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11-mer mRNA analogues that bore nitroxide spin labels attached to the terminal nucleotide bases.
Intramolecular spin-spin distances were measured by DEER/PELDOR spectroscopy in model complexes
mimicking different states of the 80S ribosome during elongation and termination of translation. The
measurements revealed that in all studied complexes, mRNA exists in two alternative conformations,
whose ratios are different in post-translocation, pre-translocation and termination complexes. We found
that the presence of a tRNA molecule at the ribosomal A site decreases the relative share of the more
extended mRNA conformation, whereas the binding of eRF1 (alone or in a complex with eRF3) results
in the opposite effect. In the termination complexes, the ratios of mRNA conformations are practically
the same, indicating that a part of mRNA bound in the ribosome channel does not undergo significant
structural alterations in the course of completion of the translation. Our results contribute to the under-
standing of mRNA molecular dynamics in the mammalian ribosome channel during translation.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Cell viability basically depends on the synthesis of proteins on
ribosomes, specialized organelles that translate the genetic pro-
gram from the sequences of codons in mRNAs to the sequences
of amino acid residues in the polypeptide chains of proteins. Ribo-
somes are very complex ribonucleoprotein machineries, whose
structure and functions have many conserved features in all king-
doms of life. They are composed of small and large subunits
responsible for the decoding of mRNA codons and the synthesis
of peptide bonds, respectively. During polypeptide chain elonga-
tion, the decoding is performed with the participation of tRNA
molecules, which carry specific amino acid residues for the
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polypeptide synthesis and contain anticodons to recognize the
corresponding mRNA codons. Ribosomes have three tRNA binding
sites: aminoacyl (A) site for incoming aminoacyl-tRNA, peptidyl (P)
site for tRNA with nascent peptide chain, and exit (E) site for used
discharged tRNA. The crucially important stage of translation,
ensuring the formation of normal-sized proteins, is its termination,
which occurs when one of three mRNA stop codons (UAA, UAG or
UGA) arrives to the ribosomal A site. In eukaryotes, these codons
are recognized by the polypeptide release factor eRF1. The latter,
acting together with GTPase eRF3, triggers the hydrolysis of the
complex-ester bond between the P site tRNA and the synthesized
polypeptide at the ribosomal peptidyl transferase center (PTC)
and thereby provides the release of the polypeptide from the ribo-
some (for review, see [1]).

Near-atomic models of eukaryotic ribosomes, including those
from higher organisms, and their complexes with ligands, such as
mRNAs, tRNAs and translation factors, are currently available from
the high resolution cryo-electron microscopy (cryo-EM) and X-ray
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crystallography studies [2-8]. These models, together with the
data on chemical probing of the rRNA structures in various types
of complexes of human ribosomes with release factors [9] have
provided general idea on the molecular mechanisms of translation
termination. Briefly, stop codon is recognized by specific conserved
peptides of the N-terminal domain of eRF1, but universally con-
served GGQ tripeptide in the middle domain of eRF1, which is
responsible for triggering the P site peptidyl-tRNA hydrolysis, is
positioned far away from PTC. The hydrolysis of GTP by eRF3,
occurring after the stop codon recognition, induces large confor-
mational rearrangements in the ribosomal complex, leading to
the placement of the GGQ tripeptide in the PTC, which results in
the release of the synthesized polypeptide. At that, eRF3e¢GDP does
not dissociate from the complex and leaves it only at the next stage
of termination, at which eRF1 still remains bound to the ribosome.
Near-atomic models of ribosomal translation complexes built from
cryo-EM data give detailed information on the structural organiza-
tion of the complexes, but they are static and dependent on the
three-dimensional classification procedure used for the selection
of structurally homogeneous translational complexes. Therefore,
these models leave aside the variations that may arise due to the
conformational dynamics of the complexes at certain translation
steps. Such variations could be explored using approaches capable
of providing dynamic information complementary to that ensured
by the near-atomic models of ribosomal complexes.

