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Abstract Ornithine decarboxylase (ODC) antizyme is a
key regulatory protein in the control of cellular polyamines.
We have isolated two distinct ODC antizyme ¢cDNA clones
(AZS and AZL) from a flounder (Paralichthys olivaceus)
brain ¢cDNA library. Their sequences revealed that both
clones required translational frameshifting for expression.
Taking +1 frameshifting into account, AZS and AZL products
were 221 and 218 amino acid residues long, respectively,
and shared 83.3% amino acid sequence identity. Comparison
of the structure and nucleotide sequence of the antizyme
genes showed that the genes were highly conserved in
flounder, zebrafish, mouse, and human. A phylogenetic
tree was constructed, based on the antizyme amino acid
sequences from various species. The presence of the two
types of antizyme mRNA species in brain, kidney, liver, and
embryo was confirmed by using the reverse transcription-
polymerase chain reaction (RT-PCR) and Northern blot
analysis. Recombinant proteins of flounder ODC antizymes,
containing His-Nus-S tag at the amino-terminus, were
overexpressed as His-AZL and His-AZS fusion proteins in
Escherichia coli BL21 (DE3) pLys by using the pET-
44a(+) expression vector.

Key words: Ornithine decarboxylase, antizyme, polyamine,
26S proteasome, flounder (Paralichthys olivaceus)

Ornithine decarboxylase (ODC) antizyme plays an important
role in the control of intracellular levels of polyamines, such
as putrescine, spermidine, and spermine, which are essential
for cell growth, proliferation, differentiation, transformation,
and apoptosis [3, 4, 34]. ODC is one of the most highly
regulated enzymes [8] and has a short half-life. The enzyme
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is downregulated by polyamines [31], which exert the
most effective repression via antizyme [3]. Antizyme is an
ODC inhibitory protein that is induced by a polyamine-
dependent frameshift mechanism [26]. Antizyme binds to
ODC and targets to rapid ubiquitin-independent degradation
catalyzed by the 26S proteasome [6, 30], possibly after
a conformational change in the ODC subunit [3, 29].
Antizyme is the only known non-ubiquitin signal for a
substrate of the proteasome [24]. Another function of
antizyme is to suppress cellular uptake of polyamines [27,
33]. These dual functions of antizyme effectively prevent
an excessive accumulation of cellular polyamines.
Antizyme expression is regulated at the translational level
by a polyamine-stimulated ribosomal frameshifting [3,
26]. Synthesis of antizyme requires translational frameshifting,
resulting in bypassing a stop codon located shortly downstream
of the initiation codon of open reading frame 1 (ORF1)
[26]. The amino-terminal portion is encoded by open
reading frame 1 (ORF1), and the remainder is encoded
by the overlapping ORF2 in the +1 reading frame. High
concentration of polyamines converts the ribosome from
its original reading frame to the +1 frame to encode a
second ORF and synthesizes a completely functional antizyme
protein. Translation experiments in vitro showed that the
frameshifting is stimulated by polyamines [10]. Antizyme
binds to ODC subunits to form enzymatically inactive
heterodimers [25]. The affinity of antizyme to ODC subunits
is higher than that of ODC subunits to each other. Therefore,
interaction between antizyme and ODC subunits results in
the inactivation of ODC enzyme and the degradation of
ODC subunits [24, 30]. Antizyme cDNA species and genes
have been cloned from various sources, including Homo
sapiens [10, 35}, Mus musculus [12], Drosophila melanogaster
[26], Danio rerio |32], Xenopus laevis [9], Gallus gallus
[51, and Rattus norvegicus [28], and all these antizymes
require translational frameshifting for their synthesis.
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Table 1. Primers used in this study.

Primer Nucleotide sequence

Remark

AZ-F

AZS-R 5-ACTCTGCCGTTGGCAGGG-3'

AZL-R 5-ATCCCACTGTATCGTCTTGGTAA-3'
AZS-F1 5-ATGGTTAAATCTAACCTTCAG-3'
AZL-F1 5-GATGGCGAATTTGAGTAGCG-3'
AZS-R1 5-GGATACCCGGTCTCAC-3'

AZL-R1 5'-CTCGAGGGGCTGTCCAGAG-3'
AZS-F2 5'-GGATCCATGGTTAAATCTAACCTTC-3'
AZL-F2 5-GTCGACATATGGTAAAATCCACC-3'
AZS-R2 5'-CTCGAGGTCGTCATCAGAGGG-3'
AZL-R2 5-CTCGAGCTCTTCGTCCGAAGAG-3'

5-GGGCCTC(T/G)GTGGTGCTCCTGATG-3'
LT7 5'-TTGTAATACGACTCACTATAGGGC-3'

Probe for antizyme, Forward

T7 modified primer

Probe for AZS, Reverse

Probe for AZL, Reverse

AZS RT-PCR, Forward

AZL RT-PCR, Forward

AZS RT-PCR, Reverse

AZL RT-PCR, Reverse

AZS expression (BamH I), Forward
AZL expression (Sall), Forward
AZS expression (Xhol), Reverse
AZL expression (Xhol), Reverse

Zebrafish has two different types of antizyme: Antizyme
small form (AZS) and antizyme large form (AZL). Two
zebrafish antizymes have different expression and activities
[32]. However, the knowledge of the molecular structure
of antizyme in the marine fishes is extremely limited. Also,
the nature of the two antizymes in these fishes and their
roles in the control of the polyamine pathway are still
unclear. Flounder (Paralichthys olivaceus), one of the
most evolved teleosts, is a commercially important marine
aquaculture species in Korea, and has been used for
molecular levels study on various functional genes [2, 13,
21, 23]. Recently, a cDNA coding for flounder ODC was
cloned, and its genetic characteristics and tissue expression
have been reported [22].

