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Abstract

An androgenic gland hormone (AGH) is synthesized in the male-specific androgenic gland (AG) and
is responsible for sex differentiation in crustaceans. To date, AGH cDNAs have been cloned from
only three isopod species, but not decapod crustaceans. Recently, however, cDNAs encoding the AG
specific polypeptide, which was designated as an insulin-like AG factor (IAG), have been cloned
from two decapods, the red-claw crayfish Cherax quadricarinatus and the giant freshwater prawn
Macrobrachium rosenbergii. These studies suggested that IAG may be involved in controlling sex
differentiation in decapod crustaceans, but this point remains unclear. In order to accumulate knowl-
edge on IAG, here we cloned IAG cDNAs from three palaemonid species (Crustacea, Decapoda), M.
lar, Palaemon paucidens and P. pacificus. The three IAG precursors consisted of a signal peptide, a
B chain, a C peptide and an A chain. This organization corresponds to that of the known isopod AGH
and decapod IAG precursors. The three IAGs showed higher sequence identities to M. rosenbergii
IAG (49~72%) than to C. quadricarinatus 1AG (29~32%). These results are consistent with their phy-
logenetic relationship. In the analysis of the tissue-specific gene expression of the cloned three IAGs
by RT-PCR, each IAG was detected only in the AG. Our data obtained in this study will facilitate

further investigation of sex differentiation controlled by the AG in decapods.
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Introduction

The androgenic gland (AG) is specific to male crus-
taceans and responsible for regulating sex differentiation.
The AG was first discovered in the amphipod Orchestia
gammarella®. Since then, the role and function of the AG
have been examined by the following in vivo bioassays.
In the terrestrial isopod Armadillidium vulgare, the im-
plantation of the AGs into young females induced not
only the formation of a male-specific outer morphology,
but also gonadal masculinization®’. Conversely, the abla-
tion of the AGs caused young males to become femi-
nized*. Since the injection of an extract from AGs into
juvenile females showed the same phenomena as the im-
plantation of the AG?, it has been thought that male sex

differentiation is regulated by the androgenic gland hor-
mone (AGH) synthesized in and secreted from the AG.
Purification of AGH from A. vulgare has been at-
tempted by some research groups™?'. Purified 4. vulgare
AGH (Arvul-AGH) was found to be inactivated by treat-
ment with trypsin or reductive carboxymethylation, indi-
cating that Arvul-AGH is a protein with disulfide
bond(s)"”. Subsequently, the primary structure of Arvul-
AGH was determined to be a heterodimeric glycopro-
tein'® and a ¢cDNA encoding Arvul-AGH precursor was
cloned®. Similarly to pro-insulin, Arvul-AGH is ex-
pressed as a single peptide chain consisting of a B chain,
a C peptide and an A chain (pro-AGH). Removal of the C
peptide by processing at two dibasic sites, Lys-Arg,
converted pro-AGH into a mature heterodimeric form
comprising the B and A chains. The mature Arvul-AGH
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had an N-linked glycan moiety in the A chain, which was
essential for conferring biological activity'’®. The mature
Arvul-AGH possessed eight Cys residues, four of which
formed two inter-chain disulfide bonds between the B
and A chains, while the remaining four residues formed
two intra-chain disulfide bonds within the B and A
chains, respectively".

In addition to Arvul-AGH, to date, cDNAs encoding
AGH precursors have been cloned from two terrestrial
isopods Porcellio scaber and P. dilatatus®®. The two
AGH precursors consisted of a signal peptide, a B chain,
a C peptide and an A chain, which are organized similar-
ly to that of the Arvul-AGH precursor. The amino acid
sequences of the A and B chains were highly conserved
among the three isopod species, while those of the C pep-
tides exhibited low sequence similarity. Both the AGHs
contained a single N-glycosylation motif (Asn-Xaa-Ser/
Thr) in the A chain, the position of which was completely
conserved with that of Arvul-AGH.

In decapod crustaceans, the role of AG has also been
studied. In the giant freshwater prawn Macrobrachium
rosenbergii, implantation of AGs into young female
prawns caused these genetic females to become pheno-
typic reproductive males'>. In the red-claw crayfish
Cherax quadricarinatus, the implantation of AGs, which
were hypertrophied due to having been destalked bilater-
ally, into immature female animals induced male-specif-
ic morphologies and inhibited female secondary sex
characteristics in recipient females'®. These results indi-
cate that AGs of decapod species also control sex differ-
entiation. Recently, cDNA libraries were constructed via
suppression subtractive hybridization of the AGs of C.
quadricarinatus and M. rosenbergii'*. Expressed se-
quence tags from these libraries were sequenced where-
upon two AG-specific genes of C. quadricarinatus and
M. rosenbergii, respectively, were detected. Both gene
products consisted of a signal peptide, a B chain, a C pep-
tide and an A chain. The organizations of these gene
products were the same as that of insulin precursor; there-
fore, they were named as an insulin-like AG factor (IAG).
C. quadricarinatus IAG (Chqua-IAG) and M. rosenbergii
IAG (Maros-IAG) had six and eight cysteine residues,
respectively, in their predicted mature peptides (A and B
chains). The positions of six cysteine residues of Chqua-
IAG were the same as six of the eight cysteine residues in
Maros-IAG'"?6, Furthermore, the six cysteine residues
were well-conserved within an insulin family, including
isopod AGHs. Therefore, the two IAG molecules were
thought to be putative AGHs in decapod species. How-
ever, Chqua-IAG and Maros-IAG showed low sequence
similarities with the three isopod AGHs and moreover,
shared little similarity. Moreover, the biological activi-

106

ties of the two IAGs have not yet been examined.

