THE JOURNAL OF BIOLOGICAL CHEMISTRY
© 1999 by The American Society for Biochemistry and Molecular Biology, Inc.

Vol. 274, No. 37, Issue of September 10, pp. 26425-26430, 1999
Printed in U.S.A.

Antizyme2 Is a Negative Regulator of Ornithine Decarboxylase

and Polyamine Transport*

(Received for publication, April 13, 1999, and in revised form, June 22, 1999)

Chang Zhui, D. Wayne Langi, and Philip Coffino f§1
From the tDepartment of Microbiology and Immunology, §Department of Medicine, University of California,

San Francisco, California 94143-0414

The antizyme family consists of closely homologous
proteins believed to regulate cellular polyamine pools.
Antizymel, the first described, negatively regulates or-
nithine decarboxylase, the initial enzyme in the biosyn-
thetic pathway for polyamines. Antizymel targets orni-
thine decarboxylase for degradation and inhibits
polyamine transport into cells, thereby diminishing
polyamine pools. A polyamine-stimulated ribosomal
frameshift is required for decoding antizymel mRNA.
Recently, additional novel conserved members of the
antizyme family have been described. We report here
the properties of one of these, antizyme2. Antizyme2,
like antizymel, binds to ornithine decarboxylase and
inhibits polyamine transport. Using a baculovirus ex-
pression system in cultured Sf21 insect cells, both anti-
zymes were found to accelerate ornithine decarboxylase
degradation. Expression of either antizymel or 2 in Sf21
cells also diminished their uptake of the polyamine sper-
midine. Both forms of antizyme can therefore function
as negative regulators of polyamine production and
transport. However, in contrast to antizymel, antizyme2
has negligible ability to stimulate degradation of orni-
thine decarboxylase in a rabbit reticulocyte lysate.

The mammalian antizyme (AZ)! was first described as an
inhibitor of ornithine decarboxylase (ODC) (reviewed in Ref. 1).
ODC is a key enzyme in polyamine metabolism. It is induced by
growth signals, and overexpression is observed in many tumor
cells. Further, forced expression of ODC can transform mouse
fibroblast cells (2).

AZ is induced when cellular polyamine levels rise. AZ mRNA
has two overlapping open reading frames, a short ORF1 and a
second ORF2, which encodes most of the AZ protein, but lacks
an initiation methionine (3). A +1 translational frameshift,
favored by elevated polyamines, aligns the two ORFs, thus
producing the full-length functional AZ protein. AZ1 regulates
ODC activity by dissociating the enzymatically active ODC
dimer, forming the inactive ODC:AZ1 heterodimer (4, 5). ODC
is a substrate for degradation by the 26 S proteasome, and is
much more efficiently degraded when associated with AZ1 (6,
7). This accelerated form of ODC proteolysis is ATP-dependent
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but, distinct from most proteasome substrates, does not require
ubiquitination (8—10). AZ1 thus takes part in a form of feed-
back regulation that restricts polyamine pools. Two activities of
AZ1 are relevant to its limitation of ODC activity. The first is
stoichiometric with respect to ODC, depends on dissociation of
the ODC homodimer, and is, in principle, reversible. The sec-
ond is catalytic with respect to ODC, because the enzyme is
destroyed while AZ1 is recycled. In addition to its effects on
ODC, AZ1 also negatively regulates polyamine transport into
cells (11, 12).

Both the structure of AZ proteins and the polyamine-induced
frameshifting mechanism are highly conserved; they have been
found in a spectrum of organisms from man to Drosophila.
Recently, a second AZ (AZ2) gene has been reported in human
and mouse (13, 14); their transcripts also retain the character-
istic pseudoknot structure that mediates AZ1 frameshifting (3,
15). GenBank™ search shows the additional existence of a
third form of AZ (AZ3) in humans. AZ1 and AZ2 are each more
conserved across species than they are within a single species,
implying that AZ1 and AZ2 have maintained independent lin-
eages since their divergence from a common ancestral gene.
This suggests that they mediate distinct functions. AZ1 is
known to limit polyamine accumulation in three ways: 1) it
binds to and inactivates ODC; 2) it causes the degradation of
ODC; and 3) it inhibits cellular uptake of polyamines. Here we
assess the capacity of AZ2 to carry out these activities, using
AZ1 as a reference for comparison. We find that AZ2, like AZ1,
binds to ODC and inhibits polyamine transport. AZ2 expres-
sion accelerates ODC degradation in cultured cells but has
negligible degradative activity compared with AZ1 in an in
vitro system.

