elF1 discriminates against suboptimal initiation sites
to prevent excessive UORF translation genome-wide
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ABSTRACT

The translation preinitiation complex (PIC) scans the mRNA for an AUG codon in a favorable context. Previous findings sug-
gest that the factor elF1 discriminates against non-AUG start codons by impeding full accommodation of Met-tRNA,; in the
P site of the 40S ribosomal subunit, necessitating elF1 dissociation for start codon selection. Consistent with this, yeast
elF1 substitutions that weaken its binding to the PIC increase initiation at UUG codons on a mutant his4 mRNA and par-
ticular synthetic mMRNA reporters; and also at the AUG start codon of the mRNA for elF1 itself owing to its poor Kozak con-
text. It was not known however whether such elF1 mutants increase initiation at suboptimal start codons genome-wide. By
ribosome profiling, we show that the elF1-L96P variant confers increased translation of numerous upstream open reading
frames (UORFs) initiating with either near-cognate codons (NCCs) or AUGs in poor context. The increased uORF translation
is frequently associated with the reduced translation of the downstream main coding sequences (CDS). Initiation is also
elevated at certain NCCs initiating amino-terminal extensions, including those that direct mitochondrial localization of
the GRS1 and ALA1 products, and at a small set of main CDS AUG codons with especially poor context, including that
of elF1 itself. Thus, elF1 acts throughout the yeast translatome to discriminate against NCC start codons and AUGs in
poor context; and impairing this function enhances the repressive effects of uORFs on CDS translation and alters the ratios
of protein isoforms translated from near-cognate versus AUG start codons.
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INTRODUCTION by GTPase activating protein elF5, but P; release is
blocked by elF1, whose presence also prevents more sta-
ble binding of Met-tRNAM®!in the “P)\" state. Start-codon
recognition triggers dissociation of elF1 from the 40S sub-
unit, which in concert with other events allows P; release
from elF2-GDP-P; and accommodation of Met-tRNAMet
in the Py state of the 48S PIC (Supplemental Fig. S1).
Subsequent dissociation of elF2-GDP and other elFs
from the 48S PIC enables elF5B-catalyzed subunit joining
and formation of an 80S initiation complex with Met-
tRNAM®® base-paired to AUG in the P site, ready for the
elongation phase of protein synthesis (for reviews, see
Hinnebusch 2014 and Hinnebusch 2017).

Although elF1 enhances rapid TC loading in the Poyr
conformation, it physically impedes rearrangement to Py
during scanning at non-AUG codons by clashing with
Met-tRNA; (Rabl et al. 2011; Lomakin and Steitz 2013;
Hussain et al. 2014), thus requiring its displacement from
the P site and subsequent dissociation from the 40S

Accurate identification of the translation initiation codon in
mRNA by ribosomes is crucial for the correct expression of
cellular proteins, and it generally occurs in eukaryotic cells
by a scanning mechanism. The 43S preinitiation complex
(PIC), comprised of the small (40S) ribosomal subunit,
methionyl initiator tRNA (Met-tRNAM®Y in a ternary com-
plex (TC) with GTP-bound elF2, and several other initiation
factors, attaches to the 5" end of the mRNA and scans the
5'UTR for an AUG start codon. In the scanning PIC, the TC
is bound in a relatively unstable state, dubbed “Poyr,”
suitable for inspecting successive triplets in the P decod-
ing site for complementarity with the anticodon of Met-
tRNA;. Nucleotides surrounding the AUG, particularly at
the —3 and +4 positions (relative to the AUG at +1 to +3)
—the “Kozak context”—also influence start codon recog-
nition. Hydrolysis of the GTP bound to elF2 is stimulated
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subunit to allow start codon selection (Supplemental
Fig. S1, Maag et al. 2005; Cheung et al. 2007).
Consequently, mutations that weaken elF1 binding to
the 40S subunit were found to increase initiation at the
near-cognate UUG triplet present at the third codon of
HIS4 mRNA and thereby suppress the reduced translation
conferred by substitution of the AUG start codon by the
his4-301 mutation, conferring the Sui™ (suppressor of initi-
ation codon) phenotype. They also elevate initiation at
UUG codons in synthetic reporter mRNAs, presumably
by increasing unscheduled dissociation of elF1 from the
PIC in the absence of a perfect codon:anticodon helix in
the P site (Martin-Marcos et al. 2011, 2013). Moreover, de-
creasing wild-type (WT) elF1 abundance increases initia-
tion at near-cognates or AUGs in poor context, whereas
overexpressing elF1 suppresses these events (Valasek
et al. 2004; Alone et al. 2008; Ivanov et al. 2010; Saini
et al. 2010; Martin-Marcos et al. 2011). The mechanistic
link between elF1 abundance and initiation accuracy is ex-
ploited to negatively autoregulate elF1 expression, as the
AUG codon of the elF1 mRNA itself (SUIT in yeast) is in sub-
optimal context, and the frequency of its recognition is in-
versely related to elF1 abundance (lvanov et al. 2010;
Martin-Marcos et al. 2011). The Sui™ mutations that weak-
en 40S binding by elF1 also relax discrimination against
the poor context of the SUIT AUG codon and elevate
elF1 expression, overcoming the autoregulation (Martin-
Marcos et al. 2011). Studies using a reconstituted mamma-
lian initiation system indicate that elF1 also discriminates
against mRNAs containing very short 5UTRs (Pestova
and Kolupaeva 2002), also known to disfavor initiation in
yeast and mammalian cells (Hinnebusch 2011), possibly
in response to a lack of stabilizing mRNA nucleotides occu-
pying the mRNA exit channel of the 40S subunit.

The elF1 mutation sui1-L?6P was shown previously to
suppress the reduced translation conferred by the AUG
start codon mutation in his4-307 mRNA, conferring the
Sui~ phenotype, increasing by ~18-fold the UUG:AUG ra-
tio of expression from two matched HIS4-lacZ reporters
differing only by an UUG or AUG start codon. In addition
to relaxing discrimination against UUG start codons at
HIS4, L96P conferred an ~12-fold increase in expression
of elF1 itself, but a smaller, approximately fourfold in-
crease in SUIT mRNA, suggesting an approximately three-
fold increase in translational efficiency (TE). The latter was
attributed primarily to relaxed discrimination against the
suboptimal Kozak context of the SUI'T AUG codon because
L96P had significantly less effect on elF1 expression from a
SUIT mRNA altered to contain optimal Kozak context
(Martin-Marcos et al. 2011). Thus, the elF1-L96P substitu-
tion appears to diminish substantially elF1 function in re-
stricting initiation at both near-cognate (UUG) start
codons and AUG codons in poor context. Biochemical
analysis indicates that this defect results from impaired in-
teractions of elF1 with the scanning PIC owing to its weak-
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ened binding to the amino-terminal domain of elF3c, the
carboxy-terminal domain of elF5, and the 40S subunit
(Obayashi et al. 2017).

Although the role of yeast elF1 in discriminating against
near-cognate start codons or AUGs in poor context was
well established for a small set of mRNAs, including
HIS4, SUI1, and various synthetic reporter mRNAs, its
global importance in restricting usage of near-cognate ini-
tiation codons and AUG codons in the poor context in liv-
ing yeast cells was unknown. Accordingly, here we have
used ribosome footprint profiling of the highly impaired
Sui~ variant elF1-L96P to reveal the genome-wide function
of elF1 in promoting accurate start codon selection and
proper expression of the yeast translatome.

RESULTS

elF1-L96P decreases discrimination against near-
cognate start codons genome-wide

To determine whether impairing elF1 function reduces dis-
crimination against suboptimal initiation sites throughout
the yeast translatome, we conducted ribosomal footprint
profiling of the strong Sui™ variant sui1-L96P in parallel
with an isogenic WT strain. In addition to decreasing the
accuracy of start site selection, L96P reduces the rate of ge-
neral translation initiation, decreasing the cell growth rate
(Martin-Marcos et al. 2011) and reducing the abundance
and average size of bulk polysomes, to a greater extent
than observed for mutations substituting conserved Lys
residues in direct contact with the 40S subunit, including
sui1-K56E and suil-K60E (Supplemental Fig. S2A-E;
Martin-Marcos et al. 2013). The L26P mutation also confers
an =3.5-fold larger increase in the HIS4-lacZ UUG:AUG ini-
tiation ratio relative to WT cells, versus compared to K56E
and K60E (Martin-Marcos et al. 2011).

Ribosome profiling entails deep-sequencing of mRNA
fragments protected from RNase digestion by translating
80S ribosomes that were arrested on mRNA by treating
cell lysates with cycloheximide (Ribo-seq), conducted in
parallel with total mRNA sequencing (RNA-seq) (Ingolia
et al. 2012). The TE of each mRNA is calculated for each
strain as the ratio of total sequencing reads for ribosome-
protected fragments (RPFs) to total reads for mRNA frag-
ments mapping to the coding sequences (CDS) of each
gene; and is normalized to the average TE among all
mRNAs (which is assigned a value of one). Thus, TE values
are expressed relative to the average TE in that experi-
ment. Changes in TE in the L96P mutant versus WT
(ATE94p) are expressed as the ratio TE, o4p/TEwT, and sig-
nificant changes were identified by DESeq analysis
(Anders and Huber 2010) of data from biological replicates
(see Materials and Methods for details). Both ribosome
footprinting and RNA-seq results were highly reproducible
between the two biological replicates analyzed for the
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L96P and WT strains (Pearson’s R>0.99) (Supplemental
Fig. S3A-D).

In accordance with the increased steady-state level of
elF1 protein conferred by L?6P (Martin-Marcos et al.
2011), RPF reads across the SUIT CDS were increased by

ing A at +4 (Zur and Tuller 2013). Both genes also exhibit
increased RPFs mapping upstream of the previously iden-
tified near-cognate (NCC) start codons (Chen et al. 2008;
Chang et al. 2010) in L96P versus WT cells (Fig. 1B,C),
which might represent elevated initiation from additional

approximately sixfold in L?6P versus
WT cells (Fig. 1A, ARPF = 6.5). Consis-
tent with previous results, L96P also
increases the level of SUIT mRNA
(Fig. 1A, AmRNA =5.5); although the
nearly comparable increases in RPFs
and mRNA reads for SUIT do not indi-
cate the approximately twofold in-
crease in TE deduced previously from
parallel measurements of steady-state
elF1 protein and SUIT mRNA abun-
dance (Martin-Marcos et al. 2011). Dif-
ferences in normalization between the
two approaches might account for
this discrepancy. The increase in SUI1
mRNA levels in sui1-L96P cells is in
line with previous observations indicat-
ing that translation initiation efficiency
is an important determinant of mRNA
stability in budding yeast (LaGrandeur
and Parker 1999; Schwartz and Parker
1999; Chan et al. 2018).

