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Abstract

Cells utilize transcriptional and post-transcriptional mechanisms to alter gene expression in
response to environmental cues. Gene-specific controls, including changing the translation of
specific mMRNAs, provides a rapid means to respond precisely to different conditions. Upstream
open reading frames (UORFS) are known to control the translation of MRNAs. Recent studies in
bacteria and eukaryotes have revealed the functions of evolutionarily conserved uORF-encoded
peptides. Some of these uUORF-encoded nascent peptides enable responses to specific metabolites
to modulate the translation of their mMRNASs by stalling ribosomes, and through ribosome stalling
may also modulate the level of their MRNAs. In this review, we highlight several examples of
conserved UORF nascent peptides that stall ribosomes to regulate gene expression in response to
specific metabolites in bacteria, fungi, mammals, and plants.
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Introduction

Regulation of gene expression plays crucial roles in cellular stress responses, homeostatic
control of biosynthetic processes, and in development. In addition to regulation by
transcriptional control, gene expression can be translationally controlled. One key advantage
of translational versus transcriptional control of gene expression is speed. Whereas
transcriptional control relies on the synthesis of new mRNAs that must then be engaged by
the ribosome to synthesize proteins, translational control bypasses this first step, as well as
the second step in eukaryotic cells of transporting the mRNAs from the nucleus to the
cytoplasm. Another advantage is that translational control directly regulates the production
of proteins. In addition to global mechanisms of translational control involving altered
functions of ribosomes or the factors that assist their function, gene-specific translational
control can also be mediated by elements that function in ¢/s in the regulated mRNAs. In this
review, we will focus on cis-acting translational control mechanisms in bacteria and
eukaryotes that use upstream open reading frames (UORFs) in mMRNA leaders that encode
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regulatory peptides that control gene expression by acting on the ribosomes that translate
them.

The mechanisms of translation initiation, and the structures of mMRNAs, differ greatly
between bacteria and eukaryotes. In bacteria, many mRNASs are polycistronic and encode
multiple proteins from different ORFs. Ribosomes are recruited directly to ORF start
codons. Base-pairing interactions between the ribosomal rRNA and nucleotides in a region
slightly upstream of the start codon in the mMRNA enhance the efficiency of initiation (102).
In some cases, translation of sequential ORFs in bacterial mMRNAs is coupled — for example,
by transfer of a terminating ribosome from the 5 ORF to the start codon of the subsequent
OREF, or by translation of the preceding ORF melting an mRNA secondary structure that
otherwise would restrict ribosome access to the downstream ORF. In addition to these
translational coupling mechanisms operating between adjacent long protein-coding ORFs in
an mRNA, translation of short uORFs in the 5’-leaders of MRNAs can be coupled to the
translation of the main protein-coding ORFs (mORFs). Importantly, as discussed below,
ribosome stalling during the translation of bacterial uUORFs can control access to a
downstream translation initiation site by controlling the structure of the mRNA (Fig. 1).

In bacteria, the processes of transcription and translation are coupled. Ribosomes engage
and translate an mRNA while the mRNA is still being transcribed. Because of this coupling,
the translation of bacterial UORFs (also known as bacterial leader peptides) can affect
mRNA production. As exemplified by the paradigmatic Escherichia coli Trp attenuation
mechanism (reviewed in 139), stalling of translating ribosomes on Trp codons in the #pL
leader peptide (UORF) of the #p operon MRNA under conditions of limiting tryptophan —
when the levels of Trp-tRNA are low — favors formation of an RNA secondary structure
termed the anti-terminator. Antiterminator formation enables the synthesis of the full-length
trp operon mRNA and thus the production of Trp biosynthetic enzymes. In contrast, when
Trp levels are high, efficient translation of the UORF leader peptide favors the formation of a
Rho-independent transcription terminator structure in the mRNA 5’-leader and premature
termination of #rp operon transcription. Thus, in bacteria, translation of uORFs can both
regulate ribosome access to the mRNA and control synthesis of the full-length mRNA (Fig.
1).

In eukaryotes, transcription occurs in the nucleus and translation in the cytoplasm, so these
processes are not directly coupled. However, the translation of UORFs can regulate both
translation of the mORF and stability of the mRNA. As opposed to the direct binding of
ribosomes to the start codon of ORFs as in bacteria, eukaryotic mRNAs are translated via
the scanning mechanism (Fig. 2, reviewed in 39; 40; 41). The small ribosomal subunit, with
bound initiator Met-tRNA;Met and associated translation initiation factors, binds near the cap
of an mRNA and scans in a 3’direction. Base-pairing interactions between the anticodon
loop of tRNA;Mét and a start codon (typically AUG) triggers translation start site selection.
Typically, the scanning ribosome selects the first start codon it encounters during scanning
(Fig. 2, scheme 3). However, this is not always the case. The efficiency of start codon
selection is influenced by the identity of the start codon and its immediate sequence context
(19; 51; 62; 63; 70; 84; 130). An A or G at the —3 position relative to the A* of the AUG
codon is the most important determinant of a favorable initiation context, and a G at +4 also
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favors start codon selection. Scanning ribosomes will scan past AUG start codons in poor
context without initiating (leaky scanning) and then initiate at downstream start codons (Fig.
2, scheme 2). Scanning ribosomes can also initiate at near cognate codons that differ from
AUG by a single nucleotide change; however, even the most efficient near cognate codon
(CUG in mammalian cells) is used at <20% the efficiency of a good-context AUG codon
(51).

How does eukaryotic UORF translation impact mORF translation? If the uORF terminates
before the start codon of the mORF, then several features of the uORF and the mRNA leader
determine the impact of the uUORF on mORF translation. There are at least six ways (Fig. 2)
that translation of a UORF can affect translation from a downstream start codon. The length
of a UORF or the time spent translating it is inversely correlated with the efficiency of
reinitiation following translation of the UORF (64; 73; 95). Accordingly, the translation of
long UORFs (Fig. 2, scheme 4) is associated with much poorer reinitiation potential than the
translation of short uORFs (Fig. 2, scheme 5). In a similar manner, stalling of a translating
ribosome during elongation (Fig. 2, scheme 6) or termination (Fig. 2, scheme 7) can enhance
the inhibitory activity of a short UORF. For example, rare codons or secondary structures that
impede translation elongation on a UORF (64; 69) or sequences that interfere with peptide
release at termination (9; 17) lower the probability of translation reinitiation. Stalling of
translation elongation or termination on a UORF, in addition to lowering the probability of
reinitiation, can block subsequent scanning ribosomes from leaky scanning the UORF and
reaching the mORF start codon (Fig. 2, scheme 8). Interestingly, impeding the progress of
the leaky scanning ribosome can trigger the formation of a ribosome queue. When the queue
reaches the UORF start codon, the longer time spent by a scanning ribosome in the vicinity
of the start codon will enhance initiation on the uUORF (Fig. 2, scheme 9). The increased
UORF translation will trigger a positive feedback loop that reinforces the stall, which in turn
triggers queuing by subsequent ribosomes and enhanced translation of the UORF. As will
described below, regulated elongation pausing and ribosome queuing underlies the
regulation of antizyme inhibitor (AZIN1) mRNA translation (52). Notably, both the
elongation-stalling and termination-stalling mechanisms can be consequences of the actions
of nascent peptides specified by UORFs.

