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ABSTRACT: The catalytic domains (Rcat andâcat) of R1â1 soluble guanylate cyclase (sGC) were expressed
in Escherichia coliand purified to homogeneity.Rcat, âcat, and theRcatâcat heterodimeric complex were
characterized by analytical gel filtration and circular dichroism spectroscopy, and activity was assessed
in the absence and presence of two different N-terminal regulatory heme-binding domain constructs.Rcat

andâcat were inactive separately, but together the domains exhibited guanylate cyclase activity. Analysis
by gel filtration chromatography demonstrated that each of the approximately 25-kDa domains form
homodimers. Heterodimers were formed whenRcat andâcat were combined. Results from circular dichroism
spectroscopy indicated that no major structural changes occur upon heterodimer formation. Like the full-
length enzyme, theRcatâcat complex was more active in the presence of Mn2+ as compared to the
physiological cofactor Mg2+, although the magnitude of the difference was much larger for the catalytic
domains than for the full-length enzyme. TheKM for Mn2+-GTP was measured to be 85( 18 µM, and
in the presence of Mn2+-GTP, theKD for theRcatâcat complex was 450( 70 nM. The N-terminal heme-
bound regulatory domain of theâ1 subunit of sGC inhibited the activity of theRcatâcat complex in trans,
suggesting a domain-scale mechanism of regulation by NO. A model in which binding of NO to sGC
causes relief of an autoinhibitory interaction between the regulatory heme-binding domain and the catalytic
domains of sGC is proposed.

The principle physiological receptor for nitric oxide (NO)
when functioning as a signaling agent is soluble guanylate
cyclase (sGC,1 EC 4.6.1.2) (1-5). sGC catalyzes a cycliza-
tion reaction in which guanosine 5′-triphosphate (GTP) is
converted into the 3′,5′-cyclic monophosphate second mes-
senger, cGMP. The product cGMP elicits downstream effects
that ultimately result in phenomena such as smooth muscle
relaxation and vasodilation (6). An understanding of the
molecular details of mechanism and regulation of sGC is of

interest in developing therapeutic strategies for the treatment
of NO/cGMP signaling pathway-related disease.

sGC is a heterodimeric heme-containing protein consisting
of R and â subunits. Each subunit contains a conserved
N-terminal regulatory domain (7) predicted to exhibit a novel
structure (8), the H-NOX (heme-nitric oxide/oxygen bind-
ing) fold. It is this domain to which the heme is bound in
the â subunit of the sGCR1â1 heterodimer. Upon binding
of NO to the heme, the enzyme is activated several hundred
fold above the basal level (9, 10). The changes induced in
the sGC heme environment by the binding of NO are thought
to be responsible for initiating the events that result in
enzyme activation; however, the exact mechanism of activa-
tion remains unclear. The corresponding N-terminal region
of the R1 subunit is homologous to the N-terminus of the
â1 subunit and likely represents a similar fold despite the
inability to bind heme. sGC truncations consisting solely of
the â1 H-NOX domain appear monomeric (D. S. Karow,
J. H. Davis, and M. A. Marletta, manuscript in preparation),
and the corresponding domain of theR1 subunit can be
deleted from the full-length enzyme with little effect on
enzyme activity (11), indicating that the H-NOX domains
are not likely to be involved in dimerization. Each subunit
also contains a central region of unknown function consisting
of a domain predicted to adopt a PAS fold and an amphi-
pathic helical domain (7). Recent evidence suggests that these
central domains are involved in sensitivity to NO and the
exogenous activator, YC-1 (11), and in hetero- and homo-
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dimerization (12). At the C-terminus of each subunit is found
a consensus nucleotide cyclase catalytic domain (13). The
sequences of the two∼25 kDa catalytic domains of sGC
(Rcat andâcat) share∼60% homology and are also homolo-
gous to the C1 and C2 catalytic domains of the mammalian
adenylate cyclases (AC) (14, 15). Taken together, these
observations can be used to construct an updated model of
the domain organization of sGC (Figure 1A).

