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Abstract: How nitric oxide (NO) activates its primary receptor, α1/β1 soluble guanylyl cyclase
(sGC or GC-1), remains unknown. Likewise, how stimulatory compounds enhance sGC activity
is poorly understood, hampering development of new treatments for cardiovascular disease. NO
binding to ferrous heme near the N-terminus in sGC activates cyclase activity near the Cterminus, yielding cGMP production and physiological response. CO binding can also stimulate
sGC, but only weakly in the absence of stimulatory small-molecule compounds, which together
lead to full activation. How ligand binding enhances catalysis, however, has yet to be
discovered. Here, using a truncated version of sGC from Manduca sexta, we demonstrate that
the central coiled-coil domain, the most highly conserved region of the ~150,000 Dalton protein,
not only provides stability to the heterodimer but is also conformationally active in signal
transduction. Sequence conservation in the coiled coil includes the expected heptad repeating
pattern for coiled-coil motifs, but also invariant positions that disfavor coiled-coil stability. Fulllength coiled coil dampens CO affinity for heme, while shortening of the coiled coil leads to
enhanced CO binding. Introducing double mutation αE447L/βE377L, predicted to replace two
destabilizing glutamates with leucines, lowers CO binding affinity while increasing overall
protein stability. Likewise, introduction of a disulfide bond into the coiled coil results in reduced
CO affinity. Taken together, we demonstrate that the heme domain is greatly influenced by
coiled-coil conformation, suggesting communication between heme and catalytic domains is
through the coiled coil. Highly conserved structural imperfections in the coiled coil provide
needed flexibility for signal transduction.
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Summary Statement: sGC is the nitric oxide receptor and critical for cardiovascular health, yet
how it functions remains unclear. Here, we show that a central coiled-coil motif includes highlyconserved imperfections that are required for activation by nitric oxide and a new class of sGCtargeted drugs. We show that stabilizing the coiled-coil hampers activation and drug action, and
link our work to the emerging field of coiled-coil dynamics in protein function.