GRS1 and ALAT are two well-stud-
ied genes whose main CDS begin
with non-AUG start codons, which ini-
tiate amino-terminal extensions di-
recting mitochondrial import of the
encoded glycyl-tRNA synthetase and
alanyl-tRNA synthetase, respectively;
whereas the cytoplasmic isoforms ini-
tiate from downstream in-frame AUG
codons (Chen et al. 2008; Chang
et al. 2010). L96P dramatically in-
creased the ratio of RPFs in the exten-
sion versus the main CDS (dubbed
RRO for relative ribosome occupancy
of the upstream CDS) by approxi-
mately sixfold (Fig. 1B, ARRO =6.0);
and it also conferred a modest in-
crease in RRO of ~1.7-fold at ALA1
(Fig. 1C, ARRO = 1.7). Based on other
findings below, the different magni-
tudes of ARRO for the two genes
might reflect the fact that the context
of the GRST UUG matches closely the
optimum Kozak consensus sequence
in yeast in containing A’s at —4 to
—1, and U at +4, whereas the ALA1
ACG deviates from this consensus by
lacking A's at —1 and —4 and contain-
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FIGURE 1. (Legend on next page)
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upstream NCC codons—shown below to be widespread in
L96P cells.

To determine whether L96P confers a widespread re-
laxed discrimination against non-AUG start codons, we ex-
amined its effect on the translation of upstream open
reading frames (UORFs) in 5'UTRs that initiate with any of
the nine NCCs: GUG, UUG, CUG, ACG, AAG, AGG,
AUC, AUU, AUA. Using bioinformatics, we previously
identified 2430 such “NCC_uORFs” found in 1139
mRNAs that showed evidence of translation beginning
at a discrete NCC start site in one or more ribosome pro-
filing data sets from WT or various mutant strains obtained
in our laboratory or published by others (Martin-Marcos
et al. 2017) (see Materials and Methods), and which dis-
played sufficient ribosome occupancies in both the WT
and L96P strains for quantitative analysis of changes in
translation. We similarly identified a group of 290 translat-
ed AUG-initiated uORFs (AUG_uORFs) present in 262
mRNAs, of which 205 satisfied the minimal read thresh-
olds described in Figure 1F; as well as the 5’UTR sequenc-
es of 2484 mRNAs showing evidence of translation at any
location within their 5UTRs in both the WT and L96P
strains.

All three groups of upstream sequences, NCC_uORFs,
AUG_uORFs, and 5’UTRs, show evidence of increased

1D-F, box-plots in lower panels). (In these and other
box-plots presented below, nonoverlapping notches indi-
cate that the two medians differ with >95% confidence.)
The increased ribosome occupancy observed across the
group of AUG and NCC_uORFs in L96P versus WT cells
is further illustrated by plotting the average occupancies
at each nucleotide from the start codon of a subset of
123 of the 290 AUG_uORFs, and 1394 of the 2430
NCC_uORFs described above, with length >29 nt and dis-
tance from the uORF start codon to the main CDS AUG co-
don >29 nt, where the 3-nt periodicity of RPF occupancies
is evident, at least at the higher read densities afforded by
L96P (Fig. 1G,H).

The increased translation of both AUG and NCC uORFs
in L96P cells was also observed by interrogating distinct
sets of translated uUORFs that were recently identified by ap-
plication of a machine-learing algorithm to ribosome pro-
filing data, which identified 438 AUG_uORFs and 544
NCC_uORFs that are conserved in sequence or position
among different Saccharomyces yeast species (Spealman
et al. 2018). Between 24%-27% of these uORFs belong
to the groups of 290 AUG_uORFs and 2430 NCC_uORFs
analyzed above (Supplemental Fig. S4A,B). Similar to
our findings on the aforementioned uORF groups (Fig.
1D-F), the evolutionarily conserved uORFs exhibit

translation in the L96P mutant versus
WT cells. Thus, plotting RROg¢p ver-
sus RROwr values for each 5’UTR or
uORF revealed that most of the data
points fall above the diagonal, indi-
cating generally elevated translation
within 5’UTRs, and in the defined
AUG or NCC uORFs described above,
relative to the main CDSs in the L96P
mutant (Fig. 1D-F, scatterplots in up-
per panels). Applying a false-dis-
covery-rate (FDR) of <0.05, between
~20%-30% of the NCC_uORFs
(29%), AUG_uORFs (20%) and
5'UTRs (23%) displayed a significant
increase in TE of greater than or equal
to twofold in the L96P mutant
(ATE 04p> 2.0) (Fig. 1D-F, red dots in
scatterplots); whereas only 2-3 mem-
bers of each sequence group showed
a significant reduction in TE in the mu-
tant cells (ATE 4p<0.5) (Fig. 1D-F,
blue dots in scatterplots). Consistent
with this, box-plot analyses indicate
significantly increased median RRO
values in L96P versus WT cells for
the groups of 5UTRs, NCC_uORFs,
and AUG_uORFs, with median RRO
increases in the mutant (ARRO g4p) of
greater than or equal to twofold (Fig.
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FIGURE 1. sui1-L96P increases the utilization of near-cognate and upstream AUG start co-
dons. (A-C) Ribosome protected fragments (RPFs) and mRNA reads on the SUIT, GRST, and
ALAT genes in WT and L96P cells in units of rpb (reads per billion mapped reads), showing
schematically the position of the main CDS (pink), the CDS for amino-terminal extensions
(green), and the =3 to —1 and +4 context nucleotides surrounding the AUG or near-cognate
codon (NCC) (in brick red). ARPF and AmRNA give the ratios of RPFs and total mRNA frag-
ments, respectively, in L96P versus WT cells. The Integrated Genomics Viewer (Broad
Institute) was used to display ribosome/mRNA reads, with the rpb and nt scales indicated in
each panel. For these and all other gene browser views, the reads per billion mapped reads
(rpb) are plotted; the ribosome-protected-fragments are plotted to their predicted A-site po-
sitions, and the mRNA fragments are plotted to the 15th nt from their 5" ends. (D-F) Scatter
plots comparing log, RRO (relative ribosome occupancy) values in L?6P versus WT cells for
2484 5'UTRs (D), 2226 NCC-uORFs (E), and 205 uAUG uORFs (F) from genes with >32 RPF
reads in the main CDS and >2 RPF reads in the 5’UTR or uORF in the averaged reads from
four samples, two replicates of WT and two replicates of suil-L96P. The sets of NCC_uORF
and AUG_uORFs showing evidence of translation in current or previous ribosome profiling ex-
periments were described previously (Martin-Marcos et al. 2017). 5UTRs or uORFs showing
significantly changed TE values in L96P versus WT cells of greater than or equal to twofold
(at FDR < 0.05) are indicated in red or dark blue, and the numbers (n) of 5’UTRs or uORFs plot-
ted are indicated. Notched box-plots below each scatterplot compare the distributions of log,
RRO values in WT versus L96P cells for the complete sets of 5’UTRs (D), NCC_uORFs (E), or
AUG_uORFs (F). In these and other box-plots below, box limits indicate the 25th and 75th per-
centiles, whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles,
outliers are represented by dots, and nonoverlapping notches indicate that two medians differ
with ~95% confidence. A fraction of outliers was omitted from the plots to expand the y-axis
scale. (G-H) Three nucleotide periodicity of RPFs in subsets of the 205 translated AUG_uORFs
(G, n=123) and 2226 NCC_uORFs (H, n=1394) described in panels F and E, respectively, in
which the uORF length is >29 nt and the distance from the uORF start codon to the main CDS
AUG is >29 nt. Black and gray lines show the average RPF reads per billion at each position
relative to the 5" end of these groups of uORFs. Reads at first, second, and third reading frames
are labeled with red, blue, and green circles, respectively. (An AUG_uORF at YDR133C,
YDR133C_52, was excluded because its high expression would dominate the plot.)
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approximately twofold increases in median RRO in L96P
versus WT cells (Supplemental Fig. S4C,D, box-plots).
Moreover, ~20% of the NCC-uORFs exhibit a ATE,g4p>
2.0 at FDR < 0.05, whereas a relatively smaller proportion
of conserved AUG_uORFs (~11%) display a greater than
orequal to twofold increase in TE in mutant versus WT cells
(Supplemental Fig. S4C,D, red dots in scatterplots). Thus,
we conclude that L96P evokes increased translation of a
substantial fraction of both NCC_ and AUG_uORFs whose
translation has been detected in distinct ribosome profiling
data sets and by using different criteria to identify translat-
ed uORFs.

Among the 2226 NCC_uORFs and 205 AUG_uORFs
that we identified bioinformatically and interrogated in
Figure 1D-H, a small fraction are in the same reading
frame as the main CDS and do not contain a stop codon
prior to the CDS AUG; hence, they encode amino-terminal
extensions (NTEs), as described above for GRS1 and ALA1
mRNAs (Fig. 1B,C). These NTEs include 188 of the 2226
NCC_uORFs and 6 of the 205 AUG_uORFs. A fraction of
these 194 NTEs resemble GRS1 and ALAT in showing ele-
vated translation in L?6P versus WT cells (Supplemental
Fig. S5A-E upper); and similar to the complete sets
of AUG_uORFs and NCC_uORFs, the group of 194 NTEs
exhibits a significantly increased median RRO value in
L96P versus WT cells (Supplemental Fig. S5E, lower).
Interestingly, the NTEs encoded by YPK2 and TRZ1, which
appear to exhibit increased translation in L96P cells
(Supplemental Fig. S5C,D), were recently shown to contain
a mitochondrial targeting sequence similar to the NTEs of
GRS1 and ALA1 (Monteuuis et al. 2019).

elF1-L96P selectively increases utilization of
upstream AUG start codons with poor Kozak context

Considering that L96P increases the ratio of UUG:AUG ini-
tiation for a HIS4-lacZ reporter by more than an order of
magnitude (Martin-Marcos et al. 2011), it might seem sur-
prising that we observed marked increases in translation of
both AUG_uORFs and NCC_ORFs in L96P cells (Fig. 1E,F;
Supplemental Fig. S4C,D). However, we and others have
noted previously that, as a group, the start codons of trans-
lated AUG_uORFs in yeast exhibit a poor match to the
Kozak consensus context exhibited by the AUG codons
of the most highly translated CDS in yeast (Arribere and
Gilbert 2013; Martin-Marcos et al. 2017; Spealman et al.
2018). Given our previous demonstration that L96P reduc-
es discrimination against the poor Kozak context at the
elF1 (SUIT) start codon (Fig. 1A; Martin-Marcos et al.
2011), we considered whether the increased translation
of the group of AUG_uORFs conferred by L?6P results pri-
marily from overcoming poor context at these uORFs start
codons.

