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ABSTRACT

Stabilization of the ribosomal complexes plays an
important role in translational control. Mechanisms
of ribosome stabilization have been studied in detail
for initiation and elongation of eukaryotic translation,
but almost nothing is known about stabilization of
eukaryotic termination ribosomal complexes. Here,
we present one of the mechanisms of fine-tuning
of the translation termination process in eukaryotes.
We show that certain deacylated tRNAs, remaining
in the E site of the ribosome at the end of the elon-
gation cycle, increase the stability of the termination
and posttermination complexes. Moreover, only the
part of eRF1 recognizing the stop codon is stabilized
in the A site of the ribosome, and the stabilization
is not dependent on the hydrolysis of peptidyl-tRNA.
The determinants, defining this property of the tRNA,
reside in the acceptor stem. It was demonstrated by
site-directed mutagenesis of tRNAY?' and construc-
tion of a mini-helix structure identical to the acceptor
stem of tRNA. The mechanism of this stabilization is
different from the fixation of the unrotated state of the
ribosome by CCA end of tRNA or by cycloheximide
in the E site. Our data allow to reveal the possible
functions of the isodecoder tRNAs in eukaryotes.

INTRODUCTION

Translation termination occurs with the participation of
class-1 and class-2 release factors (RFs). Class-1 release fac-
tors RF1/2 in bacteria and eRF1 in eukaryotes recognize
stop codons and hydrolyze peptidyl-tRNA (1). Class-2 re-
lease factors are GTPases and have slightly different func-
tions. In bacteria RF3 promotes the release of the RF1/2
from the ribosome after hydrolysis of the peptidyl-tRNA
whereas in eukaryotes eRF3 increases the efficiency of hy-
drolysis of the peptidyl-tRNA by eRF1 (2). eRF3 has a typ-
ical structure of GTPases involved in translation and con-

sists of three domains, the G, II and I1I domains (3). eRF1
also consists of three domains, N, M and C, each of which
has its independent function (4). The N domain recognizes
stop codon in the A site of the ribosome (5), the M domain
is involved in the hydrolysis of the peptidyl-tRNA in the
peptidyl transferase center (PTC) (6), and interacts with the
G domain of eRF3 (7). The C domain binds to the domain
IIT of eRF3 (8).

It was shown that the complex of release factors eRF1-
eRF3 changes its conformation during translation termi-
nation on the ribosome (8). Initially, eRF1 interacts with
eRF3-GTP through its C and M domains, and its M do-
main is located distantly from the PTC and closely to
the G-domain of eRF3. After GTP hydrolysis and a con-
formational change of ¢eRF3 or, possibly, the dissocia-
tion of eRF3 from the ribosome, the M domain of eRF1
moves to the PTC where it stimulates peptidyl-tRNA hy-
drolysis. This model is confirmed by experiments using a
non-hydrolysable analog of GTP (GMPPNP) to inhibit
peptidyl-tRNA cleavage (9). A structural change in the ri-
bosome was observed during binding of eRF1 to the stop
codon, which is detected as a two nucleotide downshift of
the ribosomal complex on the mRNA in primer extension
experiments (9,10). This conformational change can be the
result of the stop codon recognition by eRF1 and the fol-
lowing movement of the mRNA into the ribosome as in case
of the RelE toxin (11,12) or the result of rearrangements in
the mRNA channel (13).

eRF1 is able to hydrolyze peptidyl-tRNA independently
of eRF3 but at a slow rate. In the presence of eRF3 the hy-
drolysis rate increases by at least two orders of magnitude
(14). Furthermore, eRF3 increases the capacity of eRF1 to
cause a conformational change in the ribosomal complex
(10,11). Probably, eRF1 itself has low affinity to the ribo-
some or its association with the ribosome is unstable and
eRF3 improves the efficiency of eRF1 binding with the ribo-
some. Apparently, binding of eRF3 to the ribosome and the
resulting limitation in the mobility of the eRF1 in complex
with eRF3 increase the affinity of the eRF1 to the ribosome
(13).
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To be recycled in another round of protein biosynthesis,
ribosomal subunits, after termination of translation, need
to be separated from each other. In prokaryotes, the disso-
ciation of the ribosomal subunits is accomplished by ribo-
some recycling factor (RRF) and elongation factor G (EF-
G) (15). In eukaryotes, ribosome recycling can be done in
2 ways (16). Addition of initiation factors eIF1, eIF1A and
elF3 leads to the dissociation of the ribosomal subunits at
low concentrations of magnesium. This is a passive type of
recycling and is based on the competition between initiation
factors and the 60S ribosomal subunit for binding to the 40S
subunit. The active pathway of ribosome recycling requires
class-1 release factor eRF1 and special ATPase ABCE1 and
operates at a high magnesium concentration (8,16).