Both the marine and freshwater shrimp aquacul-
tures are significant global industries. To further develop
shrimp aquaculture, more efficient seed production tech-
niques are required. Monosex culture has the potential to
improve the production efficiency of shrimp aquaculture
based on dramatic increases in yield and profit due to ob-
served sexual dimorphism in growth. Therefore, it is de-
sirable to gain a better understanding of shrimp IAG, be-
cause mating sex-reversed shrimp males (neofemales)
induced by the administration of AG'3, with normal males
may result in all-male populations. In order to obtain in-
formation on the amino acid sequences of shrimp TAG,
here we describe the cloning of cDNAs encoding 1AG
precursors from three palaemonid species (Crustacea,
Decapoda), Macrobrachium lar, Palaemon paucidens
and P. pacificus, and the respective AG-specific gene ex-
pression in each case.

Materials and methods

1. Animals

Mature males of M. lar, P. paucidens and P. pacificus
were purchased from Internet shops and identified by
their external morphology as described previously. The
muscle, hepatopancreas, eyestalk, nerve cord (thoracic
ganglia and abdominal ganglia), testis with sperm duct,
sperm duct, and terminal ampulla, including the andro-
genic gland, were dissected out under a microscope from
each species, flash-frozen in liquid nitrogen and stored at
—80°C until use.

2. Isolation of total RNA

Total RNAs were extracted from the above six tissues
of the three palaemonid species by the acid guanidium
thiocyanate-phenol-chloroform extraction method*.

3. Cloning of M. lar IAG (Malar-IAG) cDNA

First strand cDNA for RT-PCR and 3'-rapid amplifi-
cation of cDNA ends (RACE) was synthesized by re-
verse-transcription of 500 ng of total RNA obtained from
the sperm duct and terminal ampulla, including the an-
drogenic gland of M. lar, with the adaptor oligo-dT prim-
er (Table 1) using SuperScript II Reverse Transcriptase
(Invitrogen, Carlsbad, CA, USA). Using the first strand
cDNA as a template, PCR was performed with two de-
generate oligonucleotide primers (Malar-F and Malar-R
in Table 1 and Fig. 1A), which were designed based on the
amino acid sequence of Maros-IAG?. The reaction mix-
ture (20 pl) containing 1/200 aliquot of the first strand
cDNA, 0.5 uM of each primer and TaKaRa LA Taq (Takara
Bio, Otsu, Shiga, Japan) was prepared according to the
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Table 1. Nucleotide sequences of oligonucleotide primers used for RT-PCR, 5'-RACE and

3-RACE

Primer name

Sequence (5'-3")

Adaptor oligo-dT primer

Malar-F
Malar-R
Papau-F
Papau-R
Papac-F
Papac-R
Malar S'RACE-R1
Malar 5S'RACE-R2
Papau SRACE-R1
Papau 5S’RACE-R2
Papac 5’RACE-R1
Papac 5’RACE-R2
Malar 3'RACE-F1
Malar 3’'RACE-F2
Papau 3’'RACE-F1
Papau 3'RACE-F2
Papac 3'RACE-F1
Papac 3'RACE-F2

AACTGGAAGAATTCGCGGCCGCAGGAA(T),,
CACAAYAAYTAYATHAAYCC
GCGTTRTTRCARCAYTCYTC
GTTGACTTYGAYTGYGGNGA
GCGACYTCYTCTAARTTRCA
CTCTCCGTNGANTTYGAYTGY
ATGCAATAYTCNGCNACYTA
GTCCCGTCGCAGGCGACGCTTGGACTGC
TTCTTCGCGGCTCAGCGTCAGGTGCTGC
GTGTCGGCGATTCGAGTGCAGCATCGTG
GTTCGGTGAAGTTACGCACAGAACGCCG
GTCGGAGTCTGCGGTTCGTGTGGAGCAT
CCATGGTGGTCGGCACATCCCCACAATC
CCAAGCGTCGCCTGCGACGG
GGAAGACTCCGAGGGAGGAG
TATGACGACCACCTTTGCGT
TCCAAAGAACGGCGTTCTGT
AGGGTATACAAACCATTCGT
ATCCGAGAGATTTCGCTCAG

3AP-R1 AACTGGAAGAATTCGCGGCCG
3AP-R2 AAGAATTCGCGGCCGCAGGAA
Malar-cF CCTCTTCCTTCTATTTCCGC
Malar-cR CGGGATGATCTTTCAGACCT
Papau-cF AGTTTAAAATGGCATACAGG
Papau-cR CTAGGCTGAGCTGCAGGTGTTC
Papac-cF AGTGAGGAGTCAGGGGTGCT
Papac-cR GAAACTGACGGCCACAGACA
Actin-F TGTAYGCCTCTGGYCGYACC
Actin-R CVACRTCRCACTTCATGATGS

manufacturer’s protocol. The cycling conditions were
94°C for 3 min, followed by 35 cycles of 94°C for 30 sec
- 52°C for 30 sec - 72°C for 1 min, and 72°C for 5 min
respectively.

