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Abstract. In Penaeus vannamei, (x-amylase is the 
most important glucosidase and is present as at least two 
major isoenzymes which have been purified. In order to 
obtain information on their structure, a hepatopancreas 
cDNA library constructed in phage lambda-Zap II 
(Strategene) was screened using a synthetic oligonucleo- 
tide based on the amino acid sequence of a V8 staphy- 
lococcal protease peptide of P. vannamei (x-amylase. 
Three clones were selected: AMY SK 37 (EMBL se- 
quence accession number: X 77318) is the most com- 
plete of the analyzed clones and was completely se- 
quenced. It contains the complete cDNA sequence cod- 
ing for one of the major isoenzymes of shrimp amylase. 
The deduced amino acid sequence shows the existence of 
a 5 ll-residue-long pre-enzyme containing a highly hy- 
drophobic signal peptide of 16 amino acids. Northern 
hybridization of total RNA with the amylase cDNA con- 
firms the size of the messenger at around 1,600 bases. 
AMY SK 28, which contains the complete mature se- 
quence of amylase, belonged to the same family charac- 
terized by a common 3' terminus and presented four 
amino acid changes. Some other variants of this family 
were also partially sequenced. AMY SK 20 was found to 
encode a minor variant of the protein with a different 3' 
terminus and 57 amino acid changes. 

Phylogenetic analysis established with the conserved 
amino acid regions of the ([3/(x) eight-barrel domain and 
with the total sequence of P. vannamei showed close 
evolutionary relationships with mammals (59-63% iden- 
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tity) and with insect (x-amylase (52-62% identity). The 
use of conserved sequences increased the level of simi- 
larity but it did not alter the ordering of the groupings. 
Location of the secondary structure elements confirmed 
the high level of sequence similarity of shrimp (x-amy- 
lase with pig (x-amylase. 

Key words: (x-Amylase isoenzymes - -  cDNA nucleo- 
tide sequence - -  Invertebrate - -  Crustacea 

Introduction 

Alpha amylase ((x-1,4 glucan-4-gluconohydrolase, EC 
3.2.1.1) catalyzes the hydrolysis of (x-D (1,4) glucosidic 
linkage of starch components, glycogen, and related oli- 
gosaccharides. Since the first primary structure deduced 
from the rat pancreatic cDNA (Pictet et al. 1981), more 
than 50 complete amino acid sequences from different 
sources have been determined (Janecek 1994a). Known 
sequences deal mainly with prokaryotic amylases, veg- 
etals, and some vertebrate enzymes including porcine, 
rat, and human. In contrast, studies of (x-amylase from 
invertebrates remain limited and only fruit fly and mos- 
quito amylase sequences have been determined (Boer 
and Hickey 1986; Grossman and James 1993). Although 
c¢-amylases have the same function, sequences present a 
high level of variability, which accounts for less than 
10% of identity between bacteria and mammals (Na- 
kajima et at. 1986). Alpha amylases are, however, char- 
acterized by a constant ([3/(x) eight-barrel domain which 
characterizes also starch hydrolases and related enzymes 
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Fig. 1. High performance liquid chromatography elution profile of 
Penaeus vannamei ~x-amylase hydrolysis products obtained by staph- 
ylococcal protease digestion. Separation was achieved on a Vydac 
column (Cluzeau) with a linear gradient of acetonitrile in the presence 
of 0.1% TFA. The absorbance was monitored at 226 nm. One peptide 
(arrow) was selected and sequenced (CNRS-Vernaison, France). In- 
sert: Revelation of purified amylase activity (two major isoforms were 
indicated). No significative absorbance was shown between 10 and 40 
ml. 

(Jespersen et al. 1993). It consists of adjacent regions 
which may vary either at slow or at more rapid speed, 
providing sequences suitable for short-range as well as 
long-range comparisons. 

Arthropods are largely polyphyletic (Cisne 1974), 
and there is still no agreement concerning the origin of 
crustaceans and their relationships to the other major 
arthropod groups. During the last decade, mitochondrial 
DNA and 18S ribosomal RNA have been widely used as 
genetic markers to relate evolution and population stud- 
ies but reports on Crustacea are still scarce and cannot 
alone provide a definitive phylogenetic answer (Palumbi 
and Benzie 1991; Kim and Abele 1990; Ovendeen et 
al. 1992). The use of c~-amylase sequences will give new 
insights not only into evolution studies but also into the 
relationships between their structures and their functions. 

In the crustacean Decapoda, a high degree of poly- 
morphism was recently reported for (x-amylase in 40 
different species (Van Wormhoudt et al. 1995), which 
included the penaeides, which represent the world' s larg- 
est number of crustacea of economic importance. 
Penaeides, which belong to the Dendrobranchiata subor- 
der (Burkenroad 1963; Felgenhauer and Abele 1983; 
Abele and Felgenhauer 1986; Kim and Abele 1990), are 
regarded, in terms of morphological and molecular phy- 
logeny, as the most primitive group of the Decapoda 
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Fig. 2. Autoradiography of a Northern blot of shrimp hepatopancreas 
total RNA following hybridization with chymotrypsin and amylase 
cDNA radioactive probes. Lane A is lambda DNA HindIII fragments 
end-labeled using 32p dNTP and the Klenow fragment of the DNA 
polymerase I. Lane B is shrimp hepatopancreas total RNA hybridized 
with a 32p-labeled 520-bp-amplified fragment coding for the chymo- 
trypsin (1,068 bp: Sellos and Van Wormhoudt 1992). Lanes C-F are 

shrimp hepatopancreas total RNAs extracted from individual animals 
and hybridized with a 32p amylase cDNA probe. 

(Abele 1991). Moreover, they present one of the smallest 
isoform numbers (Van Wormhoudt et a1.1995). Schram 
(1982) places the origin of Penaeides in the Carbonifer- 
ous, but the first fossils were found in the lower Jurassic. 
Penaeus probably arose in the Paleozoic (Glaessner 
1969) and is the only genus that has survived through the 
Cenozoic. 