EXPERIMENTAL PROCEDURES

Plasmids and Baculovirus—Throughout this paper, we enumerate
the first amino acid or the first nucleotide of AZ ORF'1 as position 1. Z1
is a rat AZ1 partial cDNA clone, which lacks the first 45 nucleotides of
ORF1 (3). GST-AZ1%°7227  a fusion of Z1 to GST, has been described
previously (16). AZ2 sequences were amplified from a human ¢cDNA
library (17). Primers used were upstream primer AZ2b (5'-ccgaggat-
gataaacaccc), and downstream primer AZ2c (5'-gcctatactcaggagcece).
PCR products were cloned into the vector pCR2.1 (Invitrogen) by TA
cloning and sequenced. GST-AZ2%3'%° was made by PCR (primers:
5'-cggaattc(EcoRI)ggectgatgeecctgac and 5'-cggaattc(EcoRI)ecegggete-
cecctetagge) and then cloning of the product into the EcoRI site of
pGex2TK (Amersham Pharmacia Biotech). For baculovirus-based ex-
pression we used the BacPAK system (CLONTECH). To construct a
baculovirus vector for expression of AZ1, we excised the AZ1ATZ?%
sequence, containing a single T nucleotide deletion that aligns ORF1
with ORF2, from pGem4AZ1AT?°® (3) by Ncol/EcoRI digestion and
cloned this fragment into the Ncol/EcoRI sites of pBakPAKHisl
(CLONTECH) to make pBakPAK.AZ1AT?%. To create a comparable
baculovirus vector for expression of Hisg-tagged AZ2, AZ2AT®", which
contains a single T nucleotide deletion analogous to that present in
AZ1AT?%% was engineered by overlapping PCR (18) and cloned into the
EcoRV site of Bluescript KS (Stratagene) by TA cloning (19). This
construct was cleaved by double digestion with Kpnl/Smal and the
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resultant fragment was subsequently inserted into pBacPAKHis1 at
Kpnl and blunted HindIII sites to make pBacPAK.HisgAZ2AT?". To
create a baculovirus vector that requires frameshifting for expression of
AZ2, AZ2 sequences were excised from pCR2.1 by EcoRV/Kpnl diges-
tion and inserted into pBakPAKHis1 digested with HindIl/Kpnl to
make pBakPAK.His;AZ2. The amino acid tag sequences that pre-
cede native AZ2 are for His;AZ2: MG(H)sVVICRIRLPRM and for
HiscAZ2AT?°%: MG(H)sVVDKLGCRNSIPRM. The underlined M indi-
cates the native initiation methionine of AZ2. A baculovirus expression
vector for Hisg-tagged mouse ODC, pBakPAK.His;ODC, was made by
PCR cloning. An ODC fragment containing the whole ORF (461 amino
acids) of ODC was PCR amplified from pOD48 (20) using the primers
5'-agcagctttactaaggacg and 5'-ggggtacc(KpnIDtggteececcaaatgee. The
product was blunt-ended by treating with T4 DNA polymerase, digested
with Kpnl and inserted into the PmlI/Kpnl sites of pBakPAKHis1 to
make pBakPAK.His;ODC. These constructs were packaged for delivery
to Sf21 insect cells as recombinant baculovirus and cells infected fol-
lowing the protocols recommended by CLONTECH. Virus purification,
amplification, and expression of heterogeneous proteins were according
to standard protocols (21). pBacPAK®6 virus encoding Escherichia coli
B-galactosidase was purchased from CLONTECH.

ODC Activity and Inhibition Assay—GST-AZ1°7227 and GST-AZ233~
197 were expressed in E. coli and purified with glutathione-Sepharose
4B beads (Amersham Pharmacia Biotech). Proteins were eluted from
the beads with 30 mm glutathione, 75 mm Hepes (pH 8.0), 150 mm NaCl,
10 mM B-mercaptoethanol, and 2.5% Sarkosyl. Sf21 cell extracts were
prepared by freezing and thawing of cells in ODC assay buffer (66 mm
Tris (pH 7.5), 4 mm dithiothreitol, 80 um EDTA, 50 uMm pyridoxal
5-phosphate, 400 uM L-ornithine). To measure inhibition of ODC enzy-
matic activity, crude extract from ODC baculovirus-infected Sf21 cells
was mixed with purified GST-AZ or crude extracts from AZ-infected
Sf21 cells. The mixture was pre-incubated on ice for 30 min, and ODC
activity was then assayed as described (5).

