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Aquatic crustaceans and some bivalve mollusks are known to contain copious
amounts of free p-alanine in their tissues. For the first time in the animal kingdom,
we have isolated a ¢cDNA clone encoding alanine racemase from the muscle and
hepatopancreas of the kuruma prawn Marsupenaeus japonicus. The recombinant
enzyme expressed in Escherichia coli exhibited alanine recemase activity. The
deduced amino-acid sequence showed only 23-31% identity to bacterial alanine
racemases. However, the active site residues and some residues that interact with
pyridoxal 5-phosphate were also conserved in M. japonicus enzyme. There was
higher alanine racemase mRNA expression in hepatopancreas than in muscle. In
contrast, the p-alanine content in hepatopancreas was lower than that in muscle,
suggesting that the physiological functions of free p-alanine may differ among
tissues. These data suggest that the alanine racemase gene has been conserved from
bacteria to invertebrates throughout a long evolutionary time scale.

Key words: alanine racemase, aquatic invertebrate, p-alanine, p-amino acid,
Marsupenaeus japonicus.

Abbreviations: IPTG, isopropyl-B-p-thiogalactopyranoside; PLP, pyridoxal 5'-phosphate; RACE, rapid
amplification of cDNA ends; RT, reverse transcription.

Alanine racemase (EC 5.1.1.1), a pyridoxal 5'-phosphate
(PLP)-dependent enzyme, specifically catalyses the
interconversion of D- and L-alanine. The racemization
of alanine is important for bacterial survival since
p-alanine is an essential component of the peptidoglycan
layer of the cell wall structure. As this peptidoglycan
biosynthetic pathway is unique to bacteria, alanine
racemase is regarded as an attractive target for new
antibacterial drugs. Thus, the bacterial alanine race-
mases have been investigated in detail and their
catalytic mechanisms have been clarified with the aim
of developing mechanism-based inactivators as antibac-
terial agents specifically targeting the enzyme (1-4).
Under these circumstances, p-amino acids have long
been considered not to exist in organisms other than
eubacteria. Recently, however, free and peptide-bound
D-amino acids as well as their biosynthetic enzymes have
been found even in eukaryotes.

Cyclosporine A, which is produced by the fungus
Tolypocladium niveum, contains Dp-alanine as a pre-
cursor and alanine racemase has been shown to bio-
synthesize p-alanine in 7. niveum (5). In fission yeast
Schizosaccharomyces pombe, a gene encoding a putative
amino-acid racemase similar to bacterial alanine race-
mases has been confirmed to exist and has already
been cloned and characterized (6).
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Free p-amino acids have also been found to exist in
many higher-order organisms and even in mammals.
Mammalian brain contains high levels of free p-serine,
an endogenous co-agonist of a glycine site on the
N-methyl-p-aspartate (NMDA) receptor (7-10). A biosyn-
thetic enzyme, serine racemase, has been purified from
rat brain (11), and its ¢cDNA has already been cloned
from mouse (I2) and human brain (13). p-Aspartate is
another endogenous amino acid present in the nervous
and neuronal endocrine tissues of mammals (14-17).
Previous studies show that the levels of Dp-aspartate
vary in a variety of organs during development (18, 19).
In rat testis, D-aspartate increases significantly in
amount during sexual maturity and appears to acceler-
ate the testosterone synthesis by stimulating the gene
expression of steroidogenic acute regulatory protein
in Leydig cells (20). The c¢DNA encoding aspartate
racemase has previously only been cloned from a bivalve
mollusk (27).

D-Alanine is also the third p-amino acid that is
widely found in mammalian tissues. Its level in the rat
anterior pituitary gland varies according to postnatal
and circadian changes (22). Although the contents of
D-amino acids are low in mammals (in the order of
nanomoles per gram), some aquatic invertebrates such
as marine crustacean and some molluskan species have
been found to contain a large amount of free p-alanine,
up to 100 umol/g wet weight or more (23). The tissue
levels of p- and r-alanine were both increased during
high salinity acclimation of these invertebrates, indicat-
ing that p-alanine is a major osmolyte for intracellu-
lar isosmotic regulation in crustaceans (24, 25) and
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Table 1. DNA nucleotide sequences of primers used for cDNA cloning of M. japonicus alanine

racemase.

Designation Sequence Location®
Pm-F1 5'-GA (C/T)AT (A/T)GGITA(C/T)GACGCG-3' 1339-1355
Pm-F2 5'-GA(A/G)GA(C/T)GA(A/G) TGGAT (A/C/T)GC(A/C/G/T)AA-3’ 1372-1391
Pm-R1 5'-GG(G/A)CA(A/G/T)ATIC(T/G)IAC(A/G/T)ATCTT-3' 1678-1694
Pm-R2 5'-CT(A/C/G/T)AC(A/G/T)AT(T/C) TTICCGTT-3’ 1684-1703
AUAP 5'-GGCCACGCGTCGACTAGTAC-3’ 3'- or 5'-end
Mj-F1 5 -GGGTCGAGTATCCATTGATTCCATC-3' 1488-1512
Mj-F2 5'-CCGCCTCCCTGAACAACCTTTACCTG-3" 1518-1543
Mj-F3 5'-GCCACTACAGCGTGCGAGAGG-3’ 29-50
Mj-R1 5'-GATGGAATCAATGGATACTCGACCC-3’ 1488-1512
Mj-R2 5'-CTGTGCTAATCCGCCTAACCGCTCCG-3' 1443-1468
Mj-R3 5'-CGTCGACTCAAGCCATCAGACCATCC-3' 1402-1427
Mj-R4 5 -TTAACATTATCATAAAGTTCTCACTCCCG-3’ 1734-1762

“Nucleotide numbers from the 5-end of M. japonicus alanine racemase cDNA.

bivalves (26-28). However, the metabolism and accu-
mulation mechanisms of p-alanine remain unknown in
these invertebrates. Thus, structural and functional
investigations of the biosynthetic enzyme would be
useful to solve the physiological functions of p-alanine
in animals.