For 5'-RACE, first-strand cDNA was newly synthe-
sized with 500 ng of total RNA from the sperm duct and
terminal ampulla, including the androgenic gland of M.
lar, by using a SMART RACE ¢cDNA Amplification Kit
(Clontech, Mountain View, CA, USA) with the exception
of MMLYV Reverse Transcriptase (Clontech), which was
substituted by SuperScript II Reverse Transcriptase
(Invitrogen). Two specific primers (Malar 5RACE-R1
and Malar 5’RACE-R2 in Table 1) were designed based
on the nucleotide sequence of the Malar-IAG ¢cDNA frag-
ment obtained from RT-PCR. A cDNA fragment encod-

ing the 5'-region of Malar-IAG was amplified by two
rounds of PCR. In the first PCR, the first strand cDNA
was used as a template, and amplification was primed by
a pair of primers, a universal primer mix (UPM, Clon-
tech) and Malar 5’RACE-R1, as shown in Fig. 1A. In the
second PCR, the diluted first PCR product was used as a
template, and amplification was primed by a pair of nest-
ed primers, a nested universal primer (NUP, Clontech)
and Malar 5’RACE-R2, as shown in Fig. 1A. Each PCR
mixture was prepared as described above. The cycling
conditions for each PCR amplification were 94°C for 3
min, 5 cycles of 94°C for 30 sec - 72°C for 3 min, 5 cycles
of 94°C for 30 sec - 70°C for 30 sec - 72°C for 3 min, 25
cycles of 94°C for 30 sec - 68°C for 30 sec - 72°C for 3
min, and 72°C for 5 min respectively.
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; 100 by

§'—————| SP | Bchain| C peptide | A chain | 3

Malar-F P 4 Malar-R
UPM b o Malar SRACE-R]
NUP P < Malar FRACE-R2
Malar YRACE-F1 B <4 3AP-RI
Malar 3'RACE-F2 P 4 3AP-R2
Malar-cF P <A Malar-cR

(B)

5" =——— SP | Bchain| C peptide | A chain Il ¥

Papau-I' B> o Papau-R
urM p o I'spau SRACE-R1
NUP b o Papau SRACE-R2
Papau ¥RACE-F| P <4 3AP-R]|
Papau RACE-F2 P A3AP-R2
Papau-cF B -4 Papau-cR

(©)

§'——{ SP |B chainl C peptide | A chain '| 3

Papac-F B 4 Papac-R
UPM b 4 Papac SRACE-RI
NUP P o Papac SRACE-R2
Papac 3RACE-F1 P 4 3AP-RI
Papac IRACE-F2 B A 3AP-R2
Papac-cF P> o Papac-cR

Fig. 1. Schematic representation of the cDNA structures of (A) Macrobrachium lar IAG (Malar-1AG), (B) Palaemon
paucidens 1AG (Papau-IAG) and (C) P. pacificus 1AG (Papac-1AG), and the locations of the oligonucleotide primers
Arrowheads represent the primers, and the lines under the arrowheads indicate the amplified cDNA fragments. Boxes
represent the open reading frame. Lines on both sides of the boxes indicate the 5'- and 3"-untranslated regions. SP is the

abbreviation for signal peptide.

For 3'-RACE, two specific primers (Malar 3'RACE-
Fl and Malar 3'RACE-F2 in Table 1) were designed
based on the nucleotide sequence of the Malar-IAG cDNA
fragments obtained from RT-PCR. A cDNA fragment
encoding the 3'-region of Malar-IAG was amplified by
two rounds of PCR. In the first PCR, the first strand
cDNA as described above was used as a template and am-
plification was primed by a pair of primers, Malar
3'RACE-F1 and 3AP-R1, as shown in Fig. lA. In the sec-
ond PCR, the diluted first PCR product was used as a
template and amplification was primed by a pair of nest-
ed primers, Malar 3'RACE-F2 and 3AP-R2, as shown in
Fig. 1A. Each PCR mixture was prepared as described
above. The cycling conditions for each PCR amplifica-
tion were 94°C for 3 min, followed by 35 cycles of 94°C
for 30 sec - 53°C for 30 sec - 72°C for 3 min, and 72°C for
5 min respectively. The nucleotide sequence of Malar-
IAG cDNA, including the full-length open reading frame
(ORF), was confirmed by PCR amplification using spe-
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cific primers, Malar-cF and Malar-cR shown in Table 1
and Fig. 1A.

4. Cloning of P. paucidens IAG (Papau-1AG) and P.
pacificus IAG (Papac-IAG) cDNAs

First strand cDNAs used in RT-PCR, 5-RACE, and
3-RACE for Papau-IAG and Papac-IAG were synthe-
sized by the same methods as described above except for
the use of the sperm ducts and terminal ampullae, including
the androgenic glands from P. paucidens and P. pacificus,
respectively, instead of M. lar.

RT-PCRs were performed with degenerate primers
(Table 1, Figs. 1B and 1C), which were designed based on
the amino acid sequences of Maros-IAG and Malar-IAG.
The cycling conditions for Papau-IAG and Papac-IAG
were 94°C for 3 min, followed by 40 cycles of 94°C for 30
sec - 52 °C for 30 sec - 72°C for 1 min, and 72°C for 5
min respectively.

5-RACE and 3'-RACE were performed with gene
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specific primers (Table 1, Figs. 1B and 1C), which were
designed based on the nucleotide sequences of Papau-
IAG and Papac-IAG cDNA fragments obtained from RT-
PCR. The cycling conditions for SRACE and 3'RACE
were the same as described above.

5. Nucleotide sequence analysis

All PCR products were subcloned into a pMD-20T
vector using a Mighty TA-cloning kit (Takara Bio). Both
strands of the plasmid DNAs were sequenced on an ABI
PRISM 3130 genetic analyzer (Applied Biosystems,
Foster City, CA, USA) using a Big Dye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems).