In the present study, we isolated cDNAs encoding
antizyme cDNA from flounder, identified the flounder
AZS (GenBank accession number, AY257551) and AZL
(GenBank accession number, AY257552) ¢cDNAs from
adult flounder, and characterized its expressions in adult
tissues. These data are expected to provide a wider base
of knowledge on the primary structure of antizyme at the
molecular level and on functional diversity.

MATERIALS AND METHODS

RNA Isolation and ¢cDNA Library Construction

Mature flounders (P. olivaceus) were purchased from a
nearby fish market, and ten brain glands from both sexes
were collected. Total RNA was isolated with a TRIzol
reagent (Invitrogen, Carlsbad, U.S.A.). The RNA pellet
was washed with 70% ethanol, dried, and dissolved in
DEPC-treated water. Poly(A) RNA was isolated with a
Micro-FastTrack™ 2.0 Kit (Invitrogen, Carlsbad, U.S.A.).
The quantity of RNA was determined by measuring
O.D. at 260 nm. The construction of the brain ¢cDNA
library was performed, using a ZAP-cDNA® Synthesis
Kit (Stratagene, La Jolla, U.S.A.). The resulting library

contained approximately 1x10° clones, and the library was
then amplified up to 3x10°/ml.

Screening of ODC Antizyme ¢cDNAs and DNA Sequencing
Conserved nucleotide sequences of vertebrate ODC antizymes
were searched using the National Center for Biotechnology
Information (NCBI) nucleotide and protein sequence
database, and used for designing oligonucleotide primers.
Oligonucleotide primers used in this study are summarized
in Table 1. Oligonucleotide degeneracy primers for probe
preparation for screening antizymes were synthesized at
GenoTech (Taejeon, Korea). The probe used for screening
ODC antizymes was amplified by PCR, using upstream
(AZ-F) and downstream (AZS-R for AZS; AZL-R for AZL)
primers, and labeled with a DIG (digoxigenin) oligonucleotide
3-end labeling kit (Roche, Mannheim, Germany). The
main PCR program consisted of 30 cycles at 94°C for
30 sec, 60°C for 30 sec, and 72°C for 30 sec. Approximately,
1x10’ plaques from the cDNA library were screened with
the above probe. Positive plaques recovered from the first
screening were further confirmed by the second screening
(1, 14, 15,16, 17, 18]. Positive plaques were recovered
from the second screening, and the phagemid containing
the insert was excised according to the manufacturer’s
instructions (Stratagene, La Jolla, U.S.A.). The excised
phagemid was sequenced by using an ABI PRISM™
DNA sequencing kit (Applied Biosystems, Foster, U.S.A.)
and determined with ABI 377 Genetic Analyzer according
to the manufacturer’s instructions (Applied Biosystems,
Fostercity, U.S.A.).

Comparative Sequence Analysis of Flounder ODC
Antizymes

To examine the molecular evolution of ODC antizymes,
the following vertebrate ODC antizyme sequences were
imported from the SwissProt databank/GenBank: Homo
sapiens AZ1 (human AZ2, NP004143), H. sapiens AZ2
(human AZ2, 095190), H. sapiens AZ3 (human AZ3,



NMO016178), Mus musculus AZI (house mouse AZI,
ABO83045), M. musculus AZ2 (house mouse AZ2,
NMO010952), M. musculus AZ3 (house mouse AZ3,
NMO016901), Rattus norvegicus (Norway rat, NM139081),
Gallus gallus (chicken, AAC97533), Xenopus laevis (African
clawed frog, BAA06867), Danio rerio AZS (zebrafish
AZS, ABO17117), D. rerio AZL (zebrafish AZL, AB017118),
Paralichthys olivaceus AZS (flounder, AY257551 in this
study), and P. olivaceus AZL (flounder, AY257552 in this
study). The nucleotide sequences were analyzed by using
the program BLAST (http://www.ncbi.nlm.nih.gov/BLAST).
A multiple sequence alignment was conducted, using
the program Clustal W (http://www.ebi.ac.uk/clustalw),
and sequence identities were calculated, using GeneDoc
(http://www.psc.edu/biomed/genedoc). A phylogenetic tree
was constructed, by the neighbor-joining (NJ) method,
using the program Treecon [7, 36, 37] for the amino acid
sequences of ODC antizymes from H. sapiens, M. musculus,
R. norvegicus, G. gallus, X. laevis, D. rerio, and P. olivaceus.

