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László G. KÖMÜVES† and Ruey-Bing YANG†1

*Institut fuer Pharmakologie und Toxikologie, Universitaetsklinikum Muenster, Muenster, Germany, and †Institute of Biomedical Sciences, Academia Sinica,
128 Academia Road Sec. 2, Taipei 115, Taiwan, Republic of China

We have identified a novel membrane form of guanylate cyclase
(GC) from a mouse testis cDNA library and termed it mGC-G
(mouse GC-G) based on its high sequence homology to rat
GC-G. It encodes a potential type I transmembrane receptor, with
the characteristic domain structure common to all members of the
family of membrane GCs, including an extracellular, putative
ligand-binding domain, a single membrane-spanning segment and
cytoplasmic protein kinase-like and cyclase catalytic domains.
Real-time quantitative reverse transcriptase–PCR and Northern-
blot analyses showed that mGC-G is highly and selectively
expressed in mouse testis. Phylogenetic analysis based on the
extracellular protein sequence revealed that mGC-G is closely
related to members of the subfamily of natriuretic peptide receptor
GCs. When overexpressed in HEK-293T cells (human embryo-

nic kidney 293T cells) or COS-7 cells, mGC-G manifests as a
membrane-bound glycoprotein, which can form either homo-
meric or heteromeric complexes with the natriuretic peptide re-
ceptor GC-A. It exhibits marked cGMP-generating GC activity;
however, notably, all ligands known to activate other receptor GCs
failed to stimulate enzymic activity. The unique testis-enriched
expression of mGC-G, which is completely different from the
broader tissue distribution of rat GC-G, suggests the existence
of as-yet-unidentified ligands and unappreciated species-specific
physiological functions mediated through mGC-G/cGMP signal-
ling in the testis.

Key words: cGMP, guanylate cyclase, receptor, testis, signal
transduction.

INTRODUCTION

Intracellular second-messenger cGMP is involved in the regu-
lation of a broad spectrum of physiological processes, such as
relaxation of smooth muscle, regulation of epithelial electrolyte
and fluid transport, cellular growth and differentiation and photo-
transduction in the retina [1,2]. However, probably, the full range
of cellular functions modulated by cGMP is still not completely
understood.

In the mammal, cGMP is synthesized by two major classes of
biochemically distinct enzymes: the soluble and the membrane-
associated receptors, GCs (guanylate cyclases). To date, seven
membrane forms of GCs have been described in mammals, termed
GC-A to GC-G in the order of their discovery [3–12]. These pro-
teins appear to form a family of cell-surface receptors [13] and are
characterized by the presence of four distinct domains: an extra-
cellular ligand-binding domain, a single membrane-spanning
domain and a cytoplasmic region that contains the signature do-
mains of receptor GCs (e.g. a protein kinase-like domain and a
C-terminal cyclase catalytic domain). GC-A and GC-B function as
receptors for NPs (natriuretic peptides) [3–6] and GC-C encodes
an intestinal receptor for bacterial heat-stable enterotoxins [7] and
for two endogenous peptides, namely guanylin and uroguanylin
[14,15]. The other four membrane GCs remain as orphan receptors
[8,12].

GC-G is the last member of the membrane GC forms to be
identified [11]. So far, it has been identified only in the rat species,
where it is expressed in the lung, small intestine, skeletal muscles
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GC, guanylate cyclase; mGC-G and rGC-G, mouse and rat GC-G respectively; IBMX, isobutylmethylxanthine; SIN-1, 3-morpholinosydnonimine; NP,
natriuretic peptide; ANP, BNP and CNP, atrial, B-type and C-type NPs respectively; RT, reverse transcriptase.
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and kidney [11,16,17]. However, the precise biological functions
of this newly identified GC are still unknown. We aimed to
facilitate physiological studies in the murine system, i.e. to take
advantage of gene-targeting technologies to unravel the functions
of GC-G; therefore, in the present study, we identified and
characterized the apparent mouse homologue, which we have
termed mGC-G (mouse GC-G). Overproduction of mGC-G in
HEK-293T cells (human embryonic kidney 293T cells) or COS-
7 cells resulted in the expression of GC activity, but all ligands
known to activate other receptor GCs failed to stimulate enzymic
activity. Real-time quantitative RT (reverse transcriptase)–PCR
and Northern-blot analyses revealed that mGC-G is highly and
exclusively expressed in the testis, where it might interact with
a still unknown novel class of ligands that signal through cGMP.
The unique testis expression of mGC-G, which is completely
different from that of rGC-G, suggests that GC-G exerts different
and species-specific physiological functions.