6. Sequence data analysis

Cleavage sites of the signal peptide of the three IAG
precursors were predicted using the SignalP 3.0 program
(http://www.cbs.dtu.dk/services/SignalP/).  Propeptide
cleavage sites and N-linked glycosylation sites of the
three IAG precursors were predicted by the ProP 1.0 pro-
gram (http://www.cbs.dtu.dk/services/ProP/) and the
NetNGlyc 1.0 program (http://www.cbs.dtu.dk/services/
NetNGlyc/), respectively. The Clustal W program? was
used with default settings to align the amino acid se-
quences of IAG precursors from C. quadricarinatus
(GenBank accession no. DQS851163), M. rosenbergii
(F1409645), M. lar (AB579012), P. paucidens (AB588013)
and P. pacificus (AB588014).

7. Tissue-specific gene expression of Malar-TAG,
Papau-IAG and Papac-IAG

The total RNA from six tissues; the muscle, hepato-
pancreas, eyestalk, nerve cord, testis with the sperm duct,
and sperm duct and terminal ampulla including the an-
drogenic gland from each species, were treated with DN-
ase I (Takara bio) at 37°C for 30 min. The first strand
cDNA of each tissue was synthesized by the same meth-
od as RT-PCR in the section of “Cloning of M. lar IAG
(Malar-IAG) cDNA”. The first strand cDNAs were used
as templates and each amplification was primed by a pair
of specific primers, Malar-cF and Malar-cR for Malar-
IAG, Papau-cF and Papau-cR for Papau-IAG, or Papac-
cF and Papac-cR for Papac-IAG, respectively (Table 1).
Each PCR mixture was prepared as described above. As
a positive control, an actin cDNA fragment in each tissue
was amplified using two degenerate primers, actin-F and
actin-R (Table 1), which were designed based on the ami-
no acid sequences of two conserved regions of the verte-
brate and invertebrate actins. The PCR products were
separated on a 2.0% agarose gel and stained with ethid-
ium bromide.

Results

1. Cloning of IAG cDNAs from M. lar, P. paucidens
and P. pacificus

Amplification of IAG cDNA fragments from M. lar,
P. paucidens and P. pacificus were performed by RT-
PCR using degenerate oligonucleotide primers. Subse-
quently, the 5'- and 3'-regions of the three cDNAs were
amplified by 5- and 3-RACE using specific primers
based on the nucleotide sequences obtained by RT-PCR.
In order to confirm each nucleotide sequence, each cDNA
fragment, including the full-length open reading frame
(ORF), was amplified. The three IAG cDNAs of M. lar,
P. paucidens and P. pacificus were designated as Malar-
IAG, Papau-IAG, and Papac-1AG, respectively, and de-
posited in the DNA Data Bank of Japan (DDBJ) database
(accession nos. AB579012, AB588013 and AB588014,
respectively).

2. Characterization of Malar-IAG cDNA

Nucleotide and deduced amino acid sequences of
Malar-IAG cDNA are shown in Fig. 2A. The cDNA was
1,529 nucleotides in length, comprising a 5’-untranslated
region (231 bp), an ORF (558 bp), and a 3'-untranslated
region (740 bp). The 3'-untranslated region contained a
canonical polyadenylation signal (AATAAA). ORF of
Malar-IAG cDNA encoded a putative polypeptide con-
sisting of 185 amino acid residues. The N-terminal seg-
ment included a high proportion of hydrophobic amino
acid residues, and therefore the first 28 amino acid resi-
dues were predicted to be a signal peptide by the SignalP
program. Four potential N-linked glycosylation motifs
(Asn-Xaa-Ser/Thr) were observed, and the Asn residues
at amino acid positions 42, 74, 80 and 156 were likely to
be glycosylated. Putative cleavage sites between Arg”
and Ser”!, and Arg'*? and Asp'?® were predicted using the
ProP 1.0 program. After cleavage, two dibasic process-
ing sites (Arg®-Arg™ and Arg'*'-Arg'*?) were probably re-
moved similarly to those of 4. vulgare AGH" and Homo
sapiens insulin?',

3. Characterization of Papau-IAG cDNA

The nucleotide and deduced amino acid sequences
of Papau-IAG cDNA are shown in Fig. 2B. The cDNA
was 1,169 nucleotides in length, comprising a 5"-untrans-
lated region (192 bp), an ORF (522 bp), and a 3'-untrans-
lated region (455 bp). The 3'-untranslated region did not
contain a canonical polyadenylation signal. The ORF of
Papau-IAG cDNA encoded a putative polypeptide con-
sisting of 173 amino acid residues. The 26 N-terminal
amino acid residues were predicted to be a signal peptide
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A)