Reverse Transcription-Polymerase Chain Reaction (RT-
PCR)

In order to perform RT-PCR, total RNA was isolated from
brain, kidney, muscle, liver, and embryo from mature
flounder (N=10; size, 45 cm=10 cm; body weight, 900 g+
300 g; 3 years old). The Titan™ one-tube RT-PCR system
(Roche, Mannheim, Germany) was used. Master mix 1
contained 0.2 mM dNTPs, 5 mM dithiothreitol, 50 pmol of
upstream (AZS-Fl; AZL-F1: Table 1) and downstream
(AZS-R1; AZL-RI: Table 1) primers, template RNA, and
5 U of Rnase inhibitor. Master mix 2 consisted of 5x
RT-PCR buffer and enzyme mix. Mix 1 and mix 2 were
added to a 0.2-ml thin-walled PCR tube on ice. Then, the
sample was placed in a thermocycler (Applied Biosystems,
GeneAmp PCR system 2400) and incubated for 1 h at
50°C for reverse transcription followed by thermocycling.
A temperature profile was on prereaction at 94°C for
5 min; 30 cycling reactions at 94°C for 40 sec, annealing
temperature 65°C for 30 sec, and extension temperature
72°C for 1 min, and finally 7 min extension at 72°C. The
temperature profile of flounder AZS was the same as the
AZL profile, except for the annealing temperature at 52°C.

Northern Blot Analysis

Total RNA was isolated from brain, liver, kidney, and
embryo tissues. Five mg each of total RNA was separated
by electrophoresis on a 1.5% formaldehyde gel. Denaturing
gel loading mixture (RNA sample, 5x formaldehyde gel
running buffer, 3.5 ul of 37% formaldehyde, 10l of
formamide, and water to 20 pul) was made and incubated
at 65°C for 15 min. After incubation, the mixture was
rapidly cooled down on ice, and 2 pl of formaldehyde gel-
loading dye (50% glycerol, 5 mM EDTA, pH 8.0, 0.25%
bromophenol blue and xylene cyanol) were added to the

FLOUNDER ODC ANTIZYMES 323

mixture. Electrophoresis was performed by using 1.5%
formaldehyde gel in 1x MEA buffer {0.1 M MOPS [3-(N-
morpholino)-propanesul fonic acid] pH 7.0, 40 mM sodium
acetate, 5 mM EDTA, pH 8.0}. Then, the gel was transferred
to 20x SSC (DEPC treated) and incubated for 15 min
twice, RNA was transferred to a NC membrane, using
a capillary transfer method, and cross-linked by using
a UV cross-linker with preset condition (1,200 uJ/cm® at
254 nm). Hybridization and detection were performed
as described on DIG labeling and detection kit manuals
(Boehringer Mannheim, Germany).

Overexpression of ODC Antizyme Genes in E. coli

In order to express the ODC antizyme genes, the cloned
antizyme ¢cDNAs were subcloned into pGEM-T vector
(Promega) by PCR, using a pair of oligonucleotides (AZS-
F2 and AZS-R2 for AZS; AZL-F2 and AZL-R2 for AZL:
Table 1), and the resulting plasmids were digested with
BamHI and Xhol for AZS, and Sall and Xhol for AZL.
Then, the excised fragment was ligated into pET-44a(+)
expression vector (Novagen). The pET-44a(+) expression
vector allows expression of a recombinant protein with an
N-terminal fusion His-Nus-S tag. The resulting plasmids,
pET-44a(+)-AZS and -AZL, were transformed into the E.
coli strain BL21 (DE3) pLys. The cells harboring the ODC
antizyme genes were cultured in LB medium (containing
50 ug/ml ampicillin) and induced by adding final concentration
of 1 mM IPTG (isopropyl-B-D-thiogalactopyranoside) at a
cell density corresponding to OD,,=0.5. Expressed proteins
were analyzed by 12% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) according to Laemmli
[19].

RESULTS AND DISCUSSION

Fishes are the largest and most diverse group of vertebrates.
Their evolutionary position relative to other vertebrates
and their ability to adapt to a wide variety of environments
make them ideal for studying both organism and molecular
evolution. ODC is a key enzyme in the biosynthesis of
polyamines, as it regulates intracellular concentrations
of polyamines, which are essential for cell growth and
function. Recently, a cDNA coding for flounder ODC has
been discovered, and its genetic characteristics and tissue
expression were reported [22]. Antizymes effectively prevent
an excessive accumulation of cellular polyamines by catalyzing
degradation of ODC and by suppressing cellular uptake of
polyamines. Antizymes have been shown to consist of an
ancient gene family. Representatives with conserved structural,
functional, and regulatory features are present from fungi
to mammals [11]. Within vertebrate species, multiple isoforms
are found, and human has at least four, mouse has three,
and zebrafish has two antizymes.
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In order to identify the ODC antizyme genes from
flounder, degenerate oligonucleotide primers, encoding parts
of the conserved domains, were prepared and used to produce
a probe by using a flounder brain cDNA library, which was
constructed by using a A ZAP-II ¢cDNA Synthesis Kit.
Conserved nucleotide sequences of ODC antizymes were
determined, using the NCBI nucleotide and protein sequence
database, and the degeneracy primers were synthesized for
the preparation of the probe for ODC antizymes screening.
Using AZ-F and LT7 primers (Table 1), we have amplified
two types of PCR products, using a flounder brain cDNA
library as a template. Two PCR products, about 1,120 bp
and 1,620 bp, were sequenced and turned out to be
representing ODC antizyme gene sequences. However, there
are some sequence differences between the two cDNA
fragments, suggesting that flounder may have two different
types of ODC antizyme genes. The probes used for screening
two ODC antizymes were amplified by PCR, using upstream
(AZ-F) and downstream (AZS-R for AZS; AZL-R for AZL)

