric sGC,11 S-
nitrosylation can be catalyzed by sGC itself (e.g., involving
heme-thiol redox coupling) and thus potentially serves to
terminate physiological signaling or could be a feature of the
aberrant NO responsiveness that accompanies vascular
pathophysiology including atherosclerosis, and pulmonary
hypertension.10 As the H-NOX domain of sGC has not been
amenable to structural studies, the H-NOX domain from Nostoc
(Ns) has been employed as a model system. It is readily
crystallized, binds NO and BAY 58-2667, and shows 35%
sequence identity to sGC, including the presence of the
conserved C122 and H105 residues in addition to the YxSxR
motif.26,29 Here we investigate the structural effects of C122 S-
nitrosylation using the BAY 60-2770 bound complex, which
allows us to circumvent the concomitant structural effects of
heme nitrosylation.

■ METHODS AND MATERIALS

Preparation of C139A Mutant of Ns H-NOX Domain.
To improve the crystallizability of the Ns H-NOX, we
generated a surface variant C139A (C139 is not conserved in
sGC). This C139A mutation was found to improve the
crystallization and diffraction of Ns H-NOX considerably. This
mutant C139A was generated using a site-directed mutagenesis
protocol (QuickChange, Stratagene California) in the C-
terminally truncated Ns H-NOX protein containing residues
1−182.29

Figure 1. Chemical structures of (A) BAY 58-2667 and (B) BAY 60-
2770 compounds.

Table 1. Data Collection and Refinement Statisticsa

C139A BAY 60-2770 bound C139A
BAY 60-2770.C139A with S-nitrosylated

C122

PDB id 4IAM 4IAE 4IAH

Data Collection
space group P213 P213 P213
cell dimensions (Å) 122.63, 122.63, 122.63, 90.0, 90.0, 90.0 121.91, 121.91, 121.91, 90.0, 90.0, 90.0 122.57, 122.57, 122.57, 90.0, 90.0, 90.0
resolution 86.7−1.99 (2.08−1.99) 86.2−2.05 (2.12−2.05) 86.7−2.80 (2.93−2.80)
total observations 178,182 155,457 108,182
unique observations 28,435 27,164 15,312
I/σI 22.6 (2.9) 19.25 (1.72) 20.7 (2.3)
redundancy 7.2 (6.5) 3.5 (2.6) 6.9 (6.1)
completeness (%) 99.2 (99.8) 97.6 (95.1) 98.6 (99.3)
Rsym (%) 5.9 (58.3) 4.8 (58.4) 6.9 (68.3)
Refinement
resolution (Å) 86.7−1.99 86.2−2.05 86.7−2.80
total no. of atoms 3333 3140 3005
R-factor (%) 12.6 16.3 16.3
R-free (%) 16.0 19.5 21.8
r.m.s.d. for bond lengths (Å) 0.019 0.010 0.003
for bond angles (°) 1.786 1.563 0.889
Ramachandran plot statistics
- favored regions 98.9% 99.2% 90.5
- allowed regions 1.1% 0.8% 9.2
- outliers 0% 0% 0.3
overall B-factors (Å2) 33.24 34.37 29.7

aValues in parentheses are for the highest resolution shell
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Preparation of BAY 60-2770·C139A Complex. We
expressed and purified C139A mutant protein similarly as
described previously for wild type (wt) 1−182 Ns H-NOX
protein.29 The heme was replaced by BAY 60-2770 by addition
of a 10-fold molar excess of the heme oxidizer NS-2028 (Alexis
Biochemicals) followed by adding 5-fold molar excess of BAY
60-2770 (obtained from Dr. J. P. Stasch, Bayer Schering
Pharma AG) at 37 °C. The reaction mixture was then loaded
onto Superdex-75 size-exclusion column to remove the
displaced heme, unbound BAY 60-2770, and NS-2028
molecules.
Crystallization and Structure Determination. Red-