Full-length sGC is generally obtained from tissue or from
baculovirus/insect cell expression systems (16-21). How-
ever, these methods result in the isolation of small amounts
of labile protein. Expression inE. coli, a preferred method
for obtaining large amounts of protein for study, has been
unsuccessful to date. Expression of the domains of a protein
is a common way to facilitate biochemical and structural
analysis of proteins that are difficult to obtain in adequate
amounts. Several constructs containing the N-terminal heme-
binding domain of theâ1 subunit of sGC, which contain a
heme with ligand-binding properties identical to those of the
full-length enzyme, have been expressed, purified, and
characterized in this manner (22) (D. S. Karow, J. H. Davis,
and M. A. Marletta, manuscript in preparation). This method
has also been used in the study of the catalytic domains of
mammalian AC (23-25). In this work, we describe the
separate expression and purification of theRcat and âcat

domains of ratR1â1 sGC fromE. coli, the characterization
of the oligomerization and activity of each domain separately
and together, and the inhibition of the activity of theRcatâcat

complex by two different sGC heme-binding domain con-
structs.

EXPERIMENTAL PROCEDURES

Materials.Plasmids carrying the rat lung sGCR1 andâ1
cDNAs were a gift from Dr. Masaki Nakane, Abbott
Laboratories. The plasmid pGroE was a gift from Dr. Arthur
Horwich, Yale University. Primers, 2xYT, Luria Broth (LB),
and precast 10-20% Tris-glycine gels were obtained from

Invitrogen Corp. NiNTA-agarose Superflow resin was pur-
chased from Qiagen. The plasmid pET-24a andE. coli
Tuner(DE3) competent cells were obtained from Novagen.
IPTG was purchased from Promega. All restriction enzymes
were from New England Biolabs. DEA/NO was purchased
from Cayman Chemical Co. All other chemicals were from
Sigma unless otherwise indicated.

Construction of sGCR1 and â1 Catalytic Domain
Constructs.The sequences of the catalytic domains from
several adenylate and guanylate cyclases were aligned using
MegAlign (DNASTAR, Inc.). The alignment was used to
select start and end points for sGCRcat and âcat catalytic
domain constructs, which consisted of residues 467-6902

from the R1 subunit and residues 414-619 from theâ1
subunit. For bothRcat andâcat, PCR was used to introduce a
HindIII site, a ribosome-binding site, and an in-frame ATG
start codon upstream from the desired cDNA sequences for
each construct. AnXhoIsite was introduced at the C-terminus
of each construct to facilitate the incorporation of a vector-
derived hexa-His tag. TheRcat forward primer was 5′-
GAAAGCTTAAGAAGGAGATATACATGCAAGGACAA-
ATTGTGCAAGCCAAG-3′, and the reverse primer was 5′-
AACTCGAGATCTACCCCTGATGC-3′. The âcat forward
primer was 5′-GAAAGCTTAAGAAGGAGATATACATG-
GCCAAAAGATACGACAATGTGACC-3′, and the reverse
primer was 5′-TTCTCGAGGTTTTCATCCTGGTTT-3′. The
PCR products were cloned into pET-24a and sequenced to
verify the presence of the desired changes (University of
California, Berkeley DNA Sequencing Facility).

Expression of Catalytic Domains in E. coli.Plasmids
pET24a/Rcat or pET24a/âcat were transformed intoE. coli
Tuner(DE3) competent cells, along with the auxiliary plasmid
pGroE. Starter cultures (150 mL of LB containing 34µg/
mL of kanamycin and 10µg/mL of tetracycline) were
inoculated from single colonies and were grown overnight
at 37°C. Expression cultures (12× 1 L of 2xYT containing
34 µg/mL of kanamycin and 10µg/mL of tetracycline) were
each inoculated with 12 mL from the overnight cultures and
were grown at 37°C to an A600 of 0.5-0.6. The cultures
were then cooled to 23°C, and protein expression was
induced by the addition of IPTG to a final concentration of
1 mM. Cells were harvested by centrifugation 15 h postin-
duction, and cell pellets were stored at-80 °C.

