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ABSTRACT. Soluble guanylate cyclase isolated from bovine and rat lung is a heterodimeric hemoprotein
composed oftl andpl subunits. The heme binding region has been localized to residu&851of the

B1 subunit B1(1—-385)], while the catalytic site(s) have been localized to the C-terminal region of sGC.
There are four conserved histidine residues in the heme binding region of sGC. H220 and H346 are
conserved among all known sGC subunisahdp), while H105 and H134 are conserved only in the
subunits f1 andg2). Site-directed mutagenesis was used to individually change each of the conserved
histidines in sG(Q31(1—-385) to alanine or glycine, and the resulting mutants were expresdedciali.

All of the mutants except for HL05A and H105G had heme bound as isolated. Imidazole (Im) was able
to rescue heme binding to H105G when added to the growth medium and purification buffers. The heme
in H105G isolated in the presence of imidazole [H105G(Im)] was ferric and a mixture of 5-coordinate,
high-spin and 6-coordinate, low-spin complexes. After reduction, the ferrous heme in H105G(Im) was
5-coordinate, high-spin as indicated by resonance Raman spectroscopy. When imidazole in H105G(Im)
was exchanged withl-methylimidazole (Melm), the FeN(Im/Melm) stretching frequency was shifted

from 221 to 212 cm®. A shift of this magnitude is expected when the ligand is directly coordinated to
the heme iron. All of the data are consistent with the conclusion that H105 jfiltkabunit is the heme
proximal ligand.

Guanylate cyclase (EC 4.6.1.2) catalyzes the conversion(al, a2, 51, and32) have been identified at the cDNA level
of GTP to cGMP and pyrophosphaté,(2. Two general (13, 14, but onlyal andf1 subunits have been characterized
types of guanylate cyclases have been characterized: parat the protein level. The formation of ari51 heterodimer
ticulate guanylate cyclases (pGC) and soluble guanylateappears to be necessary for sGC activity because transfection
cyclases (sGC). pGC activity is regulated by small peptide of COS cells with cDNAs encoding eithed or 51 subunits
hormones such as A-type natriuretic peptide and B-type alone did not produce active enzyme. Only coexpression
natriuretic peptide; sGC activity is regulated by nitric oxide of the ol andf31 subunits of sGC produced active enzyme
(NO) (1, 3,4. NO, asignaling molecule involved in several (15, 1. All sGC subunits have a homologous C-terminal
biological processes including vasodilation and neuronal region that is also homologous to the catalytic domain of
signaling 6—7), has been shown to activate sGC up to 400- pGC and adenylate cyclasB.( When the C-terminal regions
fold over its basal activity. To date, sGC is the only known of sGC [x1(367-691) and31(306-619)] were coexpressed
receptor for NO. sGC purified from mammalian lung tissue in COS cells, basal sGC activity but not NO-stimulated
is a heterodimeric hemoprotein composedodf and 51 activity was detectedl(, 1§. The C-terminal region of
subunits 8—12). To date, four different isoforms of SGC  sGC, therefore, has been assigned as the catalytic site(s),
although it is not known whether there is one active site in
' The studies were supported by a Searle chair endowment fund, by each subunit{1 and31) or whether the active site is formed

the ?(?ng‘ﬂgm"'ggn@zp'\gﬁgg’ﬁée'”:ﬁ;‘fﬁ%’ Se”iggré\'s"?e(?ram GM25480. ;sing residues from both subunits. The N-terminal region
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State University. to the N-terminal 385 amino acid residues of fesubunit
"Howard Hughes Medical Institute, The University of Michigan. frie )

“Interdepartmental Program in Medicinal Chemistry, The University EXPressed ire. coli and purified to homogeneityj1(1—
of Michigan. 385) itself is sufficient for heme bindindl ).

