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ABSTRACT

The 40S ribosomal subunit cannot directly recognize the start codon of eukaryotic mRNAs. Instead, it
recognizes the start codon after its association with the 5’-cap structure via translation initiation factors.
Base-by-base inspection of the 5'UTR by a scanning ribosome is the generally accepted hypothesis of start
codon selection. As part of an effort to confirm the underlying mechanism of start codon selection by the
40S ribosome, we investigated the role of elF4G, which participates in the recruitment of 40S ribosomes to
various translation enhancers, such as 5'-cap structure, poly(A) tail, and several internal ribosome entry
sites. We found that an artificial translation factor composed of recombinant elF4G fused with MS2 greatly
enhanced translation of an upstream reporter gene when it was tethered to the 3’'UTR. These data suggest
that the 40S ribosome recruited to a translation enhancer can find the start codon by looping of the
intervening RNA segment. The ‘RNA-looping’ hypothesis of translation start codon recognition was further
supported by an analysis of the effect of 5UTR length on translation efficiency and the mathematically
predicted probability of RNA-loop-mediated interactions between the start codon and the 40S ribosome
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associated at the 5’-end.

Does the 40S ribosome need to scan the 5' untranslated
region (5'UTR) base-by-base to find the start codon?
Biased random collision of the 40S ribosomal subunit with
various locations on an mRNA molecule could be an
alternative molecular event underlying start codon
identification

The probability that 2 objects (proteins, ribosomes, or vari-
ous parts of polynucleotides) residing at different loci of a
DNA (or RNA) molecule will interact through looping of
the intervening segment depends on the length, flexibility,
and conformation of the polynucleotides involved." Theoret-
ically, the probability of an interaction between objects
bound to a string can be expressed as the local concentra-
tion, jy (in moles per liter), of one binding site in proxim-
ity to the other. According to the theoretical formula
(Fig. 1A), the interaction probability is very low if the 2
objects reside very close to each other because the stiffness
of polynucleotide restrains the interaction. However, the
probability of interaction is much higher than that of inter-
action through simple diffusion of the objects when the
objects reside at an optimal distance on the polynucleotide
(Fig. 1A). Many biological reactions occur through DNA or
RNA looping, including enhancement of transcription by
the interaction between transcription-activator proteins
bound to enhancer sequences and other transcription fac-
tors bound to promoters, and enhancement of splicing by
interactions between SR-proteins bound to a splicing
enhancer and the splicing machinery bound to the 3’ splice
site (ref. 1 and refs. therein).

Could translation initiation be directed by augmented
interaction between the 40S ribosome associated at the
5-end of an mRNA molecule and a start codon lying
downstream of the ribosome-recruitment site via looping
of an intervening RNA segment?

To answer this question, we analyzed the effect of the
length of the 5" untranslated region (5UTR) on translation
of eukaryotic mRNAs from the theoretical perspective of
RNA looping.” Translation efficiencies of mRNAs varied
depending on the length of the 5’UTR, as shown in Fig. 1B.
The optimal length was about 70 nucleotides, which is
much longer than the length covered by a ribosome, and
translation efficiency decreased precipitously beyond the
optimal length (Fig. 1C). The relationship between mRNA
translation efficiency and 5UTR length was very similar to
that of the mathematically predicted interaction probability
between the 40S ribosome at the 5UTR and start codons at
various distances (Fig. 1, compare 1B with 1A). The experi-
mental data and the theoretical analysis strongly suggest
that most, if not all, cap-dependent translation events are
executed by recognition of the start codon by 40S ribosome
through ‘RNA looping’ rather than ‘ribosome scanning’.
The hypothesized cap-dependent translation initiation with-
out base-by-base scanning was also supported by experiments
using artificial mRNAs. As shown in Fig. 1D3, the translation
efficiency of an uncapped reporter mRNA increased greatly
when it was associated with an m’G-capped leader RNA (G-
LEAD_C in Fig. 1D) through a double-stranded RNA
(dsRNA) bridge. On the other hand, annealing an uncapped
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Figure 1. Evidence for cap-dependent translation mediated by RNA-looping. Panels [A] and [C] are modified versions of Fig. 5B and 5A from reference 2. [A]
Graph depicting the relationship between the local concentration, jy, and the distance, n (number of Kuhn segments), predicted by the equation in the box.
Because the experiments required to obtain the parameter d cannot be performed, we used d = 0 in the calculation.' The peak of the graph occurred at n =
1.62. [B] Schematic diagram of the interaction between the AUG start codon and a 40S ribosome associated with the 5'-cap structure. It should be noted that
the intervening RNA segment is looped out from the complex composed of the 43S ribosome and the start codon. Abbreviations: 4E, elF4E; 4G, elF4G; 3, elF3;
and 40S, 40S ribosomal subunit. The initiator tRNA; associated with the 40S ribosome is depicted as lines. [C] Relative translation efficiencies of mRNAs harbor-
ing 5'UTRs of various lengths. Reporter DNAs (kindly provided by Dr. Vincent Mauro, The Scripps Research Institute, La Jolla, CA) were transfected into
HEK293T cells, and luciferase activity was measured 24 h after transfection. [D] A modified version of Fig. 1 from reference 3. Schematic diagram depicting the
leader and reporter RNAs. The reporter RNA contains a reporter gene (firefly luciferase). The leader RNAs are either m’GpppG-capped (G-LEAD_C) or ApppG-
capped (A-LEAD_C). The leader RNAs (G-LEAD_C and A-LEAD_C) contain a 3’ nucleotide sequence that is complementary (solid bar) to the 5 sequence in the
reporter RNAs. An RNA complex containing both leader and reporter RNAs covalently connected by a stem-loop structure (i.e., within a single molecule) and