In addition to controlling ribosome access to the mORF, translation of uORFs in eukaryotes
can impact mRNA levels. Cells employ a variety of quality control pathways to turnover
defective mRNAs and ribosomes (104). The nonsense-mediated decay (NMD) pathway is
responsible for degrading mRNAs in which a translating ribosome encounters a premature
stop codon (a stop codon that is not the mORF stop codon). While this pathway’s major
function is considered to be a quality-control surveillance mechanism to trigger degradation
of aberrant mMRNAs in which a nonsense (stop) codon occurs within the mORF, the key
trigger for NMD is the presence of a stop codon upstream of the normal mORF stop codon.
Thus uUORFs, which by definition terminate with premature stop codons, can trigger NMD
(36). Although not all UORFs trigger NMD, the parallel abilities of eukaryotic uUORFs to
cause NMD and, by doing so, to regulate transcript levels, and the abilities of bacterial
UORFs to regulate transcript levels by controlling transcription termination, highlight the
universal properties of UORFs to control both translation and mRNA levels.
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In this review, we will focus on a special class of UORF-mediated translational control
mechanisms that involve uORFs which encode conserved polypeptides. Interestingly,
conserved peptide UORFs (CPUORFs), as well as upstream conserved coding regions (uCCs,
conserved UORFs that initiate with near cognate start codons), are found in mMRNASs from
bacteria, fungi, viruses, mammals and plants. While the conserved peptide sequences could
have reflected functional roles of the encoded proteins after their synthesis, the evidence
indicates that amino acid sequence conservation of the UORFs exists to enable translational
control via specialized requirements for translation factors or through nascent peptide
interactions with the translational machinery (ribosomes). Of note, several of these
conserved UORFs have been shown to function as nascent peptides in the ribosome and
confer regulation in response to specific metabolites.

Bacterial uORFs

Trp control of ThaC

The E. coli tna (tryptophanase) operon encodes two structural genes, tnaA and tnaB. thaA
specifies tryptophanase and tnaB specifies a tryptophan transporter. The operon is under
catabolite control and control by levels of Trp. Specifically, operon expression is induced
when preferred carbon sources are not available and Trp levels are high. In 1985, Stewart
and Yanofsky reported the isolation of cis-acting mutants in the tna operon that caused high
levels of expression independent of the presence of Trp. The mutations mapped to the
MRNA 5’-leader in a sequence specifying a 24-residue leader peptide they named tnaC
(111). Subsequent work showed that Trp acts with nascent TnaC to cause ribosome stalling
with the TnaC termination codon in the ribosome A site. This stalling causes release from
transcription attenuation, resulting in transcription of the full-length mRNA and expression
of the structural genes (27). In the model for naregulation, catabolite control causes
transcription initiation to increase when rich carbon sources are not available, and translation
of TnaC in the presence of Trp inhibits Rho-dependent termination in the mRNA 5’leader

(14). (Fig. 1)

The requirements for TnaC-mediated stalling have been investigated by mutational analyses
of the TnaC peptide and the ribosome (13; 75; 76; 138). The C-terminal half of the peptide
is most important for regulation and residues critical for regulation are evolutionarily
conserved (15). Regulation by TnaC is impacted by the stop codon that terminates its
synthesis (61). The explanation for this is that TnaC stalling is accentuated when RF2 is the
release factor (UGA stop codon) compared to when RF1 is the release factor (UAG stop
codon) (21). The inherently different activities of RF2 and RF1 — RF1 is a more efficient
release factor than RF2 — could explain why TnaC and Trp do not act as efficiently to inhibit
RF1 activity. This hypothesis is supported by mutational analysis of RF2; mutations that
increase its activity also decrease the effect of TnaC and Trp on stalling in a reconstituted
cell-free translation system (21). The structural model for TnaC regulation, based on cryo-
EM data, indicates that TnaC and Trp cause changes in the conformation of the ribosome
that result in the large ribosomal subunit rRNA nucleotide A2602 shifting to a position that
does not enable RF2 function (7), consistent with the mutational data. Here, and for the
other bacterial stalling peptides, because of space considerations, we do not discuss the
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extensive work on the consequences of ribosome mutations for nascent peptide stalling
mechanisms.

Recently, TnaC control was examined from a systems perspective by using flow cytometry
to measure reporter expression from more than a thousand TnaC mutations (124). The
analyses corroborated the importance of specific residues in the TnaC C-terminal half in
Trp-mediated ribosome stalling. They also uncovered mutations in the less-conserved
amino-terminal half of the coding region that alter the regulation of downstream reporter
expression. These N-terminal mutations are not crucial at the amino acid coding level but are
important at the nucleotide level. They appear to be relevant for forming RNA structures that
govern translation initiation rates at the TnaC start codon. Thus, the sequences encoding the
amino-terminal region (5’-half) modulate translation initiation to maintain levels that allow
coupling of translation to transcription. Such coupling is critical so that the timing of
ribosome stalling can affect the action of RNA polymerase at the Rho-dependent termination
site in the mRNA 5’-leader.

Ornithine control of SpeFL/Orf34

E. coli and Salmonella typhimurium encode an inducible ornithine decarboxylase (ODC)
named SpeF, which is induced by high ornithine levels (4; 37). The mechanism through
which induction occurs has been determined: ornithine causes ribosome stalling during the
translation of the 34-residue SpeFL leader peptide (37). Stalling in response to ornithine
results in masking of a Rho utilization site (rut site) and transcription antitermination,
enabling transcription to continue into the structural gene for SpeF. A structure of the
ribosome containing the stalled peptide and ornithine gave insight into the stalling
mechanism. Notably and excitingly, this is the first high resolution structure revealing how a
nascent stalling peptide interacts with a metabolite in the peptide exit tunnel of the ribosome.
In the structure, ornithine fits into a pocket created by both the ribosome and SpeFL
resulting in a conformational change of the nascent peptide and subsequent interference with
translation termination mediated by RF1 (37).

The SpeFL structure can be considered as two domains: an N-terminal sensor domain and a
C-terminal effector domain. The junction of these domains, residues H1gIRRXXH1g, forms
the tight ornithine binding pocket with the ribosome. Tight ornithine binding is proposed to
compact the nascent peptide’s effector domain, and as a consequence, to change the
structure of the ribosome and interfere with RF1 activity through steric clash (37).

SpeFL (named Orf34 in S. typhimurium) is conserved in -y-proteobacteria (4; 37). How
ribosome stalling within SpeFL is coupled to transcription termination appears to be
complex and may not yet be fully understood. In £. colj, the rare Arg12 and Arg13 codons
of SpeFL are proposed to be important for fully exposing the Rho-utilization (rut) site so
that, in the absence of ornithine, basal levels of SpeF are low. Ornithine-mediated stalling of
the lead ribosome at the termination codon would then create a situation in which ribosomes
accumulate behind the paused ribosome and occlude the rut site (37). In S. typhimurium,
these conserved tandem Arg codons mediate regulation of downstream SpeF by Arg
availability (4); this makes metabolic sense because Arg is also a precursor for polyamine
synthesis. Limited Arg-availability is proposed to stabilize the mMRNA in S. typhimurium by
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slowing translation at these tandem codons and enabling different RNA structures to form.
The alternative secondary structures that form as a consequence of leader peptide translation
in S. typhimurium also appear to affect translation initiation at the downstream SpeF start
codon by impacting the accessibility of the Shine-Delgarno site (4).

Macrolide control of ErmC

Macrolide antibiotics, which interfere with protein synthesis in complex ways (59; 60), bind
to ribosomes within the peptide exit tunnel (20; 112). Resistance to the macrolide
erythromycin (ERY) is conferred by methylation of 23S rRNA (65) at A2058 (105) through
the Erm family of methyltransferases; methylation of A2058 reduces macrolide binding to
the ribosome (131).

