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Introduction

Cyclic GMP is an intracellular signaling molecule that regu-
lates ion channels, cyclic AMP concentrations by virtue of its
effects on selective phosphodiesterases, and protein kinases to
alter cellular processes and behavior. It is known to act as a
signaling molecule in many different cells and it likely serves as
a second messenger in virtually all cells. The synthesis of cyclic
GMP from GTP is catalyzed by a family of cell surface and
cytoplasmic receptors known as guanylyl cyclases (GC),! each
of which is markedly activated by the binding of specific li-
gands. A number of different guanylyl cyclase receptors have
been isolated and characterized, but it is likely that other
members of this family remain to be identified, which will even
further expand the general physiological significance of these
enzyme/receptors. This review discusses the general molecular
structure of the known guanylyl cyclases, their ligands and regu-
latory molecules, and their potential or known physiological
significance. Other recent reviews on the guanylyl cyclase fam-
ily include (1-3).

Forms of guanylyl cyclase

In the mammal, there are now six different forms of guanylyl
cyclase known: three are found associated with plasma mem-
branes, one is soluble, and the fifth and sixth are apparent
members of the heterodimeric part of the family whose cellular
distribution remains to be determined. The guanylyl cyclases
can be currently divided into two groups based on their general
structure and cellular distribution. One major group, which
associates with the particulate fractions of cell homogenates,
contains a subgroup of cell surface receptor guanylyl cyclases
(sea urchin spermatozoa, GC-A, GC-B, GC-C) that are acti-
vated by extracellular peptides, and appear to span the plasma
membrane once. An intracellular protein kinase-like domain
on the amino-terminal side of the cyclase catalytic region is a
signature domain of this subgroup (Fig. 1). Intracellular pro-
teins capable of binding Ca?* have been shown to regulate a
second subgroup of guanylyl cyclases found associated with the
particulate fractions of mammalian retina, and the ciliary
membranes of the protozoans Tetrahymena pyriformis and
Paramecium tetraurelia (Table I). The primary amino acid
sequence for a member of this subgroup is not yet known, and
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it therefore remains possible that these forms will closely resem-
ble known plasma membrane receptor forms.

The second major group of guanylyl cyclases appears to
exist as heterodimers containing heme as a prosthetic group
(Fig. 1), and are activated by vasodilatory agents such as nitro-
prusside and nitroglycerin (4). One endogenous physiological
activator, known as endothelium-derived relaxation factor
(EDREF) is thought to diffuse from endothelial cells to vascular
smooth muscle cells where it binds to a heterodimeric form of
guanylyl cyclase, resulting in its activation, elevations of cyclic
GMP, and relaxation of smooth muscle (5, 6). Although
EDRF may exist as multiple entities, one active component
appears to be nitric oxide (7), a short-lived molecule generated
by nitric oxide synthase in response to an increase in intracellu-
lar Ca?* (8).

At least one of the heterodimeric forms («,8, ) appears to be
found in the cytoplasm of various tissues. This enzyme is com-
posed of 82-kD («, ) and 70-kD (8,) subunits that appear to be
linked by interchain disulfide bonds (9). Molecular cloning of
the cDNA encoding the lung «, and 8, subunits (see [3] for
review) has revealed that the carboxyl-terminal regions are ho-
mologous to each other, and also to the catalytic domain of the
membrane form of guanylyl cyclase (Fig. 1). A B,-subunit
(10), an apparent partner of an unknown a-subunit, contains a
potential site for geranylgeranylation; its cellular localization
remains to be determined. Recently, the cDNA of a second
a-subunit («,) was cloned, but its normal partner also is not yet

known (11).