One of the fruitful approaches that have recently been applied
for studying the interplay between the human ribosome and its
RNA ligands is electron paramagnetic resonance (EPR) using syn-
thetic RNAs that carry one or two spin labels at the desired loca-
tions [10-13]. In particular, the utilization of RNAs bearing two
spin labels simultaneously enables measurements of the
intramolecular spin-spin distances depending on the RNA confor-
mation, which is determined by the type of ribosomal complex.
The application of such kind of RNAs has allowed us to compare
conformations of free RNA and RNA fixed as mRNA analogue in
the ribosomal mRNA-binding channel by the interaction with a
cognate tRNA, and to show that these conformations are similar
to each other [10]. Recently, we have suggested an approach based
on the use of doubly-spin-labeled RNAs having sequences prone to
form folded structures, which become unfolded when bound to
ribosomes as mMRNA analogues, to monitor the portion of
ribosome-bound RNA in complexes mimicking various elongation
steps [11]. It has proven useful to evaluate the stabilizing effect
of interactions of mRNA with tRNA at various ribosomal sites on
the mRNA binding. Here, we applied this approach to examine pos-
sible differences between the conformations of mRNA in the
decoding region of the human ribosome at the elongation and ter-
mination stages of translation. We found that mRNA in the ribo-
some decoding site can adopt two alternative conformations,
which differ in their straightening, and that the distribution of
mRNA between these conformations depends on the type of
complex.

2. Materials and methods
2.1. Doubly spin labeled derivatives of RNAs

The undecaribonucleotides 5-UGUAGACUUCA-3’ (mRNA-
sense) and 5-UCUUGAUUAGA-3’ (mRNA-stop) carrying ethylene
diamine spacers simultaneously at the C5 and C8 atoms of the
5’-terminal uridine and 3’-terminal adenosine residues, respec-
tively, were synthesized and purified as described [14]. The 3D
structures of these oligoribonucleotides were predicted using the
RNAComposer [15] on the online RNA structure modeling server
(http://rnacomposer.cs.put.poznan.pl) in an interactive mode.
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The 3-carboxy-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-1-ox
yl succinimidyl ester (NHS-M2) spin label was prepared as
described in [16] without deuteration [10-11]. The doubly spin-
labeled RNA derivatives (MR-sense and MR-stop) labeled at the
5’- and 3’-terminal bases were obtained from the corresponding
undecaribonucleotides, mRNA-sense and mRNA-stop, by treat-
ment with NHS-M2, purified and characterized as in [11-12].

3. Ribosomes, tRNAs and termination factors

40S and 60S ribosomal subunits from human placenta were iso-
lated and characterized as described [17,11] and stored in liquid
nitrogen in solution in D,O at a concentration of 25 pmol/ul as
5 ul aliquots for a single thawing operation. 80S ribosomes were
obtained from the subunits re-activated in binding buffer A
(50 mM Tris-HCl, pH 7.5, 100 mM KCl, 13 mM MgCl, and
0.5 mM EDTA in D,0) at 37 °C for 10 min by mixing their solutions
so that the ratio 40S:60S was 1:1.3. The activity of 80S ribosomes
in the poly(U)-dependent binding of ['4C]Phe-tRNA™ was about
70% (approximately 1.4 mol of Phe-tRNA™™ was bound per mol
of 80S ribosomes). tRNA™ and tRNAY¥ (both about 1300 pmol/
Aseo unit) from E. coli were the kindly provided by Dr. V.I. Katunin
(National Research Center “Kurchatov Institute” B.P. Konstantinov
St. Petersburg Nuclear Physics Institute). A yeast tRNAXR- tran-
script obtained by in vitro T7 transcription [18] was used as tRNA/P,
Prior to use for binding to the ribosomes, tRNAs were re-activated by
incubation in buffer A at 37 °C for 5 min. Recombinant human
polypeptide chain release factors eRF1 (full-length) and eRF3 (lack-
ing the nonessential N-terminal 138 amino acids) were obtained
according to [19-21]. The GTPase activity of eRF3 was determined
by the formation of 3?P-inorganic phosphate stimulated by 80S ribo-
somes and eRF1, as described in [22-23]. The turnover rate was
18 mmol of GTP hydrolyzed e« mol~! of eRF3 e s~ ! at 25 °C.

The eRF1 and eRF3 preparations were stored in a buffer A at
concentrations of 130 and 400 pmol/pl, respectively, in liquid
nitrogen.