Staphylococcus aureus ermC encodes this methyltransferase and its expression is induced by
subinhibitory concentrations of ERY. The mechanism of induction was inferred early on to
be at the level of translation. Specifically, in 1980, antibiotic-induced stalling of synthesis of
the ErmCL leader peptide was proposed as the mechanism to increase ErmC translation (28;
42). Subsequent work established that the peptide sequence, not the mRNA sequence, of the
leader peptide was important, and that ribosome stalling occurred during elongation near the
C-terminus of the short (10-residue) peptide, with codon-9 in the P site and codon-10 in the
A site (123). Stalling changes the mRNA structure so that translation of ErmC can be
efficiently initiated (Fig. 1). Analyses of the translation of Erm leader peptides with different
primary amino acid sequences in a variety of Erm-encoding mRNAs, and a cryo-EM
structure of Erm-stalled ribosomes, showed that stalling was used generally as a regulatory
mechanism to induce this resistance mechanism (3; 30). Understanding how different
macrolide-related antibiotics trigger or do not trigger ribosome stalling and thus would or
would not induce expression of distinct Erm methyltransferases is important to consider for
the clinical treatment of resistant bacteria (30). Finally, translation of specific leader peptides
is also proposed to translationally control operons that confer resistance to another
antibiotic, chloramphenicol, that binds at the peptidyl transferase center of the bacterial
ribosome, not in the exit tunnel (20; 112), but the mechanisms remain unclear (47).

SecM control of secretory capacity

E. coli SecM (secretion monitor), named by Nakatogawa and Ito (82) who discovered its
function as a stalling peptide, was initially identified as a 170-residue upstream coding
region called Gene X in the 5’-leader of the mMRNA specifying £. coli SecA (103). SecA
encodes a translocation ATPase important for targeting secreted proteins to the SecYEG
channel (110). Observations, including the identification of mutations in the Gene X
secretion sequence that caused SecA to be constitutively expressed (85), led Nakatogawa
and Ito to examine SecM function in detail (82). They established that SecM protein
synthesis stalls during elongation near the C-terminus of the peptide, and that insertion of
SecM into the membrane releases the stall. They obtained data that the nascent peptide itself
was critical for stalling, and they proposed that, if the stall was not released, then the
secondary structure of the mRNA would be affected, and SecA translation would increase.
These predictions were borne out by subsequent work (reviewed in 47; 48). Thus SecM-
mediated ribosome stalling, which arises when secretory stress results in failure of SecM to
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get pulled into membrane, results in a stalled ribosome that changes the mMRNA structure to
expose a downstream Shine-Dalgarno sequence and to enable SecA translation (Fig. 1).

Elongation stalling in SecM occurs with a prolyl-tRNA in the stalled ribosome A site; this
Pro is not incorporated into the nascent peptide (81). While variation appears tolerated in
many residues of the functionally conserved region of the nascent peptide (140), the Pro
residue is critical; one possible reason is that Pro in the A site of the stalled ribosome
inhibits quality control mechanisms that would otherwise degrade mRNAs on which a
ribosome is stalled (26). Cryo-EM studies of SecM-stalled ribosomes, which may not fully
reflect the dynamic situation in vivo (48) and which are at variance with a biophysical in-
solution study (135), nevertheless indicate structural changes that would interfere with
peptidyl transferase activity (5; 29; 145).

MifM regulation and membrane insertion capacity

Bacillus subtilis MifM (membrane protein insertion and folding monitor) was identified
initially as YqzJ, a 95-residue UORF peptide with a membrane insertion sequence that is
encoded in the 5’-leader of the yidC2 operon (12). YidC2 is an insertase whose expression
increases when the activity of the major insertase YidC1 appears inadequate to meet cellular
needs. Genetic selection for YidC2-LacZ reporter overexpression yielded mutations
affecting the sequence of this UORF peptide. Subsequent analyses revealed that the MifM
peptide stalls ribosomes when cellular membrane insertion capacity is low, and the stalled
ribosome affects RNA structure to expose the Shine-Dalgarno sequence important to initiate
YidC2 translation (Fig. 1) and increase this capacity (12). When insertion capacity increases,
arrest is relieved and YidC2 expression is reduced. Thus, regulation of YidC2 by MifM in
response to insertion capacity appears analogous to regulation of SecA by SecM in response
to secretory capacity. However, there is little similarity at the amino acid sequence level
between MifM and SecM peptides, and in reconstituted systems, MifM is specific for B.
subtilis ribosomes and SecM for £. coliribosomes (11). A third class of peptide that
monitors protein export through elongation arrest has been described in Vibrio (45). The
mechanism of MifM action has been reviewed in detail (47; 48).

MifM stalls ribosomes engaged in elongation, and the stalls occur, not at a specific site, but
in a region near a highly acidic amino acid cluster (10). Cryo-EM structural analyses of
stalled ribosomes indicate that the nascent peptide interacts with the rRNA to reduce activity
at the peptidyl transferase center (106). Additional N-terminal MifM residues, located far
from the stalling site and that appear to be outside of the exit tunnel when arrest occurs, also
have roles in arrest, indicating that the mechanism by which the conformational changes that
lead to stalling are triggered by peptide-ribosome interactions is not fully understood (23).

Fungal uORFs

Arg control by the fungal AAP

The Arg biosynthetic pathway in fungi begins with the production of carbamoyl phosphate.
Arginine-specific carbamoyl phosphate synthetase (CPS-A, which differs from CPS-P,
which is used for pyrimidine synthesis) is a two subunit enzyme in these organisms (16).
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The CPS-A small subunit is subject to negative regulation by Arg in both organisms. The
gene specifying the small subunit in Neurospora crassa, arg-2, was among the first amino
acid biosynthetic genes identified by mutation in any organism (109), and cis-dominant
mutations that removed Arg-specific regulation of the Saccharomyces cerevisiae small
subunit gene, CPA1, were identified in the early 1970s (117). In 1987, these and other cis-
acting mutations in CPAZ were shown to change the amino acid sequence of a 25-codon
UORF in the CPAZI mRNA 5’-leader and a model for translational control through the UORF
was proposed to account for the observations that the amino acid sequence of the UORF
appeared important for regulation (133).

The sequences of the N. crassa arg-2 gene and cDNA revealed that a 24-codon uORF,
conserved at the amino acid sequence level, was also present in the mRNA (88). Direct
biochemical evidence for translational control by the arg-2uORF in vivo was obtained:;
classical genetic selection for mutations that lost arg-2 uORF regulatory function identified
the critical residue Asp12 in the peptide as was also found in the S. cerevisiae CPA1 uUORF
(22; 71; 72). An N. crassa cell-free translation system was developed that recapitulated Arg-
specific regulation by the UORF (127). Primer-extension inhibition analyses (toeprinting)
showed that Arg causes ribosomes to stall with the uORF stop codon in the ribosome A site
(128) and that conserved residues in the peptide were crucial for stalling.

Further work established that the arg-2 uORF-encoded peptide could cause stalling of
ribosomes involved in translation elongation in addition to ribosomes involved in
termination, and the peptide was named the arginine attenuator peptide (AAP) (125). That
Arg, or closely related compounds, were important for regulation, but levels of
aminoacylated tRNA were not, was shown (126). The proposed mechanism of translational
regulation by the uORF-encoded AAP (whose start codon is in a weak initiation context),
with AAP-mediated stalling controlling leaky scanning of ribosomes (125) (Fig. 2, scheme
7), was confirmed in both N. crassaand S. cerevisiae cell-free translation systems with both
the arg-2and CPA1 AAPs (25).