EXPERIMENTAL

Reagents

Synthetic rat ANP (atrial NP) and CNP (C-type NP) were obtained
from Bachem (Heidelberg, Germany) and mouse BNP (B-type
NP) from American Peptide Co. (Sunnyvale, CA, U.S.A.). Rat
guanylin and uroguanylin were obtained from Peptide Institute
(Osaka, Japan) and the NO (nitric oxide) donor SIN-1 (3-mor-
pholinosydnonimine) was from Biolog (Bremen, Germany).
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Quantitative real-time RT–PCR (TaqMan) analysis

The assays were performed using the Applied Biosystems PRISM
7700 sequence detection system with a panel of mouse tissue
cDNAs (BD Clontech, Palo Alto, CA, U.S.A.). Normalization was
performed using GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) mRNA levels as controls. The following primers and
fluorescent probes were used: for mGC-G, forward primer: 5′-agg
cct cag gaa cat gtc gt-3′, reverse primer: 5′-cgc ctt gca tcc tcc g-3′

and the mGC-G probe: 5′-tgt cgc cag ggt cat cat cct aat ctg-3′; for
GADPH, forward primer: 5′-ggc aaa ttc aac ggc aca gt-3′, reverse
primer: 5′-aag atg gtg atg ggc ttc cc-3′ and the GADPH probe:
5′-aag gcc gag aat ggg aag ctt gtc atc-3′.

Full-length cDNA cloning

One pair of oligonucleotides (5′-gcggtacctgggctgggaacata-3′

and 5′-tggggatcacagcagtcacagtca-3′) was designed based on the
gene prediction in a public mouse genome database (www.
ensemble.org) and it was used to amplify a 920 bp PCR frag-
ment of mGC-G (nt 534–1453) from mouse testis cDNA (BD
Clontech). This PCR product was cloned into the pGEM-T Easy
vector (Promega, Madison, WI, U.S.A.) and sequenced to confirm
that it encoded a part of the ECD (extracellular domain) of mGC-
G (amino acids 178–484). This fragment was then labelled with
[32P]dCTP and used as a probe to screen a mouse testis large-insert
cDNA library (BD Clontech). Five positive cDNA clones were
purified and rescued according the manufacturer’s instructions.
All the clones corresponded to the mGC-G sequences. The longest
cDNA clone obtained lacked 293 bp in the 5′-region of exon 1.
Therefore the predicted exon 1 of mGC-G deduced from rGC-G
(rat GC-G) [11] was amplified from mouse genomic DNA and
joined to the longest cDNA clone to obtain the physical full-length
clone. The final full-length clone of mGC-G was confirmed by
sequencing.

Northern-blot analyses

Mouse tissue Northern blots were purchased from BD Clontech
or OriGene (Rockville, MD, U.S.A.) and hybridized with a radio-
labelled 0.9 kb cDNA probe (nt 534–1453) according to the manu-
facturer’s instructions. After hybridization overnight, the blots
were washed once at room temperature (25 ◦C) and twice at 65 ◦C
with 0.1 × SSC (15 mM NaCl/1.5 mM sodium citrate) and 0.1 %
SDS (each wash for 1 h). Autoradiography was performed at
− 80 ◦C for 2 days. The blot was then stripped and hybridized
with a β-actin probe as a positive control.

Expression plasmids

The following epitope-tagged expression constructs of mGC-G
were prepared by cloning the PCR fragment encoding the mature
mGC-G (amino acids 44–1100) into the mammalian expression
vectors. The FLAG tag (DYKDDDDK) was added at the N-
terminus, followed by the mature mGC-G (amino acids 44–1100)
into the pFLAG-CMV-1 expression vector (Sigma, St. Louis, MO,
U.S.A.). The pSecTag2 vector (Invitrogen, Carlsbad, CA, U.S.A.)
was used to add a Myc tag (EQKLISEEDL) at the C-terminus of
mGC-G. For epitope-tagging of rGC-A, the FLAG epitope was
added after the signal peptide cleavage site (thereby representing
the N-terminus of the processed receptor), whereas the Myc tag
was introduced at the C-terminus using Quik Change site-directed
mutagenesis kit (Stratagene, La Jolla, CA, U.S.A.).

