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ABSTRACT

Ribosome was long considered as a critical yet
passive player in protein synthesis. Only recently
the role of its basic components, ribosomal RNAs
and proteins, in translational control has begun to
emerge. Here we examined function of the small ri-
bosomal protein uS3/Rps3, earlier shown to inter-
act with eukaryotic translation initiation factor elF3,
in termination. We identified two residues in con-
secutive helices occurring in the mRNA entry pore,
whose mutations to the opposite charge either re-
duced (K108E) or increased (R116D) stop codon
readthrough. Whereas the latter increased overall
levels of elF3-containing terminating ribosomes in
heavy polysomes in vivo indicating slower termi-
nation rates, the former specifically reduced elF3
amounts in termination complexes. Combining these
two mutations with the readthrough-reducing muta-
tions at the extreme C-terminus of the a/Tif32 subunit
of elF3 either suppressed (R116D) or exacerbated
(K108E) the readthrough phenotypes, and partially
corrected or exacerbated the defects in the com-
position of termination complexes. In addition, we
found that K108 affects efficiency of termination in
the termination context-specific manner by promot-
ing incorporation of readthrough-inducing tRNAs.
Together with the multiple binding sites that we iden-
tified between these two proteins, we suggest that
Rps3 and elF3 closely co-operate to control transla-
tion termination and stop codon readthrough.

INTRODUCTION

To ensure proper transfer of genetic information from genes
into proteins, the ribosome has to accurately recognize not
only the proper start (initiating codon) of the gene to be
translated but also its end (one of the three stop codons).
In this critical endeavor the ribosome is assisted by numer-
ous proteins and protein complexes called eukaryotic initi-
ation and release factors (for review see (1-3)). Naturally,
the ribosomal components such as its rRNAs and riboso-
mal proteins participate in all four phases of the transla-
tional cycle (initiation — elongation — termination — recy-
cling) (4,5), whereas the aforementioned factors have, with
a few exceptions, only a single-phase-specialized roles. One
such an exception is the initiation factor elF3 (reviewed in
(6)). Not only it coordinates the progress of most of the ini-
tiation steps (see e.g. (7-295), it also fine tunes the fidelity
of translation termination and promotes programmed stop
codon readthrough (26,27) (see below).

During canonical termination 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 (reviewed in (3)). In eukaryotes, eRF1 recognizes all
three stop codons (UAA, UAG and UGA). According to
the most recent model, eRF3 senses the proper accommo-
dation of eRF1 at the A-site occupied by the stop codon
(28,29). This triggers GTP hydrolysis on eRF3, which then
leaves the pre-termination complex to make room for the
recycling factor called ABCE1 (RLI1 in budding yeast).
Binding of ABCEI, a member of the ATP-binding cas-
sette (ABC) family of proteins, promotes polypeptide re-
lease by pushing the GGQ motif of eRF1 into the pep-
tidyl transferase center to stimulate the hydrolysis of ester
bond between the nascent polypeptide chain and the CCA
end of the peptidyl-tRNA sitting at the P site. This NTP-
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independent step captures the production of a particular
protein.

However, in some specific cases, not all stop codons sig-
nal the proper end of translation, which can thus con-
tinue beyond to the next stop codon. Generally speaking,
translation termination can be viewed as a constant com-
petition between stop codon recognition by release factors
and stop codon decoding by near-cognate tRNAs that in-
frequently results in stop codon readthrough and produc-
tion of C-terminally extended protein isoforms, often with
important biological roles (30-32). This competition dif-
fers genome-wide in its efficiency which can be influenced
by many factors. For example, we recently demonstrated
that each and every stop codon, together with its immedi-
ately following +4 nucleotide, defines a stop codon tetranu-
cleotide that determines the specific decoding rules for so-
called readthrough-inducing (rti)-tRNAs, the competition
odds of which are preferentially increased at the defined
tetranucleotides (33-35).

Beyond determining the rti-tRNA preference, the +4
nucleotide also appears to directly influence the eRFI1-
mediated stop codon decoding (32,36,37). In particular,
the presence of a cytosine at the +4 position modestly,
but significantly, interferes with eRF1 decoding of all
three stop codons (33). Strikingly, we identified a simi-
lar role also for elF3 (6,26,27). In particular, elF3 ap-
pears to interfere with eRF1 recognition of stop codons
at the third (wobble) position and, at the same time, it
stimulates incorporation of rti-tRNAs with mismatches
at this very position. In other words, by affecting the
proper eRFleeRF3eGTP accommodation, elF3 enables
greater competition of tetranucleotide-specific rti-tRNAs
with wobble mismatches to boost efficiency of readthrough.

Expectedly, several ribosomal proteins have also
been implicated in controlling fidelity of translation
termination/readthrough, such as for example uS19/Rps15
and eS25/Rps25 (38,39); however, according to our knowl-
edge, the molecular mechanism of their involvement is
unclear. In this respect, uS3/Rps3 also deserves a particular
attention, mainly from the following reasons:

1) It is situated in the head region of the solvent exposed
side of the small ribosomal subunit at the mRNA en-
try channel reaching out to the decoding pocket (Figure
1A). Accordingly, some Rps3 mutations were shown to
suppress frameshift and nonsense mutations in several
tested genes by altering translational accuracy of ribo-
somes (40), whereas some others increased frameshift-
ing at inhibitory CGA-CGA codon pairs (41). Based on
the analogy to its bacterial counterpart, Rps3 was also
proposed to be implicated in the helicase activity of the
ribosome (42.,43).

2) Being a part of the decoding pocket, Rps3 directly con-
tacts the mRINA 3’ of the A-site with its C-terminal tail
(44-46). Several C-terminal Rps3 residues also appear to
interact with 18S rRNA residues that form the ‘mRNA
entry channel latch’ (a noncovalent interaction between
rRNA nucleotides in helices 18 and 34 (47)), which plays
a critical role during scanning for AUG selection. Bind-
ing of several elFs to the free 40S subunit dissolves this
latch (by releasing the contact between h18 in the 40S
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body and h34 and uS3/Rps3 in the 40S head) to open the
channel for mRNA loading and subsequent ribosomal
scanning. The reversal latch closure on AUG recogni-
tion, which is triggered by the delicate interplay of these
elFs, then clamps on the mRNA and arrests scanning
to enable a subsequent subunit joining step (reviewed in
2)).

3) During stop codon decoding, eRF1, sitting in the ribo-
somal A-site, was proposed to contact uS3/Rps3 via a
part of its N-domain (48). Interestingly, Taylor et al. fur-
ther proposed that one of the conformational changes
induced by eRF1-eRF3-GMPPNP binding to the 80S
pre-termination complexes (pre-TCs) involves a move-
ment 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
408 solvent side and a constriction of the mRNA en-
trance. Noticeably, this constriction, occurring in the
terminating 80S couples, mechanistically resembles an
aforementioned rearrangement of the similar latch com-
ponents of the 48S pre-initiation complex (PIC) upon
AUG selection during initiation.