A combination of a weak-context start codon, and a strong Arg-dependent stall at its
termination codon, result in AAP-mediated stalling triggering NMD of the S. cerevisiae
CPA1and N. crassa arg-2 mRNAS (24; 146), destabilizing these transcripts. Thus, stalling
by this eukaryotic UORF impacts mRNA levels. The early classical genetic studies of CPAZ
regulation (117), accomplished before any of these processes were known, prefigured these
results. The cis-acting CPAI mutations altered the AAP, making it unable to stall ribosomes
as discussed above, and a trans-acting gene identified to increase CPAI gene expression
reduced the function of UPF1, which is essential for NMD (78).

The AAP is conserved through a billion years of fungal evolution, and the evolutionarily
conserved region is critical for regulation (108). The relative positions of highly conserved
amino acids in the nascent AAP with respect to the translating ribosome are critical for the
AAP to exert its stalling function; however, there is no evidence that a specific amino acid
must be in the P site to trigger stalling (129), unlike what is observed for some of the other
nascent peptides described here. In the presence of Arg, the AAP’s positioning in the
ribosome exit tunnel changes (136), and Arg-regulation is then exerted by the AAP

Annu Rev Genet. Author manuscript; available in PMC 2021 November 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dever et al.

Page 9

interfering with the activity of the ribosome peptidyl transferase center (129). The effect of
Arg to change the relative position of the AAP nascent peptide can occur before the optimal
position for stalling is reached (136).

The position of the AAP in the ribosome has been determined by cryo-EM at low-resolution
(6). Recently, mutations affecting the plant ribosome tunnel at positions predicted from the
structure to interact with the AAP were found to impact stalling by the AAP (115).
Importantly, the same tunnel mutations affected other stalling peptides in different ways,
showing that there is not one specific interaction with the ribosome by which these peptides,
which have different lengths and sequences, cause stalling. Based on these data, it appears
that while the end-result (ribosome arrest) can be the same, different eukaryotic stalling
peptides have different ways of interacting with the ribosome to trigger an arrest.

Mammalian uORFs

Bioinformatic analyses have identified over one million uORFs in humans; however, the
number of these that are translated and that regulate mORF translation is much lower (54;
74; 77). The number of UORFs encoding conserved peptides has not been determined
conclusively for mammals. Rather than cataloging examples of MRNAs containing uUORFs
with conserved peptide sequences, we will focus on a few exemplar UORFs that have been
shown to confer regulation in response to a metabolite in a sequence-dependent manner or
whose mechanism of translational control has been investigated in depth.

Polyamine-regulated uORFs

The small organic polycations putrescine, spermidine, and spermine have been implicated in
a variety of cellular processes, with prominent functions in transcription, translation, and ion
channels (93). The positively charged polyamines interact with negatively charged nucleic
acids (DNA or RNA), membranes and proteins, and stimulate the processes involving these
molecules, in some cases functioning like Mg2* ions. While the precise molecular functions
of polyamines have not been elucidated, the regulation of polyamine biosynthesis is under
tight homeostatic control, with much of the control occurring at the level of translation (18).

The enzyme ornithine decarboxylase (ODC) converts ornithine to putrescine in the first step
of polyamine biosynthesis. Under conditions of polyamine excess, the protein antizyme
(OAZ1), whose synthesis is induced by polyamine-regulated +1 ribosomal frameshifting,
binds to ODC and targets it for degradation (92). When polyamine levels drop, OAZ1
synthesis is repressed and synthesis of antizyme inhibitor (AZIN1), a non-functional
ortholog of ODC, is induced (58). The AZIN1 binds and sequesters OAZ1, enabling ODC
levels to increase and catalyze the synthesis of more polyamines. To generate the higher-
order polyamines, a molecule of decarboxylated S-adenosylmethionine (dcSAM) donates an
aminopropyl moiety to convert putrescine to spermidine and another dcSAM is used to
convert spermidine to spermine. dcSAM is generated from SAM by the enzyme S-
adenosylmethionine decarboxylase (AdoMetDC or AMD1) (92). uORFs encoding
evolutionarily conserved peptide sequences mediate polyamine-controlled translation of
both the AZ/INIand AMDI mRNAs. Conserved uORFs in genes of the polyamine
biosynthetic pathway are a recurrent feature of eukaryotic evolution (49).
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AMD1 (AdoMetDC)—In vertebrates, the AMDI mRNA contains a UORF encoding the
peptide MAGDIS. The uORF is located 13-14 nts downstream of the 5° cap (100; 101). As
ribosomes are inefficient at initiating translation close to the 5” cap, a fraction of the
scanning ribosomes scans past the UORF start codon without initiating (leaky scanning)
(Fig. 2, scheme 2). These ribosomes that leaky scan past the uORF can translate the AMD1
mMORF. On occasion, a scanning ribosome initiates translation of the uUORF, terminates, and
then either disengages from the mRNA or resumes scanning (as a 40S subunit). These
subunits that resume scanning will be able to reinitiate translation at the AMDI mORF.
Under conditions of high polyamines, a ribosome that translates the UORF stalls at
termination (67; 96; 97) (Fig. 2, scheme 7). The peptidyl-tRNA remains bound to the
ribosome paused on the stop codon. This stalled ribosome, while presumably not preventing
the mRNA cap-binding protein elF4E from associating with the cap, will, through steric
occlusion, prevent additional ribosomes from loading on the mRNA and thus repress
translation.

While the mechanism by which polyamines interfere with translation termination on the
AMDI uOREF is not clear, insights have been obtained into the uORF determinants for
translational control. First, as stated above, the amino acid, but not the nucleotide, sequence
of the uORF is perfectly conserved in vertebrates. Consistent with the idea that the UORF
peptide sequence is critical for polyamine regulation, missense mutations in the UORF
coding region, but not synonymous codon substitutions, impair regulation both in
mammalian cells (80) and in heterologous yeast (S. cerevisiae) cells (79; 80). While the
MAGDIS uORF confers regulation in yeast, indicating that regulation is mediated by
conserved elements within the translational apparatus, the yeast homolog of AMD1, SPE2,
lacks a MAGDIS uOREF in its transcript. Site-directed mutational studies revealed that the
three C-terminal uORF residues, DIS, are the most critical for regulation (38), and saturation
mutagenesis studies of these residues revealed an absolute requirement for Asp at position 4
and either Ile or Val at position 5 (80). Nonsense mutations at the fourth, fifth or sixth
position that shorten the uUORF or mutations that lengthen the UORF by one or three residues
at the C-terminus or by three residues at the N-terminus weaken the inhibitory effect of the
UORF on mRNA translation (38; 80). Ribosome stalling on the MAGDIS uORF is greater
than on the mutant uUORFs, even in the absence of added polyamines, indicating that the
MAGDIS uORF is intrinsically inefficient at termination (67). As the critical C-terminal
residues of the MAGDIS peptide will be in the peptidyl transferase center and the short
nascent peptide will be contained within the beginning of the exit tunnel of the ribosome,
these findings suggest that the nascent peptide contributes to the decreased efficiency of
translation termination. Polyamines might further exacerbate the termination defect by
interfering with the function of the peptide release factors (eRF1, eRF3) or other factors or
ribosome constituents that contribute to translation termination.

