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During protein synthesis, nonsense mutations, resulting in prema-
ture stop codons (PSCs), produce truncated, inactive protein
products. Such defective gene products give rise to many diseases,
including cystic fibrosis, Duchenne muscular dystrophy (DMD), and
some cancers. Small molecule nonsense suppressors, known as
TRIDs (translational read-through-inducing drugs), stimulate stop
codon read-through. The best characterized TRIDs are ataluren,
which has been approved by the European Medicines Agency for
the treatment of DMD, and G418, a structurally dissimilar amino-
glycoside. Previously [1], we applied a highly purified in vitro
eukaryotic translation system to demonstrate that both aminogly-
cosides like G418 and more hydrophobic molecules like ataluren
stimulate read-through by direct interaction with the cell’s protein
synthesis machinery. Our results suggested that they might do so
by different mechanisms. Here, we pursue this suggestion through
a more-detailed investigation of ataluren and G418 effects on
read-through. We find that ataluren stimulation of read-through
derives exclusively from its ability to inhibit release factor activity.
In contrast, G418 increases functional near-cognate tRNA mispair-
ing with a PSC, resulting from binding to its tight site on the ribo-
some, with little if any effect on release factor activity. The low
toxicity of ataluren suggests that development of new TRIDs ex-
clusively directed toward inhibiting termination should be a prior-
ity in combatting PSC diseases. Our results also provide rate
measurements of some of the elementary steps during the eukary-
otic translation elongation cycle, allowing us to determine how
these rates are modified when cognate tRNA is replaced by
near-cognate tRNA + TRIDs.
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remature stop codons (PSCs) arise in messenger RNA

(mRNA) as a consequence of nonsense mutations. Such
mutations lead to the replacement of an amino acid codon in
mRNA by one of three stop codons—UAA, UGA, or UAG
(2-4)—and typically result in inactive truncated protein prod-
ucts. Nonsense mutations constitute ~20% of transmitted or de
novo germline mutations (5-7). Globally, there are ~7,000
known genetically transmitted disorders in humans, and ~12% of
all human disease mutations are nonsense mutations (8). Clearly,
millions of people worldwide would benefit from effective ther-
apies directed toward PSC suppression. PSC disorders can, in
principle, be treated with therapeutic agents that induce the
selection of near-cognate transfer RNAs (tRNAs) at the PSC
position and insertion of the corresponding amino acids into the
nascent polypeptide. This process, referred to as “read-through,”
restores the production of full-length functional proteins, albeit
at levels considerably reduced from wild type. However, even low
rates of read-through can improve clinical outcomes when es-
sential proteins are completely absent.

The best characterized therapeutic agents inducing read-
through, currently referred to as TRIDs [translational read-
through-inducing drugs (9)], are ataluren (Translarna), a hy-
drophobic substituted oxadiazole, and the highly polar class of
aminoglycoside antibiotics (AGs) (10). Only ataluren has been
approved for clinical use. This approval has come from the
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European Medicines Agency, although not yet from the US
Food and Drug Administration, and is currently specified for
treatment of patients with nonsense-mediated Duchenne mus-
cular dystrophy. However, clinical trials are underway for ata-
luren treatment of other diseases (aniridia, NCT02647359;
epilepsy, NCT0275826; and colorectal and endometrium can-
cers, NCT04014530). The clinical utility of aminoglycosides has
been restricted, in part, by their toxicities, which can arise from
read-through of normal stop codons and other effects (3, 4,
11-14). Nevertheless, a Phase 2 clinical trial has recently begun
(cystic fibrosis, NCT(04135495) with a molecularly engineered
AG, ELX-02 (formerly known as NB124), having much reduced
toxicity (15).

Efforts to optimize AG design for clinical use as a TRID have
benefited from the detailed understanding of how AGs promote
misreading of near-cognate tRNAs, a process similar to read-
through of stop codons. Such understanding has been gained
from structural and mechanistic studies of the functional con-
sequences of AG interaction with specific sites of bacterial ri-
bosomes (16-22) and similar structural but sparser mechanistic
studies on eukaryotic ribosomes (1, 23, 24). In contrast, much
less is known about the mechanism by which ataluren stimulates
read-through, and clear identification of the site(s) within the
protein synthesis apparatus with which it interacts is completely
lacking.
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Recently (1), we reported results using a highly purified,
eukaryotic cell-free protein synthesis system to examine the
concentration effects of a dozen TRIDs on eukaryotic read-
through activity. We denote our system PURE-LITE to differ-
entiate it from the more complete PURE systems that have been
developed for bacterial (25) and eukaryotic protein synthesis
(26). PURE-LITE employs only the following purified compo-
nents: eukaryotic 80S ribosomes programmed with variants of
the cricket paralysis virus (CrPV) internal ribosome entry site
(IRES) mRNA (Fig. 1 A and C), which can synthesize poly-
peptides in the complete absence of protein initiation factors
(Fig. 1 A and B) (27, 28); aminoacylated tRNA isoacceptors;
elongation factors eEF1A and eEF2; and release factors eRF1
and eRF3. In our previous study (1), we used 80S ribosomes
purified from shrimp cysts, translation factors eEF1A, eEF2,
eRF1, and eRF3 from Saccharomyces cerevisiae, and amino-
acylated tRNAs prepared from S. cerevisiae and Escherichia coli
and demonstrated that, despite the heterogeneity of this system,
the relative potencies of a series of AGs toward read-through
were fully consistent between the PURE-LITE assay and cell-
based assays. This result was not unexpected, given that
eukaryotic translation factors have very strongly conserved
structures (29-31) and charged tRNAs from one species typically
form functional complexes with both eEF1A and ribosomes from
a different species (32, 33). All of the results presented below
were obtained using the same components.