4) uS3/Rps3 interacts with the NTD of g/Tif35 and the
C-terminal domain (CTD) of a/Tif32 subunits of yeast
elF3 (8,12). Mutations in the a/Tif32-CTD (which
interacts also with h16-18 of 18S rRNA (49)) and
g/Tif35 confer phenotypes indicating destabilization of
the open/scanning conducive latch state, as well as phe-
notypes suggesting the opposite effect of destabilizing
the closed/scanning arrested latch conformation (8,12).
Similarly, mutations of Rps3 residues that interact with
mRNA and rRNA residues of the entry channel were
also shown to decrease stability of the closed latch state
and diminish recognition of near-cognate initiation sites
in vivo (50). In addition, they were also implicated in
stabilizing mRNA interactions with the PICs at the en-
try channel in a functionally redundant way with elF3-
dependent stabilization of the PIC-mRNA interactions
at the exit channel (50). Consistently, stable binding of
mRNAs with very short UTRs containing the TISU el-
ement to 43S PICs was also shown to rely primarily
on the interaction of their +6 nt with Rps3 (51). Alto-
gether, these findings indicate a close co-operation be-
tween elF3 and Rps3 in stabilizing the mRNA at the
both channels of the mRNA binding path, as well as in
the close-to-open/open-to-close latch acrobatics during
the initiation phase (6).

Taken altogether plus the fact that the aforementioned
mutations in the a/Tif32 and g/Tif35 subunits of elF3 also
affect fidelity of termination (26,27), it is tempting to specu-
late that the constriction of the mRNA entrance tunnel dur-
ing termination involves similar actors and serves the simi-
lar purpose; i.e. to clamp the mRNA into the mRNA entry
pore to stabilize the termination complex as it prepares for
the peptide release, which has never been examined.

Here, we subjected Rps3 to site directed mutagenesis and
isolated two mutants with the opposite readthrough phe-
notypes that genetically interacted with the readthrough-
reducing mutations at the extreme C-terminus of the
a/Tif32 subunit of eIF3 and impacted on the composition
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Figure 1. Rps3 of the small ribosomal subunits and the schematic of its site-directed mutagenesis. (A) The position of Rps3 in the context of the small
ribosomal subunit shown from its solvent-exposed side (PDB ID 3J81); Rps3 is shown in bronze with positions of R116 and K108 highlighted in the
magnified frame; mRNA is shown in black and helices 16, 18 and 34 of 18S rRNA in green, orange and violet, respectively. (B) All Rps3 residues that were
mutated/deleted either individually or in blocks in this study are displayed in the Rps3 secondary structure (PDB ID 4V88).

of the pre-termination complexes. Detailed analysis of one
of these mutations suggested that the K108 residue of Rps3
affects efficiency of termination in the +4 base-specific man-
ner by promoting incorporation of rti-tR NAs at the riboso-
mal A-site. Finally, we also identified three direct contacts
between uS3/Rps3 and a/Tif32 and propose a molecular
mechanism of their co-operative involvement in the control
of termination fidelity.

MATERIALS AND METHODS
Yeast strains and plasmids

The lists and descriptions of yeast strains, plasmids, and
primers used throughout this study (summarized in Supple-

mentary Tables S2-S4) can be found in the Supplementary
data.

Stop codon readthrough assays

Majority of stop codon readthrough assays in this study
were performed using a standard bicistronic reporter con-
struct bearing a Renilla luciferase gene followed by an in-
frame firefly luciferase gene, originally developed by (52).
Separating the two genes is either a tetranucleotide termi-
nation 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 pos-
sible artifacts connected to the changes in the efficiency of



translation initiation associated with the nonsense mediated
decay (NMD) pathway (53), because both Renilla and fire-
fly enzymes initiate translation from the same AUG codon.
For further details please see (54,55). All experiments and
data analyses were carried out according to the Microtiter
plate-based dual luciferase protocol developed by (56) and
commercially distributed by Promega. Readthrough values
are represented as mean + SD from triplicates (n = 6) and
each experiment was repeated at least three times. The raw
data for all dual luciferase assays (absolute luciferase activ-
ities) are given in the Supplementary Excel File.

Polysomal gradient analysis

For polysome profile analysis, strains were grown in yeast
extract-peptone-dextrose (YPD) at 30°C to O.D.gy9 of ~1.
Cycloheximide (50 pg/ml) was added 5 min prior to har-
vesting, and WCEs were prepared in the breaking buffer
composed of 20 mM Tris—HCI, pH 7.5, 50 mM KCI, 10 mM
MgCl,, | mM dithiothreitol [DTT], | mM phenylmethylsul-
fonyl fluoride [PMSF] and 1 x Complete Protease Inhibitor
Mix tablets without EDTA [Roche]. Cells were broken by
FastPrep Instrument (MP Biomedicals) at the intensity level
of 5 in two 20 s cycles. Fifteen A,g units of WCEs were
separated by high velocity sedimentation on a 5-45% su-
crose gradient by centrifugation at 39 000 rpm for 2.5hina
SW41Ti rotor (Beckman Coulter). The resulting gradients
were scanned at A,s4 to visualize ribosomal species using
Teledyne ISCO UA-6 UV/VIS gradient detector.

Heavy polysomal gradient analysis

For analysis of complexes associated with pre-termination
ribosomes, strains were grown in (YPD) at 30°C to
0.D.¢00 of ~1. Cycloheximide (50 pg/ml) was added 5 min
prior to harvesting, the cells were subsequently cross-linked
with 0.5% formaldehyde (HCHO) for 30 min on ice and
WCEs were prepared as described in the previous chapter.
Hundred A44) units of the resulting WCEs were loaded on
5-45% sucrose gradient and separated by centrifugation at
16 800 rpm for 13.5 h in a SW 32-Ti Beckmann rotor. The
heaviest polysomal fractions (pentasomes and more) were
collected, pooled and treated with RNAse I to separate the
pre-initiation complexes (PICs) from 80S couples on ac-
tively translated mRNAs. Thus treated samples were sub-
jected to the second round of sucrose gradient (5-45%) cen-
trifugation according to the resedimentation protocol de-
scribed before (27). The resolved 80S couples—enriched in
termination complexes—were collected, loaded in five two-
fold dilutions onto the SDS-PAGE gel and processed for
western blot analysis with the indicated antibodies. West-
ern blot signals from each of the five two-fold dilutions ob-
tained with individual antibodies were quantified by Quan-
tity One and plotted against their corresponding loadings.
Individual slopes (representing relative amount of each fac-
tor in mutant cells) calculated from the linear regression of
resulting plots were normalized to the slope obtained with
the TIF32 RPS3 wt strain, which was set to 100%.
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GST pull-down experiments

GST pull-down experiments with GST fusions and in vitro-
synthesized [**S]-labeled polypeptides (see Supplementary
Table S2 for vector descriptions) were conducted as fol-
lows. Individual GST-fusion proteins were expressed in Es-
cherichia coli, immobilized on glutathione-Sepharose beads
and incubated with 10 pl 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 Gel-
code Blue Stain Reagent (Pierce) and then subjected to au-
toradiography.

