CHARLES UNIVERSITY IN PRAGUE

FACULTY OF SCIENCE
DEPARTMENT OF GENETICS AND MICROBIOLOGY

Mgr. Petra Beznoskova

The role of translation initiation factor 3 (elF3) in translation termination.

Uloha translaéniho iniciaéniho faktoru 3 (elF3) v terminaci translace.

PhD Thesis

Supervisor: Leos Valasek, Ph.D.

INSTITUTE OF MICROBIOLOGY AS CR

Prague, 2016



Declaration:

With this, | declare that | have written this work on my own,
appropriately acknowledged citations, and used no other than the listed

resources and aids.

Mgr. Petra Beznoskova



ACKNOWLEDGEMENTS

| would like to thank to my supervisor Leo$ Valasek, Ph.D., for his
patient guidance and support throughout all the years of my studies and for
the opportunity to be a part of a great collective of the Laboratory of
Regulation of Gene Expression, Institute of Microbiology AS CR. | would also
like to thank to all the current and former members of our lab for their help,

advices and long discussions which helped me greatly during my studies.

Many thanks belongs also to the members of Libor Krasny, Ph.D.,
Doc. David Stanék, Ph.D. and Doc. Petr Svoboda, Ph.D. laboratories for their
constructive criticism, great questions and suggestions, which helped me to
gain perspective and to look at my projects from different angles.

Special thanks | dedicate to my family for their patience and support,
emotional and financial, during my studies, and all my friends who always

encouraged and motivated me when | needed it.

This work was supported by the Wellcome Trust (grant number
090812/B/09/Z and 075438 ), Howard Hughes Medical Institute, the
Centrum of Excellence Grant (P305/12/G034) awarded by the Czech
Science Foundation, Czech Science Foundation (GA14-05394S); Charles
University in Prague, project GA UK (762513 and 323415).



TABLE OF CONTENTS

ACKNOWLEDGEMENTS ...ttt 2
ABBREVIATIONS ... 5
ABSTRACT L. 6
ABSTRAKT L 7
INTRODUCTION ..ottt 8
Protein synthesis in @UKAIYOLES ..........couvvviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeee e 8
Translation termination ..........ooooiii i 9
Stop codon readthrough .............oiiiii i 10
Programmed stop codon readthrough ..............cccccoiiiiiiiiii e, 12
Readthrough at a premature termination codon ............cccccvieeieeeeeeeeevinnnnnnn. 14
RIDOSOMAl FECYCIING......vviiiiii e e 15
Reinitiation — gene-specific mechanism of translational control..................... 15
AIMS OF THE STUDY ..ottt 20
MATERIALS AND METHODS .....cooiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee ettt 21
RESULTS ..ttt e e 22
List of publications in chronological order............cccoooeeiiiiiiiiiiiiieeee, 22
Translation Initiation Factors elF3 and HCR1 Control Translation
Termination and Stop Codon Read-Through in Yeast Cells..................cc..... 24
Structural integrity of the PCI domain of elF3a/TIF32 is required for mMRNA
recruitment to the 43S pre-initiation COMPIEXES...........uuuuurmimiiiiiiiiiiiiiiiiiiiiians 26
Translation Initiation Factor elF3 Promotes Programmed Stop Codon
REAAINIOUQGN ... 27
Rules of UGA-N decoding by near-cognate tRNAs and analysis of
readthrough on short UORFS inyeast...........cccooveiiiiiiiiiiiiic e, 28
In-depth analysis of cis-determinants that either promote or inhibit
reinitiation on GCN4 after translation of its four short UORFs...........cccc..eeee... 30
D IS 010 1535 [ P 31
CONGCLUSIONS ...ttt asssasssassssssssssssssnsssnnssnnsnnes 36



REFERENCES ........

PUBLICATIONS I-V



ABBREVIATIONS

CTD
elF

IC
Met-tRNAI
MFC
MRNA
nc
NMD
NTD
PIC
post-TC
pre-TC
PTC
PTC
REI
RPE
RRM
rRNA
TC
UORF
WT

C-terminal domain
Eukaryotic initiation factor
Initiation complex

Methionyl initiator tRNA
Multifactor complex
Messenger RNA
Near-cognate

Nonsense mediated decay
N-terminal domain
Pre-initiation complex
Post-termination complex
Pre-termination complex
Peptidyl transferase center
Premature termination codon
Reinitiation

Reinitiation promoting element
RNA recognition motif
Ribosomal RNA

Ternary complex

Upstream open reading frame
Wild type



ABSTRACT

Protein synthesis is a tightly regulated process of gene expression. Each
gene has its start and its stop, which is determined by one of the three stop
codons. Many recent articles describe ribosomes that purposely bypass
stops on specific MRNAs to extend the nascent polypeptide to alter its
properties. It is called programmed stop codon readthrough. Since over 15%
of human genetic diseases are caused by so called premature termination
codons (PTC) that halt translation and produce truncated proteins, this
mechanism has a great potential implication in medical research. Numerous
labs search for non-toxic drugs specifically increasing readthrough at PTCs;
however, the success of this effort requires identification and understanding
of all factors that are involved in this process. Here, we present one such
factor eukaryotic initiation factor 3 (elF3) and describe its ability to induce
readthrough on stop codons in termination non-favorable context during
programmed readthrough and also the consequences of its action on
translation regulation. We additionally analyzed which near-cognate (nc)
tRNAs are incorporated at UGA stop codons depending on the nucleotide
that immediately follows them (so called +4 base). This way we established
new rules for stop codon decoding and identified so called readthrough
inducing tRNAs for each UGAN stop codon. We believe that the progress we
have achieved in characterizing the regulation of translation termination will
contribute to the overall intention of many researchers from the translation
control field to fully understand the process of protein synthesis on a

molecular level in order to improve human health.



ABSTRAKT

Syntéza proteind v burice je velmi regulovany proces béhem genové
exprese. Kazdy gen ma svUj vlastni zacatek a téz jeden konec, ktery je
uréovan pfitomnosti jednoho ze tfi stop kodond. Mnoho soucastnych &lanku
popisuje ribosomy, které zamérné pfechazi pres stop signal u nékterych
vybranych mRNA, aby prodlouzily vznikajici polypeptid a zménily jeho
vlastnosti. Tento regulaCni proces se nazyva programované procitani stop
koddénu. Vyzkum této regulace ma potencial se uplatnit i v I€ékafstvi, nebot
pfiblizné 15% vSech dédi¢nych chorob je zplsobeno pfitomnosti takzvaného
prfed€asného terminacniho kodonu (PTC), ktery zastavi translaci a vznikne
tak zkraceny nefunkéni protein. Mnohé laboratofe jiz hledaji netoxické latky,
které by zvySovaly procCitani pfed€asného terminacniho koddénu. Bohuzel
k uspéSnému naplnéni jejich zaméru je tfeba identifikovat a porozumét vSem
faktoram, které tento process ovliviuji. V této disertacni praci pfedstavujeme
jeden takovy faktor- eukaryoticky iniciacni faktor 3 (elF3). Demonstrujeme
jeho schopnost indukovat procitani terminacnich kodond, které jsou
v kontextu nukleotidi nevhodnych pro efektivni terminaci. Taktéz jsme
vytvorili analyzu ,nearcognate® tRNA a ukazali, jak jsou inkorporovany na
stop kodoén, za kterym nasleduji rizné nukleotidy. Diky tomu jsme byli
schopni rozSifit geneticky kdd o nova pravidla a presné urcit tRNA, které
incorporuji na raznych UGAN terminaénich kodénech. Pokroky, které jsme
udélali béhem naseho studia regulace terminace translace, pomuzou
mnohym vyzkumnikim z oboru regulace translace porozumét procesu

syntézy proteini na molekularni durovni.



INTRODUCTION

PROTEIN SYNTHESIS IN EUKARYOTES

Protein synthesis (translation) utilizes genetic information carriers, mRNAs,
as templates for the production of proteins of various cellular functions.
Typically it is divided into four phases: initiation, elongation, termination and
ribosomal recycling. Although these four phases are distinct in time, there is
a longstanding notion for some form of communication among them. Notably,
several initiation factors and related proteins have been proposed to function
in more than one phase. These include ABCE1/RLI1 and GLE1, which are
believed to promote both the initiation and termination phases by a
mechanism that remains to be elucidated (8, 14, 36), elF5A proposed to
stimulate all three major phases (62), and the bona fide translation initiation
factor elF3, which has been recently suggested to promote the recycling
phase, at least in a mammalian in vitro reconstituted system (54, 56).

The beginning of a translational cycle involves a series of steps that
culminate in the assembly of the 80S initiation complex (IC) on the AUG start
codon (reviewed in (72)). These steps include 1) Met-tRNA® recruitment to
the 40S subunit to form the 43S pre-initiation complex (PIC), 2) mRNA
recruitment to the 43S PIC to form the 48S PIC, 3) scanning of the 48S PIC
to the first recognized start codon, and 4) joining of the 60 subunit to commit
the resulting 80S IC to the elongation phase. The translation initiation factor
elF3, which in yeast consists of five essential core subunits (elF3a/TIF32,
b/PRT1, c¢/NIP1, i/TIF34 and g/TIF35) and one transiently associated, non-
essential subunit (elF3j/HCR1), is actively involved in regulation of the first
three of these steps (72). In the PIC assembly steps, the action of elF3 is
further stimulated by one of its interacting partners, the ATP-binding cassette
protein ABCE1/RLI1, by an unknown mechanism (14). In contrast to the most
of elFs, elF3 interacts with the solvent-exposed side of the small ribosomal
subunit (72) and as such it was proposed to be able to interact with active
80S ribosomes post-initiation (47, 57, 67).



The end of a translational cycle involves another series of steps that
culminate in the release of a newly synthesized polypeptide from the
translating ribosome (the termination phase), and in the dissolution of the

ribosome:tRNA:mRNA complex (the recycling phase).

TRANSLATION TERMINATION

Termination begins when a stop codon enters the ribosomal A-site,
forming a pre-termination complex (pre-TC) (1). In eukaryotes, all three stop
codons are decoded by the eukaryotic release factor 1 (eRF1) (Figure 1).
According to recent models (2, 64), eRF1 enters the ribosomal A-site in
complex with a second release factor, eRF3, in its GTP bound form.
Recognition of a stop codon triggers GTPase activity of eRF3, which leads to
its dissociation from the complex in its GDP bound form. eRF1 is then free to
activate the ribosomal peptidyl transferase centre (PTC), which hydrolyses
the bond between the P-site tRNA and the nascent polypeptide. Importantly,
these steps are promoted by RLI1 in an ATP-independent manner; i.e. by the
same factor that also somehow stimulates the elF3 function in the initiation
phase. Molecular details of this RLI1 role in termination are similarly not
known, nevertheless, the proposed active role of RLI1 in stop codon
recognition is consistent with observations that conditional down regulation of
RLI1 protein levels increases stop codon read-through in yeast (36). Based
on the most recent structural model, RLI1 binds to the same site on the
terminating ribosome as eRF3 (thus their binding is mutually exclusive), and
its 4Fe-4S domain interacts with the C-terminal domain of eRF1 to push the
conserved GGQ motif in the middle domain of eRF1 to the PTC next to the
acceptor stem of the P-site tRNA to trigger polypeptide release (2).
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Figure 1: Stop codon recognition by eRF1; stop codon in the termination favorable

context appears in the A-site (only UAG and UAA stop codons are indicated for
illustration purposes; UGA works by the same mechanism), eRF1 in complex with
eRF3.GTP binds to it and samples the codon in a two-step process including
conformational re-arrangements of the eRF1-NTD. During the second step the
ribosome by itself co-participates in this accommodation phase that ultimately leads

to GTP hydrolysis on eRF3, polypeptide release and ribosomal recycling ((5)).

STOP CODON READTHROUGH

As indicated above, the stop codon is decoded by the release factor 1
(eRF1) that enters the A-site of the 80S ribosome in complex with the GTP-
binding protein eRF3 during canonical termination (reviewed in (32)). In
eukaryotes, eRF1 recognizes all three stop codons (UAA, UAG and UGA)
with high precision. However, in some specific cases, not all stop codons
signal the proper end of translation, which can thus continue beyond to the
next stop codon. Generally speaking, translation termination can be viewed
as a competition between stop codon recognition by release factors and stop

codon decoding by near-cognate tRNAs. This competition differs genome-
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wide in its efficiency. The efficiency can be influenced by the identity of the
stop codon (30, 50, 60), the nucleotide context of the stop codon (9, 10, 41),
the identity of the last two amino acids incorporated into the polypeptide
chain (33), the identity of the P-site tRNA (45) and the presence of
stimulatory elements downstream from the stop codon (25, 48, 65). All these
features increase the odds of the stop codon being decoded by a near-
cognate, natural suppressor tRNA rather than by eRF1, resulting in the
process termed stop codon readthrough or nonsense suppressions which
occurs when a near-cognate aminoacyl-tRNA or a suppressor tRNA is
incorporated and accepted at a given stop codon (11). This allows production
of C-terminally extended polypeptides with new or at least modified biological
roles compared to their shorter, original versions. The mechanism whereby
near-cognate tRNAs outcompete conventional stop codon recognition by
eRF1 was not yet known, nor was which protein factors, if any, might be
functionally important for stop codon readthrough.

Taken all this into account it is important to investigate which nc-
tRNAs can decode individual stop codons and under what circumstances.
The Namy’s group has only recently made a great progress in this direction
by experimentally demonstrating in vivo that tyrosine or glutamine
preferentially incorporates at UAA (with similar frequencies), tyrosine
predominantly inserts at UAG, and tryptophan or cysteine at UGA . Lysine
and arginine were also shown to incorporate at UAA/UAG and UGA stop
codons, respectively, and glutamine at UAG, but at very low rates. Soon after
that the Jacobson’s group extended these findings by a comprehensive in
vivo analysis of termination readthrough from a PTC under different
readthrough-inducing conditions (61). Their work identified exactly the same
amino acid residues that are being inserted during readthrough, only with the
predominant frequencies of incorporation for glutamine and not for tyrosine at
UAG. However, what determines which of the amino acid residues that are
specific for each stop codon incorporates at a given stop codon at a given

frequency is not known.
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It was previously demonstrated that the identity of a nucleotide
immediately following any stop codon (the +4 nucleotide) fine tunes its
termination efficiency; i.e. determines its permissiveness for readthrough (for
an overview see (11)). For example, efficiency of readthrough on UGA
determined by the +4 nucleotide identity follows this order of tetranucleotides:
UGA-C>UGA-A>UGA-G>UGA-U (5). In fact, C at the +4 position is the
strongest readthrough inducer among all four bases at all three stop codons
(11). Hence it was possible that in addition to the stop codon, it is also the +4
base that influences what nc-tRNA gets preferentially accepted by the A-site
during readthrough. It can be “spontaneous” and thus relatively infrequent
(the order of spontaneous stop codon leakiness is UGA>UAG>UAA). Or it
can be programmed to C-terminally extend the protein of interest as a
response to for example specific environmental changes demanding an

alteration of the corresponding protein’s properties (for more details see

(13)).

PROGRAMMED STOP CODON READTHROUGH

Programmed stop codon readthrough is a post-transcriptional
regulatory mechanism specifically increasing proteome diversity by creating a
pool of C-terminally extended proteins. During this process, the stop codon is
decoded as a sense codon by a near-cognate tRNA, which programs the
ribosome to continue elongation (Figure 2). The efficiency of competition for
the stop codon between release factors (eRFs) and near-cognate tRNAs is
largely dependent on its nucleotide context; however, the molecular
mechanism underlying this process is unknown. In recent years several
groups have proposed that the stop codon readthrough mechanism is
specifically regulated by cis-acting RNA elements downstream of the first
stop codon that may exist to generate proteome diversity in response to
changing environmental conditions. The rapidly growing list of cellular genes
under the control of this “programmed stop codon readthrough” mechanism,

the typical, long standing example of which is from the tobacco mosaic virus
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(TMV) genome (65), strongly suggests that programmed stop codon
readthrough is an important contributor to general translational control in all
kingdoms of life (for review; see (6, 15, 49, 73). A recent ribosome profiling
study detected many readthrough events occurring at biologically relevant
levels in budding yeast, fruit fly, and human data sets, suggesting that this

mechanism is highly conserved (16).
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Figure 2: Programmed stop codon readthrough; stop codon occurs in the
unfavorable termination context bearing specific consensus sequences like CAR-
NBA in its 3’ UTR — in this particular case proposed to base-pair with 18S rRNA.
The elF3 presence in the pre-TC — perhaps in co-operation with these sequences —
alters the decoding property of the nucleotide at the 3rd stop codon position. This
prevents its proper decoding during the second sampling step and subsequently,
after the eRF1-eRF3.GTP complex rejection, allows incorporation of near-cognate

tRNAs with the mismatch at the 3rd position to read through the stop codon and

continue with elongation ((5)).

As mentioned above, we recently showed that one of the key

translation initiation factors — elF3 — interacts with pre-termination complexes
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(pre-TCs) and controls translation termination and readthrough (3). In
particular, it interferes with the eRF1 ability to recognize the third/wobble
position of any programmed stop codon leading to the rejection of the eRF1-
eRF3.GTP complex from pre-TCs. At the same time elF3 promotes
incorporation of nc-tRNAs with a mismatch at the same position and thus
represents one of the key players in programmed stop codon readthrough
(5). For UGA there are two nc-tRNAs with the mismatch at the third/wobble
position, Trp- and Cys-tRNAs. The third and last nc-tRNA with the wobble
mismatch, Tyr-tRNA, is shared by the UAA and UAG stop codons.
Incorporation of all of these three nc-tRNAs is promoted by elF3 and, in fact,
we provided evidence that efficient readthrough at UGA is enabled
exclusively by the former two nc-tRNAs with the mismatch at the third/wobble
position (5). This does not seem to apply to the other two stop codons,
however, because other studies based on different approaches that were
mentioned above showed that in addition to Tyr-tRNA, UAA and UAG can be
also recoded by GIn- and Lys-tRNAs; i.e. nc-tRNAs with the mismatch at the
first position (7, 61). The UGA stop codon has two nc-tRNAs with the first
position mismatch, Gly- and Arg-tRNA, the latter of which was also
suggested to insert at the A-site with low frequencies by these authors;

however, it did not do so in our hands (5).

READTHROUGH AT A PREMATURE TERMINATION CODON

Stop codon readthrough can also occur at a premature termination
codon (PTC) within the coding region of a given gene, which is desirable
because it can prevent the action of nonsense mediated decay (NMD)
pathway by ensuring the synthesis of a full-length protein (35). In fact, there
are many diseases caused by PTCs that often occur in the termination non-
favorable context making them good substrates for drug-stimulated
programmed readthrough (39). Mainly from this point of view this topic is of a

high importance also for medical reasons (37).
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RIBOSOMAL RECYCLING

At some point translation will terminate and then the ribosomal
recycling can occur. Recycling of eRFl-associated post-termination
complexes (post-TCs) was recently shown to be also mediated by
ABCE1/RLI1, this time, however, in an ATP-dependent manner (56, 64). It
was hypothesized that RLI1, upon binding and hydrolyzing ATP, switches its
conformation into a closed state, and the mechanochemical work generated
by this switch splits post-TCs into free 60S subunits and deacylated tRNA-
and mRNA-bound 40S subunits (40S-post-TC) (2). Finally, Pisarev et al.
showed that the release of tRNA and mRNA from the 40S-post-TCs is in vitro
ensured by the bona fide initiation factors elF1, elF1A and elF3 (54, 56).
elF3, and in particular its j subunit (HCR1 in yeast), were suggested to play
the key role in mRNA dissociation.

REINITIATION — GENE-SPECIFIC MECHANISM OF TRANSLATIONAL
CONTROL

When the ribosomal recycling fails and 40S stays bound to mRNA
after termination, all initiation factors can be re-recruited and the new 43S
pre-initiation factor can reinitiate at the following AUG start codon of the
same mRNA. This is a basic principle of reinitiation (REI) - a gene-specific
mechanism of translational control exerted by some short upstream ORFs
(UORFs) to fine tune the expression of the main ORF. elF3 was shown to
play a critical role in this process by making contacts with both the 40S
subunit as well as sequences upstream of REI-permissive uORFs to stabilize
their mutual interaction (23, 47, 67). The classical REI-dependent mRNA of
GCN4 containing together four short uUORFs has been studied in great detail
for several decades and found to rely mainly on the first REI-permissive
UORF1 and the last REI-non-permissive uORF4 (reviewed in (28); Figure 3).
The middle two uORFs were not considered to be important for the regulation

of GCN4 expression because the entire system could relatively effectively
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function also in the uUORF1-uORF4 minimalistic arrangement (43, 46). The
exceptionally high REI potential of uORF1 has been ascribed to 1) the 5
sequence preceding the uUORF1 AUG with an unknown molecular role (21);
2) the first 10 nt immediately following the uORF1 stop codon supposedly
owing to their low GC content that would not permit strong base-pairing
interactions with the 40S subunit and thus allow it to promptly resume
scanning — in contrast to the corresponding GC-rich sequence of uUORF4(20);
and 3) the third coding triplet of UORF1 that, when mutated in combination
with the replacement of the

16



FAIL-SAFE mechanism of GCN4 translation control via REINIATION

NON-STARVATION: GCN4 translation is REPRESSED
(high levels of TC)

1
48S PIC scans via 5’ enhancer, 3
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Figure 3: Model of the ‘Fail-safe mechanism’ of GCN4 translational control adapted
from (23). Schematic of the GCN4 mRNA leader showing distribution of all four short
UORFs, locations of the uORF1-specific and uORF2-specific RPEs, 40S-bound
elF3, and the description of the ‘Fail-safe mechanism’ of the GCN4 translational
control. Upper panel models the events on the GCN4 mRNA leader occurring under
non-starvation conditions with abundant TC levels—'GCN4-expression repressed
state’, the lower panel illustrates the steps that take place under starvation condition
with limited supply of the TC—'GCN4-expression derepressed state’ (23).
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uORF1 3’ sequence for that of uORF4, further exacerbated the negative
impact of this replacement on REI efficiency (20). Based on these and other
findings a detailed model of the GCN4 translational control was proposed
that was recently reviewed in our lab (28). Briefly, translational control of
GCN4 involves four short UORFs and is very sensitive to the TC levels that
are changing in response to different nutrient conditions (12). The first of the
four uORFs is efficiently translated under both nutritional replete and deplete
conditions and after its translation, the post-termination 40S subunit remains
attached to the mRNA - thanks to the functional interaction between
UORF1’s RPEs and the a/TIF32-NTD — and resumes scanning for REI
downstream. In non-stressed cells, where the TC levels are high, nearly all of
the rescanning ribosomes can rebind the TC before reaching one of the last
two distant UORFs (UORFs 3 and 4), neither of which supports efficient REI.
As a result, ribosomes terminating on these two uORFs undergo the full
ribosomal recycling step, which prevents them from reaching and translating
the main GCN4 ORF. Under starvation conditions, the GCN2 kinase
phosphorylates elF2, which suspends formation of new TCs in the
cytoplasm. Consequently, post-termination 40S ribosomes traveling from the
UORF1 stop codon downstream will require more time to reacquire the TC to
be able to recognize the next AUG start codon. This will allow a large
proportion of them to bypass uORF3 and uORF4 and rebind the TC
downstream of uORF4 but still upstream of the GCN4 start codon. Thus,
whereas the global protein synthesis is significantly down-regulated under
nutrient deplete conditions; protein expression of the GCN4 transcriptional
activator is concurrently induced. The second REI permissive uORF, uORF2,
occurring only 56nt downstream of uUORF1 and also utilizing the RPEs, then
serves as a backup of uUORF1 to capture all ribosomes that leaky scanned
the UORF1 AUG, especially during stress conditions that seem to increase
the frequency of leaky scanning in general (38, 52, 59, 66) to ensure that the
maximum capacity of this intriguing regulatory system is met. Similarly, two

consecutive UORFs with minimal or no REI-promoting potential occurring
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further downstream (UORF3 and uORF4) also prevent leakiness of this
system but during nutrient replete conditions (23).

Hence both processes — readthrough and reinitiation — are dependent
on the physical presence of elF3 in termination complexes, yet from the
regulatory point of view they act against each other. In other words,
increased readthrough will prevent reinitiation. Since to our knowledge
virtually nothing is known about readthrough on short uORFs, we recently
investigated the mutual functional relationship of readthrough and reinitiation
during termination on uUORFs that are set in regulatory networks relying on
high levels of REI. This is the case of for example the GCN4 mRNA (23),
where the integrated regulatory output provided by its four short uUORFs could

be largely influenced by increased readthrough.
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AIMS OF THE STUDY

The main goal of this pioneer study was first to demonstrate if there is a
functional interaction between translation initiation factor elF3 and factors
involved in translation termination and then to determine the molecular role of
the elF3 factor in this process. Next | also sought to gain new knowledge
regarding the molecular mechanism of translation termination in general and
factors involved in its regulation. | also tried to address our question whether
elF3 role in termination somehow influences the already established elF3-
dependent activation of transcription factor GCN4 under stress conditions via
its re-initiation-promoting activity, which was never considered before.
Several specific objectives were postulated in order to explore these

interesting biological questions:

e To uncover the role of the elF3-associated factor HCR1 in translation
termination and/or recycling

e To demonstrate the presence of elF3 core subunits on the pre-
termination 80S ribosome in vivo

e To demonstrate that the elF3 stimulation of stop codon readthrough is
dependent on its association with pre-termination 80S complexes in
Vivo

e To analyze the readthrough effects of elF3 on stop codons in various
nucleotide contexts

e To determine how elF3 affects stop codon decoding by cognate, near-
cognate or non-cognate factors

e To reveal the molecular base of differential termination efficiencies
between UGAN stop codon tetranucleotides

e To analyze the readthrough efficiency on all four short uUORFs from the
GCN4 mRNA leader and to establish how the readthrough influences
their re-initiation potential

20



MATERIALS AND METHODS

All experiments were carried out on a model organism of budding
yeast Saccharomyces cerevisiae with exception of one experiment which

was carried out in HelLa cells.

List of methods:

1% HCHO-crosslinking, WCE preparation, and fractionation of extracts for
analysis of pre-termination complexes
Beta-galactosidase assay

Co-immunoprecipitation and affinity tag pull downs

Dual luciferase assay

Glutathione S-transferase (GST) pull-down experiments
Northern blot analysis

Polysome profile analysis

Polysome gradient analysis

Preparation of antibodies

Protein purifications

Resedimentation analysis of termination complexes

Western blot analysis
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Translation Initiation Factors elF3 and HCR1 Control Translation
Termination and Stop Codon Read-Through in Yeast Cells

Petra Beznoskova®, Lucie Cuchalova*, Susan Wagner, Christopher J.

Shoemaker, Stanislava GuniSova, Tobias von der Haar, Leo$ Shivaya
Valasek

PLoS Genet. 2013 November; 9(11):€1003962

PMID:24278036 *These authors contributed equally to this work

IF2013 8.167

Contribution of the author: 45%; | conceived and designed the experiments,
performed one half of them, analyzed the data and also contributed to writing
the publication.

Structural integrity of the PClI domain of elF3a/TIF32 is required for
MRNA recruitment to the 43S pre-initiation complexes

Sohail Khoshnevis, Stanislava GuniSova, Vladislava VI¢kova, Tomas Kouba,
Piotr Neumann, Petra Beznoskova, Ralf Ficner, and Leo$ Shivaya Valasek
Nucleic Acids Res. 2014 April 42(6): 4123-4139.

PMID: 24423867

IF2014 9.112

Contribution of the author: 5%; | helped to setup the RNA-binding assay.

Translation Initiation Factor elF3 Promotes Programmed Stop Codon
Readthrough

Petra Beznoskova, Susan Wagner, Myrte Esmeralda Jansen, Tobias von der

Haar and Leos$ Shivaya Valasek

Nucleic Acids Res. 2015 May 26; 43(10):5099-111
PMID: 25925566

IF2015 9.112
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Contribution of the author: 80%; | conceived and designed the experiments,
performed the majority of them, analyzed the data and also wrote the

manuscript.

Rules of UGA-N decoding by near-cognate tRNAs and analysis of
readthrough on short uORFs in yeast
Petra Beznoskova, Stanislava GuniSova and Leo$ Shivaya Valasek

RNA. 2016 Mar;22(3):456-66
PMID: 26759455

IF2015 4.936

Contribution of the author: 90%; | conceived, designed and performed all

experiments, analyzed the data, created the layout of the manuscript and
contributed to writing the publication.

In-depth analysis of cis-determinants that either promote or inhibit
reinitiation on GCN4 after translation of its four short uUORFs

Stanislava GuniSova, Petra Beznoskova, Mahabub Pasha Mohammad,

Vladislava VI€kova, and Leo$ Shivaya Valasek

RNA. 2016 Apr;22(4):542-58

PMID: 26822200

IF2015 4.936

Contribution of the author: 10%; | performed the experiment shown in Figure
7B and help with writing of parts in the manuscript connected to the topic of

my expertise (i.e. stop codon readthrough).
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TRANSLATION INITIATION FACTORS elF3 AND HCR1 CONTROL
TRANSLATION TERMINATION AND STOP CODON READ-THROUGH IN
YEAST CELLS

Petra Beznoskova*, Lucie Cuchalova*, Susan Wagner, Christopher J.

Shoemaker, Stanislava GuniSova, Tobias von der Haar, Leo$ Shivaya
Valasek

PLoS Genet. 2013 November; 9(11):€1003962

PMDI:24278036

*These authors contributed equally to this work

In this study we are presenting the ground breaking evidence that the
key translation initiation factor elF3 is involved in the regulation of the last
phase of translation — translation termination. In particular, we are showing
that i) various mutations reducing the activity of translation initiation factor
elF3 and its associated factor HCR1 affect stop codon read-through; ii)
complexes containing elF3, HCR1, ABCE1/RLI1 and both eRFs occur in vivo
free of ribosomes and RNA, iii) there is a direct interaction between two elF3
subunits and eRF1; iv) elF3 associates with 80S couples isolated from heavy
polysomes in an eRF1-dependent manner; and finally v) elF3 mutants
genetically interact with release factor mutants. In this study we also go
deeper into understanding the role of HCR1 protein which is required for
stringent selection of AUG and until now was believed to be non-essential
subunit of elF3 complex. Here, we provide an evidence that i) deletion of
HCR1 increases readthrough; ii) increased gene dosage of ABCE/RLI1
suppresses the slow growth and read-through defects of hcrl deletion strain;
iii) Deletion of hcrl results in accumulation of eRF3 in heavy polysomes; iv)

Y41l
5 0S

the sup4 mutation prevents stable association of eRF3 and HCR1 with

polyribosomes; and v) the sup45Y4%®

mutation eliminates the negative
impact of hcr1A on read-through and growth rates. Based on our results we
propose that HCR1 should be considered as a termination factor rather than

an initiation factor and a subunit of elF3.
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To summarize our observations we proposed a model of elF3 and
HCR1 involvement in yeast translation termination. Upon stop codon entry
into the ribosomal A-site the pre-TC forms, composed of the canonical
release factors eRF1 and eRF3-GTP, and elF3 and HCR1. eRFs and elF3
may associate with the pre-TC as a pre-formed unit or alone. In the pre-TC,
elF3 interacts with the N domain of eRF1, via its two small g/TIF35 and i/TI34
subunits, and modulates, perhaps inhibits its stop codon recognition activity
during the proofreading step. Upon stop codon recognition the GTP molecule
on eRF3 is hydrolyzed. Subsequently, HCR1 promotes eRF3-GDP ejection
to allow the ABCE1/RLI1-ATP recruitment to begin the accommodation
phase of termination — the eRF1 GGQ motif is pushed to the peptidyl-
transferase center (PTC) — during which HCR1 interacts with ABCE1/RLI1.
Subsequently, both factors together with elF3 participate in ribosomal

recycling to enable and promote initiation of the next translational cycle.
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STRUCTURAL INTEGRITY OF THE PCI DOMAIN OF elF3A/TIF32 IS
REQUIRED FOR mRNA RECRUITMENT TO THE 43S PRE-INITIATION
COMPLEXES

Sohail Khoshnevis, Stanislava GuniSova, Vladislava VIckova, Tomas Kouba,
Piotr Neumann, Petra Beznoskova, Ralf Ficner, and Leo$ Shivaya Valasek

Nucleic Acids Res. 2014 April 42(6): 4123-4139.
PMID: 24423867

This is an important study bringing more structural insight into yeast elF3
complex. There is not any new information regarding the elF3 role in
translation termination. However, it contributes to characterization of mutants

used in Beznoskova et al. 2013 and Beznoskova et al. 2015 (3, 5).
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TRANSLATION INITIATION FACTOR elF3 PROMOTES PROGRAMMED
STOP CODON READTHROUGH

Petra Beznoskova, Susan Wagner, Myrte Esmeralda Jansen, Tobias von der

Haar and Leo$ Shivaya Valasek
Nucleic Acids Res. 2015 May 26; 43(10):5099-111
PMID: 25925566

This study focuses on the elF3 complex and its function during the
translation termination step. We discovered that elF3 actually promotes
readthrough only on stop codons in termination non-favorable context, which
has been known to be connected with the regulatory process called
programmed readthrough. We showed that the elF3 stimulation of stop
codon readthrough is dependent on its association with pre-termination 80S
complexes in vivo. Regarding the mechanism of elF3 actions we discovered
that elF3 interferes with decoding of the 3™ position of the stop codon
allowing incorporation of near-cognate tRNAs with the mismatch at the same
position. The most of the work was done in yeast; however, we demonstrated
that also human elF3 promotes stop codon readthrough suggesting that the
elF3 role in stop codon readthrough is conserved between yeast and
humans. Based on our new results we proposed a model how translation
initiation factor elF3 promotes programmed stop codon readthrough. It
should be noted that there has been a long-standing lack of knowledge
regarding the precise mechanism of this recoding event; even though many
groups have sought to identify factors promoting incorporation of tRNA on

stop codon.
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RULES OF UGA-N DECODING BY NEAR-COGNATE tRNAs AND
ANALYSIS OF READTHROUGH ON SHORT uORFs IN YEAST
Petra Beznoskova, Stanislava GuniSova and Leo$ Shivaya Valasek

RNA. 2016 Mar;22(3):456-66
PMID: 26759455

In this study we established new rules for decoding of UGAN
tetranucleotides and subsequently analyzed readthrough on short uUORFs in
yeast. Note, that these two parts are tightly interconnected through the elF3
role in stop codon readthrough. First, we showed that cytosine immediately
following any stop codon interferes with the eRF1 decoding in vivo, which in
fact causes the highest readthrough among the rest of tetranucleotides. The
highlight of this study is the result showing that the UGA-A tetranucleotide is
preferentially read through by tryptophan nc-tRNA and the UGA-C and UGA-
G tetranucleotides are preferentially read through by cysteine nc-tRNA. We
also confirmed our observations with additional experiments. We investigated
i) an effect of the miscoding agent paromomycin on hc tryptophan or cysteine
nc-tRNA incorporation at UGA-N termination tetranucleotides; and ii) an
effect of the eRF1 (sup45-M48I) mutation with impaired decoding ability on
hc tryptophan or cysteine nc-tRNA incorporation at UGA-N termination
tetranucleotides; and came to the conclusion that neither the eRF1 decoding
ability nor the geometry of the decoding pocket determines the UGA-N
tetranucleotide preference for specific nc-tRNAs.

In the second part we focused on readthrough measurements of
stop codons in their natural nucleotide contexts taken from all four short
UORFs in the GCN4 mRNA leader and we studied if the readthrough is elF3
dependent. We observed that the elF3-promoted readthrough does not
interfere with the elF3-promoted reinitiation on REI-permissive uORF1 from
the GCN4 mRNA leader indicating that the key uORF1 naturally evolved to

ensure as efficient termination as possible to be able to promote potent REI
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despite the constant presence of the readthrough-stimulating elF3 complex,
which is at the same time essential for efficient REI.
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IN-DEPTH ANALYSIS OF CIS-DETERMINANTS THAT EITHER PROMOTE
OR INHIBIT REINITIATION ON GCN4 AFTER TRANSLATION OF ITS
FOUR SHORT uORFs

Stanislava GuniSova, Petra Beznoskova, Mahabub Pasha Mohammad,

Vladislava VI€kova, and Leo$ Shivaya Valasek
RNA. 2016 Apr;22(4):542-58
PMID: 26822200

This is a comprehensive study which reveals several REI-
promoting and inhibiting cis-determinants that contribute either autonomously
or in synergy to the overall efficiency of reinitiation (REI) on GCN4. Part of
many results which are not connected to the topic of my thesis, we
demonstrated that poor termination efficiency at the uORF4 stop codon
strongly contributes to its poorest REI efficiency and also to the difference in
the REI efficiency between uORF3 and uORF4.
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DISCUSSION

There is no doubt that elF3 belongs to the most promiscuous initiation
factors. It is involved in all steps of this particular phase, is a key factor in
translation control of transcription factor GCN4 and also possesses the ability
to link translation initiation to transcription (24), to mRNA export (8), and to
NMD pathway (31, 63) and thus integrates all these processes into a
delicately regulated high-order process. In addition, elF3 has been also
suggested to promote the recycling phase of translation, at least in
mammalian in vitro reconstituted system (54, 56). Based on newly identified
interaction partner RLI1 and its recently described function in translation
termination (36) it become highly attractive to investigate the possible role of
elF3 in this process. To do that we had to first extend our methodology which
was primary designed to study details of translation initiation. In our lab, we
established routine readthrough measurements using well defined dual
luciferase reporter system (34) and designed several new reporters to satisfy
our scientific needs. It should be noted that this is actually the only functional
in vivo assay for determination of translation termination efficiency. We also
repurposed resedimentation protocol previously used to detect factors bound
to 40S (71) to analyze factors bound to terminating ribosomes. We had to
request various strains with specific functional mutations in release factors
and thus diversify our yeast collection. For our work it was no less important
to prepare antibodies against factors involved in termination. We have
prepared SUP45 and RLI1 antibodies, others that we didn't have we had to
request.

Throughout discovering the area of translation termination it was a big
advantage to do all these first steps with a help of our collaborator and friend
Tobias von der Haar, who is an expert in this field. However, it did not save
us from troubles we had while setting a right nomenclature connected to the
translation termination. Read-through, or readthrough? As freshmen we
looked up the amount of publications for the term “read-through” (n=1093 on
13.5.2016) and “readthrough” (n=1159 on 13.5.2016) at the NCBI web page
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(https://www.ncbi.nlm.nih.gov/) and it seems to be used equally often. Tobias

was not a big help in this decision making process because he used both
terms in one of his papers (42). So, in our first paper (3) we agreed on using
“read-through” because | liked the graphics better and | was, and | still am,
using the abbreviation “r-t" in my notes. However, for the second paper |
performed more precise analysis of usage of these two terms in the literature.
First, when | have searched “translational read-through” (n= 144 on
13.5.2016) and “translational readthrough” (n=287 on 13.5.2016) the term
“readthrough” become slightly favored. And since we wanted to demonstrate
that elF3 is involved in programmed readtrough it was only rational to count
the occurrence of “programmed read-through” (n=12 on 13.5.2016) vs.
‘programmed readthrough” (n=32 on 13.5.2016). This time readthough
became almost threefold more used than read-through. Next way how to
decide what to use was to look up the web sites of laboratories which are
devoted to study regulation of translation termination. Surprisingly, all of them
use the term “readthrough”. Based on that we decided to join groups with an
established termination research by switching the nomenclature from read-
through (3) to readthrough (5) and continuously use this term (4, 22) .

With the right methodology and nomenclature it became easy to
perform all necessary experiments and thanks to all results gain knowledge
about a function of elF3 in translation termination. Since it is a complex
theme | took liberty to divide the following discussion into three important
points. First two discuss independently basic roles of HCR1 and elF3 in
translation termination and readthrough. And the last section discusses the
effect of newly established elF3 role in promoting readthrough on the
translation regulation on upstream short UORFs in the GCN4 leader which
might or might not interfere with elF3-dependent resumption of scanning.
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HCR1 functions in ejection of eRF3.GDP from post-TCs resulting in an

efficient RLI1 binding and consecutive polypeptide release

The HCRL1 protein was originally isolated as a high copy suppressor of
temperature sensitive phenotype of rpgl-1 allele of TIF32 (69). HCR1 was
considered to be a nonessential substoichiometric subunit of elF3 with dual
function in translation initiation and in processing of 20S pre-rRNA (68). It
can bind to 40S ribosomes independently of elF3 and other components of
the MFC (53) and only modestly it stimulates 40S binding of elF3 (51), (17).
In one of my papers (3) we showed that deletion of hcrl increases stop
codon read-through, independently of its association with the rest of elF3,
and results in accumulation of eRF3 in heavy polysomes. Increased dosage
of ribosomal recycling factor RLI1 then substitutes for the HCR1 roles in
termination (but not in initiation) and in enabling efficient cell growth, which
together implied that the HCR1 function in termination is more critical for
optimal cell proliferation than its function in translation initiation. This is
consistent with the fact that yeast HCR1 is only loosely associated with the
core elF3 complex (70) and that it was shown to interact with both sides of
the 40S mRNA entry channel on its own (17). Similarly, its mammalian
ortholog also appears to be the most loosely associated subunit of all 13 elF3
subunits that is, in addition, often missing from the purified 12-subunit
complex (27, 58, 74). Moreover, it was also shown to associate with the 40S
ribosome completely independently of the rest of elF3 and promote several
translational steps practically on its own (see for example (19, 27, 40, 54, 55,
58, 74)). Taken together, we suggest considering elF3j/HCR1 as an
independent initiation factor (elF) that associates and closely co-operates
with elF3 but it is not its integral part. We propose how HCR1 functions in
translation termination. Following stop codon recognition and subsequent
GTP hydrolysis on eRF3, HCR1 promotes eRF3-GDP ejection from the post-
TCs to allow binding of its interacting partner RLI1 (36), which in turn
stimulates polypeptide release — both eRF3 and RLI1 bind to the same site in
the post-TC (2). Inability to complete this step may lead to a reduced stop
codon recognition resulting in an increased read-through. In support, eRF1
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was shown to associate more firmly with post-TCs in the presence of eRF3
(56), which led the authors to propose that after GTP hydrolysis, eRF3 might
not dissociate entirely from ribosomal complexes on its own and its release
thus might require a stimulus by an additional factor; in our opinion by the
HCRL1 protein.

elF3 regulates translation termination by promoting incorporation of

nearcognate tRNA during programmed stop codon readthrough

Programmed stop codon readthrough has recently emerged as an
important contributor to proteomic diversity and has also been implicated in
the replication of several pathogenic RNA virus families and thus represents
an appealing target for antiviral therapies (18, 26, 29, 44). We demonstrate
that the bona fide translation initiation factor elF3, recently implicated in
controlling translation termination besides its critical initiation roles (3), is one
of the major trans-acting factors in programmed stop codon readthrough in
yeast, and perhaps also in mammals. In particular, we show that the
presence of elF3 in pre-TC complexes increases readthrough on stop
codons in unfavorable termination contexts in a manner that is independent
of its role during initiation. More importantly, elF3 is critically required for
efficient readthrough on three mRNAs previously demonstrated to be under
the control of the programmed stop codon readthrough pathway. More
detailed analysis of the codon specificity of elF3-mediated stop codon
readthrough suggests that elF3 promotes the incorporation of near-cognate
tRNAs with mismatches at the third (wobble) position, perhaps via an
interaction with the decoding center of the ribosome.

Programmed stop codon readthrough has also been proposed as a
potential treatment for hereditary diseases caused by premature termination
codons (PTCs), many of which occur in unfavorable termination contexts (for
review see (35)). PTCs produce truncated proteins that are non-functional or
even toxic and targeted, mRNA-specific increase in readthrough could
restore the functionality of the affected genes and thus cure the disease,
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provided that the exact molecular mechanism is known and can be
purposefully exploited. Since we reveal in this study that the translation
initiation factor elF3 plays a crucial role in programmed stop codon
readthrough and suggest a detailed molecular model for its role; our results
open new avenues of inquiry for understanding this important biological event

also with respect to human health.

elF3-dependent readthrough contributes to the high complexity of the

translational regulation of the transcription activator GCN4

The intriguing fact that the elF3 presence in pre-TCs formed at stop
codons of short UORFs can theoretically stimulate readthrough and REI at
the same time, but both activities are by their nature antagonistic, prompted
us to investigate their prospective mutual interference with help of the yeast
transcriptional activator GCN4. We analyzed readthrough levels on all four
short UORFs from GCN4 mRNA leader and demonstrated that elF3-
promoted readthrough does not interfere with elF3-promoted reinitiation on
REI-permissive uORF1 suggesting that uORF1 naturally evolved to ensure
as efficient termination as possible to be able to promote potent REI despite
the constant presence of the readthrough-stimulating elF3 complex. In the
same publication, we also showed that termination efficiency of uORF3 and
UORF4 markedly differs (22). So, we focused on what are major contributors
to the earlier observed difference in uUORF3 and uORF4 REI-potential. Could
it be the elF3-dependent readthrough? And indeed, we found out two factors.
The combination of the sequence composition of uUORF3 and uORF4 second
codon and the identity of the stop codon tetranucleotide is what makes the
major contribution to the difference in the REI potential between these two
UORFs. Thus our data point at an interesting phenomenon where two
counter-acting regulatory processes exist, both are mediated by the same
protein factor, yet their mutual interference is prevented in favor of only one
of them.
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CONCLUSIONS

In this work we described the role of elF3 in translation
termination. We demonstrated that elF3 is a key factor in promoting
programmed stop codon readthrough. And we proposed a model of the
mechanism of this recoding event. We put an effort in developing or
improving multiple methods in order to achieve main goals of this study. For
example by connecting the overexpression of several tRNAs with regular
readthrough measurements we were able to monitor which tRNA decodes
which stop codon in vivo. Using this particular approach we reached behind
the scope of this study and described new decoding rules for UGAN stop
codons. We also showed that elF3-promoted readthrough does not interfere
with the elF3-promoted reinitiation on REI-permissive uORF1 from the GCN4
MRNA leader; and demonstrated that poor termination efficiency at the
UORF4 stop codon strongly contributes to the difference in the REI efficiency
between uORF3 and uORF4. These both results contributed to the general
idea that termination efficiency matters and since elF3 controls this process,
promoting readthrough may become one of main characteristics of eukaryotic

initiation factor 3 in translation regulation.
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Abstract

Translation is divided into initiation, elongation, termination and ribosome recycling. Earlier work implicated several
eukaryotic initiation factors (elFs) in ribosomal recycling in vitro. Here, we uncover roles for HCR1 and elF3 in translation
termination in vivo. A substantial proportion of elF3, HCR1 and eukaryotic release factor 3 (eRF3) but not elF5 (a well-defined
“initiation-specific” binding partner of elF3) specifically co-sediments with 80S couples isolated from RNase-treated heavy
polysomes in an eRF1-dependent manner, indicating the presence of elF3 and HCR1 on terminating ribosomes. elF3 and
HCR1 also occur in ribosome- and RNA-free complexes with both eRFs and the recycling factor ABCE1/RLI1. Several elF3
mutations reduce rates of stop codon read-through and genetically interact with mutant eRFs. In contrast, a slow growing
deletion of hcrl increases read-through and accumulates eRF3 in heavy polysomes in a manner suppressible by
overexpressed ABCE1/RLI1. Based on these and other findings we propose that upon stop codon recognition, HCR1
promotes eRF3-GDP ejection from the post-termination complexes to allow binding of its interacting partner ABCE1/RLI1.
Furthermore, the fact that high dosage of ABCE1/RLI1 fully suppresses the slow growth phenotype of hcr14 as well as its
termination but not initiation defects implies that the termination function of HCR1 is more critical for optimal proliferation
than its function in translation initiation. Based on these and other observations we suggest that the assignment of HCR1 as
a bona fide elF3 subunit should be reconsidered. Together our work characterizes novel roles of elF3 and HCR1 in stop
codon recognition, defining a communication bridge between the initiation and termination/recycling phases of
translation.
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Introduction

Protein synthesis or mRINA translation is a complex and highly
conserved process that can be separated into initiation, elongation,
termination and ribosome recycling phases. Although these four
phases are distinct in time, there is a longstanding notion for some
form of communication among them. Notably, several initiation
factors and related proteins have been proposed to function in
more than one phase. These include ABCE1/RLI1 and GLEL,
which are believed to promote both the initiation and termination
phases by a mechanism that remains to be elucidated [1-3], eIFF5A
proposed to stimulate all three major phases [4], and the bona fide
translation initiation factor eIF3, which has been recently
suggested to promote the recycling phase, at least in 2 mammalian
i vitro reconstituted system [5,6].