! Abbreviations: apoH105G, H105G mutant without bound heme; R ; ;
BSA, bovine serum albumin; cGMP, guanosingacyclic monophos- Activation of sGC by NO results from the interaction of

phate; DTT, dithiothreitol; GTP, guanosinétiiphosphate; H105G- ~ NO with the heme of sGC. Spectroscopic studies have
(Im), H105G mutant expressed and purified in the presence of imidazole shown that the heme in sGC is ferrous, high-spin, and

with heme bound; Im, imidazole; IPTG, isopropf#o-thiogalactopy- — 5_cqoordinate with a histidine residue as the only axial ligand
ranoside; MelmN-methylimidazole; pGC, particulate guanylate cy-

clase; PCR, polymerase chain reaction; sGC, soluble guanylate cyclase(12, 20, 2). Binding of NO to the heme in sGC results in
wt, wild type. the formation of a 5-coordinate nitrosyl complex by severing
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the bond between the proximal amino acid ligand and the Expression of wt and Mutarft1(1—385) in E. coli. wt
heme iron 22, 23, whereas the nitrosyl complex of [1(1—385) was expressed as described previoudl).(
myoglobin is 6-coordinate2d). Formation of a 5-coordinate H105A, apoH105G, H134A, H220A, and H346A mutants
nitrosyl complex in sGC, in contrast to myoglobin, may be of 51(1—385) were expressed using the same conditions as
due to the weak histidineiron bond in sGC as demonstrated for wt $1(1—385) except that the mutant cultures were
by resonance Raman spectroscop®,(23. Identification harvested 1812 h after IPTG induction as compared to-12

of the heme proximal ligand of sGC and characterization of 14 h for wt$1(1-385). The heme-containing H105G(Im)
the heme environment will help elucidate both the interaction was expressed using the same conditions as those used for
between NO and sGC and the mechanism of NO activation. the other mutants except that 10 mM imidazole was included
In this study, site-directed mutagenesis, electronic absorptionin the growth medium.

spectroscopy, and resonance Raman spectroscopy were Purification of wt$1(1—385) and Related Mutantswt
employed to identify H105 in th@1 subunit as the heme ($1(1—385), H134A, H220A, and H346A mutants were

proximal ligand of sGC. purified using a previously described meth&8)( ApoH105G
and H105A were purified using a protocol similar to that
MATERIALS AND METHODS used for wt $1(1—385); however, fractions containing

) ) ) apoH105G and H105A were identified by SBBAGE and

Materials Rat lung sGC cDNAs were kindly provided \yestern blot analysis since they contained no Soret peak.
by Dr. Masaki Nakane of Abbott Laboratories. The plasmid H105G(Im) was purified as follows: the frozen cell pellet
PET-20b ancE. coli BL21(DE3)pLysS competent cells were  from 3 L of culture was thawed on ice for about 2 h,
purchased from Novagen. The Expand High Fidelity PCR resuspended in 120 mL of buffer A (50 mM Hepes, pH 7.4,
kit was obtained from Boehringer Mannheim. Restriction 100 mMm NaCl, 10 mM imidazole, and 1 mM PMSF), and
enzymes, T4 DNA ligase, and IPTG were purchased from lysed by sonication for 5 min on ice. The resulting
Gibco BRL. The plasmid purification kit and gel extraction homogenate was centrifuged at 100§0@r 1 h. The
kit for recovering DNA from agarose gels were purchased sypernatant from this centrifugation was applied to a TSK
from Qiagen. TSK DEAE 650M anion-exchange resin was pgAEg anion exchange column (2.5 crm 25 cm) that had
purchased from TosoHaas. The Superdex 200 HiLoad 26/een equilibrated with buffer A. The DEAE column was
60 gel filtration column was from Pharmacia. Bradford \yashed with 300 mL of buffer A at a rate of 1.2 mL/min.
protein dye reagent was purchased from Bio-Rad. Carbon H105G(Im) was eluted with a NaCl gradient from 100 mM
monoxide (99.5%) and nitric oxide (99.0%) were from 5 500 mM in a total volume of 1 L. Fractions withpsy
Matheson. Site-directed mutagenesis primers were synthe-png . less than 1 were pooled and concentrated to 10 mL
sized by the Biomedical Research Core Facility, The ysingan Amicon concentrator and a disk membrane (Filtron,
University of Michigan. All other chemicals were purchased 30 kDa MW cutoff). The concentrated sample was loaded
from Sigma Chemical Co. unless otherwise stated. onto a Superdex 200 HiLoad 26/60 gel filtration column

