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Abstract

Nitric oxide, bicarbonate, natriuretic peptides (ANP, BNP and CNP), guanylins, uroguanylins and
guanylyl cyclase activating proteins (GCAPs) activate a family of enzymes variously called
guanyl, guanylyl or guanylate cyclases that catalyze the conversion of guanosine triphosphate to
cyclic guanosine monophosphate (cGMP) and pyrophosphate. Intracellular cyclic GMP is a
second messenger that modulates: platelet aggregation, neurotransmission, sexual arousal, gut
peristalsis, blood pressure, long bone growth, intestinal fluid secretion, lipolysis,
phototransduction, cardiac hypertrophy and oocyte maturation. This review briefly discusses the
discovery of cGMP and guanylyl cyclases, then nitric oxide, nitric oxide synthase and soluble
guanylyl cyclase are described in slightly greater detail. Finally, the structure, function, and
regulation of the individual mammalian single membrane-spanning guanylyl cyclases GC-A, GC-
B, GC-C, GC-D, GC-E, GC-F and GC-G are described in greatest detail as determined by
biochemical, cell biological and gene-deletion studies.
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1. Introduction

Cyclic GMP was first purified and identified in rat urine in 1963 by Ashman and colleagues
[1]. The enzymes that catalyze the conversion of GTP into cGMP were discovered 6 years
later by three separate groups [2—4]. The cGMP synthesizing activity was initially called
guanyl cyclase, then guanylate cyclase and in recent literature it is most often referred to as
guanylyl cyclase. The Nomenclature Committee of the International Union of Biochemistry
and Molecular Biology indicates that the accepted name is guanylate cyclase or GTP
pyrophosphatelyase, EC 4.6.1.2. The reaction catalyzed is: divalent metal bound
GTP—cGMP+PP;. The divalent metal cofactor under biologic conditions is Mg2*, but many
early investigations used Mn2* in the presence of non-ionic detergent in order to artificially
stimulate the enzymes because the biologic activators of the respective enzymes were not
known. As a result of these initial studies, it was determined that the enzyme could be
separated into distinct soluble and particular forms with unique kinetic properties and tissue
distributions [5, 6]. However, the true diversity of the family was not fully appreciated until
molecular cloning identified cDNAs that encoded individual enzymes.
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Mammals express four soluble (a1, ap, B1 and B,) guanylyl cyclase subunits and seven bona
fide single membrane-spanning forms known as GC-A, GC-B, GC-C, GC-D, GC-E, GC-F
and GC-G (see Table 1 for ligands and “knockout” phenotypes associated with each
cyclase). However, GC-D and GC-G are pseudogenes in humans [7]. The soluble forms exist
as heterodimers and the transmembrane members are homodimers, except for GC-C, which
appears to be a homotrimer. The minimal guanylyl cyclase catalytic unit is a dimer [8, 9].
The soluble forms contain an amino terminal heme-binding, dimerization and carboxyl-
terminal catalytic domains. The membrane-spanning forms contain an extracellular ligand-
binding, transmembrane, kinase homology, dimerization and carboxyl-terminal catalytic
domains (see Fig. 1 for topology of each cyclase). The latter domain is the most conserved
between family members and is homologous to the catalytic domain of adenylyl cyclase [10,
11].

Interestingly, Caenorhabdliis elegans are predicted to have at least 26 membrane-spanning
and 7 soluble guanylyl cyclases based on genome analysis [12], but humans only express
five membrane spanning and 3 soluble subunits, which may indicate the human forms are
more pleotropic than the enzymes found in worms. Multimembrane-spanning guanylyl
cyclases similar to adenylyl cyclases were identified in Dictyostelium discoidium,
Plasmodium falciparum, Paramecium tetraureliaand Tetrahymena pyriformis. These
guanylyl cyclases probably evolved from adenylyl cyclase based upon topology [13]. One
guanylyl cyclase was identified in cyanobacteria [14] and the crystal structure of the
catalytic domain of this enzyme was solved [15]. Additionally, the crystal structure of an
inactive soluble guanylyl cyclase from the green algae Chlamydomonas reinhardtii was
solved [16].