Particulate forms of guanylyl cyclase

(a) Retinal guanylyl cyclases. Guanylyl cyclases with different
functions are associated with various cells that exist in the ret-
ina (12, 13); at least one appears to play a key role in photo-
transduction and is associated with rod outer segments. It has
been suggested that a decrease in intracellular concentrations
of Ca?* activates a protein called recoverin that binds to and
activates this form of guanylyl cyclase (14, 15). The primary
structure of thre rod outer segment guanylyl cyclase has not yet
been determined, and purification procedures have resulted in
apparently different proteins. One form purified from bovine
rod outer segments has an apparent molecular mass of 110-
115 kD (16), similar to the particulate forms of guanylyl cy-
clase discussed later. The specific activity of the purified retinal
enzyme ( 100-700 nmol cyclic GMP formed/min per mg pro-
tein), however, is quite low when compared with other particu-

1. Abbreviations used in this paper: ANP, atrial natriuretic peptide;
CFTR, cystic fibrosis transmembrane regulator; CNP, C-type natri-
uretic peptide; EDRF, endothelium-derived relaxation factor; EGF,
epithelial growth factor; GC, guanylyl cyclases; PDGF, platelet-derived
growth factor; STa, heat-stable enterotoxins.
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Figure 1. Schematic model for plasma membrane and heterodimeric
forms of guanylyl cyclases. The plasma membrane form of guanylyl
cyclase contains an extracellular ligand-binding region, a single
membrane-spanning domain, a protein kinase-like domain, and a
catalytic domain at the carboxyl terminus. The heterodimeric form
contains two distinct subunits that are linked by intermolecular di-
sulfide bonds. This form also contains an associated heme prosthetic
group.

late forms of guanylyl cyclase (17), and it is likely therefore
that either much of the enzyme in the retinal preparation is not
active, or that there are significant protein contaminants
within the purified preparation. Like the plasma membrane
receptor forms discussed below, it demonstrates positive coop-
erative kinetics with respect to MeGTP, suggesting that struc-
tural similarities may exist between the plasma membrane
forms and this rod outer segment guanylyl cyclase. Horio and
Murad (18) also have purified a second, apparently distinct
guanylyl cyclase (M, = 60 kD) from the particulate fraction of
bovine rod outer segments. The activity of this form is acti-
vated by sodium nitroprusside, suggesting that its structure
may resemble the heterodimeric forms of the enzyme. Whether
or not the retinal guanylyl cyclases discussed above function in
phototransduction has not been determined. The eye, for exam-
ple, also contains plasma membrane receptor forms of gua-
nylyl cyclase in the ciliary process, some of which may function
to regulate intraocular pressure (19).

(b) Tetrahymena and paramecium guanylyl cyclase.
Guanylyl cyclase from the ciliary membranes of the unicellular
protozoans Tetrahymena pyriformis (20) and Paramecium tet-
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Table I. Different Forms of Guanylyl Cyclases

Guanylyl cyclase Cellular
form localization  Regulatory molecules References
Retinal GC Particulate  Ca®*/recoverin (14, 15, 18)
Tetrahymena Particulate Ca?'/calmodulin (20, 22)
GC
Paramecium GC Particulate Ca?*/calmodulin (21, 22)
Sea urchin GC Particulate  Egg peptides, (17, 23, 24)
resact
GC-A Particulate ANP, ATP (19, 25, 26, 46)
GC-B Particulate CNP, ATP (28, 33)
GC-C Particulate  Heat-stable (30-32, 66)
enterotoxins,
ATP
GCisiy Soluble Nitric oxide (5,9, 60, 70)
Nitro
vasodilators
GCla2m ? ? (11)
GClars2) ? ? (10)

raurelia (21) are distinct from the retinal guanylyl cyclases in
that an increase in Ca?* to micromolar concentrations acti-
vates them. The guanylyl cyclase from the cilia of paramecium
is involved in ciliary beating of the protozoa and it appears to
be regulated by a voltage-gated inward Ca?* current (21).
Guanylyl cyclases from both of these protozoans are regulated
by calmodulinilike Ca2*-binding modulator proteins, and the
nature of these regulatory proteins has been discussed in a pre-
vious review (22).