A ORF1 Stop codon
100 bp
B
GCA GCEAGCTECTGTTAC & 0
AZS-F1 (R’P—PCR) »
ATGOPTAANTCTAAC TCTTTICT A Ak 20

1 HVKSNLQTILHRHCFVRBKERNLTE](PVIE

CAGTCX PCCAGTCC TGTTGCAGTAACCC 220
n Q@SS HETESESTI S SPRRCSHECCSNPCPG P L W

AZ-F {Probe,

TG X X TICAGCTARGCTATTCTA 310
[ C 8

DAPLPPLEIPGGR®GND QRDRNLSAEKLTFY
" AE*R Probe,

jiu CTEGTTC X TCTPECTCTT ACOTCGCTTGGAAGG 400

91 S D A QL L VLEEPPTPA E GRVYRFLLFEPRRLTES® G

AGCAARGACAG 490

TPTACGTCE 3

= RLCV¥RAALEGG GEHRLYYV E I P PG A L PEGSKDS
TPIOGCCOTCC ACAGGCTGATCACGTC GCC ATC 580

pL:38 FALLLEFRAREEQLQADHVYVFPICFERSRDDRZEAS

w

CCTCCTACGTACRTTCAGTTICC D6C A TICTTCATGGC 670

181 LLRTFSFLGEGPETIVRPGEHSP L V P 5 R P D AFF KA
FTACAGCATC AACGCTGAGCAGTTACARAC TITGATCCATACACAC 760

a1 YSIERDSSDDD »

AAATCTRC TATTATTCAAGTTC TGAGGT TCCTT! TTGACCTTTACCTC 850
CCACGPGCTETETTTC 7 ATATACC) AAGCAGCCCACATA v 940
TRGTTCL PICCTCCTCAGCCTCCCACCCOOECCEEECCeT( o 1030
ACCTCCAC ANPTCAMATTCATCATAC TCATG 1120
™ TTTTTARRTGTGTGCATGATTTC PTTA) TGATAAGA 1°10
AANTANA AAAAARAARARARA 1278

Fig. 1. (A) Structural location of flounder AZS cDNA. 5-UTR
indicates 5'-untranslated region, and 3'-UTR is the 3'-untranslated
region. (B) Nucleotide and deduced amino acid sequences of the
c¢DNA encoding flounder AZS.

The nucleotide sequence is numbered to the right and the amino acid
sequence to the left. The asterisk indicates the stop codon. The potential
initiator codons are underlined. The polyadenylation signal (AATAAA) is
underlined. The AZS nucleotide sequence has accession number AY257551
in the GenBank database.

primers. Using the probes made with both PCR products,
approximately 1x10° plaques were screened and several
positive clones were obtained, and their nucleotide sequences
were analyzed. After DNA sequence analysis, we identified
two types of flounder ODC antizymes; antizyme small
form (AZS) and antizyme large form (AZL).

The nucleotide and deduced amino acid sequences of
cloned AZS ¢DNA (GenBank accession number AY257551)
are shown in Fig. 1. The flounder AZS gene has 1,274 bp,
including an open reading frame and 5'- and 3'-untranslated
regions. The AZS cDNA consists of 40 bp of 5'-untranslated
region (UTR), 663 bp of a coding region, encoding 221
amino acid residues, and 571 bp of 3'-UTR, followed by a
poly(A) sequence. The 3'-UTR contains polyadenylation
signals (attaaa). The nucleotide and deduced amino acid
sequences of cloned AZL cDNA (GenBank accession number
AY257552) are shown in Fig. 2. The flounder AZL gene

A ORF1 Stop codon
5UTR
AZL ORF 1 IUTR 100 bp
AZL ORF 2 I———-—*——-
L. i
+1 frameshifting ORF2 Stop codon
B
GCACGAGCTCETRCCGAAT 6T 46 6
KTGGTAAAATCCARCCTCCAGCGGATOC PGOTIPGCTCR AAGAAGGAAAACAGCAGCCTCCCACCACGATARCE 188
1 ¥ VESN¥LQRILNSHCFAREEKEGEQQPPT™TIEHZS
ALY WP‘&R) AZ-F (Prabe)
AT ATGATCGGAATITETCCCTOCAC GCOOCCCATRR CTCAGTRETECTCCTEA 243