Cell culture and transfection

HEK-293T cells and monkey kidney COS-7 cells were main-
tained in DMEM (Dulbecco’s modified Eagle’s medium), sup-
plemented with 10 % (v/v) FBS, 100 units/ml penicillin and
100 µg/ml streptomycin. Cells were seeded on plates overnight
and then transfected with FuGENETM 6 reagent (Roche Molecular
Biochemicals, Indianapolis, IN, U.S.A.). For stable expression,
HEK-293T cells were co-transfected with the FLAG.mGC-G
(FLAG-tagged GC-G) expression plasmid and pcDNA4-Myc/
His vector (Invitrogen) containing a Zeocin-resistant gene. For
selection of Zeocin-resistant clones, 400 µg/ml Zeocin (Invitro-
gen) was included in the medium. After several rounds of ampli-
fication, individual Zeocin-resistant cell lines were examined
for expression of mGC-G by Western-blot and flow-cytometric
analyses.

GC activity assay

Basal and Triton X-100-stimulated GC activities in membranes
prepared from COS-7 cells transiently expressing mGC-G, rGC-
A or both GC-G and GC-A were determined as described in
[18]. Cells were harvested 48 h after transfection. For preparing
membranes, cells were washed twice with ice-cold PBS and
scraped into 1 ml of ice-cold homogenization buffer [10 % (v/v)
glycerol, 50 mM Hepes (pH 7.4), 100 mM NaCl, 1 mM EDTA,
10 µg/ml leupeptin, 1 µg/ml pepstatin and 10 µg/ml aprotinin].
Cells were disrupted by sonication and centrifuged at 100 000 g
for 20 min at 2 ◦C, and the membrane pellet was then resuspended
in homogenization buffer. Transfection efficiency was assessed by
Western-blot analysis. To initiate cyclase activity, 20 µg of mem-
brane protein was incubated in a assay buffer containing 25 mM
Hepes, 1 mM IBMX (isobutylmethylxanthine), 2 mM ATP,
2 mM GTP, 30 mM phosphocreatine, 400 µg/ml creatine kinase
(185 units/mg), 0.5 mg/ml BSA and 5 mM MgCl2 or MnCl2 as
well as 0.1 % (v/v) Triton X-100 as indicated. In additional
samples, effects of ANP (1–1000 nM) and BNP (1 µM) were
tested. At the end of a 10 min incubation at 37 ◦C, the reaction
was stopped by adding ice-cold 100 % (v/v) ethanol (final con-
centration, 70 %). After centrifugation (3000 g, 5 min, 4 ◦C), the
supernatants were dried in a speed-vacuum concentrator, resus-
pended in sodium acetate buffer (50 mM, pH 6.0) and acetylated,
and the cGMP content was determined by RIA [19].

Effect of ligands known to activate other receptor GCs on cGMP
formation in intact HEK-293T cells stably expressing mGC-G

The effect of known GC-activating ligands on cGMP synthesis
by mGC-G was assessed in HEK-293T cells stably transfected
with mGC-G (clone 5). In brief, untransfected (as controls) as
well as mGC-G-transfected HEK-293T cells were cultured in
DMEM, supplemented with 10 % (v/v) heat-inactivated foetal
calf serum, 50 units/ml penicillin, 50 µg/ml streptomycin (Gibco)
and 400 µg/ml Zeocin. Experiments were performed with cells
grown to confluence in 24-well plates. Before starting the experi-
ments, the cells were washed twice with DMEM and then
incubated at 37 ◦C for 15 min in 300 µl of DMEM with or without
1 mM of the phosphodiesterase inhibitor IBMX. Synthetic
peptides (1 µM ANP, BNP, CNP, guanylin and uroguanylin) as
well as the NO donor SIN-1 (100 µM) were added to the wells
for 10 or 30 min, in both the presence and absence of IBMX.
The incubation media were rapidly transferred to 700 µl of ice-
cold 100 % ethanol (final concentration, 70 % ethanol). Simul-
taneously, cellular cGMP synthesis was terminated by adding
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Figure 1 Selective expression of mGC-G in mouse testis

(A) Quantitative real-time RT–PCR (TaqMan) analysis of the mGC-G mRNA expression profile. A panel of mouse tissue cDNAs was used for the TaqMan analysis with mGC-G-specific oligonucleotide
pairs and probes. Expression levels were normalized to GAPDH. (B) Northern-blot analysis of polyadenylated mRNA obtained from a variety of mouse tissues. Polyadenylated mRNA (2 µg) obtained
from whole mouse embryos at different stages (left panel) or from different adult tissues (right panel) was hybridized with a 0.9 kb cDNA 5′-fragment of mGC-G. The mGC-G probe identified an
approx. 3.5 kb transcript in adult testis, but in none of the other tissues examined. The lower panel shows the same blot hybridized with β-actin probe as a control.

