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ABSTRACT

During eukaryotic translation initiation, 43S riboso-
mal complex scans mRNA leader unless an AUG
codon in an appropriate context is found. Establish-
ing the stable codon–anticodon base-pairing traps
the ribosome on the initiator codon and triggers
structural rearrangements, which lead to Pi release
from the eIF2-bound GTP. It is generally accepted that
AUG recognition by the scanning 43S complex sets
the final point in the process of start codon selection,
while latter stages do not contribute to this process.
Here we use translation reconstitution approach and
kinetic toe-printing assay to show that after the 48S
complex is formed on an AUG codon, in case GTP
hydrolysis is impaired, the ribosomal subunit is ca-
pable to resume scanning and slides downstream
to the next AUG. In contrast to leaky scanning, this
sliding is not limited to AUGs in poor nucleotide con-
texts and occurs after a relatively long pause at the
recognized AUG. Thus, recognition of an AUG per
se does not inevitably lead to this codon being se-
lected for initiation of protein synthesis. Instead, it
is eIF5-induced GTP hydrolysis and Pi release that
irreversibly trap the 48S complex, and this complex
is further stabilized by eIF5B and 60S joining.

INTRODUCTION

Start codon selection during eukaryotic translation initia-
tion is a complicated process that requires a concerted ac-
tion of the ribosome, Met-tRNAi, and a number of special-
ized proteins termed eukaryotic initiation factors (eIFs) (1).

The canonical initiation pathway starts with a 43S preiniti-
ation complex formed by the small ribosomal subunit with
associated factors eIF1, eIF1A, eIF2, eIF3 and eIF5. eIF2
is loaded onto the 40S subunit in the form of a ternary com-
plex with GTP and Met-tRNAi. After mRNA binding, 43S
starts to migrate in the 5′ to 3′ direction in search of an ini-
tiation codon (usually AUG) in the appropriate nucleotide
context. This process is known as ‘scanning’. It has been
proved for cap-dependent mRNAs with both short and sim-
ple leaders and rather long and highly structured 5′ untrans-
lated regions (2–4).

Once AUG is reached, the perfect codon–anticodon in-
teraction is established, which means that the recognition
has occurred. This process is controlled by a small protein
eIF1 bound to the P-site (for review, see (1,5,6) and refer-
ences therein). eIF1 impedes accommodation of the Met-
tRNAi within the P-site until the perfect codon–anticodon
duplex is formed. At this moment the scanning is ceased,
and the ribosome is trapped on the selected AUG codon.
The AUG recognition induces conformational rearrange-
ments of the complex that lead to eIF1 displacement and
eIF2·GDP release, further followed by eIF5B-assisted join-
ing of the 60S ribosome subunit and dissociation of the re-
maining initiation factors. The resulting 80S ribosome with
the correctly positioned Met-tRNAi in the P-site is compe-
tent for the second tRNA binding and starting the synthesis
of a polypeptide.

Hydrolysis of the eIF2-bound GTP and subsequent Pi
release are believed to be the key steps in the process of
AUG selection (7–9). The GTPase activity of eIF2 requires
specific GTPase activating protein (GAP), eIF5 (10–14).
eIF5 is a core constituent of a multifactor complex (MFC)
that also includes eIF1, eIF3, the ternary complex, and is
thought to be an important intermediate of translation ini-
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tiation complex assembly (15–17). As the MFC component,
in most cases eIF5 must be present in the 43S ribosomal
complex from the very moment of its formation, and it es-
sentially contributes to AUG selection during scanning (1).
It was also shown that eIF5-stimulated GTP hydrolysis can
occur in eIF2 even before the ribosome encounters AUG
(7,9). Thus, GTP is normally already hydrolyzed when the
43S arrives at AUG, although the reaction becomes irre-
versible only after Pi dissociates from the complex. While
being crucial for the hydrolysis, eIF5 is required neither for
48S complex assembly nor for correct start codon recogni-
tion, at least on mRNAs with a single AUG (13,18,19).

In yeast, mutations in the TIF5 gene encoding eIF5 have
been long known to affect start codon selection (8). More
specifically, certain mutations in TIF5 produce a Sui− phe-
notype (i.e. increased initiation at UUG codon) by upreg-
ulation of the eIF5 GAP activity and premature Pi release
(8,20). On the other hand, mutations of eIF5 that do not
affect the GTPase reaction may also impair a proper AUG
selection, including recognition of uAUG codons in GCN4
mRNA, thus conferring a Gcn− or a Gcd− phenotype
(21,22). Studies in a reconstituted yeast translation initia-
tion system (19) provided a mechanistic rationale for these
effects by uncovering a complex pattern of conformational
rearrangements within the 43S complex upon AUG recog-
nition. These alterations involve changes in intermolecular
contacts between eIF5, eIF2�, eIF1A and eIF1, and finally
couple the AUG recognition to eIF1 dissociation, Pi release
and stabilization of the 48S complex in a PIN state (20,23–
28).

Recently, effects of eIF5 concentration changes on a
stringency of AUG recognition were also reported in mam-
malian systems (29–31). In living cells, overexpression of
eIF5 resulted in a more frequent recognition of poor-
context AUGs or non-AUG start codons and also shifted
the initiation in favor of uAUG codons in case of the human
eIF5 mRNA itself (29). A pronounced stimulation of 48S
complex formation at non-optimal start codons was also
observed in a reconstituted mammalian translation initia-
tion system (31). The ability of eIF5 to affect start codon
selection is therefore an evolutionary conserved feature of
this eukaryotic factor.

