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ABSTRACT

The mechanism for how internal ribosome entry sites
(IRESs) recruit ribosomes to initiate translation of
an mRNA is not completely understood. We investi-
gated how a 40S subunit was recruited by the cricket
paralysis virus intergenic region (CrPV IGR) IRES
to form a stable 40S-IRES complex. Kinetic binding
studies revealed that formation of the complex be-
tween the CrPV IGR and the 40S subunit consisted
of two-steps: an initial fast binding step of the IRES
to the 40S ribosomal subunit, followed by a slow
unimolecular reaction consistent with a conforma-
tional change that stabilized the complex. We further
showed that the ribosomal protein S25 (eS25), which
is required by functionally and structurally diverse
IRESs, impacts both steps of the complex formation.
Mutations in €S25 that reduced CrPV IGR IRES ac-
tivity either decreased 40S-IRES complex formation,
or increased the rate of the conformational change
that was required to form a stable 40S-IRES com-
plex. Our data are consistent with a model in which
eS25 facilitates initial binding of the CrPV IGR IRES
to the 40S while ensuring that the conformational
change stabilizing the 40S-IRES complex does not
occur prematurely.

INTRODUCTION

Canonical cap-dependent initiation in eukaryotes requires
a 5 cap structure (™’ GpppN) on the mRNA, which is rec-
ognized by eukaryotic initiation factors that function to
bring the 40S subunit to the Send of the mRNA where
upon it scans down the mRNA until it reaches the start
codon where 60S joining occurs (1). However, many positive
stranded RNA viruses that depend on the cellular transla-
tion machinery for protein synthesis, as well as some cellular
mRNAs, use a cap-independent mechanism of translation
initiation whereby an RNA element, termed an internal ri-
bosome entry site (IRES), recruits the ribosomes internally

to initiate protein synthesis. We have shown that structurally
and functionally diverse IRESs rely on the ribosomal pro-
tein S25 (eS25/RPS25) (2). In order to better understand
the role of eS25 in IRES-mediated initiation we have inves-
tigated its role in 40S recruitment of a model viral IRES,
the intergenic region (IGR) cricket paralysis virus (CrPV)
IRES, from the family of Dicistroviridae.

The CrPV IGR IRES is 190 nucleotides and forms a
compact RNA structure with three pseudoknots (PKI, 11
and I1T) (3,4). The CrPV IGR IRES can bind to 40S sub-
units and form 80S complexes in the absence of any ini-
tiation factors (5). PKII and PKIII of the CrPV IGR
IRES form a compact core with SL2.1 (SLIV) and 2.3
(SLV) interacting with the 40S ribosome (6-9). PKI mim-
ics an anticodon stem loop of a tRNA recognizing an
mRNA codon (10) and is positioned into the decoding
center (A-site) initially. Rather than initiating at an AUG
start codon in the peptidyl (P)-site, PKI, which establishes
the reading frame (11) is translocated to the P-site for ini-
tiation of an alanine codon the A-site of the ribosome
(5,8,12-14).

CrPV IGR IRES binding to the 40S ribosomal subunits
is dependent on eS25 (15). The IGR IRES binding to the
40S subunit induces a conformational change in the 40S
subunit (6,7) that is similar to the one induced by the hep-
atitis C viral IRES (16). Upon binding to the 40S sub-
unit, the CrPV IGR IRES is in a compact conformation
(6,7,9) and SL2.3 interacts with eS25 (8,15). Initially, the
IRES occupies all three tRNA binding sites, exit (E-), P-
and A-sites, on the ribosome (8). This initiation complex
mimics an elongation ribosomal conformation in the pre-
translocation state rather than an initiating ribosome (8).
Addition of an aminoacyl tRNA (aa-tRNA) and elonga-
tion factors, eEF2 and eEF1A, to the IRES-80S complex
results in movement of PKI to the P-site bringing the first
codon to be decoded into the A-site (17). Once the codon
in the A-site is decoded, a second slower translocation event
occurs placing the decoded codon into the P-site and PKI
becomes disrupted as it moves into the E-site (9). Binding,
and the translocation of the IRES through the ribosome, is
a dynamic process whereby the IRES conformation changes
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as does its contacts with €S25 (9). The movement of tRNAs
and mRNA relative to the 40S subunit requires eEF2 and
rotation of the 40S head domain in order to unlock the steric
barrier between the P- and E-sites.

In order to better understand how IRESs recruit and ma-
nipulate ribosomes to initiate translation, we performed ki-
netic binding studies. Our data show that recruitment of
the CrPV IGR IRES to the 40S subunit occurred in two
consecutive steps: fast initial binding of the IRES to the
40S followed by a slow unimolecular reaction consistent
with a conformational change that stabilized the complex.
Based on our previous finding that eS25 was required for
40S-IRES complex formation (15), we performed an ex-
tensive mutational analysis of the conserved eS25 residues
and determined the effects of these mutations on IRES ac-
tivity and on the steps leading to stable 40S-IRES com-
plex formation. Mutations throughout eS25 affected IRES
activity and multiple steps in 40S-IRES complex forma-
tion. Several eS25 mutations induced a 40S conformation
that was unfavorable for initial CrPV IGR IRES binding,
while others either decreased the rate of initial complex for-
mation or increased the rate of the conformational change
that stabilized complex formation. A faster conformational
change correlated with a lower IRES activity, suggesting
that the slow conformational change is important for form-
ing a stable complex. Collectively, our findings indicate that
CrPV IGR IRES recruitment of the 40S subunit is depen-
dent on eS25 and occurs through a two-step process in
which the timing of these steps is critical for IRES activity
in vivo.

MATERIALS AND METHODS
Yeast strains and cell culture

Saccharomyces cerevisiae strains used in this study were:
wild-type (BY4741: MAToahis3AI leu2 AO  metl5 A0
ura3 A0), rps25aAbA (ySRT221: MATo his3AI leu2 AO
lys2A0 ura3A0 rps25a:KanMX rps25b::KanMX). Stan-
dard methods were used to grow and transform yeast
strains (18,19). For all experiments yeast were grown at
30°C to mid-log phase in synthetic galactose (SG) medium
for expression of eS25 from the plasmid.

