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kidney and liver [17]. Recently, RT-PCR has been used
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Soluble guanylate cyclase (sGC) is an important
omponent of the NO signaling pathway. Human sGC
soforms a1, a2, and b1 show differential mRNA tissue
istributions. a1 and b1 are expressed in most tissues;
owever, the a2 isoform shows a more restricted ex-
ression pattern with high levels in brain, placenta,
pleen, and uterus only. Both a subunits exist as mul-
iple transcripts whereas b1 exists as a single message.
his study reports for the first time the tissue distri-
ution of human sGC message and demonstrates that
GC isoforms are nonuniformly expressed which may
e useful if the enzyme is to be exploited as a thera-
eutic target. © 1999 Academic Press

Guanylate cyclase (GC) catalyses the conversion of
uanosine-59-triphosphate (GTP) to cyclic guanosine-
9,59-monophosphate (cGMP) a second messenger in
ntracellular signaling cascades (for review see [1]).
wo forms of GC enzymes have been characterized; a
embrane form and a soluble form. Soluble GC (sGC)

s a heterodimer consisting of a and b subunits [2] both
f which are necessary for enzyme activity [3]. Both
ubunits possess a conserved catalytic domain at the
-terminus [4] and a heme binding domain in the
-terminus. Functional sGC requires intact N-termini

f a and b subunits [5]. The free radical gas, nitric
xide (NO) can bind to the heme group of sGC resulting
n the activation of the enzyme [6].

Several isoforms of sGC have been cloned and char-
cterized. a1 and b1 subunits have been cloned from rat
4, 7], bovine [8, 9], human [10, 11], medaka fish [12]
nd Drosophila [13]. An a2 isoform was originally iden-
ified in human fetal brain [14] and more recently in
lacenta [15] and a rat homologue has also been de-
cribed [16]. Another isoform, b2, has been found in rat

Abbreviations used: sGC, soluble guanylate cyclase; NO, nitric
xide; UTR, untranslated region.
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o amplify a 500-bp cDNA fragment from human heart
hat shows a high degree of identity to rat b2 [18],
owever the full-length human b2 sequence has yet to
e characterized. Both a isoforms form a functional
nzyme when coexpressed with the b1 subunit, al-
hough the basal and NO stimulated rates are different
ith the a1b1 heterodimer showing the greater activity

14]. Expression studies with the rat b2 isoform have
ielded an active enzyme with a1 but again the dimer is
ess active than a1b1 [19].

Although the different human isoforms of sGC have
een known about for some time little has been done to
etermine their overall tissue distribution. The few
tudies that have been performed have looked at the
elative distributions of a1 and b1 expression in the rat
sing either in situ hybridization or immunohisto-
hemistry. Three studies of rat brain have located sGC
RNA predominantly in striatum, the olfactory sys-

em and layers II and III of the cerebral cortex [20–22].
ummer et al. investigated rat and guinea pig sensory
anglia in immunohistochemical studies and showed
he presence of a1 and a2 at the protein level [23].
mmunohistochemistry and immunofluorescence dem-
nstrated the expression of a1 and b2 isoforms in rat
idney but no specific immunoreactivity with antibod-
es to b1 or a2 was observed [24]. There is very little
nformation regarding expression of human isoforms of
GC. Zabel et al. demonstrated the presence of a1 and
1 protein in brain and lung but not in kidney, liver or
ancreas [11].
Extensive research has shown that the NO-sGC-

GMP signaling pathway is widespread in mammalian
issues and important in mediating numerous physio-
ogical processes including vascular and non-vascular
mooth muscle relaxation, peripheral and central neu-
otransmission, platelet reactivity and phototransduc-
ion. This makes sGC an attractive therapeutic target
or a large range of conditions including angina, myo-
ardial infarction, tissue hypoxia, glaucoma, thrombo-
is and septic shock. An understanding of human sGC
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nvaluable in the advancement of sGC as a target and
ubsequent drug design. In this study we have used
egenerate PCR primers designed against the con-
erved catalytic domain of GC to try and identify novel
GC isoforms. Human RNA dot blots and northern
lots were used to determine the relative distribution
f the known human isoforms a1, a2, and b1.

