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‘We have shown recently that a stable hairpin preceded by a short upstream open reading frame (uORF) pro-
motes nonlinear ribosome migration or ribosome shunt on a synthetic nRNA leader (M. Hemmings-Mieszczak
and T. Hohn, RNA 5:1149-1157, 1999). We have now used the model mRNA leader to study further the mech-
anism of shunting in vivo and in vitro. We show that a full cycle of translation of the uORF, including initiation,
elongation, and termination, is a precondition for the ribosome shunt across the stem structure to initiate trans-
lation downstream. Specifically, AUG recognition and the proper release of the nascent peptide are necessary
and sufficient for shunting. Furthermore, the stop codon context must not impede downstream reinitiation.
Translation of the main ORF was inhibited by replacement of the uORF by coding sequences repressing reini-
tiation but stimulated by the presence of the virus-specific translational transactivator of reinitiation (cauli-
flower mosaic virus pVI). Our results indicate reinitiation as the mechanism of translation initiation on the
synthetic shunt-competent mRNA leader and suggest that uORF-dependent shunting is more prevalent than
previously anticipated. Within the above constraints, uUORF-dependent shunting is quite tolerant of uORF and

stem sequences and operates in systems as diverse as plants and fungi.

The entire process of protein synthesis consists of three
steps: translation initiation, elongation, and termination. Dur-
ing initiation, the translational apparatus selects an mRNA
and forms a ribosome initiation complex on which the initiator
Met-tRNA,; interacts with the initiation codon, primarily via
codon-anticodon base pairing. There are two well-recognized
mechanisms leading to initiation in eukaryotes: 5'-end-depen-
dent scanning (39) and internal initiation (reviewed in refer-
ences 33 and 34), which occurs directly at or upstream of the
initiation codon. According to the scanning model, the initia-
tion complex can access the mRNA only from the 5’ end and
can translate efficiently only the 5’-proximal cistron. However,
many viral and a few cellular mRNAs have long, structured
leaders with multiple upstream open reading frames (WORFs),
which have critical regulatory functions (41, 42, 43). To accom-
modate such cases, the terms leaky scanning and reinitiation
are used to describe the particular events leading to initiation
at the main ORF of the mRNA. Leaky scanning occurs when
some 40S ribosomal subunits bypass the first AUG codon,
mostly due to an unfavorable context differing from the opti-
mal A/GCCAUGG, and initiate at the next AUG codon down-
stream (36). The extent of leaky scanning can vary. Irrespec-
tive of context, the first AUG codon may be bypassed if it is
too close to the 5’ end. In contrast, a weak context might be
compensated for by the presence of a secondary structure
located downstream, which may retard scanning and enhance
initiation (40).

Reinitiation can occur after translation of a uORF if or
when the 40S subunit remains bound to the mRNA, resumes
scanning, and initiates at the downstream AUG codon (39). In
principle, reinitiation is favored by long intercistronic distances
(37) allowing ribosomes to reacquire some initiation factors, in
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particular the ternary complex of eIF-2, GTP, and Met-tRNA;
(32). The ability of eukaryotic ribosomes to reinitiate is lim-
ited by the size of the uORF, with a cutoff length of around
30 codons (18, 46). In some cases, the frequency of reini-
tiation depends on the coding content of the short uORF (re-
viewed in references 21, 22, and 45). In the best-studied exam-
ples, the mammalian S-adenosylmethionine decarboxylase
gene (AdoMetDc) (29, 30, 49), human cytomegalovirus gp48 (1,
7, 8, 59), the yeast CPAI gene (13), its homologue in Neuro-
spora crassa, arg-2 (65), and the bacterial cat (chloramphenicol
acetyltransferase gene (45), the specific uUORF peptide prod-
ucts inhibit reinitiation downstream. It is assumed that the
nascent uUORF-encoded peptide interacts with the components
of the translation termination machinery and, by blocking pep-
tidyl-tRNA hydrolysis, provokes ribosome stalling near its own
termination codon. Indeed, in some cases, primer extension
inhibition (toeprinting) allowed the detection of an arrested
ribosome with the uORF termination codon at the ribosomal
A site (9, 65, 66, 67). In another case, unreleased uORF-en-
coded peptide was found bound to ribosomes (45). In contrast
to the aforementioned genes, GCN4 regulation in yeast (31)
depends on 10-nucleotide (nt) sequences following termina-
tion codons. High reinitiation results from termination at
uORF1, but repression follows termination at uORF4, indicat-
ing that reinitiation may be coupled to the efficiency of termi-
nation (23, 48). In a variety of organisms, termination efficiency
and the fate of the ribosome after termination are influenced
by the sequence context of the stop codon (47). In the case of
the yeast Saccharomyces cerevisiae, upstream and downstream
determinants act synergistically to influence the efficiency of
translation termination (4, 6). In particular, there is base bias
3’ to the stop codon. Relative termination efficiencies for the
respective stop codons are, for example, G > A > U > C for
the UAA codon and A > U > C > G for the UAG codon. The
influence of the termination codon context seems to be of
particular significance for mRNAs bearing uORFs.
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Translation initiation has been studied intensively on the
cauliflower mosaic virus pregenomic mRNA (CaMV 35S RNA)
leader, which contains several short uORFs and an elongated
hairpin embodying a 480-nt sequence (25). Translation initia-
tion on the CaMV 35S RNA leader occurs by a ribosome shunt
mechanism (19) and requires the 5’ cap (60), a short, phylo-
genetically conserved uORF A (54), and an elongated hairpin
structure (14, 26). Formation of this elongated hairpin allows
exclusion of the internal part of the leader from the scanning
process (26, 27). Recently, we showed that the excluded se-
quences and/or structure interact with the viral coat protein
(24). Thus, the main function of shunting might be to ensure
that translation and other processes essential for the viral life
cycle can occur simultaneously. Details of the ribosome shunt
model remain unclear and difficult to assess on the multifunc-
tional viral pregenomic mRNA leader. Therefore, a simplified
alternative mRNA leader was designed with a short but stable
stem (Kozak stem [38]) replacing the elongated hairpin of the
CaMYV 35S RNA leader (27). This synthetic mRNA leader is
shunt competent in translation assays both in vivo and in vitro,
retaining all translational features of the natural viral counter-
part with all the advantages of a simplified system (27). Hence,
it seems suitable for analysis of the molecular mechanism of
shunting.