with an m’GpppG-cap (G-SL) was constructed to serve as a control mRNA.

leader RNA (A-LEAD_C in Fig. 1D) to the reporter RNA did
not affect translation of the reporter mRNA. Moreover, addi-
tion of a cap analog to the translation mixture dramatically
reduced translation efficiency of a reporter RNA associated
with the m’G-capped leader RNA, indicating that the m’G-
capped leader RNA augments translation of the reporter RNA
in a 5-cap-dependent manner. Considering that a ribosome-
scanning process would disrupt the dsRNA bridge, the cap-
dependent translation mediated by the m’G-capped leader
RNA must occur without base-by-base scanning by the ribo-
some. By comparing the translation efficiency of the reporter
annealed to the m’G-capped leader with that of the control
mRNA, which is composed of a single reporter RNA contain-
ing the leader sequence, a stem-loop structure and the 5UTR
of the reporter RNA (G-SL in Fig. 1D), we conclude that
even under these adverse conditions of finding the initiating
AUG codon translation occurs albeit only at 20-30% of the
expected value with no break in the mRNA.? If we consider
the unstable nature of the dsRNA bridge in the presence of
various RNA helicases in the translation mixture, this 20-30%
value could be a considerable underestimate. It is reasonable
to speculate that RNA looping mediates the enhanced

translation caused by the m’G-capped leader because base-by-
base scanning is not a plausible mechanism to explain the
data.

If RNA looping is the underlying mechanism for
recognition of the start codon by a ribosome associated
with an mRNA, a logical prediction is that translation
would occur through 40S ribosomal subunits recruited not
only to the 5'-end, but also to various loci in the mRNA
molecule

In other words, 40S ribosomal subunits recruited to down-
stream loci in a reporter gene could also mediate translation.
We tested the possibility of orientation-independent transla-
tional activation by 40S ribosomal subunits recruited down-
stream of a reporter gene using artificial mRNAs (FLuc-MS2x6
and FLuc-MS2x24 in Fig. 2A) and an artificial translation acti-
vator (MS2-4GMC in Fig. 2B) composed of the RNA-binding
domain of MS2 fused to the middle and C-terminal regions of
elF4G1 containing eIF3- and eIF4A-binding sites.
Co-transfection of mammalian cells with the reporter RNA and
effector-expressing DNA results in association of the effector protein
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Figure 2. A 40S ribosomal subunit recruited to the 3’UTR of mRNA augments translation of upstream reporter genes. Panels [A] to [D] are modified versions of Fig. 1 from
reference 2. [A] FLuc represents a reporter RNA containing the firefly luciferase gene as a reporter. MS2-binding sites (6 or 24 copies) were inserted into the reporter RNA
to generate FLuc MS2 x 6 and FLuc MS2 x 24, respectively. A stable stem-loop was inserted downstream of the stop codon of reporter RNAs, FLuc and FLuc MS2 x 24,
to generate FLuc 3'SL and FLuc 3'SL MS2 x 24, respectively. [B] Schematic diagram of MS2 fusion proteins. [C] The translation efficiencies of FLuc (lanes 1-3), FLuc MS2