Metabolic Labeling, Immunoprecipitation, and Western Blotting—
Baculovirus-infected Sf21 cells were labeled with **S-Express (NEN
Life Science Products) as described (21). Cells were starved for 1 h,
labeled for 1 h, and chased for 30 min in medium containing excess cold
methionine. Cells were extracted in 50 mM Tris-HCI (pH 8.0), 120 mMm
NaCl, 0.5% Nonidet P-40, 100 mMm NaF, 200 mM sodium orthovandate,
and 10 pg/ml each of phenylmethylsufonyl fluoride, aprotonin, pepsta-
tin A, and leupeptin. Radiolabeled proteins were immunoprecipitated
with rabbit polyclonal antibody prepared against recombinant mouse
ODC. For Western blotting, cell extracts were fractionated by SDS-
PAGE, transferred to a nitrocellulose membrane, and probed with
peroxidase-coupled anti-Hisy antibody (Roche Molecular Biochemicals).
To assess association of ODC with AZs, in vitro translated and meta-
bolically labeled ODC was incubated with purified GST-fusion proteins
bound to glutathione-Sepharose beads in phosphate-buffered saline
plus 0.05% Triton X-100. Bound ODC was analyzed by SDS-PAGE and
autoradiography or by using a PhosphorImager (Molecular Dynamics).

ODC in Vitro Degradation—[**S]methionine-labeled ODC and AZ
were generated by coupled in vitro transcription and translation in
rabbit reticulocyte lysate (Promega) as described (22). A DNA template
for transcription by T7 RNA polymerase was generated by PCR. Prim-
ers used were the following: ODC'~4%! (5'-gtaatacgactcactatagggaccat-
gagcagetttactaag and 5'-ccggaattectacacattgatectage), AZ17°7227 (5'-gt-
aatacgactcactatagggaccatggatgtecctcacecacee and 5'-gggtegactagtectece-
teageegg), AZ2%%7189 (5'-gtaatacgactcactatagggaccatggatgeeecteacceactg
and 5'-gggtcgactattagtectcateggacaag). T'7 promoter sequences are und-
erlined. [**S]methionine labeling of AZs and ODC, and ODC degradat-
ion were as described (22) with modification. An AZ dilution series was
prepared using a 1:1 v/v mixture of reticulocyte lysate and ATP reg-
enerating system as diluent, and 8 ul of the resulting diluted AZ17°-227
or AZ233718 translation product and 5 ul of ODC translation product
were mixed and placed on ice for 5 min. The samples were then removed
from ice and 13 ul of an ATP regenerating system (60 mwm Tris, pH 7.5,
10 mm MgCl,, 4 mMm dithiothreitol, 2 mm ATP, 20 mMm creatine phospha-
te, 3.2 mg/ml phosphocreatine kinase) were added. Degradation was
allowed to take place at 37 °C for 1 h. The reaction was stopped by
adding SDS-PAGE loading buffer. ODC and AZ were analyzed by SDS-
PAGE and autoradiography, or by PhosphorImager analysis.

Polyamine Transport—Sf21 cells were infected with recombinant
baculovirus carrying the indicated constructs. Approximately 48 h post-
infection, polyamine transport was measured as described (23) with
modification. Cells were resuspended in 100 ul of serum-free Grace’s
medium (~5 X 10° cells/ml). [*H]spermidine (NEN Life Science Prod-
ucts) was added (2.2 um), and cells were incubated at room temperature
for the indicated time with gentle rotation. Cells were then washed two
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times with 1 ml of Grace’s medium and lysed in 200 ul of 1% SDS at
65 °C for 30 min. [*H]spermidine uptake was measured by scintillation
counting, and transport activity was normalized to cell extract, deter-
mined by OD measurement at 260 nm; normalization factors differed
among experimental samples by less than 25%.

RESULTS

Antizymes Are Encoded by a Gene Family—Recently a sec-
ond mammalian AZ gene has been cloned (13, 14). Using se-
quence data presented by Kajiwara et al. (13) and in EST data
bases (GenBank™ accession number W76088), we independ-
ently cloned the putative coding region of AZ2 from a human
cDNA library (17) using PCR amplification. Nucleotide se-
quencing confirmed that AZ2 is related to AZ1. First the pre-
dicted AZ2 protein is structurally similar to AZ1 (Fig. 1). Also,
as is true for AZ1, AZ2 has two overlapping ORF's, and the
second ORF lacks an initiation codon. Translation of the second
ORF therefore requires a programmed +1 or —2 ribosomal
frameshift. Notional alignment and translation of the two
ORFs predicts a protein of 21 kDa. Second, the putative trans-
lation product of human AZ2 shares 54% sequence identity
with the human AZ1. Third, the frameshift region is more
conserved between AZ1 and AZ2 than the rest of the coding
regions, 62 of 77 nucleotides (81%) compared with 60% for the
whole of both coding regions. Furthermore, the proposed
pseudoknot structure that promotes the frameshift of rat AZ1
mRNA (3, 15) is also conserved in human AZ2. The sequence of
the gene we cloned agrees exactly with that reported (14).
There is also evidence of a third AZ gene in humans. A single
EST sequence (GenBank™ accession number AI186032) dis-
tinct from AZ1 and AZ2 has been deposited in the GenBank™
(Fig. 1).