In the PURE-LITE system, the arrival of a PSC into the 40S
subunit portion of the tRNA A-site of an actively translating
ribosome can lead either to termination of protein synthesis via
hydrolysis of the P-site bound peptidyl-tRNA catalyzed by the
eRF1/eRF3 complex or to read-through via mispairing at the
termination codon by a near-cognate tRNA (Fig. 1 C and D).
TRIDs can increase the amount of read-through product by
inhibiting termination and/or increasing functional near-cognate
tRNA mispairing with a PSC. Our prior results with the PURE-
LITE system measuring the stimulation of read-through by

several AGs are consistent with there being a single tight site of
AG binding to the ribosome with half maximal effective con-
centration (ECsg) values ranging from 0.4 to 4 pM and with
varying yields of read-through product. This site likely corre-
sponds to the tight site of AG binding within the decoding center
of eukaryotic ribosomes (24), which is similar to that observed
for bacterial ribosomes (16-18). In contrast, ataluren and
ataluren-like compounds (34) show S-shaped read-through
concentration-dependent activity curves, suggesting multisite
binding to the protein synthesis machinery, with ECs, values
between 0.10 and 0.35 mM and generally lower yields of read-
through product compared with those obtained with AGs. An-
other important difference is in the rate of read-through product
formation, which is much higher for one of the more potent AGs,
G418, than for ataluren. These differences led us to suggest that
AGs and ataluren-like compounds might stimulate read-through
by different mechanisms (1).

Here, we pursue this suggestion through a more detailed in-
vestigation of ataluren and G418 effects on read-through. We
find that ataluren stimulation of read-through derives exclusively
from its ability to inhibit release factor activity. In contrast, G418
increases functional near-cognate tRNA mispairing resulting
from tight binding to its primary site on the ribosome, and such
binding has little if any effect on release factor activity. Our re-
sults also provide rate measurements of some of the elementary
steps in a single eukaryotic translation elongation cycle, allowing
us to determine how these rates are modified when cognate
ternary complex (TC) (aminoacyl-tRNA.eEF1A.GTP) is replaced
by near-cognate TC in the presence or absence of TRIDs.

Results

Throughout this section, we refer to several ribosome complexes
formed during translation of Trp-IRES mRNA and Stop-IRES
mRNA, as defined in Table 1.
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Fig. 1. CrPV-IRES mRNAs and elongation, read-through, and termination schemes. (A) Trp-IRES encodes PheLysValArgGInTrpLeuMet. (B) Elongation reac-

tions of Trp-POST5 complex. (C) Stop-IRES encodes PhelLysValArgGInStopLeuMet. (D) Termination and elongation (read-through) reactions of Stop-POST5
complex. Both Trp-POST5 and Stop-POST5 complexes contain PhelLysValArgGIn-tRNAS™ in the P-site. Rate constants are defined in the text.
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Table 1. Ribosome complexes ataluren does not stimulate basal read-through, while stimula-
tion by G418 is pronounced. Raising eRF1/eRF3 concentration

Name mRNA A-site occupancy P-site occupancy t

leads to complete loss of basal read-through (black line) and
Stop-POST5  Stop-IRES — FVKRQ-tRNA®"™  partial loss of G418-stimulated read-through (blue line). Added
Stop-PRE6 FVKRQW-tRNAT™ tRNAS" ataluren largely maintains both the original basal read-through
Stop-POST6 — FVKRQW-tRNAT™  |evel (green line) and the G418-stimulated level (pink line) over
Stop-PRE8 FVKRQWLM-tRNAM®* tRNA the concentration range of eRF1/eRF3 examined. Similarly, at a
Trp-POST5 Trp-IRES — FVKRQ-tRNAS'" fixed eRF1/eRF3 concentration, ataluren stimulation of read-
Trp-PRE6 FVKRQW-tRNAT™ tRNAS through diminishes as Trp-TC concentration is raised, while
Trp-POST6 — FVKRQW-tRNA™™ G418 stimulation is largely maintained (Fig. 2B). At fixed G418
Trp-PRE8 FVKRQWLM-tRNAM<t tRNA'e concentration, the increase in octapeptide formation displays a

sigmoidal dependence on added ataluren concentration (Fig. 2C),
a point we return to below.

Ataluren Only Stlm-ulates Read-th.rough in the Presem.:e of eRF1/eRF3 Ataluren Inhibits eRF1/eRF3 Peptidyl-tRNA Hydrolysis Activity; G418
and at Nonsaturating Concentrations of Trp-TC. Earlier we showed Doesn't. The results presented in Fig. 2 A and B strongly suggest
that read-through of the Stop-IRES mRNA UGA codon in the  ypa¢ ataluren inhibits eRF1/eRF3-dependent peptidyl-tRNA
presence of release factors. eRF1 and eRF3, as measured by the  pyqrolysis activity within Stop-POSTS. This suggestion is con-
formation of the octapeptide FKVRQWLM from Stop-POSTS,  firmed by the results presented in Fig. 2D showing the dependence
was stimulated by both ataluren and G418 (1). Importantly, the  on ataluren concentration of such activity, as measured by the
dependence of such stimulation on the concentration of eRF1/  formation of FKVR[?H]Q pentapeptide, which, unlike FKVR[*H]
eRF3 (Fig. 24) shows that, in the absence of eRF1/eRF3, Q-tRNACP™ dissociates from the ribosome on ultracentrifugation
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Fig. 2. Read-through and termination on mixing Stop-POST5 complex with other reactants. In these experiments, eRF3 concentration was always twice that
of eRF1. (A-C) Octapeptide formation during stop codon read-through + TRIDs, determined by [3*S]-FKVRQWLM-tRNAM®t cosedimenting with the ribosome
as a function of (A) varying eRF1 concentration at fixed Trp-TC concentration, (B) varying Trp-TC concentration at fixed eRF1 concentration, and (C) varying
ataluren concentration at fixed G418 concentration. Each of these experiments contained the following fixed concentrations: Stop-POST5 complex (0.02 uM),
Leu-TC and [3°S]Met-TC (each 0.05 uM), GTP (1 mM), and, when present, G418 (10 pM). In addition, (A) contained 0.05 uM Trp-TC and varying eRF1; (B)
contained 10 nM eRF1 and varying Trp-TC; and (C) contained 0.05 uM Trp-TC, 30 nM eRF1, and varying ataluren. (D) Direct comparison of ataluren (green A)
and G418 (purple ©) effects on octapeptide read-through, as demonstrated previously (1), and termination (eRF1/RF3-catalyzed pentapeptidyl-tRNA
hydrolysis) (ataluren, red e; G418, blue ). Stop-POST5 (0.05 uM) was mixed with Trp-TC, Leu-TC, and [35S]Met-TC (each 0.05 uM), GTP (1 mM), 0.1 uM eRF1,
0.2 pM eRF3, and either ataluren (500 pM) or G418 (10 pM). The concentration of G418 is plotted on the top axis and of ataluren on the bottom axis. The fraction
of peptidyl-tRNA hydrolyzed is plotted on the left axis, and the read-through product expressed as octapeptide/POSTS5 is plotted on the right axis.
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(see Materials and Methods). The nonhyperbolic nature of the
inhibition curve (solid red circles), suggestive of more than one
site of ataluren interaction with the components of the release
assay, parallels the S-shaped dependence of ataluren-stimulated
read-through (open green triangles) (Fig. 2C). In contrast, G418,
added at a concentration (10 pM) that is saturating for its
stimulation of read-through (open purple diamonds), had little
or no effect on release activity (solid blue square). Other
ataluren-like TRIDs show similar S-shaped inhibition of eRF1/
eRF3 release activity (SI Appendix, Fig. S1).