% 6 (lanes 4-6), and FLuc MS2 x 24 (lanes 7-9) were determined by measuring firefly

luciferase activity in cells expressing MS2-GFP (lanes 1, 4, and 7), MS2-GFP-B-galac-

tosidase (lanes 2, 5, and 8), or MS2-GFP-elF4G (lanes 3, 6, and 9). Firefly luciferase activity was normalized to that of Renilla luciferase. [D] Schematic diagram of reporter

mRNAs. Each reporter contains a G-capped S-globin leader, HCV IRES, EMCV IRES, or

CrPV IRES at the 5'UTR. G-capped reporter RNA containing the Renilla luciferase

gene (Rluc) served as a control for mRNA transfection efficiency. Panels [E] and [F] are modified versions of Fig. 4 from reference 2. [E] Dual reporters contain the firefly

luciferase gene (FLuc) followed by the Renilla luciferase gene (RLuc). Wild-type (WT) or

mutant (mt) EMCV IRES resides at the 3'UTR of reporters. [F] ApppG-capped report-

ers were in vitro-translated using nuclease-untreated rabbit reticulate lysates in the presence of 150 mM KCl. Graphs depict 5'-end—dependent (FLuc, lanes 1-3) and
-independent (Rluc, lanes 4-6) translation. Activity was normalized to firefly and Renilla luciferase activities of the FR reporter without EMCV IRES (defined as 1).

MS2-4GMC with the MS2-binding sites at the 3’ untranslated region
(3'UTR) of the reporter mRNA through a specific protein-RNA
interaction between the MS2 region of MS2-4GMC and the MS2-
binding sites on the reporter RNA. MS2-4GMC is capable of recruit-
ing the 40S ribosomal subunit to MS2-binding sites through conse-
cutive interactions (<) of the 4GMC region of MS2-4GMC with
elF3 and the 40S ribosomal subunit (MS2-4GMC«selF3+40S).*
However, MS2-4GMC is not able to recruit the 40S ribosomal
subunit to the cap structure at the 5'-end or the poly(A)
tail at the 3’-end, because the region encoding the N-termi-
nal domain required for the interactions with both eIF4E-
and poly(A)-binding protein (PABP) is deleted from the
elF4G gene. Translation of the reporter RNA FLuc-MS2x24
was augmented by more than 80-fold by co-expression of
the effector protein MS2-4GMC (Fig. 2C, lane 9). Moreover,
translational activation by the downstream-recruited 40S
ribosome occurred even when processive migration of 40S
ribosomes by putative ‘backward scanning’ was blocked in

the reporter RNA (FLuc-3’SL-MS2x24) by inserting a strong
stem-loop structure at the 3'UTR (Fig. 2C, lane 15). Nota-
bly, translation by the 40S ribosomal subunit recruited to a
site downstream of the reporter gene occurred even when
the A-capped 5'UTR of the reporter gene was replaced with
various elements, such as a G-capped 5UTR, the encepha-
lomyocarditis virus (EMCV) internal ribosome entry site
(IRES), the hepatitis ¢ virus (HCV) IRES, or the cricket
paralysis virus (CrPV) IRES (Fig. 2D). These results indicate
that putative transference of a translation initiation factor(s)
from downstream to upstream of the reporter gene is not
needed for translation by a 40S ribosome recruited down-
stream of the reporter gene, because translation enhance-
ment occurred even when the 5UTR of the reporter was
replaced with the CrPV IRES, which does not require any
translation initiation factors to initiate translation. eIF4G
tethered downstream of a reporter gene stimulated transla-
tion, even that of dicistronic mRNAs. In the latter instance,
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translation of both the first and second cistrons was stimu-
lated by eIFAG tethered to the 3'UTR of a dicistronic
mRNA. Translation of the second cistron by the 40S ribo-
some recruited to the 3'UTR of a dicistronic mRNA was
maintained even when translation of the first cistron was
inhibited by insertion of a strong stem-loop structure at the
5'UTR. This indicates that translation by downstream-
recruited 40S ribosomes can occur in a 5-end-independent
manner.