As mentioned above, active ribosomal recycling requires
eRF1. It is known that in the presence of GMPPNP, which
does not allow eRF3 dissociation or a conformational
change of the eRF1-eRF3 complex, ABCE1-dependent re-
cycling is inhibited (16). This implies that, after GTP hy-
drolysis and dissociation of eRF3 from the ribosome and
before joining ABCE1, eRF1 can stay alone in the A site
of the ribosome. Taking into account the kinetic instability
of the complex, it is reasonable to presume that additional
factors stabilize the intermediate complexes following pep-
tide release. In search of ligands capable of stabilizing eRF1
in the termination complex, it was found that tRNA in the
E site of the ribosome is able to accomplish this function
(17). Using toe-print analysis of the ribosomal complexes,
it was shown that tRNA™* and tRNAH increase the inten-
sity of the two nucleotide toe-print shift, which character-
izes eRF1 binding, regardless of the codon in the E site of
the ribosome.

Studying the mechanism of eukaryotic translation termi-
nation, we have found that not every deacylated tRNA is
able to stabilize the termination complex. We have analyzed
the impact of twelve different tRNAs on eukaryotic trans-
lation termination and provided evidence that only eight of
those stabilized the eRF1-ribosome complex. Furthermore,
stabilization occurred during binding of the eRF1 or its N
domain to a stop codon, and was independent of peptidyl-
tRNA hydrolysis. Mutagenesis of tRNA 2! showed that sev-
eral substitutions in its acceptor stem dramatically alter the
ability of the tRNA to stabilize the ribosomal complex. The
comparison of the stabilizing activities of deacylated tRINA
and cycloheximide on the termination complexes allows us
to propose the existence of an alternative mechanism of fix-
ing ribosomal complexes, that is not associated with the in-
hibition of the rotated conformation of the ribosome.

MATERIALS AND METHODS
Ribosomal subunits and recombinant proteins

The 40S and 60S ribosomal subunits, as well as eukaryotic
translation factors ¢lF2, elF3, elF4F, ¢cEF1H and ¢EF2,
were purified from a rabbit reticulocyte lysate as described
(9). The eukaryotic translation factors eIF1, eIF1A, elF4A,
elF4B, elF5B, AelF5, wt eRF1, mutant eRF1s, and eRF3c
lacking the N-terminal 138 amino acid residues were pro-
duced as recombinant proteins in Escherichia coli strain
BL21 with subsequent protein purification on Ni-NTA
agarose and ion-exchange chromatography (6,9).
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Cloning and mutagenesis of tRNA

tRNAs sequences from the database tRNAdb (http:
/Mtrna.bioinf.uni-leipzig.de/DataOutput/Search) were used
for primers construction (Supplementary Table S1). For
mutant tRNAY2CO primers contain substitution in re-
spective positions. Direct primers contain T7 promoter se-
quence, reverse primers carry BstOI restriction site. PCR
products were cloned into pUC18 by HindIII and Xbal re-
striction sites.

In vitro transcription of mRNA and tRNA

mRNA and tRNAs were transcribed by T7 RNA poly-
merase from MVHL-stop, MVVV-UAA and correspond-
ing tRNA plasmids. mRNA plasmids contained T7 pro-
moter, four CAA repeats, the B-globin 5 -untranslated
region (UTR), and corresponding amino acid codons
(MVHL, MVVYV) followed by the stop codon and a 3'-UTR
comprising the rest of the natural B-globin coding sequence
(18). For run-off transcription mRNA plasmids were lin-
earized with Xhol, tRNA plasmids with BstOI.

