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Ornithine decarboxylase antizyme is a protein that participates
in the regulation of cellular polyamine levels. In this study we
have isolated and sequenced the mouse gene encoding antizyme
protein. Transfection of various cell lines with a 5.5 kb genomic
fragment containing the antizyme locus resulted in the production
of a 29 kDa antizyme protein, confirming that this locus con-
tained a functional gene. Comparison of the mouse gene with the
corresponding rat gene [Miyazaki, Matsufuji and Hayashi, (1992)
Gene 113, 191-197] revealed an identical exon/intron organiza-
tion and high level of nucleotide sequence conservation that was
899, for the entire transcription unit. Protein-coding regions of
the two genes exhibited 97 %, nucleotide sequence identity and

there were only four amino acid differences between the 227-
residue antizyme protein sequences of the mouse and rat. The
promoter of the antizyme gene was functional in mouse (N2A
and NIH/3T3) and hamster (CHO) cell lines. The presence of
0.1 mM spermidine in culture medium increased the amount
of immunoreactive antizyme protein in cells transfected with
the antizyme gene or antizyme cDNA, possibly owing to
facilitated frameshifting in the translation of antizyme mRNA.
Recombinant antizyme protein was also produced in Escherichia
coli and used to raise specific polyclonal antibodies in rabbits and
to devise immunological methods for the measurement of
antizyme concentration.

INTRODUCTION

The polyamines spermidine and spermine, and their precursor
putrescine, are ubiquitous components of mammalian cells. They
play important roles in cell proliferation and differentiation as
well as in neoplasia [1,2]. Cellular polyamine levels are tightly
controlled, and ornithine decarboxylase (ODC; EC 4.1.1.17) is
one of the key regulatory enzymes in the biosynthesis of
polyamines [3]. Antizyme protein, in turn, has at least two
known functions in the regulation of cellular polyamine con-
centrations. First, it binds to ODC and inhibits enzymic activity
and recruits this protein for degradation in the 26 S proteasome
[4,5], and secondly, it represses polyamine uptake [6,7]. In
contrast, elevated polyamine levels stimulate the production of
antizyme protein [8] that is, at least in part, due to translational
frameshifting of antizyme mRNA, which is facilitated by poly-
amines [9-11].

Eukaryotic cells also contain a specific inhibitor for antizyme
protein, the physiological function of which remains to be
elucidated. This inhibitor binds very tightly to antizyme protein
and bears a high degree of amino acid sequence similarity to
ODC [12]. Moreover, antizyme seems to have important bio-
logical functions unrelated to the regulation of polyamine
metabolism. For example, antizyme protein might be involved in
the regulation of degradation of short-lived proteins other than
ODC [13,14], and a Drosophila gene encoding an antizyme-like
protein, the gutfeeling protein, is required for proper development
of the embryonic peripheral nervous system [15]. In the present
study we have elucidated the organization and the sequence of
the mouse antizyme gene as the first step towards achieving
genetic tools to understand better the regulation and functions of

this intriguing gene and the encoded protein. During the course
of these experiments we also developed a relatively convenient
immunosorbent assay to quantify antizyme protein from bio-
logical samples.

EXPERIMENTAL

Isolation and sequencing of mouse antizyme cDNA and the
chromosomal gene

Mouse antizyme cDNA was isolated from poly(A)" RNA of
mouse hepatoma cells (BW-1 cells) by reverse transcriptase—PCR.
The forward (5-CGGAATTCATGGTGAAATCCTCCCTG-
CA-3") and reverse (5-CGGAATTCCTAGTCCTCCTCACC-
CGGGTCCTC-3") primers contained EcoRI restriction sites at
the 5" ends and corresponded to the sequences at the beginning
and the end of the open reading frame (ORF) of rat antizyme
mRNA [16]. The PCR product was subcloned into the EcoR1I site
of pGEM-3Z (Promega, Madison, WI, U.S.A.) and sequenced.

Mouse genomic library (129SVJ; Stratagene, La Jolla, CA,
U.S.A.) was screened with ?*P-labelled antizyme cDNA as the
probe, under standard conditions [17]. Three positive clones were
identified and plaque-purified; phage DNA was isolated and
purified [18] and analysed by restriction enzyme digestion as well
as by Southern blotting with **P-labelled antizyme cDNA as the
probe. Restriction enzyme mapping and partial nucleotide
sequencing revealed that two of the three genomic clones
corresponded to intronless antizyme pseudogene sequence(s),
whereas the third (designated gAZ-1) contained exonic and
intronic sequences. A 5.5kb EcoRI fragment of gAZ-1 was
subcloned into the EcoRI site of pPGEM-3Z; the resulting plasmid
was termed pGEM-gAZ. The 5.5 kb insert was digested with
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various restriction enzymes, and the cleaved fragments were
subcloned into pGEM-3Z for nucleotide sequencing.

