7326-7338 Nucleic Acids Research, 2017, Vol. 45, No. 12
doi: 10.1093/narlgkx479

Published online 26 May 2017

elF5A facilitates translation termination globally and
promotes the elongation of many non
polyproline-specific tripeptide sequences

Vicent Pelechano'-" and Paula Alepuz?3-*

ScilLifeLab, Department of Microbiology, Tumor and Cell Biology. Karolinska Institutet, P-Box 1031. 171 21 Solna,
Sweden, 2Departamento de Bioquimica y Biologia Molecular, Facultad de Bioldgicas, Universitat de Valéncia, C/ Dr.
Moliner 50, E46100 Burjassot, Spain and 3ERI-BioteMed, Facultad de Bioldgicas, Universitat de Valéncia, C/ Dr.

Moliner 50, E46100 Burjassot, Spain

Received February 10, 2017; Revised May 05, 2017; Editorial Decision May 15, 2017; Accepted May 16, 2017

ABSTRACT

elF5A is an essential protein involved in protein syn-
thesis, cell proliferation and animal development.
High elF5A expression is observed in many tumor
types and has been linked to cancer metastasis. Re-
cent studies have shown that elF5A facilitates the
translation elongation of stretches of consecutive
prolines. Activated elF5A binds to the empty E-site of
stalled ribosomes, where it is thought to interact with
the peptidyl-tRNA situated at the P-site. Here, we re-
port a genome-wide analysis of ribosome stalling in
Saccharomyces cerevisiae elF5A depleted cells us-
ing 5Pseq. We confirm that, in the absence of elF5A,
ribosomes stall at proline stretches, and extend pre-
vious studies by identifying elF5A-dependent ribo-
some pauses at termination and at >200 tripeptide
motifs. We show that presence of proline, glycine
and charged amino acids at the peptidyl transferase
center and at the beginning of the peptide exit tun-
nel arrest ribosomes in elF5A-depleted cells. Lack
of elF5A also renders ribosome accumulation at the
stop codons. Our data indicate specific protein func-
tional groups under the control of elF5A, including
ER-coupled translation and GTPases in yeast and
cytoskeleton organization, collagen metabolism and
cell differentiation in humans. Our results support a
broad mRNA-specific role of elF5A in translation and
identify the conserved motifs that affect translation
elongation from yeast to humans.

INTRODUCTION

Translation is the process by which ribosomes read genetic
information (mRNAs) to produce new proteins. As all fun-

damental processes in life, translation is highly regulated
from initiation to elongation and termination. Translation
elongation does not occur uniformly along messenger RNA
(mRNA) and is modulated by different factors, e.g. the
chemical characteristics of the acceptor and of the donor
amino acid can affect peptide bond formation and slow
down elongation. In other cases, the nascent peptide can
interact with the ribosomal exit tunnel and can also stall
translation. Major effects in ribosome pausing have been
described specifically for proline and positively charged
amino acids. Given its unique side chain cyclized onto back-
bone nitrogen, proline acts as a bad acceptor and donor for
peptide bond formation, and results in stalled ribosomes
(1-6). In some cases, positively charged amino acids can
stall ribosomes by interacting with the peptide exit tunnel
(4,6-8). Besides single amino acids, the combination of spe-
cific residues can also block protein synthesis. This is the
case of the polyproline motifs formed by three consecutive
prolines or more. Recent evidence suggests that polypro-
line motifs induce ribosome pauses that require translation
elongation factor eIF5A in eukaryotes (or its homologue
EF-P in prokaryotes) to resume protein synthesis (9—-12).
elF5A is a translation elongation factor and an essential
protein in all eukaryotes. However, its effect in translation
has a direct impact only on 30-75% of global translation
(13,14). eIF5A is the only known protein to follow a post-
translational modification called hypusination. This modi-
fication is rare, but essential, and the enzymes that synthe-
size the hypusine on an eIF5A lysine residue are conserved
through evolution (reviewed in (15,16)). Research interest in
elF5A is currently growing because this protein is highly ex-
pressed during tumorigenesis in different cancer types (e.g.
pancreatic, hepatic, colon, lung and ovarian) and a high ex-
pression of specific elFSA isoforms has been linked to can-
cer metastasis (reviewed in (17-19)). In vitro experiments
initially showed that eIF5A is needed for the formation of
the first peptide bond and was, therefore, classified as a
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translation initiation factor (20,21). Later experiments have
shown accumulation of ribosomes blocked during transla-
tion elongation in cells that lack functional eIF5A, which
indicates its role as a non-essential factor for translation
elongation (22,23). Biochemical and crystallography studies
have revealed that hypusinated eIF5A can bind ribosomes
(24,25), and that a clear structural similarity exists between
eukaryotic eIF5A and bacterial EF-P, which resembles the
structure of a tRNA (reviewed in (15,16)). Current data sug-
gest that eIF5A could bind stalled ribosomes with a free E-
site, and then eIF5A and its hypusine moiety would force
a productive positioning of the CCA-end of the P-tRNA
to facilitate the transfer of the nascent chain from P-tRNA
to A-tRNA (26). Moreover, studies with EF-P have shown
that the elongation factor contributes to the formation of a
peptide bond with proline in an entropic way by providing
a better orientation of Pro-tRNA for the catalytic reaction
at the peptidyl transfer center (27). Therefore, these results
explain how eIF5A promotes the elongation of paused ri-
bosomes at polyproline motifs.

elF5A depletion results in pleiotropic phenotypes, im-
plicating eIF5A in multiple cellular processes; e.g., cell cy-
cle progression (28), actin dynamics (29), cotranslational
translocation of proteins into the endoplasmic reticulum
(ER) (30), apoptosis, cell migration and metastasis (17-19).
Except for polarized growth during yeast mating, where we
previously showed that hypusinated elF5A is required for
the translation of the polyproline motifs of formin Bnil
(12), there is no direct connection between the translation
role of eIF5A and its physiological phenotypes. In bacte-
ria, EF-P has proven important for the translation of not
only PPP motifs, but also of distinct diprolyl motifs (e.g.,
DPP, PPD, APP, PPG, PPW) (31-34), where the effect on
translation is modulated by the specific amino acids that
surround the proline-rich motif (34,35). Recent proteomic
studies conducted in eukaryotic cells that lack functional
elF5A have identified proteins with altered levels. However,
not all PPP-containing proteins are down-regulated and
many regulated proteins do not contain polyproline mo-
tifs (36-38). Although proteomic approaches are sensitive
to not only protein synthesis, but also to protein degrada-
tion, lack of a good correlation between regulated proteins
and polyproline motifs renders the determination of the ri-
bosome pausing provoked by elF5A depletion in eukary-
otes on a high-precision and genomic scale necessary.

