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ABSTRACT: Modulation of soluble guanylate cyclase (sGC) activity by nitric oxide (NO) involves two distinct
steps. Low-level activation of sGC is achieved by the stoichiometric binding of NO (1-NO) to the heme
cofactor, while much higher activation is achieved by the binding of additional NO (xsNO) at a non-heme
site. Addition of the allosteric activator YC-1 to the 1-NO form leads to activity comparable to that of the
xsNO state. In this study, themechanisms of sGC activation were investigated using electronic absorption and
resonance Raman (RR) spectroscopic methods. RR spectroscopy confirmed that the 1-NO form contains
five-coordinate NO-heme and showed that the addition of NO to the 1-NO form has no significant effect on
the spectrum. In contrast, addition of YC-1 to either the 1-NO or xsNO forms alters the RR spectrum
significantly, indicating a protein-induced change in the heme geometry. This change in the heme geometry
was also observed when BAY 41-2272 was added to the xsNO form. Bands assigned to bending and stretching
motions of the vinyl and propionate substituents undergo changes in intensity in a pattern suggesting altered
tilting of the pyrrole rings to which they are attached. In addition, the N-O stretching frequency increases,
with no change in the Fe-NO stretching frequency, an effect modeled via DFT calculations as resulting from
a small opening of the Fe-N-O angle. These spectral differences demonstrate different mechanisms of
activation by synthetic activators, such as YC-1 and BAY 41-2272, and excess NO.

The gaseous signaling molecule nitric oxide (NO)1 powerfully
modulates a large range of physiological responses (1-3). In
eukaryotes, NO signaling is transduced by the hemoprotein
soluble guanylate cyclase (sGC) (4) which generates the second
messenger cyclic GMP (cGMP) at a rate that is strongly
upregulated by NO. cGMP in turn regulates a host of other
enzymes, including phosphodiesterases, cGMP-gated ion chan-
nels, and cGMP-regulated protein kinases (4, 5).

sGC is a heterodimer consisting of two homologous subunits,
R1 and β1. The β1 subunit contains the heme cofactor present
within a Heme-Nitric oxide/OXygen binding (H-NOX) do-
main (6). This domain has been localized to the∼200 N-terminal
residues of the β1 subunit and is a conserved heme-binding
domain found in prokaryotes and eukaryotes (7). NO has long

been known to bind the heme prosthetic group of sGC, forming a
transient 6-c adduct, which then dissociates the proximal histi-
dine ligand, leaving 5-cNO-heme (8, 9). Formation of the 5-cNO
complex has been shown to coincide with increased enzyme
activity, suggesting that the histidine dissociation is an integral
step in sGC regulation by NO (9-11). However, it has recently
been shown that the Fe-NO adduct formed in the presence of
stoichiometric NO (1-NO) is activated only modestly from the
basal enzyme rate, while the Fe-NO adduct formed in the
presence of excess NO (xsNO) exhibits high activity (12, 13).
Experiments conducted with methyl methanethiosulfonate
(MMTS) suggest that this second NO binding event involves
one or more cysteine residues (14). Additionally, the high-
activity state is transient and persists under anaerobic condi-
tions, suggesting that the activating species is not a nitro-
sothiol, but possibly a direct adduct of NO with thiol (14).

The low-activity 1-NO adduct can be further activated by the
allosteric activator YC-1 3-(50-hydroxymethyl-30-furyl)-1-benzyl-
indazole (13, 15). YC-1 was discovered in a pharmaceutical
screen searching for molecules that would increase cGMP levels
in cellular lysate (16). Following characterization of YC-1 activa-
tion of sGC, BAY 41-2272 {5-cyclopropyl-2-[1-(2-fluorobenzyl)-
1H-pyrazolo[3,4-b]pyridin-3-yl]pyrimidin-4-ylamine} was syn-
thesized in an effort to improve the solubility and efficacy of
YC-1 (17). Both compounds weakly activate unligated sGC and
synergistically activate the CO- and NO-bound forms of the
enzyme (4, 18). Additionally, YC-1 and BAY 41-2272 lead to
similar changes in theEPR spectraof the sGC-NOcomplex (19),
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indicating that they induce a similar structural change in the
protein and likely bind to the same site. While the exact binding
site of these molecules is unknown, there is evidence that they
bind to the N-terminus of the R1 subunit (20). To date, no
endogenously produced sGC activators have been found; how-
ever, it remains an intriguing possibility that there may be
endogenous small molecules that mediate CO as well as NO
signaling.