To conclude, although the presence of eIF5 in the 43S
complex is not required for mRNA binding or scanning nor
for AUG recognition, it becomes absolutely necessary to
accomplish productive initiation once the complex reaches
and recognizes an AUG. If the factor does not come in
time, or for any reason its activity is lowered, a delay in
eIF2-bound GTP hydrolysis should occur. In this work, we
reconstructed this situation and found that such a delay
leads to the redistribution of initiation complexes in favor
to downstream AUG codons. The redistribution occurred
as a result of the resumed movement of the 43S complex
trapped onto 5′ proximal AUG codon along the mRNA
after a pronounced pause. To distinguish this post-AUG-
recognition process from the conventional scanning (and
also from the ‘resumed scanning’ that takes place in some
cases after translation of uORFs), we called the newly dis-
covered process ‘sliding’. We argue that the phenomenon of
43S sliding contributes to the eIF5 impact on start codon
selection.

MATERIALS AND METHODS

Plasmid constructs and in vitro transcription

A plasmid coded for the EMCV IRES-containing tran-
script (nts 377–1155 of the EMCV RNA) was the same as
in our previous studies (32,33). To prepare �E012, a poly-
merase chain reaction (PCR) product was obtained with
this plasmid and primers CAGAATTCGTGGTTTTC-
CTTTG and GTTTTCCCAGTCACGAC, treated with
EcoRI and PstI and ligated into the same vector digested
by the same enzymes. All �E012 derivatives were prepared
by PCR mutagenesis of the initiation region; their partial
sequences are shown in Supplementary Figure S1. The
construct for 5uAUGs-Fluc mRNA was prepared by inser-
tion of a duplex formed by ATGATGATGATGGCATG
and CCATCATCATCATCATG oligos into the NcoI site
of pFluc plasmid (34). The plasmid 1uAUG-Fluc encoded
Fluc mRNA with one uAUG was described before (35).
To obtain the �E12UMBRA construct, a fragment of
the umbravirus ORF3/4 region was obtained by PCR
with an umbravirus cDNA (kindly gifted by M.Taliansky)
and primers CCATCAACCATGGAACAATCTTCG-
CAAGTGGCAAAAGC and AGAGTGCGCGCACT-
TATTGGCAGCGGGTTTG; this fragment was ligated
into BalI and BsePI sites of the �E12. A series of firefly
luciferase encoding constructs with 5′ UTRs of natural
human mRNAs (CDK4, CFTR, MDM2, PNRC2 and
EIF2D) were prepared by insertion of the corresponding
cDNA fragments to the pFluc plasmid. Sequences of their
5′ proximal regions are shown in Supplementary Figure
S2. The constructs encoding ATF4 and UCP2 leaders were
described before (36). Prior to in vitro transcription, the
�E012 derivatives and the 5uAUGs-Fluc plasmid were
linearized by HindIII or Bpu14I, respectively. For synthesis
of the polyadenylated 1uAUGs-Fluc mRNA and the
mRNAs with natural 5′ UTRs, a 50T-tailed PCR product
was used as described previously (34). PCR templates for
synthesis of mRNAs (CA)-Fluc and (CA)uORF-Fluc were
obtained using the same strategy directly from the pFluc
plasmid with the corresponding T7 promoter-containing
forward primers (see Supplementary Figure S2). For the
transcription, RiboMAX kit (Promega) was used. The
resulting transcripts were precipitated with 2M LiCl. The
EMCV IRES containing mRNA was uncapped, whereas
for all other transcripts Vaccinia Capping System (NEB)
was used to obtain 100% capped products.

Toe-printing of ribosomal complexes in rabbit reticulocyte
lysate

To assemble ribosomal complexes, we utilized commer-
cially available nuclease treated RRL (Promega, L4960).
We followed our previously published protocol (32) with
some modifications. The reaction was initiated in a total
volume of 9 �l containing 7 �l of RRL, 0.05 �l of Ri-
boLock RNase inhibitor (Thermo Scientific) and 2 �l of
either GTP·Mg/GMPPNP·Mg (for final concentration of
2 mM) or water solution of cycloheximide (for final con-
centration of 1 mg/ml). In negative control, Mg(OAc)2
concentration was elevated to 15 mM. The mixture was
incubated for 5 min at 30oC, then 1 �l of mRNA solu-
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tion (0.5 pmol/�l) was added, and the mixture was in-
cubated for an additional 10 min (or other time periods,
as indicated) at 30oC. After that, 10 �l of RT Mix were
added directly into the tube at 30oC [RT Mix was pre-
pared during the incubation and contained 1 �l 20x Buffer
(400 mM Tris-HCl pH 7.5, 1.2 M KCl, 5 mM spermidine-
HCl, 20 mM DTT), 2 �l of dNTP mix (5 mM each),
1 �l of [32P]-labeled oligonucleotides (5 pmol/�l, GTA-
GAGCAGAGCATTTTGGG for EMCV mRNA deriva-
tives or TGCAGTTGCTCTCCAGCG for the luciferase
encoding transcripts), 1 �l of 0.5 M Mg(OAc)2, 1 �l of
AMV Reverse Transcriptase (Promega) and 4 �l of water].
The mixture was incubated for 20 min at 30oC. For kinetic
toe-printing, the protocol was slightly modified. In this case,
we utilized a single tube with the reaction mixture and mul-
tiple tubes with RT Mix aliquots (10 �l per tube) that were
held in ice during the whole time duration. At times indi-
cated, 10 �l aliquots of the reaction mixture were sequen-
tially taken and placed into the tubes with the RT Mix and
kept in ice. This stopped the reaction of the complex forma-
tion. After that, all the tubes were placed at 30oC for an ad-
ditional 20 min. The resulting cDNAs were then purified by
thorough phenol/chloroform extraction, precipitated with
ethanol and analyzed on 6% sequencing gel along with a
sequence ladder obtained from the corresponding plasmid
with the same primer and Sequenase 2.0 DNA sequencing
Kit (USB/Affymetrix). Radioactive bands in the dried gels
were visualized using the Typhoon FLA 9500 Phosphorim-
ager (GE Healthcare Life Sciences). Relative amounts of ra-
dioactivity in the bands were determined with ImageQuant
software (GE Healthcare Life Sciences).