Pretermination complex assembly and purification

Pretermination complexes (preTC) were assembled as de-
scribed (9). Briefly, 37 pmol of mRNA were incubated for 30
min in buffer A (20 mM Tris—acetate, pH 7.5, 100 mM KAc,
2.5 mM MgCl,, 2 mM DTT) supplemented with 400 U
RNase inhibitor (RiboLock, Fermentas), | mM ATP, 0.25
mM spermidine, 0.2 mM GTP, 75 pg total tRNA (acylated
with all or individual amino acids and [*S]Met), 75 pmol
40S and 60S purified ribosomal subunits, 125 pmol elF2,
elF3, elF4F, cIF4A, elF4B, clF1, eIF1A, elF5, eIF5B each,
200 pmol eEF1H and 50 pmol ¢EF2 and then centrifuged
in a Beckman SWS55 rotor for 95 min at 4°C and 50 000 rpm
in a 10-30% (w/w) linear sucrose density gradient prepared
in buffer A with 5 mM MgCl,. Fractions corresponding to
preTC complexes according to optical density and the pres-
ence of [*S]Met were combined, diluted 3-fold with buffer
A containing 1.25 mM MgCl, (to a final concentration of
2.5 mM Mg?*) and used in peptide release assay or confor-
mational rearrangement analysis.

Peptide release assay

The peptide release assay was conducted as described (9)
with minor modifications, as follows. Aliquots contain-
ing 0.15 pmol of the preTC assembled in the presence of
[3S]Met-tRNA were incubated at 37°C for 3 min with
1 pmol of eRF1, 0.4 pmol of eRF3c and 10 pmol of
different deacylated tRNAs. Ribosomes and tRNA were
pelleted with ice-cold 5% TCA supplemented with 0.75%
(w/v) casamino acids and centrifuged at 14 000 g at 4°C.
The amount of released [*°S]-containing peptide was deter-
mined by scintillation counting of supernatants using an In-
tertechnique SL-30 liquid scintillation spectrometer.

Conformational rearrangement analysis

Aliquots containing 0.2 pmol of the preTC were incu-
bated with 1 pmol of eRF1/eRF1(AGQ) or domains of
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eRF1 (10-30 pmol), and 1 pmol of eRF3c with 0.2 mM
GTP/GMPPNP and 10 pmol of different deacylated tR-
NAs (40 pmol of mini-helix tRNA) or 10 pmol cyclohex-
imide for 20 min at 37°C and analyzed using a primer ex-
tension protocol, as described (10,19). Toe-printing analy-
sis was performed with a 5'-FAM labeled primer 5'-FAM-
GCATTTGCAGAGGACAGG-3 complementary to B-
globin mRNA nucleotides 197-214. cDNAs were separated
by electrophoresis using standard GeneScan® conditions
on an ABI Prism® Genetic Analyser 3100 (Applera) with
ILS 600 molecular weight marker (Promega).

RelE assay

RelE analysis was performed as described (20). Aliquots
containing 0.2 pmol of the preTC were incubated with 10
pmol of eRF1 and tRNAMS for 10 min at 37°C and then
RelE (to final concentration of 2 wM) was added for 10
min at 37°C. The RNA was purified by phenol/chloroform
extraction and precipitated with ethanol, and then reverse
transcription was carried out with the same primer as for
toe-printing.

RESULTS
Deacylated tRNA stabilizes eRF1 on the ribosome

We tested deacylated tRNAHS as a possible stabilizing fac-
tor of eRF1 association with the ribosome. Pretermination
complexes (preTC) were reconstituted in an in vitro system
composed of individual eukaryotic translation factors and
purified on sucrose gradients. They contained MVHL-UAA
mRNA with the leucine codon CUG in the P site of the
ribosome, the histidine codon CAU in the E site and the
UAA stop codon in the A site. The toe-print shift of two nu-
cleotides caused by binding of eRF1 to the stop codon (9)
was more pronounced in the presence of tRNAHS than in
the absence of tRNA (Figure 1A). It was previously shown
that the toe-print shift disappeared after dissociation of
eRF1 from the ribosome during centrifugation of the termi-
nation complex (TC) in a sucrose gradient at a low magne-
sium concentration (16). Therefore, we interpreted the im-
pact of the deacylated tRNA on the TC toe-print as a sta-
bilization of the eRF1-ribosome complex. The stabilizing
effect of tRNAHS was also observed in the presence of both
eukaryotic release factors, eRF1 and eRF3c (Figure 1A).
Binding of tRNAM® with the preTC without eRF1 did not
change the position of the ribosome. According to cryoEM
data, the centrifugation of reconstructed preTC leads to the
dissociation of the tRNA from the E site. (13) and the RelE
analysis of the ribosomal complexes has shown that the A
site remains empty after incubation with deacylated tRNA
(Supplementary Figure S1A). We therefore assumed that
the deacylated tRNA binds to the free E site of the ribo-
some after preTC purification and stabilizes eRF1 binding
during the termination reaction. Similar stabilization of the
termination complexes has earlier been shown for tRNALY
and tRNAHS (17).