The beginning of a translational cycle involves a series of steps
that culminate in the assembly of the 80S initiation complex (IC)

PLOS Genetics | www.plosgenetics.org

on the AUG start codon (reviewed in [7]). These steps include 1)
Met-tRNAM recruitment to the 40S subunit to form the 43S pre-
initiation complex (PIC), 2) mRNA recruitment to the 43S PIC to
form the 48S PIC, 3) scanning of the 48S PIC to the first
recognized start codon, and 4) joining of the 60 subunit to commit
the resulting 80S IC to the elongation phase. The translation
initiation factor eIF3, which in yeast consists of five essential core
subunits (eIF3a/TIF32, b/PRT1, ¢/NIP1, i/TIF34 and g/ TIF35)
and one transiently associated, non-essential subunit (elF3j/
HCR1), is actively involved in regulation of the first three of
these steps [7]. In the PIC assembly steps, the action of elF3 is
further stimulated by one of its interacting partners, the ATP-
binding cassette protein ABCE1/RLI1, by an unknown mecha-
nism [1]. In contrast to the most of ells, ell'3 interacts with the
solvent-exposed side of the small ribosomal subunit [7] and as such
it was proposed to be able to interact with active 80S ribosomes
post-initiation [8-10].
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Author Summary

Protein synthesis (translation) utilizes genetic information
carriers, mRNAs, as templates for the production of
proteins of various cellular functions. Typically it is divided
into four phases: initiation, elongation, termination and
ribosomal recycling. In this article we argue that the strict
mechanistic separation of translation into its individual
phases should be reconsidered in the light of “multitask-
ing” of initiation factors elF3, HCR1 and ABCE1/RLI1. In
detail, we show that elF3 and HCR1 not only promote the
initiation phase but also specifically act at the other end of
the translational cycle during termination. We present
genetic and biochemical data linking elF3 and HCR1 with
both eukaryotic release factors (eRF1 and eRF3) and the
ribosomal recycling factor ABCE1/RLI1, and propose a
model for how all these factors co-operate with each other
to ensure stringent selection of the stop codon. Collec-
tively, our findings suggest that changes in one phase of
translation are promptly communicated to and coordinat-
ed with changes in the other phases to maintain cellular
homeostasis of all ongoing processes.

The end of a translational cycle involves another series of steps
that culminate in the release of a newly synthesized polypeptide
from the translating ribosome (the termination phase), and in
the dissolution of the ribosome:tRNAmRNA complex (the
recycling phase). Termination begins when a stop codon enters
the ribosomal A-site, forming a pre-termination complex (pre-
TC) [11]. In eukaryotes, all three stop codons are decoded by
the ecukaryotic release factor 1 (eRF1). According to recent
models [12,13], eRFI enters the ribosomal A-site in complex
with a second release factor, eRF3, in its GTP bound form.
Recognition of a stop codon triggers GTPase activity of eRF3,
which leads to its dissociation from the complex in its GDP
bound form. eRF1 is then free to activate the ribosomal peptidyl
transferase centre (PTC), which hydrolyses the bond between
the P-site tRNA and the nascent polypeptide. Importantly, these
steps are promoted by RLI1 in an ATP-independent manner;
i.e. by the same factor that also somehow stimulates the elF3
function in the initiation phase. Molecular details of this RLI1
role in termination are similarly not known, nevertheless, the
proposed active role of RLI1 in stop codon recognition is
consistent with observations that conditional down regulation of
RLI1 protein levels increases stop codon read-through in yeast
[2]. Based on the most recent structural model, RLI1 binds to
the same site on the terminating ribosome as eRF3 (thus their
binding is mutually exclusive), and its 4Fe-4S domain interacts
with the C-terminal domain of eRF1 to push the conserved
GGQ motif in the middle domain of eRF1 to the PTC next to
the acceptor stem of the P-site tRNA to trigger polypeptide
release [13].

Recycling of eRF1-associated post-termination complexes (post-
TCs) 1s also mediated by ABCE1/RLI1, this time, however, in an
ATP-dependent manner [6,12]. It was hypothesized that RLII,
upon binding and hydrolyzing ATP, switches its conformation into
a closed state, and the mechanochemical work generated by this
switch splits post-TCs into free 60S subunits and deacylated
tRNA- and mRNA-bound 40S subunits (40S-post-TC) [13].
Finally, Pisarev et al. showed that the release of tRNA and mRNA
from the 40S-post-TCs is i vitro ensured by the bona fide initiation
factors elF1, eIF1A and elF3 [5,6]. eIF3, and in particular its j
subunit (HCR1 in yeast), were suggested to play the key role in
mRNA dissociation.
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Since the implication of elF3 in the recycling process was
deduced only from experiments carried out with 11-codon long
model mRNAs in mammalian # vitro reconstituted systems, we
decided to investigate whether or not elF3 also plays a direct role
in translation termination and/or ribosomal recycling in the living
cell. Here we show that the five core elF3 subunits and HCR1
control translation termination and stop codon read-through in
yeast, although in the opposite manner. HCRI1 specifically
cooperates with eRF3 and RLI1 and based on our and previous
findings we propose that HCR1 and its mammalian orthologue
should no longer be considered as bona fide subunits of elF3. In any
case, involvement of the canonical translation initiation factor elF3
in termination strongly supports the idea that there is a highly
coordinated communication between individual translational
phases.

Results

Mutations in elF3 subunits and hcr1 deletion affect stop

codon read-through

elF3 and the ell'3-core-associated factors like HCR1 and RLI1
play a role in ribosome recycling — at least i vitro [5,6], while only
RLIT is to date known to somehow promote also the preceding
translation termination step [2]. In order to address whether ell'3
itself is likewise functionally involved in translation termination, we
first measured the frequency of stop codon read-through in a
collection of elF3 mutants using an established dual-luciferase
reporter assay, specifically designed to be independent of mRNA
levels [14]. This reporter system is similar to the one which was
also used to demonstrate increased stop codon read-through upon
conditional down-regulation of RLI1 [2]. The [psi ] strain
background used in these initial experiments contains a genome-
encoded UGA suppressor tRNA leading to unusually high basal
UGA read-through levels of 3-4%, which is however ideal for
studying stop-codon read-through effects. Importantly, as shown
below, the results we obtained are independent of the presence of
this suppressor tRNA.

The elF3 mutants that were chosen for read-through analysis
were previously shown to affect multiple initiation steps, from the
43 PIC assembly (due to reduced 40S-binding affinity of eIF3) to
scanning for AUG recognition (with wild-type 40S-binding affinity
of elF3); summarized in Table S1. Strikingly, the majority of
mutations in the core ell'3 subunits that we tested showed a
significant reduction in stop-codon read-through (Figure 1) that
thus could not be simply attributed to the reduced eIF3 association
with ribosomes. Also, since the effect of elF3 mutations on
translation initiation does not correlate well with the observed
translation termination defect (such as, for example, in case of prtI-
W6744 vs. tf34-DD/KK or tif35-TRKMQ vs. tif35-RLFT mutants),
we conclude that the impact of these mutations on translation
initiation vs. termination is genetically separable. Importantly, in
contrast to all core ellF3 subunits, deletion of the non-essential /er/
gene encoding elF3j resulted in significantly increased stop-codon
read-through (Figure 1), similar to that reported for RLI1 down-
regulation [2]. Neither elF'3 mutations nor Acri4 have any impact
on eRF1, eRF3 and RLI1 protein levels.

In order to confirm this unexpected result and to explore
whether the observed effect on translation termination was specific
to elF3 or common to all other members of the Multifactor
complex (MFC; composed of elF1, elF2, elF3 and elF5) and their
closely co-operating factor eIF1A, we used partial depletion alleles
(DaMP alleles) for these essential factors from the genome-wide
DaMP collection [15]. DaMP alleles contain a selectable marker
cassette inserted into the 3’-UTR of a gene, leading to
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Figure 1. Mutations reducing the activity of translation initiation factor elF3 and HCR1 affect stop codon read-through. Stop codon
read-through was measured using dual luciferase reporter constructs as described in the main text. Plasmid-born mutant alleles of genes encoding
elF3 subunits and HCR1 were introduced into their respective shuffling strains, which are derived from a common strain background (for details
please see Text S1 and Table S1). The wt strain background has unusually high levels of UGA read-through, due to the presence of an opal (UGA)
suppressor tRNA in the genome. For each independently derived shuffling strain, read-through is shown for pairs of strains shuffled with wt or the
indicated mutant alleles of the gene in question. For the non-essential HCR1 subunit, the H3675 hcri4 strain is shown. All investigated mutants
showed significant (p<<0.05) reductions in the level of stop codon read-through, with the exception of tif35™M2 \which showed no significant
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difference, and Ahcr1 which showed strong and significant increase in stop codon read-through.

doi:10.1371/journal.pgen.1003962.g001

destabilization of the respective mRNA via the nonsense mediated
decay pathway (NMD).

By their nature, DaMP alleles show varying degrees of depletion
for different genes, and data obtained with DaMP alleles have to
be interpreted with this in mind. Since the depleted genes are all
essential, loss of the corresponding gene product below a critical
level will affect growth, and demonstration of reduced growth for
an individual strain can thus be taken as a reliable indicator for
depletion below a critical threshold. In contrast, an absence of
growth phenotypes cannot be unambiguously interpreted, as
depletion of the gene product may have occurred but may have
remained above a level where fitness is detectably affected. It
should be noted that growth phenotypes are a better indicator of
functional depletion than assessment of physical expression levels
by Western blotting, since the relationship between translation
factor abundance and translation rates is non-linear and generally
not predictable [16]. Finally, since the DaMP strain background
does not contain a UGA suppressor tRNA in the genome, these
data also exclude possible suppressor tRNA effects on the elF3
mutants in the initial experiments.

When we compared growth rates of the MFC DaMP alleles to
the corresponding wild type (wt) strain (Figure S1), we observed
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that most non-ell'3 MFC factors but only one of the elF3 strains
(TIF35) showed a growth phenotype indicative of a significant
depletion. When we proceeded to assess stop codon read-through
in these strains, we observed that the one elF3 strain for which the
growth assay indicated significant depletion (about 2.5-fold as
determined by Western blotting) also showed significantly reduced
stop codon read-through. In addition, the NIPI depletion strain
also showed modest but significant reduction in stop-codon read-
through, which may be caused by depletion of the gene product to
a level that does not yet affect growth rates. In contrast, none of
the depletion alleles for the non-eIF'3 MFC component showed a
reduction in read-through, although eIFIA and elF2o showed
small but significant increases in stop codon read-through and,
interestingly, eIF2y showed even higher increase (~2-fold) that is
similar to fer/A. While the mechanism behind the increased read-
through in the eIF1A and elF2 alleles is yet to be explored, these
observations demonstrate that 1) reductions in eIF3 activity reliably
lead to reductions in stop-codon read-through levels, whether this
reduction is caused by point mutations or other gene ablation
alleles, 1i) this effect is specific to core elF'3 subunits, whereas other
MFC components and HCR1 display either none or the opposite
phenotype, and iii) general reduction in the initiation rates does
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not automatically affect the precision of translation termination —
see for example the read-through data for elF1 (Figure S1), the
protein levels of which were depleted by ~5-fold — suggesting that
the reduced levels of read-through displayed by elF3 mutants do
not necessarily occur as an indirect consequence of an overall
compromised protein synthesis. Interestingly, a similar phenotype
(reduced read-through) was also observed for overexpression of
eRF1 in otherwise wt cells (Figure S2; combined overexpression of
eRF1 and 3 led to further, modest exacerbation), indicating that
the eIF3 mutants may somehow affect the availability of eRFs for
the stop codon in the A-site.

Overexpression of ABCE1/RLI1T fully suppresses the
growth and read-through but not the initiation defects
of the hcrl deletion strain

Next we wished to explore a molecular mechanism of the
increased stop-codon read-through phenotype displayed by
deletion of the non-essential kel gene (Figure 1), which sharply
contrasted with the opposite termination phenotype of mutant
core elF3 subunits (Figure 1). As discussed above, recent reports
suggested that the ABCE1/RLI1 protein not only critically
promotes ribosomal recycling [6,12,17] but is also somehow
involved in translation termination, as its conditional depletion
produced an increased read-through defect [2]. Moreover, RLI1
was also implicated in biogenesis and transport of pre-ribosomes
from the nucleolus [18] and in stimulating translation initiation by
promoting assembly of 43S PICs together with elF3 [1]. The
striking resemblance of the latter effects with the previously
reported functions of HCR1 [18-24] plus the earlier observations
that RLI1 directly interacts with HCR1 via its ABC2 domain [2]
and that combination of /cr/4 with the TAP-tagged RLI1 results
in synthetic lethality [18] prompted us to test a potential functional
redundancy between these two proteins.

Strikingly, we found that overexpression of RLI1 (about 2.5-
fold) fully suppressed the slow growth defect of an fherlA strain
(Figure 2A). Moreover, high copy (hc) RLII also fully suppressed
the increased read-through phenotype of this strain (Figure 2B). By
way of control, we overexpressed elongation factor eEI3 (encoded
by YEF3) as an independent ABC cassette-containing protein
engaged in translation, which had no effect on the growth or read-
through phenotypes of the heriA strain (Figure S3A and B). In
addition, hc RLI1 did not suppress the increased read-through
defect of the DaMP elF2y mutant (data not shown), further
underscoring the novelty of the proposed role for HCR1 and elF3
In termination.

Importantly, no hc suppression was observed when either the
formation of the RLIl N-terminal 4Fe-4S clusters (C25S and
C61S mutants) or the ATP binding by its ABC cassettes (K116L,
K391L, G224D G225D and G470D G471D mutants) were
compromised (Figure 2B and data not shown). The integrity of the
crucial N-terminal region of RLI1 as well as its intact ATPase
activity are therefore critically required for a functional replace-
ment of HCRI1. In the opposite arrangement, hc H/CRI suppressed
neither the slow growth nor the increased read-through phenotype
of the Tet::RLII conditional depletion strain (Figure S4). It is
noteworthy that in agreement with earlier results [2,12,17], the
intact N-terminal 4Fe-4S clusters and the ability of RLI1 to bind
and hydrolyze ATP were absolutely essential for restoration of the
read-through defect in the Tet::RLII cells (Figure S4).

In order to find out if HCR1 acts independently of eIF3 in the
termination process, we examined the read-through phenotype of
her] mutations, which are known to eliminate binding of full length
HCRI1 to elF3 [21,22]. As shown in Figure 2B (mutations Aerl-
Box-NTA, -Box6 and -Box6+R/1), no effect was observed implying
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that the HCRI1 function in termination does not require its
physical association with elF3.

One of the major initiation phenotypes of herld is a leaky
scanning defect (a decreased ability to recognize AUG as the
translational start site resulting in increased scanning past it),
which can be suppressed by hc eIFIA [21]. As can be seen in
Figure 2B, neither hc eIF1A nor elF1 suppressed the read-though
defect of herlA. Similarly, hc RLII did not suppress the leaky
scanning defect of ferlA (Figure S5). Hence, these findings clearly
suggest that the Aer/A defects in initiation and termination are
genetically separable and that RLI1 cannot replace HCR1 in all of
its functions. Importantly, however, since hc eIFF1A suppressed the
herlA growth defect only partially [21], as opposed to the full
suppression by hc RLIT (Figure 2A), we propose that the major
contributor to the /cr/4 slow growth phenotype is not a defect in
initiation, as previously believed, but a defect related to translation
termination. Altogether it seems that this substoichiometric
“subunit” of elF'3 works more independently of the core elF3
than previously thought and therefore we suggest not considering
HCRI1 as a bona fide elF3 subunit anymore (see Discussion for
more details).

Complexes containing elF3, HCR1, ABCE1/RLI1 and both
eRFs, free of ribosomes and RNA, occur in vivo

If eIF3 and HCRI1 are indeed involved in translation
termination as our read-through data indicate (Figure 1), it should
be possible to detect a complex between these molecules and the
release factors in vivo. We therefore carried out a series of @ vivo
pull down experiments using Myc-tagged RLI1, or TAP-tagged
HCRI1, a/TIF32 or eRF3 as baits. To stabilize presumably only
transient interactions between elF3 and termination/recycling
factors, the TAP-tag experiments were performed after modest
(1%) pre-treatment of growing cells with formaldehyde as
described in [25]. As shown in Figure 3A, Myc-tagged RLII
specifically pulled down selected elF3 subunits (~51%=1% of the
input for a/TIF32 and ~43*2.6% for g/TIF35) and HCRI1, as
shown before [1]. In addition and in contrast to the latter study,
we also observed significant co-precipitation of both release factors
(~22*1.7% for eRF1 and ~13%3.9% for eRF3). The TAP-
tagged HCRI1 repeatedly co-purified with selected ellF3 subunits,
as expected, but also with RLI1 (~58%+5.8%) and small but
specific amounts of eRF3 (9%£0.2%) and eRFl (~2%+0.2%)
(Figure 3B; eRF1 is indicated by an asterisk). eRF3 also co-
precipitated with TAP-tagged a/TIF32 (~16%*4.7%), and,
importantly, TAP-tagged eRF3 reproducibly and specifically
brought down small but significant amounts of core eIF3 subunits
(~6.4%0.7% for a/TIF32 and ~18%5.8% for g/ TIF35) but no
other MFC-members such as elF1 (Figure 3C and D; note that the
mobility of a/TIF32 and eRF3 vary between Input and Elution
lanes due to a TEV protease-mediated cleavage of the TAP tag).
We also tested the TAP-tagged eRF1 strain, however, no proteins
were recovered — not even the TAP-eRF1 by itself — indicating
that this particular fusion allele is not functional. Importantly, the
yield of neither of these experiments was affected by RNase A
treatment (Figure S6) and no ribosomes were present in the
purified complexes (see RPSOA strips in panels A-D) strongly
suggesting that the ribosome- and RNA-free complexes of ell3,
HCRI, eRF1, eRF3 and RLII do exist in the cytoplasm. More
specifically, these experiments show that eIF'3 and HCR1 contacts
all critical termination players discussed in this study, though we
cannot conclude whether all these factors occur in one single
super-complex, or whether we are pulling down their partial
subcomplexes.
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Figure 2. Increased gene dosage of ABCE/RLI1 suppresses the slow growth and read-through defects of hcrid. (A) The hcrid strain
was transformed with either empty vector (EV), hc HCRT or hc RLIT. The resulting transformants were subjected to a growth spot assay at 30°C for 2
days. (B) The hcri4 strain was transformed with hc vectors carrying either wt or mutant HCR1 and RLIT alleles, and SUIT (elF1) and TIF11 (elF1A). The
resulting transformants were grown in SD and analyzed for stop codon read-through as described in Figure 1. Thus obtained values were normalized
to the value obtained with the hcri4 strain transformed with wt HCR1, which was set to 100%.

doi:10.1371/journal.pgen.1003962.9002

The N-M domains of eRF1 directly interact with the N-
terminal domain of g/TIF35 and weakly also with i/TIF34
in vitro

The fact that eIF3 and HCRI1 associate with eRFs i vivo and
that their mutations affect fidelity of the termination process
prompted us to test protein-protein interactions between elF3
subunits, HCR1 and both eRFs. We fused individual elF3
subunits and HCR1 to a GST moiety and used these fusions in
pull-down assays with i witro synthesized, radiolabeled, well-
defined domains of eRF1 and eRF3. As shown in Figure 3E, the
N-terminal and Middle (N-M) domains but not the middle and C-
terminal (M-C) domains of eRF1 specifically interacted with GST-
g/'TIF35 and weakly also with GST-1/TIF34, in contrast to GST-
HCRI1 and a negative control of the GST protein alone. (The N
domain of eRF1 carries determinants of the stop codon
recognition; the M domain contains the conserved GGQ motif
required for peptide release; and the C domain interacts with
eRF3.) Interestingly, DOMS34/Pelota, the release-like factor
closely related in sequence and structure to eRF1, also binds
elF3g in human cell lines [26], albeit in this case v Pelota’s C-
terminal domain. No interactions between elF3 subunits and
eRF3 were observed. g/ TIF35 can be divided into the N-terminal
Zn-finger and C-terminal RRM domains and our GST pull down
experiments revealed that eRF1-NM binds specifically to the N-
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terminal Zn-finger domain of g/TIF35 (Figure 3F). Hence we
propose that elF3 and eRF1 are in a direct contact via two small
elF3 subunits and the NTD of eRF1, which requires further
support from the M domain to get fully engaged in these
interactions.

elF3 and HCR1 associate with 80S couples isolated from
heavy polysomes

To provide more solid evidence implicating eIF3 and HCR1 in
the process of termination i vivo, we tested whether or not both
factors associate with polysomal 80S ribosomes by separating the
formaldehyde cross-linked whole cell extracts (WCEs) on sucrose
gradients by high velocity sedimentation into two major polysomal
pools; the first containing light polysomes (disomes and trisomes)
and the other heavy polysomes (from pentasomes up). These two
pools were then treated with RNase I (Invitrogen) to chop
polysomal mRNAs into segments containing either initiating 43S-
48S PICs or elongating/terminating 80S ribosomes. The second
round of sucrose gradient centrifugation (so called resedimenta-
tion; [25]) was employed to separate the 43-48S PICs from 80S
couples in each polysomal pool into two fractions, which were then
subjected to Western blotting. In both pools, the 80S fractions
contained more than 50% of total eIIF3 in comparison with the
40S fractions (Figure 4A), clearly demonstrating that only the
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Figure 3. Complexes containing elF3, HCR1, ABCE1/RLI1 and both eRFs, free of ribosomes and RNA, occur in vivo; and the NTD of g/
TIF35 and i/TIF34 directly interact with the N and M domains of eRF1. (A) WCEs were prepared from YDH353 bearing chromosomal Myc-
tagged RLIT and immunoprecipitated with or without anti-Myc antibodies. The immune complexes were subjected to Western analysis. In, 5% of
input; E, 100% of the elution fraction; W, 5% of the supernatant fraction. Also note that anti-RLI1 and -eRF1 antibodies were raised for the purpose of
this study. (B) WCEs were prepared from HCHO-treated (1%) cells bearing wt (H2879) or TAP-tagged (H553) chromosomal alleles of HCR1 and
incubated with IgG Sepharose 6 Fast Flow beads. The immune complexes were eluted by boiling in the SDS buffer and subjected to Western analysis.
In, 1.5% of input; E, 50% of the elution fraction; W, 1.5% of the supernatant fraction. eRF1 is indicated by an asterisk below the immunoglobulins. (C)
WCEs from HCHO-treated cells (1%) cells bearing wt (H2879) or TAP-tagged (H555) chromosomal alleles of TIF32 were processed as in panel B except
that the immune complexes were eluted by TEV protease cleavage. In, 1.5% of input; E, 100% of the elution fraction; W, 1.5% of the supernatant
fraction. (D) WCEs from HCHO-treated cells (1%) cells bearing wt (74D-694) or TAP-tagged (H517) chromosomal alleles of SUP35 were processed as in
panel C. (E) Full-length i/TIF34 (lane 3), g/TIF35 (lane 4), and HCR1 (lane 5) fused to GST, and GST alone (lane 2), were tested for binding to **S-labeled
individual domains of eRF1; 10% of input amounts added to each reaction is shown in lane 1 (In). (F) The RRM (lane 3) and N-terminal (lane 4)
domains of g/TIF35 fused to GST, and GST alone (lane 2), were tested for binding to 3*S-labeled NM domains of eRF1; 10% of input amounts added to
each reaction is shown in lane 1.

doi:10.1371/journal.pgen.1003962.g003
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Figure 4. elF3 associates with 80S couples isolated from heavy
polysomes in an eRF1-dependent manner. (A) The wt strain
(H2819) was grown in SD medium at 30°C to an ODggo of ~1 and cross-
linked with 0.5% HCHO prior to harvesting. WCEs were prepared,
separated on a 5%-45% sucrose gradient by centrifugation at
39,000 rpm for 2.5 h and two collected fractions containing either
disomes and trisomes or pentasomes and heavier polysomes were
treated with RNase A to separate the initiating PICs from 80S couples on
mRNAs and subjected to the sucrose gradient resedimentation protocol
[25]. Two fractions containing 43-48S PICs and 80S ribosomes from each
polysomal pool were collected and subjected to Western blot analysis;
the ratio of the 80S/40S ratios for heavy over light polysomes was
calculated and plotted for each factor. This experiment was repeated
four times. (B) eRF1 depletion reduced association of eRF3 and elF3
with 80S ribosomes isolated from heavy polysomes. The Tet::SUP45 cells
were grown in SD medium at 30°C in the presence or absence of 1 pg/
ml doxycycline for six hours before harvesting, and treated as described
in Figure 4A with the exception that only heavy polysomes were
collected after the first round of centrifugation, and only the 80S
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couples were collected after the second round of centrifugation. Thus
obtained samples were subsequently subjected to Western blot
analysis; this experiment was conducted three times.
doi:10.1371/journal.pgen.1003962.g004

lesser proportion of eIF3 occuring in polysomes is associated with
initiation complexes. Strikingly, in case of HCRI, the 80S
fractions contained even more, ~90% of this protein from the
overall pool. In contrast, the “polysomal” fraction of elF5, which
is known to tightly interact with eIF3 during translation initiation,
was predominantly associated with 40S species. These results are
thus consistent with a role of eIF3 and HCRI in other
translational phases than just initiation.

In the resedimented light and heavy polysomes different ratios
of terminating versus initiating plus elongating ribosomes can be
expected based on the following arguments. Under nutrient-rich
conditions, the disome/trisome fraction will contain short
mRNAs that cannot accommodate more than two/three
ribosomes, poorly translated mRNAs, as well as recently
transcribed mRNAs, which are not yet in a steady state phase
with regards to their ribosome occupancy. Since mRNAs
shorter than 60 codons make up only 2% of the yeast
transcriptome [27], we expect that a majority of mRNAs in
this pool are newly synthetized species with a standard/average
mRNA length. Hence we posit that the light polysomal mRNAs
contain a smaller proportion of terminating ribosomes than
mRNAs isolated from heavy polysomes, since the likelihood of
having a stop codon occupied by a terminating ribosome
increases with the increasing number of elongating ribosomes
per mRNA. In support of this rationale, we observed more than
3-fold increase in the amounts of eRF3 associated with 80S
ribosomes isolated from heavy versus light polysomes. By the
same token, if elF3 was involved specifically in translation
termination events, we would expect stronger association of
elF3 and HCR1 with 80S couples originating from heavy
polysomes. We do indeed observe that the 80S/40S ratio of
elF3 and HCRI association is 2- and 2.5-fold higher,
respectively, for heavy polysomes than for the light ones, in
contrast to elF5 where it remains the same (Figure 4A). These
results thus strongly suggest that eII'3 and HCR1 are present at
80S ribosomes during the terminating process.

To further support this conclusion, we employed the 7et::SUP45
conditional depletion strain. We rationalized that if elF3 specifically
associates with terminating ribosomes, depletion of eRF1 should
significantly reduce the presence of elI'3 subunits (as well as the
presence of eRF3) in the 80S couples isolated from heavy polysomes.
To test this, we formaldehyde cross-linked the 7Tet::SUP45 cells grown
in the presence or absence of 1 ug/ml doxycycline for six hours
before harvesting, resolved the WCEs on sucrose gradients, collected
only the fractions containing heavy polysomes, treated these fractions
with RNase I and separated the resulting 43-48S PICs and 80S
species by the second round of centrifugation (resedimentation). Thus
isolated 80S couples from Dox~ versus Dox" Tet::SUP45 cells were
loaded in six serial two-fold dilutions to the SDS-PAGE gel and the
amounts of RPSOA (as a loading control) and associated ell's and
eRFs were analyzed by quantitative western blotting. Depletion of the
key termination factor had to be rapid to avoid disassembly of stalled
post-TCs in polysomes as well as secondary defects of dying cells. In
our set-up we achieved ~70% depletion of eRF1 and observed no
changes in polysome profiles of Dox ™ versus Dox" Tet::SUP45 cells
(data not shown). As predicted, whereas the 80S-associated amounts
of eIF1 remained unchanged (small), the amounts of eRIF3 and two
elF3 subunits were significantly reduced (by ~40%) in Dox" versus
Dox™ Tet::SUP45 cells (Figure 4B). Note that while the overall levels
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of eRF1 were depleted by ~70%, polysome-associated eRF1 was
only depleted by ~30%, which is consistent with the quantitatively
similar reduction in polysome association observed for eRF3 and
elF3.

Deletion of hcr1 results in accumulation of eRF3 in heavy
polysomes, and the sup45"'% mutant prevents stable
association of eRF3 and HCR1 with polyribosomes

In order to examine how the network of interactions between
translation Initiation and termination factors affects their func-
tions, we investigated the distribution of selected translation factors
in wt cells and cells mutated for either of the factors under study
using formaldehyde cross-linking of living cells by sucrose density
gradients analysis of WCEs [25].

Figures 5A and S7A show a typical distribution of the selected
proteins across all gradient fractions obtained from wt WCEs and
divided into several separable groups: “Top” (fractions 1-4),
“40S” (5-6), “60S” (7-8), “80S+light polysomes” (9-13) and
“heavy polysomes” (14-18). For technical reasons, several
fractions from individual groups were pooled together to fit all
samples on a single SDS-PAGE gel. Whereas eRF3 is clearly
enriched in the polysome-containing fractions and practically
lacking i the Top fractions, eRF1 is more or less evenly
distributed across the entire gradient, and RLI1 predominantly
sediments in the Top fractions and partially also in the 40S-
containing fractions. Importantly, all strains that we worked with
in this study are [psi | and hence the observed sedimentation of
eRF3 into heavier fractions cannot be attributed to SUP35
aggregation. In agreement with the aforementioned analysis, elF'3
(represented by a/TIF32) and HCR1 show a robust enrichment in
polysomal fractions, similar to eRF3, whereas elF5 occurs mainly
in the Top and 40S fractions.

As shown in Figures 5B, E and S7A, deletion of /er! significantly
shifted the amounts of “initiating” eIF3 from the 40S fractions to the
Top, as observed before [20], whereas it had no effect on polysomal
distribution of eRF1 and RLI1. However, it led to a statistically
significant accumulation of eRF3 in heavy polysomes with a
commensurate reduction in lighter fractions (Figures 5B, D and
S7A). We interpret the accumulation of eRF3 in heavy polysomes as
an increased number of post-TCs bound by eRF3 in a less-productive
manner; perhaps with a decreased dissociation rate. Most impor-
tantly, overexpression of RLII, which suppresses both the read-
through and Slg~ phenotypes of herlAd (Figure 2), partially but
significantly restored the eRI3 distribution in polysomes to wt
(Figures 5C, D and S7A). The fact that the 40S-binding by the
“mnitiating” elF3 was not restored (Figures 5C, E and S7A)
underscores a specificity of the RLI1 suppressor effect on the
HCRUI role in termination versus initiation. One way to explain these
observations is that HCR1 may promote the release of eRF3-GDP
from the post-TCs upon stop codon recognition and GTP hydrolysis
on eRF'3, which serves as a prerequisite for the subsequent binding of
RLIT as well as the eRF1-stimulated hydrolysis of the bond between
the P-site tRNA and the nascent polypeptide (see our model in
Figure 6). Inability to complete this step may lead to a reduced stop
codon recognition resulting in an increased read-through, which was
observed. Hence the suppression effect of RLI1 on the molecular
level could be explained by proposing that increased dosage of RLI1
forces dissociation of eRF3-GDP from the post-TCs by mass action
and thus eliminates a need for HCR1.

If our model is correct, one can predict that the polysomal levels
of HCR1 could be reduced without any functional defect, if the
interaction between eRF1 and eRF3 was impaired. Hence we next
analyzed changes in polysomal distribution of factors of interest in
the sup45"*'”* mutant, which disrupts the eRF1-¢RF3 interaction
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[28]. As expected, the sup45"*'% mutant significantly shifted the
amounts of eRF3 from polysomal to the Top fractions when
compared to wt (Figures 7A—C and S7B). Importantly, in accord
with our proposed model, a similar, significant change was also
observed for HCR1 but not for a/TIF32 and RLI1. We interpret
these data by proposing that HCR1 readily dissociates along with
eRF3 when eRF3 binding to the post-TCs is weakened by a
mutation. This effect could be either direct or indirect/allosteric.
The fact that we could not detect any direct binding between HCR1
and eRF3 using conventional i wuitro protein-protein binding
techniques may speak for the latter option; however, it is also
possible that HCR1-eRF3 binding does occur but only in the
context of the post-TCs.

Genetic interactions between hcri4, mutant elF3
subunits and mutant release factors

To further support our model, we analyzed genetic interactions
between the /crl deletion strain and selected mutations in both
release factors. The temperature sensitive eRF mutants we used
are all known to cause termination defects including stop codon
read-through strong enough to suppress the ade/-14 nonsense
allele [29]. They include a sup35°?" mutant located in a region
near the C-terminus of eRF3 that disrupts termination by an
unknown mechanism, a sup45““81 mutant that interferes with stop
codon decoding [30], and the aforementioned sup45" */”* mutant
that directly disrupts the eRF1-eRF3 interaction [28].

It could be proposed that if the sup£5” *%* T's™ mutant reduced or
even eliminated a need for HCR1 functioning in termination, an
epistatic interaction should be observed when this mutant is
combined with AcriA. Consistently, at the permissive temperature
the absence of HCR1 further increased read-through of this sup45
mutant (Figure 8A, 30°C; compare open and grey bars with the
black one) and also exacerbated its slow growth (Figure 8B).
However, at the higher temperature, where the eRF1:eRF3
interaction is more severely disrupted by the sup45"*'? mutation
[28], as evidenced by its increased termination defect (Figure 8A;
compare grey bars between 30 and 34°C), the absence of HCR1
had only a little additional effect on the mﬁ45nms read-through
(Figure 8A, 34°C; black vs. grey bars). Morcover, the sup45'*/%
mutation also completely eliminated the negative impact of hcr/4 on
growth rates at this temperature (Figure 8B). The specificity of this
epistatic interaction is further underscored by the fact that neither
sup45 7% (eRF1) nor sup35*°°" (cRF3) mutants showed any
synthetic effects in the background of the /¢r! deletion (Figure S7C).

Finally, to obtain further genetic evidence supporting our findings
implicating elF3 in regulation of the termination process, we
combined two selected mutations in the a/TIF32 subunit of elF'3
(48 and Box17), both reducing the stop codon read-through in
otherwise wt cells (Figure 1), with the sup35*77" and sup45' "%
mutants. When combined, the double mutants show a stop codon
read-through frequency that is clearly reduced compared to either
release factor mutant (Figure 8C), demonstrating that the #/32
mutations partially rescue the read-through phenotype of the latter.
In contrast, when we investigated slow growth (Slg™) and
temperature sensitive (T's™) phenotypes, we observed synthetic
exacerbation of these phenotypes (Figure 8D). This demonstrates
that i) the release factors and the core elF3 complex have
antagonistic functions in the same stage of the termination phase
and losses in their functions can thus partially compensate for each
other in terms of the stop codon read-through efficiency; and ii) that
the degree of stop codon read-through per se is not the major source
of the fitness defects in these strains. This latter notion is consistent
with earlier quantitative trait analyses, which showed that the
termination defects are unlinked from growth defects in many eRF1
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Figure 5. Deletion of hcr7 results in accumulation of eRF3 in heavy polysomes. (A-C) The hcri4 strain (H3675) was transformed with either
hc HCR1 (A), empty vector (B), or hc RLIT (C), and the resulting transformants were grown in SD medium at 30°C to an ODg, of ~1 and cross-linked
with 0.5% HCHO prior to harvesting. WCEs were prepared, separated on a 5%-45% sucrose gradient by centrifugation at 39,000 rpm for 2.5 h and
subjected to Western blot analysis. Several fractions corresponding to the Top, 40S, 60S, and 80S plus polysomal species were pooled, as indicated.
Asterisk indicates a non-specific band. (D) Statistical significance of the eRF3 accumulation in heavy polysomes in the hcri strain and its partial
recovery by hc RLIT. Amounts of each individual factor in all fractions were quantified by fluorescence imaging. Thus obtained values for the fractions
containing heavy polysomes (14-18) as well as all remaining fractions (1-13) were added up for each of these two groups. Values (mean=SE; n=4)
given in the table then represent relative amounts of factors in heavy polysomes divided by the compound value of the rest of the gradient. Changes
in the redistribution of factors between the heavy polysomes and lighter fractions in all three strain were analyzed by the student’s t-test and shown
to be statistically significant only for eRF3 as shown in the table. (E) Statistical significance of the elF3 shift from 40S-containing fractions to the top,
which is independent of the effect of hc RLIT on eRF3. Essential the same as in panel D, except that the values for the Top fractions (1-4) as well as the
40S fractions (5-6) were added up for each of these two groups. Values (mean=SE; n =4) given in the table then represent relative amounts of factors
in the Top divided by the 40S group. Changes in the redistribution of factors between the 40S and Top fractions in hcr1A4+EV or +hc RLIT strains vs. wt
were analyzed by the student’s t-test and shown to be statistically significant only for elF3 as shown in the table.
doi:10.1371/journal.pgen.1003962.g005

mutants [31]. Hence, synthetic exacerbation of growth could be functions and that this multitasking may integrate transcription,

explained by proposing that besides the stop codon recognition step
(which is assessed in the dual luciferase assay), also other aspects of
termination are impaired in the eRF and eIF3 mutants, which, in

mRNA export, translation and mRNA decay into a delicately
regulated higher-order process. For example, translation initiation
factor elF3 links translation initiation to transcription [32], to

combination with the initiation defects of eIF3 mutants, reduce the
growth rate as a compound effect.

mRNA export [3] and to the NMD pathway [33,34]. Here we
show for the first time that elF3 and HCR1 critically connects
initiation of translation with its termination.

In particular, deletion of /erl increases stop codon read-
through, independently of its association with the rest of eII'3, and
results in accumulation of eRF3 in heavy polysomes. Increased

Discussion

It is becoming increasingly apparent that factors involved in
regulating various steps of gene expression may have multiple

Translation termination
eRF1, eRF3,ABCE1/RLI1, elF3, HCR1

GTP hydrolysis/proofreading Accommodation
‘ eRF3
sd HCR1 ABCE1/RLI1
- Peptide release
P; eRF3.GDP

Ribosomal recycling
ABCE1/RLI1, elF3?,

. e re as HCR1?,elF1A?, elF1?
Translation initiation

elFs 1,1A,2,3,5,HCR1,
RLI1, elF4F, elF4B, elF5B

Translation elongation
eEF1, eEF2, (eEF3)

elF4F.mRNA, 60S subunit

] /

Figure 6. Model of elF3 and HCR1 involvement in yeast translation termination. Upon stop codon entry into the ribosomal A-site the pre-
TC forms, composed of the canonical release factors eRF1 and eRF3-GTP, and elF3 and HCR1. eRFs and elF3 may associate with the pre-TC as a pre-
formed unit or alone. In the pre-TC, elF3 interacts with the N domain of eRF1, via its two small g/TIF35 and i/TI34 subunits, and modulates, perhaps
inhibits its stop codon recognition activity during the proofreading step. Upon stop codon recognition the GTP molecule on eRF3 is hydrolyzed.
Subsequently, HCR1 promotes eRF3-GDP ejection to allow the ABCE1/RLI1-ATP recruitment to begin the accommodation phase of termination — the
eRF1 GGQ motif is pushed to the peptidyl-transferase center (PTC) — during which HCR1 interacts with ABCE1/RLI1. Subsequently, both factors
together with elF3 participate in ribosomal recycling to enable and promote initiation of the next translational cycle (the elongation step is shown
only for illustration purposes).

doi:10.1371/journal.pgen.1003962.g006
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Figure 7. The sup45"#’%° mutation prevents stable association of eRF3 and HCR1 with polyribosomes. (A-B) The sup45"#'% mutant and

its corresponding wt strain were subjected to HCHO cross-linking (0.5%) and polysomal gradient analysis as described in Figure 5. (C) Statistical
significance of the reduction of polysomes-associated amounts of eRF3 and HCR1 in sup45"'%. Amounts of each individual factor in all fractions were
quantified by fluorescence imaging. Thus obtained values for the Top fractions as well as fractions containing 80S couples and polysomes were
added up for each of these two groups. Values (mean=SE; n=4) given in the table then represent relative amounts of factors in the Top divided by
the 80S+polysomes group. Changes in the redistribution of factors between the Top and 80S+polysomes fractions in the sup45"41% mutant vs. wt

were analyzed by the student’s t-test and shown to be statistically significant for HCR1 (P<<0.05) and SUP35 (P<<0.1).

doi:10.1371/journal.pgen.1003962.9g007

dosage of ribosomal recycling factor RLI1 then substitutes for the
HCRI roles in termination (but not in initiation) and in enabling
efficient cell growth, together implying that the HCR1 function in
termination is more critical for optimal cell proliferation than its
function in translation initiation. This is consistent with the fact
that yeast HCR1 is only loosely associated with the core ell'3
complex [19] and that it was shown to interact with both sides of
the 40S mRNA entry channel on its own [21]. Similarly, its
mammalian ortholog also appears to be the most loosely associated
subunit of all 13 eIF'3 subunits that is, in addition, often missing
from the purified 12-subunit complex [35-37]. Moreover, it was
also shown to associate with the 40S ribosome completely
independently of the rest of eIFF3 and promote several translational
steps practically on its own (see for example [5,35-40]). Taken

PLOS Genetics | www.plosgenetics.org

together, we suggest considering ellF'3j/HCR1 as an independent
initiation factor (eIF) that associates and closely co-operates with
elF3 but it is not its integral part. We therefore propose to use the
following designations for this old-new ell': HCRI for the yeast
protein and hHerl for its mammalian counterpart.

In contrast to ferlA, various mutants of core elF3 subunits, but
not of other initiation factors, decrease stop codon read-through in
living cells and show synthetic phenotypes with mutant release
factors eRF1 and 3. ell'3 also directly interacts with eRFI and
occurs in complex with eRF1, eRF3 and RLI1 w vivo. Since elF3
and HCR1 were, based on i wiro experiments, previously
implicated in promoting also the very final step of translation —
ribosomal recycling [5], we propose that eIlF3 — and to some
extend also HCR1 — is one of the very few factors that connects
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Figure 8. hcr14 and elF3 mutants genetically interact with release factor mutants. (A-B) The sup45”'% mutation eliminates the negative

impact of hcr14 on (A) read-through and (B) growth rates. The hcri4 strain was crossed with the sup45"'% mutant strain and the resulting double
mutant was transformed with sc SUP45, hc HCR1, or empty vector (EV), respectively, and (A) processed for stop codon read-through as described in
Figure 1 (hcr14 read-through values were set to 100%) or (B) subjected to a growth spot assay at indicated temperatures for 2 or 3 days. (C-D)
Combining the selected TIF32 mutants with sup35™°%%" and sup45™'% (C) reduces their read-through defects and (D) produces synthetic growth
phenotypes. The wt and mutant alleles of TIF32 were introduced into tif324, sup35™°2°" tif324, and sup45"*'% tif324 strains, respectively, by plasmid
shuffling. (C) The resulting double mutant strains were grown in SD and processed for the stop codon read-through as described in Figure 1 (the
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read-through values of both single eRF mutants were set to 100%), or (D) spotted in four serial 10-fold dilutions on SD medium and incubated at
indicated temperatures for 4 days. ND; not determined due to severe growth deficiency.

doi:10.1371/journal.pgen.1003962.9g008

various processes of mRNA life and integrates them into the
ultimate translational output. Taking into account that the
translation pathway is highly conserved among low and high
cukaryotes, it is highly likely that this connecting role of elIl'3 is
also conserved.

elF3 modulates the precision of the stop codon

recognition by eRF1

Our observations that 1) elF3 and eRF3 can be found enriched
in 80S fractions isolated from RNase-treated heavy polysomes in
an eRF1-dependent manner (Figure 4); 2) that a complex between
elF3, RLI1 and eRFs exists free of RNA and ribosomes in the
cytoplasm (Figure 3A-D), and 3) that two small elF'3 subunits g/
TIF35 (in particular its NTD) and 1/ TIF34 directly interact with
the N and N-M domains of eRF1 (Figure 3E-T) together suggest
that eIF3 does associate with terminating 80S couples and may
come to the pre-TC in a pre-formed complex with eRFs. The
alternative that they are ejected from post-TCs as a holocomplex
upon completion of termination is highly unlikely considering that
i) eRF3 must be ejected prior to RLI1 binding [12] and ii) that
elF3 is supposed to participate in the late steps of ribosomal
recycling that should be devoid of eRF1 and RLI1 [5,6]. The last
scenario would be that elF3 stays present on the elongating
ribosome throughout the entire elongation cycle and promotes
recruitment of eRF1-eRF3-GTP to the pre-TCs; there is,
however, genetic evidence contradicting this possibility [9].

Our data show that elFF3 mutants specifically decrease stop
codon read-through in otherwise wt cells (Figures 1 and S1) and
that #/32 mutations partially compensate for the increased read-
through in eRF mutants (Figure 8C). This clearly suggests that wt
elF3 modulates the precision of stop codon recognition by eRF1 in
order to fine tune the termination process (see our model in
Figure 6). During stop codon decoding, eRF1 was proposed to sit
in the ribosomal A-site with a part of its N-domain contacting
small ribosomal protein RPS3 and helix (h) 18 of 18S rRNA [41].
Strikingly, ¢/ TIF35 also interacts with RPS3, in addition to
RPS20 [42], and as both g/TIF35 and i/TIF34 are tightly bound
to the extreme C-terminus of b/PRT1 [43], i/ TIF34 is expected
to occur nearby g/ TIF35. Moreover, the C-terminal domain of a/
TIF32 interacts with h16-18 of 18S rRNA [44] and RPS3 as well
[22]. Taylor and colleagues further proposed that one of the
conformational changes induced by eRFI1-eRF3-GMPPNP
binding to pre-TCs involves a movement of h16 of 18S rRNA
and the N-terminal domain (NTD) of RPS3 toward each other,
which results in the establishment of a new head-body connection
on the solvent side of the 40S subunit and a constriction of the
mRNA entrance. Hence, it is conceivable that eRF1 and elF3, by
contacting the same 40S binding partners, modulate these
conformational changes in the termination complex in a way that
influences a proper placement of eRF1 in the spatially restricted A-
site. This scenario could provide a rational explanation for the
antagonistic effect of eIF3 on translation termination.

For interpretation of these data it must be kept in mind that the
reporter constructs we use essentially measure stop codon read-
through on a premature termination codon. At present, we do not
know whether the antagonistic influence of eIF3 on stop-codon
read-through is restricted to such sites, or whether it also affects
termination on stop codons located nearer to the poly(A) tail.
However, our observation that the sup45'*'% mutant, which
affects stop codon selection by disrupting the eRF1-eRI3
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interaction, reduced the polysome-associated amounts of eRF3
and HCR1 (Figure 7) indicates that a delay or imperfection in the
decoding of natural stop codons disrupts this “initiation-termina-
tion” complex, most probably to enable resumption of elongation.
Investigation of the precise molecular mechanism of the elF3
action in termination is a pressing task for our future research.

HCR1 promotes eRF3-GDP ejection from the post-TCs to
allow RLI1 binding

In contrast to mutations in core elF3 subunits, deletion of fer/
did not decrease but increased the stop codon read-through
(Figure 1). The fact that mutations disrupting the HCR1 contact
with eIl had no effect on read-through clearly suggests that the
HCRI role in termination is independent of its association with
elF3, as discussed above. Moreover, our findings that &cr 4 results
in accumulation of eRF3 in higher polysomal fractions (Figure 5)
and that .s'up45wms (breaking the eRF1-eRF3 interaction) shifts
HCRI1 to the Top fractions (Figure 7) led to the model presented
in Figure 6. We propose that following stop codon recognition and
subsequent GTP hydrolysis on eRF3, HCRI promotes
eRF3-GDP e¢jection from the post-TCs to allow binding of its
interacting partner RLI1 [2], which in turn stimulates polypeptide
release — both eRF3 and RLI1 bind to the same site in the post-TC
[13]. Inability to complete this step may lead to a reduced stop
codon recognition resulting in an increased read-through. In
support, eRF1 was shown to associate more firmly with post-TCs
in the presence of eRF3 [6], which led the authors to propose that
after GTP hydrolysis, eRIF3 might not dissociate entirely from
ribosomal complexes on its own and its release thus might require
a stimulus by an additional factor; in our opinion by the HCR1
protein.

Based on the cryo-EM structures of DOM34:HBS1 (release
factor-like proteins closely related in sequence and structure to
eRF1:eRF3) on the yeast ribosome showing that the N-terminus of
HBS1 extends away from the body of the protein and contacts the
mRNA entry site, it was proposed that the N-terminus of eRF3
also occurs in the A-site area [13]. Since HCR1 was shown to
occur in this area too [21], it could directly act upon this eRI3
domain to trigger the release of this factor in its GDP form from
eRF1-bound post-TCs. In support, the N-terminal extension of S.
pombe eRF3 was proposed to regulate eRF1 binding to eRF3 in a
competitive manner [45]. Interestingly, both the N-terminus of
eRF3 as well as the HCR1 protein as a whole are non-essential
[45,46], suggesting that they might act simply by shifting the
equilibrium towards the loss of affinity between the eRF1 and
eRF3-GDP binary complex. If true, the loss-of-function of both of
them could be overcome by redundant mechanisms with slower
reaction rates. In agreement, hc RLII fully suppressed the read-
through effect of icri/A4 in a manner dependent on its intact 4Fe-4S
and ABC domains (Figure 2B). We propose that in the fer/A cells,
RLIT makes its way to its binding site in the post-TCs by forcing
dissociation of eRF3-GDP through mass action and thus
eliminates a need for HCRI1. These results are consistent with
the aforementioned observation that the eRFl mutation su-
p457H% disrupting the eRF1-¢RF3 interaction, shifts the
amounts of eRF3 and also that of HCR1 from polysomes to the
top of the gradient (Figure 7).