Purification of translation initiation components

eIF2, eIF3, eIF4F, eIF5B, 40S and 60S were purified from
HeLa cell extract, eIF1, eIF1A, eIF4A, eIF4B and eIF5
were expressed in Escherichia coli as described (18,32,37–
39). The sequence encoding the recombinant eIF5 in
pET21a-eIF5 plasmid was corrected by introducing an ad-
ditional trinucleotide CCA, to restore a naturally occur-
ring heptaproline sequence (aa 179–185) that had been dis-
turbed in the original plasmid. eIF5 obtained from the re-
sulting plasmid had the same activity as the original one
with only six prolines. Purified tRNAf

Met, a kind gift from
V. Makhno and Y. Semenkov, was used as initiator tRNA.
For aminoacylation, recombinant MetRSase was used as
described (37).

Assembly and analysis of translation initiation complexes

48S translation initiation complexes were assembled and
analyzed by toe-printing assay as described earlier (38,39).
Briefly, 48S complexes were assembled by incubating 0.5
pmol of mRNA for 10 min at 30◦C in a 20-�l reaction
volume that contained the reconstitution buffer (20 mM
Tris-HCl, pH 7.5; 110 mM KOAc; 1 mM Mg(OAc)2; 0.25
mM spermidine-HCl; 1 mM DTT), 0.4 mM GTP·Mg or
GMPPNP·Mg and 1 mM ATP-Mg(OAc)2, 10 pmol of Met-
tRNAi

Met, 2.5 pmol of 40S ribosomal subunits and combi-
nation of factors (eIF1 (10 pmol), eIF1A (10 pmol), eIF2 or
aIF2 (5 pmol), eIF3 (5 pmol), eIF4A (10 pmol), eIF4B (5

pmol), eIF4F (2 pmol), eIF5 (5 pmol) and eIF5B (5 pmol)),
as described in the text. For toe-printing, the same [32P]-
labeled oligonucleotides as above were used. Primer exten-
sion analysis was performed essentially as described (32).

Cell-free systems and in vitro translation

Translation in RRL in the presence of [35S]-Met was per-
formed according to manufacturer’s instruction (Promega).
Krebs-2 cells S30 extract was prepared as described previ-
ously (40). Translation experiments were performed in a to-
tal volume of 10 �l, which contained 5 �l of the S30 extract,
translation buffer (20 mM Hepes-KOH pH 7.6, 1 mM DTT,
0.5 mM spermidine-HCl, 0.8 mM Mg(OAc)2, 8 mM crea-
tine phosphate, 1 mM ATP, 0.2 mM GTP, 120 mM KOAc
and 25 �M of each amino acid), 2 u of RiboLock RNase in-
hibitor (Thermo Scientific), 0.25 pmol capped Fluc mRNA
and 2 �l of eIF5 protein dilutions or an appropriate buffer,
for 1 hour (41). The luciferase activities were measured us-
ing the Dual Luciferase Assay kit (Promega).

RESULTS

43S complexes assembled in the presence of GMPPNP tend
to localize at distal AUG codons

We previously reported an unusual pattern of 48S initiation
complexes distribution between three closely spaced AUG
codons of the encephalomyocarditis virus (EMCV) mRNA
when translation had been blocked by non-hydrolysable
GTP analog GMPPNP (32). At the same time, the pat-
tern of cycloheximide-arrested 80S complexes correlated
with the physiological usage of these AUG codons (42). To
check whether this phenomenon is limited to the mRNA
containing EMCV internal ribosome entry site (IRES) or
rather is a common feature of mRNAs with two or more
closely located AUG codons, we prepared a series of arti-
ficial mRNA constructs. The first was an EMCV deriva-
tive with the IRES removed. The construct �E012 has a
31 nt long leader followed by the EMCV initiation region
that contained AUG10, AUG11 and AUG12 of the original
EMCV mRNA. In the �E012 construct, these codons were
the first, second and third AUGs from the 5′ end, respec-
tively; however, hereafter we will call them ‘AUG0’, ‘AUG1’
and ‘AUG2’ for consistency (Figure 1A, top; for the nu-
cleotide sequences, see Supplementary Figure S1). The in
vitro transcribed and m7G-capped mRNA was incubated in
rabbit reticulocyte lysate (RRL) in the presence of transla-
tion inhibitors, and then toe-printing analysis of ribosomal
complexes was performed (32). For comparison, the experi-
ment with the original EMCV IRES containing mRNA was
repeated under the same conditions (Figure 1A).

In the case of the cap-dependent mRNA, 80S ribosomes
arrested by cycloheximide were detected exclusively at the
two 5′ proximal codons (Figure 1A, line 8), in accordance
with the scanning model (3). Most of them recognized the
first AUG (AUG0), but a significant portion reached the
second one (AUG1) presumably via leaky scanning due to
a rather short leader (3). In the case of the EMCV IRES,
the cycloheximide-arrested ribosomes were detected almost
exclusively at the AUG11, as expected (Figure 1A, line 4)
(42). However, in the presence of GMPPNP·Mg, the 43S
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Figure 1. Toe-printing analysis of ribosomal complexes assembled in RRL on mRNAs with two or more AUG codons. (A) mRNA containing the EMCV
IRES (left) and the m7G-capped mRNA �E012 (right) were incubated in RRL with 15 mM Mg(OAc)2 (lanes 1 and 5), 2 mM GTP·Mg/GMPPNP·Mg
(lanes 2/3 and 6/7) or 1 mg/ml cycloheximide (lanes 4 and 8). Nucleotide sequences of the initiation region is shown on the top. Positions of the toe-prints
are indicated. Sequencing lanes obtained with the same primer and the corresponding cDNA are shown on the right. (B) Ribosomal complexes assembled
on the 5uAUG-Fluc mRNA in the presence of GMPPNP or cycloheximide. (C) Toe-printing analysis of the 48S and 80S complexes assembled in RRL on
Fluc encoding mRNAs with artificial or natural uORF-containing 5′ UTRs. The 5′ proximal regions of the transcripts are schematically shown at the top.

complexes demonstrated a clear preference for the 5′ dis-
tal AUGs, with very strong toe-print signals corresponding
to the furthermost start codons (Figure 1A, lanes 3 and 7).
The effect was not an artifact of magnesium sequestration
(or some other consequences of the guanine nucleotide ad-
dition) since the adding GTP·Mg to the same concentration
did not lead to the aberrant ribosome distribution (Figure
1A, lanes 2 and 6).