0.1 ml of ice-cold 70 % ethanol to the cells, which remained com-
pletely adherent to the wells. After freeze–thawing, the samples
were dried and then resuspended in 50 mM sodium acetate
buffer (pH 6.0). Supernatant fractions were acetylated and both
extracellular (in the incubation media) and intracellular cGMP
contents were measured by RIA [19].

Immunoprecipitation and Western-blot analyses

Transfected cells were washed once with PBS and lysed for 15 min
on ice using 0.5 ml of lysis buffer (20 mM Tris/HCl, pH 7.5/
150 mM NaCl/1 mM EDTA/1 mM EGTA/1% Triton X-100/
25 mM sodium pyrophosphate/1 mM β-glycerophosphate/1 mM
Na3VO4/1 µg/ml leupeptin). Lysates were clarified by centrifug-
ation at 10000 g for 15 min at 4 ◦C. Cells lysates were incubated
with 1 µg of the indicated antibodies and 20 µl of 50% (v/v)
Protein A–agarose (Pierce, Rockford, IL, U.S.A.) for 2 h with
gentle rocking. After two washes with lysis buffer, the immuno-
precipitated complexes were solubilized by boiling in Laemmli
sample buffer, fractionated by SDS/PAGE and transferred on
to PVDF membranes. The membranes were blocked with PBS
(pH 7.5) containing 0.1% (v/v) gelatin and 0.05% (v/v) Tween
20 and then incubated with various antibodies indicated in the
Results and discussion section. After two washes, the blots
were incubated with horseradish peroxidase-conjugated goat
anti-mouse IgG (Jackson ImmunoResearch Laboratories, West
Groove, PA, U.S.A.) for 1 h. After washing the membranes,
the immunoreactive bands were visualized with the enhanced
chemiluminescence system (Amersham Biosciences, Arlington
Heights, IL, U.S.A.).

In situ hybridization

The region corresponding to nucleotides 534–1453 of mGC-G
was amplified by PCR and subcloned into the pGEM-T Easy vec-
tor (Promega, Madison, WI, U.S.A.) as a probe. [35S]cRNA sense
and anti-sense probes were transcribed from the linearized
plasmid and hybridized on mouse testicular and epididymal
sections.

RESULTS AND DISCUSSION

Identification and tissue expression of mGC-G

As a step towards elucidating the physiological function of GC-
G, the goal of the present study was to identify and characterize
the mouse homologue. Despite a comprehensive, large-scale
sequencing of mouse expressed sequence tags [20], only two
partial-length clones of mGC-G were identified (GenBank®

accession nos. AK049940 and AK010727). To obtain the full-
length sequence of mGC-G, we first performed gene prediction
studies based on its putative homology to rGC-G [11], using
a public mouse genome database (www.ensembl.org). On the
basis of this gene prediction, the mGC-G-specific oligonucleotide
primers and probe were designed to study the expression profile
of mGC-G by real-time quantitative RT–PCR (TaqMan). In-
terestingly, when a panel of cDNAs derived from a number
of mouse embryonic and adult tissues was assessed for mGC-
G expression by TaqMan analysis, mGC-G mRNA was highly
and selectively expressed in adult mouse testis (Figure 1A). To
verify this testis-enriched expression, we further performed semi-
quantitative RT–PCR in a panel of mouse tissue cDNAs. A 920 bp
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mGC-G-specific cDNA fragment, encoding a part of the ECD,
was amplified from cDNA of adult mouse testis, but not from the
other tissues examined (results not shown).

This fragment was subsequently confirmed by sequencing, and
used as a probe to evaluate tissue expression by Northern-blot
analysis. As shown in Figure 1(B), mGC-G mRNA is indeed
selectively and uniquely expressed in mouse testis (Figure 1B),
in good agreement with TaqMan analysis (Figure 1A). The
expression in all other adult and embryonic tissues was virtually
undetectable (Figure 1B). The testis-enriched expression of mGC-
G was re-examined and confirmed by an independent com-
mercially available tissue Northern blot (results not shown).
Therefore the markedly different tissue expression profiles of
mGC-G and rGC-G, the latter being expressed in the lung,
intestine, skeletal muscles and kidney [11,17], indicate that GC-
G probably exerts its biological functions in a species-specific
manner. Notably, GC-G expression was not detected in rat testis
[11,16] (M. Kuhn and R.-B. Yang, unpublished work). Moreover,
unlike the presence of multiple splice variants of rGC-G trans-
cripts, a single mGC-G transcript of approx. 3.5 kb was detected,
consistent with the genome-predicted and cloned full-length
cDNA (see below and Figure 2A). However, we could not identify
the specific cells expressing GC-G in mouse testis by in situ
hybridization. It is possible that the mRNA expression level in
individual cells is below the sensitivity limit of the in situ hy-
bridization method we used. Since the GC-G mRNA is expressed
in a relative low level in mouse testis, it is possible that GC-G
mRNAs of other transcript sizes are present in other tissues or cell
types but were not detected by the methodologies used in the
present study.

