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SUMMARY

Translation initiation is typically restricted to AUG codons, and scanning eukaryotic ribosomes 

inefficiently recognize near-cognate codons. We show that queuing of scanning ribosomes behind 

a paused elongating ribosome promotes initiation at upstream weak start sites. Ribosomal profiling 

reveals polyamine-dependent pausing of elongating ribosomes on a conserved Pro-Pro-Trp (PPW) 

motif in an inhibitory non-AUG-initiated upstream-Conserved-Coding region (uCC) of the 

antizyme inhibitor 1 (AZIN1) mRNA, encoding a regulator of cellular polyamine synthesis. 

Mutation of the PPW motif impairs initiation at the uCC’s upstream near-cognate AUU start site 

and derepresses AZIN1 synthesis, while substitution of alternate elongation pause sequences 

restores uCC translation. Impairing ribosome loading reduces uCC translation and paradoxically 

derepresses AZIN1 synthesis. Finally, we identify translation factor eIF5A as a sensor and effector 

for polyamine control of uCC translation. We propose that stalling of elongating ribosomes 

triggers queuing of scanning ribosomes and promotes initiation by positioning a ribosome near the 

start codon.
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TOC image

Ivanov et al. reveal that ribosome queuing upstream of a paused elongating ribosome promotes 

translation initiation at an upstream near-cognate start codon on the AZIN1 mRNA. This 

mechanism is exploited during polyamine autoregulation of antizyme inhibitor synthesis and 

similar strategies may control translation of other mRNAs with poor start sites.

INTRODUCTION

Based on the scanning model of translation initiation in eukaryotes, a 43S ribosomal 

preinitiation complex (PIC: 40S subunits with associated translation initiation factors eIFs 1, 

1A, 2, 3, and 5, and with Met-tRNAi
Met bound in the P site) binds at the 5′ end of an 

mRNA with the help of the eIF4F complex (consisting of eIFs 4G, 4E, and 4A) and then 

moves in a 3′ direction inspecting the sequence for potential start sites (Hinnebusch, 2014). 

While an AUG codon is the most prominent signal for a translation start site, flanking or 

context nucleotides also contribute to start site selection with an A or G at the −3 position 

and a G at +4, relative to the A of the AUG codon, enhancing start site selection (Kozak, 

2005). Upon encountering a start codon, the PIC stops scanning, and a series of 

conformational changes result in release of the initiation factors and joining of the large 

subunit to form the elongating 80S ribosome. The vectorial nature of scanning results in 

ribosomes typically initiating at the start codon closest to the 5′ end of an mRNA 

(Hinnebusch, 2011; Kozak, 1991). Accordingly, initiation codons present 5′ of the start 

codon of the main open reading frame (mORF) can have dramatic effects on mORF 

translation (Kozak, 1989b, 1991). These 5′ initiation codons, depending on their reading 

frame, can extend the N-terminus of the mORF product or generate upstream open reading 

frames (uORFs) that terminate prior to the mORF or overlap the mORF in an alternate 

reading frame. Varying estimates suggest that uORFs are present on as high as 50% of all 

eukaryotic mRNAs (Hinnebusch et al., 2016; Johnstone et al., 2016).
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Recent appreciation of the prevalence of near-cognate (non-AUG) initiation in the 5′ leaders 

of eukaryotic mRNAs has suggested that the occurrence of uORFs might be even higher 

than these estimates (Ingolia et al., 2011; Lee et al., 2012). A subset of uORFs initiated at 

weak start sites, typically a near-cognate start codon, are defined as upstream conserved 

coding regions (uCCs) (Ivanov et al., 2008). As the name implies these uORFs show 

patterns of conservation consistent with coding regions including a preponderance of 

synonymous versus non-synonymous substitutions; however, the uCCs either lack a 

conventional AUG start codon or initiate at an AUG codon with poor context nucleotides. It 

is unclear how scanning ribosomes select these weak start codons for initiation. One of the 

first identified and studied uCCs is present in eukaryotic mRNAs encoding proteins involved 

in polyamine biosynthesis: antizyme inhibitor (AZIN) and homologs of ornithine 

decarboxylase (ODC) (Ivanov et al., 2008).

Polyamines are small organic polycations that are essential for a variety of basic cellular 

functions (Igarashi and Kashiwagi, 2010; Pegg, 2016). Reflecting the importance of their 

homeostasis, the key enzymes in the biosynthesis of polyamines are tightly regulated, 

including at the translational level, in response to perturbations in intracellular polyamine 

content (Ivanov et al., 2010a; Pegg, 2009). The first step in the biosynthesis of polyamines is 

the decarboxylation of ornithine to produce putrescine, a reaction catalyzed by the enzyme 

ODC. ODC is inhibited by a protein called ornithine decarboxylase antizyme (Heller and 

Canellakis, 1981), or antizyme (OAZ), which binds to ODC and presents it for ubiquitin-

independent degradation by the 26S proteasome (Murakami et al., 1992). Antizyme, in turn, 

is inhibited by AZIN, a homolog of ODC that has retained its affinity for antizyme, but has 

lost its catalytic activity (Murakami et al., 1996). Mammals express two paralogs of AZIN, 

AZIN1 and AZIN2, which have evolved independently (Ivanov et al., 2010b). The 

expression of antizyme and AZIN is inversely regulated at the translational level by 

polyamines. Expression of antizyme is induced under conditions of elevated polyamine 

levels via programmed +1 translational frameshifting on the antizyme mRNA (Ivanov and 

Atkins, 2007; Kahana, 2009; Matsufuji et al., 1995). In contrast, experiments with reporters 

indicate that elevated polyamines cause repression of AZIN synthesis, dependent on the uCC 

in the AZIN1 mRNA (Ivanov et al., 2008). Introduction of a cognate AUG codon in place of 

the near-cognate AUU start codon of the uCC results in constitutive repression of AZIN 

synthesis (Ivanov et al., 2008), consistent with the notion that translation of the 52-amino 

acid long uCC prevents efficient reinitiation at downstream start codons. In contrast, 

substitution of a non-cognate UUU codon in place of the uCC start codon results in 

constitutive derepression of AZIN synthesis (Ivanov et al., 2008). Thus, AZIN synthesis is 

inversely correlated with uCC translation such that ribosomes that translate the uCC fail to 

synthesize AZIN. In this report, we reveal the mechanism underlying polyamine regulation 

of AZIN synthesis.
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RESULTS

Coding sequence of the AZIN1 uCC is required for polyamine stimulation of uCC 
translation initiation

Along with the uCC, the AZIN1 mRNA contains three AUG-initiated uORFs; however, 

these conventional uORFs are not necessary for polyamine regulation (Ivanov et al., 2008). 

To assess uCC translation, the last sense codon of the AUU-initiated uCC of the mouse azin1 

mRNA was previously fused in-frame with a firefly luciferase reporter lacking its native 

AUG start codon to generate the uCC-WT-FLuc chimera that retains the AUG-initiated 

uORF1 (Ivanov et al., 2008). Whereas uCC-WT-FLuc synthesis was low in cells depleted of 

polyamines by growing in the presence of α-difluoromethyl ornithine (DFMO), a suicide 

inhibitor of ODC that catalyzes the first step in polyamine biosynthesis (Pegg, 2009), 

enhanced uCC-WT-FLuc synthesis was observed following supplementation with 

spermidine (SPD) to achieve high intracellular polyamine levels (Ivanov et al., 2008). 