RESULTS

Rps3 mutations in two helices running in parallel cause oppo-
site stop codon readthrough phenotypes

To examine the role of Rps3 in translation termination, we
selected majority of surface-exposed segments of Rps3 and
individually replaced each of these segments with a string of
the corresponding number of alanine residues (to shorten
the side chain) in the fully functional RPS3 allele bear-
ing the FLAG tag at its N-terminus (to facilitate its de-
tection by Western blotting). All mutations, summarized
in the color-coded arrangement in Figure 1B, were gener-
ated in the RPS3 allele under the control of the standard-
ized RPS28 promoter (57) on a single copy plasmid and in-
troduced into a yeast strain deleted for the chromosomal
copies of RPS3 and TIF32 (the latter encoding the a/Tif32
subunit of yeast eIF3) bearing the wt alleles on separate
covering plasmids by plasmid shuffling. After the eviction
of the RPS3 covering plasmid, all mutants except for the C-
terminal truncations rps3_1—190 (lethal, same as the rps3_1—
200 allele shown before (58)) and rps3_1-205 (severe Slow-
growth [Slg~] phenotype) were scored for the stop codon
readthrough phenotype as described before (27). (Surpris-
ingly, none of the Ala-substituting mutations displayed any
significant growth phenotype — see Supplementary Table
S1).

Briefly, a standard way to measure the efficiency of stop
codon readthrough is by the dual-luciferase reporter as-
say specifically designed to be independent of mRNA level
changes (54). In this reporter system, two genes encod-
ing luciferases are separated by an in frame stop codon
or by the CAA coding triplet as a reference (Figure 2A).
To increase the sensitivity of this assay, the UGA stop
codon with the C at the 4" position in the UGA-CCG-
UUC hexanucleotide, which is known to allow relatively
high levels of readthrough, is typically used (59). In addi-
tion, we used the UGA-hexanucleotides from genes known
to undergo programmed stop codon readthrough, like the
UGA-CAA-UUA TMV-6nt context from the tobacco mo-
saic virus (TMYV, whose genuine sequence is UAG-CAA-
UUA) (60), which had the highest levels of readthrough
from our selection. Among cellular genes from the Sac-
charomyces cerevisiae genome, we picked the programmed
UGA-CAA-GAA hexanucleotide of PDE2 (61), as well
as the UGA-AUA-AAU hexanucleotide taken from the
SUP45 gene known for its highly efficient termination (27).
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Figure 2. Rps3 mutations in two helices running in parallel cause opposite stop codon readthrough phenotypes. (A) Schematics of the standard dual
luciferase readthrough reporter constructs with variable stop codons (or a CAA coding codon) under the PPGK promoter adapted from (27). (B-E) The
rps3 A strains ME166 bearing the indicated rps3 mutant alleles on a single copy plasmid were introduced with the indicated dual luciferase readthrough
reporter constructs (pTH477 as ‘UGA-C’; PBBS82 for TMV-6nt context; PBB84 for PDE2; and PBB85 for SUP45), grown in SD and processed for stop
codon readthrough measurements as described in Materials and Methods. Statistical significance determined by the Student’s ¢-test is indicated (P < 0.05).

From all segment mutations that we tested (Supplemen-
tary Table S1), only the rps3—-149 KI1084 NI1114A RI17A
and rps3—-151 RI16A YI20A RI24A YI25A EI128A dis-
played significant effects. The former reproducibly de-
creased readthrough by ~20%, whereas the latter increased
it by ~40% (Figure 2B). To determine what residue(s) are
responsible for these phenotypes, we individually substi-
tuted each of these 8 residues either with alanine or with
a residue of an opposite charge, subjected them to the
readthrough assay and found that rps3-KI108E significantly
(by ~50-70%) decreased readthrough at all three tested hex-
anucleotides (Figure 2C), whereas rps3-R116D increased it,

especially with the TMV-6nt context (by ~35%) (Figure
2D). Interestingly, the rps3-R116A4 substitution showed no
readthrough when tested alone (data not shown), suggest-
ing the importance of the given charge.

Please note that in agreement with an earlier study (50),
the expression levels of the mutant proteins, as well as their
incorporation into 40S subunits, were unchanged compared
to the wild-type (wt) cells (Supplementary Figure S1A and
B), they produced no obvious growth phenotypes (Sup-
plementary Figure S1C), did not significantly affect ex-
pression from the control reporter plasmid (Supplemen-
tary Figure S1D), only conferred moderate reductions in



the ratio of polysomes to 80S monosomes that we mea-
sured in cycloheximide-stabilized extracts resolved by sedi-
mentation through sucrose gradients (Supplementary Fig-
ure S1E). Also, no perturbation to the ratio of free 40S to
free 60S subunits was evident except for a modest reduc-
tion in the R//6D mutant. Taking into account that Rps3
is an essential protein whose absence from or altered place-
ment in the 40S body would cause either cell death or severe
growth defects, together these data clearly demonstrate that
the observed readthrough phenotypes are caused by its im-
paired functioning as part of the small ribosomal subunit
and not from its altered protein levels or defects in 40S bio-
genesis and/or stability.

Interestingly, K108 and R116 are situated next to each
other on the opposite alpha helices (a4 and a5, respectively)
running in parallel, with their side chains facing into differ-
ent planes (Figure 1A). R116 was proposed to directly con-
tact mRNA (50), whereas K108 seems to lie in the vicinity
of helix 34 (Figure 1A). Strikingly, combing these two muta-
tions with the opposite readthrough phenotypes in a single
rps3-KI108E RI116D allele resulted in a complete suppres-
sion of their individual phenotypes (Figure 2E). This may
suggest that they play antagonistic roles during translation
termination, perhaps thanks to their differing contacts in
the mRNA entry pore.

Mutating the extreme C-terminus of a/Tif32 reduces the
readthrough efficiency

We previously showed that the C-terminal domain of
a/Tif32 (residues 791-964), represented by an extended
alpha-helix forming the flexible arm under the 40S beak
(Figure 3A), interacted with uS5/Rps2 and uS3/Rps3 in
vitro (12). To examine whether the a/Tif32-CTD—thanks
to this interaction—also impacts on fidelity of termina-
tion like the a/Tif32-NTD does (26,27), we introduced Ala
substitutions in consecutive blocks of 10 residues between
amino acids 792 and 964 (dubbed boxes 16-33). To meet
this ‘10 residues at a time’ rule and cover the entire region,
the last two boxes (32 and 33) overlap by six residues (Fig-
ure 3B). All mutations were generated in the low copy pRS-
plasmid-borne 71F32-His, encoding Hisg-tagged a/Tif32,
and introduced into the rps3A tif32A strain by plasmid
shuffling. None of these mutations was lethal, allowing evic-
tion of the resident TI1F32* URA3 plasmid on medium con-
taining 5-fluoroorotic acid (5-FOA). Surprisingly, only one
of the resulting mutant transformants (box33) displayed
some growth phenotype (moderate Slg™—; Figure 3C and
data not shown). Since it overlaps with box32, we subjected
these two mutants to our readthrough assay and showed
that they both reduced readthrough; ¢if32-hox33 conferred
more pronounced reduction (by ~35%; Figure 3D). Neither
of the observed phenotypes was caused by abnormalities in
their expression levels (Figure 3E) or a significant impair-
ment of translation efficiency (Supplementary Figure S1C).
Taking into account that the C-terminus of Tif32 (namely
residues 792-964 encompassing both boxes) does not make
any contacts with other elF3 subunits and, as such, is dis-
pensable for the elF3 integrity in vivo (24,62,63), our find-
ings indicate that the contact between the a/Tif32-CTD and
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uS3/Rps3 could indeed directly modulate the termination
efficiency.

