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Figure 2. Rearrangement of the catalytic domain of RF2 upon tRNA displacement from the PTC. (A)
Rearrangements of RF2 in Structure Il (RF2 in red, P-tRNA in orange and 23S in cyan) in comparison with the
canonical 70SeRF2 conformation (X-ray structure: Korostelev et al., 2008; RF2 in pink, P-tRNA in light orange, 23S
in gray). Arrows show rearrangements for RF2 (red), tRNA acceptor arm and 23S nucleotide A2602 (black). The
superposition was achieved by structural alignment of 23S rRNA. (B) The GGQ region of RF2 forms a long B-
hairpin that reaches into the constriction of the peptide tunnel (at A2062) and thus plugs the tunnel. Nucleotides
of 23S rRNA and the GGQ motif are labeled. (C) Cryo-EM density for the B-hairpin formed by the GGQ region.
Residues of RF2 and 23S rRNA (also shown in panel B for reference) are labeled.

DOI: https://doi.org/10.7554/eLife.46850.009

The following figure supplements are available for figure 2:

Figure supplement 1. Rearrangements of PTC nucleotides (cyan) upon formation of the B-hairpin structure by the
catalytic region of RF2 (red; Structure Il is shown).

DOI: https://doi.org/10.7554/eLife.46850.010

Figure supplement 2. Cryo-EM density (mesh) shows that the tip of the GGQ loop of RF2 is poorly ordered (gray
model) when the catalytic domain adopts the B-hairpin conformation (red; Structure Il is shown).

DOI: https://doi.org/10.7554/eLife.46850.011

deacylated due to the action of RF2, the tRNA and ribosome conformations closely resemble those
in pre-termination aminoacyl- and peptidyl-tRNA complexes (Adio et al., 2018; Cornish et al.,
2008; Jin et al., 2010; Polikanov et al., 2014). The 30S subunit adopts a conformation similar to
crystal structures of non-rotated ribosomes with or without RFs (Jin et al., 2010; Korostelev et al.,
2008; Korostelev et al., 2006; Korostelev et al., 2010; Laurberg et al., 2008; Selmer et al.,
2006; Weixlbaumer et al., 2008), and exhibits a slight ~1.5" rotation relative to the 70SeRF2 crystal
structure formed with the UGA stop codon (Weixlbaumer et al., 2008).

RF2 is bound in Structures Il to IV (Figure 1B-D). The 70S intersubunit rotation ranges from ~1.5°
in Structure Il to ~7.5° in Structure IV (Table 1). This nearly full range of rotation is typical of translo-
cation complexes with tRNA (Agirrezabala et al., 2008; Agirrezabala et al., 2012; Dunkle et al.,
2011; Fischer et al., 2010; Julian et al., 2008) and elongation factor G (EF-G) (Brilot et al., 2013,
Chen et al., 2013; Frank and Agrawal, 2000; Gao et al., 2009; Pulk and Cate, 2013;
Tourigny et al., 2013; Zhou et al., 2013).

The most well-resolved 3.3 A resolution Structure Il (Figure 1B) accounts for the largest popula-
tion of RF2-bound ribosome particles in the sample (Table 2), consistent with stabilization of the
non-rotated 30S states by RF2 observed in FRET studies (Casy et al., 2018, Prabhakar et al., 2017,
Sternberg et al., 2009). The overall extended conformation of RF2 resembles that seen in published
70SeRF2 structures (Korostelev et al., 2008; Weixlbaumer et al., 2008) with its codon-recognition
superdomain (domains 2 and 4; Figure 1B) bound to the UGA stop codon in the decoding center of
the 30S subunit and its catalytic domain 3 inserted into the peptidyl-transferase center.

Structure |l features RF2 with a dramatically rearranged catalytic loop, coinciding with the lack of
density for the CCA end of the P tRNA. In previous pre- and post-hydrolysis-like structures, the
P-tRNA CCA end binds the PTC, and RF2 forms a compact catalytic loop (residues 245-258). In
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Figure 3. Differences in conformations of RF2 and helix 69 of 23S rRNA in Structures II, IV and V. (A) RF2 in
Structures Il (red) and IV (blue) in comparison with the crystal structure of isolated (free) RF2 (green, PDB 1GQE
[Vestergaard et al., 2001]). The arrow shows the direction of domain three repositioning from Structure Il to IV to
free RF2. Structures were aligned by superposition of domain 2. (B) Interactions of H69 (teal) with the switch loop
(pink surface) of RF2 in Structure Il (RF2 in red, P-tRNA in orange, 50S in cyan and 30S in yellow). Domains 2 and 3
of RF2, head and body domains of the 30S subunit and nucleotides A1913 (at H69) and C1054 (head) are labeled.
(C) In Structure V, dissociation of H49 from the decoding center and packing on H71 next to A2602 disassembles
intersubunit bridge B2a. The structure is colored as in panel B. View in panels B and C is rotated by ~180° relative
to panel A.