4. Ribosomal complexes

Complexes of 80S ribosomes with MR-sense or MR-stop con-
taining tRNA”P and tRNAY? bound at the P and E sites, respec-
tively, as well as the complex with MR-sense, where in addition
to the above tRNA molecules, tRNA™® was bound at the A site,
were obtained and characterized according to [11]. Typically, the
mixture in a final volume of 13-15 pl contained 112 pmol of 80S
ribosomes, 100 pmol of MR-sense or MR-stop, 270 pmol of tRNAASP
and 450 pmol of tRNAY?. The mixture for preparation of complex
with MR-sense and tRNAP"® at the A site additionally contained
450 pmol of tRNAP™, To obtain 80S ribosomal complexes, where
the A site was occupied with eRF1 alone or as eRF1eeRF3¢GMPPNP
or eRF1eeRF3eGTP, the complex with MR-stop and tRNAs at the P
and E sites was incubated at 23 °C for 1 h with either 200 pmol of
eRF1 in 1.5 pl or with a mixture containing 200 pmol of eRF1,
200 pmol of eRF3 and 20 mM GTP or GMPPNP in 2.5 pl, pre-
incubated for 5 min before use. The eRF1 and eRF3 contents in
these 80S ribosomal complexes were examined by dot-blot
hybridization with the use of the respective polyclonal rabbit anti-
bodies (#NBP1-57565 and #NBP1-33024 from Novus Biologicals)
applied to the fractions of the complexes purified by sucrose den-
sity gradient centrifugation as described [9,24]. The binding levels
of tRNAs targeted to the E site or the A site were examined by
nitrocellulose filtration technique using the respective 5'-32P-
labeled tRNAs, similar to how it has been done in our previous
studies [10-12].


http://rnacomposer.cs.put.poznan.pl

K.N. Bulygin, 1.0. Timofeev, A.A. Malygin et al.
5. EPR experiments

DEER experiments were performed at 50 K temperature and Q-
band (34 GHz) using a Bruker Elexsys E580 EPR spectrometer
equipped with a commercial Q-band solid-state 150 W amplifier
at 10 dB attenuation (15 W), an EN5107D2 resonator and an
Oxford Instruments temperature control system. Samples of ca.
10 pl volume in quartz tubes (OD 1.65 mm, ID 1.15 mm) were
shock frozen in liquid nitrogen prior to being placed into a pre-
cooled resonator. To measure dipolar oscillations, we applied a
four-pulse DEER sequence with eight-step pulse position cycle
(Ad; = 16 ns) to average the deuteron modulation and a two-step
phase cycle of the first pulse to remove the baseline offset [25]. The
employed microwave power of 15 W allowed the observer pulse
lengths to be 12-14 ns for ©/2 and 20-26 ns for 7 pulses, pump
pulse length was kept 22 ns. Time delays d; 340 ns,
d, = 4500 ns, tgae = 66-68 ns, pump pulse time increment was
8 ns, shot repetition time was 5 ps. The pump pulse was applied
at the maximum of nitroxide spectrum; the echo observation
was done 60 MHz away at the nitroxide central line. Time-
domain dipolar evolution traces were processed using Tikhonov
regularization [26] and deep neural network [27] embedded in
DeerAnalysis2019 and multi-gaussian Monte Carlo approach [13].

