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ABSTRACT

During protein synthesis, ribosomes become stalled
on polyproline-containing sequences, unless they
are rescued in archaea and eukaryotes by the ini-
tiation factor 5A (a/elF-5A) and in bacteria by the
homologous protein EF-P. While a structure of EF-P
bound to the 70S ribosome exists, structural insight
into elF-5A on the 80S ribosome has been lacking.
Here we present a cryo-electron microscopy recon-
struction of elF-5A bound to the yeast 80S ribosome
at 3.9 A resolution. The structure reveals that the
unique and functionally essential post-translational
hypusine modification reaches toward the peptidyl-
transferase center of the ribosome, where the hy-
pusine moiety contacts A76 of the CCA-end of the
P-site tRNA. These findings would support a model
whereby elF-5A stimulates peptide bond formation
on polyproline-stalled ribosomes by stabilizing and
orienting the CCA-end of the P-tRNA, rather than by
directly contributing to the catalysis.

INTRODUCTION

elF-5A and EF-P were initially suggested to stimulate catal-
ysis of the first peptide bond directly following translation
initiation (1,2). Subsequently, both factors were shown to
rescue ribosomes stalled during translation of polyproline-
containing proteins, and that this activity required the pres-
ence of unique post-translational modifications (2-7). elF-
5A is post-translationally modified with hypusine (Ne-(4-
amino-2-hydroxybutyl)lysine), a modification so far unique
to IF-5A proteins (2,8,9). Hypusine is formed in two en-
zymatic reactions: the 4-aminobutyl moiety of spermi-
dine is added to the e-amino group of a conserved lysine
residue (K51 in yeast) of eIF-5A by deoxyhypusine syn-

thase (DHS), producing deoxyhypusine, which is converted
in a second step to hypusine via hydroxylation by deoxy-
hypusine hydroxylase (DOHH) (2,9,10). The HYP2, DYS1
and LIAI genes encoding IF-5A, DHS and DOHH, respec-
tively, are strictly conserved across all eukaryotes. While the
presence of genes encoding IF-5A and DHS are essential
for viability, yeast strains lacking LIA41 are viable and grow
only slightly slower than wild-type strains (2,9). Consis-
tently, the deoxyhypusine-modified form of yeast e[F-5A is
equally efficient at relieving ribosome stalled at polyproline
stretches as the hypusine-modified eIF-5A (7). In contrast,
loss of LIAT1 is recessively lethal in Caenorhabditis elegans
and Drosophila, suggesting that the final hydroxylation step
plays an important role for eIF-5A activity in higher eu-
karyotes (2). Unlike eukaryotes and archaea, bacteria have
developed diverse and unrelated pathways to modify the
equivalent residue, including lysinylation (11-13) and rham-
nosylation (14,15). While a crystal structure of an unmod-
ified EF-P in complex with a bacterial 70S ribosome has
been reported (16), to date no structures exist of the modi-
fied eIF-5A in complex with a eukaryotic 80S ribosome, and
the molecular basis of its rescue activity, in particular of its
unique hypusine modification, is not understood.

MATERIALS AND METHODS

Native pullouts of Ski complex bound ribosomal complexes
using TAP-tagged Ski3

In vivo pullouts were performed using Dynabeads® M-
270 Epoxy (Life Technologies) with yeast strains express-
ing C-terminally TAP-tagged Ski3 (strains obtained from
Euroscarf). Ski3 is a subunit of the Ski complex which is in-
volved in 3’ to 5 mRNA degradation by the cytosolic ex-
osome and mRNA quality control (17-19). Purifications
were essentially performed as described before (20). Cul-
tures were harvested at log phase immediately after the ad-
dition of 10 wg/ml cycloheximide and lysed by glass bead
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disruption. Incubation with IgG-coupled magnetic beads
was done for 12 h at 4°C with slow tilt rotation followed
by elution with AcTEV Protease for 180 min at 17°C.