AZIN1—Comparative sequence analyses of AZ/NI mRNAs and a subset of eukaryotic
ODC mRNA s revealed the presence of a conserved upstream Conserved Coding region
(uCC) in these distinct transcripts (50). In vertebrate AZ/NI mRNAs, the uCC is
approximately 50 codons in length; these uCCs are, by definition, uUORFs; however, they
lack in-frame AUG start codons and instead initiate at the near-cognate start codon AUU.
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Whereas mutation of the AUU start codon of the uCC in a human AZ/N/-luciferase reporter
mMRNA to noncognate UUU resulted in constitutive derepression of luciferase repression,
replacement of the AUU codon by a conventional AUG start codon lead to constitutive
repression of AZ/NI mRNA translation (50). Thus, translation of the uORF impairs AZIN1
production. The wild type uCC regulates translation of the AZ/NI mORF in response to
polyamines with high translation in cells depleted of polyamines and translational repression
in the presence of polyamines. Multi-sequence alignments of uCCs from vertebrate AZ/N1
mMRNAs as well as from some invertebrate and fungal ODC mRNAs revealed that the uCC
sequence conservation is highest near the C-terminus of the encoded peptide with strong
conservation of the motif EPPWxPS* (* denotes a stop codon), though in many fungi this C-
terminal motif is PP* (50). Frameshift mutations that shift the reading frame for the last ten
codons of the uCC lead to derepression of AZ/N1 reporter expression and block polyamine
regulation, indicating that the amino acid sequence conservation is critical for polyamine
regulation (50).

Ribosome profiling (ribo-seq) can be used to determine the positions of ribosomes on
translated mRNAs and, in optimal cases, can pinpoint ribosome pauses during initiation,
elongation, and termination. Applying this technique to cells depleted for polyamines or
supplemented with high levels of polyamines revealed that polyamines trigger ribosome
pausing on the PPW motif within the uCC with the Trp codon in the A site of the paused
ribosome; an additional pause under high polyamine conditions was observed at the stop
codon of the uCC (52). Mutating the PP or W of the PPW motif abolished polyamine
induction of uCC translation and derepressed AZ/N1 synthesis (52). These studies also
provided a new connection to previous studies that showed that translation factor elF5A was
important for translation elongation through polyproline motifs (31). Specifically, elF5A
was found to be required for PPW peptide synthesis, and in addition, high polyamine levels
interfered with the ability of elF5A to stimulate PPW peptide synthesis (52).

Consistent with the findings that polyamines inhibit AZ/NI synthesis, and that translation of
the uCC inhibits AZ/NI mORF translation, polyamines stimulate translation of the uCC
(50). Supporting the notion that polyamines are acting through inhibition of elF5A to
regulate AZ/N1 expression, inhibition of elF5A function mimicked high polyamines and
stimulated uCC translation. Notably, the ability of polyamines (or inhibition of eIF5A)
stimulate uCC translation was dependent on the C-terminal amino acid sequence of the uCC,
including the translation pause site (52). This paradoxical finding that the specific amino
acid sequence of an UORF can stimulate translation initiation of that ORF from its upstream
near-cognate start codon provided experimental evidence for a model of ribosome queuing
to control translation initiation from uORFs that have weak initiation codons (Fig. 2, scheme
9).

These findings, taken together, suggest a model in which, under low polyamine conditions,
most scanning ribosomes leaky scan past the near-cognate start codon of the uCC without
initiating and then translate the AZ/NZ mORF (Fig. 2, scheme 2). The occasional ribosome
that translates the uCC under low polyamine conditions is likely to disengage from the
mMRNA at termination owing to the length of the uCC (~50 codons; Fig. 2, scheme 4). Under
high polyamine conditions, any ribosome that initiates translation of the uCC will encounter
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the PPW motif. The polyamines will interfere with elF5A function and cause the elongating
ribosome to pause on the PPW motif (Fig. 2, scheme 6). Subsequent scanning ribosomes,
most of which will leaky scan past the uCC start codon, will form a queue behind the
elongating ribosome paused on the PPW motif. As the queue lengthens, a scanning ribosome
will eventually be poised in the vicinity of the uCC start codon, increasing initiation events
at that start codon (Fig. 2, scheme 9). The increased translation of the uCC will reinforce the
ribosome pause resulting in a positive feedback loop that enhances uCC translation and
leads to reduced AZIN1 synthesis. In support of this ribosome queuing model, inhibition of
ribosome loading, which should impair queue formation, derepressed AZ/N1 expression
(52), presumably because the elongation pause is only temporary and once it dissipates the
queued ribosomes can access the mORF.

The key features important for translational control of AZ/NI, a uORF with a weak start
codon and highly conserved peptide sequence that sensitizes translation to a metabolite (in
this case, polyamines) is reminiscent of the fungal AAP (see above). In the latter case, Arg
and the nascent UORF peptide provoke a stall that enhances initiation at the weak (poor
context) start codon of the AAP, leading to further reduction in downstream translation
initiation for the Arg biosynthetic enzyme. We hypothesize that similar mechanisms might
account for translational control of mMRNAS containing sequence conserved UORFs that
initiate with weak start codons (107) and encode stalling peptides.

Mg?*-regulated uORFs in PRL-2/PTP4A2 and TRPM7 mRNAs

Two mammalian mRNAs encoding proteins linked to Mg2* transport have been found to
contain conserved UORFs that regulate translation in response to Mg?* levels. The mRNA
encoding the phosphatase of regenerating liver-2 (PRL-2, also known as PTP4A2), which
associates with cyclin M (CNNM) magnesium regulators to coordinate Mg+ homeostasis,
contains an evolutionarily conserved UORF encoding a peptide of either 39 or 21 amino
acids depending on whether translation initiates at the first or an internal AUG start codon
(34). Mutational studies indicate that the internal AUG codon, though in poor context with a
U at position -3, is the more likely start site for translation. Mutation of the second AUG
codon derepresses expression of a PRL-2 reporter and also impairs Mg2* regulation (34).
Further supporting the idea that the 21 amino acid uUORF mediates Mg2* control of PRL-2
mRNA translation, mutations that scramble the amino acid sequence encoded by the UORF
without affecting the start and stop codons nearly abolish Mg2* repression of PRL-2 reporter
expression, whereas synonymous codon substitutions within the uUORF maintain regulation
(34). Thus, the amino acid sequence of the UORF is critical for translational control. As
aggregate ribosome profiling data from many studies revealed prominent ribosome
occupancy near the 3’ end of the UORF (34), perhaps the Mg2*-induced pause of elongating
ribosomes on the UORF controls ribosome access to the mORF. However, additional studies
are needed to identify the critical residues within the UORF required to mediate MgZ*
responsiveness and to define how the UORF controls ribosome access to the PRL-2 mORF.

Like the PRL-2mRNA, the mRNA encoding the transient receptor potential melastatin
channel TRPM?7, an Mg?2* transporter, contains highly conserved uORFs that confer Mg2*-
regulated translation to the mORF (83). The complex mRNA structure consists of a long
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UORF (~ 130 codons in humans) that overlaps the mORF plus a second UORF (~20-32
codons) that is upstream of the mORF, but entirely embedded within the longer first uUORF.
While this UORF structure is conserved among fish, frogs, birds, and mammals, amino acid
sequence conservation is greatest in the mORF and lesser in the uUORFs — though high amino
acid sequence conservation in the uORFs is found within mammals (83). In vitro translation
assays in mammalian cell extracts revealed that the longer uUORFI represses mORF
translation, while UORF2 alters the Mg2* optimum for mORF translation. MgZ* was also
found to repress TRPM?7 reporter expression in vivo (83). While aggregate ribosome
profiling data reveal extensive translation of the longer uUORFI (for example, see https://
gwips.ucc.ie/), additional studies are needed to determine whether the conserved uORF
residues contribute to Mg2* regulation of translation. As there is extensive overlap between
the functions of Mg2* and polyamines in cells, especially in translation (reviewed in 18), it
is tempting to speculate that uORFs controlling synthesis of proteins involved in Mg2* and
polyamine homeostasis might show cross-regulation. Accordingly, it will be of interest to
assess the role, if any, of proline-containing motifs in the 7RPM7uORFs. Moreover, it is
intriguing that the biochemically similar molecules ornithine, arginine and polyamines have
been linked to the UORF nascent peptide-dependent mode of translational control in
bacteria, fungi, mammals and plants, perhaps revealing a propensity for these metabolites to
interact with nascent peptides in the exit tunnel and inhibit ribosome peptidyl transferase
activity.