Although alanine racemase has been purified to homo-
geneity from some invertebrate tissues in recent years
(29-32), no report has been available on its nucleotide
and amino-acid sequences. In a previous trial, however,
we have succeeded in isolating the enzyme to homoge-
neity from the muscle of black tiger prawn Penaeus
monodon, and we determined the partial amino-acid
sequences of the purified enzyme, three of which showed
homology to bacterial alanine racemases (32). Based
on these sequences, we designed degenerate primers
and employed a polymerase chain reaction (PCR)-based
rapid amplification of ¢cDNA ends (RACE) strategy to
clone the ¢cDNA of alanine racemase.

Here, for the first time in animals, we report the
isolation of cDNA clones encoding alanine racemase from
the muscle and hepatopancreas of the kuruma prawn
Marsupenaeus (Penaeus) japonicus and the expression
of its recombinant protein in Escherichia coli.

MATERIALS AND METHODS

Materials—Live specimens of the kuruma prawn
M. japonicus, weighing 15-18g, were obtained from a
local prawn farm in Oita Prefecture, Japan. The animals
were kept in a laboratory glass tank (601 in volume)
supplied with circulating natural seawater filtered
and aerated at 15°C and were fed on commercial prawn
pellets for at least a week prior to RNA isolation.
The tail muscle and hepatopancreas of the prawn were
dissected, immediately frozen in liquid nitrogen, and
stored at —80°C until use.

c¢DNA Cloning of Alanine Racemase—Total RNA was
extracted from the muscle and hepatopancreas of
the prawn using Isogen solution (Nippon Gene, Tokyo,
Japan). Poly(A)* RNA was isolated using an Oligotex-
dT30<Super> (Takara Bio, Shiga, Japan). First strand
cDNA was synthesized from approximately 80ng of
poly(A)* RNA using a 3-RACE kit in accordance with
the manufacturer’s protocol (Invitrogen, Carlsbad, CA).

Degenerate oligonucleotide primers were designed on
the basis of partial amino-acid sequences of alanine
racemase purified from the muscle of P. monodon (32).
In order to minimize the degeneracy of these primers, two
patterns of the sequences containing inosine were
designed (Table 1). PCR amplifications were carried
out for 4 min at 94°C, followed by 30 cycles of denaturation
for 30s at 94°C, 30s of annealing at 45°C, and 45s
of extension at 72°C, using a DNA thermal cycler
(GeneAmp PCR system 9,700; Applied Biosystems,
Foster, CA). The last extension step at 72°C was extended
for 5min. Typically, 100 pul of reaction mixture contained
20 pmol of forward and reverse primers, 1 pl of first-strand
cDNA as a template, 20 nmol of deoxynucleotide tripho-
sphate (ANTP) mixture, 10 ul of 10x Ex Taq™ buffer and
1 unit of Ex Taq™ DNA polymerase (Takara Bio). After
reamplification with the same combination of primers, a
nested PCR was carried out using internal primers
(Table 1). The 3'-site of the cDNA was amplified using
the 3'-RACE system. The forward primer was designed
from a partial ¢cDNA sequence obtained from reverse
transcription (RT)-PCR. The reverse primer used was an
abridged universal amplification primer (AUAP).
Subsequently, the 5'-site of the cDNA was amplified with
three gene specific primers (Table 1) using a 5-RACE
system (Invitrogen). First-strand ¢cDNA was synthesized
with a primer Mj-R1, while PCR amplification was
performed with primers AUAP and Mj-R2, followed by
nested PCR with an internal primer Mj-R3. Amplified
DNA fragments were subcloned into the plasmid vector
pGEM-T Easy (Promega, Madison, WI) using E. coli strain
JM109 (Promega) as a host bacterium. Sequencing was
performed on both strands using an ABI PRISM 310
Genetic Analyzer (Applied Biosystems) after labelling the
DNA with BigDye Terminator v3.1 Cycle sequencing kit
(Applied Biosystems).

Expression of M. japonicus Alanine Racemase in
E. coli—The open reading frame region for the prawn
alanine racemase was amplified by PCR using Pfu DNA
polymerase (Stratagene, La Jolla, CA) with a forward
primer 5-GGTATTGAGGGTCGCATGACAGGAGAAAC
GACAACG-3 and a reverse primer 5-AGAGGA
GAGTTAGAGCCTCAACATGTGTATTGGAGGCTCAG-3
and the full-length ¢DNA from M. japonicus as a
template. The primers were designed to generate
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products with vector cohesive overhangs which were
shown in underline. The amplified product was ligated
into a pET32 Xa/LIC vector (EMD Chemicals, San Diego,
CA) according to the manufacturer’s protocol. This vec-
tor is designed for the expression of the recombinant
protein fused to thioredoxin, His-tag, and S-tag
sequences upstream to the cloning site. The fusion tags
have a molecular mass of 17.6 kDa. The recombinant
plasmid was transformed into E. coli strain Rosetta(DE3)
pLysS (EMD Chemicals). The transformed cells were
cultured in Luria—Bertani media at 37°C (ODggo=0.5),
and 1mM isopropyl-pB-np-thiogalactopyranoside (IPTG)
was added to the culture media to induce the expression
of prawn alanine racemase. The induction was carried
out at 25°C overnight. Bacterial cells were suspended
in 20mM Tris—HCI, pH 8.0, after harvesting by centri-
fugation at 10,000 x g for 15min at 4°C, and they were
then disrupted through sonication with an ultrasonic
homogenizer (Taitec, Saitama, Japan). The sonicated cell
solution was centrifuged at 10,000 x g for 15min at 4°C
and the supernatant was used to determine alanine
racemase activity as described below. The expression
of induced alanine racemase was detected by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS—
PAGE) using a 10% polyacrylamide gel and stained
with Coomassie brilliant blue R-250.

Preparation of Anti-Peptide Antibody for M. japonicus
Alanine Racemase and Immunoblotting—An anti-peptide
antibody that recognizes M. japonicus alanine racemase
was prepared (Scrum, Tokyo, Japan). The antigen
peptide (CSTGWSDGLSRRLSNG) was designed from
deduced amino-acid sequence of M. japonicus alanine
racemase, conjugated to keyhole limpet hemocyanin, and
injected into rabbit (Scrum). The specific anti-peptide
antiserum was purified using an affinity column binding
the antigen peptide. Immunoblot analysis was performed
with the purified anti-peptide antiserum. The super-
natant of E. coli cells expressing the recombinant protein
mentioned above was subjected to SDS-PAGE, and
the proteins were transferred to a polyvinylidene difluor-
ide membrane (Millipore, Bedford, MA). Detection was
carried out by chemiluminescence using Amersham ECL
Plus western blotting detection reagents (GE Healthcare,
Little Chalfont, UK).