Generation of eS25 mutant plasmids

Single point mutations were made in the yeast pS25A res-
cue plasmid (2w pURA3, Open Biosystems, catalog no.
YSC3869-9518490) using a two-stage site directed muta-
genesis PCR method (20). In brief, primers (Supplemen-
tary Table S1) specific for each mutation were generated us-
ing the PrimerX program (http://www.bioinformatics.org/
primerx/) and individual PCR reactions were set up for
each primer (200ng DNA template, 10pmol sense/antisense
primer, 10x PFU buffer, 2.5 mM dNTPs, 2.5U Pfu DNA
polymerase, 0.1U dUTPase). Reactions were combined
with the addition of 0.05 U/ul Pfu DNA polymerase
and 0.002 U/ul dUTPase, and the second PCR am-
plification was performed. Products were digested with
Dpnl (5U/pl) at 37°C for >2 h, and transformed into
DHSa Escherichia coli. Mutations were confirmed by
sequencing.

Luciferase and (3-galactosidase assays

One ODg (approximately 3X107) yeast cells at mid-log
phase expressing either wild-type or mutant eS25 from a
plasmid were pelleted and lysed in 100 wl 1x passive lysis
buffer (PLB; Promega). Samples were vortexed for 15 s and
incubated at 25°C for 105 s. 4 pl of lysate was assayed us-
ing the Dual Luciferase assay kit (Promega), following the
manufacturer’s protocol, with a Lumat LB 9507 luminome-
ter (Berthold). All assays were performed in duplicate for n
= 3 biological repeats.

Ribosome isolation

Eight liters of yeast cells were pelleted for 10 mins at 4200 x
g,4°C, washed with 10 ml ddH,O. Pellets were re-suspended
in 1x Ribo Buffer A (10 mM HEPES KOH, pH 7.4, 100
mM KOAc, pH 7.6, 2.5 mM Mg(OAc),) with 2 mM DTT
and frozen, dropwise in liquid N,. Yeast was lysed using
the Spex Sample Prep Freezer/Mill 6870 (Metuchen, NJ,
USA) and resuspended in 3 ml of Ribo Lysis Buffer (1x
Ribo Buffer A, 2 mM DTT, 0.5 mM 4-benzenesulfonyl flu-
oride hydrochloride (AEBSF), 1x complete protease in-
hibitor EDTA-free (Roche)) per mg of pellet. Polysomes
were pelleted from lysate at 6800 x g for 40 min, 4°C in
a JS-5.3 Beckmann rotor, supernatant was layered onto a
sucrose cushion (1x Ribo Buffer A, 500 mM KCI, 1 M su-
crose, 2 mM DTT) and centrifuged in a Beckmann 70ti ro-
tor at 290 000 x g for 106 min at 4°C. The polysome pellet
was resuspended in 1.5 ml high salt wash (1x Ribo Buffer
A, 500 mM KClI, 1 mg/ml heparin, 2 mM DTT) for 1 h
at 4°C, layered over a sucrose cushion, and centrifuged in
a Beckman TLA 110 rotor at 290 000 x g for 33 min at
4°C. The polysome pellet was resuspended in 1.5 ml sub-
unit separation buffer (50 mM HEPES-KOH, pH 7.4, 500
mM KCI, 2 mM MgCl,, 2 mM DTT) plus 4 mM puromycin
and incubated at 37°C for 45 min. The ribosomal subunits
were separated by centrifugation through a 10-30% contin-
uous sucrose gradient (50 mM HEPES-KOH, pH 7.4, 500
mM KCI, 5 mM MgCl,, 0.1 mM EDTA, 2 mM DTT) fol-
lowed by fractionation measuring A,s4. Fractions contain-
ing the 40S and 60S subunits were concentrated in an Am-
icon Ultra-15 (Millipore) and the buffer was exchanged for
subunit storage buffer (20 mM HEPES-KOH, pH 7.4, 100
mM KOAc, pH 7.6, 2.5 mM Mg(OAc),, 250 mM sucrose,
2 mM DTT).

Binding assays

a-3?P-UTP radiolabeled CrPV IGR IRES run-off tran-
scripts were generated using the T7 RiboMax large scale
RNA production system (Promega) from the monocistronic
luciferase plasmid (pSRT39) (5) linearized with Narl to
generate a 261 nucleotide transcript containing nucleotides
60286213 of the CrPV virus, which consists of the entire
IGR IRES plus the first 15 nucleotides of ORF2 followed
by 40 nucleotides of the firefly luciferase ORF. The tran-
scripts were gel-purified on a 6% denaturing polyacrylamide
gel and eluted for 12 h in elution buffer (0.5 M NH4OAc, 1
mM EDTA, 0.1% SDS), acid phenol:chloroform (3:1) (Am-
bion) extracted, precipitated with 70% ethanol, and resus-
pended in RNase-free dH;O.
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Filter binding assays were performed using constant
amounts of radiolabeled CrPV IGR IRES RNA and 40S
ribosomal subunits in 1x recon buffer (30 mM HEPES-
KOH, pH 7.4, 100 mM KOAc, pH 7.6, 5 mM MgCl,, 2
mM DTT) with 15 pM cold non-competitor RNA in vitro
transcribed from the pCDNA3.1 vector (Invitrogen) lin-
earized with EcoRI. Complex formation occurred at 25°C.
Reactions were passed over Whatman Protran BA 85 filters
(Fisher) and washed with ImL of 1x recon buffer and scin-
tillation counted using an LS 6500 (Beckman). Competition
assays were performed as above, except complexes were al-
lowed to form for 20 min, then 450-fold molar excess cold
competitor RNA (CrPV IGR IRES) was added over radi-
olabeled RNA. Time points were taken from 1 to 60 min
after cold competitor RNA addition.