Analysis of the genetic and physical interaction between the
a/Tif32 C-terminal mutations and rps3-R116D

To investigate the prospective interplay between the
a/Tif32-CTD and Rps3 in translation termination, we
first combined both box mutations (reducing readthrough)
with rps3-R116D (increasing readthrough) in the rps3A
tif32 A strain and subjected the resulting double mutants
to the readthrough assay. In analogy to combining rps3-
KIOS8E (reducing readthrough) with R/I6D (increasing
readthrough) (Figure 2E), combining a/tif32-box33 with
rps3-R116D resulted in a nearly complete suppression of
their individual phenotypes (Figure 4A), suggesting antago-
nistic roles. A similar effect, although not statistically signif-
icant, was also observed with the a/tif32-box32 rps3-R116 D
double mutant. Interestingly, despite the termination ef-
ficiency correction, the rps3-RI116D mutation exacerbated
Slg™ of a/tif32-box33 indicating a more complex genetic in-
teraction between these two proteins (Figure 4B).

Next, we examined the physical interaction between the
a/Tif32-CTD and Rps3. As shown in Figure 5SA and B,
the [¥S]-labelled rps3-R 116D mutant dramatically reduced
(by ~90%) binding to the wt a/Tif32-CTD (residues 791
through 964) fused to the GST moiety. Similarly, both box
mutations diminished affinity towards wt Rps3 by robust
~80% (Figure 5A and C). However, since practically the
identical reductions were also observed when both box
mutations were combined with R116D (Figure SA-C), it
is clear that the a/Tif32-CTD-Rps3 interaction is medi-
ated by at least two independent contacts; one mediated by
R 116 of Rps3 and the other by the extreme CTD of Tif32.
In agreement, rps3-R116D fused to GST reduced binding
to the full length a/TIF32 by ~35% compared to the wt
Rps3 protein, regardless the presence of the box32 muta-
tion ([*>S]-labelled box33 mutant did not stably express in
vitro) (Figure 5D and E). Interestingly, box32, when intro-
duced into the full-length a/Tif32 protein, reduced bind-
ing to both wt Rps3 or R116D by ‘only’ ~50% (Figure 5D
and F), compared to ~80% in case of a/tif32-CTD-box32,
suggesting the presence of even a third contact upstream
of the a/Tif32-CTD. Existence of the third contact would
also explain the difference in binding affinity of rps3-R116D
against the a/Tif32-CTD (~90% reduction; Figure 5A) ver-
sus the full length a/Tif32 protein (~35% reduction; Figure
SE). Indeed, we found that the a/Tif32-NTD segment en-
compassing residues 200-396 strongly and specifically in-
teracted with Rps3 (Figure 5G), moreover, in the R116-
and K108-independent manner (Figure SH). These findings
suggest a delicate network of contacts between these two
binding partners that could stimulate and/or be a part of
critical conformational changes that ribosome undergoes
during termination (as well as initiation) in this important
region, as described in the introduction.

Analysis of the genetic and physical interaction between the
a/Tif32 C-terminal mutations and rps3-K108E

Next we combined both tif32-box mutations (reduc-
ing readthrough) with rps3-KIOSE (also decreasing
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Figure 3. Mutating the extreme C-terminus of a/Tif32 reduces the readthrough efficiency. (A) Positions of Rps3 and the structure-solved/modelled parts
of the a/Tif32-NTD and -CTD (defined by the amino acid coordinates) in the context of the small ribosomal subunit shown from its solvent-exposed side
(PDB ID 6FYY); Rps3 is shown in green with positions of R116 and K108 highlighted; a/Tif32 in red with the residues 200-396 highlighted in yellow
and the putative placement of the extreme C-terminal boxes 32 and 33 indicated. The interaction between the latter boxes and Rps3 identified in this study
is illustrated by an arrow. (B) The schematic of the a/Tif32 protein depicting the amino acid residues that were substituted with a stretch of alanines in
the a/tif32-box32 and -box33 mutants. (C) The a/tif32-box33 mutation causes a mild slow growth phenotype. Transformants of KPH31 (rps3A tif32A)
bearing the indicated wt or mutant 77F32 alleles were spotted in four serial 10-fold dilutions on SD medium and incubated at 30°C and 37°C. (D) Mutating
the extreme C-terminus of a/Tif32 reduces the readthrough efficiency. Transformants of KPH31 (rps3 A tif32 A) bearing the indicated wt or mutant 7/F32
alleles were introduced with the control (pTH477) dual luciferase readthrough reporter construct processed for stop codon readthrough measurements as
described in Figure 2B. Statistical significance determined by the student’s 7-test is indicated (P < 0.05). (E) Neither of the box mutations of a/Tif32 alters
its steady state protein levels. Transformants of KPH31 (rps3A tif32 A) bearing the indicated wt or mutant 77F32 alleles were grown in the YPD medium
at 30°C to an ODgpp ~1, and WCEs were prepared and subjected to western blot analysis with antibodies indicated on the right side of the panel. Western

blot signals were quantified by Quantity One and the relative Tif32 protein levels from three biological replicates were normalized to the RpsOA loading
control.

readthrough) in the rps3A tif32A strain and observed a
statistically significant additive effect; i.e. exacerbation of
the negative stop codon readthrough in the tif32-box33
rps3-K108E double mutant (Figure 6A), which did not
manifest itself into a growth defect (Figure 6B). A similar
effect was also observed with the a/tif32-box32 rps3-KI10SE
double mutant. In contrast to R116D, the K108E mutation
showed a smaller impact on the a/Tif32-Rps3 interaction
(reduction by ~50%; Figure 7A-C), which was seen only
with the a/Tif32-CTD construct but not with the full-

length protein (Figure 7D and E). These findings indicate
that both RPS3 residues under investigation interact with
a/Tif32 by different means (speaking for altogether four
points of contact) and, at the same time, that the cooper-
ation between K108 of Rps3 and the extreme C-terminus
of a/Tif32 to fine tune the fidelity of termination has more
functional than a physical character.

The R116D mutation was—thanks to its initiation
phenotype—earlier shown to reduce expression levels of
elF1 (50). Even though elF1 has never been implicated in
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Figure 4. Analysis of the genetic interaction between the a/Tif32 C-terminal mutations and rps3-R116D. (A) Combining a/tif32-box33 with rps3-R116 D
results in a complete suppression of their individual readthrough phenotypes. Transformants of KPH31 or KPH46 (rps3 A tif32 A) bearing the indicated wt
or mutant 7/F32 and RPS3 alleles were introduced with the TMV-6nt context (PBB82) dual luciferase readthrough reporter construct processed for stop
codon readthrough measurements as described in Figure 2B. Statistical significance determined by the student’s 7-test is indicated (P < 0.05). (B) Combining
a/tif32-box33 with rps3-R116D further exacerbates the Slg™ of the former mutant. Transformants of KPH31 (rps3A tif32 A) bearing the indicated wt or
mutant 7/F32 and RPS3 alleles were spotted in four serial 10-fold dilutions on SD medium and incubated at 30°C and 37°C.

termination, we overexpressed elF1 in mutant strains bear-
ing R116D or K108E to show that prospective changes in
elF1 levels do not impact efficiency of readthrough, which
was indeed the case (Supplementary Figure S2).

