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Soluble guanylyl cyclase (sGC), a heme-containing hetero-
dimeric enzyme, is the main receptor for nitric oxide (NO).

Binding of NO to the heme of sGC increases the production of
cGMP several hundred fold. The NO-cGMP pathway is involved
in many physiological processes including cardiovascular
homeostasis,1 inhibition of platelet aggregation,2 and synaptic
plasticity.3 The heme is ligated to His 105 of the β subunit of
sGC.4 Binding of NO to the heme induces the breakage of the
heme iron�His bond leading to increased catalysis. We and
others have solved structures of prokaryotic analogue heme
domains (HNOX) in the presence of various ligands, allowing
a better understanding of the initial events in NO-dependent
stimulation of sGC,5�7 in addition to molecular dynamic
simulation.8 Mutational analyses have in turn identified residues
critical for the heme stability and binding.9,10 Furthermore,
potential inhibitory interactions between the heme domain and
the catalytic domain that would be released upon binding of NO
were suggested as a mechanism of activation.11,12 In spite of all
these studies, the major challenge remains to understand the
mechanism of propagation of the NO signal, in particular, the
conformational events following breakage of the iron�His bond.
Through comparison between the inactive and active structures
of the HNOX domains,13,14 we anticipate that one region
undergoes major shift upon binding of NO, the RF helix.7

Our homology modeling showed that His 105 (H105), being
liganded to the heme in the inactive state, is surrounded by
residues conserved in both Nostoc H-NOX and sGC β1 heme

domain pointing to a potentially critical role. These conserved
residues include D102 which is the only other RF helix residue
that is predicted to make a direct hydrogen-bonding interaction
with the backbone nitrogen of phenylalanine 120 (F120) belonging
to the β1 strand (Figure 1). Since the postulated shiftingRF helix
is only held in place to the rest of the H-NOX domain via the
NO-labile H105�Fe bond and the D102/F120 interactions (in
addition to other van der Waals interactions involving the RF
helix), we investigated the activation importance of these resi-
dues. Furthermore, residues D102 and H105 are also in contact
via a water-mediated interaction in the Nostoc structure that was
also present in the sGC homology model. This water molecule
likely provides bridging interactions with the backbone oxygen of
P118, also a key conserved β1-strand residue found to be
important for H-NOX function.15 We therefore speculate that
these conserved interactions between the RF helix and β1 strand
residues in the vicinity of H105 could be relaying key NO-
dependent conformational activation changes. Residue D102 is
partially solvent exposed as only one of its oxygens is involved in
hydrogen bonding to F120, thereby offering the possibility that
D102 is potentially involved in communicating conformational
changes to other domains of sGC. Therefore, using structure-
based mutational analysis combined with kinetics and spectral

Received: December 14, 2010
Revised: April 12, 2011

ABSTRACT:Nitric oxide (NO) is involved in the physiology and pathophysiol-
ogy of the cardiovascular and neuronal systems via activation of soluble guanylyl
cyclase (sGC), a heme-containing heterodimer. Recent structural studies have
allowed a better understanding of the residues that dictate the affinity and binding
of NO to the heme and the resulting breakage of the bond between the heme iron
and histidine 105 (H105) of the β subunit of sGC. Still, it is unknown how the
breakage of the iron�His bond translates into NO-dependent increased catalysis.
Structural studies on homologous H-NOX domains in various states pointed to a
role for movement of the H105 containing RF helix. Our modeling of the heme-
binding domain highlighted conserved residues in the vicinity of H105 that could
potentially regulate the extent to which the RF helix shifts and/or propagate the
activation signal once the covalent bond with H105 has been broken. These
include a direct interaction of RF helix residue aspartate 102 (D102) with the
backbone nitrogen of F120. Mutational analysis of this region points to an essential role of the interactions in the vicinity of H105 for
heme stability and identifies D102 as having a key role in NO activation following breakage of the iron�His bond.
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analysis of the full-length rat sGC, we tested the hypothesis that
D102 and other residues in the vicinity are involved in the
mechanism of NO propagation from the heme domain to the
effector cyclase domain.