3 NLSSGICDHIGHLSLHCSSTRGPGPQHCS'

D
OO TCCCACCOCTGARGATCC ACACGCGATCACACTCCTTCAGE 338

61APLPPLKIPGGRGNGTRDHTPSARP!YSDQ

ZL-]
AARGTTGAC AGCAGGOAACGHTCECCCTOGOATACTCCACTTTCANTCACATCTCACTETT TACA 425
886 KL TVTEEPRGHNGRPGILHFQSHLTY?EKTIQ

CTAAGCAACRGCTOTCT CTCTTGACTCTCTCCCTRARGEC TICGCAGCTCT 515
2, ¥DAVELSHESSLYVEIPLDSLPEGSGSEKESTFHARL

o) CGA GTC TCCTTT AR 605
181 LEYAKEHLKVVSVFVCFYKNRDDRAKLVR’!‘

CTICAGTPICCTEOG 1600 TIICT ARTTTTGA 695
181 FSFLGFEIVKPGHALVPPRPDVFFHAYNFD
ZL-R: (RT-PCR
0RGGACTCTTOGGAC YCC CCTCCACCCCATCCTCACTAC TATTOCOCTCC TETTTAC 783

21 RDSSDEE-»

CTACCCTGTCCCAGTTTATCCATCTGCACCCAGCATCS "CCCTCAGCTTTAGCTCTCTGAATGCATGAAGTATTCAACCCOCC ars
CCCCCCC

TTTTTAT CTGPTCCCATCATCTATCTITGTGTATTT TGFTIT 965
CATTCAAGATTGAT ACCTAA TPITTTTEGACTTIGATCACATIGCAGT TCETTGT 1088
CTTATTTCCAT CAGTC TTTGTTTATTTCC A TAATTTCT Ay 1345

AR PIIACACTCTSOTACIC TCTTTTGGAT TC CARACACT 1235
TARRCGTACATTCAGCGOGACE TIGTTT TGATACCCTTTT RTTAGTATTTTTARAACTTTACGCTTGAGCGAC 1328
AGCOCCA TICATAGCGGAATACTGARTCCATTTAGKS ATACTGTTCCACGTGTIGET 418

TICGAGAY iy AAGOGRAN ATCCAARGTAC TCTTTCTGCCATGTATATCTGAC 1508
AMTATTGTAGTGTTTIGTTT AAPGPTGCTGTGAATGGATTTTTTT TTICTTTTTRICATTITTTGAT ATTCCTT 1893
PTCAACTTTTTGTTTTICATGATA ATTTTTCACCTSC CTIGTIEIGCC ACAAACAA 1685
ARCAAAARAAAAAAAARRRAA 1706

Fig. 2. (A) Structural location of flounder AZL cDNA. 5'-UTR
indicates 5'-untranslated region, and 3'-UTR is the 3-untranslated
region. (B) Nucleotide and deduced amino acid sequences of the
cDNA encoding flounder AZL.

The nucleotide sequence is numbered to the right and the amino acid
sequence to the left. The asterisk indicates the stop codon. The potential
initiator codons are underlined. The polyadenylation signal (AATAAA) is
underlined. The AZL nucleotide sequence has accession number AY257552
in the GenBank database.



A
P. olivaceus AZS GGGCCUCUGUGGUGCUCC UGA UGCCCCUCU
P. olivaceus AZL GGGCCUCAGUEGUGCUCC UGA UGCCCCUCU
D. rerio AZS GGGCCUCUGUGGUGUUCC UGA UGUCCCUCU
D. rerio AZL GGGCCUCUGUGGUGCUCC UGA UGCCCCUCA
M. musculus AZ1 GGGCCUCGGUGGUGCUCC UGA UGUCCCUCA
M. musculus AZ2 GGGCCUCUGUGGUGCUCC UGA UGCCCCUCA
H. sapiens AZ1 GGGCCUCGGUGGUGCUCC UGA UGCCCCUCA
H. sapiens AZZ2 GGGCCUCUGUGGUGCUCC UGA UGCCCCUCA
M. musculus AZ3 UCCUGCCUCCAGUGCUCC UGA -GUCCCUAG
H. sapiens AZ3 UCCUGCCUCCAGUGCUCC UGA -GUCCCUAG
Frameshift
l} AAC % c
AC . C
/ Y
AAGA A /
et ARCGA A
fe) c~G
U C~
c Cu v C~g
c. AG c C
c-G ¢ c_.__A"™NG
c-G c-G c
ay A c6
A
c-G C AU
cG ¢ cG C
c-G
c-G
u ¢ C c-G
-G u ¢ ©C
A
U-A c-G
G U-a
Cc-G G
¢ A e v
UCCRGAIGECEG AT vccyeavecae A
P. olivaceus AZS P. olivaceus AZL

Fig. 3. Comparison of mRNA sequence around the frameshift site.
(A) Comparison of the nucleotide sequences of the frameshift sites of
different antizyme genes. (B) Comparison of the potential pseudoknots 3'
adjacent to the shift site of flounder AZS and AZL mRNAs.
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has 1,706 bp encoding 218 amino acid residues. The
AZL cDNA consists of 65bp of 5-untranslated region
(UTR), 654 bp of a coding region, and 987 bp of 3'-UTR,
followed by a poly(A) sequence. Also, the 3'-UTR contains
polyadenylation signals (attaaa).