DNA sequencing was performed with Pharmacia ALFexpress
sequencing system (Pharmacia Biotech, Uppsala, Sweden) with
universal and specific primers. For both antizyme cDNA and
gAZ-1, sequencing was performed on both strands.

cDNA expression constructs

The EcoRlI site at the 3" end of antizyme cDNA was replaced by
a Sall site by PCR, and the resulting 685 bp EcoRI-Sall
fragment of antizyme cDNA containing the entire protein-
coding region was cloned into the corresponding site of
pcDNA3.1 vector (Invitrogen, San Diego, CA, U.S.A.). This
construct was termed pcDNA3.1-wtAZ. An expression vector
containing the specific in-frame mutation (pcDNA3.1-ifmAZ)
was assembled by using site-directed mutagenesis with PCR [19].
In this in-frame mutant construct, the T at position 205 was
deleted, which resulted in the conversion of the in-frame stop
codon (UGA) to a UGG codon. As a consequence, translation
of the entire sequence coding for wild-type antizyme protein
(residues 1-227) was possible without the need for frameshifting
[9,10]. A fragment of antizyme cDNA coding for the N-terminal
region until the in-frame stop codon (residues 1-68, termed here
ORF1) was made by PCR with EcoRI and Sall restriction sites
at the 5- and 3’-ends respectively and cloned into the cor-
responding site of pcDNA3.1. The resulting expression vector
was termed pcDNA3.1-ORF1.

Cell culture and transfection

NIH/3T3 (mouse fibroblasts) and CHO (Chinese hamster ovary)
cells were purchased from American Type Culture Collection
(Rockville, MD, U.S.A.), and N2A cells (mouse neuroblastoma)
were kindly provided by Dr. Eero Castrén (University of Kuopio,
Kuopio, Finland). The cells were grown in Dulbecco’s modified
Eagle’s medium containing 10 9%, (v/v) fetal bovine serum (CHO
and N2A cells) or calf serum (NIH/3T3 cells) with 1 mM
aminoguanidine [20]. Tissue culture dishes (60 mm; 10° cells per
dish) were transfected by the calcium phosphate precipitation
method with 10 g of plasmid DNA (pGEM-3Z, pGEM-gAZ,
pcDNA3.1, pcDNA3.1-wtAZ, pcDNA3.1-ifmAZ or pcDNA3.1-
ORF1). The precipitates were removed 24 h after transfection
and the cells were provided with fresh medium with or without
0.1 mM spermidine. The cells were harvested 24 h later and
soluble extracts were prepared for measurement of antizyme
production.

Production of antizyme proteins in Escherichia coli

The in-frame mutant antizyme cDNA sequence was used to
express the wild-type antizyme protein. A 684 bp fragment with
Sphl-Sall sites was cloned into the corresponding site of pQE-30
vector (Qiagen, Hilden, Germany), and the His,-tagged full-
length antizyme protein was expressed in E. coli strain M15
(Qiagen). The expressed protein was purified from bacterial cells
by Ni**-nitrilotriacetic acid affinity chromatography. Briefly,
cells from a 1 litre culture were collected by centrifugation and
broken by sonication in 50ml of 50mM Tris/HCI
(pH 8.0)/0.3 M NaCl/2 mM 2-mercaptoethanol. The sonicate
was clarified by centrifugation at 40000 g and the supernatant
was incubated with 2 ml of Ni*"-nitrilotriacetic acid matrix for
60 min at 4 °C with continuous rotation. The matrix was washed
successively with sonication buffer containing 0.1 %, (v/v) Tween-
80 alone, or together with 1 M NaCl and 40 mM imidazole. The
His,-tagged antizyme protein was released from the matrix with