In this work, electronic absorption and resonance Raman
(RR) spectroscopic methods have been used to detect changes in
the heme environmentwhen the activators are added to sGC.The
spectra establish that the proximalHis liganddissociates from the
heme in the 1-NO adduct and that the addition of excess NO to
the 1-NO adduct has no further effect on the heme structure. This
observation indicates that the molecular events that increase
cGMP synthesis in response to excess NO do not directly involve
the heme. In contrast, YC-1 does cause changes in the heme
environment of both the 1-NO and xsNO adducts.While the NO
complex remains 5-c, intensity changes of RR bands asso-
ciated with the heme vinyl and propionate substituents,
together with a shift in a porphyrin vibrational frequency,
suggest alterations in the heme out-of-plane distortion. In
addition, the N-O stretching frequency shifts in a direction
that suggests the Fe-N-O angle opens upon YC-1 binding.
These effects point to protein-induced heme alteration asso-
ciated with YC-1 binding, and its mechanism of activation is
clearly different from that of xsNO. Thus, sGC has alternative
routes for achieving high activity levels.

EXPERIMENTAL PROCEDURES

Protein Expression, Purification, and Activity Assays.
Rat sGC R1β1 was purified as described previously (21). Rat
β1(1-194) and β1(1-385) were purified according to a pre-
viously published protocol (22). The β1(1-194) mutants
Pro118Ala (P118A) and Ile145Tyr (I145Y) were generated and
purified by a method that will be described elsewhere. Addition-
ally, β1(1-194) P118A was purified without heme and recon-
stituted according to a method that will be described elsewhere.

The 1-NO and xsNO sGC forms were assayed in the presence
and absence ofYC-1 (CaymanChemical) at a final concentration
of 150 μM. The 1-NO form was made via addition of 50 μM
DEA/NO to the protein and then removal of excess NO by three
cycles of dilution and concentration using a 10K Ultrafree-0.5
centrifugal filter device (Millipore) into 50 mMHEPES (pH 7.4),
containing 50 mM NaCl, and 1 mM DTT (19). Electronic
absorption spectra of the samples were collected before each
assay. Duplicate end point assays were then initiated by addition
of 3 mM MgCl2 and 1.5 mM GTP at 25 �C. Samples were
quenched after 3 min by the addition of 400 μL of 125 mM
Zn(CH3CO2)2 and 500 μL of 125 mM Na2CO3. cGMP was
quantified using a cGMP enzyme immunoassay kit, Format B
(Biomol), per the manufacturer’s instructions. All experiments
were repeated two or three times to ensure reproducibility.
Resonance Raman and Electronic Absorption Spectro-

scopies. The xsNO sGC adduct for resonance Raman and ele-
ctronic absorption studies was prepared via anaerobic addition of
14NO (or 15NO)-saturated buffer [50 mM HEPES (pH 7.4), con-
taining 50mMNaCl, and 1mMDTT] to ligand-free sGCunder an
argon atmosphere. The final NO concentration was∼150 μM. The
1-NOsGCadductwasprepared from the excessNO-bound sample
via three cycles of dilution and concentration with NO-free

buffer using a 10K Ultrafree-0.5 centrifugal filter device
(Millipore). YC-1- or BAY 41-2272-bound samples were pre-
pared via anaerobic addition of stock solutions (in DMSO) of
respective effectors to the NO-bound sample. The final YC-1
concentration was 100-150 μM [∼2% (v/v) DMSO]. The final
concentration of BAY 41-2272 (Sigma) was 15 μM [∼2% (v/v)
DMSO]. The final protein concentration was 4-10 μM.