colored heme-containing C139A Ns H-NOX protein and
colorless BAY 60-2770·C139A Ns H-NOX protein complex
were crystallized separately using sitting drop crystallization
method at 22 °C with a protein concentration of ∼12 mg/mL
for each setup. The crystallization condition for C139A Ns H-
NOX and BAY 60-2770·C139A H-NOX protein was 1.8−1.9
M sodium malonate, pH 7.0. Crystals were cryoprotected in 3.0
M sodium malonate, pH 7.0 prior to dunking the crystals in
liquid nitrogen for storage and subsequent data collection.
Crystallographic data for the C139A and BAY 60-2770.C139A
crystals were collected at SSRL beamline 9-2 and processed
using HKL2000.33 Data diffracted to 1.99 Å for C139A protein
and 2.05 Å for BAY 60-2770·C139A complex crystals,
respectively. Both of the crystals were in the same P213 space
group as for the heme-bound wt Ns H-NOX domain (PDB id
2o09) with two monomers in the asymmetric unit. Twinning
analysis revealed a twinning fraction close to the value of 0.5,52

which was refined in REFMAC49 using the amplitude-based
twin refinement with the H-NOX coordinates, without the
heme, as the starting model (PDB id 2o09). The structure was
subsequently refined via alternating cycles of fitting using
COOT9 and REFMAC; no NCS restraints were used during
refinement. Two BAY 60-2770 molecules were added in
refinement using a stereochemistry library file generated with
PRODRG;44 two heme molecules were added to the heme-
containing C139A monomers. The C139A and BAY 60-
2770·C139A Ns H-NOX structures were refined to an R-
factor/Rfree of 0.126/0.160 and 0.163/0.195, respectively (Table
1) and validated using PROCHECK21 and RAMPAGE.24

Figures were generated using PYMOL (http://www.pymol.
org).
Preparation of S-Nitrosocysteine (CysNO). To prepare

CysNO for S-nitrosylation of residue C122, a 100 mM CysNO
solution was freshly made by mixing 200 mM L-cysteine
(dissolved in 0.3 M HCL, 0.1 M DTPA) with an equivalent
volume of 200 mM NaNO2 (dissolved in water; protocol
adapted from ref 17). Reaction time was 30 min on ice in the
dark.
CysNO Soaking of C139A and BAY 60-2770.C139A

Crystals. Freshly prepared CysNO was used for S-nitrosylation
of Ns H-NOX crystals. Several concentrations of CysNO were
tried for variable time periods, ranging from 1 mM−10 mM
and from 5 min−3 h. Best conditions were achieved with 10
mM CysNO soaking of BAY 60-2770 bound C139A crystals for
60 min at room temperature in the dark. Soaked crystals were
cryoprotected in their respective 3.0 M sodium malonate
buffers and stored in liquid nitrogen for data collection. Since S-
NO bonds can be sensitive to X-ray radiation from bright
synchrotron sources, as previously observed,38 diffraction data
were collected at an in-house Rigaku MicroMax-007HF
rotating anode equipped with a Saturn 944+ CCD detector

and X-stream 2000 cooling system. Further data processing and
structure determination and refinement steps were carried out
as described in the previous Crystallization and Structure
Determination section.

Guanylyl Cyclase Activity Assay. All the reactions were
performed in the buffer reaction mix (50 mM Tris pH 8.0, 500
μM GTP, 2 mM β-mercaptoethanol and 5 mM MgCl2), and
activity measurements were done in the absence and presence
of ODQ, a specific sGC heme-oxidizer. Activators BAY 58-2667
and BAY 60-2770 were added in the concentrations ranging
from 0.01 nM to 200 nM. All the tubes (total volume of 100 μL
for each reaction) were initially incubated for 10 min at 37 °C
followed by addition of 15 ng of bovine sGC (Enzo Life
Sciences Inc., USA), excluding control tubes, and incubation for
another 10 min at 37 °C before all the reaction samples were
boiled for 10 min. Finally, all the tubes were spun down at
14000g for 10 min at room temperature. The supernatant was
either immediately used for cGMP assay or frozen at −80 °C
for later use. The protocol described in the Cyclic GMP EIA
Kit provided by Cayman Chemicals Company (www.
caymanchem.com) was used.