The intact K108 residue of Rps3 is important for Cys-rti-
tRNA incorporation at the UGA stop codon in the +4 base-
specific manner

We recently demonstrated that the +4 base immediately fol-
lowing each of the three stop codons determines the so-
called stop codon tetranucleotide decoding rules; i.e. how
efficiently a tRNA that is near-cognate to a given stop
codon will incorporate at the A-site occupied by it. Based
on these rules we designated near-cognate tRNAs with high
specificity for selected tetranucleotides as rti-tRNAs (33—
35). However, the molecular mechanism of this preference
is not known. In addition, we previously showed that elF3
associates with pre-termination complexes where it inter-
feres with the eRF1 decoding of the third or wobble po-
sition of the stop codon set in the unfavorable termination
context and thus allows incorporation of rti-tRNAs with
a mismatch at the same position (26,27). Since Rps3 in-
teracts with eIF3 (12) and also contacts mRNA 3’ of the
A-site (44-46), we wished to examine whether Rps3 also
stimulates incorporation of rti-tRNAs to the A-site in the
tetranucleotide-specific manner, perhaps in co-operation
with elF3, and thus contributes to setting the stop codon
tetranucleotide decoding rules.

To do that, we overexpressed all four rti-tRNAs (Cys,
Trp, Gln and Tyr) in both rps3 mutant strains and mea-
sured readthrough at all four UGA-N stop codon tetranu-
cleotides, as well as at UAG-C and UAA-C (Figure 8). The
overexpression strategy has been routinely used in our lab-
oratory to magnify the effect of the rti-tRNA of interest
(27,33-35). First, comparing the readthrough effects on the
aforementioned tetranucleotides in cells expressing only the
empty vector (EV), we noticed that R116—despite being in
contact with mRNA’s bases representing the termination

context 3’ of the A-site—increases readthrough indepen-
dently of the type of stop codon as well as of the +4 base
identity when substituted with Asp (Figure 8A-G; ‘EV’
bars). In contrast, K108E showed the strongest preference
for the programmed UGA-C (Figure 8A and G; ‘EV’ bars),
less strong for UGA-G and the other two stops (UAG-C
and UAA-C) (Figure 8B, E and F; ‘EV’ bars), and with the
remaining two UGA-A and -U tetranucleotides it displayed
either no effect or even a modest increase (Figure 8C and
D; ‘EV’ bars). These data suggest that K108, in contrast
to R116, affects efficiency of termination in the +4 base-
specific manner, perhaps allosterically via its prospective in-
teraction with helix 34 (Figure 1A).

In the past, we showed that rti-tRNATP is the spe-
cific readthrough substrate for the UGA-A tetranucleotide
in vivo and rti-tRNA® is preferred at UGA-G, while at
UGA-C and UGA-U both rti-tRNAs are incorporated
(33). The rti-tRNAD" is capable of inducing readthrough
at all four UAA-N tetranucleotides but only at the sin-
gle UAG-C tetranucleotide, whereas tRNAS™ does not
markedly affect readthrough at the UAA-N tetranu-
cleotides, instead it robustly increases readthrough at all
four UAG-N tetranucleotides (35). Comparing values be-
tween ‘EV’ and ‘hc tC(GCA)P1’ (Figure 8A-D), it can be
seen that K108E interferes with the Cys-rti-tRNA incor-
poration at UGA-C, -G and -U (i.e. those tetranucleotides
that are preferred by this tRNA with an ‘EV versus hc
tC(GCA)P1’ difference of ~1.7-fold), but not so much at
UGA-A, where this difference is only ~1.3-fold. Incorpo-
ration of Tyr-rti-tRNA at UAA-C was impaired only mod-
estly (Figure 8F), whereas Gln-rti-tRNA at UAG-C and
Trp-rti-tRNA at UGA-N showed no effect at all (Figure
8E, G, and data not shown). In contrast, R116D interferes
with incorporation of neither of all four rti-tRNAs at the
examined tetranucleotides (Figure 8). To further support
the specificity of our findings we examined similar effects
with the control rps3-N111A mutation and observed no
difference (Supplementary Figure S3). Hence we propose
that K108 affects efficiency of termination by promoting in-



11334 Nucleic Acids Research, 2019, Vol. 47, No. 21

A : L g O B % of relative binding
RO 0.0 Tif32- box32- box33-
L NQ LGP KNP 120 c1p "¢ “c1D
@ PG PP ? P 00 =22 B LD
_— e—— ] ————1
80
37 Bl Ll TR —— 60
= 40
LT TE— - 20 10% 3:4, 1%
== 0
N #5-Rps3 $8 28 58
T “s-ps3R116D. & & & & & £
In*1 2 34 5 67 8 910 3 P P
L L &
C % of relative binding D D> oy
)
120 Rps3  R116D £ 8P
100 & £ L
80 50 ———
60
40 2| ——
20 — m ww— 35G_Tif32full length
0 — — | 355-4if32-box32
% 1 2 3
E % of relative binding F % of relative binding
120 giggonienstr £if32-hox32 1(2)2 Rps3 rps3-R116D
68% 65% 63%
60 *
40 40
20
0 0
& & &S &8
of of S N &N
¢ 4 H e o of
R < o L&
s & s & A8 L
o © < o ot
507 ) f 50 S T G v G ——
o -1
zs.b_’- L S —— g3 4
-_ .
g Tif32 1-200 S Tif32 200-396
[=== ==—|3S Tif32 200-396 In**1 2 3 4 5 6 7 8 9 10
[™=m ]S Tif32 490-790
% 1 2

Figure 5. Analysis of the physical interaction between the a/Tif32 C-terminal mutations and rps3-R116D. (A-F) Both #if32-box mutations, as well as rps3-
R116D impair the a/Tif32-Rps3 interaction independently of each other. The indicated wt or mutant proteins (or their segments) were fused to the GST
moiety and together with the GST alone control tested for binding to the indicated [>°S]-labeled proteins or their mutant derivatives. (In) indicates input
amounts of proteins added to each reaction. The plots represent average values obtained from analysis of at least 3 GST-pull down experiments; standard
deviations are given. Statistical significance determined by the student’s 7-test is indicated (P < 0.05). (G-H) The a/Tif32-NTD segment encompassing
residues 200-396 interacts with Rps3 in the R116- and K108-independent manner. The indicated wt or mutant Rps3 protein was fused to the GST moiety
and together with the GST alone control tested for binding to the indicated [>>S]-labeled fragments of a/Tif32. (In) indicates input amounts of proteins

added to each reaction.
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tif32 A) bearing the indicated wt or mutant 77F32 and RPS3 alleles were spotted in four serial 10-fold dilutions on SD medium and incubated at 30°C.

corporation of Cys-rti-tRNA (and to a smaller extent also
of Tyr-rti-tRNA) in the stop codon tetranucleotide-specific
manner, most likely in co-operation with elF3.