Moreover, as this previous study also showed that a highly-conserved sequence near the C-

terminus of the uCC was required for polyamine regulation of the mORF (AZIN1) synthesis 

(Ivanov et al., 2008), we investigated if the C-terminus of the uCC was also involved in the 

polyamine-dependent enhanced AUU initiation on the uCC. Coupling a single nucleotide 

deletion in the codon for Phe43 of the 52-residue uCC with a single nucleotide insertion of T 

after the last sense codon of the uCC generated the uCC out-of-frame (uCC-OF-FLuc) 

reporter which shifts the reading frame for the last ten codons of the uCC from encoding 

FNAEPPWEPS in the WT to encoding STLSHLGNLA in the OF mutant. As shown in 

Figures 1A and S1, the OF mutation abolished the polyamine-dependent stimulation of uCC 

synthesis, suggesting that the coding capacity of the uCC paradoxically impacted initiation 

on the same uORF. In this and subsequent experiments in which two different conditions 

were tested the changes in reporter activity were not due to changes in mRNA levels, as 

determined by statistical significance tests on qPCR data (Tables S1–S5).

To identify uCC residues that are critical for translational control, uCC sequences from 

diverse organisms were collected and compared. Analysis of the amino acid sequences of 

the uCCs present in the leaders of 101 AZIN1 orthologs from vertebrates provided limited 

information, as multiple positions showed high and nearly universal conservation (Figures 

1B, S2A). Extending the comparison to include an additional 219 uCC sequences from ODC 
homologs in invertebrates restricted the conservation to the motif N(G/A)(D/E)PPW in 

metazoans (Figure 1B, middle WebLogo). Comparison to an independently arising uCC 

sequence in the ODC mRNA of Zygomycota (fungi) narrowed the conservation to the motif 

PPW (Figure 1B). Point mutations in this region were examined for their effect on 

supporting enhanced AUU initiation in the presence of high polyamines (Figure 1C). 

Mutations altering the PPW motif (PP47,48AA or W49A) abolished the enhanced near-

cognate initiation, indicating that these residues are necessary for the effect. By contrast, 

mutations targeting the PS motif (PS51,52AA or PS51,52ΔΔ) or the conserved Glu residue 

in the EPPW motif (E50A) did not significantly impact the polyamine induction of uCC 

reporter synthesis, suggesting that these residues are not necessary, at least in the context of 

a uCC-Fluc fusion reporter.
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If the polyamine-dependent induction of AUU initiation of the uCC contributes to 

translational regulation of the AZIN1 mORF, then mutations that abolish regulation of the 

uCC-FLuc fusions would be expected to derepress AZIN1 synthesis. To test this idea, uCC 

point mutations were introduced in a reporter in which a simplified version of the AZIN1 

mRNA leader lacking the three AUG-initiated uORFs (due to point mutations in their AUG 

start codons) was fused upstream of Renilla luciferase. Notably, the 7.4-fold polyamine 

repression of AZIN1-Renilla expression observed with the uCC-WT# reporter lacking the 

conventional AUG-initiated uORFs (Figure S2E, construct 1) was comparable to the 6.5-fold 

repression previously reported for the uCC-WT reporter containing the conventional uORFs 

(Ivanov et al., 2008). The mutations PP47,48AA and W49A in the conventional uORF-

depleted mRNA leader configuration significantly impaired polyamine-dependent repression 

of the reporter (Figure S2E, constructs 4–5). While the PP47,48AA mutation blocked the 

polyamine repression of luciferase synthesis, this double point mutation was significantly 

less effective than the mutation that shifts the last 10 codons out-of-frame (construct 2). 

Moreover, while the mutation E46A had no effect (construct 3), the mutations PS51,52AA 

(construct 6) led to significant, but less drastic, derepression than the mutations PP47,48AA 

or W49A (constructs 4–5). Combining the PP47,48AA and PS51,52AA in a single 

compound mutant (construct 7) led to complete loss of repression, which mimicked the 

results with the out-of-frame mutation. Taken together, these data reveal, surprisingly, that 

the coding sequence of the uCC is critical for polyamine-regulated initiation at an upstream 

site. Moreover, the mutational data suggest that PPW and PS-stop motifs act autonomously, 

and this conclusion is also supported by comparative genomics analysis. The PPW and PS-

stop motifs occur invariably together in uCC sequences of vertebrate AZIN1 (Figure S2A) 

and many other metazoan uCCs (Ivanov et al., 2008). However, in several evolutionary 

branches one of the motifs is lost. For example, the PS-stop motif is lost in uCC homologs 

of nematodes and arthropods (Figure S2B,C), while the PPW motif is absent in the uCC 

elements of ODC mRNAs in cnidarians (Figure S2D).

Elongation pause on the uCC promotes initiation

To assess the translational state of the uCC and the AZIN1 mORF, ribosome profiling 

(Ingolia et al., 2009) was performed either with cells pretreated with DFMO only 

(polyamine depletion) or DFMO + 2 mM SPD (high polyamines). Ribosome footprints 

mapping to the AZIN1 mRNA were quantified to assess the relative translation of the uCC 

and mORF. As shown in Figure 2, the ribosomal occupancy on the uCC was inversely 

correlated with translation of the mORF in a manner controlled by the levels of polyamines. 

Under polyamine depletion conditions few ribosome footprints mapped to the uCC, whereas 

high ribosome occupancy was observed on the mORF (Figure 2, upper panel; ribo count 

uCC:mORF = 0.02:1). Consistent with the known polyamine repression of AZIN1 synthesis 

(Ivanov et al., 2008), the ratio of ribosomal footprints mapping to the uCC versus the mORF 

increased ~22-fold under high polyamine conditions (Figure 2, lower panel; ribo count 

uCC:mORF = 0.43:1). The ribosomal footprints near the 3′ end of the uCC in the presence 

of high polyamines could be separated into three distinct clusters of peaks. The middle 

cluster of peaks corresponded to ribosomes pausing during elongation with the Trp codon of 

the PPW motif in the decoding A site of the ribosome and the two proline residues at the end 

of the nascent peptide and linked directly to the P-site tRNA (Figure 2, inset). The other two 
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clusters of peaks correspond to ribosomes at or 10 codons upstream of the termination codon 

(Figure 2, inset). This latter peak, which is one ribosome width before the termination 

codon, could be evidence of 80S ribosomes queuing immediately behind a paused 

terminating ribosome. These profiling and reporter assay results are consistent with a model 

in which the PPW and PS-stop motifs confer polyamine-dependent translation elongation 

and termination pauses, respectively, that impede the flow of scanning ribosomes. 

Accordingly, queuing of scanning ribosomes upstream of the paused ribosome would 

promote initiation from the upstream weak (AUU) start site.

If the polyamine-induced elongation pause on the PPW motif contributes to enhanced 

initiation at the upstream AUU codon, an elongation pause generated by other means could 

be expected to have a similar effect. To test this hypothesis the last 10 codons of the AZIN1 

uCC were replaced with a sequence encoding the regulatory portion of the Arginine 

Attenuator Peptide (AAP) (Wang et al., 1998) from the arg-2 mRNA of N. crassa (Figure 

3A). Ribosomes translating the AAP both in fungi (where it is endogenous) and in 

vertebrates (where it is not present naturally) pause in the presence of excess arginine (Fang 

et al., 2004; Wang and Sachs, 1997). As predicted, adding arginine to the media significantly 

enhanced AUU initiation on the uCC-FLuc fusion containing the AAP sequence (Figure 3B, 

construct 1, uCC-AAP-FLuc), but not on the WT (construct 3), out-of-frame (construct 4), 

or polyamine-regulated OAZ1 frameshift (construct 5) reporters. Introducing the point 

mutation D12N, which is known to alleviate the arginine-induced elongation pause on the 

AAP (Wang and Sachs, 1997), abolished the arginine-specific enhancement of AUU 

initiation by the uCC-AAP fusion (Figure 3B, construct 2). As expected, the uCC-AAP-

FLuc and the uCC-AAP-D12N-Fluc fusions, like the uCC-OF-FLuc construct, failed to 

respond to polyamines (Figure 3B), consistent with the removal of the PPW motif from 

these reporters. Taken together, these data support the notion that an elongation pause can 

create an impediment to scanning ribosomes leading to enhanced translation initiation from 

an upstream weak start site, and has certain similarities with previous reports showing that 

introduction of a downstream stem-loop structure (Kozak, 1989a, 1990) or RNA-binding 

protein (Iwasaki et al., 2016; Medenbach et al., 2011) to impede scanning can enhance 

recognition of a weak start site.