RR spectra were recorded via backscattering geometry at
room temperature. The excitation wavelength of 400 nm was
obtained by frequency doubling, using a nonlinear lithium
triborate crystal, of a Ti:sapphire laser (Photonics Interna-
tional TU-UV), which was pumped by the second harmonic of
a Q-switched Nd:YLF laser (Photonics Industries Interna-
tional, GM-30-527). The laser power at the sample was kept to
a minimum (<1 mW) by using a cylindrical lens to avoid the
photolysis of bound NO. Scattered light was collected and
focused onto a single spectrograph (SPEX 1269, 3600 grooves/
mm) equipped with a CCD detector (Roper Scientific) operat-
ing at -110 �C. Spectra were calibrated with dimethylforma-
mide and DMSO and analyzed with Grams A/I (Thermo-
Galactic). UV-visible spectra were recorded on the Agilent
8453 UV-visible spectrophotometer (Agilent Technologies)
and processed using Grams A/I.
Density Functional Theory (DFT) Calculations. DFT

calculations on the 5-c Fe(II)NO porphine model complex were
performed usingGaussian 03 (23). The standard 6-31G* basis set
was used for all the atoms except Fe, for which Ahlrichs’ valence
triple-ζ (VTZ) basis set was chosen (24). All calculations were
performed assuming a doublet ground state. The unrestricted
nonhybrid DFT functional, UBLYP, was employed, with an
ultrafine integration grid. The structures with the fixed FeNO
angle at specific values were optimized using tight convergence
criteria and Cs symmetry constraints, which kept the NO ligand
in the plane bisecting the Fe-N(pyrrole) bonds. Vibrational
frequencies were then calculated and taken directly from the
Gaussian program without scaling.

RESULTS

NOAdduct Spectra. Full-length sGC andN-terminal trunc-
ations of the β1 subunit [β1(1-385) and β1(1-194)] were used in
this study (Figure 1). The domain structure of sGC is illustrated
in Figure 1. The β1(1-194) truncation contains the H-NOX
domainwith the heme ligated byHis105 (22).β1(1-385) contains
the H-NOX, PAS, and part of the CC (coiled-coil) domains (25).
β1(1-385) forms a homodimer (26), and β1(1-194) is a mono-
mer (22). Three homologous bacterialH-NOXdomain structures
have been published (7, 27-29), and Figure 2 shows a homology
model for the sGC H-NOX domain based on the Tt H-NOX
structure (7).We examined the effect of residue substitution in the
putative distal heme-binding pocket, I145Y, and in the putative

FIGURE 1: (a) Domain structure of sGC (adapted from ref 4). (b)
Structure of YC-1.
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proximal heme-binding pocket, P118A (Figure 2), on the binding
of NO to β1(1-194).

All wild-type (WT) and β1mutants contained 5-c Fe(II) heme,
as evidenced by Soret absorption bands at ∼430 nm (Figure 3;
only full-length WT sGC spectra are shown), and νFe-His RR
bands at 205-215 cm-1 (not shown). NO binding induced the
breakage of the proximal Fe-His bond, producing 5-c NO-
heme,with∼400 nmSoret absorption bands (Figure 3) and∼520
and ∼1680 cm-1 RR bands (Figures 4 and 5). These RR bands
are associated with Fe-NO and N-O stretching vibrations of
the bound NO and are sensitive to NO isotope substitution [see
14NO - 15NO difference spectra (Figure 4)]. As discussed else-
where (30), the ∼520 cm-1 vibration is actually a mixture of
Fe-N stretching and Fe-N-O bending coordinates, resulting
from the bent Fe-N-Ogeometry. However, this mode responds
to changes in backbonding similar to the Fe-CO stretching
vibrations of corresponding CO adducts (30) and is designated
νFeN for the sake of simplicity.
1-NO and xsNO Adducts. sGC activity associated with NO