It is known that the eRF1(AGQ) mutant is unable to hy-
drolyze the peptidyl-tRNA (6). The ribosomal complexes
with the mutant protein in the presence or absence of
eRF3 were stabilized by tRNAHS as observed with the wild

type eRF1 (Figure 1A) and the addition of GMPPNP to
the assembly reaction further increased the stabilizing ef-
fect (Figure 1A). It has been shown earlier that GMPPNP
suppresses the hydrolysis of the peptidyl-tRNA by in-
hibiting the GTPase activity of eRF3 (9), and by keep-
ing eRF1 in a catalytically inactive conformation (8,13).
Thus, stabilization of the protein complex eRFI1(AGQ) +
eRF3c-GMPPNP on the ribosome by the deacylated tRNA
showed that this stalling occurred before peptidyl-tR NA hy-
drolysis.

It is necessary to note that the positions of the M and C
domains of eRF1 in the ribosome are significantly different
with eRF3-GMPPNP present in the complex as compared
to eRF1 alone (8,13). Since we observed an increase of the
TC toe-print by the deacylated tRNA with and without the
presence of eERF3—-GMPPNP, we concluded that the deacy-
lated tRINA stabilizes the eRF1-ribosome complex by af-
fecting the binding of the eRF1 N domain to the ribosome.
To test this hypothesis, we obtained TCs with the NM, NC
and N domains of eRF1. All three proteins are able to rec-
ognize stop codons and to induce a conformational rear-
rangement in the ribosome (11). The conformational rear-
rangement induced by these proteins was strengthened in
the presence of the deacylated tRNA (Figure 1B).

To test the effect of deacylated tRINA on the efficiency of
peptidyl-tRNA hydrolysis induced by release factors, pep-
tide release experiments were conducted during transla-
tion termination in the reconstituted system (Supplemen-
tary Figure S1C). The purified assembled preTC contained
the peptidyl-tRNA (MVHL-tRNALY) labeled by [*S]-
methionine. Release factors eRF1 and eRF3 were added
to this complex in the presence of the deacylated tRNAHS,
Deacylated tRNA has a negligible or no effect on the reac-
tion of peptidyl-tRNA hydrolysis in the ribosome.

Different tRNAs stabilize eRF1 on the ribosome with differ-
ent efficiencies

We tested the influence of 10 different deacylated tRNAs
on the stability of the TC reconstituted using MVHL-UAA
mRNA, i.e. with the histidine codon CAU in the riboso-
mal E site, (Table 1, Figure 2A). We found that in addition
to tRNAMS also tRNAAR tRNALU2 tRNAAS tRNALYS
and even bacterial tRNA;M effectively stabilized eRF1 on
this mRNA in the ribosome. On the other hand, tRNAY2!,
tRNAV22 {RNAMet and tRNALU had no effect on the sta-
bility of TC. The anticodons of the tRNAs in each group
are very different (Table 1) and the codon-anticodon inter-
action in the E site could therefore not play a significant
role in the stabilization of the TC by tRNA. It should be
noted that different tRNAs with the same amino acid speci-
ficity influenced the stability of the TC differently. Thus,
tRNA;Met and tRNAMe!, containing the same anticodon,
exhibited various effects on TC. Moreover, we observed dif-
ferent stabilization activities for two tRNA" with different
anticodons.