Flounder antizyme sequences were compared to the
antizyme mRNA sequences of human, house mouse, and
zebrafish. As shown in Fig. 3, nucleotides necessary for
frameshifting and formation of the pseudoknot structure
were highly conserved, implying that a ribosomal frameshift
occurs during translation of all these antizyme mRNA
species. The first AUGs would initiate translation of an
ORF (ORF1) that overlaps the longer downstream ORF
(ORF2), such that a +1 translational frameshifting event in
the overlap would generate a protein product analogous to
the products of antizyme genes from higher eukaryotes.
Furthermore, the last 13 nucleotides of ORF1 (G UGG
UGC UCC UGA) are identical to the last 13 nucleotides of
antizymes (house mouse AZ/, human AZ/, house mouse
AZ2, human AZ2, and zebrafish AZL) ORFls, including
the frameshift site (except zebrafish AZS, house mouse
AZ3, and human AZ3) (Fig. 3).

The amino acid sequence identity was calculated, using
Genedoc program [20]. Comparison of the flounder ODC

H. sapiens AZl MVKSSLQRILNSHCFAREKEGDKPSATIHASRTMPLLSLHSRGGSSSESS~-~~— RVSLHCCSNPGPGPRWCS DAPHPPLKIPGGRGNSQ 85
M., musculus AZl MVKSSLQRILNSHCFAREKEGDKRSATLHASRTMPLLSQHSRGGCSSESS ~———— RVALNCCSNLGPGPRWCS CVPHPPLKIPGGRGNSQ 85
Rattus norvegicus MVKSSLORILNSHCFAREKEGDKRSATLHASRTMPLLSQHSRGGCSSESS ~~~-~RVALHCCSNLGPGPRWCS DVPHPPLKIPGGRGNSQ 85

