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ABSTRACT

Translation reinitiation is a gene-specific transla-
tional control mechanism. It is characterized by the
ability of short upstream ORFs to prevent full ri-
bosomal recycling and allow the post-termination
40S subunit to resume traversing downstream for
the next initiation event. It is well known that vari-
able transcript-specific features of various uORFs
and their prospective interactions with initiation fac-
tors lend them an unequivocal regulatory potential.
Here, we investigated the proposed role of the ma-
jor initiation scaffold protein elF4G in reinitiation and
its prospective interactions with uORF’s cis-acting
features in yeast. In analogy to the elF3 complex,
we found that elF4G and elF4A but not elF4E (all
constituting the elF4F complex) are preferentially re-
tained on ribosomes elongating and terminating on
reinitiation-permissive uORFs. The loss of the elF4G
contact with elF4A specifically increased this reten-
tion and, as a result, increased the efficiency of reini-
tiation on downstream initiation codons. Combining
the elF4A-binding mutation with that affecting the
integrity of the elF4G1-RNA2-binding domain elim-
inated this specificity and produced epistatic inter-
action with a mutation in one specific cis-acting fea-
ture. We conclude that similar to humans, elF4G is
retained on ribosomes elongating uORFs to control
reinitiation also in yeast.

INTRODUCTION

Translation is a cyclical process, essentially divided into ini-
tiation, elongation, termination, and ribosome recycling.
Translation of most mRNAs is cap dependent and fol-
lows the scanning mode of operation (reviewed in (1)). In
eukaryotes, translation initiation commences with the as-

sembly of the 43S preinitiation complex (43S PIC) com-
prising the small 40S ribosomal subunit, the eIF2-GTP-
Met-tRNA;Me ternary complex (eI F2-TC), and el F3, eI F5,
elF1 and elF1A (reviewed in (2)). The elF4F complex,
which comprises eIF4E, eIF4A and elF4G, then mediates
the attachment of the 43S PIC to the 5 cap structure of
mRNA forming the 48S PIC. eIF4E is a cap-binding pro-
tein, eIF4A is a DEAD-box RNA helicase, and eIF4G rep-
resents a scaffold protein harboring binding sites for RNA
(named RNA1, RNA2, RNA3 (3)), eIF4E, cIF4A, and the
poly(A) binding protein (PABP) (1). eIF4G can also inter-
act with elF3 (in mammals) or elF5 (in yeast) to facili-
tate 43S PIC recruitment to the mRNA (reviewed in (1)).
Yeast eIF4G has two paralogues, eIF4G1 and G2, which
can make similar contacts with RNA and initiation factors
and thereby promote initiation (4). The higher-order 48S
complex scans along the messenger for the initiation codon.
Upon the start codon recognition, elF5B promotes joining
of a 60S subunit, which results in the ejection of most elFs,
forming the 80S ribosome poised for elongation.

In contrast to this generalized view, an earlier study sug-
gested that some elFs may remain transiently associated
with ribosomes also throughout the elongation and termi-
nation phases (5). It was proposed that ribosomes termi-
nating at short ORF preceding a second ORF that have
still retained certain elFs could then be able to recycle only
the large 60S subunit, resume traversing downstream, and
upon acquisition of a new elF2-TC, they would continue
scanning for the next AUG to eventually start translating
the second ORF (6). Indeed, this incomplete recycling of
post-termination complexes at the stop codon of an up-
stream short ORF (uORF) represents a basic principle of
the gene-specific regulatory mechanism called reinitiation
(REI). REI has been drawing a lot of attention in recent
years mainly due to the underexplored role of trans-acting
factors promoting its efficiency (reviewed in (7-10)).

Over the years it has been demonstrated that the effi-
ciency of REI depends on: (i) cis-acting mRNA features
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surrounding a given uORF, (ii) duration of the uORF elon-
gation, (i) certain elFs and (iv) the intercistronic distance
between uORF and the main ORF needed for the acquisi-
tion of the new elF2-TC (reviewed in (2)). We recently de-
veloped a novel in vivo RNA-protein Ni**-pull down (RaP-
NiP) assay and revealed that one of the elFs that is tran-
siently retained on the 80S ribosome terminating on short
uORFs is yeast eIF3 (11). This result was very recently cor-
roborated by selective translational complex profiling (Sel-
TCP-seq) (12). We further showed that its post-termination
retention at certain uORFs is required for efficient REI
downstream, as suggested before based on yeast genetics
(13,14). These findings thus solved a long-standing puzzle,
which is why REI efficiency decreases with the increasing
time to translate a short uORF: the more time it takes, the
higher probability that eIF3 will drop off the ribosome. Im-
portantly, recent reports from yeast and mammals provided
the ultimate support for the post-initiation retention of eIF3
on clongating ribosomes, its role in promoting REI after
short uORFs, proposing even a specific function for human
elF3 during early elongation on regular ORFs (12,15-17).

The classical example of the REI mechanism is the trans-
lational control of the yeast mRNA encoding the transcrip-
tional activator GCN4 (reviewed in (7,18)), which is gov-
erned by four uORFs in a rather intricate fail-safe mecha-
nism (19) (Supplementary Figure S1). This mechanism is
very sensitive to the elF2-TC levels that are changing in
response to different nutrient conditions (20). The first of
the four uORFs is efficiently translated under both nutri-
ent replete and deplete conditions, and after its transla-
tion, it allows efficient resumption of traversing of the post-
termination 40S subunit downstream. The second REI-
permissive uUORF, uORF2, serves as a backup of uORFI to
capture all ribosomes that eventually scanned through the
uORF1 AUG (19). In non-stressed cells, where the elF2-
TC levels are high, nearly all of the traversing ribosomes
can rebind the eIF2-TC before reaching one of the last two
distant uORFs (uORFs 3 and 4), neither of which sup-
ports efficient REL i.e. terminating ribosomes are efficiently
recycled and the main GCN4 ORF is not expressed. Un-
der starvation conditions, the GCN2 kinase phosphory-
lates elF2, which suspends formation of new elF2-TCs in
the cytoplasm. Consequently, post-termination 40S ribo-
somes traversing from the uORF1 or uORF2 stop codon
downstream will require more time to rebind the elF2-
TC. This will allow a large proportion of them to bypass
REI-non-permissive utORF3 and uORF4 and reacquire the
elF2-TC only past uORF4 but still before the GCN4 start
codon. Thus, whereas the global protein synthesis is signifi-
cantly down-regulated, protein expression of GCN4 is con-
currently induced.