Here, we report a genome-wide analysis of ribosome pro-
tected regions in S. cerevisiae eIF5A-depleted cells using
SPseq (39). This method allows ribosome stalls to be studied
by sequencing 5 phosphorylated mRNA co-translational
degradation intermediates (40). This approach offers an in
vivo snapshot or ribosome footprints, and does not require
the use of translation inhibitors or in vitro mRNA diges-
tion (41). Our 5PSeq data indicate that presence of proline,
glycine or charged amino acids at specific positions of the
peptidyl transferase center and at the beginning of the pep-
tide exit tunnel stalls translation in the absence of eIF5A.
We confirmed the role of elF5A in facilitating the trans-
lation of polyproline sequences at different yeast proteins
at a single nucleotide resolution. We also extend previous
studies by showing how elF5A-depletion stalls translation
at more than 200 tripeptides (3% of all possible motifs),
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many of which with no proline. Lack of eIF5A also renders
ribosome accumulation at the stop codons. Our data also
point to specific gene functional groups under the control
of eIF5A in yeast and humans.

MATERIALS AND METHODS
Growth conditions and sample preparation

Saccharomyces cerevisiae haploid strains wild-type BY4741
(M ATa his3 A0 leu2 AO met15 A0 ura3 AQ) and temperature-
sensitive elFSA mutants tif51A4-1 and tif51A4-3 derivatives
of the BY4741 strain (42) were grown in liquid YPD (1%
yeast extract, 2% peptone, 2% glucose) media at 25°C until
the exponential phase. Then cells were transferred to 37°C
and were incubated for 4 h. Cells were harvested and pel-
lets were frozen in liquid nitrogen and kept at —80°C until
further 5PSeq processing. From the same cultures, the cells
grown at 25°C, and also after 3 and 4 h of incubation at 34
and 37°C, were collected for subsequent protein analyses by
Western blot. To check growth at permissive and restrictive
temperatures, the yeast cells from fresh plates were streaked
in YPD solid media and plates were incubated at 25 and
37°C for 2 days.

Western blot

Protein extraction and Western blot analyses were per-
formed as previously described (43,44). A specific anti-
elF5A polyclonal antibody (kindly provided by S.R. Valen-
tini, Sao Paulo State University) (45) was used to visu-
alize the Tif51A protein. As described, the tif51A-3 pro-
tein showed slightly lower electrophoretic mobility than the
wild-type protein due to the G118D mutation (45).

RNA extraction

Total RNA was extracted from yeast cells by phe-
nol:chloroform extraction, as described in (46). Briefly, cell
pellets were resuspended in LETS buffer (100 mM LiCl,
10 mM EDTA, 10 mM Tris—=HCI pH 7.5, 0.2% SDS) and
acid phenol-chloroform (5:1) and acid-washed glass beads
(0.5 mm, Sartorius) were added. Cells were broken in Fast-
Prep (MP-Biomedicals) and cell debris was pelleted. The
supernatant was extracted with chloroform:isoamyl alco-
hol (24:1). The aqueous phase was precipitated with LiCl
and cold EtOH, and then stored at —20°C. RNA pellets
were washed with 70% (v/v) EtOH and then resuspended
in the desired volume of RNase free water. The amount of
RNA was quantified in a Nanodrop 2000 Spectrophotome-
ter (Thermo Scientific) and RNA integrity was checked by
agarose electrophoresis.

The 5PSeq method

The SPSeq method was performed as previously described
(40) with minor modifications. Specifically, 1 wg of total
RNA was treated with DNAse and the 5 phosphorylated
mRNA ends were ligated to a DNA/RNA oligo that con-
tained a unique molecular identifier. After single-stranded
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RNA ligation, RNA samples were purified using Agen-
court AmpureXP beads (Beckman Coulter) and RNA in-
tegrity was confirmed by running agarose gel electrophore-
sis. The rest of the sample was subjected to partial rRNA
depletion using the RiboCop rRNA depletion kit (Lexo-
gen). The rRNA-depleted sample was fragmented, reverse-
transcribed and subjected to a one-cycle PCR reaction to
generate a library that contained the cDNA which orig-
inated from the 5 phosphorylated mRNA molecules. Bi-
otinylated cDNA fragments were captured using magnetic
streptavidin beads, subjected to end-repair, dA addition and
ligation of the P7MPX adapter compatible with illumina
sequencing, as previously described (40). The streptavidin
bound libraries were PCR-amplified (18 cycles), pooled and
size-selected (300-500 nt). Samples were sequenced using a
NextSeq500 to produce single-end 75 reads, and were de-
multiplexed using Illumina BaseSpace servers.

Sequence analysis

For each read we trimmed the first 8 nt (UMI, unique
molecular identifier) and aligned the rest to the S. cere-
visiae genome (version R64-1-1) using Hisat2 with default
parameters (except when limiting the maximum intron size
to 2 kb). The reads with the same 5'mapping site and UMI
were considered PCR duplicates, and were omitted from
the analysis. We calculated differential ribosome pausing
for each motif counting 5PSeq reads at a defined distance
from the motifs genome-wide and computed their differ-
ential expression using DESeq2 (47). Briefly, a raw read
count table was generated for the genome-wide aggregate
of each motif in each replicate (Supplementary Dataset).
The differential expression was computed across strains
by taking into account the variability of biological repli-
cates. An adjusted P-value was computed using Benjamin—
Hochberg and shrunken fold-changes as implemented by
DESeq?2 (47). For the tripeptide analysis, all the possible
combinations of motifs were analysed. For pentateptides,
we restricted the analysis to those motifs that resulted from
extending the 241 identified significant regulated tripep-
tides. For visualization purposes, the metagenes of the mo-
tifs were drawn using the raw abundance 5P intermediates
in reads per million (rpm, Figure 1). Alternatively, to facili-
tate the visualization of codon-specific regulation, the total
number of reads per sample in each metagene window (e.g.
—-80 to +20 from a motif) was normalized to the same total
number of reads (normalized rpm). Independently of visu-
alization, P-values and significance were computed with a
raw number of unique identified molecules. The hierarchi-
cal cluster between the identified motifs was computed us-
ing Euclidean distances as defined by Biostrings (R package
2.40.2) and the complete linkage method. Weblogos were
constructed using the online tool at http://weblogo.berkeley.
edu/