elution buffer composed of 250 mM imidazole, 50 mM Tris/HCI,
pH 8.0, and 0.19, Tween-80. Fractions (1 ml) were collected;
those with the highest concentration of antizyme were pooled.
Purified antizyme protein was used for raising antibodies in
rabbits (50 ug of protein per immunization at intervals of 4
weeks) and as a standard in the ELISA for antizyme. Sequences
containing separately the two ORFs of antizyme, ORF1 (amino
acid residues 1-68) and ORF2 (amino acid residues 69-227),
were cloned as EcoRI-Sall fragments into the corresponding site
of pGEX-5X-1 vector (Pharmacia Biotech); the resulting GST
fusion proteins were expressed in E. coli strain BL21 (DE3).
GST-ORF1 and GST-ORF2 proteins were purified by
glutathione-Sepharose (Pharmacia Biotech) affinity chromato-
graphy, and 2 mg of purified fusion proteins was immobilized on
HiTrap N-hydroxysuccinimide-activated Sepharose (Pharmacia
Biotech) columns (1 ml) in accordance with the manufacturer’s
instructions. These matrices were used for the purification of
ORF1- and ORF2-specific antibodies respectively. Portions
of ORF1- and ORF2-specific antibodies were biotinylated
with sulpho-succinimidyl-6-(biotinamino)-hexanoate (Pierce,
Rockford, IL, U.S.A.) in accordance with the manufacturer’s
instructions. ORF1-specific antibodies recognized GST-fmAZ
and GST-ORF1 proteins, but not GST-ORF2 protein on
immunoblots, whereas ORF2-specific antibodies detected GST—
ifmAZ and GST-ORF2 proteins, but not GST-ORF1 protein.

ELISA of antizyme protein

To establish a specific method for measurement of wild-type
antizyme protein concentration, ORF1-specific antibodies
(3 ug/ml, 100 p1/well) were used for coating of Cliniplate micro-
titer plates (Labsystems, Helsinki, Finland) and biotinylated
ORF2-specific antibodies (1 ug/ml, 100 x1/well) as the secondary
antibody. Biotinylated antibodies were detected with avidin—
horseradish peroxidase conjugate (0.1 ug/ml, 100 ul per well;
Pierce) with 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulphonic
acid) as the substrate.

Cultured cells were washed twice with PBS [150 mM
NaCl/10 mM sodium phosphate (pH 7.4)] and collected in 1 ml
of ice-cold PBS containing 2 mM EDTA/0.4 mM PMSF/0.02
unit/ml aprotinin. The cells were centrifuged for 5 min at 320 g
and resuspended in 150 xl of the same buffer. The cells were lysed
on ice by the addition of 150 ul of ice-cold lysis buffer [final
concentrations: 0.1 M Tris/HCL, pH 7.4, 1 M NaCl, 19, (v/v)
Nonidet P40, 10 mM putrescine and protease inhibitors] and the
incubation was continued on ice for 30 min. Then 750 zl of ice-
cold 39, (w/v) BSA in PBS with protease inhibitors was added
and the samples were vortex-mixed and clarified by centrifugation
for 5 min at 14000 g. Aliquots from the clear supernatant were
applied to a microtitre plate (100 ul per well). His,-tagged
antizyme protein standard was diluted in buffer with the same
composition as that present in cell extracts and was used in the
concentration range 0.02-2 ng/ml, 100 xl per well.

Values in ELISA that exceeded the mean blank signal by 3
S.D. were regarded as positive. The sensitivity of the antizyme-
specific ELISA was 20 pg/ml and the linear measurement range
was 20-200 pg/ml. When ORF1-specific antibodies were used
for both coating and detection (biotinylated ORF1 antibodies)
the sensitivity of the assay was about one-tenth of that obtained
with the combined use of ORF1- and ORF2-specific antibodies
as delineated above.

Immunoblotting

Soluble cell extracts were prepared and diluted in 39, (w/v)
BSA/PBS buffer as described for ELISA of antizyme protein.
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Figure 1

Organization and nucleotide sequence of the mouse antizyme gene and deduced amino acid sequence

Upper panel: organization of the gene. Exon and intron sequences are specified by boxes and solid lines respectively, and the protein coding parts in the exons are shaded. The length of the
EcoRI—EcoRI fragment was 5.5 kb; the region depicted by dots in front of the 3" £coRlI site was not sequenced. 5'UTR and 3’UTR refer to 5’- and 3’-untranslated regions respectively. Lower
panel: nucleotide sequence of the antizyme gene. Exons and introns are depicted in bold and regular characters respectively. The amino acid sequence is written under the transcribed nucleotide
sequence with single-letter codes for amino acids. In the sequence given, the + 1 frameshift is predicted to take place and yield the 227-residue antizyme protein. The stop codons at the frameshift
site and the end of the protein-coding region are underlined and marked with asterisks. Three potential polyadenylation signals (AATAAA) are underlined with a bold line. Putative DNA motifs for
binding of transcriptional regulatory proteins are depicted as follows: c-Myc—Max protein complex (double underlining), Sp1 (single line) and RelA (dotted line).