Site-Directed MutagenesisSite-directed mutagenesis of equilibrated with buffer B (50 mM Hepes, pH 7.4, 150 mM
the conserved histidines was carried out using the DNA NaCl, 10 mM imidazole). Fractions containing H105G(Im)
polymerase chain reaction (PCR) meth@é)( The external were pooled and concentrated to the desired concentration.
primers for HL05A, H105G, and H134A mutants wefe 5 Determination of Protein Concentration and Heme Con-
CATATGTACGGTTTTGTGAACCAT-3 and 3-CTGGG- tent. Protein concentration was determined by the Bradford
TACCGTTCTCTTCGAACCTGTCCAGATC-3 The mu- microassay using BSA as the standard. The Bradford assay
tagenic primers for H105A were''®CTCGACGCCCT- was calibrated by quantitative amino acid analysis as
GGCCGACCACCTCGCCAC-3and 3-GTGGCGAGGTG- previously described1@). Heme concentrations were de-
GTCGGCCAGGGCGTCGAGG*3 The mutagenic primers  termined by the pyridinehemochromagen assay using horse
for H105G were 5GTGGCGAGGTGGTCTCCCAGGGC-  heart myoglobin as the standard as previously describéd (
GTCGAGG-3 and B-CCTCGACGCCCTGGGAGACCAC-  27).
CTCGCCAC-3. The mutagenic primers for H134A were Estimation of the Natie Molecular Weight of wg1(1—
5-TCTTTCCGAGTAGTAGGCCAGAATGAGCCC-3and 385) and Related MutantsThe native molecular weight of
5-GGGCTCATTCTGGCCTACTACTCGGAAAGA-3The wt $1(1—385) and mutants of this construct was estimated
PCR fragments with mutations for H105A, H105G, and using gel filtration as described ).
H134A were used to replace the corresponding wild-type Electronic Absorption Spectroscopilectronic absorption
(wt) fragment in31(1—385) using restriction enzyméspnl/ spectra were recorded on a Cary 3E spectrophotometer
Ndd. The external primers for H220A and H346A were equipped with a Neslab RTE-100 temperature controller set
5'-GAAGAGAACGGTACCCACCTC-3 and 3-GGATC- at 10°C. The NO and CO complexes @fL(1-385) and
CTAATCCTCCAAAGCCCTCAG-3. The mutagenic prim-  the mutants were formed as described previousdy. (KCN
ers for H220A were BCCGGTCAAATATGATGGCAAAA- (250 mM) was added to H105G(Im) to form a cyatteeme
GGAAACGC-3 and 3-GCGTTTCCTTTTGCCATCATA- complex. The bis(imidazole) complex of the heme contain-
TTTGACCGG-3. The mutagenic primers for H346A were ing H105G(Im) was formed by incubating H105G(Im) with
5-CTCGTGTAGCATCAGCGAGAGGGATGTACA-3and 300 mM imidazole at 10C for 3 h.
5-GTGACATCCCTCTCGCTGATGCTACACGAG-3The Resonance Raman Spectrosco@amples of wi31(1—
PCR fragments for H220A and H346A were used to replace 385) (80uM) used for resonance Raman spectroscopy were
the corresponding wt fragments f1(1—385) usingKpnl/ prepared in 50 mM Hepes, pH 7.4, 150 mM NacCl, and 5
BanHI. The fidelity of the PCR reactions and the mutations mM DTT. The spectra of ferrous wf1(1—385) were
was confirmed by DNA sequencing. obtained with 431 nm excitation using a dye laser with
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Table 1: Effects of Histidine to Alanine Mutations of sGC 0.30 | I 0.06
$1(1—385) on Heme Binding, Soret Peak Position (nm), and
Dimerization |
. - pd
Soret (hm) § 0.20 I 0.04 =3
as heme @ ]
samples isolated +CO +NO content oligomerization g 1 I 5
Wi f1(1-385) 431 423 399 09  dimer 2 5104 \ [o02 3
H346A 1(1—-385) 426 423 399 0.8 monomer <™ | |
H220A 51(1—-385) 426 423 399 0.9 dimer | I
H134A31(1—-385) 431 nd nd nd nd i |
H105A31(1-385) no heme dimer 0.00 L 0.00
and, not determinec® Heme content is expressed as the ratio of 300 400 500 600 700 800
the amount of heme bound as determined by the pyricleeno- Wavelength (nm)

chromgen assay to protein concentration. . .
g yop Ficure 1: Electronic absorption spectrum of the sBQ(1—385)

H220A mutant (2x¢M) in 50 mM Hepes, pH 7.4, 150 mM NacCl,
stilbene 420 as the dye pumped with art Aaser (Coherent 5 mM DTT. The left scale refers to the Soret and protein peak
Innova 200). The sample of H105G(Im) (5M) was in region, and the right scale refers to 3 region.