nt 0001 TTATTCCRAGAGGGGCCARGACTCTGGGATCATACCTCGARAGGCTCTTTGTGTCGCTTCCCCTCGTCLG
nt 0071 GTTAACCGGTGTTTTCTACCAGCGTTCTCGGCACCTAAARAATTCGCTTTCTGGCCAACCTTGCACTAATC
nt 0141 CTTCCAGTTCCCTCTITCCTTCTATTTCCGCACATCAACTTCTTCTACTCTCCAGATTTTCTACATCGRAG
nt 0211 TGAARCAARATAAGCTACAAAATGGGATACTGGAATACCGCGGTGARGAGTCTTTTCTTSTGGTCACTCG
aa 0001 M G Y W N T A YV K S L F LW S L
nt 0281 TAGCGCTACTGCATCTGCCCCAACCTTCCTCGAGCTACGAGATCGAATGTCTCACCGTCEAATTCGACTG
aa 0017 V A L L BH L P Q P 8 8 8 ¥ E 1 E C L T Vv E F D C
nt 0351 CAGCAACATTACTTATACCTTAAGCCGTGTCTGCCTGAGGCACAACAACTACATCGACCCAGGACCCTCE
aa 0041 s (BN Y T L S R V C L R H N N Y I D B G B §
nt 0421 TACATTTCCAGAGGGCGACGATCTGTTGACARCTATACCCAGEGTCCTAACTATACCGTACCTTCTACGA
aa 0064 ¥ I s R ¢ E R s v o S ¢ ¢ » I v P 5 T
nt 0491 AGTCTCCATCGCTCGTCCACCCGAGAGC TACCCACTTGACCATGSGCTGACGTAARACCTCTGARAAGGRAATC
aa 0087 K s P § L. V H P R A T H L T M A D V K P L EK E S5
nt 0561 CAAGGTGGAGGAAGAAGAGGAGGCAAGGATGCAGCACCTGACGCTGAGCCGCGAAGAAGEGAGCAAGATSE
aa 0111l K V E E E E E A R M Q F L T L § R E E A 5 K M
nt 0631 CTGCAGTCCAAGCETCGCCTGCGACGGGACARTATGAGGAAGACTCCGAGGGAAGAATGTTGCARTAACG
aa 0134 L ¢ § kK R R L [E R]D N VvV _E_K T P R E E_c ¢ N [l
nt 0701 ACTCCTTCAGACGTTGCACCTTCGAGGAAGTCGCCGAATATTGCATTGAACTGAATCCCGGCATCARCAC
aa 0157 S F B _E_C T FE _E E V A E Y ¢ I E L _N_ P G I N T
nt 0771 CTGCGGAAGCTCCAGGTAGGAGGTCTGAAAGATCATCCCGTCCCGGTCTTATATGCTTGACACARGATGT
aa 0181 © G _ 8 S R *

nt 0841 TTARAGTCAATTCACAGTCTTCGRAAATTGCAACATTACTTTTGTGARAGTAGAATGACCAACTARAGCTGT
nt 0211 CTCTTTGTCTTTCCTCACAATCAACTAAAATATGATTTGTCTTACCCTTACCTTCAGCTARATGACTCTC
nt 0981 TTGTCTCTGCTTTGAATTCARCATTCGTCTTCTTTGCCCTTAGTTCAGCTTATGGCTTCTGTTTSTCTTA
nt 1051 TCTTTRACATCCACARAGGTTTGGATTGTCCCACCTTTACCTTCCGCTAARTCTTTCTTTTGTCTTCCCG
nt 1121 CTACTTTAGTCACACTTACTGTCGGCTTGGGATTTTTTTATTGECCACTTTTACCTTCAGCTARRGGTTC
nt 1191 CTTTTGTCTCAGCCTTGCCTTCCACTAATGGTTCCTCTTGTCTCAACCTTGCCTTCAGCTAATGCTTCCT
nt 1261 CTTGGCTCAACCTTGCCCTCAGCCRAAGATTCCTCGTGTCTAACCCTTGCTTTCAGCTAARCTCTCATTT
nt 1331 ACCTTTGGCTAAAGATTTCCTITGCTGCACCCTTGCCTARACGTTCTAATGTCATACCTTTACACGCAAC
nt 1401 AGCATCTAGACATTTCCGAACAATAARCATATTGCATTATTATTGGTGATTCTTGTCTTATGGTGATTICT
nt 1471 TGTCAATGTCTCCGARARATTGTTTGATACATCAGITATTCGTCARATARBGGCTCTTG (B),

®)

nt 0001 TTATTCAGTGAGAGGTTAGGAGTTTCGCTCAGACTCAGAGTGECTCGTTTCCCGCCTATCGCTAGTTTAR
nt 0071 CCCARACCTATCTCTCTCTCTCTCTCTATCTCTCTCGCTCTCTCGATATATATATATACATATATTACTT
nt 0141 CCCACATTCTGATATTTAATTTGTGAAGTCTACAATCARATTACAGTTTARARATGGCATACAGGAATATC
aa 0001 M A Y R N I
nt 0211 TCAGTCARGGTGTTCTTTTGTATGGTGATGGCATTCTACTTGGCACARCCTGCTTCCAGTTATACGATTG
aa 0007 S V K V F F C M V M A F ¥ L A Q P A S s ¥ T 1
nt 0281 AATGTCTTTCCGTTGATTTTGACTGTGGCGATATGACGACCACCTTTGCGTCCATTTGCARARAGATATAR
aa 0030 E ¢ L S Vv D F D C G D M T T T F A 3 I C K R ¥ N
nt 0351 TGGCTACATCRACCCTGGACCAGCATACATTTCCARAGAACGGCGTTOTGTGCGTARCTTCACCGAACAT
maa 0054 G ¥ I N P G P A ¥ I 8 K E[E E]ls v r [ £ A
nt 0421 CCAACCAAGTCTTCCCCCACCTTCTTTCACCCTCGAGCCACCCACTTGACARAGGTTGACGARGRAACTC
aa 0077 P T K § § P T F F H P R A T H L T K A D EE T
nt 0461 TGAAGACGTTGGAGATGCCATGGGAGATTCGTGACATGTCGCTCGGTCGTARGGAAGCARACATGATGCT
@a 000 L K T L E M P W E I R D M § L G R K E &4 N M M L
nt 0561 GCACTCGRATCGCCGACACCGACGGGACAGCGTGAGGAAGACTCCGAGGGAGGAGTGCTGTAGCAACACT
aa 0124 H & N R R R [E_® D_S5 _V_ER_K_T P _R_E_E _C_c_s_ [
nt 0631 ACTTTCAGACGCTGCACTTACGAGGAAGTCGCAARATATTGCATTGAAGTGCGTCCCGGAGTGAACACCT
aa 0147 B@] F_R _R_C_T Y E _E V A K Y € I E V_ R P _G _V N T
nt 0701 GCAGCTCAGCCTAGGACGGATAATGGATGTTCCCATGGCCGTTTCACGCCTGCCTTT TTGRARGCCRAAAT
sa 0170 C_89_ s _a&a *