Awell-studied AUG_uORF with an established regulato-
ry function resides upstream of the main CDS of the CPA1

gene, where it inhibits translation of CPAT mRNA in re-
sponse to excess arginine (Werner et al. 1987). As shown
for the corresponding uORF of the N. crassa arg-2 gene,
the inhibition results from arginine-induced stalling during
translation of the uORF peptide (Wei et al. 2012), which im-
pedes the progression of scanning PICs to the downstream
CDS (Gaba et al. 2001). At low arginine levels most of the
scanning PICs bypass the CPAT uORF, owing to its poor
Kozak context, and translate the main CDS downstream in-
stead (Wemer et al. 1987). Importantly, we observed that
the L96P mutation confers a marked increase in translation
of the CPAT uORF relative to the downstream CDS (Fig.
2A, ARRO =4.5), consistent with relaxed discrimination
against the poor context of an AUG_uORF in the elF1
mutant.

To examine whether L96P generally confers increased
uOREF translation of AUG_uORFs in poor context, we calcu-
lated the AUG context adaptation index AUGca, (Miyasaka
1999) for 194 of the 205 AUG_uORFs described in Figure
1F that contain at least 3 nt between the cap and the uORF
(needed to allow calculation of context scores). The
AUGca quantifies the similarity between the context of a
given AUG to that of the start codons of the 2% of all yeast
genes with the highest ribosomal loads (Zur and Tuller
2013). AUGcp, scores among all yeast genes range from
~0.16 (poorest) to ~0.97 (best), with the most highly ex-
pressed genes exhibiting scores near the top of this range.
After dividing a subset of 194 of the 205 AUG_uORFs
defined in Figure 1F (for which AUGc,, scores could be
calculated) into quartiles on the basis of descending
AUGc, scores, we determined that the median increase
in uORF translation in L96P versus WT cells, measured as
ARRO o¢p, is significantly greater for uORFs in the last quar-
tile with lowest AUGcy scores (Fig. 2B, col. 3, ARRO g4p~
3.0-fold) compared to the first quartile with highest
AUGc, scores (Fig. 2B, col. 2, ARRO, ¢¢p~ 1.7-fold). Note
however that the first quartile of UORFs with highest con-
text scores has a median AUGcy score of only 0.22, which
is still at the low end of the corresponding range of AUGcx
scores for all main CDS, of between 0.09 and 1.0. Thus, the
moderate increase in ARRO ¢4p observed for this group of
AUG_uORFs with the strongest contexts among
AUG_uORFs (Fig. 2B, col. 2) is still consistent with our con-
clusion that L96P selectively increases translation of
AUG_uORFs with poor-context AUG codons.

As an alternative approach to determining whether L96P
confers a significantly larger increase in translation for the
group of AUG_uORFs with the poorest Kozak context, we
divided the uORFs into quartiles on the basis of descend-
ing ARRO¢4p values, and found that the first quartile with
the largest ARRO,¢¢p values (indicating the greatest in-
creases in UORF/CDS translation) have significantly lower
median AUGc,, context scores for the uORF start codons
compared to the last quartile (with the smallest ARRO, g4p
values) (Fig. 2C). Consistent with the foregoing
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FIGURE 2. suil-L96P broadly decreases discrimination against poor Kozak context of up-
stream AUG codons. (A) RPFs and mRNA reads on the CPAT gene in WT and L96P cells are
depicted as described in Figure 1A, with the uORF and main CDS shown in green and pink,
respectively. (B) Notched box-plots showing the distributions and medians of ratios of log,
RRO values in L96P versus WT cells (ARRO, 94p) for the subset (n=194) of 205 translated
AUG_uORFs described in Figure 1F with at least 3 nt between the cap and the uORF (to allow
calculation of context scores), and for the sets of 49 UORFs comprising the top (Better context)
or bottom (Poor context) quartiles of these 194 AUG_uORFs ranked by AUG context score
from highest to lowest. A fraction of outliers was omitted from the plots to expand the y-axis
scale. (C) Notched box-plots showing the distributions and medians of AUG context scores
for the same group of 194 uORFs described in B and the two sets of 49 uORFs comprising
the top (Largest ARRO) or bottom (Smallest ARRO) quartiles of the 194 AUG_uORFs ranked
by ARRO\¢¢p values high from largest to smallest. A fraction of outliers was omitted from the
plots to expand the y-axis scale. (D) The sequence logo for positions —3 to —1 and +4 surround-
ing the AUG codons for the same groups of uUORFs shown in C. The DNA rather than RNA se-
quence is depicted.

tides encoding the key —3 position of
highly translated mRNAs, the elevated
occurrence of these 2 nt at —3 for the
AUG_uORFs with the largest increas-
es in RRO g4p supports the view that
L96P preferentially relaxes discrimina-
tion against AUGs in poor Kozak
context. As explained in Supple-
mental Figure S6B, this last conclu-
sion also emerges from examining
the AUG_uORFs found to be evolu-
tionarily conserved in sequence or po-
sition (Spealman et al. 2018) that were
analyzed in Supplemental Figure S4B.

Interestingly, L96P appears to have
the opposite effect on the influence
of Kozak context on the evolution-
arily conserved NCC-initiated versus
the AUG-initiated uORFs (described
above in Supplemental Fig. S4A).
Thus, the group of NCC_uORFs
showing the largest increases in
RRO_g4p values (Supplemental Fig.
S6A, col. 2) has a significantly higher
median context score compared to
the NCC_uORFs with the smallest
increases in RRO ¢¢4p values (Supple-
mental Fig. S6A, col. 3) (P=0.003 in
Mann-Whitney U-test). It is notewor-
thy that the most highly up-regulated
NCC_uORFs have a significantly high-
er median context score, of 0.34,
compared to that of the conserved
AUG_uORFs, of 0.23. Moreover, the
sequence logo for these NCC_uORFs
shows a small bias for the preferred A
residues at the —3 and —1, positions
(Supplemental Fig. S6C, row 1), not
evident for the conserved AUG_
uORFs (Supplemental Fig. S6D, row
1). The tendency toward more favor-
able contexts for the up-regulated
NCC_uORFs that is not observed
for the translationally up-regulated

conclusions, a sequence logo for the initiation sites of
a group of AUG_uORFs with largest ARROg4p values
exhibits nonpreferred pyrimidines encoding the —3 posi-
tion and little or no sequence preferences at the -2, -1,
and +4 positions, which is also true for the entire group
of AUG_uORFs; whereas the uORFs with the smallest
ARRO 9¢pvalues show essentially no sequence preferences
atany of the 4 positions (Fig. 2D). The most highly translat-
ed genes in yeast show a strong preference for adenine at
—3to —1and guanine or uridine at +4 (Zur and Tuller 2013).
As thymidine and cytidine are the least prevalent nucleo-

424 RNA (2020) Vol. 26, No. 4

AUG_uORFs is consistent with previous findings indicating
that favorable context is more important for recognition of
near-cognate versus AUG start codons (Chen et al. 2008;
Chang et al. 2010). To explain why increased translation
in L96P cells is relatively more dependent on good context
for NCC versus AUG uORFs it could be proposed that the
combination of a non-AUG start codon and extremely
poor context is so detrimental for recognition by the scan-
ning PIC that impairing the gatekeeper function of elF1 by
L96P has little impact on selection of such highly inefficient
NCC start sites.
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elF1-L96P selectively increases utilization of main As an independent approach to examining whether
CDS AUG start codons with poor Kozak context L96P preferentially increases utilization of main CDS

AUGs in poor context, we sorted genes on the magnitude

Having found that L96P generally relaxes discrimination of ATE  g4p values and selected the subsets of mMRNAs ex-
against the AUG codons of uORFs, which tend to have rel-  hibiting either the largest increases or largest decreases

atively poor Kozak context, we next
examined whether L96P reduces
discrimination against the AUG co-
dons of main CDSs in poor context
throughout the translatome in the
manner observed previously for trans-
lation of SUIT mRNA encoding elF1 it-
self (Fig. 1A; Martin-Marcos et al.
2011). The results in Figure 3B,C pro-
vide examples of two mRNAs, TEN1
and SWTI1, that resemble SUI1
mRNA in possessing poor Kozak
context and exhibiting increased TEs
in L96P versus WT cells, whereas
FIT3 mRNA contains optimum con-
text and shows decreased TE in L96P
cells (Fig. 3A). To determine the trans-
latome-wide relationship between
Kozak context and the impact of
L96P on the translation of downstream
CDSs, we first compared changes in
TE for the main CDS in mutant versus
WT cells (ATE 94p) for groups of genes
with poor versus optimal contexts.
Interestingly, L96P conferred a small,
but significant increase in TE for the
group of 99 among all mRNAs that
contain nonpreferred bases at every
position surrounding the AUG codon,
ie. (C/U/G)_3(C/G/U)_»(G/C/V)_1(aug)
(C/A)44, (Shabalina et al. 2004; Zur
and Tuller 2013) when compared to
all 3650 mRNAs with adequate read-
depth for analysis and containing an-
notated 5'UTR lengths of >5 nt (Fig.
3D, “Poor” vs. “All"). Consistent with
this, a small increase in TE was also
observed for a larger group of 598
mRNAs containing the least preferred
bases C/U at the critical —3 position
regardless of the sequence at the oth-
er context positions (Fig. 3D, “-3C/
U” vs. “All"). In contrast, no significant
change in TE was observed for 175
mRNAs with the preferred bases at
all positions, that is, A_3A_,A_1(AUG)
(G/U)+4, designated “Perfect” con-
text, or for 3052 genes with A/G at
-3 (the majority of mRNAs) (Fig. 3D,
"Perfect” & “"—3A/G" vs. "All").
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in TE in mutant cells. Constructing sequence logos for po-
sitions —6 to —1 and +4 to +6 for these two groups re-
vealed that the 100 mRNAs exhibiting the largest
increases in TE in L96P versus WT cells (dubbed TE_up)
do not exhibit the strong preference for A at —3 that char-
acterizes all expressed mRNAs and that is also displayed
by the 100 mRNAs showing the largest TE decreases
(TE_down) (Fig. 3E, row 2 vs. rows 1 & 3). Consistent with
this, calculating the AUGca; context scores for these two
sets of genes revealed that the TE_up mRNAs exhibit a
median context score significantly below the median val-
ues of ~0.47 for the TE_down mRNAs (P=0.04 in Mann—
Whitney U-test), which is close to the median score for all
analyzed mRNAs (Fig. 3F). Finally, comparing ATE, g¢p val-
ues for 10 deciles of all 3650 mRNAs divided into bins of
equal size according to AUG context scores revealed
that only decile 1, with the lowest context scores, exhibits
asignificantincrease in median TE in the mutant versus WT
cells (Fig. 3H; first decile). Together, these results support
the conclusion that L96P specifically increases the utiliza-
tion of main CDSs AUGs with poor surrounding sequence
contexts.