Calculation of rate and equilibrium constants

Global fitting of association and dissociation time-courses
was performed with Kintek Global Kinetic Explorer 6.0
(21,22). Data were fit to the reaction scheme described in the
text (Figure 1F). To estimate initial parameters and sigma
values for subsequent global fits, time courses were fit to a
biphasic exponential function:

—bl-t —b2-t

frac[bound] = a; - ¢ +a-e +c

(frac [bound]: fraction of bound IRES RNA; b;, b,: ob-
served rate constants for each phase; a1, a>: amplitudes for
each phase; ¢: offset). The equilibrium between 40S;, (40S
non-binding competent) and 40S, (40S active) was set to
favor complete 40Sa formation. Initial values for ky, k.p,
k> and k_, were determined as follows: k; < 1000 uM~!s~1;
k> = by from association time courses. k_; = b; from the dis-
sociation time course. k_» = b, from the dissociation time
course. Initial parameters were further optimized with the
Dynamic Simulation feature of Kintek Explorer, which al-
lows variation of rate constants with continuous simula-
tion. Next, association time-courses from at least three dif-
ferent IRES concentrations and dissociation time courses
were globally fit with k1, k_1, k2, k_» and K’y /, set as variable.
Obtained data were then used in several iterative rounds
of global fitting until parameters no longer changed and
a minimum X? value was obtained for the global fit. For
wild-type eS25 and each eS25 mutant, 70-100 individual
data-points were used, respectively, to determine the four
rate constants and the equilibrium value K’y > for the 40S;,
to 40S4 transition for wild-type eS25 and each eS25 mutant.
Parameters describing the quality for each of the global fits
are listed in Supplementary Figure S1.

Free energy changes for the transition states were calcu-
lated according to the Eyring-Polanyi equation:

AGH = —RT -Wn[(k - h) - (kg - T)"']

(R: gas constant; 7: temperature (K), k: rate constant, /:
Planck constant, kg: Boltzmann constant). To calculate the
change in free energy for the transition state of step 1, which
corresponds to ki, the second order association rate con-
stant was converted to a pseudo-first order rate constant
considering standard conditions (RNA concentrations set
at [RNA] =1 M).
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The change in free energy for the equilibrium between
40S;, and 40S5 was calculated according to:

AG° =—RT -1In (K’]/z) .

(R: gas constant; 7 temperature (K), K’j,>: equilibrium
constant between 40S;, and 40S,).

Western analysis

50 ml yeast cultures were brought to 5% trichloroacetic
acid (TCA), incubated on ice for 30 min and pelleted at
2800 x g for 4 min at 4°C. Pellets were washed 5 times
with 4 ml 100% acetone and pelleted at 2800 x g for 4
min at 4°C. Pellets were dried on ice and stored at —80°C
until resuspended in 300 wl (50 mM Tris—HCIL, pH 7.5, 1
mM EDTA, 1% SDS) and 400 .1 acid-washed glass beads
(Sigma). Cells were lysed using a Retsch MM200 mixer
mill for eight intervals of 1 min at a frequency of 30 (1/s).
8-10 wg of total protein was separated by 16% tricine
SDS-PAGE, transferred to an Immobilon-FL polyvinyli-
dene difluoridemembrane (Millipore Co., Milford, MA,
USA), and probed with a 1° antibody (our rabbit poly-
clonal yeast RPS25, mouse monoclonal phosphoglycerate
kinase (PGK) antibodies (#A6457, Invitrogen), or rabbit
polyclonal uS6 (RPS6) antibody (#ab40820, AbCam)) then
a 2° anti-rabbit or anti-mouse fluorochrome-conjugated an-
tibody (#926-32212, Li-Cor, Lincoln, NE). Westerns were
visualized and quantified using Odyssey scanner and Li-
Cor software.

Statistical analyses

A Student’s ¢-test was used to determine significant differ-
ences in eS25 mutant IRES activity compared to wild-type
eS25. An unpaired z-test was used to determine significance
in binding activity (IRES to ribosome) of eS25 mutants
compared to wild-type eS25 binding.

RESULTS
CrPV IGR IRES binding is a two-step reaction

Kinetic binding studies on the CrPV IGR IRES with pu-
rified 40S subunits with and without eS25 (rps25AaAb)
(Figure 1A) (15) revealed that the 40S-IRES association
rate increased with increasing IRES concentrations (Figure
1B) indicating a bi-molecular binding reaction. However,
the pronounced biphasic shape (Figure 1C), suggests multi-
ple kinetically discrete steps or formation of multiple 40S—
IRES complexes with distinct kinetic properties. The rate
of IRES dissociation from the 40S subunit (Figure 1D) dis-
played a clear biphasic shape (Figure 1E) providing further
support for the existence of multiple 40S-IRES complexes
with distinct kinetic properties.

The simplest kinetic model to fit both association and dis-
sociation time courses comprised two consecutive reversible
steps (Figure 1F and Supplementary Figure S1). The data
were not adequately described by simpler models with only
one or two non-reversible steps, nor by models consisting
of two parallel reversible reactions or two populations of
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Figure 1. CrPV IGR IRES RNA binds to the 40S subunit in two reaction steps. (A) Binding of CrPV IGR IRES (4 nM) to the 40S subunit (1 nM) with
and without eS25 (rps25AaAb) was measured by filter binding assay after 3 min incubation. n = 3 biological repeats P-value indicated **< 0.01. P-value
determined by unpaired #-test. (B) Reaction scheme for measuring 40S-IRES association at times ranging from 15 s to 5 min. (C) Filter binding assays for
40S-IRES complex formation were performed at various times (15 s to 5 min) with [40S] = 1 nM and the IRES concentration at 1 nM (e), 2.5 nM (O)
or 4 nM (4). Lines show the global fit to the kinetic model shown in panel (F). (D) Reaction scheme for how IRES dissociation from 40S was measured
by chasing with unlabeled (cold) IRES RNA. Filter binding assays were performed at various times (ranging from 1 to 60 min) after the cold competitor
CrPV IGR IRES (chase RNA) was added. (E) Time-course for measuring IRES dissociation from the complex that was formed using 2 nM 40S and 2 nM
IRES for 20 min, then chased with 900 nM unlabeled CrPV IGR IRES RNA. Error bars indicate standard deviation for n > 3 independent experiments.
The line shows the global fit to the kinetic model shown in panel (F). (F) Reaction model and kinetic parameters for the two-step binding reaction for
IRES binding to 40S subunits. ([40S-IRES]: intermediate complex; [40S-IRES]*: final complex; kj: association rate constant for step 1, k_1: dissociation
rate constant for step 1, k: forward rate constant for step 2; k_,: reverse rate constant for step 2).

40S (Supplementary Figure S1). Rate constants for the ki-
netic model with two consecutive reversible steps were ob-
tained by a global fit of all association and dissociation
time courses (Figure 1F and Supplementary Table S2). The
rate constants indicate a bimolecular binding reaction in
which the IRES and the 40S form an initial 40S-IRES com-
plex that converts in a unimolecular reaction to a second,

distinct [40S-IRES]* complex. This unimolecular reaction
step most likely represents a conformational change.

