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ABSTRACT

Translation termination in eukaryotes is mediated by release factors: eRF1, which is responsible for stop codon recognition and
peptidyl-tRNA hydrolysis, and GTPase eRF3, which stimulates peptide release. Here, we have utilized ribose-specific probes to
investigate accessibility of rRNA backbone in complexes formed by association of mRNA- and tRNA-bound human ribosomes
with eRF1•eRF3•GMPPNP, eRF1•eRF3•GTP, or eRF1 alone as compared with complexes where the A site is vacant or
occupied by tRNA. Our data show which rRNA ribose moieties are protected from attack by the probes in the complexes with
release factors and reveal the rRNA regions increasing their accessibility to the probes after the factors bind. These regions in
28S rRNA are helices 43 and 44 in the GTPase associated center, the apical loop of helix 71, and helices 89, 92, and 94 as
well as 18S rRNA helices 18 and 34. Additionally, the obtained data suggest that eRF3 neither interacts with the rRNA ribose-
phosphate backbone nor dissociates from the complex after GTP hydrolysis. Taken together, our findings provide new
information on architecture of the eRF1 binding site on mammalian ribosome at various translation termination steps and on
conformational rearrangements induced by binding of the release factors.

Keywords: human ribosome; translation termination; release factors eRF1 and eRF3; chemical footprinting of rRNAs;
rearrangements in rRNAs

INTRODUCTION

Translation termination in eukaryotes is induced by two in-
teracting release factors, eRF1 and eRF3, that bind to ribo-
some when an mRNA stop codon enters the ribosomal A
site (Zhouravleva et al. 1995; Korostelev 2011; Jackson et
al. 2012). eRF1 is responsible for stop codon recognition
and for triggering hydrolysis of the complex ester bond be-
tween the peptidyl moiety and the 3′-terminal ribose of
the peptidyl-tRNA located at the P site. Upon binding of
eRF1 to ribosome, three highly conserved motifs of eRF1
(YxxCxxxF, TASNIKS, and GTS) located at the apex of the
amino-terminal N domain mediate stop codon recognition
(Bertram et al. 2000; Song et al. 2000; Chavatte et al. 2002;
Frolova et al. 2002; Bulygin et al. 2010, 2011; Conard et al.
2012). Thereafter, the M domain of eRF1 binds to the pep-
tidyl transferase center (PTC) of the ribosome inducing con-
formational rearrangement of the 28S rRNA and the
subsequent release of the polypeptide chain (Frolova et al.

1999; Song et al. 2000). Although the presence of eRF1 alone
is sufficient for translation termination in vitro (Kryuchkova
et al. 2013; Feng et al. 2014), the eRF1 termination efficiency
is considerably reduced in the absence of the translational
GTPase eRF3 and GTP (Alkalaeva et al. 2006).
Analysis of cryo-electronmicroscopy (cryo-EM)models of

mammalian pretermination complexes containing the terna-
ry complex of release factors with a nonhydrolysable GTP an-
alog, eRF1•eRF3•GMPPNP, or eRF1 alone (Taylor et al. 2012;
des Georges et al. 2014; Muhs et al. 2015) has led to (1) iden-
tification of ribosomal proteins and rRNA heliсes involved in
interactions with release factors; (2) discovery of conforma-
tional changes induced in eRF1 by GTP hydrolysis—namely,
translocation of the universally conserved GGQ loop to the
PTC to trigger the peptidyl-tRNA hydrolysis; (3) disclosure
of ribosomal structural rearrangements (primarily, inward
shift of the P stalk base) caused by binding of eRF1•eRF3
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complex, which is believed to be required for GTP hydrolysis;
and (4) determination of position of eRF1 bound to the pre-
termination complex in the absence of eRF3. However,
cryo-EM structures provided no data on particular rRNA
nucleotides involved in interactions with eRF1 and eRF3 in
mammalian pretermination complexes. Information con-
cerning rRNAnucleotides that are implicated in the ribosomal
conformational rearrangements accompanying translation
termination and ensuring proper progression of the events
during termination remains unknown as well. A suitable ap-
proach to gain this information is chemical footprinting,
which is based on identification of rRNA nucleotides whose
accessibility to chemical probes changes when a ligand binds
to the ribosome. This approach has been fruitfully used
for identification of rRNA regions involved in binding of
mammalian ribosomes with various ligands (e.g., translation
factors [Pisareva et al. 2008], tRNAs [Bulygin et al. 2013], hep-
atitis C virus [HCV] IRES RNA [Malygin et al. 2013], and ri-
bosomal protein uS2 [p40] [Malygin et al. 2011]). Results
obtained by means of chemical footprinting were in general
compatible with respective structural data resulted from
cryo-EM and X-ray crystallography studies. Utilizing this
strategy, the pivotal protein component of the selenoprotein
synthesis machinery, the so-called SBP2, which remained un-
resolved using cryo-EM and X-ray crystallography analysis,
was mapped on the 60S subunit structure (Kossinova et al.
2014). Moreover, conformational rearrangements induced
by binding of HCV IRES RNA to the 40S subunit (Malygin
et al. 2013) and of SBP2 to the 80S or 60S ribosome
(Kossinova et al. 2014) have been revealed with the use of
chemical footprinting.
In the current work, we have applied the RNA backbone-

specific chemical modifications (by hydroxyl radicals and
benzoyl cyanide) followed by a footprinting assay to identify
18S and 28S rRNA nucleotides whose accessibility to the
probes changes upon association of the tRNA- and mRNA-
bound human ribosomes with translation termination fac-
tors. Altogether, our results are consistent with cryo-EM
data on the eRF1 position on the ribosome, but also reveal
additional contacts between rRNAs and eRF1, as well as pre-
viously unidentified ribosomal regions that undergo confor-
mational rearrangements induced by eRF1/eRF3 binding
before and after GTP hydrolysis. Based on the obtained
data, we suggest that eRF3 does not interact with the rRNA
ribose-phosphate backbone and that it remains bound in
the complex after GTP hydrolysis.