Here we report the use of the model synthetic mRNA leader
to study the mechanism of ribosome shunt in transfected plant
protoplasts from Orychophragmus violaceus and in cell-free
translation systems from wheat germ and S. cerevisiae. Our
study reveals critical aspects of the mechanism of translation
initiation occurring on the synthetic mRNA leader and sug-
gests that uORF-dependent shunting is more prevalent than
previously anticipated.

MATERIALS AND METHODS

Constructs and transcripts. CAT reporter gene expression under the influ-
ence of artificial leader sequences was analyzed in vitro using pGEM-1 (Pro-
mega)-based constructs or in transiently transfected O. violaceus protoplasts,
using pDH51-based constructs (53). Basic constructs S-A, S, and AS were pre-
viously described as pMH188, -191, and -212, respectively (27). Constructs L-A
and L were derived from S-A and S, respectively, after deletion of the stem
sequences by filling in and blunt-end ligation of Xbal and Clal sites. Mutations
in the A- and Y-series constructs (Fig. 4 and 7, respectively) were introduced by
pairs of annealed oligonucleotides subcloned between the HindIII and Xbal
restriction sites of the S-A construct. All constructs were sequenced; the se-
quences of oligonucleotides and constructs are available on request.

SPo6-directed transcripts were synthesized on templates digested with PstI or
EcoRlI, giving full-length or truncated CAT products, respectively. In vitro tran-
scripts were capped with 'mGpppG and trace labeled with [*?PJUTP. Transcrip-
tion reactions were treated with RQ1 RNase-free DNase (Promega) and purified
on Chroma-Spin-100 columns (Clontech).

Density centrifugation. Translation initiation reactions were performed in
wheat germ extract (Promega) as described by Kozak (38), using up to 100 ng of
radiolabeled in vitro transcripts synthesized from templates digested with EcoRI.
Reaction mixtures (10 pl) comprising 5 wl of extract, each amino acid at 1 mM
(Promega), RNase inhibitor (1 U/pl; Promega), MgCl, (2 mM), potassium
acetate (100 mM), sparsomycin (200 pM; a gift from Drug Synthesis and Chem-
istry Branch, Developmental Therapeutics Program, National Cancer Institute,
Bethesda, Md.), and cycloheximide (100 pg/ml; Sigma) were incubated for 10
min at 30°C, transferred to ice, and loaded on to precooled 5-ml 10 to 30%
sucrose gradients prepared in 20 mM HEPES (pH 7.5)-2 mM MgCl,-100 mM
potassium acetate—1 mM dithiothreitol-0.1 mM EDTA. Gradients were centri-
fuged for 90 min at 4°C in an SW60 rotor at 45,000 rpm. Following gradient
fractionation, the absorbance profile at 260 nm was monitored to determine the
size distribution and positions of ribosome-mRNA complexes. Quantification of
radiolabeled transcript migration was performed by scintillation counting.

Primer extension inhibition (toeprinting). Primer extension inhibition analysis
was performed exactly as described by Wang and Sachs (65). Translation initi-
ation reaction mixtures in wheat germ extract were assembled with 2 X 10° to
5 X 10° cpm of [y->?P]ATP-labeled primer 1, 2, or 3 (Fig. 1A). Reverse tran-
scription reactions (20 pl) were incubated with 100 U of Superscript IT RNase
H™ reverse transcriptase (GibcoBRL) for 30 min at 30°C. Following phenol
extraction and ethanol precipitation, cDNA products were separated by poly-
acrylamide gel electrophoresis (PAGE) on 6% polyacrylamide gels, which were
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then fixed, dried, and exposed for up to 1 week to X-ray films (Biomax-MR) or
for up to 3 days in PhosphorImager (Molecular Dynamics) cassettes. Experi-
ments were performed twice. Control reactions were prepared by omitting trans-
lation elongation inhibitors or wheat germ extract. Relevant plasmids were se-
quenced using radiolabeled primers.

In vitro translation. In vitro translation in wheat germ extract was carried out
in a 10-pl reaction volume as instructed by the manufacturer (Promega) in the
presence of 2 mM MgCl, and 100 mM potassium acetate using equal molar
amounts (100 fmol) of in vitro transcripts synthesized from templates digested
with PstI. Yeast translation extracts were prepared as described previously (55,
62). In vitro translation in yeast extracts was carried out in 15-pl reaction volume
as described elsewhere (56) in the optimized conditions of 2.5 mM MgCl,~120
mM potassium acetate, using equal amounts (50 or 100 ng) of in vitro transcripts.
Translation products labeled with [>*S]Met were separated by sodium dodecyl
sulfate-PAGE on 12 or 15% (Fig. 1C) polyacrylamide gels, which were fixed,
dried, and exposed to X-ray films (Fuji) or quantified using a PhosphorImager
(Molecular Dynamics). Experiments and calculations were repeated three times.

Transient expression assays. Protoplasts prepared from O. violaceus cell sus-
pension cultures were transfected by electroporation (18), using 15 pg of plasmid
DNA per transformation, including 10 g of CAT-expressing construct supple-
mented with 5 pg of HELP7 expressing CaMV pVI (5) or empty vector pDHS51
(53). An internal control plasmid expressing 3-glucuronidase was cotransformed
in all experiments. After an overnight incubation, a protein extract was prepared
and CAT enzyme-linked immunosorbent assays were carried out as instructed by
the manufacturer (Roche-Boehringer). CAT expression was always calculated
relative to the B-glucuronidase activity of the internal control measured as
described by Fitterer and Hohn (17). Activities cited are the means from three
independent transformations.

RESULTS

Effects of a short uORF on linear scanning and shunting. To
analyze the role of the uORF/hairpin element in shunting,
constructs with structured (S-series) or unstructured linear (L-
series) leaders were prepared (see Materials and Methods and
Fig. 1A) based on the model structured leader construct S-A
(construct pMH188 in reference 27). The influence of these
leader mutants on expression of the CAT reporter gene was
analyzed in a commercial wheat germ cell-free translation sys-
tem, in which mRNAs stabilities were measured (60) and
shown to be unaffected by mutations in the leader (14). Com-
pared with linear scanning, translation on the structured leader
was rather inefficient (20 to 30% efficiency; Fig. 1C, S-A versus
L-A) due to a very stable hairpin (Kozak stem [38]). This
hairpin effectively blocked translation when placed near or at a
distance from the 5’ end (Fig. 1C, constructs AS and S, respec-
tively). Its effect was partially suppressed by a short uORF
(Fig. 1C, construct S-A).