Enzyme Assay—Alanine racemase activity was assayed
by determining D- and L-alanine contents with high-
performance liquid chromatography (HPLC). The reac-
tion mixture contained 100 mM Tris—HCI buffer, pH 8.5,
200mM »- or L-alanine, and enzyme solution. After
incubation for 10 min at 37°C, an aliquot of the reaction
mixture was deproteinized with 600mM perchloric
acid. Following centrifugation at 14,000 x g for 2min,
the supernatant was neutralized with 600 mM potassium
bicarbonate and centrifuged as above. The resulting
supernatant was injected into HPLC.

Alanine enantiomers were separated using an HPLC
system (Jasco, Tokyo, Japan) equipped with a chiral
column, Sumichiral OA-5000 (4.6 x 150mm; Sumika
Chemical Analysis Service, Osaka, Japan). As the
mobile phase, 1mM copper sulfate was used at a flow
rate of 1 ml/min. At an ambient temperature, - and
L-alanine eluted from the column were monitored at
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254 nm as alanine—copper complex. Enzyme activity was
calculated from the increase of p- or L-alanine.

Determination of Free p- and L-Alanine Contents in the
Muscle and Hepatopancreas of M. japonicus—To prepare
the tissue extract, the muscle or hepatopancreas of
M. japonicus was homogenized with a 10-fold excess of
8% perchloric acid. After centrifugation at 20,000 x g
for 10 min at 4°C, the supernatant was neutralized with
solid potassium bicarbonate and centrifuged again
to eliminate the pellet. Amino acids including p- and
L-alanine were derivatized with o-phthaldialdehyde
(OPA) and N-tert-butyloxycarbonyl-L-cysteine (Boc-L-
Cys) (18), and determined by the HPLC system (Jasco)
using a reversed-phase Shim-pack CLC-ODS (250 x
4.6 mm I.D.; Shimadzu, Kyoto, Japan). A mobile phase
A consisted of 50mM phosphate buffer (pH 6.5),
acetonitrile, and tetrahydrofuran (92:5:3) and a mobile
phase B consisted of the same reagents (45:50:5). A
linear gradient elution was carried out from 0% B to
73% B within 85min at a flow-rate of 0.7 ml/min at
40°C. Eluates were monitored fluorimetrically at 344
and 443nm for excitation and emission wavelength,
respectively.

Real-Time PCR Analysis—Quantification of alanine
racemase mRNA in the muscle and hepatopancreas of
the prawn was carried out by two-step RT-PCR with
a TagMan probe. First strand ¢cDNA was synthesized
from 2pg of total RNA using a High Capacity ¢cDNA
Archive kit with RT Primer mix (Applied Biosystems)
according to manufacturer’s instructions. Primers and
probes were designed using Primer Express Software
version 2.0 (Applied Biosystems). For alanine racemase,
a specific primer pair, F(5-GACCTCAGCCGTAGGAA
TGG-3')/R (5-CCAATTGCCAGGAATCTCGTA-3') and a
TagMan probe (5-FAM-AGGAACCTTGGCGGCGCCA-3')
were designed, and for 18S rRNA, a specific primer set,
F (5-CGACGGAAAGGTGTCAAGCT-3)/R (5-ATGATCC
TTCCGCAGGTTCA-3'), and a TagMan probe (5-FAM-
TCGTAACAAGGTTTCCG-3) were used (GeneBank
Accession No. AF463512). Real-Time PCR was performed
with an Mx3000P (Stratagene). Thermal cycling condi-
tions consisted of the initial steps for 2min at 50°C and
then 10min at 95°C, followed by 40 cycles of denatura-
tion at 95°C for 15s, annealing at 60°C for 1min. The
PCR mixture consisted of 10 M of each primer, 5uM
TagMan probe or TagMan universal PCR master mix
(Applied Biosystems) in a final total volume of 20 pl.

The total RNA extracted from hepatopancreas was
prepared as a standard. A calibration curve was con-
structed by measuring the levels of alanine racemase
mRNA and 18S rRNA in a serial dilution of the stan-
dard samples. 18S rRNA served as an internal positive
control and a normalizing reference for individual
variation. The result was expressed as a relative gene
expression level (alanine racemase/18S rRNA). Each
value represents the mean +SD obtained from triplicate
determinations.

RESULTS

Isolation and Sequencing of cDNA Clones—PCR-based
RACE methods involving both 3'- and 5-RACE were used
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to clone ¢cDNA encoding the full-length alanine racemase
from the muscle and hepatopancreas of M. japonicus.
Several degenerate primers were designed for RT-PCR
based on the partial amino-acid sequences of purified
P. monodon alanine racemase (32). After various trials
using a variety of combinations of primers, we finally
succeeded in obtaining a c¢DNA fragment encoding
alanine racemase by a forward primer, Pm-F1, and
a reverse primer, Pm-R1 (Table 1). For initial amplifica-
tion, PCR product was not detected on agarose gel after
electrophoresis. Thus, reamplification was carried out
under the same conditions with the same combination
of primers. Subsequently, nested PCR was performed
using the product of the second PCR as a template and
with primers Pm-F2 and Pm-R2 and ¢cDNA fragments
of about 300bp were cloned from both muscle and
hepatopancreas. The nucleotide sequences of these
clones were shown to be identical and the deduced
amino-acid sequences closely correlated with the partial
amino-acid sequences of alanine racemase isolated from
P. monodon.