Abbreviations: sGC, soluble guanylyl cyclase; GC-1, α1/β1 soluble guanylyl cyclase; GWAS,
genome-wide association studies; H-NOX, heme-nitric oxide/oxygen-binding; PAS, Per-ARNTSim; PKG, protein kinase G; SEC, size exclusion chromatography; Ms sGC-NT, Manduca sexta
sGC C-terminal deletion; CC, coiled coil.
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INTRODUCTION
Nitric oxide (NO) and its primary receptor soluble guanylyl cyclase (sGC) are critical for
regulating blood pressure, wound healing, neural function and numerous other physiological
activities. Failures in NO signaling are highly correlated with cardiovascular diseases and
genome-wide association studies (GWAS) implicate underlying genetic components are often
responsible, including mutations to the sGC gene or to genes regulating sGC expression.1,2
Numerous pharmaceutical interventions targeting nitric oxide signaling pathways are under
development or in use, including those targeting sGC.3,4 Despite these advances, sGC structure,
function and regulation remain poorly characterized.
sGC is a heterodimeric heme protein of ~150,000 Da that consists of one α and one β
subunit.5,6 The most commonly expressed form in humans is α1/β1 sGC, from the GUCY1A1
and GUCY1B1 genes, also referred to as GC-1. An α2/β1 sGC isoform (GC-2) is also produced,
most prominently in nerve cells. The α and β subunits each contain an N-terminal heme-nitric
oxide/oxygen-binding (H-NOX) domain, a Per-ARNT-Sim (PAS) domain, a coiled-coil helical
domain and a catalytic cyclase homology domain (Fig. 1). The α subunit likely formed through
gene duplication of an early β subunit, which subsequently lost the ability to bind heme but
retained an N-terminal pseudo H-NOX domain. The active site is at the interface of the α and β
cyclase homology domains, making sGC an obligate heterodimer.
sGC catalyzes the conversion of GTP to cGMP, which stimulates protein kinase G (PKG)
and initiates downstream signaling pathways. While basal sGC activity is low, binding of NO to
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the sGC heme stimulates catalysis up to 200-fold. α1/β1 sGC function is found in most animals
and is highly conserved among vertebrates and insects. Recombinant full-length sGC is
challenging to produce in sufficient quantity for many biochemical analyses, suffering from
insufficient heme loading and overall instability during isolation. We have focused on the
protein from Manduca sexta, the hawkmoth, as a model α1/β1 sGC. Hawkmoths use sGC for
antennae development and odor detection.7 We developed C-terminal truncated versions of Ms
sGC that lack both catalytic domains but retain the heme domain and respond to stimulator
compounds, collectively referred to as Ms sGC-NT proteins. We produce Ms sGC-NT proteins
in large quantity with fully loaded heme, allowing us to develop a model for domain
arrangement, demonstrate linked-equilibria binding between stimulator compounds and NO/CO,
and localize stimulator compound binding to a site involving the β1 H-NOX domain.8-14
Here, we focus on the role of a two-stranded α-helical coiled coil in sGC signal
transduction, using several Ms sGC-NT proteins. Coiled-coil domains are common in biology
and models were predicted as far back as 1952.15,16 Pioneering studies on the GCN417,18 and
Fos/Jun19 leucine zippers provided the first detailed insight into structure and stability of twostranded parallel coiled coils and confirmed an arrangement in which two right-handed α-helices
wrap around one another in a left-handed super-helical arrangement. The hallmark of a
canonical coiled-coil is a pattern of 7-residue repeating units (abcdefg) that guide assembly of
amphipathic α-helices such that hydrophobic side chains are placed in the coiled-coil interior
with a “knob-into-hole” packing arrangement, and hydrophilic side chains on the coiled-coil
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exterior provide electrostatic stabilization. The contribution of a particular interior side-chain to
overall coiled-coil stability depends not only on its hydrophobic character, but also on its ability
to pack efficiently within the coiled-coil interface.20-22 The most stable two-stranded parallel
coiled coils have positions d occupied by leucine residues and positions a occupied by a βbranched hydrophobic residue (Ile or Val). Glu and Lys or Arg residues at positions e and g can
add additional stability through salt bridge formation and by shielding the hydrophobic core from
solvent. Oppositely charged strands can also stabilize the coiled coil as can salt bridges between
positions g on one strand and ei+5 on the opposite strand.
sGC was predicted to have a parallel heterodimeric two-stranded coiled coil based on
detection of an appropriate heptad repeat in both α1 and β1 subunits.23 A subsequent crystal
structure of the β1 coiled-coil strand confirmed the predicted heptad repeat but yielded an
antiparallel homodimeric coiled coil; however, the authors of that study argued that the
heterodimeric protein would be parallel, based on electrostatic considerations.24 This
interpretation was subsequently confirmed through analysis of chemical cross-links in sGC that
were only consistent with a parallel helical arrangement,11 and through single-particle electron
microscopy.25 The arrangement is also found in adenyl cyclase, which is evolutionarily related
to guanylyl cyclase and retains a short coiled coil attached to the cyclase domain through a helixturn-helix motif, as anticipated to occur in sGC.26,27 The sGC coiled coil is a central domain
connecting the NO-sensing half of the sGC heterodimer to the catalytic domains. It also serves
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as a noncovalent dimerization element for heterodimer assembly and may function as a signaling
helix.11,23,24
Several lines of evidence suggest a role for the sGC coiled coil in signal transduction.
We previously demonstrated that decreasing the sGC coiled-coil length both enhances CO
binding affinity and increases the rate of proximal histidine release from heme upon NO binding,
which takes place during sGC activation.9,11 Hydrogen/deuterium exchange measurements
indicate NO binding leads to altered exchange rates in the coiled coil.28 Here, using Ms sGCNT, we demonstrate that the sGC coiled coil has conserved imperfections that allow for
functionally important changes in conformation while also providing stability for the
heterodimeric protein.
RESULTS
sGC coiled-coil sequences are highly conserved
Alignment of the coiled-coil regions of 25 sGC sequences ranging from insects to
mammals is shown in Figure S1. The alignment reveals the coiled-coil domain as the most
conserved domain of the protein with the helix of the α1 chain being 46% identical (70% similar)
across the 25 species, and the helix of the β1 chain being 70% identical (85% similar). For
comparison, the α1 and β1 catalytic domains are 41% and 55% identical, respectively, for these
sequences (57% and 70% similar), while the β1 H-NOX domain is 46% identical (64% similar).
Additionally, both helices of the coiled-coil domain are flanked on their N- and C-terminal ends
with fully-conserved proline residues, which break the helical pattern and precisely determine
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boundaries of the domain. Thus, the conserved sequence of the coiled-coil domain is confined
within a fragment with exact length, since both helices are precisely 54 amino acids long. In
general, conservation of the size of a protein domain is higher for coiled-coil domains than for
non-coiled-coil fragments (e.g. helices) and is independent of amino acid sequence variation.29,30
These data lead to the hypothesis that the conserved length of the coiled-coil domain in sGC is a
key factor in signal transduction and directly linked to sGC function.