AZ Is Ubiquitous in Vertebrates—Two forms have been re-
ported in the zebra fish Danio rerio (GenBank™ accession
numbers AB017117 and AB017118). In invertebrates, AZ has
been found in Drosophila (24, 25). The Caenorhabditis elegans
genome contains one AZ-like ORF encoding an 80-amino acid
peptide (26) (GenBank™ accession number 2746910). Interest-
ingly, that sequence is also preceded by an upstream overlap-
ping ORF. A +1 frameshift that aligns the two ORFs would
extend the putative translation product to 160 amino acids and
would improve slightly its similarity to other AZ proteins.
Consistent with this hypothesis, a search of C. elegans ESTs
showed that the transcription start site is at least 45-nucleo-
tide 5’ of the putative ATG of ORF1.

Sequence comparisons of AZ1 and AZ2 of rodents and hu-
mans show that each is more highly conserved across species
lines than are AZ1 and AZ2 when compared within species
(Fig. 1) (14). Such conservation of both AZ1 and AZ2 suggests
they may have distinct cellular functions. We therefore com-
pared AZ1 with AZ2 to determine which activities of the former
are also found in the latter.

AZ2 Binds to ODC and Inhibits Its Activity in Vitro—Se-
quence similarities between AZ1 and AZ2 suggest that AZ2
may also be a negative regulator of ODC. To test this idea, the
second ORF of AZ1 and AZ2 were each expressed as GST fusion
proteins in E. coli. Similar to GST-AZ1%°-227 GST-AZ233-189
bound to ODC (Fig. 2A). As expected, both AZ1 and AZ2 inac-
tivated ODC enzymatic activity. A parallel dilution series of
each fusion protein showed that they were approximately equi-
potent in inhibiting ODC activity (Fig. 2B). Similar to AZ1, the
functional domain of AZ2 for ODC binding and inactivation is
within ORF2.

AZ Activity in Sf21 Cells—Native AZ proteins are the prod-
uct of expression of both ORF1 and 2. To test in vivo function of
the full proteins in cells, we used a point deletion of a single
nucleotide to align the two ORFs. We thereby made expression
independent of cellular polyamine status and avoided the re-
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€. elegans MSSILSENFT==mmm=m NKSNQLVNESAVDESLTASPESTQPG-~~-DVG{[EF NG~ ~mmmmm e m e 45
H. Sapiens AZ3 -— V]
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H. Sapiens RZ1 s0Q ElDH YSEDRL TEEI TS KTRI (o]} S-- 135
H. Sapiens AZ2 j‘E«: QDPNE: E@LT TQDIFP KPHIVHFQY vss D s~~ 98
D. melanogaster L & SRKssvns SLYEASSH SQSDCSDLESQPDIHSHCS CQE RQ Hy QPVQ TIKL DQY' 165
C. elegans auLTI(I PHET-—==——=—- SAVS VTSIG- 73
H. Sapiens AZ3 0
PHDsec B ——————————— eee ee - egeeeee eeeeeee --
H. Sapiens AZ1 - LRTFCFLGFEVISPGHPI AVP! vm---’rﬁﬁ: 219
H. Sapiens AZ2 - B D CHE SR DY V¥---PLD 182
D. melanogaster o )y PLS-R : INDNE———Ng 247
c. elegans T ""-,fFl"'HP;I L--IZAEKFFIM-—-8 158
H. Sapiens AZ3 e-Ti QIf y Kils -l Ry TRCHIARHGLEVY 80
PHDsec - hhhhhhhhhhhhhhhh eeeee hhhh-hhhhhhhhh eee - eeee-—-aee
H. Sapiens AZl RES| 2EE 228
H. Sapiens AZ2  QNLEDID-- 189
D, melanogaster FLYEI|H3-— 254
C. elegans VEmmmmme 160
H. Sapiens BZ3  KKFFGKEEE 89
PHDsec

Fic. 1. Multiple sequence alignment of AZ proteins. The alignment was done using CLUSTAL W multiple sequence alignment program
(version 1.7) (36). Gaps were manually introduced to allow the optimal alignment of the N terminus. The frameshift site is marked by an arrow.
Human AZ1 (GenBank™ accession number D89870), AZ2 (GenBank™ accession number AF057297), and fruit fly AZ (GenBank™" accession
number AF038597) sequences are from the GenBank™. The C. elegans AZ amino acid sequence shown is that predicted from its genomic sequence
(GenBank™ accession number 2746910), and assumes a +1 translational frameshift at the marked site. The partial sequence of human AZ3 is
predicted from an EST sequence (GenBank™ accession number AI186032). Dark shading with white characters indicates amino acid identity
among at least three proteins. Light shading indicates amino acid similarity among at least three proteins. Predicted secondary structure for AZ1
is listed below the amino acid sequences. The secondary structure is predicted by the PHDsec computer program (31, 32). &, helix; e, extended