RESULTS

Characterization of the ribosomal termination
complexes

In the present work, we studied three types of termination
complexes that mimic main states occurring in the course
of termination process—namely, a state of stop codon recog-
nition, a state after GTP hydrolysis, and a prerecycling state.
In parallel, we examined complexes whose unoccupied

A sites were programmed with a sense or stop codon, and a
complex where the A site was filled with a tRNA molecule.
Because deacylated tRNA has a higher affinity for the ribo-

somal P site than for the A and E sites (Graifer and Karpova
2015), the ternary complexes 3 and 5 were obtained by incu-
bation of ribosomes with tRNAPhe and mRNA analogs GAA
UUUGACAAA and UUCUAAAAG, respectively (Fig. 1).
According to the nitrocellulose filtration test, the mRNA
binding levels in these complexes were ∼0.8 mol of mRNA
per mole of ribosomes, whereas in the absence of tRNA
the binding levels were lower by an order of magnitude,
which confirmed strong codon–anticodon interaction at
the ribosomal P site. Binding of tRNAAsp with triplet GAC
and of eRF1 with stop codon UAA at the A-site resulted
in formation of complexes 4 and 8, respectively (Fig. 1).
When the ternary complexes eRF1•eRF3•GMPPNP and
eRF1•eRF3•GTP were used for binding instead of eRF1, com-
plexes 6 and 7 were formed, respectively (Fig. 1). The eRF1
content in complexes 6–8 was validated by monoclonal anti-
bodies against eRF1 applied to the complexes purified by
sucrose gradient centrifugation under conditions optimal
for the complex preservation (Fig. 2). Binding of eRF1 under
conditions used here is specific (i.e., occurs only if the A site
is occupied with a stop codon [Bulygin et al. 2002, 2010,
2011]). Overall, complex 6 mimics a pretermination state,
which takes place before GTP hydrolysis, whereas complex
7 corresponds to the post-termination state after GTP hydro-
lysis. Complex 8 (containing eRF1 alone) represents an inter-
mediate state of the translation termination process that
arises before recycling of the post-termination complex after
stop codon recognition, GTP hydrolysis, and dissociation of
eRF3•GDP.

Identification of rRNA nucleotides that are protected
from chemical attack in termination complexes and
their mapping on the secondary structure of 28S and
18S rRNAs

To determine sites of rRNA backbones that are protected
from chemical attack by release factor binding, as well as

FIGURE 1. Composition of complexes used in the study. Note, in com-
plex 7 GTP is converted to GDP by eRF3 GTPase activity. Because it is
not known exactly at which step of termination eRF3•GDP dissociates
from the ribosomal complex, the figure shows one of possible states after
GTP hydrolysis, where eRF3•GDP remains bound to the ribosome.
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the sites that increase their accessibility when the factors are
bound to ribosomes, we performed rRNA footprinting in
the translation termination complexes using probes with an
exquisite sensitivity to local RNA conformation, hydroxyl
radicals, and benzoyl cyanide. Hydroxyl radicals induce
strand scissions in RNA by attacking riboses at the exposed
C4′ atoms, whereas benzoyl cyanide selectively forms cova-
lent ribose 2′-O-adducts (Latham and Cech 1989; Pogozelski
et al. 1995; Mortimer and Weeks 2008). Although both
probes are specific for the ribose, very small-sized hydroxyl
radicals cleave solvent accessible RNA regions, whereas
massive benzoyl cyanide modifies preferentially flexible nu-
cleotides (Weeks 2010). Thus, structural data obtained with
use of these probes are mutually complementary.

Positions of the scissions in rRNA chains and of nucleo-
tides modified with benzoyl cyanide were determined by
primer extension of 5′ labeled oligodeoxyribonucleotides
assuming that stops of the reverse transcription occurred at
3′-nucleotides proximal to the cleavage sites, and nucleotides
bearing a bulk group at the ribose moiety caused pauses.
Comparison of footprints for complex 5 and complexes 6–8
allowed identification of nucleotides whose accessibility to
the chemical probes changes upon termination factor bind-
ing, whereas comparison of those for complexes 3 and 4
enabled determination of residues changing the reactivity
toward the probes after tRNA binding at the A site (Fig. 3).
The identified positions of all these nucleotides were mapped
on the 18S and 28S rRNA secondary structures (Fig. 4; Anger
et al. 2013) and the results are summarized in Table 1. The
most prominent protections from hydroxyl radicals were
found in helix H69 in the complex 4 (where the A site was oc-
cupied by tRNA) and in the eRF1-containing complex 8 (Fig.
4A), whereas protections from benzoyl cyanide were detected
in the PTC ring in both complexes (Fig. 4B). The same foot-
printing results were obtained with benzoyl cyanide for the
eRF3-containing complexes 6 and 7 with the addition of nu-
cleotide C1128 in the expansion segment ES7L-F, which was
protected in complex 8 as well (Fig. 4B). Treatment with hy-

droxyl radicals revealed in complexes 6 and 7 protections in
H69 as well as in H43 and H44 of the GTPase-associated
center (GAC, the universally conserved center of the ribo-
some including also H42 and sarcin–ricin loop of H95)
(Fig. 4A). As for the 18S rRNA, the single nucleotide C1311
in h33 was protected against benzoyl cyanide in complexes
6–8 (Fig. 4C).
Protections of rRNA nucleotides by ligands in the ribo-