bound only at the heme (1-NO) and excess NO (xsNO) is shown

in Table 1. Excess NO can be removed by dialysis, allowing
spectral comparison of the two forms, 1-NO and xsNO. The ele-
ctronic absorption spectra were the same for the 1-NO and xsNO
forms as expected on the basis of previous results (Figure 3) (12, 21).
There is a small fraction of unligated protein present in the 1-NO
sample as indicated by the shoulder at∼430nm (Figure 3), and also
by the 1358 cm-1 ν4 RR band (Figure S1 of the Supporting
Information). TheRR spectra of the 1-NOand xsNOadducts were
essentially identical (Figure 4 and Figure S1 of the Supporting
Information). The νNO band was found at the same frequency,
1680 cm-1, in the 1-NO and xsNO spectra, while the νFeN
frequency was slightly higher, 522 vs 521 cm-1, in the xsNO
spectrum (Figure 4 and Table 2). The porphyrin vibrations were
all at the expected positions for 5-c NO-heme (8, 31), and the
same in both spectra. The close similarity of the 1-NO and xsNO
RR spectra establishes that binding of additional NO produced
no significant structural alteration in the heme.

A subtle difference in the low-temperature EPR spectrum has
been observed between 1-NO and xsNO samples, indicating that
the NO-heme does sense the protein alteration induced by the
additional NO interaction (19). However, this influence is not
sufficient to alter the heme-NO vibrations significantly.
Effects of YC-1 Binding. The effector molecule YC-1

increases the basal activity of sGC ∼4-fold but enhances the
activity of the 1-NO adduct much more, to ∼40-fold above the
basal level (Table 1). In contrast, the effect ofYC-1 on the activity
of the xsNO adduct is small. The effect of YC-1 on the RR
spectrum of the sGC-NO complex has not been thoroughly
examined. Here, we find that the RR spectra of both the 1-NO
and xsNO sGC adducts exhibit the following significant spectral
changes after addition of YC-1 (Figure 4 and Figures S1 of the
Supporting Information).

(1) Inboth cases, the νNOband shifts from∼1680 to∼1687 cm-1;
the νFeN band remains the same (521 cm-1) for the 1-NO adduct
and shifts back to 521 cm-1 for the xsNO adduct (Figure 4 and
Table 2).

(2) The porphyrin ν10 band at ∼1645 cm-1 shifts up 3 cm-1

after addition of YC-1. This mode is sensitive to the heme

FIGURE 2: Homology model of the sGC β1 H-NOX domain [based
on TtH-NOX structure (PDB entry 1U55)].

FIGURE 3: UV-visible spectra of ligand-free (black), NO-bound
(blue), and NO- and YC-1-bound (red) full-lengthWT sGC. Effects
of 1-NO (top) and xsNO (bottom) binding are shown. Absorption at
326 nm is due to YC-1.

FIGURE 4: 400 nm-excited RR spectra of full-length WT sGC con-
taining one NO (1-NO), excess NO (xsNO), and the 14NO - 15NO
difference bands (black), and with added YC-1 (red). Band assign-
ments and frequencies are indicated. Full spectra are given in Figure
S1 of the Supporting Information.
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geometry, and an upshift suggests a reduction in the out-of-plane
distortion of the 5-c heme-NO (32, 33).

(3) YC-1 also induces intensity changes of RR bands asso-
ciatedwith the 2- and 4-vinyl substituents on the heme (see Figure
6 for the labeling scheme), and also with a propionate bending
mode at 369 cm-1 (34). There is a significant increase in the
intensity of the 397 cm-1 band, assigned to bending of the 4-vinyl
group, but intensity loss of the 422 cm-1 band, assigned to
bending of the 2-vinyl group (34). At the same time, bands that
can be assigned to the vinyl CdC stretches, at 1607 and 1633 cm-1

(34), gain and lose intensity, respectively, and the 1607 cm-1 band
shifts up to 1611 cm-1. The parallel with the 397 and 422 cm-1

intensity pattern suggests assignment of the 1607 and 1633 cm-1

pair to the 4- and 2-vinyl groups, respectively. The νCdC

frequencies depend on the orientation of the vinyl groups relative
to the pyrrole rings to which they are attached, in-plane orienta-
tions producing low values (35). The observed frequencies
indicate that the 4-vinyl group lies in the plane of the pyrrole
B ring (Figure 6) and rotates slightly out of the plane upon
addition of YC-1. The 2-vinyl group is positioned out of the
plane of the A ring, in the presence and absence of YC-1.