The 3-amino-acid (aa)-uORF A in constructs L-A and S-A
(Fig. 1A) is derived from the CaMV 35S RNA shunt-compe-
tent leader (CaMV strain S [16]). Its effect on translation
depended strictly on the structure of the leader. In the linear
context, UORF A slightly diminished translation at the main
ORF (maximum, 30%; Fig. 1C, compare L-A and L). Thus,
either it was not efficiently recognized or reinitiation was very
efficient. On the structured leader, however, uORF A stimu-
lated translation downstream of the stem at least sevenfold
(Fig. 1C, compare S-A and S). A strong stem can stall or slow
down scanning ribosomes, thus prolonging the ribosome-
mRNA interaction (40). Here, this may have enhanced recog-
nition of the short uORF. Efficient recognition of the uORF
may be a precondition for stem skipping to allow translation at
the main ORF.

uORF A is very short, and the corresponding translation
product is therefore difficult to detect. Extension of the uORF
length by in-frame insertion of sequences derived from the
C-terminal part of the CAT ORF (165-aa uORF of S-cat)
abolished translation of the full-length CAT ORF located
downstream (Fig. 1C). Due to the problem of assessing the
level of uORF A translation, we set out to directly examine the
initiation complex formation at uORF A.
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FIG. 1. CAT reporter gene-expressing constructs with structured and linear leaders. (A) Structured leaders: S-A, synthetic shunt-competent leader shown with
numbering every 10 nt. Restriction sites used for further modifications are represented by lowercase italics. S and AS have uORF A or the 5'-proximal sequence,
respectively, deleted. S-cat has an uORF extended by the insertion of 492 nt derived from the C-terminal part of CAT. Linear leaders: L-A and L, derivatives of S-A
and S, respectively, with deletion of the stem sequences (nt 79 to 120). All uORFs are boxed, ATG codons are indicated in bold, and those in CAT are underlined.
Dashes represent deletions, and @ indicates the stem structures. Arrows depict sequences targeted with the antisense oligonucleotides used in the primer extension
assay (primers 1 to 3). (B) Schematic representation of constructs. (C) CAT expression in wheat germ in vitro translation system; resolution by SDS-PAGE (15% gel).
Translation efficiency, migration of CAT, and its cat derivative are indicated. The control has no exogenous RNA added to the system.

Ribosome assembly at the initiation codon of a short uORF.
Ribosome assembly at the initiation codon of the uORF A was
analyzed by sucrose density gradient centrifugation (Fig. 2)
and by toeprinting (Fig. 3). Translation initiation in wheat
germ extract was performed in the presence of two translation
elongation inhibitors: cycloheximide, which blocks the translo-
cation of peptidyl-tRNA from the A site to the P site (65), and
sparsomycin, a highly specific ribosomal peptidyltransferase
inhibitor that blocks binding of substrates to the A site while
strongly stimulating interaction at the P site (3). Under these
conditions, CAT expression on both linear and structured lead-
ers was effectively abolished (data not shown).

Comparative analysis of translation initiation on two linear
leaders showed that both L-A and L transcripts accumulated in
the 80S and polysomal fractions (Fig. 2A). Toeprinting analysis
of translation initiation complexes confirmed extensive ribo-

some binding to both linear leaders (Fig. 3A and B). Two
common toeprints detected within the CAT ORF correspond
to the first (Fig. 3A, 1 ATG CAT; Fig. 1A, nt 177 to 179) and
to the second, out-of-frame ATG codons (Fig. 3A, 2" ATG
CAT; Fig. 1A, nt 220 to 222). An additional signal detected on
the L-A transcript in the presence of inhibitors mapped to the
ATG codon of uORF A (Fig. 3A, ATG uOREF; Fig. 1A, nt 60
to 62). This particular toeprint was detected by the reverse
transcription reaction primed with two different oligonucleo-
tides: primer 3 was successfully used to analyze complexes
formed at the CAT OREF but gave rise to multiple signals of
dubious significance among longer products on both linear and
structured leaders (Fig. 3A). Hence, 5'-proximal primer 2 was
used on the L-A leader to map precisely the ribosome complex
positioned at the initiation codon of uORF A (Fig. 3B, ATG
uORF). The corresponding signal was missing in the absence
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FIG. 2. Effect of a short uORF A in the linear and structured leader context
on the formation of translation initiation complexes. Labeled transcripts were
incubated briefly in wheat germ extract in the presence of translation elongation
inhibitors (cycloheximide [100 pg/ml] and sparsomycin [200 pM]). Initiation
complexes formed with full-length mRNAs were assayed by density centrifuga-
tion in 10 to 30% sucrose gradients. Sedimentation was from right to left.
Positions of unbound RNA, 40S subunits, and 80S and high-molecular-weight
polysomal complexes are indicated. (A) Migration of the L-A, L, and S-A
transcripts; (B) migration of the S-A, S, and AS transcripts.

of uORF A (Fig. 3B, L). In this case, the most 5’'-proximal
ATG codon on the L mRNA, i.e., the initiation codon of the
CAT ORF, was more efficiently used, and the toeprint signal
detected with primer 3 was stronger on L than on L-A (Fig.
3A).

Our results show directly that 80S ribosome assembly occurs
at the initiation codon of the 3-aa uORF A, indicating that
uORF A can be properly recognized and translated despite its
shortness and suboptimal initiation context. In the presence of
the translation elongation inhibitors, both initiation codons
present on the L-A transcript can be used independently for
initiation complex assembly. This is consistent with a leaky
scanning mechanism allowing initiation at the upstream or the
downstream ATG codon, in contrast to the reinitiation mech-
anism, which assumes that arrest at the uATG excludes ribo-
some binding downstream. Consequently, we consider leaky
scanning as the operating mechanism during translation initi-
ation on the linear leader containing a very short uORF (see
also the effect of CaMV pVI on translation, below).