Kinetic Studies of POST5 to POST6 Conversion. Our earlier results
(1) demonstrated that formation of the octapeptidyl-tRNA
(FKVRQWLM-tRNAM®Y) from Stop-POSTS5 proceeded much
more slowly in the presence of ataluren than in the presence of
G418 and that the rate-determining step in the ataluren-
stimulated process corresponded to the conversion of Stop-
POSTS to Stop-POST6. These results raise the question of
which step (or steps) within this elongation cycle is (are) re-
sponsible for the slowness of ataluren-stimulated read-through
of the UGA codon. To address this question, we measured rates
of several different processes, as described below.

Trp-TC Interaction with POST5 Complexes. Rates of Trp-TC inter-
action with POSTS complexes were determined by the increase
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Fig. 3.

in proflavin (prf) fluorescence on rapid mixing of prf-labeled
Trp-TC with either Stop-POSTS in the presence of G418
(Fig. 34, blue line) or Stop-POST5 complex in the presence
(green line) or absence (black line) of ataluren. These fluores-
cence increases parallel similar increases seen on binding of prf-
labeled TCs to E. coli ribosomes (35). Repeating these mea-
surements at varying POSTS concentrations (Fig. 3B and SI
Appendix, Fig. S2 A and B) shows clear evidence for biphasic
kinetics for Stop-POSTS5 complex interaction with Trp-TC.
Traces were fit to Eq. 1, where AF(t) and F,, denote the time-
dependent fluorescence change and final fluorescence change at
infinite time, respectively. To allow for comparisons, the results
obtained with Trp-POSTS complex (SI Appendix, Fig. S2C) were
also fit to Eq. 1, although adequate fits were also obtained using
a single exponential component:

AF() = Fo = (Figon 4 oo™, (1]

In all four cases, Trp-POSTS5 and Stop-POSTS? in the presence of
G418 or =+ ataluren, values of k1 were linearly dependent on
POSTS concentration (Fig. 3C), suggesting that the slope of the
line measures the second-order rate constant of Trp-TC binding
to POSTS5 complex (k;) and the Y-intercept measures the rate
constant for Trp-TC dissociation (k.;). In contrast, Kapp» values
show very little POSTS5 concentration dependence (Fig. 3D),
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Kinetics of (prf)Trp-TC binding to POST5 complexes. Experiments were carried out with fixed concentrations of (prf)Trp-TC (0.05 pM), 1 mM GTP, and,

when added, 500 uM ataluren or 10 uM G418. (A) The increase in fluorescence intensity, measured as the voltage detected by the photomultiplier tube on the
stopped-flow spectrofluorometer, following rapid mixing of (prf)Trp-TC with Trp-POST5 (0.075 pM, red line) or Stop-POST5 (0.075 pM) in the presence of
either G418 (blue line) or ataluren (green line) or in the absence of TRID (black line). These increases are much larger than the small increase observed (gray
line) on rapid mixing of 0.075 pM Trp-POST5 with 0.05 uM Trp-tRNAT™P(prf) in the absence of eEF1A. (B) Normalized fluorescence changes of (prf)Trp-TC mixed
with 0.075 to 0.30 uM added Stop-POST5 in the presence of G418. Changes for (prf)Trp-TC mixing with either Stop-POST5 + ataluren or Trp-POST5 are shown
in S/ Appendlix, Fig. S2. Dependence of (C) kapp,1 and (D) kapp,2 on free POST5 complex concentration, calculated as presented in Materials and Methods.
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suggesting that they correspond to one or more first-order steps
following Trp-TC binding, with an overall rate constant at satu-
rating Trp-TC concentration of k,. Values of k;, k1, Kp (= ky/
ky), and k; are listed in Table 2. These values demonstrate that
Trp-TC binds four to five times more weakly to Stop-IRES
than to Trp-IRES, due to lower values of k;, and that k, for
Stop-IRES + TRIDs is approximately fivefold slower than for
Trp-IRES.

PRE6 Complex Formation as Measured by FKVRQW-tRNA™™ Formation.
Apparent rate constants of PRE6 formation on mixing varying
Trp-TC concentrations with POST5 complex were determined
using a rapid quench procedure. Sample results obtained at a
single Trp-TC concentration (0.15 pM) are shown in Fig. 44,
permitting determination of K,pp, pep by fitting to a single expo-
nential. The dependence of Kupp pep values on Trp-TC concen-
tration (Fig. 4B) permitted calculation of k., values (Table 2),
demonstrating that PRE6 formation proceeds with the same rate
constant from Trp-POSTS and Stop-POSTS in the presence of
G418 but is four to five times slower from Stop-POSTS5 + ataluren.
Importantly, although added ataluren does not significantly in-
crease kpep, it does significantly increase the amount of Stop-
PREG6 complex formed in the presence of eRF1/eRF3 at a non-
saturating concentration of Trp-TC (Fig. 44). This is consistent
with ataluren’s increase of Stop-PRES8 complex formed at non-
saturating concentrations of Trp-TC in the presence of eRF1/
eRF3 (Fig. 24 and C).