DOI: https://doi.org/10.7554/eLife.46850.012

The following figure supplement is available for figure 3:

Figure supplement 1. Structure alignments show that the disengaged H69 in Structure V (teal) is incompatible
with the extended (red, Structure Il) and compact (pink, PDB 1GQE [Vestergaard et al., 2001]) conformations of
RF2 due to steric hindrance.

DOI: https://doi.org/10.7554/eLife.46850.013

these previous structures, the catalytic 2°°GGQ?? motif resides at the tip of a short a-helix, adjacent
to the terminal tRNA nucleotide A76 (Figure 2A, light shades; (Jin et al., 2010; Korostelev et al.,
2008; Laurberg et al., 2008; Weixlbaumer et al., 2008). The a-helical region is held in place by
A2602 of 23S ribosomal RNA (rRNA), which is critical for termination efficiency (Amort et al., 2007,
Polacek et al., 2003). In Structure Il, however, the catalytic loop adopts an extended B-hairpin con-
formation that reaches ~10 A deeper into the peptide tunnel (Figure 2A-B). To accommodate the
extended B-hairpin, nucleotides G2505 and U2506 of 23S rRNA are shifted to widen the PTC (Fig-
ure 2—figure supplement 1A). The center of the B-hairpin occupies the position normally held by
A76 of P tRNA (Figure 2A). The lack of density for the CCA moiety thus suggests that the 3’ end of
P tRNA is at least partially released from the PTC. Indeed, formation of the B-hairpin and release of
the CCA moiety is accompanied by a slight shift in the P-tRNA acceptor arm away from the PTC and
by ~160° rotation of nucleotide A2602 to form a Hoogsteen base pair with C1965 at helix 71 of 23S
rRNA (Figure 2A and Figure 2Figure 2—figure supplement 1B). The cryo-EM map shows strong
density for the extended B strands (Figure 2C), but weaker density for the GGQ residues at the tip
of the hairpin, consistent with conformational heterogeneity of the flexible glycine backbone (Fig-
ure 2—figure supplement 2). Nevertheless, the tip of the B-hairpin plugs the narrowest region of
the peptide tunnel at A2062 of 23S rRNA (Figure 2B). Thus, Structure Il appears to represent a pre-
viously unseen post-peptide-release state with deacyl-tRNA dissociating from the PTC.

In Structure lll (Figure 1C), a 5° rotation of the 30S subunit shifts the tRNA elbow by ~10 A along
protein L5 toward the E site. As a result, the P-tRNA acceptor arm pulls further out of the 50S P site,
and the end of the acceptor arm helix points at helix o7 of RF2 near positively charged Lys 282 and
Lys 289. The CCA moiety remains unresolved. The 5° intersubunit rotation also causes a slight 2°
rotation of RF2 domain 3 relative to domain 2, but the overall conformation of RF2 remains similar
to that in Structure Il, with the tip of the extended B-hairpin plugging the peptide exit tunnel.
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Figure 4. Scheme of the termination mechanism.
DOI: https://doi.org/10.7554/eLife.46850.014

In Structure 1V, the 30S subunit is rotated 7.5° and the P-tRNA elbow is bound to the L1 stalk, an
interaction normally observed with the P/E or E tRNA (Dunkle et al., 2011; Korostelev et al., 2006;
Selmer et al., 2006). Unlike P/E tRNA, however, the acceptor arm is oriented between the 50S P
and E sites (Figure 1D), suggesting that the tRNA adopts a transient state on its way toward the
hybrid P/E conformation. This transition coincides with an ~3° rotation (swivel) of the 30S head, char-
acteristic of intermediate stages of tRNA and mRNA translocation (Abeyrathne et al., 2016;
Ratje et al., 2010). The codon-recognition superdomain of RF2 in its canonical conformation moves
with the 30S subunit, causing the catalytic domain to shift by ~5 A from its position in Structure I
(Figure 3A). Indeed, reduced density for the catalytic domain and domain 1, which bridges the 30S
and 50S subunits at the A site periphery (Figure 1B), suggests that intersubunit rotation has destabi-
lized RF2. In Structure |V, therefore, RF2 appears to be poised for dissociation and collapsing toward
the compact conformation adopted by free RFs (Figure 3A) (JCSG, 2005; Shin et al., 2004;
Vestergaard et al., 2001; Zoldék et al., 2007).

Structure V is incompatible with RF2 binding and provides further insights into RF2 dissociation.
The rotated 70SetRNA structure resembles hybrid P/E states, with the acceptor arm of tRNA
directed toward the E site of 50S (Figure 1E). However, the central intersubunit bridge B2a—formed
by helix 69 (H69, nt. 1906-1924) of 23S rRNA—is disassembled (Figure 3B-C). In RF-bound struc-
tures (including Structures | to IV, above), the tip of H69 (at nt 1913) locks into the decoding center
in a termination-specific arrangement (Korostelev et al., 2008; Korostelev et al., 2010;
Laurberg et al., 2008; Weixlbaumer et al., 2008). H69 interacts with the switch loop of RFs, where
the codon-recognition superdomain connects to catalytic domain 3 (e.g., Structure Il, Figure 3B).
This interaction directs the catalytic domain toward the PTC (Korostelev et al., 2010;
Laurberg et al., 2008) and thus defines the efficiency and accuracy of release factors
(Svidritskiy and Korostelev, 2018a). In Structure V, however, H69 is disengaged from the decoding
center and moved ~15 A toward the large subunit to pack against H71 near A2602 (nt 1945-1961;
Figure 3C). The new position of H69 would clash with extended or compact conformations of RF2
(Figure 3—figure supplement 1), if the release factor had remained bound to the decoding center.

