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ABSTRACT: Resonance Raman (RR) spectra of soluble guanylate cyclase (sGC) reported by five independent
research groups have been classified as two types: sGC1 and sGC2. Here we demonstrate that the RR
spectra of sGC isolated from bovine lung contain only sGC2 while both species are observed in the spectra
of the CO-bound form (CO-sGC). The relative populations of the two forms were altered from an initial
composition in which the CO-sGC2 form predominated, with the Fe-CO (νFe-CO) and C-O stretching
modes (νCO) at 472 and 1985 cm-1, respectively, to a composition dominated by the CO-sGC1 form
with νFe-CO andνCO at 488 and 1969 cm-1, respectively, following the addition of a xenobiotic, YC-1.
Further addition of a substrate, GTP, completed the change. GDP and cGMP had a significantly weaker
effect, while a substrate analogue, GTP-γ-S, had an effect similar to that of GTP. In contrast, ATP had
a reverse effect, and suppressed the effects of YC-1 and GTP. In the presence of both YC-1 and GTP,
vinyl vibrations of heme were significantly influenced. New CO isotope-sensitive bands were observed
at 521, 488, 363, and 227 cm-1. The 521 cm-1 band was assigned to the five-coordinate (5c) species
from the model compound studies using ferrous iron protoporphyrin IX in CTAB micelles. Distinct from
the 472 cm-1 species, both the 488 and 521 cm-1 species were apparently un-photodissociable when an
ordinary Raman spinning cell was used, indicating rapid recombination of photodissociated CO. On the
basis of these findings, binding of YC-1 to the heme pocket is proposed.

Soluble guanylate cyclase (sGC)1 is a cytosolic heme-
containing enzyme that catalyzes the conversion of GTP to
cGMP, a primary messenger molecule in biological systems
(1-3). This protein is a heterodimer (Râ) (4-8) containing
a heme only in theâ subunit (9, 10) (coordinated to His105
in bovine lung sGC) (11). The enzyme controls smooth
muscle relaxation (12), platelet aggregation (13), and neu-
rotransmission (14), and serves as a physiological receptor
for nitric oxide produced by an NO synthase. NO binds to
the heme group, resulting in stimulation of catalytic activity
by 200-400-fold (15, 16).

Karlsson et al. (17) suggested that CO also activates sGC
slightly, and indeed, 2-6-fold stimulation over basal activity

by CO was confirmed by different groups (6-8, 14, 18, 19).
In the presence of a zenobiotic, YC-1, activation by CO is
further increased to a level similar to that attained by NO
alone (19). YC-1 inhibits platelet aggregation (20) and
adhesion (21), and smooth muscle contraction (22). The
compound serves as a novel inhibitor of phosphodiesterase
with moderate potency and low enzyme specificity (23), and
raises sGC activity by 6-12-fold (24). However, unexpect-
edly, YC-1 stimulates activity by 200-400-fold in the
presence of CO (19, 24). The mechanism of synergistic
activation of sGC by CO and YC-1 remains to be elucidated.

The resting and activated states of sGC have been
investigated spectroscopically with resonance Raman (RR)
(25-28), MCD (15), EPR (29), and visible absorption
spectroscopy (15, 16, 30). RR spectroscopy is a powerful
tool for characterizing heme coordination environments, and
several groups have independently examined RR spectra of
sGC. Their results indicated two forms of sGC [tentatively
designated sGC1 and sGC2 by Vogel et al. (31)]. Addition
of heme to purified protein rendered sGC1 NO-sensitive. The
spectrum of the heme-incorporated protein appeared as a
mixture of five-coordinate (5c) high-spin (HS) and six-
coordinate (6c) low-spin (LS) species (25, 28), and its CO
adduct displayed an Fe-CO stretching (νFe-CO) band at 492
cm-1. In contrast, sGC2 was isolated in the reduced form
from bovine lung and entirely comprised 5c-HS (26, 27).
Its CO adduct gave theνFe-CO band at 472 cm-1. Addition
of heme to the sGC2 adduct had no effect, indicating an
absence of free apoprotein in this preparation. The difference
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in CO-related frequencies signifies appreciable variations in
the polarity of heme pocket (32, 33). The higherνFe-CO

frequency reflects a more polar environment when the trans
ligand of CO is identical.