The inverse correlation between TE changes conferred
by L?6P and context scores just described was identified
without taking into account whether the individual
mRNAs under consideration exhibit statistically significant
differences in TE between mutant and WT cells. Because
too few such mRNAs were identified for rigorous analysis
of their context scores, we examined two other groups of
mRNAs exhibiting significant changes in ribosome occu-
pancy across the CDS between mutant and WT cells (at
FDR<0.05). The 610 mRNAs showing significantly in-
creased ribosome occupancy (RPF_up) exhibit significantly
lower context scores compared to the group of 725
mRNAs with significantly decreased ribosome occupan-
cies (RPF_down) in L96P versus WT cells (Fig. 3G, col. 2
vs. col. 3). These findings rigorously support our conclu-
sion that L96P preferentially increases
translation of main CDSs for those

tion has relatively little effect on the TEs of most mRNAs.
The decreased translation in L?6P cells observed for the
RPF_down subset of genes with highly favorable context
(Fig. 3G, col. 3), might reflect increased competition for
limiting initiation factors or 40S subunits owing to in-
creased translation of MRNAs with less favorable contexts.

Increased 5’UTR translation conferred by L96P
is associated with decreased CDS translation

We showed above that L96P increases the translation of a
large number of both AUG_uORFs and NCC_uORFs (Fig.
1D-F). As discussed for CPAT mRNA, elevated uORF
translation appears to inhibit translation of the down-
stream main CDS (Fig. 2A), in agreement with the known
translational repressive function of this uORF (Werner
et al. 1987). Accordingly, we searched for other mRNAs
in which altered uORF translation is associated with an in-
verse change in translation of the main CDS, and thus iden-
tified IDH2 (Fig. 4A), NOT3, and SECT (Supplemental Fig.
S7A,B) as examples. Applying an FDR cut-off of <0.05, we
identified 46 mRNAs exhibiting ATE,; 94p < 0.5 for the main
CDSs (Fig. 4B, all blue dots), of which two-thirds
(30 mRNAs) also show evidence of elevated translation
of the 5’UTR relative to the main CDS in L96P cells, as in-
dicated by ARRO, ¢4p values of >2.0 (FDR < 0.05) (Fig. 4B,
blue dots with orange circles). Thus, it is possible that the
reductions in the main CDS TEs conferred by L96P for
these 30 mRNAs are driven by increased 5" UTR translation.

We reasoned that if this last possibility was correct, then
the inverse relationship between changes in 5’"UTR versus
CDS translation conferred by L96P should be the strongest
for those mRNAs in which uORFs are translated at suffi-
ciently high levels to impact the translation of the down-
stream CDS. To test this prediction, we identified
mRNAs exhibiting comparable ribosome densities in
5'UTRs relative to main CDSs, with RRO values of >~0.03

mRNAs containing lower than aver-
age context scores.

Together, the results in Figure 3 in-
dicate that mRNAs whose main CDS
AUG codons are in poor context
tend to show increased TEs in the
L96P mutant versus WT throughout
the translatome. However, significant
increases are limited largely to those
mRNAs with the poorest matches to
the optimum context in yeast (Fig.
3H). Because the majority of yeast
mRNAs contain the preferred A at
the —3 position relative to the AUG
codon of the main CDS (Fig. 3E;
Shabalina et al. 2004), the L96P muta-
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FIGURE 3. sui1-L96P broadly decreases discrimination against poor Kozak context of main
CDS AUG codons genome-wide. (A-C) RPFs and mRNA reads for the FIT3 (A), TEN1
(B) and SWT1 (C) genes in WT and L96P cells, as described in Figure 1A. (D) Notched box-
plot of the distributions and medians of log,ATE, ¢¢p values for the CDSs of groups of genes
with perfect or poor AUG context (as defined below the plot), preferred (A/G), or nonpreferred
(C/U) bases at —3, and all 3650 genes with >10 RPF reads and >32 mRNA reads (average of
four samples, two replicates of WT and two replicates of sui1-L96P) in the main CDS, and
5'UTR length >5 nt. (E) Logos of AUG context sequences for the 3650 genes in B, and the
100 genes showing the largest increase (TE_up) or decrease (TE_down) in CDS TE values in
L96P versusWT. (F) Notched box-plot analysis of AUG context scores calculated for positions
—6to —1and +4 to +6 for the “TE_up” and “TE_down" groups of genes defined in E. (G) Box-
plot analysis of AUG context scores for the groups of genes exhibiting significantly increased
(RPF_up) or decreased (RPF_down) RPFs in CDSs in L?6P versus WT cells (FDR < 0.05), and for
all 4035 genes. Before identifying the RPF_up and RPF_down groups, 258 mRNAs transcrip-
tionally activated by Gen4 were removed because suil alleles typically derepress GCN4
mRNA translation (Martin-Marcos et al. 2013), and we wished to exclude mRNAs with elevated
RPFs owing to increased transcription. (H) Notched box-plot analysis of CDS ATE ¢4p values for
the 3650 genes analyzed in D divided into deciles of equal size binned according to AUG con-
text scores calculated as in F.
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FIGURE 4. Elevated upstream ribosome occupancies often associate with reduced translation in CDS. (A) RPFs and mRNA reads for IDH2 show-
ing increased 5’UTR ribosome occupancy coupled with decreased CDS RPFs in L96P versus WT cells. (B) Scatter plot comparing log, TE, 9¢p versus
log, TEwT for CDS of 4242 genes with >10 RPF reads and >32 mRNA reads (average of four samples, two replicates of WT and two replicates of
sui1-L96P). Genes with significant greater than or equal to twofold changes in CDS TE in L96P versus WT (FDR < 0.05) are highlighted by red and
dark blue dots, respectively. Among them, genes with significantly elevated RRO ratios in the mutant vs WT (ARRO, g¢p > 2, FDR < 0.05) are de-
noted by orange circles. (C) Cumulative frequency distributions of CDS log,ATE o4p values for all 4242 genes (black line), or for genes with RRO
values exceeding 1/32 in either WT (blue line) or L96P cells (red line). P-values are shown indicating the significance of differences between the
distributions assigned using the Kolmogorov-Smirnov test. (D) Box-plot analysis of CDS ATE, g4p values for the groups of mRNAs described in
Figure 1D-F showing significantly increased TEs for 5'UTRs (5'UTR_up), NCC_uORFs (uUNCC_up), or AUG_uORFs (UAUG_up). The numbers of
mRNAs here are smaller than those in Figure 1E,F because of multiple uORFs residing in the same mRNAs. (E) Box-plot analysis of CDS
ATE  9¢p values for all 4242 mRNAs analyzed in panels B-D, for 592 mRNAs lacking 5'UTR length annotations (NoA), and for eight bins of the
4242 mRNAs divided according to 5'UTR lengths, with the numbers of MRNAs in each bin indicated (n). (F,G) Same box-plot analysis as in E
but excluding mRNAs with appreciable RRO values exceeding ~0.03 in WT (E) or L96P cells (F).

(one 5'UTR read per 32 CDS reads, a value similar to the 659 in 311 mRNAs), or uUAUG_uORFs (n=42 in 36 mrnas)
mean ratio of UORF to CDS lengths of 0.037 forall translat-  all show significant CDS TE reductions in L96P versus WT
ed uORFs), in either WT or L96P cells. Supporting our pre- cells, compared to all mMRNAs (Fig. 4D), with the largest de-
diction, this group of mRNAs exhibits significantly greater ~ creases in ATE,;gsp observed for the mRNAs with
CDS TE reductions conferred by L96P compared to all UAUG_uOREFs (col. 4). Together, these analyses suggest
mRNAs (Fig. 4C, red & blue vs. black curves). Finally, we that increased translation of uORFs that exhibit apprecia-
found that the groups of mRNAs highlighted with red  ble translation compared to the downstream CDS s fre-
dots in Figure 1D-F exhibiting significantly increased = quently associated with reduced TEs for the CDSs in
translation of either 5’UTRs (n=562), NCC_uORFs (n= L96P cells.
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Interestingly, the TE changes conferred by L?6P appear
to be associated with 5’'UTR length, with greater reduc-
tions occurring with longer 5'UTR lengths (Fig. 4E), partic-
ularly for the group of =18% of all mRNAs containing
5'UTR lengths of >100 nt belonging to the last three bins
of 5’'UTR lengths analyzed in Figure 4E. Importantly, how-
ever, the greater TE reductions conferred by L96P for
mRNAs with the longest 5UTRs are largely eliminated if
we exclude from the analysis all MRNAs with comparable
ribosome densities in 5’UTRs versus CDS, that is, with
RROs > ~0.03 in either WT or L96P cells (Fig. 4F,G). We in-
terpret these last findings to indicate that increasing 5’UTR
length increases the probability of including upstream
uORFs whose translation is elevated in L96P cells, which
in turn decreases initiation at the downstream main CDS.
This can explain why the relationship between ATE; o4p
and 5'UTR length is eliminated when considering only
mRNAs lacking detectable 5'UTR translation. Thus, the
tendency for mRNAs with long 5’UTRs to exhibit reduced
relative TE in L?6P versus WT cells provides additional ev-
idence that TE reductions for main CDS conferred by L96P
are driven largely by increased translation of inhibitory
uORFs.