Ribosome profiling of in vivo pullouts using TAP-tagged Ski3

Ribosome profiling experiments were performed as de-
scribed previously (21), but with some modifications. Ap-
proximately five A,g units of the Ski-3-TAP tagged pull-
outs were used for ribosome profiling. The pullout fraction
was digested with RNase I (Ambion) at 25°C for 45 min
in a shaker at 500 rpm followed by 5 min incubation on
ice with SUPERase-In (Ambion). Following nuclease diges-
tion, ribosomes were pelleted through a sucrose cushion (20
mM HEPES pH 7.5, 100 mM KOAc, 10 mM MgCl,, 750
mM sucrose, | mM DTT, 0.5 mM PMSE, 10 pg/ml cyclo-
heximide, Protease Inhibitor Cocktail (Roche)) by centrifu-
gation at 312 000 x g for 45 min at 4°C. Ribosomal pel-
lets were resuspended in ribosome-splitting buffer (20 mM
Tris, 400 mM KCI, 2 mM MgCI2, | mM DTT and 1 mM
puromycin) and incubated on ice for 30 min. Ribosomal
subunits were pelleted again by centrifugation at 250 000
x g for 90 min at 4°C. The supernatant from this centrifu-
gation step was used as the source for ribosome protected
fragments (RPFs).

RPFs were further purified and size selected in a 15% de-
naturing sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis gel for fragments between 26-62 nt using mark-
ers. Gel extracted fragments were precipitated and pro-
cessed as given in the protocol (ARTseq™ Ribosome Pro-
filing Kit, Epicentre, WI, USA) for library preparation and
high-throughput sequencing. Sequencing was performed on
an Illumina HiSeq 1500. Reads were adapter-trimmed us-
ing the software Cutadapt (version 1.2.1, EMBnet.journal,
2011). Reads mapping to ribosomal RNA, tRNA, small nu-
clear and nucleolar RNA were removed. Remaining reads
were mapped to the yeast genome (R64-1-1, 19 July 2014)
using Tophat (v2.0.8b) (22) with the following parameters:
-a 4 —no-novel-juncs ~GTF. Only uniquely mapped reads
were used for further bioinformatic analysis. For identifying
the P-site position within the footprints, a meta-gene anal-
ysis using 5’ end of the footprints around the start codon
was performed. Based on this analysis, the first peak ap-
peared 12 nt upstream of the start codon. A-, P- and E-site
codons for all footprints were assigned by shifting 16, 13
and 10 nt, respectively. The number of footprints per amino
acid in each site was calculated by summing up the shifted
footprints over the corresponding codons. To normalize the
occurrence, the codons in the second position downstream
of the A-site were summed up and the occurrence for each
amino acid was calculated. The values for the amino acids
in A-, P- and E-site where then divided by the occurrence for
each corresponding amino acid in this second position ac-
cordingly. For all the footprints mapping to ORFs, the nor-
malized occurrence of A-, P- and E-site amino acids were
then plotted in Supplementary Figure S1.