(c) Plasma membrane/receptor guanylyl cyclases. Sea ur-
chin sperm guanylyl cyclase has been shown to be a cell surface
receptor for a peptide (resact) secreted from sea urchin eggs
(23). This was the first plasma membrane form of guanylyl
cyclase purified to apparent homogeneity (17) and its mRNA
subsequently cloned (24). The sea urchin cDNA was then used
to identify and isolate a mammalian cDNA encoding a gua-
nylyl cyclase (GC-A) (25, 26), the first mammalian plasma
membrane form of the enzyme to be cloned. GC-A was subse-
quently shown to be a cell surface receptor for a heart-derived
peptide, atrial natriuretic peptide (ANP) (25, 27) (Table II).
Subsequently, the mRNA for other apparent plasma mem-
brane forms of guanylyl cyclase were found (GC-B, GC-C)
(28-32). GC-B appears to be a cell surface receptor for C-type
natriuretic peptide (CNP) (33) while GC-C has been suggested
to be a cell surface receptor for heat-stable enterotoxins (STa)
secreted by bacteria (30) (see below). CNP has been reported
to exist within the central nervous system but not in other
tissues (34), yet GC-B is found in many peripheral tissues (see
below), suggesting that CNP is not the natural ligand for GC-B,
that CNP is a ligand only within the central nervous system,
that a peripheral ligand remains to be discovered, or that CNP
is actually expressed in peripheral tissues (perhaps by neurons)
and is the natural ligand in all cases.

Structure of plasma membrane forms of guanylyl cyclase

The above guanylyl cyclases, including the sea urchin enzyme,
share common structural features (Fig. 1). The molecular
mass of the various receptors appears to range between 110 and
180 kD (see [1] for review), and each appears to contain a



Table I1. Structures of Known or Potential Guanylyl Cyclase
Receptor Ligands

Ligand Structure
rat ANP SLRRSSCFGGRIDRIGAQSGLGCNSFRYRR
rat BNP* NSKMAHSSSCFGQKIDRIGAVSRLGCDGLRLF
rat CNP GLSKGCFGLKLDRIGSMSGLGC
Guanylin PNTCEICAYAACTGC
Sta NTFYCCELCCNPACAGCY

* BNP, brain natriuretic peptide.

single membrane spanning domain based on hydropathic anal-
ysis. These receptor guanylyl cyclases contain an extracellular
ligand binding region, a stretch of ~ 20 hydrophobic amino
acids that represents the putative transmembrane domain, an
intracellular region that contains a protein kinase-like domain
highly homologous to the catalytic domains of protein kinases,
and a cyclase catalytic domain within the carboxyl terminal
regions. The plasma membrane guanylyl cyclase receptors are
therefore analogous to single membrane spanning growth fac-
tor receptors such as the endothelial growth factor (EGF) or
platelet-derived growth factor (PDGF) receptors, which have a
cysteine-rich, extracellular ligand binding and an intracellular
protein kinase domain (reviewed in [35]).

(a) Ligand-binding domain. The extracellular ligand bind-
ing domains are the most divergent regions within the particu-
late forms of the guanylyl cyclase family. Within each guanylyl
cyclase subtype, however, the region is highly conserved across
the species (> 95% amino acid identity exists between the rat,
human, and mouse GC-A [36]). Rat GC-A and rat GC-B are
only 43% identical across the extracellular domain and these
two forms are < 10% identical with rat GC-C (30). This paral-
lels the differences in the structure of ligands that activate these
enzymes (Table II). STa has no apparent ability to bind to
GC-A or GC-B, while neither ANP nor CNP activates
GC-C (30).

Despite the above differences, there are common structural
motifs. The region contains multiple cysteine residues (rat GC-
A and GC-B contain six cysteine residues while rat GC-C has
nine), and the positions of the cysteine residues relative to the
putative transmembrane spanning region are highly conserved
in GC-A, GC-B, and a third ANP-binding protein (ANP-C
receptor) (37). Although it is not yet clear which of these resi-
dues form intracellular disulfide bonds, the cysteine residues
are likely required for the proper folding of the ligand binding
domain, as is the case with the EGF receptor, where '*I-EGF is
cross-linked to a region flanked by two cysteine-rich domains
(38). With respect to the site of ligand binding, Duda and
colleagues (39) have shown that a double mutation within the
putative extracellular region results in a form of GC-A that
contains enzyme activity but no ANP-binding activity. The
mutations (Gln 338 to His 338, and Leu 364 to Pro 364) likely
represented cloning artifacts, but when the mutant amino acids
were converted to the “normal” ones, it was found that a single
mutation or deletion at position 364 destroyed apparent ANP
binding. The Leu to Pro mutation site is extracellular to the
transmembrane domain and is to the amino-terminal side of
two highly conserved cysteine residues.