Translational arrest at the uORF blocks shunting. Analysis
of initiation complexes by density gradient centrifugation
showed that the S-A shunt-competent transcript accumulates
exclusively in the 80S ribosomal fraction (Fig. 2, S-A), suggest-
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ing an equimolar binding to ribosomes. Deletion of the uORF
on the S leader results in strongly diminished binding to 80S
complexes and comigration with 40S ribosomal subunits (Fig.
2B). Thus, the Kozak stem (—50 kcal/mol) provokes 40S sub-
unit stalling, correlating with inefficient translation on this
transcript (Fig. 1C). A small amount of S transcript comigrat-
ing with the 80S fraction probably results from the residual
alternative initiation at the non-AUG start codon (Fig. 1A,
ATT codon created by 7-nt deletion [20]) that correlates with
a very low CAT OREF translation (Fig. 1C). This supposition
was further confirmed by a single-point mutation creating
uORF-deficient leader A8 (Fig. 4) with undetectable CAT
ORF expression (see below). Near complete deletion of the
sequences preceding the stem on the AS leader totally pre-
cludes binding to ribosomes (Fig. 2B) and correlates with abol-
ished translation (Fig. 1C).

Toeprinting analysis failed to detect any specific signal
downstream of the Kozak stem on the structured leaders (Fig.
3A, gel area below the asterisks). Thus, the 80S complex iden-
tified by density centrifugation on the S-A leader likely forms
at the uORF ATG codon. Toeprinting analysis of the initiation
complexes upstream of the strongly base-paired Kozak stem
resulted in multiple signals which are difficult to interpret (Fig.
3A; e.g., intense nonspecific signals above the asterisks on all
structured leaders). Only when the GC-rich primer 1 comple-
mentary to the stem-proximal sequence (Fig. 1A) was used in
the reaction on a slightly modified construct could a specific
signal, located at the correct distance from the ATG codon of
the uORF, be detected (Fig. 3C). The modified construct used
in the latter experiment contains an N-terminally enlarged
uOREF; thus, the distance from the ATG codon to the stem is
extended (Fig. 4, Al1). This modification influenced neither
ribosome shunt efficiency (see below) nor ribosome binding
(data not shown) but improved the quality of toeprinting and
allowed detection of the translation initiation complexes
formed at the uORF.

Altogether, these results demonstrate that on the structured
leader, the primary translation initiation event occurs exclu-
sively at the uATG, i.e., upstream of the stem. Both deletion of
the uORF and translational arrest at the uATG in the presence
of translation elongation inhibitors abolished initiation at the
main ORF, downstream of the stem. These results underline
the link between translation of a short uORF and stem skip-
ping to allow translation downstream and indicate reinitiation
as a possible mechanism of translation initiation on the syn-
thetic shunt-competent mRNA leader. Consequently, we pro-
pose and discuss below that the very same ribosome which
translates the short uORF later resumes translation down-
stream of the stem.

Effects of uORF mutations on shunting in vitro. To charac-
terize requirements for stem skipping, uORF mutants Al to
A20 (Fig. 4) were tested in the wheat germ cell-free translation
system (Fig. 5). In the plant extract, ribosome shunt did not
depend on the sequences preceding the uORF (A2 and A7) or
on the type of the termination codon (Al). Replacement of the
viral uORF A by a different 3-aa coding sequence (A2 to A4)
or still longer, arbitrarily chosen ORFs of 5 (A10), 7 (A5), 10
(All), and 14 (A13 and 14) aa resulted in efficient shunting.
However, further enlargement of the uORF gradually reduced
translation efficiency (A15 to A17). In general, improving the
initiation context of the uORF had no effect on translation at
the main ORF in case of constructs containing 3-aa (A2), 14-aa
(A14), or still longer (A15 to A17 [not shown]) uORFs, except
for the A12 construct. Decreased CAT expression on the latter
can be attributed to occlusion of its uUATG codon due to a
peculiar structural effect not studied further.
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FIG. 3. Toeprinting of translation initiation complexes. Translation initiation reactions were performed in the presence (+) or absence (—) of translation elongation
inhibitors on transcripts with linear (L-series) or structured (S-series and A11) leaders, as depicted in Fig. 1A and 4 (A11). Reverse transcription reactions performed
with antisense primer 3, 2, or 1 resulted in extended cDNA products analyzed by PAGE (6% gel). Formation of a functional 80S ribosome complex at the initiation
ATG codon resulted in premature reverse transcription termination 17 to 18 nt downstream from the A base. Toeprints corresponding to translation initiation
complexes located at the first and the second, out-of-frame ATG codons of CAT were detected with primer 3 on both linear transcripts (A). Note that primer 2 did
not detect any toeprint band at the ATG of CAT on L and L-A mRNA:s, as its target site partially overlaps the region protected by the initiating ribosome. An initiation
complex at uORF A was detected with both primer 3 and primer 2 on transcript L-A (A and B) and with primer 1 on transcript A11 (C). Lanes F in panels B and
C contain products of the control translation initiation reactions performed in the absence of the wheat germ extracts; lanes A, C, G, and T contain products of the
sequencing reactions performed on the corresponding plasmids, as indicated. Positions of the hairpin are shown within the L-A sequence (A and B) by asterisks

corresponding to cytosine 122 (Fig. 1A).

Five of the uORF mutants manifested low shunting effi-
ciency. Removal of the start codon by a G-to-C point mutation
resulted in 40-times-lower CAT expression (A8). Due to a
single-nucleotide deletion, another uORF frameshift mutant
acquired a new 5-aa uORF that terminated just at the stem
structure and abolished translation downstream (A9). The ef-
fect of the A9 mutation was position dependent and reversed

by relocation of the uORF to recreate the proper 8-nt distance
to the stem (A10). Taking into account that uUORF-dependent
shunting on the synthetic mRNA is unaffected by introducing
ATG codons into the stem (27), the latter result suggests that
the structure in the synthetic shunt-competent leader is very
tight and resists melting even by translating ribosomes. This, in
turn, indicates the importance of proper stop codon recogni-
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HindIII M C E *a Xbal
Al nature of the stop codon GAATACaagcttGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCTCTATAATA. . . vvv vt v WTthtaga @
E
A2 initiation codon context GAATACaagct tGCTGAAATCACCAGTCTCTCTCTACARATCTATCTCTCTCTGCCACC. . o vv v v n e v s TQQTTGAQTAQTTtCtaga @
M V E *a
A3 uORF coding content GAATACaagct tGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCTCTATAATA. . ..o v vt AIﬂ_QQmMTthtaga @
L
A4 uORF coding content GAATACaagct tGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCTCTATAATA. v v v v e vt ATQGCTTACTAATTtCtaga @
A5 uORF length GAATACaagctCGCTGAAATCACCAGTCTCTCTCTACAAATCTATCTCTCTCTATAATAM}_\WTTtctaga @
C E A Y A E *a