Cryo-electron microscopy and single particle reconstruction

The ribosomes from the TEV-eluate were adjusted to a
concentration of 4 A260/ml (0.8 wM 80S ribosomes), ap-
plied to 2 nm pre-coated Quantifoil R3/3 holey carbon
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supported grids and vitrified using a Vitrobot Mark IV
(FEI Company). Data collection was performed on a Ti-
tan Krios TEM (FEI Company) equipped with a Falcon
IT direct electron detector, operated at 300 keV using the
EPU software (FEI), The magnification settings resulted in
a pixel size of 1.084 A /pixel. The dataset was provided with
the semi-automatic software EPU (FEI Company) with a
dose of 2.4 e~ /A2 per frame for 13 frames in total. The
frames were aligned using the Motion Correction software
(23). Data were collected at a defocus range between —0.8
and —3.4 pm. Only micrographs that showed clearly vis-
ible Thon rings below 5.5 A on the level of the rotation-
ally averaged power spectra profiles were used for further
analysis. Automatic particle detection was performed by
the program SIGNATURE (24). Initial in silico sorting of
the dataset consisting of 246.555 particles in total was per-
formed using the SPIDER software package (25). Classes
were obtained by competitive projection matching in SPI-
DER (26,27). The vast majority (>95%) of the particles we
found were programmed with tRNAs. This dataset could
be subdivided into two main classes, both containing A-
and P-tRNAs and either with or without the Ski complex
(76 816 and 88 640 particles, respectively). The large num-
ber of ribosomal particles without density for the Ski com-
plex suggests that the Ski complex was not stably bound
to these particles. To our surprise, both classes contained
ribosome-bound elF-5A. Nevertheless, only the class with-
out Ski complex displayed a highly resolved density for eIF-
5A that allowed model building. The density for elF-5A in
the Ski complex bound ribosome class was partially disor-
dered and the density for the factor was fragmented. For
high-resolution refinement, the dataset containing the elF-
SA particles was further cleaned by removing particles with
low cross-correlation. The cleaned dataset (62 532 parti-
cles) was then processed further using RELION (28). To do
this, the particle boxes were extracted using the coordinates
obtained by SIGNATURE and normalized in RELION.
The contrast transfer function (CTF) estimation was re-
peated using CTFFIND3 (29) and the dataset was subjected
to auto-refinement in RELION using a ribosomal refer-
ence low-pass filtered to 70 A. After auto-refinement, the
dataset was subjected to movie processing and the particle-
polishing feature in RELION. Here, only the first eight
frames were used for the calculations, resulting in an accu-
mulated dose of 24 ¢~ /A2 . Subsequent auto-refinement of
‘shiny’ particles resulted in a final reconstruction of 3.9 A
resolution according to a gold standard fourier shell cor-
relation (FSC) cutoff of 0.143. This map was sharpened
using automatic b-factor estimation in RELION and used
for interpretation and model building. Local resolution was
calculated using ResMap (30) and maps were visualized in
UCSF Chimera (31). RELION data were processed on the
Leibnitz-Rechenzentrum (LRZ) Munich.

Model building

For modeling the large ribosomal subunit (LSU), the crys-
tal structure of the yeast ribosome (PDB ID: 4V88) (32) was
taken as a template. Peptidyl A- and deacylated P-tRNA
were modeled based on the crystal structure of the Thermus
thermophilus 708 ribosome in the post-catalysis state of pep-
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tide bond formation (containing dipeptidyl-tRNA in the A
site and deacylated tRNA in the P site, PDB ID: 1VY5) (33)
and for e[F-5A a homology model was generated using HH-
Pred (34). All structures were roughly fitted into the map
using UCSF Chimera. Flexible fitting and, where necessary,
de novo model building was done in Coot (35) followed by
real space refinement in PHENIX (36). For the rRNA and
the tRNAs, geometry restrictions were calculated using the
‘PDB to 3D restraints’ database prior to PHENIX refine-
ment.

The elF-5A homology model was obtained after a mul-
tiple alignment using HHPred. This model was subjected
to geometry minimization using PHENIX and remodeled
in Coot. The well-resolved hypusine-containing 33-p4 loop
(residues 47-54) was modeled de novo and for the N-
terminal extension (NTE; res 1-16) a poly-Ala model was
generated. For uL16, the loop containing residues 103-111
(not present in the yeast ribosome X-ray structure (32)) was
modeled de novo. The L1 stalk in the eIF-5A position was
remodeled and a poly-alanine model for uL1 was generated
using uL1 from the human 80S ribosome as a template (37)
(PDB ID: 5AJ0). In a final step, all models were combined
and subjected to real-space refinement using the PHENIX
software.