Modeling the coiled-coil structure
Further sequence analysis indicates a number of highly-conserved imperfections in the
sGC coiled-coil domain. In the sGC heptad repeating pattern, only 5 of 8 a position pairs, and 3
of 7 d position pairs, are occupied by hydrophobic residues (Fig. 2, S1). Surprisingly, several of
these positions, which would normally be buried in the hydrophobic core of the coiled-coil, are
occupied by charged amino acids. For example, residue β1 353 of Ms sGC occupies an a
position but is either an aspartate or glutamate in all 25 sequences. Across from this residue in
position a of the α1 subunit is an invariant glutamine (Fig. S1, 2). Likewise, residues Glu 447 of
the α1 subunit and Glu 377 of the β1 subunit in Ms sGC occupy matching d positions (Fig. 2)
and are invariant (Fig. S1), as are matching glutamines at d positions α1 419 and β1 349.
In addition to hydrophobic packing, coiled-coil domains can be electrostatically
stabilized by having oppositely charged strands and through salt bridge formation between
position g of one helix and position ei+5 of the other helix (Fig. 2). In sGC, the coiled-coil β
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strand is acidic (pI ~ 4.7) while the coiled-coil α strand is basic (pI ~ 8.9), indicating overall
charge may contribute to heterodimer assembly. However, only one or two of a possible 14 g-toei+5 salt bridges occur in any of the 25 sequences, another indication of a relatively weak coiledcoil domain. Interestingly, all of the predicted salt bridges are from position g of the β1 subunit
to position ei+5 of the α1 subunit (blue bars, Fig. 2), positioning them on the same face of the
coiled-coil. None lie on the opposite face (α1 g to β1 ei+5).
To help visualize the above interactions, we built a three-dimensional model for the Ms
sGC coiled coil based on the crystal structures of the sGC β1 homodimeric antiparallel coiled
coil (PDB entry 3HLS),24 and the homodimeric parallel coiled-coil fragment of G proteincoupled receptor kinase-interacting protein GIT1 (PDB entry 2W6A), which, at 56 residues, is of
similar length to the sGC coiled coil.31 Figure 3 illustrates the location and shielding predicted
for the salt bridge in the Ms sGC coiled-coil as well as the positions for stabilizing interface
residues at positions a and d.
We assessed the stability of our sGC coiled-coil model using the COILCHECK+
webserver,30 which estimates the strength of binding between the helices of a two-stranded
coiled-coil and highlights stabilizing and destabilizing residues. COILCHECK+ estimates our
Ms sGC coiled-coil model to have a stabilizing pseudoenergy of -1.6 kJ/mole/residue, which is
on the low end for known coiled-coils but similar to that for crystal structures of the rat sGC β1
homodimeric antiparallel coiled-coil (-1.6 kJ/mole/residue) and GIT1 (-2.1 kJ/mole/residue). In
contrast, the very stable coiled coil of protein kinase G (PDB entry 4R4M), with melting
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temperature Tm = 87°C,32 is calculated to have a stabilizing pseudoenergy of -3.9
kJ/mole/residue. The analysis of the Ms sGC coiled coil also highlights the destabilizing effects
of contacting d position residues α1 Glu 447 and β1 Glu 377, and α1 Asp 412 and β1 Asp 342
(Fig. 2).