The model proposed in Figure 6 also explains the behavior of
genetic interactions observed for the /¢r! deletion (Figure 8). Failure
to eject eRF3-GDP can perceivably have two consequences. First, if
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peptidyl hydrolysis by eRF1 fails to be induced because RLI1
cannot bind to it, the eRF1-eRF3-GDP complex can dissociate
from the ribosomal A-site, thus necessitating a renewed round of
tRNA sampling with an ensuing risk of stop codon decoding by a
near-cognate or suppressor tRNA. This is consistent with the
increased stop codon read-through we observe experimentally in
herl deletion strains. Second, if peptidyl hydrolysis does take place (in
vitro, eRF1 clearly has some release factor activity also in the absence
of RLII [11]), a stalled ribosome complex would be formed in
which eRF1 was still bound to eRF3, and in which RLI1 was thus
not free to initiate the recycling step. Such stalled complexes would
impede ribosome flow on the affected mRNA, reduce correspond-
ing gene expression levels and potentially necessitate degradation by
one of the surveillance pathways. If this occurred frequently, it
would give rise to fitness defects, as we observe for ferl deletion
strains. This is also consistent with the fact that deletion of /Aer/
produces unexpectedly mild polysomal run-off with respect to its
growth defect [23]. However, in the presence of eRF1 mutations,
which accelerate spontaneous dissociation of eRF3-GDP from
eRF1, timely RLI1 binding to eRF1 in the post-TCs would be re-
enabled even in the absence of HCR1. This would explain why the
sup45wms mutation, but not sup45*** and sup35"\%6T mutations,
eliminated the negative impact of fcr/4 on growth rates at the
semipermissive temperature (Figure 8B).

To further support our model, we wished to employ a recently
established in vitro reconstituted yeast translation system, which has
been used previously to monitor both the peptide release and
ribosome recycling steps of the translation cycle [12]. HCR1 did
not have an appreciable effect on ribosome recycling in this assay
(unpublished observations). This is probably not surprising given
that ribosome recycling is slow relative to the preceding steps.
Thus, accelerating eRF3.GDP dissociation is unlikely to affect the
observed rate of recycling. In contrast, the model predicts that the
observed rate of peptide release by eRF1, eRIF3 and RLI1 may
accelerate in the presence of HCR1. Unfortunately, however, the
rate of peptide release by eRF1, eRF3 and RLII is very rapid,
such that further increases in rate (such as those that may occur in
the presence of HCR1) are unable to be measured in this system.
Since the former two assays are the only i vitro assays available to
us at the moment and neither of them can either directly or
indirectly monitor the rate of eRF3-GDP dissociation from the
post-TCs, further efforts will be necessary to fully characterize the
role of HCR1 in termination/recycling reactions biochemically.

Upon completion of the termination-specific reactions, elF3,
HCR1 and RLI1 further participate in the ribosomal recycling
steps, as proposed by [6], and it is conceivable that all these factors
remain bound to the small 40S subunit to promote the next round
of initiation (Figure 6). Alternatively, the pre-occupation of the
40S-mRNA complex by the “initiation factors” that would not be
recycled could ensure reinitiation on the same mRINA molecule as
proposed by the mRNA closed-loop model [47]. An in vivo
experimental evidence implicating eIlF3, HCR1 and other ells in
the recycling steps is, however, still lacking.

General conclusions

Taken together, we argue that strict mechanistic separation of
translation into its individual, mutually independent phases should
be reconsidered in the light of “multitasking” of elF3, HCRI,
RLIT and most likely also eIF1 and eIF1A, for which evidence is
presented here and elsewhere. Collectively, these findings suggest
that changes in one phase of translation, evoked for example via
cell signaling pathways, are promptly communicated to and
coordinated with changes in the other phases to maintain cellular
homeostasis of all ongoing processes. Without a doubt there is
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much to be learned about how all four phases of translation come
together in one balanced system that rapidly and accurately
responds to different needs of the cell exposed to constantly
changing environmental conditions.

Materials and Methods

Yeast strains and plasmids

The lists and descriptions of plasmids and yeast strains used
throughout this study can be found in the Supplemental
Information (Tables S2, S3, S4 and Text S1).

Read-through assays

Stop codon read-through assays were performed using a
bicistronic reporter construct consisting of a Renilla luciferase gene
followed by an in-frame firefly luciferase gene. Separating the two
genes is either a tetranucleotide termination signal (e.g., UGA C)
[plasmids pTH477 (URA3) or YEp-R/T-UGAC-L (LEUZ)] or, for
control purposes, a similar sequence containing a sense codon
(e.g., CAA C) [plasmids pTH460 (URA3) or YEp-R/T-CAAC-L
(LEU2)]. It is noteworthy that this system avoids possible artifacts
associated with changes in the efficiency of translation initiation
associated with the function of the NMD machinery [48], because
both the Renilla and firefly enzymes initiate translation from the
same AUG codon. For further details, see [14]. Microtitre-plate
based dual luciferase assays and analyses of the resulting data were
as described [31]. Samples were processed in quintuplicate, and
each experiment was repeated at three times.

Co-immunoprecipitation and affinity tag pull downs

Yeast whole cell extracts (WCEs) were prepared as described
previously [49] except that buffer A (30 mM HEPES (pH 8.8),
20 mM KAc, 3 mM magnesium acetate,] mM dithiothreitol, 1%
Nonidet P-40 supplemented with Complete Protease Inhibitor
Mix tablets (ROCHE), and protease inhibitors 1 pg/ml aprotinin,
1 pg/ml leupeptin, 1 pg/ml pepstatin and 100 uM phenylmethyl-
sulfonyl fluoride (PMSF)) was used for lysis of the cells, and cell
lysates were centrifuged at 3,000 r.p.m. for 10 min at 4°C.. The co-
immunoprecipitation analysis was performed as described else-
where [50], using 500 pg of the total protein and 1 pl of mouse
anti Myc-Tag IgG (CELL SIGNALING TECHNOLOGY).

Yeast cells expressing the TAP-tagged genes of interest were
grown in YPD medium at 30°C to an ODgyo of ~1 and treated
with 1% HCHO prior to harvesting for 60 mins. The WCEs was
prepared as described above using buffer B (50 mM Tris-HCI
(pH 7.6), 150 mM NaCl, 0.05% Tween 20) with all protease
inhibitors in the presence or absence of 0.1 mg/ml RNase A.
Samples containing 1 mg of total protein in a final volume of
600 pl were incubated for 2 h at 4°C with 50 pl of 1:1 slurry of
IgG Sepharose 6 Fast Flow beads in buffer B. Samples were
centrifuged briefly and the supernatants were removed. The
collected beads were then washed five times with 1 ml of ice cold
buffer B, and incubated either with TEV protease (INVITRO-
GEN) for 30 min at 30°C followed by boiling in the SDS-loading
buffer for 5 min at 95°C, or directly boiled the SDS-loading
buffer. Corresponding aliquots of input, eluate and wash
(supernatant) were analyzed by SDS-PAGE followed by immu-
noblotting.

Polysomal gradient analysis

The 0.5% formaldehyde (HCHO) cross-linking followed by
WCE preparation and fractionation of extracts for analysis of
translational complexes were carried out as described previously
[25] with the following exceptions. Cycloheximide was added at a
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concentration of 0.05 mg/ml 5 minutes before the HCHO
treatment, after which the cells were broken by FastPrep
Instrument (MP Biomedicals) at the intensity level of 5 in two
20 second cycles. The resulting WCEs were separated on 5-45%
sucrose gradients.

Other yeast biochemical methods

GST pull-down experiments with GST fusions and i wvitro-
synthesized [*S]-labeled polypeptides (see Table S3 for vector
descriptions) were conducted as follows. Individual GST-fusion
proteins were expressed in E. colz, immobilized on glutathione-
Sepharose beads and incubated with 10 ul of **S-labeled potential
binding partners at 4°C for 2 h. The beads were washed 3 times
with 1 ml of phosphate-buffered saline, and bound proteins were
separated by SDS-PAGE. Gels were first stained with Gelcode
Blue Stain Reagent (Pierce) and then subjected to autoradiogra-
phy. B-galactosidase assays were conducted as described previously

[51].

Preparation of antibodies against RLI1 and SUP45

The GST-RLII and GST-SUP45 fusion proteins encoded by
pGEX-RLI1, pGEX-SUP45, respectively, were expressed in F.
coli and purified from the WCE by incubation with Glutathione-
Sepharose 4B beads (Pharmacia). The isolated proteins were
resolved by SDS-PAGE (4-20% gels), excised from the gel, and
washed with 1x PBS. Rabbits were injected with the purified
protein and sera containing polyclonal antibodies against RLI1,
SUP45, respectively, were obtained commercially by Apronex
(Prague, the Czech Republic).

Supporting Information

Figure S1 DaMP alleles of various 43S PIC-associated initiation
factors display distinct effects on efficiency of stop codon read-
through. Yeast strains containing kanMX4 cassettes integrated
into their 3'-UTRs (so-called DaMP alleles) were recovered from
the genome-wide collection for these alleles [15]. We were able to
recover alleles for all 43S PIC-associated elFs with the exception of
eIF2p, for which no allele was present in the collection. In order to
aid interpretation of results, and to assess the efficiency of
depletion of the gene in question, we initially measured growth
rates of the respective strains (top panel). Since all of the factors
studied here are essential, we expected a reduction in growth rate
upon significant depletion of any of these factors. We then
proceeded to measure stop codon read-through in these strains,
using dual luciferase reporters as described in the main text. Of the
elF3 subunits tested, only g/ TTF35 is sufficiently depleted to cause
a significant growth defect, and this strain shows a significant
reduction in stop codon read-through. Moreover, the ¢/NIP1
DaMP allele also shows a significant reduction in stop codon read-
through, even though this protein is not sufficiently depleted to
produce a significant growth defect. Together, these results
confirm those presented for other eIF3 alleles in the main text.
In contrast to the elF3 subunits, other 43S PIC-associated
translation initiation factors do not reduce stop codon read-
through upon depletion. Conversely, both elF2 subunits tested
and elIF1A increased read-through when depleted. This demon-
strates that the role of elF3 in translation termination is specific to
this factor.

(TIF)

Figure S2 Increased gene dosage of eRFs 1 and 3 reduces stop-
codon read-through. Wild type strain H416 was transformed with
designated plasmids overexpressing eRFs and the resulting
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transformants were grown in SD and processed for the stop
codon read-through measurements as described in Figure 1.

(TIF)

Figure 83 Increased gene dosage of eEF3 does not suppress the
slow growth and read-through defects of hcrid. (A) The herld
strain (H3675) was transformed with either empty vector, high
copy (hc) HCRI or he YEF3 (eEF3), the resulting transformants
were spotted in four serial 10-fold dilutions on SD medium and
incubated at 30°C for 2 days. Unlike RLI1, eEF3 (which is also an
ABC cassette-containing protein) does not suppress the growth
defect of an /erl deletion strain. (B) The strains from panel A were
grown in SD and processed for the stop codon read-through
measurements as described in Figure 1.

(TIF)

Figure S4 Increased gene dosage of HCR1 does not suppress
the slow growth and read-through defects of the Tet::RLII strain;
intact ATP-binding cassettes and the Fe-S cluster of RLI1 are
indispensable for its role in ensuring stop codon selection accuracy.
(A) The Tet:RLII (Tet-RLI1) and the corresponding wt strain
(W303) were transformed with either empty vector or hc HCRI,
and the resulting transformants were spotted in four serial 10-fold
dilutions on SD medium supplemented with 0.25 pg/ml of
doxycycline and incubated at 30°C for 2 days. (B) The Tet::RLII
(Tet-RLIT) strain was transformed with hc vectors carrying wt or
mutant RLII alleles, or empty vector or hc HCRI. The resulting
transformants were grown in SD supplemented with 1 ug/ml of
doxycycline (DOX) and processed for the stop codon read-through
measurements as described in Figure 1. Obtained values were
normalized to the value obtained with the 7et:RLII strain
transformed with wt RLII, which was set to 100%.

(TIF)

Figure 85 Increased gene dosage of ABCE1/RLI1 does not
suppress the leaky scanning defect of herlA. The HCRIT (H2879)
and heriA (H3675) strains were first transformed with either empty
vector or hc RLII and subsequently with the GCN4-lacg reporter
plasmid plig102-3. The resulting double transformants were grown
in SD medium at 30°C to an ODgg of ~1. The B-galactosidase
activities were measured in the WCEs and expressed in units of
nmol of o-nitrophenyl-b-D-galactopyranoside hydrolyzed per min
per mg of protein. The plots show mean values and standard
deviations obtained from at least 3 independent measurements with
three independent transformants. The fold-difference between the
herl A versus HCRI' strains with or without he RLI/ is indicated.
(TIF)

Figure S6 Complexes containing elF3, HCR1, ABCE1/RLI1
and both eRFs, free of ribosomes and RNA, occur i viwvo — the
RNase A treatment. (A) RNAse A-treated WCEs were prepared
from HCHO-treated (1%) cells bearing wt (H2879) or TAP-tagged
(H553) chromosomal alleles of HCR! and incubated with IgG
Sepharose 6 Fast Flow beads. The immune complexes were eluted
by boiling in SDS buffer and subjected to Western analysis. In, 1.5%
of input; E, 50% of the elution fraction; W, 1.5% of the supernatant
fraction. eRF1 is indicated by an asterisk below the immunoglob-
ulins. (B) RNAse A-treated WCEs from HCHO-treated cells (1%)
cells bearing wt (H2879) or TAP-tagged (H555) chromosomal
alleles of 7IF32 were processed as in panel A except that the
immune complexes were eluted by the TEV protease cleavage. In,
1.5% of nput; E, 100% of the elution fraction; W, 1.5% of the
supernatant fraction. (G) RNAse A-treated WCEs from HCHO-
treated cells (1%) cells bearing wt (74D-694) or TAP-tagged (H517)
chromosomal alleles of SUP35 were processed as in panel B.

(TIF)
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Figure 87 (A) Deletion of /herl results in accumulation of the
polysome-associated eRF3 — factor distributions across gradient
fractions as shown in Figure 5. Amounts of each individual factor
in the pooled fractions from three independent experiments were
quantified by fluorescence imaging, combined, and the percentage
representation of the signal corresponding to the Top (1-3 and 4),
40S (5-6), 60S (7-8), and 80S plus polysomal fractions (9 through
18) was calculated and plotted. (B) The sup45"*'% mutation
prevents stable association of eRIF3 and HCR1 with polyribosomes
— factor distributions across gradient fractions as shown in Figure 7.
Amounts of each individual factor in the pooled fractions from
three independent experiments were quantified by fluorescence
imaging, combined, and the percentage representation of the
signal corresponding to the Top (1-3), 40S (4-5), 60S (6-7), and
80S plus polysomal fractions (8—11) was calculated and plotted. (G)
The sup45"*'% but not the other mutations in eRFs 1 and 3
eliminate the negative impact of icr/4 on growth rates. The herlA
strain was crossed with the indicated sup45 and sup35 mutant
strains and the resulting double mutants (PBH104, PBH103 and
PBH105) were transformed with either empty vector (EV) or hc
vector containing HCRI and together with the corresponding
herld SUP35 SUP45 “wt” strain (YLVH13) spotted in four serial
10-fold dilutions on SD medium and incubated at indicated
temperatures for 2 or 3 days.

(TIF)
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Supplementary Information

Material and Methods
Construction of yeast strains and plasmids

List of all strains used throughout this study can be found in Table S2.

To generate TIF32", tif328°7 if328°%€ tif32B9%6*17 and tif32% mutant strains
(all showing in Figure 1), del’32a9A was transformed with YCp-a/TIF32-His-L, YCp-
a/tif32-Box17-His, YCp-a/tif32-Box6-His , YCp-a/tif32-Box6+17-His, and YCp-a/tif32-
A8-His-L, respectively, and the resident URA3-based plasmid carrying wt TIF32 was
evicted on 5-FOA-containing medium.

To generate PRT1" and prt1"®*"* mutant strains (Figure 1), YAH06 was
transformed with pRS-b/PRT1-HisXS and pRS-b/PRT1-W674A-His, respectively, and
the resident URA3-based plasmid carrying wt PRT1 was evicted on 5-FOA-
containing medium.

To generate NIP1*, nip1®™* and nip1*%®° mutant strains (Figure 1), HMJO8
was transformed with YCpNIP1-Myc-L, YCpNIP1-743A752(box1) and YCpNIP1-A60-
MYC-L, respectively, and the resident URA3-based plasmid carrying wt NIP1 was
evicted on 5-FOA-containing medium.

To generate TIF34", if34°%°®R and tif34°P*K mutant strains (Figure 1), H450
was transformed with YCp-i/TIF34-HA, YCpL-i/tif34-HA-3 (Q258R) and YCp-i/TIF34-
D207K-D224K-HA, respectively, and the resident URA3-based plasmid carrying wt
TIF34 was evicted on 5-FOA-containing medium.

To generate TIF35", tif35"-F, 1if35™M? if35RFT and tif35“*%*R mutant strains
(Figure 1), H464 was transformed with YCp22-g/TIF35-screen, YCp22-g/tif35-KLF,
YCp22-g/tif35-TKMQ, YCp22-g/tif35-RLFT and YCp22-g/tif35-C121R, respectively,
and the resident URA3-based plasmid carrying wt TIF35 was evicted on 5-FOA-
containing medium.

Strains PBH103 [hcr1A sup35V°¢T), PBH104 [her1A sup45™*®, and PBH105
[her1A sup45741°] were all generated by a genetic cross of YLVH13 with L2334,
L2337, and L2521, respectively, selecting for a haploid ascospore showing the Ts’
phenotype and being prototrophic for leucine.

PBH106 [tif324 sup45'*°5] and PBH107 [tif32A sup35">**"] were generated
by a genetic cross of del’32a9B with L2521 and L2334, respectively, selecting for a
haploid ascospore showing the Ts™ phenotype and being unable to lose the resident
URA3-based cover plasmid.

TAP-tagging at the chromosomal locus of SUP35 was performed in strain
74D-694 as described [1] producing H517.

List of all plasmids and PCR primers used throughout this study can be
found in Tables S3 and S4, respectively.

YEp-R/T-UGAC-L and YEp-R/T-CAAC-L were constructed by inserting the
4567-bp AlwNI-Nsil fragment from pTH477 and pTH460, respectively, into
YEplac181 digested by AlwNI-Nsil.
YCp-a/tif32-A8-His-L was made by inserting the BamHI-Xbal digested PCR product
obtained with primers SG-TIF32D8bamHI and BS-TIF32D8nhel-R using pRS-elF3a-
A8-His-L as a template into BamHI-Xbal digested YCp-a/TIF32-His-L.

YCp22-g/TIF35-TKMQ was generated by fusion PCR. The following pairs of
primers were used for separate PCR amplifications using YCp22-g/TIF35-screen as
template: (1) TIF35 Ndel — MM2r 3gTLKVr; and (2) y3gTKMQ (RNP2) — y3g Xholr.
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The PCR products thus obtained were used in a 1:1 ratio as templates for the third
PCR amplification using primers y3g Xholr and TIF35 Ndel. The resulting PCR
product was digested with Ndel and Xhol and ligated with Ndel-Xhol-cleaved YCp22-
g/TIF35-screen.

YCp22-g/TIF35-RLFT was generated by fusion PCR. The following pairs of
primers were used for separate PCR amplifications using YCp22-g/TIF35-screen as
template: (1) TIF35 Ndel — MM1r; and (2) y3gRLFT (RNP1) — y3g Xholr. The PCR
products thus obtained were used in a 1:1 ratio as templates for the third PCR
amplification using primers y3g Xholr and TIF35 Ndel. The resulting PCR product
was digested with Ndel and Xhol and ligated with Ndel-Xhol-cleaved YCp22-g/TIF35-
screen.

YCp22-g/TIF35-C121R was obtained by random mutagenesis of the
template plasmid YCp22-g/TIF35-screen with help of XL1-Red Competent Cells
(Stratagene).

YEp-RLI1-L was constructed by inserting the 2887-bp Spel-Pstl fragment
from PDH177 into YEplac181 digested with Xbal-Pstl.

YEp-rlil-K116L-L was made by inserting the Ndel-Accl digested PCR
product obtained with primers PB-RLI1ndel and PB-RLI1-K116Laccl-R using YEp-
RLI1-L as the template into Ndel-Accl digested YEp-RLI1-ndel-L. To create YEp-
RLI1-ndel-L, fusion PCR was employed. The following pairs of primers were used for
separate PCR amplifications using YEp-RLI1-L as template: (1) PB-RLI1ndel — PB-
RLI1laccl-R; and (2) PB-RLI1ncol — PB-RLI1ndel-R. The PCR products thus obtained
were used in a 1:1 ratio as templates for the third PCR amplification using primers
PB-RLI1ncol and PB-RLI1laccl-R. The resulting PCR product was digested with Ncol
and Accl and ligated with Ncol-Accl-cleaved YEp-RLI1-L.

YEp-rlil-K391L-L was generated by fusion PCR. The following pairs of

primers were used for separate PCR amplifications using YEp-RLI1-ndel-L as
template: (1) PB-RLIlndel — PB-RLI1-K391L-R; and (2) PB-RLI1-K391L — PB-
RLI1termXbal-R. The PCR products thus obtained were used in a 1:1 ratio as
templates for the third PCR amplification using primers PB-RLI1ndel and PB-
RLI1ltermXbal-R. The resulting PCR product was digested with Ndel and Xbal and
ligated with Ndel-Xbal-cleaved YEp-RLI1-ndel-L.
YEp-rlil-G224D,G225D-L, YEp-rlil-G470D,G471D-L, and YEp-rlil-E493Q-L were
made by inserting the Ndel-Xbal digested PCR product obtained with primers PB-
RLI1ndel and PB-RLI1xbal-R using PDH184, PDH185, and PDH202 as templates,
respectively, into Ndel-Xbal digested YEp-RLI1-ndel-L.

YEp-rlil-C25S-L was generated by fusion PCR. The following pairs of
primers were used for separate PCR amplifications using YEp-RLI1-ndel-L as
template: (1) PB-RLIlndel — PB-RLI1-C25S-R; and (2) PB-RLI1-C25S - PB-
RLI1laccl-R. The PCR products thus obtained were used in a 1:1 ratio as templates
for the third PCR amplification using primers PB-RLI1ndel and PB-RLI1accl-R. The
resulting PCR product was digested with Ndel and Accl and ligated with Ndel-Accl-
cleaved YEp-RLI1-ndel-L.

YEp-rlil-C61S-L was generated by fusion PCR. The following pairs of
primers were used for separate PCR amplifications using YEp-RLI1-ndel-L as
template: (1) PB-RLIlndel — PB-RLI1-C61S-R; and (2) PB-RLI1-C61S - PB-
RLI1accl-R. The PCR products thus obtained were used in a 1:1 ratio as templates
for the third PCR amplification using primers PB-RLI1ndel and PB-RLI1accl-R. The
resulting PCR product was digested with Ndel and Accl and ligated with Ndel-Accl-
cleaved YEp-RLI1-ndel-L.
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To generate YEpSUI1-L, a Sacl-Hindlll fragment from YEpSUI1-U [2] was
ligated into Sacl-HindllI-cleaved YEplac181 [3].
Plasmids used for the generation of in vitro-translated eRF1 fragments (pTH339-342)
were generated as follows. Fragments of the SUP45 gene were generated by PCR
using yeast genomic DNA as template. The primers used were Sup45 D1f and
Sup45_D3r (for eRF1(fl)); Sup45_D1f and Sup45_D1r (for eRF1-N); Sup45_D1f and
Sup45 D2r (for eRF1-NM); Sup45 d2f and Sup45 D3r (for eRF1-MC); and
Sup45_D3f and Sup45_Da3r (for eRF1-C). All primers added Ncol and Notl sites at
the 5’- and 3’-ends of the PCR products, respectively, and also introduced translation
start- and stop codons where required. The DNA fragments were then cloned into the
yeast two-hybrid binding domain vector pGBK-T7 (Clontech Europe, France), which
also contains a T7 transcription start site upstream of the gene’s start codon, using
Ncol and Notl sites.

pPpGEX-RLI1 expression plasmid was constructed by insertion of the
corresponding Smal-Xhol-digested PCR product amplified from YEp-RLI1-L using
the primers PB-RLI1smal and PB-RLI1xhol-R into Smal-Xhol-digested pGEX-5X-3

[3].

pGEX- g/tif35-NTD expression plasmid was constructed by insertion of the
corresponding BamHI-Xhol-digested PCR product amplified from YCp22-g/TIF35-
screen using the primers pGEX35NTD and pGEX35NTDr into BamHI-Xhol-digested
pGEX-5X-3 [3].

pGEX- g/tif35-RRM expression plasmid was constructed by insertion of the
corresponding BamHI-Xhol-digested PCR product amplified from YCp22-g/TIF35-
screen using the primers pGEX35RRM and pGEX35RRMr into BamHI-Xhol-digested
pGEX-5X-3 [3].

YCp22-SUP45-W was made by inserting the Sphl-Sacl-digested PCR product
(2033 bp-long) obtained from genomic DNA using primers PB-SUP45Sphl and PB-
SUP45Sacl-R into the Sphl-Sacl-cut YCplac22.
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Figures and Figure legends
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Figure S1. DaMP Alleles of Various 43S PIC-associated Initiation Factors Display
Distinct Effects on Efficiency of the Stop Codon Read-through. Yeast strains
containing kanMX4 cassettes integrated into their 3'-UTRs (so-called DaMP alleles)
were recovered from the genome-wide collection for these alleles [4]. We were able
to recover alleles for all 43S PIC-associated elFs with the exception of elF23, for
which no allele was present in the collection.

In order to aid interpretation of results, and to assess the efficiency of
depletion of the gene in question, we initially measured growth rates of the respective
strains (top panel). Since all of the factors studied here are essential, we expected a
reduction in growth rate upon significant depletion of any of these factors. We then
proceeded to measure stop codon read-through in these strains, using dual
luciferase reporters as described in the main text.

Of the elF3 subunits tested, only g/TIF35 is sufficiently depleted to cause a
significant growth defect, and this strain shows a significant reduction in stop codon
read-through. Moreover, the ¢/NIP1 DaMP allele also shows a significant reduction in
stop codon read-through, even though this protein is not sufficiently depleted to
produce a significant growth defect. Together, these results confirm those presented
for other elF3 alleles in the main text.

In contrast to the elF3 subunits, other 43S PIC-associated translation
initiation factors do not reduce stop codon read-through upon depletion. Conversely,
both elF2 subunits tested and elF1A increased read-through when depleted. This
demonstrates that the role of elF3 in translation termination is specific to this factor.
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% of UGAC read-through

Figure S2. Increased Gene Dosage of eRFs 1 and 3 Reduces Stop-codon Read-
through. Wild type strain H416 was transformed with designated plasmids
overexpressing eRFs and the resulting transformants were grown in SD and
processed for the stop codon read-through measurements as described in Figure 1.
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Figure S3. Increased Gene Dosage of eEF3 Does Not Suppress the Slow Growth
and Read-through Defects of her1A. (A) The hcr1A strain (H3675) was transformed
with either empty vector, high copy (hc) HCR1 or hc YEF3 (eEF3), the resulting
transformants were spotted in four serial 10-fold dilutions on SD medium and
incubated at 30°C for 2 days. Unlike RLI1, eEF3 (which is also an ABC cassette-
containing protein) does not suppress the growth defect of an hcrl deletion strain.

(B) The strains from panel A were grown in SD and processed for the stop codon
read-through measurements as described in Figure 1.
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Figure S4. Increased Gene Dosage of HCR1 Does Not Suppress the Slow Growth
and Read-through Defects of the Tet::RLI1 strain; Intact ATP-Binding Cassettes and
the Fe-S Cluster of RLI1 are Indispensable for its Role in Ensuring the Stop Codon
Selection Accuracy. (A) The Tet::RLI1 (Tet-RLI1) and the corresponding wt strain
(W303) were transformed with either empty vector or hc HCR1, and the resulting
transformants were spotted in four serial 10-fold dilutions on SD medium
supplemented with 0.25 pg/ml of doxycycline and incubated at 30°C for 2 days. (B)
The Tet:RLI1 (Tet-RLI1) strain was transformed with hc vectors carrying wt or
mutant RLI1 alleles, or empty vector or hc HCR1. The resulting transformants were
grown in SD supplemented with 1 pg/ml of doxycycline (DOX) and processed for the
stop codon read-through measurements as described in Figure 1. Obtained values
were normalized to the value obtained with the Tet::RLI1 strain transformed with wt
RLI1, which was set to 100%.
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Figure S5. Increased Gene Dosage of ABCE1/RLI1 Does Not Suppress the Leaky
Scanning Defect of her1A. The HCR1" (H2879) and hcr1A (H3675) strains were first
transformed with either empty vector or hc RLI1 and subsequently with the GCN4-
lacZ reporter plasmid pligl02-3. The resulting double transformants were grown in
SD medium at 30°C to an ODgy of ~ 1. The B-galactosidase activities were
measured in the WCEs and expressed in units of nmol of o-nitrophenyl-b-D-
galactopyranoside hydrolyzed per min per mg of protein. The plots show mean
values and standard deviations obtained from at least 3 independent measurements
with three independent transformants. The fold-difference between the hcr1A versus
HCR1" strains with or without hc RLI1 is indicated.
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Figure S6. Complexes containing elF3, HCR1, ABCE1/RLI1 and both eRFs, free of
ribosomes and RNA, occur in vivo — the RNase A treatment. (A) RNAse A-treated
WCEs were prepared from HCHO-treated (1%) cells bearing wt (H2879) or TAP-
tagged (H553) chromosomal alleles of HCR1 and incubated with IgG Sepharose 6
Fast Flow beads. The immune complexes were eluted by boiling in the SDS buffer
and subjected to Western analysis. In, 1.5% of input; E, 50% of the elution fraction;
W, 1.5% of the supernatant fraction. eRF1 is indicated by an asterisk below the
immunoglobulins. (B) RNAse A-treated WCEs from HCHO-treated cells (1%) cells
bearing wt (H2879) or TAP-tagged (H555) chromosomal alleles of TIF32 were
processed as in panel A except that the immune complexes were eluted by the TEV
protease cleavage. In, 1.5% of input; E, 100% of the elution fraction; W, 1.5% of the
supernatant fraction. (C) RNAse A-treated WCEs from HCHO-treated cells (1%) cells
bearing wt (74D-694) or TAP-tagged (H517) chromosomal alleles of SUP35 were
processed as in panel B.
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Figure S7. (A) Deletion of hcrl results in accumulation of the polysome-associated
eRF3 — factors distributions across gradient fractions as shown in Figure 5. Amounts
of each individual factor in the pooled fractions from three independent experiments
were quantified by fluorescence imaging, combined, and the percentage
representation of the signal corresponding to the Top (1-3 and 4), 40S (5-6), 60S (7-
8), and 80S Plus polysomal fractions (9 through 18) was calculated and plotted. (B)
The sup45” mutation prevents stable association of eRF3 and HCR1 with
polyribosomes — factors distributions across gradient fractions as shown in Figure 7.
Amounts of each individual factor in the pooled fractions from three independent
experiments were quantified by fluorescence imaging, combined, and the percentage
representation of the signal corresponding to the Top (1 — 3), 40S (4-5), 60S (6-7),
and 80S plus polysomal fractions (8-11) was calculated and plotted. (C) The
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sup45 "% put not the other mutations in eRFs 1 and 3 eliminate the negative impact
of hcr1A on growth rates. The her1A strain was crossed with the indicated sup45 and
sup35 mutant strains and the resulting double mutants (PBH104, PBH103 and
PBH105) were transformed with either empty vector (EV) or hc vector containing
HCR1 and together with the corresponding hcr1A SUP35 SUP45 “wt’ strain
(YLVH13) spotted in four serial 10-fold dilutions on SD medium and incubated at
indicated temperatures for 2 or 3 days.
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Table S1. Mutant alleles used in this study and their associated phenotypes.

mutant allele disrupts binding to: major phenotypes: references
tif32-A8 reduced elF3 binding to | Slg-; severe Gcen-; [5]
40S by 40% reinitiation defect
tif32-Box17 Slg-; Gen-; [6]
reinitiation defect
tif32-Box6 Slg-; Gen-; [6]
reinitiation defect
tif32-Box6+17 severe Slg-; severe | [6]
Gcn-; reinitiation
defect
prt1-We674A diminishes (by >90%) severe Ts-; Gen- [7]
association of i/TIF34
and g/TIF35 with the
rest of elF3/MFC and
40S ribosomes
nipl-Box1 reduced amounts of temperature- [8]
40S-bound elF3 and dependent Slg-
elF5 in vivo
nipl- A60 reduced amounts of Slg-; [8]
40S-bound elF3 and
elF5 in vivo
tif34-Q258R Slg-; reduces the [9]
rate of scanning
tif34-DD/KK separates elF3 into the a- | severe Ts-; produces | [7]
b-c and i-g modules; a severe leaky
partially destabilizes 48S scanning phenotype
PICs
tif35-KLF Ts-; Gen-; [9]
reinitiation defect;
reduces processivity
of scanning
tif35-TKMQ Slg-; severe Gcen-; L.C. and L.S.V.
modest leaky unpublished
scanning
tif35-RLFT Slg-; severe Gcn- L.C.and L.S.V.
unpublished
tif35-C121R Slg- L.C.and L.S.V.
unpublished
her1 A destabilizes the MFC; Slg-; reduces the [10]; [11]; [12]
reduces 40S binding of | levels of mature 40S
elF3 ribosome; leaky
scanning
hcrl-NTA eliminates binding of leaky scanning [12]
HCRL1 to elF3
hcrl-Box6 eliminates binding of [13]
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HCR1 to elF3
hcrl-Box6+R/I | eliminates binding of leaky scanning [13]
HCR1 to elF3
rlil-K116L eliminates binding to lethal [14]
HCR1 in Y2H
ril-kK391L eliminates binding to lethal [14]
HCR1 in Y2H
sup45-M48i Ts-; nonsense [15]; [16]
suppression; stop
codon decoding
defect
sup45-Y410S | decrease binding affinity | severe Ts-; [15]; [17]
to eRF3 nonsense
suppression
sup35-N536T Ts-; nonsense [15]

suppression

slow growth (Slg’); temperature sensitivity (Ts"); prevents translational derepression

of GCN4 expression during amino acid starvation (Gen’); multifactor complex (MFC);
pre-initiation complex (PIC); yeast two-hybrid (Y2H)
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Table S2. Yeast strains used in this study.

Strain Genotype Source or reference

del’32a9A% MATa leu2-3, -112 ura3-52 trplA gcn24 | [5]
a/tif32A (sc TIF32, URA3)

YAHO06? MATa leu2-3,112 ura3-52 trp1A prt1::hisG | [12]
GCN2 (hc PRT1 URA3)

HMJ08? MATa, trpl leu2-3,-112 ura3-52 nip1A (sc | [8]
NIP1-His URA3)

H450° MATa leu2-3,-112 ura3-52::GCN2 trp1A | [9]
tif34A (hc TIF34 URA3))

H464° MATa leu2-3,-112 ura3-52::GCN2 trplA | [9]
tif35A (hc TIF35 URA3)

PBH103 MATa ade-14 trpl-289 his3-A200 leu2- | this study
3,112 ura3-52 sup35-N536T hcr1A::LEU2

PBH104 MATa ade1-14 trpl-289 his3-A200 leu2- | this study
3,112 ura3-52 sup45-M48/ hcr1A::LEU2

PBH105 MATa adel-14 trp1-289 his3-A200 leu2- | this study
3,112 ura3-52 sup45-Y410S hcr1A::LEU2

YLVH13® MATa her1A::LEU2 ade2-1 trpl-1 canl- | [10]
100 leu2-3 leu2-112 his3-11 his3-15 ura3

L2334° MATa adel-14 trp1-289 his3-A200 leu2- | [15]
3,112 ura3-52 sup35-N536T

L2327°¢ MATa adel-14 trp1-289 his3-A200 leu2- | [15]
3,112 ura3-52 sup45-M48l|

L2521° MATa adel-14 trp1-289 his3-A200 leu2- | [15]
3,112 ura3-52 sup45-Y410S

74D-694° MATa adel-14 trp1-289 his3-A200 leu2- | [18]
3,112 ura3-52

PBH106 MATa trpl-289 his3-A200 leu2-3,112 | this study
ura3-52 sup45-Y410S a/tif32A (sc TIF32,
URA3)

PBH107 MATa adel-14 trpl-289 his3-A200 leu2- | this study
3,112 ura3-52 sup35-N536T a/tif32A (sc
TIF32, URA3)

del’32a9B° MATa leu2-3, -112 ura3-52 trplA gcn2A | [5]
a/tif32A (sc TIF32, URA3)

YDH353 MATa his3A1 leu2A0 ura3A0 met15A0 | [19]
RLI1-MYC::HIS3

H553° MATa his3A1 leu2A0 met15A0 ura3A0 | Thermo Scientific
HCR1-TAP

H555° MATa his3A1 leu2A0 met15A0 ura3A0 | Thermo Scientific
TIF32-TAP

H517°¢ MATa adel-14 trp1-289 his3-A200 leu2- | this study
3,112 ura3-52 SUP35:: TAP-HIS3

H3675° MATa PRT1 leu2-3, 112 ura3-52 hcr1A [20]

H2879% MATa PRT1 leu2-3, 112 ura3-52 [21]

w303° MATa ade2 canl-100 his3-11 his3-15| A. Hopper
leu2-3 leu2-112 trp1-1 ura3-1

Tet-RLI1" MATa ade2 canl-100 his3-11 his3-15 | [14]

16



Beznoskova et al., PLoS Genet. 2013

leu2-3 leu2-112 trpl-1 ura3-1 Tet::RLI1

CMLA476-
SUP45

MATa ura3-52 leu2A1 his3A200 GAL2
CMVp(tetR-SSNG6)::LEU2 trp1::tTA

[22]

>4 |dentical superscripts denote isogenic strain backgrounds.
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Table S3. Plasmids used in this study.

Plasmid

Description

Source of reference

YEp-HiPV-UGAC-
L

high copy HiPV-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-C; for read-through
measurements) in LEU2 plasmid from
YEplacl81

this study

YEp-HIPV-CAAC- | high copy HiPV-Renilla-Firefly R/T | this study

L cassette (stop codon of Renilla is
replaced with CAA-C [coding triplet];
for control read-through
measurements) in LEU2 plasmid from
YEplacl81

pTH477 high copy PGK-Renilla-Firefly R/T | [23]
cassette (stop codon of Renilla is
UGA-C; for read-through
measurements) in URA3 plasmid
from YEplac195

pTH460 high copy PGK-Renilla-Firefly R/T | [23]
cassette (stop codon of Renilla is
replaced with CAA-C [coding triplet];
for control read-through
measurements) in URA3 plasmid
from YEplac195

YEp-R/T-UGAC-L | high copy PGK-Renilla-Firefly R/T | this study
cassette (stop codon of Renilla is
UGA-C; for read-through
measurements) in LEU2 plasmid from
YEplacl81

YEp-R/T-CAAC-L | high copy PGK-Renilla-Firefly R/T | this study
cassette (stop codon of Renilla is
replaced with CAA-C [coding triplet];
for control read-through
measurements) in LEU2 plasmid from
YEplacl81

YCp-a/TIF32-His-L | single copy wt TIF32-His in LEU2 | [6]
plasmid from YCplac111

YCp-a/tif32- single copy tif32-Box17-His in LEUZ2 | [6]

Box17-His plasmid from YCplac111

YCp-a/tif32-Box6- | single copy tif32-Box6-His in LEU2 | [6]

His plasmid from YCplac111

Y Cp-a/tif32- single copy tif32-Box6+17-His in | [6]

Box6+17-His LEUZ2 plasmid from YCplac111

YCp-a/tif32-A8- single copy tif32-A8-His in LEUZ2 | this study

His-L plasmid from YCplacl111

pRS-b/PRT1- low copy wt PRT1 in LEU2 plasmid | [12]

HisXS from pRS315

pRS-b/PRT1- low copy prt1-W674A in LEUZ2 |[7]

W674A-His plasmid from pRS315

YCpNIP1-Myc-L

single copy wt NIP1-Myc in LEU2

[8]
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plasmid from YCplac111

YCpNIP1- single copy NIP1-Myc containing 10 | [8]
743A752(box1) Ala substitutions between
amino acid residues 743 and 752, in
LEUZ2 plasmid from
YCplacl11l
YCpNIP1-A60- single copy NIP1-Myc truncated by | [8]
MYC-L 60 amino acid residues, in LEU2

plasmid from YCplac111

YCp-i/TIF34-HA

single copy wt TIF34-HA in LEU2
plasmid from YCplac111

[9]

YCpL-i/tif34-HA-3
(Q258R)

single copy tif34-HA-Q258R in
LEUZ2 plasmid from YCplac111

[9]

YCp-i/TIF34-
D207K-D224K-HA

single copy TIF34-HA containing
D207K and D224K mutations in LEU2
plasmid from YCplacl111

[7]

YCp22-g/TIF35-
screen

single copy wt TIF35-His in
TRP1 plasmid from YCplac22

[9]

YCp22-g/TIF35-
KLF

single copy TIF35-KLF-His
inTRP1 plasmid from YCplac22

[9]

YCp22-g/TIF35- single copy TIF35-TKMQ-His in | this study
TKMQ TRP1 plasmid from YCplac22
YCp22-g/TIF35- single copy TIF35-RLFT-His in | this study
RLFT TRP1 plasmid from YCplac22
YCp22-g/TIF35- single  copy TIF35-C121R-His in | this study
C121R TRP1 plasmid from YCplac22
YEplac181 high copy cloning vector, LEU2 [3]
YEplac195 high copy cloning vector, URA3 [3]
YEpLVHCR1 high copy wt HCR1 in LEU2 plasmid | [10]
from YEplac181
YEp-HCR1-DS-U | high copy HCR1 coding region |[12]
flanked by BamHI and Ncol sites,
respectively, in URA plasmid from
YEplac195
YEp-RLI1-L high copy wt RLI1 in LEU2 plasmid | this study
from YEplac181
YEp-hcrl-NTD high copy hcrl-NTD in LEU2 plasmid | [12]
from YEplac181
YEp-hcrl-CTD high copy hcrl-CTD in LEU2 plasmid | [12]
from YEplac181
YEp-hcrl-NTAl high copy hcrl-NTA1 in LEU2 |[12]
plasmid from YEplac181
YEp-hcrl-box6 high copy hcrl-Box6 in LEU2 plasmid | [13]
from YEplac181
YEp-hcrl-box6- high copy hcrl-Box6-R2151 in LEUZ2 | [13]
R215I plasmid from YEplac181
PDH177 single copy wt RLI1 in URA3 plasmid | [19]
from YCplac33
YEp-rlil-K116L-L | high copy rlil-K116L in LEU2 plasmid | this study
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from YEplac181

YEp-RLI1-ndel-L high copy wt RLI1 in LEU2 plasmid | this study
from YEplac181

YEp-rlil-K391L-L | high copy rlil-K391L in LEU2 plasmid | this study
from YEplac181

YEp-rlil- high copy rli1-G224D,G225D in LEU2 | this study

G224D,G225D-L plasmid from YEplac181

YEp-rlil- high copy rli1l-G470D,G471D in LEU2 | this study

G470D,G471D-L plasmid from YEplac181

YEp-rlil-E493Q-L | high copy rlil-E493Q in LEUZ2 | this study
plasmid from YEplac181

PDH184 single copy Pga-UBI-M-FH-rlil- | [19]
G224D,G225D plasmid from
YCplacl11l

PDH185 single copy Pga-UBI-M-FH-rlil- | [19]
G470D,G471D plasmid from
YCplacl11l

PDH202 low copy rlil-E493Q-mycs plasmid | [19]
from pRS315

YEp-rlil-C25S-L high copy rli1-C25S in LEU2 plasmid | this study
from YEplac181

YEp-rlil-C61S-L high copy rli1-C61S in LEU2 plasmid | this study
from YEplac181

YEpSUI1-U high copy SUI1 in LEU2 plasmid from | this study
YEplacl81

pDSO166 high copy TIF11 in LEU2 plasmid | [24]
from YEplac181

pGEX-5X-3 cloning vector for GST fusions [25]

pGEX- g/TIF34 GST-g/Tif34 fusion plasmid from | [26]
PGEX-4T-1

pGEX- g/TIF35 GST-g/Tif35 fusion plasmid from | [26]
pGEX-5X-3

pGEX-HCR1 GST-HCR1 fusion plasmid from | [11]
pGEX-5X-3

pTH338 T7 promoter plasmid containing a full | this study
length SUP45 gene

pTH339 T7 promoter plasmid containing the | this study
SUP45 N-domain

pTH340 T7 promoter plasmid containing the | this study
SUP45 N- and M-domains

pTH341 T7 promoter plasmid containing the | this study
SUP45 M- and C-domains

pTH342 T7 promoter plasmid containing the | this study
SUP45 C-domain

TKB668 high copy YEF3 in URA3 plasmid | a gift of T. Kinzy
from YEPIlac195

pGEX-RLI1 GST-RLI1 fusion plasmid from pGEX- | this study
5X-3

pGEX-SUP45 GST-SUP45 fusion plasmid from | a gift of A. Hinnebusch
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pGEX-6P-1
pligl02-3 Low copy URAS3 vector with GCN4 | [27]
leader point mutations containing
UORF4 only at its original position in
front of the GCN4-lacZ coding region
YCplac22 single copy cloning vector, TRP1 [3]
YCp22-SUP45-W | single copy wt SUP45 in TRP1 | this study
plasmid from YCplac22
pGEX- g/tif35-NTD | GST-g/tif35-NTD fusion plasmid from | this study
pGEX-5X-3
pGEX-g/tif35-RRM | GST-g/tif35-RRM fusion plasmid from | this study
pGEX-5X-3
pTH422 high copy wt SUP45 in URA3 this study
pRS426-SUP35 high copy wt SUP35 in URA3 this study
pSP35-45 high copy wt SUP45 SUP35 in URA3 | [28]
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Table S4. Primers used in this study.

Primer name

Primer sequence (5'to 3)

SG-TIF32D8bamHI

GCGGATCCATATGAGATTAGCTGAAATG

BS-TIF32D8nhel-R

GGGGCTAGCGGGTCCCTGCCCCCCTTGGCCAATC

TIF35 Ndel

TAACGACCATATGACCATGAA

MM2r 3gTLKVr

ACACATATCATCACGTTCTCT

y3gTKMQ (RNP2)

GACTCTAGAGAACGTGATGATATGTGTgctTTGgcaATTgct
gcaGTTAATGAAAATGCCGATGAAAATAGT

y3g Xholr

GTGCATCTCGAGCTAATGATG

MM1r

TGATTTACCTGTTTCTTTGT

y3gRLFT (RNP1)

GTTAGAAACAAAGAAACAGGTAAATCAgcaGGTgcaGCCg
caGTTgcaTTTTCGAGCGAAGAAGTTGCCGAACAA

PB-RLI1ndel

AATAACATATGAGTGATAAAAACAGTCGT

PB-RLI1-K116Laccl-
R

AATAAGTAGACAGACCAATACCGTTGGTACCGAC

PB-RLIlaccl-R CAAGGCGGTAGACTTAC
PB-RLI1ncol GCAAATACCATGGATAG
PB-RLI1ndel-R ACGACTGTTTTTATCACTCATATGGGTCTGTCGTGTTTT

CTTAAG

PB-RLI1-K391L-R

AGACCGGTACCGTTTTCACCCAT

PB-RLI1-K391L

ATGGGTGAAAACGGTACCGGTCTGACCACTTTGATCAA
ATTACTA

PB-RLI1termXbal-R

GGCGTATATCTAGAAATAAACAACC

PB-RLI1xbal-R

AATAATCTAGATTAAATACCGGTGTTATCCAA

PB-RLI1-C25S

CTAAACGTTCGTGTCCCG

PB-RLI1-C25S-R

CGGGACACGAACGTTTAGACTCTTGACGACACTTTTTTG
G

PB-RLI1-C61S CCGTTAAGAAATGTCCATTTG

PB-RLI1-C61S-R CAAATGGACATTTCTTAACGGAAATACCACAACCAATAC
Sup45_D1if CGGGCCATGGAGATGGATAACGAGGTTGAAAAAAA
Sup45_D3r CGGGCCTGCAGTTAAATGAAATCATAGTCGGAT
Sup45_D1r CGGGCCTGCAGTTATTGAAGCAATTCCGAAAGAAC
Sup45_D2r CGGGCCTGCAGTTAATTGGCCAACGCTTCGGC
Sup45_D2f CGGGCCATGGAGGCTGACGACAAGTTCGGT
Sup45_D3r CGGGCCTGCAGTTAAATGAAATCATAGTCGGAT
Sup45_D3f CGGGCCATGGAGGTCAAGTATGTTCAAGAAAAGA
PB-RLI1smal AATAACCCGGGTCATGAGTGATAAAAACAGTCGT
PB-RLI1xhol-R AATAACTCGAGTTAAATACCGGTGTTATCCAA

PB-SUP45Sphl

AATAAGCATGCGCTACATCATTTCCCCCAATAGC

PB-SUP45Sacl-R

AATAAGAGCTCCGAGGCTTTTGAAGAGAAACTCTCC

PGEX35NTD AATAAGGATCCCCATGAGTGAAGTTGCACCAGAG
PGEX35NTDr AATAACTCGAGCctaAGAGTCTCTGTAAGCATCGGA
PGEX35RRM AATAAGGATCCCCAGAGAACGTGATGATATGTGT

PGEX35RRMr

AATAACTCGAGCTATTCCTTAACCTTAGGTTTGGA
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ABSTRACT

Transfer of genetic information from genes into
proteins is mediated by messenger RNA (mRNA)
that must be first recruited to ribosomal pre-initiation
complexes (PICs) by a mechanism that is still poorly
understood. Recent studies showed that besides
elF4F and poly(A)-binding protein, elF3 also plays a
critical role in this process, yet the molecular mech-
anism of its action is unknown. We showed previously
that the PCI domain of the elF3c/NIP1 subunit of yeast
elF3 is involved in RNA binding. To assess the role of
the second PCI domain of elF3 present in elF3a/TIF32,
we performed its mutational analysis and identified a
10-Ala-substitution (Box37) that severely reduces
amounts of model mRNA in the 43-48S PICs in vivo
as the major, if not the only, detectable defect. Crystaol
structure analysis of the a/TIF32-PCl domain at 2.65-A
resolution showed that it is required for integrity of the
elF3 core and, similarly to the ¢c/NIP1-PCl, is capable
of RNA binding. The putative RNA-binding surface
defined by positively charged areas contains two
Box37 residues, R363 and K364. Their substitutions
with alanines severely impair the mRNA recruitment
step in vivo suggesting that a/TIF32-PCI represents
one of the key domains ensuring stable and efficient
mRNA delivery to the PICs.