RESULTS
Presence of elF-5A on Ski complex-associated ribosomes

Translational stalling can also result when ribosomes trans-
late mRNAs containing secondary structure, premature ter-
mination codons or aberrant mRNAs lacking stop codons,
which in eukaryotes evokes specialized pathways of mRNA
degradation, such as non-stop decay (NSD), nonsense-
mediated decay (NMD) or No-Go decay (NGD), respec-
tively (38,39). These stalled ribosomes are recognized by ter-
mination release factors (eRF1 and eRF3 in NMD), or their
homologs (Dom34 and Hbsl in NSD and NGD), which
trigger recycling of the ribosome and degradation of the
aberrant mRNAs (40). In yeast, the exosome-Ski (Ski2p,
Ski3p, Ski8p) complex has been implicated in degradation
of aberrant mRNA lacking a stop codon (18,19). We re-
cently performed in vivo pullouts using a yeast strain ex-
pressing affinity-tagged Ski3p in order to investigate the in-
teraction of the Ski complex with the ribosome that, to our
surprise, also contained elF-5A. Further biochemical anal-
ysis showed that the mRNAs in the A-, P- and E-sites con-
tained a mixture of codons for all amino acids, with some
enrichment for phenylalanine, histidine and proline codons
at the A-site (Supplementary Figure S1). The lack of signif-
icant enrichment for proline and methionine within the P-
site, suggests that the isolated complex does not represent a
polyproline-stalled ribosomal state, nor an initiation com-
plex, as might be expected for an elF-5A substrate. More-
over, yeast e[F-5A has been implicated in mRNA degrada-
tion, with its inactivation leading to a stabilization of short-
lived mRNAs (41,42) and especially nonsense-containing
mRNAs (43). An alternative possibility is that the antibi-
otic cycloheximide, which was added to the cells before har-
vesting, promotes elF-5A binding to the ribosome. Cyclo-
heximide binds with the E-site of the eukaryotic ribosome

overlapping the A76 position of the CCA-end of the E-
tRNA (44,45) and prevents translocation of E-tRNA into
the E-site (46,47). Indeed, eIF-5A could not be detected
using mass spectrometry on the ribosomes obtained from
replicate in vivo pullouts using the affinity-tagged Ski3p that
were performed in the absence of cycloheximide. This sug-
gests that cycloheximide generates a functional state of the
ribosome, namely with a P-tRNA and free E-site, that is rec-
ognized and bound by elF-5A.

Cryo-EM structure of eIF-5A on the ribosome

Cryo-EM analysis of this ribosome preparation and in sil-
ico sorting of this dataset yielded a subpopulation of ribo-
somal particles that contained stoichiometric occupancy of
A-tRNA, P-tRNA and elF-5A. The final reconstruction of
the yeast eIF-5A-80S complex (Figure 1A) had an average
resolution of 3.9 A and local resolution extending to 3.5 A
in the core of the ribosome (Supplementary Figure S2A and
B). The electron density for the ribosome, tRNAs, cyclohex-
imide and the majority of elF-5A was well-resolved (Sup-
plementary Figure S2B-F), enabling us to present a com-
plete molecular model of the yeast eIF-5A-80S complex.
While the molecular model includes side chains for domains
I and II of eIF-5A, the N-terminal residues 1-16 are less or-
dered and therefore only a polyalanine backbone trace was
generated. On the ribosome, elF-5A is located between the
P- and E-sites, interacting with the E-site surface of P-tRNA
(Figure 1A and B), analogous to the bacterial homolog EF-
P, as well as overlapping the binding site of E-tRNA (Fig-
ure 1B) (48). The conformation of ribosome-bound elF-5A
is very similar to the unbound form observed in the crys-
tal structures of yeast elF-5A, as well as archaeal and eu-
karyotic IF-5As and bacterial EF-Ps (Supplementary Fig-
ure S3), with the exception that 33—4 loop bearing the hy-
pusine modification re-adjusts upon binding. In addition,
we observe the NTE (Figures 1D and 2A; Supplementary
Figure S2B) that was disordered in the eukaryotic crystal
structures (49), and is absent from archaeal IF-5As and bac-
terial EF-Ps (Figure 1C; Supplementary Figure S3).