Purification of IndiVidual sGC Catalytic Domains.All
manipulations were carried out at 4°C. Frozen cell pellets
from 12-L expression cultures of eitherRcat or âcat were
thawed and resuspended in buffer A [50 mM KH2PO4, pH
8.0, 300 mM NaCl, 25 mM imidazole, 5 mMâ-mercapto-
ethanol, 1 mM Pefabloc (Pentapharm), 1 mM benzamidine,
10% glycerol] plus Complete EDTA-free protease inhibitor
cocktail (Roche). Resuspended cells were brought to 10 mM
MgCl2, 0.1 mg/mL in DNase, and 0.5 mg/mL in lysozyme
and placed on ice for 30 min. Cells were lysed by sonication
for 30 s followed by disruption with an Emulsiflex-C5 high-
pressure homogenizer (Avestin, Inc.). The lysate was cen-
trifuged at 200 000g for 1.5 h, and the supernatant was
applied to an 8-mL column of NiNTA-Agarose Superflow
resin equilibrated with buffer A at a flow rate of 2 mL/min
using a BioLogic LP (Bio-Rad Laboratories). The column

2 sGC amino acid numbering is that of the rat enzyme unless
otherwise noted.

FIGURE 1: Comparison between soluble guanylate cyclase and
mammalian adenylate cyclase. Depicted on the left are models of
the two proteins, and shown on the right are schematics of the
proposed domain organizations for each enzyme. (A) Model and
schematic for sGC. The domains of sGC are labeled by the first
letters of their domain names (underlined). The sGC heme is
represented by the white parallelogram on theâ1 subunit. (B) Model
and schematic for mammalian AC. The regions of mammalian AC
are labeled according to convention (40).
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was washed with buffer A until the A280 was stable, washed
with 200 mL of 45 mM imidazole in buffer A, and eluted
with 100 mL of 150 mM imidazole in buffer A, collecting
5-mL fractions during the elution. Fractions containingRcat

or âcat were identified by A280, pooled, concentrated to 0.5-1
mL in a Vivaspin-20 10K filter (Vivascience), and exchanged
into buffer B (50 mM DEA, pH 8.5, 20 mM NaCl) by three
consecutive 10-fold dilution/concentration cycles in a Vivaspin-
20 10K filter. The sample was diluted to∼4 mL with buffer
B and applied to a 2-mL prepacked POROS HQ2 anion-
exchange column (Applied Biosystems) at 2 mL/min using
a BioLogic Duo Flow (Bio-Rad Laboratories). The column
was washed with 10 mL buffer B and developed with a 50
mL 20-400 mM gradient of NaCl in buffer B, collecting
1-mL fractions. Fractions containing purifiedRcat or âcat were
identified by SDS-PAGE. Pooled fractions were concen-
trated in a Vivaspin-6 10K filter and stored at-80 °C.
Protein purity was assessed by SDS-PAGE using precast
10-20% Tris-glycine gels and was routinely greater than
95%. Protein concentrations were determined using the
Bradford Microassay (Bio-Rad Laboratories); bovine serum
albumin was used as a standard.

Amino Acid Sequencing. N-Terminal amino acid sequences
were determined by Edman degradation by the Protein
Chemistry Laboratory at Texas A&M University, using a
Hewlett-Packard G1000A Automated Protein Sequencer.
SDS-PAGE was performed on purifiedRcat or âcat using a
precast 10-20% Tris-glycine gel. Proteins were then trans-
ferred to a PVDF membrane (Bio-Rad Laboratories) by
electroblot, and the membrane was stained with Coomassie
Blue R-250 (Bio-Rad Laboratories) to visualize the protein
bands. The bands were excised, dried, and submitted for
analysis.