6. Results and discussion
6.1. Model mRNAs and ribosomal complexes

Here, we utilized two doubly nitroxide spin-labeled undecari-
bonucleotide mRNA analogues, MR-sense and MR-stop, containing
in the middle GAC or GAU triplets coding for Asp, followed by
either UUC triplet coding for Phe or stop codon UAG (Fig. 1A). This
allowed us to obtain simplified complexes imitating either the
elongating 80S ribosome (complexes with MR-sense mimicking
post-translocation and pre-translocation ones, post-EC and pre-
EC, respectively) or its states corresponding to various stages of
translation termination, including the pre-termination state. It
should be especially noted that short (6-12nucleotideslong) mRNA
analogues have proven to be adequate tools for studying various
ribosomal translation complexes using different approaches (re-
viewed in ref. 28), including X-ray crystallograpy [29-30], and
the data obtained with the application of longer mRNA analogues
have in general confirmed those gained with short ones (see ref.
28). Nitroxide spin labels inserted into such mRNA analogues do
not interfere with their ability to specifically bind to human ribo-
somes, which is completely dependent on the codon-anticodon
interaction between mRNA and the P site tRNA cognate to the
desired mRNA codon (see ref. 28), and do not affect significantly
Kq4 values of the respective mRNA analogues [10]. Model termina-
tion complexes, very similar to those used here, have been fruit-
fully applied for studying various aspects of translation
termination by means of site-directed cross-linking [24,31-32]
and chemical footprinting [9], which justifies the utilization of
such complexes assembled on the MR-stop in the current study.
The adenosine residue following the UAG stop codon allows the
formation of a quadruplet/U-turn structure in the A-site peculiar
for termination complexes [7]. When preparing the complexes,
we used the well-known feature of ribosomes to stably bind tRNA
at the P site at elevated Mg?* concentrations without translation
factors, which ensured the fixation of mRNA at the ribosome chan-
nel by codon-anticodon interaction between the P site tRNA and an
mRNA triplet targeted to this site (for review, see [28]). Accord-
ingly, in our study, the GAC or GAU triplet was directed to the P site
by tRNA”P, while the A site was programmed with either the UUC
triplet (in MR-sense) or the stop codon UAG (in MR-stop), which
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enabled an occupation of the A site with either tRNA™® or with
release factors, respectively. In the latter case, the complex with
the empty A site represents the pre-terminating ribosome (pre-
termination complex, pre-TC), and the complex with
eRF1eeRF3eGMPPNP at the A site corresponds to the state, in
which the stop codon is recognized by eRF1 (stop codon recogni-
tion complex, stop codon-RC). The complex formed using
eRF1eeRF3eGTP targeted to the A site, in which GTPase eRF3 is
activated by the ribosome and GTP is converted to GDP, imitates
the state after GTP hydrolysis before eRF3e¢GDP leaves the ribo-
some (post-GTP hydrolysis complex, post-GTP-HC). Finally, the
state with eRF1 alone at the A site (post-termination complex,
post-TC) represents a post-termination step when eRF3eGDP is
already dissociated from the ribosome. All of the above complexes
are shown schematically in Fig. 2.

The conditions for the stable binding of mRNA analogues and
tRNAs at the desired 80S ribosomal sites when obtaining the pre-
TC with MR-stop or the post-EC and the pre-EC with MR-sense
were almost the same as those used in our earlier studies with
the application of similar mRNA analogues [10-11]. The principles
of the formation of model ribosomal complexes, in which the
desired codons of mRNA analogues are positioned at the ribosomal
P and A sites, were the same as in our previous studies. They are
based on the well-known phenomenon that without translation
factors, tRNA has maximum affinity for the P site of 80S ribosomes,
considerably greater than those for other tRNA binding sites (for
review, see [28;33]). Thus, the P site is occupied with the desired
mRNA codon duplexed with the cognate tRNA, which places the
next downstream mRNA codon at the A site, allowing its specific
recognition by the cognate tRNA, whose affinity for the A site is
much higher than that of non-cognate tRNA [34]. Cognate and
non-cognate tRNAs bind at the E-site of 80S ribosomes with the
occupied P-site to a similar extent (e.g., see ref. 11). In the current
study, we confirmed the expected pre-EC, post-EC and pre-TC com-
positions under the conditions used by estimating the binding
levels of mRNA analogues and tRNAs targeted to the P, A or E sites
utilizing the corresponding 32P-labeled ligands (for detail, see
Fig. S11 and the respective comments in SI). The similar binding
levels of the P site tRNA*P and MR-stop in termination complexes
were inferred from the eRF1 binding data (see below), given that
the factor does not bind to ribosomes when the A site is not occu-
pied with a stop codon [35], and that short mRNA analogues do not
enter the mRNA channel without codon-anticodon interaction
with the P site tRNA (see [28]).