Since the efficiencies of translation termination at various
stop codons are significantly different (11) and can further-
more be affected by the nucleotide following the stop codon
(21), we tested the effect of the deacylated tRNA on the sta-
bilization of TCs assembled on mRNAs containing one of
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Figure 1. Stabilization of the termination complexes by tRNAHiS_ (A) Toe-prints with eRF1, eRF1 + eRF3c-GTP, eRF1(AGQ), eRF1(AGQ) + eRF3c-
GMPPNP at UAA stop codon. (B) Toe-prints with eRF1 or its domains at UAA stop codon. cDNAs corresponding to preTC and TC have the 127 and
125 nt length, respectively. RFU, relative fluorescence unit. The experiments have been replicated at least three times.

the three stop codons and two different nucleotides at po-
sition +4 after the stop codon. We found that the tRNAHS
stabilized TCs reconstituted on all three stop codons UAA,
UAG and UGA (Figure 2B). To study the effect of the nu-
cleotide variation in the stop codon context, we changed
the nucleotide at position +4 after UAA into A or U. No
differences were detected in the stabilization of the TC by

tRNAHS in the different 3'-contexts (Figure 2B). Thus, nei-
ther the sequence of the stop codon nor the nucleotide at
position +4 affected the ability of the deacylated tRNA to
stabilize the TC.
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Figure 2. Influence of different tRNAs and sequence of the stop codons or their 3'-context on the stability of the termination complexes. (A) Toe-prints with
eRF1 and tRNAMS or tRNAY22 at UAA stop codon. (B) Toe-prints with eRF1 and tRNAMS on UAA, UAG, UGA codons in two 3'-contexts. cDNAs
corresponding to preTC and TC have the 127 and 125 nt length, respectively. RFU, relative fluorescence unit. The experiments have been replicated at least
three times.

Table 1. TC stabilization and elongation activities of tRINA transcripts

tRNA Anticodon Stabilization Elongation Sprinzl ID
ala AGC + + DA9380
vall AAC - + DV9990
val2 CAC - + DV9991
val (CG) CAC + + DV9994
val (GC) CAC + + mut

leul AAG - + DL9991
leu2 CAG + + DL9350
his GUG + + DH9330
asn GUU + * DN9240
lys Uuu + + DK9990
met(ini) CAU + + DM7630
met CAU - * DM1231

* Marks tRNAs with undetermined elongation activity.



Mutations of human tRNAY# alter its ability to stabilize the
TC

It is known that about half of the human tRNA genes are
isodecoders, which may differ in any position other than
the anticodon (22). Their function is still unknown. In the
human genome, several tRNAYY! genes were identified and
they differ in primary structure to a small extent (22,23). It
was shown that in placenta, in addition to the main form
of tRNAY2 DV9991 with anticodon CAC (tRNAVY22 here),
another form of tRNA Y2 DV9994 with the same anticodon
is transcribed (24). This isodecoder tRNAY# (tRNA Va(CG)),
has a CG base pair instead of the TA base pair at posi-
tions 2-71, and UA instead of CG at positions 6-67 (Fig-
ure 3A). It should be noted that tRNA Y42 did not stabilize
the TC in our experiments (Table 1). We constructed the
isodecoder tRNAV2CG) and its mutant with a GC base pair
at the positions 2-71 tRNAY2(GO We checked their abili-
ties to stabilize the TC and observed that in the presence
of eRF1 both tRNAYA(CG) and tRNAVAGO) stimulated the
two-nucleotide shift of the toe-print on the MVHL-UAA
mRNA (Figure 3B). These data were also confirmed using
the AGQ mutant of eRF1 (data not shown). Thus, just two
pairs of nucleotides (2-71 and 6-67) in the acceptor stem of
tRNA determined the ability of the tRNA to stabilize the
TC.

To confirm the correct folding and functional activity
of all in vitro transcribed tRNAs"? they were aminoa-
cylated by the corresponding aminoacyl-tRNA synthetase
and tested in the elongation reaction of protein synthe-
sis. For this purpose, the model mRNA MVVV-UAA was
used. We showed that all in vitro transcribed variations of
the tRNAVY?! could be aminoacylated and valine was effec-
tively inserted into the polypeptide chain in the reconsti-
tuted translation system (Supplementary Figure S2).

An analogue of the acceptor stem of tRINA stabilizes the TC

Since we found that substitutions of just two base pairs in
the acceptor stem of the valine tRNA completely changed
its effect on the TC, we supposed that determinants in the
acceptor stem are responsible for stabilizing the TC. To test
this hypothesis, we obtained a mini-helix analogue of the ac-
ceptor stem of tRNAVACS) (Figure 4A). It has previously
been shown that some truncated forms of tRNA could also
bind to the ribosomal E site (25). This analog was tested
on purified preTC reconstituted on MVHL-UAA mRNA
in the presence of eRF1 and eRF1-eRF3. The truncated
tRNA acceptor stem in the same concentration as the full-
length tRNA also stabilized the TC but rather weakly. This
is probably due to the low affinity of the mini-helix to the ri-
bosome, since it lacks additional ribosome binding determi-
nants present in the native tRNA. At higher concentrations
the mini-helix substantially increased the stability of the TC
(Figure 4B). Thus, for stabilization of the preferred confor-
mation of the termination ribosomes, only a small fragment
of tRNA is sufficient and necessary.