Binding of CO to constructs with stabilizing coiled-coil mutations
We previously showed that both CO binding affinity and the rate of NO-induced
proximal histidine release from heme in Ms sGC-NT are sensitive to coiled-coil length as well as
the presence of the α1 pseudo H-NOX domain and the overall α1 chain.9,11 These data indicate
that domains in the α1 chain both reduce affinity for CO (and presumably NO) to the β1 heme,
and slow proximal histidine release upon NO binding. In contrast, YC-1 and related stimulatory
compounds increase CO/NO affinity and cause a geminate rebinding phase to occur in flash
photolysis experiments, but have no effect on proximal histidine release rates.13,14
To further examine the role of the coiled coil on the β1 H-NOX heme, we introduced
potentially stabilizing mutations. We began with an Ms sGC-NT construct containing the entire
coiled coil but missing the α1 pseudo H-NOX domain (residues 49-271), which we refer to as
Ms sGC-NT(∆αH). We introduced a double mutation predicted to stabilize the coiled coil,
changing d position residues α1 Glu 447 and β1 Glu 377 to leucines (Ms sGC-NT(∆αH)
αE447L/βE377L). This double mutation reduced CO affinity 2-fold while the single mutation
αE447L had no effect (Table I). Introducing the αE447L/βE377L double mutation into Ms
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sGC-NT, with intact α1 H-NOX domain, had an even greater effect, yielding KdCO = 160 µM,
~5-fold weaker binding than for Ms sGC-NT (Fig. S3, Table I). This suggests the inhibitory
effects on CO binding are additive, with both a stable coiled coil and the α1 pseudo H-NOX
each inhibiting independently.

Disulfide-linked coiled coil
The linkage between coiled-coil length, CO affinity and proximal histidine release rate
suggest that sGC signal transduction involves a change in coiled-coil conformation. Coiled-coil
helices are increasingly implicated in signal transduction and for this reason are sometimes
referred to as signaling helices.23 Examples include the bacterial two-component sensor histidine
kinase YF1, which undergoes a change in coiled-coil helix cross-over angle upon activation,33
transcriptional regulator DhaR, which undergoes a rotation of coiled-coil helices during
activation34 and both Nek2 kinase and phytochrome-regulated diguanylyl cyclase, which have
been suggested to undergo a shift in coiled-coil register during signal transduction.35,36
To examine whether a similar mechanism might be employed in sGC, we introduced a
series of cysteines into the sGC coiled coil for which modeling suggested disulfide bond
formation would be possible. We focused on d and e position residues α1 Leu 454, α1 Leu 455,
β1 Leu 384 and β1 Leu 385 (Fig. 3). In our model, substitution of d position α1 Leu 454 and β1
Leu 384 with cysteines having idealized “plus” rotamer angles (χ1 = 55°)37 led to sulfur atoms in
van der Waals contact (2.8 Å) and Cβ-Cβ and Cα-Cα distances of 4.2 Å and 6.2 Å, respectively.

This article is protected by copyright. All rights reserved.

Substitutions α1 L454C/β1 L385C (d/e) and α1 L455C/β1 L384C (e/d), using “minus” rotamer
angles (χ1 = -65°), also led to models with sulfur atoms in contact (S-S = 4.2 and 3.9 Å).
Substitution α1 L455C/β1 L385C (e/e) led to an S-S distance of 9.5 Å (χ1 = -65°) and poor
geometry for disulfide bond formation; however, a small change in coiled-coil packing (for
example, a less tightly wound coiled-coil) would bring the residues closer together. The four
combinations were produced in Ms sGC-NT, each with an α1 C-terminal Strep purification tag:
αL454C/βL384C, αL454C/βL385C, αL455C/βL384C and αL455C/βL385C. All four proteins
purified as an apparent mixture of disulfide-linked and unlinked heterodimer based on analysis
by nonreducing, denaturing SDS PAGE (Fig. S4) and A433/A280 ratio of ~1.6, providing
additional support for our coiled-coil model.
We selected double mutant Ms sGC-NT αL454C/βL384C, with cysteine residues at d
positions in both subunits, for further characterization. Covalent linkage of the α1/β1
heterodimer was fully abolished in the presence of reductant (Fig. S5), indicating disulfide bond
formation between subunits is readily reversed. Addition of an oxidant targeted to thiols
unfortunately led to the formation of higher-order oligomers in a concentration-dependent
manner (Fig. S5). Attempts to optimize oxidative conditions were complicated by the multitude
of cysteine residues scattered throughout both subunits (19 total) and the limitations of selecting
an oxidant that would react with thiols but not heme iron. Nonetheless, the covalent linkage
between subunits in the purified material allowed us to assess the effect of disulfide bond
formation.
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We examined the disulfide-linked protein with respect to CO binding and response to
stimulator compound BAY 41-2272, which tightens CO binding through a linked equilibria.9
The Ms sGC-NT αL454C/βL384C double mutant displayed 2-fold weaker affinity for CO than
did wild type Ms sGC-NT (Table I, Fig. 4). Addition of stimulator compound enhanced CO
binding to the Cys-mutant by only 18-fold, compared to 65-fold for the wild-type protein.
Incubation of the double mutant with reductant, which reduces the disulfide bond, restored CO
binding to wild-type levels in both the presence and absence of stimulator. Thus, disulfide bond
crosslinking of the coiled coil appears to stabilize a low affinity state in the β1 H-NOX domain.
Affinity for both CO and stimulator are reduced in the disulfide-linked protein, as expected for
the linked equilibria of the two compounds, with the greatest loss in CO affinity for the disulfidelinked protein observed in the presence of stimulator (~11-fold weaker). Since the double
mutant was most likely in a mixed population of covalently-linked and unlinked subunits, the
overall change in CO affinity for the disulfide-linked protein may be greater still.