’EXPERIMENTAL PROCEDURES

Molecular Modeling. A homology model of the rat sGC
H-NOXwas generated using SWISS-MODEL16 with the Nostoc
H-NOX as the structural template (ref 7; PDB ID: 2O09). After
modeling the protein, the position of the heme and water
molecule near H105 and D102 were obtained after superposi-
tioning the heme and water containing Nostoc H-NOX crystal
structure and the rat sGC β1 H-NOX homology model. Molec-
ular figures were generated using PYMOL.
Reagents. [R-32P]-GTP is from PerkinElmer (Waltham,MA).

DMEM is from ATCC (Manassas, VA) and antibiotic/antimy-
cotic from Mediatech, Inc. (Richmond, VA). The expressfect
transfection reagent is from Denville Scientific Inc. (Metuchen,
NJ) and SF900II SFM medium, FBS, and Gentamycin are from
Invitrogen. SNAP is from EMDChemicals (Gibbstown, NJ) and
DEA-NO from Axxora LLC (San Diego, CA). β sGC antibody
was purchased from Cayman Chemicals (Ann Arbor, MI). 7.5%
Tris-HCl gels are from Bio-Rad Laboratories (Hercules, CA). All
the other reagents, including R sGC antibody, were from Sigma.
Mutagenesis of Rat sGC and Transfection in COS-7 Cells.

R1 and β1 subunits of rat cDNA subcloned in pCMV5 vector17

were mutated using Quikchange Site-Directed Mutagenesis Kit
(Agilent Technologies, Santa Clara, CA) and confirmed by
sequencing. R1 and β1 cDNA wild type (WT) and mutants
were transiently transfected in COS-7 cells grown in DMEM
supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic/antimycotic (penicillin (100 IU/mL), streptomycin
(100 μg/mL), and Amphotericin B (0.25 μg/mL)).
Cytosol Preparation andWestern Blot Analysis. After 48 h,

transfected COS-7 cells were washed in cold phosphate buffered
saline (PBS) and scraped in homogenization buffer (50 mM
HEPES, pH 8.0, 150 mM NaCl, 1 mM DTT, protease inhi-
bitors). Cytosol was prepared by sonication and centrifugation at
14 000 rpm for 10 min at 4 �C to remove the membrane fraction
and cell debris. Expression level of sGC WT and mutants were
assayed by immunoblotting with anti R and anti β antibodies
after electrophoresis of 8 to 10 μg of cytosolic protein on a 7.5%
Tris-HCl gel.
Construction of Mutant Baculoviruses. Mutations were

introduced in the β1 subunit containing an His-tag at the

COOH terminus and cloned in the baculovirus transfer vector
pBacPAK8 as described previously.18 Recombinant baculovirus
were produced in Sf21 cells by contransfecting plasmid DNA and
linear BacPak6 viral DNA as per the manufacturer’s protocol
(Clontech, Mountain View, CA). The initial virus stock was
obtained by collecting the culture supernatants. Virus stocks with
high titer were obtained from 50 mL Sf21 suspension culture
after 72 h of infection.
Production of Recombinant Protein in Sf21 Cells. Sf21 cells

were initially seeded in 2 L of SF900II SFM medium con-
taining gentamycin (0.1 mg/mL) and 5% heat inactivated FBS at
0.5� 106 cells/mL at 28 �C with constant shaking. Twenty-four
hours after seeding (cell density is 1� 106 cells/mL), cells were
coinfected with R1- and β1-Histag WT or mutant containing
viruses and grown for 48 h. The cells were pelleted by centrifuga-
tion at 1500g for 10min, and the pellet was resuspended in Puck’s
saline G buffer (1.1 mM Na2HPO4, 1.1 mM KH2PO4, 137 mM
NaCl, 5.4 mM KCl, protease inhibitors). The recombinant
protein was purified in two steps: first through a cobalt column
(Clontech, Mountain View, CA) and second by FPLC using a
Mono Q anion exchange column (GE Health Care, Piscataway,
NJ) with an NaCl gradient, as previously described.18 The
elution pattern at 431, 280, and 393 nm was recorded using
the Unicorn program of the GE