In the shrimp Penaeus vannamei, ~x-amylase is one of 
the major products of the hepatopancreas. It accounts for 
approximately 1% of the total protein extract and is as- 
sociated with the digestive function of this tissue. Shrimp 
hepatopancreatic c~-amylase is a single-chain polypep- 
tide whose amino-terminal end is blocked. It is present as 
two major equally active forms (a and b) and it has minor 
components with the same apparent molecular weights 
on denaturating gel electrophoresis of about 30 kDa (Van 
Wormhoudt et al. 1995) compared to 55 kDa for amy- 
lases from other sources (Keller et al. 1971). These iso- 
enzymes showed important variations during intermolt 
stages and nutrition experiments (Le Moullac 1995). A 
repression of the expression of the isoform (a) was re- 
ported in dietary experiments while casein increased 
(Van Wormhoudt et al. 1996). 

In this paper we report for the first time on the too- 
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-i 16 CATAA~A ATG CTG AGG GTC GCG CCT CTG GTA GTG CTG TTG GCT C-CG GCC GCA CAG GCG C~ TGG CAT CCCp AAC TCT AC-C 
M n R V _~ p _L V V L _ . _ L  a ___~___A _~ O & ~ W D ~ S S 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  fi6-~6G C ~  ~ ~ 'ram GAT COO ARc TC'V AGe 
TAC-C 

..... GAc ATc %c %c T = ~ ARc =c T~ %T = = = TTC %c ~ =T ~ =A T~ C~ CCT ARC ~ TAC 
21 S D I C E N F P R G F V Q V S P N E Y 

TOO CAC ATC GCC GCC C-AA TGC GA~ ARC TTC TTG GGT CCT C~ GGA TTC GCC GGC GTT CA~ GTA TCA COO CCT AAC C~ TAC 

CCG CAC ATC GCC GCC C~ TC-C GAG AAC TTC TTG GCT CCC C~ GGA TTC GCC G~C GTT CAG ~TA TCA CCA CCC ACT C,~A TGT 
P A T C 

.... AGG .......... TC TCC TA ...... TC ACT CGC TCC GGT CAC GAA AA .... TC ~AA GAC ATG GTC ACA CGC TGC 
61 E R Y Q P V S Y K L V T R S G D E N A F K D M V T R C 

CAG A~ TAC CAG CCC GTC TCC TAT AAK CTC GTC ACT (~C TCC GGT GAC GAA AAT GCT TTC AAA GAC ATG GTC ACA CGC TGC 

GAG AGG TAC CAG COO GIG TCC TAC AAG ATC GCC TCT ~C TCT GGC GAC GAA ARC GCC TTC AAG GAC ATC ATA ACT C~A TC~ 
I A S I I 

~ o  ARc CAc ~'rG TC~ G~G ~ .  ~ COO A ~  ~ ACA G ~  GeC TCC ~ ~ G  TCC TCC TTC GAC TOO ~-C ~ GAG TCC TAC CCC 
. . . .  ~ . ~ G G - - ~ .  o T G A  ~ G ~ ~ ~ ~ ~ ~ G A ~  ~ ~ 

ARC CAC AT~ TCA GGG GGA TGG CGC ATG GC-C ACA GGA GCC TCC GGG GGG TCC TCC TTC GAC TCG GGC GO~ GAG TCC TAC CCC 

ART CAC ATC- ACC GGT TGG TGC- CCA TCG GGC ACA GGA AGC ACC ~ GGG TCC TCC TTT GAC TCA GC-,C C-C.A CAG TCC TAC CCC 
T W S ~ T N 

480 TGC CAC ACC GGG TCC GGG AAC ATT G~%A AAC TAC GGC C~C GCC AAT CAG GTG CGC AAC TGC AAA CTG GTT GGG CTG AAC CAC 

480 GAC ACC GGG TCC ARC G~A AAC TAC GGC C-CC ART CAG ~ ARC TGC AAA CTG GTT CTG AKC GAC 

TG~ GAC ACC GGA TCC GGT G~C ATC G~A ARC TAC GC-C GAC GCC AAT CAG GTA CC-C AAC TGC ~ TTG GTC GGG AT~ ARC CAC 
D M 

......... ARC ...... ~ . . . .  TC GCC GGC TTC CGC .... GCC AGC AAA CAC ATG TG~ CCC GGG GAC ATG 
181 E F M N K L I S Y G V A G F R I D A S K H M W P G D M 

G~A TTC ATG ARC gAG CTC ATC AGC TAC GGT GTC GCC GGC TTC CGC ATC GAC GOC AGC AAA C~C ATG TG~ CCC GGG (~C ATG 

GAC TAC CTC AAC ACG CTT ATC AGC TTC GGT GTC C-CC GGC TTC CGC GTC GAC C-CC AGT AAG CAC ATG TGG CCT GGG GAC ATG 
D Y L T F V 

720 TTC TTC A~G GCC GGT GCC AG~ CCT TTC ATC TTC CAA G~ GTC AT(] GAC TTG GGT GGC (3~A GCC ATA TCC )~C G~ GAA TAT 
221 F F K A G A R CP F I F Q EG~V I D L G G E A I $ S G E Y 

TTC TTC AAG GCC GGT GCC AG~ C T TTC ATC TTC CAA (A~A ATC GAC TTG GGT GC-C G~A GCC ATA TCC AC-C G~ GGA TAT 
G 

ATC TAC GGG GTC GGT GCC AGA CCC TTC ATC GTC CAR GAA GTC ATT GAT CTG GGC GGC C~G CC-C CTA TCC AGC GAA GAA TAC 
I Y G V V R L E 

840 TyAyC CLTG GGC C~ GCC TTC RCGC G~CG ARC AAC CAG CTG AAG TAC CTC ARC AAC TFTC GGC C~%A GGC TGG = AMTG ATA GAC = 
261 G E A F N N Q L K L N N G E G W G I D R 