To obtain information on the nucleotide sequence of
the entire coding region, 3'- and 5-RACE were performed
using gene-specific primers derived from the known
sequence in the cloned fragment (Table 1). In 3-RACE,
PCR amplification was performed with primers Mj-F1
and AUAP followed by nested PCR with an internal
primer Mj-F2. A fragment of 103bp was obtained,
sequenced, and was found to contain a 3'-site non-
coding region with a putative polyadenylation signal,
AATAA, and stop codon, TGA (Fig. 1), in addition to
a coding region of 27bp. PCR amplification of 5-RACE
was carried out with AUAP and Mj-R2 followed by
nested PCR using an internal primer Mj-R3. This yielded
a cDNA fragment of 1,371bp that was found to contain
a putative ATG start codon, a non-coding region of
459bp, and a coding region of 912bp. Altogether, the
nucleotide sequence encoding M. japonicus alanine
racemase was found to be composed of 1,798 bp, includ-
ing a 5-non-coding region of 459 bp and an open reading
flame of 1,263 bp that was followed by 62bp of 3'-non-
coding region and poly (A)* tail.

To obtain a full-length clone, PCR amplification was
also performed with primers Mj-F3 and Mj-R4 that were
designed from 5- and 3-RACE products. However,
electrophoresis of the PCR product revealed two distinct
bands on the agarose gel both for muscle and hepato-
pancreas (Fig. 2). The sequence of the larger PCR
product was identified to be a full-length cDNA sequence.
On the other hand, the smaller one had a deleted
region from 201 to 452bp in the 5-uncoding region. The
missing region was close to the start codon and contained
an estimated splice site around the 5- and 3'-ends
(Fig. 1).

Comparison of the Deduced Amino-Acid Sequence
of M. japonicus Alanine Racemase with those of other
Origins—The amino-acid sequence deduced from the
nucleotide sequence encoding M. japonicus alanine
racemase contained 421 residues with a predicted molec-
ular weight of 45,770 for a subunit of the dimeric enzyme
(32). This amino-acid sequence was almost identical to
those of six partial peptide sequences previously obtained
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from the purified P. monodon enzyme (Fig. 3). However,
some residues in the sequence were different from those
in the peptide sequences of P. monodon enzyme. This
may be the reason for the difficulty in cloning alanine
racemase cDNA from M. japonicus. However, we suc-
ceeded in cloning the ¢cDNA from M. japonicus because
the primer sequences (Pm-F1, F2 and Pm-R1, R2) that
were designed based on the P. monodon sequence were
identical to the sequence from M. japonicus. The com-
plete amino-acid sequence of M. japonicus alanine
racemase showed 24%, 31%, 28% and 23% amino-
acid identity to that of Schizosaccharomyces pombe,
Geobacillus stearothermophilus, Bacillus subtilis Alr
and Dadx, respectively.

In the studies of G. stearothermophilus alanine
racemase by X-ray crystallography (33) and site-directed
mutagenesis (34, 35), it was shown that the two basic
residues were essential for catalysis. Bound to PLP,
lysine39 is proposed to remove the o-proton from
p-alanine. Tyrosine265 is thought to remove a-hydrogen
from r-alanine. The lysine residue and others around it
are known to be well conserved in all bacterial alanine
racemases. In M. japonicus, this region also showed
similarity to yeast and bacterial enzymes (Fig. 3).
Furthermore, X-ray crystallography of G. stearothermo-
philus alanine racemase also showed that tyrosine43,
argininel36, serine204, arginine219 and tyrosine354 are
involved in binding with PLP (33). With the exception
of serine204, these residues are also conserved in
M. japonicus alanine racemase.

Expression of M. japonicus Alanine Racemase in
E. coli—The entire open reading frame of cDNA of
M. japonicus alanine racemase was isolated using
RT-PCR with primers Mj-Fs and Mj-Re. The cDNA
was inserted into pET32 Xa/LIC vector and the plasmid
was transformed into E. coli Rosetta(DE3)pLysS.
M. japonicus alanine racemase was expressed in the
presence of 1mM IPTG. The induced recombinant
protein was detected to have a molecular mass of about
62kDa by SDS-PAGE (Fig. 4). This molecular mass
was in agreement with the size of fusion protein of
M. japonicus alanine racemase. A band corresponding
to this molecular mass was also identified as alanine
racemase using immunoblot analysis (Fig. 4).

The supernatant of the E. coli cells after induction of the
enzyme with IPTG showed a significant level of alanine
racemase activity (Fig. 5C). Although the supernatant of
cells not induced with IPTG also showed a trace baseline
activity (Fig. 5B), the activity of the induced cells was
about 15-fold higher than that of non-induced cells. No
activity was detected in the control clone only carrying the
empty vector pET32 Xa/LIC (Fig. 5A).