INTRODUCTION

Protein biosynthesis begins with formation of the 43S pre-
initiation complex (PIC) consisting of the small ribosomal

subunit, Met-tRNA!VIet [in the form of the ternary complex
(TC) together with the eukaryotic initiation factor elF2 in
its GTP form], eIF1A, elF1, elF3 and elF5 [reviewed in
(1)]. In the following step, messenger RNA (mRNA) is
loaded onto the 43S PIC with help of elF3, poly(A)-
binding protein (PABP) and the elF4F factors bound to
its 5 7-methylguanosine cap structure, producing the 48S
PIC. Subsequently, usually the first AUG codon in the
mRNA’s 5 UTR is recognized as the start site during
the successive movement—called scanning—of the 48S
PICs downstream from the cap. On AUG recognition,
elF2 in its GDP form is released from the ribosome
along with several other elFs, the 60S subunit joins the
40S.Met-tRNAM.mRNA  complex in a reaction
promoted by e¢IF5B and the resulting 80S initiation
complex is on ejection of the remaining elFs—with the
exception of elF3 and perhaps also elF4F (2,3)—prepared
for elongation.

In prokaryotes, the mRNA recruitment step is well
defined and involves a direct RNA-RNA interaction
between the 3’-end of 16S rRNA of the small ribosomal
subunit and a specific Shine—Dalgarno sequence located in
the 5'-end of mRNAs to allow direct positioning of the
AUG start codon into the ribosomal P-site. In contrast,
eukaryotic mRNAs do not contain anything like Shine—
Dalgarno, initiating AUG is usually tens or even hundreds
of nucleotides downstream from the cap and their recruit-
ment to the 43 PICs requires the concerted action of
several elFs. This step, along with the subsequent
scanning (base-to-base inspection of the mRNA’s
5" UTR), represents one of the least understood reactions
in the entire eukaryotic initiation pathway. In the current
textbook view, elF3, PABP and the elF4F complex
(comprising the molecular scaffold eIF4G, to which the
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cap-binding protein elF4E and the DEAD-box RNA
helicase eIF4A bind) are proposed to be responsible for
mRNA loading to the 43S PICs [reviewed in (1)]. Besides
elF4E and elF4A, the scaffold eIF4G also interacts with
PABP and, in mammals, with elF3 (4-8). The elF4G—
elF3 interaction has been long believed to serve as the
umbilical cord connecting the elF4AF.mRNA and 43S
complexes, thus mediating formation of the 48S PIC, at
least in mammals [in budding yeast, where the elF3-
binding domain in elF4G is not evident, the direct
elF3-elF4G interaction has never been detected (9)].
However, recent in vivo findings suggested that not only
in yeast but probably also in mammals the mRNA recruit-
ment step might be a lot less dependent on the direct
elF4G—lIF3 contact than it has been believed so far
(10-13). Consistently, recent in vivo and in vitro studies
in yeast indicated that eIF3 plays a more critical role in
mRNA recruitment than eIF4G (14,15). Certainly, a more
systematic approach is needed to fully understand this
critical initiation step that is also known to serve as one
of the two major targets for the general translational
control [reviewed in (16)]. The first attempt in this direc-
tion has been recently made by identifying several muta-
tions occurring in the j/HCR1-like domain (HLD) of the
elF3a/TIF32 subunit that, besides other effects on general
initiation steps, also partially affected efficiency of the
model mRNA recruitment to 40S ribosomes (17).
Despite the critical importance of the multisubunit elF3
complex in translation—in addition to the mRNA recruit-
ment, it also promotes the TC recruitment, scanning,
AUG recognition and strikingly also translation termin-
ation (17-27)—a high-resolution structural picture of
both yeast and mammalian eIF3 as whole remains
elusive. Only partial either crystal or nuclear magnetic res-
onance structures were solved for a handful of domains of
some of the elF3 subunits, alongside the low-resolution
Cryo-EM structure of the 13-subunit human eIF3
(28,29). In particular, the structures of RNA recognition
motif (RRM) of yeast elF3b/PRT1 subunit (30) as well as
its human ortholog alone (31) or bound to the N-terminal
peptide of elF3j/HCRI1 (24), the seven-bladed B-propeller
of the WD40 elF3i/TIF34 subunit bound to the extreme
C-terminal a-helix of b/PRT1 (25), the RRM of human
elF3g/TIF35 (19) and finally the atypical PCI domain-
containing human eIF3k subunit (32) have been
determined at atomic resolution so far. The PCI domain
is a conserved bipartite domain comprising the helical
bundle (HB) and winged-helix (WH) subdomains initially
identified as the principal scaffold for the multisubunit 26S
proteasome lid, signalosome (CSN) and elF3 complexes
(33). Yeast elF3 contains two PCI domains, one at the
N-terminus of its elF3a/TIF32 subunit and the other at
the C-terminus of eIF3c/NIPI. In fact, the 3D architecture
of the eIF3c/NIP1-PCI was recently predicted in silico and
proposed to fold into a typical bipartite arrangement (34).
Most of these partial structures and the latter prediction
were incorporated into a structural model of yeast elF3
shown in Figure 1A. Importantly, the latter report also
revealed for the first time that the ¢/NIP1-PCI domain,
this typical protein—protein interacting mediator, is
capable of strong binding to RNA. Later, yeast SAC3

and THP1 components of the TREX-2 transcription—
export complex, both containing the PCI domain, were
shown to have their WH subdomains juxtaposed in a way
forming a platform that is also capable of nucleic acid
binding (35).

To analyze the function of the N-terminus of a/TIF32
harboring the second PCI domain of yeast eIF3, we under-
took a systematic mutagenesis of a large N-terminal
segment of a/TIF32 including an N-terminal part of the
PCI domain. We show that a 10-alanine substitution of
residues 361-370 (designated Box37) markedly affects
growth and translation initiation rates at the elevated tem-
perature. Structural investigation of the a/TIF32-PCI
domain showed that it consists of two intimately con-
nected subdomains: an N-terminal right-handed helical
domain capped by a C-terminal winged helix domain.
Furthermore, we provide evidence that specifically the
PCI domain of a/TIF32 (i) mediates its binding to the
elF3¢/NIP1 subunit of eIF3 and (ii) that the entire
N-terminal half of a/TIF32 interacts with RNA, as
proposed before (2,37). Interestingly, neither the
N-terminal domain nor the PCI domain alone is sufficient
for this binding; however, they are both required. In
addition to that, we show that o-helix 4 of the HB
subdomain, and in particular its two consecutive basic
residues R363 and K364, strongly contributes to mRNA
recruitment of the model mRNAs to the 43S PICs in vivo.
Although R363 is also required for stabilization of the HB
fold, K364 is fully exposed to the solvent with no struc-
tural role. Further analysis of the crystal structure and the
in silico-generated structure of the helical region preceding
this domain revealed the dominance of continuous posi-
tively charged areas over the surface of the a/TIF32
N-terminal half, proposing a molecular basis for its role
in RNA recruitment. In support, 10-Ala substitutions of
these basic patches resulted in lethality. Taken together,
because our mutants in Box37 impair the mRNA loading
process as the only detectable defect in vivo, we propose
that one of the key roles of this well-defined domain is,
besides building the elF3 core, to contact mRNAs in a
non-specific manner and promote their delivery to and/or
stable binding on the small ribosomal subunit. Hence, the
a/TIF32-PCI domain is yet another PCI domain
demonstrated to be involved in RNA binding.

MATERIALS AND METHODS
Yeast strains, plasmids and biochemical methods

Lists of strains, plasmids and oligonucleotides used in this
study (Supplementary Tables S1-S3), details of their con-
struction, as well as description of all well-established bio-
chemical assays used throughout the study can be found in
the Supplementary Data that are available at NAR online.

Cloning, expression, purification and crystallization of the
a/TIF32276~** domain and crystal structure determination

a/TIF32%7"%* was cloned into a pGEX6P! vector,
expressed in Escherichia coli Rosetta2 (DE3) cells and
purified via affinity and size-exclusion chromatography
(SEC) (detailed purification schemes of proteins used in
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34°C 37°C basic residues description
a/TIF32 - wt - - -
a/TIF32-BOX20 let let let R194,R195 K196 back RNA track
alTIF32-BOX24 let let let R235 front RNA track
alTIF32-BOX27 |  let let let K268 along the front RNA
track below region 2
a/TIF32-BOX29 |  let let let K288 along the front RNA
track below region 2
a/TIF32-BOX31 let let let K304,K305,K308 basic region 2
a/TIF32-BOX34 - + +++ long loop
a/TIF32-BOX35 let let let R350 basic region 1
a/TIF32-BOX37 - + +++++ R363,K364 basic region 3
a/TIF32-BOX38 | let let let not involved in RNA
binding surface
(o 30°C

0mM AT
GCN2
gcn2A __ 0

D TIF32 at 30°C Box37 at 30°C
P/M = 3.49 P/M = 3.69
(d.t. ~ 1.5) (d.t. ~ 1.5)
3 3
< 80S  olysomes < 80S  olysomes
1 \NVVW\
TIF32 at 37°C Box37 at 37°C (6h)
PIM=3.4 808 P/M =1.53

(d.t. ~1.5) (d.t.-NA) 1369 Box37at37°C

polysomes 2.58

3
gos Polysomes <

60S
A4 \f \N\/\/\M\

Figure 1. The 10-Ala Box37 substitution of a-helix 4 of the HB subdomain in the a/TIF32-PCI domain reduces the translation initiation rates at the
restrictive temperature. (A) A 3D model of eIF3 and its associated elFs in the MFC [adapted from (25)]. ntd, N-terminal domain; ctd, C-terminal
domain; //d, HCR1-like domain; rrm, RNA recognition motif; pci, PCI domain; TC, ternary complex. The nuclear magnetic resonance structure of
the interaction between the RRM of human eIF3b (green and light blue) and the N-terminal peptide of human elF3;j (yellow) (24), the nuclear
magnetic resonance structure of the C-terminal RRM of human elF3g (19), the X-ray structure of the yeast i/TIF34-b/PRT1-CTD complex (green
versus blue) (25), the X-ray structure of the a/TIF32-PCI (yellow and green) and structural prediction of the N-terminal domain of a/TIF32 (red)
(both this study) and the 3D homology model of the ¢/NIPI-CTD (34) were used to replace the original schematic representations of the
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(continued)
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this study are provided in Supplementary Methods).
Crystals were grown at 4°C in sitting drop vapor diffusion
plates by mixing 0.8 ul of crystallization solution [100 mM
HEPES, pH 7, 12% (w/v) PEG 2000, 80 mM MnCl,] and
1.2 ul of protein solution (at a concentration of 6 mg/ml in
the gel filtration buffer). Crystals were cryoprotected by
soaking in reservoir solution supplemented with increasing
concentration of PEG400 to 40% (w/v) and flash frozen in
liquid nitrogen before data collection.

X-ray diffraction images were collected at 100K at
beamline 14.1 [BESSY, Berlin, Germany; (37)] equipped
with a MAR Mosaic 225 mm CCD detector (Norderstedst,
Germany). The oscillation images were indexed,
integrated and merged using the XDS package (38,39) to
the final resolution of 2.65A for the native and to 2.79,
2.81 and 2.97 A for Se-Met derivative crystal (peak, inflec-
tion and remote data sets, respectively). The crystal struc-
ture of a/TIF32 was solved by means of single wavelength
anomalous dispersion SAD using the Se-Met data set at
the peak wavelength in SHARP/autoSHARP (40). Within
autoSHARP, the heavy atom search was performed by
SHELXD (41) and resulted in localizing four heavy
atom positions that were further refined using SHARP
followed by density modification in Solomon (42) and
automatic model building in Arp/wARP (43). Structure
determination and refinement procedure are discussed in
detail in Supplementary Methods.

RNA-binding assay

RNA-binding studies were performed in 1x recon
buffer (44). Two micromolars of DAD4 RNA (see
Supplementary Methods for transcri%tion procedure) was
mixed  with  10pM  a/TIF32FF,  a/TIF32'=%4,
a/TIF32770~%4  GST-a/TIF32'~?’° and GST in a total
volume of 10ul. After a 30-min incubation on ice,
samples were mixed with native loading dye and applied
to a 0.8% agarose gel supplemented with GelRed
(Biotium). Electrophoresis was performed at 90V
for 30min on ice using pre-cooled 1 x Tris acet-
ate + ethylenediaminetetraacetic acid running buffer.
The gel was subsequently exposed to ultraviolet-light to
visualize nucleic acids.

Binding of the a/TIF32*7°~*** domain to ¢/NIP1 by
analytical SEC

Interaction studies were performed on an analytical
Superdex 200 (10/300) column (GE Healthcare) in a

buffer containing 150 mM KCI, 10mM Hepes, pH 7.5,
and 5% glycerol. Fifty micrograms of ¢/NIP1 (0.5nmol),
b/PRT1 (0.5nmol) or a/TIF32%7°~%* (2 nmol) in the total
volume of 500 pl was loaded on the column separately or
after being incubated together for 30 min.

Isothermal titration calorimetry

¢/NIP1 and a/TIF32°"°%* were extensively dialyzed
against ITC buffer (150mM KCI, 10mM Hepes, pH 7.5,
5% glycerol) and concentrated to 10 and 100 uM, respect-
ively. The experiment was performed on a VP-ITC calor-
imeter gMicrocal, USA). Twenty microliter aliquots of a/
TIF32%7¢ % were injected into the cell containing ¢/NIP1
every 40s, during which the titration peak returned to the
base line. Separatelgl, seven injections of the same concen-
tration of a/TIF3277%* into the buffers were performed
under the same conditions to determine the heat of dilution.
The titration data were analyzed using the ORIGIN
software to calculate the thermodynamics parameters.

RESULTS

A specific 10-alanine substitution (Box37) in the
a/TIF32-PCI domain results in temperature sensitivity
and reduces translation initiation rates

Domain prediction programs detect two PCI domains in
the yeast elF3 complex. The first one, located at the
C-terminus of c/NIP1, was previously implicated in
RNA binding as the first PCI domain known to do so
(34). Here we sought to investigate the role of the
second PCI domain of elF3 occurring in the N-terminal
half of a/TIF32. We have recently demonstrated that the
proteolytic digestion of a/TIF32 generates a fragment har-
boring its first 494 residues (45) suggesting that the entire
a/TIF32 N-terminal half, including the PCI domain, is
folded into a higher order structure. Earlier we also
showed that the a/TIF32 region corresponding to amino
acid (aa) residues 201 through 400, encompassing a part of
the a/TIF32-PCI domain, interacts with the small riboso-
mal protein RPSOA (46) situated on the solvent-exposed
side near the 40S mRINA exit channel (47).

To show whether the a/TIF32-PCI domain is involved in
RPSOA binding and to identify specific residues that
mediate this contact, we introduced Ala substitutions in
consecutive blocks of 10 residues between amino acids
191 and 400 (dubbed Boxes 20—40) and tested them for
growth phenotypes, first in a yeast strain containing a/

Figure 1. Continued

corresponding molecules. (B) Summary of the phenotypic analysis of Ala substitutions in consecutive blocks of 10 residues between amino acids 191
and 400 (dubbed Boxes 20-40). The indicated mutant alleles were introduced into the H477 strain containing a/TIF32 under control of MET3
promoter and tested for growth in the presence of methionine. Alleles showing the Ts™ or Slg™ or lethal (Let) phenotypes are listed; the + scoring
system defines the wt as *—" and no growth as 5+. (C) The tif32-Box37 mutation imparts the Ts~ and Gen™ phenotypes. YBS52 (GCN2 a/tif324) was
transformed with YCplacl11-based plasmids carrying either a/TIF32 wt or a/tif32-Box37 mutant alleles, and the resident YCpTIF32-His-U plasmid
was evicted on 5-FOA. The resulting strains, together with isogenic strains H2880 (GCN2 a/TIF32; row 1) and H2881 (gcn24 a/TIF32; row 2)
transformed with empty YCplacl11 vector, were then spotted in four serial dilutions on SD or SD containing 10- or 30-mM 3-AT and incubated at
30°C or 37°C for up to 6 days. (D) The #if32-Box37 mutation reduces the translation initiation rates at the restrictive temperature. Polysome profiles
of TIF32 wt and tif32-Box37 mutant strains described in section B were recorded from cells cultured in YPD medium at 30°C or heat shocked at
37°C for indicated time points and subsequently treated with cycloheximide before harvesting. Whole-cell extracts were separated by velocity
sedimentation through a 5-45% sucrose gradient centrifugation at 39000 rpm for 2.5 h. The gradients were collected and scanned at 254 nm to
visualize the ribosomal species. Positions of 40S, 60S and 80S species are indicated by arrows, and polysome to monosome (P/M) ratios and doubling
times (d.t.) are given above the profiles. The plot indicates P/M ratios collected at various time points of heat shock.
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TIF32 under control of METS3 promoter. Several of these
Ala substitutions led to lethal phenotypes (Figure 1B; see
also below) in accord with our earlier observation that
deletion of the first 350 residues of a/TIF32 is deleterious
(18). One of these substitutions, Box37 (residues 361-370),
produced strong temperature-sensitive (Ts™) and Gen™
phenotypes (Figure 1C), which we could analyze further
for its primary defect—the Gen™ (general control non-
derepressible) phenotype indicates an impairment of the
GCN4 induction (see below). (Box34 [residues 331-340]
also showed the Ts™ phenotype; however, as it was rather
mild, we did not pursue this mutant any further). Careful
inspection of polysome profiles carried out at the non-per-
missive temperature at three time points following the tem-
perature up-shift clearly suggests that the Box37 mutation
specifically affects translation initiation rates as the run-off
80S couples accumulate at the expense of heavy polysomes,
which is displayed by ~2.2-fold decrease in the polysome to
monosome (P/M) ratio (Figure 1D).

Next we examined the potential effect of Box37 on the
direct interaction of the 201-400 subdomain of a/TIF32
with RPSOA in an in vitro binding assay as well as on
the integrity of native elF3 with elFs I, 2 and 5 into the
ribosome-free multifactor complex (MFC) in vivo. Neither
was found dramatically affected by this mutation (data
not shown) suggesting that Box37 did not markedly
affect the mutant protein fold, if at all (see also
‘Discussion’ section), and also that it is not the critical
anchor point between the a/TIF32-NTD and RPSOA.
Despite that we still asked whether this mutation may
interfere—perhaps in some indirect way—with the initial
assembly of elFs on the 40S ribosomes. Toward this end,
we analyzed the distribution of selected initiation factors
in Box37 cells grown at 30°C and subsequently subjected
to heat shock at 37°C for 6h using formaldehyde cross-
linking of living cells followed by high velocity sedimen-
tation of whole-cell extracts (WCE) in sucrose density
gradients (48). No reduction in the 40S-associated
amounts of selected elF3 subunits as well as elF2 and
elF5 was observed in heat-shocked cells (Figure 2B). On
the contrary, when normalizing to the levels of 40S
species, we detected ~1.5-fold accumulation of the latter
elFs in heat-shocked cells compared with cells grown at
the permissive temperature. Wild-type (wt) cells showed
rather decreased, but definitely not increased, amounts
of elFs in 40S fractions on heat shock (Figure 2A). This
suggests that the rate-limiting step that is impaired in
Box37 follows the 43S PIC assembly.

The tif32-Box37 mutation imparts severe Gen™ phenotype
that is not caused by post-assembly defects in the
initiation pathway

To examine what step is affected by Box37, we used the
translational control mechanism of GCN4, which depends
on four short upstream open reading frame (WORFs) found
in its mRNA leader and has been adapted to serve as an
experimental tool for monitoring various translational
steps [reviewed in (49)]. The expression of GCN4, a tran-
scriptional activator of many biosynthetic genes, is deli-
cately regulated in a nutrient-dependent manner by the
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GCN2 kinase. Under nutrient-replete conditions, the
kinase is inactive and the GCN4 expression is repressed.
On amino acid starvation, GCN2 becomes activated and
derepresses GCN4 synthesis by reducing the steady-state
levels of the TC. Mutants defective in the TC formation
and/or its recruitment to the 40S subunit mimic starvation
conditions and constitutively derepress GCN4 even under
nutrient-replete conditions, producing the Ged™ pheno-
type. Conversely, mutants that fail to derepress GCN4
under starvation conditions provoke the Gen™ phenotype,
which typically signals defects in the steps following
assembly of 43-48S PICs, such as processivity of
scanning, AUG recognition or subunit joining.

The fact that Box37 displayed the severe Gen™ pheno-
type at the restrictive temperature (Figure 1C), which is
characterized by a failure to grow in the presence of an
inhibitor of histidine biosynthetic genes—3-aminotriazole
(3-AT), prompted us to use a battery of GCN4-lacZ
reporter constructs with specific modifications in the
GCN4 mRNA leader. These have been successfully used
in the past to reveal malfunctioning in scanning
processivity, scanning rates, stringency of AUG selection
or in subunit joining (2,17,19,20,24,25,50). First, we tested
the wt GCN4-lacZ reporter plasmid to verify the true
nature of the Gen™ phenotype in Box37 cells and found
that the degree of GCN4-lacZ induction was ~4-fold
reduced in mutant (showing rather low ~2-fold induction)
versus wt (showing standard ~8-fold induction) cells. This
clearly indicates that the inability to compete with 3-AT
on plates is a direct consequence of an insufficient GCN4
derepression in response to 3-AT. Surprisingly, detailed
analysis of all potential post-assembly defects described
above did not reveal any clearly distinguishable defects;
we only noticed that most of the constructs showed gen-
erally reduced B-galactosidase activities in mutant versus
wt strains. Taking this into consideration, plus the fact
that yeast elF3 has been recently implicated in serving
as one of the major factors ensuring stable mRNA
binding to 40S ribosomes (14,15,17), low levels of wt
GCN4-lacZ induction could be explained by a failure to
recruit or stably accommodate mRNAs on the 43S PICs
to form the 48S PICs poised for scanning. Interestingly, a
similar phenotype was only recently reported for the
elF4G mutant rif4632-7R (51). In fact, this particular
defect could also explain increased amounts of elFs on
40S ribosomes that we observed in heat-shocked mutant
cells (Figure 2B), as an increased number of 40S species
bound only by the initial set of factors promoting the Met-
tRNAM recruitment would be expected to accumulate in
such defective cells. In further support, the ‘40S’ peak in
polysome profiles recorded with heat-shocked Box37 cells
is divided into two equally large sub-peaks, whereas only
one dominant peak (the heavier one) occurs in wt cells
(Figure 1D). In our previous work (9), we proposed that
the lighter sub-peak corresponds to ‘naked’ 40S ribosomes
combined with the 43S PICs and the heavier one to the
48S PICs. Hence, occurrence of two 40S sub-peaks in the
heat-shocked mutant cells could be explained by slower
conversion of 43S PICs into 48S PICs due to impaired
mRNA recruitment (see below). To shed light on the
molecular mechanism by which a/TIF32-PCI domain
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Figure 2. The tif32-Box37 substitution results in accumulation of the 43S PICs. The tif32-Box37 mutant strain (B) and its corresponding wt
(A) described in Figure 1C were grown in YPD medium at 30°C or heat shocked at 37°C for 6 h and cross-linked with 2% HCHO before harvesting.
Whole-cell extracts were prepared, separated on a 7.5-30% sucrose gradient by centrifugation at 41000 rpm for 5h and 5% of each fraction was
loaded on the gel and subjected to western blot analysis. ‘In’ shows 5% input. Proportions of the 40S-bound proteins relative to the amount of 40S
subunits were calculated using Quantity One software (BioRad) from at least three independent experiments. The resulting values obtained with cells
grown at 30°C were set to 100% and those obtained with heat-shocked cells were expressed as percentages of the 30°C-grown cells in the histogram

on the right (SDs are given).

would facilitate the recruitment of mRNA to the
ribosome, we set forth to determine its 3D structure at
atomic resolution.

Purification, crystallization and structure determination of
the a/TIF32 PCI domain

The N-terminal region of a/TIF32 was previously identified
as a stable protein domain (45). As mentioned previously,
this region is predicted to harbor a PCI domain preceded
by several a-helices. PCI domains are made up of two
subdomains: N-terminal helical repeats followed by
a C-terminal-winged helix motif. While the C-terminal
winged helix motif can be fairly accurately predicted, the
prediction of the exact length of the N-terminal subdomain
of a/TIF32 turned out to be difficult. Because we did not
obtain crystals of the entire N-terminal domain of
a/TIF32, we systematically removed helices from the
N-terminus, keeping the C-terminus at residue 494.
However, most of the constructs led to insoluble proteins.
The most soluble fragment was obtained by removing the
first 275 residues (Supplementary Figure S1). This fragment
was crystallized in a solution containing 100 mM HEPES,

pH 7, 12% PEG 2000 (w/v), 80 mM MnCl,. Crystals grew
at 4°C to the maximum size in 1 week. Cryoprotection was
achieved by soaking crystals in several drops containing the
crystallization solution and increasing concentration of
PEG400. Sudden increase of the PEG400 concentration
caused cracks in the crystal and had a severe effect on the
diffraction quality. The crystal structure of a/TIF32274%
was solved by single wavelength anomalous dispersion
using a selenomethionine (SeMet) derivative and refined
to the final resolution of 2.65A. The asymmetric unit
(AU) is composed of two molecules of a/TIF3227674%,
which corresponds to a solvent content of 45%. Although
the first molecule in the AU (chain A in the pdb file) is
almost complete, the second molecule is only partially
defined in the electron density map. The crystallographic
statistics for data processing and refinement are presented
in Table I.

Crystal structure analysis

The crystal structure of a/TIF32%7¢%** consists of two
intimately connected subdomains; an N-terminal right-
handed helical bundle capped by a C-terminal winged
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Table 1. Data collection, phasing and refinement statistics
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Native

Peak

Inflection

High remote

Low remote

Data collection
Wavelength (A)
Resolution (A)
Space group
Cell parameters:

0.933400
50.00-2.65 (2.75-2.65)
12,3

0.979540
50.00-2.79 (2.89-2.79)
12,3

a=b=c(A) 137.137 137.63
a=p=y=90()

Riyerge (%0) 5.9 (78.0) 10.4 (83.4)
1/51 17.76 (1.83) 21.44 (2.16)
CCoyp2) (%) 99.9 (66.2)

Completeness (%) 99.5 (99.8) 99.6 (96.5)
Redundancy 3.67 (3.71) 4.41 (3.48)
Anomalous correlation 56 (11)

Mean anomalous
difference (SigAno)

Refinement
Resolution (A)
Number of reflections

48.48-2.65 (2.75-2.65)
12582

Ryork/ Rivee (%) 24.89/28.61
Number of atoms

Protein 3037
B-factors (A?

Protein 118.70
Entity nr. 1/2 81.5/168.8
R.m.s deviations

Bond lengths (A) 0.006
Bond angles (°) 1.26
PDB code 4K51

1.724 (0.849)

0.979690
50.00-2.81 (2.91-2.81)
12,3

137.99

10.8 (88.7)
21.7 (2.0)

99.7 (97.3)
4.44 (3.58)
35 (7)

1.285 (0.794)

0.977260
50.00-2.97 (3.07-2.97)
12,3

138.06

8.8 (60.2)
23.21 (2.77)

99.9 (100)
493 (4.92)
35 (4)

1.269 (0.806)

0.982450
50.00-2.97 (3.07-2.97)
12,3

137.75

10.2 (71.7)
21.36 (2.53)

99.8 (99.9)
3.89 (3.88)
16 (11)
0.997 (0.845)

The CC,), is the correlation coefficient between two randomly selected half data sets as described in (52).

helix (WH) domain (Figure 3A). The helical bundle (HB)
is composed of three pairs of antiparallel helices with
structural resemblance to tetratricopeptide repeats
(TPR). Helices 3 and 4 are connected via a long loop
and a short helix. Residues 342-344 of this loop are
poorly visible in the electron density and therefore likely
to be flexible. Interestingly, residues 337-362, which form
the loop and the helix connecting helices 3 and 4, are not
present in the structure of any of the known PCI domains.
The winged helix sub-domain shows the canonical o-p-a-
a-B-p topology with an N-terminal elongated helix, which
is kinked at the beginning. The structure of the WH
subdomain is well conserved among known PCI struc-
tures. The orientation of the WH relative to the HB is
held by several hydrogen bonds and van der Waals inter-
actions between helix 7 (the first helix of WH) and differ-
ent helices from HB. Most notably, R431 of helix 7, E392
of helix 5 and R363 of helix 4 are tightly linked by
hydrogen bonds locking these three helices in place
(Figure 3B). R363 and the adjacent K364 together with
R431 contribute to a positively charged surface on the
concave face of the protein, proposing a function for
this region in mRNA recruitment (see below). Y420 and
L424 of helix 7 make van der Waals interactions with the
side chain of L330 of helix 3. Y420 makes a hydrogen
bond with H299 of helix 2, which also interacts with
S331 of helix 3. Interestingly, all these residues are
highly conserved among eukaryotes, suggesting that main-
taining the relative orientation of WH and HB might have
a functional relevance (Supplementary Figure S2).

In fact, a/TIF32 is one of the most conserved core elF3
subunits among eukaryotes. Interestingly, the highest
degree of conservation is observed in its N-terminal
region, including the PCI domain (Supplementary
Figure S2). The majority of the conserved residues were
found to be in the hydrophobic core of a/TIF32%7¢ 4%,
pointing to their importance in the folding of this
domain. We mapped the highly conserved residues on
the surface of a/TIF32%7¢** using ConSurf server (53).
Although no region with particularly high degree of con-
servation was found throughout the surface, scattered
regions of high conservation were found to be surrounded
by less conserved residues mainly at the concave surface of
the protein (Figure 4A).

Comparison of the a/TIF32 PCI domain with other
known PCI structures

Comparison of the structure of a/TIF32%7¢*** with PCI
domains from RPNG6 [proteasomal protein, PDB code
3TXN, (54)], CSN7 [COP9-signalosome subunit, PDB
code 3CHM, (55)], elF3k (elF3 subunit, PDB
code 1RZ4, (56)], SAC3 and THPl [TREX-2
components, PDB code 3T5V, (35)] reveals high degree
of structural similarity despite little sequence conservation
(Figure 4B). The highest structural conservation is
observed for the C-terminal WH subdomain, whereas
the N-terminal HB is more divergent. In all these struc-
tures, HB sub-domains show an overall right-handed
superhelical arrangement of o-helices with characteristics
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A

h6i

Figure 3. The overall structure of the PCI domain of a/TIF32. (A) Cartoon representation of a/TIF3227¢ %% crystal structure. The helical bundle and
the winged helix motif are colored blue and red, respectively. Box37 (residues 361-370) within helix 4 is shown in magenta. a-helices and B-strands
are denoted as h and s, respectively. (B) Interactions between HB and WH sub-domains. HB and WH are held together via hydrogen bonding
between helices 4, 5 and 7 (h4, h5 and h7). Residues involved in these interactions are R363 (h4), E392 (h5) and R431 (h7) and are presented as
sticks.

A Conservation
Il
Low High

180°

TIF32 CSN7 elF3k SAC3

Figure 4. Conserved residues of a/TIF32 and comparison of the 3D structures of different PCI domains. (A) Conserved residues of a/TIF32. Surface
representation of the conservation of residues among a/TIF32 from different organisms was performed using ConSurf server. (B) Comparison of the
3D structures of different PCI domains. In all structures, the HB and WH sub-domains are depicted in blue and red, respectively. C-terminal
extensions of the WH, if present, are colored green. In the a/TIF32 PCI domain, the extra helix 3-4 is marked by an arrow.

RPN6
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of both HEAT [Huntingtin, elongation factor 3 (EF3),
protein phosphatase 2A (PP2A) and the yeast kinase
TORI1] and TPR helical repeats. While elF3k has 11
helices, which form 3 HEAT repeats, and CNS7 consists
of 6 helices forming a pair of HEAT repeats, one of which
resembles an ARM motif, RPN6 and THPI structures
have longer N-terminal extensions of TPR-like repeats.
RPNG6 contains five pairs of TPR-like repeats forming a
twisted solenoid arrangement, whereas Thpl forms
a straighter arrangement that is capped by a helical
bundle at the N-terminus formed by four a-helices [for a
review see (57)]. Our a/TIF32 structure consists of six
helices with a superhelical arrangement. An extra
helix connecting helices 3 and 4 is a novel feature of
a/TIF32 compared with the other PCI domains. This
region is relatively conserved among elF3a from different
eukaryotes.

The PCI domain of a/TIF32 directly mediates its
binding to ¢/NIP1

PCI domains are known to be protein interaction sites
(33). a/TIF32, the largest subunit of yeast elF3, has
been implicated in building the core of elF3 by interacting
with ¢/NIP1 and b/PRTI, two other large eIF3 subunits
(18,58). We had previously purified a stable complex
between a/TIF32"** and ¢/NIP1°** 812 (45). To find out
whether the PCI domain of a/TIF32 (276-494) per se
mediates this binding, we performed analytical SEC with
purified ¢/NIP1 and a/TIF32%7¢*** While each of the
proteins elutes as a single peak from the column, the
mixture of two proteins results in two peaks, with one
having the same retention volume as a/TIF32%764%
alone (as it was used in excess over ¢/NIP1 to promote
complex formation) and the other one shifting toward the
smaller volumes compared with ¢/NIP1 indicating the for-
mation of a complex (Figure 5A). To dissect the thermo-
dynamics of this binding, we performed isothermal
titration calorimetry (ITC) using a/TIF32°7¢** and
¢/NIP1. The results indicated the formation of a
complex with the stoichiometric ratio of nearly 1 (0.944),
the dissociation constant (K,) of 158 nM and a relatively
large enthalpy change of —10.23 kcal/mol (Figure 5B). As
expected (59), no binding was detected between b/PRT1
and a/TIF32%*7°~** a5 judged by no change in the reten-
tion volumes of the mixture of the two proteins on ana-
lytical SEC compared with those of each protein alone
(Figure 5C). Hence, the binding of a/TIF32 to b/PRTI1
is most likely mediated via the C-terminal part of
a/TIF32, as we recently also showed by in vitro reconsti-
tution experiments (45).

RNA-binding properties of the a/TIF32-PCI domain

Winged helix motives are well-known nucleic acid binding
modules (60). It is therefore likely, but not necessarily self-
evident, for a given PCI domain to modulate an inter-
action with nucleic acids. As mentioned previously, there
are two PCI domains in yeast eIF3; one in the N-terminal
region of a/TIF32 under study here and the other one in
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the C-terminal region of c¢/NIP1, which was recently
implicated in RNA binding as the first PCI domain ever
found to do so (34). To test whether the a/TIF32-PCI
domain is also capable of binding to RNA, we performed
electrophoretic mobility shift assay with different frag-
ments of a/TIF32 and DAD4 mRNA, which is one of
the smallest naturally occurring mRNAs in yeast.
A stretch of 30 adenosine nucleotides was added to the
3’-end of the mRNA during transcription to mimic
the polyA tail of the mRNA. While full-length and the
entire N-terminal domain 217494) of a/TIF32 bound to
the mRNA, a/TIF32%7%? fajled to interact with the
mRNA (Figure 5D). This may suggest an RNA-binding
activity for the N-terminal region of a/TIF32 before
residue 276. To check this, a/TIF32' "¢ was purified as
a GST-fusion protein and tested for binding to DAD4
mRNA. However, this fragment also failed to bind to
the mRNA. This can be explained in several ways; GST-
a/TIF32" 27 is not properly folded, or the mRNA-binding
site is masked by the GST or the RNA-binding site at the
N-terminal region of a/TIF32 is distributed over a wide
range of residues, both before and after residue 276. It has
to be acknowledged here that the concentrations of RNA
and protein used in this assay are relatively high and as
such might produce non-specific RNA-protein inter-
actions. However, this is of a minor concern as (i) only
the entire N-terminal fragment of a/TIF32"*** and not its
N- and C-terminal halves interacted with RNA in our
assay and (i) a protein implicated in mRNA recruitment
to ribosomes like a/TIF32 is expected to have general
non-specific RNA-binding properties.

The tif32-Box37 mutation specifically diminishes mRNA
recruitment to the 43S PICs in vivo

With several lines of experimental evidence and predic-
tions from the 3D structure all pointing at the importance
of the PCI domain for mRNA recruitment, we next
decided to examine the effects of Box37 on the 48S PIC
assembly. To do that, we measured the amounts of three
model mRNAs associated with native 48S PICs in whole-
cell extracts of formaldehyde (HCHO) cross-linked cells
that were resolved on sucrose gradients as described above
according to (17). One of the model mRNAs—RPL41A—
was successfully used in the latter and other studies, and
the use of the other two—DAD4 and SMEI—was estab-
lished here to provide broad specificity of our analysis. We
specifically chose these mRNAs because they are rather
short and thus minimize the ‘contamination’ effects of
large mRNAs assembled into mRNPs that often run in
heavy sucrose fractions like ribosomal species (17) and
could lead to serious misinterpretations of the mRNA
recruitment data. In addition, these experiments were con-
ducted using isogenic strains lacking one of the genes
encoding the 60S protein RPLI11 (RPLIIB), as the
reduced level of 60S subunits resulting in a reduced rate
of subunit joining increases the concentration of 48S PICs
in rpll1BA cells (14). This is a necessary arrangement that
increases the peak of mRNAs associated with the 48S
PICs relative to the free mRNPs and significantly

¥T0Z ‘¥T YoLe |\ Uo d1jgnday YaszD ay} Jo Saaud1os Jo Awepedy - ABojosAud jo amniisu| e /Bio'seulnolpiosxo reu//:dny wody papeojumoq


(
,
)
(
)). 
to
st
-
-
if
-
size-exclusion chromatography (
)
-
-
since 
s
to
-
-
-
to
well 
afore
if
 (EMSA)
' 
-
-
prior to
-
 either
-
-
T
, however,
-
,
whole 
 (WCEs)
 -- 
 -- 
 -- 
 -- 
``
''
http://nar.oxfordjournals.org/
http://nar.oxfordjournals.org/

10 Nucleic Acids Research, 2014

A » 276-494 7 B Time (min)
S s N [P 1/TIF32 ; | 0 10 20 30 40 50 60 70
15 - T T T T T T T
E 'TIF32276 496 . T1 0.02 1 | -
~ 4 |
© 10 s mm==N|P] 18 0004 kb bbbl L R i
: |. _ ;q'a\m;n,‘f\f‘m%‘“«f e
2 5 5 Q@ 002 | {|| o
2 RN -
N 4 -1 0,04 4 ‘ .
) -0.06 - ‘ §
-5 -7 ]
8 9 10 1 12 13 14 15 16 17 18 0.08 4t
Volume (mL) = ol . LU
© T
C wx s 8 2] . )
- 1 c /
~ 3| m=mprT1/TIF32276749% 2 =y . .
2 ® 276-494 . 2 o =
£ 5. TIF32 tie 2 ° J ]
5 13 E & / .
8 20 | s PRT1 lw @ J
g 151 s - g o4 mm .
o) LI T T L L L T
o 101 ‘\ 14 0.5 00 05 1.0 15 20 25 30 35 40 45
§ 51 S 11 Molar Ratio
Ll S AN WY e S Bl 2
-5 ‘ ‘ ‘ -5
8 9 10 1 1 13 14 15 16 17 18
Volume (mL)
9&
D rf\’ q’jﬁb‘ q?b» °
AP Y (6P & (¢?

-U‘

Figure 5. Protein and RNA-binding properties of a/TIF3227¢%* (A) Interaction of a/TIF32?7¢%** with other major components of eIF3. SEC
chromatogram of a/TIF32%7¢** interaction with ¢/NIP1. The shift to the smaller volume in the case of the mixture of two proteins indicates a
complex formation. Bars indicate different ratios of a/TIF3227¢#%* to ¢/NIP1, with 0 being only ¢/NIP1 and 4 being four molecules of a/TIF32276494
bound to ¢/NIP1. The small peak at 10.8 ml after mixing a/TTF322"** and ¢/NIP1 is most probably an artifact of SEC due to incubation of the
complex at room temperature for 30min. (B) Isothermal calorimetric titration of ¢/NIP1 with a/TIF32%7®%** The upper panel shows raw data of
heat effect (in mcal s='). The lower Panel shows the fitted binding isotherms. The data points were obtained by integration of heat signals plotted
against the molar ratio of a/TIF3227¢ %% to ¢/NIPI in the reaction cell. The solid line represents a calculated curve using the best fit parameters
obtained by a non-linear least squares fit. (C) The mixture of a/TIF32%7¢*** and b/PRT1 behaves the same as the sum of both proteins individually.
(D) RNA binding activity of different regions of a/TIF32. Both full-length and the entire N-terminal domain of a/TIF32 bind to RNA. In contrast,

a/TIF3277%* or a/TIF32"%"¢ does not disturb the electrophoretic mobility of the mRNA.

facilitates quantification of the 48S-bound species (17).
Using real-time quantitative reverse transcription-poly-
merase chain reaction to assay the three reporter
mRNAs and 18S rRNA in 12-13 collected fractions, we
found that heat-shocked Box37 significantly shifts distri-
bution of all three mRNAs from 40S-containing fractions
toward the top, indicating a substantial underutilized pool
of free mRNPs (Figure 6A, B, and D, and Supplementary
Figure S3). Relative amounts of all three mRNAs in PICs

of mutant versus wt cells are shown in the corresponding
Tables in Figure 6E and Supplementary Figure S3. This
experiment was repeated several times with similar results.
Taken together, we propose that the ¢if32-Box37 10-Ala
substitution primarily impairs the assembly or stability of
the 48S PICs. In other words, the a-helix 4 of the HB
subdomain encompassing residues 361 through 370
markedly contributes to the stable mRNA recruitment
to 43S PICs in vivo.
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30°C | 36°C
the amount (%) corresponding to RPL41A mRNA in:
free RNPs PICs free RNPs PICs
WT 68.3+5.5 31.7+55 749+46 251+46
Box37 84.2+4.1 15.8 + 4.1 91.2+0.6 8.8+0.6
R363A 823+64 17.7+6.4 ND ND
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R363A 0.56 ND 0.014
K364A 0.32 ND 0.002

Figure 6. The tif32-Box37, -R363A4 and -K364A substitutions eliminate mRNA association with 43S PICs in vivo. (A—C) The isogenic rp/l1bA strains
carrying indicated 77F32 mutations were cultured, cross-linked and separated as described in Figure 2. Total RNA was extracted from each of 12-13
fractions, and the amounts of 18S rRNA and RPL4/4 mRNA were measured by real-time quantitative polymerase chain reaction. The amounts of
mRNA and 18S rRNA were calculated as 27'x 1077 and 27" x 107, respectively. (D and E) The distribution of RPL4IA mRNA across all
fractions and its relative amounts in mutants versus wt in 18S rRNA containing fractions were calculated. Student’s ¢ test (P-value) indicated that the
value for each mutant differed significantly from that for the wt.
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Solvent-exposed K364 of the a/TIF32-PIC domain
promotes mRNA recruitment

As mentioned previously, two N-terminal residues of the
a-helix 4 of the HB subdomain (mutated in Box37) are
R363 and K364. Whereas R363 is certainly required for
stabilization of the HB fold (Figure 3B), K364 is fully
exposed to the solvent with no structural role. However,
both residues are part of the apparent continuous surface
rich in basic residues with a fair probability to interact
with RNA (region 3 in Figure 7B). Because the Ala-
substitution of Box37 dramatically reduced the RPL41A4
mRNA amounts in the 40S-containing fractions in vivo
(Figure 6A and B), it was tempting to speculate that
these two residues actually mediate the mRNA transfer
onto the 43 PICs. To address this question, we substituted
both residues with alanine and examined the effects of
these individual substitutions on RPL41A mRNA associ-
ation with PICs in vivo as described above. As shown in
Figure 6C-E and Supplementary Figure S4, both single
substitutions decreased growth rates (by ~2-fold) already
at 30°C and, most importantly, markedly reduced the
RPIL414 mRNA amounts associated with the PICs.
These observations thus strongly suggest that both
residues play an important role in the ability of the PCI
domain of a/TIF32 to stimulate formation of the 48S
PICs. Interestingly, of the two, K364A4 had a stronger
effect on mRNA recruitment (the relative amounts of
RP1L414 mRNA in PICs are reduced by ~70%) as well
as on the growth rates than R3634 (showing ~45% re-
duction in the relative amounts of RPL41A4, the effect of
which was comparable with the effect of Box37; see
‘Discussion’ section for further details). Taken together,
we propose that one of the key roles of the a/TIF32-PCI
domain is, besides building the elF3 core, to contact
mRNAs in a non-specific manner and promote their
delivery to and/or stable binding on the small ribosomal
subunit.

Structural basis for the RNA binding of the
a/TIF32-PCI domain

Secondary structure prediction suggests the dominance
of helical repeats in the N-terminal region of a/TIF32,
preceding the crystallized fragment. The sequence-based
structure prediction using Phyre2 (62) suggests that the
N-terminal HB probably extends further than six helices
similar to the extended twisted character of THP1 and
RPNG6 (see above). Therefore, we built a chimeric
molecule in silico from the predicted domain (residues
1-275) and the crystallized fragment (residues 276-494,
Figure 7A). The relative orientation of the two domains
was confirmed by performing protein—protein docking
using HEX software (Supplementary Figure S5) (63).
Analysis of the surface charge distribution of the predicted
piece of the structure shows the dominance of positively
charged patches, which form two continuous surfaces on
the front and back of this N-terminal region of a/TIF32
implying a possible role in RNA binding (Figure 7B, left
and right, respectively). Even though the crystallized
fragment does not show an accumulation of charge
density that would be comparable with a/TIF32' 276, the

Figure 7. A proposed model of the entire a/TIF32-NTD. The crystal
structure (residues 276-494) was extended by a homology-based predic-
tion of residues 1-275. (A) The ribbon representation of the chimeric
molecule. The WH and HB sub-domains of the crystal structure and
the predicted helical extension are depicted in red, blue and green,
respectively. Within the predicted region, Box6 (residues 51-60) and
Box17 (residues 161-170) (see the text for details) are shown in light
and dark gray, respectively, and are further marked by arrows of the
same color. (B) Surface charge distribution of the chimeric molecule as
calculated by APBS (61) plugin in PyMol (The PyMOL Molecular
Graphics System, Version 1.0rl Schrodinger, LLC.) shows the domin-
ance of the basic side chains over the surface of the N-terminal helical
extension (the predicted model). Two major patches of positive charges
on opposite sides of the molecule are marked. Three major positive
patches on the surface of the crystal structure are shown (left; 1, 2
and 3; the latter is created by the juxtaposition of residues R363,
K364 and R431—see the text for details), which collectively form a
basic area that aligns with the continuous basic patch on the front
side of the N-terminal extension.

short a-helix connecting helices 3 and 4 of the PCI domain
harbors several positively charged side chains, rendering it
relatively basic (region 1, Figure 7B). Adjacent to this
region is another patch of positive charge density on the
concaved side of the structure made by K304, K305 and
K308 of helix 2 (region 2, Figure 7B), followed by the last,
only modestly basic region created by the juxtaposition of
residues R363, K364 and R431 at the site where the HB
joins the WH (region 3, Figure 7B). Together, these three
regions constitute an overall basic area, which is, to some
extent, aligned with the continuous positive charges on the
surface of the modeled N-terminal fragment. Note that the
first two of the latter residues from region 3 were experi-
mentally implicated in promoting the mRNA loading to
the 43S PICs in vivo (Figure 6). Moreover, 10-Ala substi-
tutions of Box20 (the back RNA track of the NTD con-
taining R194, R195 and K196), Box24 (the front RNA

¥T0Z ‘¥T Yo\ Uo a1jgnday YaezD 8y} Jo S8ouaios Jo Awepeay - ABojosAud Jo ainisu| e /Hlo'seulnolploxo  feuy/:dny woly pepeojumod


afore
very 
B
, however,
Since
 - 
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1369/-/DC1
indeed 
to
very 
We 
t
-
-
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt1369/-/DC1
very 
 panels
to
``
''
very 
``
''
http://nar.oxfordjournals.org/
http://nar.oxfordjournals.org/

track containing R235), Box27 and Box29 (along the front
RNA track below region 2 containing K268 and K288,
respectively), Box31 (region 2 containing K304, K305 and
K308) and Box35 (region 1 containing R350) produced
lethal phenotypes (summarized in Figure 1B), indicating
that they might be critical for mRNA recruitment.
Although we cannot rule out a lot simpler explanation
for the observed lethality—a defect in protein folding—
the fact that no other Box mutants (with the only excep-
tion of Box38), including those in the PCI domain, were
deleterious may speak in favor of a defect in RNA
binding. Taken altogether, it is tempting to speculate
that both the N-terminal and PCI domains of a/TIF32
promote mRNA recruitment in a co-operative manner,
with the a/TIF32' 7% part probably making a bigger con-
tribution to the overall binding. This is, in fact, consistent
with our observations that neither the crystallized PCI
fragment alone nor the N-terminal domain of a/TIF32
displayed any RNA-binding activity in solution, whereas
the entire N-terminal half of a/TIF32 encompassing both
of these domains did bind to the transcribed mRNA
in vitro (Figure 5D).