somal 80S complexes imply probable participation of the re-
spective rRNA regions in binding to these ligands, although
one cannot exclude that several protections arise from long
distance conformational changes caused by the ligand bind-
ing. In this line, protections in helices H43, H44, and H69
(Fig. 4A) correlate well with cryo-EM data on eRF1 position-
ing within the mammalian ribosome associated with eRF1•
eRF3•GMPPNP or eRF1 alone (des Georges et al. 2014;
Muhs et al. 2015). In the mentioned cryo-EM studies, eRF3
positioning in the pretermination complex has been also de-
termined, and eRF3 has been shown to be located in close
proximity to H95. The lack of eRF3-specific footprints
in the H95 region in complex 6 (containing eRF1•eRF3•
GMPPNP) can be considered as an indication that the H95
backbone has no contacts with eRF3. Of course, the lack of
these footprints is not the exact proof of the absence of the
respective contacts of ribosome with eRF3 because one can-
not rule out a possibility that eRF3 replaces existing intra-
ribosomal contacts implicated H95 by displacing ribosomal
components interacting with it in the absence of the factor.
All other footprints found in the current work with termina-
tion complexes are located in those regions of 28S rRNA
(3′ fragment of H69, PTC ring, and ES7L-F) that have no
contacts with eRF1 according to cryo-EM data (Muhs et al.
2015). Protections in the 3′ side of H69 observed with com-
plex 8 could arise because of the possible flexibility of eRF1 in
the termination complex (Fig. 4A). As for the contact of helix
ES7L-F with eRF1/eRF3, it could not be detected by cryo-EM
because the position of this helix had not yet been visualized
in the mammalian 80S ribosome. Although no contacts of
eRF1 with the PTC ring have been detected by cryo-EM, in-
teraction of eRF1with nucleotides located immediately in the
PTC was observed in the pretermination complex with eRF1
alone (Muhs et al. 2015). Notably, contacts of eRF1 with 18S
rRNA nucleotides (except for the contact with h33 [Fig. 4C])
that were revealed by cryo-EM (des Georges et al. 2014; Muhs
et al. 2015) were not detected in this study, indicating that
they mainly involved rRNA bases.
The majority of rRNA nucleotides identified by footprint-

ing of the termination complexes exhibit enhanced reactivity
toward chemical probes (Fig. 4) that could indicate confor-
mational rearrangements at the respective regions induced
by eRF1/eRF3 binding. In complexes 6–8, the most pro-
nounced enhancements in reactivity of rRNA nucleotides to-
ward hydroxyl radicals were observed in the GAC region
(H43 and H44, nucleotides 1981, 1982, 2007, and 2011), in
the apical loop of H71 (nucleotides 3798–3803), and in

FIGURE 2. Dot blot measurement of eRF1 content in complexes 6–8
with the use of monoclonal antibodies against eRF1. Complexes 5–8
were purified by sucrose gradient and indicated fractions were loaded
onto the membrane.
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H92 (nucleotides 4497 and 4498) (Fig. 4A). About the same
number of enhancements in 28S rRNA was revealed after
treatment of the complexes with benzoyl cyanide (Fig. 4B)
and nearly half of them were located in a vicinity of enhance-
ments detected with hydroxyl radicals (H43, H71, and H92),
whereas enhancements in H89 and H94 were specific to ben-
zoyl cyanide. Moreover, treatment with benzoyl cyanide re-
vealed GTP hydrolysis-dependent enhancements in the
GAC (H44) in the complex 7 (Fig. 4B).
In complexes 6–8 treated with benzoyl cyanide, the 18S

rRNA sites with increased accessibility comprised nucleotide
U1343 in h34 and nucleotides C618–C620 and U630–C632
in the apical and internal loops of h18, respectively (Fig. 4C).

Spatial mapping of changes in rRNA accessibility
in termination complexes

The results of chemical footprinting were mapped on the
three-dimensional cryo-EM models of the pretermination

complexes that contained eRF1 or eRF1•eRF3•GMPPNP
(Fig. 5; Muhs et al. 2015). Analysis revealed two groups of
protected nucleotides in the 28S rRNA of complex 8: four nu-
cleotides (A3760, U3762, G4398, and G4453) were located
within or in a close proximity to the eRF1 binding site,
whereas four others were located at a distance (G3755,
C3769, U3770, and U3773) (Fig. 5B). The same was true
for complexes 6 and 7 (nucleotides A3760 and G3762 vs.
G3755, G4398, and G4453) (Fig. 5A). Unresolved nucleotide
G1128 in helix ES7L-F that is protected in complexes 6–8
seems to be distant from the eRF1 binding site but it could
interact with eRF1 because of possible flexibility of this helix.
The GAC including H43 and H44, where nucleotides pro-
tected against hydroxyl radicals in eRF3-containing complex-
es 6 and 7 are located, is not resolved in the cryo-EM models
(Muhs et al. 2015) as well. However, a contact of this center
with eRF1 in the pretermination complex containing
eRF1•eRF3•GMPPNP has been observed (Taylor et al.
2012). We tried to locate the GAC in the published models

FIGURE 3. Autoradiograms obtained after chemical footprinting of the ribosomal complexes shown in Figure 1. (A,B) 28S rRNA footprints after
treatment with hydroxyl radicals and benzoyl cyanide, respectively; (C) 18S rRNA footprints after treatment with benzoyl cyanide. rRNA positions
are indicated on the top, lanes 1–8 correspond to complexes shown on Figure 1, and lanes K represent the results of primer extension on rRNAs iso-
lated from untreated ribosomes. Positions of reverse transcription stops are indicated with arrows.
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(Muhs et al. 2015) analyzing the cryo-EM structure of the hu-
man 80S ribosome (Anger et al. 2013), in which the GAC is
resolved. Taking into account the arrangement of this center

in the human ribosome, we determined its placement in the
above-mentioned models (see Fig. 5A,B) and found that nu-
cleotides C1977, G1988, and G1989 of the GAC, which were