50 mM Hepes, pH 7.4, 150 mM NacCl, and 1 mM imidazole.
To exchange imidazole in H105G(Im) with-methylimi-
dazole, H105G(Im) was purified as described above excep
there was no imidazole in the gel filtration mobile phase.
After gel filtration, HL05G(Im) was concentrated to &M,

and N-methylimidazole was added to a final concentration
of 1 mM. The spectra for HL05G(Im) were obtained with
excitation at 413 nm using a Kilaser (Coherent K-90). All
spectra were collected using a spinning cell. The laser power
was kept at 5 mW or less at all the wavelengths used. The
laser light was focused on the sample by a lens with a focal
length of 50 mm. The resonance Raman scattering was
detected with a spectrometer (Spex 1877 Triplemate) in
combination with a liquid nitrogen cooled CCD detector
(EG&G OMA 4, Model 1530-CUV-1024S). Accumulation

time is indicated in the figure legends. The resonance Ramandescribed previouslyl®), wt A1(1—385) is a homodimer.

modes of the heme have been labeled according to the_ ™ . g .
. . . Point mutations of H105A or H220A did not affect dimer-
porphyrin mode numbering system introduced by Abe et al ization; however, H346A was observed to be exclusively

(28). The mode assignments are based on the assignments

: : monomeric (Table 1).
made for porphyrin model compound29 and previous -
work on sGC 20). Rescue of Heme Binding to H105G&Vhen the H105G

mutant was expressed h coli and purified using the same
RESULTS method used for wB1(1—-385) purification, no heme was
detected. However, upon addition of 10 mM imidazole to
Histidine to Alanine Mutants.Site-directed mutagenesis the growth medium and the purification buffers, H105G-
was used to determine which histidine residue serves as thglm) was found to contain a stoichiometric equivalent of
proximal ligand in sGC. All of the conserved histidines in heme.
sGCp1(1—385) were individually mutated to alanine. The The electronic absorption spectrum of HL05G(Im) in the
B1(1—-385) mutants were expressedHn coli and purified presence of 10 mM imidazole is shown in Figure 2. It had
using methods described previously in addition to the a very sharp Soret peak with a maximum at 423 nm, a
methods described here. Based on the amino acid sequencehoulder at around 400 nm, and a splif band. It also
alignment of the nine known sGC subunits from human, had ad band with a maximum at 344 nm. The WVisible
bovine, rat, andDrosophilg there are four conserved spectrum of HL05G(Im) in the presence of 10 mM imidazole
histidines in the region correspondingdi(1—385): H105, was different from wi31(1—385) which contains a 5-coor-
H134, H220, and H34630, 31, where the amino acid dinate high-spin ferrous heme with a Soret maximum at 431
residue numbers refer to the rat lung s@Csequence. Table nm and a singleJ/s band (19). Addition of CO to H105G-
1 summarizes the effects of the histidine to alanine mutations(Im) did not change the electronic absorption spectrum (data
in 41(1—385) on heme binding, electronic absorption spectra, not shown). H105G(Im) did, however, form a cyanide
and dimerization. All the histidine to alanine mutants except complex which had a distinct electronic absorption spectrum
H105A in31(1—385) were able to bind heme. Both H220A (Figure 3) and which suggested that H105G(Im) contained
and H346A contained a stoichiometric equivalent of heme; ferric heme. Resonance Raman spectra of H105G(Im) also
however, the electronic absorption spectra (Figure 1) showedindicated that the heme in H105G(Im) as isolated was ferric
a Soret peak at 426 nm with a shoulder at 431 nm. This is (see below). The electronic absorption spectrum of HL05G-
different from wt31(1—-385) which has a sharp Soret band (Im) (Figure 2) suggested that the heme in HL05G(Im) was
maximum at 431 nm and a singbé band (9). Addition a mixture of high-spin 5-coordinate and low-spin 6-coordi-
of CO to either H220A or H346A resulted in formation of nate complexes. We tentatively assigned the Soret peak at