PRE6 to POST6 Conversion (Translocation). We used three different
approaches to estimate the rate constant for PRE6 complex
conversion to POST6 complex. In these experiments, we used a
saturating concentration (0.5 pM) either of Trp-TC, when
POSTS5 complex was limiting, or of POST5 complex, when Trp-
TC was limiting.

Approach one involved monitoring the eEF2-dependent in-
crease in Trp-tRNA™™(prf) fluorescence on rapid mixing of Trp-
TC and eEF2 with Trp-POSTS, paralleling similar experi-
ments used in measuring translocation on E. coli ribosomes
(36-38). Here, the rapid initial biphasic rise that is seen in the
absence of eEF2 (Fig. 3 A and B) is followed by a slower,
eEF2-dependent rise corresponding to translocation of Trp-
PREG6 to Trp-POST6 (Fig. 4C) and of Stop-PRE6 to Stop-
POST6 in the presence of G418 (Fig. 4D). The traces
obtained for these two cases were fit to Eq. 2. As exgmcted,
only K.pp 3 is €EF2 dependent, yielding values of K,**"* (for
Trp-POST6) and kyry (defined as the value of ko3 at satu-
rating eEF2) shown in Table 2:

AF(t) = Fo, — (Fie Famt 4 Fye~am2! + Fye~Fanst), [2]

In contrast to the results obtained with Trp-PRE6 and Stop-
PRESG in the presence of G418, much less eEF2-dependent fluo-
rescence increase was observed for Stop-PRES6 in the presence of
ataluren or in the absence of any added TRID (Fig. 4D). How-
ever, translocation must have occurred, since Stop-POST6 is a
required intermediate when Stop-POSTS is converted to Stop-
PRES by the simultaneous addition of Trp-TC, Leu-TC, Met-
TC, and eEF2 (Fig. 24). The lack of an eEF2-dependent fluo-
rescence change is due, at least in part, to the slow formation
(see below) and lability of the Stop-POST6 complex + ataluren
(8I Appendix, Fig. S3).

For the second approach, we formally divided the conversion
of a POSTS complex into a PRES complex, proceeding with an
overall rate constant ksg, into three discrete steps (Scheme 1): 1)
formation of PRE6 complex with rate constant kpcp, 2) translo-
cation of PRE6 complex to POST6 complex with calculated rate
constant Ktgreare, and 3) conversion of POST6 complex to PRES
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Table 2. Measured rate constants

Trp Stop Stop Stop
TRID None G418 Ataluren None
ki @M .s) 5244 7+ 1 12+1 10+1
ki (s 22 +03 1.6 +0.4 1.9+0.3 23+0.2
Kprc (uM)  0.042 +0.004 0.22 +0.04  0.16 + 0.02 0.22 + 0.02
ko (s7) 2.7 +0.1 0.52+0.03  0.55 + 0.03 0.46 + 0.02
Kpep (57" 0.30+0.03 032+003 0.07 +0.01 0.06 + 0.01
Kmpep (BM)  0.30 £ 0.03  0.32 + 0.03 0.2 +0.1 0.07 + 0.02
krrei (s71) 0.31 + 0.04* 0.30 + 0.03* nd.' nd.t
Krreate (877 0.36 +0.04 0.39+0.04 0.014 +0.002 0.017 + 0.002
krrpu (57 0.24 + 0.10 nd.t nd.t n.d.’
Km®EF2 (uM) 0.3+0.1 n.d.’ n.d.’ nd.’
ksg (s™") 0.07 + 0.01 0.057 + 0.004 0.010 + 0.001* 0.011 + 0.001*
kes (s") 0.12 + 0.01 0.083 +0.003 0.12 + 0.02*  0.13 + 0.01*

Except for k; and k., rate constant values reported are determined at
saturating concentrations of either TCs or ribosome complexes, as appropri-
ate. Rate constants for processes requiring eEF2 were performed either at a
single eEF2 concentration (1 pM) or at 1 pM and a higher concentration as
indicated. In all cases using two eEF2 concentrations, essentially identical
results were obtained for both. Error ranges are average deviations of
duplicate experiments.

*[eEF2] = 1 and 3 pM.
"Not determined.
*leEF2] = 1 and 4 pM.

complex with rate constant keg, allowing evaluation of krrcalc
from Eq. 3. We determined ki, as described above.

A <kpep-1 + kes-l). [3]

To determine ksg we monitored octapeptide formation following
mixing of POSTS complex with Trp-TC, Leu-TC, Met-TC, and
eEF2. To determine kgg, we first preincubated POSTS complex
with Trp-TC and eEF2 to form POST6, and then monitored
octapeptide formation following rapid mixing with Leu-TC and
Met-TC while maintaining eEF2 concentration. The results found for
ksg and kg are presented in Fig. 5 with rate constants listed in Table 2.
Importantly, the values of krrcai for both Trp-PRE6 and Stop-PRE6
in the presence of G418 agree quite well with the directly measured
values of kygrg, supporting the use of Eq. 3 in determining the trans-
location rate constants for Stop-PRE6 + ataluren. These rate con-
stants, which are essentially identical to one another, are each 20 to
30 times slower than the rate constants determined for Trp-PRE6
and Stop-PRES6 in the presence of G418. Unsurprisingly, keg is about
the same for all four experiments (Table 2) since POST6 to PRES
conversion proceeds with cognate aminoacyl-tRNAs in all cases.
Yields of PRES complex depended on the rate of PRE6 to
POST6 translocation and the lability of the POST6 Complex.
Trp-POSTG6 is formed relatively rapidly and is quite stable, so the
high yield of Trp-PRES is unaffected by the duration of the
preincubation step. In contrast, the lability of the Stop-POST6