Polyamines target eIF5A function to stimulate uCC translation initiation

The comparative genomic and mutagenic analyses identified the PPW motif as crucial for 

the polyamine regulation of uCC and mORF translation, and the profiling revealed 

polyamine-dependent ribosomal pausing on this same motif. Interestingly, PPW motifs were 

the most prominent pause sites detected in bacteria lacking EF-P (Woolstenhulme et al., 

2015), a translation elongation factor known to be important for polyproline synthesis 

(Doerfel et al., 2013; Ude et al., 2013; Woolstenhulme et al., 2015). As the homologous 

translation factor in eukaryotes, eIF5A (Dever et al., 2014; Saini et al., 2009), has also been 

shown to promote polyproline synthesis (Gutierrez et al., 2013), we hypothesized that eIF5A 

is required for elongation at the PPW motif in the uCC and that polyamines exert their action 

on this motif by inhibiting eIF5A activity. This hypothesis was tested using reconstituted 

yeast in vitro translation assays, and peptide synthesis was monitored by electrophoretic 

thin-layer chromatography (TLC). As shown in Figure 4A, synthesis of the peptide 
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MEPPWK was at background levels in the absence of eIF5A and was stimulated in a dose-

dependent manner by addition of eIF5A. When peptide synthesis was performed in the 

presence of 0.1 μM eIF5A, near the K1/2 for MEPPWK synthesis (Figure 4B), increasing the 

concentration of SPD from 1 mM to 4 mM completely inhibited MEPPWK production 

(Figure 4C). The inhibition of MEPPWK synthesis by added SPD was not due to a general 

inhibition of translation because synthesis of the peptide MEFFWK, which is synthesized 

efficiently in the absence of eIF5A, was generally resistant to added SPD (Figure 4D). We 

hypothesized that polyamines are interfering with eIF5A function on the ribosome. In 

support of this idea, it is noteworthy that the polyamine spermine was found to crosslink to 

helices H74 and H93 of the 23S rRNA near the peptidyl transferase center (PTC) of 

bacterial ribosomes (Xaplanteri et al., 2005) and that eIF5A interacts with the same region of 

eukaryotic ribosomes (Gutierrez et al., 2013; Melnikov et al., 2016; Schmidt et al., 2016). 

Consistent with a model in which eIF5A and polyamines compete for a common site on the 

ribosome, MEPPWK synthesis, like MEFFWK synthesis, was maintained at high levels 

even under conditions of high polyamines when the eIF5A concentration was increased 100-

fold (Figure 4E,F).

A unique feature of eIF5A is the post-translationally modified residue hypusine (Nε-(4-

amino-2-hydroxybutyl)lysine) (Wolff et al., 2007). The hypusine residue, which is essential 

for eIF5A stimulation of polyproline synthesis (Gutierrez et al., 2013), as well as for 

MEPPWK synthesis (Figure S3A–B), is synthesized in two steps by the enzymes 

deoxyhypusine synthase (DHPS) and deoxyhypusine hydroxylase (DOHH) (Dever et al., 

2014; Wolff et al., 2007). To test the role of eIF5A inactivation to facilitate uCC translation 

in vivo, DHPS was targeted for partial inactivation by shRNA knockdown. To potentiate the 

effects of DHPS knockdown, cells were treated with low levels of spermidine (1 μM) that 

were, on their own, insufficient to confer enhanced AUU initiation with the uCC-WT-FLuc 

construct (Figure S1). The reduction in eIF5A hypusination upon DHPS shRNA knockdown 

(Figure S3C–D) mimicked the effects of high polyamines and lead to significantly enhanced 

AUU initiation on the WT uCC reporter, but not on the uCC-OF-FLuc construct that lacks 

the PPW motif (Figure 4G).

Ribosome queuing model for regulation of translation start site selection

The experimental results and comparative genomics analysis presented above suggest the 

following model for homeostatic control of AZIN1 mRNA translation when polyamine 

levels fluctuate to lower or higher levels (Figure 5). Under lower polyamine conditions, most 

ribosomes scan across the AUU codon of the uCC without initiating. These scanning 

ribosomes initiate at the AUG codon of the mORF and synthesize AZIN1. The occasional 

ribosome that initiates at the AUU codon translates the uCC and then is efficiently released 

upon reaching the stop codon. As eIF5A activity is high under lower polyamine conditions 

(Figure 4C), ribosomes translating the uCC do not pause while either decoding the PPW 

motif or terminating at the PS-stop motif. Moreover, consistent with the notion that 

translation of a long uORF is incompatible with reinitiation at downstream start sites 

(Jackson et al., 2012), previous studies showed that forced translation of the uCC, by 

mutating the near cognate AUU initiation codon to a cognate AUG codon, precluded AZIN1 

synthesis under polyamine permissive and repressive conditions (Ivanov et al., 2008). Thus, 
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we propose that the subset of scanning ribosomes that translate the uCC likely disengage 

from the mRNA at the uCC stop codon and do not reinitiate at the mORF to synthesize 

AZIN1. In contrast, under higher polyamine conditions we propose that interference of 

eIF5A function causes elongating ribosomes on the uCC to pause at two discrete sites: first, 

while decoding the PPW motif; and second, while decoding PS-stop during termination. We 

propose that these pauses, in turn, serve two purposes. First, they create a roadblock that 

obstructs scanning ribosomes from reaching the start codon of the mORF. Second, the 

paused ribosomes cause queuing of upstream scanning ribosomes leading to prolonged 

positioning of a scanning ribosome in the vicinity of the AUU codon, which enables the 

ribosome to initiate at this otherwise inefficient near-cognate start site.

According to our model for uCC translation, ribosome queuing is critical to position a 

ribosome in the vicinity of the uCC start codon. Two experimental strategies have been used 

to test the importance of queuing for translational control of AZIN1 synthesis. First, we 

reasoned that reducing the rate of ribosome loading on mRNA would impair queue 

formation and subvert the effects of higher polyamines, leading to reduced uCC translation 

and derepressed mORF translation on the AZIN1 mRNA. To test this hypothesis, a 

simplified version of the uCC-WT-FLuc reporter lacking the AUG-initiated conventional 

uORF1 was expressed in cells in the presence of 1 mM SPD. As expected, this high level of 

SPD stimulated uCC translation dependent on the PPW motif (Figure 6A, purple bars) and 

promoted high levels of frameshifting on the human antizyme OAZ1 mRNA (Figure 6C), a 

sensitive in vivo reporter of polyamine levels. To interfere with ribosome binding to mRNA, 

we modulated the activity of two translation factors. In an early step of translation initiation, 

an eIF2–GTP–Met-tRNAi
Met ternary complex binds to the 40S subunit, a necessary 

prerequisite for subsequent binding of the ribosome to mRNA in a reaction mediated by the 

cap-binding complex eIF4F. The drug 4EGI-1 blocks ribosome binding to mRNAs by 

disrupting the interaction between the cap-binding factor eIF4E and the scaffolding protein 

eIF4G within the eIF4F complex (Moerke et al., 2007). As shown in Figure 6A, addition of 

4EGI-1 inhibited uCC expression. Notably, this impact of 4EGI-1 was not simply due to a 

general effect on protein synthesis or AUU initiation. At the concentrations used in these 

experiments, 4EGI-1 inhibited general translation by 80–95% (Figure S4A); however, the 

uCC reporter activity was normalized to an AUG control (which was also inhibited), so we 

conclude that AUU initiation on the uCC was hypersensitive to impaired ribosome loading. 