The approach to the assembly of simplified model termination
complexes from the pre-TC and eRF1 or its complexes with eRF3
was the same as in our previous studies [9,24]. The use of deacy-
lated tRNA instead of peptidyl-tRNA when assembling the pre-TC
has been justified by the finding that the binding of eRF1 alone
or together with eRF3 to the such kind of the pre-TC, caused pro-
tections of the 28S rRNA nucleotides at the PTC, indicating that
the middle domain of eRF1 with its GGQ motif did indeed arrive
to this center, i.e., adopted a functionally relevant position [9].
We believe that GTP is actually hydrolyzed into GDP in the post-
GTP-HC, since earlier studies on the chemical footprinting of 28S
rRNA in model termination complexes have revealed specific foot-
prints in the ribosomal GTPase associated center with a complex
similar to the post-GTP-HC, which have been not observed with
a one analogous to the stop codon-RC, where no GTP hydrolysis
occurred [9]. Here, we examined the binding levels of eRFs in each
of the termination complexes shown in Fig. 2 using dot blot
hybridization applied to fractions of the respective 80S ribosomal
complexes purified by sucrose density gradient centrifugation.
The quantitative analysis of the eRF1 and eRF3 contents in the
above fractions (Fig. 3) confirmed their expected compositions
with practically stoichiometric extents of binding of the factors
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Fig. 1. Structures of doubly spin-labeled 11-mers designed as the mRNA analogues. (A) The sequences of mRNA analogues MR-stop and MR-sense with marked positions of
spin labels (se) and the triplets targeted to the P site (left) and the A site (right). Below the sequences, the predicted spatial structures of the MR-stop and MR-sense in free
form and the calculated distances between nucleotide atoms bearing spin-labeled groups. (B) The structures of 11-mer fragments of mRNAs bound at the 40S subunit mRNA
channel extracted from the cryo-EM-derived structures of the mammalian ribosomal termination complex containing eRF1 and eRF3 [8]; PDB ID:5LZT) (left) and post-
translocation complex [36], PDB ID:6Y2L) (right). The extraction was performed so that the nucleotides in positions 5-7 of the mRNA fragments corresponded to the P site
codon. The mRNA, anticodons of the E and P site-bound tRNAs, and the eRF1 fragment containing the NIKS motif are shown in cyan, yellow, red and green, respectively.
Arrows indicate the distances between atoms in the bases of the terminal nucleotides of the 11-mer fragments. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

to 80S ribosomes. Besides, it reaffirmed the data obtained earlier
[9] that eRF3 did not leave the ribosome after hydrolysis of GTP
in the complex post-GTP-HC.

It should be noted that all complexes contain a tRNA molecule
at the E site, since it is usually present there in the real translating
ribosome, and this increases the stability of the termination and
post-termination complexes [37]. In our study, tRNAY¥ was tar-
geted to the E site in the above complexes, which was not cognate
to the E site mRNA triplet in the complexes with MR-stop (Fig. 2),
because the occurrence of codon-anticodon interaction at this site
was questionable. Moreover, in our previous EPR study, we have
not found substantial differences in the arrangements of mRNA
at the ribosomal channel for complexes assembled with cognate
and non-cognate tRNAs at the E site [11]. It is also worth noting
that the pre-EC with three tRNA molecules simultaneously bound
at the P, A and E sites of the same 80S ribosome is functionally rel-
evant. This stems from the data of the cryo-EM study, in which the
pre-translocation state with all these sites occupied with tRNA
molecules is visualized among many other intermediates in ex
vivo-derived human polysomes [38]. Finally, it should be noted
that in some portion of the complexes obtained in this study, the
E site was occupied with tRNA"® instead of tRNAY?, since the for-
mer was taken in the same excess over ribosomes as the latter, and,
therefore, a portion of tRNAPP, unbound at the A site, could com-
pete with tRNAV? for the E site, like any other non-cognate tRNA
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(for detail, see Fig. S11 and the respective comments in SI). We
believe that the nature of tRNA at the E site does not contribute
substantially to the structure of the ribosomal complex under
investigation.