FIGURE 4. Schematic diagrams of the human 28S (A) and 18S (B) rRNA secondary structures showing locations of nucleotides with changed ac-
cessibility to chemical probes. Here and thereafter, 28S rRNA and 18S rRNA helices are designated with uppercase (H) and lowercase (h) letters, re-
spectively. Arrows directed to and from nucleotides designate protections and enhancements, respectively. In A, nucleotides identified after treatment
with hydroxyl radicals are shown in violet (complexes 6–8), black (6 and 7), green (4 and 6–8), and blue (4 and 8) and after treatment with benzoyl
cyanide in orange (6–8), olive (7), and magenta (4 and 6–8). In B, benzoyl cyanide enhancements and protections are shown in black.
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protected against hydroxyl radicals in complexes 6 and 7,
were located close to the eRF1 binding site (Fig. 5A).
Remarkably, the majority of the 28S rRNA nucleotides that

enhance their accessibility in complex 8 also reside near the
eRF1 position on the model of the ribosomal complex with
eRF1 alone (Fig. 5B), although several nucleotides of this
kind (G1976, G1985, and U1986 in H43, and U3798–
A3800 in H71) are located at some distance from the eRF1
binding site. As for enhancements found with eRF3-contain-
ing complexes 6 and 7, a part of them including enhance-
ments in the GAC, as well as those in regions of H71 (at
positions 3793–3795, 3798, and 3799) and H92 (4504–
4506), is close enough to the eRF1 binding site on the model
of ribosomal complex with eRF1•eRF3•GMPPNP (Fig. 5A).
Noteworthy, enhancements residing in H89, which are ob-
served in all types of termination complexes, are distant
from eRF1/eRF3 binding sites in complexes 6 and 7 (Fig.
5A), but in complex 8 with eRF1 alone those turn out to be
close to the location of eRF1 on the ribosome (Fig. 5B).
Nucleotides U2006–A2010 of the GAC, which display en-
hanced accessibility to benzoyl cyanide only in complex 7,
where eRF1 is bound in the complex using eRF3•GTP, are
located not far from the eRF1 binding site by analogy with
nucleotides of H43 and H44 protected against hydroxyl rad-
icals in complexes 6 and 7 (Fig. 5A). Notably, on both mod-
els, 18S rRNA nucleotides that increase their accessibility to

benzoyl cyanide in complexes 6–8 are away from eRF1/
eRF3 binding sites.

DISCUSSION

We have found that eRF1 bound alone to the pretermination
complex comprising the 80S ribosome, tRNA (P site),
and mRNA (stop codon at the A site) protects the backbone
of 28S rRNA in the region of H69 from attack by ribose-
specific probes. The 5′ part of H69 is also protected in
eRF1•eRF3-containing complexes 6 and 7. The backbone of
H43 and H44 in the GAC becomes protected only in com-
plexes with eRF3. The 28S rRNA nucleotides, C1128 located
in the specific to vertebrates ES7L-F helix, G4398, and G4453
in the PTC ring, as well as C1311 in h33 of 18S rRNA, were
protected in all types of termination complexes. Of note,
the same nucleotides of the PTC ring together with the
region of H69 were protected by A site–bound tRNA.
Along with the protections, we have revealed rRNA regions
with increased accessibility to probes when the ribosomal
complexes contained either both release factors or eRF1
alone (Table 1).
All this allowed us to obtain new information regarding

eRF1/eRF3 binding sites on the mammalian ribosome and
the sites where conformational rearrangements induced by
release factors binding could occur. In particular, our

FIGURE 4. Continued.
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findings displayed the sites in H43 and H44 of the GAC, the
region of H69, and the PTC ring of 28S rRNA and in h33 of
18S rRNA that could be directly involved in interactions with
the termination factors. Furthermore, our results indicate the
sites in H43, H44, H71, H89, H92, and H94 of 28S rRNA, as
well as in h18 and h34 of 18S rRNA, that become more acces-
sible because of conformational rearrangements induced by
the factors binding.

Regions of rRNA involved in binding to release factors

The same sets of protected nucleotides (G3755, A3760, and
U3762 in H69 as well as C4398 and C4453 in the PTC
ring) of 28S rRNA in all types of termination complexes
allow us to refer these nucleotides to the eRF1 binding
site. This site could also comprise nucleotides of the
3′-area of H69 (C3769, U3770, and U3773) that decreased

their accessibility upon eRF1 binding to ribosomes alone.
However, the eRF1 binding site derived from our chemical
probing data only partially overlaps with the eRF1 posi-
tions on the cryo-EM models of termination complexes of
mammalian 80S ribosome containing eRF1 alone or
eRF1•eRF3•GMPPNP (Fig. 5; Muhs et al. 2015). For all of
that, eRF1 binding site in complex 8 displays more similarity
with eRF1 position on the respective model as compared with
those in complexes 6 and 7. The above-mentioned nucleo-
tides of the region of H69 and the PTC ring seem to belong
to a universal core of the A site responsible for binding of
both the elongator tRNAs and class 1 release factors, as evi-
denced by protections of the same nucleotides with A site–
bound tRNA in complex 4 (Table 1). The PTC ring is known
to harbor the CCA ends of tRNAs and the universally con-
served GGQ motif of eRF1 responsible for triggering pep-
tidyl-tRNA hydrolysis (Frolova et al. 1999). Therefore, data

TABLE 1. Summary of the data on 18S and 28S rRNA chemical footprinting in the ribosomal translation termination complexes 6, 7, and 8
obtained by association of mRNA- and tRNA-bound human ribosomes with eRF1•eRF3•GMPPNP, eRF1•eRF3•GTP, and eRF1 alone,
respectively, and in complex 4 with A and P site-bound tRNAs

Effect

Type of complex

Complex 4 Complex 8 Complex 7 Complex 6

Hydroxyl radical protections C1971 (H43) C1971 (H43)
C1977 (H43) C1977 (H43)
G1988–G1989 (H43) G1988–G1989 (H43)
G2001 (H44) G2001 (H44)

G3755 (H69) G3755 (H69) G3755 (H69) G3755 (H69)
A3760 (H69) A3760 (H69) A3760 (H69) A3760 (H69)
U3762 (H69) U3762 (H69) U3762 (H69) U3762 (H69)
C3769–U3770 (H69) C3769–U3770 (H69)
U3773 (H69) U3773 (H69)

Benzoyl cyanide protections C1311 (h33) C1311 (h33) C1311 (h33)
C1128 (ES7L-F) C1128 (ES7L-F) C1128 (ES7L-F)