Cycloheximide stabilizes the postTC

Inherent internal conformational mobility of the ribosome
is essential for its functioning. Specifically, ribosomal sub-
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units of eukaryotes and prokaryotes (26,27), are capable of
mutual rotation, which is associated with a change in the
positions of anticodon and acceptor ends of the tRNA dur-
ing translocation (27,28). Thus, the rotated state of the ribo-
some is characterized by moving of the small subunit coun-
terclockwise through 4-8° relative to the large subunit (27).
The movement is consistent with the hybrid P/E position of
deacylated tRNA, where the acceptor end is transferred to
the E site of the large subunit whereas the anticodon loop re-
mains in the P site (29). Such a hybrid position of the tRNA
is only possible, if the E site of the large ribosomal subunit is
vacant. Consequently, the backward movement of the ribo-
some can be suppressed, if deacylated tRNA is firmly bound
to the E site.

Structural data of the ribosomal complexes with eRF1
and eRF3, and their homologs Dom34 and Hbs1 involved
in rescuing of stalled ribosomes showed preferential bind-
ing of these factors with unrotated ribosome (13,30). More-
over, it was found that the deacylated tRNA and cyclohex-
imide can revert the rotated state of the ribosome to an un-
rotated state (26). Cycloheximide is an antibiotic that in-
hibits translocation via binding to the E site of the large
ribosomal subunit (31). Thus, the mechanism of action of
cycloheximide on the rotational mobility of the ribosome
may be similar to the effect of deacylated tRNA on TC.

To test this hypothesis, we added cycloheximide in a con-
centration of 0,6 mM to the purified preTC in the pres-
ence of eRF1/eRF3 and ¢eRF1(AGQ)/eRF3 (Figure 4C).
We found that cycloheximide stabilized the ribosomal com-
plexes with eRF1 and eRF1-eRF3. On the contrary, the
stability of the ribosomal complexes with eRF1(AGQ) and
eRF1(AGQ)-eRF3 in the presence of cycloheximide were
practically unchanged, in contrast to the action of dea-
cylated tRNA. Thus, cycloheximide is only able to affect
posttermination events in the ribosome, when the peptidyl-
tRNA hydrolysis has already occurred and the deacylated
tRNA from the P site can move to the E site. Since the
eRF1(AGQ) mutant does not hydrolyze peptidyl-tRNA (5),
tRNA is unable to adopt the hybrid P/E state and cyclo-
heximide is unable to influence the ribosomal complex with
eRF1(AGQ).

DISCUSSION

We have shown that the binding of eRF1 to the stop codon
is improved by the presence of deacylated tRNA at the E
site of the ribosome (Figure 1A). This does not require hy-
drolysis of the peptidyl-tRNA as the AGQ mutant of eRF1
and the complex of eRF1-eRF3-GMPPNP, unable to hy-
drolyze the peptidyl-tRNA, are also stabilized by the dea-
cylated tRNA in the ribosome. Furthermore, the N domain
of eRF1, containing only stop codon recognizing part, is
also stabilized by the deacylated tRNA. We suggest that the
binding of eRF1 to the stop codon can be improved by dea-
cylated tRNA via fixing the conformation of the ribosome
optimal for recognition.

Previously, it was suggested that deacylated tRNA by its
CCA end or cycloheximide transfer ribosomes to an unro-
tated state by blocking the E site of the large subunit and
the deacylated tRNA from the P site cannot adopt the hy-
brid P/E state (26). The deacylated tRNA in the P site may
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Figure 3. Influence of mutations in tRNA V22 sequence on the stability of the termination complexes. (A) Positions where substitutions were inserted. (B)
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respectively. RFU, relative fluorescence unit. The experiments have been replicated at least three times.