TAC CTG GG~ GAG GCC TTC OGC GGC AAC AAC C~ CTG A~ TAC CTC ARC AAC TTC GGC GAA ~GC TGG GGC ATG ATA G~C CGC 

TAC CTG GGC GAG GCC TTC CGC GGC ARC ARC CAG CTG AAG TAC CTC ARC ARC TTC GGC GAA GC-C T~ GGC ATG AT~ CAC AG~ 
M g 

~T G~ CAG GTT ATC GTC ~C TTG TTT G~ 
o v ~ v ~ • ~ , ~ T w  ~ 

AAT GC~ CAG GTT ATC GT¢ CAC TTG TTT GAG TGG AAG TGG 

AAT GGA CAG GTT ATC GTC CAC TTG TIT GAG TGG AAG TGG 

GvTG GAGE GTGv TACy C~G ~G A GACD GTGv AAGK C~GR C~G TGGw TGGw 

GTG GAG GIG TAC CAG GGA GAC GTG A~ OGG CCG TGG TGG 

CTG GTA GCA TAC (I~ GGA GAT GIG CAG CGG COO TGG TGG 
L V A Q 

A~NC ARCN GTGv GGAG GTCv RA~ ATC TACy GTCv C~C G~T GTGv ATAI 

AAC ARC GTG GGA GTC AGG ATC TAC GTC CAC GCT GTG ATA 

AAC ARC GTG GG~ GTA AGG ATC TAC GTC GAC ATC GTG GTG 
I V 

= %~ =, TACT TCC ~T ~c~ GAC~ TTC~ ~C %C =G ARC 

GGG GTT CCT TAC TCC GCT TTC GAC TTC AAC GAC GGC AAC 

~C C~ YAC T~ ~T ~ GAT ~C ~C GAC ~C ARC 
G A 

c~ ~c = = AcT ~c TAc G~ ~ =  =ATC 
Q G T Y V R G K I R 

CTG AAC CAA GGC ACT GAC TAC GIG CG~ GGT AAG ATC AGG 

CTG ARC (IKA GGC ACT CAC TAC GTG C~ GC, C m%G ATC ASG 

T %c ATT~ ~TT GAT~ = C~ GAco ~,c. c [c  ~ A ?  %T 
AAG GCC ATT TTT GAT AGC CTA GAC AAC CTC AAC ~.CG CAT 

A~ GCC ATT TTC GAT AGC CTG GAC GAC CTC AGT CCA CAT 
D S P 

~T GGC AAC GGT CGT G~G ACG GAG TTC RCRGG TAC GGC AAG 
G N G R T E F Y G K 

GTT GGC ARC GGT CGT GTG ACG GAG TTC CGG TAC GC.C AAG 

GTC GGT ARC GGA CGT GTA ACG C~G TTT CGG TAC GGC AAG 

~T. ~ c  ~ CTc~ GTCv gc ATT~ CACO ARC. C~C T ~ :  C ~  
CAT GAC GCA CTC GTC TTC AT"/ GAC AAC CAC GAC ~AC CAG 

~ c  ARc ,cA CT . . . . . .  c A~T GAc ARc CAc GAc ~ c  c ~  
A S 

960 CC-C 
300 R 

CGA 

CGC 

1080 TAC 
341 Y 

TAC 

TAC 

GGC C~T GGT C-CC GCA GG~ CAC ATG ATC CTT ACC TTC CGT GTC TCT ~ TG~ TAC AAG ATG GCT ACT 
A 

GGC CAT GGT GCC GGA GGA GAC ATG ATC CTT ACC TTC CGT GTC CCT AAA TGG TAC AAG ATG GCC ARC 
P N 

= GAc ~ = = ~ART = ~ GAT ~ ~ GAc ~AT~ = = ~C CAC = 
W D Q W • E N  G Q D K N D W I G P P H D G $ 

TGG GAC CAA TGG TGG C~G ART GGC CAG GAT AAG AAC GAC TGG ATC GG~ CCT CCT CAC GAC GGC AGC 

TGG GAC CAA TGG TGG GAG AAT GGC CAG GAT AAG ARC GAC TGG GTC GGA CCT CCT CAC GAC GGC AC-C 
g 

~c 
Y M L P Y G R V M x 

T CA TAC ATG CTG GCT TGG CCT TAC GGC TAC ACC CC.C GTG ATG TOO TOO TAC 
J 

GCA TTC ATG TTG GGT TGG CCT TAC GGC TTC ACC CGC GTG ATG TCG TOO TAC 
F G F 

TIC ARC ATC ATC AGC COO AGC ATC ARC GCC GAC GGC AGC TGC GGG AAC GGC 

TTC AAC ATC ATC AGC CCG AGC TTC AAC GCC GAC GGC AGe TC, C GGG AAC GGC 

1200 TGG 
381 W 

TGG 

D3G 

1320 GGC 
421 G 

GGC 

GGC 

A~c ~ ~cAc = = ~  .... ,~ ARc A,~ v= ~, ,~ =~T o,,~c ~T = Aoo 
I C E H R W Q I Y N M E F R N V H G T 

A C TC-C GAG CAC CGC TGG AGG CAG ATC TAC AAC ATG GTG GAG TTC CGG ART GTT GCC ~T GGG AOO 

ATG TGC GAG CAC CGC TGG A~G CAG ATC TAC AAC ATG GTG GAG TTC CGG AAT GTT GCC CAT GGA ACG 
g 

AAC AAG GC-C TTC CTG GCC ATC ARC ARC G~ GGA TGG GAT CTG AAG GAG ACG CTG CAG ACT TC~ C~L 
K G F L A ~ N N D G L D  L K E T L Q T C 

