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RNA post-transcriptional modifications act by stabilizing the functional con-

formations of RNA. While their role in messenger RNA (mRNA) decoding is well
established, it is less clear how transfer RNA (tRNA) modifications outside the
anticodon contribute to tRNA stability and accurate protein synthesis. Absence
of such modifications causes translation errors, including mRNA frameshifting.
By integrating single-molecule fluorescence resonance energy transfer and
cryogenic electron microscopy, we demonstrate that the N-methylguanosine
(m'G) modification at position 37 of Escherichia coli tRNA™™" is necessary and
sufficient for modulating the conformational energy of this tRNA on the ribo-
some so as to suppress +1 frameshifting otherwise induced by this tRNA. Six
structures of E. coli ribosomal complexes carrying tRNA" lacking m'G37 show
this tRNA forms four and even five codon-anticodon base pairs as it moves into
the +1 frame, allowing direct visualization of the long-standing hypothesis that a
four base pair codon-anticodon can form during +1 frameshifting.

The ribosome decodes three-nucleotide codons in messenger RNA
(mRNA) to sequentially add amino acids to the nascent polypeptide
chain. In specific circumstances, the ribosome can deviate from the
triplet code and “frameshift” in either the forward (+) or backward (-)
direction on mRNA. This change in the mRNA reading frame produces
a protein with a different amino acid sequence relative to the sequence
defined by the original reading frame. Unintentional frameshifting can
be caused by the loss of transfer RNA (tRNA) modifications'™, the low
availability of aminoacyl (aa)-tRNAs’, or ribosome collisions®. Such
unintentional frameshifting can result in the accumulation of erro-
neous and toxic proteins that are detrimental to cellular function and,
when unresolved, can hinder growth and cause cell death’®. Frame-
shifting may also be intentional (programmed) and beneficial for the
expression of multiple proteins from the same mRNA’™ and can be
regulated by specific mRNA sequences, mRNA tertiary structures””,
or aa-tRNA levels™*™,

The loss of tRNA modifications can lead to increases in the levels
of frameshifting'™*. Such modifications normally provide structural
integrity for tRNAs that are critical for translational accuracy and
interactions with translation factors*>*. Although modified nucleo-
tides are located extensively throughout the tRNA, the anticodon
stem-loop is the most heavily modified region, with -70% of all mod-
ifications occurring there”. tRNA modifications at the anticodon
expand the ability to read the genetic code, with modifications at
nucleotide 34 permitting non-Watson-Crick interactions with an
mRNA nucleotide that resemble the geometry of Watson-Crick base
pairs and are therefore accepted during decoding®**?* (anticodon
nucleotides are numbered 34, 35, 36) (Fig. 1a). On the 3’ side of the
anticodon, nucleotide 37 is also commonly modified, with this mod-
ification contributing its stacking with the anticodon during decoding,
thereby preventing frameshifting and maintaining the reading
frame?*?*?. One of the simplest modifications at nucleotide 37 is a
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Fig. 1| Mechanisms of +1 frameshifting by tRNA™™ isoacceptors. a The anticodon
stem-loop (ASL; 18 nucleotides) of tRNA™ isoacceptors and their corresponding
anticodons (blue), including the four nucleotide codons that induce +1 frame-
shifting in the absence of m'G37. cmo’® denotes a 5-oxyacetic acid uridine mod-
ification. N denotes any A/U/G/C nucleotide. b The absence of m'G37 in tRNA°"

tRNA
P-site slippage
+1 frameshifting

induces a +1 frameshift on proline slippery codons at two defined substeps during
the elongation cycle: during the EF-G-mediated translocation of peptidyl-tRNA™™
isoacceptor from the A site to the P site (middle) and after translocation, when the
peptidyl-tRNAP™ isoacceptor is positioned in the P site but the next A-site aa-tRNA
hasn’t been delivered yet (right).

single methyl group appended to guanosine at position N' (m'G37).
This modification is found in tRNA™™, tRNA', and tRNA*® iso-
acceptors and, in bacteria, is installed by the S-adenosyl-L-methionine
(SAM)-dependent methyltransferase TrmD'>?%%, Deletion of TrmD is
lethal, and reduction of TrmD levels leads to growth defects, slower
translation rates, and an increase in +1 frameshifting, primarily at
proline codons and, to a lesser extent, at arginine and leucine
codons"*7#%°, Additionally, a lack of m'G37 in the tRNA*®* (CCG
anticodon) isoacceptor and the tRNAP™" (GGG anticodon), tRNAP™X
(CGG anticodon), and tRNAP™M (UGG anticodon) isoacceptors results
in inefficient aminoacylation of these tRNAs, preventing them from
entering the translation cycle and causing growth arrest’**,

While several tRNAs contain m'G37, this modification is particularly
important for suppressing unintentional frameshifting in the tRNA™™
family of isoacceptors®’*°*, Lack of m'G37 in these three tRNAs induces
+1 frameshifting at “slippery” codons that usually consist of a stretch of
repetitive nucleotides (Fig. 1a)’. The tRNA™™ isoacceptors can induce +1
frameshifting at slippery codons during either or both of two substeps of
the ribosomal elongation cycle****. The first substep is the Elongation
Factor (EF) G-mediated translocation of peptidyl-tRNA"™ from the ribo-
somal aa-tRNA binding (A) site to the ribosomal peptidyl-tRNA binding
(P) site. The second is after translocation, when the peptidyl-tRNA™™
isoacceptor is positioned in the P site but before delivery of the next
A-site aa-tRNA (Fig. 1b). For the tRNA™™ isoacceptors, the absence of
m'G37 increases +1 frameshifting to varying extents in each of the
isoacceptors®*°*3, This variation indicates that other nucleotides and/or
modifications specific to each isoacceptor and/or the ‘slipperiness’ of the
codon may also contribute to reading frame maintenance and/or fra-
meshifting. Moreover, it suggests that the mechanism(s) through which
m'G37 contributes to frameshift suppression by each tRNAP® iso-
acceptor may be distinct. Consistent with this, tRNA"M [acking m'G37 is
likelier to frameshift during translocation than a tRNA"™" lacking m'G37,
whereas, in the absence of m'G37, both tRNAs are prone to frameshift in

the P site**. Similarly, whereas m'G37 is the single determinant that
suppresses frameshifting by tRNA"™, both m'G37 and EF-P contribute
to maximizing suppression of frameshifting by tRNA"", In other words,
suppression of +1 frameshifting by tRNA"" at a CCC-C slippery codon
does not require both m'G37 and EF-P, and it is only enhanced by the
action of both. Furthermore, over-expression of tRNA"™M increases fra-
meshifting rates, while over-expression of tRNA™" reduces frameshift-
ing rates®,