Samples (1 ml) of diluted cell extracts were incubated overnight
at 4 °C with 1 ug of ORF1- or ORF2-specific antibodies and
20 pl of Protein A—Sepharose (Pharmacia Biotech). Resin-bound
protein was collected by centrifugation and the matrix was
washed once with 2 ml of PBS containing 0.05 9%, Tween-20. The
samples were separated by SDS/PAGE with Tris/glycine [21] or
Tris/Tricine [22] buffer systems. Proteins were transferred to
Immobilon-P filters (Millipore, Bedford, MA, U.S.A.) and
antizyme protein was detected by biotinylated ORF1- or ORF2-
specific antibodies (0.5 ug/ml) and avidin—horseradish peroxi-
dase (2.0 ug/ml). The filters were stained with diaminobenzidine
(Sigma, St. Louis, MO, U.S.A.) as the substrate.

Other methods

ODC activity was determined essentially as described by Jinne
and Williams-Ashman [23]. Extracts from mouse lymphocytic
leukaemia cell line L1210 were used as the source of ODC. One
unit of ODC activity was defined as the amount of enzyme
catalysing the release of 1nmol of CO, from L-ornithine in

60 min at 37 °C. One unit of antizyme activity was defined as the
amount of protein inhibiting one unit of ODC activity. Protein
concentration was determined with Bio-Rad (Richmond, CA,
U.S.A.) protein assay reagents.

RESULTS
Organization of the mouse antizyme gene

Screening a mouse genomic DNA library with antizyme cDNA
revealed that, in addition to the active antizyme gene, the mouse
genome contains at least one intronless antizyme pseudogene
that was, however, not characterized any further. The entire
mouse antizyme gene was contained within a 5.5 kb EcoRI
fragment, all of which was sequenced except the end of the 3'-
flanking region (Figure 1). Exon/intron organizations of the
mouse and rat antizyme genes were identical (Figure 1, upper
panel) [16], and exon 5 of the mouse gene also had three
polyadenylation signals. Comparison of the mouse (Figure 1,
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PEELEETE e by e e b iy r e bbb bbb e et beert bererere ve brerre e rrnei
CAAACACGCIGGGGCCGGGATTCTCCTATCGCCAACTAATCATCAACGGAAACCTTCTGTCTGTCTTTTTACTCTCGCCAATCAGAAGCCGGAGTAGGTGG

GACGCATTTGGTTTTTC. . TGGGCTGCCACTGTGGCCCCACCCCATTCCTCCGTCGCCTCACGCTCCTGCGTTTACGCCTGCGTGTGGGGGCGTGGCCTG
RN NN N N A N NN N NN N A N N R R RN RN R RN AR RN RN RN AR NN RN

GACGCATTTGGITTTTCCTTGGGCTGCCACTGTGGCCCCACCCCGTTCCTCCGTCGCCTCACACTGCTGCGTTTACGCCTGCGTGTGGGGGCGTGGCCTG
CAGTGACGACGCATATAAAAGTGGGCGTCGGCGCCGGCGCCATTTTGCGAACGGCGAGCAGCGGCGGCGGCGCGGGAAGTGCAGCGGAGGTTTTTGCTGG

RN RN R R N NN NN N RN AN RN R NN N AR RN RN RN R RN R RN AR R RN AR RN R AR RN N RN ER AR N R RN
CCGTGACGACGCATATARAAGTGGGCGTCGGCGCCGGCGCCATTTTGCGAACGGCGAGCAGCGGCGGCGGCGCGGGAAGTGCAGCGGAGGTTTTTGCTGG

Figure 2 Comparison of promoter regions of the rat and mouse antizyme genes

The BESTFIT program [24] was used to compare rat (upper row, [16]) and mouse (lower row) 5" flanking sequences. The comparison was made from the transcription start site (depicted by
an asterisk) to nt —1200 of the mouse sequence. Potential binding sites for Sp1 transcription factor are framed. The TATA box and the sequence element for a putative RelA-binding site in the
mouse sequence are identified by single and double lines respectively.

lower panel) and rat [16] sequences indicated that they are very element (CACGTG) was found approx. 1.3 kb upstream of the

highly conserved: 89 9, sequence identity was calculated by the start site of transcription (— 1366/ — 1379 ; Figure 1, lower panel).