Recently, reports about the CO adduct of the heme-
containing domain (â1-381) of sGC expressed withEscheri-
chia coli show that theνFe-CO band appears at 474 cm-1

(sGC1 type) and 492 cm-1 (sGC2 type) in the absence and
presence of YC-1, respectively (34, 35). We demonstrate in
this study that native sGC isolated from bovine lung initially
contains only sGC2 but its CO adduct comprises both types
(with sGC2 dominating), and exhibits complete and reversible
conversion from sGC2 to sGC1 in the presence of YC-1 and
GTP. However, this conversion is intermediate in the
presence of YC-1 alone and negligible with GTP alone.
Converted sGC contains a small quantity of 5c heme with
CO as an axial ligand. ATP suppresses the synergistic effect
of YC-1 and GTP, while GDP and cGMP have a significantly
weaker effect.

MATERIALS AND METHODS

Purification of Soluble Guanylate Cyclase.The enzyme
was purified from a fresh bovine lung by slight modification
of the method of Tomita (36). Minced lung (4 kg) was
homogenized into 4 L of buffer (25 mM TEA-HCl, 50 mM
NaCl, 5 mM DTT, 1 mM EDTA, 1 mM benzamidine, and
1 mg/mL protease inhibitor) and centrifuged at 10000g for
20 min first. The supernatant was further centrifuged at
100000g for 30 min. Its supernatant was added to 1000 mL
of DEAE-Sepharose Fast Flow (Amersham-Pharmacia Bio-
tech) and stirred slowly with an overhead stirrer for 30 min.
The unbound proteins were removed by vacuum filtration,
and the remaining resin was washed twice with 1000 mL of
homogenizing buffer. After the resin was resuspended in
homogenizing buffer, the resin was packed to a 5× 60 cm
column and washed with homogenizing buffer for 4 h at
120 mL/h. The adsorbed sGC was eluted by 2 L of a NaCl
solution at 120 mL/h with a linear gradient of NaCl (from
0.05 to 1.05 M), and the fractions containing NO-sensitive
guanylate cyclase activity were collected. Ammonium sulfate
was added to the collected fractions up to 23% saturation,
and the resulting precipitate was removed by centrifugation
at 15000g for 20 min. Ammonium sulfate was further added
to the supernatant to 41% saturation. The precipitate was
collected by centrifugation and suspended in a small volume
of buffer A (25 mM TEA, 5 mM DTT, 1 mM benzamidine,
and 1 mg/L protease inhibitor).

The suspension was dialyzed against buffer A overnight
with three changes. After the addition of MnCl2 to a final
concentration of 4 mM, the dialysate was centrifuged at
15000g for 20 min and the supernatant run on a GTP-
agarose column (100 mL) pre-equilibrated with buffer A
containing 4 mM MnCl2. The adsorbed column was washed
with buffer A containing 4 mM MnCl2 and eluted with buffer
A having a linear gradient from 4 mM MnCl2 to 8 mM ATP.
The fractions containing NO-sensitive GC activity were
concentrated using an Amicon-30 concentrator and dialyzed
against buffer A. The dialysate was loaded onto a hydroxy-
apatite column (30 mL) pre-equilibrated with buffer A, and
eluted with a linear gradient of phosphate (from 0 to 200
mM). The fractions containing NO-sensitive GC activity

were concentrated with an Amicon-30 concentrator and
further subjected to a gel filtration column (Superdex 200pg,
Pharmacia) pre-equilibrated with 25 mM TEA-HCl (pH 7.4)
containing 5 mM DTT. The fractions containing sGC were
reconcentrated again with an Amicon-30 concentrator.
Finally, glycerol was added to the concentrated sGC solution
up to 20%, and the solution was frozen at 77 K.

ActiVity Assay. sGC activity was routinely measured as
follows. The sample was incubated with 50 mM Tris-HCl
(pH 7.4) containing 1 mM theophilline, 1 mM DTT, 1 mM
GTP, and 1 mM Mg2+ at 37°C for 5 min. After incubation,
the reaction was terminated by rapidly cooling the mixture
on ice. The amount of cGMP present in solution was
measured using a [3H]cGMP immunoassay system (Amer-
sham, TRK 500). The effects of YC-1 on sGC activity were
measured with the sGC solution containing 120µM YC-1.
YC-1 was dissolved in DMSO up to 10 mM and then was
diluted to 5 mM with buffer containing 25 mM TEA and 5
mM DTT to avoid the formation of fine particles upon
addition to the enzyme solution. For the assay of CO and
CO/YC-1 activation of sGC, CO was incorporated into the
assay solution with a gastight syringe. SNP was employed
for measuring NO stimulation of sGC activity. The protein
concentration was determined using the method of Bradford
(37).