DISCUSSION

We reported previously that depletion of the entire elF3
complex from cells impaired model RPL414 mRNA
recruitment in vivo (14) and, furthermore, yeast eIF3 was
later demonstrated to play a direct role in 43S PIC binding
to capped, native mRNA in vitro, being even more critical
than eIF4F and elF4B (15). In this study, we showed that
Ala substitutions in the a-helix 4 of the HB subdomain of
the N-terminal PIC domain of a/TIF32, the crystal struc-
ture of which was solved at 2.65-A resolution, robustly
reduce the recruitment of three model mRNAs to the
43S PICs in vivo as the only detectable defect. Thus,
these findings strongly suggest that this region of the
a/TIF32-PCI significantly contributes to the formation
of 48S PICs. In addition, our observation that several
10-Ala substitutions specifically mapping onto the
mutually interconnected basic patches that we predicted
to constitute the a/TIF32-NTD surface (Figure 7B; one of
the patches includes the HB o helix 4) result in lethality
further supports the idea that the entire N-terminal half of
a/TIF32 is significantly involved in mRNA loading onto
the 43S PICs, although we cannot rule out the protein
folding effects. Importantly, in our recent study (17), sub-
stitutions in the KERR motif in the HLD located at the
C-terminal half of the a/TIF32 were also shown to impair
40S-binding of model mRNA to the 43S PICs. However,
in contrast to the PCI substitutions characterized here, the
HLD substitutions also produced phenotypes indicating
reduced efficiency of scanning and AUG recognition.
Hence, to our knowledge, this is the first report
implicating a specific domain of an initiation factor
solely in this key role in vivo.

Actually, the additional post-assembly phenotypes
associated with the HLD versus PCI substitutions can
be most likely attributed to the fact that the CTD of
a/TIF32 interacts in vitro with an 18S rRNA segment
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containing h16-h18 (64) and with RPS2 and RPS3 (17),
all occurring nearby the mRNA entry pore on the solvent
side of the 40S subunit (47) (Figure 8). It is believed that
RPS3 plays a key role in opening and closing of the
mRNA entry channel latch, stabilizing the closed
position by interacting with h34 but interacting with h16
on the solvent side of the 40S subunit to promote the
open-latch conformation (65). These latch movements
are believed to play a critical role for the initial mRNA
loading onto the 43S PICs and/or during the subsequent
start codon selection process (65,66). Based on that, we
naturally proposed that the a/TIF32-CTD can, by inter-
acting with RPS3, h16 or h18, modulate the mRNA entry
channel latch as a way of influencing the transition from
open to closed PIC conformations during mRNA loading
and scanning for AUG recognition (17). In support,
hydroxyl radical cleavage mapping of mammalian elF3
in the 48S PICs also suggested that proportions of its
elF3a and elF3d subunits interact with hl6 (67).
Ribosomal location of the a/TIF32-PCI domain can be,
on the other hand, predicted from the well-established
interaction between RPSOA and the a/TIF32 segment
spanning residues 201-400 (2,46,64). Incidentally, a sig-
nificant contributor to this binding is the C-terminal tail
of RPSOA, which is highly acidic (46), indicating an ionic
character of its interaction with the basic a/TIF32-NTD.
Consistently, a subunit of rabbit eIF3 was only recently
predicted to contact RPS1 and 26 that are both situated
next to RPSO (29). Importantly, RPSOA occurs near the
mRNA exit not the entry pore (Figure 8); i.e. relatively far
from the ‘latch feature’ that thus should not be affected by
the PCI mutations. In agreement, no phenotypes
indicating dramatic post-assembly defects were observed
using the GCN4 translational mechanism as a genetic tool.

In detail, we found two basic residues (R363 and K364)
located at the beginning of helix 4, which together with
R431 of helix 7 constitute a positively charged patch on
the surface of a/TIF32-PCI domain (Figure 7B, region 3).
To test whether the mRNA recruitment defect observed
for the Ala substitution of the entire helix 4 (in Box37)
originates from the perturbation of this basic surface, each
of these Box37 residues was mutated to Ala. Both R3634
and K364A4 mutations did impair the recruitment of
RPL41A mRNA to the 43S PICs in vivo, with the latter
displaying a more pronounced defect than Box37 and
R3634 (Figure 6). Attempts to purify the N-terminal
half of a/TIF32 harboring Box37, R3634 or R363A4
K364 A4 mutations to examine the effects of helix 4 muta-
tions on the in vitro RNA-binding property of the
a/TIF32-NTD yielded poorly expressed and/or largely in-
soluble proteins in the bacterial expression strains that we
used. Poor expression and insolubility could be attributed
to problems in the folding of the a/TIF32-PCI domain, as
R363 plays an important role in bringing helices 4, 5 and 7
together and maintaining the proper relative orientation
of the WH and HB subdomains (Figure 3B). However, the
folding problem in the context of the entire a/TIF32
would be most likely only minor provided that Box37 dra-
matically affects neither the integrity of eIF3 nor the
assembly of the MFC in vivo. Nevertheless, it is still
possible that some minor misfolding stands behind the
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Figure 8. A model of eIF3 on the 40S ribosome spanning the mRNA
exit and entry channels. The crystal structure of the 40S subunit is
shown from the solvent side with ribosomal proteins shown as
cartoons in individual colors; rRNA is shown as gray surface
[adapted from (47)]. A hypothetical location of Saccharomyces
cerevisiae elF3 on the back side of the 40S subunit is based on the
published interactions between RACK1 and the ¢/NIP1-CTD/PCI (34);
RPSO and the a/TIF32-NTD/PCI (2,46,64); RPS2 and j/HCRI1 (24);
RPS2 and 3 and the a/TIF32-CTD (17); helices 16-18 of 18S rRNA
and the a/TIF32-CTD (64); and RPS3 and 20 and g/TIF35 (19). The
extreme N- and C-terminal domains of ¢/NIP1 and a/TIF32, respect-
ively, are predicted to interact with the interface side of the 40S subunit
(64), as hinted. The recently published interaction between RPS20 and
elF4B is indicated by a double-headed arrow (69). Positions of all elF3
subunits as well as RACK1, RPSO0, 2, 3 and 20 are highlighted in bold.
Schematic representations of i/TIF34 bound to the b/PRT1-CTD, the
b/PRTI1-RRM, the a/TIF32-NTD/PCI and the ¢/NIP1-CTD/PCI were
replaced with the X-ray structures (25,30) or the 3D structural model
(34), respectively. The yellow lines represent mRNA.

observed differences in the degree of impairment of
mRNA recruitment in Box37 and R363A versus K364 A
mutants. It could perhaps indirectly affect some step
preceding mRNA binding that would thus become rate-
limiting and specifically reduce the net effect on the
mRNA recruitment impairment in Box37 and R363A4
mutants. In contrast to R363, K364 is fully exposed to
the solvent and therefore less critical for the folding of
the a/TIF32-PCI domain, if at all. Consistently, its Ala
substitution produced a soluble protein that, however,
did not show any significant effect in our in vitro RNA-
binding assay (data not shown). The ostensible paradox
that K364A4 resulted in severe impairment of mRNA
recruitment in vivo but did not affect the a/TIF32-NTD
RNA binding in vitro could be explained by proposing
that either our RNA-binding assay is not sensitive
enough to detect the impact of K3644 on the a/TIF32
ability to directly interact with mRNAs, or that the
undisputable contribution of K364 to mRNA recruitment
is indirect. In the latter case, it could be exerted in co-
operation with other mRNA binding and recruitment-
promoting ¢lFs, such as those associated with elF4G,
which most probably also bind to the solvent-exposed

side of the 48S PICs as elF3 does, at least based on
their predicted locations [reviewed in (1)]. For example,
this region of a/TIF32 could contact 18S rRNA (rather
than mRNA) in such a way that it is not required to
anchor elF3 to the ribosome but to make 40S-bound
elF3 to adopt an ‘RNA-recruitment-competent’ conform-
ation to enable stable binding of incoming mRNA-bound
elF4F complex to start scanning.

Along these lines, the ribosomal position of yeast
elF4B—a factor previously implicated in promoting ribo-
somal scanning by stimulating the helicase activity of
elF4A and by holding on to the single-stranded regions
created by eIF4A (68)—has been only recently mapped. It
was shown to interact in vitro with RPS20 (69) that is
situated on the 40S head right above the mRNA entry
pore (47) (Figure 8); its head-location around RPS20
was also corroborated by hydroxyl radical probing. The
tight 40S-binding of eI F4B was then demonstrated to play
a critical role in its novel unexpected role in promoting
mRNA recruitment to 43S PICs. Interestingly, c¢IF4B
interacts with g/TIF35 (70), earlier implicated in
promoting processivity of scanning through stable second-
ary structures (19), and g/TIF35 in turn interacts with
RPS20 and also RPS3 (19). Recently, we proposed that
the scaffold b/PRT1 subunit serves to connect two elF3
modules at each of its termini: (i) a/TIF32-HLD-CTD—j/
HCRI1 at the N-terminal RRM and (ii) i/TIF34-g/TIF35
at the extreme C-terminal a-helix, both of which surround
the mRNA entry pore working together to fine-tune
scanning and the AUG selection process (25) (Figure 8).
Hence, it is tempting to speculate that although these two
modules co-operate with elF4B (via its contacts with
g/TIF35 and RPS20) and possibly also with elF4A in
stimulating mRNA recruitment and promoting scanning
for AUG, the a/TIF32-PCI co-operates with e[F4G—
since time immemorial implicated in bridging the 40S—
mRNA contact—to ensure mRNA loading onto the 43S
PIC as their primary role. In fact, recent mutational
analysis of yeast eIF4G showed that two of its function-
ally important RNA-binding elements, RNA2 and RNA3,
do not critically contribute to formation of the eIF4G—
PABP mRNPs suggesting that they could contribute to
the function of elF4G in recruitment of the 43S PIC to
mRNAs (71), perhaps hand in hand with the a/TIF32-PCI
and other factors. Even though the interaction between
elF3 and elF4G has never been shown in yeast, in
contrast to mammals (6,72), it does not mean that it
cannot be established directly in the PIC or that elF4G
and a/TIF32-PCI could not work together without
actually being bound to each other. In fact, earlier
findings showing that several elF3 subunits can directly
interact with mRNA (2,19,34,67,73,74) may suggest that
incoming mRNA is ‘grabbed by many hands’—some
more, some less contributory—that could be physically
and spatially independent of each other; however, collect-
ively they would ensure proper and timely mRNA delivery
to the mRNA-binding channel of the 40S ribosomes.
Alternatively, as proposed before, the elF3—eIF4G
contact could be bridged by elF5, which simultaneously
interacts with eI[F4G and with the extreme NTD of the
¢/NIP1 subunit of elF3 (9,26). However, given the fact
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that elF5 is most likely situated on the interface side of the
40S (75), whereas elF4G is expected to occur on its
solvent-exposed side [see (1) for the current view of
factor’s occupancy on the 40S subunit], this possibility
seems unlikely. Furthermore, the stimulatory function of
elF5 on mRNA recruitment to the PIC was not observed
in a reconstituted yeast system (15) and a mutation in the
elF5-CTD that disrupts its interaction with elF4G
impaired 43S binding to mRNA only in vitro (9). Hence,
the elF5 contribution to this important initiation step, if
any, awaits further examination. Without a doubt,
detailed structural information about interactions of
elF3 subunits with the 40S ribosome, mRNA and other
elFs including eIF4B and elF4G will be essential in de-
ciphering molecular details of their critical roles in 43S
attachment to mRNA.

Finally, we previously identified two N-terminal muta-
tions in #if32-Box6 and 17, which produce the severe Gen™
phenotype in an additive manner by disturbing the ability
of 40S ribosomes to resume scanning after translating
uORFI to reinitiate on GCN4 (36). Here we predict that
they are both located close to two basic patches on the
surface of the modeled N-terminal domain of a/TIF32
(Figure 7A). This supports our earlier proposal that
both Boxes specifically contact reinitiation-promoting
elements (RPEs) occurring in the 5 UTR of uORF1 in
the GCN4 mRNA leader to stabilize the 40S subunit on
uORF1 post-termination to resume scanning for efficient
reinitiation downstream. Furthermore, it also indicates
that in addition to this specific role, both segments may
also non-specifically contact all cellular mRNAs and thus
contribute to their recruitment to the 43S PICs.
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ABSTRACT

Programmed stop codon readthrough is a post-
transcription regulatory mechanism specifically in-
creasing proteome diversity by creating a pool of
C-terminally extended proteins. During this process,
the stop codon is decoded as a sense codon by a
near-cognate tRNA, which programs the ribosome to
continue elongation. The efficiency of competition
for the stop codon between release factors (eRFs)
and near-cognate tRNAs is largely dependent on its
nucleotide context; however, the molecular mech-
anism underlying this process is unknown. Here,
we show that it is the translation initiation (not ter-
mination) factor, namely elF3, which critically pro-
motes programmed readthrough on all three stop
codons. In order to do so, elF3 must associate with
pre-termination complexes where it interferes with
the eRF1 decoding of the third/wobble position of
the stop codon set in the unfavorable termination
context, thus allowing incorporation of near-cognate
tRNAs with a mismatch at the same position. We
clearly demonstrate that efficient readthrough is en-
abled by near-cognate tRNAs with a mismatch only at
the third/wobble position. Importantly, the elF3 role
in programmed readthrough is conserved between
yeast and humans.

INTRODUCTION

Terminating protein synthesis at the appropriate stop codon
is as important as initiating at the proper start codon. Dur-
ing canonical termination the stop codon is decoded by the
release factor 1 (eRF1) that enters the A-site of the 80S ri-
bosome in complex with the GTP-binding protein eRF3
(reviewed in (1)). In eukaryotes, eRF1 recognizes all three
stop codons (UAA, UAG and UGA) with high precision.
However, in some specific cases, not all stop codons signal

the proper end of translation, which can thus continue be-
yond to the next stop codon. Generally speaking, transla-
tion termination can be viewed as a competition between
stop codon recognition by release factors and stop codon
decoding by near-cognate tRNAs. This competition differs
genome-wide in its efficiency. The efficiency can be influ-
enced by the identity of the stop codon (2-4), the nucleotide
context of the stop codon (5-7), the identity of the last two
amino acids incorporated into the polypeptide chain (8), the
identity of the P-site tRNA (9) and the presence of stimu-
latory elements downstream from the stop codon (10-12).
All these features increase the odds of the stop codon be-
ing decoded by a near-cognate, natural suppressor tRNA
rather than by eRF1, resulting in the process termed stop
codon readthrough. This allows production of C-terminally
extended polypeptides with new or at least modified biolog-
ical roles compared to their shorter, original versions. The
mechanism whereby near-cognate tRINAs outcompete con-
ventional stop codon recognition by eRF1 is not yet known,
nor is which protein factors, if any, might be functionally
important for stop codon readthrough.

In recent years several groups have proposed that the
stop codon readthrough mechanism is specifically regulated
by cis-acting RNA elements downstream of the first stop
codon that may exist to generate proteome diversity in re-
sponse to changing environmental conditions. The rapidly
growing list of cellular genes under the control of this ‘pro-
grammed stop codon readthrough’ mechanism, the typical,
long standing example of which is from the tobacco mo-
saic virus (TMYV) genome (11), strongly suggests that pro-
grammed stop codon readthrough is an important contrib-
utor to general translational control in all kingdoms of life
(for review; see (13-16)). A recent ribosome profiling study
detected many readthrough events occurring at biologically
relevant levels in budding yeast, fruit fly and human data
sets, suggesting that this mechanism is highly conserved
(17).

We recently reported that, besides the well-known eu-
karyotic release factors eRF1 and eRF3, translation termi-
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nation is also regulated by the initiation factor eIF3 and the
elF3-associated protein HCR1, at least in yeast (18). elF3
is a large multi-subunit protein complex that orchestrates
numerous initiation steps in close cooperation with other
elFs (for review see (19,20)) and has been shown to inter-
act with the solvent-exposed side of the 40S ribosomal sub-
unit covering both mRNA entry and exit channels (21-27).
We have demonstrated that besides the small ribosomal sub-
unit, elF3 also associates with the 80S termination complex
in an eRF1-dependent manner and, by a yet to be eluci-
dated mechanism, controls stop codon readthrough as sev-
eral e[F3 mutations decrease its relative efficiency in vivo,
showing antagonistic effects with mutations in both eRFs
(18).

In this study we present data strongly suggesting that
elF3 is a crucial factor promoting programmed stop codon
readthrough and describe the molecular mechanism of its
action. elF3, upon binding to programmed pre-termination
complexes; i.e. pre-termination complexes on stop codons
in unfavorable termination contexts, interferes with decod-
ing of the third stop codon position and thus shifts the equi-
librium toward stop codon readthrough by near-cognate
tRNAs. As a result, it allows near-cognate tRNAs with a
mismatch at the third position to decode the stop codon
as a sense codon and continue with polypeptide synthesis.
We show that elF3 acts specifically on genes containing the
aforementioned stimulatory elements downstream from the
stop codon that are known to promote programmed stop
codon readthrough and that this eI F3 function is evolution-
ary conserved.

MATERIALS AND METHODS
Yeast strains and plasmids

The lists and descriptions of plasmids and yeast strains used
throughout this study (summarized in Supplementary Ta-
bles S1-S3) can be found in the Supplementary Data.

Stop codon readthrough assays

The majority of stop codon readthrough assays in this study
were performed using a standard bicistronic reporter con-
struct (Figure 1A) bearing a Renilla luciferase gene followed
by an in-frame firefly luciferase gene. Separating the two
genes is either a tetranucleotide termination signal (UGA-
C) or, for control purposes, the CAA sense codon fol-
lowed by cytosine. In indicated cases the termination signal
and/or the following nucleotide context was modified. It is
noteworthy that this system avoids possible artifacts associ-
ated with changes in the efficiency of translation initiation
associated with the the nonsense mediated decay (NMD)
pathway (28), because both Renilla and firefly enzymes ini-
tiate translation from the same AUG codon. For further de-
tails please see (29). The experiments and data analysis were
carried out according to the microtiter plate-based dual lu-
ciferase protocol developed by (30) and commercially dis-
tributed by Promega. The samples were processed in quin-
tuplicates and each experiment was repeated at least three
times.

Stop codon readthrough measurements with newly devel-
oped dual luciferase constructs driven by the HiPV IRES
(Figure 1B) were performed essential the same as described
above except that the transformed cells were not directly
grown in microtiter plates but in Erlenmeyer flasks in 25 ml
of the SD media to OD-0.6. The whole cell extracts (WCEs)
were prepared in 1x phosphate buffered saline (PBS) sup-
plemented with 1% Triton X-100 using FastPrep Instru-
ment (MP Biomedicals) at the intensity level of 5 in one
40 seconds long cycle. The 10-fold diluted WCEs were then
subjected to the aforementioned microtiter plate-based pro-
tocol according to the vendor’s instruction.

Stop codon readthrough assays in HeLa cells were per-
formed as follows. Cells were grown in 24-well plates in
Dulbecco’s modified eagle’s medium (DMEM) (Sigma; cat-
alog no. D6429) supplemented with 10% fetal bovine serum
(FBS) (Sigma; catalog no. F7524). Twenty-four hours after
seeding, the cells were transfected with ON-TARGETplus
small interfering RNA (siRNA) cocktail systems from
Dharmacon/Thermo Scientific (human elF3a, catalog no.
L-019534-00; human elF3g, catalog no. L-019533-00; non-
targeting siRNA, catalog no. D-001810-10) at concentra-
tion of SnM. INTERFERIn (Polyplus; catalog no. 409) was
used as a transfection reagent and transfections were car-
ried out according to the vendor’s instructions (3 wl/well).
After 24 h the media was changed. Transfection of the
readthrough reporter plasmids was carried out 48 h after
the siRNA transfection using TurboFect (Thermo Scien-
tific; catalog no. R0531), according to the vendor’s instruc-
tions (500 ng of plasmid DNA and 1 pl of Turbofect per
each well) in triplicates. One day after this second transfec-
tion, the cells were washed in 1x PBS and lysed directly on
plate with 1xGlo lysis buffer (Promega; catalog no. E266A).
Equal amounts of each lysate were then transferred into two
white flat-bottom 96-well plates. One plate was treated with
the Bright-Glo Luciferase Assay System (Promega; catalog
no. E2620) to measure the firefly luciferase signal accord-
ing to the vendor’s instructions. The other plate was treated
with the Renilla-Glo Assay System (Promega; catalog no.
E2720/50). Subsequently, the ratio of the firefly to renilla
luciferase signal was calculated for each reporter (bearing
either UAG or CAG). The actual readthrough value (in%)
was obtained as the ratio of the normalized UAG value to
the normalized CAG value. This experiment was repeated
three times.

Polysomal gradient analysis

The 0.5% formaldehyde (HCHO) cross-linking followed by
WCE preparation and fractionation of WCEs for analysis
of translational complexes were carried out as described
previously (18,31) with the following exceptions. Cyclohex-
imide was added at a concentration of 0.05 mg/ml 5 min
before the HCHO treatment, after which the cells were in-
stantly broken by the FastPrep Instrument (MP Biomedi-
cals) at the intensity level of 5 in two consecutive 20 s cycles.
The resulting WCEs were separated on 5-45% sucrose gra-
dients.
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Figure 1. Readthrough measurements using the standard dual luciferase assay are not sensitive to defects in translation initiation. (A) Schematics of the
standard dual luciferase readthrough reporter constructs with variable stop codons (or a CAA coding codon) under the Ppgg promoter adapted from (29).
(B) Schematics of the modified dual luciferase readthrough reporter constructs containing the HiPV IRES in their 5 UTRs. (C) el F3 mutations affect stop
codon readthrough independently of their initiation phenotypes. The TTF35 wt, tif35-KLF and tif35-C121 R mutant alleles were introduced into the H464
strain by plasmid shuffling. The resulting transformants were grown in SD and processed for stop codon readthrough measurements using standard dual
luciferase readthrough reporter constructs schematically illustrated in panel A as described in Materials and Methods. (D) Same as in panel C except that
modified dual luciferase reporter constructs YEp-HiPV-UGAC-L and YEp-HiPV-CAAC-L, schematically illustrated in panel B, were employed.
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RESULTS

Readthrough measurements using the standard dual lu-
ciferase assay are not sensitive to defects in translation ini-
tiation

A standard way to measure the efficiency of stop codon
readthrough is by dual-luciferase reporter assays specifi-
cally designed to be independent of mRNA level changes
(29). In this reporter system, two genes encoding luciferases
are separated by an in frame stop codon or by the CAA
coding triplet as a reference (Figure 1A). To increase the
sensitivity of this assay, the UGA stop codon with the C at
the fourth position (UGA-C), which is known to allow rela-
tively high levels of readthrough, is typically used (5). Using
this approach, we previously demonstrated that elF3 con-
trols translation termination and stop codon readthrough;
mutations in the core subunits of elF3 decrease the rela-
tive efficiency of readthrough with this pre-sensitized con-
struct (18). However, this reporter system is, by definition,
dependent on the canonical initiation event on the first lu-
ciferase gene. In order to investigate whether the involve-
ment of elF3 in termination is fully independent of its role
in initiation, we replaced the 5 UTR of the first luciferase
gene in our reporters with the cricket paralysis virus IRES-
like HiPV IRES (Figure 1B). This IRES allows initiation of
translation in the absence of any initiation factors (32-34)
and, importantly, was shown to initiate translation also in
the yeast Saccharomyces cerevisiae. We then employed these
first-canonical-initiation-event-independent constructs to
re-examine the readthrough efficiency of our elF3 mutants
and observed similar effects when compared to the standard
reporter; stop codon readthrough is sensitive to elF3 mu-
tants in both cases (Figure 1C and D; P < 0.05 for both
measurements of both mutants). These results not only
completely rule out any impact of the initiation phenotypes
of our elF3 mutants on their termination phenotypes, but
also fully justify the use of these standard readthrough re-
porters for subsequent analysis of the role of eIF3 in termi-
nation and stop codon readthrough.

elF3 promotes stop codon readthrough but only on stop
codons in an unfavorable termination context

Previous studies of readthrough implicated the nucleotide
context surrounding the stop codon in modulating
readthrough rates in various systems (3,5-7). Since elF3
controls stop codon readthrough, we asked whether or not
its action is also dependent on the stop codon nucleotide
context. Because termination efficiency is particularly
sensitive to the nucleotide immediately following the stop
codon (5,6), we employed bicistronic reporters (kindly
provided by D. Bedwell) bearing the in-frame UGA stop
codon between both luciferases containing all possible
combinations of the ‘stop’ tetranucleotide; i.e. UGA-C
with the most efficient readthrough (5), UGA-A, -G or
-U (Figure 2). Firstly, we observed that the impact of the
fourth nucleotide on the relative termination efficiency of
the UGA-N tetranucleotide was gradual in the following
sequence: C > A > G > U (from the least to the most
efficient termination) (Figure 2). Secondly, the effect of
tif35-KLF on readthrough also turned out to be gradual

and, in addition, in perfect accord with the C > A >
G > U sequence of impact. The greatest difference in
termination efficiency between wild-type (wt) and mutant
TIF35 was seen with UGA-C (~1.5-fold in SUP35 genetic
background), followed by the UGA-A tetranucleotide etc.
(Figure 2; SUP35). The differences seen in UGA-G and -U
were not statistically significant; see also below. These find-
ings thus indicate that wt elF3 increases readthrough but
preferentially on stop codons in unfavorable termination
contexts—readthrough values change from the lowest in
UGA-U 1if35-KLF (0.035) to the highest in UGA-C TIF35
(0.217; i.e. 6.2-fold), with UGA-C tif35-KLF reaching only
0.142 (4.1-fold). In other words, readthrough sensitive
elF3 mutations prevent full propagation of stop codon
readthrough that the wt elF3 complex is normally capable
of—in the context-dependent manner—by a molecular
mechanism elucidated below.

To corroborate these results in a pre-sensitized genetic
background with higher basal levels of readthrough, we per-
formed the same type of experiment in the sup35-N536T
mutant, which increases readthrough by up to ~9-fold,
and observed essentially the same effects (Figure 2; sup35-
N536T). The differences between T7F35 wt and mutant cells
detected in UGA-G and —U cases remained statistically in-
significant, even though the individual readthrough values
measured with these constructs are much higher than those
in SUP35 wt cells, practically as high as those seen with
UGA-C and UGA-A in SUP35 wt cells (Figure 2; compare
SUP35 and sup35-N536T). This suggests that the observed
effects of wt eIF3 are dependent on the identity of the fourth
nucleotide (C or A) and not simply on the absolute level of
readthrough.

elF3 stimulation of stop codon readthrough is dependent on
its association with pre-termination 80S complexes in vivo

We showed previously that elF3 core subunits associate
with 80S couples isolated from heavy polysomes and that
this association is dependent on the presence of termination
factors eRF1 and eRF3, implying that these elF3-bound
80S species most probably represent the pre-termination
80S complexes (pre-TCs) (18). To investigate how elF3 mu-
tations prevent its participation in stop codon readthrough,
we first asked whether or not eIF3 mutations interfere with
its ability to associate with the pre-TCs.

To do that, we selected three mutants of the a/TIF32
subunit of elF3 and analyzed the amounts of factors
bound to the 80S couples isolated from heavy polysomes
using the resedimentation protocol described previously
(18,31). Briefly, WCEs derived from formaldehyde cross-
linked cells were resolved on sucrose gradients after high ve-
locity centrifugation. The higher polysomal fractions were
collected, treated with RNase I and the resulting 43S-48S
pre-initiation complexes and 80S species were separated in
a second round of centrifugation (resedimentation). Iso-
lated 80S couples were loaded in six serial two-fold dilutions
onto sodium dodecyl sulphate-polyacrylamide gel elec-
trophoresis and the amounts of the small ribosomal pro-
tein uS2/RPSOA (as a loading control) and 80S-associated
factors were analyzed by quantitative western blotting. As
can be seen in Figure 3A and B, mutations #if32-A8 and
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SUP35 sup35-N536T
UGA-C UGA-A UGA-G UGA-U UGA-C UGA-A UGA-G UGA-U
TIF35 |0:217£0.009 | 0.09620.003 [ 0.071£0.002| 003920002 [ 1.95720.073 | 0432£0.029 | 0.363:0.022 |0.12420.001
100% 100% 100% 100% 100% 100% 100% 100%
_ 0.142+0.008 | 0.074+0.002 | 0.062+0.004 | 0.035+0.002 | 1.121+0.031 | 0.299+0.016 | 0.256+0.044 [0.097+0.010
tif35-KLF 65% * 76%: 87% 91% 57%* 69%+ 1% 78%

% readthrough normalized to TIF35
* significant difference (P < 0.01)

Figure 2. Wild-type elF3 promotes stop codon readthrough but only on stop codons in the unfavorable termination context. The T7F35 wt and tif35-KLF
mutant alleles were introduced into the PBH140 (7if35A SUP35) and PBH134 (#if35A sup35-N536T) strains by plasmid shuffling. The resulting transfor-
mants were grown in SD and processed for stop codon readthrough measurements as described in Materials and Methods. Percentages of readthrough
of 1if35-KLF given in the table were calculated from measured values (mean + SE; n = 6) normalized to 77F35 wt. Changes in readthrough levels were
analyzed by the student’s 7-test and shown to be statistically significant only for those values marked with the asterisk (P < 0.01).

tif32-Box17, two mutant elF3 complexes that fail to fully
promote readthrough (18), displayed statistically significant
enrichment of the eRF1 (SUP45) and eRF3 (SUP35) signal
in heavy polysomes compared to the wt control. In addition
to that, in the case of the stronger tif32- A8 mutant, there is
a visible reduction (by ~60%; Figure 3B) in the amounts
of selected elF3 subunits bound to pre-TCs in comparison
to wt. Similar results were also obtained for another strong
terminating mutant (#if35-KLF) in the g/TIF35 subunit of
elF3 (Figure 3C). Together these results suggest that heavy
polysomes in these three specific mutants contain a signifi-
cantly higher proportion of terminating ribosomes lacking
elF3. Importantly, initiation and elongation factors elF1
and eEF1A, respectively, neither of which imparts any ter-
mination phenotype when down-regulated (18), showed no
significant alterations (Figure 3A and B; residual amounts
of elF1 occurring in the 80S samples most probably re-
flect the existence of an elF1-containing ‘elF3-translasome’
complex proposed to associate with elongating 80S ribo-
somes (35)—we used it as a specificity control). These obser-
vations further underscore our conclusion that the observed
termination efficiency changes specifically arise from elF3
association with the pre-TCs and not with initiating or elon-
gating ribosomes. Furthermore, our observation that the
amount of ribosome-associated eEF1A remains unchanged
also indicates that eIFF3 mutants do not impact the elon-
gation phase. Taken together with the fact that the tif32-
Box6 mutant—which does not affect translation termina-
tion (18)—did not produce any significant difference in fac-
tor occupancy in the pre-TCs (Figure 3A and B), these re-
sults suggest that the presence of elF3 within the pre-TCs
is an important requirement for its stimulatory role in stop
codon readthrough.

elF3 is one of the major players in programmed stop codon
readthrough

As aforementioned, UGA-C belongs to a group of tetranu-
cleotides that are under-represented in genomes and that al-
low relatively inefficient termination (5) (Figure 2). Another
sequence-specific feature implicated in permitting even less
efficient termination than UGA-C; i.e. promoting much
higher readthrough, is the hexanucleotide CAR-NBA con-

sensus sequence immediately following the stop codon (10).
This ‘readthrough element’ is exploited by several viral and
cellular genes to extend their C-termini in a specific regu-
latory mechanism referred to as ‘programmed stop codon
readthrough’ (13-15).

To explore whether the ability of elF3 to promote
readthrough specifically on poor-context stop codons is
important also for this specific ‘programmed’ regula-
tory mechanism, we replaced the hexanucleotide sequence
immediately following the stop codon of our UGA-
C standard reporter with several pre-selected hexanu-
cleotide sequences. In particular, UGA-CCG-UUC from
our elevated-readthrough-promoting reporter (Figure 1A),
which we took as a positive control, was exchanged for
UGA-AUA-AAU or UGA-AAC-GGU, representing the
hexanucleotides taken from the SUP45 and ADEI termi-
nation sequences, respectively. These were deliberately cho-
sen as a negative control because of their highly efficient
termination. In the next three replacements we used termi-
nation hexanucleotides from genes known to undergo pro-
grammed stop codon readthrough, the strongest of which
is the CAA-UUA hexanucleotide of the TMV (11). Among
cellular genes from the S. cerevisiae genome, we picked
BSC4 (CAA-CUA) and PDE2 (CAA-GAA). The hexanu-
cleotide of BSC4 is very similar in sequence to the TMV
hexanucleotide and, consistent with this, it was classified
as one of the genes with the highest level of stop codon
bypass efficiency (36). In the case of PDE2, its hexanu-
cleotide was directly implicated in affecting its biological
role via increased readthrough (37). As can be seen in Fig-
ure 4, all three modified reporters containing the CAR-
NBA or CAR-NNA consensus sequences produced robust
readthrough, the efficiency of which is strictly dependent on
intact elF3 bound to pre-TCs (compare TI1F35 wt versus
mutant datasets). In contrast, the inefficient readthrough
observed for both negative controls is practically wt elF3-
independent. These results suggest that elF3 is one of the
major players in programmed stop codon readthrough.
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A re-sedimented 80S ribosomes originating from heavy polysomes
RPSO0A eEF1A elF1
I ——
TIF32
tif32-Box6
tif32-A8

tif32-Box17

TIF32
tif32-Box6
tif32-A8
tif32-Box17

TIF32
tif32-Box6
tif32-A8

tif32-Box17

B relative amounts (in %) of selected factors associated
with re-sedimented 80S ribosomes in mutant vs. TIF32 wt cells
RPS0A eEF1A elF1 SUP45 SUP35 TIF32-HIS
tif32-Box6 | 109 +11.31 106 +18.38 | 89.5+2.12 | 103 +19.8 125+7.07 83.45+24.68

tif32-A8 | 104.45+6.43 | 88.3+123 | 97.5+0.71 | 134.5+13.44 | 367.5+31.82 | 36.75+11.53 »
tif32-Box17| 106 £8.49 96.5+12.02 | 96 £ 1.41 143+7.07 x| 285.5+6.36 | 98.25+7.99

+  significant difference (P < 0.05)
»  significant difference (P < 0.01)

C relative amounts (in %) of selected factors associated
with re-sedimented 80S ribosomes in mutant vs. TIF35 wt cells
RPS0A elF1 SUP45 SUP35 TIF32

tif35-KLF | 97.85+2.76 | 100.25+4.74 | 128.7+4.1 » | 16515+ 18.4x | 58.85+7.99 =

» significant difference (P < 0.05)
#x significant difference (P < 0.1)

Figure 3. elF3 stimulation of stop codon readthrough is dependent on its association with pre-termination 80S complexes in vivo. (A) Changes in amounts
of translation factors associated with the pre-TCs in cells bearing 77F32 mutations in vivo. Plasmid-born mutant alleles of T1F32 (tif32-Box6, tif32-A8 and
tif32-Box17) and its corresponding wild-type (77F32) were introduced into YBS52 strain by plasmid shuffling. The resulting transformants were grown
in SD medium at 30°C to an ODggp of ~1 and cross-linked with 0.5% HCHO prior to harvesting. WCEs were prepared, separated on a 5-45% sucrose
gradient by centrifugation at 39 000 rpm for 2.5 h and heavier polysome fractions were collected and treated with RNase I to separate the pre-initiation
complexes (PICs) from 80S couples on actively translated mRNAs. Thus treated samples were subjected to the second sucrose gradient centrifugation
according to the resedimentation protocol described before and 80S couples—predominantly containing termination complexes (18)—were collected,
loaded in six two-fold dilutions onto the SDS-PAGE gel and processed for western blot analysis with antibodies raised against factors shown above the
strips. Three representative dilutions for each factor are shown. (B) Quantification of selected factors from at least three independent experiments shown in
Figure 3A with corresponding P-values, where applicable. Western blot signals from each of the six two-fold dilutions obtained with individual anti-bodies
were quantified by NIH ImageJ and plotted against their corresponding loadings. Individual slopes (representing relative amount of each factor in mutant
cells) calculated from the linear regression of resulting plots were normalized to the slope obtained with the 77F32 wt strain, which was set to 100%. (C)
Changes in amounts of translation factors associated with the pre-TCs in cells bearing the #if35-KLF mutation in vivo. Quantification of selected factors
from at least three independent experiments carried out as described in panel A with the exception that #if35-KLF and its corresponding 77F35 wt were
introduced into the H464 strain by plasmid shuffling.
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Figure 4. elF3 is one of the major players in programmed stop codon readthrough. The PBH140 derivatives bearing 77F35 wt and tif35-KLF mutant
alleles (generated as described in Figure 2) were grown and processed for stop codon readthrough measurements as described in Materials and Methods,
except that besides our standard (‘control’) pTH477 readthrough construct (shown in Figure 1A), five derivatives with variable hexanucleotide sequence
immediately following the stop codon were also employed: PBB85 (for SUP45), PBB83 (for ADEI), PBB84 (for PDE?2), PBB8O0 (for BSC4) and PBBS82

(for TMV).

Wild-type elF3 promotes incorporation of aminoacyl-tRNAs
with a mismatch at the third position of the stop codon

Next we wished to uncover the molecular mechanism
by which eIF3 promotes programmed stop codon
readthrough. Considering that readthrough occurs when
the stop codon is decoded by near-cognate tRNAs (i.e.
tRNAs that can base-pair with two of the three stop codon
bases) (16), we first explored which aminoacyl-tRNAs get
incorporated during programmed stop codon readthrough.
We did so by measuring readthrough using programmed
reporters in cells individually overexpressing selected
near-cognate tRNAs versus control empty vectors. We
expected that overexpression of a near-cognate tRNA that
successfully decodes the corresponding programmed stop
codon will increase readthrough levels significantly more
in TIF35 wt cells than in ¢if35-KLF mutant cells, which
are seriously compromised in promoting programmed stop
codon readthrough (Figure 4). In particular, we tested (i) all
known near-cognate tRNAs that form Watson—Crick base
pairs with the first 2 nt of the UGA stop codon [tW(CCA)
and tC(GCA)] as well as of both UAA and UAG stop
codons [tY(GUA)]; (i1) both existing near-cognate tRNAs
that form Watson—Crick base pairs with the second and
third positions of the UGA stop codon [tR(UCU) and
tG(UCCQ)]; (ii1) a mutated tyrosine tRNA [tY*(UCA)] un-
able to base pair with the second position of the UAA stop
codon only; and (iv) several non-cognate tRNAs that form
Watson—Crick base pairs only with the first position of ei-
ther UAA [tW(CCA)] or UAG [tY*(UCA) and tW(CCA)]
stop codons chosen as negative controls. As can be seen

in Figure 5, wt elF3 promotes readthrough of the UGA
stop codon by incorporation of tryptophan [tW(CCA)] or
cysteine [tC(GCA)] tRNAs (Figure 5A) with a mismatch
at the third position, and also of the UAA and UAG stop
codons by incorporation of the tyrosine [tY(GUA)] tRNA
with the same mismatch (Figure 5B and Supplementary
Figure S1). In contrast, overexpression of near-cognate or
non-cognate tRNAs with a single mismatch either at the
first or second positions, respectively, did not significantly
increase readthrough in elF3 wt cells (Figure 5B and C),
similarly to overexpression of our control, non-cognate tR-
NAs base-paring only with the first stop codon nucleotide
(Figure 5B and Supplementary Figure S1). These results
suggest that wt elF3 specifically promotes incorporation
of near-cognate tRNAs with a mismatch at the third
(wobble) position of a given programmed stop codon. In
addition, these results also imply that the effect of elF3 on
programmed stop codon readthrough is not limited to the
UGA stop codon alone, as it promotes readthrough on all
three stop codons and to the same degree, provided that
they are set in a readthrough-permissive context.

Wild-type elF3 interferes with decoding of the third (wobble)
position of programmed stop codons

Taking into account that wt elF3 promotes read-though
by only those near-cognate tRINAs with a mismatch at the
third (wobble) position of the programmed stop codon,
we wondered whether it may play a more direct role in
decoding of the third position per se. We overexpressed
tY*(UCA), a tyrosine-coding tRNA in which the anti-
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Figure 5. elF3 interferes with decoding of the third position of the stop codon allowing incorporation of near-cognate tRNAs with the mismatch at the
same position. (A) eIF3 promotes incorporation of both existing near-cognate tRNAs with a mismatch at the third position of the UGA stop codon. The
PBH 140 derivatives bearing 77F35 wt and #if35-KLF mutant alleles (generated as described in Figure 2) were transformed with either empty vector (EV),
high copy (hc) tW(CCA)GL1 or he tC(GCA)P1 and the resulting transformants were grown and processed for stop codon readthrough measurements as
described in Materials and Methods. (B) elF3 enhances incorporation of the near-cognate tRNA also at the UAA stop codon with a mismatch at the
third position [tY(GUA)J2—encoding tyrosine] but not with a mismatch at the second position [tY*(UCA)J2] or non-cognate [tW(CCA)G1—encoding
tryptophan]. The PBH140 derivatives bearing TTF35 wt and tif35-KLF mutant alleles (generated as described in Figure 2) were transformed with empty
vector (EV), he tY(GUA)J2, he tY*(UCA)J2 or he tW(CCA)GI and subsequently also with the readthrough construct YEp-R/T-UAAC-L and the
resulting transformants were grown and processed for stop codon readthrough measurements as described in Materials and Methods. (C) elF3 does not
affect incorporation of both existing near-cognate tRNAs with a mismatch at the first position of the UGA stop codon. The PBH140 derivatives bearing
TIF35 wtand tif35-KLFmutant alleles (generated as described in Figure 2) were transformed with either empty vector (EV), hc tR(UCU)E or he tG(UCC)O
and the resulting transformants were grown and processed for stop codon readthrough measurements as described in Experimental Procedures. (D) elF3
impedes stop codon decoding by fully cognate tRNA. The PBH140 derivatives bearing 77F35 wt and #if35-KLF mutant alleles (generated as described
in Figure 2) were transformed with either empty vector (EV) or a single copy (sc) plasmid carrying tY*(UCA)J2 and the resulting transformants were
grown and processed for stop codon readthrough measurements as described in Materials and Methods. (E) Paromomycin nullifies the effect of wt elF3
on programmed stop codon readthrough. The PBH140 derivatives bearing 7/F35 wt and #if35-KLF mutant alleles (generated as described in Figure 2)
were grown in SD without or with 200g/ml paromomycin for 6 h and processed for stop codon readthrough measurements as described in Materials and
Methods.
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codon has been mutated to the cognate of UGA, assuming
that if elF3 specifically causes mis-decoding at the wobble
position (which would be beneficial for incorporation of the
above defined near-cognate tRNAs), the UGA stop codon
suppressing impact of this artificial cognate tRNA would
be more pronounced in 77F35 mutant versus wt cells. In-
deed, overexpressing tY*(UCA) results in a ~150-fold in-
crease in UGA readthrough in #if35-KLF mutant cells com-
pared to a ~50-fold increase in elF3 wt cells (Figure 5D).
Together these results imply that wt eIF3 does generally im-
pair decoding of the third (wobble) position of a stop codon.
Thus it is highly likely that it directly interferes with the stop
codon recognition process by the eRF1.eRF3.GTP com-
plex, as we recently proposed (18). This particular effect of
elF3 would play only a negligible role during the canoni-
cal termination event (Figure 4); however, it would become
critical in programmed stop codon readthrough as a neces-
sary prerequisite for the subsequent incorporation of near-
cognate tRNAs with the mismatch at the wobble position
(see our model below).

The miscoding agent paromomycin, disabling ribosomal dis-
crimination against near-cognate tRNAs, nullifies the effect
of wt elF3 on programmed stop codon readthrough

The aminoglycoside antibiotic paromomycin is a widely
used drug for termination studies as it has been shown that
its presence within the pre-TCs causes displacement of the
A1493 phosphate group relaxing the A-site codon decod-
ing pocket. As a result, paromomycin changes the deforma-
tion of the near-cognate codon-anticodon helix, after which
the ribosome does not actively sense the correct Watson—
Crick base-pairing geometry and thus does not discriminate
against near-cognate tRINAs (38). Because wt eI F3 was pro-
posed to act similarly on poor-context stop codons, we re-
examined the efficiency of UGA-C readthrough in T7F35
wt versus mutant cells in the presence of 200 pg/ml paro-
momycin. Consistent with previous results, we observed
increased readthrough efficiency in the presence of paro-
momycin (Figure 5E). In addition, no difference in the ef-
ficiency of readthrough promoted by either wt or mutant
g/TIF35 was observed in the presence of paromomycin,
perhaps because the magnitude of the paromomycin effect
masks that of eIF3 or because eIF3 no longer promotes
readthrough if the decoding center is perturbed.

The role of elF3 in stop codon readthrough is conserved be-
tween yeast and humans

Because programmed stop codon readthrough has been
shown to play a critical role in regulating gene expres-
sion in several organisms such as plant viruses, yeast, fruit
flies, and mammals, and because the number of genes ap-
parently under the control of this regulatory mechanism
continues to increase (see for example the most recent
genome-wide high-throughput screen (17)), we wished to
investigate whether the role of eIF3 in programmed stop
codon readthrough is evolutionarily conserved. To do that,
we individually knocked down the a (eIF3a®P—homolog
of yeast TIF32) and g (elF3g&P—homolog of yeast
TIF35) subunits of human eIF3 in Hela cells us-
ing the ON-TARGETplus SMART pool siRNA system
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Figure 6. Human elF3 promotes stop codon readthrough. HeL a cells were
transfected with siRNA against the eIF3a and eIF3g subunits (e[F3ak-P-
and eIF3gXD) or non-targeting siRNA (nt) as control. Two days later,
the siRNA-treated cells were further transfected with the bicistronic
firefly /renilla luciferase readthrough reporters (40). Both luciferases are
separated by a stop (UAG) or sense codon (CAG) followed—in both
cases—by a highly readthrough permissive sequence (CAAUUA) from
TMYV (41). The UAG-C readthrough is displayed as % of the signal ob-
tained with the sense codon reporter; standard deviations are given.

(Dharmacon/Thermo Scientific) following the previously
established protocol (39). On the second day after the trans-
fection of these specific siRNAs and a control non-targeting
siRNA (nt), the cells were further transfected with human
dual-luciferase reporter plasmids containing the highly per-
missive TMV CAA-UAA hexanucleotide sequence imme-
diately following the stop codon to boost the sensitivity of
this assay (40,41). As can be seen in Figure 6, downregula-
tion of both human eIF3 subunits resulted in a significant
decrease of the efficiency of readthrough, to a similar degree
as that previously observed with mutations in orthologous
elF3 subunits in yeast (18) (Figure 1C). This finding sug-
gests that the role of eIF3 in termination, and in particular
in stop codon readthrough, has been conserved throughout
evolution.

DISCUSSION

The proteomic diversity achieved in all kingdoms of life, by
various regulatory mechanisms, is extraordinary. Growing
evidence suggests that stop codon readthrough is one mech-
anism whereby cells expand the functional repertoire of pro-
teins beyond an apparently limited genetic script (17,37,42—
44). For example, a C-terminal isoform of the endothe-
lial growth factor A (VEGFA) generated by programmed
readthrough has been shown to exhibit anti-angiogenic
activity in contrast to the pro-angiogenic activity of the
original protein (42); efficient programmed readthrough
occuring at the UGA-CU termination hexanucleotide of
two normally cytosolic enzymes was shown to target these
new protein C-terminal isoforms into peroxisomes in both
fungi and animals (44). Despite the growing importance
of this paradigm, our mechanistic knowledge of how pre-
termination ribosomes recognize a programmed stop codon
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for readthrough and how the readthrough event occurs on
the molecular level is still rather poor.