The readthrough stimulatory effect of the K108 residue re-
quires proper conformation of the decoding center

Binding of the aminoglycoside antibiotic paromomycin to
pre-TCs causes displacement of the A1493 phosphate group
relaxing the A-site codon decoding pocket. As a result,
paromomycin changes the deformation of the near-cognate
codon-anticodon helix, after which the ribosome does not
actively sense the correct Watson-Crick base-pairing geom-
etry and thus does not discriminate against near-cognate
tRNAs (64). We previously showed that the effect of wt
elF3 on programmed stop codon readthrough, as described
above, is nullified by the presence of paromomycin in
pre-TCs, and proposed that eIF3 can no longer promote
readthrough if the geometry of the decoding center is per-
turbed (27). Hence, to further support our favored idea
that K108 directly co-operates with elF3 during termina-
tion, we investigated the efficiency of UGA-C readthrough
in RPS3 wt versus mutant cells in the presence of 400
pg/ml paromomycin. Consistent with previous results, we
observed increased readthrough efficiency in the presence
of paromomycin in all three strains (Figure 8H). Strikingly,
whereas the magnitude of the readthrough modulation by
R116D did not change at all under control versus paro-
momycin conditions (138% increase), paromomycin treat-
ment nearly nullified the negative stop codon readthrough
effect of K108E when compared to RPS3 wt cells (Figure
8@G). Since practically the same ‘masking’ effect was ob-
served with elF3 mutants before, we propose that whereas
the mechanism by which R116 impacts on the fidelity of

termination does not dependent on the intact A-site, the
readthrough stimulatory effect of the K108 residue requires
proper conformation of the decoding center, as in case of
elF3.

The rps3-K108E and -R116D mutations display opposite ef-
fects on the composition of pre-termination complexes in vivo

We showed previously that eIF3 associates with pre-
termination 80S complexes (pre-TCs) in the manner depen-
dent on the presence of termination factors eRF1 and eRF3
(26,27). To investigate how the rps3 mutations, as well as
the a/tif32-box33 mutation affect the composition of pre-
TCs, if at all, we analyzed the amounts of factors bound
to the 80S couples isolated from heavy polysomes using the
re-sedimentation protocol described previously (26,27,65).
Briefly, whole cell extracts (WCEs) derived from formalde-
hyde cross-linked cells were resolved on sucrose gradients
after high velocity centrifugation. The higher polysomal
fractions were collected, treated with RNase I, and the re-
sulting 43S-48S pre-initiation complexes and 80S species
were separated in a second round of centrifugation (re-
sedimentation). Isolated 80S couples were loaded in five se-
rial two-fold dilutions onto SDS-PAGE and the amounts
of the small ribosomal protein RpsOA and 80S-associated
factors were analyzed by quantitative Western blotting (Fig-
ures 9 and 10; three representative, consecutive dilutions for
each factor are shown; presented experiments were repeated
at least 5-times).

The readthrough-increasing rps3-R116D mutation dis-
played statistically significant enrichment of elF3, as well
as both release factors eRF1 (SUP45) and eRF3 (SUP35)
in heavy polysomes compared to the wt control (Figure 9A
and B). Importantly, initiation and elongation factors elF1
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Figure 7. Analysis of the physical interaction between the a/Tif32 C-terminal mutations and rps3-K108E. (A-E) Both ¢if32-box mutations, as well as
rps3-K108E impair the a/Tif32-Rps3 interaction independently of each other; the latter one only in the context of the a/Tif32-CTD (compare A-C versus
D-E). The indicated wt or mutant proteins (or their segments) were fused to the GST moiety and together with the GST alone control tested for binding to
the indicated [>3S]-labeled proteins or their mutant derivatives. Panel A is re-using the same control as that shown in Figure SA. (In) indicates input amounts
of proteins added to each reaction. The plots represent average values obtained from analysis of at least three independent GST-pull down experiments;
standard deviations are given. Statistical significance determined by the student’s 7-test is indicated (P < 0.05).

and eEF1A, respectively, which were used as a specificity
control because neither of them imparts any termination
phenotype when down-regulated (26,27), showed no signif-
icant alterations. (Residual amounts of elF1 occurring in
the 80S samples most probably reflect the existence of an
elF1-containing ‘elF3-translasome’ complex proposed to
associate with elongating 80S ribosomes (66)). These results
suggest that heavy polysomes are enriched with terminat-
ing ribosomes in R116D, in other words that the rate of the
termination reaction is slower, which may indeed result in
increased stop codon readthrough.

Conversely, the if32-box33 mutation decreased the rep-
resentation of terminating ribosomes in heavy polysomes
(Figure 9A and B;), which may indicate that the rate of the
termination reaction is faster, perhaps due to the underrep-
resentation of elF3 in pre-TCs (note that elF3 interferes
with the eRF1 role in termination (27)), which would re-
duce readthrough as observed (Figure 3). Combining rps3-
RI116D with tif32-box33 seems to partially correct these op-
posite defects (Figure 9A and B), in agreement with the cor-
rection of the readthrough phenotype (Figure 4A). Since it
does not correct the growth defect of #if32-box33 (Figure
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Figure 8. The intact K108 residue of Rps3 is important for Cys-rti-tRNA incorporation at the UGA stop codon in the +4 base-specific manner. (A-G)
The rps3 A strains ME166 bearing the indicated rps3 mutant alleles on a single copy plasmid were introduced with the indicated dual luciferase readthrough
reporter constructs (KP22 for UGA-C, KP35 for UGA-G, KP34 for UGA-A, KP36 for UGA-U, ZP40 for UAG-C and KP41 for UAA-C) in combination
with either empty vector (EV) or indicated rti-tRNA on high copy plasmid, grown in SD and processed for stop codon readthrough measurements as
described in Figure 2B. Schematics of individual rti-tRNAs base-pairing with the indicated stop codon tetranucleotides are given to the right of the plots;
only the nucleotides of the anticodon loop are shown. (H) The readthrough stimulatory effect of the K108 residue requires proper conformation of the
decoding center. The rps3A strains KPH126, 127 and 128 bearing the indicated rps3 mutant alleles on a single copy plasmid were grown in SD media
without or with 400 pg/ml paromomycin for six hours and processed for stop codon readthrough measurements as described in Figure 2B. Statistical
significance determined by the Student’s -test is indicated (P < 0.05).
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Figure 9. Readthrough-increasing rps3-RI116D displays statistically significant enrichment of eIF3, eRF1 and eRF3 in heavy polysomes, whereas #if32-
Box33 reduces their amounts. (A and B) Transformants of KPH31 (rps3A tif32A) bearing the indicated wt or mutant T7F32 and RPS3 alleles were
grown in the YPD medium at 30°C to an ODggp ~1 and subjected to the heavy polysomal gradient resedimentation analysis followed by western blotting
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follows. Western blot signals from each of the five 2-fold dilutions obtained with individual antibodies were quantified by Quantity One and plotted against
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was set to 100%. Statistical significance determined by the student’s ¢-test is indicated (*P < 0.05; **P < 0.1).