kpep kTRcaIc k68
POST5 =—> PRE6 —=> POST6 =—> PRES8
k58
kTRcaIc-:l = k58-1 '(kpep-1+ k68-1)
Scheme 1.
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Fig. 4. Kinetics of PRE6 formation and translocation. (A) Rates of FKVRQW-tRNAT™ formation were measured by TLE analysis following strong base quenching.
POST5 complexes (0.02 pM) were rapidly mixed with [3H]Trp—tRNATrp (0.15 uM), eEF1A (0.3 uM), eRF1 (0.02 pM), eRF3 (0.04 M), and GTP (1 mM) in the presence of
either G418 (10 pM) or ataluren (500 pM) or in the absence of TRIDs. Aliquots were quenched at various times with 0.4 M NaOH. (B) The dependence of apparent
rate constants of FKVRQW-tRNAT™ formation on free Trp-TC concentration, calculated as presented in Materials and Methods. (C and D) Rates of PRE6 translocation
to POST6 were determined from the eEF2-dependent increase in prf fluorescence on rapid mixing of POST5 (0.15 pM) with (Pr‘f)Trp—'cRNATrp (0.05 pM), eEF1A (0.2
pM), GTP (1 mM), and eEF2. (C) Trp-PRE6 with varying eEF2 concentrations. (D) Stop-PRE6 + TRID. Time-dependent changes in prf fluorescence on rapid mixing of
Stop-POST5 (0.15 uM) with 1 uM eEF2 and either 10 pM G418 or 500 pM ataluren or in the absence of TRID. Raising the eEF2 concentration to 3 pM had negligible
effects on the traces shown. For Stop-POST5 + ataluren, extending the observations to 600 s gave no evidence of a significant eEF2-dependent change. (E) Rate of
Trp-PRE6 translocation to Trp-POST6 as determined by FKVRQW-puromycin formation. Trp-PRE6 or Trp-POST6 (0.025 pM) was incubated with +1 uM eEF2 and +5
1M puromycin for various times and quenched with ice-cold pH 6 buffer. Hexapeptidyl-tRNA remaining on the ribosome was determined by cosedimentation.

complex + TRIDs (SI Appendix, Fig. S3), presumably due to
dissociation of FVKRQW-tRNAT™ from the P-site, results in
preincubation-induced reduction in the yields of Stop-PRES.
The higher overall yields of Stop-PRES found with G418 com-
pared to those found + ataluren are attributable to the much
more rapid formation of Stop-POST6 in the presence of G418.
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The third approach exploits the more rapid reaction with pu-
romycin of POST6 versus PRE6 complexes, as described previ-
ously (39). As a consequence of this difference, the observed rate
constant of puromycin-WQRVKF formation following the si-
multaneous addition of saturating eEF2 concentration (1 pM) and
5 pM puromycin to PRE6 (kops, 0.058 + 0.003 s_l) falls in
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between the rate constants measured separately for puromycin re-
action with Trp-PRE6 (kpgg, 0.0070 + 0.0004 s~') and Trp-POST6
(kposT, 0.094 + 0.004 s_l) (Fig. 4E), allowing estimation of krrpy, by
fitting our results to Scheme 2.

Because of the labilities of Stop-POST6 + TRIDs, this ap-
proach could only be applied to estimate the translocation rate
constant of Trp-PRE6 (krgpy), yielding a value (Table 2) con-
sistent with the values of krrg and krgreac but with a larger un-
certainty due to accumulation of errors in the values of kops,
kpre, and kposr-

Discussion

Here, we demonstrate that ataluren stimulation of termination
codon read-through derives exclusively from its ability to block
termination (Fig. 1), diverting an increased amount of Stop-
POSTS, which contains a UGA stop codon in the A-site, to-
ward elongation. This exclusivity is shown by ataluren’s failure to
stimulate basal read-through in the absence of eRF1/eRF3
(Fig. 24) and its lack of effect on the measured rate constants for
near-cognate TC binding, peptide bond formation, and translo-
cation (Table 2). In contrast, G418 stimulates functional binding
of near-cognate tRNAs at a stop codon by increasing the rate
constants of peptide bond formation and translocation to levels
similar to those found following TC binding to its cognate codon
while not affecting termination at a concentration (10 uM) that is

A
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o
o
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Fig. 5. Kinetics of octapeptide formation. Octapeptide formation was determined as described in Fig. 2. ksg and keg were measured for (A) Trp-POSTS5, (B)
Stop-POST5 + 10 pM G418, (C) Stop-POST5 + 600 uM ataluren, and (D) Stop-POST5, no added TRID. Measurements used to determine ksg are indicated as 5to 8
in the figures and were carried out following mixing 0.02 uM POST5 complex with 0.5 pM each of Trp-TC, Leu-TC, and [*°S]-Met-TC, 1 uM or 4 uM eEF2 as

PRE6 + Puro
k
kor PRE
kPOST
POST6 + Puro ———» Puro-WQRVKF
Scheme 2.

fully saturating with respect to its stimulation of read-through

In addition to demonstrating the orthogonal mechanisms by
which ataluren and G418 stimulate read-through, our results
(Table 2) provide important information about the rates of some
of the elementary steps in a single eukaryotic translation elon-
gation cycle and how these rates are modified when the cognate
UGG codon for tRNAT™ is replaced by the near-cognate UGA
stop codon in the absence or presence of TRIDs. Also note-
worthy is the lability of the near-cognate Stop-POST6 complex +
TRIDs, which contrasts markedly with the stability of the

B
2
2
g
O
o
T
N
®©
£
S
2
0.0 Stop-IRES with G418
6 1‘0 2‘0 3‘0 46 Sb 6‘0
Time (s)
D 1.2
6 to 8 (1 pM eEF2)

1=
b

1 uM eEF2)
4 pM eEF2)