According to the structures described above, the guanylyl cyclase catalytic domain contains
a central seven-stranded P sheet surrounded by several a helices in a wreath-like structure
that is characteristic of class 111 nucleotide cyclases. The central cleft of the momodimeric
form is at the dimer interface and contains two symmetric active sites, which is consistent
with positive cooperative substrate-velocity curves observed for particulate cyclases [15].
Each monomer contributes unique residues to the catalytic site. Joubert and colleagues
created a mutant form of the catalytic domain of rat GC-A by making single amino acid
substitutions on each monomer to inactive only one GTP binding site and observed linear
kinetics, consistent with mammalian GCs adopting a similar structure to the cyanobacterial
GC [17]. Mutagenesis studies converting human GC-E and rat soluble guanylyl cyclase to
adenylyl cyclases are consistent with mammalian guanylyl cyclases adopting similar
structures and catalytic mechanisms as adenylyl cyclases [10, 11]. No structure of an active
mammalian guanylyl cyclase has been solved to date.

2. Soluble guanylyl cyclase, nitric oxide and nitric oxide synthase

The primary and best-studied endogenous activator of soluble guanylyl cyclase (sGC) is
nitric oxide (NO), which was originally describe as endothelium-derived relaxing factor for
its potent ability to relax blood vessels in response to vasodilators like acetylcholine or
bradykinin [18]. NO is synthesized by nitric oxide synthase (NOS), which catalyzes a
NADPH-dependent 5-electron oxidation of L-arginine by O, to produce NO and citrulline.
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There are three genetically distinct isoforms of NOS: a constitutively expressed and
calcium-activated endothelial form (eNOS or NOS3), a neuronal isozyme (nNOS or NOS1)
and a cytokine- or endotoxin-induced, calcium-independent form (iNOS or NOS2) that is
highly expressed in macrophages and neutrophils. Endothelium produced NO migrates into
blood and surrounding vascular smooth muscle cells to inhibit platelet aggregation and
stimulate vasorelaxation, respectively. Blood pressures in mice lacking endothelial NOS are
about 20 mm of Hg higher than pressures in wild type littermates [19, 20]. Neuronal NOS
also causes vasodilation and may be a retrograde messenger in the long-term potentiation
process involved in the formation of memories. Mice with disruptions in exon two of NNOS
have enlarged pyloric sphincters and increased aggressive behavior, but normal blood
pressure [21, 22]. The main role of inducible NOS is to kill invading microorganisms by
producing high levels of NO, which combine with superoxide to form peroxynitrite. Thus,
the immune function of NO is independent of guanylyl cyclase.

Soluble GCs are found in most tissues. Lung, brain, kidney and vascular tissue are rich in
sGC. In humans, two a and two [ subunits have been identified, but the function of the B, is
uncertain. The best-characterized heterodimers are the a1/B; and the a,/p; forms. B, is 619
residues and contains an evolutionarily conserved aminoterminal heme prosthetic group
binding domain of about 200 residues, a dimerization region and a carboxyl-terminal
guanylyl cyclase domain of about 250 residues. The 3, subunit has an additional 86
carboxyl-terminal amino acids compared to the 1 isoform that contains a consensus CAAX
sequence for possible isoprenylation or carboxymethylation [23]. In contrast to the other
subunits, B, was reported to form an active homodimer [24]. The human a4 subunit is 717
amino acids and is about 34% homologous to the 31 subunit [25]. The a, subunit is 48%
identical to the aq subunit at the amino acid level [26]. a4 is the major subunit in platelets
and lung but only accounts for about half the NO-dependent guanylyl cyclase activity in the
brain [27]. Although ay only represents 6% of the soluble cyclase activity in the vasculature,
it is sufficient to yield maximum smooth muscle relaxation in response to NO in mice
lacking a4 [27].

His-105 at the amino terminus of the 1 subunit is the axial ligand of the pentacoordinated
reduced iron center of heme [28]. His-105 and a heme prosthetic group containing reduced
iron are required for NO activation of the enzyme. NO activates sGC by binding to the sixth
position of the heme ring, which breaks the bond between the axial histidine and iron to
form a 5-coordinated ring with NO in the fifth position. Carbon monoxide can also activate
sGC by binding heme to form a 6-coordinated complex. However, since NO activates the
enzyme 100 to 200 fold whereas CO only activates it about 4-fold. It is unclear if CO signals
in a physiologic significance manner.