Since in both above cases the initiation regions were
identical, one could not exclude that it was some fea-
ture in a local nucleotide context of the three AUGs, and
not their order, that biased the 43S distribution. In other

words, AUG12 (and the corresponding AUG2 in the case
of �E012) might be preferential for 48S formation in the
presence of GMPPNP due to some peculiarities of its envi-
ronment and not because it was the most distal start codon.
We therefore prepared several additional constructs on the
basis of the �E012 that differed in their initiation regions
(Supplementary Figures S1 and S3). First of all, to elimi-
nate a likely impact of leaky scanning through AUG0, we
removed this codon by replacing it with UAG. Then, we in-
serted AUG together with its adjacent 9 nts corresponding
to the context of AUG1 or AUG2 (2 codons upstream and
1 codon downstream to the AUG) either between the orig-
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inal AUG1 and AUG2 or after AUG2. We also modified
the initiation region by shortening or lengthening the spacer
between AUG1 and AUG2. In all experimental settings,
we observed strong signals corresponding to pre-initiation
complexes formed at the last AUG present within the initi-
ation region (Supplementary Figure S3). This contradicted
the predictions of the canonical scanning model.

To avoid any impact of EMCV sequences, we repeated
the experiment with another mRNA that had a leader de-
rived from an irrelevant artificial vector sequence followed
by 6 consecutive AUG codons and firefly luciferase (Fluc)
coding region (Figure 1B). As expected, in the presence
of cycloheximide, we observed one major toe-print corre-
sponding to 80S ribosomes formed at the first AUG of the
mRNA and a much less prominent signal at the second
AUG. In contrast, in GMPPNP-supplemented lysate we de-
tected toe-print bands that corresponded to 48S complexes
located at the two most distal (fifth and sixth) AUG codons.

Then we turned to more physiologically relevant situa-
tions and performed the same experiments with luciferase
encoding transcripts having uORFs in their 5′ UTRs (Fig-
ure 1C and Supplementary Figure S2). We used two ar-
tificial (plasmid-derived) sequences and two natural lead-
ers of the human CDK4 and CFTR mRNAs. To produce
80S complexes, we utilized hygromycin B instead of the cy-
cloheximide. This allowed us to avoid toe-print smearing
caused by an incomplete elongation arrest, and to improve
the signal intensity (32). In all four cases, a similar and clear
difference between 48S and 80S complex distribution pat-
terns was observed (Figure 1C). The 80S complexes were
preferentially localized at 5′ proximal AUG codons, in ac-
cordance with the scanning model. However, a major por-
tion of the 48S complexes were detected at the 5′ distal AUG
codons, in full compliance with the observations made pre-
viously. In the case of the CFTR-Fluc mRNA, a significant
portion of the 80S was formed at the second AUG presum-
ably due to leaky scanning through the first initiation codon
located in a weaker nucleotide context, caaAUGc (see Sup-
plementary Figure S2).

Delayed redistribution of the GMPPNP-arrested 43S com-
plexes toward distal AUG codons revealed by kinetic toe-
printing

In all of the above experiments, we incubated mRNA in
RRL for 10 min before fixation of the complexes by ele-
vating a Mg2+ concentration. To address the phenomenon
in greater detail, we performed time-course analysis of the
reaction. We tracked the formation of the complexes on
�E012 mRNA from 0 to 15 min, terminating the reaction
at different time points by adding 15 mM Mg(OAc)2. At
the beginning of incubation, intensive toe-print bands cor-
responding to 48S complex formed at the AUG0 were ob-
served, while the complex disappeared at later times. From
the second time point (≈40 s), 48S complexes also began to
form at the AUG1, while at the last AUG codon (AUG2)
they accumulated pronouncedly only as late as at ≈300 s of
incubation (Figure 2A).

It is worth noting, that each particular mRNA molecule
in our system was able to acquire only a single 43S complex
onto its initiation region, since the distances between the

Figure 2. Time course of 48S formation at three AUG codons of the
�E012 mRNA assayed by kinetic toe-printing technique. (A) Sequencing
gel with results of the kinetic toe-printing assay. The �E012 mRNA was in-
cubated in RRL in the presence of GMPPNP·Mg for different times, then
the reaction was stopped by addition of high concentration of Mg(OAc)2.
Positions of the toe-prints are indicated. (B) Quantification of toe-print
signals corresponding to the 48S complexes at the three AUG codons. The
values were normalized to the overall signal densities in the corresponding
lanes.

AUG codons were too short to accommodate more than
one ribosome. Thus, the disappearance of signals at the
AUG0 could not be explained by a declined number of re-
verse transcriptase molecules that reached this codon. We
concluded that after the transcripts were added into the sys-
tem, they quickly acquired the ribosomes and formed 48S
complexes at their 5′ proximal AUGs, AUG0. The amount
of these complexes peaked as early as at 20–40 s (Figure 2B),
indicating a high rate of ribosomal scanning through the
preceded 31-nt leader. This correlates with the previously
estimated speed of scanning ribosomes (4). Although the
distance between AUG0 and the following AUG1 was as
small as 6 nt, the maximal amount of 48S formation at the
latter codon was reached only at 120 s. The most striking
results were obtained with the AUG2 which was separated
from AUG0 only by 16 nt but continued to acquire the com-
plexes gradually until the very end of the incubation. Inter-
estingly, the 48S at the AUG2 started to form at much ear-
lier times when the intermediate AUG codon (AUG1) was
deleted, leaving only AUG0 and AUG2 in the mRNA �E02
(Supplementary Figure S4).