Normalized Octapeptide

0.0 -8 Stop-IRES with no TRID

T T T T T T
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indicated, and 1 mM GTP. Measurements used to determine keg are indicated as 6 to 8 in the figures and were carried out similarly, except that 0.02 uM POST5
complex was premixed with 0.5 uM Trp-TC and 1 pM eEF2 concentration for either 20 s (A and B) or 2 min (C and D), followed by further mixing with 0.5 pM
each of Leu-TC and [*°*S]Met-TC while maintaining eEF2 concentration. Octapeptide yields were normalized to 0.79 (ksg) and 0.61 (keg) for B, 0.42 (ksg) and
0.33 (keg) for C, and 0.42 (ksg) and 0.34 (keg) for D. Increasing eEF2 concentration from 1 to 4 pM had negligible effects on octapeptide yield.
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cognate Trp-POST6 complex (SI Appendix, Fig. S3). For the
cognate case, Trp-POSTS conversion to Trp-POSTO6, kp.p, and
krgr are similar, so both overall peptide formation and translo-
cation are partially rate determining. Both of these rate constants
are strongly decreased in the near-cognate case, Stop-POSTS
conversion to Stop-POST6. The decrease is much larger for
krr (20- to 30-fold) than for ki, (5-fold), such that translocation
becomes almost fully rate determining. This large effect on krg
parallels the similar large translocation rate differences on
switching from cognate to near-cognate tRNA, 10- to 80-fold,
recently observed in bacterial elongation (40). On the other
hand, the fivefold decrease in kpe, found here is more modest
than the negative effects reported for bacterial ribosomes [40- to
80-fold, Gromadski and Rodnina (20)]. The less-dramatic effect
of the near-cognate codon that we observe on ke, may be due to
the sequence context we employ for the stop codon, which op-
timizes the efficiency of read-through (1), facilitating the quan-
tification of TRID effects. Adding G418 increases k., (fivefold)
and krr (20-fold) for near-cognate elongation up to levels sim-
ilar to those seen for cognate elongation. Adding the AG
streptomycin increases bacterial near-cognate ke, to a similar
extent [10-fold (20)]. However, our results measuring the effects
of G418 on eukaryotic translocation run counter to a study (40)
showing that adding the AG paromomycin (10 pM) markedly
inhibits bacterial translocation of both a cognate peptidyl-tRNA
(16-fold), and a wobble base near-cognate tRNA (threefold). In
contrast, our results show that G418 (10 pM) strongly stimulates
translocation of a wobble base near-cognate peptidyl-tRNA (20-
fold, Table 2) and provide clear evidence that G418 has no major
effect on cognate peptidyl-tRNA translocation, a point discussed
more fully in ST Appendix. Determining whether these apparent
discrepancies reflect differences in the mechanisms of action of
paromomycin, a tetrasaccharide, and G418, a trisaccharide, in
the structural dynamics of the protein synthesis machinery of
eukaryotic versus bacterial ribosomes and/or in the tRNAs
employed would require further study. Additional relevant re-
sults previously reported for bacterial elongation are provided in
SI Appendix, Table S1.

Our overall rate constant for an elongation cycle at saturating
TC in the cognate case [~0.15 to 0.25 s~%, this work and Zhan
et al. (39)] is similar to the average value of ~0.06 to 0.1 s™,
measured at 26 °C, which can be calculated from results pre-
sented in studies in which all components of the protein synthesis
machinery are prepared from S. cerevisiae (41, 42). These values
are much lower than those for minimal in vitro bacterial systems
[~3 57! at saturating TC, 25 °C (38, 43)] or for in vivo eukaryotic
elongation [3 to 5 s~ (44)], likely reflecting, at least in part, the
absence of eukaryotic factors essential for efficient catalysis in
these minimal systems (39). Thus, for example, Bugaud et al.
(45) report a rate constant of ~0.7 s™' at ~30 °C in a rabbit re-
ticulocyte extract, which may contain such factors. It is not un-
likely that bacterial elongation is less dependent on such
additional factors. Additionally, in vitro elongation rates in
minimal systems can vary significantly as a function of buffer
composition, which we have not optimized in this work.

Are the in vitro results presented here indicative of ataluren’s
effect in cells and relevant for ongoing efforts to develop new,
more potent TRIDs as therapies for PSC diseases (10, 13,
46-49)? Supporting cell biological and health care relevance is
the straightforward manner in which restricting ataluren’s effect
to inhibition of termination explains its lack of stimulation of
misreading at normal codons in cellular assays (50). A possible
concern is that the ataluren ECs, value in our assays (~300 pM,
Fig. 2D) is ~10 to 30 times higher than ataluren concentrations
employed in the growth media typically used in studies of ata-
luren stimulation of read-through in intact cells or tissue cul-
tures (50, 51). This difference may be more apparent than real,
since it is quite plausible that ataluren, like other hydrophobic
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molecules, is preferentially taken up by cells, such that its cel-
lular concentration far exceeds that present in the cell culture
medium (52). At present, we are unaware of any published
work on this point, but it clearly will be of interest to determine
how ataluren uptake varies by cell type.

Despite this uncertainty, the low toxicity of ataluren in clinical
studies coupled with our results suggests that development of
new TRIDs exclusively directed toward inhibiting termination
should receive priority for combatting PSC diseases. In addition,
the orthogonality of ataluren and G418 effects on read-through
creates the opportunity for additivity between these two TRIDs.
This potential is realized in the results presented in Fig. 2C,
demonstrating the ability of ataluren to enhance G418-
stimulated read-through via its inhibition of termination. Com-
bining AGs with ataluren or ataluren-like molecules might result
in lowering the doses of both agents required for effective
treatment of PSC diseases, thereby reducing side effects. Other
small hydrophobic compounds have been found to potentiate
AG-stimulated read-through in breast cancer cells (53), although
such stimulation probably does not involve inhibition of
termination.

Materials and Methods

Materials.