nt 0771 GARRATCCGCGAARACGTTACTAATTCATCAACCTTATATTCAAGATCTTCAGAGARCTARGTCTGACCT
nt 0841 TCATCATRAGCTTTCATTGATTTAAGTTAACCTTCGTTGAAAGCTTTCATTATCTTCGGCTCTTCTTGAC
nt 0911 TTTTCTTTTCGGGTARCCATCAGCGRARACTTACTTCAGTTTAGGCTCACCTTCGGCGRATGTTTTCTTG
nt 0981 ATTTATGCTAACCTGCAATGGRARATTTCTTTGATTTCAGAGTACTCTCTGCTARRATTCTATTTTATCA
nt 1051 GACACTTTCACTTCCTAACACGCAARCATTACTGARCTCTTAGCAAATTGTATATCATCGATTCCATARR
nt 1121 ATTGTTTTAEGCTTTAGTAATTGCRAAATAATTATATTTGAGLATATTG[A}H

Fig. 2. The nucleotide and deduced amino acid sequences of cDNAs encoding (A) Malar-1AG, (B) Papau-IAG and (C)

110

Papac-IAG
The putative signal peptide sequences are marked in bold, the putative B chains are underlined, the putative C peptides
are in italics, and the putative A chains are dotted-underlined. The gray colored boxes and open boxes indicate the puta-
tive N-linked glycosylation motifs (N-X-S/T) and the putative dibasic processing sites. The asterisks indicate the puta-
tive stop codons. Polyadenylation signals are shown by wavy lines. The nucleotide sequences of the cDNAs encoding
Malar-IAG, Papau-IAG and Papac-IAG have been deposited in the DNA Data Bank of Japan (accession nos. AB579012,
ABS588013 and AB588014, respectively).
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TTATTCAGTGAGGAGTCAGGGGTGCTCGCTCGGACTCGGTGGATCATTTCCCACGAATCGCTTSTTTRAC
CCRAAACTCTCTCGCTTTCTCTCTCTCTCTTTCTCTCTCTCTTTCAGTCTCGCTCTCTCTCGGCTTGTTT
TTTCTCGTTCCTARRAGC T TATATARCT TCCTGC T TTC TCATACTTACTGTGTGGAGTCGACAATCAAAT
TACTGCAGAARATGGCAGACTGGRATATCGGAGTCAAGAATGTGTTCT TTTGTGTCTTGCTGGCGTTATG
M A D WWNTI GV KNV YT FTFOCVLILATLC
CTGGATGCAGCCTGCTTCCAGCTACAGCATTGAATGTCTTACGGTTGATATGGATTGTGGGGATGTGCCG
W M QP A S S Y S I E C L TV DMDTGCGTDUVE
ACCACCATGGCATCAGTTTGTAGGGTATACARACCATTCGTCCCCCTTAATCATCCCTACCCTTCCARRA
T T M A 3 ¥V C RV Y K P F VY P L NHUEPTYP 3K
AGCGTCGTTCTGTEAGCARCTCCACCGAGCACAATCTAGTCGAGTCTTCCTCGTCTTCCTTCCACCCACG
K[E =R s v s S8 £ #§ N L V E S5 5 58 5 5 F H P R
AGCCACCCACCTGACGARGGCARRGGCTGACCARGACAGTCGGACGGCGTTGGAGATGGCARGCAAGATC
A T H L T K A FKF A D QD s R T A L E M A S K I
CGAGAGATTTCGCTCAGTCEGGAGGAAGCARRCACARTGO TCCACACGARCCGCAGACTCCGACGCCAGS
R E I S L S R EE AN T ML HT N R R L[E_R|.Q
TGGGGAGGARGACGCTGAGGGAGGAGTGCTGTGECARCACGCCCTTCAGACCATGCACCTACGAGGARAGT
V. G R K T L B E E _C C G N T P F R_P_ T ¥ E E_V
CGCAGAATATTGCGAGGTGTTGLATGACGAAGCCCTCACCTGCCCCAGACCTTAGGACTGTTTATARACS
A_E Y €C FE V L H D E A L T € B R B *
TTCCCTGTCTGTGGCCGTCAGTTICACACCTGTCAGTCAGTCARATGGAAATCCCTGGARACGTCACTAA
TCTATCAACCGCATCTTCAAGACCT TCAGATGACCAAGTCTGGCCTTCATTATAAGCTTTTCTTTGGATC
CAAGTTGACATTCTGTGARAGCTTTCTTITTCTTGTGCTTTCTTTCGGTGAAATAACCTTTGGTTTACGA
ACTGACCTCCAGATAARAGATTTTTAGACTTACAATCTTCAGATTAGGCTGACTTCCAGCTTATGTTTTCT
TTATTTACGCTAATCTTTTTGGT TTAGACCTACTCTCTSTTAARGCTTTAT T TATCAT TEGATTTAGACCT
ACTCTCAGCTARAGCTTTGAATCTT TGATTTAGACCTACTCTCAGCTAAAGTTTCGACTCTTTGATTTAA
ACCTACTCTCAGCTAAAGCTTTGAATCTTTGATTTAGACCTACTCTCAGCTAAAGCTTTGAATCTTTGAT
TTAGACCTACTTTCAGCTAARGTTTCGACTCTTTGATTTARACCTACTTTCAGCTAAAGCTTTGAATCTT
TGATTTAGACATACTTTCAGCTARAGTTTCGACTCTTTGATTTAAACCTACTCTCAGCTARAGCTTTGAA
TATTTGATTTAGACTACTCTCAGATAAAGCTTTGAATCTTTGATTTAGACCTACTCTCAGCTAAAGCTTT
GAATCTTTATTTCAAGTGACTACTTCACTTACTACCACAAATACGTTACCGAACTCTTACCAGATTGTAT