Here, we demonstrate that the bona fide translation initi-
ation factor elF3, recently implicated in controlling trans-
lation termination besides its critical initiation roles (18),
is one of the major trans-acting factors in programmed
stop codon readthrough in yeast and perhaps also in mam-
mals (Figure 6). In particular, we show that the presence of
elF3 in pre-TC complexes increases readthrough on stop
codons in unfavorable termination contexts in a manner
that is independent of its role during initiation (Figures
1-3). More importantly, elF3 is critically required for ef-
ficient readthrough on three mRNAs previously demon-
strated to be under the control of the programmed stop
codon readthrough pathway (Figure 4). More detailed anal-
ysis of the codon specificity of elF3-mediated stop codon
readthrough suggests that el F3 promotes the incorporation
of near-cognate tRNAs with mismatches at the third (wob-
ble) position, perhaps via an interaction with the decoding
center of the ribosome.

Our previous experiments strongly suggested that the as-
sociation of eIF3 with pre-TCs is strictly dependent on
eRF1 (18). Thus it seems likely that elF3 is generally
present at any termination event regardless of its canoni-
cal or programmed readthrough predisposition, although
we cannot rule out that it may preferentially associate with
the readthrough programmed pre-TC by recognizing their
unique structural features.

During canonical termination (Figure 7A), when the
stop codon in the termination favorable context appears in
the ribosomal A-site, eRF1, in complex with ¢eRF3.GTP,
enters the A-site triggering major conformational re-
arrangements of the pre-TC, particularly at and around
the mRNA entry channel (45-47). During these ribosome-
specific re-arrangements, the N-terminal domain (NTD)
of eRF1 itself undergoes an important conformational
change, which plays a critical role in the two-step model
of stop codon selection (sampling), as recently proposed by
(48). In the first step, the first and second nucleotides of the
stop codon are recognized by specific residues of the eRF1-
NTD (Figure 7A, ‘sampling—step 1.”), followed by its re-
arrangement during the second step, which permits decod-
ing of the third nucleotide. It has been proposed that—as a
result of this re-arrangement—the second stop codon nu-
cleotide is contacted by different amino acid residues of
the eRF1-NTD than during the first step; the third nu-
cleotide is most probably recognized directly by the ribo-
some, highly likely in close cooperation with eRF1 (Figure
7A, ‘sampling—step ii.”). (An alternative option is that the
ribosome recognizes the second nucleotide and the third is
read by eRF1 — for simplicity, our model in Figure 7 depicts
only the former option.) As a result, eRF1 stably accom-
modates in the A-site triggering GTP hydrolysis on eRF3,
followed by downstream termination/recycling events. The
presumed presence of elF3 in the pre-TCs with stop codons
in a favorable termination context would have only a negli-
gible, if any, impact on termination efficiency (Figure 4).

During programmed readthrough (Figure 7B), the stop
codon occurs in an unfavorable termination context that
promotes stop codon readthrough. One example of this is
the CAR-NBA hexanucleotide immediately following the

stop codon. The effect of this and other, functionally sim-
ilar sequences varies. They can for example base-pair with
18S rRNA to stabilize and/or specifically rearrange the pre-
TC, such as in the CAR-NBA case (10). Alternatively, they
can recruit trans-acting factors proposed to interact with
translating ribosomes in a way that prevents eRF1 bind-
ing to the stop codon as in the very recently reported case
of vascular endothelial growth factor A (VEGFA) mRNA
(42). Because a part of the eIF3 body projects into the vicin-
ity of the mRNA entry channel and several of its subunits
interact with RNA (reviewed in (19), see also (24,27,49—
50)), it is conceivable that elF3 could directly interact with
these sequences and perhaps even mediate their effects in
promoting programmed readthrough; however, there is no
experimental evidence for that yet. In light of our results,
we propose that during or after the first step of the two-
step recognition mechanism, which would happen uninflu-
enced by el F3 (single mismatches at the first or second stop
codon positions showed no genetic interaction with elF3
whatsoever—Figure 5B and C), elF3 alters the decoding
property of the third stop codon nucleotide. It could do
this either directly, as it was proposed to reach the A-site
via its a/TIF32 and ¢/NIP1 subunits (50,51) and interact
with the N-M domain of eRF1 via its g/TIF35 subunit (18)
or allosterically by binding to constituents of the decoding
pocket such as the small ribosomal protein uS5/RPS2. In-
deed, uS5/RPS2 was shown to interact with the C-terminus
ofa/TIF32 (25) and, remarkably, act as an omnipotent sup-
pressor of all three stop codons while bearing the SUP44
mutation (52). Either way, as a result, proper decoding
of the third stop codon position by the ribosome and/or
eRF1 would be impaired, as indicated in Figure 5D, re-
sulting in premature rejection of the eRF1.eRF3.GTP com-
plex from pre-TCs. Subsequently, the elF3-mediated altered
property of the third position would invite near-cognate tR-
NAs with a mismatch at this very position (tyrosine tRNA
for UAA or UAG and tryptophan and cysteine tRNAs
for UGA) to incorporate into the A-site and allow elonga-
tion to continue to the next stop codon downstream (Fig-
ure 5A and B). This is consistent with the fact that paro-
momycin, which makes the pre-TCs incapable of discrimi-
nating against near-cognate tRNAs and thus dramatically
increases readthrough, prevented el F3 from further increas-
ing readthrough over its mutant showing genetic epistasis
(Figure SE). Taken together, we propose that elF3 disables
proper decoding of the third stop codon position by the ri-
bosome co-operating with the ‘cognate’ eRF1 and at the
same time promotes wobble miscoding by near-cognate tR-
NAs to occasionally win the battle over the stop codon pre-
disposed for programmed readthrough.

Programmed stop codon readthrough has recently
emerged as an important contributor to proteomic diver-
sity and has also been implicated in the replication of several
pathogenic RNA virus families and thus represents an ap-
pealing target for antiviral therapies (53-56). Programmed
stop codon readthrough has also been proposed as a poten-
tial treatment for hereditary diseases caused by premature
termination codons (PTCs), many of which occur in un-
favorable termination contexts (for review see (57)). PTCs
produce truncated proteins that are non-functional or even
toxic and targeted, mRNA-specific increase in readthrough
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Figure 7. Model: translation initiation factor eIF3 promotes programmed stop codon readthrough. (A) Canonical termination; stop codon in the termina-
tion favorable context appears in the A-site (only UAG and UAA stop codons are indicated for illustration purposes; UGA works by the same mechanism),
eRF1 in complex with eRF3.GTP binds to it and samples the codon in a two-step process including conformational re-arrangements of the eRF1-NTD.
During the second step the ribosome by itself co-participates in this accommodation phase that ultimately leads to GTP hydrolysis on eRF3, polypeptide
release and ribosomal recycling (see text for further details). (B) Programmed stop codon readthrough; stop codon occurs in the unfavorable termination
context bearing specific consensus sequences like CAR-NBA in its 3’ UTR—in this particular case proposed to base-pair with 18S rRNA. The elF3 pres-
ence in the pre-TC—perhaps in co-operation with these sequences—alters the decoding property of the nucleotide at the third stop codon position. This
prevents its proper decoding during the second sampling step and subsequently, after the eRF1-eRF3.GTP complex rejection, allows incorporation of
near-cognate tRNAs with the mismatch at the third position to read through the stop codon and continue with elongation.
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could restore the functionality of the affected genes and
thus cure the disease, provided that the exact molecular
mechanism is known and can be purposefully exploited.
Here, we reveal that the translation initiation factor eIF3
plays a crucial role in programmed stop codon readthrough
and suggest a detailed molecular model for its role. Our re-
sults thus open new avenues of inquiry for understanding
this important biological event also with respect to human
health.
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SUPPLEMENTAL INFORMATION
EXPERIMENTAL PROCEDURES

Construction of yeast strains and plasmids
List of all strains used throughout this study can be found in Table S1.

To create PBH140 and PBH134 strains; 74D-694 and L2334, respectively, were first
transformed with YCp11-TIF35-MET to cover for the deletion of TIF35 that was made
in the next step by introducing the BamHI-Aatl 5.2kb fragment carrying the
tif35A.::hisG-URA3-hisG integration cassette from pAtif35#9. The Uracil auxotrophy
was regained by growing the cells on SD plates containing 5-fluoro-orotic acid (5-
FOA). The resulting strain was subsequently transformed with YEp-TIF35-U and the
Leucine auxotrophy was regained by growing the cells in liquid media containing
Leucine and selecting for those that lost the YCpl11-TIF35-MET plasmid on SD +/-
Leucine plates producing PBH140 and PBH134.

List of all plasmids and PCR primers used throughout this study can be
found in Tables S2 and S3, respectively.

pTH779 was created as follows. Nucleotides 6210-6505 of the viral genome,
comprising the translational start at nucleotide 6473, were amplified from a cDNA
clone of the viral RNA (Nakashima et al., 1999) using primers HiPV_Bam_5 and
HiPV_FLuc_3. Firefly luciferase DNA was amplified from plasmid pTH650 (Chu et al.,
2011) using primers Ff 5 and Ff_Sal 3. These sequences were then recombined
using overlap extension PCR, by using the two PCR products as templates in a
second round PCR reaction with primers HiPV_Bam_5 and Ff_Sal_3. This generates
an in-frame fusion of the first 11 codons of the HiPV capsid protein, an Xbal
restriction site, and firefly luciferase from codon 2. The recombination product was
cloned as a BamHI/Sall fragment into pTH645 (Chu et al., 2011) to give pTH779.

YEp-HiPV-UGAC-L and YEp-HiPV-CAAC-L were constructed by three
consecutive cloning steps. First, the 1959-pb Xmal-Pstl fragment from pTH779 was
inserted into Xmal-Pstl digested YEp181. Next, the Sphl-AlwNI digested PCR
product obtained with primers PBRFtermF and NIP1-AlwNI using pTH477 as a
template was inserted into Sphl-AlwNI digested vector from previous step. Last, the
Notl-Pstl digested PCR products obtained by PBRFpstl and PBRFNotl primers using
pTH477 or YEp-R/T-CAAC-L as templates were inserted into Notl-Pstl digested
vector from previous step resulting in YEp-HiIPV-UGAC-L and YEp-HiPV-CAAC-L,
respectively.

YEp-R/T-UAAC-L and YEp-R/T-UAGC-L were constructed by inserting the
4567-bp AlwNI-Nsil fragment from pTH461 and pTH469, respectively, into
YEplac181 digested by AlwNI-Nsil.

PBB75, PBB76 and PBB77 were constructed by inserting the 4567-bp
AlwNI-Nsil fragment from pDB712, pDB714 and pDB716, respectively, into
YEplac181 digested by AlwNI-Nsil.

PBB80 was created by inserting the Sall-Notl digested PCR product
obtained with primers BSC4 and PBRFNotl using pTH477 as template into Sall-Notl
digested pTH477.

PBB82 was created by inserting the Sall-Notl digested PCR product obtained
with primers TMV and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.



PBB83 was created by inserting the Sall-Notl digested PCR product obtained
with primers ADE1 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

PBB84 was created by inserting the Sall-Notl digested PCR product obtained
with primers PDE2 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

PBB85 was created by inserting the Sall-Notl digested PCR product obtained
with primers SUP45 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

pTH335 was created by inserting the BamHI-Xhol digested PCR product
obtained with primers tW_f and tW_r using genomic DNA obtained from yeast strain
BY4741as template into BamHI-Xhol digested pRS426

pTH638 and pTH640 were created by inserting the BamHI-Hindlll digested
PCR products obtained with primers SUP4_f and SUP4_r using genomic DNA
obtained from yeast strain BY4741 (for pTH638) or suppressor strain MT422/1c (for
pTH640) as template into BamHI-Hindlll digested pRS316.

PBB90 and PBB91 were constructed by inserting the 235-bp BamHI-Kpnl
fragment from pTH638 and pTH640, respectively, into pTH335 digested by BamHI-
Kpnl.

PBB97 was created by inserting the BamHI-Xhol digested PCR product
obtained with primers PB94 and PB95 using genomic DNA obtained from yeast strain
H464 as template into BamHI-Xhol digested pTH335.

PBB99 was created by inserting the BamHI-Xhol digested PCR product
obtained with primers PB98 and PB99 using genomic DNA obtained from yeast strain
H464 as template into BamHI-Xhol digested pTH335.

PBB100 was created by inserting the BamHI-Xhol digested PCR product
obtained with primers PB100 and PB101 using genomic DNA obtained from yeast
strain H464 as template into BamHI-Xhol digested pTH335.



Table S1. Yeast strains used in this study.

Strain Genotype Source or reference
YBS522 MATa leu2-3, -112 ura3-52 trp1A gcn2A (Munzarova et al.,
tif32A URA3::GCN2 ura3 (Ycp-a/TIF32- 2011)

His-U)

H4642 MATa leu2-3,-112 ura3-52::GCN2 trp1A | (Cuchalova et al.,
tif35A (hc TIF35 URA3) 2010)

PBH140° MATa adel-14 trp1-289 his3-A200 leu2- | this study
3,112 ura3-52 tif35A (YCp22-g/TIF35-
screen)

PBH134° MATa adel-14 trpl-289 his3-A200 leuZ2- | this study
3,112 ura3-52 tif35A  sup35-N536T
(YCp22-g/TIF35-screen)

74D-694° MATa adel-14 trp1l-289 his3-A200 leu2- | (Chernoff et al., 1993)
3,112 ura3-52

L2334° MATa adel-14 trp1-289 his3-A200 leuZ2- | (Bradley et al., 2003)
3,112 ura3-52 sup35-N536T

BY4741 MATa his3A0 leu2A0 met15A0 ura3A0 (Brachmann et al.,

1998)
MT422/1c ade2-1 his5-2 canl1-100 ura3-1 leu2-3,122 | (Kurjan et al., 1980)

lys1-1 met8-1 SUP4-0




Table S2. Plasmids used in this study.

Plasmid Description Source of reference
pTH779 low copy HiPV-Firefly in | this study
URAZ3 plasmid from pRS316
YEp-HiPV-UGAC- | high copy HiPV-Renilla-Firefly R/T | this study
L cassette (stop codon of Renilla is
UGA-C; for read-through
measurements) in LEU2 plasmid from
YEplacl81
YEp-HIPV-CAAC- | high copy HiPV-Renilla-Firefly R/T | this study

L

cassette (stop codon of Renilla is
replaced with CAA-C [coding triplet];
for control read-through
measurements) in LEU2 plasmid from
YEplacl81

YCp-a/TIF32-His-L

single copy wt TIF32-His in LEU2
plasmid from YCplacl111

(Munzarova et al,
2011)

YCp-a/tif32-
Box17-His

single copy tif32-Box17-His in LEU2
plasmid from YCplac111

(Munzarova et al,
2011)

YCp-a/tif32-Box6-
His

single copy tif32-Box6-His in LEU2
plasmid from YCplac111

(Munzarova et al,
2011)

YCp-a/tif32-A8-
His-L

single copy tif32-A8-His in LEU2
plasmid from YCplac111

Beznoskova et al 2013

YCp22-g/TIF35-
screen

single copy wt TIF35-His in
TRP1 plasmid from YCplac22

(Cuchalova et al,
2010)

YCp22-g/TIF35-
KLF

single copy TIF35-KLF-His
inTRP1 plasmid from YCplac22

(Cuchalova et al,
2010)

YCp22-g/TIF35-
C121R

single  copy TIF35-C121R-His in
TRP1 plasmid from YCplac22

(Beznoskova et al.,
2013)

YEp-R/T-UGAC-L

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-C; for read-through
measurements) in LEU2 plasmid from
YEplacl81

(Beznoskova et al,
2013)

YEp-R/T-CAAC-L

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
replaced with CAA-C [coding triplet];
for control read-through
measurements) in LEU2 plasmid from
YEplacl81

(Beznoskova et al.,
2013)

YEplacl181 high copy cloning vector, LEU2 (Gietz and Sugino,
1988)

YEplacl195 high copy cloning vector, URA3 (Gietz and  Sugino,
1988)

pSP35-45 high copy wt SUP45 SUP35 in URA3 | (Bidou et al., 2000)

pTH335 high copy URA3 vector (pRS426) | this study

containing genomic DNA surrounding
the tW(CCA)G1 gene

pTH461

high copy PGK-Renilla-Firefly R/T

(Keeling et al., 2004)




cassette (stop codon of Renilla is
UAA-C; for read-through
measurements) in URA3 plasmid
from YEplac195

pTH469

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAG-C; for read-through
measurements) in URA3 plasmid
from YEplac195

(Keeling et al., 2004)

YEp-R/T-UAAC-L

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAA-C; for read-through
measurements) in LEU2 plasmid from
YEplacl81

this study

YEp-R/T-UAGC-L

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAG-C; for read-through
measurements) in LEU2 plasmid from
YEplac181

this study

pTH638

centromeric URA3 vector (pRS316)
containing the tY(GUA)J2 wild-type
gene (=SUP4)

this study

pTH640

centromeric URA3 vector (pRS316)
containing an opal suppressor mutant
of tY(GUA)J2 gene

this study

PBB90

high copy URA3 vector (pRS426)
containg the tY(GUA)J2 wild-type
gene (=SUP4)

this study

PBB91

high copy URA3 vector (pRS426)
containing an opal suppressor mutant
of tY(GUA)J2 gene

this study

PBB97

high copy tC(GCA)P1 in URAZ2
plasmid from pRS426

this study

PBB99

high copy tR(UCU)E in URA2
plasmid from pRS426

this study

PBB100

high copy tG(UCC)O in URA2
plasmid from pRS426

this study

pDB712

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-A; for read-through
measurements) in URA3 plasmid
from YEplac195

(Keeling et al., 2004)

pDB714

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-G; for read-through
measurements) in URA3 plasmid
from YEplac195

(Keeling et al., 2004)

pDB716

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-U; for read-through

(Keeling et al., 2004)




measurements) in URA3 plasmid
from YEplac195

PBB75

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-A; for read-through
measurements) in LEU2 plasmid from
YEplac181

this study

PBB76

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-G; for read-through
measurements) in LEU2 plasmid from
YEplacl81

this study

PBB77

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-U; for read-through
measurements) in LEU2 plasmid from
YEplac181

this study

pTHA477

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-CCGUUC; for read-through
measurements) in URA3 plasmid
from YEplac195

(Keeling et al., 2004)

PBB80

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-CAACUA; for read-through
measurements) in URA3 plasmid
from YEplac195

this study

PBB82

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-CAAUUA; for read-through
measurements) in URA3 plasmid
from YEplac195

this study

PBB83

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-AACGGU; for read-through
measurements) in URA3 plasmid
from YEplac195

this study

PBB84

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-CAAGAA; for read-through
measurements) in URA3 plasmid
from YEplac195

this study

PBB85

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-AUAAAU; for read-through
measurements) in URA3 plasmid
from YEplac195

this study

YCp11-TIF35-
MET

single copy TIF35 under MET3
promoter, LEU2 plasmid from
Ycplacll

(Cuchalova et al,
2010)




PALif35#9

the TIF35 deletion construct with the
hisG-URA3-hisG cassette inserted in
between the 5° and 3 UTRs of TIF35

(Cuchalova et
2010)

al.,

YEp-TIF35-U

high copy wt TIF35 in LEU2 plasmid
from YEplac352

(Asano et al., 1998)




Table S3. Primers used in this study.

Primer name

Primer sequence (5to 3)

HiPV_Bam_5 GCGCGGGATCCAAACATTGTGCGAAGCTTCTTGGCTC

HiPV_FLuc_3 CCTTTCTTTATGTTTTTGGCGTCTTCCTGCAGATTTGTAT
TGTTATTATTATT

Ff 5 GAAGACGCCAAAAACATAAAGAAAGG

Ff_Sal_3 GGGGGGGTCGACTTACAATTTGGACTTTCCGCCCTTC

PBRFtermF AATAAGCATGCGCGGCCGCAAGCTTTTCGTGGCCGAG
G

NIP1-AlwN]I CTGTTACCAGTGGCTGCTGCC

PBRFpstl AATAACTGCAGACTTCGAAAGTTTATGATCCA

PBRFNotl CTCGAAGCGGCCGCTCTAGAATTACAC

BSC4 CAAATGTCGACGTGCGATTGACAACTAGGATCCTTCAA
CTTCCCTGAGCTCG

TIF32 CAAATGTCGACGTGCGATTGACAGACAGGATCCTTCAA
CTTCCCTGAGCTCG

T™MV CAAATGTCGACGTGCGATTGACAATTAGGATCCTTCAAC
TTCCCTGAGCTCG

ADE1 CAAATGTCGACGTGCGATTGAAACGGTGGATCCTTCAA
CTTCCCTGAGCTCG

PDE2 CAAATGTCGACGTGCGATTGACAAGAAGGATCCTTCAA
CTTCCCTGAGCTCG

SUP45 CAAATGTCGACGTGCGATTGAATAAATGGATCCTTCAAC
TTCCCTGAGCTCG

tW_f GCGCGCCTCGAGATTTTTTACATTTGTTCTATCAGTTAG
T

tW_r CGCGCGGGATCCTATAAAAAGAACATATTCATACGGGC

SUP4_f CCCCCGGATCCTTCAATTGTATATGTGTTATGTAGTATA
C

SUP4 _r CCCCCAAGCTTTTTCAACTTGCAAGTCTGGGAAGTG

PB94 AATAACTCGAGTTGCGTGGATAAGTGTTATTATTCTATT
GCC

PB95 AATAAGGATCCAAAGCCGTACAGGCGAACGTATATAATT
AAAATTC

PB98 AATAACTCGAGTAACACGTTAATATGGTGGAGTCAGCT
GAG

PB99 AATAAGGATCCTAATCTGCCGTATGTTCTGGTATTTACT
GGTTAGG

PB100 AATAACTCGAGTAATGTTATAGTGATTGAGATCAGTTTC
ACC

PB101 AATAAGGATCCGGTTATTTCACGTCCCGGAGGAAAAAA

AGTTTG
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Figure S1. elF3 promotes incorporation of aminoacyl-tRNAs with a mismatch at
the 3" position only of all three stop codons

elF3 enhances incorporation of the near-cognate tRNA also at the UAG stop codon
with a mismatch at the 3" position [tY(GUA)J2 — encoding tyrosine] but not with non-
cognate tY*(UCA)J2 or tW(CCA)G1. The PBH140 derivatives bearing TIF35 wt and
tif35-KLF mutant alleles (generated as described in Figure 2) were transformed with
empty vector (EV), hc tY(GUA)J2, hc tY*(UCA)J2 or hc tW(CCA)G1l, and
subsequently also with the readthrough construct YEp-R/T-UAGC-L, and the
resulting transformants were grown and processed for stop codon readthrough
measurements as described in Experimental Procedures.
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Rules of UGA-N decoding by near-cognate tRNAs
and analysis of readthrough on short uORFs in yeast
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ABSTRACT

The molecular mechanism of stop codon recognition by the release factor eRF1 in complex with eRF3 has been described in great
detail; however, our understanding of what determines the difference in termination efficiencies among various stop codon
tetranucleotides and how near-cognate (nc) tRNAs recode stop codons during programmed readthrough in Saccharomyces
cerevisiae is still poor. Here, we show that UGA-C as the only tetranucleotide of all four possible combinations dramatically
exacerbated the readthrough phenotype of the stop codon recognition-deficient mutants in eRF1. Since the same is true also
for UAA-C and UAG-C, we propose that the exceptionally high readthrough levels that all three stop codons display when
followed by cytosine are partially caused by the compromised sampling ability of eRF1, which specifically senses cytosine at
the +4 position. The difference in termination efficiencies among the remaining three UGA-N tetranucleotides is then given by
their varying preferences for nc-tRNAs. In particular, UGA-A allows increased incorporation of Trp-tRNA whereas UGA-G and
UGA-C favor Cys-tRNA. Our findings thus expand the repertoire of general decoding rules by showing that the +4 base
determines the preferred selection of nc-tRNAs and, in the case of cytosine, it also genetically interacts with eRF1. Finally,
using an example of the GCN4 translational control governed by four short uORFs, we also show how the evolution of this
mechanism dealt with undesirable readthrough on those uORFs that serve as the key translation reinitiation promoting features
of the GCN4 regulation, as both of these otherwise counteracting activities, readthrough versus reinitiation, are mediated by elF3.

Keywords: programmed stop codon readthrough; termination; eRF1; tetranucleotide; GCN4; uORF

INTRODUCTION to the next stop codon. This phenomenon is called stop
codon readthrough or nonsense suppression and occurs
when a near-cognate aminoacyl-tRNA (nc-tRNA) or a sup-
pressor tRNA is incorporated at a given stop codon
(Dabrowski et al. 2015). It can be “spontaneous” and thus
relatively infrequent (the order of spontaneous stop codon
leakiness is UGA > UAG > UAA); or it can be programmed
to C-terminally extend the protein of interest as a response
to, for example, specific environmental changes demanding
an alteration of the corresponding protein’s properties (for
more details, see Dinman 2012). Stop codon readthrough
can also occur at a premature termination codon (PTC) with-
in the coding region of a given gene, which is desirable
because it can prevent the action of a nonsense-mediated de-
cay (NMD) pathway by ensuring the synthesis of a full-length
protein (Keeling et al. 2014). In fact, there are many diseases
caused by PTCs that often occur in the termination nonfav-
orable context, making them good substrates for drug-stim-
ulated programmed readthrough (Linde and Kerem 2008).

The accuracy of translation of genetic information from
genes into proteins that occurs on the ribosome is highly de-
pendent on the precise decoding of the genetic code, which
is contained in individual mRNAs. The sequence of nucleo-
tide triplets in the right open reading frame determines the
sequence of amino acid residues in the corresponding poly-
peptide and, with a few exceptions, such as for example,
ambiguous decoding of the same codon by two different
sense tRNAs or various types of programmed frameshifting
(Dinman 2012), this basic rule is relatively strictly observed;
translation has a misincorporation rate of 107> to 10~*
(Zaher and Green 2009). Nearly the same applies to recogni-
tion of all three stop codons by the release factor eRF1 that
enters the A-site of the 80S ribosome in complex with the
GTP-binding protein eRF3 (for review, see Jackson et al.
2012; von der Haar and Valasek 2014). There are some spe-
cific cases, however, when a stop codon does not signal the
proper end of translation, which can thus continue beyond
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UGA-N decoding

Mainly from this point of view this topic is of high impor-
tance also for medical reasons (Lee and Dougherty 2012).

Taking all this into account, it is important to investigate
which nc-tRNAs can decode individual stop codons and un-
der what circumstances. Namy’s group has only recently
made great progress in this direction by experimentally dem-
onstrating in vivo that tyrosine or glutamine preferentially
incorporates at UAA (with similar frequencies), tyrosine pre-
dominantly inserts at UAG, and tryptophan or cysteine at
UGA (Blanchet et al. 2014). Lysine and arginine were also
shown to incorporate at UAA/UAG and UGA stop codons,
respectively, and glutamine at UAG, but at very low rates.
Soon after that, Jacobson’s group extended these findings
by a comprehensive in vivo analysis of termination read-
through from a PTC under different readthrough-inducing
conditions (Roy et al. 2015). Their work identified exactly
the same amino acid residues that are being inserted during
readthrough, only with the predominant frequencies of in-
corporation for glutamine and not for tyrosine at UAG.
However, what determines which of the amino acid residues
that are specific for each stop codon incorporates at a given
stop codon at a given frequency is not known. It was pre-
viously demonstrated that the identity of a nucleotide imme-
diately following any stop codon (the +4 nucleotide) fine-
tunes its termination efficiency; i.e., determines its permis-
siveness for readthrough (for an overview, see Dabrowski
et al. 2015). For example, efficiency of readthrough on
UGA determined by the +4 nucleotide identity follows this
order of tetranucleotides: UGA-C > UGA-A > UGA-G >
UGA-U (Beznoskovd et al. 2015). In fact, C at the +4 position
is the strongest readthrough inducer among all four bases at
all three stop codons (Dabrowski et al. 2015). Hence it is pos-
sible that in addition to the stop codon, it is also the +4 base
that influences which nc-tRNA gets preferentially accepted
by the A-site during readthrough.

We recently showed that one of the key translation initia-
tion factors—elF3—interacts with pretermination complex-
es (pre-TCs) and controls translation termination and
readthrough (Beznoskova et al. 2013). In particular, it inter-
feres with the eRF1 ability to recognize the third/wobble po-
sition of any programmed stop codon leading to the rejection
of the eRF1-eRF3.GTP complex from pre-TCs. At the same
time, elF3 promotes incorporation of nc-tRNAs with a mis-
match at the same position and thus represents one of the key
players in programmed stop codon readthrough (Beznoskové
et al. 2015). For UGA there are two nc-tRNAs with the mis-
match at the third/wobble position, Trp- and Cys-tRNAs.
The third and last nc-tRNA with the wobble mismatch,
Tyr-tRNA, is shared by the UAA and UAG stop codons.
Incorporation of all of these three nc-tRNAs is promoted
by elF3 and, in fact, we provided evidence that efficient read-
through at UGA is enabled exclusively by the former two
nc-tRNAs with the mismatch at the third/wobble position
(Beznoskové et al. 2015). This does not seem to apply to
the other two stop codons, however, because other studies

based on different approaches that were mentioned above
showed that in addition to Tyr-tRNA, UAA and UAG can
be also recoded by GIn- and Lys-tRNAs; i.e., nc-tRNAs
with the mismatch at the first position (Blanchet et al.
2014; Roy et al. 2015). The UGA stop codon has two nc-
tRNAs with the first position mismatch, Gly- and Arg-
tRNA, the latter of which was also suggested to insert at the
A-site with low frequencies by these authors; however, it
did not do so in our hands (Beznoskovi et al. 2015).

An interesting aspect of the specific role of eIF3 in promot-
ing readthrough is that it may actually interfere with another
peculiar role of eIF3 in promoting translation reinitiation
(REI) (Valasek 2012). REI is a gene-specific mechanism of
translational control exerted by some short upstream ORFs
(uORFs) to fine-tune the expression of the main ORF. It re-
quires the small ribosomal subunit to remain associated with
mRNA even after termination on these so called REI-permis-
sive uORFs in order to resume scanning on the same mRNA
molecule until the 40S ribosome reinitiates at the next AUG.
elF3 was shown to play a critical role in this process by mak-
ing contacts with both the 40S subunit as well as sequences
upstream of REI-permissive uORFs to stabilize their mutual
interaction (Szamecz et al. 2008; Munzarova et al. 2011;
GuniSova and Valdsek 2014). Hence both processes—read-
through and REI—are dependent on the physical presence
of elF3 in termination complexes, yet from the regulatory
point of view they act against each other. In other words,
increased readthrough will prevent REIL Since to our knowl-
edge virtually nothing is known about readthrough on short
uORFs, it would be of interest to investigate the mutual func-
tional relationship of readthrough and REI during termina-
tion on uORFs that are set in regulatory networks relying
on high levels of REL This is the case of, for example, the
GCN4 mRNA (Guni$ovd and Valasek 2014), where the inte-
grated regulatory output provided by its four short uORFs
could be largely influenced by increased readthrough.

Here, we specifically focused on the leakiest stop codon of
all three (UGA) that, when featuring as a PTC, responds rel-
atively unpredictably to various types of anti-PTC treatment
(Linde and Kerem 2008; Lee and Dougherty 2012). Our
genetic experiments suggest that the key determinant of
the highest readthrough levels displayed specifically by the
UGA-C tetranucleotide (Bonetti et al. 1995; Beznoskova
etal. 2015) is the impaired ability of eRF1 to unambiguously
recognize the stop codon when it is followed by the cytosine
base. Importantly, this “cytosine-specific termination effect”
has a general character because it is manifested also on the
UAA and UAG stop codons. In addition, we also show that
the identity of the +4 base determines the preference of nc-
tRNAs for a given UGA-N tetranucleotide. And last but not
least, we shed light on readthrough on short uORFs at which
the elF3-promoted REI activity meets but does not collide
with the elF3-promoted, potentially antagonistic, pro-
grammed readthrough. Hence we bring new insights into ri-
bosomal decoding rules and translational control that can be
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used for better qualitative predictions of medically relevant
nonsense suppressions.

RESULTS

Cytosine immediately following any stop codon
specifically interferes with the eRF1 decoding in vivo

It has been shown by us and others that the nucleotide imme-
diately following the stop codon largely determines the effi-
ciency of readthrough, with cytosine allowing significantly
the highest readthrough levels of all four bases regardless of
the nature of the stop codon (Bonetti et al. 1995). However,
this effect has never been explained. While this manuscript
was under preparation, Ramakrishnan’s group showed that
guanine at the +4 position after any stop codon is pulled
into the A-site and stabilized by stacking interaction with
G626 of 18S rRNA (Brown et al. 2015). The authors proposed
that this stacking would be more stable for purines, explain-
ing the statistical bias at the +4 position in eukaryotes.
However, from all four possibilities, only one, G at the +4
position, features in their structures with different stop co-
dons, and, more importantly, the order of the termination
leakiness (stop codon readthrough) determined by the +4
base is C>A>G>U. This means that both supposedly
best terminating purines are right in between two pyrimi-
dines, one of which terminates worse but the other even bet-
ter. Hence, this novel observation still does not fully explain
the differences in termination efficiency originating from the
identity of the nucleotide following the stop codon.

We thus asked whether it could be caused by some specific
decoding properties of the release factor eRF1 (encoded by
SUP45) that might somehow sense the identity of the +4 nu-
cleotide and perhaps interfere with or specifically accommo-
date its stacking interaction with 18S rRNA G626. To address
this question, we first analyzed UGA as the most readthrough
permissive stop codon and used two temperature-sensitive
mutants of eRF1 that were shown to increase stop codon
readthrough in the past. In particular, we used a sup45-
M48] mutant that interferes with stop codon decoding
(Bertram et al. 2000) and a sup45-Y410S mutant that directly
disrupts the eRF1-eRF3 interaction (Akhmaloka et al. 2008).
As shown before, the efficiency of readthrough in wild-type
cells with respect to the nature of the +4 nucleotide followed
this order: C > A > G > U (Beznoskovi et al. 2015), and both
eRF1 mutants expectedly increased readthrough for all four
bases at the +4 position compared to wild-type (Fig. 1A).
However, whereas neither of the eRF1 mutants showed any
genetic interaction with A, G and U at the +4 position (the
fold increase of readthrough normalized to UGA-U was com-
parable to that seen in SUP45 wild-type suggesting that none
of these three nucleotides interferes with the stop codon de-
coding by eRF1), the presence of cytosine produced a robust
additive phenotype with both mutants (Fig. 1B). Important-
ly, essentially the same results were obtained when we subse-
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FIGURE 1. Cytosine immediately following any stop codon interferes
with the eRF1 decoding in vivo. (A) Stop codon readthrough measured
at all four UGA-N termination tetranucleotides in wt cells (SUP45) and
two eRF1 mutants (sup45-M481 and sup45-Y410S). The 74D-694,
12327, and L2521 strains were grown in SD and processed for stop co-
don readthrough measurements using standard dual luciferase read-
through reporter constructs YEp-R/T-CAAC-L; YEp-R/T-UGAC-L;
PBB75; PBB76; and PBB77, as described in Materials and Methods.
Readthrough values are represented as mean + SD from quintuplicates
(n=5) and each experiment was repeated at least three times. (B)
Normalization of readthrough measurements from panel A; values mea-
sured for UGA-U of each of the four strains were set to one. (C) Same as
in panel A, except that all four UAA-N termination tetranucleotides
were examined. (D) Same as in panel A, except that all four UAG-N ter-
mination tetranucleotides were examined.

quently examined two remaining stop codons, UAA and
UAG, set in all four possible tetranucleotide combinations
(Fig. 1C,D). Hence, we propose that this additive effect
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originates from the compromised ability of eRF1 to properly
recognize any stop codon when it is followed specifically by
the cytosine base, which would explain why cytosine at +4
position promotes the highest readthrough levels of all four
bases regardless of the nature of the stop codon (Bonetti
et al. 1995).

UGA-A and UGA-G tetranucleotides are preferentially
read through by tryptophan and cysteine nc-tRNAs,
respectively

Since cytosine was the only nucleotide at the +4 position dis-
playing the additive effect with eRF1 mutants, we next asked
what determines the differences in termination efficiency
among the remaining UGA-A, -G, and -U tetranucleotides.
We hypothesized that the identity of the +4 nucleotide could
influence the stop codon decoding ability of nc-tRNAs that
compete for the A-site occupancy with eRFI1. If true, over-
expression of a nc-tRNA that preferentially incorporates at
a given tetranucleotide will increase the fold change of read-
through at this specific tetranucleotide more dramatically
than an overexpressed nc-tRNA that is not preferred by
this tetranucleotide. Since we focused this study on UGA
and in our previous work we demonstrated that efficient
readthrough at UGA is enabled exclusively by nc-tRNAs
with a mismatch at the third, wobble position (Beznoskova
et al. 2015), we aimed our attention at

tryptophan [tW(CCA)GI1] and cysteine

[tC(GCA)P1] tRNAs (Fig. 2A), over- A
expressed them individually in TIF35
wild-type versus tif35-KLF mutant strains
(TIF35 encodes the g subunit of yeast
elF3), and measured the luciferase activ-
ities on all four UGA-N tetranucleotides.
Note that the #if35-KLF mutant is defec-
tive in promoting programmed stop

tW(CCA)G1

&

above the UGA-U and -G levels. We ascribe this effect to
the specific interaction between UGA-C and eRF1 mentioned
above, which allows the highest fold change of readthrough
(by approximately twofold) among all four tetranucleotides
under physiological conditions (Fig. 1A). The highest,
strongly elF3-dependent increase of readthrough (by ap-
proximately ninefold) was upon Trp-tRNA overexpression
observed with the UGA-A tetranucleotide, which is with re-
spect to the basal readthrough efficiency otherwise compara-
ble to UGA-G (Fig. 1A). These results thus suggest that tW
(CCA)GI has a lot higher preference for recognition of the
A-containing tetranucleotide over the other three, and that
the difference in the basal readthrough efficiency on UGA-
G or -U is not caused by better incorporation of Trp-tRNA.

Overexpression of Cys-tRNA showed essentially the same
“low preference” increase of readthrough (by threefold) as
Trp-tRNA with UGA-U and, this time, with UGA-A instead
of the UGA-G tetranucleotide (Fig. 2C). UGA-G conversely
displayed an increase in readthrough levels by approximately
sixfold and UGA-C by ~12-fold. Note that the 12-fold
increase with UGA-C cannot solely account for the read-
through increasing effect of the C,—eRF1 specific interaction
and hence we propose that Cys-tRNA preferentially recogniz-
es the C- and G-containing tetranucleotides. Unfortunately,
our approach does not allow the dissection of the degree of
specific contribution of the C,—eRF1 interaction versus the

tC(GCA)P1

G
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intact eIF3 (Fig. 2B, compare fold differ-
ences between TIF35 wt versus mutant
cells). The lowest increase (by approxi-
mately threefold) was seen with UGA-U
and with UGA-G, which suggests that
these two tetranucleotides incorporate
this particular nc-tRNA with the same
low preference. The UGA-C tetranucleo-
tide displayed an intermediate increase
(by approximately sixfold); i.e., twice

FIGURE 2. The UGA-A tetranucleotide is preferentially read through by tryptophan nc-tRNA
and the UGA-C, and UGA-G tetranucleotides are preferentially read through by cysteine
nc-tRNA. (A) Schematics of Trp and Cys nc-tRNAs base-paring with the indicated stop codon
tetranucleotides. Only the nucleotides of the anticodon loop are shown with the third stop codon
base N3, (in gray) and N3, indicated. (B) Effect of the eIF3 presence in pre-TCs on UGA-N read-
through upon increased gene dosage of tryptophan nc-tRNA. The PBH140 derivatives bearing
TIF35 wt and #if35-KLF mutant alleles were transformed with either empty vector (EV) or
high copy (hc) tW(CCA)GI1 and the resulting transformants were grown and processed for
stop codon readthrough measurements as described in Figure 1. (C) Effect of the eIF3 presence
in pre-TCs on UGA-N readthrough upon increased gene dosage of cysteine nc-tRNA. Essentially
the same as in B, except that hc tC(GCA)P1 was used in place of hc tW(CCA)GI.
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Cys-tRNA-driven preference for the UGA-C tetranucleotide
in the overall effect. Our observation that Cys-tRNA in-
creased the fold exchange of readthrough at UGA-G only six-
fold compared to ninefold for Trp-tRNA at UGA-A is
probably due to the fact that Cys-tRNA is a weaker compet-
itor with eRF1 for the UGA stop codon between the two nc-
tRNAs, and/or that it is naturally less abundant tRNA in our
genetic background than Trp-tRNA. Importantly, all effects
were dependent on intact elF3, as expected.

In contrast, control experiments with arginine [tR(UCU)E]
and glycine [tG(UCC)O] tRNAs, which are also near-cognate
for UGA but with the mismatch at the first position and, at
least in our experimental setup, do not incorporate at UGA
even when overexpressed (Beznoskovi et al. 2015), showed
no preference for any tetranucleotide (Supplemental Fig.
S1). Notably, Northern blotting revealed that all four nc-
tRNAs that were overexpressed in this study show increased
levels by ~1.5- through sevenfold, depending on the number
of isogenes encoding a corresponding nc-tRNA, with the
control Arg and Gly tRNAs displaying ~1.9- and sevenfold
increases, respectively (Supplemental Fig. S2). To rule out
the “genetic background” effects, we examined two addition-
al genetically unrelated strains and observed consistent tetra-
nucleotide-specific preference of UGA-A for tryptophan
and UGA-G for cysteine nc-tRNAs (Supplemental Fig. S3);
please note varying fold increases among the tested strains
most probably reflecting different endogenous levels of at
least these two nc-tRNAs in these backgrounds. Hence we
conclude that in contrast to the UGA-U tetranucleotide,
UGA-A and UGA-G tetranucleotides are preferentially read
through by tryptophan and cysteine nc-tRNAs, respectively,
which is the fact that may markedly contribute to the differ-
ences in termination efficiency among these three tetranu-
cleotides. Our findings also indicate that the frequency of
preferential incorporation of nc-tRNAs at corresponding
stop codons or PTCs will most probably vary with varying
endogenous levels of individual nc-tRNAs in individual cell

types.

altering of the geometry of the A-site codon decoding pocket,
so that eRF1 can no longer actively sense the correct Watson—
Crick base-pairing geometry (Bidou et al. 2012). In TIF35
wild-type cells bearing an empty vector (EV), paromomycin
increased readthrough with all four tetranucleotides by a sim-
ilar fold, as expected (Supplemental Fig. $4). In paromomy-
cin-treated cells overexpressing the Trp-tRNA, however, the
highest increase in readthrough compared to cells bearing
EV was seen with the UGA-A and the lowest with UGA-G tet-
ranucleotides (Fig. 3A). Conversely, cells overexpressing the
Cys-tRNA displayed the highest increase in readthrough—
compared to EV—with UGA-G and -C, and the lowest with
UGA-A tetranucleotides (Fig. 3B). The fact that the use of
paromomycin had practically no effect on the tetranucleotide
preference of both nc-tRNAs suggests that it is the specific na-
ture of these tRNAs and not the geometry of the decoding
pocket that enables them to selectively sense the nature of
the base occurring at the +4 position. To support this sugges-
tion even further, we overexpressed these nc-tRNAs in sup45-
MA48I, which is known to directly impair the stop codon
decoding and observed virtually the same effects as in the pre-
vious two set-ups (Fig. 4), with the exception of UGA-U that,
for some reason, showed increased readthrough in this partic-
ular mutant (see also Fig. 1A). In detail, the UGA-A tetranu-
cleotide allowed the highest levels of readthrough with tW
(CCA)G1 overexpressed (~4.5-fold), whereas UGA-G (and
to a smaller degree also UGA-C) had the same effect with
tC(GCA)P1 overexpressed (approximately six- and fourfold).
Hence we conclude that the observed UGA-N tetranucleotide
preference of nc-tRNAs with a mismatch at the wobble posi-
tion is highly specific, atleast for the termination leakiest UGA
stop codon, and most probably reflects some intrinsic tetra-
nucleotide decoding properties of these tRNAs that have
not been observed before.

To understand what these properties might be, we com-
pared primary sequences of the anti-codon loop of both
tW(CCA)Gl and tC(GCA)P1 and observed the only
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geometry of the decoding pocket, we
measured the effect of overexpression of
nc-tRNAs in the presence of 200 pg/mL
paromomycin. The miscoding agent
paromomycin disables ribosomal dis-
crimination against nc-tRNAs by specific
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FIGURE 3. Effect of the miscoding agent paromomycin on hc tryptophan or cysteine nc-tRNA
incorporation at UGA-N termination tetranucleotides. (A) The PBH140 derivative bearing TIF35
wt was transformed with either empty vector (EV) or hc tW(CCA)GI, and the resulting trans-
formants were grown in SD with 200 pg/mL paromomycin for 6 h and processed for stop codon
readthrough measurements as described in Figure 1. (B) Essentially the same as in A, except that
hc tC(GCA)P1 was used in place of hc tW(CCA)GL.



UGA-N decoding

A B this specific eIF3 ability and by engaging
7.0 % ot UG‘:;‘L':‘_’;;';‘;"W" 70 % of UG':LN ':a:':;::"“g“ their 5’ sequences in a specific interaction
0 i e with the N-terminal domain of the
5 - :z EV‘G(CCA,GT_ id g\ = ho EV - a/TIESZ §ubunit of elF3 formed du‘ring
a0l 24 4‘04 | B RCIICIGCAN termination, .they prevent the small ribo-
il 1§ [ 20 || somal subunit from being recycled. This

! \ ' —‘ enables the 40S subunit to subsequently
20— 4.5x o BX resume scanning downstream until the
0 1 B 2x 2 1'01 26 —| ax next AUG has been encountered for

T R TowT R e R T translation REI on the same mRNA mol-

FIGURE 4. Effect of the eRF1 (sup45-M48I) mutation with impaired decoding ability on hc tryp-
tophan or cysteine nc-tRNA incorporation at UGA-N termination tetranucleotides. (A) The
12327 was transformed with either empty vector (EV) or hc tW(CCA)GI and the resulting trans-
formants were grown and processed for stop codon readthrough measurements as described in
Figure 1. (B) Essentially the same as in A, except that hc tC(GCA)P1 was used in place of hc

tW(CCA)GI.

difference at base 32, indeed with the exception of the antico-
don itself (base 34) (Fig. 2A). The tryptophan tW(CCA)Gl
tRNA has methylated C (Cm) at position 32, whereas the cys-
teine tC(GCA)P1 tRNA carries U, which is during matura-
tion modified to become pseudouridine (Pineyro et al.
2014). We hypothesized that by swapping these nucleotides
we may possibly change the tetranucleotide preference of
these two nc-tRNAs, provided that position 32 plays a critical
role in it. However, the C32U replacement rendered the
tW(CCA)GI tRNA inactive in our assay when in high copy
(Supplemental Fig. S5). In addition, it produced a modest
dominant negative slow growth phenotype (data not shown),
suggesting that C32 is critically required for a proper function
of this nc-tRNA in general. The U32C replacement of
tC(GCA)P1 had virtually no effect on its tetranucleotide pref-
erence (Supplemental Fig. S5). Hence the question of what
determines the intrinsic ability of nc-tRNAs to sense the nu-
cleotide content of the fourth position remains open.

elF3-promoted readthrough does not interfere with
the elF3-promoted reinitiation on REI-permissive
uORF1 from the GCN4 mRNA leader

We previously proposed that following elongation, elF3 asso-
ciates with any pretermination complex regardless of the
character of the stop codon, and its context, however, acts
to promote readthrough only when the stop codon is pro-
grammed (Beznoskova et al. 2015). At the same time, elF3
was—thanks to its favorable location on the solvent-exposed
side of the 40S ribosome (Valasek et al. 2003; Erzberger et al.
2014)—demonstrated to be one of the few initiation factors
that is retained on 80S ribosomes translating short upstream
OREFs even after subunit joining (Poyry et al. 2004; Szamecz
et al. 2008; Munzarovi et al. 2011). More specifically, if the
short uORF is not longer than 5-10 codons, eIF3 does not
dissociate from the 40S subunit but remains 80S-bound
even during elongation until the 80S ribosome reaches the
stop codon to become a pre-TC. Some uORFs make use of

ecule. The intriguing fact that the eIF3
presence in pre-TCs formed at stop co-
dons of short uORFs can theoretically
stimulate readthrough and REI at the
same time, but both activities are by their
nature antagonistic, prompted us to in-
vestigate their prospective mutual inter-
ference with the help of the yeast transcriptional activator
GCN4.

