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Abstract

Translocation of transfer RNAs (tRNAs) through the ribosome during protein synthesis involves
large-scale structural rearrangements of the ribosome and the ribosome-bound tRNAs that are
accompanied by extensive and dynamic remodeling of tRNA-ribosome interactions. The
contributions that rearranging individual tRNA-ribosome interactions make to directing tRNA
movements during translocation, however, remain largely unknown. To address this question, we
have used single-molecule fluorescence resonance energy transfer to characterize the dynamics of
ribosomal pre-translocation (PRE) complex analogs carrying either wild-type or systematically
mutagenized tRNAs. Our data reveal how specific tRNA-ribosome interactions regulate the rate
with which the PRE complex rearranges into a critical, on-pathway translocation intermediate and
how these interactions control the stability of the resulting configuration. More interestingly, our
results suggest that the conformational flexibility of the tRNA molecule itself plays a crucial role
in directing the structural dynamics of the PRE complex during translocation.

INTRODUCTION

During the elongation stage of protein synthesis, ribosome-catalyzed addition of each amino
acid to the nascent polypeptide chain is followed by the rapid and unidirectional
translocation of the transfer RNA (tRNA)-messenger RNA (mRNA) complex through the
ribosome by precisely one codon. Translocation occurs through a multi-step process that
requires extensive remodeling of tRNA-ribosome interactions as well as significant
structural distortions of the ribosome-bound tRNAs relative to the “ground state” structures
of ribosome-free tRNAs-3. Despite the fundamental importance of translocation to protein
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synthesis, the mechanism through which the ribosome physically coordinates, regulates, and
executes this process remains poorly understood.

Recently, single-molecule fluorescence resonance energy transfer (SmFRET) studies of
tRNA and ribosome dynamics during translocation have revealed that deacylation of the
peptidyl-tRNA bound within the ribosomal P (peptidyl-tRNA binding) site during peptide
bond formation enables thermally activated and stochastic structural fluctuations of the
resulting pretranslocation (PRE) complexes®9. These complexes, carrying deacylated tRNA
at the P site and peptidyl-tRNA at the A (aminoacyl-tRNA binding) site, oscillate between
two major global conformational states. In global state 1 (GS1), the small (30S in
Escherichia coli) and large (50S in E. coli) ribosomal subunits are in their non-rotated
intersubunit orientation, the tRNAs are positioned in their classical P/P (denoting the 30S P
site/50S P site) and A/A configurations, and the ribosomal L1 stalk is in its open
conformation; in global state 2 (GS2), the ribosomal subunits are in their rotated intersubunit
orientation, the tRNAs are positioned in their hybrid P/E (where E denotes the ribosomal
exit, or deacylated tRNA binding, site) and A/P configurations, and the L1 stalk is in its
closed conformation® (Fig. 1a). Biochemical data support the view that GS2 is an authentic
on-pathway intermediate in translocation!? and smFRET studies have shown that binding of
elongation factor G (EF-G) to the PRE complex dramatically shifts the GS1z2GS2 dynamic
equilibrium towards GS2 as part of the mechanism through which it promotes
translocation®811, Moreover, pre-steady state SmFRET studies have suggested that the
GS1—GS2 transition may limit the rate at which EF-G can productively bind and act on the
PRE complex to promote translocation®, findings which have been recently confirmed?2.

A key regulator of both the GS1z=2GS2 equilibrium and translocation is the P-site tRNA.
Indeed, the ability of the elongating ribosome to actuate the GS17GS2 equilibrium®-813-15
and trigger the productive binding of EF-G16:17 that leads to stabilization of GS26-8:11,18.19,
ribosome-stimulated GTP hydrolysis'6-17, and ultimately translocation’-20, depends
critically on the presence of a full-length, deacylated P-site tRNA. In addition to the
presence and acylation state of the P-site tRNA, the GS1:>GS2 equilibrium and
translocation are sensitive to the identity of this tRNA, indicating that specific P-site tRNA-
ribosome interactions and/or tRNA structural features unique to each tRNA can
differentially modulate the GS122GS2 equilibrium and translocation. In the most
extensively investigated examples, SmFRET studies demonstrated that, relative to PREphe
complexes (where Phe denotes a P-site tRNAPM€), PREger complexes exhibit a GS12>GS2
equilibrium that is inherently shifted towards GS16-8:10.14.15 and, upon EF-G binding, is
shifted towards GS2 through a kinetic mechanism that is distinct from that observed in
PREppe complexes’. Correspondingly, other studies have reported that PREfyet complexes
exhibit a slower rate of translocation relative to analogous PRE complexes carrying
elongator P-site tRNAs10:20,