ARC AAG GGC TTC CTG GCC A AAC ARC GAC GGA T CTG AAG GAG ACG CTG CAG ACT TC-C CTT 

G~D C AAG GGC TTC CTG C-CC ATC AAC ARC GAC GGA TGG GAT CTG AAG GAG ACG CTG CAG ACT TGC CTT 

~ C ATG AAC GAC TGG TGG CAT AAC GGC AC-C 
M N D W W D N G $ 

CAC AT~ A~C G~C TGG TGG GAC ARC GGC AGC 

GAC ATG AAC GAC TGG TGG CAC ARC GGC AGC 

ccT ~ ~T AOO ~ = ~c GT .... = 
P A G T Y C D V I S 

CCT GCG GGT ACG TAC TC-C G~C GTC ATC TCC 

CCT GCG GGT ACG TAC TGC GAC GTC ATC TCC 

Q I C R 
AAC C~ ATC GCC TTC TGC AGA 

AAC CAG ATC GCC TTC TGC AGA 

GGG TON AAG A~C G~ GC-C TCC 
G S K G G S 

GGG TOO AAG AAC G~ GGC TCC 

GGG TCG AAG GAC GGA GGC TCC 
D 

1440 cT~ 
461 

TGC 

ATCG G~ AAGK AGCs GTGv ACTT GV~ GGCG GGCG GACD GGAG KA~ C~AC TACy ATCI ~ E  ATC ATCG ACCT ATGM G~AE GACD 

ACG GGC AAG AGC GTG ACT GIG GGC GGC GAC GGA AAG GCC TAC ATC GAG ATC ACG ACC ATG GaA GAC 

ACG GGC bAG AGC GTG ACT GTG GGC GGC GAC GGA AAG GCC TAC ATC GAG ATC ACG ACC ATG GAA TAC 
Y 

1564 C~%AAATATGT CATCATC TGAGT CATTACATCGT CAT TAAAT TTTT ( A )n 

GA~TATGTCATCATCTC~TTACATC~TTAAA TTTT [ A ) n 

AACTGTAGGATAT~TGATGATGTACTACTTTAAAATCTTTGAATAATATAACCAAT ( A ) n 

Fig. 3. Nucleotide sequences of shrimp hepatopancreas amylase 
cDNAs and deduced amino acid sequences. The first sequence is the 
largest cDNA (AMY SK 37: accession No. EMBL X77318). Next is 
the sequence of AMY SK 28. The last sequence is AMY SK 20. The 
amino acid sequence is numbered sequentially from the first amino acid 
of the mature protein. The proposed signal peptide is in bold and 

%c G~G G~v CT'L %T A N CAT. =~A ~ .  T? T T N ~ = ~ ' ~ "  
G~%C GGC ~ CTT ~ ATC CAT GCC AAC TCG ~ ~ ~ ( X ~ t " C A C I %  

OCH 
GAC GGC GTG CTT GCT ATC CAT GCC l~%C TCC ~AG CTG TGAGATCTGTCCTCATGCT 

OPA 

underlined with a dotted line. When a nucleotide modification in the 
two other cDNAs results in an amino acid change, the residue is indi- 
cated. The nucleotide sequence corresponding to the synthetic oligo- 
nucleotide used in the screening procedure and sequencing experiment 
is double underlined. The proposed polyadenylation site is underlined, 

l e c u l a r  c l o n i n g  o f  t h e  t h r e e  a m y l a s e  c D N A s  o f  a m a r i n e  

i n v e r t e b r a t e :  t h e  s h r i m p  P.  v a n n a m e i .  T h e  s t r u c t u r e  o f  

t h e  e n c o d e d  p r o t e i n s  a n d  a n  a n a l y s i s  o f  p h y l o g e n e t i c  

r e l a t i o n s h i p s  ( m a i n l y  t h o s e  w i t h  i n s e c t s  a n d  m a m m a l s )  

a r e  a l so  g i v e n .  

M a t e r i a l s  a n d  M e t h o d s  

Shrimp. Shrimp (Penaeus vannamei) were obtained from IFREMER 
(Brest). The hepatopancreas was removed by dissection, immediately 
frozen in liquid nitrogen, and stored at -80°C until used. 
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Table 1. Conserved stretches in some amylases enzymes a 

I II Ill IV V 

(~1) (~2) (~3) (loop3) (loop3) 

$37 16 F E W  35 GF AGVQVSP 95 DAV I NH 139 N Y G D  154 L N D L N  
$28 16 F E W  35 GF AGVQVSP 95 DAV I NH 139 N Y G D  154 L N D L N  
$20 16 F E W  35 GF AGVQVSP 95 D I VVNH 139 N Y G D  154 MNDLN 
DME 17 F E W  34 GYAGVQVSP 97 D V V F N h  150 N Y N D  165 L A D L L  
DSE 17 F E W  35 GF AGVQVSP 97 DVI  FNH 143 N Y N D  158 L R D L N  
DER 17 F E W  28 GF AGVQVSP 83 D V V F N H  126 N Y N D  142 L R D L N  
DTE 17 F E W  34 GF AGVQVSP 97 D V V F N H  150 NY S D 165 L RDLN 
MSQ 17 F E W  34 GYGGVQLSP 97 D I I I NH 150 DWGN 165 L H D L N  
AED 17 F E W  35 GYAGVQVSP 96 D I V I NH 150 N Y N D  165 L PDLA 
MPA 17 F E W  35 G F A G V Q V S P  96 DAV I NH 146 N Y Q D  161 L LDLA 
HPA 17 F Z W  35 GF GGVQVSP 95 DAV I NH 146 N Y N D  161 L LDLA 
PPA 17 F E W  35 GF GGVQVSP 95 DAV I NH 136 S YND 151 L LDLA 
RPA 17 F E W  35 GFGGVQVSP 95 D A V I N H  139 N Y N D  154 L L D L A  
THE 17 FQW 35 G F G A V Q V S P  96 DAV I NH 150 NWND 165 L A D L K  
SHY 17 F E R  35 GYGYVEVSP 96 DAVVNH 150 D Y T N  165 L A D L G  
SLI 17 F E W  35 GYGYVQVSP 96 D S V I N H  150 D Y G N  165 L A D L D  
ALT 16 F E W  35 GYAAVQVSP 96 D T L  I NH 150 D Y G N  165 L A D L D  

a The second line denotes the elements of secondary structure deter- 
mined by HCA. The enzymes are numbered from the N-terminal end of 
mature protein. The numbers represent the start of the consensus se- 
quences. The asterisks signify invariable amino acid residues. $37 = 
Penaeus vannamei (hepatopancreas isoform): X77319 EMBL; $28 = 
P. vannamei (hepatopancreas isoform); $20 = P. vannamei (hepato- 
pancreas isoform); DME = Drosophila melanogaster, P08144 SWIS- 
SPROT; DSE = D. sechellia, DROAMYSECP GENBANK; DER = 