BESTFIT program [24] for the entire transcription unit, from the A long repetitive element is present in the mouse 5-flanking

start site of transcription to the third polyadenylation signal. region, between nt —1185 and —1292, and it contains 39 GA
Proximal promoters of rodent antizyme genes were also dinucleotide repeats.

extremely well conserved and exhibited over 909, sequence

identity up to nt —400 of the mouse gene, after which there were
several dissimilarities, insertions and deletions in both sequences,
between the two promoters (Figure 2). The promoter region

Comparison of nucleotide and deduced amino acid sequences of
antizyme between different species

contained a TATA box sequence (present 24 nt from the tran- There is a 979, nt sequence identity between mouse and rat
scription start site) along with several DNA motifs, some of antizyme cDNA species (Figure 3). Comparison of mouse (this
which were shared between the mouse and rat promoters, such as study), rat [16], human [25] and Xenopus [26] antizyme mRNA
those for Spl (—226, —284, —366) and RelA (—126) binding. sequences revealed that nucleotides necessary for frameshifting
A number of other potential transcription factor-binding sites and the formation of the pseudoknot structure (nt 193-269) were

were also detected. For example, a potential c-Myc/Max-binding highly conserved (Figure 3), implying that a ribosomal frameshift
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95

mouse  ..... ATGGT GAAATCCTCC CTGCAGCGGA TCCTCAACAG CCACTGCTTC GCCAGAGAGA AGGAAGGGGA CAAACGCAGC GCCACGCTTC ACGCCAGCCG

Xenopus

mouse

rat = mo-mmommms mmmmmmmoo s mmmem—m s —mmm—m e e

human

Xenopus AATAGGCTGA ATATAACAGA ----- TT--A --CA--A--- G------

Tee
T---A-A-A-

TGCTGTAGTA

CT-===CC-C —========= - Commmmm e
-T-TT-C---

p\&li CTTTCAG CTAGCATCCT GTACTCCGAC

-- ==-A-T-AT- C-==-===-- T
—————— ATT-AT- TTATTCTGAT
395
CCTGAGCATC CAGTCCACGC TCACGGAGGC CAAGCAGGTC ACCTGGAGGG

_________________ G- - i z
T--C-A-G-- ----A--C-- ---A-GCA-T -A----C-AA

AA- A--C-ATG-- --A--A-GT- TGACAGATGG CAAGCA-GTG -GT----- A-
495

mouse CGGTGTGGAG TGGTGGTGGC CTCTACATCG AGCTCCCAGC TGGACCTCTG CCTGAGGGCA GTAAGGACAG TTTTGCAGCT CTCCTAGAGT TCGCAGAGGA

rat = —--mm--eo B mmmmmmmmmm e e o G-===-m - A--A---- - Cmmmmmmmm oo oo T e e
human -A---CT--- - C--CG-G--- —====G----
Xenopus -T---CTAA- CAA-AACAA- --------A- ---TA----A ----- T==== = C--A----= ——----- AT- --A--G--A-

mouse GCAACTCCAG GCTGACCACG TTTTCATCTG CTTCCCCAAG AACCGTGAGG ACAGAGCCGC CCTACTCCGA ACCTTCAGCT TTCTTGGCTT

rat -==G----G- --C------= —---———-om o
human -=--G--G-GA -C=== - —
Xenopus ------ T--A —C==T===== e —Am———

mouse AGACCCGGGC ATCCCCTTGT CCCCAAGAGA CCCGACGCTT

R, Y

ACCCGGGTGA GGAGGACTAG

rat = -=-=-===-= =======CGT -=-=-===-= m--ooo—o—— e mmm e Gmmm mmmmmmmm s mmm—mmmmem oo
human  ----- G==== -=- == -= CTT--=-A-- ------ GG--TAG
Xenopus -T---T--A- -========= —==T-—-=-= —=A--T--—= ———-T----C CTT-T-A--- A--TT-G.