Full-length cloning of mGC-G

Since the mGC-G transcripts are enriched in the testis, the mGC-
G-specific cDNA fragment, identified as described above, was
used to screen and isolate a full-length clone from a mouse testis
library. This cDNA contains an open reading frame of 3300
nucleotides and encodes a polypeptide of 1100 amino acids, which
is consistent with the gene prediction in the mouse genome data-
base (Figure 2A). Hydropathy [21] and protein family [22] ana-
lyses predicted a 43-residue N-terminal signal peptide, followed
by a 435-residue putative ligand-binding ECD, a 25-amino-acid
membrane-spanning segment and a 597-amino-acid cytoplasmic
region, which can be subdivided into (i) a protein kinase-like do-
main (amino acids 563–838), followed by (ii) a cyclase catalytic
domain (amino acids 892–1078) at the C-terminus (Figure 2A).
In addition, the ECD contains nine potential sites for N-linked
glycosylation (Figure 2A).

Phylogenetic analysis comparing the protein sequence of mGC-
G with that of other rat receptor GCs (rGC-A to rGC-G) revealed
that mGC-G and rGC-G are clustered together, sharing 84%
similarity in the ECD and an overall 88% sequence similarity
(Figure 2B). In addition, physical localization of the mGC-G
gene in the distal region of mouse chromosome 19, as described
in the public mouse genome database [20], is consistent with the
chromosomal mapping of the GC-G locus determined by the inter-
specific backcross analysis [11]. These results strongly suggest
that mGC-G is the mouse orthologue of rGC-G (Figure 2B). Out of
seven cysteine residues within the ECD of mGC-G, five (Cys-97,
Cys-123, Cys-250, Cys-458 and Cys-465) align with five of the
six residues located in the NP receptor GC-A (Figure 2A). These
cysteine residues are also invariant in other receptor GCs [11,23]
and have been shown to play a critical role in maintaining proper
disulphide bonds and the ligand-binding function of receptor GCs

Figure 2 Deduced amino acid sequence and phylogenetic analysis of
mGC-G

(A) Primary sequence of the 1100-amino-acid mGC-G as deduced from the full-length cDNA
clone. The signal peptide, transmembrane, protein kinase-like domains and cyclase catalytic
domains are marked. Five invariant cysteine residues, conserved among mGC-G and NP
receptors, are indicated by arrows. Nine potential sites for N-linked glycosylation are underlined
in boldface. (B) Dendrogram analysis of the mammalian GC receptor family. Similarity of
mGC-G ECD to ECD of other rat GCs (rGC-A to rGC-G) was analysed by the Lasergene
MEGALIGN program (Clustal algorithm with PAM250 weight table). Branch order indicates
structural relativeness, and branch length reflects sequence identity.

[24,25]. Since mGC-G shares a high degree of similarity with the
NP receptor subfamily (Figure 2B) and since five extracellular
cysteine residues known to be critical for ligand-binding and
receptor functions are conserved among GC receptors for NPs
(GC-A and GC-B), it is tempting to speculate that the putative
ligands for mGC-G, if any, may resemble an NP-like structure.

mGC-G is an N-glycosylated cell-surface protein

Since mGC-G possesses nine putative N-linked glycosylation
motifs (Figure 2A), we hypothesized that mGC-G was subjected
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Figure 3 Glycosylation and cell-surface expression of mGC-G

(A) mGC-G protein is an N-glycosylated protein. HEK-293T cells were transfected with the
expression vector encoding FLAG-tagged mGC-G (FLAG.mGC-G). Transfected cells were
cultured in the absence (−) or presence (+) of the N-glycosylation inhibitor tunicamycin
(5 µg/ml) for 24 h. Cell lysates were analysed by Western blotting with anti-FLAG M2 antibody.
(B) mGC-G is a cell-surface protein. HEK-293T cells stably expressing FLAG.mGC-G were
collected and stained with anti-FLAG M2 monoclonal antibody for FACS analysis.

