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Abstract Aplysianin-A, an antibacterial glycoprotein in the al- 
bumen gland of the sea hare Aplysia kurodai, inhibited the growth 
of both Gram-positive and Gram-negative bacteria. Aplysianin-A 
cDNA clones were isolated from an albumen gland cDNA library. 
Sequence analysis reveals that aplysianin-A is produced as a 
precursor protein of 556 amino acid residues with a signal peptide 
of 19 amino acid residues and contains 6 potential N-glycosyla- 
tion sites. Aplysianin-A mRNA was expressed tissue-specifically 
in the albumen gland. Homology search reveals that aplysianin-A 
has a 50% overall amino acid sequence homology to achacin, an 
antibacterial glycoprotein of the giant African snail Achatina 
fulica. 
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1. Introduction 

Sea hares belong to the subclass Opisthobranchia of marine 
gastropods. They have only degenerated shells in their mantle 
cavity and expose their naked and soft bodies to the surround- 
ings. However,  there is no apparent predator which preferably 
preys on them. These observations have attracted investigators'  
interests. To date, various bioactive compounds such as toxins 
and antibiotics have been isolated from sea hares, mostly from 
their digestive gland. Most  of  these compounds are lipophilic 
and low molecular weight compounds derived from their algal 
diets and are discussed in connection with the defense system 
of the sea hares against potential predators and pathogenic 
microorganisms [1 3]. Recently, we have found that the sea 
hares possess potent antibacterial glycoproteins in various tis- 
sues [4-8]. Aplysianin-A is an active factor in the albumen gland 
of  the sea hare Aplysia kurodai and consists of  four identical 
subunits (85 kDa). It inhibited the growth of  Bacilus subtilis and 
lysed murine MM46 tumor cells at low concentrations [9]. It is 
of  interest to determine from a comparative biochemical point 
of  view whether the antibacterial glycoproteins in the sea hares 
have sequences in common with other antibacterial factors 
present in invertebrates [10 13]. We isolated aplysianin-A 
c D N A  from an albumen gland e D N A  library. The deduced 
complete amino acid sequence of aplysianin-A showed a 50% 
overall amino acid sequence homology to achacin, an anti- 
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bacterial glycoprotein in the mucus of  the giant African snail 
which belongs to the subclass Pulmonata of  terrestrial gastro- 
pods. Aplysianin-A inhibited the growth of  bacteria whether 
they were Gram-posit ive or Gram-negat ive species. Here we 
describe the isolation of  aplysianin A cDNA,  the deduction of  
the complete amino acid sequence, and the antibacterial activity 
against various bacterial species. 

2. Materials and methods 

2. l. ,tnimals 
Sea hares were collected in Akita Prefecture, Japan. Each tissue used 

t\~r the experiments was obtained from a live sea hare. Pooled albumen 
glands from more than 200 individuals were kept at -20°C until use. 

2.2. Preparation of aplysianin-A 
Aplysianin-A was purified from the pooled albumen gland tissue by 

a combination of gel filtration, ion exchange chromatography and 
chromatofocusing as described in the previous report [9]. 

2.3. +4 ntibacterial activity o[ aplysianin-A 
Antibacterial activity of the purified aplysianin-A was examined tur- 

bidimetrically according to the previous method [4]. Bacterial species 
tested were Aeromonas salmonicida, A. hydrophila, B. subtilis, Escheri- 
ehia coli, Edwardsiella tarda, Pseudomonas fluorescens, Streptococcus 
sp, and Vihrio anguillarum. 

2,4. N-terminal and internal amino acid sequence analysis 
The N-terminal sequence of aplysianin-A was analyzed in Shimazu 

gas-phase sequencer PSQ-I. Aplysianin-A was cleaved with cyanogen 
bromide (CNBr) in 70% formic acid at room temperature for 15 h [14]. 
After dried under vacuum, the residue was applied to SDS-PAGE using 
12% gel. The gel was electroblotted onto a polyvinylidene difluoride 
!PVDF) membrane [15], and a major stained band was analyzed for the 
amino acid sequence. 