Moreover, 4EGI-1 had no effect on the uCC-OF-FLuc reporter that lacks the PPW motif 

(Figure 6A, bottom construct), further demonstrating the unique sensitivity of uCC 

translation to reduced ribosome loading. In addition to repressing uCC translation, treatment 

with 4EGI-1 derepressed mORF (Renilla luciferase) expression on an mRNA containing the 

5′ leader from AZIN1 (Figure 6B). Though 4EGI-1 was identified as an eIF4F inhibitor, 

immunoblot analyses revealed a modest increase in eIF2α phosphorylation in cells treated 

with 4EGI-1 (Figure S4B–C), thus in these experiments 4EGI-1 may be impairing ribosome 

loading by both impairing eIF4F function and by inducing eIF2α phosphorylation.

In an alternate approach to reduce ribosome queuing, we examined the impact of impairing 

ribosome loading by directly targeting eIF2 activity. Arsenite causes oxidative stress leading 

to phosphorylation of eIF2α (Figure S4B–C), reduced ternary complex formation, and 

fewer ribosomes binding to mRNA. Thus, arsenite is expected to mimic 4EGI-1 by reducing 
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ribosome queuing and altering AZIN1 mRNA translation. As observed with 4EGI-1, 

arsenite treatment inhibited general translation by 96–97% (Figure S4A). However, within 

the context of this general inhibition, uCC translation was hypersensitive to arsenite 

treatment (Figure S5A), which also led to derepression of mORF translation on the reporter 

containing the AZIN1 5′ leader (Figure S5A). As arsenite did not affect frameshifting on an 

antizyme reporter (Figure S5A), these impacts of arsenite on AZIN1 translation are not due 

to alterations in polyamine levels. In support of these results using AZIN1 reporters, 

published ribosome profiling studies (Andreev et al., 2015) revealed arsenite induction of 

AZIN1 mRNA translation. In cells containing normal (repressive) levels of polyamines, 

treatment with arsenite induced a 2.4-fold increase in the translation of the AZIN1 mORF 

relative to the uCC (Andreev et al., 2015) (Figure S5B). Taken together, these studies 

employing 4EGI-1 or arsenite to inhibit ribosome loading on an mRNA support the notion 

that a ribosome queue is critical for uCC translation. We propose that impaired ribosome 

loading diminishes the queuing of scanning ribosomes upstream of the ribosome paused 

during translation of the PPW motif in the uCC. The absence of a ribosome queued near the 

AUU start codon of the uCC results in diminished uCC translation and enables more 

ribosomes to scan past the uCC and initiate translation at the downstream mORF (Figure 5).

In a second strategy to test the importance of ribosome queuing for translational control of 

AZIN1 synthesis, we examined the impact of lengthening the uCC. We reasoned that the 

length of the uCC has been optimized during evolution to enable precise control of uCC 

translation in response to varying polyamine levels. Accordingly, increasing the distance 

between the ribosome pause at the PPW motif and suboptimal AUU start codon of the uCC 

is expected to disrupt translation control. To test this prediction, reporters were constructed 

by inserting 186 nucleotides (62 codon) at the 5′ end of the uCC. This extension more than 

doubles the length of the uCC and makes it substantially longer than any naturally occurring 

uCC in AZIN1 or ODC mRNAs, which in vertebrates range in length from 46 to 54 codons. 

The sequence used for the extension was obtained from the mouse Trip12 mRNA, which 

shows signatures of leaky scanning including an AUG start codon in poor context followed 

by more than 1000 nucleotides without an AUG codon in all three reading frames. We 

reasoned that sequences downstream of the poor context start in the Trip12 mRNA would be 

conducive to scanning, and we selected a 186-nt sequence to insert in the uCC-WT# reporter. 

As the uCC initiates at a near-cognate start codon, three in-frame near-cognate start codons 

within the inserted sequence were changed to codons that do not support initiation. Three 

reporters were constructed to assess the impact of the inserted sequence on AZIN1 mORF 

(Renilla luciferase) synthesis (Figure 6D). In one construct the extension starts with a non-

initiating AAA codon and the natural AUU start codon of the UCC is left intact (uCC-AAA-

AUU-WT#). In a second construct the extension initiates with the near cognate AUU codon 

and the natural uCC start codon was changed to AAA (uCC-AUU-AAA-WT#). Finally, a 

control construct was generated in which both the extension and the natural start codons 

were replaced by AAA and the out-of-frame mutation was inserted in the uCC to enable 

maximal unregulated reporter expression (uCC-AAA-AAA-OF#). In all three cases, the 4 

nucleotides upstream and 3 nucleotides downstream of both the extension and the natural 

start codons matched the nucleotides flanking the natural AUU start codon of the uCC. As 

shown in Figure 6D, polyamine regulation of reporter expression was maintained when the 
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186 nts were inserted upstream of the intact uCC (uCC-AAA-AUU-WT#). Thus, extending 

the length of the 5′ leader upstream of the uCC did not impact polyamine control of uCC or 

mORF translation. In contrast, moving the uCC start codon 62 codons further upstream 

impaired polyamine repression of reporter expression (uCC-AUU-AAA-WT#), even though 

the stalling potential of the PPW sequence within the uCC was unaltered (Figure 6D). We 

conclude that lengthening the uCC impairs polyamine control, presumably because the 

ribosome queue is of insufficient length to position a ribosome in the vicinity of the 

repositioned uCC start site.

DISCUSSION

The 5′ leader is a common target for controlling mRNA translation (Hinnebusch et al., 

2016). In addition to mRNA secondary structure, upstream AUG codons and uORFs impact 

the efficiency of translation. Moreover, selection of the translation start site by scanning 

ribosomes is sensitive to the context nucleotides flanking the start codon as well as to the use 

of near-cognate start codons. In this report, we revealed a mechanism of translational control 

employing a uORF initiated with a near-cognate start codon. Whereas scanning ribosomes 

typically fail to recognize near-cognate codons, as well as codons with poor context 

nucleotides, we showed that elongation pausing during translation of the uORF and 

subsequent queuing of ribosomes upstream of the paused ribosomes can enhance selection 

of the weak start codon.

The paradoxical stimulation of mORF translation by inhibiting ribosome loading via 4EGI-1 

or arsenite is reminiscent of the stimulation of GCN4 (Hinnebusch, 2005) and ATF4 (Lu et 

al., 2004; Vattem and Wek, 2004) mRNA translation by phosphorylation of eIF2α. Whereas 

translation of the GCN4 and ATF4 mRNAs is controlled by multiple uORFs and by 

regulated reinitiation on inhibitory uORFs upstream of the mORF (Hinnebusch et al., 2016), 

the AZIN1 uCC functions as a solo element in the 5′ leader of an mRNA. Our model for 

AZIN1 translational control could explain how translation of mRNAs bearing an inhibitory 

(elongation pause) uORF with a suboptimal start codon like CHOP and GADD34 mRNAs in 

mammals (Palam et al., 2011; Young et al., 2016; Young et al., 2015) is resistant to, or 

induced by, eIF2α phosphorylation. Thus, the uCC model can explain regulation by 

elongation-pausing inhibitory uORFs that are initiated not only by near-cognate start codons 

but also by AUG codons with suboptimal context. In fact, the uCCs in ODC homologs from 

several metazoa are initiated by AUG codons in poor context (Ivanov et al., 2008). In 

addition, the AAP uORF in fungi, which is initiated at an AUG codon in poor context (Wang 

and Sachs, 1997), could be considered a uCC, thus expanding the uCC model beyond eIF5A 

and polyamines to regulation by other small molecules. Likewise, the recently described 

translational regulation of the GGP gene in plants by ascorbate also appears to fit the uCC 

paradigm (Laing et al., 2015). Moreover, in addition to functioning in regulatory uORFs, we 

can imagine that similar elongation-pausing sequences in mORFs or in alternate reading 

frames could lead to utilization of alternate (weak) start codons and thus expand the coding 

potential of mRNAs.