appear either as a result of transpeptidation during transla-
tion elongation or as a result of the peptidyl-tRNA hydroly-
sisin the translation termination. In available cryoelectronic
structures of the ribosomal complexes with the eRF1-eRF3
(and their homologs Dom34-Hbsl1) the ribosome is in an
unrotated state (13,30). According to our data, both cy-
cloheximide and deacylated tRNA stabilize eRF1 binding
with the ribosome. One could assume that the mechanism
of stabilization of eRF1 in the ribosome is similar in both
cases. However, during termination of translation hybrid
P/E state of tRINA is possible only after the peptidyl-tRNA
hydrolysis, as the movement of the CCA end of tRNA to the
E site of the large subunit is inhibited by the peptide. Cyclo-
heximide does not stabilize the eRF1(AGQ) mutant in the
ribosome, therefore fixation of the unrotated state is sensi-
tive to the peptidyl-tRNA hydrolysis. On the contrary, the
peptidyl-tRNA hydrolysis is not necessary for the stabiliza-
tion of the TC complex by the deacylated tRNA, which in-
dicates the existence of another mechanism of fixation pre-
ferred for binding of release factors conformation of the ri-
bosomal A site.

Interestingly, our results lead to the paradoxical conclu-
sion that cycloheximide can stabilize eRF1 in the postter-
mination state of the ribosome. It will result in increased

efficiency of ribosome recycling induced by ABCEI, as this
protein requires eRF1 in the A site for binding to the ribo-
some. Thus, cycloheximide, a well known and widely used
inhibitor of polypeptide chain elongation, can stimulate
protein synthesis.

It was recently shown that the large ribosomal subunit
protein RPL36AL interacts with the CCA end of tRNA in
the P site and eRF1 in the PTC and it can also move with
the tRNA to the E site of the ribosome (32). It is reasonable
to assume that this protein could serve as a bridge between
the E site tRNA and eRF1, stabilizing its binding. For this
interaction the physical presence of eRF1 in the ribosomal
PTC is required. But we have shown that deacylated tRNA
stabilizes even the N-terminal domain of eRF1, which binds
with the ribosome near stop codon and is unable to reach
the PTC. Therefore there is probably another component
of the ribosome stabilizing the TC via interaction with the
deacylated tRNA in the E site.

For such stabilization, the ability of the tRNA to bind
the E site is very important. It has previously been shown
that the strength of binding to the ribosomal E site between
different tRNAs may vary by up to 10 times (33,34). We
found that different deacylated tR NAs have different effects
on the eukaryotic translation termination (Figure 2A, Ta-
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Figure 4. Influence of the analogs of the tRNA acceptor end on the stability of the termination complexes. (A) Structure of the mini-helix obtained from
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In this case intersubunit rotation after peptide release is suppressed and eRF1 remains in the ribosome.

ble 1). From twelve tRNAs studied, eight stabilize the TC,
and the remaining four have no effect on it.

We observed that several substitutions in the acceptor
stem of tRNA change its properties (Figure 3). Thus, sub-
stitutions of nucleotides UA to CG in positions 2-71 and
nucleotides CG to UA in positions 6-67 of tRNAVY#2 al-
tered its ability to stabilize eRF1 in the ribosome. It should
be noted that these mutations cannot affect the process of
transcription of mRNA by polymerase I1I, because tRNA
transcription initiation sequence, box A, is located in the
positions 8-19 of tRNA gene (35), which was not mutated.
In addition, mutated nucleotides are not included in the
area of recognition of valyl-tRNA synthetase (36,37), and
should not affect the efficiency of aminoacylation. This

was also confirmed in experiments on the synthesis of the
MVVV peptide with different tRNAsY¥ (Supplementary
Figure S2). Consequently, all the effects, which have been
obtained by the mutagenesis of tRNA, appear at the ribo-
some binding. Different stabilizing TC activity of two isode-
coders of tRNA VY4 may reflect a functional role of the isode-
coder tRNAs in cells. In the human genome there are 440
isodecoders of approximately 600 tRNA genes (22) with
unknown functional activity. There are multiple evidences
of tissue-specific expression of different isodecoder tRNAs
(24,38,39) and of heterogeneity of tRNA pool at different
stages of the organism development (39-41), though the
composition of tRNA pool in tissues correlates with the fre-
quency of codon usage (42,43). Moreover, some isodecoder



tRNAs have different affinity to the ribosome. For exam-
ple, efficiencies of competition of some suppressor tRNAs
isodecoders with release factors differ by 20-fold (44). Our
data suppose that the difference in the affinity of isodecoder
tRNAs to the ribosome, in particular to the ribosomal E
site, is an element of fine-tuning of eukaryotic translation.