Increased RR intensity in the 4-vinyl modes implies increased
resonance enhancement, reflecting greater displacement of the
vibrational coordinates in the resonant π-π* excited state. This
could result from the rotation of the 4-vinyl group toward the
porphyrin plane or from a reduction in the degree of pyrrole
tilting out of the porphyrin plane. The former mechanism is

excluded if the 4-vinyl group starts out with an in-plane orienta-
tion, as inferred from the low νCdC frequency. Thus, we propose
that pyrrole tilting is the mechanism of intensity modulation, and
that the vinyl mode intensity pattern reflects pyrrole tilting
toward and away from the porphyrin plane for rings B and A,
respectively, to which the 4- and 2-vinyl groups are attached.
Likewise, intensification of the 369 cm-1 propionate bending
band likely involves tilting of pyrrole ring C and/or D toward the
porphyrin plane. Additionally, the ν10 upshift indicates that the
net out-of-plane displacement is reduced upon addition of YC-1.
A similar RR spectrum was observed when BAY 41-2272 was
added to the xsNO adduct (data not shown).

In summary, the binding of excess NO to sGC perturbs the
hememinimally, but YC-1 binding produces the same significant
structural changes in the heme conformation for both the 1-NO
and xsNO adducts.
β1(1-194) and β1(1-385). RR spectra were also charac-

terized for WT β1(1-194) (Figure 1), and for two mutants,
P118A and I145Y (Figure 2). The P118A mutation was intro-
duced to relieve nonbonded forces thought to be responsible for
heme distortion in the homologous Tt H-NOX domain (36),
while the I145Y mutation was introduced to test the effect of a
potential H-bond donor to heme-bound ligands. The RR spectra
of the NO adducts of the β1(1-194) mutants (Figure 5) were
similar to the RR spectrum of the full-length sGC-Fe(II)-NO
complex, except for slight up- and downshifts of νFeN and νNO,
from 521 to 523 cm-1 and from 1680 to 1675 cm-1, respectively
(Table 2). Neither the P118A nor the I145Y substitution had any
effect on the Fe(II)-NO RR spectra.

A similarRR spectrumwas observed forβ1(1-385) (Figure S2
of the Supporting Information and Table 2) which contains the
PAS domain, and part of the coiled-coil domain, as well as the
H-NOX domain (Figure 1). The minor variations observed were
in νFeN and νNO, which had intermediate values, 522 and 1677
cm-1, respectively, between the values observed for full-length
sGC and β1(1-194).
FeNO Angle Dependence from DFT Computation. To

investigate the origin of the YC-1-induced upshift of νNO, we

FIGURE 5: 400 nm-excited RR spectra of WT β1(1-194) with excess NO (xsNO) and of the P118A and I145Y variants. The 14NO - 15NO
difference bands are shown.

Table 1: Activation of sGC by Heme-Bound NO (1-NO), Additional NO

(xsNO), and YC-1

specific activitya (nmol min-1 mg-1) fold activation

sGC state without YC-1 with YC-1 without YC-1 with YC-1

basal 8.4( 3.6 37( 11 1 4.4

1-NO 46( 2.3 325( 25 5.5 39

xsNO 1227( 375 1679( 536 146 200

aDetermined in duplicate at 25 �C.