In this study, we used single-molecule fluorescence resonance
energy transfer (SmFRET) imaging and cryogenic electron microscopy
(cryo-EM) to extend our understanding of how m'G37 in tRNA"™" con-
tributes to reading frame maintenance in the presence of slippery
codons. We focused on tRNAP because m'G37 is the only modification
in the anticodon loop of this isoacceptor that directly contributes to
reading frame maintenance® (whereas tRNA"™M carries m'G37 as well as
a 5-carboxymethoxyuridine at nucleotide 34 (cmo’U34), both of which
influence +1 frameshifting). Our smFRET results reveal that the m'G37
modification is both necessary and sufficient for modulating the con-
formational energy of a fully unmodified, P site-bound tRNA"™" that
would otherwise induce frameshifting when this tRNA it is paired to a
slippery codon. This observation strongly suggests that at least part of
the mechanism through which m'G37 suppresses +1 frameshifting is by
stabilizing conformations of the P site-bound, slippery codon-paired
tRNAP™" that resist frameshifting. Consistent with this, cryo-EM struc-
tures of similar ribosomal complexes show that the absence of m'G37 in
a P site-bound, slippery codon-paired tRNAP™" enables this tRNA to
adopt a wide range of ribosome-bound conformations, some of which
permit four and even five codon-anticodon base pairs to form. This is
notable, as it is the first time more than three codon-anticodon base
pairs have been observed on the ribosome, despite the possibility of this
having been raised over four decades ago®”*°. Delivery of an A-site tRNA
in the +1 frame to these ribosomal complexes stabilizes tRNA"™" and
reestablishes interactions with the P site of the ribosome with translation

Nature Communications | (2025)16:7392


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-62342-4

proceeding in the +1 frame. Collectively, these data provide important
insights into the influence that m'G37 has on the conformational ener-
getics of P site-bound tRNA" and how modulation of these energetics
stabilizes tRNA conformations within the P site that maintain the
reading frame.

Results

m'G37 stabilizes a conformation of the P site-bound, slippery
codon-paired tRNAP™" that suppresses frameshifting

Two types of ribosomal complexes were used in the studies reported
here. The first type is post-translocation complexes carrying a tRNA™"
isoacceptor in the P site that is aminoacylated to mimic peptidylation
(hereafter referred to as “POST”). The second type is analogous to POST
with the exception that the P-site tRNA™" is deacylated to mimic a

situation after peptidyl transfer (referred to as “POST-", where the “~”
sign denotes the absence of an acylated group on the P-site tRNA). In
previous smFRET studies, we have demonstrated that site-specific sub-
stitution mutations of the P-site tRNA can modulate the energetic sta-
bility of POST- complexes®’. We hypothesized that m'G37 of the P site-
bound tRNAP®" might have similar energetic effects. Such effects might
specifically manifest only within the context of a slippery codon, thus
regulating reading frame maintenance. To explore these possibilities, we
used Escherichia coli translation components to perform smFRET
experiments on a series of E. coli 70S POST- complexes of tRNAP™" with
or without the m'G37 at the proline CCC-C slippery codon or the proline
CCC-G non-slippery codon at the P site (Fig. 2). These complexes were
formed using ribosomal large, or 50S, subunits in which ribosomal
proteins bL9 and uLl ribosomal proteins have been labeled with the
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Fig. 2 | Influence of G37 modification status and codon slipperiness on P-site
tRNAP™! conformational energy. a Cartoon of the GS12GS2 conformational
equilibrium of a POST- complex containing Cy3- and Cy5-labeled ribosomal pro-
teins bL9 and uLl, respectively, and carrying a P site-bound tRNA"™', Among other
structural differences, GS1 features a P/P-configured tRNA and an open ulLl stalk,
resulting in an Egger value of 0.55. In contrast, GS2 features a P/E-configured tRNA
and a closed uL1 stalk, resulting in an Egger value of 0.35. b, ¢ Surface contour plots
are generated by superimposing numerous individual Egger vs. time trajectories
(Supplemental Fig. S1) recorded using smFRET experiments conducted on eight
POST- complexes. Contours are colored from white (lowest population) to red
(highest population), as indicated, and N at the rightmost top of each surface

contour plot specifies the number of Egger trajectories that were used to construct
that plot. The eight POST- complexes carried either P-site native, unmodified,
unmodified +m'G37, or native -m'G37 variants of tRNA"™, as specified by the tRNA
cartoons along the top of the four columns of surface contour plots. In these
cartoons, m'G37 is indicated in blue, and other tRNA"™" modifications are depicted
inyellow. In addition, these POST- complexes were formed using mRNAs that place
either a proline CCC-G non-slippery codon or a proline CCC-C slippery codon at the
P site, as specified along the left of the two rows of surface contour plots. A detailed
description of how the smFRET data were analyzed, including how the % GS1, % GS2,
Keg, kas1>as2, and kgszsgs1 were calculated, can be found in the “Materials and
Methods”.
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FRET donor Cy3 and the FRET CyS5 acceptor, respectively, generating a
bL9-uL1 smFRET signal**** (Note: “b” refers to a bacterial-only ribosomal
protein and “u” refers to a universal ribosomal protein**) (Fig. 2a). Pre-
viously, we showed that the bL9-uLl smFRET signal within POST-
complexes fluctuates between two FRET states, corresponding to Global
State 1 (GS1, Eggers of ~0.56) and Global State 2 (GS2, Eggets of ~0.35), and
reports on a GS12GS2 conformational equilibrium*. We use smFRET to
quantitatively characterize this equilibrium by measuring the rates of
transitions (ks) between GS1 and GS2 (kgsisgs2 and Kgsascsy) and the
corresponding equilibrium constant (Keq = Ksi>cs2/kcs2-as1)* (Fig. S1).

Among other structural differences, GS1 and GS2 feature P-site
tRNAs that occupy the classical “P/P” or the hybrid “P/E” configurations,
respectively. The P/P notation specifies that the P-site tRNA occupies the
P sites of both the ribosomal small, or 30S, subunit and the 50S subunit,
whereas the P/E notation specifies that the P-site tRNA occupies the P
site of the 30S subunit and the ribosomal tRNA exit (E) site of the 50S
subunit. Consequently, all other things being equal, the GS12GS2 equi-
librium of a particular POST- complex reports on the relative stabilities
of the P/P and P/E configurations of the P-site tRNA, stabilities we expect
to depend on the conformational energetics of the tRNA and the tRNA-
codon complex within the P site. Consistent with this, our previous work
showed that changes in the acylation state*?, acylation identity*"*, and
individual nucleotides” of the P-site tRNA can alter the relative stabilities
of the P/P and P/E configurations in a POST-complex. Here, we per-
formed bL9-uL1 smFRET experiments on a series of POST- complexes
carrying P-site tRNA™!, By varying the modification status of tRNAP™"
and the slippery or non-slippery context of the proline codon it interacts
with, we have investigated whether and how these features modulate the
relative stabilities of the P/P and P/E configurations of the P-site tRNA
within the POST- complexes (Fig. 2b, ¢ and Table S1).

We began by investigating POST- complexes carrying P-site
tRNAP™" in the “native” state (i.e., containing all of its natural mod-
ifications) or the “unmodified” state (i.e., lacking any modifications) at
the slippery codon. Our results reveal that native tRNAP™" is thermo-
dynamically stabilized in the P/P configuration by 2.2-fold over
unmodified tRNA™" (i.e., the Kcq of native tRNA™" is 2.2-fold lower
than that of unmodified tRNA™™"). Kinetically, this is driven by a small,
13% decrease in kgs;>cs2 and a larger, 2.2-fold increase in kgsy-gs; for
native tRNA"" relative to unmodified tRNA°" (Fig. 2b, ¢ and Table S1).
This finding strongly suggests that at a slippery codon, native tRNAP©
adopts a conformation, or set of conformations, that is different
relative to unmodified tRNAP®- This conformational difference,
whatever its nature, arises from a small stabilization of the P/P con-
figuration that underlies the 13% decrease in kgs;>gs» and a large
destabilization of the P/E configuration that underlies the 2.2-fold
increase in kgs»gs1 for the native tRNAP™ relative to the unmodified
tRNAPrL,