ActiVity of Rcat and âcat Catalytic Domains.End-point
assays at 37°C were performed in triplicate as described
previously (26). The assay mixtures contained 50 mM
HEPES, pH 7.4, 6 mM MgCl2 or MnCl2, 3 mM GTP, and
2 mM DTT. Assay mixtures were equilibrated for 1 min at
37 °C, and reactions were initiated by addition of 5µg of
Rcat, 5 µg of âcat, or 5 µg each of both catalytic domains.
Reactions were quenched after 16-20 min by addition of
400 µL of 125 mM Zn(CH3CO2)2 followed by 500µL of
125 mM Na2CO3. cGMP formed was quantified with a
cGMP EIA kit, Format B (Biomol), per the manufacturer’s
instructions. To determine theKM for Mn2+-GTP, activity
in the presence of Mn2+ was measured as above, except the
concentration of GTP was varied from 10 to 1000µM. The
resulting data were fit to the Michaelis-Menten equation to
obtain theKM.

Analytical Gel Filtration Studies on theRcat and âcat

Catalytic Domains. Analytical gel filtration onRcat, âcat, and
theRcatâcat complex was performed on a BioLogic Duo Flow
(Bio-Rad Laboratories) equipped with a prepacked Superdex
S200 HiLoad 16/60 gel filtration column (Pharmacia) at 4
°C. The buffer contained 50 mM HEPES, pH 7.4, 150 mM
NaCl, and was run at a flow rate of 1 mL/min. The sample
injection volume was 1 mL. The standards used were
cytochromec (12.4 kDa), carbonic anhydrase (29 kDa),
ovalbumin (45 kDa), bovine serum albumin (66 kDa), yeast
alcohol dehydrogenase (150 kDa), and thyroglobulin (669
kDa). All standards were 0.42 mg/mL upon loading. The
sample concentrations upon loading wereRcat, 21 µM in

monomer;âcat, 56 µM in monomer; andRcatâcat complex,
8.9 µM. All proteins were detected by absorbance at 280
nm.

Circular Dichroism Spectroscopy Studies on theRcat and
âcat Catalytic Domains. Rcat (8.1 µM in monomer),âcat (8.3
µM in monomer), orRcatâcat complex (4µM) were prepared
in 20 mM Tris•HCl, pH 7.4, 100 mM NaCl. The circular
dichroism spectrum of each sample was measured using a
1-mm path length cell at 37°C on a Jasco J-810 CD
spectrophotometer. Samples were equilibrated for 1 min
before initiation of scans, and data were collected from 250
to 195 nm at 1 nm data intervals with 5 s averaging for each
data point.

Determination of the KD of the sGCRcatâcat Catalytic
Domain Complex.End-point assays were performed at 37
°C in duplicate. The assay mixtures contained 50 mM
HEPES, pH 7.4, 6 mM MnCl2, 3 mM GTP, and 2 mM DTT.
Assay mixtures were equilibrated for 1 min at 37°C, and
reactions were initiated by addition of varying amounts of
Rcatâcat complex. Reactions were quenched after 20 min, and
cGMP formed was quantified by EIA. The activities at
different Rcatâcat concentrations were fit to a standard
saturation equation,V ) Vmax [Rcatâcat]/(KD + [Rcatâcat]) to
obtain theKD.

Purification of sGC Heme-Binding Domain Constructs.
The rat sGC heme-binding domain constructsâ1(1-194) and
â1(1-385) were expressed and purified containing a sto-
ichiometric amount of heme as described (Karow, D. S.,
Davis, J. H., and Marletta, M. A. manuscript in preparation)
(27).

Inhibition of sGC Rcatâcat Catalytic Domain Complex
ActiVity by sGC Heme-Binding Domain Constructs. End-
point assays were performed in duplicate with or without
the addition of â1(1-194) or â1(1-385) heme-binding
domain constructs. Assay mixtures contained 50 mM HEPES,
pH 7.4, 6 mM MgCl2, 3 mM GTP, 2 mM DTT, andâ1(1-
194) or â1(1-385) heme-binding domain constructs as
indicated. Assay mixtures were equilibrated to 37°C for 1
min, and reactions were initiated by addition ofRcatâcat

complex to 1.6µM. Assays were quenched after 16 min and
cGMP produced was quantified by EIA.