4868 Biochemistry, Vol. 49, No. 23, 2010 Ibrahim et al.

used density functional theory (DFT) to analyze the Fe-N-O
angle dependence of the vibrational frequencies. A previous
computation from our laboratory (37) had indicated that open-
ing the Fe-N-O angle from its optimum value would elevate
νNOwith little effect on νFeN.We have revisited this computation,
using a different density function method (BLYP instead of
B3LYP), which was subsequently shown to give improved results
for NO-heme adducts (30). Table 3 lists bond distances, vibra-
tional frequencies, and relative energies for the model complex
(NO)Fe(II)P (P = porphine), when the Fe-N-O angle was
constrained to a range of values around the optimum, 142�.
Figure 7 plots the computed frequencies and energies. Since the
constrained structures are not at potential energy minima, the
computed frequencies are not strictly correct, but the errors are
small. However, DFT-computed frequencies are generally larger
than experimentally observed ones because of systematic errors
and the neglect of anharmonicity and solvent effects. Computed
frequencies can generally be brought into agreement with experi-
mental frequencies by empirical scaling of force constants
associated with specific bond types (38-40). The νFeN and νNO

frequencies computed for the optimum angle, 142.4�, can be
brought into agreement with the values observed for the sGC-
-NO complex using scale factors of 0.997 forN-O stretching and
0.870 for Fe-N stretching. The former value is in the range
generally found with the BLYP functional for bonds between

first-row atoms (40). For metal-ligand bonds, scaling factors
have not been systematically analyzed, although in a Hartree-
Fock study of metal-oxo stretches a scaling factor of 0.86 was
obtained for first row transition metals (41).

The bending potential (Figure 7, inset) is fairly shallow.
Opening or closing the Fe-N-O angle by 10� from the optimum
decreases the energy (ΔE) by only ∼1 kcal/mol. The bond
distances vary monotonically with the Fe-N-O angle
(Table 3). Specifically, as the angle opens up and approaches
180�, the Fe-N and N-O distances both decrease, reflecting the
strengthening of the Fe-N and N-O bonds expected from
Fe-NO backbonding. Consistent with this interpretation, the
computedMulliken charge on the O atom becomes steadily more
negative, while the charge on the Fe becomes steadily more
positive as the angle increases (Table S1 of the Supporting
Information).

The νFeN and νNO frequencies likewise vary in concert for small
angles (Figure 7), but as the angle exceeds the optimum value,
νFeN levels off and begins to decline. The reason for this effect is
that the effective mass of the NO group increases as the angle
increases. At 180�, the effective mass is the full NOmass, while at
90�, it is only the mass of the N atom. This kinematic effect
counters the force constant trend associated with decreasing
Fe-N distance (37).

DISCUSSION

An essential finding of this study is that YC-1 and BAY 41-
2272 significantly impact the heme structure of the sGC-NO
complex, whereas excess NO does not, even though both serve to
upregulate the relatively low activity of the sGC 1-NO adduct.

The effect of YC-1 on structure is evident inRRband intensity
changes associated with the vinyl and propionate peripheral
substituents on the heme. The changes suggest alterations in
the degree of tilting of the pyrrole rings to which these substitu-
ents are attached. In addition, a YC-1-induced upshift of the
conformation-sensitive ν10 band indicates that the net out-of-
plane heme distortion is reduced.

The crystal structure of the Tt H-NOX domain, which is
homologous to the heme-binding domain of sGC, reveals that the
protein contains a highly distorted heme, with >2 Å deviations
of some atoms from the average plane, caused by a combination
of ruffling and saddling distortions (7). The heme is held between
distal and proximal subdomains of the protein. The crystal
structure also revealed rotation of the two subdomains by

Table 2: Iron-Ligand Stretching Frequencies (cm-1) for Various Full-Length and H-NOX Domain sGC-NO Complexes

νFeN (cm-1) νNO (cm-1)

sGC ligation without YC-1 with YC-1 without YC-1 with YC-1 ref

full-length WT xsNO 525 1677 52

xsNO 521 521a 1681 1700a 51

xsNO 522 521 1680 1687 twb

1-NO 521 521 1680 1688 twb

β1(1-194) WT xsNO 526 1677 22

xsNO 523 1675 twb

β1(1-194) P118A xsNO 523 1675 twb

β1(1-194) I145Y xsNO 523 1675 twb

β1(1-385) WT xsNO 526 1676 25, 53

xsNO 522 522 1677 1677 twb

1-NO 522 1677 twb

aIn the presence of GTP and MgCl2 (51).
bThis work.