We further investigated translation initiation mediated
by the 40S ribosome recruited to the 3'UTR using a natu-
ral mRNA element (EMCV IRES) that is known to recruit
40S ribosomes through interactions with eIF4G.” We gen-
erated artificial mono- and dicistronic mRNAs containing
the EMCV IRES at the 3'UTRs (Fig. 2E). As a negative
control, we also generated mRNAs containing a mutant
EMCV IRES with an adenine-to-uracil substitution at
nucleotide 724 (A724U), which impairs EMCV IRES func-
tion by reducing affinity for eIF4G. The EMCV IRES at
the 3'UTR of monocistronic mRNAs greatly enhanced
translation of the upstream reporter genes (data not
shown). The EMCV IRES at the 3'UTR of a dicistronic
mRNA strongly augmented translation of both genes, con-
sistent with the translational enhancement of both genes
by eIF4G proteins tethered to MS2-binding sites (Fig. 2F).
On the other hand, the mutant IRES only marginally aug-
mented translation of upstream genes in mono- or dicis-
tronic mRNAs (Fig. 2F).

Translational enhancement of upstream genes by trans-
lation-enhancing elements residing at the 3'UTR is not
only observed in artificial mRNAs such as those shown
above. Many translation-enhancing elements residing at
the 3’UTR in natural mRNAs have been reported. The
best-known examples are cap-independent translation ele-
ments (CITEs) in naturally uncapped plant viral mRNAs
(ref. 6 and refs. therein). Most plant RNA viruses without
a 5 cap and 3" poly(A) tail contain at least one CITE in
their 3'UTR. The translation factors eIF4E or eIF4G, or an
elF4E/elF4G complex, strongly interact with various CITEs
depending on their particular structures. Alternatively, the
408, 60S and/or 80S ribosome directly interacts with some
CITEs.® Nearly all 3 CITEs are predicted to have long-dis-
tance ‘kissing-loop’ interactions with a 5 hairpin located in
the 5UTR or in the nearby coding region. The kissing-
loop interaction has been shown to augment CITE-depen-
dent translation, even though it is not absolutely required
for translation enhancement.® It should be noted that the
poly(A) tail present in most eukaryotic mRNAs is well
known to augment translation. Preiss and Hentze showed
that the poly(A) tail can direct translation of the upstream
gene even in the absence of a 5 cap structure.” The under-
lying mechanism of action of these translation enhancers
[CITE and poly(A) tail] is likely to be the same as that of
the artificial ribosome-recruiting sites located in the
3'UTRs, described above. Taken together, the experimental
data and theoretical analyses described above indicate that
most, if not all, of the translation directed by translation
enhancers [5 cap, IRES, CITE, and poly(A) tail] occurs by
RNA looping.

How is the authentic AUG start codon selected among all
other AUG codons during translation initiation by RNA
looping?