G. gallus MVKSSLORILNSHCFAREKEGNKS—~-—~— TIMPAVLSLST----GQSSS—----RVPFNCCSNLGPGPRWCS DVPHPPLKIPGGRGNSQ 75
X. laevis MVKSSLORILNSHCFAREKEGNKR = = == NDAMPLLSIPS~-~-SSESS-----RASFNCCSNLGPGPRWCS DVPHPPLKIPGGRGNSQ 75
D. rerio AZS MVKSNLQTILNSHCEFVREKESNI P oo oo oo o o DVPLPPLKIPGGRGNDQ 72
P. olivaceus AZS MVKSNLQTILNRHCFVREKERNLT--——-——- DAPLPPLKIPGGRGNDQ 79
D. rerio AZL MVKSNLQRILNSHCFAREKEGKKQC DAPHPPLKIPGGRGNGA 17
P. olivaceus AZL MVKSNLQRILNSHCFAREKEGKQQ=~~==-—— DAPLPPLKIPGGRGNGT 76
H. sapiens AZ2 MINTQDSSILP-——-——————~———-——m——m—m e DAPHPLSKIPGGRGGG— 48
M. musculus AZ2 MINTQDSSILP- DAPHPLSKIPGGRGGG— 48
H. sapiens AZ3 MLPRCYKSTT YKo oo o oo o e - — e ESL~~~VGLQEGKSTEQ 42
M. musculus AZ3 MLPCCYKSITYK ——— ESL---GGLQVGRSTAQ 52
*
H. sapiens AZl RDHNLSANLFYSDDRLNVTEELT SNDKTRILNVQSRLTDAKRINWRTVLSGGSLYIEIPGGALPEGSKDSFAVLLEFAEEQLRADHVFIC 176
M. musculus AZl RDHSLSASILYSDERLNVTEEPT~SNDKTRVLSIQSTLTEAKQVIWRAVWSGGGLY IELPAGPLPEGSKDSFAALLEFAEEQLQADHVEIC 176
Rattus norvegicus RDHSLSASILYSDERLNVTEEPT-SNDKTRVLSIQCTLTEAKQVTWRAVWNGGGLY IELPAGPLPEGSKDSFAALLEFAEEQLRADHVFIC 176
G. gallus RDHENLSANLEYSDNRLNVTEELT-SNNRTRILNVQSRLTDAKHISWRAVLNNNNLYIEIPSGALPEGSKDSFAVLLEFAEEQLQVDHVEIC 166
X. laevis RDHNLSANLFYSDNRLNITEELT~SNNRTRILNVQSSLTDGKQVSWRAVLNNNNLYIEIPSGTLPDGSKDSFAILLEYAEEQLQVDHVFIC 166
D. rerio AZS RDHSLSAKLFYSDAQLLVLEEAPQSNSRVRFLLFERRCSVSKHLVWRGALKGTNLYIEIPTGVLPEGSKDSFSLLLEFAEEKLQVDHVEIC 164
P, olivaceus AZS RDRNLSAKLFYSDAQLLVLEEPPPANGRVRFLLFEPRRLEGKLCVWRAALEGGNLYVEIPPGALPEGSKDSFALLLEFAEEQLQADHRVFEIC 171
D. rerio AZL RDHPSTTQTLYSDRKLTVTEEPA-GPGRPQILHFQSRPAAARLIQWEAVLRGDGLFVEI PCEPFPDGSKESFISLLEFAEEHLKVVSVEVC 168
P. olivaceus AZL RDHTPSARPIYSDQKLTVTEEPA-GNGRPGILHFPQSHLTVTKTIQWDAVLSNSSLYVEIPLDSLPEGSKESFAALLEYAEEHLKVVSVEVC 167
H. sapiens AZ2 RDPSLSA-LIYKDEKLTVTQDLPVNDGKPHIVHFQYEVTEVKVSSWDAVLSSQSLEVEIPDGLLADGSKEGLLALLEFAEEKMKVNYVEIC 139
M. musculus AZ2 RDPSLSA-LIYKDEKLTVTQDLPVNDGKPHIVHFQYEVTEVKVSSWDAVLSSQSLFVEIPDGLLADGSKEGLLALLEFAEEKMKVNYVEIC 139
H. sapiens AZ3 G~NHDQLKELY SAGNLTVLATDPLLHQDPVQLDFHFRLTSQT SAHWHGLLCDRRLFLDIPYQALDQGNRESLTATLEYVEEKTNVDSVEVN 134
M. musculus AZ3 EKDHSQLKELYSAGNLTVLSTDPLLHQDPVQLDFHFRLTPHSSAHWHGLLCDHRLFLDIPYQALDQGNRESLTATLEYVEEKTNVDSVFVN 144
* *
H. sapiens AZ1 FHKNREDRAALLRTFSFLGFETVREPGHPLYPKRPDACFMAYT FERESSGEEEE 228
M. musculus AZl FPKNREDRAALLRTFSFLGFEIVRPGHPLVPKRPDACFMYYTLEREDPGEE D= o ot o e 227
Rattus norvegicus FHKNRDDRAALLRTFSFLGFEIVRPGHPLVPKRPDACFMAYTFERDSSEEE 216
G. gallus FHKNRDDRAMLLRTFRFLGFEIVIPGHPLVPKRPDACFMAYTFERDSSDED 216
X. laevis FHKSRDDRASLLRTFSFMGFEIVRPGHPLVPTRPDAFFMAYRIERDSDGDE-——~— 214
D. rerio AZS FHKSRDDRASLLRTFSFLGFEIVRPGHPLVPSRPDAFFMAYSTIERDS SDD D o o o o o e i e e e e e 221
P. olivaceus AZS FYKNREDRVKLVRTFSFLGFEMVKPGHALVPARPDVLEMAYNFDRDSSDED:! e 218
D. rerio AZL FYKNRDDRAKLVRTFSFLGFE IVKPGHALVPPRPDVFFMAYNFDRDSSDEE 217
P. olivaceus AZL FYKNRDDRAKLVRTFSFLGFEIVKPGHALVPPRPDVEFMAYNFDRDSSDEE 217
H, sapiens AZ2 FRKGREDRAPLLKTFSFLGFEIVRPGHPCVPSRPDVMEMYVYPLDONLSDED-———= ===~ —m == e e e m e 189
M. musculus AZ2 FRKGREDRAPLLKTFSFLGFEIVRPGHPCVPSRPDVMEMVY PLDQNLSDED -~ -~ === == - — - —— oo m oo oo 189
H. sapiens AZ3 FONDRNDRGALLRAFSYMGFEVVRPDHPALPPLDNVIFMVYPLERDVGHLPSEPP - 187
M. musculus AZ3 195

Fig. 4. Multiple alignment of the deduced amino acid sequences of flounder ODC

FQIDRKDRGALLRAFSYMGFEVVRPDHPALPPWDNVIFMVYPLERDLGHPGQ

* L P R TS PR e *x

sequences, taken from GenBank; the accession numbers are given in the text.
Amino acid residues that are identical in the ODC antizymes are marked with an asterisk.

antizymes with known ODC antizyme protein
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antizymes with other species is shown in Fig. 4. The flounder
antizymes have high similarity in amino acid residues with
other species, having greater than 50% sequence identity.
By this analysis, flounder AZS shows 78.8% and 54.1%
sequence identity with zebrafish AZS and AZL, respectively.
Also, flounder AZL shows 56.6% and 73.1% sequence identity
with zebrafish AZS and AZL, respectively. Both mammalian
AZ] and zebrafish AZS have the activity of binding to ODC
and show acceleration of ODC degradation. However, both
mammalian AZ2 and zebrafish AZL show only the activity
of binding to ODC, but do not have the activity of
accelerating ODC degradation, at least in vitro [32, 38].

A molecular phylogenetic tree of the vertebrate antizymes
is shown in Fig. 5. It shows the evolutionary divergence of
the ODC genes of zebrafish, frog, house mouse, Norway
rat, chicken, and human. The flounder ODC antizyme

X. luevis

957
G gallus
H. sapiens AZ}

967
M. musculus AZI

1000

R. rattus

g P, 0liviscens AZS

1000
D. rerio AZS
1600
P, olivaceus AZL
1000
D. rerio AZL
1 985 r M. musculus AZ2
1000
“ H. sapiens AZ2
] 933
—— M. musculsu AZ3
1000
0.1 b [, sapicns AZ3

Fig. 5. A molecular phylogenetic tree of ODC antizyme, based
on the NJ method.