The extracellular region of all members of the receptor-

linked guanylyl cyclase family also contain potential N-linked
glycosylation sites (six in rat GC-A, seven in rat GC-B, and
eight in rat GC-C). Recent unpublished data of Vaandrager
and Garbers using tunicamycin in cells expressing rat GC-C
have suggested that all eight sites in GC-C are glycosylated.

(b) Transmembrane region. Except for a few minor varia-
tions of amino acid residues (5 out of 21), the transmembrane
regions are very similar between GC-A and GC-B (28). The
transmembrane region is more divergent in GC-C, where only
3 of the 21 amino acids are identical with GC-A or GC-B.

(c) Protein kinase-like domain. The protein kinase-like
region spans ~ 250 amino acid residues and is highly identical
to the protein kinase domain of the PDGF receptor and of
other protein kinases (24, 25). Of the 33 residues targeted by
Hanks et al. (40) as conserved or invariant residues in protein
kinases, the protein kinase-like region of GC-A contains 30
amino acid residues that correspond within the same relative
positions (24 ). Despite this homology with the protein kinases,
there is as yet no evidence for protein kinase activity associated
with the guanylyl cyclase receptors. Deletion of this region in
GC-A results in a receptor that binds ANP and continues to
possess guanylyl cyclase activity, but the cyclase activity of the
ANP receptor (GC-A) is no longer regulated by ANP, and it
appears to be constitutively active, suggesting that the kinase-
like region acts as a negative regulatory element (41).

(d) Cyclase catalytic domain. This region of the mem-
brane forms of guanylyl cyclase are highly conserved between
GC-A, GC-B, GC-C, sea urchin sperm guanylyl cyclase, and
the COOH-terminal domain of the heterodimeric guanylyl cy-
clases. Thorpe and Morkin (42) have expressed a domain
corresponding to the COOH-terminal 293 amino acids of GC-
A in bacteria and obtained catalytic activity. Although the spe-
cific activity of the recombinant protein was low as compared
to a full-length GC-A, this study provided direct evidence that
the COOH-terminal domain contains the cyclase catalytic re-
gion, supporting previous work on deletion studies of the cyto-
plasmic region of GC-A (41). In addition, this region is also
homologous with two internally homologous domains of ade-
nylyl cyclase from bovine brain (43, for sequence comparison
see [1]) and other types of adenylyl cyclases (44). In a recent
study of Thorpe et al. (45), the catalytic domain of GC-A also
was reported to function as a homodimer. When the catalytic
region (primary amino acid sequence thought to be to the
amino-terminal side of the catalytic domain and to the car-
boxyl side of the protein kinase domain also was included) was
expressed as a deletion mutant devoid of the extracellular or
protein kinase-like regions, enzyme activity was detected.
When subsequently analyzed on gel filtration columns, the M,
was reported as a value double that of the monomer (45); it
should be noted, however, that the protein actually migrated
faster on gel filtration columns than bovine serum albumin,
where the M, would be lower than ~ 68,000. Also, it was not
determined whether or not monomer existed, and therefore it
remains to be determined whether enzyme activity is depen-
dent on monomer dimerization. Thompson and Garbers (un-
published ) have performed similar studies and have found no
evidence, as of yet, for a monomeric form, therefore still leav-
ing open the possibility that a monomer, if found, will possess
cyclase catalytic activity.

(e) Regulation of plasma membrane forms of guanylyl cy-
clase by adenine nucleotides. ATP is known to potentiate the
ANP-induced activation of GC-A in membrane preparations
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from various tissues (46). The ECs, for activation by ATP is
around millimolar, which lies in the range of intracellular ATP
concentrations. Therefore, changes in intracellular concentra-
tions of ATP may directly modulate the activation of GC-A by
ANP. With the recombinant GC-A expressed in Sf9 cells (47),
activation of GC-A is dependent on the presence of both ATP
and ANP, and neither significantly stimulates enzyme activity
alone. ATP also potentiates the ligand-induced activation of
GC-B (Potter and Garbers, unpublished) and of GC-C (48).
The role of ATP, in terms of signal transduction, does not
appear to be that of a substrate for transphosphorylation, since
ANP activates the receptor guanylyl cyclase in the presence of
nonhydrolyzable analogues such as AMP-PCP or AMP-PNP
(46), although the activation is considerably less (25-50%)
than that produced by ATP. The efficacy of ATP to mediate
the ANP activation appears to be related to the degree of hy-
drophobicity at the y-phosphate group, since both ATP~S and
caged-ATP (ATP analogue in which a nitrophenyl group has
been attached to the y-phosphate of ATP) activate GC-A with
greater efficacy than ATP (49).