ﬂ

nt 1541
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Fig. 3. RT-PCR analyses for tissue-specific gene
expression of (A) Malar-1AG, (B) Papau-IAG and
(C) Papac-IAG

First strand cDNAs from total RNAs of the muscle
(lane 1), hepatopancreas (lane 2), eyestalk (lane 3),
nerve cord (lane 4), testis with the sperm duct (lane
5), and sperm duct and terminal ampulla, including
the androgenic gland (lane 6), were used as tem-
plates. Upper and lower electrophoresis images are
of PCR products using the IAG-specific primers for
each species and the actin degenerate primers, re-
spectively (see Materials and Methods).

TTCACCGCTTCCAGRAARTTATCTTGTTTCACTHATTCGCBAAATG&&TEARTTTGAGAATGTAG{A}“

by the SignalP program. Two potential N-linked glyco-
sylation motifs were observed. Putative cleavage sites
between Arg® and Ser®, and Arg"! and Asp'*? were pre-
dicted using the ProP 1.0 program.

4. Characterization of Papac-IAG cDNA

The nucleotide and deduced amino acid sequences
of Papac-IAG cDNA are shown in Fig. 2C. The cDNA
was 1,605 nucleotides in length, comprising a 5"-untrans-
lated region (221 bp), an ORF (534 bp), and a 3"-untrans-
lated region (850 bp). The 3'-untranslated region con-
tained a canonical polyadenylation signal (AATAAA).
The ORF of Papac-IAG cDNA encoded a putative poly-
peptide consisting of 177 amino acid residues. The 27 N-
terminal amino acid residues were predicted to be a sig-
nal peptide by the SignalP program. A potential N-linked
glycosylation motif was observed. Putative cleavage
sites between Arg® and Ser”, and Arg'* and GIn'*® were
predicted using the ProP 1.0 program.

5. Tissue-specific gene expression of Malar-IAG,
Papau-IAG and Papac-IAG
In RT-PCR, using specific primer pairs for Malar-
IAG, Papau-IAG and Papac-IAG, cDNA fragments with
corresponding sizes of 659, 529 and 788 bp, respectively,
were detected only in cDNA synthesized from the sperm
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duct and terminal ampulla, including the androgenic
gland, but not from the muscle, hepatopancreas, eyestalk,
nerve cord, or testis with the sperm duct (Figs. 3A-C).
An actin cDNA fragment of each species as a positive
control was detected in all tissues (Figs. 3A-C).

Discussion

In this study, three cDNAs were isolated from three
palaemonid species, M. lar, P. paucidens and P. pacificus.
All three cDNAs encoded polypeptides consisted of a
signal peptide, a B chain, a C peptide, and an A chain.
The organization of the three molecules corresponds to
that of the known two IAGs, Chqua-IAG and Maros-
IAG'"2%, Moreover, the three transcripts were expressed
only in the AG. Collectively, in this study, the three poly-
peptides from M. lar, P. paucidens, P. pacificus were des-
ignated as Malar-IAG, Papau-IAG and Papac-IAG,
respectively.

The amino acid sequences of Malar-IAG, Papau-
IAG and Papac-IAG precursors were compared with
those of two known molecules, Maros-IAG and Chqua-
IAG precursors (Fig. 4). Malar-IAG, Papau-IAG and
Papac-IAG showed higher sequence identities to Maros-
IAG (72, 69 and 49%, respectively) than to Chqua-IAG
(32, 29 and 32%, respectively). These results are consis-
tent with the following phylogenetic relationship. M. lar,
P. paucidens and P. pacificus as well as M. rosenbergii
belong to the same family (Palaemonidae), whereas C.
quadricarinatus is a freshwater crayfish of the family

Parastacidae. In isopods, however, sequence identities
of AGH precursors between different families, the
Armadilliidae and the Porcellionidae, are clearly higher
(63% between Arvul-AGH and Porcellio scaber AGH,
and 65% between Arvul-AGH and P. dilatatus AGH)*
than those of IAG between the Palaemonidae, and
Parastacidae (around 30%). This may be due to differ-
ences in the molecular evolutionary pathway between
IAG and AGH. In order to clarify this point, further stud-
ies characterizing the amino acid sequences of additional
IAGs and AGHs are required.