mRNA Level of Alanine Racemase and D-Alanine
Content in the Muscle and Hepatopancreas of
M. japonicus—Following the isolation of a ¢cDNA clone
encoding alanine racemase both from the muscle and
hepatopancreas of M. japonicus, we proceeded to quan-
tify the alanine racemase mRNA in each tissue by
performing real-time PCR using TagMan probe. For
this measurement, 18S rRNA was used as an internal
reference value. To prepare the standard curve, first
strand cDNA synthesized from hepatopancreas was used
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TCGGCAGCCCGCACCAAGGCAAGAAGTGCGCCACTACAGCGTGCGAGAGGTGCTGACACA
ATTCGAGGCCAGCCAAGAAGCAATGTTTTGATATAAATCAAAACAAGGGATCGGTGTCAC
AATACATGCTTACTTCAGATGCAGAGTGAGGGTGTCGTAACTCCATCTCGCGAGGGTTGC
AAGCTCTACTAGGTAAATCAGTGTTACTGAACTGCGGACTTTCCCCGGGTGCGTTAACGT
TAAGCAAGGGAATTACGGGAGCTCTCAGTTCTTGTAATTCTTTTCATACGAAAGCTATGA
AAGTCCCTTTGCCTTCTGACCTGCCGTGAACACAGAAAGGAACTTACCTCTGCGGGAGGC
GCACCACCTGAGCTCCTCCAAAACCCAGTGCATAGTGTCAATCAAGACTGCTGTTTTCTC
TTATATCCGGCAAGAACTTTAATCCATTCAAGGAGAATCATGACAGGAGAGACGACAACC
M T G E T T T
TCCCTCAGTCCAACAGCTCGCACCGGCCCGACCAAGGCGTCTCTCCTGCCGTTGCTGGAC
s L. s p T A R T G P T K A S L L P L L D
GATGCCTTCGCGCAGCTCAAAGTGCCTTCTTTCATCCACGTGAACCTGGATGCCGTGGCC
D A F A Q L KV P S F I HV N L D A V A
CTAAATGTCGATATTCTCAAGGGTCTCTCTTCTCCTAAAACAGAAATTATGGGCGTTGTA
L N vbpD I L K 6L & S P K TE I M G V V
AAGGGCGGTGCTTACGGCTCGGGTCTTTTGCCGGTGGTTGAGGTCCTCCTCGAGAAGGGC
K 6 G A Y G S GGL L P V V E V L L E K G
GTGAGGGAATTAGCCGTTGCCACAGTCGCCGAGGGGCTGTACCTGCGGAGGCACGGGATA
vV R E L AV A T V A E G L Y L R R H G I
AATGTCCCCATCACTATTCTAGGTAACTTAGTACCATGTGAAGTGAGCGACGTGACTCAG
N v p I T I L G N L V P C E V S D V T Q
CACAACCTCATTCCGTCCCTCAGCTGGTCTCAAGCCCTGATGTCAGTTCCTCGAGAGTCT
H N L I P S L S W S Q A L M S V P R E S
TTGGTTTATCCGGATGGTTCGAGACTCAAAGTGGCCATCAACATCGACACGGGAATGTCT
L vy P D G S R L KV A I NI DT G M S
CGTTATGGCGTCCAACCCGAAGACCTCCCTGCCTTGGTCCAAGATCTGGACGACCTCGAA
R 'Yy G v. o P EDIL P AL YV Q DL DD L E
GTCACCATTTTGTCGATGTACACACACTTCCAGTCCGCCATCACGGAGAGGGAGAAGAAC
v T I L s MY T H F Q s A I T E R E K N
CAAAAACAGCTGGATCTCTTCCTTAGCGCCTCGGAACCTTACAAGTGCCGTGGCATTACT
Q K ¢ L. D L F L 8 A S E P Y K CR G I T
CGACACGTGGCTGCTACTACAGGTTGTGTTCAGGGGCTTGGGACTGACCTGGACTTCATA
R H v A A T TG CV Q G L G T D L D F I
AGACCTGGCGGAGCTATCACAGGTTTATGTTCAGGTAGCGACAAAGAAGGGACGAATCAA
R P G G A I TG UL C S G S D K E G T N Q
TTTGCAAAGAAGAGATTTCAGCCGGCGTTCTCCGTGATAGCTAGGCCTACCTTCTATAAG
F A K K R F Q P A F S V I A R P T F Y K
CTCCTGGGGGCGGGAAGACACGTCGGTTACGACGGAACGTACACAACCTCTGAAGACGAG
L L. G A G R HV G Y D G T Y T T S E D E
TGGATTGCCAACTTTAGTACTGGATGGTCTGATGGCTTGAGTCGACGTCTCAGTAATGGC
W I A N F &§ T G W S D G L S R R L S N G
GTCGGAGCGGTTAGGCGGATTAGCACAGGCGAACGTTGTCCCATAGTGGGTCGAGTATCC
v G A VR RTI S T GEUR CP I V G R V S
ATGGATTCCATCACCGTCCGCCTCCCTGAACAACCTTTACCTGACGAGGTGTTCCAGGTG
MD s I T VvV R L P E Q P L P D E V F Q V
CTCACCGACGACTATGACGAAGTGACCTCAGCCGTAGGAATGGCAAGGAACCTTGGCGGC
L T D DY D E V T S A V GMAIRNTIL G G
GCCACCTACGAGATTCCTGGCAATTGGTCCACGCGGCTGCCTCGCCTCTACACACGCAAC
A T Y E I P G N W S TR L P R L Y T R N
GGAAAGATCGTCAAGATTTATCTGAGCCTCCAATACACATGTTGAGCAGTTCTCGGGAGT
G K I v K I ¥ L s L Q Y T C ~*
GAGAACTTTATGATAATGTTAATGGTGGTTARTAATAATTGTAAACTAAAAAAAAAARA

60
120
180
240
300
360
420
480
7
540
27
600
47
660
67
720
87
780
107
840
127
900
147
960
167
1020
187
1080
207
1140
227
1200
247
1260
267
1320
287
1380
307
1440
327
1500
347
1560
367
1620
387
1680
407
1740
421
1798

253

Fig. 1. Nucleotide and deduced amino-acid sequences for
cDNA clone encoding alanine racemase from the muscle
and hepatopancreas of M. japonicus. The initiation (ATG)
and stop (TGA) codons are shown in bold. An asterisk also
indicates the stop codon. The deduced amino-acid sequences of

to assay the target and control genes. Alanine racemase
gene expression was normalized to 18S rRNA. From this,
the expression level of alanine racemase mRNA in the
hepatopancreas was found to be five times higher than
the level in muscle (Fig. 6).

Furthermore, p- and L-alanine contents were deter-
mined in each tissue. D-Alanine content in muscle
was found to be higher than that in hepatopancreas
(Fig. 7). p-Alanine in muscle accounted for 43.7% of total

Vol. 145, No. 2, 2009

421 residues are indicated in single-letter code below the
nucleotide sequence. The putative polyadenylation signal was
boxed. The deleted part found in the smaller PCR product when
tried to isolate the entire coding regions was underlined.

alanine content, and the percentage in hepatopancreas
was lower than that in muscle and calculated to be
36.5%.

DISCUSSION

This is the first report to describe the complete primary
structure of alanine racemase derived from members
of the animal kingdom. We cloned the alanine racemase
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Fig. 2. Full-length PCR products of M. japonicus alanine
racemase. First strand cDNA used as a template for PCR was
constructed from 5 pg of total RNA from hepatopancreas (lane 1)
and muscle (lane 2), respectively. RT-PCR was performed with
primers Mj-F3/Mj-R4. Electrophoresis of the PCR products
on an agarose gel showed two distinct bands. PCR product
corresponding to the full-length alanine racemase is marked
with an arrow.

gene from M. japonicus on the basis of partial amino-
acid sequences of P. monodon because of the difficulty
in obtaining and maintaining Southeast Asia-native
P. monodon in Japan. M. japonicus had formerly been
classified into the same genus as P. monodon and was
also found to contain high activity of alanine racemase
(36). The deduced amino-acid sequence of M. japonicus
alanine racemase was similar to the partial sequences
of P. monodon enzyme, suggesting a high homology in
primary structure of the enzyme between these close
relatives. As a consequence, we succeeded in isolating
the alanine racemase gene both from the muscle and
hepatopancreas of M. japonicus.