(sheet); blank, other (loop).

quirement for frameshifting, a process that reduces the effi-
ciency of expression. We expressed full-length AZ1 and AZ2
using a baculovirus expression system (21). This system was
developed to facilitate high level expression of cloned gene
products in insect cells, and uses virus-derived vectors for
transient expression. The two ORFs were aligned by a single
base deletion, AT2%5 for AZ1 and AT®” for AZ2. Infection of Sf21
cells with viruses encoding AZ1 or AZ2 resulted in the cellular
production of similar amounts of ODC inhibitory proteins. Ti-
tration of extracts prepared from cells infected with AZ1
(AZ1AT29%) or AZ2 (HisGAZZAT97) against active ODC showed
that they differed by only 2-fold (AZ1 > AZ2) in inhibi-
tory activity (Fig. 3). Full-length AZ1 (AZ1AT?%%) or AZ2
(HisgAZ2AT®"), when co-expressed with Hisg-tagged ODC in
Sf21 cells, form a complex (Fig. 4). ODC-AZ co-infected Sf21
cells were metabolically labeled and extracts immunoprecipi-
tated with an anti-ODC antibody. Both AZI1AT?2°® and
HisgAZ2AT®" were pulled down together with His;ODC by
anti-ODC antibody (Fig. 4).

AZ2 Frameshift in Vivo—To test whether AZ2 is capable of
frameshifting in vivo, we also expressed AZ2 cDNA in Sf21
cells with an N-terminal Hisg tag. As no mutagenesis was
performed on this construct to align ORF1 and ORF2, expres-
sion of the protein should require an in vivo frameshift. Al-
though expressed at a lower level compared with HisgAZ2AT®?,
which does have the reading frames artificially aligned,
His;AZ2 was nevertheless expressed in Sf21 cells (Fig. 4). Note
that HisgAZ2 migrated a little faster than HisgAZ2AT??, be-
cause they differ slightly in sequence between the Hisg tag and
the first native amino acid of AZ2. That the frameshift has
produced functional protein was supported by the following
evidence. First, it bound to ODC and was immunoprecipitated
with ODC by an anti-ODC antibody (Fig. 4). Second, Sf21 cells
expressing HisgAZ2 but not cells infected with a control virus
contained ODC inhibitory activity (data not shown). We also
constructed a fusion of the AZ2 frameshift region to EGFP such

that ORF2 of AZ2 was in frame with the EGFP reading frame.
When this construct was transiently expressed in COS-7 or
ODC-deficient Chinese hamster ovary C55.7 (27) mammalian
cells and protein products detected with an anti-EGFP anti-
body, protein of the size expected for the frameshift product
was observed.? These data are consistent with the in vitro data
showing AZ2 frameshift reported earlier (14).

AZ2 Targets ODC for Degradation in Sf21 Cells—In addition
to inactivating ODC by dissociating the functional ODC ho-
modimer, AZ1 also targets ODC for degradation. To test
whether AZ2 can also target ODC for degradation, we co-
infected Sf21 cells with baculoviruses expressing ODC and AZ.
We first measured ODC activity. As expected, co-infection with
baculovirus expressing ODC and AZ1 or AZ2 from AZ1AT?%
and HisgAZ2AT®?, respectively, resulted in much less ODC
activity than was expressed upon co-infection with ODC and
PAKG6 vectors, a control construct encoding B-galactosidase, or
with virus encoding only ODC (Fig. 5A). There are two possi-
bilities to explain the lesser ODC activity caused by co-expres-
sion of either AZ. The first is that ODC is inactivated by AZ
binding, but ODC protein remains present. The second is that
ODC is actively degraded in Sf21 cells expressing AZ. In the
latter case AZ expression should cause steady-state levels of
ODC to decline. Western blotting with an antibody against the
Hisg tag at the N terminus of the ODC protein (Fig. 5B) re-
vealed that ODC protein was indeed reduced to an undetect-
able level by expression of AZ, compared with a minor reduc-
tion seen with the control B-galactosidase construct. Similar
results were obtained when the anti-ODC antibody was used
for Western blotting (data not shown), which ruled out the
possibility that the N terminus of HissODC fusion had been
cleaved in AZ-infected cells. It is not likely that the reduced
ODC level results from reduced replication of the virus encod-

2 C. Zhu and P. Coffino, unpublished observations.
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microgram GST protein