Genetic disruption of the a4 subunit leads to the loss of NO-dependent platelet aggregation
but has a normal vasorelaxation response [27]. Disruption of the 1 subunit [29] leads to the
loss of both these responses with blood pressures being elevated 26 mm of Hg in the
knockout compared to wild type animals [29]. In addition, the homozygous knockout
animals exhibited severely reduced parastalsis leading to gastrointestinal obstruction similar
to that observed in animals lacking cGMP dependent protein kinase I, (PKGI/cGKI) [30].
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The male mice lacking the 1 subunit are infertile [30]. In conclusion, sGC appears to be the
sole mediator of the major cardiovascular and sexual arousal effects of NO [31].

In contrast to soluble GC, transmembrane GCs are activated by peptides. The archetypical
transmembrane guanylyl cyclase is GC-A, which is also called NPR-A or NPR1. It is
activated by atrial natriuretic peptide (ANP) and B-type natriuretic peptide (BNP) [32].
Mature ANP is a 28 amino acid disulfide-linked peptide released from atrial granules [33,
34]. Synthetic human ANP called Carperitide is used to treat congestive heart failure in
Japan. BNP is found in atrial granules as well but it is released in greater concentrations
from the ventricles due to increased mass. A synthetic version of human BNP called
Nesiritide is approved for the treatment of congestive heart failure in the US. Genetic
ablation of ANP results in hypertensive mice with cardiac hypertrophy [35, 36]. Disruption
of BNP in mice increases ventricular fibrosis but does not affect blood pressure [37].

GC-A is highly expressed in kidney, lung, adrenal, vasculature, brain, liver, endothelial and
adipose tissues [38, 39]. It is expressed at lower levels in the heart [40]. GC-A null mice
exhibit cardiac hypertrophy, high blood pressure and ventricular fibrosis [41, 42]. The
extracellular domain of rat GC-A contains three intramolecular disulfide bonds and five N-
linked glycosylation sites [43]. In the basal state, GC-A exists as a homodimer and ligand
binding does not result in further oligomerization [44]. Crystalligraphic studies indicate that
the rat GC-A extracellular domain dimer binds ANP asymmetrically because ANP has no
internal symmetry. The dimerization interface between the two monomers is in the
membrane distil region as is a buried chloride ion that was suggested to regulate renal
chloride secretion [45, 46]. ANP binds to GC-A in a 1:2 stoichiometry and activates the
receptor by causing an intermolecular twist with little intramolecular conformational change
[47]. GC-A is phosphorylated on five serines and two threonines within the aminoterminal
portion of its kinase homology domain in the unstimulated state [48]. Phosphorylation of
GC-A is required for hormonal activation, and dephosphorylation inhibits the receptor [49].
ATP also increases the enzymatic activity GC-A, but the mechanism of the activation is
controversial. Some groups report increases in maximal velocity [50, 51], whereas we find
that it decreases the Michaelis constant for GTP [52, 53].

GC-B, which is also called NPR-B or NPR2, is structurally similar to GC-A but is activated
in a paracrine manner by CNP, which exists in 22 and 53 amino acid forms that are
structurally similar to ANP and BNP [32, 54]. The most obvious effects of CNP are the
stimulation of endochondrial ossification required for long bone growth and oocyte
maturation required for female reproduction [55, 56]. Mice lacking CNP are dwarfs and less
than half survive postnatal development [57]. Chondrocyte overexpression of CNP rescued
growth in a mouse model of the most common type of human dwarfism [58]. Human
patients with translocations of portions of chromosome 2 of the CNP gene were shown to
have elevated CNP levels and skeletal overgrowth associated with a Marfanoid-like
phenotype [59, 60].
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GC-B is abundantly expressed in brain, lung, bone, heart and ovary tissue [61-63]. It is also
expressed at relatively high levels in fibroblast and vascular smooth muscle cells. Like GC-
A, it contains three intramolecular disulfide bonds and is highly glycosylated on asparagine
residues. GC-B is highly phosphorylated and dephosphorylation is associated with receptor
inhibition [64, 65]. ATP increases the enzymatic activity of GC-B by reducing the Michaelis
constant an order of magnitude [52, 53].