RESULTS

elF5A depletion increases ribosome accumulation at start
and stop codons

We aimed to analyse genome-wide the in vivo stalls of ri-
bosomes in eIF5A-deficient S. cerevisiae cells. For this pur-

pose we used the recently developed 5PSeq technique, which
measures at a codon resolution the in vivo ribosome foot-
prints generated by cellular co-translational 5'-3' mRNA
degradation (39). Since eIF5A is an essential protein in
yeast, we used two el FSA temperature-sensitive strains that
contained a single Pro83 to Ser mutation (¢if51 A-1), and the
double Cys39 to Tyr and Gly118 to Asp mutations (zif51 A-
3), in the highly expressed gene TIF51A (HYP2), which en-
codes the elF5A protein (42,45). Both mutants grew well
at 25°C and were unable to grow at 37°C. tif51A-3 showed
a more severe growth defect than tif51A-1 at intermediate
temperatures (Figure 1A and (12)). We incubated the wild-
type and the two eI F5A mutant cells at 37°C for 4 h, condi-
tions under which almost no drop in cell viability for both
mutants was noted, but a significant reduction in the eI[FSA
protein took place (eIF5A protein levels, compared to the
wild type ones, lowered to 0.17£0.13 and 0.18+0.10, respec-
tively, in the tif51 A-1 and tif514-3 mutants, n = 3) (Figure
1B and (12)). We performed three independent SPSeq ex-
periments (40) with each tif51A-1 and tif51 A-3 strain, and
compared to two independent experiments with the isogenic
wild-type BY4741 strain (see Methods and Figure 1C for
details, and Supplementary Figure S1 for experiment repro-
ducibility).

As we previously described, 5P mRNA degradation in-
termediates produced in vivo ribosome footprinting that
peaked 17 nt upstream of the first nucleotide of the codon
at the A position in the ribosome, and presented a clear
three nucleotides periodicity (39) (Figure 1D). Surprisingly,
we also observed a clear sharp accumulation of the 5PSeq
reads at position -14 of the start codon (corresponding to
a ribosome paused at the P site during initiation) in the
tif51A-3 mutant, but not in tif5/A-1 cells. This ribosome
pausing was reminiscent of the general ribosome accumu-
lation at the translation start site caused by the addition of
cycloheximide or the naturally-occurring one in the station-
ary phase (Supplementary Figure S2A). Although eIF5A
has been firstly described as a translation initiation factor
(20,21), later reports have clearly established a role in trans-
lation elongation (22,23). The fact that this ribosome accu-
mulation at the start codon was observed only in the #if574-
3 mutant, which showed a more defective growth phenotype
than tif51A-1, suggests that this pause could be a conse-
quence of a stronger inhibition of translation elongation in
the tif51A4-3 mutant, which could limit the availability of
free ribosomes for initiation (48). As saturated yeast cul-
tures (in stationary phase, Supplementary Figure S2A) also
produce a clear accumulation at the translation initiation
level, we cannot rule out that this pause could be caused
by slower growth in the #if514-3 mutant. However, as that
phenotype is not observed in slower cultures grown in syn-
thetic defined minimum media (SD, Supplementary Figure
S2A) or in the alternative tif51A-1 mutant, a severe effect
associated to the mutation present in the zif5/A4-3 strain is
likely.

The ribosomes that paused at the stop codon in the
wild-type yeast cells produced a clear peak, situated 17 nu-
cleotides upstream of the stop codon (39). Here we found
greater ribosomal footprinting at that position for both mu-
tants tif51A4-1 and tif51 A-3, which suggests that the e[F5A
factor is necessary for the termination of translation (Fig-

8102 J18qWIBAON /Z UO 1asn eloug|eA ap 1elsIaAIun Aq ¥S64S8E/9ZE /2 L/STAorASqe-a]oile/leu/woo dno olwapeoe//:sdiy Woll papeojumo(]


http://weblogo.berkeley.edu/

Nucleic Acids Research, 2017, Vol. 45, No. 12 7329

C

4 h ‘,P"y}
37°C_ _34°C  _37°C X "ﬂa‘-\j

25°C 37°C 3h
25°C 34°C
12 3 2 3

anti-elF5A

1: wt;

O

2: tif51A-1; 3: tif51A-3

23123123 5’P dependent
ssRNA ligation
—- E— N8 AAAAA

5PSeq library construction‘

N8
‘N8

-14

800
|

400

Sum 5PSeq coverage (rpm)
0

200
1

o

S ]

A 47 — wt

8 — tif51A-1
2 7 T — tif51A-3

Distance from Start codon (nt)

100 -100 -80 -60 -40 -20 0 20 40

Distance from Stop codon (nt)

Figure 1. elF5A depletion yields a marked pause at the stop codon. (A) Growth of wild-type BY4741 and eIFSA temperature-sensitive mutant cells #if57 A4-
1 and tif51A4-3 in YPD media at permissive (25°C) and restrictive (37°C) temperatures. (B) Western blot analysis of eIF5A depletion. Cells were grown
in YPD until the exponential phase and were then transferred to the indicated temperatures. Proteins were extracted and analysed by Western blot. The
elF5A protein was visualized with a specific anti-e[F5A antibody. (C) Outline of the SPSeq method. (D) The metagene analysis displaying the abundance
5'P intermediates in reads per million (rpm) in relation to the ORF start (left panel) and stop (right panel) codons.