The increase in relative TE conferred by L96P for the two
bins analyzed in Figure 4E encompassing the shortest
5'UTRs with lengths of <40 nt (cols. 3-4), remained in ef-
fect after excluding mRNAs with RROs > ~0.03 (Fig. 4F,
G, cols. 2-3), suggesting that it is unrelated to the absence
of translated uORFs and might reflect shorter 5'UTRs per
se. This possibility is consistent with observations in the re-
constituted mammalian translation system indicating that
elF1 discriminates against AUGs located very close to
the mRNA 5" end (Pestova and Kolupaeva 2002), thus sug-
gesting that disabling this function by L?6P might confer a
selective increase in TE for mRNAs with the shortest
leaders.

In addition to the presence of uORFs, lengthy CDSs and
the propensity for secondary structure in 5UTRs are also
associated with reduced initiation efficiency in WT cells
(Kozak 1991; Kertesz et al. 2010; Hinnebusch 2011; Ding
et al. 2012). However, we observed no relationship be-
tween ATE, g4p and CDS length, except that the group of
mRNAs with shortest CDS exhibit a slight tendency toward
increased ATE,o4p values (Supplemental Fig. S8A). But
considering that mRNAs with shorter than average CDS
also tend to have shorter 5’UTRs (Sen et al. 2016), the small
increase in ATE o¢p values for the first decile of CDS
lengths analyzed in Supplemental Figure S8A might sim-
ply reflect the influence of short 5’UTR lengths already not-
ed above (Fig. 4E). We also observed no relationship
between ATE g4 values and 3'UTR lengths (Fig. 4;
Supplemental Fig. S8B).

To examine the possible contribution of 5’UTR structure
to the effects of L?6P on CDS TEs, we interrogated a pub-
lished database (Kertesz et al. 2010) wherein each tran-
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scribed nucleotide in 2679 different yeast transcripts was
assigned a “parallel analysis of RNA structure” (PARS)
score, based on its susceptibility in MRNA reannealed in vi-
tro to digestion with nucleases specific for single-stranded
or double-stranded RNA, with a higher PARS score denot-
ing a higher probability of double-stranded conformation.
In previous studies, we identified a significant tendency for
mRNAs containing higher than average PARS scores in
5'UTR sequences to exhibit greater than average TE reduc-
tions in mutants defective for the RNA helicase Ded1 (Sen
et al. 2016), which we could attribute by in vitro studies to
unwinding of secondary structures in the 5’UTRs of such
mRNAs by Ded1 (Gupta et al. 2018). In contrast, as de-
scribed at length in Supplemental Figure S8C-I, we found
no tendency for mRNAs with greater than average 5'UTR
PARS scores to show larger than average TE reductions
in response to the L96P substitution in elF1. The fact that
mRNAs with structured 5'UTRs display a heightened re-
sponse to mutations in Ded1 but not to L96P is consistent
with the large body of evidence indicating that elF1 acts
primarily in the assembly of 43S PICs (prior to mRNA re-
cruitment) and in blocking recognition of poor initiation
sites by the PIC (Hinnebusch 2011, 2017; Thakur and
Hinnebusch 2018; Thakur et al. 2018), whereas Ded1 is
crucial for overcoming the inhibitory effects of mRNA
structures on PIC attachment to mRNA and subsequent
scanning of 5UTRs (Sen et al. 2015, 2019; Gao et al.
2016; Guenther et al. 2018; Gupta et al. 2018). In sum-
mary, our analyses suggest that very short 5’UTR lengths
and the presence of well-translated uORFs are primary de-
terminants of TE reductions for main CDSs conferred by
the impairment of elF1 by L96P.

Direct evidence that upstream AUGs or NCCs
mediate changes in translation conferred by L96P

We sought next to demonstrate that changes in the trans-
lation of main CDSs deduced from ribosome profiling of
the L96P mutant are conferred by increased recognition
of NCC or poor-context AUG start codons by analyzing re-
porter mRNAs. Closer examination of the data in Figure 1E
revealed that NCC_uORFs initiated by various near cog-
nate triplets exhibit increased TEs in L?6P cells (Fig. 5A),
suggesting that L96P differs mechanistically from the
elF5 Sui™ mutation SUI5, which is largely specific for
UUG codons (Huang et al. 1997). The distribution of
NCC start codons among the NCC_uORFs translationally
up-regulated in L?6P cells (Fig. 5A) is fairly similar to that
of all translated NCC_uOREFs (Fig. 5B), but shows a ~1.3-
fold enrichment for UUG and AAG codons, and 1.2- to
1.4-fold underrepresentation of AUU, AUA, AUG, and
AGG codons. To determine whether the latter discrepan-
cies might be dictated by the sequence contexts of the
NCC start codons, we calculated the Kozak context scores
for each of the nine NCCs for all 68,546 NCC uORFs
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FIGURE 5. sui1-L96P increases the utilization of multiple near-cog-
nate start codons. (A,B) Distributions of NCC start codons for the
659 NCC_uORFs exhibiting significantly increased uORF TEs in
L96P vs. WT cells (A) and for all 2226 NCC_uORFs translated in our
strains (B), described in Figure 1E. (C) Schematics of dual-luciferase re-
porter constructs with both FLUC and RLUC reporters containing the
RPL41A promoter and RPL41A 5'UTR modified to lack all NCCs. The
FLUC reporters contain either AUG (AUG-AUG constructs) or each of
the nine different NCCs as start codons (NCC-AUG constructs). (D) Six
transformants of WT or sui1-L96 strains harboring each of the 10 dif-
ferent NCC-AUG, or the control AUG-AUG, reporter constructs
were cultured in SC-Ura at 30°C to Aygo of ~1.0, and firefly and renilla
luciferase activities were assayed in the same WCEs. The mean ratio of
FLUC/RLUC light units was calculated for each NCC-AUG construct
and normalized by the mean FLUC/RLUC ratio produced by the con-
trol AUG-AUG construct in WT and L96P samples. The mean of nor-
malized NCC/AUG reporter expression ratios (+SEM) are plotted in
the upper panel, and the ratios of normalized NCC/AUG expression
ratios between sui1-L96P and WT cells are plotted in the lower panel.
The background signal in these experiments determined using cell
extracts from a WT strain lacking a LUC reporter is ~4.5 units; and ex-
pression of the AAG and AGG FLUC reporters in WT cells is much
higher than this background level.

encoded in the genome, for the 2199 translated
NCC_uORFs (shown in Fig. 5B) and for the 649
NCC_uORFs whose translation was up-regulated in the
L96P mutant (in Fig. 5A), for all such uORFs located >3
nt from the mRNA 5’ end, and compared the median con-
text scores between the three groups of uORFs for each
NCC. As shown in Supplemental Figure S9, the translated
NCC uORFs have significantly higher context scores com-
pared to all possible NCC uORFs in every case except
AGG-initiated uORFs (cf. col. 2 vs. col. 1 for each NCC), in-
dicating that, as expected, NCC uORF translation is stimu-
lated by favorable context. However, the NCC uORFs
whose translation is up-regulated by L?6P do not have sig-
nificantly different median context scores compared to the
corresponding median scores for all translated uORFs (cf.
col. 3 vs. col. 2 for each NCC). Thus, the enrichment or un-
derrepresentation of particular NCC uORFs among the set
of uORFs translationally up-regulated in L?6P cells cannot
be readily explained at the level of context scores.

While it was shown previously that L?6P increases initia-
tion at a UUG start codon in HIS4 mRNA (Martin-Marcos
etal. 2011), it was important to demonstrate that it would
do so for other NCCs as well. To this end, we determined
the effects of L96P on expression of a panel of firefly
(FLUC) and renilla (RLUC) luciferase reporter genes, each
driven by the same promoter (RPL41A) and containing a
modified version of the RPL41A 5'UTR lacking all NCCs,
but differing in the start codon (Fig. 5C). Expression of
each FLUC reporter initiated by one of the nine different
NCCs was normalized to that of the FLUC reporter with
an AUG start codon to determine the NCC:AUG ratio, in
both L96P and WT cells. As shown in Figure 5D, suil-
L96P increased the NCC:AUG initiation ratio for all of the
NCCs except AAG and AGG, which are known to function
poorly as start codons in WT cells (Kolitz et al. 2009) and
are highly underrepresented among the NCC_uORFs
translated in our strains (Fig. 5B). Apart from GUG and
AUU, which displayed increases of NCC:AUG ratios of
~15 and ~1.5, respectively, the other five NCCs (CUG,
UUG, AUC, AUA, and ACG) showed elevated NCC:AUG
ratios of between approximately three- to approximately
sixfold in L96P versus WT cells (Fig. 5D). (Note that the
magnitude of the effects of L96P on reporter expression
for the various NCCs (Fig. 5D) is not necessarily reflected
in the proportions of NCC_uORFs showing elevated trans-
lation in L96P cells (Fig. 5A), as the latter depend on the
frequencies of the different NCCs in all translated
NCC_uORFs (Fig. 5B) and because any increase in
NCC_uORF translation of twofold or more, regardless of
the magnitude, was scored in constructing the chart in
(Fig. 5A). Thus, our ribosome profiling and reporter data
both indicate that sui1-L96P relaxes discrimination against
a wide range of the NCCs, including single-base substitu-
tions at all three nucleotide positions of the AUG start
codon.
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As shown in Figure 2A, increased translation of the uUORF
in CPAT mRNA in L96P cells is associated with the de-
creased translation of the main CDS. To support this inter-
pretation of the ribosome profiling data, we assayed
matched CPAT1-FLUC reporters with FLUC fused in-frame
to the main CDS either containing or lacking the uORF
ATG codon. Expression of the uORF-containing reporter
is decreased in L96P mutant versus WT cells (Fig. 6A), in
agreement with the ribosome profil-
ing data in Figure 2A. Elimination of
the UORF start codon leads to elevat-

6D). While this last result is consistent with the ribosome
profiling data in Figure 6B for AHK1, it is unclear why the
expression of the mutant-uORF is elevated by L96P and
we cannot be certain that this effect would also apply to
the WT reporter containing uORFs.