The values shown on each internal branch are the percentage support
determined from a bootstrap analysis with 1,000 replications.

proteins are related to the zebrafish ODC antizymes more
closely than to the human ODC antizymes, as reflected
in the sequence identity. Phylogenetic analysis could not
clearly separate same orthologs among AZI, AZ2, AZS, and
AZL. However, the results of this study provide phylogenic
evidence on the antizymes, which may be essential for
understanding the molecular evolution of this gene in
vertebrates.

A comparison of the amino acid sequence of vertebrate
ODC antizymes indicated that the flounder ODC antizymes,
AZL and AZS, and those of other species are highly
conserved. Flounder antizymes are similar to each other in
many regards. They have a significant sequence homology
(83.3% identity and 88.2% similarity). Potential internal
initiators are located at codon 26 of AZS mRNA (Fig. 1)
and at codons 29 and 39 of AZL mRNA (Fig. 2). It has
been established that AZS plays an important role in
regulating in vivo polyamine levels; AZS binds to ODC
and accelerate ODC degradation. On the other hand, AZL
does not accelerate ODC degradation [3]. The details of
this regulation are not fully understood.

The tissue distribution of the flounder ODC antizyme
genes was investigated by RT-PCR, using total RNA
isolated from flounder tissues as template. As shown in
Fig. 6, an approximately 600 bp DNA fragment was amplified

I kb —p

500 bp — e

Fig. 6. Pattern of expression detected by RT-PCR analysis of
AZS (A) and AZL (B).

M indicates DNA molecular size marker; lane 1, total RNA template for
RT-PCR isolated from flounder brain; lane 2, liver; lane 3, kidney; lane 4,
embryo.



AZS

AZL

Fig. 7. Northern blot analysis of antizyme mRNA species.
Each lane was loaded with total RNA (5 pg). B indicates brain; L, liver; K,
kidney; E, embryo.

from all total RNAs extracted from the brain, liver, kidney,
and embryo tissues. RT-PCR provided evidence for the
expression of both AZS and AZL genes. Thus, the DNA
banding patterns resulting from both flounder AZS and
AZL mRNAs have a wide tissue distribution in flounder.

Also, as shown in Fig. 7, the tissue-specific expression
of AZS and AZL genes was confirmed by Northern blot
analysis. The result of Northern blotting provided evidence
for the expression of ODC antizymes in tissues from the
flounder brain, liver, kidney, and embryo. Northern blot
analysis showed that two antizymes were expressed in all
tissues investigated, but mMRNA expression was more strongly
detected in AZS than that of AZL. Thus, both flounder AZS
and AZL mRNAs have a wide tissue distribution, but AZL
mRNA is less abundant. The flounder ODC antizyme genes
were expressed in all tissues examined, indicating that the
flounder ODC mRNA has a wide tissue distribution [22].

To express the flounder ODC antizyme genes in a
prokaryotic system, each of AZS and AZL genes was
subcloned into pET-44a(+) expression vector, which allows
expression of recombinant protein with N-terminal fusion
His-Nus-S tag. The resulting plasmids, pET-44a(+)-AZS
and pET-44a(+)-AZL, were transformed into E. coli BL
21(DE3) pLys strain, respectively, the expression of the
recombinant protein was induced by the addition of IPTG,
and the expression patterns of the AZL and AZS genes were
analyzed by using SDS-PAGE. As shown in Fig. 8, the
optimal induction of a recombinant AZL and AZS protein
was achieved at 1 h after IPTG induction. Furthermore, the
molecular masses of the expressed His-AZS and His-AZL
fusion proteins turned out to be approximately 69 kDa and
70 kDa, respectively: The pET-44a(+) expression vector has
an N-terminal fusion tag (about 62kDa for AZS and
63 kDa for AZL).

In conclusion, our study provides phylogenic information
on the ODC antizyme that is essential for understanding
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A
M 1 2 3 4 5 C
116.0 kDa
66.2 kDa —»
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35.0kDa ~—»
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AZS
B
C 1 2 3 4 5 M
= 116.0 kDa
< 66.2 kDa
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Fig. 8. Analysis of the expressed proteins, using SDS-PAGE of
His-AZS (A) and His-AZL (B).

M indicates protein molecular size markers; C, proteins from uninduced
cell extracts of BL 21 (DE3) pLys. Lanes 1- 35, proteins from induced cell
extracts 0, 10, 30, 60, and 120 min after IPTG induction, respectively.

the molecular evolution of this enzyme’s gene in vertebrates.
It may be necessary to conduct a comparative analysis of
the structure, expression, and function of the ODC antizyme
gene in order to elucidate the mechanism responsible for
controlling the polyamine biosynthetic pathway and the
intracellular polyamine concentrations. Fishes are the most
primitive vertebrates, and genetic information obtained
from fish can reveal the origin and diversion of genes with
a similar function in other organisms. Observations and
genetic manipulations of the flounder ODC antizymes
make this species a very useful model for studying the
mechanism of polyamine participation in the ODC regulation
system during development.
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