RESULTS AND DISCUSSION

Expression ofRcat and âcat. The development of soluble
catalytic domain constructs of mammalian AC has provided
a useful system for the structural and biochemical study of
a membrane-bound protein only available in small quantities
(23, 28). Such a system would also be useful for sGC, which
contains a pair of catalytic domains homologous to those of
AC (Figure 1B). sGC, typically expressed and purified using
baculovirus/insect cell systems, is similarly difficult to
express in large amounts. Additionally, efforts to express
soluble, active full-length sGC inE. coli have been unsuc-
cessful.3 Using an alignment of the catalytic domains of AC
with those of sGC, a hexa-histidine-tagged catalytic domain
construct (designatedRcat or âcat) was designed for each
subunit of ratR1â1 sGC.Rcat andâcat were each expressed
in E. coli in the presence of the auxiliary plasmid pGroE,
from which the chaperone proteins GroEL and GroES are

3 Winger, J. A. and Marletta, M. A., unpublished results.

Expression and Characterization of the Catalytic Domains of sGC Biochemistry, Vol. 44, No. 10, 20054085



expressed (29), in an effort to increase the amount of soluble
protein produced. Most of the solubleRcat andâcat expressed
was present as a complex with GroEL as determined by
SDS-PAGE and gel filtration chromatography (data not
shown). However, for bothRcat andâcat, a small amount of
soluble, uncomplexed protein was present and amenable to
purification from the supernatant fraction of bacterial lysates.
Expression of either catalytic domain in the absence of pGroE
resulted in undetectable levels of soluble, uncomplexedRcat

or âcat.
Purification of Rcat and âcat. Rcat and âcat were purified

using nickel affinity chromatography and anion-exchange
chromatography as described under Experimental Procedures.
Both proteins were judged to be homogeneous by SDS-
PAGE (Figure 2). BothRcat andâcat ran at∼25 kDa, close
to the predicted molecular weights of 25.9 kDa (Rcat) and
24.1 kDa, (âcat). Each protein was subjected to N-terminal
amino acid sequencing by Edman degradation. The N-
terminal amino acid sequence of each protein matched those
predicted from the DNA sequences (Rcat retained the N-
terminal methionine;âcat did not), confirming the identity
of the purified proteins. Yields from 12 L ofE. coli were
typically in the range of 0.4-1 mg for Rcat or 1-2 mg for
âcat.

ActiVity of PurifiedRcat, âcat, andRcatâcat. In the presence
of the physiological substrate Mg2+-GTP, purifiedRcat and
âcat displayed no activity by themselves, but exhibited
enzymatic activity when combined (Figure 3A). A similar
observation was reported for the AC catalytic domains (24,
25). This result has an important implication for the functions
of the various regions of sGC: it confirms that the catalytic
regions of each subunit must heterodimerize to exhibit sGC
activity. The results also clarify the accepted idea that the
sGC subunits must be coexpressed to be active (30, 31),
indicating that, at least for the catalytic domains, each can
fold to a stable conformation in the absence of its partner.
The requirement for subunit coexpression for activity must
therefore relate to folding in the regions N-terminal to the
catalytic regions of the full-length enzyme.