At present, however, it is not known which tRNA-ribosome interactions or aspects of tRNA
structure give rise to the tRNA-mediated regulation of the GS122GS2 equilibrium and
translocation. Here, we begin to close this gap in our understanding of how tRNAs regulate
the GS122GS2 equilibrium by using SmMFRET to compare the kinetic differences between
PRE complexes carrying wild-type and strategically mutated tRNAs. We started by
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conducting a comprehensive characterization of the GS122GS2 equilibrium in the absence
and presence of EF-G for PRE complexes carrying an expanded set of wild-type tRNAs at
the P site. We demonstrate that, relative to all of the elongator tRNAs examined, tRNAfMet
uniquely modulates the GS1z2GS2 equilibrium and the ability of EF-G to shift this
equilibrium towards GS2. Building from these initial experiments, we then examined a
series of PRE complexes carrying tRNAMMet mutants, in which sequence elements unique to
tRNAMet yere mutated to the corresponding sequences found in elongator tRNAPNe, at the
P site. The results of our studies collectively reveal that the Kinetics of the GS1z=2GS2
equilibrium and the ability of EF-G to shift this equilibrium towards GS2 are at least partly
dictated by the intrinsic conformational flexibility of the tRNA as well as specific tRNA-
ribosome interactions. Specifically, our results suggest that the GS1—GS2 transition rate is
primarily determined by the intrinsic conformational flexibility of the P-site tRNA itself,
while the GS2—GS1 transition rate is largely determined by the minor groove-minor groove
interaction between the aminoacyl acceptor stem of the P/E tRNA and H68 of 23S rRNA at
the 50S subunit E site. Our proposal that the intrinsic conformational flexibility of the P-site
tRNA can modulate the GS1—GS2 transition rate implies that the ease with which the
ribosome can distort the tRNA structure is a significant aspect of translocation. This expands
the functionally important role of tRNA deformability during translation elongation beyond
that already proposed for aminoacyl-tRNA (aa-tRNA) selection?1-23, We hypothesize that
the differences observed in the dynamics of PRE complexes carrying initiator versus
elongator tRNAs in the P site derive from the distinct evolutionary pressures that have been
imposed on these tRNAs for optimal performance during the initiation and elongation stages
of protein synthesis, respectively.

An intra-ribosomal smFRET signal reports on GS122GS2

Fluctuation of the L1 stalk between open and closed conformations is one of the defining
features of the GS122GS2 equilibrium®87:9 (Fig. 1a). We have previously developed and
validated a doubly fluorescently labeled 50S subunit (harboring a Cy5 acceptor fluorophore
within ribosomal protein L1 and a Cy3 donor fluorophore within ribosomal protein L9) that
yields an SmFRET signal that is sensitive to fluctuations of the L1 stalk between open and
closed conformations’ (Fig. 1b, Supplementary Methods). Using these doubly labeled 50S
subunits, unlabeled 30S subunits, a set of natural, deacylated E. coli tRNAs, and a
corresponding set of mMRNAs (Supplementary Fig. 1), we non-enzymatically prepared two
PREAsvet complexes (where -A denotes a PRE complex analog in which the peptidyl-
tRNA is absent from the A site) and four PRE'Ae|Ong complexes (Fig. 1c). The two