ol N
mRNA

Analyses of the remaining POST- complexes show that the con-
formational difference between the native and unmodified tRNA"™" at
a slippery codon is fully dependent on and solely realized by m'G37
and that such a conformational difference is not detected at a non-
slippery codon (Fig. 2b, c). Specifically, a POST- complex carrying a
P-site tRNA"™" in the “unmodified +m'G37” state (i.e., containing only
the m' modification at G37) at the slippery codon exhibits a Keq and ks
that closely resemble those of the POST- complex carrying a P-site
native tRNAP", only differing by an average of 28%. Consistent with
what we observed for the native tRNAP®", the unmodified +m'G37
tRNAP™" at the slippery codon is thermodynamically stabilized in the P/
P configuration by 2.8-fold over the unmodified tRNA"™" and 1.9-fold
over a POST- complex carrying a P-site tRNA" in the “native -m'G37”
state (i.e., lacking only the m' modification at G37), respectively.
Moreover, likewise consistent with what we observed for native
tRNAP™!, these increases in thermodynamic stabilities are kinetically
driven by small, 35% and 27%, decreases in kgs1>gs» and larger, 3.3- and
2.3-fold, increases in kgszsgs1 for unmodified +m'G37 tRNA" relative
to unmodified and native -m'G37 tRNA®™", respectively.

Demonstrating that these m'G37-dependent energetic differences
are only detected at a slippery codon, we find that the Keqs and ks of
tRNAP™" species formed at a non-slippery codon vary by only an
average of 41% across all POST- complexes formed at a non-slippery
codon, regardless of the modification status of G37. Collectively, these
results strongly suggest that the m' modification at G37 is both
necessary and sufficient to allow native tRNA"" to adopt a con-
formation, or set of conformations, at a slippery codon that differs
significantly from that which it adopts in the absence of the m'G37
modification. The fact that this conformational difference is not
observed at a non-slippery codon presents the possibility that the
m'G37-dependent conformation(s) of the native tRNA"™" we identify
here contributes to the mechanism through which the m' modification
at G37 suppresses +1 frameshifting at slippery codons. These data,
which were recorded using POST- complexes lacking an A-site tRNA,
are also consistent with prior biochemical data demonstrating that a
slippery codon-paired tRNA"™" can frameshift in the P site prior to the
delivery of an A-site tRNA®. In the sections below, we report structural
studies aimed at investigating this possibility.

Cryo-EM structures of POST- complexes carrying an unmodified
tRNAP™" in the P site

To visualize how the lack of m'G37 alters the conformation and posi-
tion of tRNAP°" in POST- complexes, as identified in the smFRET data,
we determined a cryo-EM structure of a deacylated unmodified
tRNAP™ paired to the CCC-C slippery codon in the P site of a POST-
complex (Fig. 3; Table S2, and Figs. S2, S3). The dataset captured six
populations, with the majority (-41%) of particles showing unmodified

c
+1 frame

g 5!

/

U
35| Glaﬁ(fas(laszs
5-U,,G,,C,,C,,C..C.,-3
E P

4 Watson-Crick base pairs

Fig. 3 | Four Watson-Crick base pairs form during +1 frameshifting of tRNA™™",
a A 2.9 A cryo-EM structure of a ribosomal POST- complex carrying a P/E-config-
ured, unmodified tRNA™" at a CCC-C slippery codon in the +1 frame. b Close-up of

the codon-anticodon reveals four Watson-Crick base pairs and an interaction
between U38 in the anticodon stem-loop and G.3 in the codon. The additional base
pairs are highlighted in gray (and in c). ¢ A schematic of these interactions.
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tRNAP™" adopting a P/E configuration (Fig. S2). One other population,
which is discussed below, showed two tRNAs bound in the P and the A
sites. The other four populations suffer from low resolution of both the
tRNA and the codon-anticodon interactions, preventing us from
identifying the tRNA species and building the codon-anticodon com-
plex, despite the high resolution (2.9 A-3.8A) of the overall struc-
tures (Fig. S2).

The structure containing unmodified P/E-configured tRNA"™" has
an overall resolution of 2.9 A, with a high enough quality of the map
surrounding the codon-anticodon interaction such that we can unequi-
vocally model the interaction. Specifically, unmodified tRNA"™" adopts
the P/E configuration within the POST- complex, consistent with the
preferential configuration we observed P-site bound, unmodified
tRNAP™" to adopt at a slippery codon in our smFRET experiments of the
analogous POST- complex (Fig. 2b). The movement of tRNA"™" into the
P/E configuration also causes a slight -4.2° rotation of the 30S ‘head’
domain, similar to the rotation observed in other ribosomal complexes
carrying P/E-configured tRNAs*. The movement of tRNA™" lacking
m'G37 from the P/P to the P/E configuration is also consistent with the
structures of ribosomal complexes undergoing frameshifting induced
by tRNA"°X lacking m'G37%. Surprisingly, four Watson-Crick base pairs
are visualized between the anticodon (G37, G36, G35, and G34 nucleo-
tides) and the slippery codon (C.4, C.:s, Cis, and C.; nucleotides),
respectively, with an additional hydrogen bond forming between G.; of
the mRNA and U38 of the anticodon stem-loop (Fig. 3 and Fig. S4a). Four
and five-base pair interactions between the codon and the anticodon
have been predicted from prior genetic studies of frameshifting®%404¢,
but to our knowledge, this is the first time such interactions have been
structurally captured. These results provide evidence for the importance
of the m'G37 modification on the energetics of the tRNA™. Since
tRNAP™" would normally carry an aminoacyl group in the P site, which

positions the tRNA predominantly in the P site, these data report on only
the energetics of tRNA"™" and its reliance on m'G37.

When prevented from adopting the P/E configuration within a
POST complex, P-site bound tRNAP™" pairs with the slippery
codon in the normal and +1 frames

Previous kinetic studies demonstrated that peptidyl-tRNA"™" pre-
dominantly frameshifts in the P site prior to transfer of the peptide
chain onto the amino acid of the incoming A-site aa-tRNA®. To struc-
turally visualize this POST complex, we needed to prevent hydrolysis
of the linkage between the aminoacyl group and our aa-tRNA"™". Using
a flexizyme"’, we therefore aminoacylated lysine onto tRNA"™ via a
nonhydrolyzable linkage*. Lysine was used because the Lys-tRNA™™"
product was readily separated from the tRNA"™" substrate on a dena-
turing electrophoresis gel, whereas Pro-tRNA"" could not be sepa-
rated from its substrate tRNA™'. We then determined a cryo-EM
structure of the POST complex containing an unmodified Lys-tRNAP"
paired with a CCC-C slippery codon in the P site (Fig. 4; Fig. S5,
Table S3). The dataset captured four populations: the majority (~ 60%)
population, which was spread over two classes of particles, contains an
unmodified Lys-tRNA"™ " in a P/P configuration, while in the two smaller
populations, deacylated tRNA"™" adopts the P/E configuration or a
configuration between P/E and E/E (Fig. S5).