Interactions of eIF-5A on the ribosome

elF-5A interacts with both rRNA and ribosomal protein
components of the yeast 80S ribosome; Domain I of elF-
SA contacts predominantly 25S rRNA nucleotides located
in helices H74 and H93 as well as to a lesser extent H68
and H70, whereas domain II and the NTE of eIF-5A con-
tact ribosomal proteins uL1 and/or eL42 (Figure 1D). Do-
main II of eIF-5A is inserted between domains 1 and 2 of
uLl (Figure 2B), which induces a closed conformation of
the L1 stalk, similar to that observed previously upon EF-P
binding (16) (Supplementary Figure S4). The elF-5A con-
formation of the L1 stalk results in a large inward move-
ment toward the central protuberance, similar to that ob-
served in the presence eEF2 (50) (Supplementary Figure
S4). The elF-5A conformation of the L1 stalk is stabilized
by the eukaryotic-specific NTE of eIF-5A, which is sand-
wiched between ulL1 and eL.42 (Figure 2A). The absence of
the NTE in bacterial EF-Ps may explain why the orientation
of domain I differs when comparing the ribosome-bound
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Figure 1. Cryo-EM structure of elF-5A bound to the yeast 80S ribosome. (A) Transverse section of the cryo-EM map of elF-5A-80S complex, (408,
yellow; 60S, gray), revealing the binding site of eIF-5A (dark red), P-tRNA (green) and A-tRNA (blue). (B) Comparison of ribosome binding positions
of eIF-5A, EF-P (16) and E-site tRNA (48), relative to A-tRNA (blue) and P-tRNA (green). The domains for eIF-5A and EF-P are colored according to
(C). (C) Schematic representation of the domain structures of eIF-5A, alF-5A and EF-P. (D) Molecular model for the interaction of domains I (DI, red)
and II (DII, orange) as well as N-terminal extension (NTE, magenta) of eIF-5A with rRNA and ribosomal protein components of the ribosome (gray).
Ribosomal insert shows the orientation of the view.
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Figure 2. Interaction of eIF-5A with the yeast 80S ribosome. (A) View of the NTE of elF-5A sandwiched between ribosomal proteins uL1 (blue) and
eL42 (tan). (B) Domain II (DII, orange) of eIF-5A inserts into the cleft between domains 1 and 2 of uLL1 (blue). (C) Comparison of the ribosome binding
position of domain I of eIF-5A (red), P-tRNA (green) and 25S rRNA helix 74 (H74, blue) relative to the EF-P, P-tRNA and H74 (gray) from the bacterial

EF-P-70S complex (16). Arg27 of elF-5A makes a potential hydrogen bond interaction (dashed line) with the P-tRNA (green). (D) Possible hydrogen
bond interactions (dashed lines) between domain I of eIF-5A (red) with 25S rRNA nucleotides within helices H74, H80 and H93 of the ribosome (gray).
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EF-P and elF-5A structures (Figure 2C), however, we can-
not exclude that this results from differences in the species of
tRNA in the P-site. On the bacterial ribosome, domain I of
EF-P establishes a large interaction surface with acceptor
stem of the P-tRNA (Figure 2C), comprising nine hydro-
gen bonds to the phosphate-oxygen backbone (16). In con-
trast, eIF-5A is shifted away from the P-tRNA and hydro-
gen bonding is observed from only Arg27 of elF-5A to the
backbone of nucleotides (G4-C5) of the P-tRNA (Figure
2C). Instead, contacts are observed from domain I of elF-
5A, in particular from the backbone and positively charged
side chains of residues within the B3-34 loop, which form a
network of hydrogen bond interactions with 25S rRNA nu-
cleotides, predominantly nucleotides 28062808 (Ec2437-
2439) in H74 and 2963-2968 (Ec2594-2599) in H93 (Fig-
ure 2D and Supplementary Figure S5). Overall, the binding
position of eIF-5A observed here is in excellent agreement
with the hydroxyl-radical cleavages mapped onto the 25S
rRNA and P-tRNA from iron tethers located in domains I
and II of eIF-5A (7) (Supplementary Figure S6).