The requirement for an adenine nucleotide is analogous to
the requirement of guanine nucleotides for the activation of
adenylyl cyclase, except that in this system, hormone receptor
increases the binding of GTP to a separate, downstream GTP-
binding protein, G,. The activated G; in turn activates yet an-
other protein, adenylyl cyclase, to produce the intracellular sec-
ond messenger cyclic AMP (50). Moreover, ATP has been
reported to decrease the binding of ANP to GC-A (51), which
is highly reminiscent of the attenuation of agonist binding by
GTP in GTP-binding protein-coupled receptors such as the
B-adrenergic receptor (52). One major difference between the
adenylyl cyclase and the guanylyl cyclase system is that the
nonhydrolyzable analogues of GTP activate adenylyl cyclase
through activation of G; in the absence of hormone-liganded
receptor, but ATP or its nonhydrolyzable analogues do not
appear to activate guanylyl cyclase in the absence of ANP (47).
This suggests that the ligand binding region and the ATP-bind-
ing component of guanylyl cyclase are tightly coupled in a
functional sense.

The identity of the ATP-binding component has not been
determined. The ability of GC-A to be activated by ATP and
ANP is sensitive to a variety of metal ions (53), detergents, and
washing procedures (54). Although these results have led to
speculation that the ATP-binding regulatory component is a
separate protein (54), there is as of yet no report of successful
reconstitution to restore the ATP response of purified GC-A.
The sequence homology between the protein kinase-like do-
main of GC-A and protein kinases has led Chinkers and
Garbers (1) to propose that the kinase-like domain contains
the ATP-binding regulatory site. This is supported by a recent
study showing that ATP decreases the binding of ANP to a
purified preparation of GC-A (51). Whether or not GC-A can
signal independently of other molecule(s) is not known, since
purified GC-A from several laboratories is not responsive to
ANP/ATP (55, 56).

(f) Mechanism of desensitization. Ligand-induced de-
phosphorylation has been shown to be one mechanism of de-
sensitization. The binding of resact to sea urchin sperm gua-
nylyl cyclase causes a marked and transient increase in gua-
nylyl cyclase activity, where the apparent desensitization
appears closely linked to the state of phosphorylation of the
enzyme (57). The phosphorylated form (160 kD) has fivefold
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higher enzyme activities than the dephosphorylated form (150
kD) (17). Resact causes a rapid dephosphorylation of the en-
zyme along with a large decrease in enzyme activity after an
initial transient increase in activity (57 ). Dephosphorylation of
the purified, phosphorylated sea urchin enzyme by protein
phosphatases also causes a change in the kinetic behavior of the
enzyme from positive cooperative to linear as a function of
MeGTP (58). Given the high degree of sequence homology
within the intracellular region between the sea urchin cyclase
and other particulate guanylyl cyclases, it was speculated that
the mammalian forms of guanylyl cyclase would display simi-
lar mechanisms of desensitization. In fact, Potter and Garbers
(59) have recently presented prelimary data to show that this is
the case for GC-A. GC-A stably expressed in cultured cells was
shown to exist as a phosphoprotein under basal conditions.
Treatment of cells with ANP resulted in a decrease in the phos-
phate content, as well as desensitization of GC-A to activation
by ANP.

