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Polyamines are organic polycations that bind to a variety of
cellular molecules, including nucleic acids. Within cells, poly-
amines contribute to both the efficiency and fidelity of protein
synthesis. In addition to directly acting on the translation appa-
ratus to stimulate protein synthesis, the polyamine spermidine
serves as a precursor for the essential post-translational modifi-
cation of the eukaryotic translation factor 5A (eIF5A), which is
required for synthesis of proteins containing problematic amino
acid sequence motifs, including polyproline tracts, and for ter-
mination of translation. The impact of polyamines on transla-
tion is highlighted by autoregulation of the translation of
mRNAs encoding key metabolic and regulatory proteins in the
polyamine biosynthesis pathway, including S-adenosylmethio-
nine decarboxylase (AdoMetDC), antizyme (OAZ), and anti-
zyme inhibitor 1 (AZIN1). Here, we highlight the roles of poly-
amines in general translation and also in the translational
regulation of polyamine biosynthesis.

Because of their cationic properties, polyamines bind to neg-
atively charged molecules in cells. Nucleic acids, including both
DNA and RNA, are prominent binding sites for polyamines
with nearly 90% of the spermidine in Escherichia coli cells
bound to RNA (1). A substantial fraction (~15%) of the poly-
amines in E. coli are stably associated with ribosomes (2). Poly-
amines stimulate general protein synthesis and also impact the
fidelity of translation. The importance of polyamines to trans-
lation is highlighted by the mRNA-specific translational con-
trol mechanisms that link polyamine levels to the synthesis of
key polyamine biosynthetic enzymes and their regulators. In
this Minireview, we will highlight the roles of polyamines in
general translation and in the translational regulation of poly-
amine biosynthesis. In honor of Herb Tabor, we will also high-
light his contributions to this area of polyamine research.

Overview of the translation pathway

To review the roles of polyamines in translation, it is impor-
tant to first discuss the mechanism of cellular protein synthesis.
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As this Minireview will discuss both eukaryotic and bacterial
translation, we will focus the description on eukaryotic
translation but highlight differences in the bacterial transla-
tion mechanism that are relevant to polyamines. Ribosomes are
ribonucleotide—protein particles consisting of 3—4 rRNA mol-
ecules and ~53-79 ribosomal proteins depending on the orga-
nism. These components are organized into two subunits: the
small subunit (40S in eukaryotes and 30S in bacteria) and the
large subunit (60S in eukaryotes and 50S in bacteria). The small
subunit contains the decoding center with binding sites for
aminoacyl-tRNAs and the mRNA, and the large subunit con-
tains the peptidyltransferase active site of the ribosome, which
catalyzes peptide bond formation. There are three tRNA-bind-
ing sites on the ribosome: the aminoacyl (A)? site, the peptidyl
(P) site, and the exit (E) site. The protein synthesis pathway can
be broken into four steps: initiation, elongation, termination,
and ribosome recycling. Translation initiation culminates with
the formation of a complex in which the initiator methionyl-
tRNA (Met-tRNA,;™* note that in bacteria formylated fMet-
tRNAMet is used for initiation) is bound in the P site of the
ribosome with its anticodon base-paired with the start codon of
the mRNA. The translation initiation pathways are distinct in
bacteria and eukaryotes and require distinct sets of trans-acting
initiation factors (3). In bacteria, the 30S subunit with bound
formylated fMet-tRNA " is recruited to the start codon of an
mRNA via base-pairing interactions between the 3’ end of the
15S rRNA within the subunit and the Shine-Dalgarno sequence
located a few bases upstream of the start codon in the mRNA.
Following formation of this preinitiation complex (PIC), the
large (50S) subunit joins to form the functional 70S ribosome
(4). In contrast to this direct recruitment of the ribosome to the
start codon in bacterial translation initiation, eukaryotic trans-
lation initiation relies primarily on the scanning mechanism to
select the start codon (reviewed in Refs. 3, 5, 6). The eukaryotic
translation initiation factor eIF2 binds GTP and Met-tRNA ™
to form a ternary complex that then binds to the 40S subunit
along with several other translation initiation factors. This PIC
then binds near the 5’ end of an mRNA with the assistance of
the mRNA 5’ m’G cap-binding factor eIFAE and associated

3 The abbreviations used are: A, aminoacyl; P, peptidyl; E, exit; AdoMetDC,
S-adenosylmethionine decarboxylase; ODC, ornithine decarboxylase;
OAZ, ODC antizyme; AZIN1, antizyme inhibitor 1; Met-tRNAM", initiator
methionyl-tRNA; fMet-tRNAM®!, formylated methionyl-tRNA; PIC, preini-
tiation complex; elF, eukaryotic translation initiation factor; eEF, eukaryotic
translation elongation factor; Met-puro, methionyl-puromycin; SAT1,
N'-spermidine/spermine acetyltransferase 1; uCC, upstream conserved
coding region; UORF, upstream open reading frame; SSAT1, spermine/
spermidine N'-acetyltransferase 1; SAM, S-adenosylmethionine.
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factors, including eIF4G. The PIC then scans the mRNA in a 3’
direction inspecting the sequence for a start codon. Base-pair-
ing interactions between the anticodon of the tRNA;Y*" and
an AUG codon in the mRNA triggers a sequence of events
including: 1) release of the factor eIF1; 2) completion of GTP
hydrolysis by eIF2 and release of inorganic phosphate (P;); 3)
structural rearrangements in the ribosome to strengthen Met-
tRNA,M* binding in the P site and to prevent further scanning;
and 4) release of elF2—GDP. Like many G proteins, eIF2 has a
higher affinity for GDP than for GTP. The guanine nucleotide
exchange factor eIF2B recycles inactive eI[F2-GDP to func-
tional eIF2—GTP. Stress-responsive protein kinases, including
the antiviral kinase PKR, the endoplasmic reticulum stress-re-
sponsive kinase PERK, and the amino acid starvation-activated
kinase GCN2, phosphorylate the « subunit of elF2 to convert
elF2 into an inhibitor of eIF2B and thereby block recycling and
inhibit translation (7). Following release of elF2—GDP from the
small ribosomal subunit poised on the start codon, the 60S sub-
unit joins to form an 80S ribosome that is ready for translation
elongation.