C4398 (PTC ring) C4398 (PTC ring) C4398 (PTC ring) C4398 (PTC ring)
C4453 (PTC ring) C4453 (PTC ring) C4453 (PTC ring) C4453 (PTC ring)

Hydroxyl radical enhancements G1981–U1986 (H43) G1981–U1986 (H43) G1981–U1986 (H43)
G2007 (H44) G2007 (H44) G2007 (H44)
C2011 (H44) C2011 (H44) C2011 (H44)
G3776–U3778 (H69) G3776–U3778 (H69) G3776–U3778 (H69)
U3798–A3803 (H71) U3798–A3803 (H71) U3798–A3803 (H71)
U4497–U4498 (H92) U4497–U4498 (H92) U4497–U4498 (H92)
C4504–C4506 (H92) C4504–C4506 (H92) C4504–C4506 (H92)

Benzoyl cyanide enhancements C618–G620 (h18) C618–G620 (h18) C618–G620 (h18)
U630–C632 (h18) U630–C632 (h18) U630–C632 (h18)
U1343 (h34) U1343 (h34) U1343 (h34)
G1975–G1976 (H43) G1975–G1976 (H43) G1975–G1976 (H43)

U2006–A2010 (H44)
C3791–A3795 (H71) C3791–A3795 (H71) C3791–A3795 (H71)
C3810–G3811 (H71) C3810–G3811 (H71) C3810–G3811 (H71)
G4407 (H89) G4407 (H89) G4407 (H89)
A4422–U4423 (H89) A4422–U4423 (H89) A4422–U4423 (H89)
G4425 (H89) G4425 (H89) G4425 (H89)
U4436–G4440 (H89) U4436–G4440 (H89) U4436–G4440 (H89)
C4502 (H92) C4502 (H92) C4502 (H92)
G4575 (H94) G4575 (H94) G4575 (H94)

(H/h) Helices in 28S and 18S rRNAs, respectively.
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on protections of C4398 and C4453 of the PTC ring in com-
plexes 4 and 6–8 suggest that these nucleotides are capable
of binding to eRF1 independently of the mode of its enter-
ing the A site. However, this assumption does not agree
with the model of the pretermination complex with
eRF1•eRF3•GMPPNP (Muhs et al. 2015), where C4398 and
C4453 nucleotides of the PTC ring are located apart from
eRF1 binding site (Fig. 5A). Moreover, in the cryo-EM study
(Preis et al. 2014) performed with a similar termination com-
plex containing eRF1 and eRF3 from yeast it has been shown
that the M domain of eRF1 contacts the 40S subunit, so that
h14 is in direct contact with the GGQ motif.
Protection patterns in the PTC ring observed in complex 6

(containing eRF1•eRF3•GMPPNP and deacylated tRNA at
the P site) might be caused by displacement of eRF1 toward
the PTC, facilitated by the lack of the peptidyl moiety in the
P site–bound tRNA. Remarkably, the location of eRF1 close
to the PTC in complex 6 is consistent with the data on
cross-linking of the P site–bound periodate-oxidized tRNA
to eRF1 in the analogous ribosomal complex containing
eRF1•eRF3•GMPPNP (Hountondji et al. 2014). This cross-
linking also takes place in complexes similar to those 7 and
8. It has been supposed (Hountondji et al. 2014) that in all
these complexes tRNA could adopt both P/P and P/E config-
urations and that tRNA in the P/P state is involved in the
cross-linking with eRF1, whereas tRNA in the P/E state is
cross-linked to the ribosomal protein eL44 (eL36AL). On
the contrary, peptidyl-tRNA occupying the P site of the pre-
termination complex seemed to prevent eRF1 bound to eRF3
and GMPPNP from extending to the PTC and contacting the
PTC ring (Taylor et al. 2012). Something similar could take
place when the pretermination complex was obtained by as-
sociation of the ternary complex eRF1•eRF3•GMPPNP with
the binary 80S.CrPV-STOP mRNA complex; this pretermi-
nation complex corresponds to the canonical POST state of

80S ribosome with P/P- and E/E-tRNAs (Muhs et al. 2015).
However, in the pretermination complex assembled on the
80S.CrPV-STOP mRNA with eRF1 alone, eRF1 was capable
of extending toward the PTC, probably because of its flexibil-
ity (Muhs et al. 2015).
The same sets of nucleotides protected against hydroxyl

radicals in H43 and H44 of the GAC in eRF3-containing
complexes 6 and 7 and the lack of the respective protections
in complex 8 with eRF1 alone enable assignment of these nu-
cleotides to the eRF3 binding site (i.e., consistent with the
GAC involvement in the interaction with translational
GTPases [e.g., see Rodnina et al. 2000; Qin et al. 2009; Li
et al. 2011]). However, on the cryo-EM model of the preter-
mination complex containing eRF1•eRF3•GMPPNP (Muhs
et al. 2015) with a fitted GAC region taken from the cryo-
EM structure of the mammalian ribosome (Fig. 5A; Anger
et al. 2013), these helices are located closer to eRF1 rather
than to eRF3. This is in accordance with the previous results
showing contacts of the GAC to eRF1 in the pretermination
complex with eRF1•eRF3•GMPPNP (Taylor et al. 2012).
Therefore, one can conclude that helices H43 and H44 of
GAC are involved in interaction with the ribosome-bound
eRF1 within the complex with eRF3, whereas eRF3 itself
has no contacts with the GAC.
It is still a subject of discussion whether eRF3 leaves the