ATERIALS AND METHODS

PCR primers were designed against the conserved motifs,
YKVET and MPRYC, that have been identified in the catalytic
omain of all soluble and particulate GCs. Degeneracy was designed
nto the primers such that they would amplify all the known sub-
nits: forward primer: 59-TGTBTAYAAGGTRGARAC-39, reverse
rimer: 59-ARRCARTANCKDGGCAT-39. 250 ng human fetal brain
NA (Clontech) was reversed transcribed using SUPERSCRIPT II
everse transcriptase (Life Technologies) and 150 ng random primers
Promega). One microliter of human fetal brain cDNA was used as a
emplate in PCR with 4 ng each primer and 1.25 u Taq DNA poly-
erase (Life Technologies) for 30 cycles (95°C 1 min, 55°C 1 min,

2°C 2 min). PCR products of the expected size for GC were cloned
sing the TA cloning kit (Invitrogen). Over 100 hundred clones were
equenced using an ABI 377 automatic sequencer (Perkin–Elmer).
Specific cDNA probes for human sGC a1, a2, and b1 and rat sGC a1

ere made as detailed above with the following changes. 250 ng
uman adult brain RNA or rat brain RNA (Clontech) were used for
he RT step. Specific primers were designed against the published
uman sequences for a1, a2, and b1. a1 forward primer: 59-
TGATTTTCCCAGAGTTTGAA-39 (bases 764–784), reverse primer:
9-CTTAGGGAAGAAGTAGTAA-39 (bases 1147–1129). a2 forward
rimer: 59-TTTCTTCGTCGAGAATA-39 (bases 2519–2535), reverse
rimer: 59- TAGTTCTGAAAGGGGACCCA-39 (bases 2872–2853). b1

orward primer: 59-GCTGCAAGCAAAGTCCTC-39 (bases 248–265),
everse primer: 59-GATGCGTGATTCCTGGGT-39 (bases 712–695). 1
l human adult brain cDNA was used as a template in PCR for 30
ycles (95°C 1 min, 55°C 1 min, 72°C 2 min). 1 ml rat brain cDNA
Clontech) was used with the a1 primers in a PCR to generate a rat
pecific a1 probe. The PCR fragments were cloned using the TA
loning kit and sequenced using an ABI 377 automatic sequencer.

The cDNA probes (50 ng) were labeled using a random primed
NA labeling kit (Boehringer-Mannheim) and [a-32P]dCTP (Amer-

ham International). Nonincorporated dNTPs were removed using
ephadex NICK columns (Pharmacia). Human MTN Blots and an
uman RNA Master Blot were purchased from Clontech. Human
NA Master Blot was hybridized with the probes for a1, b1 and
biquitin as control. The MTN Blots were hybridized with the probes
or all three isoforms and also an actin control probe. A rat MTN blot
as hybridized with a rat specific a1 probe and an actin probe. All
lots were hybridized and washed using conditions recommended by
he manufacturer. Washed blots were exposed to Kodak Biomax MS
lm (Anachem) at 270°C for various lengths of time and then devel-
ped. Quantitation of autoradiographs was performed using a scan-
ing laser densitometer and Molecular Analyst software (Bio-Rad).
ensitometer results were normalized against either the ubiquitin
r actin control and expressed as a percentage of the maximum.

ESULTS

To ensure that we would study the tissue distribu-
ion of all major sGC isoforms PCR using degenerate
rimers against conserved motifs within the catalytic
omain of all GCs was performed to try and amplify
697
ore than 100 clones were sequenced and the sGC
soforms a1 and b1 were amplified as well as particu-
ate GCs and a number of GTP binding proteins such
s Rab3a, however, no novel sGC-like sequences were
dentified.

The probes used for the study of a1, a2 and b1 were
arefully designed such that they were specific for each
soform. The a1 and b1 probes were derived from re-
ions at the N-termini where the subunits show the
east similarity. The a2 probe was designed against the
9 untranslated region.
The overall human tissue distribution of sGC a1 and