An intriguing feature of the queuing model for uCC translation is the importance of the 

distance between the elongation pause and the inefficient start codon. When the distance 
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between the PPW or PS-stop motif and the initiation site is short, as in the ODC uCC in 

Zygomycota, the distance appears invariable over large evolutionary time-scales. Moreover, 

the length of these short uCCs is divisible by the length of mRNA protected by an 

elongating 80S ribosome (approximately 30 nts or 10 codons (Wolin and Walter, 1988)). In 

the case of Zygomycota the uCC is 19 codons (Figure 1B), which would enable near perfect 

positioning of the queued ribosome over the start codon. In contrast, for longer uCCs, as in 

the uCCs of vertebrate AZIN1 mRNAs (~50 codons), the distance between the pause motif 

and start codon is variable and not always divisible by 10 codons (Figure S6). Notably, the 

queued ribosomes on the uCC could consist of both 80S elongating complexes and 40S 

scanning complexes, which protect variable lengths from ~19 to ~75 nucleotides (Archer et 

al., 2016). Thus, stimulation of translation initiation by queued ribosomes may not require 

precise positioning of a ribosome on the start codon and instead rely on the initiating 

ribosome spending a longer time in the vicinity of the start codon, perhaps migrating back-

and-forth, or oscillating (Matsuda and Dreher, 2006), across the site as it bumps into the 

downstream queue. Finally, we note that while the length of the uCCs varies, there appears 

to be an upper limit on the length. The longest naturally occurring uCCs in vertebrate ODC 
or AZIN1 mRNAs are around 54 codons, and we showed that increasing the length of the 

uCC to 114 codons abolishes regulation (Figure 6D). We propose that the uCC length and 

the duration of the polyamine-induced pause on the PPW motif have been exquisitely 

matched to enable scanning ribosomes to efficiently skip over the uCC and translate the 

AZIN1 mORF under low polyamine conditions, while enabling queuing and enhanced uCC 

translation when polyamine levels increase.

STAR ٭ METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Please direct any requests for further information or reagents to the lead contact, Tom Dever 

(thomas.dever@nih.gov).

METHOD DETAILS

Sequence compilation and analysis—The uCC sequences were obtained from 

GenBank using the BLAST algorithm as described previously (Ivanov et al., 2008) except 

that the Transcriptome Shotgun Assembly (TSA) was also queried. After the sequences were 

compiled the conceptually translated uCCs were aligned using ClustalX (Larkin et al., 

2007). In the Arthropod alignment, minor manual adjustments were performed upon visual 

inspection. The alignments were then used to generate WebLogo logograms (Crooks et al., 

2004). Files with the compiled and aligned sequences are available upon request.

Cell Culture and Transfections—HEK293T cells were obtained from American Type 

Culture Collection and maintained in DMEM (Corning) supplemented with 1 mM L-

glutamine, 10% FBS (Gibco), and penicillin/streptomycin (Quality Biological). For 

polyamine depletion experiments, cells were split and grown overnight to ~70% confluence, 

split again, and then 4×106 cells were placed in a 10-cm plate in medium supplemented with 

2.5 mM α-difluoromethylornithine (DFMO; a kind gift from P. Woster via Dr. Michael 

Howard, University of Utah). Cells were incubated for 3 days in DFMO supplemented 
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media at 37°C in 5% CO2 and then transfected using Lipofectamine 2000 reagent 

(Invitrogen) and the one-day protocol in which suspension cells are added directly to the 

DNA complexes in white 96-well half-area plates (Costar). Briefly, for the uCC-firefly 

luciferase fusion experiments 0.2 μl Lipofectamine, 5 ng firefly tester reporter plasmid and 1 

ng normalizing Renilla reporter (or 5 ng dual luciferase reporter) were mixed in 25 μl Opti-

MEM (Gibco) and dispensed to each well along with 2×104 cells suspended in 25 μl DMEM 

supplemented with 5 mM DFMO. After another 24 hr of incubation 50 μl of media 

supplemented to final concentrations of 2.5 mM DFMO, 1 mM aminoguanidine 

hydrochloride (Sigma), or the same plus variable concentrations of spermidine (Sigma) were 

added to each well and the cells were returned to the incubator. Luciferase activity was 

measured after 18 hr of spermidine treatment. For the uCC-Renilla luciferase experiments an 

identical protocol was followed except that 1 ng of tester reporter and 5 ng of normalizing 

firefly plasmid DNA were used per well.

For the experiments with arginine treated cells, U2OS cells (kind gift from Dr. Nancy 

Kedersha, Harvard University) were used. The cells were maintained the same as described 

above for HEK293T cells. Prior to the day of transfection, cells were split and then grown to 

~70% confluence. Transfections were performed as described above except 10 ng firefly 

reporter and 2.5 ng normalizing Renilla luciferase reporters were used per well. For the dual 

luciferase reporter 10 ng per well was used. 1×104 cells were added per well and either 

standard DMEM media was added (already containing 400 μM arginine) or the standard 

media was supplemented with L-arginine monohydrochloride (Sigma) to a final 

concentration of 25 mM. The cells were then incubated for 20 hr and the luciferase activities 

were measured.

For the shRNA knockdown experiments, two shRNAs, TRCN0000330796 and 

TRCN0000330717, targeting human DHPS and a control shRNA, shc002, without known 

targets (all purchased from Sigma), were used. Cells, pretreated in DFMO for 4 days, were 

transfected with 1 ng reporter, 2.5 ng normalizing Renilla expressing plasmids, and 5 ng of 

each DHPS shRNA plasmid or 10 ng control shRNA and then maintained in DFMO-treated 

media for another 48 hr. The cells were then either incubated in medium containing DFMO 

and 1 mM aminoguanidine or the DFMO media was supplemented with 1 μM spermidine 

and 1 mM aminoguanidine. The cells were lysed and luciferase activity read after another 24 

hr of incubation.

For the experiments with 4EGI-1, 20,000 HEK293T cells were transfected with 5 ng firefly 

reporter and 5 ng normalizing Renilla plasmid, or with 1 ng Renilla reporter and 10 ng 

normalizing firefly plasmid, or with 5 ng dual luciferase reporter plasmid per well. At the 

time of transfection 50 μM 4EGI-1 (Santa Cruz Biotechnology) was added to half of the 

wells. All transfected cells were grown in DMEM media supplemented with 1 mM 

spermidine and 1 mM aminoguanidine. The cells were lysed and luciferase activity 

measured after 24 hr of incubation.

For the experiments with arsenite, cells were transfected with 10 ng firefly reporter, 1 ng 

Renilla reporter or 10 ng of dual luciferase reporter plasmid per well. A normalizing co-

transfected reporter was used only with the with dual luciferase reporter. At the time of 
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transfection 25 μM arsenite (Sigma-Aldrich) was added to half of the wells. All transfected 

cells were grown in DMEM media supplemented with 1 mM spermidine and 1 mM 

aminoguanidine. The cells were lysed and luciferase activity measured after 18 hr of 

incubation.