The slow ribosome accumulation at the 5′ distal AUGs
was even more evident when we compared the kinetics of
the 48S complexes formation on the mRNA �E12 (with
only two AUGs) with those on an equimolar mixture of
two single-AUG mRNAs that had start codons in the same
context, �E1 and �E2 (Supplementary Figure S5). In both
cases, the complex accumulation kinetics were much faster
than those at the �E012 mRNA, but a profound delay in
48S formation on the second AUG was observed at the
�E12 mRNA as compared to �E2 mRNA.

This slow 43S movement along the mRNA could be ex-
plained by an ability of the 40S subunit to resume scanning
after the initial AUG recognition; this is the phenomenon
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that we decided to term ‘sliding’. Sliding presupposes the
movement of the 43S complex along the mRNA to a 5′ dis-
tal AUG codon after a pronounced pause at the 5′ proximal
AUG.

An alternative explanation could be related to the accu-
mulation of AUG0-less and AUG1-less transcripts due to
mRNA degradation from the 5′ end in the course of the in-
cubation. This could result in 48S formation at the AUG2
of such 5′ truncated transcripts by conventional scanning.
However, the 5′ truncated mRNAs obviously do not pos-
sess m7G-cap and consequently should not be able to form
initiation complexes efficiently. This idea is supported by a
control experiment with uncapped transcripts (Supplemen-
tary Figure S6). One more argument against any impact of
the mRNA degradation is that in that case we should have
observed the same effects on both 48S and 80S formation,
which was not the case (Figure 1).

Another possible explanation could be a hypothetical
depletion of some factor(s) that affect start codon recog-
nition due to recruiting the factor(s) into the ‘dead-end’
GMPPNP-arrested 48S complexes. For example, increas-
ing the mRNA concentration in RRL was shown to deplete
eIF2, causing a preferential initiation from downstream
AUG codons (43). In this case, the reduced mRNA concen-
tration should correct the dysfunction, as it was shown ear-
lier (43). However, we did not observe any difference when
we decreased the ratio of mRNA to lysate 5-fold (Supple-
mentary Figure S7). Moreover, when we tested the eIF2 re-
quirements for the proper start codon selection in a recon-
stituted translation initiation system (Supplementary Fig-
ure S8, see below), we found the opposite correlation. The
more eIF2 we added to the �E012 mRNA, the stronger sig-
nal at the last AUG codon as compared to that at the AUG0
and AUG1 we observed. Thus, the most probable explana-
tion of the described phenomenon was the sliding of the 43S
complex to the downstream AUG codons under conditions
when hydrolysis of the eIF2-bound GTP analog was impos-
sible.

43S sliding is conceptually distinguished from leaky scanning

A well-known phenomenon that leads to AUG skipping
during translation initiation is leaky scanning (3). It usu-
ally operates at AUG codons placed in a poor nucleotide
context (with pyrimidines in either −3 or +4 positions, or
both). Kinetics of leaky scanning is largely unknown, there-
fore one could suggest that sliding is just an ‘extreme’ par-
ticular case of the former. To discriminate between the two
phenomena, we performed an additional time course exper-
iment with an mRNA having two AUG codons, the first of
which was in a nucleotide context of intermediate strength
(with A in −3 but C in +4 position). On this 1uAUG-Fluc
mRNA, the kinetics of 80S assembly at both AUG codons
was quite comparable. The complexes formed rapidly, with
a small delay in the case of the 5′ distal one (Figure 3).
This delay most probably reflected the time needed for the
43S skipping AUG1 to arrive to AUG2 and thus illustrates
the process of leaky scanning. The final ratio of the toe-
print intensities quickly reached equilibrium (close to 1:1 in
this case, Figure 3B, bottom). In contrast, the 48S complex
formation occurred with quite distinct kinetics for the two

Figure 3. Time course of 48S and 80S formation at the 1uAUG-Fluc
mRNA reveals a difference in kinetics of leaky scanning and ribosomal
sliding. The 1uAUG-Fluc initiation region is shown on the top with +4
nucleotide positions underlined. (A) Results of the kinetic toe-printing as-
say. The 1uAUG-Fluc mRNA was incubated in RRL in the presence of
GMPPNP·Mg or hygromycin B to allow the 48S or 80S complexes to be
formed, respectively. The reaction was stopped by addition of high concen-
tration of Mg(OAc)2 at different time points. Positions of the toe-prints are
indicated. (B) Quantification of toe-print signals corresponding to the 48S
and 80S complexes at the two AUG codons. The values were normalized
to the overall signal densities in the corresponding lanes.

codons. Here, the ribosomes accumulated much slower at
AUG2 than at AUG1, whereas the ratio of toe-print inten-
sities finally reached ≈1:7 in favor of the distal AUG codon
(Figure 3B, top). The distinct 48S and 80S accumulation ki-
netics at AUG2 clearly shows the difference between the two
processes, namely leaky scanning and 43S sliding.

Omission of eIF5 recapitulates the effect of GMPPNP in the
reconstituted translation initiation system in the presence of
GTP

GMPPNP closely resembles GTP in structural terms; how-
ever, its inability to be hydrolyzed might affect a ternary
complex conformation, resulting in inadequate AUG codon
recognition. To be able to use GTP instead of its nonhy-
drolyzable analog in the reaction of 48S complex formation,
we took advantage of the reconstituted mammalian trans-
lation initiation system (33,38). In the absence of eIF5, the
48S complexes were formed mostly at the 5′ distal AUG
codons, irrespectively of whether GTP or GMPPNP were
present in the mixture (Figure 4, lanes 2–3). In the pres-
ence of eIF5 and GTP, however, we could clearly observe
toe-print bands corresponding to complexes on the first and
the second AUGs (Figure 4, lane 5). Such bands were much
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Figure 4. Toe-printing analysis of ribosomal complexes assembled from
purified components on mRNA 5uAUG-Fluc. The reaction mixtures con-
tained all individual components necessary for the 48S complex reconsti-
tution (40S, Met-tRNAi, eIF1, eIF1A, eIF2, eIF3, eIF4A, eIF4B, eIF4F)
and the additional ingredients as indicated in the header. The reaction
was stopped after 10 min incubation by addition of high concentration
of Mg(OAc)2.