ribosome after GTP hydrolysis. In particular, taking into
account the data on tighter binding of eRF1 to post-termina-
tion complexes in the presence of eRF3 (Pisarev et al. 2010), it
has been proposed (Taylor et al. 2012) that eRF3 release is
mediated by a recycling factor ABCE1, whose binding site
on the ribosome overlaps with that of eRF3 (Becker et al.
2012). In contrast, eRF3 dissociation from the ribosome im-
mediately after GTP hydrolysis and before ABCE1 binding is
suggested (Preis et al. 2014). Our data on the same sets of
rRNA nucleotides protected from attack by the probes in
complexes 6 and 7 give us the grounds to assume that eRF3
does not dissociate from the ribosome after GTP hydrolysis.
This assumption explains the lack of protections in the 3′-
area of H69 in complex 7 compared with complex 8. If
eRF3 is still present in complex 7 after GTP hydrolysis, it
can prevent eRF1 from the occupation of the same position
on the ribosome as in complex 8. Although protection pat-
terns for complexes 6 and 7 are the same, the enhancement
patterns look different. In particular, the accessibility of sev-
eral nucleotides of the GAC is much more enhanced in the
GDP-bound complex 7 than in the GMPPNP-bound com-
plex 6. This does not contradict our assumption on the pres-
ence of eRF3 in complex 7, and it relates to conformational
rearrangements in the GAC region caused by GTP hydrolysis
(see the next subsection). Overall, further studies are required
to obtain direct evidence that eRF3 does not dissociate (or, on
the contrary, dissociates) from the ribosomal termination
complex after GTP hydrolysis.
As for protection of the nucleotide G1128 in the helix

ES7L-F of 28S rRNA observed in all termination complexes,

FIGURE 5. Three-dimensional representation of rRNA regions under-
going changes in accessibility upon binding of eRF1•eRF3•GMPPNP (A)
(PDB 4D61 and 4D67) or eRF1 alone (B) (PDB 4D5N and 4D5Y).
Release factors eRF1 and eRF3 are shown inmagenta and yellow, respec-
tively, and nucleotides with decreased or enhanced accessibility are des-
ignated by cyan or red, respectively. Regions in 28S rRNAwhere changes
take place are shown in wheat (for H43 and H44), yellow (H69 and
H71), orange (H89), blue (H90 and H92), and green (PTC ring). A frag-
ment of 18S rRNA h18 containing enhancements close to the eRF1
binding site is shown in gray.
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we suggest that it is not concerned with the involvement of
G1128 in eRF1 binding because this nucleotide is located
far away from the eRF1 binding site and is not connected
to ribosomal components implicated in its formation (see
Anger et al. 2013). Most likely, this protection reflects flexi-
bility of the large expansion segment ES7L comprising this
helix in the ribosome, allowing its transient placement in a
protected position in the termination complexes.

Thus, our data on protections of 28S rRNA nucleotides
in ribosomal termination complexes allow the proposal of
the location of eRF1 alone or in concert with eRF3 on the ri-
bosome. In these complexes eRF1 is located close to nucleo-
tides of the PTC ring, where the acceptor ends of tRNAs
are bound as well as nucleotides of the GAC, if the fac-
tor is associated with the ribosome within the ternary com-
plex eRF1•eRF3•GDP (or GMPPNP). After GTP hydrolysis,
eRF3 does not dissociate from the ribosome, and this is the
reason why the eRF1 binding site in the complex containing
eRF1•eRF3•GDP does not differ from that in the complex
with eRF1•eRF3•GMPPNP.

Regions of rRNAs implicated in the conformational
rearrangements induced by release factors binding

Our data show that binding of release factors to the ribosome
induces conformational changes in both 40S and 60S ribo-
somal subunits. In the 18S rRNA of the small subunit, struc-
tural rearrangements primarily take place in h18 and, to a
lesser extent, in h34 in all three types of termination com-
plexes (see Fig. 4C; Table 1), implying that these changes
are induced by eRF1 irrespective of whether it enters the A
site alone or within the complex with eRF3. Remarkably,
the group of nucleotides in h18 that displays increased reac-
tivity toward chemical probes includes nucleotide U630,
which has been identified as one of the key structural ele-
ments of the mRNA binding channel of human ribosome
(Graifer et al. 1994a,b) and the nucleotides surrounding it.
Contacts between h18 and the N-domain of eRF1 taking
place upon mRNA stop codon recognition by eRF1 (des
Georges et al. 2014) and involving nucleotide bases rather
than ribose residues (see above) apparently require rear-
rangement of the backbone of 18S rRNA in the region of
the mRNA binding channel. Notably, nucleotides U630–
C632 enhancing their accessibility to benzoyl cyanide adjoin
nucleotides U627 and A628, which, in their turn, face h34
and so may be involved in the formation of the mRNA entry
channel latch (Lomakin and Steitz 2013; Hussain et al. 2014).
Therefore, one can suggest that the above-mentioned struc-
tural rearrangement occurs because of the opening of the
latch caused by the binding of eRF1 at the A site.

In the 28S rRNA of the large subunit, rearrangements take
place in helices H43, H44, H71, H89, H92, and H94 and in
the stretchbetweenH69 andH71 in all termination complexes
(see Fig. 4A,B; Table 1), indicating that structural changes in
these helices are caused by eRF1 binding. Noteworthy, a large