a heme-CO complex with a Soret maximum at 423 nm
t(TabIe 1). Formation of this complex in the absence of
reducing agents indicates that the heme in both these mutants
as isolated was ferrous. Furthermore, the spectra of these
mutants before addition of CO suggested a mixture of low-
spin ferrous (426 nm) and some high-spin ferrous (431 nm)
heme. As with wt31(1—385), H220A and H346A also
formed a 5-coordinate nitrosyl complex with NO which has
a Soret maximum at 399 nm (Table 1). The presence of a
shoulder at 485 nm (not shown) also indicated that the
nitrosyl complex is 5-coordinate3). H134A was able to
bind heme with a Soret maximum at 431 nm, although this
mutant was not purified to homogeneity because of a lower
level of expression compared to the other mutants. We were
unable to detect any heme bound to the H105A mutant. As
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Ficure 2: Electronic absorption spectrum of sGf1(1—385) FIGURE 5: Electronic absorption spectrum of the nitrosyl complex

H105G(Im). The sample (26M) was isolated in the presence of  of $1(1—385) H105G(Im) (7«M) in 50 mM Hepes, pH 7.4, 150
10 mM imidazole in 50 mM Hepes, 150 mM NaCl. The left scale  mM NaCl, 10 mM imidazole: nitrosyl complex—); as isolated
refers to the Soret peak and protein peak region, and the right scale(- - -). The left scale refers to the Soret region, and the right scale

refers to thea/p region. refers to thea/s region.
0.60 0.09 heme in H105G(Im), and the resulting ferrous heme was able
\ to form a nitrosyl complex with additional NO (Figure 5).
The nitrosyl complex of H105G(Im) was identical to that of
g 0.40- -0.06 = wt $1(1—385), which is 5-coordinate with a Soret maximum
S 3 at 399 nm.
g ?, Resonance Raman Spectroscopy of H105G(Iffhe
3 204 | 0.03 § resonance Raman spectra oftt(1—-385) and H105G(Im)
< \ | in the presence of 1 mM imidazole are shown in Figure 6A
and B, respectively. The resonance Raman spectrum of the
0.00 | 0.00 wt 51(1-385) was essentially identical to that of the

heterodimeric sGC isolated from bovine lung0Y. This
result further supports our conclusion that the heme environ-
ment in wt51(1—385) is very similar, if not identical, to
Ficure 3: Electronic absorption spectrum of the s@Q(1—385) that of heterodimeric sGCL9).

cyano-complex H105G(Im) (#M) in 50 mM Hepes, pH 7.4, 150 . .
n¥M NacCl, 5)0 mM imidgzo)leczu cglano complexi—%SO %M KCN) In the hlgh-frequency s.pectrum O.f H105G(Im) taken in
(—); as isolated (- - -). The left scale refers to the Soret region, and the presence of 1 mM imidazole (Figure 6A, spectrum b),

the right scale refers to th&/ region. there was an intense peak at 1374 &) which is sensitive
to the coordination number and oxidation state of the heme
0.60 0.09 (33). The frequency of the, vibration indicated that the
] i heme in HL05G(Im) was most likely ferric, but a 6-coordi-
nate ferrous heme cannot be ruled out. However, based on
the observation of a low-intensiiyg vibrational mode around
1500 cn1?, we conclude that the heme in H105G(Im) was
ferric. This conclusion is consistent with our electronic
absorption spectroscopic observations. Upon closer inspec-
tion, thevs mode appeared to consist of two vibrations: one
at 1501 cm?! and one at 1494 cm. The broad band
centered at 1627 cmin the high-frequency region consists
of thev,0 and vinyl stretching vibrationycc, of both forms
of the ferric heme, i.e., 5-coordinate, high-spin and 6-coor-
dinate, low-spin. We expected thec vibration around 1627
FiGURE 4: Electronic absorption spectrum of the bis(imidazole) cm™, since this vibration is rather insensitive to the state of
gongix %fS%G(n?I\%I(lN_;gE) E?-Sc()ilsl’rﬁélc’:lrg)Og‘L)tIV(IZ)OII‘I’III;(()E)T}—%AOE'eI’F])’Iel\i' the heme 29). The shoulder on the higher frequency side
imidazdle) (); as isolated (- - -). The left scale refers to the Soret can be assigned to the V'brat'on_' which '_S eXpe_Cted around
regior‘]l and the r|ght scale refers to w region. 1630 and 1640 Cl’ﬁ for 5'C00rd|nate, hlgh—SpIn and 6-co-
ordinate, low-spin ferric heme, respectivel29(. This
423 nm as that resulting from the 6-coordinate low-spin indicated that the heme in H105G(Im) was a mixture of
complex. The sixth ligand may be water, imidazole, or 6-coordinate, low-spinig =1501 cn!) and 5-coordinate,
another protein-donated ligand. The shoulder at 400 nm mayhigh-spin ¢z = 1494 cm?). In both cases, the, vibration
result from the high-spin, 5-coordinate heme. Addition of is expected to be around 1374 ¢in Finally, no vibrational
more imidazole led to the formation of a bis(imidazete) = modes were detected below 275¢rfor H105G(Im) (Figure
heme complex that shifted the Soret maximum from 423 to 6B, spectrum b).
415 nm (Figure 4), suggesting that the sixth ligand in HL05G- The reduction of H105G(Im) with dithionite in the
(Im) as isolated was not imidazole. NO reduced the ferric presence of imidazole converted the heme to a 5-coordinate,