■ RESULTS AND DISCUSSION
Comparing C139A Ns H-NOX and wt Ns H-NOX

Domain Structures. To improve crystallization of the Ns H-
NOX protein, we had initially tried the surface entropy
reduction approach by mutating surface-exposed long flexible
lysine and glutamine side chains to alanines.8 After having
tested about 10 different mutant constructs, this approach did
not lead to improved crystallization for Ns H-NOX. We
subsequently targeted the solvent-exposed residue C139 for
mutagenesis to improve crystallization as we observed disulfide-
mediated dimerization for Ns H-NOX using SDS-page gel
analysis. Such dimerization could cause heterogeneity and as
such negatively affect crystallization. The C139A Ns H-NOX
variant did finally yield larger crystals compared to wt Ns H-
NOX and was therefore used for this study.
We first compared wt and C139A Ns H-NOX structures to

determine if the C139A mutation itself had any effect on the
structure. This structural comparison revealed little conforma-
tional differences with exception of a shift in a loop region
comprising residues 168−173 (Figure 2). This crystal contact-
mediated shift is caused indirectly by surface alterations in
monomer/monomer contacts upon removal of the sulfur by
the C139A mutation. This mutation thereby caused this 168−
173 loop of a neighboring molecule to shift (with shifts of 2.5 Å
in monomer A and 1.0 Å in monomer B). This 168−173 loop
region is however distant (>11 Å) from the heme binding
region and no other changes are observed. Therefore, the
C139A mutation does not change the overall tertiary structure
of the protein, certainly not in a direct manner, and as such, this
mutant is suitable for studying protein ligand interactions and
its comparison with the previous Ns H-NOX structures.
Furthermore, the C139 residue is also not conserved in sGC
where it is replaced by a glutamic acid residue.

Guanylyl Cyclase Activity Measurements. In vitro sGC
activity assays were performed to compare activation
capabilities of BAY 58-2667 and BAY 60-2770 in the presence
and absence of ODQ. Both compounds induced a concen-
tration-dependent activation of sGC (Figure 3). At high
activator concentrations, BAY 58-2667 stimulated sGC about
75-fold and 84-fold in the absence and presence of ODQ,
respectively. BAY 60-2770 stimulated sGC slightly higher with
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86- and 97-fold stimulation in the absence and presence of
ODQ, respectively (Figure 3). Therefore, in a direct
comparison, BAY 60-2770 activates bovine sGC in the presence
of ODQ about 10% higher compared to BAY 58-2667.
Previously, the sGC activation properties of these two
activators had been characterized in separate studies.20,42

Note that these previous studies reported somewhat higher
overall fold-activation by either of these activators. This could
perhaps be due to the different source of sGC protein used (rat
versus bovine in our study) and quality of the protein
preparation.

Structure of BAY 60-2770 Bound C139A Ns H-NOX
Domain. The compound BAY 60-2770 fits into the heme-
binding pocket of C139A in a way reminiscent of BAY 58-2770
in wt Ns H-NOX (Figure 4) and makes the following
interactions within the heme-binding pocket of Ns H-NOX
domain: a) the carboxyl-butyl moiety of BAY 60-2770 makes
hydrogen bond and/or salt-bridge interactions with the
conserved YxSxR motif involving side chains of Y134, S136,
and R138 residues (Figure 4C). The benzoic acid carboxylate
moiety of BAY 60-2770 makes a salt-bridge with residue R138
and a hydrogen bond with the main chain nitrogen of residue
Y2 (Figure 4C). Electron density for BAY 60-2770s hydro-
phobic moieties is also well-defined (Figure 4B), and this tail
makes extensive hydrophobic interactions with many hydro-
phobic residues within the heme binding pocket including L4,
W74, T78, Y83, F97, L101, L104, V108, L148, and L152
(Figure 4C). In addition, the ether oxygen of BAY 60-2770 is
within hydrogen bonding distance, 2.9 Å, of the nitrogen in the
side chain of W74 (note that W74 is not conserved in sGC as it
is a phenylalanine). Furthermore, the trifluoro-methyl moiety of
BAY 60-2770 is flanked by residues Y2 and F112 and possibly
makes a hydrogen bond acceptor interaction with the hydroxyl
moiety of Y83 (3.2 Å; Y83 is conserved in sGC). Such a fluoro-
mediated interaction has been found previously also in RNA.12

The protein region near the trifluoro-methyl moiety of BAY 60-
2770, encompassing residues 109−113, is well-defined
including side chains of residues S111 and F112. Both A and
B molecules in the asymmetric unit of BAY 60-2770 bound Ns
H-NOX were similar in conformation as evidenced by the
relatively low overall r.m.s.d. of 0.27 Å for all Cα atoms
between these two molecules.