7. Rearrangements of the mRNA structure in the ribosomal
complexes

Both mRNA analogues, MR-sense and MR-stop, used in this
study are expected to be folded, which should result in short inter-
spin distances when they are free (Fig. 1A) [11-12]. Two MR-sense
molecules can also form imperfect duplex with the expected sepa-
ration of 2-2.5 nm between the terminal nucleotides (Fig. 1D) that
were indicated by additional line broadening observed in the con-
tinuous wave (CW) EPR spectrum at 300 K (Fig. S3 in SI). Within
ribosomal complexes, mRNAs unfold and the duplexes dissociate,
so the interspin distances are supposed to be considerably larger
(Fig. 1B), similar to what has been observed with the mRNA ana-
logues utilized in our previous studies [11-12]. As before, we
applied here DEER (PELDOR) to examine distances between two
nitroxide spin labels on the 5'- and 3’-termini of the mRNA ana-
logues free and bound to ribosomes in various complexes. Fig. 4
shows the DEER time traces and distance distributions obtained
using the Tikhonov regularization method with MR-stop and MR-
sense. As expected, with free mRNA analogues (in the absence of
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Fig. 2. Types of the complexes studied. Upper line: pre-TC, pre-termination complex; stop codon-RC, stop codon recognition complex; post-GTP-HC, a complex formed after
GTP hydrolysis before eRF3 dissociation (note that in this complex, GTP is converted to GDP by the GTPase activity of eRF3, and the state after GTP hydrolysis is shown when
eRF3eGDP remains bound to the ribosome); post-TC, post-termination complex. Lower line: post-EC, post-translocational elongation complex; pre-EC, pre-translocational
elongation complex. The Figure does not display the difference between pre-TC and post-EC, since it only concerns the mRNA trinucleotide sequences at the A site.

ribosomes), one main state with the interspin distance Rpggg < 2.6-
nm was observed (Fig. 4). With binary mixtures of mRNA ana-
logues with ribosomes, additional peaks with Rpggr in the region
2.6 - 4.0 nm were detected. We assigned these peaks, by analogy
with the previous studies [11-12], to partially unfolded RNA in
its labile ribosomal complexes involving the 40S subunit protein
uS3. Similar Rpggr values have been also observed for unstable bin-
ary complexes of tRNAs with short mRNA analogues [11].

Finally, the states of mRNA corresponding to its unfolding, with
large interspin distances in the regions 4.0-5.2 nm and > 5.2 nm,
were seen only with the ribosomal complexes in which mRNA ana-
logues were fixed in the 40S subunit binding channel by the inter-
action of the GAC (MR-sense) or GAU (MR-stop) triplets with the P
site tRNAMP (Fig. 4). Mixing of MR-stop with eRF(s) in the absence
of ribosome did not lead to any unfolding of mRNA, which pre-
served Rpggr < 2.6 nm. The shares of labile binary complexes of
the mRNA analogues with tRNAs or ribosomes (which could not
be discriminated by the Rpggr values) depended on the type of mix-
ture. However, in all cases, the total share of these complexes
together with that of the free mRNA analogue was less than the
total share of the ribosomal complexes under investigation
(Table 1), which, in turn, was close to the fraction of active ribo-
somes (Fig. S11).

Comprehensive analysis using different approaches to DEER
data processing (Tikhonov regularization, multi-gaussian Monte
Carlo and deep neural network, see details in SI) results in similar
distance distribution functions with two different peaks in the
regions Rpger > 4.0, clearly showing that unfolded mRNAs in the
ribosome channel exist in two alternative conformations. A less
extended RNA conformation, with the mean Rpggr value about
4.7 nm, has been reported earlier [11-12] with similar 11-mer
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mRNA analogues, and in general it fits to the structure of mRNA
in available atomic models of 80S ribosomal complexes corre-
sponding to various stages of translation (e.g., see [39-40]). The
more extended mRNA conformation with interspin distance about
5.8 nm was revealed for the first time in this work, and it was
observed for all types of the ribosomal complexes under investiga-
tion (Fig. 4). Such long distance became detectable due to the
power upgrade of the Q-band microwave bridge from 1 W up to
15 W, which drastically increased the sensitivity and the range of
accessible distances, thus making it possible to obtain more
detailed information on the systems under study. Note that for
the measured DEER traces, background correction brings signifi-
cant uncertainty in determining long distances, so only the integral
of the peak assigned to the more extended mRNA is analyzed. The
effects of the DEER trace length and the baseline correction on the
distance distribution functions are discussed in more detail in SI.

Differences in the distance distributions and in the integrated
peaks areas reflect the transformations in conformations of the
mRNA analogues bound to the ribosome in the studied complexes.
Observable resolution of peaks at 4.7 and 5.8 nm was verified via
background correction analysis and processing DEER data using
Tikhonov regularization, neural network and Monte Carlo multi-
gaussian search (Fig. S9 in SI). Integral values were validated as
well. In order to characterize conformational transformations, we
analyzed the weights of conformations, i.e. the corresponding peak
integrals. Although different approaches give variable peak inte-
grals for the same complex, with each processing method the
ratios between peak integrals for different complexes together
with all the trends are preserved (Fig. S10 in SI).