Fic. 2. Binding and inhibition of ODC. AZ binds to and inhibits
ODC in vitro. Panel A, 2*S-labeled in vitro translated ODC was allowed
to interact with immobilized GST, GST-AZ1, or GST-AZ2. The ODC
input protein (left lane) and bound protein was visualized by SDS-
PAGE and autoradiography. Panel B, titration of ODC activity by GST
(o), GST-AZ1 (O), or GST-AZ2 (0). 4 ug of extract protein from ODC
vector-infected Sf21 cells was used per assay point as the source of ODC
activity. Data is plotted as a percent of activity present without addition
of GST proteins and was approximately 400 nmol/min/mg of protein.
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100 4

ODC activity (%)
b3
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microgram extract protein

Fic. 3. ODC inhibitory activity of AZ expressed in Sf21 cells.
ODC activity was titrated by extracts of Sf21 cells expressing AZ1AT2%5
(0), AZ2AT®" (0), or PAK6 encoding B-galactosidase (e ). 4 ug of extract
protein from ODC-infected Sf21 cells was used per assay point as the
source of ODC activity. Data is plotted as a percent of activity present
without addition of inhibitory proteins and was approximately 400
nmol/min/mg of protein.

ing ODC in cells infected by the virus encoding AZs. AZ expres-
sion had little or no effect on ODC expression as measured by
metabolic labeling (Fig. 4), which detects newly synthesized
proteins instead of steady state protein levels. Taken together,
the data strongly suggest that ODC degradation in Sf21 cells is
accelerated by both AZ1 and AZ2. (Pulse-chase experiments
were not carried out to confirm this conclusion, as we could not
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oDnc
ODC/AZIAT
ODC/AZIAT
ODC/AZZ

W <+ His,ODC
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» w HisgAZ2ATY
* His,AZ2
18.4—

Fic. 4. ODC and AZ form intracellular complexes. Sf21 cells
were singly or doubly infected with the viruses indicated and metabol-
ically labeled with [*>S]methionine. Radiolabeled proteins were immu-
noprecipitated with an anti-ODC antibody and visualized by SDS-
PAGE and autoradiography. Arrows mark the positions of HissODC
and of co-immunoprecipitated proteins encoded by AZI1ATZ?%,
HisgAZ2AT?, or HisgAZ2 vectors. The position of migration of marker
proteins of the indicated molecular masses (kDa) are shown on the left.
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ODC/AZ1
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ODC/AZ2AT

« His,ODC

W <« His,AZ2ATY

Fic. 5. Reduction of ODC activity and protein level by AZ
co-expression in Sf21 cells. ODC levels were assessed in Sf21 cells
infected with ODC alone or in combination with AZI1AT2%,
HiscAZ2AT?" or PAK6, a B-galactosidase control. A, ODC enzymatic
activity; B, steady state level of HisqODC detected by Western blotting
with an anti-Hisg antibody. Note that AZ1AT?°®* was not detected,
because it was not Hiss-tagged.

establish effective chase conditions for these cells.) The expres-
sion level of AZ2 from HisgAZ2AT®? in Sf21 cells was much
lower than the ODC expression level when cells were infected
with ODC baculovirus alone (Fig. 5B). This suggests that in
this experimental system, 1 molecule of AZ2 can catalyze the
degradation of more than 1 ODC molecule.

AZ2 Does not Cause ODC Degradation in Vitro—Extensive
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0 0 0.5 1 2 4 8 microliter
- -~ AZ1
100 62 39 26 31 22 21 %
a S e e e A2
100- 51 62 67 52 63 65 %

» 60°

FiG. 6. In vitro degradation of ODC directed by AZ1 or by AZ2.
ODC was incubated with 0—8 ul of extracts in which AZ1 or AZ2 had
been translated, as indicated. After mixing and preincubation of ODC
and the AZ on ice and addition of an ATP generating system, samples
were immediately analyzed (left lanes) or incubated at 37 °C for 60 min
before analysis. The amount of ODC that remained undegraded is
shown below each lane as a percentage of that present in the sample not
subject to 60 min of incubation at 37 °C.

previous studies have used both crude and purified cellular
extracts as constituents of an in vitro system for study of ODC
degradation (10, 16, 28, 29). Such investigations have shown
proteolysis to be independent of ubiquitination and dependent
on ATP, AZ1, and the 26 S proteasome. Using a rabbit reticu-
locyte extract supplemented with an ATP regenerating system,
we examined the capacity of proteins corresponding to AZ1 or
AZ2 ORF2 to direct degradation of ODC. The AZs and ODC
were produced by in vitro translation. They were radiolabeled
using incorporation of [2*S]methionine to provide a means for
following their amount and stability. A semi-quantitative as-
sessment of the relative potencies of AZ1 and AZ2 was obtained
by comparing the degradative activity of a dilution series of the
two proteins (Fig. 6). Relative intensity of labeling, normalized
to the respective methionine content of each protein, was used
to estimate relative protein stoichiometry. At the highest con-
centration of each AZ used in the experiment shown, the AZs
and ODC were initially present at approximately equimolar
concentrations.