PRE A\t complexes carried either one of the two isoacceptors of tRNAfMet tRNATMet,
encoded by the metZ gene (PREtper.1) or tRNA™MEL, encoded by the metY gene
(PREAtmet-2)2. The four PRE¢jong complexes carried either tRNAPM® (PREppe),
tRNATY" (PREA1y,), tRNAC (PREAgy,), or tRNAVA (PREA,). All six PRE™A
complexes were imaged using total internal reflection fluorescence (TIRF) microscopy (see
Online Methods and Supplementary Methods for details on sample preparation and TIRF
imaging).
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Consistent with prior results’, each PRE"A complex exhibits two FRET states centered at
FRET efficiencies of 0.56 £ 0.02 and 0.36 + 0.01, corresponding to the open and closed
conformations of the L1 stalk and reporting on GS1 and GS2, respectively. Also as
previously reported’, the SmFRET versus time trajectories partition into three sub-
populations depending on whether they exclusively occupy GS1 (SPgs1), exclusively
occupy GS2 (SPgsp), or fluctuate between GS1 and GS2 (SPy,ct) prior to photobleaching
(Fig. 2). PRE-A complexes carrying different P-site tRNAs exhibited unique population
distributions between the open and closed L1 stalk conformations (Fig. 3). Notably, the
tRNA-dependent trend we find in the equilibrium constants (Kegs) describing the
equilibrium between the open and closed L1 stalk conformations (Table 1) in PREAset-1,
PREphe and PRE 1y, mirrors the tRNA-dependent trend observed by Cornish et al. in the
Kegs describing the equilibrium between the non-rotated and rotated intersubunit
orientations in analogous PRE complexes8. This observation supports a model in which
the open and closed conformations of the L1 stalk are coupled to the non-rotated and rotated
intersubunit orientations of the ribosome, respectively, within the GS1 &z GS2
equilibrium®® (see Supplementary Discussion).

PRE#svet complexes exhibit distinct GS1=22GS2 dynamics

Relative to all four PRE'Ae|Ong complexes examined, the two PRE g complexes exhibit a
higher occupancy of GS1 (Figs. 2b and 3 and Table 1). These results expand upon previous
smFRET’8 and biochemicall%14 studies, suggesting a general distinction between the
dynamics of PRE complexes carrying initiator versus elongator tRNAs. Dwell time analyses
of the SmFRET data (see Online Methods and Supplementary Methods) reveal the kinetic
mechanism underlying this difference, demonstrating that the higher occupancy of GS1
exhibited by the PREAfet.1 complex relative to the PRE'Ae|0ng complexes is driven almost
exclusively by a 2-3-fold faster rate of GS2—GS1 transitions (kgs»—gs1), with almost no
effect on the rate of GS1—GS2 transitions (Kgs1_sgs2) (Table 1); for the PREAfpet-2
complex, the 2-3-fold faster kgso_.gs1 observed in the PREAqet.1 complex is further
augmented by a 30-70% slower kgs1_.gs2 relative to the PRE'Aek,ng complexes (Table 1).

Consistent with previous reports, binding of EF-G to PRE*fpet-1 and PREf\et-2
complexes in the presence of the non-hydrolyzable GTP analog, guanosine 5°-(B,y-
imido)triphosphate (GDPNP), shifts the GS1>GS2 GS2 equilibrium towards GS2 (Fig.
3)6-8.11 This is driven primarily by a 3-6-fold increase in kgsi_.gs2 and augmented by a
smaller, 30% decrease in kgso_,gs1 (Table 1), thus yielding more frequent fluctuations
between GS1 and GS2 relative to PRE ¢\t in the absence of EF-G(GDPNP)”11 (Fig. 2b).
In stark contrast, binding of EF-G(GDPNP) to all four PRE'Ae|0ng complexes results in a
strong stabilization of GS2, corresponding to a large reduction in kgsy_,gs1, such that
fluctuations to GS1, should they occur, are either too rare and/or fast to be observed within
our detection limits (Figs. 2b and 3). Confirming previous suggestions from us and

others” 811 the data we present here unambiguously demonstrate that the presence of
tRNAMet gt the P site of PRE complexes distinctly regulates the effect of EF-G binding on
the kinetics of GS1—GS2 and GS2—GS1 transitions.
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Generation of tRNAMet mutants