If RNA looping is the only underlying mechanism for finding

the start codon, we speculate that the first AUGs are the most

frequently used as start codon for the following reasons:
1.Position effect (collision probability): According to the
RNA-looping model, the probability of interaction depends
on the length of the nucleotide between the cap and the
AUGs (Figs. 1A and 1C). The optimal length between the
5'-cap structure (a ribosome recruiting site) and the start
codon of individual mRNAs is also affected by the structure
the 5UTR and composition of the segment, reflecting the
fact that the effective distance and stiffness of the RNA are
determined by these factors. The average length of the
5'UTR of human mRNAs is about 150 nucleotides®’, which
is much longer than the minimal length required for 40S
ribosome binding for putative ribosome scanning. Thus, the
average length of a 5UTR may reflect the optimal length for
effective RNA looping. Notably, the first AUG is positioned
close to the 40S ribosome recruited either to the 5~end of an
mRNA via consecutive 5 cap«elF4E«—elF4G«elF3+40S
ribosomal subunit interactions* or to the 3“end, because
eukaryotic mRNAs form circular structures through conse-
cutive 5 cap<—elF4E«—elF4G+—PABP—poly(A) tail interac-
tions.* In other words, the effective distance between the
first AUG and the 40S ribosome recruited to the poly(A) tail
is likely closer than the effective distance between the inter-
nal AUGs and the 40S ribosome associated with the poly(A)
tail in a circularized mRNA.
2.Context effect: The context surrounding an AUG plays a
key role in its selection as a start codon.'” Most of the first
AUGs of natural mRNAs that function as the start codon
contain a good Kozak context.® That is, purines (A and G)
are preferred at the -3 and +4 positions relative to the ‘A’ of
the AUG codon, designated +1'°. Changing the context of
the 5 proximal 2 AUGs from a weak to a strong Kozak
sequence, or vice versa, alters the ratio of translation initia-
tion from the 2 AUGs.'>'"'* It has been suggested that the
mechanism underlying the context effect on start codon
selection involves the participation of additional interac-
tions"®, including interactions between the purine at the -3
position of mRNA and the o subunit of elF2 carrying the
initiator tRNA;, and between the purine at the +4 position
of mRNA and the nucleotides AA1818-1819 in helix 44 of
18S rRNA that form part of the A-site."” It is conceivable
that a collision between the 40S ribosome associated near
the cap-structure and an AUG with a good Kozak context
mediated by RNA looping would result in better translation
initiation owing to the augmented affinity attributed to addi-
tional interaction(s) compared with a collision between the
40S ribosome and an AUG with a poor Kozak context. This
is because the interaction between the AUG and the initiator
tRNA; on the 40S ribosomal subunit is further stabilized by
the additional interaction(s) with elF2« and/or helix 44 of
18S rRNA if the AUG has a good context.
3.Clearing effect: There is a chance that a putative transla-
tion-initiation complex transiently formed at a downstream



AUG in the coding region may be removed by elongating
80S ribosomes migrating from an upstream AUG before
translation is fully engaged. As a consequence, a significant
portion of translational preinitiation complexes formed at
downstream AUGs are likely to be cleared without produc-
tion of a protein. An interesting phenomenon related to the
clearing effect is the situation in which 2 AUGs are posi-
tioned very close to each other.'"'* For example, translation
of proteins NB and NA of influenza B virus occurs from a
single dicistronic mRNA (RNA segment 6). The start codons
of NB and NA are located 4 nucleotides apart from each
other, and both start codons contain good Kozak contexts
(APAAAUG°A™APCAAUGP’C™UA, where underlined
AUG® and AUG" are start codons for NB and NA, respec-
tively). Curiously, roughly equal amounts of NA and NB
proteins are produced from the mRNA."* This outcome is
readily explained by the RNA-looping hypothesis, but not
by the ribosome-scanning hypothesis, which invokes back-
ward excursion of scanning ribosome to explain this seem-
ingly odd phenomenon.'" According to the RNA-looping
hypothesis, the probability that a 40S ribosome associated at
the 5 end of this mRNA will interact with the first AUG is
almost the same as that for interaction with the second
AUG since the AUGs reside very close to each other. More-
over, both AUGs contain favorable contexts'’, resulting in
little difference in the context effect. Finally, binding of a
40S ribosome to the first or the second AUG is mutually
exclusive, since the binding of a 40S ribosome on one AUG
blocks the binding of 40S ribosome to the other AUG owing
to the large footprint of a ribosome. Therefore, the preferen-
tial translation of the first AUG by the clearing effect would
not occur in this case, resulting in equal efficiencies of trans-
lation from the first and second AUGs. The position effect
and clearing effect would become apparent if the 2 AUGs
are placed apart from each other, manifesting as preferential
translation of the first AUG, as empirically shown.'"'?

These three reasons for the preferential usage of the
first AUG as a start codon can be applied not only to
5-cap—dependent translation, but also to translational augmen-
tation by downstream translation-enhancing elements, such as
poly(A) tails and CITEs since the effective distance between the
first AUG and the 40S ribosome recruitment site in the 3'UTR
could be optimal owing to the circularization of mRNA.

The RNA-looping hypothesis des-cribed here could poten-
tially be applied to explain cap-, IRES-, CITE-, and poly(A)-
dependent translation. Moreover, the somewhat enigmatic phe-
nomenon of ‘ribosome shunting’ could also be incorporated
into this hypothesis. Therefore, all phenomena observed in
studies of translation-initiation mechanisms of various eukary-
otic mRNAs need to reanalyzed from the perspective of the
RNA-looping hypothesis.
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