elF2a—P regulated uORFs in CHOP (DDIT3) and GADD34 (PPP1R15A) mRNAS

The integrated stress response (ISR) couples phosphorylation of the translation initiation
factor elF2a. with (1) inhibition of global translation and (2) upregulated translation of a few
mRNAs including those encoding stress-related transcription factors ATF4 and CHOP
(DDIT3) and the phosphatase subunit GADD34 (PPP1R15A) (91; 142). Translational
induction of ATF4 expression by elF2a phosphorylation involves regulated reinitiation
(reviewed in 91; 142). The A7TF4 mRNA contains two UORFs, the second of which overlaps
the beginning of the A7F4 mOREF in an alternate reading frame. Following translation of
UORF1, ribosomes resume scanning and reinitiate translation at either the inhibitory uORF2
or at the A7TF4 mORF. Phosphorylation of elF2a., by indirectly lowering elF2 function,
promotes scanning past uUORF2 and thereby enhances A7F4 synthesis (regulation is not
nascent peptide sequence-dependent). In contrast, the CHOPand GADD34 mRNAs each
contain UORFs whose amino acid sequences are important for regulation.

In the human CHOP mRNA, the UORF contains two in-frame AUG start codons in good but
not perfect contexts. The longer UORF encodes a peptide of 34 amino acids with striking
amino acid sequence conservation among vertebrates over the C-terminal half of the peptide,
including the near-perfect conservation of the C-terminal HHHT* motif (56; 141). Whereas
mutations of the uUORF start codon or missense mutations that alter the encoded peptide
sequence of the UORF cause derepression of CHOP expression, synonymous codon
substitutions retain regulation (56; 90). The poor context of the uORF start codon is critical
for induction by elF2a phosphorylation and ribosomal toeprinting experiments revealed that
the ribosome stalls near the 3’ end of the UORF (141). Taken together, these findings have
suggested a model (141; 142) in which phosphorylation of elF2a. contributes to enhanced
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leaky scanning of the weak uORF start codon enhancing CHOP expression, but for those
ribosomes that translate the UORF the ribosomal stall contributes to the inhibitory effect of
the UORF on CHOP synthesis. Whether the efficiency of stalling is itself regulated remains
unknown.

The mammalian GADD34 mRNAs contain two UORFs; uORF2 is more highly conserved at
the amino acid level than is UORF1, and UORF2 terminates with the nearly perfectly
conserved motif PPG*. Mutating the uORF2 start codon, which is in good but not perfect
context, mimicked the regulatory effect of elF2a phosphorylation on GADD34 and caused
derepression of expression (68; 143). Mutating the uORFL1 start codon did not significantly
impact GADD34 basal or induced expression (143). These results indicate that the
conserved UORF2 principally confers elF2a phosphorylation control of GADD34 mRNA
translation. Mutations that delete or change the amino acid sequence of the conserved C-
terminal half of UORF2 cause depression of GADD34 expression, while strengthening the
start codon context for UORF2 represses GADD34 expression (143). Toeprinting
experiments revealed a modest level of ribosome pausing near the UORF2 stop codon that
was partially alleviated by mutating the C-terminal PPG* motif (143).

The common features of GADD34and CHOP mRNA translation, including the imperfect
start codon contexts that enable leaky scanning and the conserved peptide sequences that
provoke elongation or termination pauses, suggest that elF2a phosphorylation controls the
translation of these MRNAs via similar mechanisms. Interestingly, a related mechanism
might also be relevant for translational control of the mRNA encoding human hemojuvelin
(HJV), a bone morphogenetic protein (BMP) co-receptor whose dysfunction is linked to
hereditary hemochromatosis. The HIV mRNA contains a 28-codon uORF whose inhibitory
function is dependent on the encoded peptide sequence and overcome by phosphorylation of
elF2a in response to iron overload (86).

Human cytomegalovirus (HCMV) gp48/UL4 uORF2

While several additional mammalian mRNAs have been found to contain conserved uORFs
that impair mORF translation, we will focus on one final example from human
cytomegalovirus (HCMV). The mRNA for the UL4 gene encoding the glycoprotein gp48
contains three UORFs; translation of the conserved 22-codon uORF2 is clearly responsible
for repression of gp48 synthesis. Mutational analyses demonstrated that the amino acid
sequence of UORF?2 is critical for its inhibitory function, especially the C-terminal PP* motif
(17); some internal residues also contribute to the inhibitory function of this UORF (2).
Biochemical studies revealed that the ribosome stalls at the uUORF2 stop codon with bound
peptidyl-tRNAP™ and termination factor eRF1 (8; 53), indicating that the nascent peptide
impairs termination at the UORF2 stop codon. Structural studies indicated that the nascent
peptide adopts an elongated conformation in the ribosome peptide exit tunnel with
conserved rRNA nucleotides contacting the critical residues Pro21 and Pro22. Interestingly,
a loop in ribosomal protein uL4 forms part of the constriction in the peptide exit tunnel, and
the cryo-EM structures indicate that the UORF2 residue Ser12 interacts with the uL4 loop in
the stalled nascent chain complex (6). Recent studies using in vitro translation assays
revealed that mutations in the corresponding loop of Arabidopsis uL4 relieve ribosome
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stalling at the UORF2 stop codon, but not at the AMD1 MAGDIS uORF stop codon (115).
These findings are consistent with a model in which the nascent peptide interactions with
residues in the peptide exit tunnel can induce a conformation in the nascent peptide that
exacerbates the inherently poor termination efficiency of the C-terminal PP* motif. The lack
of effect of the uL4 mutation on the MAGDIS uORF is consistent with this peptide being
too short to interact with the altered tunnel constriction residues during translation
termination. The importance of the interaction between uL4 and the UORF2 peptide is
further supported by mutations at Ser12 of the UORF2 peptide that partially relieve the
repressive function of uUORF2 in mammalian cell assays (2). Finally, it is noteworthy that the
AUG start codon for UORF2 is in conserved poor context, which is critical for leaky
scanning and the constitutively low levels of gp48 expression (8). The attributes of UORF2
(weak translation start codon context, conserved amino acid sequence, termination stall)
share features with UORF2 in the CHOP mRNA described above as well with the uCC in the
AZIN1 mRNA. It is tempting to speculate that cellular conditions, as yet undetermined,
impact elF2a phosphorylation, impair ribosome queuing, or modulate stalling and could
lead to enhanced leaky scanning and derepression of gp48 expression.

Plant uORFs

Searches for conserved uORFs in plants

Some of the first systematic searches for UORFs conserved at the amino acid level were
conducted in plants. Hayden and Jorgensen identified 58 conserved uORF containing genes
belonging to 26 homology groups (35). The same group was able to add to the list and to
link conserved UORFs to specific classes of plant genes. Conserved uUORFs are
overrepresented in transcripts for transcription factors and other regulatory genes (55). Other
studies using similar techniques have identified additional conserved uORFs (113; 114;
119). The most careful and comprehensive analysis to date was performed by van der Horst
et al., who identified 29 novel conserved UORFs in Arabidopsis (122). Importantly, 15 of
these 29 novel UORFs are predicted to initiate from near-cognate start codons. Therefore,
there are now over 100 different plant uUORFs with conserved peptide sequences.