. .ATGGCT MQTCTCATAGTTtCtaga @
M A G D I

+1 .10 .20 .30 .40
GAATACaagcttCTCTCTACC. . ...\ TQTQTQAQTAQTT tctaga-Q
HindIII C E *a Xbal
GAATACaagcttCTCTCTACC...... ATCTGTGAGTAGTthtaga e
GAATACaagcttCTCTCTACC...... ATQTATQAGTAQTTgctgga e
M L § S F
GAATACaagct tCTCTCTACCATGTTGAGTAGTTTCTAGTT tctaga Q
M L S S8 F *a
.20 .30 .40 .50 .60
..................... ATAATAAT TT T T TTTT TA Tthtaga—@
M C E F 8§ I Xbal

..................... GCCACC T§§TTQAQTTQTQCATAATATTTTGTGAGTAGTTtctaga e
I F

M V E F S

......... ATAATAATQTQTGAGGCTIACQ_QTQAQTT{;Tg;S;ATAATATTTTGTQAQTAQTT tctaga-@
C *a

E A Y A E F S I I F C E

......... GCCACCA’ TGQTTGAQQCTTAﬁ GG TQAQE]TQTQ;g;ATAATATTTTGTGAGTAGTTtctaga Q

M V E A Y A E F s I
Xhol

Al5 20-aa | GAATACAAGCELCTCTCT . i vttt ittt anrannnns GCCACCA QQIIAAAA TCACTCctcgaglG L‘QAQGCTTACGCTGMTTQTg}g;ATAATATTTTQTGAQTAQTT tctaga-@
E

I T L E C E A Y A

Al6 25-aa | GAATACaagCttCTCTCT v vrvv o nenerns GCCACCA’ TQGTTAAAATCACTGGATATACCACCGTTctCgaQEGTGAGQQTTACGCTGAGTTCTCCATAATATTTTGTQAQTAQTTtctaga Q
L A

E C E
TGAG CTTACGTATT TCA
A E F S

ATTTT 'I' A TA TTtctaga-@
W L E C E F C E *a

+1 .10 .20 .30 .40 .50
GAATACaagct tCTCTCTATAACCATGGCTTGCTAAACCGATTATAt ctaga-@
HindIII M A C *o Xbal
GAATACaagct tCTCTCTATAACCATGTTTCCGTAACGGTTACCTTtctaga—@
F P *o
+1 .10 .20 .30 .40
GAATACaagct tCTCTCTTGGATCGGAAACCCGTT tetaga—@
HindITI Xbal

FIG. 4. uORF mutations in the synthetic shunt-competent leader. Sequences are 3'-end aligned at the stem (represented by -@). Constructs with common
5’-proximal sequences are framed together, with dots introduced to facilitate the alignment. Restriction sites are in lowercase italics. uUORF coding sequences are
underlined, with the encoded peptides shown below. *a and *o indicate amber and ochre termination codons, respectively. Point mutations, insertions, and
replacements are indicated in bold; A in A9 represents a 1-nt deletion. The uORF from AdoMetDc and GCN4 uORFs 1 and 4 (plus flanking sequences) are shown
in bold in A6, A18, and A19, respectively. Sequence complementary to the 3’ end of the 18S rRNA is indicated in bold in A20.

tion and termination of the uORF translation for shunting.
This point was further analyzed with the help of two mutants in
which uORF A is replaced by inhibitory uORFs affecting trans-
lation termination in heterologous systems.

The 6-aa uORF from mammalian AdoMetDc, which inhibits
reinitiation in cis by blocking proper termination and peptide
release at its own stop codon (22), was found in our system to
repress CAT ORF expression in A6. Compared with uORF A,
another heterologous uORF, the inhibitory uORF4 from yeast
GCN4 (23), reduced CAT OREF expression in A19. In contrast,
the stimulatory uORF1 from GCN4 was found to reverse the
latter effect in A18, similarly as shown in the yeast system (23).
Both yeast uORFs are flanked by the original sequences re-
quired for translational regulation of GCN4 (23, 48), thus
doubling the distance from the termination codon of the
uORF to the stem (16 versus the original 8 nt). This change
should not influence shunting, as in the viral shunt-competent
leader even 30-nt spacing between cis-acting elements is toler-
ated (14). Finally, uORF A was replaced by the sequence
complementary to the 3’-proximal sequences from the 18S
rRNA suspected to stimulate uORF-independent shunting in
the adenovirus tripartite leader (A20) (68). This replacement,
however, did not support translation in our system, probably
due to the suboptimal choice or location of the involved se-
quences required for utORF-independent shunting in adenovi-
rus (69).

In summary, translation on the synthetic shunt-competent
leader depends strongly on the length and position of the
uOREF. Further, it is sensitive to the coding content of the

uOREF and sequences following it. In our system only uORFs
of 14 aa or less and terminating 8 nt in front of the stem
structure were able to support stem skipping and efficient
translation at the main ORF. Substitution for another uORF is
possible, provided that it allows proper termination and re-
lease of the uORF-encoded peptide. Again this indicates reini-
tiation as the mechanism of uORF-dependent shunting.
Effects of uORF mutations on shunting in vivo in the pres-
ence of CaMV pVI, the viral transactivator of reinitiation.
Expression of the CAT reporter gene under control of linear
and structured leaders was tested in vivo in transfected plant
protoplasts. In this system, mRNA stabilities are unaffected by
mutations introduced into the leader sequences (26, 27). Gen-
erally, translation levels in vivo paralleled translation data in
vitro, indicating that our results do reflect differences in trans-
lation efficiencies (Fig. 6A). In vivo as in vitro, the effect of the
uORF on translation was strong in the structured but negligi-
ble in the linear leader context (Fig. 6A, compare S-A and S
with L-A and L). All uORF mutants blocking translation on
the structured leader in vitro resulted in 10% or lower CAT
expression in vivo. As before, they fall into the three categories
of deleted (A8 and A20), improperly terminated (A6, A9, and
A19), and overextended (A15 to A17) uORFs. Expression of
several constructs manifesting more than 10% efficiency of S-A
expression (Fig. 6A) was analyzed in vivo in the presence of the
CaMV pVI or transactivator (5). It is well documented that the
virus-encoded RNA-binding protein pVI stimulates reinitia-
tion on polycistronic mRNAs (5, 17), as a result of its interac-
tion with subunit 5 of eIF3 and/or ribosomal protein L24 (2).
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FIG. 5. Invitro expression of the CAT reporter gene under control of uORF
mutations in the synthetic shunt-competent leader. Constructs are as depicted in
Fig. 4. Average expression levels are represented by bars. Typical resolution of in
vitro-translated products by SDS-PAGE (12% gel) is shown in the lower panel.