1 is shown in Fig. 1. The results are shown as a
ercentage of the maximum expression after correction
or loading differences. In all the regions of the brain
nvestigated, pituitary gland and placenta b1 mRNA
xpression is greater than a1. Most of the other tissues
tudied showed greater a1 expression compared to b1

specially heart, prostate, small intestine and appen-
ix. Some of the tissues displayed very low levels of
xpression of both subunits including skeletal muscle,
ladder, testis and peripheral leukocytes. In contrast
o the adult tissue, fetal brain showed similar levels of
1 and b1 message. Both adult and fetal heart dis-
layed more a1 than b1. Fetal lung showed greater sGC
xpression than adult lung.
Northern blots of some of the tissues were used to

erify the results seen with the RNA dot blot. Figure 2
hows the results obtained with probes for a1 (A), b1

B), and a2 (C). The a1 probe detected three different
ranscripts of approximately 3.5, 4, and 9 kb. This un-
xpected result was confirmed using a probe comple-
entary to the 39 untranslated region of human a1.
he same hybridization pattern was observed (result
ot shown). The distribution pattern of the three tran-
cripts show a similar tissue distribution and comple-
ent the results seen with the dot blot. Very strong

evels of a1 message were detectable in heart with less
n skeletal muscle, thymus, testis and leukocytes. How-
ver, the high level of a1 message seen in small intes-
ine suggested by the dot blot was not borne out by the
orthern blot. Human a2 also exists as multiple tran-
cripts of approximately 5, 6.5, and .9 kb and again
he three messages show similar abundance in the
elected tissues. The most notable differences between
uman a1 and a2 distribution are in the heart, kidney,
rostate and colon where a1 expression is greater than
2. Expression of a2 mRNA is high in brain, placenta,
pleen and uterus relative to the other tissues examined.

The message for human b1 can be identified as a
ingle transcript of 3.5 kb and the distribution pattern
s similar in the northern blots and dot blot. Overall
he pattern of b1 expression is similar to a1. Very high
evels of b1, compared to other tissues, are observed in
hose tissues that express both a subunits such as the
rain, placenta and uterus.
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To determine if there were species specific differ-
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nces in the a1 subunit mRNA structures a rat north-
rn blot was hybridized with a probe complementary to
at a1 sequence. The rat probe was designed against
he same part of the a1 sequence as the human probe.
he resulting autoradiograph (Fig. 3) shows that rat a1

xists as a single transcript of 5.5 kb unlike our results
or human a1. The pattern of rat a1 tissue expression is
imilar to the human with high levels in the heart and
ower expression in skeletal muscle and testis.

ISCUSSION

Little is known about the human isoforms of sGC.
ost of the characterization studies have used either

he bovine or rat forms of the enzyme. Our study of
uman sGC involved a search for novel isoforms and a
etailed analysis of the tissue distribution of the
nown isoforms.
Using degenerate primers designed against con-

erved motifs we sequenced over a hundred clones.
oth soluble and particulate GCs were amplified by

his strategy but no novel sGC-like sequences were
dentified. In 1997, Yu et al. published data that
howed that at least 29 guanylate cyclase sequences
xisted in C. elegans [25]. Of these sequences only
hree were labeled as putative sGCs, the rest being
articulate forms of the enzyme. A novel b subunit of
GC has recently been described in the insect Manduca
exta but although this isoform shows highest similar-
ty to rat sGC b1 it has many features that distinguish
t from other sGCs [26]. These include the fact that it
oes not need to form heterodimers to form an active
nzyme and its activity is only weakly enhanced by
O. It also has an additional 315 amino acids at the
-terminus. Thus this subunit may represent a novel
ember of the guanylate cyclase family rather than a
ovel isoform of sGC. These data suggest that sGC may
ot be an extended family but may be limited to the
our isoforms already described. It was for this reason
hat we concentrated our efforts on determining the
issue distribution of the three known human isoforms
1, a2 and b1.
Our data clearly show that there are discrepancies at

he mRNA level between a1 and b1 expression in the
uman brain. Zabel et al. suggested that because the
elative concentrations of a1 and b1 were different in
uman brain and lung that complementary sGC sub-
nits are not necessarily expressed in a 1:1 ratio [11].
ur results suggest an alternative explanation is that

he additional presence of a2 in the brain, which can

FIG. 1. Tissue distribution of human sGC a1 and b1. A RNA dot b
biquitin and exposed to X-ray film. Results were quantified using
ercentage of the maximum expression for each isoform.
699
1

entary subunits to be expressed.
Another tissue to show higher b1 than a1 expression