The GCN4 mRNA leader contains four short uORFs that
together constitute a very sophisticated mechanism of trans-
lational control in response to numerous stresses, such as, for
example, amino acid starvation (Hinnebusch 2005; Valdsek
2012). In particular, uORFs 1 and 2 allow highly efficient re-
sumption of scanning and subsequent REI downstream,
whereas REI only modestly permissive uORF3 and REI-non-
permissive uUORF4 complete the termination process by recy-
cling both ribosomal subunits to prevent GCN4 derepression
under normal growth conditions (GuniSovd and Valdsek
2014). Under starvation conditions, dramatically decreasing
the levels of the Met-tRNA.eIF2.GTP ternary complex
(TC), the majority of 40S ribosomes that have resumed scan-
ning past uORFs 1 and 2 will skip uORFs 3 and 4 due to the
low TC levels, and eventually rebind the TC on their way
from uORF4 to the GCN4 gene to derepress its expression.
Hence, the roles of uORF1 and uORF4 especially are the
key for the whole regulatory mechanism, with uORF2 serving
only as the uORF1 back-up in the case of increased leaky
scanning (Guni$ova and Valasek 2014).

A possibility that programmed readthrough further in-
creases the complexity of this regulation has never been con-
sidered before. As hinted above, increased readthrough on
uORFs 1 and 2 evoked by the presence of elF3 in pre-TCs
could counteract their intrinsically high permissiveness for
REL In other words, if both uORF1 and uORF2 displayed
higher rates of readthrough, eIF3 would dissociate from
80S ribosomes elongating past their natural stop codons,
and the pre-TCs formed at the next stop codon would thus
be fully recycled. This would in turn prevent full derepression
of GCN4 expression under starvation conditions. Increased
readthrough on the ultimate uORF4 could, on the other
hand, make the whole regulatory system even tighter because
the readthrough interference with REI on this specific uORF
would further diminish the already low REI activity that
uORF4 under nonstarvation conditions allows.
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Inspection of the 6-nt-long sequences following stop co-
dons of these four uORFs indicated that the stop codon of
one of them (namely uORF4) could be in fact highly pro-
grammed (the 6-nt-long “stop codon context” is a critical
determinant of programmed readthrough [Namy et al.
2001; von der Haar and Tuite 2007]). Hence we first moni-
tored readthrough efficiency of the UGA stop followed by
the 6-nt context corresponding to all four uORFs and to
the GCN4 main ORF. We took the GCN4 stop codon context
as a negative control because it has a readthrough nonpermis-
sive character with basal activity comparable to our negative
controls (Beznoskova et al. 2015), and because it is a genuine
part of this regulatory system. Our standard pTH477 con-
struct with the UGA-C stop codon context, which is known
to allow relatively high levels of readthrough (Bonetti et al.
1995), was chosen as a positive control for programmed read-
through. All our measurements were carried out under non-
starvation conditions because the major effect of starvation is
the reduction of the TC levels with little to no effect on re-
sumption of scanning efficiencies of all four uORFs per se.
Hence we assumed that their readthrough efficiencies would
not be largely affected too. Our luciferase assay revealed that
uORF4 is indeed subject to programmed readthrough as it
displayed the elF3-dependent ~12-fold higher activity than
the GCN4 stop codon context and approximately twofold
higher than our UGA-C control (Fig. 5A). This increase is
most likely too high to be explained merely by the presence
of cytosine at the +4 position. The contexts of the remaining
three uORFs also allowed an increase (by ~2.5-fold) in read-
through compared to GCN4, most probably owing to A at the
+4 position compared to U in the case of GCN4, with mild
but still significant dependency on intact eIF3. This modestly
programmed character could actually suggest that the pres-
ence of elF3 in pre-TCs specifically in the case of uORF1
might indeed interfere with its elF3-mediated ability to allow
resumption of scanning for REI downstream. It is therefore
possible that some mechanism evolved to prevent this unde-
sirable interference between elF3-mediated readthrough ver-
sus resumption of scanning to keep the control of GCN4
expression as tight as possible. For example, other sequences
besides the 3’ adjacent 6-nt-long stop codon context could
nullify this effect. Interestingly, the uORF1 coding region
and the 3’ sequence immediately following its stop codon
were demonstrated in the past to be absolutely essential for
its function in REI (Grant and Hinnebusch 1994). To explore
the possibility that the uORF1 coding sequence including its
stop codon modifies the readthrough effect of its 3’ sequence
context, we reexamined the efficiency of readthrough of all
four uORFs comprising their genuine stop codons plus six
preceding and six following nucleotides. Interestingly, we
found that readthrough of the key REI-permissive ORF1
dropped down significantly approaching the minimal read-
through levels obtained with the corresponding GCN4 se-
quences surrounding its stop codon (Fig. 5B). In addition,
uORF1 readthrough also lost its programmed character de-
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FIGURE 5. elF3-promoted readthrough does not interfere with the
elF3-promoted REI on REI-permissive uORF1 from the GCN4
mRNA leader. (A) The 6-nt-long context immediately following stop
codons of all four uORFs from the GCN4 mRNA leader allows eIF3-de-
pendent readthrough with varying efficiency. The PBH140 derivatives
bearing TIF35 wt and tif35-KLF mutant alleles were grown in SD and
processed for stop codon readthrough measurements using standard
dual luciferase readthrough reporter constructs pTH460; pTH477;
PBB135; PBB136; PBB137; PBB138; and PBB139 as described in
Materials and Methods. Changes in the measured readthrough values
between TIF35 and tif35-KLF cells were analyzed by the Student’s t-
test (mean + SD; n=6) and shown to be statistically significant only
for those cases marked with the asterisk (P <0.01). (B) The 6-nt-long
sequence preceding the stop codon of uORFI nullifies the elF3-mediat-
ed stimulation of stop codon readthrough on this REI-permissive uORF.
The PBH140 derivative bearing the TIF35 wt allele was grown in SD and
processed for stop codon readthrough measurements using standard
dual luciferase readthrough reporter constructs pTH460; pTH477;
PBB135; PBB136; PBB137; PBB138; PBB139; PBB140; PBB14l;
PBB142; PBB143; and PBB144 as described in Materials and
Methods. Changes in the measured readthrough values between selected
constructs were analyzed by the Student’s ¢-test (mean + SD; n = 6) and
shown to be statistically significant only for those cases marked with the
asterisk (P <0.01).

fined by the KLF mutant (Supplemental Fig. S6). This is re-
markable because generally the influence of the 5'-adjacent
sequence on the efficiency of readthrough is considered to
be more subtle compared to the effect of the 3'-sequence
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context (Lee and Dougherty 2012). The other REI-permissive
uORF?2 that is, however, serving only as the uORF1 back-up
showed no significant changes (Fig. 5B). Since both uORF1
and uORF2 terminate at the same UAA stop codon, it is high-
ly likely that the readthrough potential of the uORF1 3’ adja-
cent sequence was specifically eliminated by its coding
sequence and not by the replacement of the programmed
UGA stop codon. uORF4 remained programmed as expected
(Supplemental Fig. S6), even though its overall readthrough
efficiency was reduced, most probably due to the UGA for
UAA stop codon replacement (Fig. 5). Here, in contrast to
uORFI, the action of the readthrough-promoting eIF3 com-
plex is desirable to keep the uORF4 potential to resume
scanning post its translation to a minimum, as proposed
above. uORF3 displayed no dramatic change only it lost its
programmed character like uORFs 1 and 2 (Fig. 5; Supple-
mental Fig. S6). Together these results indicate that the key
uORFI naturally evolved to ensure as efficient termination
as possible to be able to promote potent REI despite the cons-
tant presence of the readthrough-stimulating eIF3 complex.
Our data thus point at an interesting phenomenon where
two counter-acting regulatory processes exist, both are medi-
ated by the same protein factor, yet their mutual interference
is prevented in favor of only one of them.

DISCUSSION

The major goals of our study were to investigate (i) what is
the molecular mechanism by which the +4 base influences
the readthrough efficiency, (ii) if there is a preference of
nc-tRNAs for incorporation into individual stop codons dur-
ing readthrough, and finally if these two phenomena are in-
terdependent. Despite the fact that several studies suggested
that the sequences surrounding the stop codon had no im-
pact on the identity or proportion of amino acids incorporat-
ed during the readthrough process (see for example the most
recent one by Blanchet et al. 2014), we thought that there
were still several hints suggesting the opposite. For example,
numerous reports have described that the surrounding nu-
cleotide context had a major effect on termination efficiency
(Bonetti et al. 1995; Mottagui-Tabar et al. 1998; Namy et al.
2001). Especially the identity of a nucleotide following the
termination codon (position +4) markedly impacts the read-
through permissiveness of all three stop codons by an un-
known mechanism (Dabrowski et al. 2015) that could be in
principle connected with nc-tRNA preference for a particular
stop codon in a specific tetranucleotide context.

Since UGA is the least stringent of all stop codons with re-
spect to termination accuracy and we and others recently
showed that there are only two nc-tRNAs (Trp and Cys)
that can efficiently incorporate at UGA (Blanchet et al.
2014; Beznoskovi et al. 2015), we focused our attention on
UGA and these two nc-tRNAs with the mismatch at the third
position. A very recent study revealed that besides Trp and
Cys, also Arg can relatively efficiently incorporate at UGA

(Roy et al. 2015); however, Arg-tRNA with the mismatch at
the first position does not work as the specific nc-tRNA in
our experimental set-up, because it does not incorporate at
the UGA stop codon even when overexpressed (Beznoskova
et al. 2015). Thus we used it as a negative control together
with Gly-tRNA, mispairing with UGA also only at the first
position. Our detailed analysis of the preference of Trp-
tRNA and Cys-tRNA for the UGA stop codon set in all
four possible tetranucleotides (UGA-C, -A, -G, and -U) re-
vealed that it is in fact the identity of the +4 base, which is
the main determinant of this preference. UGA-U showed
the lowest readthrough, as expected, with no preference for
any nc-tRNA when overexpressed. UGA-C displayed the
highest readthrough, also as expected, with a preference for
Cys-tRNA. A strong preference for the Cys-tRNA was also
observed with UGA-G, whereas the UGA-A tetranucleotide
showed a strong preference for Trp-tRNA (Fig. 2). Consider-
ing that other experiments showed a lack of correlation be-
tween absolute tRNA abundance and translation elongation
rates (Pechmann and Frydman 2013), we should be able to
rule out that our nc-tRNA overexpression readthrough data
are nonspecifically influenced by changes in elongation rates.
In addition, control nc-tRNAs with a mismatch at the first
position did not incorporate at UGA at the frequency above
the background and expectedly showed no preference for any
tetranucleotide whatsoever (Supplemental Figs. S1, S2).
What determines the observed preference of nc-tRNAs for
different tetranucleotides on the molecular level remains to be
investigated. Our experiments with paromomycin and the
eRF1 mutant defective in decoding (Figs. 3, 4) showing little
to no impact on the context-specific preference for nc-tRNAs
atleast rule out the contribution of the altered geometry of the
decoding pocket or some noncanonical influence of eRF1.
Hence it is very likely that the nc-tRNAs carry by themselves
some specific features that markedly contribute to the decod-
ing mechanism by sensing the nature of the base immediately
following the stop codon. In theory these features could be
represented by unique bases or some tRNA-specific modifi-
cations that the individual tRNAs undergo during matura-
tion. In an effort to address this important question, we
tested if the major “nc-tRNA preference discriminator” lies
in the anticodon loop, in particular in the N3, base, but ob-
tained inconclusive results (Supplemental Fig. S5). We also
selected all nonessential genes shown to be responsible for
differential modification of tryptophan and cysteine tRNAs
in the past (Pineyro et al. 2014), and measured readthrough
efficiency in the corresponding EUROSCARF deletion mu-
tants. None of these mutants, however, produced any signif-
icant effect on the observed context-dependent preference
for the Trp and Cys nc-tRNAs (data not shown), though
we cannot rule out that we missed some modification(s) or
their combination(s) that might be the key in this discrimi-
nator effect. Actually, the most obvious feature in which
these two tRNAs differ is the anticodon itself, in particular
N;,—the third position base. It undoubtedly occurs directly
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in the decoding site and thus could be involved in some kind
of a contact with the neighboring fourth stop codon base of
the stop codon, especially in the light of the most recent ob-
servations that the stop codon tetranucleotide adopts a stable
U-turn-like geometry that pulls the fourth base into the
A-site and thus shortens the mRNA (Matheisl et al. 2015).
For example, tryptophan’s Cmj, could have some specific
influence during the UGA-A decoding, whereas cysteine’s
G4 during UGA-G decoding (Fig. 2A). Interestingly, recent
studies suggested that the position 3 codon—anticodon mis-
pairings could be possible with multiple nonstandard
Watson—Crick pairs (A-C>G-G > A-G) (Blanchet et al
2014; Roy et al. 2015). Hence we speculate that when a nc-
tRNA occurs in the A-site with the stop codon tetranucleo-
tide adopting the U-turn, these nonstandard Watson—Crick
pairs might form between the fourth stop codon base and
the nc-tRNA’s N3, to drive the observed “nc-tRNA prefer-
ence.” New structural studies with various combinations of
stop codons in different contexts bound by corresponding
nc-tRNAs are very much needed to resolve this important
problem.

The presence of cytosine at the +4 base position shows two
effects: (i) the highest readthrough levels of all four bases at
this position regardless of the stop codon identity, as shown
before (Dabrowski et al. 2015); and (ii) the specific prefer-
ence for Cys-tRNA in the case of the UGA stop codon.
Using two eRF1 mutants with different termination defects,
we showed that the first effect could arise from a poorer
UGA stop codon recognition by wild-type eRF1, which holds
true also for the remaining two stops (Fig. 1). Why it is so we
do not know; however, the eRF1 role in this C,-specific effect
is consistent with an earlier suggestion that the most robust
readthrough stimulating effect of C, could be linked to inter-
actions of mRNA with the translational machinery rather
than to interactions of the stop codon with nc-tRNAs
(Phillips-Jones et al. 1995). In support, crosslinking experi-
ments demonstrated that the +4 nucleotide in mRNA inter-
acts with eRF1 (Bulygin et al. 2002) and, consistently, the
essential K residue from the critical TASNIKS motif in the
NTD of eRF1 was in a recent structural study proposed to
lie in the proximity of the +4 nucleotide (des Georges et al.
2014). Our results could thus imply that the contact between
the K residue and cytosine at the +4 position is qualitatively
different from contacts with the other three bases in the same
position, which makes it the least stringent base for efficient
termination. Alternatively, it is possible that the newly ob-
served stacking interaction between the +4 base and G626
(Brown et al. 2015) could play a specific role in the C, effect
due to the weakest (i.e., the least stable) stacking of C, with
G626 of 18S rRNA. On top of this general effect, it appears
that Cys-tRNA can specifically sense C, when occurring in
the context of the UGA stop codon to incorporate more effi-
ciently at this tetranucleotide. This effect is most probably
separable from the eRF1 effect; i.e., driven specifically by
some intrinsic feature(s) of the Cys-tRNA by itself that
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remains to be determined experimentally. Sorting out the in-
dividual contributions of all possible players in the C, effect is
especially interesting because this most programmed UGA-C
tetranucleotide among all is vastly underrepresented in ge-
nomes across the species (McCaughan et al. 1995), which
could mean that it is predominantly utilized as a trigger for
programmed stop codons.

We also analyzed the readthrough efficiency on short
uORFs that are critical for maintaining the tight translational
control of a main gene by allowing high rates of translational
REI, such as in the case of uORF1 from the mRNA leader of
the GCN4 transcriptional activator (Hinnebusch 2005;
Valdsek 2012). We revealed that even though the 3’ context
of the uORF1 stop codon showed increased rates of read-
through dependent on elF3, its 5" context evolved in a way
to practically completely eliminate any readthrough whatso-
ever (Fig. 5). Importantly, this effect was found to be highly
specific only for the key uORF1 feature of the whole GCN4
regulatory network. The last uORF from this network,
uORF4, which serves as a barrier in front of the GCN4
gene allowing negligible REI to prevent GCN4 expression un-
der normal growth conditions, gained conversely relatively
high readthrough efficiency further fortifying its blocking
role. Since both readthrough and REI rely on the eIF3 pres-
ence in the pre-TC, our results provide an interesting insight
into how natural selection prevented one elF3-promoted
mechanism going by its nature against the other elF3-
promoted mechanism to interfere with the overall regulatory
process. These results appear to be the exception to the rule
that the 5" adjacent sequences of the stop codon have a much
smaller impact on readthrough efficiency compared to the 3’
context sequences (Lee and Dougherty 2012).

Taken together, our findings (i) demonstrate the impor-
tance of the +4 base for the preferred incorporation of nc-
tRNAs at corresponding stop codons, and (ii) at least partially
explain the highest termination leakiness of all three stop
codons with cytosine at their +4 position compared to the
other three bases. The readthrough phenomenon concerns
not only regular stop codons but also nonsense mutations
within coding regions; i.e., PTCs. In fact, it was reported
that nonsense mutations account for ~11% of all described
gene lesions causing human-inherited disease and ~20% of
disease-associated single-base pair substitutions affecting
gene coding regions (Mort et al. 2008). Hence we believe
that our findings reported here, as well as the most recent in-
sights by others (Blanchet et al. 2014; Brown et al. 2015; Roy
etal. 2015), may potentially help with the design of new drugs
or other effectors to specifically promote readthrough on var-
ious PTCs to prevent pathological effects of only partially
synthetized proteins. The problem with most of the clinical
trials is the efficiency of PTC-readthrough therapies, which
is unfortunately not always satisfactory mainly due to unex-
pected discrepancies in response to the currently used drugs,
which are in a majority of cases aminoglycosides (Linde and
Kerem 2008; Lee and Dougherty 2012). Our experiments
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with nc-tRNA’s overexpression indicate that changing an in-
tracellular level of a selected endogenous nc-tRNA may in
turn change the readthrough specificity of individual tetranu-
cleotides, such as, for example, the case of Cys-tRNA chang-
ing the C>A>G>U order of readthrough efficiency to
C >G> A>U (Fig. 2B). Taking a look from a different angle,
Roy and colleagues recently proposed, but did not experi-
mentally prove, that changing the sequence context and other
parameters known to affect readthrough (e.g., the identity of
the most 3’ nucleotide to the PTC) will most likely determine
the frequency with which an amino acid gets inserted at the
PTC (Roy et al. 2015). Hence, it could be proposed that the
use of, for example, paromomycin may lead to the observed
unexpected variability due to (i) the differing identity of the
+4 base following the same type of a PTC, and (ii) differing
intracellular levels of endogenous nc-tRNAs among different
cell types or organisms. For instance, a paromomycin treat-
ment of the UGA-A PTC in a background with high levels
of tryptophan nc-tRNA will have a more potent impact on
this PTC suppression than in a background with low trypto-
phan nc-tRNA levels or when set in the UGA-G context (Fig.
3A). Hence an informed choice of a particular drug that
would be best suited to a given PTC mutation of medical in-
terest should include not only the knowledge of the identity
of the premature stop codon and its context, but also the
knowledge of the intracellular levels of tRNAs that work as
near-cognates for the PTC of interest.

MATERIALS AND METHODS

Yeast strains and plasmids

The lists and descriptions of plasmids and yeast strains used
throughout this study (summarized in Supplemental Tables S1—
S3) can be found in the Supplemental Material.

Stop codon readthrough assays

The majority of stop codon readthrough assays in this study were
performed using a standard bicistronic reporter construct bearing
a Renilla luciferase gene followed by an in-frame firefly luciferase
gene. Separating the two genes is either a tetranucleotide termina-
tion signal (UGA-C) or, for control purposes, the CAA sense codon
followed by cytosine. In indicated cases the termination signal and/
or the following nucleotide context was modified. It is noteworthy
that this system avoids possible artifacts connected to the changes
in the efficiency of translation initiation associated with the NMD
pathway (Muhlrad and Parker 1999), because both Renilla and fire-
fly enzymes initiate translation from the same AUG codon. For
further details, see Keeling et al. (2004). All experiments and data
analysis were carried out according to the Microtiter plate-based
dual luciferase protocol developed by Merritt et al. (2010) and
commercially distributed by Promega. Readthrough values are rep-
resented as mean + SD from quintuplicates (n =5) and each exper-
iment was repeated at least three times.

Northern blot analysis

The Quick RNA miniprep from yeast using glass beads for cell lysis
was performed as previously described in Cross and Tinkelenberg
(1991). The RNAs were kept in RNase-free water, run on a
Criterion Precast Gel 15% TBE-Urea, 1.0 mm (Bio-Rad) and trans-
ferred to the 0.45 nylon transfer membrane (Nytran SPC,
Whatman). Custom-made 5" **P—labeled oligonucleotides were
used as probes. Signals were captured in Fuji MS phosphor storage
screens, scanned with a Molecular Imager FX (Bio-Rad), and quan-
tified with NIH Image].

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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SUPPLEMENTAL INFORMATION
EXPERIMENTAL PROCEDURES

Construction of yeast strains and plasmids

List of all strains used throughout this study can be found in Table S1.

List of all plasmids and PCR primers used throughout this study can be
found in Tables S2 and S3, respectively.

Plasmid PBB123 was created using fusion PCR with pTH335 serving
as a template and following combinations of primers: (i) PB105/PB108 and (ii)
PB106/PB107. Primers PB105 and PB106 were then used in the third reaction with a
1:1 ratio of PCR products from the first and second reactions as templates. The
resulting PCR product was digested with Xhol and BamHI and inserted into
Xhol/BamHI cut pTH335.

Plasmid PBB125 was created using fusion PCR with PBB97 serving
as a template and following combinations of primers: (i) PB94/PB110 and (ii)
PB95/PB109. Primers PB94 and PB95 were then used in the third reaction with a 1:1
ratio of PCR products from the first and second reactions as templates. The resulting
PCR product was digested with Xhol and BamHI and inserted into Xhol/BamHI cut
pTH335.

PBB135 was created by inserting the Sall-Notl digested PCR product obtained with
primers PB115 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

PBB136 was created by inserting the Sall-Notl digested PCR product
obtained with primers PB116 and PBRFNotl using pTH477 as template into Sall-Notl
digested pTH477.

PBB137 was created by inserting the Sall-Notl digested PCR product
obtained with primers PB117 and PBRFNotl using pTH477 as template into Sall-Notl
digested pTH477.

PBB138 was created by inserting the Sall-Notl digested PCR product obtained
with primers PB118 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

PBB139 was created by inserting the Sall-Notl digested PCR product obtained
with primers PB119 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

PBB140 was created by inserting the Sall-Notl digested PCR product obtained
with primers PB120 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

PBB141 was created by inserting the Sall-Notl digested PCR product obtained
with primers PB121 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

PBB142 was created by inserting the Sall-Notl digested PCR product obtained
with primers PB122 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

PBB143 was created by inserting the Sall-Notl digested PCR product obtained
with primers PB123 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.

PBB144 was created by inserting the Sall-Notl digested PCR product obtained
with primers PB124 and PBRFNotl using pTH477 as template into Sall-Notl digested
pTH477.



Table S1. Yeast strains used in this study.

Strain Genotype Source or reference

74D-694% MATa adel-14 trpl-289 his3-A200 leuz- (1)
3,112 ura3-52

L23272 MATa adel-14 trpl-289 his3-A200 leuz- (2)
3,112 ura3-52 sup45-M48l|

L2521°% MATa adel-14 trpl-289 his3-A200 leuz- (2)
3,112 ura3-52 sup45-Y410S

PBH140% MATa adel-14 trpl-289 his3-A200 leuz- 3)
3,112 ura3-52 tif35A (YCp22-g/TIF35-
screen)

W303-1a MATa ade2 canl-100 his3-11 his3-15 4)
leu2-3 leu2-112 trpl-1 ura3-1

H2879 MATa leu2-3 leu2-112 ura3-52 PRT1 (5)

%indicate isogenic strain background




Table S2. Plasmids used in this study.

Plasmid

Description

Source of reference

YCp22-g/TIF35-
screen

single copy wt TIF35-His in
TRP1 plasmid from YCplac22

(6)

YCp22-g/TIF35-
KLF

single copy tif35KLF-His
inTRP1 plasmid from YCplac22

(6)

pTH460

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
CAA-CCGUUC; for read-through
measurements) in URA3 plasmid
from YEplac195

(7)

pTHA477

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-CCGUUC; for read-through
measurements) in URA3 plasmid
from YEplac195

(7)

YEp-R/T-UGAC-L

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-C; for read-through
measurements) in LEU2 plasmid from
YEplacl81

(8)

YEp-R/T-CAAC-L

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
replaced with CAA-C [coding triplet];
for control read-through
measurements) in LEU2 plasmid from
YEplac181

(8)

PBB75

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-A; for read-through
measurements) in LEU2 plasmid from
YEplacl81

©)

PBB76

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-G; for read-through
measurements) in LEU2 plasmid from
YEplac181

®3)

PBB77

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-U; for read-through
measurements) in LEU2 plasmid from
YEplac181

©)

pTH461

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAA-C; for read-through
measurements) in URA3 plasmid
from YEplac195

(7)

pTH469

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAG-C; for read-through

(7)




measurements) in URA3 plasmid
from YEplac195

pDB689

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAA-A; for read-through
measurements) in URA3 plasmid
from YEplac195

D. Bedwell

pDB725

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAA-G; for read-through
measurements) in URA3 plasmid
from YEplac195

D. Bedwell

pDB727

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAA-U; for read-through
measurements) in URA3 plasmid
from YEplac195

D. Bedwell

pDB730

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAG-A; for read-through
measurements) in URA3 plasmid
from YEplac195

D. Bedwell

pDB731

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAG-G; for read-through
measurements) in URA3 plasmid
from YEplac195

D. Bedwell

pDB718

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UAG-U; for read-through
measurements) in URA3 plasmid
from YEplac195

D. Bedwell

YEplac195

high copy cloning vector, URA3

9)

pTH335

high copy URA3 vector (pRS426)
containing genomic DNA surrounding
the tW(CCA)G1 gene

®3)

PBB97

high copy tC(GCA)P1 in URA3
plasmid from pRS426

©)

PBB99

high copy tR(UCU)E in URAS3
plasmid from pRS426

©)

PBB100

high copy tG(UCC)O in URA3
plasmid from pRS426

©)

PBB123

high copy URA3 vector (pRS426)
containing genomic DNA surrounding
the tW*(CCA)G1 gene

this study

PBB125

high copy tC*(GCA)P1 in URAS3
plasmid from pRS426

this study

PBB135

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-ACCGAT,; for read-through

this study




measurements) in URA3 plasmid
from YEplac195

PBB136

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-ATTTAT; for read-through
measurements) in URA3 plasmid
from YEplac195

this study

PBB137

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-AATTTT; for  read-through
measurements) in URA3 plasmid
from YEplac195

this study

PBB138

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-CGGTTA; for read-through
measurements) in URA3 plasmid
from YEplac195

this study

PBB139

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
UGA-TTTCAT; for read-through
measurements) in URA3 plasmid
from YEplac195

this study

PBB140

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
GCTTGC-TAA-ACCGAT,; for read-
through measurements) in URAS
plasmid from YEplac195

this study

PBB141

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
ATGTGT-TAA-ATTTAT; for read-
through measurements) in URA3
plasmid from YEplac195

this study

PBB142

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
TACCCG-TAG-AATTTT; for read-
through measurements) in URAS
plasmid from YEplac195

this study

PBB143

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
TTTCCG-TAA-CGGTTA; for read-
through measurements) in URAS3
plasmid from YEplac195

this study

PBB144

high copy PGK-Renilla-Firefly R/T
cassette (stop codon of Renilla is
GAACGC-TGA-TTTCAT; for read-
through measurements) in URA3
plasmid from YEplac195

this study




Table S3. Primers used in this study.

Primer name

Primer sequence (5'to 3)

PBRFNotl CTCGAAGCGGCCGCTCTAGAATTACAC

PB94 AATAACTCGAGTTGCGTGGATAAGTGTTATTATTCTATT
GCC

PB95 AATAAGGATCCAAAGCCGTACAGGCGAACGTATATAATT
AAAATTC

PB105 CCCCCCTCGAGATTTTTTACATTTGTTCTATCAG

PB106 CTAGTGGATCCTATAAAAAGAACATATTCATAC

PB107 CAATGGTAGAGCTTTCGATTCCAATTAAATCTTGG

PB108 CCAAGATTTAATTGGAATCGAAAGCTCTACCATTG

PB109 GTGGTAGCGCAGCAGACTGCAAATCTGTTGGTCCTTAG

PB110 CTAAGGACCAACAGATTTGCAGTCTGCTGCGCTACCAC

PB115 CAAATGTCGACGTGCGATTGAACCGATCCGTTCGGATC
CTTCAACTTCCCTGAG

PB116 CAAATGTCGACGTGCGATTGAATTTATCCGTTCGGATCC
TTCAACTTCCCTGAG

PB117 CAAATGTCGACGTGCGATTGAAATTTTCCGTTCGGATCC
TTCAACTTCCCTGAG

PB118 CAAATGTCGACGTGCGATTGACGGTTACCGTTCGGATC
CTTCAACTTCCCTGAG

PB119 CAAATGTCGACGTGCGATTGATTTCATCCGTTCGGATC
CTTCAACTTCCCTGAG

PB120 CAAATGTCGACGTGCGATGCTTGCTAAACCGATGGATC
CTTCAACTTCCCTGAGCTCG

PB121 CAAATGTCGACGTGCGATATGTGTTAAATTTATGGATCC
TTCAACTTCCCTGAGCTCG

PB122 CAAATGTCGACGTGCGATTACCCGTAGAATTTTGGATC
CTTCAACTTCCCTGAGCTCG

PB123 CAAATGTCGACGTGCGATTTTCCGTAACGGTTAGGATC
CTTCAACTTCCCTGAGCTCG

PB124 CAAATGTCGACGTGCGATGAACGCTGATTTCATGGATC
CTTCAACTTCCCTGAGCTCG

tRNA-C AGCTCGCACTCAGGATCGAAC

tRNA-G TGAGCGGTACGAGAATCGAACC

tRNA-R CACTCACGATGGGGGTCGAA

tRNA-W TGAACCTGCAACCCTTCGATTTGGAGTCGAAAGCTCTA

CC

5.8S rRNA

GCTGCGTTCTTCATCGATGCGAGAACCAA
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Figure S1. Increased gene dosage of arginine or glycine tRNAs affect
readthrough neither in wt (A) nor in mutant tif35-KLF (B) cells at any UGA-N
tetranucleotide. (A) The PBH140 derivative bearing the TIF35 wt allele was
transformed with either empty vector (EV), high copy (hc) tR(UCU)E or hc tG(UCC)O
and the resulting transformants were grown and processed for stop codon
readthrough measurements as described in Figure 1. (B) The PBH140 derivative the
bearing tif35-KLF mutant allele was transformed with either empty vector (EV), hc
tR(UCU)E or hc tG(UCC)O and the resulting transformants were grown and
processed for stop codon readthrough measurements as described in Figure 1.
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Figure S2. Increased gene dosage of the selected nc-tRNAs increases their
cellular levels in vivo. (A) Total RNAs were extracted from the PBH140 strain
bearing a plasmid indicated at the top of each panel and 1 ug or 0.5 ug aliquots were
loaded onto the Criterion Precast gels and subjected to Northern blotting with *?P-
labelled probes shown to the left. (B) Quantification of signals shown in panels A and
B. Northern blots were quantified using the NIH ImageJ program and the signals
were first normalized to the control 5.8S rRNA. The resulting values obtained with
cells bearing an empty plasmid ,hc EV* were then set to 1.00 and those obtained with
cells bearing a gene for a given nc-tRNA were expressed relative to the ,hc EV“.

Beznoskova_SuplFig2

B
W oP
O\
“ce‘ o‘g\ 0‘0\
total RNA (ng): 1 05 1 0.5 1 0.5
tRNA-R |[— — |
tRNA-G | —— |
5.85 IRNA | s s e e e = |

Standard deviations from three individual experiments are given.



0.8

0.6

0.4

0.2

Figure S3. Preferential decoding of UGA-N by tryptophan and cysteine nc-
tRNAs in two other genetically unrelated yeast strain backgrounds. Yeast
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strains W303-1a (A) and H2879 (B) were transformed with either empty vector (EV),

high copy (hc) tW(CCA)G1 or hc tC(GCA)P1 and the resulting transformants were
grown and processed for stop codon readthrough measurements as described in

Figure

1.
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Figure S4. The effect of paromomycin on readthrough at all four UGA
tetranucleotides in wild type cells. The PBH140 derivative bearing TIF35 wt was
transformed with empty vector and the resulting transformants were grown in SD
without or with 200pg/ml paromomycin for six hours and processed for stop codon
readthrough measurements as described in Figure 1; n.t. — non-treated.
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Figure S5. The effect of N3, on the nc-tRNA preference for UGA-A or UGA-G
tetranucleotides (A) Schematics of wt and mutant Trp and Cys nc-tRNAs. Only the
nucleotides of the anticodon loop are shown with N3, indicated. The only differing
base between tryptophan and cysteine tRNA anticodons is highlighted in grey. (B)
The impact of the C32U substitution in the tryptophan nc-tRNA on its ability to
promote readthrough in wt cells. The PBH140 derivative bearing TIF35 wt was
transformed with either empty vector (EV), hc tW(CCA)G1 or mutant hc tW*(CCA)G1
and the resulting transformants were grown in SD and processed for stop codon



readthrough measurements as described in Figure 1. (C) The impact of U32C
substitution in the cysteine nc-tRNA on its ability to promote readthrough in wt cells.
The PBH140 derivative bearing TIF35 wt was transformed with either empty vector
(EV), hc tC(GCA)P1 or mutant hc tC*(GCA)P1 and the resulting transformants were
grown in SD and processed for stop codon readthrough measurements as described
in Figure 1.
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Figure S6. The genuine 6 nt-long sequences flanking stop codons of uORF1 - 3
from both sides are not subject to elF3-dependent readthrough. The PBH140
derivatives bearing TIF35 wt and tif35-KLF mutant alleles were grown in SD and
processed for stop codon readthrough measurements using standard dual luciferase
readthrough reporter constructs pTH460; pTH477;, PBB140; PBB141; PBB142;
PBB143 and PBB144 as described in Materials and Methods. Changes in the
measured readthrough values between TIF35 and tif35-KLF cells were analyzed by
the student’s t-test (meanz+SE; n=6) and shown to be statistically significant only for
those cases marked with the asterisk (P < 0.01).
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In-depth analysis of cis-determinants that either promote
or inhibit reinitiation on GCN4 mRNA after translation
of its four short uORFs

STANISLAVA GUNISOVA, PETRA BEZNOSKOVA, MAHABUB PASHA MOHAMMAD, VLADISLAVA VLCKOVA,
and LEOS SHIVAYA VALASEK

Laboratory of Regulation of Gene Expression, Institute of Microbiology AS CR, Prague 142 20, Czech Republic

ABSTRACT

Translational control in eukaryotes is exerted by many means, one of which involves a ribosome translating multiple cistrons per
mRNA as in bacteria. It is called reinitiation (REI) and occurs on mRNAs where the main ORF is preceded by a short upstream
uORF(s). Some uORFs support efficient REI on downstream cistrons, whereas some others do not. The mRNA of yeast
transcriptional activator GCN4 contains four uORFs of both types that together compose an intriguing regulatory mechanism
of its expression responding to nutrients’ availability and various stresses. Here we subjected all GCN4 uORFs to a
comprehensive analysis to identify all REI-promoting and inhibiting cis-determinants that contribute either autonomously or in
synergy to the overall efficiency of REl on GCN4. We found that the 3’ sequences of uORFs 1-3 contain a conserved AU;_,A/
UUAU, motif that promotes REI in position-specific, autonomous fashion such as the REI-promoting elements occurring in 5’
sequences of UORF1 and uORF2. We also identified autonomous and transferable REI-inhibiting elements in the 3’ sequences
of uORF2 and uORF3, immediately following their AU-rich motif. Furthermore, we analyzed contributions of coding triplets
and terminating stop codon tetranucleotides of GCN4 uORFs showing a negative correlation between the efficiency of
reinitiation and efficiency of translation termination. Together we provide a complex overview of all cis-determinants of REI
with their effects set in the context of the overall GCN4 translational control.

Keywords: translational control; reinitiation; uORF; cis-regulation; GCN4

INTRODUCTION Valdsek 2012). Such post-termination 40S subunits are
then able to resume scanning downstream, and upon acqui-
sition of the new ternary complex (TC), composed of Met-
tRNAM®" and eukaryotic initiation factor eIF2 in its GTP
form, they are able to recognize the AUG start codon of the
next ORF and reinitiate translation thereon.

Generally speaking, short uORFs in principle impose a
functional barrier for sufficient expression of a downstream
main ORF. This repressive effect of uORFs can be, however,
alleviated under specific conditions, such as various types of
stress, in order to boost expression of some regulatory uORF-
containing mRNAs that help the cell to cope with sudden en-
vironmental changes. It has been shown that the efficiency of
REI depends on four main factors: (i) time required for
uOREF translation, which is determined by the relative length
of uORF and the translation elongation rate; (ii) its 5" and 3’
flanking sequences, which contain specific cis-acting features

Translational control of one of yeast’s most influential stress-
related transcription factors, GCN4, represents undoubtedly
the best-studied model of eukaryotic translation reinitiation
(REI) (Hinnebusch 2005; Guni$ova and Valdsek 2014). REI
is a gene-specific regulatory mechanism exploiting the pres-
ence of short upstream uORFs in mRNA leaders (i.e.,
5’ untranslated regions—5' UTRs) of various genes. The mo-
lecular key to this potentially abundant regulation (Davuluri
et al. 2000; Iacono et al. 2005; Calvo et al. 2009; Hood et al.
2009; Zhou et al. 2010) is the ability of some of these short
uORFs (in yeast up to five codons in length [Vilela et al.
1998; Rajkowitsch et al. 2004; Szamecz et al. 2008], in plants
up to 16 [von Arnim et al. 2014], and in mammals up to
30 codons [Kozak 2005]) to retain the 40S ribosomal subunit
on the same mRNA molecule even after they have been trans-
lated and the large 60S subunit has been recycled by the ribo-

some recycling factors (for review, see Jackson et al. 2012; ) o _
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with poorly understood molecular roles; (iii) translation ini-
tiation factors (elFs) involved in the primary initiation event
such as the elF3 and elF4F complexes, which are believed to
remain associated with the ribosome throughout the short
elongation as well as termination and recycling phases; and
(iv) its distance to the next open reading frame, which deter-
mines the likelihood of acquisition of the new TC by the post-
termination 40S ribosome that has resumed scanning (Kozak
1987; Dever et al. 1992; Poyry et al. 2004; Szamecz et al. 2008;
Cuchalova etal. 2010; Roy et al. 2010; Munzarové et al. 2011).

The classical REI-dependent mRNA of GCN4 containing a
total of four short uUORFs has been studied in great detail for
several decades; it has been found to be very sensitive to the
TC levels that are changing in response to different nutrient
conditions and to rely mainly on the first REI-permissive
uORF1 and the last REI-nonpermissive uORF4 (reviewed
in Hinnebusch 2005 and recently revised in GuniSova and
Valdsek 2014). Briefly, the first of the four uORFs is efficient-
ly translated under both nutritional replete and deplete con-
ditions, and after its translation the post-termination 40S
subunit remains attached to the mRNA and resumes scan-
ning downstream for REI at the next AUG. In nonstressed
cells, where the TC levels are high, nearly all of the rescanning
ribosomes can rebind the TC before reaching one of the last
two distant uORFs (uORFs 3 and 4), neither of which sup-
ports efficient REL. As a result, ribosomes terminating on
one of these two uORFs undergo the full ribosomal recycling
step, which prevents them from reaching and translating the
main GCN4 ORF (Supplemental Fig. S1).

Under starvation conditions, the GCN2 kinase phosphor-
ylates eIF2, which suspends formation of new TCs in the cy-
toplasm. Consequently, post-termination 40S ribosomes
traveling from the uORF1 stop codon downstream will re-
quire more time to rebind the TC to be able to recognize
the next AUG start codon. This will allow a large proportion
of them to bypass uORF3 and uORF4 and reacquire the TC
downstream from uORF4 but still upstream of the GCN4
start codon (Supplemental Fig. S1). Thus, whereas the global
protein synthesis is significantly down-regulated under nutri-
ent deplete conditions, protein expression of the GCN4 tran-
scriptional activator is concurrently induced.

The second REI-permissive uORF, uORF2 with ~80%-—
90% of the uORF1 REI activity, occurs only 56-nt down-
stream from uORF1 and serves as a backup of uORF1 to cap-
ture all ribosomes that leaky scanned past the uORF1 AUG
(GuniSova and Valasek 2014), especially during stress condi-
tions that seem to increase the frequency of leaky scanning in
general (Lee et al. 2009; Raveh-Amit et al. 2009; Palam et al.
2011; Sundaram and Grant 2014). This ensures that the max-
imum capacity of this intriguing regulatory system is met.
Similarly, two consecutive uORFs with minimal or no REI-
promoting potential occurring further downstream (uORF3
that allows approximately five times less efficient REI than
the first two uORFs, but still approximately four times more
efficient REI than REI-nonpermissive uORF4) also prevent
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“leakiness” of this system but during nutrient replete condi-
tions (Guni$ovd and Valdsek 2014). Hence the tightness of
GCN4 translational control is ensured by a fail-safe mecha-
nism that effectively prevents or triggers GCN4 expression un-
der nutrient replete or deplete conditions, respectively.

The exceptionally high REI potential of uORF1 and uORF2
has been ascribed to (i) their 5’ sequences (Grant et al. 1995)
containing several REI-promoting elements (RPEs) that to-
gether make up the so-called 5" enhancer with a specific struc-
tural arrangement (Munzarovéd et al. 2011; GuniSovd and
Valasek 2014), (ii) the stimulatory role of N-terminal domain
(NTD) of the a/TIF32 subunit of the eukaryotic initiation factor
elF3 (Szamecz et al. 2008) that sits near the 40S mRNA exit
channel (Valdsek et al. 2003; Kouba et al. 2012; Aylett et al.
2015), and, in the case of uORF1, also to (iii) the first 10 nt im-
mediately following the uORF1 stop codon (Grant and
Hinnebusch 1994), and (iv) the third coding triplet of uORF1
in combination with its 3’ UTR (Grant and Hinnebusch 1994).

With respect to known molecular functions of these fea-
tures, some of the RPEs were shown to functionally interact
with the a/TIF32-NTD, and this interaction, the exact nature
of which still awaits determination, was implicated in stabiliz-
ing the post-termination 40S subunits on stop codons of both
REI-permissive uORFs in order to facilitate the resumption
of scanning downstream (Szamecz et al. 2008; Munzarovd
et al. 2011; Gunisova and Valdsek 2014). The stretch of the
first 10 nt past the uORF1 stop codon was owing to its rela-
tively low GC content proposed to allow the 40S subunit to
promptly resume scanning, in contrast to the corresponding
GC-rich sequence of uORF4, because it would not permit
strong base-pairing interactions with the 40S subunit
(Grant and Hinnebusch 1994). However, we recently noted
that the 3’ sequences of the other two GCN4 uORFs (2 and
3) have a very similar AU content to uORF1, yet uORF3
permits only poor REI (Munzarovd et al. 2011). Hence the
idea that it is simply the high AU content of the uORF1 3’
sequence that makes it so robustly REI permissive does not
seem to be so unequivocal anymore (Jackson et al. 2012).

With the recent outburst of new findings on the GCN4
translation control that in some cases clarified and/or extend-
ed the earlier observations but in some others led to revised
hypotheses, we wished to systematically analyze all potential
cis-determinants that either promote or inhibit REI on GCN4
after translation of its uORFs in one complex study. Based
on this study we also postulate “reinitiation rules” that can
be generalized for any short uORF in yeast (please see the
Conclusion section).

RESULTS AND DISCUSSION

Proper functioning of the 3’ sequences immediately
following stop codons of GCN4 uORFs is not
determined by their AU content

A considerable difference in the efficiency of resumption
of scanning following translation of the REI-permissive
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uORF1 vs. REI-nonpermissive uORF4 in the GCN4 mRNA
leader was found to be attributable to the distinct 3" sequenc-
es following the termination codons of these two uORFs.
Replacing the sequence of 25-nt downstream from the
uORF1 stop codon with the corresponding nucleotides
from uORF4 disabled the uORF1-promoted REI on GCN4
by a great deal (Miller and Hinnebusch 1989). It was original-
ly proposed that this difference is due to a varying AU content
of these 3’ sequences, with uORF1 being more AU-rich (the
AU content of 25 nt after uORF1 stop codon is 80%) than
uORF4 (60%) (Fig. 1A; Grant and Hinnebusch 1994).

In our recent work, however, we noted that the 3" sequenc-
es of the other two uORFs of GCN4 are similarly AU-rich as
the uORFI1 3’ sequence by itself; the second REI-permissive
uOREF?2 shows the highest AU content (88%), while the AU
content of uORF3 that is only modestly REI-permissive is
comparable to that of uORF1 (76%) (Fig. 1A; Munzarové
et al. 2011; GuniSova and Valasek 2014). Therefore, if the
degree of AU-richness is the sole factor determining the
REI-promoting activity of the 3’ sequences in general, at least
a part of the REI potential of uORF2 and probably the whole
REI potential of uORF3 could be explained by employment
of the REI-promoting 3’ sequences of these two uORFs.

To test this possibility, we substituted 25 nt immediately
following stop codons of uORF2 and uORF3 with the corre-
sponding sequence of REI-nonpermissive uORF4 in the
same way as it was done previously for utORF1I. In all our con-
structs, only the uORF under study was functional while the
start codons of the other three uORFs were mutated out.
Note that since the uORF4 start codon is separated from
the uORF3 stop codon by only 13 nt, the 3’ sequence of the
1uORF3-3333 construct contains the mutated out uORF4 start
codon (Fig. 1A). This mutation, however, does not change
the overall AU content of the uORF3 3’ sequence.

Also note that we divided the sequences constituting and
flanking all four uORFs into four segments, A through D,
for each uORF (Fig. 1B) according to Munzarova et al.
(2011). In short, segment A is 166 bp in length (from posi-
tion —181 to —16 relative to the uORF1-4 AUG start codons)
and corresponds to the 5 REI-promoting sequences of
uORF1 (Szamecz et al. 2008; Munzarova et al. 2011); seg-
ment B designated previously as the linker is 15-bp long
(=15 to —1); segment C contains coding triplets and the
stop codon; and segment D encompasses 25 bp immediately
following the stop codon that corresponds to the 3" REI-pro-
moting sequence of uORF1 (Miller and Hinnebusch 1989;
Munzarova et al. 2011; GuniSova and Valdsek 2014).
Mutual replacements of these segments among all four
uORFs that feature in the whole study are always indicated
by the sequence of ABCD segments expressed as numbers
1-4, indicating which uORF each particular segment comes
from: For example, a hypothetical #©ORFI-1234 construct
would correspond to segment A from uORF1 followed by
B from uORF2, C from uORF3, and D from uORF4, all sit-
uated in the uORF1 position.

With respect to the aforementioned substitutions, replac-
ing the 3’ sequence (segment D) of uORF1 with that of
uORF4 (uORFI-1114) reduced its REI potential down to
~31% (Fig. 1C), as reported before (Miller and Hinnebusch
1989). Replacing also the segment C along with D of uORF1
with those of uUORF4 (1ORFI-1144) further reduced its REI
activity, almost to the basal level corresponding to the activity
of REI-nonpermissive uORF4 (uORF1-4444), as also ob-
served before (Fig. 1C; Miller and Hinnebusch 1989;
Munzarova et al. 2011; Guni$ova and Valdsek 2014). This il-
lustrates the magnitude of the 3’ sequence contribution to the
REI potential of uORF1, as its loss leads to a remarkable im-
pairment (~69% drop in this experimental setup) of the
uORF1 ability to allow resumption of scanning of post-ter-
mination ribosomes. Similar replacements of uORF2 and
uORF3 in uORF2-2224 and uORF3-3334 did not decrease
but actually increased REI activities of both uORFs (Fig.
1C). These findings indicate that (i) the REI potential of
uORF2 and uORF3 does not depend on their AU-rich 3’ se-
quences, and thus (ii) the degree of AU content per se does
not play the key role in rendering the 3’ sequences active in
promoting REI. They also contradict our earlier suggestion
that the GC-rich 3’ sequence of uORF4 functions as the
REI inhibitor that can suppress the resumption of scanning
from any REI-permissive uORF (GuniSovd and Valdsek
2014). The fact that the presence of the GC-rich segment D
of uORF4 allows even more efficient REI on the middle
two uORFs, mainly on uORF3, will be explained below.