We and others demonstrated that the high REI compe-
tence of UORF1 and uORF2 depends on several cis-acting
mRNA features (reviewed in (7,18)). For the purpose of this
work it suffices to mention only the GCN4 5’ enhancer (for
the complete overview, please see (21)). The 5’ enhancer is
formed by several REI-promoting elements (RPEs) with a
specific structural arrangement occurring in the upstream
regions of UORF1 and uORF2 (Supplementary Figure S1);
for example uORF1 utilizes four RPEs (i-iv) (14,19). The
RPE ii. functions autonomously, whereas RPEs 1 and iv co-

operate with a/TIF32 subunit of elF3 to stabilize the 40S-
mRNA-elF3 post-termination complex and allow it to re-
sume traversing downstream (11,14,19).

Interestingly, yeast genetic analyses, experiments in mam-
malian reconstituted systems and selective 80S ribosomal
profiling analyses in human cells suggested that also some
elF4F components might follow the eIF3 fate on the elon-
gating ribosome and boost the efficiency of REI after trans-
lation of certain short uORFs, like elF3 does (17,22-24).
In particular, experiments with reporters driven by differ-
ent internal ribosome entry sites (IRES) investigating fac-
tor requirements for REI after translation of short uUORFs
in rabbit reticulocyte lysates revealed that efficient REI oc-
curred only if the original initiation event involved elF4F,
or at least e[F4A and the e[F4G’s middle domain (22). In
mammals, this well conserved domain consists of binding
regions for RNA, elF4A, and elF3 (25). Using the mam-
malian in vitro reconstituted translation system it was also
demonstrated that the 3’ directionality of resumption of
traversing for REI downstream is promoted by the elF4F
complex (24). Furthermore, yeast genetic experiments sug-
gested that eIF4G2 mutations altering eIF4E- and elF4A-
binding sites increase the efficiency of REI after translation
of some uORFs from the GCN4 mRNA leader, possibly by
decreasing the migration rate of the traversing 40S subunits
(23). And last but not least, a recent study employing selec-
tive 80S ribosomal profiling (17) clearly demonstrated that
human eIF4G1 and eIF4E (together with eIF3 (12)) per-
sist on elongating 80S ribosomes with a decay half-length of
~12 codons. It could very well be that the post-initiation re-
tention of eIF4G is mediated by elF3 with which it directly
interacts in mammals (26,27). Despite all this progress, in
vivo evidence for the direct eI[F4G involvement in the estab-
lishment of the REI competence is lacking.

To examine the prospective role of the el[F4F components
in REI in the budding yeast S. cerevisiae, we employed our
recently developed in vivo RaP-NiP assay (11). We show
here that eIF4G and eIF4A but not elF4E are specifically
enriched on ribosomes engaged in translation of short REI-
permissive uORFs and that the loss of contact between
elF4G and elF4A impacts efficiency of REI, at least in the
budding yeast.

MATERIALS AND METHODS
Construction of plasmids and yeast strains

Constructions of plasmids and yeast strains are described
in the Supplementary Material and listed in Supplementary
Tables S1-S3.

Yeast in vivo RNA-protein Ni**-pull down (RaP-NiP) assay

To examine whether eIF4G in complex with elF4A re-
main persistently associated with the elongating and post-
termination ribosomes on uORF1 and uORF2 of GCN4,
as well as on uORF1 of YAPI and YAP2 to promote
REI in vivo, we employed our well-established yeast in vivo
RNA-Protein Ni*-Pull Down (RaP-NiP) assay. This as-
say was developed, trouble-shot and described in great de-
tail here (11). Just briefly, different GCN4 leader constructs,

described below and in (11), were individually introduced



into yeast cells that were: (i) deleted for both, chromosomal
GCN4 along with its 5 flanking sequences as described in
(11), and a gene encoding one of the e[F4F components at a
time and (ii) expressing the His-tagged version of the deleted
elF4F component from a plasmid as the sole allele of this
gene. Exponentially growing transformants were first cross-
linked with formaldehyde (1%) and the whole cell extracts
(WCE) were then prepared and pre-incubated with a set of
two sequence-specific oligonucleotides for the subsequent
RNase H cleavage as described in (11) (please see Supple-
mentary Figure S2A and B for a flowchart). Thus digested
samples were incubated with Ni>*-sepharose beads to pull
down the His-tagged elF4F component and any proteins
and RNA fragments co-purifying with it. Purified com-
plexes were subsequently incubated with Proteinase K to
digest all proteins. Co-purifying RNA fragments were then
isolated by hot phenol extraction and subsequently treated
with DNase I to remove any traces of DNA contamination.
cDNAs were synthesized by RT-PCR and the relative co-
purification yields of different uORF fragments were deter-
mined by qPCR. This way we ensured that most, if not all,
of the material that we retrieved originated only from the
elF4F-bound ribosomes engaged with our segment of in-
terest (please see Supplementary Figure S2C for an explana-
tory schematic). The relative quantities of individual utORF
fragments were normalized to the amounts of correspond-
ing input (WCE) mRNA levels as well as to the mRNA
levels of ACTI house-keeping gene, the mRNA of which
was also recovered in trace amounts by this procedure. In
particular, for the relative quantification of our qPCR data
we applied the 222CT or Delta-delta method (Pfaffi MW
2001) where the recovered uORF or ACTI mRNA levels
were normalized to the corresponding input mRNA lev-
els. To obtain statistically significant data, we took into ac-
count the experimentally calculated primer efficiencies in
our analysis. All presented experiments were repeated sev-
eral times with at least 3 biological replicates.