to post-translational modification by glycosylation, similar to
other receptor GCs [26–28]. Thus we examined whether tunica-
mycin, an inhibitor of N-glycosylation, affected the molecular
mass of expressed mGC-G. As shown in Figure 3(A), the apparent
molecular mass of expressed FLAG-tagged GC-G protein is
approx. 145 kDa. Tunicamycin treatment of the cells resulted in a
decrease in the mass of the precursor form of mGC-G (to approx.
120 kDa), suggesting that most of the mGC-G is glycosylated
when expressed in HEK-293T cells. Next, we examined whether
mGC-G is targeted to the cell surface. HEK-293T cells stably
expressing FLAG.mGC-G (clone 5) were incubated with an anti-
FLAG M2 antibody, followed by an FITC-conjugated goat
anti-mouse IgG secondary antibody and then analysed by flow
cytometry. As shown in Figure 3(B), expression of FLAG-tagged
mGC-G in the stable clone 5 resulted in a shift of the entire cell
population stained with an anti-FLAG antibody by FACS analysis,
suggesting that mGC-G behaves like a receptor and is targeted
to the cell surface. Taken together, these results demonstrate
that the molecular and biochemical properties of mGC-G are in
accordance with those of other receptor GCs, i.e. they all are cell-
surface glycoproteins with molecular masses over the range 120–
160 kDa [27,28].

Basal and Triton X-100-stimulated mGC-G activities

To examine whether mGC-G exhibits GC activity, cGMP-syn-
thesizing activity was estimated in membranes prepared from
COS-7 cells transiently expressing mGC-G. As shown in Fig-
ure 4, in the presence of Mg2+, the GC activity in mGC-G-over-
expressing membranes was approx. 4-fold greater when compared
with mock-transfected COS-7 cells. Mn2+ or Mn2+ + 0.1% Triton
X-100 increased mGC-G activity by approx. 3- and 9-fold res-
pectively. ANP and BNP (both at 1 µM) had no effect on mGC-
G activity. Therefore mGC-G indeed possesses an intrinsic GC
activity that is not stimulated by NPs. For comparison, GC activity
was also measured in membranes of COS-7 cells transiently
expressing GC-A. As shown in Figure 4, in the presence of
Mg2+, the GC activities in GC-A- and mGC-G-overexpressing
membranes were similar. Mn2+ or Mn2+ + 0.1% Triton X-100
markedly increased GC-A activity by approx. 14- and 27-fold
respectively. ANP or BNP (both at 1 µM) also clearly increased
GC-A activity by 24- and 20-fold respectively.

Effect of NPs on cGMP content of mGC-G-expressing
HEK-293T cells

To facilitate searches for a putative ligand, the mGC-G cDNA
was stably expressed in HEK-293T cells. As shown in Figure 5,
in the presence of 1 mM IBMX, the intracellular cGMP content
of mGC-G-expressing HEK-293T cells was approx. 2400-fold
greater when compared with untransfected HEK-293T cells
incubated under identical conditions. The addition of high
concentrations (1 µM) of the peptide ligands known to stimulate
other receptor GCs (ANP, BNP, CNP, guanylin or uroguanylin)
did not significantly affect intracellular cGMP concentrations
in mGC-G-expressing HEK-293T cells during a 10 or 30 min
incubation period (Figure 5). The NO donor SIN-1 (up to
0.1 mM), an activator of soluble GC, also did not affect the
cGMP content of mGC-G-expressing HEK-293T cells (results not
shown). In the absence of IBMX, the intracellular cGMP contents
of both mGC-G-expressing as well as untransfected HEK-293T
cells were lower by approx. 30% when compared with the
respective IBMX-treated cell lines. Again, the intracellular cGMP
content of mGC-G-expressing cells was approx. 2300-fold greater
when compared with untransfected HEK-293T cells and it was
not altered by the addition of any of the above-mentioned peptides
or SIN-1 (n = 4 per condition; results not shown). Lastly, within
the same experiments and both in the presence and absence of
IBMX, a very high cGMP content was also detected in the
extracellular media of mGC-G-expressing cells (254 +− 22 and
397 +− 15 pmol/well respectively). Again, the extracellular cGMP
content was not significantly modified by the presence of the
synthetic peptides or SIN-1. Taken together, these results indi-
cate that mGC-G has a very high basal cGMP-synthesizing
activity that is not modulated by ligands known to stimulate other
GCs.