Proposed mechanisms of regulation of guanylyl cyclase

The requirement of coexpression of the « and 3 subunits of the
heterodimeric guanylyl cyclase from lung, and the finding that
the catalytic subunit of GC-A migrates as a dimer (42, 60)
suggests a possible mechanism by which the particulate form of
guanylyl cyclase is activated. In addition, expression of the re-
cently identified a, subunit has shown that, while this subunit
alone does not possess catalytic activity, sodium nitroprusside
stimulates cells where both a, and 8, subunits are expressed
(11), (the activity of the a,8, heterodimer appears less than
that of @,8,). A dimeric state of the catalytic regions also may
be required with adenylyl cyclase, where two putative catalytic
domains homologous to the catalytic domain of guanylyl cy-
clase are present (43). Infection of Sf9 cells with recombinant
baculovirus, encoding either the NH,- or COOH-terminal half
of adenylyl cyclase, does not result in demonstratable adenylyl
cyclase activity. However, enzyme activity can be restored
when cells are coinfected with recombinant viruses encoding
both halves of the adenylyl cyclase (61). These data suggest
that at least dimerization (higher ordered states may exist) of
two catalytic domains is required for adenylyl cyclase or gua-
nylyl cyclase activity. Together with the evidence that the pro-
tein kinase-like domain serves as a negative modulator of the
enzyme, we propose a model for activation of GC-A as de-
picted in Fig. 2. In its resting state the enzyme either exists as a
monomer or as a homodimer with negligible activity. Upon
ANP binding, ATP alters the kinase-like domain such that the
enzyme can dimerize, or be activated as the dimer. Dephos-
phorylation of the activated enzyme represents one mecha-
nism of desensitization. The model awaits experimental test-
ing, but is consistent with the mechanism of signaling of
various protein kinase-linked cell surface receptors.

Physiological significance of the guanylyl cyclase receptors
GC-A. The mRNA for GC-A has been detected by in situ hy-
bridization in kidney, adrenal cortex, adrenal medulla, endo-
cardial endothelial cells, the vasa vasorum, and the cerebellum
of the monkey (62). cDNA clones for GC-A have been isolated
from tissues such as placenta, brain, heart, kidney, liver, and
testis (25, 26, 36), and cross-linking studies suggest the pres-
ence of the protein in testis, brain, adrenal cortex, smooth mus-
cle, and retina (reviewed in [3]). The apparent molecular
weight of GC-A in the rat is 130,000 while that of GC-B is
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Figure 2. A model for regulation of GC-A by ANP, ATP, and phos-
phorylation. GC-A exists either as a phosphorylated monomer or
dimer (possibly a higher ordered structure) in its native state and
binds ATP. GC-A is activated by the binding of the extracellular li-
gand ANP which induces dimerization (or higher ordered structure)
or causes a conformational change of a preexistent dimer. GC-A is
subsequently dephosphorylated as a mechanism of desensitization.

~ 135,000-140,000 (Takada and Garbers, unpublished) al-
lowing one to distinguish between the two proteins based on
size. Dr. M. Takada in our laboratory has now used antibodies
produced to synthetic peptides specific to GC-A or GC-B to
determine a partial tissue distribution of these receptors ( Ta-
kada, M., and D. L. Garbers, not published ). Based on analysis
by Western blotting of various rat tissues, GC-B is highly ex-
pressed in the pituitary gland and in lung, and GC-A is highly
expressed in the adrenal gland and kidney. Other works from
our laboratory, however, have shown expression of GC-B in
many different tissues (Chrisman, Schulz, Potter, Welsh, and
Garbers, unpublished). ANP, the ligand which activates GC-
A, appears to be produced mainly in the heart, but the finding
of GC-A in many different tissues, including the testis (36) and
retina ( 13) suggests local regulation by ANP, or closely analo-
gous peptides in tissues outside the vasculature, kidney, or adre-
nal gland, where atrial-derived ANP is believed to exert its prin-
cipal effects (reviewed by Brenner et al. [2]). ANP or ANP-like
peptides have been reported in other tissues (reviewed in [2]),
an example being the eye, where GC-A exists (13) and where
intravitreous injection of ANP causes a decrease in intraocular
pressure (19).

GC-B. Although recent studies suggest that this is the recep-
tor for CNP, a peptide suggested as existing only in the central
nervous system (34), GC-B is found in many different cells
including fibroblasts (T. D. Chrisman, M. Takada, and D. L.
Garbers, unpublished observations). GC-B mRNA has been
reported in brain and adrenal medulla based on in situ hybrid-
ization in the monkey (62), and cDNA clones have been iso-
lated from brain, placental, pituitary, and atrial cDNA libraries
(28, 29). If CNP is restricted to the central nervous system as
has been suggested (34), then another peptide ligand for GC-B
seems likely to exist. At the moment, the function of GC-B is
unclear. Even the cellular localization of CNP, one of the puta-
tive ligands is still unknown, although it has been suggested
that the peptide is a neurotransmitter (34).