weaker when GMPPNP was used instead of GTP in the
presence of eIF5 (Figure 4, lane 4). We observed even a fur-
ther stabilization of the 5′ proximal complexes, especially at
the first AUG, if eIF5B (or eIF5B and 60S) were included
in the mixture (Figure 4, lanes 7 and 9). We conclude that
it is eIF5-stimulated hydrolysis of the eIF2-bound GTP and
subsequent Pi release that irreversibly stop the complexes at
the 5′ proximal AUGs and that these complexes are further
stabilized by eIF5B. Obviously, the effect of the latter was
caused by blocking the Met-tRNAi within the ribosomal P-
site, which otherwise may easily dissociate after departure
of eIF2-GDP from the 43S complex (compare toe-print in-
tensities in lanes 2 and 3). It means, eIF5B additionally fixes
the ribosome on the 5′ proximal AUG codons.

Elevated eIF5 concentration shifts the translation initiation
toward the 5′ proximal start codons in complete cytoplasmic
lysates

To date, the effects of altering the eIF5 concentration on
mRNA translation in mammalian systems have been re-
ported in a very limited number of studies (29,30). In par-
ticular, it has been observed that the overproduced fac-
tor in cultured cells down-regulated the expression of mR-
NAs containing uORFs (29). However, dramatic changes
in eIF5 concentration could induce secondary effects in
living cells, so using a cell-free translation system supple-
mented with eIF5 would be preferential for investigating
its effects on individual mRNA translation. Barth-Bause
et al. recently reported differential impacts of eIF5 addi-
tion on translation products originating from two in-frame
AUGs of a model mRNA in RRL (30). It was interesting,

however, to systematically assess an effect of eIF5 concen-
tration on a selection between two alternative open read-
ing frames in a single mRNA. To investigate this, we pre-
pared �E12UMBRA (Figure 5A), an artificial mRNA with
the �E12-based initiation region, where the AUG1 and
AUG2 opened alternative long overlapping ORFs derived
from umbravirus mRNA (44). In nuclease-treated RRL,
translation of this mRNA produced two [35S]-labeled pro-
teins of different molecular weight (Figure 5A). Adding re-
combinant eIF5 increased AUG1-driven translation, while
it inhibited the one initiated from the second start codon
(AUG2).

As much as a half of mammalian mRNAs possess
uAUGs in their 5′ UTRs (45,46). Thus, it was of spe-
cial interest to analyze the effect of eIF5 on translation of
uAUG containing mRNA. To perform such a test in an
in vitro translation system, we used 1uAUG-Fluc, the lu-
ciferase encoding construct with an uAUG codon in a nu-
cleotide context of intermediate strength (accAUGc). The
uAUG was out-of-frame with the Fluc ORF (Figure 5B),
and thus uORF translation should have inhibited the Fluc
production. Using the luciferase as a reporter allowed us
to utilize another cell-free system, the nuclease untreated
S30 cytoplasmic extract from Krebs-2 mouse ascite cells,
which is much closer to living cells and more appropriate
for studying translation initiation (40). The same Fluc en-
coding mRNA without uAUG served as a control, while
an mRNA with a similar simple leader encoding Renilla lu-
ciferase (Rluc) was translated in the same mixtures and used
for normalization. Addition of eIF5 to the system resulted
in a gradual decrease in Fluc activity in the case when the
mRNA reporter possessed uAUG codon, as related to the
values obtained with the uAUG-less mRNA (Figure 5B).
From these data, we concluded that elevated eIF5 concen-
tration shifted translation initiation toward the 5′ proximal
AUGs and affected translation of mRNAs with alternative
start codons.

In many mammalian mRNAs, an uAUG codon opens
a short reading frame that ends before the main initiation
codon, thus forming a non-overlapping uORF (45,46). In
some cases, the uORFs have been shown to play a very
important role in translational control of the main coding
region (see (1,36,47) and references therein). Still, impact
of eIF5 activity on regulation of their expression is poorly
studied. Thus, we prepared a set of reporter mRNA con-
structs based on both artificial and natural human mRNA
leaders (Supplementary Figure S2) and assessed effects of
elevated eIF5 concentration on their translation efficiency
(Figure 5C). The addition of eIF5 to the system brought
about a decrease in the luciferase expression, but to a dif-
ferent extent for various mRNAs. Importantly, the same
eIF5 concentration produced only a minor effect on uORF-
less mRNAs’ translation. It was also true for the tran-
scripts in which the original uAUG(s) were mutated to
non-AUG codons, UCP2mut-Fluc and (CA)-Fluc mRNAs.
Since uORF-dependent translational control has been doc-
umented for some of the leaders we used (e.g. MDM2,
CFTR, ATF4 mRNAs) (36,48–51), we propose that intra-
cellular eIF5 level and changes in its activity play a vital but
still underestimated role in regulation of their expression.
However, this issue requires additional extensive studies.
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Figure 5. Effects of eIF5 concentration on mRNA translation in mammalian cell-free systems. (A) The �E12UMBRA mRNA (schematically represented
on the top) was translated in RRL for 1 hour in the presence of [35S]-Met and increasing amount of added recombinant eIF5. The translation mixtures were
resolved by SDS-PAGE (left panel), and the bands corresponding to AUG1- and AUG2-initiated products were quantified and normalized to the volumes
in a mixture without exogenous eIF5 (right panel). (B) The 1uAUG-Fluc mRNA (schematically represented on the top) or the same mRNA without uAUG
were translated in S30 extract of the mouse Krebs-2 ascite cells for 1 hour. An Rluc encoding mRNA was added into all probes as an internal control. The
Fluc activities were normalized to Rluc ones, and the resulting volumes obtained for the 1uAUG-Fluc mRNA were divided to the volumes for the Fluc
mRNA without uAUG. (C) Effects of eIF5 addition (100 ng/�l) on in vitro translation of the luciferase encoding mRNAs with artificial or natural mRNA
5′ UTRs. The mRNA leaders are schematically shown on the left. The luciferase activities in translation mixtures supplemented with eIF5 were divided by
the values for the ones containing buffer.