The translation elongation pathway is conserved between
bacteria and eukaryotes (8). The eukaryotic translation elonga-
tion factor (eEF) 1A like its bacterial homolog EF-Tu forms a
ternary complex with GTP and an aminoacyl-tRNA. Binding of
this ternary complex to the A site of the ribosome and base-
pairing of the anticodon of the aminoacyl-tRNA to the mRNA
codon present in the A site trigger GTP hydrolysis by eEF1A.
Following release of the eEF1A-GDP complex, the aminoacyl-
tRNA is accommodated into the A site. By positioning the ami-
noacyl-tRNA in the A site in close proximity to the peptidyl-
tRNA in the P site, the ribosome promotes peptide bond
formation. Of particular relevance when discussing the roles of
polyamines in translation, the translation factor eIF5A (for-
merly called elF-4D or IF-M2Ba), which is post-translationally
modified by spermidine, binds in the E site and promotes pep-
tide bond formation (9 —12). The function of eIF5A is especially
important for poor substrates like proline (13-15). Following
peptide bond formation, the factor eEF2 (EF-G in bacteria) pro-
motes translocation of the tRNAs from the P and A sites to the
E and P sites, respectively, and the mRNA is translocated with
the tRNAs. Following release of eEF2, the A site is vacant and
available to receive the next aminoacyl-tRNA. Translation
elongation will continue with cycles of peptide bond formation,
translocation, and aminoacyl-tRNA binding until a termination
codon enters the A site.

Translation termination is promoted by release factors (16).
In eukaryotes, the release factor eRF1 in complex with the fac-
tor eRF3 interacts with a stop codon in the A site and promotes
hydrolysis of the aminoacyl bond linking the completed peptide
chain to the P-site tRNA. Recent studies have revealed that
elF5A, in addition to its role in elongation, is generally required
for termination (14). Following hydrolysis of the peptidyl-tRNA
bond, the nascent peptide is released from the ribosome. Addi-
tional factors, including ABC protein ABCE], ligatin (eIF2D),
density-regulated protein, and multiple copies in T-cell lym-
phoma-1 (MCT1), in eukaryotes or ribosome recycling factor
in bacteria release the ribosomal subunits and deacylated tRNA
from the mRNA for use in additional rounds of translation (16).
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Polyamine stimulation of translation in vitro

Polyamines were initially linked to protein synthesis follow-
ing the finding that polyamines were stably associated with
ribosomes in the cell. In E. coli cells, ~12—15% of polyamines
are stably associated with ribosomes such that the polyamines
do not readily exchange with free polyamines in cell extracts
(2). The notion of specific polyamine-binding sites on ribo-
somes is supported by cross-linking studies using photoreactive
analogs of spermine (17); however, the large number of bound
polyamines (>500/ribosome) (18) raises questions about the
specificity of some sites. High-resolution structural studies on
the bacterial ribosome have identified only two well-positioned
polyamines (Protein Data Bank code 4YBB (19)). One possibil-
ity is that only a few polyamines bind to critical defined sites
required for ribosome function, and other sites are differen-
tially occupied in a stochastic manner. In support of the notion
that polyamines are important for ribosome function, the
Tabor lab identified mutations in the small ribosomal subunit
protein S12 of E. coli that conferred an essential requirement
for polyamines for bacterial growth (20), although it is not clear
whether the polyamine requirement was for general ribosome
function or translation fidelity.

Many studies have reported stimulation of translation in
vitro by polyamines. Early studies using cell-free extracts from
bacteria or mammalian cells employed high concentrations of
divalent cations, typically Mg>*, to stimulate protein synthesis.
Subsequent studies revealed that inclusion of polyamines, espe-
cially spermidine or spermine, lowered the Mg®" optimum for
peptide synthesis (21-24). In addition to lessening the Mg>"
requirement for peptide synthesis, other studies showed that
addition of polyamines increased the activity of in vitro trans-
lation systems and the total yield of protein (25-27). The use of
gel-filtered in vitro translation systems revealed the distinct
stimulatory properties of Mg>* and polyamines. Addition of
Mg>" alone to filtered reticulocyte lysates failed to restore
translation activity to the rate obtained in unfiltered lysates;
however, supplementation with polyamines plus Mg>* restored
nearly full activity (28). Again, the inclusion of polyamines lowered
the optimum Mg> " concentration for protein synthesis. The abil-
ity of polyamines to stimulate translation in vitro was independent
of the mRNA used and thus the protein synthesized (29), indicat-
ing that the polyamines were likely acting on the translational
machinery.