D. erecta, DROAMYERED; DTE = D. teissieri, DROAMYTEID; 
MSQ = Anopheles gambiae, L14753; AED = A e d e s  aegyti, P13080; 
MPA = Mus musculus (mouse pancreas), P00688; HPA = Homo 
sapiens (human pancreas), P04746; PPA = Sus scrofa (pig pancreas), 
P00690; RPA = Rattus norvegicus (rat pancreas), P00689; THE = 
Thermomonospora curvata, P29750; SHY = Streptomyces hygro- 
scopicus, P08486; SLI = S. limosus, P09794; ALT = Alteromonas 
haloplanctis, Ps9957 

Protein Hydrolysis and Peptide Purification. Crude extracts were 
purified by affinity chromatography on a reticulated starch gel column 
(Van-Wormhoudt 1983). Pure enzyme was obtained by FPLC. The 
column (MonoQ, Pharmacia) was eluted with a NaC1 gradient in 10 mM 
Tris-HC1 pH = 7.6. Samples were examined by polyacrylamide slab 
gel electrophoresis (Davis 1964). Amylase activity of isoenzymes was 
determined on an amylopectine (l%)-agar (1%) gel as described pre- 
viously (Van Wormhoudt and Favrel 1988). After boiling 50 i~g of the 
protein in the presence of 1% SDS, during 5 rain, the hydrolysis of 
amylase was performed overnight at 37°C with 10 ixg of V8 staphy- 
lococcal protease (Sigma). 

Separation of the obtained peptides was achieved on a Vydac 
HPLC column (Cluzeau), with a linear gradient of acetonitrile in the 
presence of 0,1% trifluoroacetic acid. A LKB-Pharmacia HPLC system 
was used. 

RNA Isolation and Northern Blot Characterization. Total RNA 
extractions were made following the guanidine thiocyanate method 
(Chirgwin et al. 1979). Digestive glands were disrupted in liquid ni- 
trogen with a grinder. The powdered tissue was immediately dissolved 
in a 4 M guanidine thiocyanate solution in 12.5 mM Tris HC1 pH 7.6 
with additional 12.5 mM EDTA and 0.1 M mercaptoethanol (5 ml per g 
of tissue). After complete dissolution, the solution was centrifuged at 
12,000g for 10 min and one-tenth of the volume of 20% Sarkosyl was 
added to the supernatant. After heating the solution to 65°C for 2 min, 
0.1 g of cesium chloride was added per ml of solution. This was then 
layered onto a cushion of 5.7 M cesium chloride in 0.1 M EDTA, pH 8, 
and centrifuged at 20,000 rpm for 22 h at 20°C in a Beckman centrifuge 
with a SW 25 rotor. The pellet obtained was dissolved overnight at 4°C 
in a solution of 5 mM EDTA, pH 8 with additional 5% Sarkosyl and 5% 
mercaptoethanol (1 ml/g). This solution was then extracted with 1 vol 
of phenol/chloroforrrdisoamylol (25/24/1) followed by chloroform and 
then precipitated in the presence of 0.3 M sodium acetate and ethanol 

(3 vol). Poly-A RNAs were purified by affinity chromatography on 
oligo dT-cellulose column. They were denatured with deionized gly- 
oxal and DMSO and characterized by electrophoresis on a 1.5% aga- 
rose gel. The transfer of RNA from the gel to the membrane (Hybond 
N +, Amersham) was performed passively in the presence of 10 x SSC 
overnight. 

cDNA Library and Screening Procedures. A lambda ZAP c-DNA 
library for shrimp hepatopancreas was established following the manu- 
facturer's protocol (Stratagene, La Jolla, CA, USA). The unamplified 
cDNA library, containing 5.8 x 106 independent phages, was amplified 
to 1.5 x 10 I° phages per ml and screened first with a synthetic oligo- 
nucleotide 

(AAT/CTAT/CGGI GAT/C GCN AAT/C CAA/G GT) 

based on the N-terminus sequence of peptide (NYGDANQV) obtained 
after V8 staphylococcal hydrolysis of the purified shrimp amylase. 
Plaques were transferred to hybond N + membranes (Amersham) and 
screened with the oligonucleotide end-labeled with gamma 32p ATP 
and the polynucleotide kinase. In order to have complete cDNAs, a 
second screening was performed using a 236-bp 5' fragment of a 
cloned cDNA probe we obtained from the first screening and covering 
nucleotides 109-345. This DNA fragment was labeled with the random 
priming kit from Biolabs using 32p dATP. Prehybridization of the 
duplicate membranes was achieved in this case in a 50% formamide 
solution containing 1% SDS, 1 M NaC1, and 100 Ixg yeast RNA per ml, 
for 4 h at 42°C. For hybridization, the denatured probe was added (106 
cprrdml) for 16 h at the same temperature. The filters were washed 
twice in 2 x SSC for 5 min at room temperature, then twice in 2 x SSC 
containing 1% SDS at 65°C for 30 rain, and finally twice in 0.1 x SSC 
for 30 min at room temperature. 
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182 GFRIDASKH 223 EVID 283 FIDNHD 
182 GFRIDASKH 223 EVID 283 FIDNHD 
182 GFRVDASKH 223 EVID 283 FIDNHD 
193 RDLNDASRH 233 EVID 293 FVDNHD 
186 GFRVDAAKH 224 EVID 279 FVDNHD 
170 GFRVDAAKH 200 EVID 259 FVDNHD 
193 GFRVDAAKH 233 EVID 293 FVDNHD 
193 GFRVDAAKH 233 EVID 293 FVDNHD 
193 GFRVDAVKH 233 EVID 295 FVDNHD 
189 GFRLDASKH 230 EVID 291 FVDNHD 
189 GFR I DAS KH 230 EVID 291 FVDNHD 
179 GFR I DAS KH 220 EVID 280 FVDNHD 
182 GFRLDAAKH 223 EVID 283 FVDNHD 
193 GFRI DAAKH 233 EVIA 295 FVVNHD 
193 GFR I DAAKH 233 EVIY 295 FVDNWD 
193 GFR I DAAKH 233 EAIH 295 FVDNHD 
193 GFRFDASKH 233 EVID 295 FVDNHD 