::
AKTA HPLC/FPLC purifier as

described in the text. The fractions, which showed a peak at
431 nm (or 280 nm for apo form of sGC mutants), were
collected and snap frozen in 10% glycerol and stored at�80 �C.
sGC Activity Assay. sGC activity was measured by the

conversion of [R-32P]cGMP from [R-32P]GTP in a reaction
mix containing 50 mM HEPES, pH 8.0, 5 mM MgCl2, 500 μM
GTP, and 1 mM DTT at 33 �C for 5 min. Typically, 50 μg of
COS-7 cytosol transfected with either WT or mutants and
30�100 ng of purified enzyme were used to measure basal,
PPIX, YC-1 stimulated activity and DEA-NO, or YC-1 þ DEA-
NO stimulation. YC-1 stock solution was prepared in DMSO;
DMSO concentration in the reaction mixture did not exceed
0.2%. For the screening in COS-7 cells, the NO-donor SNAPwas
used (longer half-life) but then we switched to DEA-NO for the
spectrum and activities analysis of purified preparations as it is an
“authentic NO-donor” (SNAP is a nitrosothiol). For concentra-
tion�response curves, specific activities were measured at seven
different concentrations of DEA-NO ranging from 0.1 to 100 μM
and in the absence or presence of 10 μM YC-1 to assess the
synergistic effect.
UV/vis Absorption Spectroscopic Analysis.The absorbance

spectrum was recorded from 350 to 450 nm using a Shimadzu
UV-2450 spectrophotometer for WT and mutants. 100 μL
(∼0.01 mg/mL) of the sample was scanned in the absence or
presence of NO. DEA-NO was used as an NO-donor at a
concentration of 10 μM. The level of purification was directly
estimated by the ratio OD 431 nm/OD 280 nm simultaneously
measured (similar background noise) by the GE

::
AKTA FPLC

UV-900 detector (equipped with a quartz 4 mm flow cell with
titanium housing; monochromator light source is a xenon lamp
with two photodiodes, double-beam). Each enzyme was purified
two (mutants) to five (WT) times.
Statistical Analysis. The results are expressed as mean (

SEM from the data derived from the [R-32P]GTP assay. For sGC
assay in COS-7 cells each experiment was repeated three times,
each in duplicate and from two to three independent transfec-
tions. For spectral analysis, two to four independently purified
enzymes were used. For purified-enzyme assays, two to three

Figure 1. Close-up view of proximal face of the heme in the homology
model of the rat sGC β1 H-NOX domain. The helix RF and strand β1
(purple font) are labeled accordingly. The interaction network involving
RF helix and β1 strand residues D102, H105, F120, and P118 are shown,
including the direct and water-mediated hydrogen bonds (dashed lines).
The heme moiety is shown in green.
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independently purified enzymes were used and assayed three
times under each condition and in duplicate. Student’s t test was
used for statistical comparison between groups and conditions
with Sigmaplot version 11.0 software (Systat software, San Jose,
CA). P < 0.05 was considered statistically significant.

’RESULTS

Homology Modeling of the Heme Domain of the β1
Subunit (HNOX) Predicts the Presence of a Cavity in the
Heme Domain. The recently solved structure of the HNOX
domain of Nostoc specie (Ns H-NOX), which shares 33%
homology with the same domain in sGC, was used for homology
modeling.7 Homology modeling of the sGCβ1 H-NOX revealed
the conservation of interactions between the RF helix and β1
strand that are also present in the Nostoc H-NOX crystal
structure. These interactions include the hydrogen bond be-
tween D102 and backbone nitrogen of F120 as well as water-
mediated interactions between D102, H105, and the backbone
oxygen of P118 (Figure 1). These residues are all conserved in
Nostoc H-NOX and are in the vicinity of H105, suggesting an
important role with perhaps the partially solvent exposed D102
residue as a intersubdomain communicator residue. Our hypoth-
esis is that this region provides crucial bridging interactions
between the β1 strand and RF helix. In addition, we speculate
that, since H105 in the RF helix is anticipated to move upon
iron�His bond cleavage, the H105�water�D102 network
might shift as well, which could be important for the activation
process in full-length sGC. The importance of this region is
further strengthened by the absolute conservation of D102
although only one of its oxygen atoms is involved in H-NOX
domain interactions, leaving the second, solvent exposed oxygen
free for possibly transmitting the NO activation signal. The
significance of this region for propagation of NO activation was
tested by mutational analysis of the residues near H105 in the
RF helix.
Alanine Scanning of Residues Predicted To Be Involved

in Propagation of NO Activation. Residues D102 and F120
were replaced with alanine (A) by site directed mutagenesis; in
addition, D102 was replaced with asparagine (N) a polar un-
charged residue and with glutamate (E) a polar negatively
charged residue. cDNA of the WT R subunit was cotransfected
with cDNAs of WT or mutants of the β subunit in COS-7 cells.
Cytosolic fractions were prepared and activity measured under
basal (unstimulated) condition and in the presence of 100 μM
protoporphyrin IX (PPIX, an iron free heme activator that
activates heme-depleted sGC), 100 μM of YC-1 (a non