Previous studies on the first membrane GC identified, namely
the NP receptor GC-A, suggested that ligand binding induces
a conformational change in the juxtamembrane hinge structure
to mediate transmembrane signal transduction [29,30]. These
studies also demonstrated that the elimination of the juxta-
membrane intramolecular disulphide bond by Cys to Ser muta-
tions resulted in a constitutively active GC-A receptor [29,30].
However, double mutations of the corresponding juxtamembrane
Cys to Ser (residues 458 and 465) within mGC-G had no effect on
mGC-G activity (results not shown), suggesting that, after binding
a putative ligand, mGC-G may utilize a different regulatory
mechanism from GC-A.
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Figure 4 GC activity in membranes of COS-7 cells overexpressing mGC-G

Membranes of COS-7 cells transiently expressing FLAG.mGC-G were assayed for GC activity in the presence of 5 mM Mg2+ or 5 mM Mn2+ or 5 mM Mn2+ + 0.1 % Triton X-100 or 1 µM ANP or
1 µM BNP (in the presence of 5 mM Mg2+). As a control, GC activity was also measured in membranes of mock- or FLAG.GC-A-transfected COS-7 cells. Results are expressed as means +− S.E.M.
(n = 4). Cell lysates were immunoblotted with anti-FLAG antibodies to examine the protein expression levels (inset).

Figure 5 Effect of known stimulators of GC-A (ANP and BNP), GC-B (CNP)
and GC-C (guanylin and uroguanylin) on the intracellular cGMP content of
untransfected and stably mGC-G-transfected HEK-293T cells

Cells were incubated with 1 µM of all peptides for 10 min in the presence of 1 mM IBMX. After
aspirating the medium, intracellular cGMP content was measured by RIA. The cGMP content
of mGC-G-expressing HEK-293T cells was approx. 2400-fold greater when compared with
untransfected HEK-293T cells and was not significantly affected by either peptide. Results are
expressed as means +− S.E.M. (n = 4).

As mentioned above, the basal cGMP levels in stably mGC-
G-expressing HEK-293T cells were much higher compared with
those of control, untransfected cells (Figure 5). This observation
might indicate that HEK-293T cells cannot effectively regulate
mGC-G activity, which might be due to the lack of specific
regulatory proteins. It is noteworthy that two retinal receptor

GCs, GC-E and GC-F, also showed dysregulated, increased cGMP
production when expressed in cells [9,12]. The activity of both
GC-E and GC-F appears to be tightly regulated, in a calcium-
dependent manner, by a family of intracellular Ca2+-binding
regulators [e.g. GCAP (GC-activating protein)], which bind phys-
ically to the intracellular domain of these receptor GCs [10,31–
34]. Although the precise molecular mechanism underlying the
increased basal activity of mGC-G is still unknown, whether or
not a novel class of intracellular regulators, such as GCAP, exists
to modulate mGC-G activity in the testis remains an intriguing
issue for our future studies.

Homo- and hetero-oligomerization of mGC-G

Since previous studies have documented that other receptor GCs
can assemble into heteromeric or homomeric complexes in the
absence of ligands [35–39], we hypothesized that oligomeric
forms of mGC-G may exist. The differential epitope-tagged ver-
sions of mGC-G, FLAG.mGC-G and mGC-G.Myc, were singly
transfected or co-transfected in HEK-293T cells. We then
examined their association with the anti-FLAG antibody by
co-immunoprecipitation. The precipitates were subsequently ana-
lysed by immunoblotting with an anti-Myc antibody (Figure 6).
An immunoreactive band of 145 kDa recognized by the anti-Myc
antibody was observed in the anti-FLAG immunoprecipitates
from cells co-expressing FLAG.mGC-G and mGC-G.Myc pro-
teins (Figure 6, top panel). In addition, to ascertain the formation
of heteromeric complexes, differentially epitope-tagged mGC-G
and rGC-A constructs were co-transfected in HEK-293T cells and
immunoprecipitations were performed. When FLAG.mGC-G
was co-expressed with rGC-A.Myc, immunoprecipitation with
a FLAG antibody co-precipitated the Myc–rGC-A protein (Fig-
ure 6, top panel). In addition, the reciprocal immunoprecipitation
using the Myc antibody, followed by anti-FLAG Western-blot
analysis, led to a similar result (Figure 6, second panel). As a
control, the homomeric interaction of GC-A was verified by
a similar pull-down assay, consistent with previous studies
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Figure 6 Homo- and hetero-oligomerization of mGC-G in transfected HEK-
293T cells

HEK-293T cells were transfected with differential epitope-tagged rGC-A (1 µg) and/or mGC-G
(1 µg). The total amount of DNA was kept constant in all transfections by supplementing with
pCMV5 vector DNA. After 2 days, detergent lysates of each transfection were subjected to im-
munoprecipitation (IP) by FLAG or Myc antibodies, followed by immunoblotting (WB) using
FLAG or Myc antibodies respectively to determine the amount of associated proteins. Cell lysates
were also immunoblotted with anti-FLAG or Myc antibodies to examine the protein expression
levels (third and fourth panels). Experiments were repeated twice with similar results.