Figure 3 Alignment of the cDNA sequences for mouse, rat, human and frog antizyme

The mouse antizyme sequence is used as the reference, and only nucleotides different from those in the mouse sequence are indicated (—, identical nucleotide; dot, a gap in the nucleotide sequence).
The initiation (ATG) and stop (TAG) codons are underlined. The conserved pseudoknot structure is highlighted and framed. The arrow identifies the T at nt 205 that was deleted when the expression

vector for the in-frame mutant antizyme was assembled.

50
mouse MVKSSLQRIL NSHCFAREKE GDKRSATLHA SRTMPLLSQH SRGGCSSESS
rat
human -==P---I-- L- S
Kdkdkkkk kkkkkkkkkk kkkkkkokkok 100
mouse RVALNCCSNL GPGPRWCSDV PHPPLKIPGG RGNSQRDHSL SASILYSDER
rat H
human S P A N- --NLF---D-
150
mouse LNVTEEPTSN DKTRVLSIQS TLTEAKQVTW RAVWSGGGLY IELPAGPLPE
rat (o} N
human ------ L--- ---- I-NV-- R--D--RIN- -T-L---§-- --I-G-A---
200
mouse GSKDSFAALL EFAEEQLOAD HVFICFPKNR EDRAALLRTF SFLGFEIVRP
rat R
human V- R H
228
mouse GHPLVPKRPD ACFMVYTLER EDPGEED*
rat *
human ------=--= ———- A--F-- -SS---EE*

Figure 4 Comparison of the deduced amino acid sequences for mouse, rat
and human antizyme proteins

The mouse sequence is used as the reference for comparisons. The deduced amino acid
sequence is written with the assumption that +1 frameshift occurs in each species. Only
residues different from the mouse sequence are shown, with the conserved and non-conserved
changes in regular and bold typefaces respectively (—, identical residue). Amino acids encoded
by the pseudoknot structure are identified by the string of asterisks above the mouse sequence.

occurs in the translation of all these antizyme mRNA species. In
contrast, comparison with E. coli antizyme showed no sequence
similarity.

Comparison of mouse and rat antizyme protein sequences
showed 989, amino acid sequence identity, with only four
residues out of 227 being different (Figure 4). In addition, only
one of the four differences was a non-conservative substitution.
There were 35 differences between mouse and human antizyme
proteins, of which 20 were non-conservative substitutions. More-

over, the human sequence contains 228 amino acid residues, as
opposed to 227 residues in the mouse and rat antizyme protein
(Figure 4). If this sequence conservation proves to have any
bearing on functional characteristics, then the regions 1-120 and
150-210 of antizyme proteins are the most important domains of
the molecule.

Expression of mouse antizyme protein in E. coli

Antizyme cDNA was generated by reverse transcriptase-PCR
with mRNA from a mouse hepatoma cell line (BW-1 cells) as the
starting material. The first ORF of mouse antizyme cDNA
(ORFT1, residues 1-68) terminates at codon 69 (TGA) from the
first ATG. To produce a full-length antizyme (molecular mass
29 kDa), the T at nt 205 was deleted, which removed the stop
codon from the end of ORF1. In the terminology of this paper,
ORF?2 stands for the region from the stop codon of ORFI
(nt 206) to nt 685 (the stop codon) and includes amino acid
residues 69-227 of antizyme protein.

Mouse antizyme protein with an N-terminal His, tag was
expressed in E. coli by using the frame-shifted mutant antizyme
cDNA. The expressed protein was purified to homogeneity by
Ni?*-affinity chromatography and appeared as a single band with
a molecular mass of 31.5 kDa when analysed by SDS/PAGE
(results not shown). The purified protein inhibited ODC activity
with a specific activity of 1.1 x10% units/mg of protein.
Recombinant antizyme protein was subsequently used to raise
antibodies in rabbits and to establish a specific ELISA for the
measurement of antizyme protein concentration from biological
samples, as described in detail in the Experimental section.

Expression of the mouse antizyme gene in transfected cells

To test the authenticity of the isolated antizyme gene, CHO,
N2A and NIH/3T3 cells were transfected with the pPGEM-gAZ
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Table 1
lines

Transient expression of the mouse antizyme gene in various cell

The indicated cell lines were transfected with pGEM-gAZ (10 zg of DNA) and grown in the
absence (—) or presence (4 ) of 0.1 mM spermidine. The antizyme concentration in the cells
was determined by ELISA (see the Experimental section). The results are expressed as
means + S.E.M. for three (N2A cells) independent experiments or as mean values of two (CHO
and NIH/3T3 cells) independent experiments, performed and assayed in triplicate.