We have determined six peptide sequences of the puri-
fied enzyme from P. monodon (32). Of these sequences,
only three peptides showed homology to bacterial alanine
racemases. The comparison of the complete amino-acid
sequence of M. japonicus also showed low similarity
to bacterial enzyme sequences. However, the catalytic
residues (lysine and tyrosine) in the bacterial enzyme
as well as some residues that interact with PLP are
also conserved in alanine racemase from M. japonicus
(33-35). These data indicate that the alanine racemase
gene is conserved from bacteria at least to aquatic
crustaceans throughout a long evolutionary time scale,
taking on novel functions that differ from those of
bacterial alanine racemases.

On the other hand, some splice variants derived from
alanine racemase-encoding mRNA were also obtained
from the muscle and hepatopancreas of M. japonicus
(Fig. 2). Some splice variants in the translational region
as well as a partial deletion in the 5-uncoding region
were detected in the process of cDNA cloning (data

N. Yoshikawa et al.

not shown). These products may have arisen to regulate
the process of gene transcription and expression.
Furthermore, investigation is needed to determine if
these alternative splice variants are translated to
proteins or non-coding RNAs or immature mRNAs just
before complete splicing.

As for bacterial alanine racemase, two distinct genes
were reported in Salmonella typhimurium, Alr and
DadB (37), and E. coli, Alr and Dadx (38). Although
all of them retain the characteristic active site residues
of alanine racemase, they have different physiological
functions. The DadB alanine racemase is inductively
formed and functions in the catabolism of L-alanine (39),
while Alr provides p-alanine for the biosynthesis of
peptidoglycans (40). The homology between Alr and
DadB in S. typhimurium was shown to be 40%.
Although this homology is rather high compared to
those between alanine racemases of different bacterial
species, these genes are known to map to two differ-
ent regions on S. typhimurium chromosome (£0). The
sequence of M. japonicus alanine racemase was similar
to Alr rather than DadB or Dadx.

As mentioned above, D-alanine in prokaryotes works
as a central molecule in peptidoglycan assembly and
cross-linking. Although the content of p-alanine in sev-
eral mammalian tissues is extremely low, a relatively
large amount of p-alanine was found in the anterior
pituitary gland and pancreas of rat (22). In the anterior
pituitary gland, p-alanine level is higher in the daytime
than in the nighttime (22). p-Alanine is also localized
to insulin secreting B-cells in pancreas (41). It has
been hypothesized that p-alanine may participate in
the release or biosyntheses of some hormones that are
secreted from these tissues. However, the physiological
functions and the origin of p-alanine remain unclear.
It has further been proposed that p-alanine may be
derived from the mammalian diet and intestinal bacteria
since the mammalian biosynthetic enzyme of p-alanine
has never been found. Thus, the analysis of the prawn
alanine racemase may contribute to the discovery of the
enzyme in mammalian tissues.

In M. japonicus, the same alanine racemase gene was
detected in both muscle and hepatopancreas. The level
of alanine racemase expression was five times higher
in hepatopancreas than in muscle. This was also true of
the alanine racemase activity (data not shown). On
the other hand, the content of p-alanine was lower
in hepatopancreas than in muscle. In the muscle of
M. japonicus, p-alanine largely accumulates during high
salinity acclimation, and p-alanine is regarded as one of
the major osmolytes regulated intracellularly in relation
to the level of salinity stress. Although the role of
pD-alanine in hepatopancreas remains unclear, it is pos-
sible that p-alanine and alanine racemase perform
different specific functions in each tissue of the prawn.
Alanine racemase in hepatopancreas may have tissue-
characteristic functions such as the regulation of blood
glucose level or some hormone secretion mechanisms,
and p-alanine may be utilized in these functions without
accumulation in the tissue. Furthermore, studies will
be needed to determine the tissue-specific physiological
functions of p-alanine.

J. Biochem.
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Fig. 3. Comparison of amino-acid sequence of M. japonicus generated with Clustal W (1.83). Conserved residues are
(GenBank accession no. AB097480) shown in bold letters. The catalytic lysine and tyrosine residues

alanine racemase

with partial amino-acid sequences of P. monodon alanine
racemase, and those of Schizosaccharomyces pombe
(GenBank accession no NP588518), Geobacillus stearo-
thermophilus (GenBank accession no M19142), E. coli Alr

(GenBank accession no NP756880), and E. coli DadX M. japonicus tissues.

(GenBank accession no YP540389).
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The alignment was

were boxed. Asterisks represent the PLP-binding residues in
G. stearothermophilus. The arrows showed the primer sequences
that were constructed from the peptide sequences found in
P. monodon enzyme to obtain the cDNA fragment from
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Fig. 4. Expression of M. japonicus alanine racemase in
E. coli. SDS-PAGE (A) and immunoblotting (B) patterns of the
recombinant alanine racemase were shown. Protein induction
was performed with 1mM IPTG at 25°C for overnight. Lane 1,
uninduced whole cell lysate; lane 2, induced whole cell lysate;
M, molecular markers. The arrow indicates the induced
recombinant alanine racemase.
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D-Ala

—— L-Ala

UV absorbance at 254 nm

I L i

0 5 10 0 5 10 0 5 10

Retention time (min)

Fig. 5. Alanine racemase activity of the recombinant
protein. Homogenate of E. coli cells transformed with the
empty vector pET32 Xa/LIC was defined as the control (A).
The uninduced (B) or induced (C) bacterial cells with 1mM
IPTG were disrupted through sonication. The supernatant
fraction was used to determine alanine racemase activities.
These chromatograms show the reaction from L to b direction.
The reaction was carried out in 100 mM Tris—HCl buffer,
pH 8.5, containing 200 mM 1-Ala as the substrate for 20 min
at 37°C.
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Fig. 6. Quantification of mRNA expression of alanine
racemase in the muscle (A, white bar) and hepatopan-
creas (B, grey bar) of M. japonicus using real-time PCR.
The quantities of alanine racemase transcripts were normalized
to the 18S rRNA level. The ratio of the amount of the target to
that of the reference within the same sample was considered the
relative mRNA expression level. Bars indicate the mean and SD
of three independent measurements.
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Fig. 7. Contents of p- and rL-alanine in the muscle (A) and
hepatopancreas (B) of M. japonicus. Closed column shows
p-alanine and open column L-alanine. Values represent means
and SD of five prawns.