Figure 7 ANP-dependent GC activity in membranes of COS-7 cells co-expressing mGC-G and rGC-A

COS-7 cells were transfected with FLAG-tagged rGC-A (5 µg) and/or mGC-G (5 µg). The total amount of DNA was kept constant in all transfections by supplementing with pCMV5 vector DNA.
After 2 days, membranes of COS-7 cells transiently expressing FLAG.mGC-G, rGC-A or both GC-G and GC-A were assayed for GC activity in the absence and presence of ANP (1–100 nM). As a
control, GC activity was also measured in membranes of mock-transfected COS-7 cells. Results are expressed as means +− S.E.M. (n = 4). In parallel, cell lysates were immunoblotted with anti-FLAG
antibodies to examine the protein expression levels (inset).

[35,36]. We did not observe an association between mGC-G and
human interleukin-1 receptor, suggesting the specificity of this
assay (results not shown). Taken together, these results demon-
strate that mGC-G protein is capable of forming both homomers
or heteromeric complexes, at least in HEK-293T cells.

The interaction between mGC-G and rGC-A (Figure 6) sug-
gests the possibility that a heteromeric mGC-G–GC-A complex
may exist in vivo. If so, such a receptor may have novel ligand
specificities or may modify the responsiveness of GC-A to ANP
and BNP. To test this possibility, GC-A and GC-G expression
plasmids (5 µg each) were singly transfected or co-transfected
into COS-7 cells. Membranes of transfected COS-7 cells were
harvested 2 days after transfection, and subjected to Western-blot
analysis and GC activity assays in the presence of 5 mM Mg2+. As
shown in Figure 7, co-expression of mGC-G with rGC-A did not
affect GC-A expression (inset) or ANP (1–100 nM)-stimulated
GC-A activity. Thus, whether this heteromeric interaction indeed
occurs in vivo, in the testis, as well as the physiological con-
sequences, remain to be determined.

Interestingly, a recent study showed that BNP can stimulate
a small but significant amount of GC activity in certain tissues
from GC-A-deficient mice, such as testis and adrenal gland [40],
strongly suggesting that there is an as-yet-unidentified (cGMP-
synthesizing) BNP receptor. However, mouse BNP failed to
stimulate mGC-G in our experiments (Figure 4). Therefore pro-
bably mGC-G is not the corresponding BNP-preferring receptor
described in [40]. Alternatively, it remains to be determined
whether heteromeric mGC-G complexes with other receptors
exist in vivo and are responsible for this BNP-preferring recep-
tor activity preferentially expressed in the testis.

An important and unresolved issue which we will address in
future studies concerns the specific physiological functions that
are modulated by mGC-G in the testis. Many published studies
have shown that cyclic nucleotides, especially cGMP, modulate
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vertebrate or invertebrate spermatozoa functions (e.g. sperm-
atozoa motility, chemoattraction or acrosomal exocytosis) and
other cellular processes in the testis [41–44]. In addition, it has
been shown that the α- and β-subunits of cyclic nucleotide-gated
Ca2+ channels, which are specific targets of cyclic nucleotide sig-
nalling, are expressed in spermatozoa and precursor cells [45,46].
We are currently raising mGC-G-specific antibodies to determine
whether mGC-G is expressed in germ cells and is functionally
coupled with these cyclic nucleotide-gated channels.

As a candidate approach, we utilized chromosomal localization
of the GC-G gene that is mapped to the distal region of mouse
chromosome 19 or on human chromosome 10q25 [11], to search
the disease databases. After extensive reviewing of disease data-
bases, including the Online Mendelian Inheritance in Man (http://
www.ncbi.nlm.gov/omim/) and Mouse Genome Database [47],
there is no apparent testis- or reproduction-related disorder that
has been ascribed to the GC-G locus. In summary, we have
identified and characterized a novel receptor GC (mGC-G) that
is selectively expressed in mouse testis. The molecular and
biochemical properties of mGC-G are similar to those of other
receptor GCs. All known GC-activating ligands failed to stimulate
mGC-G activity, and therefore it remains an orphan receptor. Its
unique tissue expression points to unexplored functions mediated
by mGC-G signalling through cGMP in mammalian testis.
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