Finally, we sought to confirm that the elevated transla-
tion of the in-frame amino-terminal extension of the
GRS1 CDS in L96P cells indicated by the ribosome
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WT cells mediated by the uORFs (Fig.
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profiling data (Fig. 1B) can be attributed to relaxed dis-
crimination against the near-cognate UUG start codon.
As shown in Figure 6E (construct 1), a GRS1-FLUC reporter
in which FLUC is fused in-frame to the amino-terminal ex-
tension upstream of the main CDS AUG codon, exhibits a
marked increase in expression in L96P versus WT cells, in
agreement with the ribosome profiling data in Figure
1B. Eliminating the UUG start codon for the amino-termi-
nal extension (Chang and Wang 2004) has the expected
effect of reducing GRS1-FLUC expression in WT cells;
however, the mutant reporter expression is still increased
in sui1-L96P versus WT cells (Fig. 6E, construct 2). Noting
the presence of three additional in-frame NCCs down-
stream from the UUG start codon, we generated additional
mutant constructs lacking these NCCs in the presence or
absence of the UUG codon. Expression of the construct
lacking all four NCCs was extremely low in both strains
(Fig. 6E, construct 4), indicating that the residual expres-
sion of the single UUG mutant (construct 2) was conferred
by initiation at one or more of the three downstream NCCs,
and that these NCC-initiation events are elevated in the
L96P strain. Removal of only the three downstream
NCCs conferred only a slight reduction in expression com-
pared to the WT construct, and expression remained
strongly responsive to L96P (Fig. 6E, cf. constructs 3 and
1), consistent with the conclusion that the UUG is the major
initiation site for the amino-terminal extension. These re-
sults support the interpretation of the ribosome profiling
data that the increased translation of the GRST amino-ter-
minal extension in L96P cells results primarily from relaxed
discrimination against the near-cognate UUG codon. The
profiling data in Figure 1B also suggested increased trans-
lation from other NCCs present up-

stream of the UUG start codon in

its native, poor Kozak context but not when surrounded
by the optimal context defined for yeast mRNAs
(Cheung et al. 2007; Martin-Marcos et al. 2011, 2013).
This relaxed discrimination against near-cognate or sub-
optimal AUG codons has been attributed to inappropriate
dissociation of elF1 from the scanning PIC when a perfect
match between the start codon and the anticodon of Met-
tRNA is lacking, or in the absence of surrounding context
nucleotides favorable for start codon recognition. This ex-
planation is supported by biochemical analysis of Sui™ elF1
variants showing that they weaken elF1 binding to the 40S
subunit, and accelerate elF1 dissociation from PICs recon-
stituted with mRNA containing a UUG start codon, com-
pared to WT elF1 (Cheung et al. 2007; Martin-Marcos
et al. 2013). It was unclear however whether a Sui™ variant
of elF1 would have a global effect on the accuracy of start
codon recogpnition in vivo.

Here we showed that elF1-L96P, one of the strongest
known Sui~ elF1 mutants (Martin-Marcos et al. 2011),
shown to be impaired for elF1 interactions with elF3c,
elF5, and the 40S (Obayashi et al. 2017), increases utiliza-
tion of the near-cognate start codons found at GRS and
ALAT1 that initiate translation of the amino-terminal exten-
sions of these proteins, relative to the sequences down-
stream encoding the shorter protein isoforms initiated
from internal AUG codons (Fig. 1B,C). Reporter assays
demonstrated that the increased translation of the ami-
no-terminal CDS of GRST in L96P cells is largely depen-
dent on its 5'-proximal UUG start codon (Fig. 6E). The
L96P mutation also increased the translation of hundreds
of NCC_uORFs with start codons representing all nine
near-cognate triplets (Figs. 1E, 5A). Reporter assays

L96P cells. Having found however

that eliminating the four NCCs dis-
cussed above essentially abolished
GRS1-FLUC expression (Fig. 6E, con-
struct 4), we presume that the addi-
tional upstream NCCs are not in the
same reading frame as GRS1.

DISCUSSION

Previous studies have shown that elF1
mutations that reduce its binding to
the 40S subunit or other components
of the scanning PIC, including the
sui1-L96P mutation studied here, in-
crease the frequency of aberrant initi-
ation at a UUG start codon relative to
initiation at an AUG codon on HIS4
or synthetic reporter mRNAs—the
Sui” phenotype—and also increase
initiation at the SUIT AUG codon in

FIGURE 6. Reporter gene analysis confirms that sui1-L96P decreases translation of the CPA1
and AHK1 main CDS by increasing uORF translation and increases utilization of NCC start co-
dons for the GRST amino-terminal extension. (A) Plasmid-borne luciferase reporters with FLUC
CDS fused to the 15th codon of the CPAT CDS with either the WT uORF (top) or a mutated
uORF with the AUG start codon altered to UAG (bottom) (depicted schematically on the
left), were introduced into WT and suil-L96P strains. Transformants were cultured in SC
—Leu—Ura medium at 30°C, diluted to Agoo~ 0.1, and cultured for ~3 additional doublings.
Firefly luciferase activities were assayed in WCEs and reported in relative light units (RLUs)
per mg of total protein, as means (+SEM) determined from four independent transformants.
(B) RPFs and mRNA reads on the AHK1 gene in WT and L96P cells, presented as in Figure
1A, showing the ARRO values for each of three nested uORFs all in the same reading frame
(listed below the uORF schematics) and average ARRO for all 3 uORFs (shown on the right).
(C.D) Plasmid-borne luciferase reporters with FLUC CDS fused to the 15th codon of the
AHK1 CDS with either the WT 5'UTR (top) or mutated 5'UTR with an internal deletion of all
three uORFs (bottom) (depicted on the left), were assayed for luciferase expression in WT
and L96P transformants as in A. The AHK1-FLUC expression ratio for the WT versus truncated
5'UTR s plotted for WT and L96P cells. (E) GRS 1-FLUC reporters with FLUC CDS (beginning at
the second codon, i.e., lacking the AUG start codon) fused to the CDS for the amino-terminal
extension (NTE) 6 nt downstream from the last in-frame NCC start codon (AUU), containing ei-
ther the WT NTE CDS (first row) or mutated NTE CDSs (rows 2—4) with the indicated substitu-
tions of the four in-frame NCC start codons (shown as gray vs. red ovals). Expression of firefly
luciferase in WT or L96P transformants was determined as in A. Expression of the GRST-
FLUC_UUC(1-4m) construct, lacking all four NCC start codons, is approximately sixfold above
the background signal of ~4.5 units.
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provided direct evidence that L96P increases initiation at
all near-cognate start codons except for the most poorly
recognized AAG and AGG triplets (Fig. 5D; Kolitz et al.
2009).

Interestingly, the L96P mutation also increased the
translation of many AUG-initiated uORFs, which we attrib-
uted to the fact that the majority of these uORFs exhibit
poor Kozak context for their AUG codons. Supporting
this interpretation, the increase in translation conferred
by L96P tends to be greater for the AUG_uORFs with the
poorest contexts compared to those with better (albeit still
relatively poor) contexts. We also observed that L96P in-
creased translation of the main CDSs of a small fraction
of MRNAs with poor-context AUG start codons, including
TEN1 and SWT1 mRNAs (Fig. 3B,C), which thus resemble
the SUIT mRNA encoding elF1 (Fig. 1A). Unlike the
AUG_uORFs, the AUG start codons of the majority of
main CDSs in yeast mRNAs are in good context, contain-
ing adenine at the critical —3 residue; consequently, there
are far fewer main CDS whose translation is increased by
L96P compared to the more widespread increase in trans-
lation observed for AUG_uORFs.

There were considerably more instances of mRNAs
showing reduced versus elevated translation of their
main CDSs in response to L96P (Fig. 4A,B), and we provid-
ed strong bioinformatic evidence that this decrease is as-
sociated with elevated uORF translation in these mRNAs,
including both AUG_uORFs and NCC_uORFs (Fig. 4C,
D), which is in keeping with the known inhibitory function
of uORFs (Hinnebusch et al. 2016). Direct evidence for
this mechanism was provided for CPAT mRNA, and possi-
bly also AHKT mRNA, both containing AUG_uORFs with
poor-context start codons whose translation is elevated
in L96P cells (Figs. 2A, 6B), by showing that decreased
translation of the corresponding reporter mRNAs in L96P
cells was eliminated by removing the uORFs (Fig. 6A,C).
Thus, we conclude that reducing the stringency of start co-
don recognition by an elF1 mutation can engender an in-
direct reduction in the translation of the main CDS of an
mRNA by increasing the translation of an uORF initiating
with an NCC or poor-context AUG start codon. A similar
mechanism underlies the negative autoregulatory loop
controlling elF5 expression in mammalian cells, as the
mRNA encoding elF5 contains a uORF with a poor-context
AUG codon whose translation is elevated in response to in-
creased elF5 abundance, a condition known to reduce ini-
tiation accuracy in cells, leading in turn to reduced
translation of the downstream elF5 CDS (Loughran et al.
2012).

While this work was in progress, a study on the effects of
depleting or eliminating WT elF1 in cultured mammalian
cells was reported (Fijatkowska et al. 2017), which de-
scribed certain results similar to ours, but other findings
that appear to differ from our observations on the elF1-
L96P mutant. In cells depleted or devoid of mammalian
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elF1, numerous mRNAs with NCC-uORFs showed in-
creased ratios of RPFs in uORFs versus main CDS (the pa-
rameter RRO defined here), in agreement with our
findings on NCC-uORFs in the L96P mutant (Fig. 1E).
Moreover, it was found that increased translation of the
group of NCC_uORFs on depletion of mammalian elF1
was associated with a modest reduction in average TE for
the main CDSs, consistent with the notion that eliminating
elF1 favors initiation at NCC_uORFs with commensurate
reduced initiation at downstream CDSs. We reached the
same conclusion here, as the L96P mutation tends to re-
duce the CDS TEs of mRNAs harboring NCC-uORFs whose
translation is elevated in the mutant (Fig. 4D). However, os-
tensibly at odds with our findings, it was observed that
mRNAs showing decreased main CDS TEs on mammalian
elF1 depletion tend to have poor AUG contexts compared
to those showing elevated CDS TEs. In contrast, we ob-
served increased TEs in L96P cells for the subset of main
CDS with the poorest AUG context scores (Fig. 3D-H).
Furthermore, unlike our finding that increased initiation at
AUG_uORFs is associated with decreased main CDS trans-
lation in L?6P cells (Fig. 4D), depletion of mammalian elF1
generally reduced, rather than increased, the uORF:CDS
translation ratios (RRO values) for mRNAs harboring
AUG_uORFs, having this effect only for NCC_uORFs.
Thus, in contrast to our findings for L96P, depletion of
elF1 from mammalian cells appeared to preferentially in-
crease utilization of NCC start codons at uUORFs while hav-
ing little effect on initiation at AUG codons at either uORFs
or main CDS. It seems unlikely that the relatively larger re-
sponse of AUG_uORFsin yeast L96P cells results from over-
all poorer contexts for AUG_uORF start codons in yeast, as
both AUG_uORFs and NCC-uORFs have equally poor con-
texts in mammals, well below that found for main CDS AUG
codons (Fijatkowska et al. 2017). Although increased utili-
zation of poor-context AUG codons at uORFs or main
CDS was not broadly observed on mammalian elF1 deple-
tion, it did confer the increased expression of elF1B (an ap-
parent elF1 paralog) and decreased expression of elF5
(Fijatkowska et al. 2017) expected from relaxed discrimina-
tion against the poor-context AUG start codons of the elF1
main CDS and the elF5 inhibitory uORF, respectively
(Loughran et al. 2012).