—
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— 0.00
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Ficure 7: Low-frequency resonance spectra of H105G(Im) mutant
with 1 mM imidazole (a) andN-methylimidazole (b). The spectra
were normalized to the 676 crhvibrational mode. The spectra
were collected with excitation at 413 nm. The accumulation time
was 30 min. L= imidazole in spectrum a, and L is a mixture of
predominantlyN-methylimidazole and some imidazole in spectrum
b. The lines are drawn to show that no other vibrations are sensitive
to the exchange of the proximal ligand.

876 v7

221 V(Fe-Im)

346 vg

Raman band appeared at 221¢ém Since the 221 cri
vibrational mode appeared upon reduction of H105G(Im),
we assigned this mode to the Fd(Im) vibration of the
5-coordinate, high-spin complex formed by the ferrous heme
and imidazole in the heme pocket of H105G(Im).

The differences in the intensities of modes from the wt
p1(1-385) and the reduced H105G(Im) are most likely
related to differences in the excitation wavelengths. In the
case of the wiB1(1—385), we used excitation at 431 nm,
while excitation at 413 nm was used for HL05G(Im). The
use of different excitation wavelengths will affect the
intensities of vibrational modes, but does not change their

1 2 1 2 1 2 1 " 1 M I H
800 700 600 500 400 300 200 freqqenues. , ) ,
Imidazole Seres as the Proximal Ligand in H105G(Im).
Raman Shift (cm™) To show that the imidazole is directly coordinated to the
FiIGURE 6: High- (A) and low- (B) frequency resonance Raman heme Fe in H105G(Im), we carried out ligand exchange and
spectra of the wi1(1—385) (a) in 50 mM Hepes, pH 7.4, 150 resonance Raman spectroscopic studies. In the low-
;nn'\g ggg(':’e% vam ggllé;?g(ge%torﬁ@é'fg%mgw?:easusﬁéatgdega frequency spectrum of reduced H105G(Im), there was a band
are normalized to the, and 676 cmit vi%rations, respeqctivel))//. 'lphe at 221 cml that was assigned as theﬂ“.('m) Stretchlpg
spectra were collected with 413 nm excitation for the H105G mutant Mode (Figures 6B and 7). If the added imidazole was indeed
and with 431 nm excitation for wB1(1—385). The following coordinated to the heme in H105G(Im), a differentffe
abbreviations are used in the figure(C=C), vinyl stretching stretching frequency was expected to be observed upon
x:bLatSIO?nﬁg %\fvogr?ri”?ﬁ;gmgﬁ;ggg g;gogggr‘gitﬁ C?om,gtl)eex;ePS, exchange wittN-methylimidazole. N-Methylimidazole can
al.g(28)p. T‘he’ accun?ulétion times for the high-frequegncy and the lead to a vibration fr?quency downSh'f,t 0f—36. Cr,n_l for
low-frequency spectra were 10 min and 30 min, respectively.  the Fe-N(Im) stretching mode34). This prediction was
verified in the H25A heme oxygenase mutant as a 12'cm
high-spin ferrous complex. In the high-frequency resonance downshift was observed in this vibration when imidazole
Raman spectrum (Figure 6A, spectrum c), this was indicatedwas substituted byN-methylimidazole 85). As shown in
by the v, vibration at 1355 cm', the v; vibration at 1471 Figure 7, a shift from 221 to 212 crhwas observed when
cm%, and thevyo vibration around 1603 cnt. The most N-methylimidazole was substituted for imidazole in the
pronounced change, however, was observed in the low-H105G mutant. This result confirmed our assignment of this
frequency region (Figure 6B, spectrum c), where an intensevibration, which was observed at 221 chfor imidazole