In the first class of particles carrying a P site-bound, unmodified
Lys-tRNA"™", accounting for 32% of the total particles, the structure was
determined to have an overall resolution of 3.5 A (Fig. 4a, b and Fig. S6a,
b). The tRNA adopts a P/P configuration and interacts with the slippery
codon in the normal reading frame. In this case, tRNAP™®" forms three
Watson-Crick base pairing interactions between anticodon nucleotides
G36, G35, and G34 and codon nucleotides C.4, C.s, and C,¢, respec-
tively (Figs. 4b and S7a). The second class contains ~28% of the particles

b 32% of particles 3’ 5'
P-site_ )
aa-tRNAG
‘(?36(?35?34
5-A,U,G,,C,C,.C,3
E P
0 frame
C 28% of particles 3' 5
P-site )
' ‘?36?35?34
5-U,G,.C,,C,.C..C3
E P
+1 frame

Fig. 4 | P site-bound, unmodified aa-tRNA™" can occupy the normal or +1
frames. a 3.5 A (normal frame) and 3.6 A (+1 frame) cryo-EM structures of POST
complexes carrying an unmodified Lys-tRNA"™! bound to a CCC-C slippery codon
in the P site. b ~32% of particles show that the P-site tRNA"™" interacts with the
slippery codon in the normal frame, with formation of the three expected Watson-
Crick base pairs (left). A schematic of these interactions is shown (right). ¢ ~28% of
particles show that the P-site Lys-tRNA"™" interacts with the slippery codon in the +1

frame, with formation of three Watson-Crick base pairs and movement of the C.4
codon nucleotide moving towards G37 of the Lys-tRNA™™". The additional base
pairs are highlighted in gray. A schematic of these interactions is shown (right).

d One major difference in the codon-anticodon interaction between POST com-
plexes in the normal or +1 frames is the way the mRNA interacts with the unmo-
dified G37. In the normal frame, G. is positioned away from G37, whereas in the +1
frame C.,4 flips towards G37.
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and is resolved to an overall resolution of 3.6 A, where the unmodified
Lys-tRNAP™" again adopts a P/P configuration (Fig. 4c and Fig. Séb).
Contrasting with the first class of particles, however, tRNA"" in the
second class of particles is in the +1 reading frame. Specifically, tRNA™"
forms three Watson-Crick base pairing interactions, but the interac-
tions are shifted by one nucleotide towards the 3’ end of the mRNA:
these base pairs include G34-C,;, G35C., and G36-C.s
(Figs. 4c and S7b). In the +1 frame, the first nucleotide of the proline
codon, nucleotide C.,, is not positioned within the mRNA path of the E
site but instead extends towards the anticodon loop of the P-site tRNA,
within hydrogen bonding distance of the unmodified G37 (Fig. 4d).
When G37 contains the m' modification, the hydrophobic methyl
group is likely to sterically prevent interactions with the codon and
thus help to preserve the codon-anticodon interaction in the normal
frame. These structures demonstrate the importance of the m' mod-
ification at G37 in tRNA’™" in maintaining the normal frame, consistent
with functional studies showing that unmodified tRNAP™ isoacceptors
are prone to +1 frameshifting in the P site®***,

The mRNA located in the E site adopts a different conformation
depending upon whether the codon-anticodon complex is in the
normal or the +1 frame (Figs. 4b-d and S7). In the normal frame, G.3
rotates towards 16S rRNA nucleotide G926, a nucleotide that is known
to stabilize the mRNA position within the ribosome by forming a
hydrogen bonding interaction with the phosphate backbone of the
mRNA between the E- and P-site codons*. In the +1 frame, in which C,,
moves towards G37 of the P-site tRNA, G.3 is within the mRNA path in
the E site and m-stacks with 16S rRNA nucleotide G693 and mRNA
nucleotides U., and C., (Fig. S7b). This new position allows G926 to
hydrogen bond with the phosphate backbones of C.; and U.,
(Fig. S7b). Additionally, in the +1 frame, 16S rRNA nucleotide G693 is
now Ti-stacked with U, instead of A,;.

The remaining two populations of particles show that tRNA
occupies the P/E configuration or a configuration between P/E and E/E
(Fig. Séc, S6d, S8 and Table S4). Because the flexizyme acylation is not
100% efficient at aminoacylating lysine onto tRNA"™, these two popu-
lations likely contain deacylated tRNA™™", which has a high affinity for the
50S E site while peptidyl-tRNAs (or aa-tRNAs) cannot bind to the 50S E
site due to steric clashes with nucleotides C2394 and C2395 of the 23S
rRNA component of the 50S subunit®®' (Fig. S9). One population,
comprised of ~-16% of the particles, shows tRNA"™" in the P/E configura-
tion at a resolution of -4.0 A (Figs. S5, Séc, S8) and the other population,
comprised of ~24% of the particles, shows tRNA"™" in a configuration
between P/E and E/E that has previously been referred to as an e*/E
configuration at a resolution of ~3.8 A”’ (Figs. S5, S6d). In the 30S e* site,
the tRNA is closer to the E site than the P site, similar to the tRNA position
in structures of EF-G-bound ribosomal complexes captured in
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intermediate states of translocation and in ribosome structures of tRNAs
that induce frameshifting”~*>. Concomitant with the movement of
tRNAP™" towards the E site on the 30S subunit, the head domain of the
30S subunit swivels counterclockwise ~19.5° and tilts ~3.4°, a movement
that has previously been seen in EF-G-bound ribosomal complexes™*.
The map quality for the anticodon stem-loop of tRNA™™" in these two
populations is low, indicating that this region is highly dynamic, pre-
venting us from confidently modeling the codon-anticodon interaction.

Collectively, these structural results reveal that in the context of a P
site-bound, unmodified tRNA’™ at a slippery codon, the smFRET-
observed GSI state is likely comprised of multiple states in which the
tRNA occupies the P/P configuration in either the normal or the +1 frame.
We say “likely” here because whereas the smFRET experiments used a
POST- complex carrying a deacylated tRNA™" at the P site, the riboso-
mal complexes for the cryo-EM studies were of a POST complex carrying
an acylated Lys-tRNA™" at the P site. Thus, although unlikely, there could
formally be some difference between the P/P configurations in the two
complexes. Likewise, the GS2 state is comprised of multiple states in
which the tRNA can occupy either the P/E or the e*/E configuration at
either the normal or the +1 frame (the dynamics of the anticodon stem-
loop and resulting map quality do not allow us to distinguish the frame).
These structures reveal the structural basis for how the m'G37 mod-
ification regulates the conformational energy of P site-bound tRNA™" so
as to suppress +1 frameshifting on slippery codons. These results also
demonstrate that the smFRET-observed GS1 and GS2 states in these
complexes are comprised of multiple states and reveal the structural
identities of these states at near-atomic resolution. Specifically, we show
that the GSI state is comprised of P/P-configured, unmodified tRNA"'s
that occupy either the normal or the +1 frame, while the GS2 state is
comprised of either P/E- or e*/E-configured, unmodified tRNA"'s in the
normal or +1 frames.