In the presence of Mn2+-GTP, purifiedRcat and âcat by
themselves displayed a small amount of activity, but this
activity was less than 1% of the activity exhibited by the
Rcatâcat complex (Figure 3B). The activity ofRcatâcat was
higher with Mn2+ than with Mg2+. A similar phenomenon
was observed with the full-length enzyme, which displayed

a basal activity in the presence of Mn2+ roughly 8-fold higher
than in the presence of Mg2+ (data not shown), consistent
with reported values (16, 18, 32, 33). However, the magni-
tude of the difference in specific activity because of the
change in divalent cation was much larger for the isolated
catalytic domains (∼200-fold for Rcatâcat versus 8-fold for
the full-length enzyme). TheKM for Mn2+-GTP was 85(
18µM (Figure 3C), in good agreement with published values
for the full-length enzyme; thus, the difference in activity
increase in the presence of Mn2+ for Rcatâcat and the full-
length enzyme appears to be due to a change inkcat. The
cause of this change remains to be determined.

Dimerization ofRcat, âcat, and Rcatâcat. Purified Rcat and
âcat were subjected to analytical gel filtration on a Pharmacia
Superdex 200 column.Rcat ran as a mixture of monomer and
dimer, with apparent molecular weights of 34 and 70 kDa
for the monomer and dimer, respectively, somewhat higher
than the calculated molecular weights of 25.9 and 51.8 kDa

FIGURE 2: SDS-PAGE analysis of purifiedRcat andâcat. Protein
samples were mixed with SDS loading buffer+ reductant, boiled,
and run on a 10-20% Tris-glycine gel. Lane 1, Mark 12 molecular
weight markers; lane 2,Rcat (∼1.5 µg); lane 3,âcat (∼1 µg).

FIGURE 3: Activities of purifiedRcat, âcat, and theRcatâcat complex.
Activity assays were carried out withRcat alone (5µg), âcat alone
(5µg), or Rcat andâcat together (5µg of each). (A) Activity in the
presence of Mg2+. (B) Activity in the presence of Mn2+. (C)
Activity in the presence of increasing concentrations of GTP. The
data were fit to the Michaelis-Menten equation to yield theKM
for Mn2+-GTP.
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(Figure 4A).âcat ran exclusively as a dimer, with an apparent
molecular weight of 53 kDa, close to the predicted dimeric
weight of 48.2 kDa (Figure 4B). TheRcatâcat complex ran as
mostly dimer, with an apparent molecular weight of 53 kDa,
close to the predicted value of 50 kDa (Figure 4C). A small
shoulder was observed at∼32 kDa, which likely reflects a
slight excess ofRcat in the mixture.

Both Rcat and âcat were able to homodimerize, thus
suggesting that the lack of catalytic activity exhibited byRcat

or âcat is due to the inability to form a functional active site
without the proper dimeric partner rather than to a lack of
dimerization. This is in agreement with the reported proper-
ties of the AC catalytic domains (25, 34). The observed
mixture of monomer and dimer forRcat suggests that theKD

of the Rcat homodimer is in the range of 10-20 µM.
Additionally, because 56µM âcat ran as a dimer, an upper
limit for the KD for the âcat homodimer of 6µM can be
estimated. If theâcat homodimerKD was 6µM, then at 60
µM, a monomer/dimer ratio of 1/10 would be expected, and
in fact, no monomer was detected in this experiment. Thus,
the âcat homodimer has a tighter association (KD < 6 µM)
than does theRcat homodimer (KD ≈ 10-20 µM). The fact
that most (if not all) of theRcatâcat complex is a dimer at 9
µM indicates that theKD of theRcatâcat heterodimer is close
to 0.5-1 µM, lower than that of either theRcat or âcat

homodimer. This is consistent with the fact that, for full-

length R1â1 enzyme, the primary observed species is the
heterodimer.