2.5. h'olation of aplysianin-A cDNA 
Total RNA was extracted by the gaanidium isothiocyanate method 

from tissues of the sea hare A. kurodai except for the albumen gland, 
and cytoplasmic RNA was prepared from the albumen gland as de- 
scribed [16]. Poly(A) + RNA was purified using Oligotex-dT30 (Takara 
Shuzol. Albumen gland cDNA was synthesized by oligo(dT) priming 
and ligated with EcoRl-digested AMOSSlox (Amersham) or 
pBluescript (Stratagene) after attachment of EeoRI adaptor. A partial 
aplysianin-A eDNA fragment was amplified by PCR from the albumen 
gland cDNA ligated with pBluescript using a 20-mer oligonucleotide 
(SK-20) (5'-CGCTCTAGAACTAGTGGATC-Y) which hybridizes 
with pBluescript DNA at a location similar to SK and a fully degenerate 
20-mer antisense oligonucleotide corresponding to the amino acid se- 
quence from 11 to 17 of aplysianin-A (see Fig. 1). PCR products were 
electrophoresed on 1% agarose gel, transferred to a nylon filter and 
probed with a fully degenerate 14-mer oligonucleotide corresponding 
to the amino acid sequence from 5 to 9 of aplysianin-A (see Fig. 1). An 
approximately 200 bp fragment which hybridized with this 14-mer 
oligonucleotide was gel-purified, subcloned, confirmed its identity to be 
the aplysianin-A cDNA by sequencing and used to screen the albumen 
gland cDNA library constructed with 2MOSSlox DNA. Positive phage 
clones were converted to plasmid subclones by cre-mediated excision. 
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Single-stranded DNA was prepared, and lhe nucleotide sequence ,,,,as 
determined by the dideoxy method. 

2.6. Northern blot analysis 
1.0/Jg of poly(A) + RNA from several tissues was fractionated by 

electrophoresis on a 1.0% agarose-formaldehyde gel. transferrred to a 
nylon filter, fixed by Stratalinker (Stratagene) and probed with the 
aplysianin-A cDNA under the standard condition [16]. 

3. Results and discussion 

3.1. Antibacterial activity o/aplysianin-A 
Aplysianin-A was purified and  tested for its ant ibacter ia l  

activity using two Gram-pos i t ive  species, B. subtilis and Strep- 
tococcus sp., and  six Gram-nega t ive  species, A. salmonicida, 
A. hydrophila, E. coli. E. tarda, P. fluorescens and V. anguillarum. 

GC~GCACA~ GAEATC C ~ TAAC GCC TG T G ~  ACGC TG~ATGC, CGG TCAC, GTTCC TGGCGC TGGGTCTT TTGATCT ~ G~ 90 
M A V R F L A L G L L I F V -6 

ACG TCATGCTC AGGCCG TACJGG TC TGCGAGTC CCAGCAG TC C TG TGATGA~GAACAATGC GAC GAC, AETC TGAACATAGCCATCGTAGGC 180 
T S C S G R R V C E S ~ ~ 5 C D D E ~ C D E T L N I A I V G 25 

GC TGG TC CC TCGGGC GCC TACTC CGCC TACI~%AATGC GC CATTC TGGAAA~r~EGTC GG TCTATTCGAG T~C TGCAACCGGG~ T 270 
A G P S G A Y S A Y K M R H S G K D V G L F E Y e N R V G G 55 

CGTC TGTACAC C TACCAGCTGCCCAACACAC C CGACGTGAAC C TGGAGC TGGGCGGCATGAGGTRCAT~ACGGGGGCACACAACA~ TCTC 360 
R L Y T Y Q L P N T P D V N L E L G G M R Y I T G A H N I L 85 

CAC~ TCREC~TGGGC C TCA~ TG TCCTG TTCACC G~G GATTCGG~ GCCC G G G ~  C GCTRET~ ~ CG ~T 450 

E V T K E L G L K S V L F T E G F G R P G R T R Y F L R G 115 

CAGTC CC TGAC C CACGAGGAGG TC CAG TC CGG TGATGTC CC C T~EAAC C TC, ACCACTATCGAGA~ ~ C ~  ~ 540 
S L T H E E V Q s G D V P Y ~ T I E K L N Q G R I Y E 145 Q 