Comparison of BAY 58-2667·Ns H-NOX and BAY 60-
2770·C139A Structures. Both BAY 58-2667 and BAY 60-
2770 compounds are trifurcated and contain two identical

Figure 2. Crystal contact-mediated local conformation changes upon
the C139A mutation in Ns H-NOX. Superposition of wt Ns H-NOX
(gray color, PDB code 2o09) and C139A mutant (yellow color). For
clarity, only molecule A of the C139A mutant structure is depicted (in
yellow), whereas both molecules A and B of the wt NS H-NOX
structure are shown (both in gray). C139A mutation confers changes
in the loop region of a related monomer, ultimately leading to better
crystal packing (and improved diffraction data).

Figure 3. Activation effects of bovine sGC by BAY 58-2667 and BAY
60-2770 in the absence and presence of ODQ (10 μM).

Figure 4. BAY 60-2770 interactions in Ns H-NOX. (A) Cartoon representation of BAY 60-2770 (in sticks) complexed to C139A Ns H-NOX
(molecule A); H105 and C122 are shown in sticks. (B) 2Fo − Fc electron density contoured at 1σ in blue and omit Fo − Fc density contoured 2.5σ in
green color for BAY 60−2770 within heme cavity. (C) Interactions of BAY60-2770 with nearby H-NOX residues, hydrogen bonds are shown as
dashed lines.
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carboxylate containing moieties, while the third (hydrophobic)
moiety extending from the tertiary amine is somewhat different,
particularly at its terminal end containing the benzyl rings
(Figure 1). Overall, these two compounds therefore make very
similar interactions within the heme pocket, which is likely the
basis for their comparable guanylyl cyclase activities. Compar-
ing the two structures, the key αF helix does not change its
position, whereas the adjacent loop region comprised of
residues 110−114 at the carboxyl terminus of αF helix has
shifted somewhat in particular the side chain of F112 (Figure
5A). These changes cause the Cα atoms of residues 110−114
to shift with larger shifts for a number of their respective side
chain atoms (Figure 5). Note that these shifts are seen in both
molecules A and B of the BAY 60-2770 bound Ns H-NOX
molecules in the asymmetric unit compared to the BAY 58-
2667 H-NOX molecules A and B. These shifts are likely due to
the presence of the ordered trifluoro-methyl moiety of BAY 60-
2770 potentially pushing residue F112 away. This results in
F112 Cα shifts of 0.7 and 0.6 Å for BAY 60-2770 bound
molecules A and B, respectively, away from the heme pocket
relative to the F112 Cα atom in molecule A of BAY 58-2667
complex. For comparison, the equivalent F112 Cα atoms in
molecules A and B of the BAY 58-2667 Ns H-NOX structure
only differ in position by 0.1 Å from each other (overall, the
r.m.s.d. of molecule A and B in the BAY 58-2667 Ns H-NOX is
0.4 Å for all Cα atoms). Similarly, the Cα position of P113 has
also shifted 0.6 and 0.5 Å for BAY 60-2770 bound molecule A
and B, respectively, away from the heme pocket with respect its
P113 Cα position in the BAY 58-2667 Ns H-NOX molecule A
structure. For comparison, the corresponding P113 Cα atom
positions in molecule A and B of BAY 58-2267 are similar
differing from each other only by 0.2 Å. Finally, the presence of
the bulkier trifluoro-methyl moiety of BAY 60-2770 has likely
also led to shifts in residue 110, in particular, the carbonyl
oxygen of residue 110. These shifts away from the heme pocket
result in 0.9 and 0.7 Å shifts for this carbonyl oxygen atom in
BAY 60-2770 bound Ns H-NOX molecules A and B,
respectively, with respect to the equivalent atom in molecule
A of BAY 58-2667 bound Ns H-NOX. For comparison, the
corresponding carbonyl oxygen atom in BAY 58-2667 bound
molecule B has only shifted 0.2 Å with respect to its position in
BAY 58-2667 bound monomer A. It is interesting to note that
this latter residue 110 was previously found to have a potential