Although polyamines could stimulate the rate and extent of
in vitro protein synthesis by enhancing the initiation or elonga-
tion steps of translation, most studies have linked polyamines to
translation elongation. Addition of polyamines to wheat germ
extracts increased the rate of amino acid incorporation into
lengthening polypeptides, as opposed to newly initiated pro-
teins, indicating that polyamines were stimulating translation
elongation (28). Moreover, polyamines stimulated methionyl-
puromycin (Met-puro) synthesis in rabbit reticulocyte lysates
(30). Although the Met-puro assay, which monitors the transfer
of methionine from Met-tRNAM® to the aminoacyl-tRNA
analog puromycin, was originally thought to mimic first pep-
tide bond formation and thereby monitor translation initiation,
it is now clear that this assay reports on ribosomal peptidyl-
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transferase activity and thus is a readout of translation elonga-
tion. Consistent with this interpretation, the translation factor
elF5A, which functions in translation elongation (14, 31), was
originally identified based on its stimulation of Met-puro syn-
thesis (32-34). In further support for polyamine stimulation of
translation elongation, synthesis of the simple peptide Met—
Phe—Phe—Phe (MFFF) in a fully reconstituted yeast in vitro
assay system was highly dependent on added polyamines. Fol-
lowing pre-assembly of initiation complexes on the mRNAs,
addition of spermine, spermidine, or putrescine was required
for peptide synthesis (15). In these reactions, spermine (K ,, =
0.08 mm) and spermidine (K;,, = 0.24 mm) were substantially
more effective than putrescine (K;,, = 17 mm) (15). In kinetic
assays using a reconstituted bacterial translation assay system,
addition of spermine or spermidine stimulated the rate of
codon recognition in the A site of the ribosome (35) without
impacting the fidelity of translation. Perhaps the binding of
polyamines to tRNA (36, 37) enhances the association of the
EF-Tu—GTP-aminoacyl-tRNA complexes with the ribosome.
The Tabor lab reported that addition of polyamines to an auxo-
trophic strain of E. coli enhanced the production of a full-length
protein dependent on a nonsense suppressor tRNA (38). Al-
though the simple interpretation of this result is that poly-
amines are enhancing the utilization of the suppressor tRNA
during elongation, additional experiments are needed to deter-
mine whether the polyamines are affecting the levels or amino-
acylation of the suppressor tRNA. Taken together, these in vitro
and in vivo studies demonstrate that polyamines stimulate
translation elongation; however, they do not rule out a role for
polyamines in translation initiation. In fact, studies of mito-
chondrial translation initiation, which uses a bacteria-like
translation system, reported stimulation of PIC formation by
spermine, perhaps due to stabilization of fMet-tRNA M bind-
ing to the small ribosomal subunit (39).

In a fully reconstituted mammalian iz vitro translation assay
system, addition of the factor eIF5A, which as described above
is modified by spermidine, or of polyamines decreased the
Mg>* optimum required for globin synthesis (34). Consistent
with this overlap in eIF5A and polyamine function, eIF5A
could functionally substitute for polyamines to stimulate
MFFF synthesis in the reconstituted yeast in vitro translation
assay system (15). In assays lacking polyamines, addition of
either spermidine or eIF5A (interestingly, with or without its
polyamine-derived modification) was sufficient to restore
translational activity. As eIF5A binds in the ribosomal E site
(10, 11, 13) and is thought to interact with both the body and
acceptor stem of the P-site tRNA, this functional overlap of
elF5A and polyamines suggests that polyamines may inter-
act with the peptidyl-tRNA, at least in eukaryotes, to pro-
mote translation elongation.

Translation factor elF5A, hypusine, and polyamine
stimulation of translation

As mentioned earlier, the translation factor eIF5A is at the
interface of polyamines and cellular protein synthesis. eIF5A is
the sole cellular protein that contains the amino acid hypusine.
The hypusine residue in eIF5A is formed post-translationally in
two steps (9, 12). First, the #-butylamine group from spermi-
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dine is transferred to the e-amino group of a conserved Lys
residue in eIF5A to form deoxyhypusine. A subsequent hydrox-
ylation reaction on the second carbon of the transferred moiety
completes the modification to form hypusine. Both eIF5A and
its hypusine modification are essential for cell viability in yeast
(40-42). Several studies, including work from the Tabor lab
(43), demonstrated that spermidine, and not spermine, was the
source of the n-butylamine moiety for hypusine formation (44 —
47). Although originally thought to function in translation ini-
tiation based on its ability to stimulate Met-puro synthesis (32,
33), subsequent studies revealed that elF5A was generally
required for translation elongation and termination (14, 31).
The elongation function of eIF5A was especially noted for dif-
ficult substrates like polyproline (13, 15).

Several studies have sought to examine the role of elF5A,
hypusine, and polyamines in translation in vivo. By growing
polyamine auxotrophic strains of yeast in varying concentra-
tions of spermidine, the Tabor lab correlated hypusine forma-
tion in elF5A with cellular growth rate (48). Although not
definitive, this study suggested that hypusine formation on
elF5A is one of the most critical functions of spermidine in
yeast cells. Depleting mammalian cells of polyamines using the
drug difluoromethylornithine, an inhibitor of ornithine decar-
boxylase (ODC), or by overexpressing the polyamine catabolic
enzyme N'-spermidine/spermine acetyltransferase 1 (SSAT1)
inhibited cell growth (49, 50). Polysome profile analyses in these
cells revealed a loss of large polysomes suggesting a defect in
translation initiation that is at odds with the in vitro studies
indicating that polyamines play a more prominent role in trans-
lation elongation. Interestingly, depletion of hypusine using the
drug N'-guanyl-diaminoheptane, an inhibitor of deoxyhy-
pusine synthase, likewise caused a loss of large polysomes
(49). The discovery that polyamine depletion triggers activation
of the stress-responsive kinase PERK and phosphorylation of
translation initiation factor eIF2« provides a plausible explana-
tion for the observed translation initiation defect in cells
depleted for polyamines or hypusine (51). Accordingly, a reduc-
tion in polyamine levels activates a cellular stress response lead-
ing to phosphorylation of elF2« and inhibition of translation
initiation that is more rate-limiting than the impairment in
translation elongation associated with loss of polyamines and
hypusine. Of note, depletion of polyamines inhibited growth of
cells in which elF2a phosphorylation was prevented by muta-
tion of the phosphorylation site to alanine (S51A) (51), consis-
tent with the notion that polyamines play additional roles in cell
proliferation. It will be of interest to determine whether trans-
lation initiation or elongation is impaired in the S51A cells fol-
lowing polyamine depletion. Finally, depletion of polyamines in
mammalian cells using difluoromethylornithine plus N*'-(3-
aminopropyl)-cyclohexylamine, an inhibitor of spermine syn-
thase, was reported to inhibit cell growth prior to impacts on
hypusine levels (52). Although it is not clear whether this pro-
liferation defect is due to impaired protein synthesis, this result
suggests that in addition to their critical role in hypusine for-
mation, polyamines can also contribute to cell growth indepen-
dently of eIF5A and hypusine.