Insulin family peptides have six conserved cysteine
residues, four of which are harbored in the A chain and
the remaining two contained in the B chain'->3816.2227,
The six cysteine residues in insulin family peptides form
two inter-chain disulfide bonds between the B and A
chains, and an intra-chain disulfide bond in the A chain.
All three isopod AGHs also possess the six conserved
cysteine residues, and are thus considered members of
the insulin family. The isopod AGHs have two additional
conserved cysteine residues in the B chain'>%2, In 4.
vulgare, it has already been demonstrated that the two
additional cysteine residues form an intra-chain disulfide
bond in the B chain'*'*. The four palaemonid IAGs (Ma-
lar-IAG, Papau-IAG, Papac-IAG and Maros-IAG) also
have six conserved cysteine residues (open boxes in Fig.
4) and two additional cysteine residues (gray boxes in
Fig. 4). The additional two cysteine residues, one of
which is in the A chain and the other in the B chain, are
conserved among palaemonid IAGs, but not found in

Signal peptide B chaimn N
Malar 1 MGYWNTAVKSLFLWSLVALLHLPQPSS TVEFDFENITYTLSRVFLRHNNY IDPGPSYTSRGRR
Papau 1  MAYENISVK-VEFCMVMAFY-LAQPASS SVDFD[:DMTTTFAS IEKRYNGY INPGPAYISKERR
Papac 1  MADWNIGVENVFFCVLLALC-WMQPASSYSIERE TVDMOEEDVETTMASVERVYEPFVPLNHPYPSKKRR
Maros 1  MGYWNAEIKCVLFCSLVASL-LPQPSSS LSVDFO{SDITNTLAS VL RHNNY TNPGPTYVSKERR
Chgua 1  ==---MLFQTLLNLILVVVVKLPPPSASYRVENLLIDFDEIZHLADTMDSI :TYQEFNﬂPAVRSAF‘*DAS
C peptide
Malar 71 SVDNYTQGPNYTVE-STKS-PSLVAPRATHLTMADVKPLKESKVEEEEEARMQHLTLSREEASKMLOSKR
Papau 69 SVE———-—— NFTEH-PTKSSPTFFHPRATHLTKADEETLKT LEMPWE -— -1 SDMSLSRKEANTMLHASNR
Papac 70 SVS-—-—=- NSTEHNLVESSSS5SFHPRATHLTKAKADQDSRTALEMAS--KIREISLSREEANTMLHTNR
Maros 70 SAD-———— I¥TVP-STKS-PSLAHPRATHLTMADEETQKVSKVEEE----TIQHMTLSREEANNMLHSER
Chqua 66 FSAS--—-VSMYDPGSKIAVRQVYHPRGRELGVEFTVPDARLGKQEA~——-—~ MTVSREARHTFTKTON
¥ A chain _
Malar 139 RLRRDNVEKTPR--—-——- eEfupsrrefrreevaevfiernrcintfisse
Papau 12§ RHRRDSVEKTPR--—-——— EE[CENTTFRRTYEEVAEY[[EVRPGVNTRESA-
Papac 132 RLRRQVGRKTLR--—-—— EE[ENTEFREMIYEEVAE Y EVLHDEALTRERP -
Maros 128 RFRRDSVERSPR--————== EEL I NNASFREINFEEVAEYTELRPGYNTIE-SSR
Chqua 125 YNRRRRNSDTTDNTSSTNVYDELESEKTLKTLVFDETAQYLEQLEDGIYVSS-—-

Fig. 4. Amino acid sequence alignment of Malar-IAG, Papau-IAG, Papac-1AG, Macrobrachium rosenbergii IAG (Maros-

TAG)", and Cherax quadricarinatus IAG (Chqua-IAG)*

Open boxes and gray open boxes indicate the positions of conserved Cys residues in all species and only in palaemonid
species, respectively. The putative cleavage sites predicted by the ProP 1.0 program are shown by arrows. The boundary
between the signal peptide and the B chain is represented by a vertical line. Bold letters and underlines represent the di-
basic cleavage sites and the putative N-linked glycosylation motifs (N-X-S/T), respectively.
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parastacid IAG, Chqua-IAG (Fig. 4). In addition, the po-
sitions of the two additional cysteine residues in palae-
monid [AGs differ from those of isopod AGHs, both of
which are in the B chain. There is no evidence that the
additional two cysteine residues in palaemonid [AGs
form inter-chain disulfide bonds between the B and A
chains, but Caenorhabditis elegans insulin-like peptide
and Lymnaea stagnalis molluscan insulin-related peptide
VII are known as insulin family peptides, which include
two additional cysteine residues besides the six con-
served cysteine residues®?.

In isopods, each of the three AGH has a single con-
served N-glycosylation motif (Asn-Xaa-Ser/Thr) in the A
chain'®%. Conversely, the positions and number of N-gly-
cosylation motifs are not conserved among decapod IAGs
(Fig. 4). For instance, Malar-IAG has one N-glycosyl-
ation motif in the B chain, two in the C peptide, and one
in the A chain. Papac-IAG has only one motif in the C
peptide, which indicates a mature molecule comprising
the B chain and the A chain, does not possess an N-linked
glycan moiety. Although the N-linked glycan in the A
chain of Arvul-AGH is indispensable for biological activ-
ity", N-glycosylation of the A chain of decapod IAG is
not likely to be essential for the conferring function. Fur-
ther experiments on the purification and structural deter-
mination of native IAG are needed to clarify this issue.

IAG has been thought of as a putative AGH in deca-
pod species. In M. rosenbergii, silencing of the IAG gene
using RNA interference methods temporally prevented
the regeneration of male-specific sexual characteristics,
and led to the arrest of spermatogenesis?. This correlates
well with the above hypothesis; however, there has been
no direct evidence for IAG having AGH activity until
now. To overcome this obstacle, we are now able to easi-
ly produce a heterodimeric mature Papac-IAG with se-
lective disulfide bond formation in its synthetic A and B
chains. Because Papac-IAG is the first example of a non-
glycosylated IAG in its mature form, the synthetic Papac-
IAG will be useful for in vivo and/or in vitro biological
studies, which provide important information for under-
standing the TAG function in decapod crustaceans.
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