Plasmid Construction—The plasmids listed in Table S5 were in most cases constructed 

by cloning PCR products generated using the indicated primer (Table S4) and template 

combinations into the vector p2luc (Grentzmann et al., 1998) using HindIII and BamHI 

restriction enzymes. Templates phRL-WT, phRL-M4, phRL-M1M4, phRL-M5 and phRL-

M4M5 were described previously(Ivanov et al., 2008). The plasmids uCC-AAP-D12N-FLuc 

(AUU) and uCC-AAP-D12N-FLuc (AUG) were generated using the QuikChange XL Site-

Directed Mutagenesis Kit (Stratagene) using the primers and template combinations 

indicated in Table S5.

The plasmids listed in Table S5 were constructed by cloning PCR products generated using 

the indicated primer (Table S4) and template combinations into phRL-WT using HindIII and 

AvaI restriction enzymes. Templates phRL-M1M2M3M6, phRL-M1M2M5, and phRL-

M1M2 were described previously (Ivanov et al., 2008). Plasmids hAZ1-WT and hAZ1-IF 

for assaying human antizyme frameshifting were constructed by cloning PCR products 

generated using the indicated primers (Table S4) and templates AZ-1wt and AZ-1if (Ivanov 

et al., 1998), respectively, between the XhoI and BglII sites of pDluc(Fixsen and Howard, 

2010). Sequences of the extended uCC reporters containing Trip12 sequences are presented 

in Table S6.

Dual Luciferase Assay—Luciferase activities were determined by the Dual Luciferase 

Stop and Glo Reporter assay system using reagents as described by Dyer et al. (Dyer et al., 

2000), with a slight modification (the homemade Stop and Glo buffer was supplemented 

with 5% commercial Stop and Glo buffer purchased from Promega). Relative light units 

were measured on a CentroXS3 LB960 microplate luminometer fitted with two injectors 

(Berthold Technologies). After removing the media, transfected cells were lysed in 25 μl 1× 

passive lysis buffer (PLB; Promega), and light emission was measured after injection of 50 

μl firefly luciferase substrate followed by the same volume of Renilla luciferase substrate. 

For phRL mutant series, the Renilla luciferase activity was normalized relative to the activity 

of an internal control p2luc-based plasmid expressing firefly luciferase from an AUG codon 

in perfect context (Ivanov et al., 2010c). For p2luc mutant series, the firefly luciferase 

activity was normalized relative to the activity of a plasmid, pSV40-Renilla, expressing 

Renilla luciferase (Loughran et al., 2012). For the antizyme dual luciferase reporters, firefly 

was normalized to Renilla luciferase made upstream from the same cistron and the values of 

“wild type” were compared to “in-frame” control to calculate percent frameshifting.

Analysis of reporter mRNA levels—For all qPCR experiments, cells were grown in 12-

well plates. For each well, transfections reagents, including the amount of transfected DNA, 

were scaled up 40× (i.e. total volume of 500 μl Opti-MEM solution, plus 500 μl DMEM). 

For HEK293T cell lines, 4×105 cells were used per well. For U2OS cell lines, 2×105 cells 

were used per well. Otherwise, incubation times and conditions were identical to 

transfections in half-area plates. RNA was isolated from HEK293T or U2OS cells using 
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TRIzol reagent (Invitrogen) following the manufacturer’s instructions. 2μg of total RNA 

from each sample was used in single-stranded cDNA synthesis reactions conducted with 

SuperScript III First-Strand Synthesis SuperMix (Invitrogen) following the manufacturer’s 

protocol. Following reverse transcription, cDNA reactions were diluted 1:6, and 5μL of 

dilute cDNA was utilized in each subsequent qPCR reaction. Transcript levels were 

quantified by qPCR using Brilliant III Ultra-Fast SYBR Green QPCR Master Mix (Agilent 

Technologies) on a LightCycler 480 II (Roche). Relative quantification of transcripts was 

calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001) in which β-actin levels 

were used for normalization.

Ribosome profiling—Ribosome profiling was carried out according to Ingolia et al. 

(Ingolia et al., 2012) with some modifications. HEK293T cells stably expressing pcDNA4-

TO-Ren-mAZ-FF were maintained in DMEM supplemented with 10% FBS, 1 mM L-

glutamine and antibiotics and plated onto 150 mm petri-dishes at ~30% confluency. To 

deplete endogenous polyamines, cells were maintained for 5 days in the presence of 2.5 mM 

DFMO and 1mM aminoguanidine, and then the cells were either left untreated or stimulated 

with 2 mM spermidine for 24 hr. To harvest cells, dishes were chilled on ice and the cells 

were washed with ice cold PBS plus cycloheximide (100 μg/ml) prior to resuspension in 

polysome lysis buffer (20 mM Tris–HCl (pH 7.5), 250 mM NaCl, 1.5 mM MgCl2, 1 mM 

DTT, 0.5% Triton X-100, 100 μg/ml cycloheximide, 20 U/ml TURBO DNAse (Ambion, 

Waltham, MA)). Importantly, to avoid artificial accumulation of initiation complexes at 

translation initiation starts cells were not pre-treated with cycloheximide (Gerashchenko and 

Gladyshev, 2014). Cell lysates were incubated on ice for 10 min, and then spun at 16,000 × 

g for 10 min at 4°C to pellet cell debris. The supernatant was divided for Riboseq and 

RNAseq library preparation. The lysate for Riboseq was treated with RNAse I (Ambion: 100 

U per 3.14 OD260 of lysate) at 23°C for 50 min. Digestion was stopped with SuperasIN 

(Ambion). Monosomes were isolated using Illustra MicroSpin S-400 HR Columns (GE 

Healthcare) according to the manufacturer’s instructions.

Total RNA from the monosomes was extracted with phenol/chloroform followed by ethanol 

precipitation. For the RNAseq control, total RNA was extracted from the second lysate 

aliquot with Trizol-LS (Life Technologies) and then mRNA was isolated using the Oligotex 

mRNA kit (Qiagen). Two rounds of polyA(+)-mRNA selection were applied to decrease 

rRNA contamination to approximately 3%. Purified mRNA was subjected to alkaline 

hydrolysis as described by Ingolia et al. (Ingolia et al., 2009). Both Riboseq and RNAseq 

samples were fractionated by 15% denaturing urea PAGE (containing 1 × TBE, 7 M urea, 

acrylamide (20):bis-acrylamide (1)). Bands corresponding to RNA fragments of 28–34 nts 

were excised for both Riboseq and RNAseq samples. The RNA was extracted by shaking 

overnight in a buffer containing 0.3 M NaOAc (pH 5.1), 1 mM EDTA and 0.1% SDS and 

then precipitated with one volume of isopropanol and 2 μl of GlycoBlue (Life 

Technologies).

Library preparation was carried out as previously described(Ingolia et al., 2012) with the 

following modifications. First, the circularization reaction was performed for 2 hr. Second, 

during PCR library amplification, the temperature ramping speed was set at 2.2°C/s to 

reduce bias associated with GC content (Aird et al., 2011). Libraries prepared from two 
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independent biological replicates were sequenced on an Illumina HiSeq 4000 system at 

Genewiz (New Jersey, US).

Processing of the sequence data was performed using the web browser RiboGalaxy 

tools(Michel et al., 2016). Briefly, after removal of the adapter sequence 

(CTGTAGGCACCATCAATAGATCGGAAGAGCACACGTCTGAACTCCAGTCAC) reads 

that could be aligned to rRNA were removed from further consideration. The remaining 

reads were aligned to the human refGene database using Bowtie. One base from the high-

quality 5′ end of each read was removed before alignment, and a maximum of 2 

mismatches were permitted in the seed. Reads were aligned to the positive strand, and up to 

10 valid alignments were allowed per read. The minimum seed length was set at 25 nts. The 

reads from each biological replicate were analyzed separately; however, because the reads 

mapping to AZIN1 under low and high polyamines in the two datasets were very similar, the 

data from the two replicates were pooled together. CSV files were generated with the reads 

mapped to each gene, and the files corresponding to NM_015878.5 (AZIN1) were used to 

generate Figure 2.