J. Biol. Chem. (2018) 293(48) 18719-18729 18721
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Impacts of polyamines on translational fidelity

Although translation elongation typically proceeds at high
fidelity with the ribosome incorporating the proscribed amino
acid and advancing by three nucleotides at each translocation
step, errors due to misincorporation of the wrong amino acid or
due to shifting of reading frames can occur. The frequency of
both of these errors is influenced by polyamines. Multiple stud-
ies have linked lower levels of polyamines with increased mis-
reading during translation elongation. In both bacterial and
wheat germ extracts, increasing the concentration of spermi-
dine from 1 to 3 mm decreased the rate of misincorporation of
leucine in place of phenylalanine by ribosomes programmed
with poly(U) mRNA-encoding polyphenylalanine (53, 54).
Consistent with these findings, the relatively high level of mis-
reading observed in E. coli strains that were defective or auxo-
trophic for polyamine synthesis was partially suppressed by
addition of putrescine to the media (55). In contrast to these
studies linking increased polyamines to enhanced fidelity dur-
ing translation elongation, high polyamines were linked to stop
codon readthrough on the 3-globin mRNA in rabbit reticulo-
cyte lysate (56). It is intriguing to recall that the translation
factor elF5A is generally required for termination (14), and as
will be described below, high polyamines have been found to
interfere with eIF5A function during translation of the anti-
zyme inhibitor 1 (AZIN1) mRNA (57). Perhaps high polyamine
stimulation of stop codon readthrough does not reflect
decreased fidelity of aminoacyl-tRNA binding to the ribosomal
A site but rather impaired termination at the stop codon due to
interference with eIlF5A function. Additional experiments are
needed to distinguish between these possibilities. In a series of
studies, the Tabor lab highlighted the impact of polyamines
on frameshifting. Whereas translation of the yeast retrovirus
Tyl relies on a programmed +1 frameshift, translation of the
endogenous yeast L-A virus RNA depends on a —1 pro-
grammed frameshift (58). Interestingly, increased +1 frame-
shifting was observed when a strain lacking S-adenosylme-
thionine decarboxylase (AdoMetDC), and thus unable to
synthesize spermidine or spermine, was grown in low concen-
trations of spermidine (59). Surprisingly, this enhanced frame-
shifting was not simply due to decreased spermidine levels, but
instead it depended on the combination of low spermidine lev-
els and high putrescine levels due to the absence of AdoMetDC
(60). Thus, not only total polyamine levels but the relative
amounts of the different polyamines can impact the fidelity of
translation.

Translational control of polyamine homeostasis

In addition to impacts on general protein synthesis, poly-
amines control the translation of specific mRNAs. The transla-
tional autoregulation of polyamine biosynthetic and regulatory
proteins highlights the intriguing interplay between poly-
amines and protein synthesis. The regulatory schemes em-
ployed to maintain polyamine homeostasis identify steps in the
translation process that are impacted by polyamines and pro-
vide additional insights into the roles of polyamines in transla-
tion. In this section, we will summarize the current understand-
ing of how polyamines control the translation of mRNAs
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encoding ODC, ODC antizyme (OAZ), antizyme inhibitor 1
(AZIN1) and AdoMetDC. Intriguingly, the mRNAs encoding
spermine synthase and SSAT1 contain conserved upstream
open reading frames (uORFs) (61), and polyamines have been
implicated in translational regulation of SSAT1 (62—-64). How-
ever, the mechanism by which polyamines regulate translation
of these mRNAs is not well understood, and SSAT1 is also reg-
ulated by polyamines through the alternative splicing of its
mRNA (65).

Ornithine decarboxylase and antizyme

The first step in the biosynthesis of polyamines in eukaryotes
is the decarboxylation of ornithine to putrescine, a reaction
catalyzed by the enzyme ODC (see 66, 67). ODC functions as a
homodimer with both monomers contributing residues to the
catalytic center. Considering its central role in polyamine bio-
synthesis, ODC is, not surprisingly, subject to extensive regula-
tion. Some of this regulation is part of negative feedback mech-
anisms that have evolved to maintain polyamine homeostasis in
the cell. Much of the feedback regulation of ODC is post-trans-
lational and indirect. Important examples are discussed further
below. There is, however, much evidence that mammalian
ODC mRNA is subject to translational autoregulation by poly-
amines, and this regulation has been shown for mammalian
ODC both in vitro and in vivo (68 —70). The nature of the cis-
acting elements and the mechanism of regulation are obscure at
present; however, mutational analyses indicate that the trans-
lational control elements are contained within the 300-nucleo-
tide 5’ leader of the ODC mRNA (reviewed in Ref. 71). A dif-
ferent and better understood translational autoregulation of
the ODC mRNA is found in many nonmammalian animals and
separately in filamentous fungi. This latter autoregulation is
discussed in more detail below.