FIGURE 6: Labeling scheme for iron protoporphyrin IX (heme).
Pyrrole CR and Cβ positions, as well as porphyrin Cm positions, are
labeled green, while vinyl Ca and Cb and propionate Cc and Cd

positions are labeled blue.
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∼11� between the two molecules in the unit cell. Moreover,
replacement with Ala of a single residue, Pro115 (Tt H-NOX
numbering), whose nonbonded contact with pyrrole ring D was
predicted to be important in the distortion, resulted in significant
relaxation of the heme, and displacement of the N-terminal
(distal) subdomain of the protein (36). These results suggest that
the coupling of heme distortion with segmental protein motion
may be integral to the signalingmechanism inTtH-NOXand, by
extension, in sGC.

Tran et al. (42) reported that the heme relaxation in the P115A
variant of TtH-NOX was detectable in solution RR spectra. ν10
shifted to a higher frequency, as expected, and reduced intensity
was observed for a number of bands in the 500-1000 cm-1

region, associated with pyrrole folding and methane C-H out-
of-plane stretching modes. However, we found that mutation of
the homologous proline toAla inβ1(1-194) (Pro118 in the rat β1
numbering system) had no effect on the RR spectrum of the sGC
Fe(II)-NO complex. Likewise, mutation of Ile145 to Tyr, which
introduces a Tyr into the heme distal pocket, was without effect.
An sGC homology model based on TtH-NOX puts β1 Ile145 in
the same position as Tyr140 in Tt H-NOX. In Tt H-NOX,

Tyr140 provides a stabilizing H-bond to the bound O2.
Mutation of Ile145 to Tyr in β1(1-385) enables the protein
to bind O2, suggesting that the tyrosine interacts with the heme
ligand (43). The results here suggest that Tyr145 in β1(1-194) is
not in an optimal position for H-bonding to the bound NO;
however, kinetic studies comparing the interaction of NO, CO,
and O2 with β1(1-194), β1(1-385), and full-length sGC I145Y
mutants will be important for evaluating the H-bonding cap-
abilities of Tyr145 in the different proteins.

Although YC-1 induces a ν10 upshift in the sGC-NO RR
spectrum, like the O2-bound P115A substitution in Tt H-NOX,
the other spectral changes are quite different in the two cases. The
striking vinyl and propionate mode intensity changes induced by
YC-1 are not seen in the Tt H-NOX P115A variant (42). Thus,
simple relaxation of the heme geometry does not account for the
YC-1 effect. Rather, there is an enforced geometry change,
mediated by the peripheral substituents.

We note that YC-1 or BAY 41-2272 binding to the CO adduct
of sGC also induces a high level of enzyme activity. Effects of
YC-1 and BAY 41-2272 on CO adduct RR spectra have been
documented in several studies (44-47), and vinyl and propionate
RRmode changes very similar to those observed here for the NO

Table 3: DFT (BLYP) Structural Parameters (Å), Vibrational Frequencies (cm-1), and Energies (kcal/mol) Calculated for the 5-c Fe(II)P-NO Cs Model at

Varying Fe-N-O Angles

—FeNO (deg) Fe-NO N-O Fe-Np νFe-N νN-O negative frequency ΔE

120 1.7883 1.2065 2.010/2.036 1601 468 - 5.166

125 1.7641 1.2038 2.010/2.038 1621 512 - 3.093

130 1.7456 1.2014 2.011/2.040 1639 551 - 1.536

135 1.7313 1.1990 2.012/2.042 1658 578 - 0.530

140 1.7203 1.1969 2.014/2.043 1677 594 - 0.055

142.4 1.7159 1.1959 2.016/2.044 1686 599 - 0.000

145 1.7121 1.1948 2.017/2.044 1695 602 - 0.058

150 1.7058 1.1932 2.020/2.046 1710 602 -59 0.468

155 1.7009 1.1917 2.023/2.047 1724 599 -103 1.200

160 1.6985 1.1902 2.027/2.048 1738 591 -147 2.142

165 1.6970 1.1889 2.032/2.049 1749 582 -71/-187 3.154

170 1.6966 1.1879 2.037/2.049 1759 573 -158/-218 4.067

175 1.6972 1.1872 2.042/2.048 1766 565 -223/-238 4.703

180 1.6972 1.1870 2.045/2.045 1768 562 -244/-244 4.933

FIGURE 7: Computed frequencies for (NO)Fe(II)P when the Fe-
N-O angle was constrained at the indicated values. The equilibrium
angle is 142�. The inset shows computed energies associated with the
angle constraints.