TACTATC TTTCGACATTGGTRATGG TTCCATCAGC C G T~f~'T~CTCAAAC TGAGGGTTTCAGAC GC, CAGG 630 

Y Y L E E L T G F D I G ~ I S R E Q L L K L R V S D G R 175 

C TTC TC TATCAAC TCACATTCGAC GAAGCCC TTC~%CCTCGTAGCGTCTCCTGAG~ TTTGCCC~GTTCACGTGTTCCAC 720 

L L Z Q L T F D E A L D L V A S P E G K E F A R D V H V F H 205 

ACAGAGG TCAC C AG TGAC GCAAATGCGG TCTC TGTGTTTGATGACC ATe TG~CGG~GCCGGCGATGCAATTC TAACAGTGGAA 810 
T E V T S D A N A V S V F D D H L G E D G A G D A I L T V E 235 

G~GGGCAT GC AGAAAGTGCCA~ TCATCAAGGAATTC AAGAAGACAAGCGCATCAAAC CAGGTGCP~,C TGAACAAGTATC TC CAA 900 

E G M Q K V P K E L I K E F ~ ~ T S A S N Q V O L N K T 5 Q 255 

GCCATCAC, GTCGAAATCAGACCAC TCG TTTGTGTTG TAE TTC C G TC C TACC AG TAC TG TAGAC GGGAAAACAACCATCC TGGAC TATAGA 990 

A I R S K S D H S F V L Y F R P T S T V D G K T T I L D Y R 295 

C CAC TACAF~ TG TG TGC CCGC CAAGTTATCCTGGC TC TGCCTG TC TTTGCC e TCAGGAGAC TTGAC TGGCC GCC TTTACACGAGGGT 1080 

P L Q R V C A R Q V I L A L P V F A L R R L D W P P L H E G 325 

C GC GCAGAGACCGCCTACGC GGCC GT~CGCCAGCAAAGTC TTCATGAC C T T TGACCAGGC T TGG TC~AC~AAAC 1170 
R A E T A Y A A V R N M A A S K V F M T F D Q A W W L D R Jr] 355 

