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ABSTRACT
In studies reported here, we used a PCR-based cloning strategy (RT-PCR followed by
5'- and 3'-RACE) to clone from Y-organs a cDNA (CsGC-YO1) encoding a putative rGC.
DNA sequence analysis revealed a 3807 base pair open reading frame encoding a 56 residue
signal peptide and a 1213 residue rGC. Analysis of the deduced amino acid sequence showed
that CsGC-YO1 contains the signature domains characteristic of rGCs, including an
extracellular ligand-binding domain, a single transmembrane domain, a kinase-like domain, a
dimerization domain, and a cyclase catalytic domain. CsGC-YO1 is most closely related to an
rGC from the crayfish, Procambarus claikii (PcGC-M2, 58.4% identity), and rGCs from three
insect species (33.1 - 37.5% identity). Conserved cysteine residues are similarly distributed in
the extracellular domains of CsGC-YO1, PcGC-M2, and the three insect rGCs. RT-PCR
revealed the CsGC-YO1 transcript is strongly expressed in Y-organs and several other tissues.

Key words: receptor guanylyl cyclase, crustacean hyperglycemic hormone, molt-inhibiting hormone,
cGMP, crustacean

現有的證據顯示甲殼類升血糖激素 (CHH) 活化細胞膜上之鳥甘酸環化脢，產生 cGMP
(cyclic guanosine 3’,5’-monophosphate) 為二級傳訊者，來傳達 CHH 對於碳水化合物代謝之訊
息。本計畫之成果自 Y-器官選殖一膜型鳥甘酸環化脢基因(PcGC-M2)。分析其推估之胺基酸序
列顯示具有膜型鳥甘酸環化脢所有特有之區域，包含胞外配體結合區、穿膜區、以及胞內激脢同
源區與環化脢催化區、及一段 274 殘基之 C-端段落。PcGC-M2 和螯蝦 (P. clarkii)、果蠅之膜
型鳥甘酸環化脢最為相似；此三種膜型鳥甘酸環化脢其胞外配體結合區有相似之保守性 cysteine
殘基之分佈。CsGC-YO1 在數個組織均有表現。

關鍵詞: 鳥苷酸環化酶受體、甲殼類升血糖荷爾蒙、蛻殼抑制荷爾蒙、環鳥苷酸、甲殼類動
物

INTRODUCTION
In both invertebrates and vertebrates, cyclic guanosine 3’,5’-monophosphate (cGMP) acts as an
intracellular second messenger mediating the actions of hormones and neurotransmitters. Synthesis of
cGMP is catalyzed by guanylyl cyclases (GCs) (Wedel and Garbers, ’01). Based on their cellular
distribution and structure, GCs are classified as either soluble form or membrane form. Studies of
peptide ligands acting via the cGMP signaling cascade indicate that receptors for these ligands are
membrane form GCs containing, from amino to carboxyl terminus, an extracellular ligand-binding
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domain, a transmembrane domain, and intracellular kinase-like and cyclase catalytic domains. These
membrane form GCs function primarily as homodimers that are activated by the binding of an
extracellular ligand (Lucas et al., ’00). Presently, 7 isoforms of mammalian membrane form GCs have
been identified. GC-A and GC-B are natriuretic peptide receptors that bind and are activated by atrial,
brain, and C-type natriuretic peptides; GC-C is the receptor for the bacterial heat-stable enterotoxins
and the endogenous intestinal peptides guanylin and uroguanylin; GC-D, GC-E, GC-F and GC-G are
orphan receptors whose ligands remain to be identified (Lucas et al., ’00).
Crustacean hyperglycemic hormone (CHH) family is consisted of several peptides produced by a
neuroendocrine system (the X-organ/sinus gland, XOSG). CHH family peptides exist in multiple
isoforms. For example, XOSG-CHH isolated from the crayfish (Procambarus clarkii) exists as L-CHH
and D-CHH, which differ from each other only at the configuration of the third residue. In addition to
its classic hyperglycemic activity, XOSG-CHH also inhibits secretion of molting hormone ecdysteriods
by Y-organs, and is hence considered exhibiting molt-inhibiting activity, a biological activity shared by
another CHH family peptide, molt-inhibiting hormone (MIH). The hyperglycemic and molt-inhibitiing
activity of D-CHH is considerably more potent than L-CHH. It is intriguing to determine, on the one
hand, whether the potency difference between L-CHH and D-CHH is due to their differential activation
efficacy of a common CHH receptor or due to the presence of separate receptors for each CHH
isoforms, and on the other hand, whether CHH (both L-CHH and D-CHH) and MIH share a common
receptor (but with differential activation efficacy) or bind and activate separate receptors on Y-organs.
Combined results from several laboratories indicated that the regulatory effects of CHH or MIH
are mediated by cGMP (3',5'-cyclic guanosine monophosphate) and suggested that their receptor
belongs to the type of receptors that contain intrinsic guanylyl cyclase activity (i.e., membrane form
guanylyl cyclases, GC) (Sedlmeier and Keller, ’81; Goy et al., ’87; Goy, ’90; Spaziani et al., ‘99, ,01).
We have cloned a full-length cDNAs encoding membrane form GCs from the muscle of the crayfish,
Procambarus clarkii (Liu et al., 2004). Their transcripts are expressed in several CHH or MIH target
tissues, implying that these GCs participate in the signaling cascade activated by CHH or MIH. In
addition to these typical GCs, partial cDNA sequences, resembling in sequence to the typical GCs,
were also identified in the muscle; these GC sequences, however, are truncated at the kinase-homology
domain, suggesting the GC proteins they encode may form heterodimers with typical GCs and
modulate the levels of the signal (cGMP production) initiated by peptide ligands.
We report here the cloning of a cDNA encoding an rGC-like protein from Y-organs, a target
tissues of CHH.