Effect of temperature and CO binding on stability of the coiled coil
To assess whether enhanced coiled-coil stability leads to increased overall stability, we
used circular dichroism (CD) to monitor thermal denaturation of Ms sGC-NT. α-helices display
CD spectra with characteristic minima of ellipticity (θ) near 222 nm and 210 nm. On heating Ms
sGC-NT(∆αH), nearly complete loss of α-helical content and overall ellipticity was observed
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upon reaching 60°C (Fig. S6). Constructs retaining the α1 pseudo H-NOX domain (Ms sGCNT) displayed very noisy CD spectra on thermal denaturation and were not further considered.
Fitting of the change in ellipticity at 222 nm as a function of temperature to a sigmoidal
function (the melting curve) yielded a single melting transition and an apparent melting
temperature (Tm) (Fig. 5). The apparent Tm value for Ms sGC-NT(∆αH) was 51°C. Replacing
the two d position glutamates in double mutant Ms sGC-NT(∆αH) αE447L/βE377L led to
increased stability and an apparent Tm = 54°C, 3°C higher than the wild-type protein, further
supporting our model for the coiled coil and the importance of the coiled coil for stability.
Since increased coiled-coil stability reduces CO affinity, we reasoned that CO binding
might reduce coiled-coil stability, through linked equilibria. Addition of CO led to a 3°C change
in apparent Tm in Ms sGC-NT, and a 4°C decrease in apparent Tm in the double mutant (Fig. 5).
Addition of stimulator compound YC-1 (50 µM) decreased stability by an additional degree.
Thus, there is a clear linkage in Ms sGC-NT such that enhanced coiled-coil stability diminishes
CO binding (Table I), and CO binding diminishes overall stability (Fig. 5).