Ribosomes and IRES mRNAs. The 40S and 60S ribosome subunits from shrimp
(Artemia salina) cysts, Trp-IRES and Stop-IRES, were prepared as described
(1, 39). 70S ribosomes from MRE600 E. coli were prepared by subjecting the
5100 fraction to ultracentrifugation at 30,000 rpm (104,000 A~ g) in a Type
45 Ti rotor for 21 h at 4 °C in a buffer [20 mM Tris-HCI pH 7.5, 100 mM NH,4CI,
10 mM Mg(Ac),, 0.5 mM ethylene diamine tetraacetic acid (EDTA) and 3 mM
B-mercaptoethanol] layered on top of a 1.1 M sucrose cushion. The resulting
70S pellet was dissolved in 70S storage buffer [50 mM Tris-HCl pH 7.5, 70 mM
NH4Cl, 30 mM KCl, 7 mM Mg(Ac),, 0.5 mM EDTA, and 1 mM dithiothreitol
(DTT)] and subjected to ultracentrifugation as above. The latter step was
repeated an additional time and the final pellet was redissolved in 70S
storage buffer and stored in small aliquots at —80 °C until use.

Yeast eEF1A and eEF2. Yeast eEF1A and eEF2 preparations were adapted from
the eEF2 preparation method described previously (1, 54). Briefly, clarified
lysate (150 mL) from fresh yeast cake in Buffer 1 (20 mM Hepes-KOH, pH 7.2,
10% glycerol, 5 mM MgCl,, and 1 mM DTT), supplemented with 300 mM KCl,
1 mM PMSF, and 10 protease inhibitor mini tablets, was dialyzed against
Buffer 1 overnight at 4 °C. Following filtration, the resulting solution (~150 mL)
was loaded onto a 10-mL SOURCE 15S-column (GE Life Sciences) pre-
equilibrated with Buffer 1 supplemented with 20 mM KCl. Using a linear
gradient of 20 mM to 150 mM KCl in Buffer 1 resulted in separation of eEF2
and eEF1A, which eluted at 20 mM KCl and 90 mM KCl, respectively. eEF1A
was used without further purification. The pooled eEF2 fraction was loaded
onto an 8-mL SOURCE 15Q-column (GE Life Sciences) from which eEF2 was
eluted using a linear gradient of 40 mM to 500 mM KCl in 20 mM Tris-HCl, pH
7.6, 10% glycerol, 5 mM MgCl,, and 1 mM DTT.

Yeast eRF1/eRF3. Full-length eRF1 and eRF3 open reading frame sequences
were inserted into the pET-15b (Novagen) plasmid obtained from the lab-
oratory of Allan Jacobson (University of Massachusetts Medical School). eRF1
and eRF3 plasmids were transformed into BL21(DE3) CodonPlus (Agilent)
strain in the presence of ampicillin. eRF1 and eRF3 were isolated from cell
lysate using a protocol described earlier (55).

TRIDs. Atalauren sodium salt, GJ072, RTC13, and APOBA (3-[5-(4-azidophenyl)-
1,2,4-oxadiazol-3-yl]-benzoic acid) were obtained as gifts from PTC Thera-
peutics. G418 was obtained from Sigma-Aldrich.

tRNAs. Yeast tRNAP"® was purchased from Sigma-Aldrich. Other isoacceptor
tRNAs were prepared from bulk tRNA (Roche) from either E. coli (tRNAV?,
tRNAY, tRNAC™, and elongator tRNAM®Y) or yeast (tRNA”'S, tRNAT™, and
tRNA"Y) via hybridization to immobilized complementary oligoDNAs as
described previously (1, 39). E. coli and yeast tRNAs were charged with their
cognate amino acids as described (56, 57). E. coli tRNA®"™ was charged with
either [*H]-GIn for the peptide release assay or ['*C]-GIn for the Trp-tRNAT™P(Prf)
binding assay. Yeast tRNAT™ was charged with [3H]-Trp for the hexapeptide
assay or the hexapeptidyl-tRNA dissociation assay. E. coli elongator tRNAMe!
was charged with [3®S]-Met for the octapeptide formation assay.

POST5 complexes. This procedure is adapted from Ng et al. (1). All steps were
performed in Buffer 4 (40 mM Tris HCl, pH 7.5, 80 mM NH,4Cl, 5 mM Mg(Ac),,
100 mM KOAc, and 3 mM p-mercaptoethanol). 80S-IRES complex was formed
by incubating 0.8 uM 40S, 1.1 uM 60S, and 0.8 uM IRES at 37 °C for 2 min.
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POST5 complex was formed by incubating 0.4 uM 80S-IRES with 0.4 puM each
of Phe-tRNAP"S, Lys-tRNAY, Val-tRNAV2, Arg-tRNA“™9, and GIn-tRNAS™,
0.4 uM eEF1A, 1.0 uM eEF2, and 1 mM GTP at 37 °C for 25 min. POST5 was
then purified by layering onto a 1.1-M sucrose solution in Buffer 4 (350 pL)
and subjecting the mixture to ultracentrifugation at 540,000 x g for 90 min
at 4 °C. The POST5 pellet was resuspended and subjected to a second
identical ultracentrifugation to remove trace residual eEF2 that could in-
terfere with subsequent assays. The final pellet was dissolved in Buffer 4 and
stored in small aliquots at —80 °C for at least 3 mo with no discernible loss of
activity. POST5 complexes used in octapeptide formation assays were prepared
using [*H]-GIn-tRNAS™, For fluorescence studies, ['*C]-GIn-tRNAS™ was used.
PH]-Trp-PRE6 and [*H]-Trp-POST6 complexes. The procedure was adapted from
Zhang et al. (39). Trp-PRE6 was formed by incubating 100 pL of 0.05 pM Trp-
POST5, 0.5 pM [*H]Trp-tRNAT™®, 1 uM eEF1A, and 1 mM GTP for 30 's at 37 °C.
Trp-POST6 was formed similarly but with 1 uM eEF2 added. Trp-PRE6 and
Trp-POST6 were purified by ultracentrifugation as described for POST5
complexes.