DISCUSSION

It is generally accepted that during eukaryotic translation
initiation the establishment of a stable codon–anticodon
base paring in the 48S initiation complex is the ultimate step
in the process of a start codon selection. The AUG recog-
nition therefore should unambiguously determine the point
of protein synthesis initiation, while later events (including
eIF2-bound GTP hydrolysis, initiation factors dissociation
and 60S subunit joining) could not contribute to AUG se-
lection. In this model, the only way for the 43S to reach a
5′ distal start codon is with leaky scanning, which strongly
requires a suboptimal nucleotide context for the 5′ proxi-
mal AUG or its location within a short distance from the 5′
terminus.

In this work, we documented a differential distribution of
48S or 80S ribosomal complexes among two or more closely
spaced AUG codons of mRNA under conditions when the
translation process had been arrested by either GMPPNP
(subunit joining inhibitor) or cycloheximide (an elongation
inhibitor). The pattern of the 80S complexes distribution
(produced by elongation inhibitors, e.g. cycloheximide or
hygromycin B) reflected physiological usage of initiation
codons, whereas the 48S complexes formed in the presence
of non-hydrolysable GTP analog (GMPPNP) tended to ac-
cumulate at 5′ distal AUGs. We showed that such aberrant
GMPPNP-arrested 48S allocation is a general phenomenon
for closely spaced AUGs, since the same difference was ob-
served for both m7G-cap- and IRES-dependent mRNAs.
We interpreted this observation as a consequence of the
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ability of 43S to skip the 5′ proximal AUG codons in the
absence of GTP hydrolysis. Using kinetic toe-printing as-
say and a set of mRNA constructs, we demonstrated that
under conditions of impaired eIF2-bound GTP hydroly-
sis, the 40S ribosomal subunit is able to slide down along
the mRNA from already recognized AUG to a downstream
initiation codon. Otherwise stated, despite the established
codon–anticodon base-pairing, the ribosome may leave the
already recognized AUG and resume scanning. To distin-
guish the original scanning and the post-recognition move-
ment of the 43S, we called this novel process ‘sliding’. The
two mechanisms proceed with a clearly different kinetics,
separated by a pronounced pause at the AUG. Sliding leads
to AUG skipping even after its recognition has occurred and
the 48S complex therefore should have acquired a closed
conformation. Notably, this resumption of ribosome move-
ment occurs even when the AUG is placed in the optimal
Kozak context (Figure 1 and Supplementary Figure S3).
This is the first evidence that an AUG recognition may be
not a final point in start codon selection during the transla-
tion initiation process in eukaryotes.

Based on the described observations, we propose a modi-
fied model of eukaryotic translation initiation that includes
the 43S sliding as a novel phenomenon. It occurs under con-
ditions of delayed or otherwise impaired eIF2-bound GTP
hydrolysis (Figure 6). According to this model, the scanning
43S complex that faces an AUG codon can either recognize
it or skip it by leaky scanning. In the former case, it can
then either produce 80S and begin to elongate a polypep-
tide (if eIF2-bound GTP hydrolysis has occurred in time),
or it can resume the movement toward the next initiator
codon (if GTP hydrolysis has been delayed). Our data sug-
gest that sliding may have a substantial contribution to the
process of start selection on mRNAs with two or more ini-
tiating AUGs and may be especially important for uORFs-
mediated translational control. Unlike leaky scanning, slid-
ing seems to be not limited to AUGs in a poor nucleotide
context. It could also account for start codon selection in
some other cases that are hardly explained by ‘canonical’
leaky scanning, e.g. a significantly high expression level of
mRNAs with multiple uAUG codons (52).

In eukaryotes, reaction of the eIF2-bound GTP hydroly-
sis requires the special GAP: eIF5 (10,14). Besides provid-
ing the GAP activity, eIF5 regulates Pi release and stabiliza-
tion of the closed conformation of the 43S complex after it
recognizes an AUG codon (1). The additional function of
eIF5 is to stabilize the binding of GDP to eIF2 after its dis-
sociation from the 48S complex by inhibition of the GDP–
GTP exchanging factor eIF2B (53).

During the whole process of translation initiation, eIF5
is thought to be present in the 43S complex, although it is
not absolutely necessary neither for scanning nor for AUG
recognition (13,19,54). However, it is required for selection
of the appropriate start codon among two or more adjacent
AUGs or near-cognate start codons (8,20–22). eIF5 forms
multiple contacts with other components of the 43S com-
plex, including eIF1, eIF1A and eIF2. And what is more im-
portant, it governs rearrangements of intermolecular con-
tacts within the complex upon AUG recognition to promote

Figure 6. A model of ribosomal sliding between two adjacent AUG codons
during mammalian translation initiation. After binding to the m7G-cap of
the mRNA, the 43S complex comprising the small ribosomal subunit (yel-
low) loaded with eIF2 (blue), Met-tRNAi (red), GTP (green) and other
factors (not shown for simplicity) begins to move in a 5′ to 3′ direction in
a search of a start codon. In this process (called scanning), the ribosomal
subunit encounters the first AUG codon. If recognition of the AUG1 does
not occur, the 43S keeps on moving to the downstream AUG (leaky scan-
ning, the upper panel). If the recognition of the AUG1 does occur, the 43S
complex stops (the second panel). If the eIF2-bound hydrolysis takes place
in time, the eIF2-GDP dissociates and the large ribosomal subunit joins
and elongation starts. However, in the case of a delay in the GTP hydrol-
ysis, the 43S may resume movement and slides down to the downstream
AUG codon (the lower panel). To distinguish the original scanning and the
similar process after the resumption, we suggest to name this phenomenon
‘sliding’. In fact, the sliding 43S complex may differ from the scanning one
in a composition of translation initiation factors (not shown).

the release of eIF1 and to stabilize PIN conformation of the
48S (reviewed in (1,5,6)).