Two loss-of-function mouse models exist for GC-B. In one model the exons that encode the
carboxyl-terminal half of the extracellular domain and transmembrane segment were deleted
by homologous recombination [66]. These mice are dwarfs and the females are sterile,
which is consistent with CNP stimulating oocyte maturation [56]. The heterozygous mice
were significantly shorter than the wild-type animals. The other mouse model has a
spontaneous mutation of an arginine for a highly conserved leucine in the catalytic domain.
This cn/cn mouse that contains two defective alleles also displays dwarfism, although female
sterility was not noted [67]. Several homozygous loss of function mutations have been
identified in human patients that cause acromesomelic dysplasia, type Maroteaux, a rare
form of short-limbed dwarfism [68]. Individuals with one normal and one abnormal allele
display normal limb proportions but are statistically shorter than the average person from
their respective populations [69]. GC-B is the primary particulate guanylyl cyclase in the
failed heart, but the cardiac cellular expression of GC-B is unclear [40]. GC-B and PKGI
were also shown to be essential for sensory axon bifurcation in the spinal cord of mice [70].

Guanylyl cyclase C (GC-C) has similar topology to GC-A and GC-B but contains about a 60
amino acid carboxyl terminal extension that renders the receptor detergent insoluble. GC-C
is highly concentrated at the apical membrane of intestinal epithelial cells and is the target
for small peptides secreted from pathogenic bacteria called heat stable enterotoxins (Sta)
that contain three stabilizing disulfide bonds. Hence, it is sometimes referred to as the heat
stable enterotoxin receptor or simply, StaR. Sta activation of GC-C leads to intracellular
cGMP elevations, PKGII-dependent phosphorylation of the cystic fibrosis transmembrane
regulator and increased CI™ secretion in the gut. Lumenal ion secretion increases intestinal
water content, which results in diarrhea and severe dehydration that can lead to death,
especially in infants.

Guanylin and uroguanylin are endogenous peptide ligands for GC-C. Guanylin is a 15 amino
acid peptide that contains two intramolecular disulfide bonds. Uroguanylin is a 19 amino
acid peptide with conserved disulfide bonds to guanylin [71]. Human guanylin and
uroguanylin are 53% identical. Both peptides compete for binding with Sta to the
extracellular domain of GC-C. Mice lacking functional guanylin display increased colonic
epithelial cell proliferation but no change in blood pressure or sodium excretion [72]. In
contrast, mice lacking uroguanylin display decreased ability to excrete an enteral NaCl load
as well as salt-independent hypertension [73].

The extracellular domain of GC-C contains many N-linked glycosylation sites [74-76] and
multiple intramolecular disulfide bonds [77]. GC-C exists as a higher ordered structure;
dimer [78] or trimer forms have been reported [79]. ATP increases the ligand-dependent
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guanylyl cyclase activity of GC-C, possibly by stabilizing the active form of the receptor
[78, 80, 81]. Unlike GC-A and GC-B, GC-C is not basally phosphorylated [78], but
treatment of cells with phorbol esters increases the phosphate content and activity of GC-C,
consistent with protein kinase C-dependent regulation [78, 82]. Mice lacking functional GC-
C are resistant to heat stable enterotoxin infection and have increased proliferation of
intestinal epithelia cells [83—-85]. Recent work indicates that GC-C is a marker [86] and
possible therapeutic target for colon cancer [87-89]. A modified version of Sta called
Linaclotide is in phase three clinical trials for the treatment of chronic constipation and
irritable bowel syndrome [90].

GC-D was molecularly cloned from rat olfactory epithelium [91], and subsequently
colocalized by immunofluorescence detection with phosphodiesterase 2 in mouse olfactory
cilia [92] and with phosphodiesterase 2 and the selective cGMP gated nucleotide channel,
CNGAZ3, in neurons that project to the necklace glomeruli of the olfactory bulb in rats [93].
GC-D positive cells completely lack essential components of the well-known cAMP
olfactory signal transduction system. Recently, uroguanylin or guanylin but not Sta were
shown to elicit an excitatory calcium elevation signal in GC-D positive neurons. The
response to both compounds was abolished in mice lacking either GC-D or CNGAS3 [94].
Whether guanylin or uroguanylin directly bind GC-D is not known. However, since GC-D
positive cells do not respond to Sta, this seems unlikely [94]. GC-D is activated by carbon
dioxide or bicarbonate [95, 96] and participates in the socially transmitted food preference
response in mice [97].