One possibility to explain the discrepancy noted above
might be that the L96P mutation produces a greater reduc-
tion in yeast elF1 function compared to the ~50% deple-
tion of WT elF1 protein achieved in the mammalian cells
(Fijatkowska et al. 2017), making it relatively harder to
detect a widespread reduced discrimination against
poor-context AUGs in the elF1-depleted mammalian cells.
Consistent with this possibility, the elF1-depleted mam-
malian cells displayed no growth defect, whereas the yeast
L96P mutant grows slowly (Martin-Marcos et al. 2011) and
shows a marked reduction in bulk translation (Supplemen-
tal Fig. S2D). Another factor could be that inactivation of
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yeast elF1 by L?6P appears to confer a quantitatively larger
increase in the utilization of NCCs versus poor-context
AUGs. Whereas L96P increased initiation between fivefold
and 20-fold for different UUG-initiated reporter mRNAs
(Fig. 5D; Martin-Marcos et al. 2011) and for the GRS1
UUG start codon (Fig. 1B), it rarely increased utilization of
poor-context AUG codons by twofold and many such
mRNAs show reduced not elevated TEs in L96P cells
(Fig. 3D, col. 3), thus suggesting that another feature(s)
of these MRNAs besides context contributes substantially
to their TEs. If comparable differential effects on NCC ver-
sus poor-context AUG utilization occurred in the elF1-de-
pleted mammalian cells, it would help explain why they
did not exhibit a detectable widespread increase in initia-
tion at poor-context AUGs.

In summary, our findings indicate that elF1 functions
throughout the yeast translatome to suppress initiation at
both near-cognate start codons and at AUG start codons
with poor Kozak context, both at main CDS and uORFs.
This activity of elF1 prevents abnormally high expression
of the amino-terminally extended isoforms encoded by
GRS1 and ALAT initiated by NCCs, but has limited effects
on the translation of the vast majority of main CDS because
they contain AUG start codons in a good context. In con-
trast, the ability of elF1 to discriminate against poor start
codons serves to prevent excessive initiation at uORFs ini-
tiated by either NCC or AUG codons—as the latter tend to
contain poor Kozak context—minimizing the inhibitory ef-
fects of the UORFs and thereby promoting the translation
of the downstream main CDS.

MATERIALS AND METHODS

Yeast strains and plasmids

Isogenic yeast strains containing WT or mutant alleles of SUIT
were constructed previously (Martin-Marcos et al. 2011) and are
described in Table 1. Plasmids used in this work are listed in
Table 2 and were generated as follows.

To construct the AUG-AUG and NCC-AUG dual-luciferase re-
porters depicted in Figure 5C, the FLUC and RLUC CDSs were
each placed 3’ of the promoter and NCC-depleted 5'UTR of
RPL41A and inserted separately into plasmid YCplac33 (Gietz
and Sugino 1988) in opposite orientations. For the AUG-AUG
construct, 386 bp upstream of the RPL41A CDS containing the

Table 1. Yeast strains used in this study

promoter, 5" UTR, and ATG codon, were amplified by PCR from
yeast genomic DNA using primers FJO201 and FJO202 (se-
quences of these and other primers listed in Table 3), thereby re-
placing its three near-cognate start codons at positions —3 (ATC),
-9 (ATT), and —12 (ATC) with noncognate triplets AAC, AAA, and
AAC, respectively; and the FLUC CDS beginning at the second
codon followed by the HIS3 transcription terminator were ampli-
fied from plasmid pRaugFFuug (Kolitz et al. 2009) using primers
FJO203 and FJO204. Equimolar amounts of the two PCR frag-
ments were mixed and reamplified using primers FJO201 and
FJO204, and the resulting fusion PCR product was digested
with Sacl and BamHI and cloned between the same sites in
YCplac33. A second reporter gene containing the RPL41A pro-
moter, NCC-depleted 5'UTR, RLUC CDS, and CYCT terminator
was generated in a similar manner using primers FJO205 to
FJO208 and inserted in the opposite orientation into the Hindlll
and BamHlI sites of the intermediate plasmid just described,
producing the AUG-AUG plasmid pFJZ1052. To generate the
various NCC-AUG reporters, the RPL41A promoter and NCC-de-
pleted 5’UTR in FJZ1052 was PCR-amplified using FJO201 as the
forward primer and the appropriate member of the set FJO209 to
FJO217 as a reverse primer to replace the ATG start codon with
the desired NCC codon. The resulting PCR products were digest-
ed with Sacl and Xmal and cloned between the same sites in
pFJZ1052 to generate plasmids pFJZ1053 to pFJZ1061,
respectively.

The WT CPAT-FLUC construct depicted in Figure 6A was con-
structed by PCR-amplifying 786 bp of native CPAT upstream se-
quences and the first 45 bp of CDS sequences from WT yeast
genomic DNA using primers FJO218-9, digesting the product
with Sacl and Xmal, and inserting it between the same sites in
pFJZ1052, to generate pFJZ1064. The ATG start codon in the
CPA1 uORF of pFJZ1064 was changed to TAG by a fusion PCR
strategy using primers FJO218/FJO220 to produce the first
PCR fragment, primers FJO221/FJO219 for the second fragment,
and primers FJO218/FJO219 for the fusion of the two fragments.
The final product was digested with Sacl and Xaml and inserted
between the same sites in pFJZ1064 to generate pFJZ1065.

Luciferase reporters AHK1-FLUC and AHKI1-FLUC_5'UTR_
truncated depicted in Figure 6C were generated in a similar man-
ner to that just described. Thus, 697 bp of native AHK1 upstream
sequences and the first 45 bp of CDS sequences were amplified
from WT yeast DNA using primers FJO222 and FJO223, and in-
serted between the Sacl and Xaml sites in pFJZ1052 to generate
pFJZ1066. The AHKT native sequence in pFJZ1066 was PCR-am-
plified using primers FJO222 and FJO224 to remove 168 nt from
the AHK15'UTR, position —5 to =172 from the main ATG, and the
resulting product was inserted between the Sacl and Xaml sites in
pFJZ1066 to generate pFJZ1067.

Strain Genotype Source or reference

PMY30  MATa ura3-52 leu2-3 leu2-112 trp1A-63 his4-301(ACG) suilA::hisG pJCB101 (sc LEU2 SUIT) (Martin-Marcos et al. 2011)
PMY31 MATa ura3-52 leu2-3 leu2-112 trp1A-63 his4-301(ACG) sui1A::hisG pPMBO1 (sc LEU2 sui1-K56E)  (Martin-Marcos et al. 2011)
PMY32 MATa ura3-52 leu2-3 leu2-112 trp1A-63 his4-301(ACG) suil1A::hisG pPMBO02 (sc LEUZ2 sui1-K60E) (Martin-Marcos et al. 2011)
PMY33 MATa ura3-52 leu2-3 leu2-112 trp1A-63 his4-301(ACG) suil1A::hisG pPMBO3 (sc LEU2 sui1-L96P) (Martin-Marcos et al. 2011)
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Table 2. Plasmids used in this study

Plasmid Description Source or reference
YCplac111 sc LEU2 cloning vector (Gietz and Sugino 1988)
pRaugFFuug Dual luciferase reporter RLUC(aug)-FLUC (uug) in URA3 vector (Kolitz et al. 2009)
pFJZ1052 Dual luciferase reporter RPL41A-RLUC(aug)-RPL41A-FLUC (aug) in URA3 vector This study
pFJZ1053 Dual luciferase reporter RPL41A-RLUC(aug)-RPL41A-FLUC (cug) in URA3 vector This study
pFJZ1054 Dual luciferase reporter RPL41A-RLUC(aug)-RPL4TA-FLUC (uug) in URA3 vector This study
pFJZ1055 Dual luciferase reporter RPL41A-RLUC(aug)-RPL41A-FLUC (gug) in URA3 vector This study
pFJZ1056 Dual luciferase reporter RPL41A-RLUC(aug)-RPL41A-FLUC (auc) in URA3 vector This study
pFJZ1057 Dual luciferase reporter RPL41A-RLUC(aug)-RPL41A-FLUC (auu) in URA3 vector This study
pFJZ1058 Dual luciferase reporter RPL41A-RLUC(aug)-RPL41A-FLUC (aua) in URA3 vector This study
pFJZ1059 Dual luciferase reporter RPL41A-RLUC(aug)-RPL41A-FLUC (acg) in URA3 vector This study
pFJZ1060 Dual luciferase reporter RPL41A-RLUC(aug)-RPL41A-FLUC (aag) in URA3 vector This study
pFJZ1061 Dual luciferase reporter RPL41A-RLUC(aug)-RPL4TA-FLUC (agg) in URA3 vector This study
pFJZ1064 CPA1-FLUC_uORF-WT in URA3 vector This study
pFJZ1065 CPA1-FLUC_uORF-MT in URA3 vector This study
pFJZ1066 AHK1-FLUC in URA3 vector This study
pFJZ1067 AHK1-FLUC_5’UTR-truncated in URA3 vector This study
pFJZ1068 GRS1-FLUC_UUG(wt) in URA3 vector This study
pFJZ1069 GRS1-FLUC_UUC(1m) in URA3 vector This study
pFJZ1070 GRS1-FLUC_UUG(2-4m) in URA3 vector This study
pFJZ1071 GRS1-FLUC_UUC(1-4m) in URA3 vector This study

To construct the GRST-FLUC reporter of Figure 6E, 728 bp of
native GRST upstream sequence was amplified from yeast geno-
mic DNA using primers FJO225 and FJO226 and inserted be-
tween the Sacl and Xaml sites in pFJZ1052 to generate
pPFJZ1068. The GRS1 sequence in pFJZ1068 was subsequently
amplified using forward primer FJO225 and reverse primers
FJO227,FJ0O228, or FJO229 to generate the three NCC-mutated
versions of the NTE indicated in Figure 6E. The resulting PCR
products were inserted between the Sacl and Xaml sites in
pFJZ1068 to generate plasmids pFJZ1069, pFJZ1070, and
pFJZ1071.