The initial binding step occurs with a rate constant close
to the diffusion limit, while conversion to the [40S-IRES]*
complex is slow, relative to the first bimolecular reaction
step even above low nanomolar concentrations of reactants.
The initial 40S-IRES complex is thermodynamically sta-



ble at low nanomolar IRES concentrations (K1, = 4.2
nM). IRES dissociation from the intermediate state (k1)
is reflected in the first, fast phase of the dissociation time
course (Figure 1E). The IRES is ~30 times more likely
to dissociate from this complex than to convert to [40S—
IRES]*. Compared to the intermediate 40S—-IRES complex,
the [40S-IRES]* complex is long lived. Formation of the
[40S-IRES]* complex is 18 times more likely than the back-
reaction (k ) (Figure 1F). The amplitude of the first phase
of the dissociation time course roughly reflects the equilib-
rium between intermediate state, [40S-IRES], and second
bound state, [40S-IRES]* (Figure 1E, F, and Supplemen-
tary Table S2). It is formally possible that the second step
is essentially irreversible, in which case the rate constant
k., would represent dissociation of the IRES from [40S—
IRES]*. However, even in this scenario IRES dissociation
from [40S-IRES]* is orders of magnitude slower than dis-
sociation from the intermediate state, and none of the con-
clusions below would fundamentally change. Our results
thus collectively indicate that IRES binding to the 40S con-
sists minimally of a reversible association step during which
a thermodynamically stable, yet kinetically dynamic 40S—
IRES complex forms, followed by a slow conversion to a
kinetically stable [40S-IRES]* complex.

Mutations in eS25 dramatically affect CrPV IGR IRES ac-
tivity

eS25 is a non-essential 40S ribosomal protein that resides
primarily in the E-site with an N-terminal extension that
extends towards the P-site (15,23-25) (Figure 2A). Yeast
(S. cerevisiae) and human (Homo sapiens) eS25 coding re-
gions are 49% identical and 71% similar. This conservation
extends throughout the entire protein (Figure 2B), which
consists of a globular (head) domain, a basic unstructured
N-terminal tail domain, and a C-terminal domain that folds
into a cleft of the head domain (Figure 2C).

Since eS25 is required for CrPV IGR IRES activity and
binding to the 40S subunit (15,26), we generated 59 single
amino acid mutations in the conserved residues of the yeast
€S25 and three deletion mutants (Figure 3C). The mutant
eS25 proteins were stably expressed from a plasmid as the
sole source of eS25 in the rps25 AaAb knockout yeast strain
and were stably expressed in yeast. Using the dicistronic lu-
ciferase assay (Figure 3A) only about half of the mutants
affected CrPV IGR IRES activity (Figure 3C and see Sup-
plementary Table S3 for raw luciferase values). Since all of
these mutations had IRES activity that was higher than a
complete deletion of eS25, this suggests that they were as-
sociated with the 40S subunit. In fact, all of the purified
40S subunits had similar levels of eS25 protein associated
with the 40S subunits compared to the wild-type (Supple-
mentary Figure S2). Mutations that affected IRES activ-
ity were located throughout the entire eS25 protein (Figure
3C, D, and Supplementary Figure S3). Interestingly, dele-
tion of the entire C-terminal domain was no more detri-
mental to IRES activity than mutating any single amino
acid in the C-terminal tail. Deletion of the N-terminal tail
or the eS25RM8A orD gyistitutions reduced IRES activity to
levels without eS25 (Figure 3B and Supplementary Table
S3). Thus, residues throughout the entire protein affected
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Figure 2. eS25 is a highly conserved non-essential ribosomal protein. (A)
The globular domain of €S25 (red) is in the E-site of the 40S ribosomal
subunit between uS13 (purple) and uS7 (green) with an N-terminal do-
main extending downward toward the P-site of the 40S ribosomal subunit
(blue = tRNA, light purple = mRNA). (B) Sequence conservation of eS25
between S. cerevisiae and H. sapiens modeled onto the Triticum aestivum
structure of eS25 (4V7E PDB (34)). Identity is indicated using a scale from
yellow (identical) to brown (least similar) (35). Regions of €S25 that in-
teract with the P- and E-site, and 40S rRNA are indicated. (C) eS25 has
three domains: N-terminal (brown; residues 1-29), head (blue; 30-97) and
C-terminal (magenta; 98-108) (4V7E PDB (34)).

IRES activity, suggesting that eS25 may have multiple roles
in CrPV IGR IRES-mediated initiation. Importantly, none
of the ¢S25 mutations affected cap-dependent translation
(Supplementary Table S3) consistent with our earlier find-
ings that a deletion of €eS25 had no effect on cap-dependent
initiation (2,15).

eS25 amino acids R68 and R58 are in close proxim-
ity to the CrPV IGR IRES (9,27,28) and are positively
charged, suggesting that they may be important for binding
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Figure 3. Single point mutations in eS25 dramatically reduced CrPV IGR IRES activity. (A) A diagram of the dual luciferase reporter used to assay CrPV
IGR IRES activity in yeast. Transcription of the dicistronic reporter is under the control of the PGKI promoter; Renilla luciferase is translated by a cap-
dependent mechanism, and firefly luciferase translation is dependent upon the CrPV IGR IRES, which is ensured by the deletion of the firefly luciferase
start codon (AAUG). (B) A graph of CrPV IGR IRES activity in rps25 AaAb yeast strain expressing wild-type or mutant eS25 from a plasmid as the sole
source of eS25 in the cell. The firefly luciferase values were normalized to Renilla luciferase values, and expressed as a percentage of activity with the CrPV
IGR IRES in wild-type yeast set to 100%. The color indicates the relative amount of CrPV IGR IRES activity: inactive (red, <10%), low (orange, 17-29%),
modest (white, 32-48%), wild-type (green, 72—-128%), and increased (black, >139%) activity. Raw luciferase values are shown in Supplementary Table S3.
SE is indicated for n = 3 biological replicates P-value indicated *< 0.05, **<0.01. P-values determined by Student’s -test. (C) Amino acid alignment of
S. cerevisiae and H. sapiens eS25, colored highlights indicate the sequence identity as in Figure 2B. The CrPV IGR IRES activity for each eS25 mutation
generated are located above the alignment and the color of the amino acid indicates the CrPV IGR IRES activity for that mutant using the same color
code as in (B). Amino acid substitutions that showed no significant effect on CrPV IGR IRES activity are shown (green). Three eS25 deletion mutants A19
(A1-19), A39 (A1-39), and A98-108 are demarcated by a line with colored rectangles above the alignment indicating CrPV IGR IRES activity. (D) The
CrPV IGR IRES activity of the eS25 mutations mapped onto the structure of €S25 from PDB 4V7E. Colors correspond to their effect on IRES activity
as in (B), gray indicates residues that were not assayed (see Supplementary Figure S3 for additional views).
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Figure 4. Mutations in eS25 reduce 40S-IRES complex formation. Filter
binding assays were performed 3 min after mixing | nM of the indicated
purified 40S with 4 nM CrPV IGR IRES to determine the amount of 40S—
IRES complex formed. 40S-IRES complexes formed using 40S subunits
isolated from wild-type (white bar) or rps25AaAb are re-presented (Figure
1A) here for direct comparison. Purified 40S subunits from rps25AaAb
harboring eS25 expressed from a plasmid as the sole source of eS25 in
the cell: K33A, R103A, W27A, R58A and R68A are shown for n>2 bi-
ological repeats with P-values indicated *<0.05, **<0.01, ***<0.001 and
**%%<().0001. P-values determined by unpaired z-test.