NO-donor activator), 100 μM of the NO-donor SNAP, or
100 μM of YC-1 and SNAP. Table 1 summarizes the basal or
stimulated activity of WT and mutant enzymes transiently
expressed in COS-7 cells. The levels of expression were similar
for WT and mutants (Figure 1 of Supporting Information).
Replacement of D102 with three different residues (A, N, or E)

led to different patterns of activity: basal activity was more
affected by replacement with a polar residue (N or E) than in
D102A. PPIX activates the WT by 2-fold, and this activation was
retained by D102N and D102E but lost in D102A. On the other
hand, only D102N was stimulated by YC-1 but to a lower level
than WT. The same was true for stimulation with a NO-donor,
though the activation of D102N was marginal (4-fold vs 14.5 for
the WT). However, activation of D102N with YC-1 and SNAP
was intriguingly high, higher than the WT (22-fold vs
15-fold) while weak activation by combined YC-1 and SNAP
was seen with D102A andD102E. On the other hand, the mutant
F120A retained basal activity but was unable to respond to PPIX,
NO or YC-1 and to YC-1 þ SNAP. All together, this indicates
that this heme region is critical for basal activity (D102N and
D102E), for YC-1 activation (D102A, D102E, and F120A), and,
less surprisingly, for NO stimulation. PPIX activation was weak
even for theWT for two potential reasons: (a) heme is still stable
and tightly bound inWT andmutants, or (b) the effect of PPIX is
difficult to assess in broken cell preparation. It is important to
note that these residues, even though they affect basal catalysis,
are located in the heme domain and that their replacement
does not affect stability and expression of R and β subunits
(Supporting Information Figure 1). To characterize the mechan-
isms of propagation of NO activation, mutants D102A, D102N,
and F120A were purified for spectral and kinetics analyses.
Purification of WT and Mutants. Mutants and WT were

expressed with an Sf21/baculovirus system and purified by using
a cobalt affinity column (the WT or mutated β subunit carries a
COOH-terminal His-tag) followed by FPLC with salt-gradient
elution (see Experimental Procedures). As shown in Figure 2A,
elution of sGC is detected by monitoring absorbance at 431 nm
(nonstimulated heme-containing sGC). The elution profile at
431 nm of the mutants indicated that D102 when replaced with
Ala (D102A) led to an apo form of sGC but when replaced with
Asn (D102N) retained the heme, suggesting that the presence
of a polar residue at this position could be involved in heme
stability/affinity. On the other hand, replacement of the bulky
F120 with Ala resulted in the loss of the heme, probably in-
dicative of destabilization of interactions in this heme region. For
the heme-depleted mutants, the fractions with the highest

Table 1. Basal and Stimulated Activities of Wild-Type (WT) and HNOX Mutants Transfected in COS-7 Cellsa

basal PPIX, 100 μM YC-1, 100 μM SNAP 100 μM SNAP, 100 μM þ YC-1, 100 μM

spec act % of WT spec act fold stimul spec act fold stimul spec act fold stimul spec act fold stimul