4B), we conclude that the impaired termination is not the
major defect of this mutant.

The readthrough-reducing rps3-KI108 E mutation showed
a statistically significant increase in the level of eRF3
(SUP35) in heavy polysomes without a concomitant in-
crease in the eRF1 levels for which we do not have a rational
explanation at present (Figure 10A and B). At the same time
this mutant modestly reduced levels of eIF3, suggesting that
elF3 could be underrepresented in pre-TCs, which could re-
sult in decreased readthrough as explained above. Combin-
ing rps3-K108E with tif32-box33 partially corrected the in-
crease of the eRF3 levels seen with the K108E single mutant
and further reduced the elF3 levels (Figure 10A and B). The
latter effect may explain why this combination exacerbated
the negative readthrough phenotype of single mutants seen
in Figure 6A. Virtually no difference was observed with the

control eEF1A and elF1 factors, as well as when the control
rps3-N111A4 mutant was subjected to this type of analysis
(Supplementary Figure S4).

DISCUSSION

In this study we identified two specific residues (K108 and
R116) in the neighboring helices of Rps3, whose mutations
to the opposite charge: (i) reduced Rps3 binding to the
CTD of the a/Tif32 subunit of eIF3 in vitro, (ii) impaired
the composition of pre-termination complexes in vivo, (iii)
affected fidelity of translation termination in the opposite
manner—one decreased and the other increased efficiency
of stop codon readthrough and (iv) displayed a stop codon
tetranucleotide-specific impact on the ability of some rti-
tRNAs to efficiently incorporate into the A-site in order to
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Figure 10. Readthrough-decreasing rps3-KI08E displays a statistically significant increase in the level of eRF3 (SUP35) in heavy polysomes and, at the
same time modestly reduces levels of elF3. The same as in Figure 9 except that rps3-KI08E was analyzed.

promote increased readthrough. In addition, we revealed
that these Rps3 residues fine tune termination fidelity in
close co-operation with the residues representing the very
C-terminus of a/Tif32 that, when substituted with a stretch
of alanine residues, reduced a/Tif32 binding to Rps3 in vitro
and elF3 occupancy in pre-TCs in vivo, and diminished the
efficiency of stop codon readthrough.

In the past, mutations of basic residues in 30S ribosomal
proteins uS3 and uS4 at the opening of the mRNA entry
channel were implicated in the intrinsic helicase activity of
the elongating 70S ribosome in vitro (42). In particular, it
was proposed that uS3, uS4 and uS5 form a ring around
the incoming mRNA and act as a processivity clamp for
the ribosomal helicase function with a profound impact on
the elongation rates. Among the residues identified in bacte-
rial uS3 are those showing evolutionary conservation with
K108 and R116 in yeast uS3/Rps3 (5). Hence, even though
the intrinsic helicase activity of the eukaryotic ribosome
has—to our knowledge—never been examined, it is theoret-

ically possible that defects in the helicase activity of the eu-
karyotic ribosome could stand behind (or at least contribute
to) the readthrough phenotypes that we observed. However,
whereas the elongation rate is by definition strongly influ-
enced by the speed of the 80S ribosome moving in the 5 to
3’ direction and encounter of secondary structures will nat-
urally slow it down, the termination rate relies primarily on
the rate of the assembly and action of release factors on the
stalled ribosome and, as such, should not be influenced by
its helicase activity.

Our in vitro protein-protein binding analysis revealed that
at least 4 points of contact do exist among Rps3 and Tif32
(Figures 5 and 7). Both rps3 mutations reduced (to vary-
ing degree) binding of rps3 to the wt a/Tif32 protein, and
so did both tif32-box mutations in case of wt Rps3. Com-
bining them resulted in an additive effect strongly suggest-
ing that they are not in a mutual contact. As aforemen-
tioned, the a/Tif32-CTD forms the flexible arm under the
40S beak (Figure 3A) that is during particular initiation re-
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actions able to transpose the b/Prtl-g/Tif35-1/Tif34 mod-
ule from the solvent-exposed side to the decoding site and
back (6,24,67,68). Hence even though the resolved density
attributed to the a/Tif32-CTD residues 813 through 939
does not lie close enough to Rps3 to be able come into
a direct contact (Figure 3A), it is conceivable that in the
context of the terminating 80S ribosome with the decoding
site occupied by the eRF1/3 complex, this a/Tif32 segment
moves upwards and establishes three independent contacts
with Rps3 that co-operate to modulate fidelity of termina-
tion. In addition, a/Tif32 residues 200 through 396 showed
strong interaction with Rps3 that is also not mediated by the
K108 and R116 residues (Figure 5). Interestingly, the same
a/Tif32 segment was also shown to interact with the Rps3-
neighboring uS2/Rps0 in vitro (69) and the entire a/Tif32-
NTD displayed a strong yeast two-hybrid interaction with
the beak protein eS10/Rps10 (49), which is known to make
multiple contacts with the N-terminal domain of Rps3 (43).
All these observations thus support the existence of the 3™
contact between a/Tif32 and Rps3, whose functional sig-
nificance remains to be explored. Based on the earlier ob-
servation that direct contacts of Rps3 residues R116/R117
with mRNA nucleotides at the entry channel cooperate with
elF3 interactions at both the exit (mediated mainly by the
NTD of a/Tif32 (7)) and entry channels (mediated mainly
by the CTD of a/Tif32 (7)) to stabilize mRNA binding to
43S PICs (50), we can only speculate that i) a similar sta-
bilization effect would be required also during termination
to enable the termination complex to form properly, and
ii) that the mutual contact between Rps3 and the a/Tif32-
NTD could be an important part of it.

It is intriguing that two residues that are next to each
other in parallel helices with their side chains facing into dif-
ferent planes displayed opposite effects on the composition
of the pre-TC in vivo, as well as on the fidelity of termina-
tion. The K108 that highly likely contacts 18S rRNA h34 —
when substituted with aspartic acid — reduced readthrough
(Figure 2), showed a statistically significant increase in the
level of eRF3 (SUP35) in heavy polysomes and, at the same
time modestly reduced levels of eIF3 (Figure 10). Since the
effect of this mutation on the binding affinity between full
length a/Tif32 and Rps3 in vitro is negligible (Figure 7), we
suggest that rather than mere stabilization of binding, K108
actively ensures a smooth progression of the termination
process. Conversely, the R116 contacting mRNA bases 3’ of
the stop codon — when substituted with arginine — increased
readthrough (Figure 2) and displayed statistically signifi-
cant enrichment of eIF3 and both release factors in heavy
polysomes (Figure 9), which may suggest that the termina-
tion rate is slower, resulting in increased readthrough effi-
ciency. In contrast to K108E, the rps3-R116 D mutation also
reduced binding affinity towards full length a/Tif32 (Fig-
ure 5), further underscoring a clear difference in molecular
functioning of these two neighboring residues. Finally, the
tif32-box33 mutation decreased the representation of termi-
nating ribosomes in heavy polysomes; the effect was partic-
ularly strong for the elF3 complex itself (Figure 9), which
may speak for a faster rate of the termination reaction. This
mutation also dramatically impaired binding of a/Tif32 to
Rps3 in vitro (Figure 5).