to the IRES. Substituting aspartic acid, a negatively charged
amino acid, resulted in similar or even lower IRES activities
as those seen with the alanine substitution. However, muta-
tion of eS25R8 to lysine, another positively charged amino
acid, resulted in a partial rescue (Supplementary Table S3)
suggesting that a positive charge at that position was im-
portant. Mutagenesis of several other residues in this region
(Y59 through L65) that are primarily hydrophobic reduced
IRES activity (Figure 3B), suggesting that they may stabi-
lize the protein structure such that the positively charged
R58 and R68 amino acids are positioned for interacting
with the RNA.

Residues throughout eS25 are required for 40S-IRES com-
plex formation

Next, we wanted to understand how the eS25 mutations
affected the two-step binding reaction to form 40S-IRES
complexes. Five mutations in eS25 that were distributed
throughout the protein (W27A, K33A, R58A, R68A and
R103A) were assayed for effects on IRES binding by puri-
fying 40S subunits from yeast harboring the mutant eS25
as the only source of €S25 in the cell. All 40S subunits with
mutant eS25 had decreased binding of the IRES to the 40S
(Figure 4). However, IRES binding was clearly detectable
in each case and is thus markedly higher with mutant
eS25 than without eS25 (Figure 4). These results show that
eS25 mutations diminish 40S-IRES complex formation
in vitro.
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eS25 mutations affect both steps of the 40S-IRES binding
reaction

The association and dissociation rates of the 40S-IRES
complex with each mutant eS25 displayed a marked bipha-
sic shape under all conditions (Supplementary Figure S4),
consistent with a two-step reversible reaction. However, de-
viations in the curves from wild-type eS25 suggested that
the various eS25 mutations had different effects on each
step in the reaction. Importantly, the IRES—40S complexes
formed with the ¢S25 mutants were competent to form sta-
ble 80S complexes (Supplementary Figure S5). We deter-
mined the rate constants for each of the eS25 mutations us-
ing the two-step binding reaction established for wild-type
eS25. In order to accomplish an adequate data fit for all
eS25 mutants, we included an additional step that accounts
for a slow equilibrium between a form of the 40S that is
competent for IRES binding (40S4; active) and one that is
not (40S;,; inactive) (Figure SA). This augmented kinetic
scheme was used to globally fit association and dissociation
time courses (Supplementary Figure S4).

The eS25R%A mutation, which caused the largest de-
crease in IRES activity in vivo, reduced the binding rate
constant for the first step (k) by a factor of 40 (Figure 5C
and D), and increased the back-reaction rate constant for
the second step (k) by a factor of ~2, compared to wild-
type €S25 (Figure 5G, and Supplementary Table S2). The
other two rate constants were roughly similar to wild-type
eS25. eS25RBA aso did not significantly alter the equilib-
rium between 40S that were competent for IRES binding
and 40S that were not, compared to wild-type eS25 (Figure
5B). These findings suggest that while eS25RA reduced the
affinity of the IRES for the 40S subunit, it did not alter the
conformation of the 40S subunit to one that was not con-
ducive to binding.

In contrast to eS25R%4 all other €S25 mutations shifted
the equilibrium towards non-competent IRES binding 40S
(Figure 5B). All mutations reduced the binding rate con-
stant for the first step (k;), albeit to varying degrees (Figure
5D). No comparably clear trends were seen for the impact
of the mutations on k_; (Figure 5SE). However, except for
eS25R08A the mutations increased the rate constant for the
second step (k») (Figure 5F), and all mutations increased
the reverse rate constant k , (Figure 5G). Collectively, these
data show that mutations affect all steps of the binding re-
action and also impact the fraction of 40S that is competent
for IRES binding.

A decrease in k| and an increase in k., and k, appear
to be detrimental to IRES binding in vitro. These obser-
vations indicate that diminished association rate constant
and altered timing of formation of the second, stable [40S4 -
IRES]* complex have the main kinetic impact on 40S-
IRES complex formation. Mutations that accelerate [40S4-
IRES]* formation are detrimental, as are mutations that
promote the conversion of this complex back to the inter-
mediate [40SA-IRES] complex. With the exception of the
eS25R3A mutation, the measured kinetic effects on k; and
k; scale with the impact of the mutations on the IRES activ-
ity measured in vivo (Figure 5C, D and F). This observation
suggests that the slower timing of [40SA-IRES]* formation
is important for IRES activity.
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Figure 5. Impact of eS25 mutations on rate and equilibrium constants of the 40S-IRES formation. (A ) Minimal kinetic model for the two-step binding
reaction to form a 40S-CrPV IGR IRES complex. For the top part of the model the terms are defined as follows: (40S;;,): the inactive 40S-eS25 conformation
that cannot bind IRES RNA, (40S, ): the active 40S-eS25 that can readily bind IRES RNA, K’ /»: equilibrium constant for the 40S;, to 40S4 transition,
defined as: (fraction of 40S,) / (1- fraction of 40S,). The bottom part of the model and the corresponding terms are the same as defined in Figure 1F.
(B-G) Graphs showing parameters for wild-type and mutant 40S,-eS25 as follows: (B) equilibrium constant K % (for 40S;, to 40S, transition) along
with fraction of active 408, (C) IRES activity (%) from Figure 1F presented again here for clarity, (D) association rate constants (k) for the binding of
40S4 to the IRES, (E) Dissociation rate constants (k_;) for the dissociation of the 40Ss-IRES complex, (F) forward conformational change rate constant
(k») for the transition from [40SA-IRES] to [40S4-IRES]*, (G) Reverse conformational change rate constant (k_) for the transition from [40SA-IRES]*
to [40SA-IRES]. For plots (B-G) error bars represent the upper and lower boundaries for each of the kinetic parameters at the 95% confidence interval as

determined by FitSpace analysis.