Besides binding with anticodon, deacylated tRNA in the
E site has contacts of the elbow with the L1 ribosomal pro-
tein and in the regions of the acceptor stem and deacy-
lated CCA terminus (45,46). It was shown that the codon-
anticodon interaction plays a minor role in its affinity to
the E site (34), which is consistent with our data (Table 1).
So, such stabilization of the ribosomal complexes is not the
function of maintaining the reading frame during termina-
tion of translation. Contacts of the elbow and CCA-end are
conservative and should be very similar for different tRNAs
(25,46). We found that the nucleotides in the acceptor stem
affect the stabilization of eRF1 in the ribosome (Figures 3B
and 4B). Mini-helix structure that is composed of the accep-
tor stem of tRNA, also stabilized the TC. It is likely that the
acceptor stem of tRNA interacts with some regions of the
ribosomal RNA or ribosomal proteins, which are responsi-
ble for the fixation of conformation of the ribosomal A site
required for termination.

In bacteria, the interaction of H68 helix of large riboso-
mal RNA with the acceptor stem of tRNA includes minor
interactions: ribose zipper with the ribose base 70, and pos-
sible A-minor interaction with the pair 2-71 (46,47). In the
currently available structures of eukaryotic ribosomes helix
H68 is also adjacent to the acceptor end of tRNA in the
E site (26,48). It becomes clear that the stabilization of the
TC is accomplished via interactions of tRNA with the large
ribosomal subunit. The minimum stabilized by the tRNA
part of eRF1 is the N domain. In our model of stop codon
recognition (11), which correlates with the cryoEM data,
the N domain contacts only with the residues 2253-2259 of
25S yeast rRNA (Supplementary Figure S3). These residues
belong to the helix H69, which has a common base with the
helix H68 and which is subjected to certain conformational
changes in the 80S ribosome (48,49). It has been identified
that the interaction of tRNA with the helix H69 of the 50S
subunit plays a crucial role in the formation and stabiliza-
tion of the A/P, the A, and the P states of tRNA (47,50,51).
For prokaryotic ribosome was also shown coordinated mo-
tion of these helices during adoption of P/E state by tRINA
(49). Moreover, it has recently been shown that the position
of H69 in the yeast ribosome is different from that in the
mammalian ribosome structure (48). Authors suppose that
such a difference was observed perhaps because of the oc-
cupancy of the A site of the 40S subunit, which is located
near H69 and this helix could be involved in A site tRNA
repositioning in the course of translocation.

Combining our data with the information about struc-
tures of the ribosomal complexes we propose a model of
the TC stabilization by deacylated tRNA (Figure 5). The
acceptor stem of deacylated tRNA in the E site possibly in-
teracts with the helix H68 and fixes its conformation and
conformation of the helix H69, resulting in stabilization of
the N domain of eRF1 in the A site of the ribosome (Fig-
ure SB). After peptide release intersubunit rotation is sup-
pressed by the CCA end of deacylated tRNA in the E site
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and eRF1 remains in the ribosome. If deacylated tRNA dis-
sociates from the E site, the rearrangement of the helixes
H68 and H69 changes the A site structure and destabilizes
association of the eRF1-eRF3-GTP complex with the ri-
bosome (Figure 5SA). Empty E site after peptide release al-
lows movement of the CCA end of deacylated tRNA from
the P site and intersubunit rotation. Structure of the A site
changes and eRF1 dissociates from the ribosome.

What is the functional role of the TC stabilization? It may
be necessary for proofreading during termination or for the
binding of TC to proteins involved in the other steps of
translation, for example to ABCE1 or NMD protein com-
plex. Since the binding of eRF1 to the ribosome is required
not only for the translation termination but also the further
disruption of the 80S ribosomal complex by the ABCEL, the
deacylated tRNA can influence this process. Indeed it was
previously shown that the addition of tRNAMS to transla-
tion termination in the presence of ABCE1 decreases sta-
bility of TC (17). But we found that deacylated tRNA sta-
bilizes eRF1 in the ribosome before peptide release. There-
fore, such stabilization is important for stop codon recogni-
tion step during termination of translation.
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