Sucrose-regulated uORFs in select bZIP mRNAs

Arguably the first and best-studied example of metabolite-controlled conserved uUORF
peptide-dependent translational regulation in plants is that of the Arabidopsis thaliana C/S1-
group bZIP transcription factors (bZIP1, bZIP2/GBP5, ATB2/bZIP11, bZIP44, and bZIP53).
These bZIP transcription factors control general metabolism as well as amino acid and sugar
metabolism. Translation of their mRNAS is regulated by sucrose concentrations (134).
Sucrose is the sugar most frequently transported between cells in plants (118). The 5’-leader
of the A7TB2/b21P11 mRNA contains four uORFs that partially overlap with each other (99),
and this 5’ leader conferred sucrose-dependent regulation to reporters. Deletion of the region
including all four uORFs resulted in loss of sucrose repression (98). Subsequently, it was
shown that one of the four A7B2/bZ/P11 uORFs is highly conserved at the amino acid level
throughout plants. The conservation is most pronounced in the 3’ region of the UORF,
including its stop codon. This single conserved UORF is sufficient for sucrose regulation of
ATB2/bzIP11 mRNA (134). Similarly conserved homologous UORFs are present in the 5’-
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leaders of bZIP1, bZIP2/GBP5, bZIP44, and b2/P53 mRNAS, and these UORFs confer
sucrose regulation of the other four bZIP paralogs (132).

The ATB2/bZIP 11 regulatory uORF is initiated by an AUG codon in a conserved
suboptimal context. Improving the context of the start codon makes the uORF more
repressive but does not abolish sucrose regulation. Alanine-scanning mutagenesis revealed
that several of the most highly conserved 14 C-terminal residues of the uORF nascent
peptide are critical for sucrose regulation. The last amino acid of the uORF, a nearly
universally conserved Ser, can be changed to Ala without abolishing regulation; however,
changing the stop codon to a sense codon to create a 3’-extended uORF leads to loss of
regulation. These findings strongly suggest that the conserved peptide affects termination in
a sucrose-dependent fashion, but only if the peptide occupies a specific position in the exit
tunnel of the ribosome. The same series of experiments also showed that the conserved
UORF, when inserted in a 5° leader, can confer sucrose-dependent regulation on a
heterologous mMRNA (94).

In vitro translation experiments have provided more detailed investigations of the
mechanism of sucrose-dependent regulation by the conserved UORF of ATB2/bZIP11
MRNA (137). Sucrose was found to induce ribosome stalling during translation of the uORF.
The stall is specific to sucrose as other sugars, including D-fructose, D-glucose, UDP-D-
glucose, and sucrose-6-phosphate, did not induce stalling. These cell-free experiments also
showed that the pause must be at the stop codon. The same study identified the sequence
SFSVXFLXXLYYV near the C-terminus of the UORF nascent peptide as necessary for
sucrose-induced ribosome stalling. Additionally, the stalled ribosomes in the presence of
sucrose are less sensitive to release by puromycin, suggesting that the combination of the
nascent peptide positioned correctly in the exit tunnel and the presence of sucrose inhibits
the activity of the peptidyl transferase center during termination of uORF translation.

Ribosome profiling of A. thaliana grown under hypoxia and normoxia indicated that the
ratio of ribosome footprints on the uUORF and mORF of all five of the sucrose-regulated
bZIP mRNA:s is different under these two conditions. Under normoxia, the uORF footprint
densities are relatively high and the mORF densities are relatively low (repressive
conditions). This pattern is reversed under hypoxic conditions, consistent with UORF-
dependent derepression of the mORF. Profiling under normoxic conditions also indicated
increased ribosome density near the termination codon of the uUORFs. These findings suggest
that, under repressive conditions, ribosomes pause at or near the termination codon of the
UORF, and that this pause is correlated with repression of mMORF translation (57). However,
intracellular sucrose concentrations were not measured inside cells in these experiments, so
it is not clear if the derepression under hypoxia is due to lower sucrose levels in these cells
or due to a different mechanism.

Polyamine regulation of plant AdoMetDC mRNA

In plants, polyamines facilitate stress tolerance. As both low and high cytoplasmic levels of
polyamines have negative consequences for cells, polyamine homeostasis is tightly regulated
in most eukaryotes, including plants. A key target for polyamine-regulated translational
control in many eukaryaotic systems is AdoMetDC (AMDJI) (18). However, polyamine
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regulation of AdoMetDC mRNA translation in plants is distinct from the mechanism
involving the MAGDIS uORF that is employed in mammalian cells as described above. The
5’-leader of plant AdoMetDC mRNAs usually contains two conserved overlapping UORFs,
one “tiny” and the other “small.” The tiny uORF is typically only three codons. The small
UOREF is in the range of 40-65 codons and shows higher conservation at the amino acid level.
The C-terminus of the small uORF always ends with the sequence PS* (49). Overexpression
of the wild-type AdoMetDC mRNA in plants does not lead to the accumulation of
polyamines or elevated AdoMetDC activity, presumably due to homeostatic translational
autoregulation (33). By contrast, overexpression of AdoMetDC mRNA, using a construct in
which the two UORFs are eliminated by mutating their respective start codons, led to a large
increase of AdoMetDC enzymatic activity, disrupted polyamine homeostasis, and resulted in
abnormal plant growth and development (33). Subsequent work showed that the function of
the tiny UORF appears to be to prevent ribosomes from translating the small inhibitory
UORF (32). Interestingly, when tested in a heterologous yeast system, the combination of
removing the tiny uORF and altering the amino acid sequence of the small uUORF results in
derepression of the mORF (32).

The peptide encoded by the small uUORF facilitates stalling at its stop codon in a polyamine
and C-terminal sequence-dependent fashion in cell-free translation experiments (120). The
exact mechanism through which the polyamine-induced pause at the small uORF
termination codon is propagated to confer polyamine regulation is currently not understood.

Thermospermine regulation of SAC51

Thermospermine is a structural isomer of spermine. In Arabidopsis, the production of
thermospermine is catalyzed by the enzyme thermospermine synthase, ACLS5, that converts
spermidine to thermospermine. Loss-of-function mutants of ACL5 display severe defects in
stem elongation due to the overproliferation of xylem vessels (43). sac51-dis a dominant
mutation in SAC51 that was identified in a screen for ac/5 suppressors (44). SAC51 encodes
a basic helix-loop-helix (bHLH) transcription factor. The mutation in sac51-dis a premature
termination codon in one of several UORFs in the SAC51 mRNA. In the sac51-d mutant,
translation of the mORF is upregulated compared to wild type, as determined by reporter
experiments, suggesting that the uORF is inhibitory to downstream translation under normal
conditions (44). The uUORF mutated in sac51-d'is highly conserved at the amino acid level in
plants (35). Work in plants showed that thermospermine derepressed reporters containing the
wild type SAC51 leader (46). The sac51-d mutation, as well as other mutations that
inactivate the conserved UORF, caused depression even in the absence of thermospermine
(46). Whether thermospermine exerts its effect directly through the uORF (during its
translation) or if thermospermine works indirectly, remains to be determined. One
interpretation of the results presented by Ishitsuka et al. (46) is that under low
thermospermine conditions, translation of the conserved SAC51 uORF represses mORF
expression. A high concentration of thermospermine might promote leaky scanning past the
conserved UORF or might relieve an elongation/termination stall on the uUORF.
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Ascorbate-regulated uORF in GGP mRNA

The main roles of ascorbate (vitamin C) are to regulate the redox potential of cells and to
serve as a cofactor in enzymes (89). The rate-limiting step in ascorbate biosynthesis in plants
is catalyzed by GDP-L-Galactose phosphorylase (GGP); up- or down-regulation of GGP
activity controls the amount of ascorbate in the cell. While some of the regulation of GGPis
at the transcriptional level, the GGP mRNA is also translationally regulated by ascorbate in
an autoregulatory loop, with high ascorbate levels resulting in repression of GGP mRNA
translation. This translational regulation is mediated by a UORF that is initiated by a
predicted near-cognate ACG start codon. Interestingly, the peptide encoded by the uORF is
conserved throughout plants and eukaryotic algae. Ribosome profiling experiments in cells
under homeostatic conditions revealed a peak of protected fragments, suggesting a ribosome
pause at conserved sequences near the UORF’s C-terminus (66). These conserved sequences
consist of several distinct amino acid motifs and span a distance of approximately 30 amino
acids, ending with the amino acids AGGG. The position of this last motif relative to the stop
codon of the GGPuCC varies, suggesting that the ribosome pauses during elongation rather
than termination.