323 GYTRVMSSY 
323 GYTRVMSSY 
323 GFTRVMSSY 
333 GTPRVMSS F 
314 GTPRVMSSF 
298 GTPRVMSS F 
333 GTPRVMSS F 
333 GQLRIMSSF 
335 G I V R I M S S F  
327 GFTRVMSS F 
327 GFTRVMSSY 
320 GFTRVMSSY 
323 GFTRVMSSY 
335 GTPKVMS SY 
335 GS PNVYSGY 
335 GS PDVHSGY 
335 GYPKVMSSY 

Plasmid Subcloning and DNA Sequencing. The recombinant clones 
which hybridized with the specific probes were selected and isolated 
with successive cycles of purification. The phagemids contained in the 
selected phages were excised following the manufacturer's protocol. 
The complete cDNA insert (clone AMY SK 37) and the inserts that 
encode the two other variants of amylase (clones AMY SK 28 and 
AMY SK 20) extracted from low-melting-point agarose gel and puri- 
fied with Genectean kit (Bio Rad) were deleted using SacII and BglII 
for AMY SK 37) and AMY SK 20 or SacII and PstI for AMY SK 28 
and subcloned in Bluescript SK and KS minus (Stratagene) in order to 
allow sequencing on both strands. To confirm the nucleotide order in 
the middle of the antisense strand, sequencing was performed using the 
synthetic oligonucleotide already used for the screening. Single- 
stranded DNA was sequenced following the dideoxynucleotide method 
with modification for extended DNA sequencing with the large frag- 
ment of DNA polymerase I. 

Structure Analysis. Alpha-amylase sequence was converted into 
hydrophobic cluster analysis (HCA plot) and compared to pig pancre- 
atic enzyme where the position of the structure elements forming a 
([3/e 0 eight-barrel were deduced from crystallography (Raimband et 
al.1989). 

Sequence Alignment. The amino acid multialignment between the 
various sequences presenting the highest degree of homology was done 
with the Treealign program (Hein 1990). Most sequences were ex- 
tracted from the SWISSPROT protein sequence data bank. Two un- 
rooted distance trees were calculated on total mature protein sequences 
and on the 55 amino acid sequences resulting from alignment of the 
nine consensus domains. 

Results and Discussion 

Purification and Partial Sequencing of  a-Amylases 

In crude extracts and after purification,  a - a m y l a s e  is pre- 

sent as two major  isofoms,  named  a and b, which  are 

equal ly  represented.  Mino r  bands are also observed  (in- 

set Fig. 1). The  pattern o f  the digest ion products  is g iven  

in Fig. 1. The  sequence  of  the most  hydrophobic  peptide,  

generated by s taphylococcal  hydrolysis  o f  the three vari- 

ants, is ( N - Y - G - D - A - N - Q - V - R - N - C - K - L - V - G - L - N - D -  

L - N - Q - G - T - D - Y - V - R ) .  

cDNA Library Screening 

An ol igonucleot ide  der ived f rom the first eight  amino 

acids o f  this pept ide was used for the pr imary  screening 

of  the l ibrary as descr ibed in Mater ia ls  and Methods .  

Only 0.2% of  the phage plaques  were  posit ive.  Us ing  the 

EcoRI/SalI c D N A  fragment  as a probe,  for the secondary 

screening, the obtained inserts, ranging f rom 1,400 to 

1,620 base pairs, showed  three different  types of  orga- 

nization. The  longest  c D N A ,  named  c D N A 1  and repre- 

sented by c lone  A M Y  S K  37, showed  an XhoI site at 

posi t ion 157 and two EcoRI sites at posi t ions 600 and 

1242. The  second cDNA,  referred to as c D N A 2  and rep- 

resented by c lone A M Y  S K  28, has only the XhoI site, 

and the first EcoRI site is located at posi t ion 600. The  

third cDNA,  referred to as c D N A 3  (clone A M Y  S K  20), 

lacks the XhoI and the two EcoRI sites. Al l  these c lones  

were  sequenced to conf i rm this organization.  

Northern Analysis 

The  autoradiographic pattern is g iven  in Fig. 2. One  ma- 

jo r  band, 1,600 bp in length, hybridizes  with the 32p_ 

labeled amylase  c D N A  probe. This size is in accordance 

with the size o f  the longest  c D N A  c loned  and conf i rms 

the presence  of  a very  short 5 '  untranslated region for all 
the amylase  m R N A .  

cDNA Analysis 

The comple te  c D N A  1 sequence is 1,620 base pairs long 

(without  the poly  A tail). The  two other  longest  c D N A s  
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i0 20 30 40 50 60 70 80 
PEV QWDPNSSNGQ V-IVHLFEWK WSDIRAECEN FLGPRGFAGV QVSPPNEYVE VYQGDVKRPWWERYQPVSYK LVTRSGDENA FKDMVTRCNN 
PIG QYAPQTQSGR TDIVIILFEWR WVDIALECER YLGPKGFGGV QI/SPPNENVV VTNPS--RPW WER~QPVSYK LCTRSGNENE FRDMVTRCNN 
AED QFDTHQWADR SGIVHLFEWK WNDIADECER FLAPKGYAGV ~VSPPTENIV VSG .... RPW WERYQPAS~H LNTRSGSESE FASMVRRCNQ 