Please note that in order to minimize the RNase H cut-
ting and qPCR amplification errors among mRNAs car-
rying different uORFs, in our original paper (11) we took
the uORF1-only construct shown in Figure 1A as a tem-
plate, designed the specific 5 and 3" RNase H cutting and
qPCR amplification primers, and subsequently replaced the
uORF1 segment (encompassing the REI-promoting ele-
ments) bordered by both sets of primers (Y1 in Figure 1A)
with the corresponding segment of uORF4 (Y4 in Fig-
ure 1A; please note that the uORF4-only construct has
the AUG of uORF3 mutated out) or of uORF3 (shown
in Figure 2A). This way the RNase H cutting, as well
as qPCR primers, were the same for all three constructs
and, intuitively, so was the length of the qPCR ampli-
con. The identical length of the RNase H digested frag-
ment for all these uORFs is critical also because segments
with varying lengths could introduce a ‘ribosome occu-
pancy error’. In other words, we expected that besides the
elongating/terminating elF4F-bound 80S ribosomes, the
elF4F-bound 40S ribosomes scanning through the 5 UTR
will be also pulled down in our procedure, with the rela-
tively same efficiency among all RaP-NiP constructs. There-
fore, generating RNA segments of uneven size could re-
sult in varying ribosome occupancy that would artificially
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influence the amounts of the RNase H-cleaved RNAs co-
purifying with the His-tagged elF4F components, which
would not directly reflect the true differences among the
uORF constructs. Functionality (permissiveness for REI)
of these artificial constructs was previously validated using
the B-galactosidase assay (11).

Other techniques

The B-galactosidase assay was carried out as described be-
fore (28). Western blot analyses of the WCEs of Saccha-
romyces cerevisiae cells expressing elF4G1 or its mutant
forms were carried out as in (29).

RESULTS

elF4G and elF4A but not eIF4E from the eIF4F complex are
preferentially retained on ribosomes elongating and terminat-
ing on REI-permissive uORFs in yeast

Previous studies suggested that at least some components
of the eIF4F complex control REI after the translation of
short uORFs in yeast and mammals, however, the mech-
anistic details remain poorly understood (17,22,23). Here,
we employed our recently established RaP-NiP assay ca-
pable of capturing selected initiation factor-bound ribo-
somes translating short uORFs in yeast (11) to investigate
whether or not the constituents of the elF4F complex re-
main bound to ribosomes during the first few elongation
cycles to promote REI in vivo, like elF3 does (11,12,17).
To do that, we first compared the occupancy of the eIF4A,
4G and 4E-bound post-termination 40S ribosomes indi-
vidually at the REI-permissive uORF1 versus REI-non-
permissive UORF4 of the GCN4 mRNA leader fragments
(Figure 1A). As shown before for elF3 (11), we hypoth-
esized that in case of the REI involvement of any of
the elF4F components, co-purification of RNA segments
containing uORF1—allowing efficient REI—should result
in a higher yield compared to co-purification of RNA
segments bearing REI-non-permissive uORF4. Consistent
with our proposition, we detected >2-fold higher amounts
of the utORF1-specific RNA segment co-purifying with His-
tagged eI[F4G1 and eIF4A compared to the uUORF4-specific
segment in S. cerevisiae strains deleted for both elF4G-
encoding genes (T1F4631 and TIF4632) or both elF4A-
encoding genes (7T1FI and TIF2), respectively (Figure 1B
and C). Please note that control cells expressing an empty
vector produced no signal, and a background value of ~3%
of the tORF1 segment was recovered from cells expressing
untagged elF4G1 compared to its His-tagged allele (Sup-
plementary Figure S3A and B), as observed before in case
of elF3 (11). It should also be stressed that based on our
thorough analysis conducted in the past (11), this assay is set
up in such a way that the observed differences are created
predominantly by the captured elongating/terminating ri-
bosomes and not by 40S ribosomes that are still scanning
towards the uORFs from the 5 cap. This was evidenced by
the fact that performing the RaP-NiP assay with the His-
tagged eIF2; i.e. with the factor recently unambiguously
demonstrated to dissociate from the PICs prior to subunit
joining (17), no difference between uORF1- and uORF4-
specific constructs was observed (11).
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Figure 1. eIF4G and elF4A but not eIF4E from the eIF4F complex are preferentially retained on ribosomes elongating and terminating on REI-permissive
uORFI1 from the GCN4 mRNA leader. (A) Schematics showing uUORF1- and uORF4-only RaP-NiP constructs. Colored bars indicate positions of indi-
vidual RPEs of uORF1 (color-coding of both uORFs reflects their REI-permissiveness (green) or REI-non-permissiveness (red); the RNase H cutting
sites are indicated by scissors; the RT-PCR primer binding sites are indicated by red arrows. For explanation of segments X, Yy, Z, and Y3’, and the
construction details, please see (11). (B) The YMPS53 (gcn4 A tif4631 A tif4632 A His-eIF4G1) strain was introduced either with the uORF1 or uOR F4-only
RaP-NiP constructs shown in panel A and the resulting transformants were pre-cultured in minimal media overnight, diluted to ODgpp ~0.1 and further
cultivated to ODgyp ~1. The exponentially growing cells were then subjected to RaP-NiP as described in Materials and Methods. Relative qPCR product
levels (in %) of the uORF1 or uORF4 segments recovered from His-e[F4G1 expressing strains with standard deviations obtained from at least three inde-
pendent experiments from three independent transformants (i.e. biological replicates) normalized to the amounts of corresponding input (WCE) mRNA
levels, as well as to the mRNA levels of recovered reference ACT gene, are given with the values of uUORF1-only set to 100%. Statistical significance was
assessed using unpaired, two-sided, #-test (¥***P < 0.0005). (C) The YMP63 (gcn4 A tifl A tif2 A His-eIF4A) strain was introduced with the uORF1 or
uORF4-only RaP-NiP constructs shown in panel A and treated as described in panel B. Relative qPCR product levels (in %) of the tORF1 or utORF4
segments recovered from the His-eIF4A expressing strains were processed as described in panel B with the values of His-eIF4A uORF1-only set to 100%
(***P < 0.0005). (D) The YMP67 (gcn4 A cdc33/tif45 A His-elF4E) strain was introduced with the utORF1 or uORF4-only RaP-NiP constructs shown in
panel A and treated as described in panel B. Relative qPCR product levels (in %) of the uUORF1 or utORF4 segments recovered from His-eIF4E expressing
strains were processed as described in panel B with the values of His-eIF4E uORF1-only set to 100%.