The 3’ sequences of uUORF1 and uORF2 operate
autonomously in the position-specific manner

Since uORF1 seems to be the only uORF utilizing the 3’ se-
quence for its REI-promoting activity, we next asked whether
the 3’ sequences of uUORF2 and uORF3 with a similar AU
content would also work for uORF1. Interestingly, only the
presence of the uORF2 3’ sequence (tORFI-1112) was able
to functionally replace the uORF1 3’ sequence (Fig. 1D).
The 3’ sequence of uORF3 (4ORFI-1113) decreased the
uORF1-mediated REI activity by nearly the same margin as
the 3’ sequence of uORF4 (uORFI-1114), which will also
be explained below. The fact that uORF1 can also utilize
the 3" sequence of uORF2 suggested that its function could
be position specific. To examine this, we first attempted to
activate the REI enhancing potential of the uORF2 3’ se-
quence by placing the whole uORF2 ABCD block in the po-
sition of uORF1 (uORFI1-2222). As a control, we replaced
segment 2D with that of uORF4 in #ORFI1-2224. However,
this replacement had nearly the same effect as when
uORF2 occurred in its authentic position—its REI activity
mildly increased but did not decrease (cf. Supplemental
Figs. S1C, S2A), which further illustrates that uORF2 cannot
utilize its 3’ sequence to increase its REI potential. Since com-
parison of ratios of reinitiation vs. initiation rates for uUORF1
and uORF2 showed that uORF1 resumes scanning with
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FIGURE 1. uORF1 is the only uORF utilizing its 3’ flanking sequence for its REI-promoting activity. (A) Schematic of the GCN4 leader containing
four short uORFs (1-4). The first 25 nt of 3’ flanking sequences (segments D) immediately following stop codon of each uORF are depicted together
with the percentage of their AU content. In the uORF3 3’ sequence, the start codon of uORF4 is underlined and arrow indicates G to C substitution
used to mutate it out (see text for further details). (B) Schematic showing the GCN4-lacZ construct containing solitary uORF1, the surrounding se-
quences of which were divided into four separate segments (A1-D1; see text for further details). Arrows indicate replacements of these segments with
the corresponding segments (A4-D4) surrounding uORF4, shown to the right of the arrows. Crosses indicate positions of other uORFs in which start
codons were mutated out. Gray bars indicate sequence positions of individual uORF1-specific RPEs. Replacements with the corresponding segments
surrounding uORF2 and uORF3 that are not depicted were done in the analogous way; adapted from Munzarovd et al. (2011). (C) Solitary uORFs
from the GCN4 mRNA leader in their authentic positions and their derivatives with their 3’ sequences replaced by the corresponding segment of
uORF4 (indicated by the black bar) were introduced into the YSG2 strain. Additional replacements of indicated uORF1 segments by those of
uORF4 were also prepared as a control. The resulting transformants were precultured in minimal media overnight, diluted to ODgyo ~ 0.35, and
grown for an additional 6 h; the B-galactosidase activities were measured in the WCEs and expressed in units of nmol of o-nitrophenyl-f-d-galacto-
pyranoside hydrolyzed/min/mg of protein. The mean values and standard deviations obtained from at least three independent measurements with five
independent transformants and activities of the respective constructs relative to their corresponding wt constructs are given in the table. Differences in
B-galactosidase activities between uORF2-2224 and its wt uORF2-2222 were analyzed by Student’s t-test and the calculated P =0.1335. (D) The 3’
sequence of solitary uORFI from the GCN4 mRNA leader in its authentic position was replaced by corresponding segments of the other three
uORFs and the resulting constructs were introduced into the YSG2 strain and analyzed as described in panel C. Differences in -galactosidase activities
between uORF1-1112 and its wt uORFI-1111 were analyzed by Student’s -test and the calculated P=0.0911.
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~14% higher efficiency than uORF2 (Supplemental Fig.
S2B), we propose that it could be in fact the ability of
uORF1 to utilize the 3’ sequence expressed in its higher effi-
ciency of resumption of scanning that to a great deal lies be-
hind the small but reproducible difference (from 10% to
20%) in the overall REI efficiency between both uORFs
that we routinely observe (Guni$ovéd and Valdsek 2014).
Next we tested whether or not the 3" sequence of uORF]I,
and as a proof of principle also that of uORF2, can operate
from the position of uORF1 regardless of the nature of the
preceding three segments. If yes, it would indicate (i) its au-
tonomy and (ii) position specificity. To do that, we moved
the whole uORF4 ABCD block into the position of uORF1
(uORF1-4444), and replaced segment D with the correspond-
ing segments from the remaining three uORFs (1ORF1-4441,
uORF1-4442, and uORF1-4443) (Fig. 2A). As a control, we
carried out the same D replacements (uORF4-4441, uORF4-
4442, and uORF4-4443) also in the authentic position of
uORF4 (4ORF4-4444) (Fig. 2B). Remarkably, uORF1, and

A 4444
uORF1-4444

to a slightly smaller degree also uORF2 3" sequences, did in-
crease the REI potential of uORF4 (by approximately two-
fold), but only when situated in the position of uORF1. The
3’ sequence of uUORF3, on the other hand, had the opposite ef-
fect on both setups, which is in accord with our findings
shown in Figure 1C (see uORF3-3333 vs. uORF3-3334), and
we explain it below. Taken together, these results indicate
that the REI-promoting 3" sequence of uORF1, and analo-
gously also that of uORF2, does function autonomously, at
least to a certain degree, but its activity is position-restricted.
To further support this conclusion, we carried out the D
replacements of uORF3 in its authentic position (#ORF3-
3333) and showed that neither utORF1 nor uORF2 3’ sequenc-
es (uORF3-3331 and wORF3-3332) had any stimulatory
impact on REI allowed by this uORF. Predictably, the authen-
tic 3’ sequence of uUORF3 showed the weakest REI activity of all
(Supplemental Fig. S3).

What could determine the position specificity for the REI-
promoting action of the 3" sequence of uORF1? In theory it
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FIGURE 2. Function of the REI-promoting 3’ sequence is position specific. (A) The 3’ sequence of solitary uORF4 from the GCN4 mRNA leader with
its authentic flanking sequences (A4-D4) situated in the position of uORFI was replaced by corresponding segments of the other three uORFs and
analyzed as described in Figure 1C. (B) Same as in A except that the 3’ sequence substitutions were done in the authentic position of uORF4. (C)
Solitary uORF1 or its derivative containing the 3’ sequence substitution for the corresponding segment of uORF4 situated it the authentic uORF1
position were modified as indicated and analyzed as described in Figure 1C. Differences in P-galactosidase activities between uORFI-1111-
A65down, uORFI-1111-ins146, or uORFI1-1114-ins146 and their wt uORFI-1111 were analyzed by Student’s ¢-test and the calculated P=0.0014,

0.0001, or 0.0001, respectively.
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could simply be its distance either from the 5" end of GCN4
mRNA or from the GCN4 main gene. To investigate this, we
measured (i) the impact of shortening the distance between
uORF1 start codon and the 5 end, or (ii) shortening or
(iii) prolonging the distance between the uORF1 3’ sequence
and the GCN4 start codon on the REI potential of wild-type
uORF1 using the 1114 versions of all constructs designed for
this purpose as a tool (Fig. 2C). We assumed that if any of our
manipulations eliminate the REI-promoting activity of the 3’
sequence of uORF1, their replacement with the 3’ sequence
of uORF4 would then show genetic epistasis; i.e., would
not lead to any further decrease in the REI activity.

Shortening the distance from the 5" end by the deletion of
160-nt upstream of uORF1 containing all four REI-promot-
ing elements (RPEs) (uORFI1-1111-A160) dramatically de-
creased the REI potential of uORFI, as expected (Szamecz
et al. 2008), but had only marginal, if any, impact on the au-
tonomous activity of the uORF1 3’ sequence (#ORFI-1114-
Al60) (Fig. 2C, compare 100% vs. 33% and 100% vs.
38%). Hence the distance of the uORF1 3’ sequence from
the 5" end of GCN4 mRNA does not seem to determine the
position-specific phenomenon of the 3’ sequences.

Next we examined the potential importance of the distance
of the uORF1 3’ sequence from the GCN4 ORF. First we de-
leted 65 nt downstream from the uORF1 segment D, placing
uORF1 directly into the uORF2 position (#ORFI-1111-
A65down). This deletion decreased REI on GCN4 by ~18%
compared to the wild-type uORFI-1111 construct (Fig.
2C). It can be explained by two effects: (i) impaired function
of the 3’ sequence of uORF1 due to its altered position; (ii)
shortening the distance that the 40S ribosomes scanning
downstream from uORF1 need to reacquire the new ternary
complex (TC) in order to become REI-competent, as dem-
onstrated before (Dever et al. 1992). Since the same deletion
in the uORFI-1114-A65down construct reduced REI on
GCN4 to a smaller degree than in the wild-type uORFI-
1114 construct (Fig. 2C, compare 46% to 33%), we believe
that the observed drop in the REI activity of uORFI-1111-
A65down is the combination of both aforementioned effects.

In a complementary approach, we prolonged the distance
of uORF1 from the GCN4 start by insertion of 146 nt repre-
senting two copies of the previously identified segment S1
downstream from the 3’ sequence of uORFI (Abastado
etal. 1991) (uORFI-1111-ins146). Hypothetically, increasing
the uORF1-GCN4 distance should increase the REI on
GCN4, as the scanning 40S ribosomes would gain even
more time (thanks to a longer distance) to reacquire the
TC on their way downstream from uORF1. Disruption of a
prospective position-specific role of the uORF1 3’ sequence
would counteract this effect, producing either no increase of
the REI activity on GCN4 or even a decrease. Replacement of
the uORF1 3’ sequence with that of uORF4 should then be
epistatic; and this is exactly what we observed (Fig. 2C).
The double S1 insertion in the uORFI-1111-ins146 construct
reduced REI on GCN4 by ~30% and had virtually the same
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effect; i.e., the reduction by ~34% was also seen with the
uORF1-1114-ins146 construct. These observations thus dem-
onstrate that moving the uORF1 3’ sequence further away
from the GCN4 start codon completely abrogates its REI-
promoting activity. Taken together, both shortening and
lengthening approaches further support our theory that the
action of the uORF1 3’ sequence is, within some limited
range of tolerance, position-specific.

The question that still remains unanswered is how this fea-
ture operates at the molecular level. Taking into account our
earlier suggestion that the action of the 3’ sequence of uORF1
is a prerequisite for the action of 5'-based RPEs of uORF1
(Munzarova et al. 2011), we propose the following two op-
tions. The RPEs are, in cooperation with elF3, believed to sta-
bilize the post-termination 40S subunit on the GCN4 mRNA
after the 60S subunit has been recycled in order to facilitate its
resumption of scanning. If true, the 3’ sequence of uORF1
that during termination is buried in the mRNA binding
channel could, for example, expedite the ribosomal recycling
of the large subunit by stabilizing the post-termination 80S
ribosomes at the stop codon. It was recently shown that
post-termination 80S ribosomes are not stably anchored at
the stop codon and can migrate in both directions to codons
that are cognate to the P-site deacylated tRNA (Skabkin et al.
2013). Such instability may lead to an undesirable accumula-
tion of nonrecycled aberrant ribosomal complexes in the vi-
cinity of the stop codon, which would indeed dampen the
efficiency of REIL. With this role, however, it would be hard
to reconcile the position specificity of the uORF1 3’ sequence;
i.e., its functional requirement to be situated within a defined
distance from the GCN4 start codon.

This requirement brings us to the second option, as it
could suggest that the uORF1 3’ sequence interacts with
some downstream sequence and/or trans-acting factor bound
to a downstream sequence. And since it is buried in the ter-
minating 80S ribosome, as hinted above, this prospective in-
teraction could not be formed before completion of the first
recycling step involving the 60S subunit dissociation (Pisarev
et al. 2007). The purpose of this contact could be to prevent
the last recycling step; i.e., dissociation of mRNA from the
40S subunit. Only if this is ensured, the RPEs in co-operation
with eIF3 could further strengthen this stabilization effect
and enable resumption of scanning of post-termination 40S
subunits downstream. Changing the position of the uORF1
3’ sequence with respect to the GCN4 start site may prevent
formation of this interaction, resulting in diminished REI ef-
ficiency of uORF1, which we observed.

The 3’ sequences of the first three uUORFs contain the
conserved, REI-promoting AU-rich motif and at the
same time, in the case of uORFs 2 and 3, also inhibitory
elements further downstream

The puzzling similarity of the AU-richness of the 3" sequenc-
es of UORF1—3 combined with their differential effects on
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GCN4 REI observed in Figure 1D prompted us to inspect
the composition of the 3’ sequences of these three uORFs
in greater detail. We revealed a potential AU-rich motif
(AU, ,A/UUAU,) specifically occurring within the first 12
nt of segment D of only the first three uORFs (Fig. 3A). To
examine whether this motif solely carries the REI-promoting
activity of the 3’ sequences of uORFs 1 and 2, and perhaps
even of uORF3, we replaced either the first 1-12 nt or the im-
mediately following 13-25 nt of the uORF1 segment D with
the corresponding sequences of the other three uORFs and
measured the p-galactosidase activities of the resulting con-
structs. In the case of uUORF2, we not only observed that its
AU, ,A/UUAU, motif-containing 1 through 12 nt sequence
behaved as efficiently as the native uORF1 3’ sequence
(~102% for uORFZ-ZHZHZ), but also that its 13 through
25 nt sequence (uORF1-1112"%%) had a modest inhibitory
effect on the REI activity of uORF1 (Fig. 3). In the case of
uORF3, the first 12 nt containing the AU-rich motif showed
only modestly decreased activity compared to the native
uORF1 3’ sequence (~79% for uORFI-1113"""%), whereas
its 13 through 25 nt sequence (v ORFI-1113">%) displayed

A
Potential AU-rich consensus motif:AU, , A/JUUAU,

a robust inhibitory effect. Strikingly, this inhibitory effect is
dominant over the stimulatory effect of the AU-motif, which
perfectly explains why replacing the entire segment D of
uORF1 (Fig. 1D) or of uORF4 in the uORF1 position (Fig.
2A) with the same segment of uORF2 or uORF3 reduced
the efficiency of REI by varying degree despite their similar
AU content. These findings also suggest that the modest
dominant inhibitory impact of 13-25 nt of uORF2 3’ se-
quence (further documented in Fig. 1C; Supplemental Fig.
S2A) further contributes to the difference in the overall REI
efficiency between uORF1 and uORF2.

Replacing the first 12 nt of the uORF1 segment D with the
same uORF4 sequence («ORFI-1114""?) completely elimi-
nated the stimulatory effect of the uORFI 3’ sequence,
whereas the replacement of the following 13-25 nt
(uORF1-1114"%) had no effect whatsoever (Fig. 3B), clearly
suggesting that the 13 through 25 nt segment of uORF4 has
no inhibitory effect. This observation explains why the D seg-
ment replacement of uORF2 and uORF3 with that of uORF4
increased their overall REI activity (Fig. 1C). Importantly, it
was previously suggested that the first 10 (and not 12) nt of

AUUUAUUGAAAGAGAAAAUUUAUUU  CGGUUACCUUUCUGUCAAAUUAUCC

32— GCN4
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FIGURE 3. The presence of the specific AU-rich motif determines the REI-promoting activity of the 3’ sequence. (A) Schematic of the GCN4 mRNA
leader adapted from Figure 1A. The specific AU-rich motif (shown in frame) is present within the first 12 nt of the 3’ sequences of uORF1, 2, and 3; the
first 12 nt of the 3’ sequence of each uORF are underlined. (B) The “full-length” 3" sequence (1-25) of solitary uORF1 from the GCN4 mRNA leader in
its authentic position or its parts represented by the first 12 nt (1-12) or second 13 nt (13-25), or 15 nt in the case of uORF4 (11-25), were replaced by
corresponding segments of the other three uORFs and analyzed as described in Figure 1C. Differences in B-galactosidase activities between uORFI-
1112, uORF1-1112"%%, uORF1-1113"'2, or uORF1-1114"""?° and their wt uORFI1-1111 were analyzed by Student’s #-test and the calculated P = 0.25,

0.1469, 0.0722, or 0.0052, respectively.
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the 3’ sequence of uORF1 sulffice for its full function (Miller
and Hinnebusch 1989), which leaves out the last 2 nt from
the AU-rich motif. To reconcile these and our observations,
we replaced the 11-25 nt of the uORFI 3’ sequence with the
corresponding region of uORF4 (uORFI1-1114"""??) and ob-
served that the REI activity on GCN4 dropped down to 63%,
in contrast to the 13-25 nt replacement showing 100% activ-
ity (Fig. 3B). Hence at least in our experimental setup, it is
not the first 10 but the first 12 nt that encompass the entire
AU,,A/UUAU, motif needed for the full REI potential of
the uORF1 3’ sequence.

Taken together, our findings strongly suggest that the
specific AU-rich motif occurring within the first 12 nt of
segment D of uORF1, uORF2, and uORF3 is solely responsi-
ble for the REI-promoting function of the 3’ sequence, pro-
vided that it is situated at or near the authentic position of
uORF1I. As can be seen, however, sequences immediately fol-
lowing this motif also play an important role in this regulato-
ry mechanism as they, at least in the case of uORFs 2 and 3,
negatively influence their overall REI potential. Since uORF2
and uORF3 stimulate REI in the AU-rich motif-independent
manner (Fig. 1C), and since these inhibitory sequences
are transferable also to the ABCD blocks of uORF1 and
uORF4, it is conceivable that they also act autonomously
and impact a different REI step than that involving the action
of the AU, ,A/UUAU, motif.

The exact length of uORF1 and uORF2 coding
sequences is critical for their maximal REI activity
that shows a partially autonomous character

In our effort to systematically assess individual contributions
of sequences flanking the REI-permissive uORFs to their
REI capacity, we also wished to examine the potential contri-
bution of the uORF1 and uORF2 coding sequences (CDS)
per se. Early experiments done in the Hinnebusch laboratory
suggested that the last coding triplet, which is represented by
TGC coding cysteine for uORF1 and CCG coding proline
for uORF4, does somehow contribute to the remarkable dif-
ference in the efficiency of REI between these two uORFs
(Miller and Hinnebusch 1989; Grant and Hinnebusch
1994). Interestingly, the second REI-permissive uOREF,
uOREF?2, also contains a cysteine codon (TGT) as its last sense
codon as uORFI, only it is one codon shorter (Fig. 4A). The
same kind of similarity for the last sense codon also applies to
uORF3 and REI-nonpermissive uORF4, as uORF3, like
uORF4, contains the CCG triplet coding proline (Fig. 4A).
In analogy with our previous approach (Fig. 1D), we first
replaced the CDS of uORF1 with CDSs of the other three
uORFs (u4ORFI-1121, uORFI-1131, and uORFI1-1141).
None of them could work in place of uORFI as efficiently
as uORF1 by itself, not even the Cys codon-containing
REI-permissive uORF2; the REI activity of these three re-
placements was reduced by ~51% to 70% (Fig. 4B). This is
in agreement with an earlier study where the activity of
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#uORFI1-1141 was measured in the strain deleted for the
GCN4 pathway-specific GCN2 kinase (Miller and Hinne-
busch 1989). Hence we propose that not only the character
of the last coding triplet but also the exact length of the
uORF1 CDS is critical for its function. In support, extending
the length of the two-codonal uORF2 by insertion of the
uORF1 GCT Ala codon immediately after the uORF2 start
codon (#ORF2-2212) reduced its REI activity by 40% (Fig.
4C). Our findings thus clearly imply that the authentic length
of both REI-permissive uORFs has to be maintained for their
optimal activity. This could matter, for example, due to the
fact that even slight alterations of their length may interfere
with proper functioning of their 5" and/or 3’ sequences.

To find out whether or not the CDSs of uORF1 and uORF2
can at least to some degree stimulate REI independently of
their flanking, REI-promoting sequences, we replaced the
uORF4 segment C from the uORF4 ABCD block situated
either in the position of uORF1 (1ORFI1-4444) (Fig. 4D) or
in its authentic position (1ORF4-4444) (Fig. 4E) with those
of uORF1 (uORFI1-4441 and uORF4-4441) or uORF2
(uORF1-4442 and uORF4-4442). Regardless of the placement
of the uORF4 ABCD block, the presence of CDSs of both REI-
permissive uORFs did increase the efficiency of REI by ~26%
to 44%. However, since segment C replacements in the
uORF1 ABCD block showed >50% decrease in its REI activity
(Fig. 4B), it is intuitive that a fully autonomous contribution
of CDSs of both REI-permissive uORFs should lead to a larg-
er, approximately twofold increase, which we did not observe.
Hence we conclude that both uORFs per se have some inher-
ent ability to promote REI independently of other sequences
that is not position-specific, in contrast to the 3’ AU-rich mo-
tif. Not surprisingly, however, they also functionally interact
with their flanking sequences to maximize their REI potential.
Generally speaking, a REI-permissive uORF can be viewed as
the complex unit with several independent and/or mutually
interdependent contributors with peculiar attributes such as
the CDS length.

The CCG triplet coding proline negatively impacts
REI efficiency and at least in yeast has a predictable
value in this respect

To investigate the causality of the aforementioned occurrence
of the Cys triplet as the ultimate coding triplet in REI-permis-
sive uORFs 1 and 2, and of the Pro triplet as the ultimate cod-
ing triplet in uORF3 and uORF4, we first inspected the GCN4
mRNA leaders of closely or distantly related yeast species to
Saccharomyces cerevisiae (Fig. 5A). With the exception of
Candida glabrata, there is a clear conserved tendency for all
other species to preserve Cys and Pro as the last coding trip-
lets in at least the first and last short uORF, respectively.
In the case of C. glabrata, the Cys triplet occurs in uORF3
and is followed by long uORF4 that is, owing to its length,
by definition strictly REI-nonpermissive (Vilela et al. 1998;
Szamecz et al. 2008). Therefore, this regulatory setup simply
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FIGURE 4. Sequence composition and length but not the position of uORF1 and uORF2 CDSs define their REI permissiveness. (A) Schematic of the
GCNH4 leader containing four short uORFs (1-4). For each uORF, nucleotide as well as amino acid sequences are shown. The triplets of the last sense
codon are underlined. (B) The CDS (segment C) of solitary uORF1 from the GCN4 mRNA leader in its authentic position was replaced by corre-
sponding segments of the other three uUORFs and analyzed as described in Figure 1C. (C) The CDS of solitary uORF2 from the GCN4 mRNA leader
in its authentic position was replaced by corresponding segment of uORF1 and analyzed as described in Figure 1C. (D) The CDS of solitary uORF4
from the GCN4 mRNA leader with its authentic flanking sequences (A4-D4) situated in the position of uORFI was replaced by corresponding seg-
ments of uORF1 and 2 and analyzed as described in Figure 1C. Differences in B-galactosidase activities between tORF1-4414 or uORF1-4424 and their
wt uORF1-4444 were analyzed by Student’s t-test and the calculated P = 0.0572 or 0.094, respectively. (E) Same as in D except that the CDS substi-
tutions were tested in the authentic position of uORF4. Differences in -galactosidase activities between #ORF4-4414 or uORF4-4424 and their wt
1ORF4-4444 were analyzed by Student’s t-test and the calculated P =0.0275 or 0.0581, respectively.

does not require featuring Pro as the ultimate coding triplet
of the last uORF.

The question is, what stands behind this phenomenon? Is
it the Cys/Pro triplet or the identity of these two residues per
se? To examine that, we systematically substituted the ulti-
mate coding triplet individually in all four GCN4 uORFs
and measured the resulting REI activities. Recoding the cys-
teine triplet of uORF1 [uORFI1-1111-Cys (TGT)] or uORE2
[uORF2-2222-Cys (TGC)] showed almost no impact on
REI of these uORFs (Fig. 5B,C), which contrasts with the

remarkable increase in REI seen when the analogous
uORF1 recoding was tested in early days, however, in the ar-
tificial setup with the genuine uORF1 3’ sequence replaced
with the corresponding 3’ sequence of uORF4 (Grant and
Hinnebusch 1994). In fact, our measurements are perfectly
consistent with another work by the same group, where
the REI activity was measured for the synonymous uORF1
cysteine substitutions under starvation conditions using a
minimalistic construct lacking uORF2 and uORF3 and no
significant changes were found (Miller and Hinnebusch
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FIGURE 5. Insertion of the CCG triplet as the last sense codon of uORF1 and uORF2 inhibits their REI activity. (A) The conservation of Cys and Pro
codons in short uUORFs from the GCN4 mRNA leaders of yeast species related to S. cerevisiae. The uORFs are presented as identified in Cvijovic et al.
(2007). uORFs containing Cys (in italics) and Pro (in bold) triplets as their last sense codons are underlined. In longer uORFs, the sequence of their
CDSs is represented by a dotted line. WGD, whole-genome duplication. (B) The TGC cysteine codon of solitary uORF1 from the GCN4 mRNA leader
in its authentic position was replaced by indicated cysteine, alanine, and proline substitutions and analyzed as described in Figure 1C. Differences in
B-galactosidase activities between uORFI-1111-Cys to Pro (CCC) and its wt #tORFI-1111 were analyzed by Student’s -test and the calculated P =
0.0648. (C) The TGT cysteine codon of solitary uORF2 from the GCN4 mRNA leader in its authentic position was replaced by indicated cysteine,
alanine, and proline substitutions and analyzed as described in Figure 1C. Differences in B-galactosidase activities between uORF2-2222-Cys to
Pro (CCT) and its wt uORF2-2222 were analyzed by Student’s t-test and the calculated P = 0.0554.

1989). Hence we conclude that both cysteine codons of
uORF1 and uORF?2 utilizing the same Cys-tRNA are similarly
efficient in promoting REI. In addition, our findings further
support the idea that it is most probably the length of the
CDSs of uORF1 and uORF2 and not the differing Cys triplet
that stands behind their inability to replace each other in their
authentic environment (Fig. 4B,C).

To examine whether it is the cysteine residue per se that lies
behind this phenomenon, we substituted the cysteine codons
of uORF1 (TGC) and uORF2 (TGT) with two different ala-

10 RNA, Vol. 22, No. 4

nine codons: (i) GCC [uORFI-1111-Cys to Ala (GCC) and
uORF2-2222-Cys to Ala (GCC)], and (ii) GCT [uORFI-
1111-Cys to Ala (GCT) and uORF2-2222-Cys to Ala
(GCT)]. Like the cysteine substitutions, neither of the Ala
substitutions had any effect on either uORF (Fig. 5B,C).
Hence the REI permissiveness of uORF1 and uORF2 CDSs
does not exclusively depend on the presence of a cysteine
codon as the last coding triplet, as suggested before (Grant
and Hinnebusch 1994). It also does not seem to strictly
depend on the AU vs. GC content, as proposed by Grant
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and Hinnebusch (1994), because the changes that increased
or decreased the AU content showed no effect (Fig. 5B,C).
This implies that the third codon can most probably tolerate
a wide range of codons as long as these do not interfere with
the resumption of scanning.

Finally, we substituted Cys codons in both REI-permissive
uORFs with the supposedly inhibitory proline CCG triplet
from uORFs 3 and 4 [uORFI-1111-Cys to Pro (CCG) and
uORF2-2222-Cys to Pro (CCG)] as well as with the other
two proline triplets; CCC for uORF1 [uORFI-1111-Cys to
Pro (CCC)] and CCT for uORF2 [uORF2-2222-Cys to Pro
(CCT)] (Fig. 5B,C). Whereas the latter CCT and CCC substi-
tutions led to ~24%-27% drop in the REI activity on both
uORFs, the CCG triplet produced the most robust ~45%-—
55% reduction. A similar decrease was also seen when the
CCG substitution in uUORF2 was made in the construct where
the entire uORF2 ABCD block was placed in the position of
uORF1 (data not shown). These findings correspond well
with our uORF1 segment C replacement data (Fig. 4B),
where introduction of the corresponding uORF4 segment
in uORFI-1141 also reduced the REI efficiency by ~51%.
This suggests that at least for uORF1 the entire negative effect
could be solely attributable to the presence of the last coding
CCQG triplet.

Importantly, we cannot explain the observed difference
among the three tested Pro triplets by their varying codon op-
timality, because it simply does not correlate with the
amounts of distinct types of Pro-tRNAs specific to these trip-
lets. Hence, we propose that both the presence of proline as
the ultimate residue and also some peculiar attributes of
the CCG codon beyond codon optimality act together to
maximize the inhibitory impact on REI after translation of
short uORFs that are not meant to promote efficient re-
sumption of scanning. Consistently, replacing the CCG Pro
triplet in uUORF3 and uORF4 with the uORF1 TGC cysteine
codon relieved the CCG-mediated inhibition of REI after
uORF3 and uORF4 translation to some degree (Supplemen-
tal Fig. S4).

The proline residue is known for its unusual conformation
that, due to its limited spatial rotation during peptide bond
formation, slows down the incorporation of this residue
into the nascent polypeptide chain and therefore negatively
influences the speed of translation (Wohlgemuth et al.
2008; Pavlov et al. 2009). Since uORF1 and uORF2 are very
short, the presence of the slowing down Pro as the last residue
could theoretically interfere with the time-sensitive forma-
tion of the interaction between uORF1 and uORF2 RPEs
and their interacting factor eIF3. In support, prolonging
the time of uORF1 proteosynthesis by extending its coding
region by up to five codons gradually decreased its REI poten-
tial (Szamecz et al. 2008). The difference observed among the
three tested Pro triplets could then be caused by a specific
character of the CCG sequence that might, for example, in-
terfere with proper stop codon recognition for effective trans-
lation termination.

The sequence composition of the uORF3 and uORF4
second codon and markedly differing termination
efficiency makes the difference in the REI activity
between these two uORFs

As mentioned above, we previously established that the in-
herent REI activity of uORF3 represents ~13%—18% of the
maximum REI capacity allowed by uORF1, whereas uORF4
goes down to ~3%-5% (Munzarovd et al. 2011; Guni$ovd
and Valasek 2014). Therefore, we wished to uncover what de-
termines the approximately fourfold higher REI activity of
uORF3 compared to uORF4. In our earlier work, we demon-
strated that the modest REI potential of uORF3 does not
depend on any of the uORF1- and/or uORF2-specific RPEs
and, accordingly, it does not require intact eIF3 (Guni$ova
and Valdsek 2014). Here we ruled out the possibility that
this difference could be caused by the uORF3’s ability to uti-
lize the AU-rich motif contained within its 3’ sequence (Fig.
1C; Supplemental Fig. S3). Hence the only option left was the
CDS of both uORFs, where only two differences can be
found: (i) the second codon that is represented by TAC en-
coding Tyr in uORF3 and TTT encoding Phe in uORF4,
and (ii) the stop codon that is represented by TAG in
uORF3 and TAA in uORF4 (Fig. 6A). Looking at their 12-
nt sequences per se, these two uORFs differ only by 3 nt.

To investigate what lies behind this difference, we prepared
the uORF3- and uORF4-based constructs, where each aspect
at which they differ was individually or in combinations
swapped between them and examined for REI activity (Fig.
6B). The Tyr to Phe substitution of uORF3 [uORF3-3333-
Tyr to Phe (TTT)] markedly decreased its activity (down to
~55%) (Fig. 6B). A milder decrease down to ~71% was ob-
tained when the stop codon of uORF3 was replaced with that
of uORF4 (uORF3-3333-TAA), however, a combination of
both of these substitutions in uORF3-3333-Tyr to Phe
(TTT)-TAA showed an additive effect by allowing only
~42% of the intrinsic REI activity of wild-type uORF3 (Fig.
6B). Interestingly, whereas the stop codon swap in uORF4
(uORF4-4444-TAG) showed no effect, the Phe to Tyr substi-
tution of uORF4 [uORF4-4444-Phe to Tyr (TAC)] increased
the REI activity by ~1.7-fold and their subsequent combina-
tion in uORF4-4444-Phe to Tyr (TAC)-TAG also led to an ad-
ditive effect by increasing the intrinsic REI potential of
uORF4 by approximately twofold (Fig. 6B). Our results
thus indicate that the differences in the composition of the
uORF3 and uORF4 CDSs are indeed at least partially respon-
sible for their different REI permissiveness.

Next we analyzed the effect of the second sense codon in
greater detail because it seemed to have a bigger influence
on efficiency of resumption of scanning over the identity of
the stop codon. To find out whether it is the encoded amino
acid or a particular triplet that makes the difference, we tested
both existing Tyr codons (original TAC and synonymous
TAT) and both existing Phe codons (original TTT and synon-
ymous TTC) in both uORFs of interest. Luckily, the
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FIGURE 6. The differences in the sequence composition of the uORF3 and uORF4 CDSs are responsible for their varying REI permissiveness. (A)
Schematic of the GCN4 leader adapted from Figure 4A. Nucleotide as well as amino acid sequences of only uORF3 and uORF4 are depicted. The
different nucleotides between these two uORFs are underlined. (B) The CDSs of solitary uORF3 and uORF4 from the GCN4 mRNA leader in their
authentic positions were modified by indicated substitutions and analyzed as described in Figure 1C. Differences in -galactosidase activities between
1#ORF3-3333-TAA and its wt uORF3-3333, or uORF3-3333-Tyr to Phe (TTT) and uORF3-3333-Tyr to Phe (TTT)-TAA, or uORF4-4444-Phe to Tyr
(TAC) and uORF4-4444-Phe to Tyr (TAC)-TAG were analyzed by Student’s ¢-test and the calculated P = 0.0609, 0.0275, or 0.3033, respectively. (C)
Same as in B except that a different set of solitary uORF3 substitutions was used. Differences in -galactosidase activities between 1ORF3-3333-Tyr to
Phe (TTT) and its wt uORF3-3333 were analyzed by Student’s t-test and the calculated P = 0.0171. (D) Same as in B except that a different set of solitary

uORF4 substitutions was used.
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interpretation of these analyses is simplified by the fact that
both existing Tyr and Phe codons are recognized by a single
Tyr- or Phe-tRNA, respectively. Therefore, there should be
no unspecific influence on the effect of our substitutions.
Out of these three possible substitutions only Phe (TTT),
changing two out of three original bases in ¥ORF3-3333-
Tyr to Phe (TTT), produced by far the most dramatic reduc-
tion in the uORF3 REI activity (down to ~61%) (Fig. 6C).
Similarly, the Tyr (TAC) substitution, changing two out of
three original bases in uORF4-4444-Phe to Tyr (TAC), pro-

12 RNA, Vol. 22, No. 4

Units of R-galactosidase activity
Activity relative to uUORF4-4444

duced by far the largest increase (by ~1.7-fold) in the
uORF4 REI activity (Fig. 6D). All other substitutions that
changed only one out of three bases of both uORFs
(uORF3-3333-Tyr (TAT) and uORF3-3333-Tyr to Phe
(TTC) in Fig. 6C, and uORF4-4444-Phe (TTC) and uORF4-
4444-Phe to Tyr (TAT) in Fig. 6D] altered the efficiency of
REI only modestly. Since the same amino acid encoded by
two different triplets that are, however, recognized by the
same tRNA produced a marked difference in REI activity,
we can conclude that it is not the identity of an amino acid
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residue or of a tRNA by which it is delivered, but the sequence
composition of the uORF3 and uORF4 second codon that
contributes to the difference in the REI potential between
these two uORFs.

Because the full remake of uORF3 into uORF4 in the au-
thentic position of uORF3 [uORF3-3333-Tyr to Phe (TTT)-
TAA] reduces its REI activity only approximately twofold,
and at the same time the full remake of uORF4 into
uORF3 in the authentic position of uORF4 [uORF4-4444-
Pheto Tyr (TAC)-TAG] increases its REI activity also only ap-
proximately twofold, there must clearly be some other factor
outside of their CDSs that further contributes to the approx-
imately fourfold difference in REI activity between uORF3
and uORF4. We hypothesized that this factor could lie in
the identity of the base immediately following the stop codon
(the so called +4 nucleotide), which is known to strongly in-
fluence the efficiency of stop codon recognition (see, for ex-
ample, Beznoskovd et al. 2015b). In particular, cytosine at the
+4 position is the leakiest base with respect to efficiency of
translation termination among all four bases at all three
stop codons (Beznoskovd et al. 2015a; Dabrowski et al.
2015). Hence, we rationalized that an uORF with a poorer
stop codon context allowing increased frequency of stop co-
don readthrough would extend its translation beyond its gen-
uine stop codon, which would in turn decrease its efficiency
of REL Interestingly, the TAA stop codon of uORF4 is fol-
lowed by C and TAG of uORF3 by A (Figs. 1A, 7A), and in-
deed our dual-luciferase reporter assay revealed that uUORF4
has ~3.7-fold increased frequency of readthrough compared
to uORF3 (Fig. 7B). As a control, we used the TGA stop co-
don with the C at the +4 position (TGA-C), which is known
to allow relatively high levels of readthrough (Beznoskové
et al. 2015b). Notably, readthrough on uORF4 is even
~1.5-fold higher than readthrough on this very rare termi-
nating tetranucleotide with the so-called programmed read-
through. Hence we propose that the fact that ~3.7-times
more ribosomes fail to terminate at uORF4 compared to
uORF3 does further contribute to its overall REI nonpermis-
siveness and thus to the difference in REI activity between
these two uORFs.

If true, the combination of the full remake of uORF4 into
uORF3 [uORF4-RT-Phe to Tyr (TAC)-TAG] with a substitu-
tion of the +4 nucleotide C of uORF4 for A of uORF3
(uORF4-RT-TAAA) into one construct [#tORF4-RT-Phe to
Tyr (TAC)-TAGA] should reduce the frequency of read-
through down to the levels observed for wt uORF3; and
this is exactly what we observed. Whereas individual muta-
tions reduced readthrough by similar ~2.6-fold, their combi-
nation displayed an approximately fourfold decrease [Fig. 7B;
compare 24% of uORF4-RT-Phe to Tyr (TAC)-TAGA with
27% of uORF3-RT]. Consistently, the same trend but in a re-
verse order was seen when we substituted the +4 nucleotide C
of uORF4 for A of uORF3 and measured the REI efficiency
using the GCN4-LacZ construct (1ORF4-4444-TAAA). It in-
creased the overall REI activity of uORF4 by ~1.6-fold

(164%) and the same substitution in the full remake of
uORF4 into uORF3 [uORF4-4444-Phe to Tyr (TAC)-
TAGA] increased the overall REI activity from approximately
twofold (209%) to approximately threefold (291%), which is
now close to the aforementioned approximately fourfold dif-
ference between both uORFs (Fig. 7C). We thus conclude
that the combination of the sequence composition of the
uORF3 and uORF4 second codon and the identity of the
stop codon tetranucleotide is what makes the major contri-
bution to the difference in the REI potential between these
two uORFs.

Individual and combined effects of all cis-elements that
determine REI permissiveness of uUORF1 and uORF2

To capture our in-depth analysis, we gradually combined
mutations in all identified REI-promoting cis-determinants
of uORF1 as well as uORF2 in an effort to compare their in-
dividual contributions to the overall REI potential of both
REI-permissive uORFs. First, we side-by-side evaluated indi-
vidual contributions of (i) the RPEs i.—iv. that are situated in
segment A of uORF1 (Munzarova et al. 2011; GuniSova and
Valdsek 2014), (ii) the CDS of uORF1 and in particular of its
third sense codon, and (iii) the 3’ sequence of uORF1. The
biggest contribution comes from the RPEs (tORFI-1111-
A160; ~79% drop), some of which like RPE i. and iv. require
intact elF3 for their function. The RPEs are followed by the
autonomous 3’ sequence (uORFI-1114; ~67% drop), and
the uORF1 third sense codon [uORFI-1111-Cys to Pro
(CCG); ~49% drop] (Fig. 8A). Concurrent removal of the
two biggest contributors in uORFI-1114-A160 displayed a
robust decrease in the REI activity (down to ~8%), strongly
suggesting that their contributions are independent (0.21 X
0.33=0.07, which pretty much equals the obtained 8%). A
relatively smaller additive effect was observed when the re-
moval of all RPEs was combined with the Cys to Pro substi-
tution in wORFI-1111-A160-Cys to Pro (CCG) (16%),
indicating their partial interdependence (0.21 x 0.51 =0.11,
which is smaller than the obtained 16%). Testing the combi-
nation of the Cys to Pro substitution with the removal of the
uORF1 3’ sequence in the hypothetical uORFI-only-1114-
Cys to Pro (CCG) construct is meaningless, because we
previously showed that the otherwise autonomous activity
of RPEs follows and in fact requires a prior action of the
uORF1 3’ sequences (Munzarovd et al. 2011). Therefore,
with respect to its minimal activity (~6%), the uORFI-
1144 construct shown in Figure 1C basically mimics the elim-
ination of all three contributors in #ORFI1-1114-A160-Cys to
Pro (CCG) reaching the uORF4-like basal REI activity (~5%)
(Fig. 8A).

Finally, removal of the e[F3-independent RPE ii. together
with the uORF2-specific, elF3-dependent RPE v. (Guni$ova
and Valdsek 2014), situated in the uORF2 segment A
(uORF2-2222-A233), reduced the efficiency of REI by a ro-
bust ~77%, whereas the Cys to Pro substitution of the
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FIGURE 7. Poor termination efficiency at the uORF4 stop codon strongly contributes to the difference in the REI efficiency between uORF3 and
uORF4. (A) Modified schematic from Figure 6A, in addition depicting the nucleotide following the stop codon of uORF3 and uORF4 (the +4
base; in gray). (B) Schematic of the standard dual luciferase readthrough reporter constructs adapted from Keeling et al. (2004). In the linker region,
the 15-nt long termination sequences of uORF3 or uORF4 with their derivatives, as well as the control TGA-C terminating tetranucleotide, are shown
in bold. The uORF4 derivatives have all their substitutions gradually turning them into wt uORF3 underlined. All indicated constructs were intro-
duced into the PBH156 strain and the resulting transformants were grown in SD and processed for stop codon readthrough measurements as de-
scribed in Materials and Methods. Values of luciferase activity are represented as mean values and standard deviations obtained from five
independent transformants, and each experiment was repeated at least three times. Differences in luciferase activities between 1uORF4-RT-Phe to
Tyr (TAC)-TAG or uORF4-RT-TAAA and their wt uORF4-RT, and between uORF4-RT and control TGAC plasmid were analyzed by Student’s ¢-
test and the calculated P =0.0039 or 0.0004, and 0.0012, respectively. (C) The difference in the nucleotide following the stop codon of uORF3
and uORF4 (the +4 base) contributes to their varying REI permissiveness. Solitary uORF4 from the GCN4 mRNA leader in its authentic position
was modified by indicated substitutions from uORF3 and analyzed as described in Figure 1C. Differences in p-galactosidase activities between
uORF4-4444-TAAA and its wt uORF4-4444 were analyzed by Student’s ¢-test and the calculated P = 0.0002.

uOREF?2 last coding triplet [uORF2-2222-Cys to Pro (CCG)]
showed a similar reduction to that observed for uORF1
(~56% drop in REI) (Fig. 8B). Hence, as in the case of
uORF1, the major contributor to the uORF2 REI potential
is represented by its RPEs. Elimination of both of these cis-
determinants at the same time in uORF2-2222-A233-Cys to
Pro (CCG) expectedly reached the uORF4-like basal level of
REI (~5%) (Fig. 8B), clearly illustrating the absolute inde-
pendence of the uORF2 REI activity on its 3" sequences, as
shown above.

14 RNA, Vol. 22, No. 4

Conclusion

Our systematic analysis of all potential cis-determinants that
either promote or inhibit reinitiation on GCN4 mRNA re-
vealed the following attributes of individual uORFs (summa-
rized in Fig. 9). The 3’ sequences of uORFs 1-3, in particular
the first 12 nt immediately following their stop codons, con-
tain a conserved AU, ,A/UUAU, motif that promotes REI
independently of other REI-promoting elements but only
when situated at the defined distance from the GCN4 AUG
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FIGURE 8. Combined effects of mutations in cis-determinants of uORF1 and uORF2 on their REI permissiveness. (A) The REI permissiveness of
uORF1 is determined by three cis-factors: RPEs situated in the 5" sequence, CDS, and the 3’ sequence. Solitary uORF1 from the GCN4 mRNA leader in
its authentic position and its derivatives containing the indicated mutations were analyzed as described in Figure 1C. Differences in -galactosidase
activities between uORFI-1111-A160 and uORF1-1111-A160-Cys to Pro (CCG), or uORFI1-1114-A160 and uORF1-1114-A160-Cys to Pro (CCG) were
analyzed by Student’s t-test and the calculated P = 0.0369 or 0.0001, respectively. (B) REI permissiveness of uORF2 is determined by two cis-factors:
RPE:s situated in the 5" sequence and CDS. Solitary uORF2 from the GCN4 mRNA leader in its authentic position and its derivatives containing the
indicated mutations were analyzed as described in Figure 1C.

start codon, in principle corresponding to the position of  of codons with the exception of the REI-inhibiting proline
uORF1. Hence, despite carrying this autonomous motif in ~ CCG triplet. Indeed, specifically this Pro triplet occurs as
their 3’ sequences, uUORF2 and uORF3 do not utilize it. the last triplet in uORF3 and uORF4 and, in fact, features
Intriguingly, the 3" sequences of specifically these two  in all ultimate uORFs in the GCN4 mRNA leaders across
uORFs in addition contain inhibitory elements that immedi-  yeast species. Finally, we show that the approximately four-
ately follow the AU-rich motif and decrease the REI potential ~ fold difference between the REI potential of modestly REI-
of these two uORFs. Interestingly, these inhibitory elements ~ permissive uORF3 and REI-nonpermissive uORF4 does not
are transferable and function irrespectively of their distance  lie in the supposedly inhibitory 3’ sequence of uUORF4, as sug-
from the GCN4 start codon. Furthermore, we also revealed gested before (GuniSova and Valdsek 2014), but is manifested
that the authentic length of both REI-permissive uORFs  through the specific effects of the sequence composition of
has to be maintained for their optimal activity and that the  their second codon and of the identity of their stop codon tet-
last coding triplet can most probably tolerate a wide range  ranucleotide, which together impact the efficiency of stop

3-codon 2-codon 3-codon
ATG-GCT-TGC-TAA ATG-TGT-TAA ATG-TAC-CCG-TAG-A ... efficient termination
Met Ala Cys STOP Met Cys STOP Met Tyr Pro STOP

. inactive inactive
AU-rich AU-rich AU-rich -_—
motif RPE v. motif D3 motif n GCN4
inhibitory inhibitory | i
elergent element -
resumption 3-codon
s , of scanning ATG-TTT-CCG-TAA-C ... high stop codon
5 ?nlgllggt:r 5 t:nfcl)aglg;r Met Phe Pro STOP  readthrough
oru oru
(incl. RPE ii.)

FIGURE 9. Summary of all cis-determinants that either promote or inhibit reinitiation on GCN4 after translation of its four short uORFs. Schematics
of the 5’ enhancers of uORFI and 2 containing their respective RPEs, some of which functionally interact with eIF3 to promote resumption of scan-
ning, were taken from GuniSovd and Valadek (2014). Green color-coding generally indicates stimulatory effects of the corresponding cis-factors on
efficiency of REI, whereas red color-coding indicates inhibitory effects (with the exception of RPE ii. of uORF1, which is also stimulatory); the number
of asterisks below the inhibitory elements of the uORF2 and uORF3 3’ sequences illustrates the degree of their inhibition as determined experimentally.
Please see text for further details.
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codon recognition in a positive (UORF3) or negative
(uORF4) way. In other words, we demonstrate for the first
time that there is a direct negative correlation between the ef-
ficiency of reinitiation and efficiency of translation termina-
tion. Collectively this comprehensive approach pictures an
intriguing complexity of this delicate regulatory system that
depends on several REI-promoting as well as inhibiting fea-
tures that mutually fine-tune their often autonomous effects
on the overall efficiency of REI on GCN4 mRNA in order to
keep it as low as possible during nonstarvation conditions or
as high as possible during starvation/stress conditions.

Even though there is a prevailing opinion that practically
each short uORF is different and there are no generalizable
rules that would apply to a majority of them (Wethmar
2014), we can conclude the following. The presence of the
CCG triplet encoding proline as the last coding triplet most
probably signals very poor REI potential of a given uORF,
at least in yeast. Conversely, the presence of the RPE i.-like
and/or RPE v.-like sequence motif not far upstream of a given
short uORF, as well as the presence of the AU-rich motif im-
mediately following the stop codon, might signal increased
permissiveness for REI. An additional indicator of the REI
permissiveness could be the presence of a structural element
resembling the secondary structure of the uORF1 RPE iv.,
which can also be found in the 5" enhancer of the solitary
uORF preceding the YAPI gene (Munzarovd et al. 2011).

MATERIALS AND METHODS

Yeast strains, plasmids, and other biochemical methods

Lists of strains (Supplemental Table S1), plasmids (Supplemental
Table S2), and PCR primers (Supplemental Table S3) used in this
study and details of their construction can be found in the
Supplemental Material. $-Galactosidase assays were conducted as de-
scribed previously (Mueller etal. 1987; Grant and Hinnebusch 1994).
For all B-galactosidase values recorded with mutant constructs that
differed from their respective wt constructs by <40%, the P-values
were calculated and are given in the corresponding figure legends.

Stop codon readthrough assay

Dual luciferase assay was performed using the Dual Luciferase
Reporter Assay System (Promega). Briefly, yeast strain PBH156
was transformed with the indicated dual luciferase reporter non-
sense control plasmid pTH477 (Fig. 7A) as well as with the sense co-
don (CAA) plasmid pTH460 and pSG358, pSG362, pSG349,
pSG365, or pSG350. The experiments and data analysis were carried
out according to the Microtiter plate-based dual luciferase protocol
developed by Merritt et al. (2010) and commercially distributed by
Promega. Assays were done in quintuplicates (1 =5), the data are
expressed as the mean + SD, and each experiment was repeated at
least three times. Resulting luciferase activity in each strain was ex-
pressed as the firefly/Renilla luciferase activity (nonsense or all indi-
cated pSG plasmids) divided by the firefly/Renilla luciferase activity
(sense). For further details, please see Keeling et al. (2004).
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