OAZ is a protein inhibitor of ODC, whose synthesis is
induced by the end product of ODC, i.e. polyamines (72). As
described in detail in another Minireview in this series, OAZ
binds to ODC monomers preventing formation of functional
ODC homodimers (67, 73). Once bound to ODC, OAZ pres-
ents ODC for ubiquitin-independent degradation by the 26S
proteasome (74, 75). The first cloned OAZ was rat OAZ1.
OAZ1 has orthologs in most or all vertebrates (76). Of note,
work from the Tabor lab studying ODC turnover in Saccharo-
myces cerevisiae first predicted the presence of yeast OAZ (77).
Depending on the species, vertebrates have up to four different
OAZ paralogs. All mammals apparently have three OAZ para-
logs (78, 79). The vertebrate OAZ genes identified to date are
encoded by two partially overlapping reading frames, and +1
ribosomal frameshifting is required for synthesis of the func-
tional full-length protein (Fig. 14) (76, 80, 81). The frameshift
occurs while ribosomes are decoding the stop codon of the first
ORF (ORF1). Following its initial discovery, OAZ homologs
were identified in many kingdoms of the eukaryotic domain of
life, including most animals, fungi, and many protists (76,
80-82). The requirement for +1 frameshifting is nearly uni-
versally conserved; however, the exact frameshift site is not
conserved. At least nine naturally occurring variants of OAZ
frameshift sites have been identified. Interestingly, a bewilder-
ing array of cis-acting sequences that stimulate ribosomal
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Figure 1. Schematic representation of polyamine control of OAZ, AZIN, and AdoMetDC mRNA translation. A, OAZ is encoded by two partially overlap-
ping ORFs linked through ribosomal + 1 frameshifting. Under lower polyamine conditions (left), ribosomes terminate at the stop codon of ORF1; under higher
polyamine conditions (right), ribosomes frameshift at the ORF1 stop codon and synthesize full-length OAZ. B, AZIN and some ODC mRNAs contain a uCC
element (in red, an inhibitory uORF with conserved peptide sequence and initiated at a near cognate start codon) upstream of the main ORF (green). In lower
polyamine conditions, many scanning ribosomes bypass the uCC and translate the main ORF, and ribosomes that translate the uCC disengage from the mRNA
after terminating. Under higher polyamine conditions, translating ribosomes pause during translation of the uCC and cause queuing of subsequent scanning
ribosomes and enhanced initiation on the uCC. The increased translation of the uCC results in decreased translation of the main ORF. C, AdoMetDC mRNAs of
vertebrates contain an inhibitory uORF (red) encoding a peptide with the sequence MAGDIS; the main ORF is in green. Under conditions of lower polyamines,
many ribosomes bypass the UORF and translate the main ORF. The occasional ribosome that translates the uORF disengages from the mRNA after termination.
Under conditions of higher polyamines, pausing of translating ribosomes at the uORF stop codon blocks additional ribosomes from loading on the mRNA and

impairs main ORF translation.

frameshifting has evolved in different evolutionary branches.
The originally cloned rat OAZ1, for example, contains a stim-
ulatory RNA pseudoknot structure that is located 3’ of the shift
site and is conserved throughout vertebrates (81). A different
stimulatory RNA pseudoknot has evolved independently in
invertebrates and is similarly well conserved (83). In other evo-
lutionary branches, conserved RNA stem—loop structures
located 3’ of the frameshift site have been confirmed, or are
suspected, to act as frameshifting stimulators (80, 84). The nas-
cent peptide near the C terminus of ORF2 in S. cerevisiae OAZ
has been proposed to regulate the frameshifting (85); however,
the conservation of this sequence is unclear even within the
Saccharomyces clade. A frameshifting stimulatory sequence
was also mapped downstream of the frameshift site in Schizos-
accharomyces pombe OAZ; however, the nature of the stimula-
tory sequence is unclear (82). Although not well understood,
cis-acting stimulators of frameshifting have also been mapped
to the 5’ side of the shift site. Most of these 5'-stimulatory
elements appear to act through their primary nucleotide
sequence, although at least one element acts through the
sequence of the encoded nascent peptide (80, 84).