In contrast to elF4G and elF4A, no difference in the re- at the second REI-non-permissive uORF of the GCN4
covery of uUORF1- versus uOR F4-specific segments was ob- mRNA leader, uORF3, as well as at the second REI-
served with the His-tagged el F4E protein in a strain deleted permissive utORF, uORF?2 (Figure 2A and B), and obtained
for an elF4E-encoding gene (CDC33/TIF45) (Figure 1D). similar results. A mild drop (by ~20%) in the recovered
Since the overall amounts of uORF1-specific segments that RNA amounts of uUORF2 compared to uORF1 (Figure 2B)
we recovered with all three His-tagged strains were relatively could indicate that the REI mechanism of uORF2, relying
the same (Supplementary Figure S3C), we conclude that the on just two RPEs (14,19,21), might be somewhat less de-

entire el F4F complex is retained on ribosomes past the ini- pendent on eIF4G as opposed to that operating on uORF1
tiation phase, as recently shown for human cells (17). At the utilizing four RPEs, as observed before for elF3 (11). Anal-
same time, however, it seems that the ribosomes elongating ogous analysis with the His-tagged e[F4A allele revealed no
and terminating on REI-permissive uORFs are capable to differences between uUORF1 and uORF2 and a significant,
preferentially increase retention of eI[F4G and 4A factors ~25% drop at uORF3 (Figure 2C). In spite of these specific
over elF4E. differences, perhaps attributable to specific contacts that

To further document the specificity of our findings, we these two factors make individually with the ribosome (30),

next examined the occupancy of eIF4G1-bound ribosomes overall our results nicely correlate with the well-described
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Figure 2. elF4G and elF4A are preferentially retained on ribosomes elongating and terminating on both REI-permissive uORFs from the GCN4 mRNA
leader. (A) Schematics showing individual uORF1-, uORF2- and uORF3-only RaP-NiP constructs. (B) The YMP53 strain described in Figure 1B and (C)
the YMPG63 strain described in Figure 1C were introduced with the uORF1-only or utORF2-only or uORF3-only RaP-NiP constructs shown in panel A
and treated as described in Figure 1B. Relative qPCR product levels (in %) of the corresponding uORF1 or uORF2 or uORF3 segments recovered from
His-eIF4G1 expressing strains were processed as described in Figure 1B with the values of His-eIF4G1 or His-eIF4A uORF1-only set to 100%. Statistical
significance was assessed using ANOVA: Single Factor with Post Hoc testing (*P < 0.05).

roles of UORFs 1 and 2 versus uORFs 3 and 4 in the GCN4
translational control mechanism (19), and further validate
the specificity and accuracy of our RaP-NiP assay. They
also suggest that both eIF4G and elF4A - like elF3 (11) but
unlike eIF4E (Figure 1D) and elF2 (11,12,17) — are prefer-
entially retained on ribosomes elongating and terminating
on REI-permissive uORFs, and that this retention might
somehow stimulate REI downstream.

As a proof of principle, we also analyzed two short
uORFs individually preceding yeast genes YAPI and
YAP2, both encoding stress related transcription factors,

which were experimentally shown to allow efficient REI (31)
(Supplementary Figure S4). To be able to exploit our RaP-
NiP set-up with all its controls, we simply took the uORF1-
only construct and replaced the uORF1 segment with the
corresponding 5 UTR sequences of both YA P genes (Sup-
plementary Figure S5A and B), as we did with other uORF's
of GCN4 here (Figures 1A and 2A) and in the past (11).
Please only note that since the inserts of both YAP genes
must have been taken longer, and their uORFs are also
twice as long as uORF1, we could compare them only be-
tween each other and not with GCN4 uORFs to avoid the
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‘ribosome occupancy error’ mentioned above. Nonetheless,
as shown in Supplementary Figure S5C and D, whereas
both His-tagged elF4G and elF4A pulled down varying
amounts of RNA segments of both genes, perhaps reflect-
ing the degree of their permissiveness for REI like in case of
uORF1 versus uORF2 of GCN4 (Figure 2B), no differences
were observed with His-tagged eIF4E (Supplementary Fig-
ure S5E).

The eIF4G1-1 mutant specifically increases the efficiency of
REI past the uORF1 translation in vivo

To investigate the molecular mechanics of a potential in-
volvement of eIF4G and eIF4A in REI, we took advantage
of an existing battery of eIF4G2 mutants affecting eIF4G
interactions with other elF4F constituents. In particular,
based on the protein sequence homology with its yeast
paralog we created three elF4G1 mutants: (i) three-point
mutations in its HEAT domain (V648G, E796G, L823S)
impairing eIF4G binding to eIF4A—designated eIF4G1-1
(32,33); (i1) four-point mutations (three in its RNA2 RNA-
binding domain [R5091, K527R, R537S] and one in the
HEAT domain [V648D]) also shown to impair eIF4A bind-
ing to elF4G with no apparent effect on a model mRNA
binding in vitro—designated elF4G1-8 (23,32,33) and (iii)
two-point mutations in its e[F4E-binding domain (L457A,
L458A) eliminating eIF4G binding to e[F4E—designated
elF4G1-459 (32,34) (Figure 3A). We introduced these mu-
tant eIFGI1 alleles individually into a S. cerevisiae strain
deleted for genes encoding both isoforms of elF4G and
tested them for growth phenotypes by a conventional spot
assay. Please note that neither of the mutations significantly
affected the elF4G protein levels (Figure 3B), as observed
before for eIF4G2 (23). As also reported before for eIF4G2
mutants (32-34), all three e[F4G1 mutants produced tem-
perature sensitive (Ts™) phenotypes with the eIF4G1-459 al-
lele displaying also a relatively mild slow growth (Slg") (Fig-
ure 3C). As also noted before for eIF4G2 mutants (23,34),
all observed phenotypes of the e[F4G1-1 and -8, and -459
mutants were specifically suppressible by high copy expres-
sion of eIF4A or elF4E, respectively (Figure 3D and Sup-
plementary Figure S3D). These results confirm the speci-
ficity of the binding domains for either e[F4A or eIF4E and
thus clearly demonstrate mutual interchangeability of both
elF4G-encoding alleles, at least in the tested conditions.
To investigate a potential involvement of the eI[F4A and
elF4E-binding domains of eI[F4G1 in REI on GCN4, we
next tested the aforementioned eIF4G mutants for the so-
called Gen™ (general control non-derepressible) phenotype
using our well-established GCN4-lacZ reporter assay with
the intact GCN4 5" mRNA leader (Figure 4A). The cells
are grown in SD media overnight and then one half of
them is supplemented with the drug 3-amino triazol (3-
AT) (10 mM) that mimics amino acid starvation. Only cells
that can derepress GCN4 expression by the delayed REI
mechanism described in the Introduction can induce the 3-
galactosidase activity in the presence of 3-AT. As can be
seen in Figure 4B, whereas eIF4G1-459 dramatically failed
to derepress GCN4 expression at 30°C (1.7-fold versus 5-
fold for wild type (wt) cells)—thus exhibiting the Gen™ phe-
notype, both elF4Gl1-1 and -8 showed even more robust