In the case of AZ1, an 8-fold dilution resulted in approxi-
mately the same extent of ODC degradation as the highest
concentration examined, and a 16-fold dilution produced more
ODC degradation than a control with no AZ1 added. In the
control with no exogenous AZ1 added, the intensity of the ODC
signal was reduced about 2-fold compared with an identical
sample, but one not subjected to the 1-h incubation period used
to elicit degradation. This “AZ-independent background degra-
dation” is prevented by the proteasome inhibitor N-acetyl-leu-
leu-norleucinal peptide (results not shown) and is probably due
to the presence of endogenous AZ in the reticulocyte lysate (28).
The effect of adding AZ2 is very different from that seen with
AZ1. AZ2 produced no degradation, even when added at a 1:1
molar ratio with respect to ODC. In fact, even the lowest
concentration used provided a modest ODC-protective effect
compared with a control sample incubated without either AZ1
or AZ2. These results imply that under the experimental con-
ditions used, AZ2 is at least 16-fold less potent than AZ1 in
directing the degradation of ODC.

AZ Inhibits Spermidine Uptake—In addition to regulating
ODC activity, AZ1 also inhibits polyamine transport into cells.
In mammalian cells transfected with AZ1 under the control of
an inducible promoter, polyamine uptake was reduced several-
fold when AZ1 was expressed (11, 12). We measured spermi-
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Uptake (pmol/OD ,)
(V)

Time (Minutes)

Fic. 7. Inhibition of spermidine uptake by AZ. Sf21 cells were
infected with vectors expressing AZ1ATZ® (O), AZ2AT®" (o), HisODC
(W), B-galactosidase (0), or were uninfected ((J]), and [*H]spermidine
uptake then measured.

dine uptake in Sf21 cells infected with AZ-expressing bacu-
loviruses (Fig. 7). Spermidine uptake was measured approxi-
mately 48 h post-infection, by which time almost all the cells
would have been infected and expressing high levels of AZ
protein. Compared with cells infected with a control virus,
spermidine uptake was reduced 3-5-fold in AZ1- or AZ2-
expressing cells. These data support the conclusion that AZ2,
like AZ1, functions as a negative regulator of polyamine pools
by diminishing uptake.

DISCUSSION

AZ1 is known to have two activities that diminish cellular
polyamine levels: it reduces the level of ODC, a key enzyme in
polyamine synthesis and inhibits polyamine uptake. AZ1 di-
rectly inhibits the enzyme activity of ODC and accelerates its
degradation. The degradation depends on ATP and the 26 S
proteasome but is ubiquitin-independent. AZ1 activity is in-
duced by elevated polyamines, which induces the +1 transla-
tional frameshift. It has now become apparent that multiple
copies of AZ genes are present in vertebrates and AZ genes are
also found in invertebrates such as Drosophila and C. elegans.
It is not clear, however, whether all AZ family members share
the same biochemical functions of mammalian AZ1.

In this paper we compared the biochemical activities of rat
AZ1 and human AZ2 and found that they have similar bio-
chemical activities. First, both AZ1 and AZ2 bound to and
inactivated ODC. ORF2 was sufficient for binding and inacti-
vation. Second, using the baculovirus system, we demonstrated
that ODC protein level in ODC-AZ2-co-infected Sf21 cells was
reduced. The result suggested that AZ2 also regulated ODC
activity by targeting it for degradation. Third, both AZ1 and
AZ2 inhibited spermidine uptake in Sf21 cells. Similarities
between AZ1 and AZ2 goes even further, we also demonstrated
an AZ2 translational frameshift in Sf21 cells as well as in
mammalian cells,2 which is consistent with the in vitro data
reported earlier (14). In summary, AZ2, like AZ1, is a negative
regulator of polyamine metabolism.