When tested in the presence of the CaMV pVI, CAT expres-
sion under the control of the linear leader was unaffected (Fig.
6B, L-A and L). This result is consistent with the leaky scan-
ning mechanism during translation initiation on the linear
leader proposed above. In the structured leader context, how-
ever, the uORF effect on CAT expression was enhanced 1.5- to
2.5-fold in the presence of the pVI protein (Fig. 6B, S-A and
following constructs). These results speak in favor of a reini-
tiation-type mechanism during translation initiation on the
structured leader.

Interestingly, the positive effect of CaMV pVI was more
pronounced on constructs with a functional uORF being
placed within original viral 5'-proximal sequences (Fig. 6B, Al
to AS). Significant shortening of these sequences did not affect
shunting (Fig. 6A, A7 to A10) but abolished transactivation by
pVI (Fig. 6B, A7 and A10). Extension from 21 to 24 nt partially
reversed the latter effect (Fig. 6B, All to Al4), but the results
were not as consistent as in the presence of the 59-nt original
CaMV sequence. These results indicate that transactivation of
reinitiation on the synthetic shunt-competent leader might act
in a sequence-dependent manner, being more sensitive to the
virus-derived sequences.

Ribosome shunt in a heterologous cell-free translation sys-
tem. In S. cerevisiae, requirements for translation termination
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are well characterized and appear to be strict (6, 47, 64). Also,
cap-dependent initiation of translation in yeast is particularly
sensitive to hairpin elements in the 5’ leader (47). Thus, to
study further the effect of uORF termination on shunting and
to explore the potential of a uORF/hairpin shunting element
across species, we chose to use a yeast cell-free translation
system (55). This system displays characteristic responses to
the presence of a 5’ cap structure and a 3’ poly(A) tail on the
mRNA: initiation in micrococcal nuclease-treated extracts is
strongly stimulated by the presence of a single end modifica-
tion, while untreated extracts require the synergistic coopera-
tion of both cap structure and poly(A) tail for efficient trans-
lation (55). Conveniently, reporter mRNA stability in this
system does not depend significantly on the presence of a cap
structure or poly(A) tail (55) and is not sensitive to the inser-
tion of uORF sequences in the leader (56).

We prepared a series of seven uORF mutants incorporated
into the synthetic mRNA leader dedicated for use in yeast (Fig.
7A, Y series). After determining favorable magnesium, potas-
sium, and mRNA concentrations for the capped reference
mRNA Y1 (Fig. 7B to D), we used these optimized conditions
for a comparison of capped mRNAs Y1 to Y7 in a wild-type
yeast extract treated with micrococcal nuclease (YAS 2069
[63]). CAT expression under the control of the basic S-A
leader (Fig. 1A) was found to be less efficient (Fig. 7E, lane 9)
than Y1 with its shortened 5’-proximal sequence and the op-
timal yeast-type uORF termination signal. Insertion of a pyri-
midine-rich sequence had no effect (Y2), but substitutions
leading to poor termination context (Y3) or to non-uAUG
codons (Y4 and Y7) resulted in translational repression two- to
threefold relative to Y1. Collectively, these results indicate that
CAT expression under the control of an optimized Y1 leader
occurs by a uORF-dependent ribosome shunt mechanism. Re-
placement of the CaMV-derived uORF A by a specific short
ORF blocking peptidyltransferase activity of yeast ribosomes
in cis (45) affected shunting in our system: a uORF encoding
the peptide MVKTD provoked twofold inhibition on Y5 com-
pared with Y1, but as expected, a single codon deletion in Y6
resulting in MVKT stimulated translation by a factor of 2
compared with Y1 (and by a factor of 5 compared with Y7).
This demonstrates that, similar to the plant system, shunting
on a uORF/hairpin element in yeast depends on proper ter-
mination at the uORF and substantiates the notion that trans-
lation at the main ORF occurs by a reinitiation-type mecha-
nism.

Ribosome shunt on the model mRNA leader was further
tested using capped and polyadenylated transcripts in un-
treated extracts derived from yeast strain YAS 2074 or YAS
2075 (63), bearing mutations in the eIF4G1 gene that affect
binding to eIF4E or Pabplp, respectively (Fig. 7F). This al-
lowed assessment of the influence of poly(A) tail function on
shunting. In conditions of abolished cap-dependent and stim-
ulated poly(A)-dependent translation (YAS 2074 [Fig. 7F,
lanes 4 and 5), the regulatory effect of the uORF on shunting
was occluded by strong 5'-independent initiation that can by-
pass steric blocks in the leader (55). This equal translatability
of Y1 and Y4 mRNA in YAS 2074 extract confirms the similar
stabilities of these mRNAs in the translation extracts (56). In
contrast, in conditions of abolished poly(A)-dependent and
intact cap-dependent translation (YAS 2075), the uORF stim-
ulated downstream CAT translation about sixfold (Fig. 7F,
lanes 6 and 7). These results are consistent with a cap-depen-
dent shunting phenomenon in yeast, and they demonstrate that
it does not require participation of a poly(A)-tail stimulated
process.
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FIG. 6. In vivo expression of the CAT reporter gene under control of mutations in the leader. (A) Effect of uORF mutations in the context of linear and structured
shunt-competent mRNA leaders. Note that translation efficiencies represented by bars are plotted in a logarithmic scale. (B) Effect of the CaMV-specific translational

transactivator of reinitiation on translation. See Fig. 4 for constructs.