Addition of A-site tRNA reinforces protein synthesis in the

+1 frame

Previous kinetic studies showed that a tRNA"™" lacking m'G37 frame-
shifts in the P site prior to delivery of an A-site tRNA®. To understand
the influence of an adjacent A-site tRNA on P site-bound, slippery
codon-paired, unmodified tRNA"™!, we determined the structure of
this POST- complex. Sorting of the dataset yielded one major popu-
lation (-20%) of particles containing both a P-site unmodified tRNAP™"
and an A-site tRNAY at a resolution of 3.0 A (Fig. 5; Table S2 and
Figs. S2 and S3b). This structure reveals that adding tRNA'? to the A
site stabilizes tRNAP® in the P/P configuration with the codon-
anticodon in the +1 frame. There are, however, several differences
between this structure and that of the ribosomal complex carrying a P/
P-configured, unmodified Lys-tRNAP®" in the +1 frame. While both

+1 "r'ame/3 %
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4 Watson-Crick base pairs

Fig. 5 | Accommodation of a tRNA into the A site stabilizes P site-bound,
unmodified tRNAP" in the +1 frame. a A 3.0 A cryo-EM structure of a

POST- complex carrying an unmodified P-site tRNA"™ paired to a CCC-C slippery
codon in the +1 frame and an A-site, tRNA*" bound to the GUU codon in the +1

frame. b Close-up of the codon-anticodon reveals four Watson-Crick base pairs and
an interaction between U38 of the anticodon stem-loop and G.3 of the codon. The
additional base pairs are highlighted in gray (and in c). ¢ A schematic of these
interactions.
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structures show that the tRNA"™" interacts with the slippery codon in
the +1 frame, there are only three Watson-Crick base pairs between the
anticodon and the codon (G34-C.;, G35-C.¢, and G36-C,s) in the
complex containing P/P-configured, unmodified Lys-tRNA"™" (Fig. 4c).
In the complex containing P/P-configured, unmodified tRNA"™" and A/
A-configured tRNA", two new additional interactions occur: antic-
odon nucleotide G37 forms a Watson-Crick base pair with codon
nucleotide C.4 and codon nucleotide G.,3; moves towards the tRNA to
form a single hydrogen bond with anticodon nucleotide U38 (Figs. 5b,
¢ and S4b). This structure provides evidence that a four or five-base-
pair codon-anticodon interaction can exist not only when the tRNA is
translocating from the P to the E site, as we have captured here
(Figs. 3 and 5), but also in the P site before the translocation event.

Discussion
In this study, we used an integrated structural biology approach to
provide molecular insights into the importance of m'G37 in the tRNAP™"
anticodon loop and how its absence leads to a + 1 frameshift. Proline is a
unique amino acid in that its cyclic side chain slows down peptidyl
transfer rates on the ribosome, and its incorporation into the nascent
polypeptide chain causes a distinct conformation in the exit tunnel’*~’.
These features of proline, which impact all three tRNA™™ isoacceptors,
do not explain why kinetic-, smFRET-, and structural studies show that +1
frameshifting occurs in distinct ways across the three tRNA™
isoacceptors***"*%, Consistent with this, these mechanistic differences
among the tRNA™™ isoacceptors suggest that m'G37 and the sequences
of the tRNA and the codon all collectively influence the ability of these
tRNA-mRNA pairs to undergo frameshifting®***?’>*5*%  Here, we
focused on how the conformational energy of tRNA"™" depends on the
modification status of G37 and the slipperiness of the codon within the P
site, the ribosomal tRNA binding site where this tRNA"™ isoacceptor has
been shown to undergo +1 frameshifting’.

Using a bL9-uLl smFRET signal, we characterized how POST-
complexes fluctuate between GS1, in which the P site-bound tRNAP™" is
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in the P/P configuration, and GS2, in which it is in the P/E configuration,
as a function of the m'G37 status of the tRNA and the slipperiness of the
codon (Fig. 2). Our results show that when unmodified tRNA" lacking
the m'G37 modification pairs with a slippery codon in the P site, the
conformational energy of the tRNA is altered relative to that of native
tRNAP™ containing the m'G37 modification. Specifically, when paired to
a slippery codon, the conformational energy of native tRNA"" is such
that this tRNA preferentially occupies the P/P configuration and exhibits
a relatively high probability of fluctuating from P/E to the P/P config-
uration. In contrast, the conformational energy of unmodified tRNA™" is
such that this tRNA preferentially occupies the P/E configuration and
exhibits a relatively lower probability of fluctuating from the P/E con-
figuration to the P/P configuration. This difference in the conformational
energy of native us. unmodified tRNA"" is not observed when both
native and unmodified tRNA"" are paired to a non-slippery codon,
demonstrating that the conformational energy of a P site-bound tRNA"
and, consequently, its ability to induce frameshifting depends not only
on the modification status of G37, but also on the slipperiness of the
codon. This finding strongly suggests that at a slippery codon, the dis-
parate conformational energies of P site-bound native and unmodified
tRNA™ allow these tRNAs to adopt different conformations at the P site.
To arrive at this interpretation, it is important to note that the E" value
observed for GS2 in our bL9-uL1l smFRET signal cannot distinguish
between an authentic GS2 state in which the tRNA adopts the P/E con-
figuration and a ‘GS2-like’ state in which the tRNA adopts the e*/E con-
figuration that has been previously observed in 70S POST- complexes
carrying a P-site tRNAP°X, This ambiguity was a motivating factor for
determining cryo-EM structures of such complexes.

Structures of the POST- complex in which the deacylated,
unmodified tRNAP™" is paired to a slippery codon show that this tRNA
occupies the P/E configuration (Fig. 3), representative of the smFRET-
observed GS2 state (Fig. 2). In this context, unmodified tRNAP°"
interacts with the slippery codon in the +1 frame (Figs. 3 and 6b). Most
striking is the visualization of four Watson-Crick base pairs between

persistance of
frameshifting

translocation-mediated P-site slippage P/E tRNA
+1 frameshifting +1 frameshifting
b 5 ;
dyn 3 :
tRNAPmL betvye:nrqﬁ: 0
hybrid state
and +1 frame formation 38
“PEsite 37 \__/
mRNA )/(L_LJJ\ M
5 AUGCCCC3’ 5 GCCCC 3’ UGCCCC ‘CCCSGUA
E P E 2 E P+t P A
0 frame +1 frame +1 frame +1 frame
4 \WWC basepairs 4 WC basepairs 4 WC basepairs

Fig. 6 | Mechanism by which m'G37 influences the conformational energy of
tRNA™" and modulates +1 frameshifting. a Unmodified peptidyl-tRNA"™" can
undergo +1 frameshifting either during the substep of the elongation cycle in which
itis translocated from the A site into the P site (substeps in white background) or at
the substep in which it has been translocated into the P site but has not yet
undergone transfer of its peptidyl moiety onto the incoming aa-tRNA at the A site

(complexes in light green and light orange background and substeps connecting
them). Delivery of an aa-tRNA into the A site in the +1 frame stabilizes the P site-
bound, +1 frameshifted, unmodified tRNA™" via stabilization of four Watson-Crick
(WC) base pairs and an additional hydrogen bond at a fifth pairing (complex in light
pink background). b Close-up view of WC base pairing and hydrogen bonding
interactions formed within the various substeps and complexes in (a).
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the anticodon and the codon with a fifth interaction forming between
U38 of the anticodon stem-loop and codon nucleotide G.3 (Fig. 3). The
propensity to form more than three Watson-Crick codon-anticodon
base pairs on the ribosome has been predicted for decades® #5965
but had never been directly observed within a ribosomal complex. The
four-nucleotide codon-anticodon model was mainly predicated on
frameshift suppressor tRNA studies that undergo +1 frameshifts due to
insertions in their anticodon loop, where this nucleotide insertion and
the extra nucleotide of the suppressible codon form a Watson-Crick
base pair. Only a single structure of a frameshift suppressor tRNA has
been determined on the ribosome, and, while a movement into the +1
frame was observed, only three base pairs formed between the antic-
odon and the slippery codon, suggesting that the four-base-pair model
could not explain the +1 frameshift™*. Equally important are structures
of other tRNAP™ isoacceptors that are either naturally frameshift prone
(tRNAP™)*8 or which frameshift in the absence of the m'G37 mod-
ification (tRNAP°K*” and tRNAP™! (this study)). Similar to the frameshift
suppressor tRNA structure on the ribosome, although a +1 frameshift
was observed, only three Watson-Crick base pairs form between the
anticodon and the codon”*®, Our smFRET and structural studies of
tRNAP™" demonstrate that it is possible to form four base pairs
between the anticodon and the codon, but that the ability to do so is
highly dependent upon the anticodon and codon sequences and can
even vary among tRNA isoacceptors, e.g., tRNAP®:, tRNAP™, and
tRNAP**, The remarkable mechanistic differences even among the
different isoacceptors of the same tRNA underscore the difficulties in
engineering tRNAs and/or mRNAs to recode the proteome using
unnatural amino acid mutagenesis at four-base codons® or induce
readthrough at premature stop codons®’.