Analysis of the peak integrals (Table 1) shows that the ratio
(Fig. 5) of conformations adopted by the mRNA analogue depends
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Fig. 3. Analysis of eRF1 and eRF3 binding levels in the model termination ribosomal complexes (see Fig. 2). Determination of the release factors’ contents in the purified
ribosomal complexes using the dot blot assay with the subsequent quantification by scanning the respective signals displayed on the membrane with the help of calibration
curves obtained with definite amounts of eRF1 or eRF3 developed by the same assay (Fig. S11). The eRFs binding levels were normalized to a fraction of active ribosomes of
about 70%, which was evaluated by measuring the activity of 80S ribosomes in codon-dependent aminoacyl-tRNA binding; the relative error in estimating the binding levels
was within 15%. A typical sedimentation profile of the 80S ribosomal complexes in the sucrose density gradient is presented in the upper part of the Figure, and the fraction
taken for the dot blot assay is shown. The relevance of the main ribosome peak in the sedimentation profile to the 80S couples was confirmed by a parallel sedimentation
analysis of the mixture of 40S and 60S ribosomal subunits pre-incubated under association conditions.

on the type of complex. We observed reliable differences in the
ratios between the pre-TC with the empty A site and the termina-
tion complexes, where this site was occupied with release factor
(s). In particular, in the presence of the ligand(s) at the A site, the
ratio shifts to an increased contribution of the more extended
mRNA conformation.

To clarify whether the effect of the A site bound eRF(s) on mRNA
conformation is specific to termination complexes or is caused by
the binding of any kind of ligand interacting with the A site mRNA
codon, we compared the results obtained with these complexes
and with the pre-EC, where the A site was occupied with tRNAP®
(Fig. 2). Although the MR-stop and MR-sense sequences used for
the assembly of model termination and elongation complexes,
respectively, are not identical (they differ from each other by the
codons targeted to the A and E sites), the comparison is correct,
because the distance distributions of the complexes with vacant
A site for MR-stop (pre-TC) and MR-sense (post-EC) are very simi-
lar (Fig. 4). This comparison shows that the occupation of the A site
with tRNAP results in a significant decrease in the relative pro-
portion of the more extended mRNA form (see Figs. 4, 5 and

Table 1), the effect opposite to that caused by the binding of eRF
(s) at the A site. Moreover, the relative share of the latter mRNA
form in the pre-EC is the fewest among all the studied complexes.

The eRF1, which directly interacts with mRNA stop codon at the
A site, generally is considered as an aminoacyl-tRNA mimic [5]. Its
evolutionary conserved NIKS and YxCxxF motifs in the N-terminal
domain bind at the ribosome decoding site, playing the role similar
to that of tRNA anticodon, and the universal GGQ tripeptide in the
middle domain appears at the PTC after GTP hydrolysis as 3'-
terminus of tRNA, where it triggers the hydrolysis of the
peptidyl-tRNA ester bond [5,21,31-32,40-42] (Fig. 2). The findings
from our study demonstrate that the binding of eRF1 (alone or in a
complex with eRF3) at the A site affects mRNA conformation in a
manner opposite to that of tRNA molecule, increasing the relative
share of the more extended mRNA form in the complex, which
indicates an essential difference between the A site interaction of
eRF1 and a tRNA molecule. Since both mRNA conformations occur
in the pre-TC, one can assume that eRF1 prefers to bind to the pre-
TC with the more extended mRNA conformation, thereby shifting
the equilibrium towards the latter. Alternatively, it is possible that
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Table 1
Integral of the peaks in the distance distributions obtained using Tikhonov regular-
ization for the studied ribosomal complexes. See SI for information on uncertainty.

Sample integral in the range [%]
<4.0 nm 4.0-5.2 nm >5.2 nm

pre-TC 36 34 30
Stop codon-RC 42 25 33
post-GTP-HC 31 27 42
post-TC 38 24 38
post-EC 29 36 35
pre-EC 21 47 32
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eRF1 binds to the pre-TC with the less extended mRNA conforma-
tion, and this binding induces rearrangements resulting in the
mRNA adopting the more extended conformation, which may be
due to the conformational dynamics of the ribosome itself, e.g.
translocation/back-translocation, head tilt and swivel movements,
etc (see ref. [43,44]). We do not currently have enough data to
choose between these possibilities, and clarifying of the above
issues is the next frontier of investigations.