ure 1D). Ribosome accumulation at the stop codon also
caused the appearance of a secondary peak (47 and —50
nt), which is consistent with the protection of a second ribo-
some stalled in close proximity to that paused at the termi-
nation step. Similar disome patterns have been documented
for pauses, such as that provoked in wild-type cells during
oxidative stress at the stop codon, or more extreme pauses
like those induced by the inhibition of histidine biosynthesis
by 3-AT (39) or in the dom34A mutant (49). Presence of a
proline residue immediately before the stop codon has been
described to result in slower termination (50,51). However,
in tif51 mutants, the strong pause observed at the stop was
independent of presence of proline (Supplementary Figure
S2B).

elF5A depletion pauses the ribosome at the proline, glycine
and charged amino acid codons at specific positions in the ri-
bosome

Different features of codons and encoded amino acids have
been suggested as being responsible for ribosomal velocity
(2,4,6-8,41,52). We investigated the ribosomal footprinting
signals at the 61 sense codons and the three non-sense stop
codons in elF5A-deficient strains, which we compared to
the wild-type cell signals. We studied the 5'P footprints that
corresponded to the specific locations of the investigated

codon (or the corresponding amino acid) in the ribosome:
site A at position —17, site P at position —14, positions —11
and -8 that corresponded to the second and third amino
acids upstream of site P and moved into the peptide exit
tunnel, and position —20, the adjacent downstream posi-
tion of site A (Figure 2A and (39)). Our results showed that
presence of proline, glycine, and the charged amino acids
arginine, lysine and aspartate, induced significantly higher
ribosome footprinting signals in the elF5A-deficient cells
(Figure 2B, Supplementary Figure S3A and Supplementary
dataset). The disparity in the intensity of the ribosome foot-
prints between the eI[F5A mutants and wild type was greater
for the strain that carried two point mutations in eIF5A
(tif51A4-3) than was for that which carried only one-point
mutation (#if51A4-1). We observed similar SPSeq footprints
for different synonymous codons for proline (Supplemen-
tary Figure S3B), which suggests that the observed ribo-
some accumulation is an amino acid and not a codon effect.

Next we examined the 5'P profiles associated with the
amino acids that caused higher ribosomal footprinting sig-
nals in the eIF5A mutants (Figure 2C). For proline, we de-
tected strong accumulation signals at positions—11and-17,
and less intense ones at —14. This result agrees with the fact
that eIFSA is necessary for the translation of polyproline
motifs (i.e. PPP) and facilitates the formation of the pep-
tide bond between the second and third proline (9,12). To
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Figure 2. elF5A depletion reveals increased pauses at proline, glycine and charged amino acids. (A) The correspondence between the ribosomal sites
occupied by codons and sequencing reads, as measured by 5PSeq. (B) The differential ribosome pausing for all amino acids at —11, —14 and —17 nt from
the selected codon. Significantly regulated differences (adjusted P-value < 0.01) in red. (C) The metagene that represents the SPSeq intermediates for the
indicated amino acids and positions. To facilitate the identification of codon-specific regulation and sample comparison, the total number of reads for each

metagene (—80 to +20 window) was normalized.

study whether the proline-associated pauses at positions —
11 and —17 were the result of these prolines forming part
of a PPP motif (with P present at positions —11, —14 and —
17), we studied the proline-associated pauses according to
the neighboring amino acids. This analysis showed that the
isolated prolines, when no other proline was immediately
upstream or downstream (XPX motif, being X different of
P), presented pauses at —14 and -8 (Supplementary Figure
S3C). Our results supported the role of eIF5A in the for-
mation of a peptide bond with the imino group of the pro-
line situated at the P- and A-sites, and, more importantly,
they suggest that eIF5A promotes peptide bond formation
while proline enters the exit tunnel of the ribosome (proline

at the second position upstream of the P-site; see the scheme
in Figure 2A). In addition to this effect, presence of multi-
ple adjacent prolines is associated with increased ribosome
pausing (see below).

More intense 5P signals in the eIF5A mutants were also
observed for glycine at position —14, and also at positions —
17 and 8. For the basic amino acids, lysine and arginine, the
most marked pause was detected at the —11 position, and at
-8 for the acidic amino acid aspartic (Figure 2C). All these
pauses suggest that e[F5A alleviates the inhibition of trans-
lation that takes place when these amino acids have been
incorporated into the nascent polypeptide chain, and they
move through the ribosomal exit tunnel. Indeed it is known

8102 J18qWIBAON /Z UO 1asn eloug|eA ap 1elsIaAIun Aq ¥S64S8E/9ZE /2 L/STAorASqe-a]oile/leu/woo dno olwapeoe//:sdiy Woll papeojumo(]



in some cases that the interaction between the nascent pep-
tide and the initial part of the ribosomal exit tunnel can lead
to ribosome arrest (6,35,53).

Altogether, our results suggest that eIF5A alleviates the
ribosome stalling produced by the incorporation of proline,
glycine, and positively and negatively charged amino acids,
into the nascent peptide chain.

elF5A facilitates translation elongation at not only polypro-
line, but also at many other tripeptide motifs

The detected ribosome pauses associated with amino acids
other than proline suggests that eIF5A plays additional
roles than the previously described function to facilitate
the synthesis of polyproline motifs (9,12). Studies in bac-
teria have shown that addition of basic, acidic and other
specific amino acids in the diprolyl motif (PP) context in-
creases translation pausing, which is alleviated by elF5A
homologous EF-P (31,32,35). In mammals, proteomic anal-
yses have shown that eIF5A depletion causes the down-
regulation of many proteins with no polyproline motif (36—
38). To clarify which amino acid motifs provoke elF5A-
related pauses in yeast, we computed the differential 5'P
protection associated with all the possible tripeptide mo-
tifs (Figure 3). Many tripeptide motifs presented signif-
icant differential protection when comparing the elF5A
mutants with the wild-type strain (38 in #if5/A4-1 and 238
in tif51A4-3, fold change>1.6 or <0.6, and P-value<0.01;
and 151 tripeptide motifs at a more restrictive cutoff, fold
change >2.0 or <0.5, and P-value <0.001) (Figures 3A
and Supplementary dataset). We observed an increased di-
some signal (~44 to 41 nt upstream) for many tripeptides,
which indicates strong pause and ribosome stacking (Figure
3C-Q). Despite many motifs being associated with e[F5A-
dependent pauses, the motifs at different positions of the
ribosome clustered in a few groups and revealed specific
shared features for the identified tripeptide sequences (Fig-
ure 3B, Supplementary Figure S4 and Supplementary Table
S1).