eS25 impacts 40S conformation in the absence of the IRES

To better visualize the impact of eS25 on the timing of
[40SA-IRES]* formation, we converted the rate constants
into a free energy diagram for each eS25 variant. Assuming
that the [40SA-IRES]* complex is critical for IRES activity
we anchored the free energies for each eS25 variant at this
state (Figure 6). The diagram reveals that all tested muta-
tions stabilize the 40S state that is not competent to bind the
IRES (Inactive state; 40S;,) with eS25R103A stabilizing the
inactive state the most. These observations reiterate that all
tested €S25 mutated residues impact the 40S by favoring a
conformation that is not conducive to IRES binding, which
persists on the timescale of our experiments.

The ground state energy of the 40S that is competent
for IRES binding (40S4) is significantly lower for eS25R%84
compared to wild-type and changes only little for the other
mutations. This ground state energy also reflects the impact
of €S25 on the 40S conformation. A lower energy for the
ground state disfavors IRES binding, because the associa-
tion rate constant for the first step is determined by the dif-
ference between ground and transition state. With the ex-
ception of eS25R%A 4]l mutations increased or slightly in-
creased the transition state energy, compared to wild-type.
Thus, eS25R%A fayors the transition state while all other
mutations destabilized it, to varying degrees. However, the

favorable impact of the eS25R%%4 mutation was outweighed
by the unfavorable impact of this mutation on the ground
state. Nevertheless, the effect of the mutations on ground
and transition state energies for the first step marked the
major energetic impact on the overall reaction. The inter-
mediate state [40SA-IRES] was destabilized by all muta-
tions, compared to wild-type, except for eS25R%A  which
stabilized this state. The transition state for the second step
is highest for the wild-type. These findings suggest that, in
contrast to step 1, step 2 does not need to be as fast as
possible. A slow conversion of the intermediate state [40S4 -
IRES] to the final product state [40SA-IRES]* seems to be
most desirable for optimal IRES activity.

DISCUSSION

Taken together, these studies revealed that CrPV IGR IRES
binding is a reversible two-step reaction that can be de-
scribed as IRES binding to the 40S subunit followed by
a conformational change that stabilizes the complex (Fig-
ure 7). The presence of wild-type €S25 on the 40S subunit
induces a conformation that is suitable for IRES binding.
In addition, the R68 residue of eS25 was critical for CrPV
IGR IRES binding to the 40S subunit and mutations that
reduced the rate of IRES association with the 40S subunit
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Figure 6. Impact of eS25 mutations on the free energy landscape of the
40S-IRES binding reaction. Relative free energies (A AG) for the reaction
stages of the 40S-IRES binding reaction for wild-type and mutant eS25,
as marked. The product state was set equal for all eS25 variants. The lower
panel shows free energy changes for the various stages at a larger scale, em-
phasizing differences between the eS25 variants. Note the different scales.

correlated with a decrease in IRES activity in vivo, suggest-
ing that this is the rate-limiting step for IRES activity. Our
studies revealed multiple roles for eS25 in CrPV IGR IRES-
mediated initiation and identified residues in eS25 that af-
fect these roles. €S25 is important for inducing a binding
competent 40S subunit and ensuring that the conforma-
tional change that stabilizes binding does not occur too
rapidly or prematurely.

Although the CrPV IGR IRES has been reported to con-
tact eS25, eS28, uS7 and uS11 (8), eS25 is critical for this
initial binding step. Our data show that the integrity of R68
in eS25 is particularly critical for efficient IRES binding to
the 408, both in vitro and in the cell. This finding is consis-
tent with the location of eS25 on the 40S subunit and struc-
tural studies indicating that SL2.3 (SLV) of the CrPV IGR
IRES contacts €S25 (9,27) (Supplementary Figure S6). R68
is a positively charged residue that could facilitate interac-
tions with a negatively charged RNA since it is on a surface
exposed region of €S25. The large energetic impact of the
R68A mutation is consistent with the possibility that R68
directly contacts the IRES.

The data presented here showed that CrPV IGR IRES
binding to the 40S is a two-step reaction. Previous studies
that only detected a single step determined 40S-IRES com-
plex formation to be very slow (29). This is consistent with
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the second step measured in our experiments and suggest
that previous measurements, which were based on a FRET
system, were not sensitive to the first and faster reaction
step. This insensitivity could arise from an unsuitable dis-
tance between the FRET labels until after the initial binding
step or if the initial binding state consists of a multitude of
dynamically changing IRES orientations, which would not
produce a uniform FRET state. Also, a combination of both
scenarios could explain the discrepancies between our stud-
ies and those measured by FRET. However, in agreement
with our findings, the FRET study showed that the reversal
of the slow step did not occur in the time scale of initiation
(29), suggesting that the stable complex [40S4-IRES]* does
not dissociate prior to initiation.

We speculated that the second step likely represents a con-
formational change of the 40S-IRES complex. An empty
40S subunit has a ‘closed’ mRNA channel with the head po-
sitioned close to the body (24). Rotation of the head away
from the body accompanied by the presence of initiation
factors (elF1, eIF1A, elF3 and the ternary complex) results
in opening the latch for mRNA loading and/or scanning,
which is referred to as the ‘open’ conformation (30). Struc-
tural studies have shown that binding of the CrPV IGR
IRES to 40S subunit with PKI positioned into the A-site
(13,27) in the absence of any other factors induces the open
conformation with the head rotated away from the body
of the 40S for mRNA loading (6,7). Therefore, it is possi-
ble that the conformational change reflected in the second
reaction step involves the head movement that opens the
mRNA channel, which would allow binding of PKI of the
CrPV IGR IRES into the A-site of the 40S subunit (Figure
7). It is tempting to speculate that IRES binding to the 40S
subunit only becomes stable once the IRES is positioned
into the mRNA channel. However, at this point we are un-
able to rule out a multi-step reaction whereby opening of the
mRNA channel is followed by recognition of PKI in the A-
site as a mRNA-tRNA mimic (27), which has been shown
to induce a ‘domain closure’ whereby the beak of the 40S
subunit moves toward the body by 4 A (27,31).