WT 229( 7 100 431( 42 1.9 1430( 63 6 3328( 102 14.5 3402( 370 15

D102A 161( 21 70 160( 5 1 232( 26 1.4 354( 38 2.2 662( 129 4

D102N 47( 6 20.5 87( 14 1.85 202( 28 4 229( 17 4.9 1063( 77 22

D102E 73( 17 32 168( 20 2.4 128( 13 1.7 152( 82 2 292( 78 4

F120A 169( 53 73 108( 44 0.64 172( 22 1 278( 113 1.6 231( 28 1.4
a Specific activity (spec act) is expressed in pmol min�1 mg�1 of extracted protein( SEM and is the result of three independent transfections; for each
transfection, the assay was repeated three times (and in duplicate) under each condition. Fold stimulation (fold stimul.) strongly lower or higher than
WT is underlined and in bold, respectively. TheNO-stimulated values with SNAPwere confirmed usingDEA-NO (not shown). DEA-NOwas then used
with purified sGC.
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280 nm absorbance in the 250�280 mM NaCl elution range
were collected and analyzed. Western blot analysis (Figure 2B)
showed that for WT and purified mutants both subunits were
equally expressed, reflecting a stable heterodimer. The heme de-
pletion in F120A andD102Awas confirmed by spectrum analysis
of the purified mutants from 350 to 450 nm (not shown). The
complete elution profile with monitoring absorbance at 280, 431,
and 393 nm (oxidized heme) are depicted in Figure 2 of the Sup-
porting Information. Levels of purification for WT and mutants
were estimated by the ratio of protein (280 nm) to heme bound
protein (431 nm) (Table 2 of Supporting Information) and by
Coomassie staining of the purified WT and mutants (Figure 3 of

Supporting Information). The characteristics of purification of
WT and mutant D102N were similar. In addition, spectrum
analysis for the WT and mutant D012N (Figure 2C) showed a
similar shift in the Soret band from 431 to 398 nm upon addition
of 10 μMDEA-NO. Formation of the nitrosyl-heme in WT and
D102N (NO-activated 5-coordinate form) indicates that the
cleavage of H105�iron bond still occurs.
Purified WT and Mutants Basal and Stimulated Specific

Activities. Purified WT responded to 10 μM PPIX (12-fold
stimulation), 100 μM YC-1 (7.9 fold-stimulation), 1 μM DEA-
NO (59.0-fold stimulation), and 10 μMYC-1þ 1 μMDEA-NO
(89.8-fold), compared to basal activity (Figure 3A and Table 3 of
Supporting Information). D102A and F120A, which were de-
pleted for the heme lost their response to NO stimulation, as
expected. However, they also were unresponsive to PPIX as well
as YC-1, suggesting that these residues are not only involved in

Figure 2. Purification of wild type (WT) and mutants. (A) Represen-
tative purification of WT R1/β1 (black, dashed line) and mutants
R1/β1D102N (blue), R1/β1D102A (red), and R1/β1F120A (green).
Absorbance at 431 nm (heme containing-enzyme) was monitored with
the UV900 detector of the FPLC. WT and mutants elute between 250
and 280 mM NaCl (salt gradient is indicated by a black line). Protein
concentration (A280 nm) and oxidation of the heme (A393 nm) were
monitored as well (Figure 2 of Supporting Information). (B) WT and
mutants had similar levels of expression in the Sf21/baculovirus system
as indicated by Western blot with anti-sGC antibodies. (C) UV/vis
absorbance of WT and D102N mutant in the absence and presence of
10 μMDEA-NO. Upon addition of DEA-NO similar shift from 431 nm
(black line) to 398 nm (dotted line) was observed for WT and D102N
mutant.

Figure 3. Specific activities and concentration�response curve to NO/
YC-1 of purified WT and mutant D102N. (A) Heme mutants lost most
of their response to PPIX, YC-1 or DEA-NO but R1/β1D102N was
significantly stimulated by YC-1þDEA-NO.Measurements of activities
were done at least three times on two to three independently purified
WT and mutants with each assay done in duplicate under each
condition. Results are expressed in nmol cGMP mg�1 min�1 ( SEM.
P < 0.05 was considered significant. Values and fold stimulation are
provided in Table 2 of Supporting Information. (B) Concentra-
tion�response curve to DEA-NO of mutant D012N and WT (inset)
in the absence (b) or presence (dashed line,O) of 10 μMYC-1. Results
are expressed in nmol cGMP mg�1 min�1 ( SD.
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stability of the heme but probably in the integrity of the heme
pocket (as PPIX could not activate these mutants) or in the
transmission of the YC-1 and PPIX activation to the catalytic
domain. It is not known whether these mutations impaired the
binding per se of PPIX or YC-1 or their activating effects.
Similarly, the response of D102N to PPIX, YC-1 and to DEA-
NO was negligible (Figure 3A and Table 3 of Supporting
Information), even though D102N retains the heme. Interest-
ingly, mutant D102N remains responsive to the combined stim-
ulation of YC-1 and DEA-NO indicating that NO and YC-1 are
still able to interact with the mutant. D102N basal activity was
higher in its purified form than in COS-7 cells extracts (for
reasons that are unknown), but it could explain why fold
stimulation by DEA-NO þ YC-1 of the purified form is not as
high as in COS-7 cells (as it is a function of the basal activity).
The other explanation is that the mutant is less responsive to
NO þ YC-1, which are used at a lesser concentration in the
purified system compared to the COS-7 system (Table 1).
Nonetheless, the increase in the mutant activity with the NO
and YC-1 combination indicates that both NO and YC-1 bind to
the mutant D102N and that the propagation of the NO activation
signal is disrupted by themutation despite the apparent breakage of
the His�iron bond (as seen in shift of the Soret band to 398 nm).
DEA-NO Concentration�Response Curves of Purified WT