Circular dichroism (CD) spectroscopy was used to deter-
mine whether a change in secondary structure occurs upon
formation of theRcatâcat complex (Figure 5). At the concen-
trations employed in these experiments (8µM for Rcat and
âcat, 4 µM for the Rcatâcat complex), each catalytic domain
construct is likely present as a mixture of monomer and
dimer, while theRcatâcat complex is present as a heterodimer.
The CD spectrum ofRcat displayed a mixture ofR-helical
andâ-sheet character. The CD spectrum ofâcat exhibited a
similar mixture with slightly moreR-helical character, as
seen from the increase in the ratio ofA209/A222. The mixture
of R-helical andâ-sheet characteristics is consistent with
secondary structure predictions for the sGC catalytic do-
mains, as well as with the AC crystal structures, which
exhibit aâRââRâ organization of secondary structure (35).
The CD spectrum of theRcatâcat complex resembles an
additive combination of the spectra obtained forRcat andâcat,
indicating that no gross changes in secondary structure occur
upon heterodimer formation. Taken together with the analyti-
cal gel filtration data, the circular dichroism data indicate
that the individual catalytic domain constructs fold to stable
conformations in the absence of the heterodimeric partner,
and these conformations do not change significantly upon
heterodimer formation. The inactivity of theRcat or âcat

homodimers is most likely due to the lack of key residues,
contributed by the heterodimeric partner, that are needed for
formation of a catalytically competent active site.

The affinity of the catalytic domain constructs for each
other was determined by measuring the specific activity of
the complex at different dilutions, with the assumption that
activity would decrease as the complex dissociated, allowing
the KD for the complex to be calculated (Figure 6). The
activity of varying dilutions of theRcatâcat complex was fit
to a standard saturation equation,V ) Vmax [Rcatâcat]/(KD +
[Rcatâcat]), to obtain theKD of the complex, which was 450
( 70 nM, in good agreement with the estimate of 0.5-1
µM obtained by gel filtration. The presence of metal and
GTP does not appear to affect the formation of heterodimers,
as theKD predicted from the gel filtration studies (0.5-1
µM; in the absence of metal and GTP) matches quite well

FIGURE 4: Analytical gel filtration profiles ofRcat, âcat, andRcatâcat.
Rcat (A, 21 µM), âcat (B, 56µM), andRcatâcat (C, 8.9µM) were gel
filtered on a Superdex 200 (HiLoad 16/60) column at 1 mL/min.
The positions of elution of molecular weight markers are shown.

FIGURE 5: Circular dichroism spectra of the sGC catalytic domains.
Protein concentrations wereRcat, 8.1µM; âcat, 8.3µM; andRcatâcat,
4 µM. While the spectra ofRcat andâcat exhibit slight differences
from each other, neither protein undergoes a significant change upon
formation of theRcatâcat complex, as demonstrated by the resem-
blance of the spectrum of theRcatâcat complex to the sum of the
spectra of the individual catalytic domains.
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with theKD determined by activity ofRcatâcat dilutions (450
( 70 nM; in the presence of metal and GTP). From the gel
filtration studies, it can be estimated that theKD for theâcat

homodimer is∼10 times higher than theKD for the Rcatâcat

heterodimer; thus, under these conditions, the contribution
of âcat homodimer formation would be negligible.

Inhibition of Rcatâcat ActiVity by sGC Heme-Binding
Domain Constructs.The successful expression and purifica-
tion of active sGC catalytic domain constructs allowed us
to examine whether the activity of theRcatâcat catalytic
domains could be affected by the sGC heme-binding domain
in trans. If so, this would be highly suggestive of a direct
interaction between the catalytic domains and the heme-
binding domain of the enzyme, permitting the possible
elucidation of the contacts and mechanisms by which
activation of the full-length enzyme by NO occurs. To this
end, theRcatâcat complex was assayed in the presence of
increasing amounts of the sGC heme-binding domain
constructsâ1(1-194) orâ1(1-385). Intriguingly, the activity
of theRcatâcat catalytic domains wasinhibitedby the heme-
binding domain constructs in a concentration-dependent
manner (Figure 7). This inhibition was not an artifact of
nonspecific protein-protein interactions, as inhibition did
not occur with equivalent amounts of bovine serum albumin
or immunoglobulin G, nor was it an effect due to the presence
of Mn2+ in the assays, as similar inhibition was observed in
the presence of Mg2+ (data not shown). As seen in Figure
7, the inhibition of the activity of theRcatâcat complex by
the homodimeric heme-binding domain constructâ1(1-385)
(22) was greater than that observed for the monomeric
constructâ1(1-194). The inhibition by either heme-binding
domain construct was unaffected by the presence of 100µM
DEA/NO (data not shown).