DISCUSSION

Accumulated data suggest a regulatory function for uORFs
during translation initiation in eukaryotes (reviewed in refer-
ences 21, 22, and 45). There are many examples of uORFs in
the leaders of viral and cellular genes involved in control of
growth and differentiation (41). Diverse uORFs can be cate-
gorized in different ways (22), e.g., overlapping and auton-
omous uORFs, depending on position of the initiator and
termination codons with respect to the downstream ORF; se-
quence-dependent and -independent uOREFs, reflecting the
character of the encoded peptide; and stimulatory, neutral, and
repressive uORFs, taking into account their effect on transla-
tion at the main ORF. Translation can be also regulated by
metabolic conditions that counteract inhibitory uORFs by, e.g.,
modifying the structure or usage of the leader (68) or allowing
reinitiation after termination at the end of the uORF (32). In
contrast to repressive uORFs which occur frequently, only a
few cases of positive regulators are known, including uORF1 of
the GCN4 mRNA (31), uORFs from Rous sarcoma virus (15),
and uORF A from CaMV (19, 27, 54). These stimulatory
uORFs can alleviate the effects of cis-acting inhibitory ele-
ments, other uORFs, or structural motifs. The positive effect
of ORF A on translation in the synthetic shunt-competent
mRNA leader has been also well documented (27). In the
current work, we explored the translational potential and reg-
ulatory function of the 3-aa uORF A in both linear and struc-
tured leader contexts. Further, detailed mutational analysis of

the short uORF was carried out to study the mechanism of
shunting in vivo and in vitro.

Our data indicate that despite being short and in the unfa-
vorable initiation context, uUORF A is recognized by the trans-
lational machinery and thus potentially translated. Its regula-
tory effect on translation depends on the leader context: it is
negligible in the unstructured but stimulatory in the structured
leader. We have shown that translational arrest at the uATG
codon abolished translation at the main ORF in the context of
the synthetic shunt-competent mRNA leader. This result sug-
gests that translation of uORF A is absolutely required for
shunting and excludes the leaky scanning mechanism. Replace-
ment of the 3-aa uORF A by other short coding sequences
seems possible, except those uORFs whose products repress
reinitiation by blocking peptidyltransferase and their proper
release from the ribosome. Two such heterologous uORFs
were used in our replacement experiments: both the 6-aa
mammalian uORF from AdoMetDc (22) and the 5-aa bacterial
cat leader peptide (45) affected uORF-dependent shunting on
the synthetic mRNA leader, when analyzed in plant and yeast
systems, respectively. In a parallel study performed in our
laboratory, it was shown also that the former uORF prevents
shunting by provoking ribosome stalling when replacing uUORF
A in the CaMV 35S RNA leader context (58). The character of
the nascent peptide affects the translating ribosome and pre-
cludes shunting, thus proving that in the context of the shunt-
competent leaders, a short uORF is indeed efficiently trans-
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FIG. 7. Expression of the CAT reporter gene under the control of the synthetic shunt-competent mRNA leader analyzed in an S. cerevisiae cell-free translation
system. (A) uORF mutations shown in the context of sequences directly preceding the stem (represented by -@); dots are introduced to facilitate the alignment.
Restriction sites are depicted with lowercase italics. uORF coding sequences are underlined, with encoded peptides shown below. *a and *o indicate amber and ochre
termination codons, respectively. Point mutations, insertions, and replacements are distinguished in bold. Extracts were prepared from strains disrupted in both
chromosomal eIF4G genes but bearing appropriate versions of the eIF4GI (TIF4631) gene on a plasmid. The strains harbored either wild-type eIF4GI (YAS 2069)
or copies exhibiting mutations which weaken the interaction with eIF4E (YAS 2074) or with Pablp (YAS 2075). Extracts prepared from YAS 2074 display strongly
reduced cap effects on translation with concomitant activation of translation in cap-independent fashion, whereas extracts from YAS 2075 do not support poly(A)-
promoted translation (63). Optimal concentrations of magnesium acetate (B), potassium acetate (C), and Y1 mRNA (D) are framed above the panels, showing typical
resolution of in vitro-translated products separated by SDS-PAGE (12% gel). (E) Translation efficiency under the control of leader constructs shown in panel A
analyzed in an extract derived from the wild-type yeast strain YAS 2069. C, no exogenous mRNA included. (F) Efficiency of translation of constructs Y1 and Y4 in
extracts of wild-type (lanes 1 to 3) or mutant yeast strains YAS 2074 (lanes 4 and 5) and YAS 2075 (lanes 6 and 7). C, no exogenous mRNA included. Translational
repression factors in panels E and F are calculated from translation efficiencies corresponding to the reactions represented by neighboring lanes and indicated by arrows.

lated. Theoretically, translation of the uORF might have been
required for the direct transfer of initiating or elongating ri-
bosomes to the main ORF, as happens during hopping in
prokaryotes (28). However, we can rule out this possibility, as
the extended CAT reporter gene products were never ob-
served in our experiments.

The results of our replacement experiments point out that a
full cycle of a short uORF translation including initiation,
elongation, and termination is a precondition for stem skipping
to allow translation at the main ORF. In particular, proper
termination at the uORF stop codon appears to be absolutely
essential for shunting, as we demonstrated in different ways
using diverse expression systems. We have shown that the
proper location and availability of the uORF termination co-
don, as well as the proper release of the uORF-encoded pep-
tide, stimulate shunting in the plant system. Moreover, efficient
termination of translation, due to an optimized uORF stop
codon context, enhanced shunting in yeast. Interestingly, the
well-known effect of the extended termination sequence on
translation termination has been interpreted to mean that the
fourth-base context influences the recognition of the triplet
stop codons by modulating direct interaction with a release

factor (64). The recently solved crystal structure of the human
eRF1 protein displays the overall structural mimicry with the
tRNA molecule that allowed a conserved groove present on
domain 1 to be identified as the stop codon interaction site—
the anticodon site of eRF1 (61). The codon recognition site on
eRF1 is quite long compared with the anticodon on the tRNA,
consistent with an extended stop codon recognition site capa-
ble of interacting with four or more bases (61; David Barford,
personal communication). Thus, conclusions drawn from re-
cent structural studies are in line with earlier data indicating
the importance of the sequences flanking the stop codon in
translation termination and indirectly corroborate their signif-
icance for termination at the uORF and shunting.