FIGURE 8: νFeN/νNO data for Fe(II) NO adducts of full-length (b)
and truncated (O) wild-type sGC. The solid line is the correlation
obtained from a series of 5-c (NO)Fe(II)TPP-X complexes (50).
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adduct have recently been reported (48, 49). Thus,YC-1 andBAY
41-2272 are seen to activate both the NO and CO adducts by the
same allosteric mechanism, which enforces pyrrole rotation and
planarization of the heme.

An enforced geometry change is also indicated by the YC-1-
induced upshift in νNO. We interpret this shift as resulting from
an opening of the Fe-N-O angle, based on our DFT analysis.
The primary determinant of the νFeN and νNO frequencies is
backbonding from Fe to NO. Strengthening the backbonding,
through inductive or electrostatic effects, increases νFeN while
decreasing νNO. The resulting anticorrelation of the two
frequencies is shown in Figure 8, in which the solid line
represents the best fit to a series of 5-c (NO)Fe(II)TPP-X
complexes, based on tetraphenylporphine with variable elec-
tron donating and withdrawing groups on the phenyl rings (50).
The NO adducts of sGC are seen to fall on this line, but YC-1
moves the points off the line. An even larger deviation, in the
same direction, is seen when GTP is added to the sGC-NO
complex (Figure 8). GTP has been reported to shift νNO to
1700 cm-1, again with no change in νFeN (51). In the previously
published spectrum (51), one can see vinyl and propionate
mode intensity changes similar to those we observe in the pres-
ence of YC-1 or BAY 41-2272. GTP is both a substrate and
allosteric modulator of sGC, and preincubation of sGC with
GTP converts the low-activity 1-NO form to a high-activity sGC
state (12).

Our DFT analysis shows that opening the angle beyond its
optimum of 142� increases νNOwith little change in νFeN, because
of countervailing force field and kinematic influences. According
to Figure 7 and Table 3, opening the angle from 142 to 150� is
expected to increase νNO by 24 cm-1, the effect seen for GTP
addition, while increasing νFeN by only 3 cm-1. The energy
required for this opening is small, 0.5 kcal/mol, and could be
provided by nonbonded contacts with distal residues in the heme
pocket when the protein undergoes a conformational change.

In summary, YC-1, BAY 41-2272, and GTP binding are infer-
red to induce protein conformational changes that alter the heme
pocket, as illustrated in Figure 9. These changes enforce a slight
opening of the Fe-N-O angle, and also pyrrole rotations lead-
ing to net planarization of the porphyrin, through peripheral
nonbonded contacts with the vinyl and propionate substituents.
We envision the conformational change as involving an activity-
inducing rotation of the distal and proximal halves of theH-NOX
domain.

These structural changes are not seen when excess NO is
bound to sGC. There are no changes in the RR spectrum of the
xsNO sGC adduct, relative to the 1-NO adduct, except for a very
small upshift in νFeN. Thus, the profound effect of excess NO on
enzyme activity is not accompanied by a significant alteration of
the heme structure. Both YC-1 and excess NO produce major
enhancements of the enzymatic rate, but the conformational
changes underlying activation are clearly different.

SUPPORTING INFORMATION AVAILABLE

Complete ref 23; Mulliken charges calculated for 5-c (NO)-
Fe(II)P with varying Fe-N-O angles; RR spectra of full-length
WT sGC containing oneNO (1-NO), excess NO (xsNO), and the
14NO - 15NO difference bands, covering the ν4 and ν7 regions;
and RR spectra of β1(1-385) in the presence of 1-NO, xsNO,
andYC-1. Thismaterial is available free of charge via the Internet
at http://pubs.acs.org.
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