Because the sequences of both the shift sites and cis-acting
elements are very diverse, it is likely that the molecular details of
the frameshifting mechanism(s) will also vary widely. Experi-
mental evidence also supports this conclusion. There are at
least two central features to OAZ frameshifting. The first is
slow recognition of the ORF1 stop codon. In characterized
examples of +1 frameshifting on other mRNAs, inhibiting rec-
ognition of the A-site codon, for example by having a rare
codon in that position, stimulates the change in reading frame
(86,87). As ribosomal frameshifting is in competition with stan-
dard decoding, any feature, like slow decoding of the A-site
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codon, that inhibits standard decoding will enhance the prob-
ability of the alternative event, frameshifting. Two features of
the ORF1 stop codon suggest that termination will be ineffi-
cient. In greater than 95% of OAZ genes identified to date, the
stop codon of ORF1 is UGA, the least efficient stop codon.
Mutating this stop codon to UAA or UAG to enhance termina-
tion reduced frameshifting (81, 88). In both bacteria and
eukaryotes, the 3" nucleotide context of a stop codon affects the
efficiency of termination (89, 90), and intriguingly, the termi-
nation codon of ORF1 of OAZ genes is almost invariably in
poor termination context (80). The second critical feature of
OAZ frameshifting is the identity of the P-site codon at the shift
site. The apparent ancestral and most common shift site is
UCC-U. This site is conserved from fungi to animals (82). Of
the at least six other known shift sites (80), some, like the recur-
rent site UUU-U, where the P-site tRNA can form identical
base-pairing in the 0 and +1 frames, are obviously conducive to
+1 frameshifting; the function of other shift sites is less obvi-
ous. An important clue for the selection of other shift site
sequences came from analysis of the GCG-U frameshift site in
S. cerevisiae (91). This sequence is highly reminiscent of the +1
frameshift site, GCG-A, required for expression of the GagPol
polyprotein of the retrotransposon Ty3 in S. cerevisiae (92). In
the case of Ty3, the cognate tRNA (one that can form full Wat-
son-Crick, or wobble, pairing) for GCG is missing from the
yeast genome, and recognition by the obligatory substitute
tRNA*" with anticodon 3'-CGI-5', requires an unusual G:I
(purine:purine) apposition during decoding (93). This apposi-
tion makes codon—anticodon pairing inherently unstable when
present in the P site. Budding yeast that lack cognate tRNA for
the GCG codon all use GCG-U as a shift site for their OAZ
genes, indicating that the alternative OAZ shift sites might take
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advantage of the translational environment within the orga-
nism (94). Curiously, the shift site UCC-U, accompanied by the
cis-acting elements of mammalian OAZ1, which have evolved
separately from the yeast translational machinery, nevertheless
supports ribosomal frameshifting into the +1 frame in yeast,
although predominantly via a —2 shift event with only a minor-
ity of ribosomes shifting via a +1 event (95). Based on these
results and a similar finding in S. pombe (96), it has been argued
that mobilization of the tRNA in the P site of the OAZ shift site
is essential (i.e. the P-site codon-anticodon pairing is inherently
compromised in OAZ shift sites), whereas strong pairing of
the-P site tRNA in the new frame is not crucial (80, 97).

How polyamines stimulate the regulatory frameshifting on
the OAZ mRNA is an area of active investigation. Experiments
with the mammalian OAZ1 sequence indicate that neither the
5' nor 3’ cis-acting elements are required for polyamine regu-
lation of frameshifting; these sequences merely enhance the
levels of frameshifting across a gradient of polyamine concen-
trations. Replacing the stop codon of ORF1 with a sense codon;
however, not only reduces frameshifting but also completely
abolishes polyamine regulation (81, 88). These experiments
implicate the process of translation termination in the regula-
tion and suggest that the sensor for polyamine is a molecule that
interacts with the stop codon. In vitro experiments with mam-
malian OAZ1 showed that enhancing termination at the ORF1
stop codon by adding excess eRF1 decreased frameshifting (98).
Conversely, an inactivating mutation in eRF3 increased frame-
shifting (98).

The picture that has emerged from studies on the OAZ
frameshifting in S. cerevisiae is considerably more complicated.
One study has reported that a sequence comprising the shift
site plus 17 nucleotides upstream and 10 nucleotides down-
stream is sufficient to confer robust polyamine regulation of
yeast OAZ +1 frameshifting (99). This result is consistent with
the idea, outlined above, that the stop codon is the essential
component of the polyamine regulation. In support of this
notion, conversion of yeast eRF3 to its inactive prion state
[PSI"] enhanced frameshifting (100). However, another study
identified two additional cis-acting sequences essential for
polyamine regulation of yeast OAZ frameshifting (85). The first
is a codon 5’ of the shift site that dampens frameshifting, and
the second is part of the nascent peptide near the C terminus of
ORF2. In the absence of polyamines, as the nascent peptide is
synthesized it is proposed to jam the exit tunnel of the ribo-
some, causing the ribosomes to stall and fail to complete syn-
thesis of OAZ. High polyamines are proposed to relieve this
jamming and simultaneously enhance frameshifting at the
upstream site by relieving the ribosomal queue. The apparent
contradiction between the models focused on the shift site ver-
sus the nascent peptide has remained unresolved. The nascent
peptide sequence responsible for the latter mechanism is not
conserved beyond the Saccharomycotina lineage, indicating
that this feature is unlikely to figure in the polyamine-induced
+1 frameshifting of other OAZ mRNAs, even if it plays an
important role in S. cerevisiae.

The features of polyamines required for stimulation of OAZ
frameshifting are not well understood. In vitro experiments
have shown that putrescine, spermidine, and spermine can all
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stimulate the frameshifting of mammalian OAZ1; although the
optimum concentration of each polyamine to stimulate an
equivalent level of frameshifting is different, putrescine is
required at the largest concentration; spermidine is required at
a lower concentration, and spermine is required at the lowest
concentration (81, 101). This gradation correlates with the
number of amine groups in each of polyamine. Superficially,
this implies that the role of polyamines in antizyme frameshift-
ing is to neutralize clusters of negatively charged residues in a
target molecule(s). Similar results were observed in vivo in yeast
using the minimal S. cerevisiae OAZ shift site sequence (99).
This latter study also showed that, although putrescine and
spermine act cooperatively to promote frameshifting, spermi-
dine does not act cooperatively with the other polyamines.
These results suggest the presence of multiple and distinct
polyamine-binding sites that affect frameshifting, yet the differ-
ent polyamines apparently in some cases compete for the same
binding site. The most likely polyamine target molecule(s) is the
ribosome machinery and, more specifically, its RNA compo-
nents with their ample negatively charged phosphate groups.
One conceivable mechanism is that polyamine binding in the A
site of the ribosome inhibits the binding and function of the
release factors. As mentioned previously, in vitro experiments
in mammalian cells performed more that 30 years ago showed
that the polyamines spermidine and spermine stimulate read-
through of a UGA, but not a UAA, stop codon, implying that
polyamines can interfere with termination at select stop codons
in cells (56). Experiments testing a modified OAZ2 frameshift
site or the murine leukemia virus (MuLV) readthrough site in
mammalian COS-7 cells showed that polyamines can stimulate
stop codon readthrough (88). Further studies testing all three
stop codons and all three physiologically important polyamines
revealed that the combination of spermidine and the least effi-
cient termination codon UGA resulted in the highest poly-
amine-stimulated readthrough, especially when the UGA was
followed by cytidine (C), the worst context for termination in
mammals (88). These results are consistent with the idea that
polyamines, especially spermidine, interfere with termination
at particularly inefficient stop codons, and this property is
exploited by the unknown sensor of polyamines to promote
OAZ frameshifting. Although the precise molecular mecha-
nism for polyamine stimulation of frameshifting is unclear,
polyamine interaction with rRNA may underlie the two pro-
posed mechanisms. Polyamine binding in the A site may inter-
fere with termination factor function to induce frameshifting
on the minimal frameshift site, whereas polyamine binding in
the polypeptide exit tunnel may mask regulatory interactions
with the nascent peptide in the unusual mechanism described
for the frameshifting of yeast OAZ.