and D102N in the Absence or Presence of YC-1. To investi-
gate the apparent discrepancy between the formation of the
heme-nitrosyl 5-coordinate activated form and the very low NO
activation but substantial YC-1 þ NO activation in D102N, we
measured the activity as a function of increasing concentrations
of DEA-NO with and without 10 μM YC-1 (Figure 3B). Inter-
estingly, the specific activity of D102N in response to DEA-NO
had a maximum at 1 μM and did not increase even at 100 μM,
suggesting that the NO-dependent increase in catalytic activity
was independent of the amount of NO provided. In other words,
the affinity was not impaired in this mutant (as it responded to
lower concentration of NO, Vmax = 0.4 μmol min�1 mg�1).
Moreover, in the presence of YC-1 at 10 μM, the specific
activities were strongly increased at apparent saturating concen-
trations of NO (3 to 100 μM, Vmax = 1.3 μmol min�1 mg�1).
This means that YC-1 did not increase NO-stimulated activity by
increasing NO affinity because at NO saturating concentrations,
all heme molecules are likely occupied by NO (in fact, the
apparent EC50 even increases in the presence of YC-1, 1.9 μM vs
0.3 μM with NO alone). In sharp contrast, the WT (inset
Figure 3B) had an expected response to increasing concentration
of DEA-NO with a Vmax of∼5.5 μmol min�1 mg�1 and an EC50

of 2.1 μM while in the presence of YC-1 the response curve
shifted left with a lower EC50 (1.2 μM) and a small increase in
Vmax (6.2 μmol min�1 mg�1). These results showed that in
D102N, YC-1 potentiates NO activation not via increased NO
affinity but via increased NO efficacy. The potential mechanisms
involved are discussed below.

’DISCUSSION

Multiple laboratories are engaged in an effort to understand
the propagation of the NO signal from the heme-binding domain
of sGC to its effector catalytic domain. The reason for such effort
is due to the physiological relevance of the NO-cGMP pathway
and also to the complexity of sGC as a heme-containing
heterodimeric protein, which harbors both functions of receptor
and enzyme. It is accepted that breaking of the His�iron heme

bond upon binding of NO is a key step in inducing conforma-
tional changes leading to increased catalysis in the cyclase
domain.19 What takes place downstream of the His�iron cleav-
age and how it leads to increased catalytic activity is largely
unresolved. To address this fundamental question, we first con-
ducted structural modeling that revealed conserved interactions
between the RF helix and β1 strand regions involving H105,
D102, and F120. We hypothesized that those interactions could
aid or steer RF helix movement upon release of the His�iron
heme bond and participate in propagation of NO activation.
Replacement of D102 with Ala drastically affects the heme
stability or affinity as the mutation led to an apo form of the
enzyme, which also failed to respond to PPIX activation,
suggesting that this mutation disrupts the propagation of the
PPIX activation signal or does not allow PPIX binding. Impaired
YC-1 activation in D102A was also observed and could be
explained by the inability of YC-1 to bind to the mutant or
because YC-1 binds to but does not activate heme-depleted sGC,
as previously shown.20 On the basis of our homology modeling
(Figure 1), introduction of an Ala instead of Asp should preclude
the predicted interactions with the backbone nitrogen of F120
and the water molecule thus destabilizing interactions in this
heme region. Similarly, replacement in this region of F120 with
Ala resulted in an apo form of sGC with no activation by PPIX,
YC-1, or DEA-NO, underlying the importance of this residue in
the stability or affinity of the heme and activation of sGC. The
fact that PPIX does not activate this mutant has two possible
explanations; the propagation of activation is blocked or PPIX no
longer binds to the heme domain. This region also includes P118,
whose structural analysis of replacement with Ala (P115A in
Thermoanaerobacter HNOX) suggested that heme distortion is
associated with a large N-terminal shift of the heme domain,21