The rate for the reversal of the second step is slow (k , ~
0.01 min~") on the time scale of initiation, which is thought
to take about 60 s, making it essentially irreversible (32).
However, initiation from the IRES is much less efficient and
likely much slower than canonical initiation and the rate
of initiation of the CrPV IGR IRES might be more accu-
rately measured by the rate of the first pseudotranslocation
event, which occurs with a rate constant of kini; ~ 0.2 min~—!
(33). Yet, even in this scenario, initiation is faster than the
reversal of the second step (k). Therefore, the quantita-
tive biochemical data suggest that once the IRES recruits
the 40S subunit and induces the putative conformational
change, the complex is unlikely to dissociate before initia-
tion is completed and elongation commences.

The correlation between the rate constant for the first step
(k1) and the IRES activity holds for all tested mutations,
except for eS25R%¥A (Figure 5). Previous studies have im-
plicated R58 along with R68 in IRES binding since R 58 re-
sides on the same surface exposed region of €S25 (28). How-
ever, our kinetic analysis indicates only comparably minor
effects of eS25%8 on both steps of the binding process (Fig-
ure 6). We therefore speculate that the large effect of eS2588
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Figure 7. Model of the two-step reaction of IRES recruitment of the 40S subunit and the role of eS25 in this process. Wild-type eS25 is required for inducing
a conformation in the 408 subunit that is conducive for IRES binding (blue). The first step is a fast-bimolecular binding reaction where the IRES binds to
the 40S subunit but does not form a stable interaction. This complex can be readily dissociated (red). The second step is a slow unimolecular reaction to
form a distinct complex that is more stable, likely this represents a conformational change in the 40S-IRES complex possibly tilting the head away from
the body of the 40S subunit, which would open the mRNA binding channel for positioning of the IRES PKI into the A-site. eS25 is important for slowing
down this step or preventing it from occurring prematurely. This final step may represent the 40S-IRES complex that has been observed in structural

studies with the CrPV IGR IRES loaded into the mRNA channel (6,7,13).

on IRES activity in cells arises because eS258* is likely re-

quired for a step downstream of the IRES binding process,
such as one or more translocation steps. Indeed, the dou-
ble translocated IRES in the 80S ribosome has been shown
to make new contacts with eS25 residues 52-65 of the mam-
malian eS25 (residues 50-57 yeast €S25) (9), suggesting that
the alpha-helix containing R58 is important downstream of
40S complex formation.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

We thank the UAB Heflin Center for Genomic Science Core
Laboratory for plasmid sequencing. We thank members of
the Thompson laboratory for discussions and comments on
the manuscript. We thank Joshua Justice for help with the
figures and careful reading of the manuscript.

FUNDING

National Institutes of Health [AI139554, GMO084547,
AT123162 to S.R.T., GM 118088 to E.J.]. Funding for open
access charge: NIH [AI123162].

Conflict of interest statement. None declared.

REFERENCES

1. Merrick,W.C. and Pavitt,G.D. (2018) Protein Synthesis Initiation in
Eukaryotic Cells. Cold Spring Harb. Perspect. Biol., 10, a033092.

2. Hertz,M.I., Landry,D.M., Willis,A.E., Luo,G. and Thompson,S.R.
(2013) Ribosomal protein S25 dependency reveals a common
mechanism for diverse internal ribosome entry sites and ribosome
shunting. Mol. Cell. Biol., 33, 1016-1026.

3. Kanamori, Y. and Nakashima,N. (2001) A tertiary structure model of
the internal ribosome entry site (IRES) for methionine-independent
initiation of translation. RNA, 7, 266-274.

4. Pfingsten,J.S., Costantino,D.A. and Kieft,J.S. (2006) Structural basis
for ribosome recruitment and manipulation by a viral IRES RNA.
Science, 314, 1450-1454.

5. Wilson,J.E., Pestova,T.V., Hellen,C.U. and Sarnow,P. (2000)
Initiation of protein synthesis from the A site of the ribosome. Cell,
102, 511-520.

6. Schuler,M., Connell,S.R., Lescoute,A., Giesebrecht,J.,
Dabrowski,M., Schroeer,B., Mielke, T., Penczek,P.A., Westhof,E. and
Spahn,C.M. (2006) Structure of the ribosome-bound cricket paralysis
virus IRES RNA. Nat. Struct. Mol. Biol., 13, 1092-1096.

7. Spahn,C.M., Jan,E., Mulder,A., Grassucci,R.A., Sarnow,P. and
Frank,J. (2004) Cryo-EM visualization of a viral internal ribosome
entry site bound to human ribosomes: the IRES functions as an
RNA-based translation factor. Cell, 118, 465-475.

8. Fernandez,1.S., Bai,X.C., Murshudov,G., Scheres,S.H. and
Ramakrishnan,V. (2014) Initiation of translation by cricket paralysis
virus IRES requires its translocation in the ribosome. Cell, 157,
823-831.

9. Pisareva,V.P., Pisarev,A.V. and Fernandez,I.S. (2018) Dual tRNA
mimicry in the Cricket Paralysis Virus IRES uncovers an unexpected
similarity with the Hepatitis C Virus IRES. eLife, 7, ¢34062.

10. Costantino,D.A., Pfingsten,J.S., Rambo,R.P. and Kieft,J.S. (2008)
tRNA-mRNA mimicry drives translation initiation from a viral
IRES. Nat. Struct. Mol. Biol., 15, 57-64.

11. Ren,Q., Wang,Q.S., Firth,A.E., Chan,M.M., Gouw,J.W.,
Guarna,M.M., Foster,L.J., Atkins,J.F. and Jan,E. (2012) Alternative
reading frame selection mediated by a tRNA-like domain of an
internal ribosome entry site. Proc. Natl. Acad. Sci. U.S.A., 109,
E630-E639.