s the placenta where the existence of an a2b1 dimer
as recently been described [15]. Previous work has
emonstrated that the activity of sGC isolated from
uman placenta is lower following stimulation by NO
han the enzyme isolated from lung [27]. This may be
xplained by a different activity of the a2b1 het-
rodimer. The remaining tissues investigated in this
tudy express more a1 than b1.
This study has shown that the tissue expression of a1

nd a2 is not identical. Out of all the tissues investi-
ated, only the brain, placenta, pancreas, spleen and
terus have detectable levels of a2. Notably the heart
hich has very high levels of a1 mRNA does not ex-
ress a2. Thus expression of a2 seems to be restricted to
ertain tissues.
It should be remembered that all the tissues ana-

yzed in this study are composed of multiple cell types.
t is possible that individual cell types may express
pecific sGC isoforms. For example, in the rat kidney,
mmunohistochemistry has shown the presence of a1 in
lomerular podocytes and b2 in the principal cells of
he collecting duct [24].

The transition from fetal to neonatal life involves a
arked decline in pulmonary vascular resistance
hich is modulated in part by endothelium derived
O. Since NO binds to and activates sGC it is of no

urprise to find greater levels of the enzyme in fetal
ung compared to adult.

The existence of multiple transcripts has not been
eported before for sGC but they are common in mam-
alian and viral genomes. Multiple transcripts may

rise from a variety of mechanisms including alterna-
ive splicing, multiple transcription start points and by
ultiple poly-A signals. Caesin kinase II exists as a

eterotetramer of 2 a and 2 b subunits. The b subunit
as a single message but a has multiple transcripts
imilar to the results reported here for sGC [28].
Two other enzymes involved in the NO signaling

athway are known to exist as multiple transcripts.
ultiple promoters are responsible for various species

f human nNOS mRNA. Identical proteins are pro-
uced but the differences in the 59 untranslated region
UTR) could affect mRNA processing, localization, sta-
ility and translation efficiency [29]. Three different
orms of cDNA exist for human GTP cyclohydrolase I,
owever, functional protein is only encoded by the

ongest reading frame [30]. It is not known whether all
hree transcripts for sGC a1 and a2 are translated. It is

(Clontech) was hybridized with probes specific for human a1, b1 and
er densitometry, normalized against ubiquitin and expressed as a
lot
las
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ossible that only a single mRNA species is translated
nto a functional protein similar to human GTP cyclo-
ydrolase I.
A probe against sGC a1 detects a single message in

at tissues but three differently sized messages in hu-

FIG. 2. Northern blots of human sGC a1, b1 and a2. Northern blo
C) and exposed to x-ray film. Blots were hybridized with an actin pro
B) brain; (Pl) placenta; (Lu) lung; (Li) liver; (Sk) skeletal muscle; (K)
U) uterus; (Sm) small intestine; (C) colon; (Le) leukocytes. Marker
700
an. Species differences such as these have been ob-
erved before for other genes. The mouse opsin gene
xists as 5 major transcripts but in the rat there are 4,
uman 3, and bovine 1. For this gene the utilization of
ifferent poly-A signals results in 39 heterogeneity [31].

were hybridized with probes specific for human a1 (A), b1 (B) and a2

to check for equal loading. The tissues investigated were: (H) heart;
ney; (Pa) pancreas; (Sp) spleen; (Th) thymus; (Pr) prostate; (T) testis;
s are indicated (kb).
ts
be

kid
size
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The sGC a1 and a2 transcripts do not appear to be
issue specific. The significance of these multiple a
ranscripts will not become apparent until the gene
tructures for sGC a1 and a2 have been determined.
his will also indicate whether sGC a1 and a2 are
nder any transcriptional control by tissue or cell type
pecific promoters. This may reflect a way of regulating
GC activity by tightly controlling the transcription of
he a subunits.

Modulators of sGC have potential as therapeutic
gents and isoform specific compounds may have ben-
fits over existing compounds. This study has high-
ighted significant differences in the mRNA expression
f the human a1, a2 and b1 isoforms of sGC. It has also
dentified heterogeneity at the mRNA level for the a
soforms. This report shows a pattern of human sGC
issue expression which may indicate potential clinical
ses and will be important if the enzyme is to be fully
xploited as a therapeutic target especially in the CNS
nd cardiovascular systems.
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