Use of a nonhydrolyzable aminoacyl linkage allowed us to capture a
POST complex containing Lys-tRNA™" exclusively in the P/P configura-
tion that supports tRNA™" frameshifting’ (Fig. 1b). The nonhydrolyzable
aminoacyl linkage prevents deacylation of the Lys-tRNA"" and restricts
the 3™-end of the Lys-tRNAP™" to the 50S P site, preventing the Lys-tRNAP™"
from stably occupying the P/E configuration and, consequently, the GS2
state (Fig. 4). Two distinct conformations of the codon-anticodon inter-
action were identified in structures of this POST complex, with one
conformation showing the codon-anticodon interaction in the normal
frame and the other conformation showing the codon-anticodon inter-
action in the +1 frame (Figs. 4 and 6b). In the +1 frame, a new fourth
interaction between G37 of the anticodon stem-loop and the first
nucleotide of the codon (C.4) was revealed. Upon A-site tRNA binding,
the codon-anticodon remains in the +1 frame, but now four Watson-Crick
interactions and a fifth interaction consisting of a single hydrogen bond
form between the anticodon and codon (Fig. 5). These data suggest that
m'G37 prevents an interaction with the first nucleotide of the codon (C.4)
to preserve the normal reading frame. Additionally, greater than three
Watson-Crick interactions between the anticodon and codon are
accommodated both in the P site and during its translocation from the P
site to the E site (as in the P/E tRNA). Further, connecting the smFRET
studies and the structures of the GS1 state, in the composition of the
smFRET-observed GSI state from the kinetic data, we hypothesize that in
the context of a slippery sequence, the codon-anticodon subcomplex of
the unmodified tRNA™" likely adopts, and likely exchanges between,
multiple conformations in the P site and that the preferential occupancy
and/or exchange rates between these conformations is likely modulated
by the absence/presence of an A-site tRNA.

The structures presented here provide evidence that four-
nucleotide interactions between the anticodon and the codon can
exist, but only when permitted by the specific architectural constraints
imposed by the ribosome. In the case of tRNA-mediated +1 frame-
shifting, including that induced by tRNAP® isoacceptors, frameshifting
only occurs after peptidyl transfer and departure from the A site’,
corroborated by ribosome structures with P-site tRNA"X, P-site
tRNAPM and now P-site tRNAP°" paired to slippery codons?*>%¢8

(Fig. 6a). These data suggest that the A site restricts four-nucleotide
interactions between the anticodon and codon and, perhaps because
of this, tRNA-mediated frameshifting in the A site is restricted and not
typically observed.

Collectively, our findings allow us to propose a mechanistic model
for the +1 frameshifting that is induced by tRNAP" lacking the m'
modification at nucleotide 37 (Fig. 6). In a POST complex, we hypothe-
size that the absence of m'G37 destabilizes the anticodon stem-loop of P
site-bound, unmodified peptidyl-tRNA™", thereby altering its con-
formational energy and allowing it to form codon-anticodon interac-
tions in either the normal or +1 frames. Interestingly, in the +1 frame, the
codon-anticodon interaction consists of four Watson-Crick base pairs.
This is the first time, to our knowledge, that an expanded codon-
anticodon interaction has been observed to form. For the POST com-
plexes in a +1 frame, delivery of the aa-tRNA encoded by the next codon
in the +1 frame into the A site stabilizes the four Watson-Crick base
pairing interactions that the P-site peptidyl-tRNA"™" anticodon makes
with the slippery codon. After the peptidyl moiety of P-site peptidyl-
tRNA"™" is transferred to the A-site aa-tRNA, the newly deacetylated
tRNA™™" can adopt the P/E configuration, and it is in this configuration
that its anticodon fully engages with the CCC-C slippery codon in the +1
frame. Within this geometry, four Watson-Crick base pairs form, with a
fifth hydrogen bonding codon-anticodon interaction forming adjacent
to the E site. Using smFRET and cryo-EM within an integrated structural
biology approach has allowed us to elucidate the mechanism by which
the m'G modification suppresses +1 frameshifting and how, in its
absence, the conformational energy of P-site tRNA"" is altered to permit
frameshifting. A particularly striking result, and feature of our model, is
that the P site permits expanded interactions between the anticodon and
codon that we hypothesize are maintained during further movements of
deacylated tRNAP™" toward the E site.

Differences in the contributions that tRNA™ isoacceptor mod-
ifications make to the conformational energetics of these ribosome-
bound isoacceptors are likely responsible for the mechanistic distinc-
tions that are observed across these isoacceptors (Fig. 6). For example,
tRNA" inherently undergoes +1 frameshifting, regardless of its m'G37
modification status, whereas tRNA™" and tRNA™X rely on the m! mod-
ification at G37 to suppress +1 frameshifting>*. Additionally, while it is
predicted that the role of m'G37 in tRNAP™" and tRNA"X is to suppress +1
frameshifts on slippery codons®, other modifications, such as the cmo®
U34 modification in tRNA"™™, may also influence frameshifting®>°.
Consistent with this, tRNA"M lacking all modifications, including cmo®-
U34 and m'G37, exhibits higher levels of frameshifting than tRNA"™
lacking only cmo®-U34", Another important consideration is whether, in
the +1 frame, the interaction between the anticodons of the different
tRNA™ isoacceptors and proline slippery codons is cognate in the +1
frame. Whereas the codon-anticodon interactions are cognate for both
tRNA"M and tRNA™" on a CCC-C slippery codon, these interactions are
near-cognate for tRNA" (there would be one mismatch within the
codon-anticodon complex). The observation that these mechanistic
differences are seen even within the same tRNA isoacceptor family
emphasizes how differences in tRNA modification patterns, tRNA
sequences, and mRNA codons and codon contexts can contribute to
frame maintenance and faithful translation and protein synthesis. These
insights will have implications in future studies that aim to engineer
tRNAs for recoding experiments.