Preparation of aminoacyl-tRNA—Yeast initiator tRNAi Met was prepared by T7 in vitro 
transcription and the tRNAi

Met was aminoacylated using purified His-tagged E. coli MetRS 

as described previously (Murray et al., 2016). Yeast tRNAGlu(UUC) and tRNATrp(CCA) 

were purified from bulk S. cerevisiae tRNA (Roche) using the biotinylated oligonucleotides 

5′- GAAAGCGTGATGTGATAGCCGTTACA-3′-biotin and 5′-

TTGGAGTCGAAAGCTCTACCATTGAG-3′-biotin, respectively, as described previously 

(Gutierrez et al., 2013). Yeast tRNAPro(UGG) was also purified from bulk S. cerevisiae 
tRNA as previously described (Gutierrez et al., 2013). Yeast tRNAPhe (Sigma) and tRNALys 

(tRNA Probes, Texas) were obtained from commercial vendors.

To purify yeast glutamyl tRNA synthetase (GUS1) and tryptophanyl tRNA synthetase 

(WRS1), His-tagged GUS1 and WRS1 were cloned in pQE-80L (Qiagen) to generate 

pC4857 and pC4853, respectively. To express and purify His-tagged GUS1 or WRS1, E. coli 
BL21(DE3) transformants carrying pC4857 or pC4853 were grown in 500 ml LB medium 

containing 100 μg/ml ampicillin at 37 °C to OD600 = 0.5. Following addition of 0.2 mM 

IPTG, the culture was incubated at 20 °C for 16 hr. Following harvesting, the cell pellet was 

suspended in 20 ml lysis buffer (50 mM sodium phosphate (pH 8.0), 300 mM sodium 

chloride and 10 mM imidazole), and cells were broken by sonication using a microtip (5 

cycles of 30 s pulse followed by 30 s cooling at 4°C). The cell lysate was cleared by 

centrifugation at 27,000 × g for 30 min and then mixed gently with 1 ml Ni-NTA resin 

(Qiagen) at 4 °C for 1 hr. The resin was transferred to a 1 ml disposable column (Qiagen), 

washed sequentially with 10 ml lysis buffer and 20 ml lysis buffer containing 20 mM 

imidazole, and then the protein was eluted in 4 ml lysis buffer containing 250 mM 

imidazole. The elute was dialyzed overnight against 50 mM potassium phosphate (pH 8.0), 5 

mM magnesium acetate, 2 mM DTT and 10% glycerol. After dialysis, the protein solutions 

were concentrated using a Microcon Ultracel YM-50 (EMD Millipore). Prolyl-tRNA 

synthetase, phenylalanyl-tRNA synthetase and lysyl-tRNA synthetase were prepared as 

described previously (Gutierrez et al., 2013; Murray et al., 2016).
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For aminoacylation of tRNA, 5 μM tRNA was mixed with 2 mM ATP, 0.1 mM amino acid, 

10 mM MgCl2 and 1 μM aminoacyl tRNA synthetase in reaction buffer (100 mM HEPES-

KOH [pH 7.5], 10 mM KCl and 1 mM DTT), and then incubated at 30 °C for 30 min.

Peptide formation assay—Purified ribosomes and translation factors were prepared and 

in vitro reconstituted peptide formation assays were performed according to procedures 

described previously (Gutierrez et al., 2013; Shin et al., 2017). To examine the spermidine 

effect on peptide synthesis, both initiation and elongation factors were purified in the 

absence of polyamines. Initiation complexes were prepared in 1× Recon Buffer A (30 mM 

HEPES-KOH [pH 7.5], 100 mM potassium acetate, 3 mM magnesium acetate, 2 mM DTT) 

as described previously (Gutierrez et al., 2013). Peptide formation assays contained 4 nM 

initiation complex, 2 μM eEF1A, 1 μM eEF2, 1 μM eEF3, 1 μM aminoacyl tRNA, 1 mM 

GTP-Mg2+, 1 mM ATP-Mg2+ and varying amounts of eIF5A and spermidine in 1× Recon 

Buffer C (30 mM HEPES-KOH [pH 7.5], 100 mM potassium acetate, 1 mM magnesium 

acetate, 2 mM DTT). The elongation assay components were preincubated for 5 min on ice 

before adding the initiation complex, and then reactions were incubated at 26 °C. Progress 

of peptide formation was examined by electrophoretic TLC as described previously 

(Gutierrez et al., 2013). The fractional yields of peptide products in each reaction at different 

times were quantified and fit using KaleidaGraph (Synergy Software).

Western analysis—Transfected HEK293T cells were grown in clear 12-well plates 

(Costar) with reagent amounts and volumes scaled up 20× per well. Following incubation 

cells were washed once with 1× PBS and then taken up in 100 μl RIPA lysis buffer 

supplemented with 1× Complete EDTA-free Protease Inhibitor Cocktail (Roche). Cells were 

lysed by sonication for 5 seconds at output level 3 using a microtip (Fisher Scientific 550 

Sonic Dismembrator), and then lysates were mixed with an equivalent volume 2× Laemmli 

sample buffer (Bio-Rad) and heated at 80 °C for 5 min. Following separation on a 4–20% 

SDS-polyacrylamide gel (Bio-Rad), proteins were detected by immunoblotting with mouse 

monoclonal antibody against human DHPS (Origene, Rockville, MD), rabbit polyclonal 

antibodies against hypusine (EMD Millipore), purified mouse anti-eIF5A antibodies (BD 

Biosciences), rabbit monoclonal antibodies against eIF2α (Cell Signaling Technology), or 

mouse monoclonal anti-eIF2α(Phospho-Ser51) (Abcam). Membranes were blocked with 5% 

skim milk (Blotting grade blocker, Bio-Rad) in 1× TBST (1× TBS plus 0.1% Tween 20). 

Horseradish peroxidase conjugated anti-rabbit IgG or anti-mouse IgG (GE Healthcare) 

secondary antibodies and Amersham ECL Prime Western Blotting Detection Reagent (GE 

Healthcare) were used for protein detection.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative data are presented as the mean and standard deviation from biological 

replicates. To determine statistical significance between groups, comparisons were made 

using Student’s two-tailed t tests, using the formula imbedded in Microsoft Excel. The 

number of biological replicates (n) is indicated in the legend of each figure. p values less 

than 0.05 were considered significant. Sample size estimates were not used. Studies were not 

conducted blind. For immunoblots, the reported images are representative of at least three 

independent experiments.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Polyamines induce near cognate initiation at a uORF in the AZIN1 mRNA

• Elevated polyamines cause ribosomes to pause when translating PPW motif in 

the uORF

• Polyamines competitively inhibit elongation factor eIF5A to block PPW 

translation

• Ribosome queue upstream of the pause promotes initiation at the uORF AUU 

start codon
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Figure 1. Sequence element near the C-terminus of the AZIN1 uCC is required for polyamine 
stimulation of translation initiation at the upstream AUU start codon
(A) HEK293T cells treated with DFMO (polyamine-depleted) or DFMO+SPD (high 

polyamines) were transfected with mouse azin1 uCC-luciferase reporters. OF, last 10 codons 

of the uCC out-of-frame. Percent AUU initiation was calculated relative to corresponding 

AUG-initiated constructs. Error bars denote standard deviation; *p<0.05 (Student’s two-

tailed t-test; n=4, assayed in duplicate). Results from tests of additional SPD concentrations 

are presented in Figure S1; relative reporter mRNA levels are presented in Table S1. (B) 
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Schematic of the AZIN1 mRNA from mammals: conventional AUG initiated uORFs in 

cyan, uCC in red, and mORF in green. WebLogo representations of the most conserved C-

terminal uCC residues from (top) 101 vertebrate AZIN1 orthologs or (middle) 320 metazoan 

ODC homologs, including the 101 vertebrate AZIN1 sequences; (bottom) WebLogo of the 

entire uCC from 34 Zygomycota ODC mRNAs. The highly conserved PPW motif is boxed. 