12. Sasaki,J. and Nakashima,N. (2000) Methionine-independent
initiation of translation in the capsid protein of an insect RNA virus.
Proc. Natl. Acad. Sci. US.A., 97, 1512-1515.

13. Koh,C.S., Brilot,A.F., Grigorieff,N. and Korostelev,A.A. (2014)
Taura syndrome virus IRES initiates translation by binding its
tRNA-mRNA-like structural element in the ribosomal decoding
center. Proc. Natl. Acad. Sci. U.S.A.,111,9139-9144.

14. Au,H.H., Cornilescu,G., Mouzakis,K.D., Ren,Q., Burke,J.E., Lee,S.,
Butcher,S.E. and Jan,E. (2015) Global shape mimicry of tRNA within
a viral internal ribosome entry site mediates translational reading
frame selection. Proc. Natl. Acad. Sci. U.S.A., 112, E6446-E6455.

15. Landry,D.M., Hertz,M.I. and Thompson,S.R. (2009) RPS25 is
essential for translation initiation by the Dicistroviridae and hepatitis
C viral IRESs. Genes Dev., 23, 2753-2764.

16. Spahn,C.M., Kieft,J.S., Grassucci,R.A., Penczek,P.A., Zhou,K.,
Doudna,J.A. and Frank,J. (2001) Hepatitis C virus IRES
RNA-induced changes in the conformation of the 40s ribosomal
subunit. Science, 291, 1959-1962.

17. Jan,E., Kinzy,T.G. and Sarnow,P. (2003) Divergent tRNA-like
element supports initiation, elongation, and termination of protein
biosynthesis. Proc. Natl. Acad. Sci. U.S.A., 100, 15410-15415.

18. Treco,D.A. and Winston,F. (2008) In: Current Protocols in Molecular
Biology. John Wiley & Sons, Inc., Somerset, pp. 13.12.11-13.12.12.

19. Treco,D.A. and Lundblad,V. (2000) In: Current Protocols in
Molecular Biology. John Wiley & Sons, Inc., Somerset, pp.
13.11.11-13.11.17.


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaa547#supplementary-data

20.

21.

22.

23.

24.

25.

26.

27.

28.

Kunkel, T.A. (1985) Rapid and efficient site-specific mutagenesis
without phenotypic selection. Proc. Natl. Acad. Sci. U.S.A., 82,
488-492.

Johnson,K.A., Simpson,Z.B. and Blom,T. (2009) Global kinetic
explorer: a new computer program for dynamic simulation and fitting
of kinetic data. Anal. Biochem., 387, 20-29.

Johnson,K.A. (2009) Fitting enzyme kinetic data with KinTek Global
Kinetic Explorer. Methods Enzymol., 467, 601-626.

Armache,J.P, Jarasch,A., Anger,A.M., Villa,E., Becker,T.,
Bhushan,S., Jossinet,F., Habeck,M., Dindar,G., Franckenberg,S.

et al. (2010) Cryo-EM structure and rRNA model of a translating
eukaryotic 80S ribosome at 5.5-A resolution. Proc. Natl. Acad. Sci.
US.A.,107, 19748-19753.

Ben-Shem,A., Garreau de Loubresse,N., Melnikov,S., Jenner,L.,
Yusupova,G. and Yusupov,M. (2011) The structure of the eukaryotic
ribosome at 3.0 A resolution. Science, 334, 1524-1529.

Rabl,J., Leibundgut,M., Ataide,S.F., Haag,A. and Ban,N. (2011)
Crystal structure of the eukaryotic 40S ribosomal subunit in complex
with initiation factor 1. Science, 331, 730-736.

Hertz,M.I. and Thompson,S.R. (2011) In vivo functional analysis of
the Dicistroviridae intergenic region internal ribosome entry sites.
Nucleic Acids Res., 39, 7276-7288.

Murray,J., Savva,C.G., Shin,B.S., Dever,T.E., Ramakrishnan,V. and
Fernandez,1.S. (2016) Structural characterization of ribosome
recruitment and translocation by type IV IRES. eLife, 5, e13567.
Muhs,M., Yamamoto,H., Ismer,J., Takaku,H., Nashimoto,M.,
Uchiumi, T., Nakashima,N., Mielke,T., Hildebrand,P.-W.,

29.

30.

31.

32.

33.

34.

35.

Nucleic Acids Research, 2020, Vol. 48, No. 14 8073

Nierhaus,K.H. ez al. (2011) Structural basis for the binding of IRES
RNA: s to the head of the ribosomal 40S subunit. Nucleic Acids Res.,
39, 5264-5275.

Petrov,A., Grosely,R., Chen,J., O’Leary,S.E. and Puglisi,J.D. (2016)
Multiple parallel pathways of translation initiation on the CrPV
IRES. Mol. Cell, 62,92-103.

Llacer,J.L., Hussain,T., Marler,L., Aitken,C.E., Thakur,A.,
Lorsch,J.R., Hinnebusch,A.G. and Ramakrishnan,V. (2015)
Conformational differences between open and closed states of the
eukaryotic translation initiation complex. Mol. Cell, 59, 399-412.
Ogle,J.M., Brodersen,D.E., Clemons,W.M. Jr., Tarry,M.J.,
Carter,A.P. and Ramakrishnan,V. (2001) Recognition of cognate
transfer RNA by the 30S ribosomal subunit. Science, 292, 897-902.
Shah,P., Ding,Y., Niemczyk,M., Kudla,G. and Plotkin,J.B. (2013)
Rate-limiting steps in yeast protein translation. Cell, 153, 1589-1601.
Zhang,H., Ng,M.Y., Chen,Y. and Cooperman,B.S. (2016) Kinetics of
initiating polypeptide elongation in an IRES-dependent system.
eLife, 5, e13429.

Armache,J.P, Jarasch,A., Anger,A.M., Villa,E., Becker,T.,
Bhushan,S., Jossinet,F., Habeck,M., Dindar,G., Franckenberg,S.

et al. (2010) Localization of eukaryote-specific ribosomal proteins in
a 5.5-A cryo-EM map of the 80S eukaryotic ribosome. Proc. Natl.
Acad. Sci. U. S.A.,107, 19754-19759.

Simossis,V.A. and Heringa,J. (2005) PRALINE: a multiple sequence
alignment toolbox that integrates homology-extended and secondary
structure information. Nucleic Acids Res., 33, W289-W294.