Assays. All assays were performed in Buffer 4 at 37 °C. All concentrations in
the legends for Figs. 2 to 5 and S/ Appendix, Figs. S1 to S3 are final after
mixing. In assays involving ribosome pelleting, carrier 70S E. coli ribosomes
(100 pmol, 3 pL of 33-uM 70S) were added. The resulting mixtures were
layered onto a 1.1-M sucrose solution in Buffer 4 (350 pL), and the mixture
was subject to ultracentrifugation at 540,000 x g for 70 min at 4 °C.
eRF1/eRF3-dependent pentapeptidyl-tRNA hydrolysis, hexapeptide formation,
hexapeptidyl-tRNA dissociation, and octapeptide formation. Each of these as-
says was performed on a POST5 complex.

eRF1/eRF3-dependent pentapeptidyl-tRNA hydrolysis was determined
using two methods to measure the formation of pentapeptide following
incubation of Stop-POST5 containing P-site bound FKVR[*H]Q-tRNAS™™ with
eRF1, eRF3, and GTP. In both methods, eRF1 and eRF3 were first pre-
incubated at 37 °C in Buffer 4 for 30 s. The TRID to be tested, or an equiv-
alent buffer volume, was then added to make up to total volume of 20 uL. A
total of 20 pL Stop-POST5 preheated to 37 °C was next added to initiate the
reaction. The 40-pL reaction mixture contained, as final concentrations, 0.05 uM
Stop-POST5, 0.1 pM eRF1, 0.2 uM eRF3, and 1 mM GTP. At various times, the
reaction was quenched with 150 pL of 0.5 M MES buffer (pH 6.0) at 0 °C,
ribosomes were pelleted as described above, and the *H radioactivity of
supernatant was determined. In method 2, which gave essentially identical
results (S/ Appendix, Fig. S4 A and B), the pH 6-quenched reaction mixture
was lyophilized, dissolved in water, and analyzed by thin-layer electropho-
resis (TLE) as previously described, using pH 2.8 running buffer (1, 39). The
identity of FKVR[?H]Q pentapeptide was verified by its comigration with
authentic FKVRQ pentapeptide obtained from GenScript (Piscataway, NJ).
Method 1 was used for the results reported in Fig. 2D and S/ Appendix, Fig.
S1 because it was simpler to perform.

Hexapeptide formation was determined by TLE. POST5 complex (0.02 pM)
was mixed with [*H]Trp-tRNAT™ (0.04 to 1.5 pM), eEF1A (0.04 to 1.5 pM),
eRF1 (0.020 uM), eRF3 (0.040 pM), and 1 mM GTP for times varying from 0.5 s
to 10 min in the absence or presence of TRIDs. Reactions were quenched
with excess 0.4 M KOH. For slower reactions (t;, >30 s), mixing and
quenching were carried out manually. For faster reactions (t4,; <30 s), mixing
and quenching were carried out using a KinTek Corporation RQF-3 Rapid
Quench-Flow Instrument. Base-quenched samples were incubated at 37 °C
for 2.5 h to completely release hexapeptide FKVRQ[*H]W from tRNAT™. The
supernatant was analyzed by TLE as described previously (1, 39). The identity
of FKVRQ[3H]W hexapeptide was confirmed (S/ Appendix, Fig. S4C) by the
comigration of 3H radioactivity with authentic FKVRQW hexapeptide
obtained from GenScript (Piscataway, NJ).

Hexapeptidyl-tRNA dissociation was determined by incubating POST5
complex (0.02 pM) with [*H]Trp-tRNA™™ (0.5 uM), eEF1A (1.0 uM), and 1 mM
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GTP in a 40-pL reaction mixture for various times, quenching the reaction at
pH 6 and at 0 °C, and determining the FKVRQ[*H]W-tRNAT™ in the ribosomal
pellet following ultracentrifugation.

Octapeptide formation from POST5 complexes was determined as de-
scribed previously (1).
Puromycin assay. We determined the reactivities toward puromycin (5 pM) of
0.025 pM each of [*H]-Trp-PRE6, [*H]-Trp-POST6, or [*H]-Trp-PRE6 plus an
addition of 1 pM eEF2 and GTP (1 mM). Aliquots (40 pL) were quenched at
various times with 150 pL 0.5-M MES buffer at pH 6.0 and at 0 °C, and the
FKVRQ[®*HIW-tRNA™™ remaining in the ribosomal pellet was determined.
Trp-tRNA™P(prf) binding and PRE6 translocation assays. Prf-labeled Trp-TC,
formed by preincubating 0.05 pM Trp-tRNA™™(prf), 2.0 uM eEF1A, and 1 mM
GTP, was rapidly mixed with various concentrations of either Trp-POST5 or
Stop-POST5 in the absence of TRID or in the presence of either 10 pM G418
or 500 pM ataluren. The fluorescence change during the reaction was
monitored on a Kintek SF-300X stopped-flow spectrofluorometer as de-
scribed earlier (58, 59). Proflavin in Trp—tRNAT'p(prf) was excited at 462 nm,
and the emission was monitored using a 515 + 15 nm band-pass filter. The
translocation assay was performed identically, except that 1 to 3 uM eEF2
was added to the POST5 complex.
Calculations of free variable reactant concentrations. Free concentrations of re-
actants for results presented in Fig. 3 C and D were calculated using an it-
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initially estimated by [E] = [Ely - [Sly, where [Elr and [S]y represent total
added POSTS5 and Trp-TC, respectively. The dependence of the apparent rate
constant of tRNA association (k,pp,1) on [E] is given by Eq. 4:

kapp,1 = k1 [E] + k—1 . [4]

The dissociation constant Kp = k_1/k; was determined from plots Eq. 4. The
value of Kp permitted calculation of [ES] (Eq. 5) and hence of [E], equal to
[Elr - [ES], allowing

(Eh + (Sl + Ko) = |/ ({E + (Sl + Ko)? ~4[ER{SH
2

[ES] = [5]
updated calculations of k4, k_q, and Kp. This process was repeated until the
values of these parameters were unchanged. These values are listed in
Table 2.

Calculations of free concentrations in Fig. 4B of Trp-TC, [S], were per-
formed similarly using an initial estimate of [S] = [S]; — [E]}. The apparent
rate constants of hexapeptide formation (kapppep) Were fitted into the
Michaelis-Menten equation (60):

KpeplS]
k. —__—peplil 6
PP = Koo+ 5] ol
[ES] was calculated using Ky, pep With an equation similar to Eq. 5 but with Kp
replaced by K pep. The final, stable values of kpep and K pep. are listed in
Table 2.
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