The results obtained in general are in accordance with cryo-EM
data showing that the geometries of the A site mRNA codons inter-
acting with either eRF1 or the aminoacyl-tRNA anticodon differ
significantly from each other [4,7]. In particular, in the elongation
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Fig. 5. Ratios of area 5.2-8.0 nm to area 4.0-5.2 nm obtained using Tikhonov
regularization for the studied ribosomal complexes. See SI for information on
Tikhonov validation ensemble.

complexes, the A site codon belongs to one chain of the double-
helix structure, while in the termination complexes its conforma-
tion resembles the geometry of the U-turn motif [7]. As mentioned
in the Introduction, cryo-EM-derived models do not provide infor-
mation on the conformational dynamics of translation complexes
at any particular translation step, since these models display only
one kind of the structure, which eventually depends on the proce-
dure of 3D classification applied for the selection of structurally
homogeneous translational complexes. Besides, information on
several mRNA conformations in ribosomal complexes is lost in
cryo-EM models, because some mRNA nucleotides in the 40S sub-
unit binding channel remain unresolved due to their conforma-
tional flexibility. Our findings gained by DEER/PELDOR for the
first time show that both elongation and termination complexes
exist in two alternative conformations that are likely to be in
dynamic equilibrium. It should be noted that the interspin dis-
tances in the mRNA analogues measured in this study (Fig. 4) do
not coincide with the distances between mRNA bases in positions
corresponding to those of the spin-labeled nucleotides in the MR-
stop and MR-sense calculated from cryo-EM-derived models of
ribosomal complexes of the respective types (Fig. 1B). This is not
a discrepancy, because the spin labels are separated from nucleo-
tide bases in the mRNA analogues by the linkers, whose length
and geometry contribute to the interspin distances observed in this
study.

Because of the conformational flexibility of mRNA in the decod-
ing region of the ribosome, the ratio between its conformations
depends on the type of complex (pre-translocation, post-
translocation or termination one). However, the differences in
the ratios of mRNA conformations between the complexes are
not dramatic; moreover, they are barely pronounced between par-
ticular termination complexes (see Table 1). The latter indicates
that the distribution of mRNA between two alternative conforma-
tions does not significantly change during translation termination.
Therefore, we can conclude that the conformational status of
mRNA in the 40S subunit binding channel does not undergo major
alterations during termination, at least, until eRF1 leaves the
ribosome.

Noteworthy, if we consider intra-mRNA distances, correspond-
ing to those studied in our work, in cryo-EM-derived models of
mammalian 80S ribosomal elongation and termination complexes,
one can find regularities in general similar to those obtained with
the use of MR-stop and MR-sense. For instance, one can see from
Fig. 1B that in the termination complex containing eRF1 (the left
model), the distance between the mRNA sites under investigation
is significantly larger than that in the post-translocation complex
with vacant A site (the right model). This correlates with our data
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on a higher ratio of the more extended mRNA form to the less
extended one in the post-TC as compared to that in the post-EC
(Fig. 4, Table 1). A similar comparison of the distances in the pre-
translocation (pdb 5LZS, [36]) and post-translocation (pdb 6Y2L,
[8]) complexes can reveal the smaller distance in the first, which
also correlates with our results showing a lower ratio of the more
extended mRNA form to the less extended one in the pre-EC versus
the post-EC (Fig. 4, Table 1).

Thus, the application of DEER/PELDOR allowed us to obtain new
important details concerning the conformational variability of
mRNA in 80S ribosomal complexes. Our findings contribute to
the further development of an understanding of the functional
and dynamic aspects of translation in mammals, which has so far
been mainly based on static near-atomic models of various riboso-
mal complexes, obtained using cryo-EM and X-ray crystallography.
It is possible that the nature of the stop codon and/or the adjacent
nucleotide residue following it, as well as the specific features of
the mRNA sequence bound at the ribosomal channel, affect the
dynamics of mRNA in the termination complexes and, accordingly,
the ratio between its conformations, and therefore the study this
issue could be the topic of the next frontier of research.
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