T TCACAG~AGCCT TCG T C ~ ~ A C  CC TTCAGCC/~ATGTACGAC TGGAAAAkGTC TAATGTTTCC GGGGAC T~ 1260 

~ " ~ D  N T A F V T K G D T P F S Q M T D W K K S[N--V--~G n 7 385 

ATTTTGATTC, C GAGC TACG C TGAC GG TAA~AACAC TCTC TAC CAGAAAGTATTGC GCGA~TCCATTAATGGATCCGAACCC 1350 

I L I A S Y A D G~--~'~L Y O K V L R D O G E S I~-~S--~ P 415 

GGAGC TAACAGAG T TTC TGAAC C ~ A A T A T A C  TC GAC C~EC TC ~TTACGGAGTAGATCGG TCAAC GATC C CC~ 1440 

G A N R V S E P L K N N I L D H L S E A Y G V 0 R S T I P E 445 

CCTAAGACCGC CG TCTC CCAGTTC TGGRCGGAC TACCCGTTC GGC TGTGGC TGGATCAC CTC, GAC, J~oC TGGC TAC CATTTCGATGACG TT 1530 

P K T A V S Q F W T D 7 P F G C G W I T W R A G ¥ H F D D V 475 

ATGAGCAC CATGCGTC GCC CGTCAE TGAAAGATGAGGTGTAC GTGG TGGGTGCCGACTACTCCTGGGGC C TCKTG TCTTC T T C ~  1620 

M S T M R R P S L K D E V Y V V G A D Y S W G L M S S W T E 505 

GGAGCTC TGGAGACGGCAGACGC TGTG TTAAAGGAT TAC TTCAAGGGGGAATGTGC_AAAGCC TCCC~JG TG TTGATCA 17 I0 

G A L E T A D A V L K D T F K G E C A K P P S V D H L D 5 H 535 

ATGGCTTGA~AGATC TG TAGATC T G C ~  TGTCAAAC TCATC GCACATTGGC GC TAAACACAAATTATATAATAT TTAT~.TAR~ 1800 
M A * 537 

T TAAAG TTGAGGGA~ TGGATATAATAATATACTCAATGAGCAGTGGA~TGAAACATTGG TTTTC TGTG T TTTTG T T~ T~T~ 1890 

T TTTTA~AATGATACGAATTAAAACAC TTA~ TTGAAATAAAAAC AAC TCAGGCAT~ECAATTTTC CCAC TT TTGCCAAC TTTCAGA 1980 

G TTAGATG TTTGGCAC TGTTTC TTTGCAACAAG TT TGAATATGGT TGGAGTCAGGTTTTGTGTTATGGAGATTC TCAGGATGGAC CCCCA 2070 

AAAA~C C TTTGCAGG TTAGAT TTCTATTAAAT TG TTTTTCG TTGC GGC CAACAGGCC TTGAGTTTGAC~ TTG TGATC TACG TGRTGTG 2160 

GATe TT TGGC TGAC GGACTGAC TTTTGAACATCAAGAG TGGG TCAATC TGATRAGTTTGTAATTTGTCAGR~ RATGGT 2250 

GACAAAATCCAATAAGCCAC CAG~TGARAAC, ATA~]AAAG TATP~ TTTATCAAACP~CC TGTAGGAAAATATTGAAGG TATTTTCATTGTC 2340 

T TC TGC GACC TCAAGAATAATCATPEAR~ATTATGC T~ACAAA~ATTAATTC TTATACGAAATATATC TTTGCGAGTTCG~T 2430 

c , A ~ ' c ~  T ~ A ~ : ~ C C C G ~ : ~ T ~ , T A T ~ ' C  ~C ~ e  ~ c  Tc-c c ~ c ~  T ~  ~ c ~ c ~ T ~  ~ C A ~ T A ~  T ~ A ~  2520  

Fig. 1. The nucleotide and deduced amino acid sequence of sea hare aplysianin-A cDNA (pAPLY-A3T). The N-terminal amino acid residue is 
numbered as 1. The amino acid sequences determined by protein sequencing of the mature aplysianin-A and its CNBr-cleavaged fragment are 
underlined. The amino acid sequences used to design the oligonucleolides are doubly underlined. Potential N-glycosylation sites are boxed. 
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Fig. 2. Tissue-specific expression of aplysianin-A mRNA. 1.0 ~g of 
poly(A) + RNA from albumen gland (lane 1), purple gland (lane 2), 
gonad (lane 3), midgut gland (lane 4), ctenidium (lane 5) and body wall 
(lane 6) was fractionated on a 1.0% agarose-formaldehyde gel and 
probed with the aplysianin-A cDNA. The positions of mouse 18S and 
28S rRNA are indicated on the right. 
<___ 

Among them, A. salmonic ida was most sensitive and the growth 
was inhibited by 50% at a concentration of  1.6 ¢zg protein/ml 
or 5 x 10 9 M. P. f luorescen t  was most resistant (8 ¢tg protein/ml 
for growth inhibition by 50%). The others were inhibited in the 
range of  2 to 7.4/ag protein/ml. The growth of  the bacteria was 
depressed after addition of  the aplysianin-A, and the period of  
growth depression depended on the amount  of  aplysianin-A 
added. After depression, the bacteria recovered their normal 
growth. In addition, there was no apparent decrease in turbid- 
ity (data not  shown), suggesting that aplysianin-A has no 
bacteriolytic activity. These facts indicate that aplysianin-A was 
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Fig. 3. Comparison of the amino acid sequences of aplysianin-A and achacin. Identical amino acids are shown in white against black, and conservative 
amino acids are shaded. Gaps introduced in the sequences to optimize the alignment are represented by dashes. Potential N-glycosylation sites are 
indicated by asterisks. Conser,~ati~e amino acids are classified as follows: D and E: H, K and R; S and T; I, L, M and V: and F and Y. 
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not bacteriocidal, but bacteriostatic like aplysianin-E, an anti- 
bacterial glycoprotein in the egg mass of A. kurodai [1,17]. 