MATERIALS AND METHODS
RNA isolation and reverse transcription-polymerase chain reaction (RT-PCR)
Tissues were dissected from ice-anesthetized animals and promptly placed in wells containing
RNAlater™ (Ambion). Approximately 100 mg of tissues were extracted for total RNA using TRIZOL®
reagent (Life Technologies) and the extracted RNA samples were treated with RQ1 RNase-free DNase
(Promega) according to the supplier’s procedures. For first-strand cDNA synthesis, 4 µg of total RNA
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were reverse transcribed with 1 µg of random primers using 200 U of M-MLV reverse transcriptase in
a 25-µl reaction containing 50 mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, 500 µM dNTP, 40 U
RNasin, and 10 mM DTT (Promega).
Degenerate primers were designed against highly conserved sequences (VYKVETIG and
MPRYCLFG) from cyclase catalytic domains of membrane form GCs. PCR reactions contained 2.5 µl
of the RT reaction, 0.5 mM each of dNTPs, 10 µM each of primers, 5U of Taq DNA polymerase, and
1X reaction buffer (10 mM Tris-HCl, pH 9.0, 50 mM KCl, 0.1% Triton X-100, 2 mM MgCl2). The
final volume was adjusted to 20 µl with sterile distilled water. Amplification was carried out in a
PTC-200 thermal cycler (MJ Research) with the following parameters: an initial denaturation (5 min,
94℃), 35 cycles of denaturation (20 s, 94℃), annealing (20 s, 50℃), and extension (30 s, 72℃),
followed by a final extension (7 min, 72℃).
Rapid amplification of 3’- and 5’-cDNA ends (RACE)
Poly(A)+ RNA was isolated from abdominal muscles using oligo (dT) cellulose
(Micro-FastTrack™, Invitrogen). For the synthesis of first-strand cDNA for 3’- and 5’-RACE reactions,
1 µg of Poly(A)+ RNA was reverse transcribed using reagents and a protocol provided by the Smart™
RACE cDNA Amplification Kit (Clontech).
RACE reactions were performed as described previously (Liu et al., 2004) with gene-specific
primers selected from the sequence of the PCR product amplified within the cyclase catalytic domain
using degenerate primers.
Gel purification, cloning, sequencing and sequence analysis
After PCR amplification, an aliquot of the reaction was separated on a 1.2% or 2% agarose gel
and visualized with GelStar® (Cambrex). PCR products of expected sizes were excised from gels,
purified (QIAquick® Gel Extraction Kit, QIAGEN), and cloned (TOPO TA Cloning® Kit for
sequencing, Invitrogen). Recombinant plasmids were extracted (Mini-M™ Plasma DNA Extraction
System, Viogene) and sequenced using an autosequencer (PRISM 3100, ABI). Analysis of nucleotide
and amino acid sequences was performed using software provided by the ExPASy Molecular Biology
Server (http://us.expasy.org/) and BioEdit (http://www.mbio.ncsu.edu/BioEdit/; Hall, ’99).
Analysis of tissue distribution of PcGC-M2 transcript by RT-PCR
Equal amounts (1 µg) of total RNA, extracted separately from the tested tissues were
DNase-treated and reverse transcribed as described above. Each 50 µl-PCR reaction contained 2.5 µl of
the RT reaction, 0.2 mM each of dNTPs, 0.2 µM each of primers, 2.5 U of Taq DNA polymerase, and
1X reaction buffer (10 mM Tris-HCl, pH 9.0, 50 mM KCl, 0.1% Triton X-100, 1.5 mM MgCl2). To
control for genomic contamination, total RNA samples (0.2 µg for each of the tissues), instead of
cDNA samples, were used as templates in the PCR reactions. The primers used were designed based on
the sequences of the putative extracellular domain
All PCR reactions were carried out with the following parameters: an initial denaturation (5 min,
94℃), 35 cycles of denaturation (1 min, 94℃), annealing (1 min, 50℃), and extension (1 min, 72℃),
followed by a final extension (7 min, 72℃).
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RESULTS AND DISCUSSION
A PCR-based cloning strategy (RT-PCR followed by 3'- and 5'-RACE) was used to clone a
cDNA (CsGC-YO1) encoding a putative receptor guanylyl cyclase (rGC) from Y-organs. The 4010 base
pair (bp) cDNA contains a 3807 bp open reading frame that predicts a protein of 1269 residues (Fig.1).
The open reading frame begins with an initiator codon (ATG) at nucleotides 133-135 and ends with a
stop codon (TAA) at nucleotides 3936-3939. A short 3'-untranslated region contains a polyadenylation
signal (AATTAAA) (Birnstiel et al., 1985) located 13 bp upstream from a poly(A) tail (Fig.1).
Analysis of the N-terminal sequence of the protein encoded by CsGC-YO1 predicts a 56 residue
signal peptide and a 1213 residue mature protein, with the cleavage site located between amino acids
56 (f) and 57 (E) (http://sosui.proteome.bio.tuat.ac.jp/sosuisignal/sosuisignal_submit.html) (Fig. 1).
Cleavage at this site would yield a mature protein with a relative molecular mass of 136,797.
Analysis using PROSITE (http://us.expasy.org/prosite/) indicated the mature protein contains all
signature domains characteristic of an rGC, including an extracellular ligand-binding domain, a single
transmembrane domain, a kinase-like domain, a dimerization domain, and an (a) cyclase catalytic
domain.
The 461-residue extracellular domain has 11 potential N-linked glycosylation sites, (predicted by
NXT or NXS, where X is any amino acid) (Fig. 1); such sites appear to be critical for ligand binding to
rGCs (Lucas et al., 2000). Alignment of the extracellular domains of rGCs from vertebrate and
invertebrate sources shows four cysteine residues (C148, C161, C503, C510) present in 13 of the 14