Biochemical assays using yeast cell extracts

Luminescence expressed from dual-luciferase reporters was mea-
sured as described previously (Kolitz et al. 2009). Analysis of poly-
some profiles was conducted as previously described (Walker
et al. 2013).

Ribosome footprint profiling and RNA-seq

Ribosome profiling was conducted essentially as described previ-
ously (Martin-Marcos et al. 2017) on yeast strains PMY30 (WT
SUIT) and PMY33 (sui1-L96P), examining two biological replicates
of each strain, cultured in SC-Leu at 30°C. As before, cells were
not treated with cycloheximide before harvesting, and cyclohex-
imide was added only to the lysis buffer at 5x the standard con-
centration. Moreover, RNase-trimmed ribosomes were purified
by velocity sedimentation through sucrose gradients prior to ex-
traction of mMRNA; and Illumina Ribo-Zero Gold rRNA Removal
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Kit (Yeast) was used on linker-ligated mRNA in lieu of poly(A) se-
lection. Generation, processing, and analysis of sequence librar-
ies of RPFs or total mRNA fragments, including Wiggle track
normalization for viewing RPF or RNA reads in the IGV browser,
were conducted exactly as described previously (Martin-Marcos
et al. 2017).

DESeq (Anders and Huber 2010) was used to identify signifi-
cant changes in mRNA, RPFs, or TEs between the mutant and
WT strains, a statistical package well-suited to identifying changes
in mMRNA expression or translation with a very low incidence of
false positives using results from only two biological replicates
for each of the strains being compared, provided the replicates
are highly correlated (as they were in our case [Supplemental
Fig. S3; Zhang et al. 2014; Lamarre et al. 2018]). Briefly, DESeq
operates by pooling information about variances of read counts
across the thousands of genes analyzed to model count variances
for genes of similar expression levels. The modeled variances are
used in the framework of a generalized linear model (GLM) to
identify expression changes and place confidence intervals on
the magnitude of changes, and also to exclude genes showing
aberrantly high variability. Transcriptional and translational
changes are analyzed together in a GLM by including library
type (MRNA-seq or Ribo-seq) as one of the variables, in addition
to genotype, in a multifactor design. The TE emerges as the effect
of the Ribo-seq library type against the mRNA-seq baseline, and
significant interactions of TE with the genotype indicate transla-
tional control by the gene product under consideration (Ingolia
2016). Genes with less than 128 total mRNA reads, or less than
40 total RPF reads, in the four samples combined (two replicates
of both WT and mutant strains) were excluded from the calcula-
tion of TE values.
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Table 3. Oligonucleotide primers used in this study

Name Sequence

FJO201 CCCGAGCTCGGTACCGCGGCCGCTGTAGATTGTCCACTATCTCATGTA

FJO202 CCCGGGGTGGTGGTGGTGGTGGTGTGCCATTTTGTTTGTTTGGTTGTGGG
TTAAGTCTGGTTCTTTTAGTACAAAATGG

FJO203 GCACACCACCACCACCACCACCCCGGGGAAGACGCCAAAAAC

FJO204 CCCGGATCCGGCCGCAAATTAAAGCCTTCGAGC

FJO205 CCCAAGCTTCCTGCAGGTGTAGATTGTCCACTATCTCATGTA

FJO206 GGGGTGGTGGTGGTGGTGGTGTGCCATTTTGTTTGTTTGGTTGTGGCTTAAG
TCTGGTTCTTTTAGTACAAAATGG

FJO207 GCACACCACCACCACCACCACCCCGGCACTTCGAAAGTTTATGATCCAGAAC

FJO208 CCCGGATCCGTCGACGATCCTATGAAATGCTTTTCTTGTTGTTCTTACGG

FJO209 TTCCCCGGGGTGGTGGTGGTGGTGGTGTGCCAGTTTGTTTGTTTGGTT

FJO210 TTCCCCGGGGTGGTGGTGGTGGTGGTGTGCCAATTTGTTTGTTTGGTT

FJO211 TTCCCCGGGGTGGTGGTGGTGGTGGTGTGCCACTTTGTTTGTTTGGTT

FJO212 TTCCCCGGGGTGGTGGTGGTGGTGGTGTGCAATTTTGTTTGTTTGGTT

FJO213 TTCCCCGGGGTGGTGGTGGTGGTGGTGTGCGATTTTGTTTGTTTGGTT

FJO214 TTCCCCGGGGTGGTGGTGGTGGTGGTGTGCTATTTTGTTTGTTTGGTT

FJO215 TTCCCCGGGGTGGTGGTGGTGGTGGTGTGCCTTTTTGTTTGTTTGGTT

FJO216 TTCCCCGGGGTGGTGGTGGTGGTGGTGTGCCGTTTTGTTTGTTTGGTT

FJO217 TTCCCCGGGGTGGTGGTGGTGGTGGTGTGCCCTTTTGTTTGTTTGGTT

FJO218 CCCGAGCTCACTTGCGGTGTTCGGCGGTAGGCGC

FJO219 TTTCCCGGG ACCATTTTGGATACAGAAAGTAGC

FJO220 GAAATAAAAAAAACATTATTAGTTTAGCTTATCGAAC

FJO221 GTTCGATAAGCTAAACTAATAATGTTTTTTTTATTTC

FJO222 CCCGAGCTCCCTAGCTAAAGTTACTATCAGCGCCA

FJO223 TTTCCCGGG CTT TAA TCC ACATTCATATAGTTGATT

FJO224 TTTCCCGGGCTTTAATCCACATTCATATAGTTGATTATGTATGGCAGGACCCA
TGCTT TAGGCACTAAGGATGTCTTCTAAC

FJO225 CCCGAGCTCAAGGAGGAGAAGGAAGACGTTTCTG

FJO226 TTTCCCGGGTCTTTTAATCTTAACCGATTTTTTAAC

FJO227 AATCCCGGGTCTTTTAATCTTAACCGATTTTTTAACAATCTGAGAGTAAAATC
GTCTACTGATATTGAAGAACGAGAATTTTTCTTGAAA

FJO228 AATCCCGGGTCTTTTAAGCTTAACCGATTTTTTAACAAGCTGAGAGTAAAAT
CGTCTACTGAGATTGAAGAACGACAATTTTTATTGAAA

FJO229 AATCCCGGGTCTTTTAAGCTTAACCGATTTTTTAACAAGCTGAGAGTAAAAT

CGTCTACTGAGATTGAAGAACGAGAATTTTTATTGAAA

As described previously (Martin-Marcos et al. 2017), uORFs
with evidence of translation in WT and elF1-L96P cells were iden-
tified by first using the yassour-uorf program of Brar et al. (2012) to
identify all potential uORFs within annotated 5'UTRs initiating
with either AUG or a near-cognate codon, and then quantifying
the RPFs mapping to the +1 and —1 codons of all putative
uORFs. A uORF was judged to be translated if the +1 to —1
RPF ratio exceeded four and the total RPF counts at +1 and —1 ex-
ceeded 15, and also if the reads in the zero frame are at least 50%
of the reads in all three frames. As described previously (Martin-
Marcos et al. 2017), this analysis was conducted on multiple ribo-
some profiling data sets to obtain a compendium of UORFs show-
ing evidence of translation in one or more profiling studies. After
excluding uORFs shorter than three codons, we identified 564
AUG-initiated uORFs and 5497 near-cognate uORFs. In the sec-

ond step, we validated ~51% and ~44% of the AUG uORFs and
near-cognate UORFs, respectively, by using a distinct uORF iden-
tification tool, RIbORF (Ji et al. 2015), based on the criteria of 3-nt
periodicity and uniformity of read distribution across uORF co-
dons. Applying a moderately stringent probability of prediction
of >0.5, RiIbORF confirmed that 290 AUG uORFs and 2430
near-cognate UORFs show evidence of translation in the data
sets from which they were first identified by the yassour-uorf pro-
gram. A bed file was generated containing the sequence coordi-
nates of every uUORF and combined with a bed file containing the
coordinates of the 5’UTR, main CDS, and 3'UTR of each gene, and
used to obtain RPF counts for 5’UTRs, uORFs, and main CDS in
each strain examined, excluding the first and last nucleotide trip-
lets of 5'UTRs, the first and last codons of uORFs, and the first 20
codons of main CDS. mRNA read counts were determined for all
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codons of the main CDS. DESeq (Anders and Huber 2010) was
again used for differential expression analysis of changes in TE,
RPFs, or RRO values, to impose cutoffs for minimum read num-
bers and to remove outliers for uUORFs.

For all notched box-plots, constructed using a web-based tool
at http://shiny.chemgrid.org/boxplotr/, the upper and lower box-
es contain the second and third quartiles and the band gives the
median. If the notches in two plots do not overlap, there is roughly
95% confidence that their medians are different.

The AUG context adaptation index (context score) (Miyasaka
1999) was calculated as AygCAl=(W_g X W_5 X W_4 X W_3 X W_p X
W_1 X Waq X Wap X We3)?, where w; is the fractional occurrence
of that particular base, normalized to the most prevalent base,
present in the ith position of the context among the ~270 most
highly expressed yeast genes, taken from the matrix of frequen-
cies and relative adaptiveness (w) of the nucleotide in the AUG
context of this group of ~270 reference genes (Zur and Tuller
2013). The context scores range from ~0.16 (poorest) to ~0.97
(best) among all yeast genes.

DATA DEPOSITION

Sequencing data from this study have been submitted to the
NCBI Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih
.gov/geo/) under accession numbers GSM2895472-
GSM2895475 in the GSE108334 records for ribosome profiling,
and GSE138599 for mRNA sequencing data.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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