We next sought to determine whether tRNA structural features unique to tRNA™et gre
responsible for the ability of P-site tRNA™et to differentially regulate the GS12GS2
equilibrium. Comparative sequence analysis of bacterial tRNAs reveals the existence of
three such structural features?>-27: (i) three consecutive GC base pairs located within the
anticodon stem of tRNA™Eet that are encountered in less than 1% of elongator tRNAS; (ii) a
mismatched base pair between nucleotides 1 and 72 of the aminoacyl acceptor stem of
tRNAMet that is a Watson-Crick base pair in elongator tRNAs; and (iii) a purine-pyrimidine
base pair between nucleotides 11 and 24 of the D stem of tRNA™Eet that is flipped to a
pyrimidine-purine base pair in elongator tRNAs. Biochemical and structural studies have
revealed that these three unique features of tRNA™Eet are specifically recognized by
methionyl-tRNA transformylase and translation initiation and elongation factors so as to
effectively discriminate tRNAMet from elongator tRNAs, ensuring proper biosynthesis and
selection of fMet-tRNAMet at the start codon during translation initiation and preventing its
incorporation at internal AUG codons during translation elongation26-29. Given that the
regions of the P site-bound tRNA which contain these three features all establish extensive
interactions with the ribosome that are remodeled during GS1—+GS2 and GS2—GS1
transitions30-33, we reasoned that the divergent dynamic behavior observed in PREAspet
complexes may originate from one or more of these three unique tRNA™et stryctural
elements. In order to dissect the contribution that each of these unique structural features of
tRNAMet makes to the GS122GS2 equilibrium, we initially designed three tRNAMeL,
mutants by changing each of its unique features to the corresponding features found in
tRNAPRe: (i) a lower anticodon stem G31A C39U mutant (tRNAAM): (ji), an aminoacyl
acceptor stem C1G A72C mutant (tRNAACC): and (iii) a D stem purine-pyrimidine flip
A11C U24G mutant (tRNAP-TIiP) (Fig. 4, Online Methods and Supplementary Methods).

Disruption of anticodon stem does not affect GS122GS2

Comparison of Figures 3b and 5a demonstrates that the occupancies of GS1 and GS2 for
PRE-Aanti complexes are not significantly altered relative to PREf\et.2 complexes (see
also Fig. 2b and Table 1). Moreover, kgs1—gs2 and Kgso—sgs1 measured for PRE™A api
complexes in the absence and presence of EF-G(GDPNP) are within error of those measured
for PREf\et.2 complexes under the same conditions (Table 1). These results demonstrate
that the unique GS1z=2GS2 dynamics observed in PREAqet complexes do not arise from
the highly conserved consecutive GC base pairs found within the anticodon stem of
tRNAMet More generally, these results suggest that the GS1zGS2 equilibrium is relatively
insensitive to the identity of the lower anticodon stem base pairs of the tRNA within the P
site of the 30S subunit. This observation is consistent with biochemical datal3 and with
comparative structural analysis of X-ray crystallographic structures and cryogenic electron
microscopy (cryo-EM) reconstructions of GS1- and GS2-like ribosomal complexes30-33, all
of which indicate that the transition of the P-site tRNA from the P/P to the P/E configuration
predominantly remodels interactions between the P-site tRNA and the 50S subunit, leaving
interactions between the anticodon stem of the P-site tRNA and the 30S subunit relatively
unaltered (Fig. 6a).
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5’-terminal base pairing in acceptor stem decreases kgs2—Gs1