rGCs (GC-C lacks two cysteines adjacent to the transmembrane domain) (Fig. 2). C180 is conserved
among rat sensory receptors (GC-D, GC-E, GC-F) and all invertebrate rGCs. Residues C368 and C471
are conserved among arthropod rGCs. The pattern of cysteine residues is remarkably similar between
CsGC-YO1 (from the blue crab) and PcGC-M2 (from the crayfish). A single transmembrane domain
(23 amino acids) links the extracellular domain to the intracellular portion of the protein.
The intracellular domains of CsGC-YO1 include a kinase-like domain, a dimerization domain,
and a cyclase catalytic domain. The kinase-like domain of CsGC-YO1 (residues 541-842) is similar in
several respects to the kinase like domain of known rGCs. In general, protein kinases contain 33
invariant amino acids present in 11 subdomains (Hanks et al., 1988); twenty-four of the invariant
residues, comprising 8 of 11 subdomains, are present in CsGC-YO1. An invariant D present in
subdomain VI of protein kinases is typically replaced by S,R, or N in rGCs (Koller st al., 1992); in
CsGC-YO1, the relevant D is replaced by N. A conserved glycine-rich loop (GXGXXG) found in
subdomain I and responsible for ATP binding to protein kinases is typically absent or modified in rGCs
(Lucas et al., 2000; Koller et al., 1992); the conserved glycine-rich loop is modified in CsGC-YO1
(GXXGXXXG, see residues 679-686).
Receptors with a single transmembrane domain typically form homodimers or heterodimers in
order to transduce a signal across the plasma membrane (Wilson and Chinkers, 1995). Among rGCs, a
region between the kinase-like domain and the cyclase catalytic domain is predicted to form an
amphipathic α-helix hypothesized to function as a dimerization domain (Wilson and Chinkers, 1995).
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Data from several sources suggests the dimerization domain of rGCs forms a coiled-coil structure
(Wilson and Chinkers,1995; Lupas et al., 1991; Morton and Nighorn, 2003). Sequence analysis
(http://paircoil.1cs.mit.edu/cgi-bin/paircoil) revealed the 88 amino acid region between the kinase-like
domain and the cyclase catalytic domain of CsGC-YO1 is likewise predicted to form a coiled-coil.
The predicted cyclase catalytic domain of CsGC-YO1 extends from amino acid 929 (T) to amino
acid 1060 (E). Previous results indicate the cyclase catalytic domain of several Ca++-sensitive rGCs
contains an 18-residue region thought to serve as a binding site for guanylyl cyclase activating proteins
(GCAPs) (Sokal et al., 1999; Morton and Nighorn, 2003). The 18-residue region was not detected in
the cyclase catalytic domain of CsGC-YO1, suggesting CsGC-YO1 is not likely to be regulated by
GCAPs.
CsGC-YO1 has a C-terminal tail of 208 residues following the catalytic domain. In several rGCs,
the C-terminal tail is rich in uncharged polar amino acids such as S and Q (Schulz et al., 1990; McNeil
et al., 1995). In the 208 residue C-terminus of CsGC-YO1, 11% of the amino acids are S or Q.
The precise functions of such tails in rGC proteins are not known. The motif YXXZ (where X is any
amino acid and Z is one of the following hydrophobic amino acids: L, I, V, M, C, or A), present in the
C-terminus of a number of rGCs, has been suggested to mediate the internalization of rGCs by
interacting with the endocytotic apparatus (Johnson et. al., 1990; Canfield et. al., 1991; Thomas and
Roth, 1994). The YXXZ motif is not present in CsGC-YO1.
A comparison of the amino acid sequence of CsGC-YO1 to the amino acid sequences of known
rGCs is shown in Table 1. The overall sequence of CsGC-YO1 is most similar to the overall sequence
of PcGC-M2 (58.4% identity), a putative rGC from crayfish (Procambarus clarkii) muscle.
Regarding the sequence of individual domains, the primary structure of the cyclase catalytic domain is
highly conserved across species (61.4-93.2% identity), while the primary structure of the extracellular
domain shows the lowest percent identity (16.9-51.3% identity) (Table 1).
A determination of the phylogenetic relationships among rGCs showed the proteins cluster
mainly according to major phylogenetic groups (Fig. 3). CsGC-YO1 appears most closely related to
PcGC-M2 (from crayfish), and also clusters with rGCs from insects. Regarding the phylogenetic
relationship between CsGC-YO1 and mammalian rGCs, the crustacean protein is more similar to
natriuretic peptide receptors (GC-A and GC-B) than sensory receptors (GC-D, GC-E, and GC-F), an
entertoxin receptor (GC-C), and the orphan receptor GC-G.
The tissue distribution of CsGC-YO1 mRNA was assessed by RT-PCR using primers designed
from the sequence of the extracellular domain. In general, the CsGC-YO1 transcript was widely
expressed: An amplicon of the predicted size (578 bp) was detected in all tissues tested (Fig. 4). The
CsGC-YO1 transcript appeared to be strongly expressed in Y-organs, neural tissue, and hepatopancreas;
the level of expression was lower in ovary, muscle, and gill.
Data presented here strongly support the hypothesis that CsGC-YO1, a cDNA cloned from
Y-organs, encodes a receptor guanylyl cyclase (rGC). The predicted protein contains all signature
domains of an rGC, and is structurally similar in several additional respects to known members of the
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rGC family of proteins. Proof that CsGC-YO1 encodes an authentic rGC will require expression of the
protein and determination of whether the recombinant protein has guanylyl cyclase activity.