Methods

Purification of ribosomes, mRNA, and other translation com-
ponents for smFRET experiments

A BL9-uL1 double deletion E. coli strain was used for purifying 30S and
50S subunits lacking ribosomal proteins BL9 and ull as previously
described*****°, A variant of bL9 that carries a GIn-to-Cys substitution
mutation at position 18 and a variant of uL1 that carries a Thr-to-Cys
substitution mutation at position 202 were expressed, purified,
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labeled with Cy3- and Cy5-maleimide (Lumiprobe Cat # 21380, 23380),
respectively, and reconstituted into the 50S subunits lacking bL9 and
uLl, following previously described protocols*. The in vitro tran-
scribed mRNA containing the Shine-Dalgarno sequence, the AUG start
codon, and the CCC-C slippery sequence, was hybridized to a 3-bio-
tinylated DNA oligonucleotide that was chemically synthesized by
Integrated DNA Technologies (IDT)* (Table S5). Unmodified tRNAP©"
was prepared by in vitro transcription. G37 of this tRNA was methy-
lated by TrmD in the presence of AdoMet. Native E. coli tRNAY? and
tRNAP°" were affinity purified, and E. coli tRNA"" lacking the m'
modification at G37 was purified from a strain in which TrmD expres-
sion was temperature sensitive’. All four tRNAs were charged by prolyl-
tRNA synthetase (ProRS). tRNA™ was aminoacylated and formylated
by E. coli methionyl-tRNA synthetase and E. coli methionyl-tRNA
formyltransferase®® (MP Biomedicals Cat # MP219915410). Initiation
Factor 1 (IF1), IF2, IF3, EF-Tu, EF-Ts, and EF-G were purified following
previously published protocols®.

POST- and POST complex formation for smFRET experiments
To prepare POST- complexes, we first assembled the 70S initiation
complexes (ICs) and POST complexes in 50 mM Tris-OAc pH 7.0,
100 mM KCI, 5 mM NH4OAc, 0.5 mM Ca(OAc),, 0.1mM EDTA, 10 mM
2-mercaptoethanol, 5mM putrescine dihydrochloride, and 1 mM
spermidine (Tris-Polymix Buffer). Preparation of 70S ICs involved the
following steps. First, 15 pmol of 30S, 27 pmol of IF1, 27 pmol of IF2,
27 pmol of IF3, 18 nmol of GTP, and 25 pmol of biotin-mRNA were
incubated in 7 uL of Tris-Polymix Buffer at 5 mM Mg(OAc), for 10 min
at 37 °C. Then 20 pmol of fMet-tRNA™ in 2 uL of 10 mM KOAc pH 5
and 10 pmol of bL9(Cy3)-labeled and uL1(Cy5)-labeled 50S subunits
in 1pL of Reconstitution Buffer (20 mM Tris-HCI pH 7.8, 8 mM
Mg(OAc),, 150mM NH4Cl, 0.2mM EDTA, and 5mM 2-mercap-
toethanol) were sequentially added to the mixture and the reaction
was incubated for 10 min at 37 °C after each subsequent addition.

Separately, EF-Tu, GTP, and aa-tRNA"™" ternary complexes (TCs)
were prepared as follows. First, 300 pmol of EF-Tu and 200 pmol of EF-
Ts, supplemented with GTP Charging Components (1mM GTP, 3 mM
phosphoenolpyruvate, 2 units/mL pyruvate kinase), were incubated in
8 uL of Tris-Polymix Buffer with 5 mM Mg(OAc), for 1 min at 37 °C. Next,
the reaction was mixed with 30 pmol of aa-tRNA"™" in 2L of 25mM
NaOAc pH 5 and incubated for 1 min at 37 °C. The final 10 pL of TC was
stored on ice until used for POST complex formation. A solution of GTP-
bound EF-G was formed by incubating 120 pmol EF-G, supplemented
with GTP Charging Components, in 5ul of Tris-Polymix Buffer with
5 mM Mg(OAc), for 2 min at room temperature. The POST complex was
then assembled by incubating a mixture of 10 L of the 70S IC, 10 uL of
the TC, and 2.5 pL the GTP-bound EF-G solution for 5 min at room tem-
perature. The POST complex reaction was adjusted to 100 uL with Tris-
Polymix Buffer containing 20 mM Mg(OAc),, loaded onto a 10-40% (w/
v) sucrose gradient prepared in Tris-Polymix Buffer with 20 mM
Mg(OAc),, and purified via sucrose density gradient ultracentrifugation.
Purified POST complexes were aliquoted, flash-frozen in liquid nitrogen,
and stored at -80 °C.

POST- complexes were prepared immediately before use in
smFRET experiments by incubating a mixture of 3 uL of POST complex,
2uL of 10 mM puromycin solution, and 15 uL of Tris-Polymix Buffer
containing 15 mM Mg(OAc), for 10 min at room temperature.

smFRET experiments and data analysis

Ribosomal complexes were tethered to the streptavidin-derivatized,
polyethylene glycol (PEG) (Laysan Bio Cat # mPEG-SVA-5000-1G) and
biotinylated-PEG-passivated surface (Laysan Bio Cat # Biotin-PEG-SVA-
5000-1G) of a quartz microfluidic flow cell via a biotin-streptavidin-
biotin bridge. Imaging was performed in Tris-Polymix Buffer supple-
mented with 15 mM Mg(OAc),, an Oxygen-Scavenging System (2.5 mM
protocatechuic acid pH 9 (Sigma-Aldrich Cat # 37580-25G-F) and

250 nM protocatechuate-3,4-dioxygenase pH 7.8 (Sigma-Aldrich Cat #
P8279-25UN), and a Triplet-State-Quencher Cocktail (1mM 1,3,5,7-
cyclooctatetraene (Sigma-Aldrich Cat # 138924-1G) and 1mM
3-nitrobenzyl alcohol (Sigma-Aldrich Cat # 73148-5G). POST- com-
plexes were imaged at single-molecule resolution using a wide-field,
prism-based total internal reflection fluorescence (TIRF) microscope.
The Cy3 fluorophore was excited using a 532-nm, diode-pumped,
solid-state laser (Laser Quantum) at a power of 18 mW, as measured at
the prism, and the fluorescence emissions from both Cy3 and Cy5 were
collected using a 1.2 numerical aperture, 60x, water-immersion
objective (Nikon) and wavelength separated using a two-channel,
simultaneous-imaging system (Dual View™, Optical Insights LLC). The
Cy3 and Cys5 fluorescence emissions were imaged by recording a movie
of the TIRF microscope field-of-view at an acquisition rate of 100 ms/
frame using a 1024 x 1024 pixel, back-illuminated electron-multiplying
charge-coupled-device (EMCCD) camera (Andor iXon Ultra 888)
operating with 2 x 2 pixel binning controlled by software uManager 1.4.
Each movie contained 600 frames because this 60-s time period was
long enough to ensure that the majority of the Cy3 or Cy5 fluorophores
in the field-of-view photobleached during the experiment, allowing for
facile bleed-through and background corrections of the resulting tra-
jectories (see below).

Image analysis for each movie was executed using the vbSCOPE
custom Python code found in the Gonzalez Group’s GitHub repository
(https://github.com/GonzalezBiophysicsLab/ vbscope-paper)’® and
applying it as previously described"”. Specifically, for each movie,
fluorophore locations were identified, Cy3 and Cy5 imaging channels
were aligned, and Cy3- and CyS5 fluorescence intensity vs. time trajec-
tories were generated. The fluorescence intensity for Cy5 was cor-
rected for Cy3 bleed-through by subtracting 5% of the fluorescence
intensity for Cy3, and the Cy3 and Cy5 fluorescence intensities were
baseline corrected using the EMCCD signal detected post-
photobleaching. Only Cy3 and Cy5 fluorescence intensity vs. time
trajectories in which the Cy3 and Cy5 fluorescence intensities were
anti-correlated, as expected for FRET, and the Cy3 fluorescence
intensity underwent a single-step Cy3 photobleaching event, as
expected for imaging of an individual ribosomal complex, were used
for further analyses. The Egger value at each time point for each tra-
jectory was calculated using Epger = Icys/(Icys + Icy3), where Iy and Icys
are baseline-corrected Cy3 and bleed-through-and baseline-corrected
CysS fluorescence intensities. Epger values were then used to plot Epger
vs. time trajectories corresponding to each pair of Cy3- and Cy5
fluorescence intensity vs. time trajectories.