DISCUSSION
How NO, CO and effector compounds stimulate sGC catalytic activity remains unknown.
For activation, binding of stimulatory compounds to the N-terminal β1 H-NOX domain must
lead to optimal alignment of the two C-terminal catalytic domains, which together form the
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active site.38,39 Possible mechanisms for this range from large-scale conformational changes that
release inhibitory domain contacts to subtle through-protein adjustments that permit optimal
cyclase domain alignment.5 Here, using a truncated form of sGC lacking cyclase domains, we
show that the central coiled-coil helix regulates heme affinity for CO and appears to undergo a
change in conformation upon CO binding that can be blocked by disulfide bond formation.
Stabilizing the coiled-coil through either introducing a disulfide bond or improving the coiledcoil interface both increases overall protein stability and decreases CO-affinity. Addition of CO
and YC-1 have the reverse effect and lower Ms sGC-NT stability. Destabilizing the coiled-coil
through truncation leads to higher CO affinity and increased rate of proximal histidine release on
binding NO.11 Additionally, the coiled-coil region displays substantial changes in hydrogendeuterium exchange rate upon NO binding.28
Taken together, these data suggest the sGC coiled coil acts as a signaling helix that serves
to transmit signals between the heme and cyclase domains. Importantly, modeling of the coiledcoil structure along with sequence analyses (Fig. 2, 3, S1) indicate an inherent instability in the
coiled-coil is an invariant feature of all sGC proteins, including those from insects, fish and
higher animals. Optimal coiled-coils have branched amino acids (isoleucine or valine) at
positions a in the heptad repeat, and leucines at positions d. However, despite the prevalence of
hydrophobic residues, approximately 20% of the a and d positions of heptad repeats in all coiled
coils are occupied by polar or charged residues,40 which can destabilize the coiled coil.21,41 In
sGC, only 8 of 15 a-a’ and d-d’ pairs are optimal for coiled-coil stability and two d positions
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have invariant apposing charged residues, aspartates in one case and glutamates in the other.
These defects appear to be conserved to allow for conformational dynamics during signal
transduction. Double mutation Ms sGC-NT(∆αH) αE447L/βE377L, which replaces apposing d
position glutamates with leucine, increased overall protein stability (Fig. 5) while simultaneously
reducing CO affinity for heme (Table I).
The overall magnitude of the conformational changes required for signal transduction in
sGC are unclear, with data favoring both large and small transitions having been reported.
Models based on Ms sGC-NT11 and constructs containing fluorescent probes42 suggest only
small changes take place on binding NO or stimulator compounds. Single-particle electron
microscopy of negatively stained full-length sGC, however, revealed a very high degree of
flexibility in sGC, suggesting large changes in conformation may accompany signal
transduction.25 Regardless, our data favor a model in which communication between catalytic
site and the regulatory heme domain pass through the coiled-coil domain, which must undergo a
change in packing during signal transduction. An attractive model in this regard is one in which,
in the absence of a stimulatory signal, the coiled coil holds the cyclase domains in a misaligned
orientation (Fig. 6). Such an orientation is easily imagined since cyclase domains alone, with the
N-terminal portions of the protein removed, display very low activity and have crystal structures
with misaligned active sites.38,39,43,44 In this model, a change in coiled-coil conformation,
possibly with disruption of coiled-coil packing, would serve to support optimal catalytic domain
alignment and high levels of catalysis. Such a model would also accommodate additional
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regulatory mechanisms. For example, drug binding to the β1 H-NOX domain or covalent
modification through phosphorylation or S-nitrosation could easily shift the coiled-coil
conformation toward a stimulatory or inhibitory arrangement.

MATERIALS AND METHODS
Materials
All chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless otherwise
indicated. Talon SuperFlow resin was acquired from Clontech Laboratories. Strep-Tactin
sepharose resin was obtained from IBA Lifesciences (Gӧttingen, Germany). Quikchange
Lightning Site Directed Mutagenesis kits were purchased from Agilent Technologies (Santa
Clara, CA). YC-1 and BAY 41-2272 were purchased from Cayman Chemical (Ann Arbor, MI).

Generation of expression plasmids
Plasmids coding for Ms sGC constructs (Uniprot IDs O77105 and O77106) were
generated as previously described.8 Plasmids for the tagless constructs were prepared with a
pETDuet-1 vector in which the sequence of the N-terminal His6 purification tag at multiple
cloning site 1 was appended with a sequence encoding a Twin-Strep-tag and a TEV cleavage
site. These constructs express protein with a 55-amino-acid-long tag
(MGSSHHHHHHGSSAWSHPQFEKGGGSGGGSGGSAWSHPQFEKGAENLYFQSGQDP) at
the N-terminus of the α subunit before subsequent removal through digestion with TEV
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protease, resulting in tagless constructs with a short N-terminal addition (SGQDP) to the α
subunit. Truncations and mutations of the coiled-coil domain were carried out with the
Quikchange Lightning Site Directed Mutagenesis kit. Primers used in mutagenesis reactions are
listed in Table SI.

Expression and purification of sGC constructs
All Ms sGC constructs, except the tagless constructs, were expressed in E. coli with a
His6 purification tag attached to the N-terminal end of the α chain and purified as previously
described.8 All tagless constructs and their mutated forms were expressed in Rosetta cells.
Bacterial pellets were resuspended in lysis buffer (50 mM sodium phosphate pH 7.4, 300 mM
sodium chloride, 1 mM PMSF, 0.25 mg/ml lysozyme) and lysed with an EmulsiFlex-C3
(AVESTIN, Inc., Ottawa, Canada). Lysates were centrifuged and supernatants loaded onto a
Talon column and eluted with 30 mM EDTA in 50 mM sodium phosphate buffer, 300 mM
sodium chloride, pH 7.4, and loaded directly into a Strep-Tactin column. The column was
washed with the same buffer minus EDTA and the protein was eluted with 2.5 mM
desthiobiotin. The fractions containing protein were supplemented with TEV protease (1:100
molar ratio), equilibrated under Ar at 4°C overnight (to prevent heme oxidation) and run through
a 1 ml Ni-NTA column. The flow-through was concentrated and buffer exchanged with 50 mM
Sodium phosphate pH 7.4, 100 mM NaCl, 5% glycerol, 1 mM EDTA, 1 mM TCEP, using an
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Amicon Ultra 15 with 30 kDa molecular weight cut-off. Final samples at 2 – 10 mg/ml
concentration and >95% pure based on SDS-PAGE were flash frozen in liquid N2 and stored at
-80°C.
All proteins appeared as homogenous heterodimers as assessed by analytical size
exclusion chromatography (Fig. S2) and were fully heme loaded as indicated by the ratio of
heme Soret absorbance to protein absorbance (A432/A280 ~1.9 for proteins lacking the α1 H-NOX
domain and ~1.6 for proteins with intact α1 H-NOX).11