All the evidence presented provides a mechanistic ba-
sis for sliding. In our work, we discovered this phe-
nomenon under artificial conditions when GTP hydrolysis
was completely excluded (either due to usage of the non-
hydrolysable analog GMPPNP or due to the absence of
eIF5 from the reaction mixture). However, we believe that
in living cells sliding may occur under physiological con-
ditions when eIF5 concentration is low or its activity is
reduced. 43S complexes, that lack eIF5 or bear an inac-
tive form of the factor, will tend to skip AUG codons due
to the sliding event. This may substantially affect transla-
tion of mRNAs that have alternative initiation codons or
uAUGs in their 5′ UTRs. Such an effect of eIF5 concentra-
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tion on uAUG-regulated translation has been documented
by Loughran et al. for living mammalian cells (29) and was
confirmed in cell-free systems in this work (Figure 5). In
yeast, the eIF5 mutations that reduce affinity of the factor
to the 43S was shown to impair uORF-dependent regula-
tion of GCN4 protein synthesis (21,22). The eIF5-deficient
43S complexes may be argued to skip the 5′ proximal AUG
codons due to a defect in recognition and not because of
the post-recognition sliding, for eIF5 is needed for appropri-
ate factor interactions within the scanning complex (27,28).
However, our experiments with GMPPNP in the presence
of the same amount of eIF5 and the results of the kinetic
toe-printing assay support the existence of sliding. Most
importantly, in these experiments (performed both in re-
constituted system and in the complete cell lysate), eIF5
was present in the same concentration as in case of GTP-
charged reaction mixtures. Thus, it is the inability of GTP
hydrolysis, and not the absence of eIF5, that provokes shift-
ing of the 43S complexes to the downstream AUG codons.

In this respect, it is interesting to note that the eIF5
mRNA is highly differentially expressed in human tissues
(55) and regulated by a tumor suppressor microRNA-107
(56). This suggests a quite variable eIF5 concentration in
different human cells under various conditions. The affinity
of eIF5 to other components of the 43S may also be regu-
lated by post-translational modifications of its partners or
the factor itself (see below). Finally, the presence of eIF5 in
the 43S may be abolished by competitors like eIF5-mimic
proteins BZW2/5MP1 and BZW1/5MP2 (57,58).

Even more intriguing is a possibility of the temporal reg-
ulation of the eIF5 GAP activity in the cell. It is well estab-
lished that in yeast the eIF5 mutations that accelerate the
GAP activity strongly influence start codon selection (8,20).
A similar effect may be supposed to be caused by modifica-
tion(s) of the protein. Indeed, regulation of eIF5 GAP activ-
ity by phosphorylation was recently documented upon glu-
cose depletion in yeast, and this modification affected start
codon selection (59). This is not the only example, as eIF5
is known to be phosphorylated by CK2 under a variety of
conditions in human, plant and yeast cells (59–64). In some
cases significant effects of this phosphorylation on various
aspect of cell physiology were shown (17,65).

Finally, another notable peculiarity is an additional ef-
fect of eIF5B and 60S on AUG selection observed in the re-
constituted translation initiation system (Figure 4). When
this manuscript was already in preparation, Pisareva and
Pisareva reported similar effects of eIF5B on 48S complex
formation at non-optimal start codons (e.g. CUG or poor-
context AUG) (31). Influence of eIF5B on stringency of
start codon selection was also shown in a mammalian cell-
free system (30) and has been especially well documented in
yeast (66–69). In our experiments, eIF5B shifted the trans-
lation initiation toward a 5′ proximal start codon. eIF5B
obviously stabilizes Met-tRNAi within the ribosomal P-site
after departure of eIF2-GDP from the 43S complex and
thus additionally promotes ribosome clamping on the par-
ticular codon (70). The final fixation occurs when the large
subunit joins the 43S complex. The contribution of the 60S
joining step in AUG selection is supported by a finding that
mutation in the 60S ribosomal protein L33A (eL33) impair-
ing this stage affected translation regulation of the GCN4

mRNA (68). It should be mentioned that eIF5B level is
tightly regulated in cells under various physiological con-
ditions and at particular developmental stages (71).

Another question is a composition of the sliding 43S
complex (as compared to the canonical scanning 43S). Re-
cent structural and biochemical data (5,6,72) provide evi-
dence for eIF1 displacement from its original position as a
direct consequence of codon–anticodon duplex formation.
Thus, in accordance with earlier data (7,25,73), eIF1 may
dissociate upon AUG recognition and can do this even with-
out eIF5 present in the complex. Although the dissociation
may not necessarily occur in some mammalian systems (9),
nevertheless, it should be kept in mind that the composi-
tion of the 48S complex just after the AUG recognition is
most probably distinct from the original one. However, we
believe that eIF1 can re-associate during the pause that pre-
cedes sliding, and this may provoke the sliding event. Some
indirect data from eIF1 overexpression experiments suggest
that eIF1 might be able to re-bind to the 43S after the recog-
nition has occurred (23,74). It should be noted, that we did
not observe any additional toe-prints at downstream non-
AUG codons under conditions which favored sliding. This
speaks in favour of eIF1 presence in the sliding complex.
Finally, our data also argue that initiation factors driving
scanning (e.g. eIF4s) most probably do not dissociate upon
the AUG recognition.

In summary, we present a novel mode of start codon se-
lection that is based on the kinetics of eIF2-bound GTP hy-
drolysis after the AUG recognition and is directly linked
to activities of the subunit joining factors – eIF5 and
eIF5B. The described phenomenon of ribosomal sliding
contributes to our knowledge regarding the control of gene
expression at the level of translation.
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