Antizyme inhibitor

AZINs are a group of protein homologs of ODC that have
lost the ability to decarboxylate ornithine but have retained the
ability to bind to OAZ, often with higher affinity than ODC (67,
102-104). AZIN function is to bind and sequester OAZ away
from ODC, thus enhancing the activity of ODC. AZINs have
evolved independently at least three separate times, apparently
through duplication of ODC with a subsequent loss of the de-
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carboxylase activity. Such an event occurred during early ver-
tebrate evolution resulting in AZIN1. Another duplication of
ODC and loss of catalytic activity resulted in the emergence of
AZIN2 in the mammalian lineage (104).

Sequence comparisons of the 5’ leaders of vertebrate AZIN1
mRNAs revealed the presence of upstream conserved coding
regions (uCCs) (Fig. 1B) (105). These uCCs lack canonical
translation initiation codons yet encode well-conserved pep-
tide sequences. The uCC of AZIN1 was shown to direct poly-
amine translational regulation of reporters fused downstream
of the 5’ leader of the AZIN1 mRNA (105). High levels of poly-
amines inhibit expression of the main ORF (mORF), whereas
low levels of polyamines enhance expression. The polyamine
regulation of AZIN1 depends on both the AUU near-cognate
start codon and the most highly conserved C-terminal 10
amino acids of the uCC. Consistent with the notion that uCC
translation is inversely correlated with mORF translation, poly-
amines were found to enhance initiation at the near-cognate
start codon of a uCC-firefly luciferase reporter (105).

The uCC of AZIN1 evolved early in the animal lineage, and
homologous sequences are widespread in metazoans. However,
in invertebrates, and even some vertebrates, the uCC elements
are most often located on mRNAs encoding ODC, indicating
that the uCC first evolved on the ODC mRNA and was trans-
ferred to AZIN1 as a consequence of the duplication event at
the root of AZIN1 evolution. Notably, the ODC mRNA in
mammals has lost any vestiges of the metazoan ODC/AZIN
uCC, and as discussed above, the mRNA sequences directing
polyamine translational regulation are not known. Careful
examination of uCC sequences from diverse animal species
shows remarkable conservation of the peptide motif PPW
within the C-terminal region of the AZIN1 mRNA that is
required for polyamine regulation. Examination of ODC
mRNA sequences from other eukaryotic lineages, specifi-
cally from fungi, showed that uCC sequences have evolved
independently several times. The fungal sequences fall in
two classes. The first class, like the uCCs in animals, is char-
acterized by a conserved PPW motif. The second class has a
conserved (R)PP-stop motif. Curiously, a PP-stop motif is
also present in the uCC-like uORF of mammalian AZIN2,
which has evolved from a classical uCC but has acquired an
AUG start codon in poor initiation context. The recurrent
selection for PPW and PP-stop motifs in uCC elements sug-
gests that these motifs might play essential roles in the poly-
amine regulation. Consistent with this idea, polyamine re-
pression of ODC (spe-1) synthesis in Neurospora crassa was
shown to depend on nucleotide sequences within the 5’
leader of the spe-I mRNA (106), which we now know
includes a uCC element (105).

A recent study has defined the mechanism of regulation and
the role played by polyamines and the PPW motif of the AZIN1
uCC more precisely (57). Ribosomal profiling analyses to mon-
itor the positions of ribosomes on mRNAs in cells revealed
enhanced ribosome occupancy on the uCC in the presence of
high polyamines, and this correlated with low translation of
the mOREF. In contrast, decreased occupancy of the uCC in the
presence of low polyamines correlated with derepressed
expression and increased ribosome occupancy of the mOREF.
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One of the codons showing high ribosome occupancy in the
presence of high polyamines is the Trp codon of the PPW motif.
This finding is consistent with a translation elongation pause in
which the second Pro codon occupies the ribosomal P site and
the Trp codon is in the A site. A second pronounced peak in the
ribosomal profiling under high polyamine conditions corre-
sponds to ribosomes pausing at termination codon of the uCC.
Interestingly, mutating either the PP or the W of the PPW motif
significantly impaired regulation by polyamines, although reg-
ulation was completely abolished if a second conserved motif
“PS-stop” was also mutated. Mutating the PS-stop motif alone
had a smaller effect than mutating “PPW.” Notably, in some
organisms either the PPW or the PS-stop motif, but not both, is
conserved.

Translation of PPW motifs is known to be inefficient and to
require the assistance in bacteria of the translation factor EF-P,
which is the homolog of the eukaryotic factor eIF5A. Experi-
ments using fully reconstituted in vitro translation systems
showed that eIF5A is required for the synthesis of the peptide
MEPPWK and that this stimulatory activity of elF5A was inhib-
ited by increasing concentrations of spermidine. Addition of
excess elF5A overcame the inhibition by spermidine, suggest-
ing that polyamines and eIF5A compete for a functional site on
the ribosome.