Gel Filtration. To examine the reversibility of YC-1 and
GTP binding, YC-1- and GTP-bound CO-sGC were sub-
jected to gel filtration following the measurement of absorp-
tion and RR spectra. Approximately 90µL of the enzyme
solution was centrifuged at 1000g and 4°C for 30 min and
then added to the Bio-Rad spin column (Bio-Spin30 Chro-
matography Column) pre-equilibrated with 25 mM TEA and
5 mM DTT. The eluted solution was brought into the Raman
cell, and CO was incorporated, which was similar to the
method used for the native protein.

Resonance Raman Spectroscopy.For Raman measure-
ments, purified sGC was diluted to 12µM (heme) using the
formula εmM(heme)) 105 cm-1 at 432 nm, with 50 mM
TEA buffer (pH 7.4) containing 5 mM DTT (and 20%
glycerol in some cases). To obtain CO-sGC,∼60 µL of
the solution was brought into an airtight Raman spinning
cell. After the cell had been repeatedly degassed (to 0.1
mmHg) and filled with pure N2 gas, CO was incorporated
into the upper space of the Raman cell through a rubber
septum using an airtight syringe. Raman scattering was
excited with the 422 nm line of a diode laser (Hitachi Metal,
ICD-430), the 413.1 nm line of a krypton laser (Spectra
Physics, model 2016), or the 441.6 nm line of a He-Cd
laser (Kinmon Electrics, KR1801C).

The scattered light at right angles was collected and
dispersed with a single polychromator (Ritsu Oyokogaku,
model MC-100DG), and detected using a liquid nitrogen-
cooled charge-coupled device (CCD, Princeton Instruments,
model LN/CCD-1300-PB). Raman shifts were calibrated with
indene. The accuracy of frequencies is(1 cm-1 for well-
defined peaks. The sample temperature was kept at∼10 °C
by flushing with cold N2 gas. The laser power was generally
10 mW at the sample point for ligand free sGC but was less
than 200µW for CO-bound sGC, to avoid accumulation of
the CO-photolyzed product. The spinning rate of the sample
cell was 3400 rpm, and accumulation times were typically
0.5 h. UV-visible absorption spectra were measured with a

940 Biochemistry, Vol. 44, No. 3, 2005 Li et al.



Hitachi U-3210 spectrophotometer before and after each
Raman measurement, and the integrity of each sample was
confirmed.

RESULTS

ActiVity of sGC and Its Stimulation by Allosteric Modula-
tors. SDS-PAGE of this preparation revealed only two
bands (R- andâ-subunits), and its UV-visible spectrum was
a typical ferrous high-spin type, similar to that of a previous
preparation (27, 36). The addition of hemin yielded no
change in absorption intensity. The activities of sGC and
CO and NO adducts in the absence and presence of YC-1
were determined. The results are summarized in Table 1.
The basal activity [70 nmol min-1 (mg of protein)-1] and
NO-stimulated activity [9380 nmol min-1 (mg of protein)-1]
of this preparation are similar to those reported by Tomita
et al. (36). Addition of CO alone stimulated activity by 3.5-
fold [250 nmol min-1 (mg of protein)-1] and YC-1 alone by
16-fold [1100 nmol min-1 (mg of protein)-1], compared to
basal activity. However, the simultaneous presence of CO
and YC-1 activated sGC to 115-fold [8000 nmol min-1 (mg
of protein)-1]. Thus, these results confirm synergistic effects
reported previously (19, 22, 24).

The Soret absorption peak of CO-sGC was shifted from
424 to 422 nm following the addition of YC-1. In the
presence of GTP, the peak position was shifted to 420 nm
(spectra not shown). Denninger et al. (35) attributed this to
the effect of scattering from the precipitated enzyme upon
addition of DMSO-dissolved YC-1. Accordingly, we exam-
ined the absorption changes of CO-sGC in the presence of
varying final concentrations of DMSO. Addition of DMSO
up to 4% (v/v) did not affect the absorption spectrum. On
the other hand, the change in YC-1 concentration from 50
to 200µM (final) did not alter the size of the peak shift (2
nm) from the position in the absence of YC-1. Therefore,
the Soret band shift is ascribed solely to interactions between
YC-1 and CO-sGC.