Hypusine of eIF-5A interacts with the CCA-end of the P-
tRNA

The electron density of eIF-5A enables the hypusine mod-
ification at the tip of the B3-B4 loop to be unambiguously
modeled (Figure 3A). The hypusine moiety inserts into a
pocket formed by the CCA-end of the P-tRNA and the
backbone of nucleotides within H74, and is capped by nu-
cleotide A2808 (EcA2439) that is flipped-out of H74 (Fig-
ure 3B). Two hydrogen bonds with 25S rRNA are possible
from the K51 component of the hypusine moiety, namely,
between the backbone amide (NH) and the e-amino (NZ)
group of K51, which are within 3.3 A and 2.3 A of the non-
bridging phosphate-oxygens (OP1) of nucleotides U2807
and A2808 (Figure 3B). Although the amino-butyl com-
ponent of the hypusine moiety extends the reach of elF-
5A toward the peptidyltransferase center, it is not sufficient
to permit direct interaction with an amino acid or peptide
attached to the P-tRNA (Figure 3B and C). Instead, the
4-amino group at the tip of the modification reaches only
so far as to contact the backbone of the CCA-end of the
P-tRNA, coming into hydrogen bond distance of the OP1
of A76 (Figure 3B). Our model suggests that the hydroxyl
group would allow an additional hydrogen bond interaction
with the O5’ bridging oxygen of A2808 (Figure 3B).

ulL16 reaches into the PTC and stabilizes A- and P-tRNAs

Although electron density is observed for the nascent
polypeptide chain within the ribosomal tunnel, it is not
possible to determine the exact sequence of the nascent
chain. This may be because the nascent chain is flexible but
also because it represents a heterogeneous mixture of dif-
ferent sequences, as indicated by the biochemical analysis
(Supplementary Figure S1). Nevertheless, the electron den-
sity clearly indicates that the nascent polypeptide chain is
attached to the A-tRNA (Figure 3C), indicating that the
elF-5A complex is trapped in a pre-translocational state,
but post-peptide bond formation. Similarly, the CCA-ends
of the A- and P-tRNAs as well as 25S rRNA nucleotides

within the PTC adopt conformations like those observed
in recent X-ray structure of the bacterial ribosome in the
post-peptide bond formation state (33) (Figure 3D). The
eukaryotic-specific loop of uL16 (residues 104—110), which
is poorly resolved in previous 80S structures (32,37), be-
comes ordered and establishes interactions with the CCA-
ends of both the A- and P-tRNAs (Figure 3E). Specifically,
the OD1 of Aspl08 of uL16 is within hydrogen bonding
distance of the N6 of A76 of the P-tRNA and the back-
bone amide and carboxyl of Argl09 are within 3.1-3.4 A
of the 2 OH of G73 of the P-tRNA (Figure 3E). In ad-
dition, the SG of Cys 104 of uL16 can form a hydrogen
bond with the 2’ OH of C72 of the P-tRNA (Figure 3E).
This latter interaction of uLL16 with the A-tRNA is likely to
be important for loop stabilization since the loop remains
disordered in the presence of P-tRNA but absence of A-
tRNA (32,37). In bacteria with a shorter uLL 16 loop, the
N-terminus of ribosomal protein L27 occupies the equiv-
alent position (Figure 3F), and is also ordered only upon
A-tRNA binding (33,51,52). The N-terminus of L27 comes
within 7.1 A of the 3’ OH of A76 of the P-tRNA (Figure 3F)
and has been proposed to play a role in a proton wire that
couples aminoacyl-tRNA binding at the A-site to peptide
bond formation (33). In the presence of A-tRNA, we now
observe that Aspl108 of uL16 comes within 8.9 A of the 3
OH of A76 of the P-tRNA (Figure 3F), raising the possi-
bility that the ulL16 loop could also play a more active role
in peptide-bond formation. Consistently, mutations within
the uLL16 loop are lethal (53), possibly because they yield
mutant ribosomes with altered A-tRNA binding and pep-
tidyltransferase activities (54).