Determination of CO dissociation constants
Most CO binding experiments were carried out by injecting CO saturated buffer into a 10
cm pathlength cuvette containing 80 nM protein in buffer (50 mM sodium phosphate pH 7.4, 100
mM NaCl, 5% glycerol, 1 mM EDTA) at room temperature. Binding to a few proteins
exhibiting lower CO affinity was measured in a 1 cm cuvette with 1 µM protein. A Soret band
shift from 433 nm (unliganded ferrous sGC) to 424 nm (CO-complex) was monitored using a
Cary 50 spectrophotometer. SigmaPlot (Systat Software, Inc.) was used to smooth spectra of
each titration and plot Soret shift against CO concentration, from which the KdCO binding
constant was calculated using a single-site saturation protocol, using either SigmaPlot or
GraphPad Prism 8 (GraphPad Software, LLC, La Jolla, CA). For CO binding in the presence of
sGC activators, 10 μM BAY 41-2272 or 50 μM YC-1 were used. For CO binding under
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reducing conditions to proteins with introduced disulfide bonds, samples were incubated with 10
mM DTT prior to CO measurements.
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Circular Dichroism
CD spectra and thermal denaturation curves were recorded on an OLIS DSM-20 CD
spectrophotometer using 0.5 mm optical path Hellma Cylindrical cuvette with 3 μM protein
concentration in 50 mM sodium phosphate, pH 7.4, 100 mM NaCl, 5% glycerol, 1 mM EDTA.
Samples of CO and CO/YC-1 complexes were prepared by adding protein to the final
concentration of 3 μM to the same buffer saturated with CO or supplemented with 50 μM YC-1
and saturated with CO. Wavelength scans from 250 to 200 nm with integration time of 10 sec
per 1 nm step were obtained at 25°C. The spectra were corrected for buffer baseline signal and
averaged over 10 scans. Thermal denaturation curves were measured by monitoring the change
in the ellipticity at 222 nm from 26 to 66°C in 2°C steps. After equilibration for 1.5 min at each
temperature point, 6 readings of ellipticity with 5 sec integration time were recorded, averaged
and corrected for buffer baseline. The melting curves of three independent measurements were
normalized and fitted with a 4-parameter sigmoidal function using SigmaPlot, and the transition
(melting) temperatures (Tm) calculated.

Modeling
The Ms sGC coiled-coil sequence was modeled onto the crystal structure of the
homodimeric parallel coiled-coil fragment of G protein-coupled receptor kinase-interacting
protein GIT1, PDB entry 2W6A,31 with reference to the rat sGC β1 subunit homodimeric coiled
coil, which crystallized in an antiparallel orientation (PDB entry 3HLS).24 Manual rebuilding
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was accomplished with COOT45 and energy minimization with REFMAC.46 Model figures were
prepared using the PyMOL Molecular Graphics System, version 1.8.6.0, Schrӧdinger, LLC.