Resonance Raman Spectra.RR spectra of CO-sGC
excited at 422 nm are shown in Figure 1. In spectrum A,
two bands 472 and 488 cm-1 exhibited isotopic frequency
shifts to 464 and 476 cm-1, respectively, with13C18O as
shown in inset A′. Accordingly, both are assigned to the Fe-
CO stretching (νFe-CO) mode. Tomita and colleagues (27)
observed a single CO isotope-sensitive band at 472 cm-1

(sGC2). However, in this preparation, two species in the CO-
bound state were observed, in agreement with Schelvis et
al. (34), although it was a single species before CO binding.
The extra species gives rise to a minorνFe-CO band at 488
cm-1 with a frequency close to that reported for sGC1. When
YC-1 was added at a concentration of 120µM, the intensity
of the 472 cm-1 band decreased, whereas that of the 488
cm-1 band increased, as shown in spectrum B. The addition

of 1 mM cGMP or GDP to YC-1-bound CO-sGC led to a
similar but significantly weaker effect. However, following
the addition of GTP to the YC-1-bound CO-sGC at a final
concentration of 1 mM, the 472 cm-1 band disappeared
completely. Instead, a new band appeared at 521 cm-1 while
the 488 cm-1 band further increased in intensity (spectrum
C). The Fe-C-O bending mode (δFeCO) at 565 cm-1 in
spectrum A lost intensity in spectrum C. Addition of 2 mM
MgCl2 to this did not affect theνFe-CO frequency, as depicted
in spectrum D. When13C18O was used instead of12C16O,
the 464 and 476 cm-1 bands exhibited intensity changes
similar to those observed for12C16O (spectra B′ and C′ in
the inset representing the addition of YC-1 and GTP,
respectively). The new band at 521 cm-1 was shifted to 508
cm-1. With regard to the porphyrin modes, the vinyl bending
mode at 424 cm-1 in spectrum A is replaced by a band at
400 cm-1 in spectrum C. The data indicate that the Raman
intensities and thus the geometrical structures of two vinyl
groups are exchanged between positions 2 and 4 as if the
heme were turned over. These results remained unaffected
if the order of addition of these compounds was changed
(data not shown). Moreover, results were similar in the
presence and absence of 20% glycerol in the sGC solution.

To identify the compounds generated by the synergistic
effects of YC-1 with GTP, the CO isotope difference spectra
were measured with higher resolution. The raw spectra of
12C16O- and13C18O-bound sGC in the presence of YC-1 and
GTP were excited at 422 nm, and their differences are
depicted in Figure 2. In addition to the 488/476 cm-1 pair,
other isotope-sensitive bands are clear in the difference

Table 1: Activity of sGC in the Presence of Allosteric Effectors

specific activity
[nmol min-1 (mg of protein)-1] relative activity

sGC 70 1
CO-sGC 250 3.5
YC-1-sGC 1100 16
sGC-CO-YC-1 8000 115
NO(SNP)-sGC 9380 134

FIGURE 1: Resonance Raman spectra in the 400-1200 cm-1 region
of CO-sGC (12µM) in a simple buffer (A) and in the presence of
120 µM YC-1 (B), 120 µM YC-1 and 1 mM GTP (C), and 120
µM YC-1, 1 mM GTP, and 2 mM Mg2+ (D). The inset includes
the corresponding spectra (A′-D′) of the13C18O adducts. Excitation
at 422 nm and 160µW.
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spectrum at 565/548, 521/507, 363/345, and 227/213 cm-1

for 12C16O-sGC/13C18O-sGC. The observed peaks at 489/
472 and 521/507 cm-1 are consistent with the recent results
by Makino et al. (38). However, in contrast to this report,
no isotope-sensitive band was observed at∼590 cm-1. Since
the difference peak at 313 cm-1 is at the same frequency as
that of the raw spectra, this may simply reflect intensity
differences. The 521/507 cm-1 pair was observed for a model
system of a 5c CO heme generated with CO-ferrous
porphyrin in CTAB micelles (data not shown), which was
shifted to a lower frequency upon binding of 2-methylimi-
dazole to the trans site of CO. Accordingly, this pair should
be ascribed to the 5c CO heme of sGC. The assignment of
the CO isotope-sensitive bands is discussed later.