What does this all mean? It is clear that both contacts
represented by the K108/R116 residues on one hand and
box32/33 residues on the other affect the termination re-
action by different means. We think that the simplest ex-
planation is that the latter contact is responsible for tight
anchoring of elF3 to pre-TCs. When disrupted, the elF3
affinity towards the small subunit is reduced and the result-
ing underrepresentation of eIF3 in pre-TCs mitigates their
intrinsic readthrough efficiency, since elF3 can no longer
interfere with the eRF1 role in termination—perhaps by
impairing its proper orientation in the A-site—as observed
and proposed before for other elF3 mutants with a simi-
lar problem (26,27). The former contact is most likely more
directly involved in the termination process per se as its dis-
ruption seems to impede progression of particular termina-
tion steps.

As mentioned above, 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 h18 of 18S rRNA (48). It was also proposed that in
analogy to the scanning arrest relying on the closure of the
40S latch (formed by Rps3 and 18S rRNA helices 18 and
34) that clamps on the mRNA upon AUG recognition (re-
viewed in (2)), a similar mechanism involving similar players
(Rps3 and h16 forming the beak next to h18) may operate
also during the elongation arrest upon stop codon recogni-
tion (6,48). A further support for the termination-specific
latch closure was provided by the work studying binding of
the no-go mRNA decay complex DOM34-HBSI to stalled
yeast ribosomes where the connection between Rps3 and
h16 was also observed (70). Furthermore, the +6 nt of the
TISU element present in some mRNAs with very short
UTRs was crosslinked to Rps3 in the 48S complex; how-
ever, upon 80S complex formation, the Rps3 interaction
(constricting?) was weakened and switched to eS10/Rps10
(non-constricting?) (51). Evidence of such conformational
changes at the entry channel during the transition from the
48 PIC to the elongation-competent 80S ribosome logically
provoke thinking that the reversal conformational changes
involving Rps3 do occur during the transition from the
elongation-competent 80S ribosome to the pre-TC.

Having postulated that, we speculate that K108 func-
tions to sense the presence of eRF1 in the pre-TC to timely
close the ‘termination’ latch. We further propose that by
contacting K108, eIF3 modulates this role in such a way
to delay the latch closure to promote programmed stop
codon readthrough. If K108 is substituted with aspartic
acid, the functional impairment of the Rps3—a/Tif32 con-
tact, and perhaps also of that between Rps3 and h34, weak-
ens and/or alters the influence of eIF3 and Rps3 over eRF1
and thus allows the termination-specific constriction of the
latch to occur ‘prematurely’. This would in turn decrease
readthrough, as was observed (Figure 6). In agreement,
combining rps3-KI08E with tif32-box33 exacerbated the
efficiency of readthrough of individual mutants and fur-
ther reduced the elF3 levels in pre-TCs. As K108E was
recently shown to allow frameshifting at inhibitory CGA-
CGA codon pairs (41), we believe that the K108 influence
over the latch mechanism could also explain how K108
prevents frameshifting; simply by keeping it in a proper,



elongation-specific conformation (provided that alterations
of the latch mechanism accompany frameshifting).

In case of R116D, we propose that the dominant defect
is the loss of the Rps3 contact with mRNA’s bases down-
stream of stop codon in the mRNA entry channel. In anal-
ogy with the helicase activity (formation of a ring around
the incoming mRNA acting as a processivity clamp), we
think that increased readthrough arises from the failure of
rps3-R116D to provide electrostatic attraction for the phos-
phate backbone of mRNA with its stop codon in the A-
site that would clamp it into the entry channel as a part
of the constriction movement. This way the terminating
ribosome would be locked in a non-productive state—the
latch constriction would not properly materialize—with re-
lease factors unable to accommodate properly in the A-site.
This could lead to their increased on and off rate, which
would together with the observed concomitant increase in
the elF3 abundance (perhaps due to the impairment of
one of its three contacts with Rps3 that might be required
for its timely departure or relocation) allow rti-tRNAs to
incorporate into the A-site and thus increase the rate of
readthrough. In support, the R116D mutant was proposed
to destabilize the closed/entry channel-constricted confor-
mation of the initiating, scanning-arrested 48S PIC and
as a result to increase discrimination against initiation on
near-cognate initiation codons (50). Destabilization of the
closed 48S PIC conformation was also observed with spe-
cific a/Tif32 mutations lying upstream of box32, as well as
with some mutations in g/Tif35 which also interacts with
Rps3(8,12). However, taking into account the eI F3 stimula-
tory role in readthrough (26,27), we cannot rule out that the
R116D-derived increased readthrough stems solely from a
simple stabilization of eIF3 in the R116D pre-TCs. In agree-
ment with both options, combining rps3-R116D with tif32-
box33 apparently relieved the readthrough stimulatory ef-
fect of wt elF3 as it fully suppressed the R116D-derived in-
creased readthrough (Figure 4) and even partially corrected
the eRFs accumulation phenomenon (Figure 9). Notewor-
thy, the R116A mutation was recently shown to impair the
No-go Decay that Rps3 together with Dom34 and Ascl
promotes (71).

Finally, we found that K108 but not R116 affects effi-
ciency of termination/stop codon readthrough in the stop
codon tetranucleotide manner and promotes incorporation
of Cys-rti-tRNAs (and to a smaller degree also that of Tyr-
rti-tRNA) (Figure 8A-G). Taking into account that R116
but not K108 interacts with mRNA in the entry pore and,
as such, could have a direct influence over sensing the stop
codon context (in fact, R116D was shown to increase dis-
crimination against an AUG codon in suboptimal Kozak
context (50)), it was unexpected that we observed specific
effects only with the K108E mutant. Nonetheless, since the
similar tetranucleotide-specific phenotype was found to be
associated with several e[F3 mutants (26,27) and proposed
to occur allosterically by altering the position of the A1493
phosphate group in the decoding pocket (6), we speculate
that the sensing may occur in co-operation between these
two proteins, perhaps via h34 of 18S rRNA. In support,
paromomycin treatment (destabilizing the geometry of the
decoding pocket) neutralized the stimulatory effect of K108
on stop codon readthrough practically to the same extent as
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that shown before for eIF3 (Figure 8H) (26,27). In contrast,
it had no influence on the R116D effect strongly suggesting
that R116 operates in a different manner that is not depen-
dent on the proper conformation of the A-site.

Considering that readthrough is linked to human
disease—more than 15% of all human genetic diseases can
be attributed to the presence of a premature stop codon
(PTC) in the coding region of an essential protein (72) and
for thus-mutated mRNAs the frequency of readthrough ba-
sically defines the efficiency of functional protein synthesis
(73)—we believe that findings presented in this study further
deepen our knowledge of this important regulatory mecha-
nism of gene expression.
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