number of nucleotides involved in the structural rearrange-
ments belong toH89,whose secondary structure is universally
conserved in the 23S-like RNAs of all three domains of life
(Cannone et al. 2002). The helix H89 resides at the 60S
subunit surface facing the 40S subunit and extends from the
PTC ring (Anger et al. 2013). According to numerous data ob-
tained with bacterial ribosomes (e.g., see O’Connor and
Dahlberg 1995; La Teana et al. 2001; Burakovsky et al. 2011),
H89 is involved in different steps of the translation process.
In eukaryotes, thishelix is implicated in interactionof the ribo-
somes with eIF5B (Unbehaun et al. 2007). Molecular dynam-
ics studies show that H89 forms a wall of an accommodation
corridor, which is used by acceptor stem of aa-tRNA on its
way from the A/T state to A/A state. At the same time, H90
andH92helices, inwhich nucleotides enhancing their accessi-
bility to probes as a result of eRF1/eRF3 binding are also found
(Table 1), constitute the opposite wall of the corridor
(Sanbonmatsu et al. 2005). The universally conserved nucleo-
tidesU4438 (U2492 inE. coli 23S rRNA) inH89 and the oppo-
site C4502 (C2556 in E. coli 23S rRNA) in H92 act as a three-
dimensional gate to the PTC for aminoacyl-tRNA (aa-
tRNA), and deletions of the respective nucleotides in the
rRNA of Saccharomyces cerevisiae, as well as any substitutions
at C4502, are lethal for the cells (Rakauskaite and Dinman
2011). In our study, the increase of accessibility of C4502
(H92) and the stretch U4436–G4440, which includes U4438
(H89), to benzoyl cyanide and the enhanced reactivity of
U4497–U4498 and C4504–C4506 (H92) neighboring to
C4502 toward hydroxyl radicals (Table 1) obviously reflect re-
arrangements of the accommodation corridor gate caused by
eRF1 binding alone or in complex with eRF3 to the ribosome.
It seems surprising that the enhancement profiles are similar
for all three termination complexes, whereas location of
eRF1 in complex 8 and those in complexes 6 and 7 are distinct
(Fig. 5). In these complexes, H69 is the common structural el-
ementof theeRF1binding site, andenhancements inH69were
observed with all three termination complexes (Table 1).
Analyzing the structure of the human 80S ribosome (Anger
et al. 2013), one can propose that rearrangements of the ac-
commodation corridor gate are the consequence of allosteric
transitions in the 28S rRNA structure induced by binding of
eRF1 with H69 and propagated from H69 to H89 through
H69–H71, H71–H92, and H92–H89 interactions (Fig. 5).
It is possible to presume that these rearrangements lead to

the opening of the accommodation corridor, enabling the
eRF1 GGQ motif to pass into the PTC. In this line, the in-
crease of accessibility of nucleotides A4422−U4423 and
C4425, located in the apex of H89, to benzoyl cyanide
(Table 1) might relate to rearrangements of the apex provid-
ing an initial stage of opening of the corridor.
Notably, the apical loop of H89 undergoes conformational

rearrangements as well when the ribosome binds the Seleno-
Cysteine Insertion Sequence (SECIS) binding protein 2
(SBP2) (Kossinova et al. 2014), a key player in selenoprotein
synthesis utilizing recoding of the UGA stop codon as a
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selenocysteine (Sec) codon (e.g., see Bulteau and Chavatte
2015). The functions of the protein are based on its ability
to interact with SECIS present in the 3′ UTR of all eukaryotic
selenoprotein mRNAs and with the ribosome—in particular,
with helix ES7L-E of the 28S rRNA (Kossinova et al. 2014 and
references therein). SBP2 bound to SECIS of selenoprotein
mRNA has been suggested to provide delivery of Sec-
tRNASec (within its ternary complex with GTP and a specific
elongation factor eEFSec) to the ribosomal A site pro-
grammed with UGA codon and its subsequent accommoda-
tion to this site (Kossinova et al. 2013). The rearrangements
caused by SBP2 binding to the ribosome involve H89 apex
sites (riboses of U4419 and C4421 [Caban and Copeland
2012] and nucleotide bases of A4414 and A4422 [Kossinova
et al. 2014]) that are not implicated in structural changes in-
duced by release factors binding (Table 1). One can assume
that SPB2-induced rearrangements in the H89 apex prevent
the accommodation corridor from opening by eRF1.
Because eRF1 and SPB2 binding sites do not overlap, eRF1
should be able to associate with SPB2-bound ribosome,
and, accordingly, SPB2 might block the placement of the
eRF1 GGQ-motif into the PTC enabling the UGA stop codon
to be read through as a codon for selenocysteine.
Another region that contains a large number of nucleotides

enhancing their accessibility to probes in the presence of re-
lease factors is the GAC (Fig. 4A,B; Table 1). By studying
the interaction of the GACwith the aa-tRNA•EF-Tu•GTP ter-
nary complex using molecular dynamics simulation (Li et al.
2006), it has been suggested that nucleotide A1067 (G1981 in
the human 28S rRNA) in H43 loop has to flip out to interact
with the D loop of the A/T aa-tRNA bound to the ribosome
within the ternary complex. Enhancement at nucleotide
G1981 in the apical loop of H43 observed with complexes
6–8 supports the assumption of reorientation of this nucleo-
tide in the presence of the A/T site bound ligand and indicates
that eRF1 alone being bound to the ribosome is in the A/T
state similar to eRF1 bound within the ternary complex
with eRF3 andGDP (GMPPNP).Moreover, the reorientation
of G1981 was accompanied by rearrangements in the neigh-
bor region 1982–1986, as argued by enhancements observed
at these nucleotides with complexes 6–8. By analogy with
study of Li et al. (2006), it was reasonable to conclude that
all these rearrangements provide interactions of eRF1 with
the nucleotide G1981 and, probably, with several bases in
the region 1982–1986, which could not be detected with the
use of the backbone-specific probes. Moreover, the data ob-
tained with complex 7 showed that additional structural
changes in the GAC could occur in the region 2006–2010 lo-
cated in the apical loop of H44 due to eRF3-dependent GTP
hydrolysis, which took place in this complex.
All other enhancements (in particular those observed in

H71, H94, and the stretch between H69 and H71, as well as
in h34) were located far away from the eRF1 binding site in
complexes 6–8 (Fig. 5) and could reflect allosteric long-range
rearrangements upon the factor binding to the ribosome.

Overall, the results of chemical footprinting of the
rRNA backbone in termination complexes containing
eRF1•eRF3• GMPPNP, eRF1•eRF3•GDP, or eRF1 alone led
us to identification of one region in 18S rRNA and two re-
gions in 28S rRNA where significant conformational rear-
rangements induced by binding of release factors to human
ribosome could occur. These rearrangements include (1)
structural changes in the 18S rRNA in region of mRNA bind-
ing channel during the eRF1-mediated stop codon recogni-
tion, (2) opening of the accommodation corridor ensuring
placement of the eRF1 GGQ-motif into the PTC region of
the 23S rRNA, and (3) reorientation of H43 in the GAC re-
gion of 23S rRNA required for eRF1 binding and reorganiza-
tions in the apical loop of H44 in the GAC related to eRF3-
dependent GTP hydrolysis.
Thus, our findings provide new information on the archi-

tecture of the eRF1 binding site at different translation
termination steps on mammalian ribosome and on confor-
mational rearrangements induced by binding of the release
factors to the ribosome.