A complete model for polyamine regulation of AZIN1 via its
uCC has been developed (Fig. 1B). Under lower polyamine con-
ditions, most scanning ribosomes skip over the uCC without
translating. These ribosomes then translate AZIN1. The occa-
sional ribosome that translates the uCC disengages from the
mRNA at the uCC stop codon and thus cannot synthesize
AZINI. Under higher polyamine conditions, the occasional
ribosome that initiates at the weak start site of the uCC pauses
when translating the PPW motif. This pausing is due to poly-
amine inhibition of eIF5A function in translation elongation.
Subsequent scanning ribosomes, most of which will skip over
the weak start site of the uCC, form a queue upstream of the
stalled ribosome on the PPW motif. As the queue lengthens,
eventually a scanning ribosome is positioned in the vicinity of
the uCC start codon, leading to more frequent initiation. The
pausing-induced enhanced utilization of the uCC start codon
and greater translation of the uCC will result in a reinforcing
positive feedback to enhance uCC translation and repress
AZIN1 synthesis.

SAM decarboxylase

Production of decarboxylated SAM, the aminopropyl donor
for the biosynthesis of larger polyamines spermidine and
spermine, is catalyzed by the enzyme AdoMetDC. Like ODC,
OAZ, and AZIN, synthesis of AdoMetDC is regulated at
the translational level. In vertebrates, the mRNA encoding
AdoMetDC contains a short conserved uORF that starts just
13-14 nucleotides downstream of the 5" cap (Fig. 1C) (107,
108). This uORF encodes the peptide MAGDIS, which is abso-
lutely conserved in all sequenced vertebrate AdoMetDC genes.
Although not conserved in the yeast AdoMetDC mRNA, the
MAGDIS peptide mediates polyamine-dependent translational
regulation in yeast (109). Extensive molecular and biochemical
studies have revealed the basic outlines for polyamine regula-
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tion through MAGDIS. Saturation mutagenesis of the last three
codons of the uORF showed that polyamine regulation depends
on aspartic acid at the fourth position and isoleucine, or its
close relative valine, at the fifth position (110). Increased poly-
amine levels lead to enhanced ribosomal stalling during termi-
nation on the uORF, and the amino acids at the fourth and fifth
positions facilitate the most prolonged stall (111-113). How-
ever, elevated polyamine levels were also found to increase
stalling at the termination codon on a mutant peptide sequence
that is otherwise less inhibitory on downstream translation
(111). These results suggest that translation of the MAGDIS
peptide results in inherently inefficient termination that is
exacerbated in the presence of high polyamines. The inefficient
termination and ribosome stalling on the uORF stop codon
may impair reinitiation. In addition, a ribosome stalled at the
stop codon of the MAGDIS uORF will, by virtue of its bulk and
proximity to the 5 end, prevent loading of incoming 40S PICs.
Together, these two effects of polyamines on uORF translation
will block AdoMetDC synthesis. Like OAZ, the molecular sen-
sor of polyamines in regulation via the MAGDIS uORF is not
known.

AdoMetDC is also translationally regulated in plants (114).
In land plants, the 5’ leader of AdoMetDC typically contains
two AUG-initiated uORFs. The first uORF is very short, often
just three codons, and its stop codon overlaps the start codon of
amuch longer uORF that is about 45— 60 codons in length. The
longer uORF shows some conservation at the amino acid level
with the C-terminal motif PS-stop invariably conserved in land
plants. The mechanism of polyamine translational regulation of
AdoMetDC in plants is presently not known. Deletion of the
tiny uORF by mutating its start codon leads to constitutive
repression. Eliminating both uORFs leads to constitutive dere-
pression. Placing the coding sequence of the longer uORF in a
different reading frame also causes derepression and substan-
tial loss of polyamine regulation. These results suggest that the
tiny uORF may facilitate access to the longer inhibitory uORF
in the presence of polyamines, and conversely, under low poly-
amines the short uORF may deflect ribosomes from translating
the longer uORF. As the longer uORF is less inhibitory if its
amino acid sequence is changed, the nascent peptide might be
contributing to polyamine inhibition in cis. Consistent with this
idea, the PS-stop motif at the C terminus of the long uORF of
plant AdoMetDC was, as described above, also found in the
AZIN1 uCC and shown to confer polyamine regulation (57).
Perhaps, analogous to the PPW motif in elongation, termina-
tion at PS-stop is hyperdependent on eIF5A and thus sensitive
to polyamine inhibition of eIF5A function. AdoMetDC mRNAs
from other evolutionary branches also include conserved
uORFs. The uORF in nematode AdoMetDC mRNAs includes
the absolutely conserved sequence RPP-stop, which is identical
to the absolutely conserved C-terminal sequence of the uCC in
the mRNA of ODC from Pezizomycotina (filamentous fungi)
(61). It is tempting to speculate that the RPP-stop motif
imposes a heightened elF5A requirement for termination,
especially because elF5A is known to be required for efficient
translation of poly-Pro stretches.
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Conclusion

The polyamine regulation of ODC, OAZ, AZIN, and
AdoMetDC has provided an extraordinary wealth of informa-
tion on the roles of polyamines in translation and revealed new
paradigms for translational control. These translational control
pathways also serve as a testament to the innate ability of poly-
amines to affect different aspects of translation—initiation,
elongation, and termination—which have been harnessed time
and again by the forces of evolution in the regulation of genes in
the polyamine biosynthetic pathway.
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