Firstly, all except three of the motifs associated with the
translation pauses in tif51A-1 were also identified in the
tif51 A-3 mutant. This confirmed our previous observation
that cells with the double eIFSA mutation exhibit a simi-
lar (but stronger) phenotype to the single eIFSA mutant.
From our 5PSeq, we also observed that a high percentage of
the tripeptide motifs contained a diprolyl (PP) motif (43%
in tif51A4-1 and 15% in tif51A4-3), and these motifs were
mostly stronger and more significant (Supplementary Ta-
ble S1 and Supplementary dataset). These prolyl-rich mo-
tifs rendered a high stalling signal at positions —11 for the
PPX motifs and at -8 for the XPP motifs, where X indi-
cated any amino acid (Figure 3C and Supplementary Figure
S3C). These results indicated that the strongest ribosomal
pauses occurred with peptidyl-Pro-Pro-tRNA at the P-site
(that corresponded to 5'P accumulation at -8 in relation to
XPP, and at —11 in relation to PPX; see Figure 2A). This re-
sult agrees with similar phenomena described in Escherichia
coli that lacked EF-P using ribosome profiling (32,35). In
bacteria, ribosome profiling experiments have shown that
stalling at PP dipeptides is enhanced by the presence of spe-
cificamino acids upstream and /or downstream of the motif.

Nucleic Acids Research, 2017, Vol. 45, No. 12 7331

Remarkably, the pausing motifs that we identified in yeast
contained all the tripeptides that have been previously de-
scribed to cause strong stalling in bacteria (PPP, PPG, PPQ,
PPR, PPD, PPW, PPN, DPP, EPP, GPP and APP) ((31-35)
and reviewed in (54)).

Additionally, several of the identified elFSA-dependent
pause motifs contained a dipeptide GG (3% in tif51 A4-1 and
8% 1in tif51A-3), with peptidyl-Gly-tRNA at the P-site and
Gly-tRNA at the A-site. We also observed that a significant
number of motifs (40% in tif51A-1 and 12% in tif51A4-3)
contained positively charged amino acids at positions 5" and
3/, thus rendering a motif (R/K)X(R/K). In these tripep-
tides, the 5’ basic amino acid was situated mostly at —11.
Motifs with dipeptides PG and GP were also abundant with
glycine situated mostly at —14 (P-site) (8% and 6%, respec-
tively). Finally, 13% of the tripeptide motifs contained neg-
atively charged amino acid D at the first 5’ position and pro-
line and/or glycine in the downstream positions (Figure 3,
Supplementary Figures S4 and S5 and Supplementary Ta-
ble S1). These DXX motifs were found at -8, —11 and 14,
which indicates that the pause was caused when aspartic was
placed at the beginning of the peptide exit channel. All these
data indicate that eIF5A alleviates the translational elonga-
tion stalling at the mRNAs which encode for many differ-
ent specific tripeptide motifs, and may explain the previous
puzzling results which indicated a strong impact in global
translation by eliminating eIF5A (13,14).

Unexpectedly, we also found tripeptide motifs (eight in
tif514-1 and the same motifs, plus five other motifs in
tif514-3) with fewer 5P intermediate reads in the eIF5SA
mutants than in the wild type. This finding suggests that
these motifs produce a ribosome pause only in the pres-
ence of el FSA (Figure 3 and Supplementary Table S1). Four
(SKE, SNE, SPE and SRE) of these 13 motifs contained
sequence SXE. When we re-analyzed our previous work
(39), we found that wild-type cells also exhibited a ribosome
pause associated with those motives. Interestingly, the ribo-
some pausing at those locations was highly regulated ac-
cording to the physiological state of the cell, e.g. the SKE
and SRE associated pauses increased dramatically in cells
in the stationary phase, while the PIY associated pause was
lost in the stationary phase, but increased for the cells grown
in minimum media (SD) (Supplementary Figure S5B). This
result suggests that e[F5A may play a role in regulating the
translation elongation of these motifs during environmen-
tal adaptation and stress. However, more research is needed
to fully understand the translation elongation mechanism
that acts on SXE motifs.

Having described the specific tripeptide motifs associ-
ated with differential translation regulation, we studied the
impact of eI[F5SA depletion on individual genes. 5PSeq, as
well as any other genome-wide approach to study ribo-
some footprints, produces relative sparse coverage at an in-
dividual gene level. For this reason, we focused our analy-
sis on the genes that contain polyproline motifs (PPP). In
line with our and other previous works (9,12), we detected
the accumulation of 5'P intermediates in close proximity to
the polyproline motifs encoded in genes BNII, VRPI and
EAPI (Figure 4 and Supplementary Figure S6). These re-
sults confirm that SPSeq can identify previously validated
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Figure 3. Multiple tripeptide motifs influence eIFSA-dependent translation. (A) Differential ribosome pausing for all tripeptide motifs. Axes represent the
raw number of reads for the metagene of each motif. Significantly regulated differences (adjusted P-value < 0.0001) in red, computed using shrunken log,
fold changes (see the Methods). (B) Hierarchical cluster depicting tripeptide motifs associated to eI[F5A-dependent stall at —1 1nt. (C—H) The metagene that
represents the 5PSeq intermediates for the selected tripeptide motifs. The total number of reads for each metagene (80 to +20 window) was normalized.

pauses, and can be used to identify ribosome stalling at the
single codon level.