Antizyme content  Stimulation by spermidine

Cell line  Construct ~ Spermidine  (pg/mg of protein) (% of control)
N2A pGEM — 59+5 100
+ 168 +27 285
pGEM-gAZ  — 255+ 63 100
+ 482+10 189
CHO pGEM — 52 100
+ 316 608
pGEM-gAZ  — 621 100
+ 1460 235
NIH/3T3  pGEM — 40 100
+ 78 195
pGEM-gAZ  — 5150 100
+ 5880 114
1 2
101
83 —
50.6 -
35.5-
29.1 —
20.9—

Figure 5
cells

Immunoblot analysis of antizyme protein expressed in NIH/3T3

The cells were transfected with pGEM (lane 1) or pGEM-gAZ (lane 2). Antizyme protein was
immunoprecipitated from cell extracts with ORF1- and ORF2-specific antibodies (see the
Experimental section). The proteins were separated by SDS/PAGE and transferred to Immobilon-
P filters; the antizyme protein was then detected by using biotinylated ORF1- and ORF2-specific
antibodies.

construct, along with an empty plasmid as control, and antizyme
protein concentration was measured by ELISA specific for
antizyme. Antizyme concentration in these cell lines before
transfection was in the range of 50 pg/mg of protein (Table 1).
Expression of the transfected antizyme gene increased the amount
of immunoreactive antizyme protein by 4.3—129-fold, depending
on the cell line, with the expression being highest in NIH/3T3
cells (Table 1). The presence of spermidine (0.1 mM) in the
culture medium increased antizyme concentration 2—6-fold in
non-transfected cells, whereas the increase was somewhat smaller
in cells transfected with the antizyme gene (Table 1). In particular,
only a marginal increase in response to spermidine was seen in
NIH/3T3 cells for reasons currently unknown.

One main band with a molecular mass of 29 kDa was detected
on immunoblots from extracts of NIH/3T3 cells transfected with
the antizyme gene (Figure 5). There was also another, much
weaker, immunoreactive band at approx. 31 kDa. We do not
know whether this heterogeneity has any bearing on the use of
two different AUG codons in antizyme mRNA as translation
initiation codons [9,10]. A mixture of ORF1- and ORF2-specific
antibodies was used to generate the results shown in Figure 5.

Table 2 Transient expression of various antizyme cDNA forms in N2A cells

N2A cells were transfected with various antizyme c¢DNA constructs in pcDNA3.1 vector
containing the CMV promoter. The cells were grown in the absence (—) or presence (+) of
0.1 mM spermidine. The antizyme concentration of the cells was determined by ELISA (see the
Experimental section). The results are expressed as means 4+ S.E.M. for three independent
experiments performed and assayed in triplicate.

Antizyme concentration

DNA construct Spermidine (ng/mg of protein)
pcDNA3.1 (vector alone) — 0.034 +0.002
pcDNA3.1-0RF1 — 0.04440.011
pcDNA3.1-wtAZ — 0.608 £ 0.231

+ 1.99+40.276
pcDNA3.1-ifmAZ — 16.2+1.99

Identical results were obtained by using only ORF1- or ORF2-
specific antibodies (results not shown).

To gain more insight into the nature of antizyme promoter and
the efficacy of frameshifting in transfected cells, N2A cells were
also transfected with antizyme cDNA constructs in pcDNA3.1
vector driven by the human cytomegalovirus (CMV) promoter.
Transfection with pcDNA3.1-wtAZ yielded an 18-fold increase
in antizyme concentration, and provided that transfection
efficiencies were similar, the CMV promoter was 2-3-fold
stronger than the native antizyme promoter present in pGEM-
gAZ construct (compare Tables 1 and 2). Spermidine (0.1 mM)
in the culture medium increased antizyme production by 3.3-
fold, a magnitude similar to that in N2A cells transfected with
antizyme gene sequences (pGEM-gAZ). When the frameshift
was introduced into antizyme cDNA (pcDNA3.1-ifmAZ con-
struct), the expression level of antizyme protein was 27- or 8-fold
higher than that achieved by transfection with pcDNA3.1-wtAZ
in the absence or presence of 0.1 mM spermidine respectively
(Table 2).

Immunoreactive antizyme concentration was not significantly
increased when a vector encoding only ORF1 was used in these
experiments (Table 2). Furthermore no signal over background
was detected from these samples even when ELISA was
performed by using ORF1-specific antibodies for coating and
biotinylated ORF1-specific antibodies for detection (results not
shown).