(C), azin1 uCC-Luc fusions with the indicated frameshift or point mutations (red) were 

tested as in panel (A). Mutations that alter the PPW motif are boxed. Firefly reporter values 

were normalized to a co-transfected Renilla luciferase initiated by AUG in perfect context. 

Error bars denote standard deviation; **p<0.01 (Student’s two-tailed t-test; n=5, assayed in 

duplicate). Results in panels (A) and (C) are from independent experiments; relative reporter 

mRNA levels are presented in Table S1.
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Figure 2. Polyamine repression of AZIN1 mORF translation correlates with high ribosome 
occupancy near the 3′ end of the uCC
Ribosome protected mRNA fragments from HEK293T cells grown under low (DFMO, 

upper panel) and high (DFMO + 2 mM SPD, lower panel) polyamine conditions were 

mapped on the AZIN1 mRNA with the uCC (red) and mORF (green) depicted as rectangles 

in the schematic. The total (not normalized) ribosome fragment counts were aligned to the 

AZIN1 mRNA assuming a 15 nt offset from the 5′ end of the protected fragments to the A 

site. Quantified fragment counts mapping to the uCC and mORF under each condition are 

indicated above and below the ribosome profiles. (Inset) enlarged view of the fragments 

mapping within the last 15 codons of the uCC including on the PPW motif (orange).
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Figure 3. Translation elongation pause enhances initiation at upstream AUU codon
(A) Amino acid sequence of the mouse azin1 uCC. The last 10 residues (red) were replaced 

by (bottom) the C-terminal two-thirds of the N. crassa AAP sequence (green) in uCC-AAP 

hybrid constructs; critical APP residue D12 is boxed in orange. (B) The indicated uCC-Luc 

reporters or a dual-luciferase human OAZ1 frameshift reporter (to monitor polyamine levels) 

were transfected either in HEK293T cells (right panel) pretreated with DFMO or DFMO + 3 

mM SPD or in U2OS cells (middle panel) cultured in DMEM (400 μM Arg) media +/- 25 

mM Arg. Percent AUU initiation calculation and firefly normalization were performed as in 

Figure 1. Error bars denote standard deviation; *p<0.05 (Student’s two-tailed t-test; n=4, 

assayed in duplicate); relative reporter mRNA levels are presented in Table S2.
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Figure 4. High polyamine levels block eIF5A stimulation of PPW peptide synthesis
(A) Fractions of MEPPWK synthesis in yeast in vitro reconstituted elongation assays 

performed in the presence of the indicated concentration of eIF5A were quantified and fit to 

a single exponential equation. (B) Maximum fraction of peptide synthesis (Ymax) values 

from panel (A) were fit to the Michaelis-Menten equation to calculate the k1/2 value for 

eIF5A (~0.1 μM). (C-F) Fractions of MEPPWK (C,E) or MEFFWK (D,F) synthesis in 

elongation assays performed in the presence of the indicated concentration of SPD, and 

either 0.1 μM (C,D) or 100 μM (E,F) eIF5A were plotted and fit to a single exponential 
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equation or a simple two-step process for a sigmoidal curve (Lorsch and Herschlag, 1999). 

Biochemical data in panels (A-F) are representative of results obtained from three 

independent experiments. (G) HEK293T cells pretreated in 1 mM DFMO for 4 days were 

co-transfected with the indicated uCC-Luc reporters and either control or DHPS-targeted 

shRNA. After 48 hr, cells were supplemented with 1 μM SPD and then harvested after 24 hr. 

Percent AUU initiation calculation was performed as in Figure 1. Error bars denote standard 

deviation; ***p<0.001 (Student’s two-tailed t-test; n=4, assayed in duplicate).
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Figure 5. Schematic model of polyamine-induced and eIF5A-mediated ribosomal queuing 
leading to enhanced initiation at the AUU start codon of the uCC on the AZIN1 mRNA
(A) Under conditions of lower polyamines most scanning 40S ribosomes skip over the uCC 

(red) start codon (AUU) without initiating and then initiate downstream on the AZIN1 

mORF (green). The occasional ribosome that initiates on the uCC AUU start codon 

synthesizes the uCC peptide and then disengages from the mRNA. (B) Under conditions of 

higher polyamines any ribosome that initiates on the uCC start codon elongates down the 

uORF and encounters the PPW sequence. The high polyamines interfere with eIF5A 

function and cause the ribosome to stall. Subsequent scanning ribosomes, which mostly skip 

over the AUU start codon, and the occasional elongating ribosome form a queue behind the 

stalled ribosome. A queued subunit spends an extended time traversing and in the vicinity of 

the near cognate start codon allowing greater opportunities for initiation. The enhanced rate 

of initiation on the uCC reinforces the elongation stall, prevents ribosomes from scanning to 

the AZIN1 mORF, and effectively suppresses AZIN1 synthesis.

Ivanov et al. Page 28

Mol Cell. Author manuscript; available in PMC 2019 April 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. Ribosome queuing potentiates translation of the uCC to regulate AZIN1 mRNA 
translation
(A–C) Impairing 40S ribosome loading mitigates the effects of high polyamines on AZIN1 

regulation. HEK293T cells were transfected with the indicated uCC-Luc, azin1 leader-

Renilla or dual-luciferase OAZ1 reporter and incubated for 24 hr in DMEM supplemented 

with 1 mM aminoguanidine and 1 mM SPD in the absence or presence of 4EGI-1. Percent 

AUU initiation (A) was calculated as described in Figure 1A; relative reporter mRNA levels 

are presented in Table S3. To monitor AZIN1 synthesis (B), the full 5′ leader of mouse 
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azin1 mRNA was fused upstream of Renilla luciferase. Wild type reporter activity was 

calculated as a percent of a reporter containing the out-of-frame uCC mutation and 

normalized to a co-transfected firefly luciferase reporter as in Figure 1C; relative reporter 

mRNA levels are presented in Table S3. To monitor levels of free polyamines, percent OAZ1 

+1 frameshifting (C) was calculated relative to an in-frame reporter. Error bars denote 

standard deviation; **p<0.01 (Student’s two-tailed t-test; n=5, assayed in duplicate); # 

symbol in reporter names indicates that the AUG start codon of conventional uORFs were 

mutated to AAA. (D) Extending the length of the AZIN1 uCC impairs polyamine regulation. 

HEK293T cells were transfected with the indicated uCC-Luc reporters and grown as 

described in Figure 1A, except that cells were supplemented with 6 mM SPD. The grey box 

in the bottom two constructs indicates a 186 nt insertion (Table S6). In the middle construct 

the 62-codon extension starts with a non-initiating AAA codon and the uCC retains its 

normal AUU start codon; in the bottom construct the extension starts with an AUU codon 

and uCC start codon is changed to AAA. Luciferase activity of each reporter is compared to 

a reporter with AAA codons at both positions and the last 10 codons of the uCC out-of-

frame. Error bars denote standard deviation; ***p<0.001 (Student’s two-tailed t-test; n=10, 

assayed in duplicate); relative reporter mRNA levels are presented in Table S3.
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