derepression (6.4- and 5.9-fold, respectively, versus 4.2-fold
for wt). However, increasing the temperature by 4°C re-
vealed a mild but statistically significant Gen™ phenotype
also with the eIF4Gl-1 allele (3.6.-fold versus 4.2-fold for
wt) but not with eIF4G1-8 (Figure 4B).

To provide a deeper mechanistic insight into the defects
caused by the e[F4G1 mutations in REI, we measured (i)
the efficiency of REI after translation of solitary uORF1 or
uORF4, as well as (ii) the extent of so-called leaky scanning
past the AUG of uORF1 at 30 and 34°C, respectively, using
a specifically designed GCN4-lacZ construct (Figure 4C).
Leaky scanning was determined by using a construct where
uORF1 extends out of frame into the GCN4-LacZ coding
sequence and thus the measured B-galactosidase activity re-
flects only those ribosomes that bypass the AUG of uORF1
and initiate at the GCN4 AUG instead.

Our measurements revealed that elF4G1-459 increased
the efficiency of REI past both tested uORFs indepen-
dently of their permissiveness for REI at 30°C, as well as
the level of leaky scanning, pointing at some general, REI-
non-specific defect in translation (Figure 4D, side columns).
In agreement, this particular mutant was previously shown
to robustly enhance translation of model mRNAs in cell-
free extracts in a cap- and poly(A) tail-independent man-
ner (32). This result is also consistent with no difference
in the el F4E retention on ribosomes elongating and termi-
nating on REI-permissive vs. non-permissive UORFs (Fig-
ure 1D and Supplementary Figure S5). The eIF4G1-1 and
-8 mutants showed no differences at this temperature (Fig-
ure 4D; side columns). At the elevated temperature, how-
ever, e[F4G1-1 displayed statistically significant increase
in the REI efficiency specifically only with REI-permissive
uORF1, whereas elF4G1-8 mimicked the effect of eIF4G1-
459 at 30°C (Figure 4D; side columns). Since no significant
defects in leaky scanning were observed with any of the mu-
tants (Figure 4D; middle column), the effect of eIF4G1-1 at
34°C could be directly attributed to some altered activity of
post-termination ribosomes upon completing the uORF1
translation. The specific loss of the e[F4G-4A contact, doc-
umented before (32,33), could for example slow down the
resumption of traversing of the post-termination ribosomes
after utORF1 translation, and/or the traversing and subse-
quent scanning per se, to provide the 40S ribosome with
more time to reacquire the ternary complex before arriving
at the next (u)OREF, as proposed by others (23). This would
elevate the REI activity on the downstream AUG (in this
case the AUG of our GCN4-lacZ reporter), resulting in the
Gen™ phenotype as we observed with the wt GCN4 leader
(Figure 4B). Finally, the non-specific effect of eIF4G1-8 at
the elevated temperature could suggest the importance of
the intact RNA2-binding domain for the general REI com-
petence (see discussion).

The elF4G1-1 mutant specifically increases retention of ribo-
somes elongating and terminating on REI-permissive uORFs
versus REI-non-permissive uORF4

Based on our B-galactosidase activity measurements de-
scribed above we wished to explore the observed uORF1-
specific effect of the e[F4G1-1 mutant in more detail. To
do that, we subjected eIF4Gl1-1 (the elF4A-binding mu-
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Figure 3. Growth analysis of the selected eIF4G mutants with or without overexpression of eIF4A or eIF4E. (A) Schematic representation of the eIF4G1
(adopted from (34)) showing the positions of introduced point mutations and changes in amino acid residues analyzed in this study. (B) Western blot analysis
of WCE:s from the strains described in panel C grown at 30°C, using anti-His, anti-eIF4A, and anti-eIF4E antibodies. (C) The eIF4G1-1, eIF4G1-8 and
elF4G1-459 mutant strains impart the Ts™ and the latter also Slg™ phenotypes. Strain YMP47 (GCN2 tif4631 A, tif4632 A) was transformed with individual
YEplacl81-based plasmids carrying the eIF4G1 alleles and the resident YEp-eIF4G1-URA plasmid was evicted on 5-FOA. The resulting strains, eIF4G1
(YMP53), eIF4G1-1 (YMPSS5), -8 (YMP56), -8* (YMPI1) and -459 (YMPS57), together with the isogenic H199 strain (GCN2 TIF4631, TIF4631) were
then spotted in five serial 10-fold dilutions on SD plates and incubated at 30°C or 34°C for 3 days. (D) Growth defects of individual eIF4G mutants are
suppressible by either high copy expression of eIF4E or elF4A. The strains described in panel C were transformed individually with YEplacl12-based
plasmids carrying either eIF4A or eIF4E alleles, or an empty plasmid, and the resulting transformants were spotted in five serial 10-fold dilutions on SD

plates and incubated at 30 or 34°C for 3 days.