leading us to speculate that F120 might have a similar role.
In sharp contrast with the introduction of Ala residues in this

region of interactions, replacement of D102 with Asn generates a
mutant (D102N) that retains heme. NO still binds to the heme
of D102N as it leads to a shift in the Soret band to 398 nm,
indicative of His�iron heme breakage. However, the resulting
5-coordinate “activated” form only leads to marginal NO activa-
tion. Thus, in this mutant, breakage of the His�iron bond and
NO-dependent activation are apparently uncoupled. This result
by itself indicates that D102 is involved in the propagation of NO
activation following the H105�iron breakage and is indirectly
supported by our finding that D102N is not activated by PPIX, an
iron-free heme activator. We ruled out that the observed
uncoupling is due to drastically decreased heme content in
D102N as the characteristics of purification of WT and D102N
are similar, as is the A280/A431 ratio, and the Soret shift from
431 to 398 nm upon addition of NO. Our structural modeling
predicts that D102 interacts with the backbone of F120 and with
H105 via a molecule of water but is also solvent-exposed favoring
interaction with another part of the enzyme, probably the
catalytic domain of sGC, a potential key step in the propagation
of NO activation.12 Moreover, D102 is part of theRF helix that is
known to undergo a large shift upon NO binding and
H105�iron bond breakage. We speculate that the mutation
D102Nwhile allowing the formation of the nitrosyl�heme upon
NO binding, would alter the interaction with the cyclase domain
(or another domain) as follows: the oxygen atom in N102 still
makes the interaction with the backbone nitrogen of F120 (thus
maintaining the integrity of this heme region in the 5cNO-bound
state) but the free solvent exposed oxygen in D102 is now a
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nitrogen in N102, thus potentially disrupting interaction with
another domain. This “dichotomy” of functions of D102, e.g.,
involvement in the structural interactions of this heme domain
region and transduction of the NO signal via the triad H105�
water�D102 might be the reason for its invariability in known
sGC sequences (as otherwise an asparagine at this position
would have sufficed). Another potential explanation for the
D102N uncoupling phenotype is that D102 interacts with
H105 only when it is released from the heme iron. However,
molecular dynamic simulation (not shown) and our recent
structural data of the Nostoc HNOX activated state with Bay
58�266722 show no clear evidence of such transition.

Incidentally, activation by YC-1 of D102N is marginal but
combination of YC-1 and NO leads to significant increase in the
mutant activity. Because YC-1 increases affinity of NO for the
heme, one possible explanation was that the heme of D102N has
a decreased affinity for NO. However, DEA-NO concentration
response curves indicate that affinity of the heme for NO did not
seem to be involved as specific activity does not increase as a
function of increasing concentrations of NO in the range of
1�100 μM. Yet in the presence of YC-1, the specific activity is
greatly increased in this same range of NO (from 1 to 100 μM).
Taken together these results suggest that, in this mutant, YC-1
potentiates the NO effect by additional means such as increased
NO efficacy, as we previously suggested.23 We can propose two
mechanisms to explain that the heme-nitrosyl still forms in
D102N and that increased NO concentration does not lead to
increased activity except in the presence of YC-1: (a) there are
two distinct but not mutually exclusive conformational changes
that take place upon NO binding and downstream of the
His�iron bond cleavage; one can increase catalysis in the
absence of YC-1 while the other one increases catalytic activity
only when YC-1 is bound to sGC. The mutation D102N by
disrupting the former conformational change unmasks the latter.
(b) NO binds to a non-heme site to activate sGC independently
of the heme�nitrosyl formation. This will explain that YC-1 can
increase NO efficacy independently of NO affinity; indeed, using
butyl isocyanide to occupy sGC heme, it was found that NO
could still increase sGC activity without formation of the nitrosyl�
heme complex and that YC-1 had a synergistic effect under these
conditions.24 It was later determined, using thiol blocking reagents,
that binding of NO to a cysteine of sGC was potentially the
independent heme�nitrosyl mechanism of activation.25

In summary, our structure-based mutational analysis of the
HNOX domain in full-length sGC indicates the crucial role of
D102 for NO activation. Further experiments will be needed
to assess whether D102 is involved in direct interaction with
another domain and the mechanism of synergistic activation
of YC-1.
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