DISCUSSION

The mouse antizyme gene is organized in a fashion identical with
the corresponding rat gene, and the encoded proteins are
remarkably well conserved. In fact, the conservation of antizyme
protein sequence between different species is as good as or better
than that of ODC [27] or S-adenosylmethionine decarboxylase
[28], two key enzymes in polyamine biosynthesis. The proximal
promoters of mouse and rat antizyme genes were also highly
similar. These findings are interpreted as meaning that the
antizyme gene encodes a biologically important protein, the
regulation of which at different levels is controlled by conserved
mechanisms.

The natural antizyme gene was used for transfections of
various cell lines to examine whether its promoter is functional
and strong enough to support antizyme production in transfected
cells. Antizyme concentration was significantly elevated in all
three cell lines tested, indicating that the cloned gene represents
the authentic and functional mouse antizyme gene. The fact that
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the gene was driven by its own promoter in different cell types of
hamster (CHO) and mouse (NIH/3T3 and N2A) origin might
reflect the conserved structure of the antizyme promoter. The
significance and function of various putative DNA motifs for
transcription factor binding and of the long repetitive sequence
in the 5’-flanking region remain to be elucidated.

Full-length antizyme with an N-terminal His, tag was
expressed in E. coli by using pcDNA3.1-ifmAZ. The higher
molecular mass of the recombinant protein (31.5 kDa) than that
of the authentic 29 kDa antizyme protein is explained by the six
His residues and eight additional N-terminal residues encoded by
the expression vector. The recombinant antizyme inhibited ODC
activity; its specific activity was in the same range as that of
antizyme extensively purified from rat liver [29] or that expressed
in E. coli by using rat cDNA [8].

The expression of antizyme in N2A cells by using pcDNA3.1-
wtAZ was increased by spermidine in the culture medium,
indicating that frameshifting was stimulated. Even in the presence
of spermidine, antizyme concentration was only approx. 2 ng/mg
of protein, which was still one-eighth of that measured in N2A
cells transfected with pcDNA3.1-ifmAZ. In view of these results,
the efficacy of frameshifting in N2A cells transfected with the
wild-type antizyme expression vector can be calculated to be
10-159, of maximal. This result is consistent with studies
evaluating the effect of spermidine on frameshifting efficacy
using translation in vitro in reticulocyte lysate [9,10].

There is some disagreement about the molecular mass of
antizyme. Rom and Kahana [10] have provided evidence that the
translation of antizyme mRNA starts at the second AUG codon.
In a similar study, Matsufuji et al. [9] found that translation was
initiated predominantly at the first AUG in antizyme mRNA,
yielding a protein product of 29 kDa, whereas the translation of
another, less abundant, form of 23 kDa started at the second
AUG codon. In support of the latter finding, Mitchell et al. [30]
reported recently that two immunoreactive bands of 29.5 and
24 kDa were detected from cultured cells with AZ-specific
antibodies. In the present study, one major band of molecular
mass 29 kDa was detected in extracts of NIH /3T3 cells transfected
with antizyme gene sequences, suggesting that, at least in these
cells, only the first AUG codon is used for translation initiation.

The ORF1 sequence that terminates at codon 69 of antizyme
mRNA could potentially encode a 7.4 kDa protein. It is not
known whether this protein is translated and/or has any specific
biological function. No such low-molecular-mass protein was
present among the in vitro translation products of antizyme
mRNA when reticulocyte lysate was used [9,10]. However, a
7 kDa band was detected when wheat germ lysates were used for
translation [9]. In the present study, overexpression of ORF1
sequence under the control of the CMV promoter in N2A cells
did not produce any protein detectable by the ELISA specific for
ORF1 or by immunoblotting. Furthermore no immunoreactive
band of this size was seen on immunoblots from cells transfected
with either the antizyme gene or the wild-type antizyme cDNA
and grown in the absence of spermidine. Whether the low ORF1

Received 17 December 1996/5 February 1997 ; accepted 24 February 1997

peptide concentration is due to inefficient translation or poor
stability remains to be elucidated.

In conclusion, we have cloned, sequenced and expressed the
mouse antizyme gene. The genomic sequences will now permit us
to generate transgenic animals whose antizyme structure or
expression is genetically altered, in order to address several
questions pertaining to the physiological functions of antizyme
protein.
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