tant) and -8 (the eIF4A- and RNA-binding mutant) to
our RaP-NiP assay. Please note that we did not include
elF4G1-459—the elF4E-binding mutant—due to a very
slow-growing character of these cells preventing us from
gaining enough material to carry out the assay. In addi-
tion, due to the technical specifics of our RaP-NiP assay
we neither could subject the eIF4G1-1 and -8 Ts™ mutants
to heat shock at 34°C. Nonetheless, both mutants grown
at 30°C significantly increased the recovery of the uORF1-
containing RNA segment (by 1.8-2-fold) (Figure 5B) and
uORF2-containing RNA segment (by 1.5-fold) (Figure
5C), however, whereas elF4G1-8 also partially increased the
recovery of the uUORF4-containing RNA segment (by ~1.6-
fold), the eIF4G1-1 mutant did not at all (Figure 5B). These
findings nicely correspond to our B-galactosidase measure-
ments at the elevated temperature (Figure 4B and D) fur-

ther supporting our conclusion that the effect of eIF4G1-1
is uORF1-specific. It is important to emphasize that this ef-
fect is not attributable to loss of el[F4A-binding, but to the
intactness of the eI[F4G1-RNA2-binding domain, which
distinguishes eIF4G1-1 from elF4G1-8. In strong support,
creating the stably expressed e[F4G1-8* mutant with no
detectable growth phenotype (Figure 3C) where all three
RNA2 domain mutations were preserved but V648G in the
HEAT domain was fixed (Figure 3A and B) resulted in vir-
tually no recovery difference between uORFs 1 and 4 (Fig-
ure 5B).

All these genetic interactions can be explained as follows.
Since the eIF4A helicase unwinds secondary structures in
5" leaders of mRNAs, we speculate that the previously doc-
umented impairment of the e[F4G—4A interaction may in-
crease the residency time of the post-termination 40S sub-



8750 Nucleic Acids Research, 2021, Vol. 49, No. 15

A
7 3
B
30°C
p180 (-3AT) p180 (+3AT)
His-elF4G1 91.2+6.6 [100% | 452 £ 10 | 5.0x
His-elF4G1-459 | 66.9 4.6 | 73%" [115+6.5 [1.7x"

30°C 34°C
p180 (-3AT) p180 (+3AT) p180 (-3AT) p180 (+3AT)
His-elF4G1 |77.5+2.9 [100% 326+ 31| 4.2x || 64.4£8.2| 100% | 274 £ 9.7 | 4.2x
His-elF4G1-1|59.9 + 4.0 | 77%" 385 + 22| 6.4x" || 61.6 £ 3.2 |95.7% | 220 + 17 | 3.6x"
His-elFAG1-8|63.7 £ 5.1 | 82% [ 375+26|5.9x" || 52.7 + 3.5 81.9% | 210 6.5 | 4.0x

Units of B-galactosidase activity

C
UORF1-only —FrC o o n GCNd-LacZ /
UORF1-Extended — 0 e st s s Extended uORF1  Gcna TS9N
UORF4-only —0F o Y X n GCN4-LacZ /
D
30°C
uORF1-only uORF1-Extended UORF4-only

His-elF4G1 636 * 27 100% | 31.720.3 |5.0% | 100% |f 63.1+£2.3 | 100%
His-elF4G1-1 628 £ 10 99% | 35.0£1.9 (5.6%| 110% |f 61.9 12 98%
His-elF4G1-8 693 £ 48 109% |[ 33.8+2.1|4.8% | 106% || 56.5+7.7 | 89%

% %%

His-elF4G1-450 | 1883 + 205 | 296% | 76.5+ 3.5 | 4.0% | 241%" || 193 0.9 |306%

34°C
uORF1-only uORF1-Extended uORF4-only
His-elF4G1 | 315%24 | 100% | 18.0%1.5 [ 5.7% | 100% || 59.5* 5.3 | 100%
His-eIF4G1-1 | 429 +7.8 | 136% | 20.6 + 0.4 | 4.8% | 114% |l 60.4 + 2.8 | 101%
His-eIF4G1-8 | 542+ 37 | 172% | 20.8+0.9 | 3.8% | 115% || 116 £21 | 195%"

Units of B-galactosidase activity

Figure 4. The eIF4G1-1 mutant imparts a modest Gen™ phenotype and specifically increases the efficiency of REI past the uORF1 translation in vivo.
(A) Schematic showing the GCN4-LacZ construct with all four upstream uORFs. (B) The eIF4G1-1 and -459 mutants impart the Gen™ phenotype. Along
with pMP121 (containing the wt GCN4 leader), the GCN4-lacZ construct from panel A was introduced individually into the strains carrying various
elF4G-encoding alleles described in Figure 3. The resulting transformants were pre-cultured in minimal media overnight, diluted to ODgpy ~0.3, grown
for 2 h., and the same aliquots of cultures were either treated with 10 mM 3-AT (to induce the GCN4-lacZ expression) or without 3-AT for 6 h. The
B-galactosidase activities were measured in the WCEs and expressed in units of nmol of o-nitrophenyl-b-D-galactopyranoside hydrolyzed per min per mg
of protein. The mean values and standard deviations obtained from at least three independent measurements with three independent transformants, and
activity in the mutant constructs relative to wt (in %), as well as the induced vs. induced fold-increases are given where applicable. Statistical significance
of the differences between wt and mutant eIF4G1 alleles was assessed using Anova: Single Factor test with Post Hoc testing (*P < 0.05). (C) Schematics
showing various modified GCN4-LacZ constructs described in the main text. (D) The el[F4G1-1 mutant specifically increases the efficiency of REI past
the uORF1 translation in vivo. The GCN4-lacZ constructs from panel C were introduced individually into the strains carrying various eIF4G-encoding
alleles described in Figure 3. The resulting transformants were pre-cultured in minimal media overnight, diluted to ODggp ~0.35, grown for an additional
6 hrs. and the B-galactosidase activities were measure and analyzed as described in panel B (*P < 0.05).
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unit at the stop codon of a REI-permissive uUORF before
its departure downstream, resulting in the observed higher
RNA recovery in case of uORF1. This will not be impor-
tant for REI-non-permissive uORFs, such as uORF4, be-
cause they lack RPEs and, therefore, the 40S is expected to
be recycled rapidly irrespective of the presence or absence
of eIF4A; i.e. the recovery does not differ from wt elF4G.
Taking into account that no specific phenotype was ob-
served with either of the mutants at 30°C in our reporter
assays (Figure 4D), we also conclude that the RaP-NiP as-
say is more sensitive than B-galactosidase measurements,
as noted before (11). It is noteworthy that this higher sen-
sitivity may stem from a fact that with the RaP-NiP assay
we directly capture all cross-linked post-termination species
irrespective of their ability to eventually resume travers-
ing downstream (which depends on elF4A), whereas the
B-galactosidase activity measurements naturally do rely on

resumption of traversing. Therefore, the differences in the
efficiency of the RNA segment recovery in the former case
must be by definition more prominent when compared to
the differences in activity measurements with the impaired
elF4A function in the latter case.