DISCUSSION

Although our structure of e[F-5A was not obtained on a
polyproline-stalled ribosome, the results nevertheless allow
us to suggest a model for how hypusinylated eIF-5A could
contribute to rescuing ribosomes stalled during translation
of geometrically challenging amino acid stretches in general
and of polyproline-containing proteins in particular (Fig-
ure 4). Biochemical analysis have indicated that ribosomes
stall on polyproline stretches because peptide-bond forma-
tion is slow between the peptidyl-Pro-Pro-tRNA in the P-
site and the incoming Pro-tRNA in the A-site (4) (Figure
4A). In addition to proline being both a poor donor and
acceptor for peptide bond formation (55-58), it has also
been shown that polyproline sequences attached to the P-
tRNA lead to a destabilization of the P-tRNA, and even
peptidyl-tRNA drop-off (4). The polyproline-stalled ribo-
somes are thus trapped in a pre-translocational state with
a free E-site, which is recognized by elF-5A (Figure 4B).
Our structure suggests that eIF-5A binding stabilizes the
productive position of the P-tRNA, in particular, by estab-
lishing an interaction between the hypusine moiety of elF-
SA and the backbone of the A76 of the CCA-end of the
P-tRNA (Figure 4B). We propose that the optimal geome-
try for peptide bond formation is facilitated together with
the eukaryotic-specific loop of uLL16, which becomes stabi-
lized via interactions with the terminal ends of the A- and P-
tRNAs (Figure 4B). Thus, elF-5A facilitates the transfer of
the nascent chain from the P-tRNA to the A-tRNA by but-
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Figure 3. Hypusine of eIF-5A at the peptidyltransferase center of the ribosome. (A) Electron density (gray mesh) and molecular model (red) for hypusine
51 (Hyp51) of elF-5A. (B) Potential hydrogen bond interactions (dashed lines) between hypusine 51 (Hyp51) of eIF-5A (red) with the CCA-end of the
P-tRNA (green) and 25S rRNA nucleotides within helix H74 (gray). (C) Electron density (gray mesh) and molecular models for the CCA-ends of P-tRNA
(green) and A-tRNA with nascent chain (NC) (blue) as well as eIF-5A (red). (D) Comparison of A-tRNA (blue) and P-tRNA (green) from eIF-5A-80S
complex with A- and P-tRNAs from post-attack complex (33) (gray). (E) Potential hydrogen bond interactions (dashed lines) between the loop of uL16
(orange), A-tRNA (blue) and P-tRNA (green). (F) Proximity of Asp108 of uL16 (orange) to the 3’ OH of A76 of the P-tRNA (8.9 A) in the eIF-5A-80S
complex, compared with the proximity of Ala2 of L27 (gray) to the 3’ OH of A76 of the P-tRNA (7.1 A) in the pre-attack complex (33). The CCA-end of
the A-tRNA (blue) and hypusine 51 (Hyp51) of eIF-5A (red) are shown for reference.

uL16 loop
disordered

uL16 loop

Arg
ordered
elF-5A

peptide bond
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Figure 4. Model for eIF-5A action on the ribosome. (A) Certain nascent polypeptide chains, such as those containing polyproline stretches, destabilize
the P-tRNA (green) and prevent peptide-bond formation with the incoming A-tRNA (blue). (B) The stalled ribosomes are recognized by eIF-5A, which
binds such that the modified hypusine 51 (Hyp51) residue interacts with the A76 of the CCA-end of the P-tRNA. This interaction stabilizes the P-tRNA
in the optimal geometry for peptide bond formation, leading to ordering of the loop of uL16, which in turn establishes interactions with both A- and
P-tRNAs, facilitating efficient peptide bond formation. (C) Peptide bond formation leads to a deacylated tRNA in the P-site and A-tRNA bearing the
nascent polypeptide chain extended by one amino acid.



1950 Nucleic Acids Research, 2016, Vol. 44, No. 4

tressing the CCA-end of the P-tRNA between the hypusine
modification and the loop of uL16 (Figure 4C). Moreover,
our findings that cycloheximide promotes eIF-5A binding
to the ribosome (Supplementary Figure S2F) suggest that
ribosomes trapped with a free E-site are a substrate for elF-
SA, thus raising the possibility that eIF-5A may also play a
more general role in rescue of stalled ribosomes.
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