Release of RF2 also appears to be coupled to rotation (swivel) of the 30S head domain. In RF2-
bound structures, the conserved codon-recognition 2°°SPF2%” motif (serine-proline-phenylalanine of
domain 2) of RF2 interacts with the stop codon and the 30S head near bulged nucleotide C1054 of
165 rRNA. In Structure V, a 6° rotation of the 305 head shifts the position of C1054 by 5 A from its
position in RF2-bound Structure IV, consistent with disassembly of RF2 contacts. The disruption of
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decoding-center interactions due to repositioning
I of H69 and head swivel therefore explain the
absence of RF2 in Structure V.

Mechanism of translation
termination by RF2

Our termination structures allow us to reconstruct
a dynamic pathway for termination (Figure 4 and
Animation 1) and reconcile biophysical and bio-
chemical findings (Adio et al., 2018; Casy et al.,
2018; Prabhakar et al., 2017; Sternberg et al.,
2009). Recent structural studies revealed com-
pact RF conformations on non-rotated 70S ribo-
somes (Fu et al, 2018, Svidritskiy and
Korostelev, 2018a) that suggest how RFs open
at early stages of codon recognition (He and
Green, 2010; Hetrick et al., 2009; Trappl and
Joseph, 2016). The short-lived transition from
compact to open conformation(s) lasts tens of
milliseconds (Fu et al., 2018), and compact RF2
conformations were not captured in our sample.
Compact RF2 was also visualized by cryo-EM on
the 70S ribosome in the presence of truncated
mRNA and alternative rescue factor A (ArfA)
(Demo et al., 2017; James et al., 2016), suggesting a conserved pathway for initial binding of RFs
to non-rotated ribosomes. Together with these recent studies, our work provides an expanded struc-
tural view of the termination reaction — from initial codon recognition to peptide release to RF2 dis-
sociation (Figure 4).

Termination begins when release factor recognizes a stop codon in the A site of a non-rotated (or
slightly rotated) 70S ribosome carrying peptidyl-tRNA (Figure 4A). A compact release factor recog-
nizes the stop codon, while its catalytic domain is kept 60 to 70 A away from the PTC (Fu et al.,
2018). Separation of the codon-recognition and catalytic functions during initial binding of RF under-
lies high accuracy of termination (He and Green, 2010; Laurberg et al., 2008; Svidritskiy and Kor-
ostelev, 2018a; Trappl and Joseph, 2016). Upon binding the decoding center, steric hindrance
with P-tRNA forces the RF catalytic domain to undock from domain two and sample the intersubnit
space (Figure 4B) (discussed in Svidritskiy and Korostelev, 2018a). The ribosome remains non-
rotated because peptidyl-tRNA bridges the P sites of 30S and 50S subunits. Interactions between
the switch loop of RF and the decoding center and H69 direct the catalytic domain into the PTC.
The GGQ catalytic loop is placed next to the scissile ester bond of peptidyl-tRNA and stabilized by
A2602 (Jin et al., 2010; Laurberg et al., 2008), so that the Gln backbone amide of the GGQ motif
can catalyze peptidyl-tRNA hydrolysis (Figure 4C) (Korostelev et al., 2008; Santos et al., 2013).
These ribosome and RF2 rearrangements complete the first stage of termination leading to pep-
tidyl-tRNA hydrolysis—an irreversible step that separates the newly made protein from P-site tRNA
and prevents further elongation.

To be recycled, the ribosome must release the nascent protein and RF. The deacylated CCA end
of the tRNA exits the 50S P site, which allows movement of A2602. No longer stabilized by the
tRNA and A2602, the GGQ loop reorganizes into an extended B-hairpin that blocks the peptide tun-
nel (Structure II), thus biasing the diffusion of nascent peptide toward the exit of the peptide tunnel
at the surface of the 50S subunit (Figure 4D). Furthermore, the exit of the CCA end from the P site
supports formation of the P/E-tRNA hybrid conformation via spontaneous intersubunit rotation
(Structures lll and IV), which is also essential for translocation of tRNA-mRNA (reviewed in Ling and
Ermolenko, 2016; Noller et al., 2017). The large counter-clockwise rotation of the small subunit
destabilizes the catalytic domain of RF2 (Structure IV), so that it begins to collapse toward domain 2
bound to the 30S subunit (Figure 4E). Rotation of the 30S head and detachment of H69 from the
decoding center force dissociation of RF2 from the A site of the 30S subunit (Structure V,
Figure 4F).

Animation 1. An animation showing transitions
between the structures of the 70S ribosome upon
interaction with RF2.

DOI: https://doi.org/10.7554/eLife.46850.015
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