Influence of the amino acids that precede the eIF5A-regulated
tripeptide motifs in ribosome stalling

Polyproline, and the other tripeptides motifs associated
with ribosome pausing in el[F5A mutants, are widely dis-
tributed in the yeast proteome, which means a vast num-
ber of putative eI[F5A-translational regulated mRNAs. In
bacteria, the sequence context of the polyproline motif can
modulate translational stalling (34,35), and the residues
upstream of the stalling motif can enhance or suppress
this effect (55). To gain more information about elF5A-
dependent stall sites, we analysed the contribution of two
additional upstream residues for all the tripeptide motifs
presenting the above-identified e[F5A-dependent differen-
tial ribosome stalling. We calculated the pauses associated
with the selected pentapeptides (i.e. all possible combina-
tions of two random upstream amino acids, followed by the

previously identified 241 significant regulated tripeptides)
in relation to 5'P positions —17, —14, 11, -8, -5 and -2, i.c.
with ribosomal A-site occupied by the first, second, and up
to the fifth, amino acid in the pentapeptide motif. As we
can see in Supplementary Figure S7A, the number of motifs
with significant differences (P-value < 0.01) between mu-
tants tif51A-1 and tif51A4-3 and the wild type was larger at
positions -8, —5 and -2, which once again indicates the ef-
fect of eIFSA on the elongation of the selected tripeptide
motifs as these amino acids move into the ribosomal exit
tunnel. We then selected the pentapeptide motifs that gave
the most significant pauses, P-value <0.001, at positions —
11,-8,-5and -2, and observed 38 pentapeptide motifs that
yielded pauses in mutants tif5/A4-1 and/or tif51A4-3 versus
the wild type, and 11 pentapeptide motifs with higher 5P
intermediates in the wild type than in the eIF5A mutants
(Figure 5 and Supplementary Figure S7B-C). Interestingly,
several pentapeptides were coincident in the amino acids
at the specific positions in relation to the A-site of the ri-

8102 J18qWIBAON /Z UO 1asn eloug|eA ap 1elsIaAIun Aq ¥S64S8E/9ZE /2 L/STAorASqe-a]oile/leu/woo dno olwapeoe//:sdiy Woll papeojumo(]



Nucleic Acids Research, 2017, Vol. 45, No. 12 7333

130,000 bp 131,000 bp 132,000 bp 133,000 bp 134,000 bp 135,000 bp
| | | | | | | | | | | | |
Ll
w il o NII | oo |||||| TRITN (NN 1
23
tif51A-1 [ |
J..u_....L_u......_.._ e e e aa lanh ‘I-- A A R R B I R P R,
) 18
tlf51A-3 ’V TP I T PR S, 5 [y .I..L.;_......, —anaa .J_..I.-L..__.._-_.. A
Pro IR T T T TR R
[ |
A
| | | | 1 | | | ]
wt 3{
tif51A-1 47[ LL
- ——m l-l._-. e e
3 14
1if51A-3 [ o 111 P
Pro -

LT T T T T T O T T T I TECTTITTTIN
SERFIEKEPMPIRPIEPIRPIEPIBNONS BVESERTE LB

Figure 4. 5PSeq signals identify eI[F5A-dependent ribosome stalling at particular genes. Coverage of the 5PSeq reads (collapsed to the single 5'nucleotide)
for the BNII gene in wild type (black), #if51A4-1 (blue) and ¢if5/ A-3 (red). Proline codons are depicted in green.

%1 PPPPP a1 o " | GGFPG a1 PRI

BN

20
I
T OX XX X

5PSeq coverage (normalized rpm) >
. oY)
5PSeq coverage (normalized rpm)

20 0 20
C D .
Qo =7 41 11 0

E ] £ DVGGQ
= o N —i wt
B 2 @ X
[CHE N X H
N s u | tif51A-1
(] & 4
IS g 1?\9 H
5 5 g/ — tif51A-3
= :D/ ©w | -14 -17-20
 © A PA
g g
o o o
% < B
8 o

o
& o - % 0
(2]
& i
o] o A 7 events \ L

T T T T T
-80 -60 -40 -20 0 20
Distance from motif (nt) Distance from motif (nt)

Figure 5. Extended context of peptide motifs influence eIF5A-dependent pausing. (A-D) The metagene that represents the SPSeq intermediates for the
selected pentapeptide motifs, and a scheme of their location in the ribosome exit tunnel. The total number of reads for each metagene (80 to +20 window)
was normalized.

8102 J18qWIBAON /Z UO 1asn eloug|eA ap 1elsIaAIun Aq ¥S64S8E/9ZE /2 L/STAorASqe-a]oile/leu/woo dno olwapeoe//:sdiy Woll papeojumo(]



7334 Nucleic Acids Research, 2017, Vol. 45, No. 12

bosome (Supplementary Figure S7B and C), so they can
be considered extended motifs (e.g. TAKPPPNS). To fur-
ther dissect the influence of the polypeptide context for the
prolyl-associated pauses, we also analyzed PPP motifs with
respect to the observed pause. We noted that stalling at PPP
was favored in some upstream peptide contexts, but was dis-
advantaged in others (Supplementary Figure S7D).

The number of proteins that contained each specific pen-
tapeptide motif, and the number of proteins that contained
the pentapeptide motifs which corresponded to each ex-
tended motif, was small, except for the group of proteins
with five consecutive prolines (PPPPP). However, we found
that gene ontology (GO) functional categories were over-
represented in several pentapeptide protein groups (Supple-
mentary Table S2). As expected, the GO categories ‘actin
cytoskeleton organization’ and ‘mating projection tip’ were
overrepresented in the proteins that contained the PPPPP
motif (Supplementary Table S2). This result agrees with the
physiological role of eIF5A in shmoo formation and fer-
tility (12). We also found that the five proteins which con-
tained motif GGFPG, encoded by genes SSA1-3, SISI and
YDJI1, were involved in ‘protein folding’ (P-value = 4.6E-
8) and, all except SISI, were also involved in the ‘target-
ing of proteins to the endoplasmic reticulum (ER)’ (P-value
= 5.2E-7) (Supplementary Table S2). In particular, we ob-
served a clear increase in the 5'P reads at position —2 of the
GGFPG motif, which indicates pauses with the fifth amino
acid, glycine, at the P-site and the previous four amino
acids, GGFP, entering into the exit tunnel (Figure 5B).
Another elF5A-dependent pentapeptide motif, DKGRL,
was present in the chaperone ATPase proteins encoded by
SSA1-4 and KAR?2, involved in ‘SRP-dependent cotransla-
tional protein targeting to the membrane’ (P-value = 2.5E—
12) (Supplementary Table S2). In this case, the stalling at
the DKGRL motif was observed at position —8, with glycine
at the P-site, arginine at the A-site and the charged amino
acids aspartic and lysine in the ribosomal exit tunnel (Fig-
ure 5C). The discovery of stalled ribosomes upon elF5A
depletion at messenger-encoding proteins involved in pro-
tein folding and coupling translation to the ER may be re-
lated to the previous phenotypes observed in S. cerevisiae
and mammalian cells that lack functional eIF5A (30,36).
In yeast, eIF5A function loss resulted in defects in the co-
translational translocation of the proteins in the ER (30).
Additionally, a proteomic study in HeLa cells has identi-
fied ‘protein folding’ as the major cellular process affected
in eIFSA-depleted cells, and has shown that lack of eIF5A
leads to ER stress (36). Finally, we observed that five pro-
teins (encoded by ARFI-3, ARL3 and GPA2), of the nine
that contained the DVGGQ motif, were involved in ‘GT-
Pase activity’ (P-value = 6.5E-9) (Supplementary Table
S2). In this case the glycines of the pentapeptide were situ-
ated at P- and A-sites, and at the negatively charged aspartic
residue in the exit tunnel (Figure 5D).