The evidence suggests that all known AZ genes (except per-
haps AZ3, whose 5' sequences have not yet been reported)
require a frameshift to produce functional full-length proteins.
AZ1 frameshifting has been demonstrated both in vitro and in
vivo (3). For AZ2, polyamines enhance frameshifting efficiency
in vitro (14), and our present results show that frameshifting
also takes place in Sf21 cells (Fig. 4) and in mammalian cells
(data not shown). The mRNA secondary structure that pro-
motes polyamine-induced frameshifting of rat AZ1 gene is con-
served in all known vertebrate AZ genes. The characteristic
secondary structure, however, is not apparent in the Drosoph-
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ila and C. elegans AZ genes (24, 26), which could be interpreted
to imply that invertebrate AZ does not use a programmed
frameshift. Sequence data strongly suggests otherwise. Al-
though the pseudoknot secondary structure is absent in inver-
tebrate AZ, approximately 20 nucleotides of the mRNA se-
quences surrounding the frameshift site, including the ORF1
stop codon UGA, are highly conserved for all known AZs (where
sequences are available). Indeed, translational frameshifting of
Drosophila AZ, which lacks the pseudoknot, and its enhance-
ment by spermidine has been demonstrated in vitro in wheat
germ and rabbit reticulocyte lysate (24).

AZ proteins are most highly conserved in the C terminus
where the functional domains required for binding to ODC
have been mapped. The N terminus, including all of ORF1 and
the initial part of ORF2, is more diverged, and the N terminus,
at least for AZ1, is dispensable for all known biochemical func-
tions. We have shown here that ORF1 of AZ2 is not required for
ODC binding and inactivation. It is possible that the only
evolutionary constraint on the N terminus is that a polyamine-
responsive frameshift signal has to be maintained. On the
other hand, the N terminus may also contain additional signals
for regulating AZ activities. For instance AZ itself could be
subject to regulation of proteolysis.

Using a baculovirus expression system, we found that ODC
is efficiently degraded when AZ1 or AZ2 is present. We also
tested AZ-dependent ODC degradation in rabbit reticulocyte
lysate, an in vitro system that has been widely used for study-
ing ODC degradation (10, 16, 28, 29). In this system, we found
that in vitro translated ODC was degraded in the presence of
AZ1 ORF2 protein but no degradative activity was detected
using AZ2 ORF2 protein. What explains this apparent contra-
diction between our data from cultured insect cells and the in
vitro system? There are several possibilities. 1) AZ2 may be
capable of directing ODC degradation but does so inefficiently
compared with AZ1. Expression at high level in insect cells may
produce amounts sufficient to elicit degradation. The data
shown in Fig. 6 makes it possible to estimate the minimum
difference in relative potency of AZ1 versus AZ2. AZ1 is at least
16-fold more active than AZ2 using this assay. 2) The in vitro
system lacks components that promote degradative function in
vivo. AZ1 compared with AZ2 is less dependent on such com-
ponents or depends on different components that are present in
amounts sufficient to evoke activity. 3) AZ2 is more susceptible
than AZ1 to loss of activity in vitro. 4) AZ2 may fail to become
active in vitro. For example, AZ2 may not fold properly, or
post-translational modification of AZ2 may be required for
activating its degradative function.

Ichiba et al. (30) have identified a 6-amino acid sequence
(113-118, TRVLSI for rat and TRILNV for human) in AZ1,
deletion of which maintains the ODC binding/inhibition activ-
ity of AZ1 but disrupts its in vitro ODC degradation activity.
The equivalent sequences present in AZ2 (77-82, PHIVHF)
bear no similarity to those in AZ1. If these sequences are
indeed critical determinates of AZ1 degradative activity ob-
served in vitro, this might explain the observation that AZ2
does not target ODC for degradation. Closer examination of the
sequence shows that residues 113-118 are part of a predicted
B-sheet secondary structure that follows a long region of pre-
dicted loop structure (31, 32). A B-sheet structure following a
loop structure is also predicted for AZ2 (Fig. 1). Deletion of
113-118 in AZ1 might have disturbed the overall three-dimen-
sional structure of the AZ protein, rather than removed resi-
dues specifically critical for degradative function. The capacity
of AZ1 residues 16—112 to confer lability on ODC when grafted
to the N terminus of ODC (22) is consistent with this interpre-
tation. It is therefore unclear whether dissimilarity of amino
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acids 113-118 will prove to explain the distinctive properties of
AZ1 versus AZ2.

The opposite degradative properties of AZ2 we observed in
two different systems suggest that this function may be subject
to physiologic regulation. AZ2 may have the capacity to revers-
ibly inhibit ODC, and thus provide transient inhibitory regu-
lation or a means to store inactive ODC in a form available for
rapid use. AZ2 ¢cDNA was originally described in a screen for
seizure-inducible brain mRNAs (13). ODC has been found to be
present in adult mouse brain in an inactive complex with
antizyme that can be activated on further purification (33, 34).
The AZ activity present in mouse brain has been found to be
unreactive with a series of monoclonal antibodies reactive with
rat liver AZ (34), a result consistent with distinctive tissue
distributions of the AZs. If the brain ODC complex contains
AZ2, it may represent a stored form of ODC available for
activation, perhaps by displacing AZ2 with antizyme inhibitor,
a catalytically inactive AZ-binding homolog of ODC (35).
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