GC-C. This receptor appears to be principally found in the
gut mucosa where it exists on the apical membrane (63). How-
ever, it can be found in other tissues as well. For example, the

binding of STa to GC-C has been observed in rat liver (64),
where the number of binding sites for STa appears to be four-
fold greater in 1-d-old than in adult rats. GC-C mRNA levels
also are markedly increased in the regenerating rat liver (S.
Schulz and D. L. Garbers, unpublished). In the North Ameri-
can opossum, heat-stable enterotoxin binding has been ob-
served in epithelial cells throughout the body (65). Whether or
not the protein which binds the STa is GC-C in these cases is
not known, but the size of the binding protein (M, = 140,000)
from opossum kidney is consistent with its being GC-C (65). It
is tempting to suggest that the function of GC-C in the intestine
is to regulate fluid secretion since the heat-stable enterotoxins
bind to GC-C, elevate cyclic GMP, and cause an acute secre-
tory diarrhea (66). It can be speculated, then, that an unknown
endogenous ligand in a similar manner would regulate fluid
secretion by virtue of its effects on GC-C. Recently, a 15-amino
acid peptide homologous to STa has been isolated from rat
jejunum (67). The peptide (guanylin) elevates cyclic GMP
concentrations and displaces the binding of STa from a human
colon carcinoma-derived cell line (T84). Whether or not this
peptide binds to and activates GC-C remains to be determined,
since the presence of other STa receptors has been suggested
(63). There are also reasons to speculate that the cystic fibrosis
transmembrane regulator (CFTR) is a molecular target of cy-
clic GMP action, recent data (68) suggest that cyclic GMP
activates the cyclic AMP-dependent protein kinase, which in
turn phosphorylates and activates CFTR, at least in T84 co-
lonic cells (69).

Heterodimeric. There are four different subunits for hetero-
dimeric forms of guanylyl cyclase known («;,, a5, 84, 8,); the
cellular distribution of these forms remain to be firmly estab-
lished. Based on the polymerase chain reaction or the isolation
of cDNA clones, mRNA for the various subunits is found in
virtually all tissues, but Northern analysis suggests that o, is
expressed principally in lung (60) while 3, is expressed princi-
pally in kidney and liver (10).

The soluble form of the enzyme («,8,) appears to be regu-
lated by nitric oxide or related molecules. The current model
for such regulation is that the enzyme contains heme as a pros-
thetic group, and that the nitric oxide, in binding to the heme
moiety, causes a marked activation of the enzyme (reviewed by
Ignarro [70]). The data that support this hypothesis are: (a)
upon purification of the soluble form of the enzyme under
neutral pH conditions, heme is found associated with the en-
zyme. This form of the enzyme can be stimulated by nitroprus-
side and similar agents. () The addition of weak acid causes
dissociation of the heme group from guanylyl cyclase, and ni-
troprusside and similar agents now fail to stimulate. (¢) The
addition of protoporphrin IX to the heme-depleted enzyme
restores the stimulation by nitroprusside.

Nitric oxide is generated from nitric oxide synthase, an en-
zyme that exists in multiple forms, some of which are induc-
ible, and others which are constitutively regulated by Ca2*/cal-
modulin (70). The Ca?*-regulated, or closely related forms,
appear to exist throughout the body, and may explain the
plethora of data in the older literature showing that almost all
agents tested that mobilize Ca?* also elevate cyclic GMP (re-
viewed in [71]).

Summary
Three different guanylyl cyclase cell receptors are known, but
others will likely be discovered within the next few years. The
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general function of these receptors appear to relate to the regula-
tion of fluid volume or fluid movement. New receptors, or
possibly the currently known receptors, therefore, may be dis-
covered in areas of the body where fluid volume regulation is
important. Such fluids whose volume or composition might be
regulated by guanylyl cyclase receptors include synovial fluid,
uterine/oviductal luminal fluid, follicular fluid, aqueous hu-
mor, cerebral spinal fluid, seminferous tubule luminal fluid,
epididymal luminal fluid, seminal plasma, and airway luminal

fluid.
The function of the heterodimeric forms of guanylyl cy-

clase appear to relate to a primary regulation of nitric oxide (or
similar molecules) concentrations, which are in turn regulated
by a Ca?*/calmodulin-sensitive nitric oxide synthase.
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