The elF3-binding RPE i. of uORF1 genetically interacts with
elF4G in vivo

Having demonstrated that the mutated HEAT domain
of elF4G1 specifically increased co-purification of the
uORF1-containing RNA segment with e[F4G1-1, we next
examined the effect of eliminating the uORF1-specific cis-
acting elements called RPEs (14) to find out if they closely
cooperate with eI[F4G1 or not. In particular, we focused our
attention on previously identified mutations SUB40 and
CAAII of RPE i and RPE ii, respectively; i.e. the RPEs that
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are utilized by uORF1 (14) (Figure 6A). As shown before
in the His-eIF3a wt cells (11), both RPE mutations, when
introduced into our uUORF1-only Rap-NiP construct, sig-
nificantly (by ~35-50% and ~70%) reduced the efficiency
of the uORF1-containing RNA segment co-purification in
His-elF4G1 (Figure 6B), as well as His-eIF4A wt cells (Fig-
ure 6C). Interestingly, our analysis of e[F4G mutants re-
vealed two things. First, the robust negative effect of the
CAAII mutation on the co-purification efficiency is supe-
rior to the positive effect displayed by both eIF4G mutants,
being perhaps even exacerbated (by additional ~30%) when
combined with His-eI[F4G1-1 (Figure 6B) that we cannot
explain. Nonetheless, it further supports our earlier conclu-
sion that the structural integrity of RPE ii. is crucial for effi-
cient REI and clearly demonstrates that there is neither di-
rect nor functional interaction between RPE ii and elF4G.
And the second is that whereas there is also no genetic in-
teraction between elF4G1-1 and the SUB40 mutation of
RPE i, altering the integrity of the RNA2 domain alone (in
elF4G1-8*) or combining it with the loss of the e[F4A bind-
ing (in eIF4G1-8) eliminated the negative effect of SUB40
on the recovered uUORF1 mRNA fragment levels (Figure
6B). As RPE i. was shown to promote REI by binding to
the a/Tif32 subunit of elF3, this dominant genetic epista-
sis might indicate some functional interplay between eIF4G
and elF3 involving this specific RPE.

DISCUSSION

Several recent studies provided several hints indicating that
elF4F may play a specific role in REI, however, a direct ev-
idence was lacking. Therefore, with the RaP-NiP technique
that enabled us to unambiguously implicate eIF3 in the REI
process in yeast by showing that it stays bound to ribo-
somes elongating and terminating on short upstream ORF's
to render them REI-permissive (11), we wished to examine
whether or not the components of the eIF4F complex pro-
mote REI by similar means in yeast too.

While this manuscript was in preparation, a seminal se-
lective 40S/80S ribosome footprinting work from the Tele-
man’s lab revealed that scanning in majority of tested hu-
man cell lines occurs in a cap-tethered way and that eIF4G1
and elF4E components of human elF4F remain bound
to 80S ribosomes during an early elongation phase (with
a decay half-length of ~12 codons) (17). Since these au-
thors together with the Wolf’s lab and us expectedly demon-
strated that, besides the eIF4F factors, early human elon-
gation complexes also carry elF3 (12,16), and earlier evi-
dence suggested an active involvement of mammalian elF3,
elF4G and elF4A in promoting REI (15,22), they proposed
a simple model explaining the molecular basis of REI in
mammals. It postulates that since majority of mammalian
uORFs are believed to be permissive for REI (6,35,36), the
fact that the cap-tethered el F4F complex and elF3 are tem-
porarily retained on 80S ribosomes as they translate short
uORFs suffices to prevent full ribosomal recycling and al-
low prompt assembly of the post-termination 48S complex.
This can then resume traversing downstream to reacquire
elF2-TC along the way to REI on the next AUG.

In yeast, however, the situation is different. (i) uUORFs in
yeast were shown to be primarily non-permissive for REI

(35,37) and thus the ribosomes are generally not competent
to reinitiate (35,37), unless they are surrounded by specific
cis-acting elements, some of which act in concert with elF3
(reviewed in (7,18)). In addition, (ii) scanning is believed to
occur in the cap-severed and not tethered manner (12,38).
Finally, (iii) yeast eIF4F binds the ribosome not via elF3
but via eIF5 and elF1 (39,40)}, which leave the ribosome
upon 60S subunit joining (1). This raises the question of
whether the yeast 4F complex can persist on elongating 80S
ribosomes to promote REI like its mammalian counterpart,
whose elF4A component was recently shown to make direct
contacts with the mammalian-specific e, k and I subunits of
elF3 near the mRNA exit pore on the solvent-exposed side
of the 48S PIC (30). Based on the aforementioned mam-
malian model, the prospective lack of these factors and the
contacts that they make on the yeast 80S ribosome could
markedly weaken the affinity of eIF3 towards the early elon-
gating 80S couple and thus dramatically compromise the ef-
ficiency of REI associated with ordinary uORFs (i.e. those
lacking specific cis-acting elements).

However, findings presented in this study do not support
this beautifully simple idea. First of all, we detected >2-fold
higher amounts of the REI-permissive u"ORF1 and uORF2
RNA segments co-purifying with His-tagged eI[F4G1 and
elF4A compared to the REI-non-permissive uUORF3 and
uORF4 segments in the corresponding deletion strains, but
observed no difference with the His-tagged eIF4E cap-
binding protein; analogous data were also obtained with
uORFs from both YAP genes (Figures 1, 2 and Supplemen-
tary Figure S5). These findings plus the fact that the over-
all amounts of uORF I-specific segments that we recovered
with all three His-tagged strains were relatively the same
(Supplementary Figure S3C) have the following implica-
tions. (i) Similar to mammals (17), it seems that also in yeast
the entire eIF4F complex is retained on ribosomes past the
initiation phase. The scanning may occur in the cap-severed
mode as proposed (38), our data do not imply anything in
this respect, nonetheless, based on our results only the cap
is most probably severed and not the eIF4E cap-binding
protein. (ii) At the same time, however, it seems that the
ribosomes elongating and terminating on REI-permissive
uORFs are capable to preferentially increase retention of
elF4G and 4A factors over eIF4E. This strongly suggests
that the former factors might actively promote REI after
translation of short uUORFs.