The Viterbi paths, fractional populations of GS1 and GS2 (% GS1
and % GS2, respectively), the rates of transitions between GS1 and GS2
(kgs1-cs2 and kgsz-cs1), and the corresponding equilibrium constant
(Keq) (Supplementary Table S1), were then obtained using the vbFRET
software program’>. Specifically, we began by modeling the raw Egger
vs. time trajectories using a Bayesian-estimated hidden Markov model
(HMM). Information on the default vbFRET priors that were used for
the Bayesian-based estimation is detailed in our previous work
describing vbFRET’>. Using the modeled data, the Viterbi algorithm
could be used to determine the most probable path (i.e., the Viterbi
path) through GS1, GS2, and the photobleached state for each Egret Us.
time trajectory. In addition, for each excursion to GS1, we extracted the
dwell time spent in GS1 before transitioning to GS2, and for each
excursion to GS2, we extracted the dwell time in GS2 before transi-
tioning to GS1. % GS1 or % GS2 were then calculated by dividing the
number of Erger data points in GS1 or GS2, respectively, by the total
number of Epger data points and multiplying by 100. kgs;»cs2s and
kgs2-cs1S were calculated by using the distribution of dwell times in
GS1 or GS2 to build plots of the survival probability in GS1 or GS2,
respectively. The average lifetimes in GS1 or GS2 (tgs1obs OF tgsz,0bss
respectively) were determined from the decay constants obtained
from single exponential decay fits to the GS1 or GS2 survival
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probability plots, respectively. kgs1>6s2 and kgsa>gs1 were determined
using:

1 1 1
kesics2= 7 —7 -7 @
GS1, 0bs GS1, Photobleaching
1 1 1
késy.cs1= ¢ i -7 ?2)
GS2,0bs GS2, Photobleaching

where tphotobleaching: the lifetime of the Egger signal prior to photo-
bleaching of either fluorophore, and T, the total observation time, are
corrections for the premature truncation of Egger vs. time trajectories
arising from either Cy3 or Cy5 photobleaching or by the finite length of
our observation time, respectively”. Finally, K.qs were calculated using
the kinetic definition of the equilibrium constant, Keq = kgs156s2/kGs25Gs1-
As expected, the kinetically defined K.s are in very close agreement with
the thermodynamically defined KegS (Keq,thermo = (% GS2)/(% GS1)).

Purification of ribosomes, mRNA, and tRNAs for structural
studies

E. coli MRE600 70S ribosomes were purified as previously described” .
mRNAs were chemically synthesized by IDT or in vitro transcribed and
were designed to place an AUG in the E site; a proline CCC-C slippery
codon in the P site, depending on the reading frame; and a GUU valine
codon in the +1 reading frame in the A site (Table S5). Unmodified
tRNAP! transcripts were made by in vitro transcription®. Lys-tRNAP™
is a nonhydrolyzable aa-tRNA prepared by 3-amino tailing of tRNA"™"
transcript using CCA-adding enzyme, followed by flexizyme charging
with lysine®’.

Cryo-EM complex formation, data collection, data processing,
and modeling

Ribosome complexes were generated nonenzymatically by sequen-
tially incubating E. coli 70S (0.5 uM), mRNA (1uM), and 2.5 uM tRNAP*
(2.5uM) (aminoacylated or deacylated) for 5min each at 37°C in
ribosome buffer (10 mM HEPES-KOH pH 7.6, 10 mM MgCl,, 100 mM
NH,4CI, and 6 mM B-mercaptoethanol) (Table S3, 4). For the unmodi-
fied tRNA™ +tRNAY® dataset, 2.5uM deacylated tRNAY® was incu-
bated for an additional 5 min incubation’. Three pL of the complex was
applied to glow-discharged C-flat Au 1.2/1.3 300 mesh grids (Electron
Microscopy Science Cat # CF313-100-Au) at 100% humidity, blotted for
3 s before vitrification in liquid ethane by a Vitrobot Mark IV (Thermo
Fisher Scientific), and stored in liquid nitrogen.

Both datasets were collected at the National Center for Cryo-EM
Access and Training (NCCAT) using an FEI Krios 300 kV with the Gatan K3
imaging system with a 30 eV slit energy filter. The aa-tRNA"" dataset was
collected with the following parameters: 4467 micrographs of 50 frames,
1.069 A pixel size, 0.6 to 2.5 um defocus range, 56.07 e/A? total dose
rate, and 2.5 s exposure. The tRNA™! + tRNAY dataset was collected with
the same setup and the following parameters: 10,949 micrographs, a—0.6
to 2.7 um defocus range, and 61.23 e/A? total dose rate.

All datasets were processed using RELION 3.0 and 3.17°
(Figs. S2 and S7). Pre-processing was done using MotionCor2’® and
either CTFFIND4”” or Gctf’. Ribosome particles were picked using
template-free Laplacian-of-Gaussian autopicking followed by 2D clas-
sifications to discard non-ribosome particles. Ribosome classes with
ligands bound were obtained from rounds of 3D classification using
either a previous E. coli 70S or de novo initial model as a reference
map, and masks around regions of interest (e.g., tRNA binding sites)
for focused mask classifications. These classes were refined into 3D
constructions, then post-processed in RELION” and autosharpened in
Phenix’®. Maps were examined in Coot, Chimera, and ChimeraX®®®.,
Local resolution maps were generated using ResMap®? in RELION”.

For modeling, 70S E. coli ribosome PDB code 60M6 was used as
the starting model for classes containing an unrotated 70S*. For the

rotated 70S classes, PDB code 7SSW** was used for 70S classes con-
taining e*/E-tRNA"™', and PDB code 6GXO% was used for 70S classes
containing P/E-tRNA™, Coordinates for tRNA'? and tRNA"X are from
PDB code 1VY4%%, Models were docked into the cryo-EM maps in Chi-
mera, then real-space refined in Phenix®. Final models were obtained
from iterative rounds of model building in Coot and refinements in
Phenix®*%. Figures were made in ChimeraX®..

RADtool ribosome movement calculation

To determine the degree of 30S head swivel and tilting, the RADTool
program was used®. The locations of 16S rRNA nucleotides 940, 984,
and 1106 in the 30S body were compared because these nucleotides
fluctuate less than 1A between different rotational states.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

All of the analyzed smFRET data generated in this study are available in
the Article and its Supplementary Information. The large, raw video
files are available on request from the corresponding author (Gonza-
lez). The cryo-EM data generated in this study have been deposited in
the PDB and Electron Microscopy Data Bank (EMSD) database under
accession codes 8UT) and EMD-42541 (https://doi.org/10.2210/
pdb8UT]J/pdb); PDB code 8URM and EMD-42495 (https://doi.org/10.
2210/pdb8URM/pdb); PDB code 8UXB and EMD-42721 (https://doi.
org/10.2210/pdb8UXB/pdb); PDB code 8UX8 and EMD-42714 (https://
doi.org/10.2210/pdb8UX8/pdb); PDB code 8V0O3 and EMD-42852
(https://doi.org/10.2210/pdb8V03/pdb); PDB code 8UZG and EMD-
42840 (https://doi.org/10.2210/pdb8UZG/pdb).
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