2.5. GC-E and GC-F

Cyclic GMP is an essential regulator of phototransduction; a process where rods and cones
in the retina convert photons into electrical signals producing vision. In the presence of light,
photons bind the seven membrane-spanning protein, rhodopsin, which leads to transducin-
dependent activation of phosphodiesterase 6 and reduced intracellular cGMP concentrations.
As a result, cGMP-gated sodium and calcium channels close, causing hyperpolarization. In
the dark, rhodopsin signaling is reduced and cGMP degradation is slowed. This in
combination with cyclase activation (see below) causes the opening of cGMP-gated cation
channels, elevations of intracellular sodium and calcium concentrations and cell
depolarization, which causes photorecovery.

Early studies indicated that guanylyl cyclase activity in the retina was inhibited by calcium
[98] through a factor that was separated from the cyclase by a high salt wash [99]. Two
single membrane-spanning guanylyl cyclases GC-E and GC-F, also known as RetGC-1 and
RetGC-2, respectively, were cloned [100-102]. GC-E is expressed in the retina and pineal
gland, whereas GC-F is only expressed in the retina [L00-102]. Both retinal cyclases contain
the same signature domains as GC-A, GC-B and GC-C but unlike these known hormone
receptors, no extracellular activators of GC-E or GC-F have been identified [100-102].
Instead, small (20-24 kDa), soluble, intracellular calcium-binding molecules called guanylyl
cyclase activator proteins (GCAPs) regulate GC-E and GC-F [103-106]. In vertebrate
retinas, at least two GCAPs (GCAP1 and GCAP2) are present. Both are fatty acylated on
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their amino termini and contain four calcium binding EF-hand domains, although only three
are functional. GCAPs are constitutively associated with GC-E, but only activate the cyclase
under low calcium conditions. When intracellular calcium levels rise, GCAPs inhibit cyclase
activity. Like GC-A and GC-B, GC-E contains multiple serine and threonine
phosphorylation sites in the aminoterminal portion of the kinase homology domain, but
unlike natriuretic peptide receptors, phosphorylation is not required for activation of GC-E
by its peptide activators [107]. ATP also increases GC-E activity and an azido ATP analog
was cross-linked to the receptor [108-110]. Inactivation of GC-E in mice caused suppression
of a and b waves of electroretingrams from dark-adapted null mice and cone dystrophy but
had no effect on rods [111]. Inactivating GC-E/ RetGC-1 mutations in humans cause Leber
congenital amaurosis type 1, an autosomal recessive disease characterized by early onset rod
and cone dystrophy and blindness [112, 113]. Inactivation of GC-F in mice causes no
electroretinographic effects, but mice lacking both retinal cyclases have unstable and
nonfunctional cones and rods [114]. No mutations in human GC-F/RetGC-2 have been
reported. Functional inactivation of GCAP1 and GCAP?2 results in mice that lack calcium-
dependent retinal guanylyl cyclase regulation and a delayed recovery of the photoresponse
[115]. Expression of GCAP1 in a double GCAP knockout background restores wild type
flash responses in rods and cones, suggesting that GCAP1 is sufficient for normal retina
photoregulation [116, 117]. Several missense mutations within GCAP1 are associated with
autosomal dominant cone dystrophy in humans [118].

GC-G was initially amplified by PCR from a rat small intestine cDNA library with
degenerate primers common to single membrane spanning guanylyl cyclases [119].
Additional cloning and amplification techniques based on cDNA and gene structures were
required to assemble a full-length clone [120]. Comparison of the extracellular domain of
GC-G indicated that it is most similar to natriuretic peptide receptors. Expression in Cos7
and 293 cells revealed elevated basal guanylyl cyclase activity that was not increased by
ANP, BNP, CNP or Sta. Northern hybridization analysis revealed high GC-G mRNA
expression in lung, intestine and skeletal muscle. Cloning of the apparent mouse homolog of
GC-G revealed high expression in the testes [121]. Mice lacking functional GC-G were not
histologically different from wild type animals. Despite apparent low expression in the
kidney, serum creatinine and urea levels were reduced in GC-G knockout mice compared to
wild type animals in response to renal ischemia/reperfusion injury [122]. Finally, a recent
report indicated that GC-G is activated by bicarbonate in the Grueneberg ganglion olfactory
subsystem [123]. Importantly, a recombinant GST-fusion protein expressing the catalytic
domain of GC-G was activated by NaHCO3 in a concentration dependent manner, which is
consistent with direct binding of HCO3 or CO, to the catalytic domain of GC-G.