Corresponding RR spectra in the high-frequency region
are shown in Figure 3. The skeletal vibrations of heme,
includingν2-ν4 andν10, are observed at 1562, 1470, 1358,
and 1607 cm-1, respectively, for the isolated sGC as shown
in spectrum A. The frequencies of these bands indicate that
the native sGC contains a 5c-HS ferrous heme in the purified
state even in an aerobic environment. There is no trace of a
peak around 1500 and 1580 cm-1, whereν3 andν2 bands of
the ferrous 6c-LS species are expected. In this regard, this
preparation is distinct from that of sGC1 (25, 28).

The ν2-ν4 bands of CO-sGC were observed as single
bands at 1580, 1497, and 1372 cm-1, respectively, as depicted
in spectrum B, indicating the formation of only a ferrous
6c-LS complex. However, in the C-O stretching region of
spectrum B,νCO bands were observed at 1969 (weak) and
1985 cm-1. The difference spectrum with regard to the
13C18O adduct is delineated by trace B′ in the inset. The two
bands are shifted to 1882 and 1893 cm-1, compatible with
the presence of twoνFe-CO bands. Since the two different
conformations of CO-sGC yield no splitting in the vibrations
of porphyrin ring, it is likely that the difference between the
two conformers is limited to polarity around CO. When the
laser power was increased, the observed result was similar
to that of spectrum A, indicating photodissociation of CO.

In the presence of 120µM YC-1, theν2 andν3 frequencies
remained unchanged at 1580 and 1497 cm-1, respectively,
as shown in spectrum C. Again, there were twoνCO bands
at 1969 and 1985 cm-1 (spectrum C′) with relative intensities

appreciably different from those in spectrum B′. Upon further
addition of 1 mM GTP, theν2 and ν3 frequencies hardly
changed from those observed with YC-1 alone, but the peaks
were more intense. Moreover, theν4 band was shifted to a
higher frequency by 2 cm-1 (spectrum D). In the C-O
stretching region, only oneνCO band was observed at 1969
cm-1, with an isotope-shifted band confirmed at 1882 cm-1

with 13C18O, as delineated by spectrum D′ (inset), indicating
the presence of a single conformer. Addition of Mg2+ to this
solution did not alter the spectrum (see spectrum E for
details). The synergistic effect of YC-1 and GTP is evident.
When the laser power was increased to a level similar to
that described above, the spectrum apparently remained
unchanged. In particular, the intenseν4 band appeared at
1372 cm-1 but not at 1358 cm-1. This finding indicates that
photodissociation hardly takes place or recombination of
photodissociated CO is extremely rapid in the presence of
YC-1 and GTP, in agreement with reports by Kharitonov et
al. (39).

ReVersibility of YC-1 Binding.To examine whether binding
of YC-1 to sGC is reversible, CO-sGC was subjected to
gel filtration using a Bio-Rad spin column, and the RR
spectra of the treated samples were measured. Spectra A and
B in Figure 4 were obtained for the purified enzyme and its
CO adduct, respectively, before the treatment. Although the
relative intensities of the 473 and 488 cm-1 bands are slightly
altered in every preparation, the presence of two bands is
clear in spectrum A. Upon addition of 120µM YC-1, the

FIGURE 2: CO isotope difference spectrum of CO-sGC in the
presence of 120µM YC-1 and 1 mM GTP. The raw spectra for
12C16O-sGC and13C18O-sGC are represented with green and
orange lines, respectively, and their 1:1 difference spectrum is
colored brown. Its 5-fold expanded spectrum is colored red.
Excitation at 422 nm and 2 mW.