In conclusion, we clarified that alanine racemase gene
existed also in animal genome in addition to bacterial
one. It appears that aquatic invertebrates may utilize
p-alanine actively because they have a species-dependent
copious amount of pD-alanine in their tissues. To elucidate
the functions of alanine racemase and p-alanine, further
investigations are necessary. However, they might have
previously unrecognized unique functions in animal
kingdom. Thus, this study may be the first step toward
solving the physiological functions of alanine racemase
and p-alanine in animals.

FUNDING

This work was partly supported by Grants-in-Aid for
Scientific Research from the Ministry of Education,

J. Biochem.

2T0Z ‘8z Joquieides uo A1seAlun rinynouby euiyd ynos e /Hiosfeulnolpiolxosqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Cloning of Alanine Racemase from Kuruma Prawn

Culture,

Sports, Science and Technology of Japan

[18780161 to N.Y., 14360121 and 16380141 to H. A.].

CONFLICT OF INTEREST

None declared.

10.

11.

12.

13.

14.

15.

REFERENCES

. Wang, E. and Walsh, C.T. (1978) Suicide substrates for

the alanine racemase of Escherichia coli B. Biochemistry 17,
1313-1321

. Badet, B., Roise, D., and Walsh, C.T. (1984) Inactivation

of the dadB Salmonella typhimurium alanine racemase by
D and L isomers of B-substituted alanines: Kkinetics,
stoichiometry, active site peptide sequencing, and reaction
mechanism. Biochemistry 23, 5188-5194

. Esaki, N. and Walsh, C.T. (1986) Biosynthetic alanine

racemase of Salmonella typhimurium: purification and
characterization of the enzyme encoded by the alr gene.
Biochemistry 25, 3261-3267

. Faraci, W.S. and Walsh, C.T. (1988) Racemization of alanine

by the alanine racemase from Salmonella typhimurium and
Bacillus stearothermophilus: energetic reaction profiles.
Biochemistry 27, 3267-3276

. Hoffmann, K., Schneider-Scherzer, E., Kleinkauf, H., and

Zocher, R. (1994) Purification and characterization of
eukaryotic alanine racemase acting as key enzyme
in cyclosporine biosynthesis. <. Biol. Chem. 269,
12710-12714

. Uo, T., Yoshimura, T., Tanaka, N., Takegawa, K., and

Esaki, N. (2001) Functional characterization of alanine
racemase from Schizosaccharomyces pombe: a eucaryotic
counterpart to bacterial alanine racemase. «J. Bacteriol. 183,
2226-2233

. Schell, M.J., Molliver, M.E., and Snyder, S.H. (1995)

D-Serine, an endogenous synaptic modulator: localization
to astrocytes and glutamate-stimulated release. Proc. Natl.
Acad. Sci. USA 92, 3948-3952

. Hashimoto, A. and Oka, T. (1997) Free p-aspartate and

D-serine in the mammalian brain and periphery. Prog.
Neurobiol. 52, 325-353

. Snyder, S.H. and Kim, P.M. (2000) p-Amino acids as

putative neurotransmitters: focus on p-serine. Neurochem.
Res. 25, 553-560

Mothet, J.P., Parent, A.T., Wolosker, H., Brady, R.O. Jr.,
Linden, D.J., Ferris, C.D., Rogawski, M.A., and Snyder, S.H.
(2000) p-Serine is an endogenous ligand for the glycine
site of the N-methyl-p-aspartate receptor. Proc. Natl. Acad.
Sci. USA 97, 4926-4931

Wolosker, H., Sheth, K.N., Takahashi, M., Mothet, J.P.,
Brady, R.O. Jr., Ferris, C.D., and Snyder, S.H. (1999)
Purification of serine racemase: biosynthesis of the
neuromodulator p-serine. Proc. Natl. Acad. Sci. USA 96,
721-725

Wolosker, H., Blackshaw, S., and Snyder, S.H. (1999) Serine
racemase: a glial enzyme synthesizing D-serine to regulate
glutamate-N-methyl-p-aspartate neurotransmission. Proc.
Natl. Acad. Sci. USA 96, 13409-13414

De Miranda, J., Santoro, A., Engelender, S., and
Wolosker, H. (20000 Human serine racemase: molecular
cloning, genomic organization and functional analysis. Gene
256, 183-188

D’Aniello, A. and Giuditta, A. (1977) Identification of
pD-aspartic acid in the brain of Octopus vulgaris Lam.
J. Neurochem. 29, 1053-1057

Dunlop, D.S., Neidle, A., McHale, D., Dunlop, D.M., and
Lajtha, A. (1986) The presence of free D-aspartic acid in
rodents and man. Biochem. Biophys. Res. Commun. 142,
27-32

Vol. 145, No. 2, 2009

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

257

. Hashimoto, A., Nishikawa, T., Oka, T., and Takahashi, K.