3. Conclusion and perspectives

Guanylyl cyclases are ubiquitous enzymes that regulate critical functions in bacteria to
humans. In mammals there are seven mGCs and activators of all members have now been
identified. Mutations in the genes that encode mGCs or pathologic activation of these
enzymes or their activators are associated with diseases of the cardiovascular, skeletal,
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intestinal or visual systems. Understanding the regulation of mGCs is important because
several family members are drug targets. For example, GC-A is the target of two drugs
(Carperitide and Nesiritide) approved for the treatment of congestive heart failure as well as
a new chimeric natriuretic peptide called CD-NP that had favorable therapeutic effects in a
recent clinical study [124, 125]. GC-B is the target for drugs in development for the
treatment of skeletal diseases and glaucoma, and GC-C is the target of linaclotide, a drug
that is currently in phase Il clinical trials for the treatment of chronic constipation and
irritable bowel syndrome. A novel, yet untested, approach to activating these receptors is to
target the allosteric ATP binding site with small, cell-permeable ATP analogs. Alternatively,
blocking GC-C activity with competitive or mixed inhibitors as was recently demonstrated
for GC-A and GC-B may lead to a viable drug for the treatment or prevention of heat-stable
enterotoxin infection [126].
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Fig. 1.
Schematic of mammalian guanylyl cyclases and their ligands. Seven transmembrane and

four soluble guanylyl cyclases are expressed in mammals. The structure and function of each
member is discussed in the text. Similarity of extracellular domain color represents primary
amino acid sequence similarity between receptors. The blue “P” indicates known
phosphorylation sites. The black bar between NPR-C subunits indicates intermolecular
disulfide bond. Abbreviations are: ANP, atrial natriuretic peptide; BNP, B-type natriuretic
peptide; CNP, C-type natriuretic peptide; CO, carbon monoxide; CO,/HCQg3, carbon
dioxide/bicarbonate; GCAPs, guanylyl cyclase activator proteins; Gn, guanylin; Hb,
hemoglobin; NO, nitric oxide; NPR-C, natriuretic peptide receptor C; Sta, heat-stable
enterotoxin; Uro, uroguanylin.
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Guanylyl cyclases, tissue distribution, cognate ligand and effect of inactivation. Abbreviations are: ANP, atrial
natriuretic peptide; BNP, B-type natriuretic peptide; CNP, C-type natriuretic peptide; CO, carbon monoxide;
CO,/HCO3, carbon dioxide/bicarbonate; GCAPs, guanylyl cyclase activator proteins; Gn, guanylin; Hb,
hemoglobin; NO, nitric oxide; Sta, heat-stable enterotoxin; Uro, uroguanylin.

Guanylyl cyclase  Tissue expression Ligand Effect of inactivation
GC-A Lung, kidney, adrenal, vascular smooth ~ ANP, BNP Hypertension, cardiac hypertrophy and cardiac fibrosis
muscle, endothelium, heart, adipose
GC-B Bone, vascular smooth muscle, lung, CNP Acromesomelic dysplasia type Maroteaux dwarfism,
brain, heart, liver, uterus and follicle female sterility, axon bifurcation in spinal cord
GC-C Intestinal epithelium Guanylin, Increased colonic epithelial cell proliferation
uroguanylin and
bacterial heat-stable
enterotoxin
GC-D Olfactory bulb CO,/HCO3 Loss of guanylin- and uroguanylin-dependent olfactory
signaling
GC-E Retina, pineal gland GCAPs Cone dystrophy, Leber congenital amaurosis type 1,
blindness
GC-F Retina GCAPs No obvious phenotype
GC-G Lung, intestine, skeletal muscle, testes CO,/HCO; Increased deleterious responses to renal ischemia/
reperfusion injury
Soluble alpha 1 Platelets, lung, brain, vasculature NO, CO Loss of NO-dependent platelet aggregation
Soluble alpha 2 Brain, vasculature NO, CO No obvious effect
Soluble beta 1 Platelets, lung, brain, vasculature NO, CO Hypertension, loss of NO-dependent platelet
aggregation, male sterility and severely reduced
intestinal motility
Soluble beta 2 ? ?

Kidney and liver
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