MATERIALS AND METHODS

Purification of ribosomes and release factors

40S and 60S ribosomal subunits were isolated from unfrozen human
placenta according to Matasova et al. (1991), reactivated by incuba-
tion in buffer A (50 mМ HEPES-KOH, рН 7.5, 100 mМ KCl,
10 mМ MgCl2, and 0.1 mМ EDTA) for 10 min at 37°C, and reas-
sembled, taken in equimolar ratios. Activity of the obtained 80S
ribosomes in poly(U)-directed binding of [14C]Phe-tRNAPhe from
Escherichia coli (kindly provided by Dr. V.I. Katunin, B.P.
Konstantinov’s St. Petersburg Institute of Nuclear Physics RAS,
Gatchina, Russia) was ∼80% (maximum binding level 1.6 mol of
Phe-tRNAPhe per mole of the ribosomes). Yeast tRNAAsp transcript
was obtained by in vitro T7 transcription. Oligoribonucleotides used
asmRNAs were from Sigma-Aldrich. Generation of DNA constructs
containing sequences coding for human eRF1 (full length) and eRF3
(lacking the nonessential amino-terminal 138 amino acids) and the
preparation and purification of the respective recombinant proteins
were carried out as described (Frolova et al. 1998, 2000, 2002); mea-
surement of the factor’s activity was performed according to Frolova
et al. (1994, 1996).

Formation and analysis of ribosomal complexes

Ribosomal complexes containing mRNAs, tRNAs, and release fac-
tors were obtained in buffer A at 20°C; the extent of mRNA binding
was examined by nitrocellulose filtration with the use of the oli-
goribonucleotides labeled at the 5′-termini by [γ-32P]ATP and poly-
nucleotide kinase (Graifer et al. 1997). Binary complex 2 (lacking
tRNA) was obtained by incubation of ribosomes (0.5 μM) with oli-
goribonucleotide UUCUAA AAG (5 μM) for 40 min. Ternary com-
plexes 3 and 5 (with tRNAPhe in the P site and vacant A site) were
obtained by incubation of 80S ribosomes (0.5 μM) with tRNAPhe

(5 μM) and oligoribonucleotide GAA UUU GAC AAA or UUC
UAA AAG (5 μM), respectively. To obtain complex 4 (with
tRNAAsp in the A site), complex 3 was incubated with tRNAAsp
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(5 μM) for 40min at 20°C. To obtain complexes 6, 7, and 8, complex
5 was mixed with eRF1•eRF3•GMPPNP, eRF1•eRF3•GTP, or eRF1
alone, respectively, and incubated for 40 min at 20°C. Both eRF1
and eRF3 were taken in the eightfold excess over the ribosomes,
and the final concentrations of GTP and GMPPNP were 1 mМ.
The extent of mRNA analogs binding to 80S ribosomes was exam-
ined with the use of 5′-32P-labeled analogs by nitrocellulose filtra-
tion; the filters (Millipore, pore size 0.45 μm) were pretreated
with 0.6 M KOH for 25 min at 25°C to decrease unspecific sorption
of the mRNA analogs (Demeshkina et al. 2003). For validation of
eRF1 content in the termination complexes 6–8, aliquots containing
20 pmol of ribosomes were layered onto 15%–30% sucrose (w/w)
linear gradient in buffer A with subsequent centrifugation (rotor
SW40, 17 h, 21,800 rpm, 4°C). After ethanol precipitation of pooled
ribosomal complexes, the obtained pellets were dissolved in mini-
mal amounts of water and blotted onto a nitrocellulose membrane.
To determine eRF1 content, the membrane was incubated with rab-
bit polyclonal anti-eRF1 antibodies (1/2000 dilution) (Novus
Biologicals) and then treated with anti-rabbit HRP-conjugated sec-
ondary antibody (1/10000 dilution) (Sigma-Aldrich), developed
with the ECL-plus kit (Thermo Scientific) and exposed to X-ray
film (GE Healthcare).

Chemical probing of rRNAs

Ribosomal complexes obtained in buffer A as described above were
supplied with benzoyl cyanide (Sigma-Aldrich) at a final concentra-
tion of 80 mM and incubated for 2 min at 20°C; the reaction was
stopped by addition of 0.8 volume of ice-cold ethanol. Hydroxyl
radical cleavage of 18S and 28S rRNAs within ribosomal complexes
assembled in the same buffer was carried out by adding to the reac-
tion mixtures of 1/10 v of freshly prepared solution containing 12
mM Fe(NH4)2(SO4)2, 62 mM ascorbic acid, 25 mM EDTA-KOH
(pH 7.5), and 0.6% H2O2 according to Malygin et al. (2013). A typ-
ical reaction mixture contained 10 pmol of 80S ribosomes and all
other components in the respective amounts. The rRNA was isolat-
ed from the treated complexes by phenol deproteination and was
used for reverse transcription with 5′-32P-labeled primers comple-
mentary to the human 28S rRNA regions 1221–1239, 2039–2058,
3839–3858, 4495–4514, and 4649–4668 and to the human 18S
rRNA regions 161–180, 506–525, 655–674, 1348–1366, and 1537–
1556 as described (Malygin et al. 2013). Each reaction mixture con-
taining 1 pmol of rRNA and 2 pmol of a primer in 5 μL of water was
heated at 90°C for 1 min; cooled down in ice; supplied with 5 μL of
solution containing 100 mM Tris–HCl (pH 8.3), 150 mM KOAc,
16 mM Mg(OAc)2, 20 mM DTT, 0.5 mM dNTPs, and 1 U of
AMV reverse transcriptase (Fermentas); and then incubated for
30 min at 37°C. Reaction was stopped by adding 1 μL of 3 M KOAc
(pH 5.0), and the reaction products were ethanol precipitated.
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