FIGURE 3: Resonance Raman spectra in the 1250-2000 cm-1

region of sGC (A) and CO-sGC (12µM) in a simple buffer (B)
or in the presence of 120µM YC-1 (C), 120µM YC-1 and 1 mM
GTP (D), and 120µM YC-1, 1 mM GTP, and 2 mM Mg2+ (E).
Raman bands marked with # and * symbols arise from glycerol
and DMSO (YC-1), respectively. The inset depicts the12C16O minus
13C18O difference spectra of the corresponding CO adducts (B′-
D′). Excitation at 422 nm and 150µW.
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relative intensity of the 473 and 488 cm-1 bands was reversed
(spectrum B), as expected from Figure 1. In the presence of
GTP, the 473 cm-1 band disappeared completely (spectrum
C). After the measurement of spectrum C, the sample was
treated using the Bio-Rad spin column. The eluted enzyme
exhibited an RR spectrum of reduced sGC without CO
(spectrum not shown). A 441.6 nm excitation of the enzyme
led to aνFe-His band at 205 cm-1 (spectrum B′ in the inset),
similar to that observed before treatment (trace A′ in the
inset). Addition of CO yielded spectrum D, in which the
488 cm-1 band decreased in intensity, similar to the starting
sample. Addition of YC-1 to the gel-filtered sample increased
the intensity of the 488 cm-1 band, as shown in spectrum E.
Further treatment with GTP resulted in a single band at 488
cm-1, as depicted in spectrum F. Thus, the reproducibility
of the whole phenomenon was confirmed, demonstrating
reversible binding of YC-1 and GTP to sGC. However, it
must be noted that this conclusion is limited to YC-1 and
GTP, which affect the Fe-CO moiety.

Figure 5 summarizes the effects of substrate analogues
on RR spectra in the low-frequency region. The excitation
wavelength is shifted to 413.1 nm to enhance the Raman
intensity of the new species. Spectra A and B depict CO-
sGC in the absence and presence of YC-1, respectively. The
489 cm-1 band is very weak in the absence of YC-1 (A) but
gains intensity upon addition of YC-1 (B). Spectra C and D
were obtained following the addition of GDP and cGMP,
respectively, to the solution of B. The relative intensities of
the 489 and 473 cm-1 bands remain unaltered, and the 522
cm-1 band exhibits a relative intensity similar to that in
spectrum B. TheδFeCO band at 565 cm-1 is recognizable in
spectrum A, but hardly evident in spectra B-D, indicating
that the band belongs to the 473 cm-1 species. On the other
hand, when a substrate analogue, GTP-γ-S, was added to
the solution of spectrum B, the relative intensities of the 489

FIGURE 4: RR 422 nm-excited RR spectra for examining the reversibility of YC-1 and GTP binding: (A) starting CO-sGC in a simple
buffer, (B) CO-sGC in the presence of 120µM YC-1, (C) CO-sGC in the presence of 120µM YC-1 and 1 mM GTP, (D) CO-sGC after
gel filtration in a simple buffer, (E) CO-sGC in the presence of 120µM YC-1, and (F) CO-sGC in the presence of 120µM YC-1 and
1 mM GTP. The inset shows the 441.6 nm-excited RR spectra of sGC before (A′) and after (B′) gel filtration.

FIGURE 5: RR spectra of bovine CO-sGC upon addition of
substrate analogues (A) in the absence of any added compounds
and (B) in the presence of 120µM YC-1, (C) 120µM YC-1 and
GDP, (D) 120µM YC-1 and cGMP, (E) 120µM YC-1 and GTP-
γ-S, (F) 120µM YC-1 and GTP, and (G) 120µM YC-1 and ATP.

Resonance Raman Spectra of sGC-CO with YC-1 and GTP Biochemistry, Vol. 44, No. 3, 2005943



and 473 cm-1 bands were significantly altered, and the 522
cm-1 band was intensified (spectrum E). These results are
similar to those obtained for GTP, which is shown in
spectrum F for comparison. The intensity of the vinyl
bending mode at 424 cm-1, which is clear in spectrum A, is
reduced upon binding of YC-1 and GTP, and new bands
are observed at 400, 313, and 223 cm-1. No peak is evident
around 550-600 cm-1, despite measurement conditions
under which the excitation wavelength is more favorable to
the YC-1- and GTP-bound forms. Unexpectedly, when ATP
was added to the YC-1-bound form, the relative intensities
of the 489 and 473 cm-1 bands were similar to those
observed in the absence of YC-1 and GTP, and the bands at
522, 400, 313, and 223 cm-1 were significantly reduced in
intensity (spectrum G). Therefore, it is evident that ATP
inhibits the effects of YC-1 and GTP.