~i ~i ~2 ~2 
90 I00 ii0 120 130 140 150 160 170 

PEV VGVRI~VDAV IEq~MSGGWPM -GTGASGGSS FDSGAESYPGVPYSAFDFND GNCHTGSGNI ENKGDANQVRNCKLVGLNDLNQGTDYVRGK 
PIG VGRVIYVDAV INI94CGSGAA AGTGTTCGSY CNPGNREFPA VPYSAWDFNDGKCKTASGGI ESYNDPYQVRDCQLVGLLDLALEKDYVRSM 
AED VGVRIYVDIV INIIM---AAM SGQGT-GGSS VD-GLN-FPA VPFGPNDFI~ -RC ..... DI TNYNDKYQVR NCWLVGLPDL ALGNQWVRDI 

~3 a3 
180 190 200 210 220 230 240 250 260 

PEV IREFMNKLIS YGVAGFRIDA SKI~IWPGDMK AIFDSLDNLN TDFFKA-GAR PFXFQEVIDL GGEAISSGEg VGNGRI/TEFR ~GKgLGEAFR 
PIG IADYLNKLID IGVAGFRLDA SKI~WPGDIK AVLDKLHNLN TNWFRA-GSR PFIFQEVIDL GGEAIKSGEX FSNGRI/TEFK ~GAKLGTVVR 
AED IVDLMNKCVG XGVAGFRVDA VKIIMWPGDLE HIYSRLNNLN TDHGFPHGAK PFIT~EVIDL GGEAITKYE~ T~GTVTEFR FSAEIGRVFR 

a3 ~4 
270 280 

PEV GNNQ--LK~L NNFGEGWGMI 
PIG KWSGEKMSYL KNWGEGWGFM 
AED GK_______~--LQYL TNWGTAWGFA 

~6B 

360 370 
PEV IGPPHDGSFN IISPSFNADG 
PIG IGPPNNN-GV IKEVTINADT 
AED QGPPQDGGGN LVPPSINPDN 

450 460 
PEV GTYCDVISGS KDGGSCTGKS 
PIG GTYCDVISGD KVGNSCTGIK 
AED GTXCDVISGS KEGGSCTGAT 

~4 
290 300 310 

DRHDALVFID NHDN~RGHGA GGDMILTFRV 
PSDRALVFVD IIIIDN~RGHGAGC-SSILTFWD 
ASDRSLVFVDIFrIDII~RGHGAGGADVLTHKV 

~7 
380 390 400 

SCGNGWICEH RWRQIYI~VE FRNVAHGTDM 
TCGNDWVCEII RWREIRI~IVW FRNVVDGEPF 
SCGNGWACEH RWRQIYI~VG FRNAVRGTNL 

~8 

470 480 490 
9"I~/GGDGKAY IEITTMEDDG %rLAIHANSKL 
VYVSSDGKAQ FSISNSAEDP FIAIIIAESKL 
VQVGGDGRAN INIGSSEDDG VLAIHINAKL 

~5 e5 ~6 a6a 

320 330 340 350 
SKWYEMATAY MLAWPYGYTR VMSSYYWDQW WENGQDKNDW 
A~RMLVAVGF MLAHPYGFTR 9MNSYRWARN FVNGEDVNDW 
PKNYEMATAF MLAHPYGIVR IMSSFF .... FTNGD ..... 

c(7 ~8 

410 420 430 440 
NDWWDNGSNQ IAFCRGNKGF LAINNDGWDL KETLQTCLPA 
ANWWDNGSNQ VAFGRGNRGF IVFNNDDWQL SSTLQTGLPA 
NDNWTNGNMQ IAFCRGANGF VAFNLESYDM NETLQTCLPA 

Fig. 4. Location of secondary-structure elements of the ([~/c 0 eight-barrel in Penaeus vannamei, pig, and Aedes c~-amylases. Numbering is that 
of the mature proteins. PEV = P. vannamei (X77319), PIG = Sus scrofa (POO690). AED = Aedes aegypti (P13080) a-amylases. The secondary- 
structure elements are double underlined. 

(cDNA 2 and 3) were also entirely sequenced. These 
three cDNA sequences were aligned and are shown in 
Fig. 3. 

The protein (AMY 37) deduced from the cDNA1 cod- 
ing sequence is 511 amino acids long. This protein is 
composed of a highly hydrophobic peptide covering resi- 
dues -16  to -1 (Kyte and Doolittle 1982). The amino- 
terminal amino acid, represented by a glutamine, corre- 
sponds to the blocked end of the protein (Van- 
Wormhoudt et al. 1995) and is also confirmed by the 
alignment of known amylases. The preprotein should be 
processed to give a mature enzyme of 495 residues. Only 
ten nucleotide changes are observed when comparing 
cDNA2 to cDNA1. These ten nucleotide changes pro- 
duce the substitution of four amino acids (Fig. 3). This 
amylase variant (AMY 28) contains one less acidic resi- 
due (pHi = 5.56) than amylase 37 (pHi = 5.48). Re- 
ferring to co-amylase purification, AMY 37 may corre- 
spond to isoform (a) and AMY 28 to isoform (b) ob- 
served after Davis electrophoresis. 

In the third cDNA, 145 nucleotide changes are ob- 
served when comparing to the major cDNA; 77 of these 
nucleotide changes give way to 57 changes in the amino 
acid sequence of the cDNA3 coded protein (AMY 20). 
Among these 57 changes, 20 are conservative changes. 
This third variant appears to be more hydrophobic (+2 
residues) and less basic (-4), (pHi = 5.35). The stop 
codon was found to be different and the untranslated 3' 
ends present very little homology between cDNA 1 and 
2 and cDNA 3. It was also the case for the two variants 
of the shrimp chymotrypsin we have already cloned and 
sequenced (Sellos and Van Wormhoudt 1992). The cal- 
culated molecular weight of shrimp amylase does not 
agree with previously determined values based on SDS 

electrophoresis (Van Wormhoudt et al. 1995) but is com- 
parable to that of other amylases. 