Supporting Information
Table SI and Figures S1-S6 are included in supporting information.
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Table I. CO dissociation constants for selected Ms sGC constructsa
Ms sGC construct
α1 residues
β1 residues KdCO (µM)
272-459
1-389
13 ± 1
NT(∆αH)
272-459
1-389
14 ± 1
NT(∆αH) αE447L
272-459
1-389
30 ± 2
NT(∆αH) αE447L/βE377L
NT
NT αE447L/βE377L

49-459
49-459

1-389
1-389

35 ± 3
160 ± 20

Additive
–
–
–
–
–

NT
49-459-Strep
1-389
26 ± 6
–
49-459-Strep
1-389
56 ± 4
–
NT αL454C/βL384C
49-459-Strep
1-389
26 ± 2
DTT
NT αL454C/βL384C
NT
49-459-Strep
1-389
0.4 ± 0.1
BAY
NT
49-459-Strep
1-389
0.3 ± 0.1
DTT, BAY
49-459-Strep
1-389
3.2 ± 1.8
BAY
NT αL454C/βL384C
49-459-Strep
1-389
0.3 ± 0.2
DTT, BAY
NT αL454C/βL384C
a
Values listed are the average and standard deviations of two (proteins with Strep tag) or three
independent measurements. Samples were supplemented with 10 mM DTT and/or 10 µM BAY
41-2272 where indicated. All proteins have an N-terminal His6 purification tag on the α chain; a
C-terminal Strep purification tag is additionally included where indicated.
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Figure Legends
Figure 1. Domain arrangement of the sGC α1β1 heterodimer. H-NOX homology domains
are shown in red, PAS domains in yellow, coiled-coil domain in green, and the catalytic domains
in purple. Heme is represented by a pink rhombus. Only the β1 H-NOX domain contains heme;
the corresponding α1 domain retains sequence homology to the H-NOX family but has lost
heme binding capability and is therefore referred to as a pseudo H-NOX domain. The first ~57
residues of the α1 H-NOX domain (Manduca numbering) are predicted to be intrinsically
disordered, indicated by a line in the figure. Domain arrangements for Ms sGC-NT and Ms sGCNT(∆αH) are also indicated. The α1 pseudo H-NOX domain is predicted to span residues 58247. The coiled-coil domain spans α1 residues 406-459 and β1 residues 336-389.

Figure 2. Selected interactions in the coiled-coil domains of Human and Manduca sGC.
Residues in a and d positions are shown in bold. Expected hydrophobic interactions between
positions a-a’ and d-d’ of the apposing helices in the coiled coil are shown as vertical black
dashed lines; potential salt-bridges between residues at g positions of the β chain and ei+5
positions of the α chain are represented by diagonal blue bars; destabilizing electrostatic
interactions between charged amino acids at positions d are shown as red arrows.
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Figure 3. Model for the Manduca coiled-coil domain. Shown is a cartoon representation for
the α1 (green) and β1 (cyan) helices. Residues with conserved a and d residues predicted to
have favorable interactions are shown in stick representation, as is a predicted salt bridge
between residues α1 Arg 448 and β1 Glu 373. Also indicated are d position residues α1 Leu 454
and β1 Leu 384, which were mutated to cysteine residues for disulfide bridge formation.
Residues α1 Glu 447 and β1 Glu 377, which were mutated to leucine residues, are not shown but
lie two helical turns to the left of the cysteine mutations.

Figure 4. Representative CO binding saturation curves for selected Ms sGC-NT
constructs. Shown are saturation binding curves for Ms sGC-NT (WT, red squares), Ms sGCNT plus 10 mM DTT (WT + DTT, blue triangles), Ms sGC-NT αL454C/βL384C (DM, black
circles) and Ms sGC-NT αL454C/βL384C plus 10 mM DTT (DM + DTT, orange diamonds).
Measurements were made with ~80 nM protein in a 10 cm pathlength cuvette in the presence of
10 µM BAY 41-2272. The data were normalized for comparison by dividing each point by the
calculated maximal ∆A obtained from the individual fitting of each titration.

Figure 5. Representative melting curves from CD measurements. Apparent Tm values were
determined for tagless sGC constructs, their CO complexes (1 mM CO) and their CO complexes
in the presence of YC-1 (50 µM). Ellipticity at 222 nm was monitored as a function of
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temperature for proteins Ms sGC-NT(∆α) and Ms sGC-NT(∆α) αE447L/βE377L. Constructs
containing the α1 H-NOX domain yielded more complicated melting spectra and were too noisy
for accurate Tm calculations.

Figure 6. Schematic for signal transduction through the coiled-coil domain. Stabilizing the
coiled coil in Ms sGC-NT leads to lower CO affinity and higher melting temperature, while CO
binding leads to a lower melting temperature. Depicted is a model where the coiled coil acts as a
signaling helix, undergoing a change in conformation upon CO or NO binding to the β H-NOX
domain and inducing active site alignment, enhanced GTP binding and increased catalysis.
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