Since efficient termination at the short uORF precedes
shunting, we favor the view that translation initiation at the
main ORF occurs by a reinitiation-type mechanism. Our re-
sults support reinitiation in several ways. First, as in other
systems (46), reinitiation via shunting requires a short uORF
A. Second, replacement of uORF A is in principle possible,
indicating that shunting does not depend directly on the se-
quence of the nascent peptide encoded by the uORF. Third,
both uORFs from GCN4 incorporated in the synthetic mRNA



VoL. 20, 2000

leader affect shunting similarly to the way they are known to
regulate reinitiation in yeast (23). Fourth, the CaMV-derived
translational transactivator known to enhance reinitiation on
polycistronic transcripts (5) was found to promote translation
downstream of the Kozak stem in our system. Altogether, our
data point to a single ribosome being involved in all three
steps of translation initiation on the synthetic shunt-compe-
tent leader, i.e., translation of the uORF, shunting, and reini-
tiation at the main ORF.

An alternative is a two-ribosome model with the first ribo-
some translating the uORF and preparing the internal binding
site for the second ribosome to initiate downstream. Note,
however, that shunting has been studied extensively in the viral
and synthetic leader context (26, 27). The two leaders differ
substantially from each other with respect to primary and over-
all secondary structure. Therefore, it seems improbable that
translation of the uORF would lead in both cases to the cre-
ation of a similar, however special, internal ribosome entry site.
In addition, shifting the uORF termination codon sequences
backward (14) and forward (58) with respect to the stem is
tolerated to a certain extent, which excludes the possibility that
only a special location of the termination codon, as part of the
internal ribosome entry site, would activate shunting. Rather,
stop codon availability for recognition and proper termination
is critical because its proximity to the very strong stem which is
not melted by scanning preinitiation complexes (27) precludes
shunting on the synthetic leader (A9). We should further men-
tion that in all systems and conditions tested, uORF-depen-
dent shunting is cap dependent and not active when tested in
the dicistronic constructs with the shunt-competent leader in-
troduced between two reporter genes (Fig. 1 [S-cat] and ref-
erence 14). This allows us to exclude the typical or an induced
internal initiation model in shunting and points rather to reini-
tiation as the operating mechanism of translation initiation on
the synthetic shunt-competent mRNA leader.

We demonstrated that neither scanning 40S subunits nor
elongating ribosomes are capable of overcoming the repressive
effect imposed by the presence of the strong stem in the leader
(Fig. 8A and B, respectively). However, immediately after
translation termination at the uORF, ribosomes might be in a
state that allows somewhat more relaxed movement on the
mRNA. The recently published crystal structure of prokaryotic
70S ribosome functional complexes (11) allows an interpreta-
tion of our data at the molecular level. Details of the interac-
tions between the ribosome, mRNA, and P- and A-site-bound
tRNAs can be seen in the X-ray structures. At the P site, the
ribosome grips the tRNA and mRNA with six fingers of elec-
tron density to maintain the translational reading frame. Al-
though ribosomal components of these fingers have not yet
been identified, they seem to hold the mRNA being translated
very tightly. In contrast to the P site, the A site makes only
weak contacts with the tRNA-mRNA complex. In the absence
of bound tRNA, the A-site codon is disordered in electron
density, suggesting minimal if any A-site contacts between
mRNA and the ribosome in the absence of an A-site tRNA.
Taking into account structural constraints imposed during
translation elongation, proper termination at the stop codon of
the uORF enhances flexibility of the ribosomes required for
shunting across the stem to allow translation at the main ORF
(Fig. 8C).

Following termination at the uORF, shunting ribosomes
must regain initiation capacity, but how they reach the main
ORF remains to be determined. As described here, nonlinear
ribosome migration or shunting allows skipping of the stem
and resumed progressive scanning in the conventional 5'-to-3’
direction. Another special case of translation reinitiation is
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FIG. 8. Model for ribosome shunt on the artificial shunt-competent mRNA
leader. The structured leader is shown schematically with the black oval repre-
senting the cap, scanning 40S subunits and elongating 80S ribosomes represented
by gray shadows, initiation- and reinitiation-competent 40S subunits shown in
black, and migration of subunits and 80S ribosomal complexes indicated by
arrows. Scanning 40S subunits (A) and elongating 80S ribosomes (B) stall in
front of a stable stem structure, unfit for translation downstream. (C) Translation
of a short uORF culminating in proper termination promotes reinitiation. Upon
release of the uORF-encoded peptide and dissociation of the 60S (indicated by
dotted-line arrows on the left), the released reinitiation-competent 40S subunit
skips over the stem sequences and resumes scanning downstream.

known in the case of overlapping ORFs, when the termination
codon of an uOREF is situated downstream of but close to the
initiation codon of the downstream ORF; here ribosomes can
scan backwards up to 50 nt to engage a suitable initiation site
(51). Thus, in contrast to forward scanning, shunting as well as
backward scanning can be seen as examples of eukaryotic ri-
bosome migration occurring by lateral diffusion rather than
unidirectional migration. For reinitiation, some initiation fac-
tors, including eIF1 and eIF1A, which help to locate initiation
codons (52), and eIF2, which delivers Met-tRNA; (32), should
be reacquired, but others, e.g., the helicase complex including
elF4A (35), may be lacking. In the case of GCN4, reinitiation
is distance dependent and inversely correlated to the concen-
tration of active eIF2 (32, 50). In the case of the adenovirus
major late mRNA tripartite leader, shunting is uORF inde-
pendent and correlates with reduced activity of the RNA cap-
binding complex, including eIF4A (68).

Clearly, ribosome shunt on the structured mRNA leader
constitutes a very particular type of translation initiation in
eukaryotes. Until now, only a few shunt-competent leaders
equipped with uORFs have been characterized (12, 19, 20,
44, 57). However, the frequency of uORF occurrence in eu-
karyotic transcripts demonstrates that complex polycistronic
mRNA structures are reasonably common (10, 41). Conse-
quently, translation initiation via ribosome shunt might occur
much more frequently than previously anticipated. Our results
demonstrate that uORF-dependent shunting occurs in both
plant and yeast cell-free translation systems in a cap-dependent
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fashion which does not require poly(A)-stimulated processes.
Within defined limits it is tolerant of uORF and stem se-
quences and operates via a reinitiation-type mechanism to
allow translation at the main ORF. As a consequence, the
synthetic shunt-competent mRNA leader may be invaluable as
a universal substrate in further studies of the uUORF-dependent
shunting, as well as in studying other steps of eukaryotic trans-
lation, including translation termination and reinitiation.
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