The features of the GGPUORF — a near cognate start codon, conserved peptide sequence,
and translation stalling activity — resemble the uCC elements in the mammalian AZ/N1
mMRNA described above, raising the possibility that the GGPuUORF is an ascorbate-sensing
uCC. Experiments with reporters and transient transformations of A. thaliana cells indicate
that the GGP UORF represses expression of the mORF and that the repression is enhanced in
the presence of ascorbate. These same experiments also identified a conserved His residue,
located 20 amino acids upstream of the AGGG motif, as required for both repression and
ascorbate regulation. Mutating the near-cognate ACG start codon of the uORF to an AUG
codon leads to constitutive repression of MORF expression (66), indicating that leaky
scanning past the UORF contributes to increased initiation at the GGP start codon.
Inactivation of the GGP UORF in Arabidopsis thaliana by homozygous CRISPR driven
modification resulted in plants that have >70% higher levels of ascorbate, confirming the
involvement of the UORF in vitamin C homeostasis (144).

Laing et al. (66) suggested a model for the mechanism of GGPregulation by the uORF. In
this model, ascorbate globally lowers the stringency of start codon selection, resulting in
enhanced translation of the inhibitory uORF and reduced GGP synthesis. Alternatively, the
GGP UORF might function in the same manner as the uCC of mammalian AZ/N1. In this
alternative model, ascorbate would cause an elongating ribosome to pause during translation
of the UORF. The paused ribosome could block leaky scanning to the GGP start codon, and
also trigger queuing of subsequent scanning ribosomes, eventually resulting in enhanced
initiation on the suboptimal ACG start codon of the GGP UORF. To date, the published data
are consistent with either model.

Boron-regulated Met-Stop uORF in NIP5;1 mRNA

Boron, an essential element for plants, is toxic at high concentrations. NIP5;1 is a diffusion
facilitator of boron and is required for efficient uptake of boron by plant roots. The 5’-leader
of the Arabidopsis thaliana NIP5,1 mRNA contains the tiniest UORF, AUGUAA, consisting
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only of a start and stop codon (116). This Met-stop UORF is conserved in the mRNAs
encoding the boron facilitator, at least in flowering plants. Experiments with reporters using
the 5’-leader sequence from A. thaliana showed that high concentrations of boron inhibited
termination on this short UORF. Insertion of additional codons between the start and stop
codons abolished the regulation, suggesting boron has a unique effect on termination events
that immediately follow initiation events at least in these contexts, since the nucleotide
sequences surrounding the uORF were also found to contribute to boron regulation.

The enhanced termination pause on the UORF appears to have two inhibitory effects on
NIP5,1 expression. First, the termination pause destabilizes AV/P5;7 mRNA. Second, it
results in reduced reinitiation and translation of the downstream mORF. Placing the uORF
and surrounding sequences in the leader of a heterologous mMRNA conferred boron
regulation. Furthermore, boron regulation was also recapitulated in mammalian cell-free
translation systems (116), suggesting that boron is exerting its function through
evolutionarily conserved components of the translation machinery.

Other plant uORFs with conserved peptide sequences and potential regulatory roles

Translational regulation via conserved uORFs has been reported for other plant mRNAs. The
Arabidopsis XIPOTL 1 gene encodes a phosphoethanolamine N-methyltransferase involved
in phosphocholine biosynthesis via the methylation pathway. The mRNA encoding
X/IPOTL 1 contains a UORF conserved at the amino acid level that has been suggested to
mediate phosphocholine-dependent translational repression of X/POTL 1, and this regulation
is dependent on translating the conserved peptide of the UORF (1). This and other examples
of conserved uORF-regulated mMRNAS in plants are described in more detail in a recent
review (121). Finally, an internal peptide domain in A. thaliana cystathionine -y synthase,
while not a UORF, is another example of a well-studied metabolite-controlled stalling
peptide discovered early (87).

Conclusions

In this review, we have tried to highlight examples of uORFs encoding conserved peptides in
bacteria, fungi, mammals, and plants that control mMRNA translation or mMRNA levels.
Unfortunately, due to length restrictions, we were not able to discuss many additional
examples of conserved uORFs or to more thoroughly discuss the uUORFs we highlighted, and
we apologize to those whose work we were not able to include in this review. With the
enhanced efforts in bioinformatic analyses, and by combining these analyses with
experimental insights obtained from ribosome profiling studies, we anticipate that the family
of known metabolite-responsive UORFs will grow. While, in some cases, the identification
of the controlling metabolite might be deducible from the function of the mORF, this may
not hold for all uUORFs. Along these lines, we wonder if some uORFs that are proposed to
lead to constitutive ribosome stalling may, in fact, be responding to metabolites that are in
abundance in the cell. New strategies, including chemical genetic approaches, should help
shed light on how metabolites could control translation through such sequence-dependent
UORFs.
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Figure 1. uORF-mediated control of bacterial gene expression.
Transcriptional Off: Rho-dependent termination of transcription in the mRNA 5’-leader

occurs when Rho has access to its binding site in the RNA (rutsite) as occurs when there is
no UORF-mediated ribosome stalling. RNA polymerase pauses at a GC-rich stem structure;
if Rho binds to the RNA and by moving 5’ to 3’ on the mRNA catches up to the paused
RNA polymerase, transcription will terminate in the 5’-leader. On: Ribosome stalling on the
UORF blocks access of Rho to the rutsite. RNA polymerase is not impacted by Rho and,
therefore, can resume transcription of the downstream protein-coding regions after pausing.
Translational Off: Elements (SD, Shine-Dalgarno region) important for downstream
translation initiation are masked in RNA secondary structure as occurs when there is no
UORF-mediated ribosome stalling. On: Ribosome stalling on the uORF changes RNA
secondary structure to unmask the SD and enable downstream translation initiation.
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Figure 2. uORF-mediated translational control in eukaryotes.
Translation initiation in eukaryotes begins with the small (40S) ribosomal subunit binding

near the cap of the mRNA. The ribosome then scans the mRNA (1) inspecting for a start
codon. The scanning ribosome either (2) skips over the start codon of the uORF without
initiating (leaky scanning) and then translates the mORF or (3) translates the UORF. Multiple
possible consequences of UORF translation include: (4) disengagement of the ribosome from
the mRNA following translation of a long uORF (MORF translation is repressed) or (5)
resumption of scanning by the small ribosomal subunit following translation of a short
UORF enables reinitiation of translation at the mORF. If the peptide sequence encoded by
the UORF causes ribosomes to pause (or stall) during elongation (6) or termination (7), a
short UORF can inhibit mORF translation like a long uORF. Both the elongation and
termination pausing events can prevent subsequent ribosomes from leaky scanning (8) to the
MORF, and in some cases via ribosome queuing promote initiation at the uORF start codon
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(9) to create a positive feedback loop that enhances UORF translation and represses mORF
translation.
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