role in the activation signal being transmitted from the H-NOX
domain to the catalytic domain of sGC.2 Electron density for
this loop region in the case of BAY 60-2770·C139A structure is
well-defined, including for the side chain of F112, whereas in
the BAY 58-2667 wt Ns H-NOX structure this region is less
ordered.29 Unbiased |Fo − Fc| omit map comparison reveals
that the additional trifluoro-methyl moiety of the BAY 60-2770
has well-defined density (Figure 4B), whereas for BAY 58-2667
the terminal phenyl ring electron density was less well-
defined,29 probably due to the latter’s more flexible nature.
As previously proposed,29 shifts in the 110−116 loop region are
likely part of the H-NOX activation signal upon both NO and
BAY 58-2667 binding. These shifts in the αF helix C-terminus
and loop region are a direct consequence of the loss of the
bond between H105, situated in the middle of the αF helix, and
the iron of the heme. The loss of this H105−Fe bond is either
achieved by NO-heme binding or activator binding to the
heme-displaced H-NOX pocket. While BAY 60-2770 binding
to H-NOX also shifts this 110−116 region relative to heme-
bound Ns H-NOX (depicted in red and gray, respectively, in
Figure 5A), BAY 58-2667 binding causes greater disorder of
this loop region.29 We previously hypothesized that this H-
NOX region could perhaps directly interact with the catalytic
domains of sGC,29 as Marletta and co-workers had shown that
the isolated H-NOX domain interacts and inhibits a catalytic
domain construct.48 Decreased distortion of this region by BAY
60-2770 could lead to some alteration of the interaction
between the H-NOX and the catalytic domain thereby possibly
explaining the subtle differences in sGC activation compared to
BAY 58-2667. We thus hypothesize that the (minor)
differences in guanylyl cyclase stimulation by BAY 58-2667
and BAY 60-2770 could perhaps be due to the more disordered
H-NOX 110−114 loop region when BAY 58-2667 is bound
compared to being more ordered and shifted in the BAY 60-
2770 complex. This is likely due to BAY 60-2770 having a less
flexible hydrophobic tail region compared to BAY 58-2667 and
possibly also due to the presence of the trifluoro-methyl moiety
that might stabilize this H-NOX region (Figure 4C). It is also
interesting to note that the lengths of 3-phenyl ring containing
tail moieties of BAY 58-2667 and BAY 60-2770 are very similar
although the latter is more bulkier at the position of its
trifluoro-methyl moieity.

Figure 5. Comparison between BAY 58-2667 and BAY 60-2770 bound Ns H-NOX structures. BAY 58-2667 bound Ns H-NOX structure in blue
color and BAY 60-2770 bound C139A Ns H-NOX structure in red color. (A) Side view of cartoon superposition of BAY 58 bound and BAY 60
bound H-NOX structures showing no structural change in αF-helix while its C-terminus loop region 110−114 is altered; side chains of loop region
residues are shown in sticks and BAY 58 and BAY 60 drug molecules are shown in blue and red stick models, respectively. As a reference, the
superimposed heme-bound protein structure of H-NOX is shown in gray. (B) Top view of panel (A), distances between side chain positions are
shown with double-head arrows. BAY 58-2667 and BAY 60-2770, H105 of αF-helix and loop residues  L110, S111, F112, P113, Q114 are shown
in sticks.
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Structural Comparison of BAY 60-2770·C139A and
BAY 60-2770·C139A with S-Nitrosylated C122. Heme-
bound C139A H-NOX crystals did not yield good diffraction
data after S-nitrosylation by CysNO. This was likely due to
several structural changes occurring simultaneously, including
NO binding to C122, possible heme oxidation, NO binding to
heme, and/or partial H105−Fe bond breakage. So to delineate
the conformational H-NOX changes caused exclusively by
C122 S-nitrosylation, we took the approach of using BAY 60-
2770 complexed C139A Ns H-NOX crystals in which heme is
replaced by BAY 60-2770. Data collection and refinement
statistics of a crystal structure at 2.8 Å are listed in Table 1.
There was well-defined extra electron density for S-nitrosylated
C122 (Figure 6), but only for monomer A in the asymmetric