While there is no structural information on the yeast 48S
PIC containing eIF4F available at present, taking into ac-
count the substantial conservation of the initiation path-
way, it is conceivable to assume that the placement of eIF4F
within the 48S PIC in yeast is similar to humans (30), only
mediated by other actors (for example via eIF4G binding to
elFs 1 and 5 (39,40) and, perhaps, eIF4A binding to other
elF3 subunits). Therefore, we propose that the main play-
ers that could boost the efficiency of REI remain roughly
the same in yeast and humans, perhaps only with a slightly
modified mode of action. What makes the reported dif-
ference then? Could it be the opposing role of the post-
termination 40S recycling factors eIF2D/DENReMCTSI
in yeast versus mammals? Whereas they are believed to
promote both ribosome recycling and REI in mammals
(41,42), in yeast they drive terminating ribosomes into
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Figure 6. The elF3-binding RPE i. of uORF1 genetically interacts with eIF4G in vivo. (A) Schematics showing uORF1-only RaP-NiP construct and its
derivatives with substitutions in RPE i (WORF1-SUB40; substitution of nt -40 through -49 of RPE i. with the complementary sequence) or in RPE ii.
(uORF1-CAALII; substitution of whole RPE ii. sequence [nt —55 through —76] with seven CAA repeats). (B) The YMP53, YMP55, YMP56 and YMP91
strains described in Figure 3 were introduced with the uORF1-only RaP-NiP construct or its derivatives shown in panel A and treated as described in
Figure 1B. Relative qPCR product levels (in %) of the uORF1 segment recovered from each strain were processed as described in Figure 2B with the values
of the wt uORF1-only strain expressing His-eIF4G1 set to 100% (*P < 0.05, **P < 0.005, *** P < 0.0005). (C) The strain YMP63 described in Figure 1C
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Figure 7. Model of the eIF4G contribution to the REI-permissiveness of uUORF1 of yeast GCN4. The fully intact RNA-binding ability of the elF4G-
RNAZ2 domain allows for a specific interaction with the RPE i during uORF1 translation, perhaps in co-operation with elF3 (A), whereas the preserved
post-termination eIF4G-4A contact enables timely resumption and processivity of traversing (B).

completion of a full ribosomal cycle (43). Therefore, one
could postulate that in contrast to mammals, the post-
termination 40S-bound elFs in yeast must negotiate with
elF2D/DENReMCTSI to increase the odds of the post-
termination decision making process towards REI.

Now let’s return to the yeast case. Clearly, pure presence
of a factor on early elongating ribosomes does not neces-
sarily mean an active role in REI. The direct evidence impli-
cating eIF4G in REI in yeast came with the e[F4G1-1 mu-
tant that: (A) imparted a modest but statistically significant
Gen™ phenotype (Figure 4), (B) specifically increased the ef-
ficiency of REI past the uORF1 over uORF4 translation in
vivo (Figure 4) and (C) specifically increased retention of
ribosomes elongating and terminating on REI-permissive
uORFs 1 and 2 versus REI-non-permissive uORF4 (Fig-
ure 5). Similar results, however, lacking the specificity for
REI-permissive versus non-permissive uORFs, were also
obtained with the e[F4G1-8 mutant and its simpler vari-
ant elF4G1-8*. Whereas 1-1 is deficient in recruiting eI F4A
into the elF4F complex and 1-8* has an altered integrity
of the RNA2 RNA-binding domain, e[F4G1-8 is func-
tionally the combination of both (23,32,33). Interestingly,
RNA?2 was shown to promote critical step(s) of initia-
tion downstream of the eIF4F formation, most likely dur-
ing scanning (34,44). Taken altogether, we propose that
the fully intact RNA-binding ability of the eIF4G-RNA2
determines its specificity for REI-permissive versus non-
permissive UORFs, whereas the preserved elF4G-4A con-
tact is required for (i) timely progression of partial ribo-
somal recycling and, subsequently, (ii) for resumption and
processivity of traversing (later scanning). In other words,
consistent, specific increases specified in B) and C) may sug-

gest that the RNA2 binding domain of eIF4G makes di-
rect contacts with some of the uORF1 or uORF2 RPEs,
as demonstrated for eIF3 (11,14,19), that somehow modu-
late the progression of partial ribosomal recycling and/or
resumption of traversing (Figure 7). Indeed, combining
elF4G1-8 and mainly 1-8* with the SUB40 mutation of
RPE i. masked the negative effect of SUB40 on the REI ef-
ficiency (Figure 6). This example of genetic epistasis points
to some molecular interplay between elF4G and elF3, be-
cause elF3 was shown to specifically interact with RPE i.
(11,14,19). What lies behind this genetic interaction from
the mechanistic point of view is, however, unclear to us and
remains to be elucidated.

An increase in the residency time of the post-termination
40S subunit at the stop codon of short uORFs in yeast
and/or compromised processivity of traversing/scanning
downstream, which would provide the 40S ribosome with
more time to reacquire the eIF2-TC before arriving at the
next (u)ORF, was—in connection with 1-1 and 1-8 mu-
tations in the eIF4G2 isoform—already proposed by the
Asano’s lab (23). Besides the apparent increase in the REI
efficiency, as observed by us, which was suppressible by in-
creased levels of eIF4A, these authors also observed a defect
in AUG recognition (increased leaky scanning) that we did
not. This discrepancy may originate from the use of differ-
ent elF4G isoforms that, despite being functionally inter-
changeable (4), are only ~50% identical in sequence to one
another (45).

Taking altogether, here we provide, to our knowledge, the
first direct in vivo evidence from yeast cells that, upon sub-
unit joining, eIF4G along with elF3 continue interacting
with the 80S ribosome for a few elongation cycles to pro-



mote REI downstream. In addition, we conclude that since
the basic REI players in yeast and humans seem to be rel-
atively the same, more work is required to elucidate what
else lies behind the difference in REI permissiveness of short
uORFs between yeast and higher eukaryotes.
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