DISCUSSION

Effects of Allosteric Modulators.While Fan et al. (25)
identified twoν3 bands at 1470 (5c-HS) and 1493 cm-1 (6c-
LS), for the heme-reconstituted protein, Deinum et al. (26)
and Tomita et al. (27) reported a singleν3 band at 1473 cm-1

for the native sGC purified as the heme-containing form
(Figure 3). Consistent with the latter observation, sGC
purified from bovine lung in our study gave rise to a single
ν3 band in the ferrous 5c-HS region, and yielded a single
Fe-His stretching Raman band at 204 cm-1, indicating the
presence of a single form. The latter band is present for only
the ferrous 5c-HS heme. However, its CO-bound form
yielded two species. Schelvis et al. (34) detected the two
correspondingνFe-CO bands for recombinant rat lungâ1(1-
385) protein expressed inE. coli, namely, intense and weak
bands at 478 and 495 cm-1, respectively. These authors re-
examined their early data (26) of bovine lung sGC, and
confirmed the presence of a minor component (34). Thus,
the findings presented here are compatible with the previous
reports.

On one hand, the population of the minor component in
the νFe-CO band intensity increased upon addition of YC-1,
which is similar to the observation of Denninger et al. (35),
and on the other, the coexistence of YC-1 and CO in the
sGC solution induced a synergistic effect on reactivity at
the catalytic site. This population change was significantly
promoted in the presence of GTP. Imidazole has a similar
synergistic effect on activity and theνFe-CO band (40). The
GTP effect was previously reported with an NO adduct of
sGC (27). However, in our experiments, no effects were
observed when GTP was added to CO-sGC without YC-1.
The YC-1 effect on theνFe-CO band is also observed for heme
domain proteinâ1(1-385) (34).

Selecting the spectrum observed in the presence of both
YC-1 and GTP as a spectrum of allosterically activated CO-
sGC appears to be informative. The coexistence of YC-1
and GTP in the purified enzyme without CO did not alter
the Fe-His stretching frequency and other parts of the RR
spectra. Therefore, the synergistic effect would arise from
the distal side of heme and be specific for CO-sGC. Since
the frequencies of the mainνFe-CO bands in the presence
and absence of allosteric effectors are close to those of CO-
sGC1 and CO-sGC2, respectively, this discussion focuses
on the structural differences between these two species.

However, it is emphasized that the simple CO-sGC without
effectors contains two forms withνFe-CO bands identified at
473 (main) and 488 (minor) cm-1, while allosterically
activated CO-sGC also contains two forms, withνFe-CO

bands at 488 and 521 cm-1.
Assignments of CO Isotope-SensitiVe Bands. Figures 1 and

2 demonstrate that one of two forms of simple CO-sGC
gives rise toνFe-CO at 473 cm-1 andνCO at 1985 cm-1, while
the other producesνFe-CO at 488 cm-1 andνCO at 1969 cm-1.
In a plot ofνFe-CO versusνCO, both fall on the same straight
line for histidine-coordinated heme proteins, as illustrated
in Figure 6. Accordingly, both forms adopt the 6c-LS form
with histidine as a trans ligand of CO. The higherνFe-CO

and lowerνCO frequencies reflect a more polar environment
around CO with His as the trans ligand (32, 33). Therefore,
the presence of YC-1 and GTP makes the heme pocket
slightly more polar than that in its absence. The 473 cm-1

species yields aδFeCORaman band at 565 cm-1. As theδFeCO

Raman intensity is stronger for a distorted structure than for
a linear one (41), the 473 cm-1 form may have a distorted
Fe-C-O geometry. All the porphyrin modes exhibited no
splitting. Accordingly, the differences between the absence
and presence of allosteric modulators must be attributed
solely to structural variations in the heme distal side.

Figure 7 illustrates the mass dependences of the CO
isotope-sensitive bands. The 473 (B) and 565 cm-1 (E) pair
arising from simple CO-sGC exhibits typical monotonic and
zigzag patterns, indicating ordinary Fe-C-O geometry of
CO-heme proteins. On the other hand, the 488 (C) and 521
cm-1 (D) bands also exhibit a monotonic dependence,
suggesting that both arise from the Fe-CO stretching modes
with nearly linear Fe-CO geometry. If the Fe-C-O
geometry is bent, the bending and stretching modes are
severely mixed with each other, and the resultant two modes
are expected to exhibit the mixed isotope shift pattern. In
particular, the13C isotope shift ofνFe-CO becomes larger for
a more bent geometry (42). The frequency difference
between the 488 and 521 cm-1 bands is attributed to the
presence and absence of the trans ligand of CO, and is
satisfactorily interpreted in terms of the antibonding contri-
bution from the dz2 orbital to the Fe-CO σ bonding for the
6c species (33). The 224 cm-1 band has a slight zigzag
character, suggesting the appearance of a tilting vibration

FIGURE 6: TheνFeCOvsνCO plot. The values from the present study
are plotted as CO-sGC1 and CO-sGC2 (b). Markers,+ and ~,
denote the His-ligated 6c and 5c proteins, respectively. Marker (b)
represents CO-sGC with or without YC-1 and GTP, whereas (x)
denotes CO-sGC in the presence of imidazole. Marker (9)
represents 5c CO-sGC (with YC-1 and GTP).
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of the Fe-CO bond of the 5c heme. These results suggest
that the CO adducts that are present are unlikely to assume
a significantly distorted geometry.