(1993) The presence of free p-serine in rat brain. FEBS Lett.
331, 4-8

Schell, M.J., Cooper, O.B., and Snyder, S.H. (1997)
D-Aspartate localizations imply neuronal and neuroendo-
crine roles. Proc. Natl. Acad. Sci. USA 94, 2018-2113
Hashimoto, A., Kumashiro, S., Nishikawa, T., Oka, T.,
Takahashi, K., Mito, T., Takashima, S., Doi, N,
Mizutani, Y., Kaneko, T., and Otomo, E. (1993) Embryonic
development and postnatal changes in free p-aspartate and
D-serine in the human prefrontal cortex. J. Neurochem. 61,
348-351

D’Aniello, A., Di Cosmo, A., Di Cristo, C, Annunziato, L.,
Petrucelli, L., and Fisher, G. (1996) Involvement of
p-aspartic acid in the synthesis of testosterone in rat
testes. Life Sci. 59, 97-104

Furuchi, T. and Homma, H. (2005) Free p-aspartate in
mammals. Biol. Pharm. Bull. 28, 1566—1570

Abe, K., Takahashi, S., Muroki, Y., Kera, Y., and
Yamada, R. (2006) Cloning and expression of the pyridoxal
5’-phosphate-dependent aspartate racemase gene from the
bivalve mollusk Scapharca broughtonii and characterization
of the recombinant enzyme. J. Biochem. 139, 235-244
Morikawa, A., Hamase, K., and Zaitsu, K. (2003)
Determination of p-alanine in the rat central nervous
system and periphery wusing column-switching high-
performance liquid chromatography. Anal. Biochem. 312,
66-72

Abe, H., Yoshikawa, N., Sarower, MD.G., and Okada, S.
(2005) Physiological function and metabolism of free
p-alanine in aquatic animals. Biol. Pharm. Bull. 28,
1571-1577

Abe, H., Okuma, E., Amano, H., Noda, H., and
Watanabe, K. (1999) Role of free n- and L-alanine in the
Japanese mitten crab Eriocheir japonicus to intracellular
osmoregulation during downstream spawning migration.
Comp. Biochem. Physiol. 123A, 55-59

Okuma, E. and Abe, H. (1994) Total p-amino and other
free amino acids increase in the muscle of crayfish during
seawater acclimation. Comp. Biochem. Physiol. 109A,
191-197

Matsushima, O., Katayama, H., Yamada, K., and Kato, Y.
(1984) Occurrence of free p-alanine and alanine racemase
activity in bivalve molluscs with special reference to
intracellular osmoregulation. Mar. Biol. Lett. 5, 217-225
Matsushima, O. and Hayashi, Y.S. (1992) Metabolism of
D- and L-alanine and regulation of intracellular free amino
acid levels during salinity stress in a brackish-water bivalve
Corbicula japonica. Comp. Biochem. Physiol. 102A, 465-471
Okuma, E., Watanabe, K., and Abe, H. (1998) Distribution
of free p-amino acids in bivalve mollusks and the effects of
physiological conditions on the levels of p- and r-alanine
in the tissues of the hard clam Meretrix lusoria. Fish. Sci.
64, 606-611

Shibata, K., Shirasuna, K., Motegi, K., Kera, Y., Abe, H.,
and Yamada, R. (2000) Purification and properties of
alanine racemase from crayfish Procambarus clarkii.
Comp. Biochem. Physiol. 116B, 599-608

Nomura, T., Yamamoto, I., Morishita, F., Furukawa, Y., and
Matsushima, O. (2001) Purification and some properties of
alanine racemase from a bivalve mollusc Corbicula japonica.
J. Exp. Zool. 289, 1-9

Uo, T., Ueda, M., Nishiyama, T., Yoshimura, T., and
Esaki, N. (2001) Purification and characterization of alanine
racemase from hepatopancreas of Dblack-tiger prawn,
Penaeus monodon. J. Mol. Catal. 12B, 137-144
Yoshikawa, N., Dohmae, N., Takio, K., and Abe, H. (2002)
Purification, properties, and partial amino acid sequences
of alanine racemase from the muscle of the black tiger
prawn Penaeus monodon. Comp. Biochem. Physiol. 133B,
445-453

2T0Z ‘8z Joquieides uo A1seAlun rinynouby euiyd ynos e /Hiosfeulnolpiolxosqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

258

33. Shaw, J.P., Petsko, G.A., and Ringe, D. (1997) Determination
of the structure of alanine racemase from Bacillus stearo-
thermophilus at 1.9-A resolution. Biochemistry 36, 1329-1342

34. Watanabe, A., Kurokawa, T., Yoshimura, T., Kurihara, K.,
Soda, K., and Esaki, N. (1999) Role of lysine 39 of alanine
racemase from Bacillus stearothermophilus that binds
pyridoxal 5-phosphate. J. Biol. Chem. 274, 4189-4194

35. Watanabe, A., Yoshimura, T., Mikami, B., and Esaki, N.
(1999) Tyrosine 265 of alanine racemase serves as a base
abstracting o-hydrogen from 1L-alanine: the counterpart
residue to lysine 39 specific to p-alanine. J. Biochem. 126,
781-786

36. Fujita, E., Okuma, E., and Abe, H. (1997) Occurrence of
alanine racemase in crustaceans and the changes of the
properties during seawater acclimation of crayfish. Comp.
Biochem. Physiol. 116A, 83-87

37. Wasserman, S.A., Daub, E., Grisafi, P., Botstein, D., and
Walsh, C.T. (1984) Catabolic alanine racemase from

38.

39.

40.

41.

N. Yoshikawa et al.

Salmonella typhimurium: DNA sequence, enzyme purifica-
tion, and characterization. Biochemistry 25, 51825187
Wild, J., Lobocka, M., Walczak, W., and Klopotowski, T.
(1985) Identification of the dadX gene coding for the
predominant isozyme of alanine racemase in Escherichia
coli K12. Mol. Gen. Genet. 198, 315-322

Galakatos, N., Daub, E., Botstein, D., and Walsh, C.T.
(1986) Biosynthetic alr alanine racemase from Salmonella
typhimurium: DNA and protein sequence determination.
Biochemistry 25, 3255—-3260

Walsh, C.T. (1989) Enzymes in the p-alanine branch of
bacterial cell wall peptidoglycan assembly. J. Biol. Chem.
264, 2393-2396

Morikawa, A., Hamase, K., Ohgusu, T., Etoh, S,
Tanaka, H., Koshiishi, 1., Shoyama, Y., and Zaitsu, K.
(2007) Immunohistochemical localization of p-alanine to
B-cells in rat pancreas. Biochem. Biophys. Res. Commun.
355, 872-876

J. Biochem.

2T0Z ‘8z Joquieides uo A1seAlun rinynouby euiyd ynos e /Hiosfeulnolpiolxosqly/:dny woly pspeojumoq


http://jb.oxfordjournals.org/