=

Intensity (a.u.)

346Vg

B
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and at 212 cmt for the N-methylimidazole, to the FeN(Im/ with small residues such as glycine in hemoproteins can, in
Melm) stretching vibration. theory, generate a cavity on the proximal side of the heme
binding pocket. In practice, small molecules such as
DISCUSSION imidazole have been shown to be able to diffuse into the
L . , i cavity and rescue heme binding as seen with the myoglobin

A combination of site-directed mutagenesis, tVisible, H93G mutant 87), the cytochromec peroxidase H175G

and resonance Raman spectroscopic approaches employeg tant @8), and the horseradish peroxidase H170A mutant
in this study has led to the identification of H105 in the sGC (39). In these examples, the proximal ligand, as revealed

f1 subunit as the heme proximal ligand. We not only were 'y oy crystallography, is known to be histidine and the
able to generate heme-deficient H165(1-385) mutants g htituted imidazole in the corresponding mutants was

by site—_dirgcted mutagenesis but also were aplg to rescuegnown to occupy the same si@7( 39. In our case, when
heme binding to the H105G mutant by adding imidazole 10 jnigazole was added to the culture media and purification
the culture media and purification buffers. buffers, H105G(Im) was isolated and found to contain a
We have recently localized the heme binding region in stoichoimetric equivalent of heme (Figure 2). No heme
sGC to the N-terminal region of thgl subunit. The  reconstitution was necessary. One explanation of these
N-terminal fragment of thg1 subunit [residues-1385,51- results is that imidazole diffuses into the heme binding pocket
(1-385)] was expressed iB. coli, purified, and shown to  and then serves as the proximal heme ligand in H105G(Im).
be sufficient for heme binding. Electronic absorption However, alternative explanations could not be ruled out,
spectroscopic studies have shown that the heme environmenguch as the rescue of the structural elements destroyed by
in $1(1—385) is very similar to that in the heterodimeric the mutation.
sGC isolated from bovine lund9). Inboth cases, theheme  To show that the imidazole in H105G(Im) functions as
is 5-coordinate, ferrous, and high-spin with histidine as the the heme ligand, we carried out ligand exchange experiments
only axial ligand {2, 19. Therefore, we used this fragment  and used resonance Raman spectroscopy to detect changes
to identify the heme proximal ligand in sGC. The first step iy the heme environment. DePillis et al. demonstrated that
in identifying the heme proximal ligand in sGC was t0 the axial imidazole ligand in the H93G myoglobin mutant
individually mutate each of the conserved histidines in the could be exchanged with other ligands suciNasethylimi-
heme binding regiof#1(1-385). All of the histidine mutants  gazole by simply adding an excess of another potential ligand
except H105A were shown to have the capacity to bind heme (40). To exchange the ligand, H105G(Im) was purified
(Table 1), suggesting that H105 is likely to be the heme without adding imidazole to the buffer for the last step of
proximal ligand in sGC. The heme deficiency in the H105A the purification (gel filtration). Since this step could be
mutant of31(1-385) is probably due to lack of an appropri-  completed in less than 2 h, we were able to isolate H105G-
ate heme ligand. These results are also consistent with thos@|m) where more than 80% of the protein still had heme
from the Koesling group31), who found that, when H105  pound. By omitting imidazole in the last purification step,
and other conserved histidine residues in sGC were mutatedye avoided excess imidazole in the sample which might
to phenylalanine and expressed in a baculovirus/SF9 systemnphibit the subsequent ligand exchange. We also wanted to
as a heterodimeric protein{f1), only H105F lost the NO-  ayoid a very high concentration of ligand in the exchange
stimulated sGC activity. They also found that the purified process, which could lead to a 6-coordinate complex with
H105F mutant was heme-deficient. One explanation for the H105G(Im). Indeed, when the imidazole concentration
heme dEfiCiency of the H105F mutant of heterodimeric sGC reached 250 mM, a 6-coordinate bis(imidazo|e) Comp|ex was