unit. The torsion angle of the S-nitrosyl modified C122 is 55°,
similar to torsion angles observed in other S-nitrosylated
structures such as hemoglobin (88°)5 or protein tyrosine
phosphatase 1B (41°)6 but different from the more planar cis
or trans torsion angles observed in myoglobin and thioredox-
in.38,46 S-Nitrosylation at C122 causes conformational changes
in its vicinity including M130 and the region near the αF-helix
(Figure 7). This is likely because the SNO group increases the
length of the Cys122 side chain by 2.5 Å, which causes nearby
atoms to shift to accommodate this bulkier group. Overall, the
r.m.s.d. between the S-nitrosylated BAY 60-2770 Ns H-NOX
molecule A and non-S-nitrosylated BAY 60-2770 Ns H-NOX
molecule A is 0.32 Å (for all Cα atoms), which is slightly higher
compared to the r.m.s.d. of 0.27 Å comparing molecules A and
B of the BAY 60-2770 non-S-nitrosylated structure. The
specific S-nitrosylation induced conformational shifts will be
discussed next and are the likely basis for the desensitization
either directly, by altering NO-mediated activation conforma-
tional changes, or indirectly, by affecting heme incorporation
into sGC leading to fewer heme-containing NO-activatable
sGC molecules. In the S-nitrosylated structure, the sulfur of
M130 shifts away by 1.3 Å (Figure 7C). Residue M130 is
situated on the β-strand containing the conserved residues
Y134, S136, R138 that are part of the conserved heme binding
YxSxR motif.37 A potential shift in this critically important
strand could thus affect heme binding/insertion and/or
negatively affect NO-mediated conformational changes. Fur-
thermore, S-nitrosylation also shifted the position of E99 (Cα
shift of 0.5 Å). Residue E99 is the starting point of the helix-αF,
and conformational changes in this region have been shown to
be critical for sGC activation29 or heme incorporation and thus

could provide an additional explanation for the observed
desensitization of sGC36 (Figure 7C). Both the S-nitrosylation
induced shifts in M130 and E99 were previously hypothesized
by our lab; we did however not observe a shift in the main
chain position of C122 itself, after being S-nitrosylated, which
we previously also hypothesized as being a third possible
structural mechanism for the desensitization.36 Altogether, the
structural observations are consistent with our previous
hypotheses of the desensitization mechanism involving S-
nitrosylation of C122 of Ns H-NOX domain36 and an extensive
body of work illustrating that NO interacts with both Cys and
heme moieties in classic metalloprotein targets.18,40,41

■ CONCLUSION

The sGC activator BAY 60-2770 acts as a heme mimetic and
binds to the heme pocket of the H-NOX domain via
carboxylate-mediated interactions, with the conserved YxSxR
motif, as well as hydrophobic interactions. Comparison with the
previously determined BAY 58-2667 bound structure reveals
that both activators bind similarly with their hydrophobic
phenyl moieties in a similar position despite BAY 60-2770
having less flexibility in the hydrophobic tail region. The more
rigid BAY 60-2770 activator likely causes the protein region
near residue 111, previously suggested to be important for the
activation mechanism, to be more ordered compared to the
BAY 58-2667 complex. These differences could be the basis for
why BAY 60-2770 was measured to have about a 10% higher
fold maximal stimulation compared to BAY 58-2667. We also
gained insights into the mechanism of sGC desensitization by
S-nitrosylation. S-Nitrosylation of BAY 60-2770 substituted
Nostoc H-NOX domain crystals causes subtle changes in the

Figure 6. Electron density maps showing S-nitrosylation of C122 of Ns
H-NOX. 2Fo − Fc electron density map in blue contoured at 1σ and Fo
− Fc electron density map in green contoured at 3σ. (A) Green density
near C122 showing S-nitrosylation difference density of C122 prior to
modeling residue as an S-nitrosylated cysteine (in molecule A). (B)
2Fo − Fc electron density map in blue contoured at 1σ of S-
nitrosylated C122.

Figure 7. Structural effects of S-nitrosylation of C122 in Ns H-NOX.
Superposition of BAY 60-2770 bound C139A Ns H-NOX structure (in
red, molecule A) and S-nitrosylated BAY 60-2770-bound structure (in
green, molecule A). (A) S-nitrosylation induces conformational
changes at C-terminus of αF-helix and the residues near C122.
C122-SNO shown in ball and stick model (red and blue). (B) Side
view from C-terminus of αF-helix (C) Close view of C122 and its
nearby residues. Relevant residues are labeled and shown in sticks.
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vicinity of the S-nitrosylated C122 residue. These shifts could
potentially impact either heme incorporation or NO-activation
of sGC and thus provide a structural basis for desensitization.
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