The five consensus regions defined by Nakajima et al. 
(1986) and Janececk (1992), found in almost all the other 
amylases from different sources, can also be found in the 
shrimp amylase. These highly conserved regions are very 
likely either active or substrate binding sites in s-amy- 
lases (Table 1). They comprised the catalytic residues 
Asp 197, Glu 233, and Asp 297 and the Ca ++ binding site 
Asp 167 (Fig. 4). More recently, four other regions were 
established (Janecek 1994a). 

Analyses of partial clones have shown the existence 
of at least two other variants of clone 28, suggesting the 
existence of at least five different genes. High numbers 
of genes have also been reported in insects (Levy et al. 
1985), in rats (McDonald et al. 1980), in human (Naka- 
mura et al. 1984), and in rice (Huang et al. 1992). The 
purpose of maintaining multiple isoenzymes for amy- 
lases is not known and may be related to food conditions 
or growth (Le Moullac 1995). It is noteworthy that the 
expression of one of the major isoforms can be con- 
trolled by food nutrients (Van Wormhoudt et al. 1996). 

Struc ture  A n a l y s i s  

Using an HCA plot, e~-amylase is characterized by a 
([3/~) eight-barrel supersecondary structure that consti- 
tutes an A-domain. The segments, labeled oL 1-8 and [3 
1-8, correspond to the e~-helical and [3-sheet structures 
(Fig. 4) and are similar to those of porcine s-amylase. 
These segments are characteristic of the "animal"  amy- 
lase subfamily previously determined (Raimbaud et 
al. 1989). The C-terminal domain, comprising the amino 
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Sequence Alignment 

Raimbaud et al. (1989) have shown that o~-amylases have 
evolved from a common precursor and described six sub- 

acid residues located after the e~8 region, is also folded, 
with an eight-stranded antiparallel [~-sheet (data not 
shown). The same feature was detected in mammals and 
in crustaceans, but no significant homology was reported 
between mammals and other c~-amylases except those of  
Streptomyces (Raimbaud et al. 1989). 

Other structural features were also examined such as 
the occurrence of  cysteine residues. Ten residues were 
observed in amylase 37 and 28 and 11 in amylase 20. In 
pig amylase, 12 cysteines were characterized, giving 
only 5 disulfide bridges (Pasero et al. 1986). All these 
bridges are present only in mammal s-amylases (Janecek 
1994a). One bridge, holding cysteine 70 to cysteine 115 
in pig, cannot be present in insects and in crustaceans 
because of the absence of  cysteine at these positions. 
Two cysteines exist also in P. vannamei in positions 419 
and 442 (Fig. 4), as well as in Aedes amylase (Grossman 
and James 1993), which could result in a cysteine 
bridge. The presence of  this putative bridge may be re- 
lated, in crustaceans, to differences in activity, especially 
concerning the Michaelis constant displayed by the en- 
zymes during temperature adaptation (Van Wormhoudt 
1980). 

families, based upon specific similarities occurring in the 
variable regions of  s-amylases from bacterial (three sub- 
families), cereal, fungal, and animal origins. In order to 
evaluate the divergence of amylase sequences over long 
evolutionary periods, entire amylase amino acid se- 
quences from P. vannamei were compared with mam- 
malian (Pasero et al. 1986; Hagenbuchle et al. 1989) or 
insect sequences (Boer and Hickey 1986) retrieved from 
data banks. From these examples, Hickey et al. (1987) 
have shown that animal s-amylase family proteins are 
highly conserved. The amylases from Streptomyces and 
Aspergillus along with those from Thermo-monospora 
curvata and Alteromonas haloplanctis (Janecek 1994b) 
appear to be more similar to mammalian oL-amylase than 
to any other bacterial or cereal amylases and were used 
for aligments (Fig. 5A). On searching the data bank 
(Dessen et al. 1990) these proteins contained the best 
homology scores with shrimp amylase: 38% for Strep- 
tomyces to 44% for Alteromonas, respectively. 

From these aligments, P. vannamei c~-amylases ap- 
peared to belong to two families confirming the analysis 
of  the cDNA. This result appeared also on phylogenetic 
analysis of  conserved stretches of  ([3/c~)-barrel domain 
(Fig. 5B). The percentage of  amino acid similarity (52- 
62%) between shrimp and insect c~-amylases is more or 
less the same as that observed between shrimp and ver- 
tebrate c~-amylases (59-63%). The use of  the four well- 

Fig. 5. Phylogenetic relationships within the oL-amylase family. Unrooted phylogenetic trees were constructed using parsimony analysis (TREE- 
ALIGN method of Hein et al. 1990). Trees were constructed with all the sequences (A) and compared with those constructed with conserved 
domains (B) (Nakajima et al. 1986); Janecek 1992, 1994b). For ref. see Table 1. 
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accepted conserved regions, stretches III, V, VI, and VIII 
in Table 1 (Nakajima et al. 1986), the fifth conserved 
region (stretch IV in Fig. 5) (Janecek 1992), and the rest 
of sequence similarities (Janecek 1994a) increased the 
levels of similarity but did not alter the ordering of the 
groups (Fig. 5b), suggesting that conservation of the ~/c~- 
barrel domain structure of amylase is as important as 
active sites or conserved sequences (McKay et al. 1985). 
For other proteins, differences are much more important 
between active and other sites, and differences in topol- 
ogy of phylogenetic trees between kringle and protease 
domains, for example, have been reported for serine pro- 
teases (Ikeo et al. 1995). 

The alignment of amylases provides information not 
only on evolutionary history but also on the function of 
these molecules by the knowledge of structural features 
important for enzyme activity (McGregor 1993). Amy- 
lases which are proteins showing a slow degree of evo- 
lution (Hickey et al. 1987) may be a good model in 
which to establish, in the future, phylogenetic relation- 
ships among Arthropoda and among other crustaceans. 
Because of the same degree of homology between ver- 
tebrate and insect amylase sequences, it is probable that 
the divergence of crustacea and insects occurred before 
the apparition of Burgess fauna, 550 million years ago 
(Hickey et al. 1987). Moreover, the regulation of the 
expression of the different isoforms will be studied. 
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