In short, our results indicate that specific combinations of
the upstream amino acids in the eIF5A-dependent tripep-
tide motifs context determine the strength of the riboso-
mal stall, and that the identified pentapeptide motifs are en-
riched in groups of functionally related proteins.

Abundance and impact of yeast e[F5A-regulated motifs on
the human proteome

Having identified many new tripeptide and pentapeptide
motifs associated with eIF5A depletion in S. cerevisiae, we
studied the impact of these motifs on the human proteome.
First we determined the abundance of the 43-top tripep-
tide, which caused the most marked ribosome stalls in the
elF5A mutants, and of all the identified eIF5A-dependent
pentapeptide motifs in the human proteome. For both motif
types, those with consecutive prolines were the most abun-
dant (e.g. LPP, PPP and PPPPP motifs, rendered 24.5%,
23.3% and 3.6% of the human proteins, respectively). This
result agrees with previously reports which have indicated
that polyproline motifs have been selected through evolu-
tion (56,57). We next determined the number of total motifs
per protein of the 43-top eI[F5A-dependent tripeptides (and
excluded all the eIF5A-dependent pentapeptides because of
their generally poor representation in the human proteome)
and searched for specific GO functional categories enriched
in the proteins whose amino acid sequence contained more
than 25 motifs. We observed significant enrichment in four
groups of related GO terms (Figure 6A). The first related to
extracellular matrix organization and collagen metabolism.
A second group was related to differentiation and neuro-
genesis. The third was related to cytoeskeleton and actin
organization. A fourth group included ‘chromatin organi-
zation” and ‘RNA polymerase II transcription’. Since col-
lagens, some transcription factors and proteins involved in
actin organization are rich in proline and/or polyproline se-
quences (12,57), we repeated the gene ontology analysis by
excluding the PPP motif. However, we obtained similar GO
terms, except for ‘cytoskeleton and actin organization’, with
similar significance (Figure 6A and Supplementary Figure
S8A). We also obtained similar results, collagen, develop-
ment and neurogenesis GO terms, when we excluded PP
motifs, or even the tripeptides that contained proline (Fig-
ure 6A and Supplementary Figure S§A). These results sug-
gest that, independently of the presence of proline, eIF5A-
dependent tripeptides share common chemical or structural
characteristics that could make the translation of functional
related proteins dependent on presence of eIFSA.

To obtain an independent confirmation of our find-
ings and to study to what degree eIF5A-dependent ribo-
some stalling is evolutionary conserved, we re-analyzed re-
cent works in human cells. We particularly used proteomic
analyses which investigated the effect of eIF5A depletion
(36,37). Fujimura et al identified eIF5SA-dependent pro-
teins that both contain and exclude polyproline motifs (37).
Meanwhile, the down-regulated proteins identified by Man-
dal et al. were not enriched in the polyproline motifs (36).
The 147 down-regulated proteins in the human pancreatic
ductal adenocarcinoma (PDAC) cells under elF5A deple-
tion (37), but not the up-regulated proteins, were enriched
in the PPPPP pentapeptide (P-value = 0.018) and in 14 of
the 17 analysed motifs (by restricting the analysis to the 43-
top tripeptide motifs or to the pentapeptide yeast motifs as-
sociated with pauses that are present in at least 40 proteins
in the dataset; adjusted P-value < 0.05) (Figure 6B). Fu-
jimura et al. showed that proteins RhoA, with no polypro-
lines, and its downstream target ROCK2, which contains
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two polyproline motifs, are regulated by eIF5A to medi-
ate cell migration and invasion (37). Here, we observed that
ROCK2 and RhoA were enriched in eIF5A-dependent mo-
tifs (14 and seven elF5A-tripeptide motifs, respectively). In
both cases, several of the motifs present in proteins do not
contain diprolyl sequences. In the proteomic study by Man-
dal et al. conducted in HeLa cells, eIF5A depletion changed
the levels of 104 proteins (36). As reported in that study, the
identified eIF5A-dependent down-regulated proteins are no
enriched in the polyproline motifs. However, we observed
enrichment for motifs DDP (P-value = 1.7E-4) and RYK
(P-value = 1.1E-3) (Supplementary Figure S§B).

Altogether, these results indicate the possibility that dif-
ferent eIF5A-regulated tripeptide motifs identified in yeast,
apart from the polyproline motif, can cause translation de-
fects in specific human proteins whose protein levels have
been previously reported to be eIF5A-dependent.

DISCUSSION

elF5A is an essential protein in eukaryotic cells that has
been clearly related to translation elongation in the last few
years. Studies on elF5A in eukaryotes, and on the func-
tional and structural homologous EF-P in bacteria, have
shown that these factors are needed for the translation elon-
gation of stretches of consecutive prolines. Here we extend
these studies and determine the ribosome stalls along the
S. cerevisiae transcriptome in elF5A-depleted cells. Our re-
sults indicate clear ribosome stalls upon elFSA depletion,
provoked by presence of both single specific amino acids
and tri- and pentapeptide motifs at specific positions in ri-
bosomes. eIFSA depletion also provokes strong ribosome
stalls in stop codons. We observed translation elongation

stalls for more than 200 different tripeptides in the eIFSA
mutants. Many of these tripeptides contain diprolyl motifs,
which confirms previous reports on the effect of eIF5A on
the translation of polyproline motifs. We identified in bud-
ding yeast all the diprolyl-containing motifs previously clas-
sified as EF-P-dependent in bacteria. Although our results
agree with previous ribosome profiling studies in prokary-
otes (31-35), we cannot rule out specific differences ow-
ing to the study of subpopulations of ribosome-associated
co-translational degradation (39). We also identified many
other eIF5A-regulated tripeptides independently of proline.
elF5A motifs are also enriched in diglycyl motifs, and in ba-
sic (arginine and lysine) and acidic (aspartic and glutamic)
amino acids. From our 5Pseq data, we reach a consensus
stalling peptide sequence with the relative frequency of ev-
ery amino acid at each position when the ribosome stalls in
elF5A-depleted cells (Figure 6C).