These observations indicate that the N-terminal heme-
binding domain of sGC can interact with one or both of the
catalytic domains in the full-length enzyme and suggest that
the function of the N-terminus of theâ1 subunit of sGC may
be to act as an autoinhibitory domain, whose inhibition is
relieved upon binding of NO to the heme-binding domain,
resulting in an increase in enzyme activity. We were unable
to examine the effect of theR1 N-terminal domain on the
activity of the Rcatâcat heterodimer because of difficulties
expressing theR1 N-terminal domain in a soluble form. It
is possible that theR1 N-terminal domain may exert an effect

on the activity of the catalytic domains; however, this is
unlikely because the region of theR1 N-terminus corre-
sponding to theâ1 heme-binding domain can be deleted
without much effect on the activity or NO-activation of sGC
(11).

Significantly, the primary difference betweenâ1(1-194)
andâ1(1-385) is that the longer construct, which appears
to be a more potent inhibitor, contains the central domain
of the â1 subunit, which is predicted to adopt a PAS-like
fold (7). When it occurs in other proteins, the PAS domain
often mediates protein-protein interactions. These interac-
tions are modulated by a large number of factors, including
light, gases, redox chemistry, and the binding of small
molecules (7, 36-38). Interestingly, the PAS-like regions
of theR1 andâ1 subunit of sGC are more conserved between
the subunits than are the N-terminal regions (45% identity
and 65% similarity for the PAS-like domains versus 20%
identity and 47% similarity for the N-terminal domains) (39),
suggesting that these domains are crucial to the proper
functioning of the enzyme. Finally, recent structural and
mutational studies describe a relevant mammalian signaling
system: the function of the PAS domain of the human PAS
kinase is autoinhibitory, and addition of the isolated PAS
domain to the truncated kinase domain results in specific
and concentration-dependent inhibition of kinase activity in
trans (37, 38). Thus, taken together, the data and observations
described above suggest a domain-scale mechanism for how
activation of sGC is achieved (Figure 8): NO binds to the
heme of the N-terminal heme-binding domain, causing a
conformational change that, mediated and perhaps amplified
by the PAS domains, is transmitted to the catalytic domains.
This conformational change causes relief of an inhibitory
interaction and allows the catalytic domains to shift relative
to one another, bringing active site residues into an optimum
alignment for maximum activity. Currently, the molecular
mechanism by which the N-terminal domains of sGC interact
with the catalytic domains is unknown. It is tempting to
propose that the heme-binding domain of sGC interacts at
the interface ofRcat and âcat to exert its effect on enzyme
activity, in a manner similar to that proposed for the
regulation of the catalytic domains of mammalian AC by

FIGURE 6: Determination of theKD for theRcatâcatcomplex. Varying
amounts ofRcatâcat complex were assayed for 20 min. Activity of
the Rcatâcat complex was linear with respect to time. The activity
data were fit to a standard saturation function,V ) Vmax [Rcatâcat]/
(KD + [Rcatâcat]) to obtain aKD value of 450( 70 nM.

FIGURE 7: Inhibition of the Rcatâcat complex by heme-binding
domain constructs. The activity of 1.6µM Rcatâcat complex was
inhibited by increasing amounts of the H-NOX domain constructs
â1(1-194) (white) andâ1(1-385) (dark gray). The amounts of
H-NOX domain constructs are shown as molar equivalents relative
to the amount ofRcatâcat complex.â1(1-385), the H-NOX domain
construct that also contains the PAS-like domain, inhibitedRcatâcat
activity to a greater extent than didâ1(1-194), the construct
containing just the H-NOX domain.
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GsR (34, 35); however, further experimentation will be
necessary to distinguish between this mechanism and others.
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