3.2. Sequence determination and eDNA cloning of aplysianin-A 
Partial amino acid sequences of aplysianin-A were deter- 

mined using the mature protein and its CNBr fragment, and the 
sequences are shown in Fig. 1. To obtain a partial aplysianin-A 
cDNA fragment, PCR was carried out using albumen gland 
cDNA ligated with pBluescript as a template with SK-20, a 
20-mer oligonucleotide which hybridizes with pBluescript 
DNA near the EcoRI site (see section 2), and a fully degenerate 
20-mer antisense oligonucleotide corresponding to the amino 
acid sequence from 11 to 17 of aplysianin-A (see Fig. 1). PCR 
resulted in production of an approximately 200 bp fragment 
which hybridized with a fully degenerate 14-mer oligonucleo- 
tide corresponding to the amino acid sequence from 5 to 9 of 
aplysianin-A (see Fig. 1). This fragment was isolated, subcloned 
and its sequence was determined. The fragment contained the 
nucleotide sequence coding for the N-terminal amino acid se- 
quence shown in Fig. 1. Using this fragment as a probe, an 
albumen gland cDNA library was screened, and several posi- 
tive hybridizing plaques were obtained and converted to plas- 
mid subclones. The clone with the longest cDNA insert 
(pAPLY-A3T) was selected and sequenced on both strands. 

The nucleotide and deduced amino acid sequence are shown 
in Fig. 1. The cDNA is 2605 bp in length, not including poly(A) 
tail, and contains an open reading frame coding for 556 amino 
acid residues. The N-terminal arginine residue determined by 
sequencing the mature protein is numbered as 1 in Fig. 1. The 
amino acid sequence from 1 to 25 and from 76 to 96 agreed with 
the protein sequence data. The nucleotide sequence fi'om 49 to 
106 codes for 19 amino acid residues rich in hydrophobic amino 
acid residues, which is considered to constitute a signal peptide. 
Aplysianin-A contains 9.8% neutral sugar [9], and there are six 
potential N-glycosylation sites, which could account for the 
sugar content. 

3.3. Tissue-specific expression of  aplysianin-A mRNA 
To examine the tissue-specific expression of aplysianin-A 

mRNA, poly(A) ÷ RNA was prepared from albumen gland, 
purple gland, gonad, midgut gland, ctenidium and body wall, 
and Northern hybridization was carried out (Fig. 2). Aply- 
sianin-A mRNA was detected only in the albumen gland, and 
its size was calculated to be approximately 2.5 kb. Thus, aply- 
sianin-A is considered to be produced as a precursor specifi- 
cally in the albumen gland. 

3.4. Homology search 
The deduced amino acid sequence of aplysianin-A has a 

significant overall homology to achacin, an antibacterial 
glycoprotein isolated from the body surface mucus of the giant 
African snail Achatinafuliea [13] (48% identity and 59% similar- 
ity) (Fig. 3). Aplysianin-A and achacin share several features: 
they exist as a multimer composed of four or two identical 
subunits, respectively; they are considered to be produced as 

a precursor protein and secreted; they are glycoproteins, and 
the two potential N-glycosylation sites are located at similar 
amino acid positions when aligned. However, aplysianin-A 
mRNA is expressed in the albumen gland, while achacin 
mRNA is expressed in the collar tissue, not in the albumen 
gland. In addition, although achacin is baeteriocidal [18], aply- 
sianin-A is bacteriostatic, not bacteriocidal. These differences 
are likely to imply their divergent physiological roles and may 
reflect the distinct modes of life as the sea hare is aquatic and 
the snail terrestrial. 

In our screening of the antibacterial glycoproteins among 
marine gastropods, only the members of Aplysiidae in the 
Opisthobranchia were recognized to have similar glycoproteins 
so far [7,8,19]. The present study has revealed that the two 
species of gastropods which are phylogenically close to each 
other but have different modes of life possess similar anti- 
bacterial glycoproteins. The information regarding the distri- 
bution of aplysianins, achacin, and related antibacterial 
glycoproteins would be important for understanding the evolu- 
tion of the defense molecules in gastropods. 
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