In Figure 2, an additional CO isotope-sensitive band is
evident at around 360 cm-1. These bands are reported for
several heme proteins (43), and were once assigned to the
Fe-C-O bending fundamental (44). Isotope sensitivity was
confirmed by Kincaid and co-workers, but the bands were
reassigned to a heme vibration coupled with the CO bending
mode (45).

Binding Model of YC-1.Stasch et al. (46) observed that
an NO-independent activator of sGC, a derivative of BAY
41-2272, is covalently bound to Cys238 and Cys243 of the
R-subunit, and that binding of BAY 41-2272 is inhibited
when YC-1 is already bound to sGC. On the basis of these
data, they suggested the possibility of YC-1 binding to these
residues. However, our study demonstrates that binding of
YC-1 is reversible, and the covalent binding scheme is not
applicable to YC-1. Another NO- and heme-independent
activator, BAY 58-2667, binds to the heme-binding site, and
interacts withâ1 Tyr135 and Arg139 (47). On the other hand,
mutation ofR1 Cys596 to Ser leads to a marked increase in
nonstimulated activity and a decreased level of stimulation
by YC-1 or NO (48). More recent mutation experiments
indicate that Cys594 is a key for YC-1 response (49).
Although we confirm the binding of YC-1 to the heme
pocket, it is possible that another YC-1 molecule binds to
these residues but has little effect on the heme moiety.

Since YC-1 contains an N atom which may bind to the
heme iron, we hypothesize that one CO adduct contains the
N atom of YC-1 as its trans ligand. One hypothesis is that
YC-1 occupies the distal side, while CO binds the proximal
side instead of His105. The idea that this species yields a
νFe-CO of 488 cm-1 is compatible with the idea that NO can
bind both sides of heme (50). In this case, the CO-
photodissociated transient species is expected to provide the
Fe-N stretching mode at a frequency different from that of
the Fe-His stretching mode. In practice, however, the
photodissociated transient species observed for CO-sGC in
the presence of YC-1 and GTP with high laser power yielded
only the 204 cm-1 band in the vicinity of 200 cm-1.
Therefore, there is no experimental basis for postulating that

YC-1 is coordinated to heme. It is most likely, from the
absence of multiplicity in the marker bands of heme of CO-
sGC in the presence of YC-1 and GTP, that the heme distal
pocket is perturbed by the allosteric modulators.

These Raman data strongly suggest that YC-1 binds to
the distal side of the heme pocket with a geometry in which
its HO group directs the heme-bound CO and its aromatic
ring to the heme vinyl groups to alter the vinyl vibrations.
The location of YC-1 in this geometry may block the protein
pathway of CO to solution and produce a more polar
environment around the bound CO, compatible with changes
in νFe-CO and νCO frequencies upon YC-1 binding. The
binding of a bulky group near the heme causes a protein
conformational change, leading to a structural alteration at
a distant substrate-binding site. The concerted effect of YC-1
and GTP indicates that the structural changes by YC-1 and
GTP are along the identical direction, but opposite to those
by ATP. If this is the case, rapid recombination of photo-
dissociated CO to heme in the presence of YC-1 is
understandable, since an exit of CO from the heme pocket
is closed. Since YC-1 does not interact directly with heme,
neither the Fe-His stretching mode nor the visible absorption
spectrum of the reduced heme is influenced by binding of
YC-1. This interpretation does not rule out the binding of
another YC-1 to theR-subunit. Since the binding effect of
YC-1 and GTP appears in the Fe-C-O moiety of the
â-subunit, but not in the Fe-His moiety of the photodisso-
ciated transient state, it is difficult to believe that a large-
scale conformational change propagated from theR- to
â-subunit for binding of YC-1 and GTP. Although activation
by NO is accompanied by the rupture of the Fe-His bond,
the common features in the two activation processes by NO,
and by CO and YC-1, remain to be clarified.
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