One main question is how eIF5A alleviates ribosome
stalls during elongation at these specific motifs. Our in vivo
study cannot rule out that the observed ribosome stalls
could be provoked by the down regulation of other trans-
lation elongation factors. However, the direct binding of
elF5A to the 80S ribosome, and a role in peptide bond
formation demonstrated by previous crystallography and
biochemical studies (9,24-27), suggest that the effects we
describe herein are also direct. The frequency of specific
amino acids at the P- and A-sites in the eI[F5A-regulated
motifs suggests that eIF5A facilitates the formation of pep-
tide bonds in situations of slow reactivity when glycine, pro-
line, or an acidic amino acid, acts as a donor and when
proline, glycine or a basic amino acid acts as an acceptor
(Figure 6C). Our results are in line with previous studies
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which have described that most of these amino acids act
badly during peptide bond formation, e.g. presence of a sec-
ondary amino group in proline has been associated with
slow peptide bond formation and translation (1-6,27). Pre-
vious studies have also detected poor reactivity for glycine
and for basic amino acids arginine and lysine (4,58). Our
data also support ribosome stalling in the absence of eIF5A
when proline, lysine/arginine, glycine or aspartic/glutamic
is/are immediately upstream of the aminoacyl tRNA at
the P-site (position —11), and when acidic to basic amino
acids are two positions upstream of the P-site (position —
8) (Figure 6C). This extends previously described observa-
tions which have indicated that in wild-type cells, the proline
located at the beginning of the exit tunnel can slow down
ribosomes (4), and that positively charged amino acids in
nascent chains slow down the elongation speed through
their interaction with the negatively charged ribosome exit
tunnel in wild-type cells (4,6-8). Studies into the mode of
translation inhibition by antibiotics have pointed out the
existence of functional interplay between the interactions of
the nascent chain in the ribosomal exit tunnel and the for-
mation of a peptide bond at the peptidyl transference center
(59,60). Interestingly, it was shown that macrolide antibi-
otics erythromycin and telithromycin induced translation
arrest at the consensus (R/K)X(R/K), with the X residue
located at the P-site (59), which is coincident with one of the
strong stall tripeptide consensus motifs that we found upon
elF5A depletion. These results suggest that peptide bond
formation at this motif'is poorly efficient, so it becomes rate-
limiting in bacteria upon the addition of antibiotics and in
yeast upon elF5A depletion. Therefore, our ribosome foot-
printing suggests that presence of el F5A near the tRNA exit
site (E-site) facilitates peptide bond formation when there is
a combination of amino acids with bad reactivity at the pep-
tidyl transference center and when there is a specific nascent
peptide at the beginning of the ribosome exit tunnel which
negatively affects peptide bond formation. Interestingly, in
addition to the positive effects in translation elongation al-
leviated by presence of eIFSA, we also identify its potential
regulatory role for the translation of the proteins that con-
tain SXE motifs.

During the review process of this work, an independent
study was published that supports a global role of eI[F5A
in translation termination (61). Using ribosome profiling in
a different experimental design, the results of Sculler ez al.
are coincident with ours in that they find a general role
of eIF5A in the termination of translation and they also
partially overlap our findings of new non-polyproline pep-
tides producing ribosome stalls upon eIF5A depletion (of
the top 29 tripeptide eIF5A-dependent motifs described by
Schuller et al., 10 of 11 polyproline motifs and 15 of 18 non
proline motifs have also been found in our study). In vitro
translation assays validated a direct role of eIF5A in the
translation elongation of the new stall motifs and showed
that eIFSA hypusination is critical for the efficient transla-
tion of PPP motifs, but not for other non-proline stalling
motifs (61).

The work presented herein predicts a considerable ef-
fect of eIFSA-depeletion on protein levels. We confirm at
a single codon resolution the effect of eI[F5A depletion on
the synthesis of yeast proteins with polyproline stretches.

Our analysis of pentapeptide motifs also indicates a role of
elF5A in the translation of the mRNAs that encode the spe-
cific chaperones involved in protein folding and ER-coupled
translation, and in the translation of GTPases. Two pre-
vious studies conducted in yeasts and mammals have im-
plicated eIFSA in the translocation of proteins to the ER
(30) and ER-stress (36), respectively. However, both stud-
ies detected a rise in several chaperone levels when deplet-
ing activated-eIF5A. Our data suggest the opposite effect.
A thorough analysis of the protein levels of all the im-
plicated chaperones is necessary to clarify the precise role
of eIFSA in ER-coupled translation. The enrichment in
elF5A-tripeptides observed in specific groups of function-
ally related human proteins suggests the possibility that sev-
eral relevant cellular processes (cytoskeleton organization
and RNA polymerase transcription), and also animal de-
velopment processes (collagen metabolism and differentia-
tion), require efficient translation by eIF5A. Interestingly,
the motifs identified in budding yeast can explain previ-
ous proteomics observations in human cells, which sug-
gest the significant conservation of its mechanism of action
across eukaryotes. Although the eIF5A protein is highly ex-
pressed in all the eukaryotic cells, its expression is not al-
ways constant and can be regulated at transcriptional and
post-transcriptional levels (reviewed in (18)). Due to the
predicted high demand of eIF5A in translation, changes in
elFSA availability may render the modulation of the levels
of its target proteins in the cell.

To summarize, our ribosome stalling results in eIF5A-
deficient cells uncover a considerable effect on the transla-
tion elongation of many mRNAs and a clear role in termi-
nation. This work shows that eIF5A makes a major quanti-
tative contribution to global cellular translation, which thus
accounts for its essential role in the cell.
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