SELF EVALUATION
The main results of the project were to successfully clone a membrane form guanylyl cyclase.
The part of molecular cloning has been published (Zheng et al., 2006). While CsGC-YO1 appears to be
strongly expressed in Y-organs, the transcript also appears to be abundant in neural tissue and
hepatopancreas, and is detectable at lower levels in all tissues tested. This pattern of expression was not
predicted by current understanding of MIH action (i.e., Y-organs are the only known target tissues for
MIH). One explanation is that CsGC-YO1 is not an MIH receptor. It is possible, for example, that
CSGC-YO1 is a receptor for crustacean hyperglycemic hormone (CHH). Previous studies indicate that
Y-organs possess distinct CHH receptors, and addition of CHH (in high dose) to Y-organ incubations
suppresses ecdysteroid production (Webster, 1993).

Liu et al. (2004) have recently cloned a cDNA

encoding a putative CHH receptor (PcGC-M2) from muscle of the crayfish, Procambarus clarkii.
Like the CsGC-YO1 transcript, the PcGC-M2 transcript shows wide tissue distribution. However, the
tissue distribution pattern of CsGC-YO1 does not precisely track the tissue distribution pattern the
PcGC-M2. Another interpretation of the observed tissue distribution pattern of the CsGC-YO1
transcript is that MIH affects target tissues other than Y-organs. Pleiotropic effects of polypeptide
hormones are widely observed in both invertebrate and vertebrate systems. Conclusive identification of
the activating ligand for CsGC-YO1 will require studies designed to test the ability of MIH (and other
candidate ligands) to bind and activate the receptor.
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