is that H105 is the heme proximal ligand and that the heme formed as revealed by electronic absorption spectroscopy
deficiency in the H105F mutant is due to lack of an (Figure 4) and resonance Raman spectroscopy (data not
appropriate heme Iigapd or alteration of the heme binding shown). Ligand exchange in H105G(Im) was achieved by
site with the larger residue replacement. However, alterna- simply adding the desired ligand directly to the sample at a
tive explanations have not been ruled out. For example, final concentration of 1 mM. Ferrous H105G(Im) in the
H105 may simply play a structural role, and without H105, presence of 1 mM imidazole was 5-coordinate and high-
the heme binding pocket may not fold correctly. Clearly, spin as indicated by the; at 1471 cm? and thev, at 1355
the heme binding pocket is subject to rather stringent ¢m-1 (Figure 6A, spectrum c). In ferrous heme complexes,
structural requirements since a C78S mutation in ffie  the Fe-His stretching frequency is usually between 230 and
subunit of sGC has also been found to be heme-deficient200 cnrl. We assigned a vibrational mode at 221-érim
with no NO-stimulated activity36). The heme deficiency  the ferrous H105G(Im) low-frequency spectrum as the Fe
of the C78S mutant apparently does not result from loss of N(Im) vibration. When imidazole was exchanged with
the proximal ligand, but rather to some other structural N-methylimidazole, the ferrous H105G(Melm) was still high-
changes since all evidence supports a histidine residue aspin 5-coordinate as it had the same high-frequency Raman
the sole axial ligand. spectrum as H105G(Im) (data not shown). The only Raman
As mentioned above, the only heme-deficient mutants of peak that shifted in the low-frequency spectrum was the
p1(1—-385) are H105A and H105G. The fact that two putative Fe-N(Im) vibrational mode, which shifted from 221
smallerf1 fragments of sGCAL(1—-345) and31(1—206)] to 212 cm?! after ligand exchange. This result indicated
still bind heme when expressedn coli and subsequently  that the mode at 221 crhis indeed the FeN(Im) stretching
isolated further supports H105 as the proximal ligand since mode and that imidazole serves as an axial ligand. The large
the conserved histidine residues H220 and H346 are notFe—N vibrational frequency difference between imidazole
included in these smaller fragments (Zhao and Marletta, and N-methylimidazole results from mass effec85) and
unpublished data). Replacement of the proximal histidine may also reflect a weaker F& bond whenN-methylimi-
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dazole is the ligand. It is possible that this shift results from ligand can affect the redox potential of hem#)( When

a structural rescue; however, if that was the case, it is unlikely more negative charge exists in the imidazole ring, the-His
that this would be the only Raman band to shift. Therefore, Fe bond becomes stronger and also leads to a decrease of
from the results of site-directed mutagenesis, electronic the Fé'/Fe" reduction potential, which stabilizes the®Fe
absorption, and resonance Raman spectroscopy, we concludéorm relative to the F& oxidation state42). Therefore, a

that the H105 in th@1 subunit of sSGC is the proximal heme stronger Fe-Im bond may partially explain why H105G-
ligand. (Im) is ferric while sGC and wp1(1—385) are ferrous.

We previously reported that the heme environment of wt  The molecular mechanisms involved in NO activation as
B1(1-385) is very similar to that of heterodimeric sGC as well as the mechanism of deactivation of sGC remain as
indicted by electronic absorption spectroscopic studies. Here,critical unanswered questions that must be answered in order
resonance Raman spectroscopic studies ofil—385) to understand the biochemical basis of NO action. Our
further support that conclusion. Both high- and low- results that identify H105 as the proximal heme ligand in
frequency resonance Raman spectra of&(tl—385) were the 81 subunit of sGC provide the basis for further study of
very similar to those of heterodimeric sGC. The only these important questions.
significant differences observed were the-f{His) stretch-
ing vibration and the’; vibration, which is sensitive to both ~ACKNOWLEDGMENT
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