Relative to PREAsper.2 complexes, PRE™a .. complexes exhibit a GS1z2GS2 equilibrium
that is shifted towards GS2 (Figs. 2b, 3b and 5b and Table 1). Although kgs1_.gs2 and
kes2—gsi are both decreased by conversion of the mismatched C1+A72 base pair within the
aminoacyl acceptor stem of tRNAMeL, to a Watson-Crick GC base pair, the larger, almost
one order of magnitude decrease in kgsy_,gs1 relative to the smaller ~70% decrease of
kgs1sgsp drives the GS12GS2 equilibrium towards GS2 (Table 1). Biochemical and
structural studies have shown that the aminoacyl acceptor stem of a P/P tRNA makes
Watson-Crick base pairing interactions with the P loop of 23S rRNA within the 50S subunit
P site30:31.34 \while the aminoacyl acceptor stem of a P/E tRNA docks into a pocket formed
by 23S rRNA H11, H68 and H74 within the 50S subunit E site, making a minor groove-
minor groove interaction with H6832:33.35(Fig. 6a). It is therefore possible that replacing the
mismatched C1A72 base pair with a Watson-Crick base pair stabilizes both of these
interactions but has a much larger effect on the minor groove-minor groove interaction
between the aminoacyl acceptor stem of the tRNA and H68 (see Discussion).

Most importantly, our data identify the interactions of the tRNA aminoacyl acceptor stem
with the P loop at the 50S subunit P site and H68 at the 50S E site as important regulators of
Kes1sas2 and kgso.gs1, respectively. Previously, Dorner et al have shown that PRE
complexes carrying a C1G A72C mutant tRNA™et analogous to tRNAACC exhibit a faster
rate of sparsomycin-promoted translocation relative to PRE complexes carrying P-site
tRNAME(10) (sparsomycin is a ribosome-targeting antibiotic that has been shown to
promote translocation through a mechanism that is closely related to the mechanism of EF-
G-promoted translocation36:37). Considered alongside this translocation measurement, the
results we present here correlate the greater stability of aminoacyl acceptor stem-H68
interactions in tRNAs carrying a Watson-Crick base pair at positions 1 and 72 with an
increased rate of translocation (see Supplementary Discussion).

Altering the D stem or variable loop modulates kgs1—>Gs?2

Similar to PRE“a¢c complexes, PRE™p.qii complexes exhibit a GS122GS2 equilibrium
that is shifted towards GS2 relative to PREset.2 complexes (Figs 2b, 3b, and 5¢ and
Table 1). In contrast with PRE"A .. complexes, however, the shift towards GS2 in
PRE'AD_ﬂip complexes primarily arises from an ~3-fold increase in kgs1_,Gs2, With
insignificant effects on kgsy—,gs1 (Table 1). In order to further test the role of the A11-U24
base pair in modulating the GS1z>GS2 equilibrium, we generated an additional tRNAMet,
A11C mutant, tRNAP-diS in which we introduced a mismatched C11+U24 base pair (Fig. 4,
Supplementary Methods, Supplementary Figs. 2, 3, and 5). Mirroring the results obtained
with PRE“Ap_iip, the GS122GS2 equilibrium in PREp_gis complexes is shifted towards
GS2 relative to that seen in PREA\et-2, and this effect again arises from an ~1.8-fold
increase in kgs1_,gs2 and an almost negligible effect on kgsy_.gs1 (Figs 2b, 3b, 5¢ and d
and Table 1).

Structural studies reveal that the D stem of the P/P tRNA makes a minor groove-minor
groove interaction with 23S rRNA H69 within the 50S subunit P site, an interaction which is
completely disrupted when the tRNA is repositioned into the P/E configuration within
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GS239-33 (Fig. 6a). While it is possible that flipping or disrupting the purine-pyrimidine base
pair between A1l and U24 destabilizes this minor groove-minor groove interaction,
consequently destabilizing GS1 and increasing kgs1_.gs2, X-ray structures of GS1-like
ribosomal complexes reveal that the interactions between H69 and the D stem of a P/P
tRNAMet or tRNAPN are almost indistinguishable30:31, Furthermore, deletion of H69 does
not have a measurable effect on the yield or rate of translocation, suggesting that this
interaction is not required for efficient translocation38. Based on these observations, we posit
that the increase in kgs1—.gs2 caused by the D stem mutations likely results from the effects
that these mutations have on the structural stability of the tRNA itself, rather than from the
effects that they might have on the interactions between the D stem and H69 (see
Discussion).

Further evidence that perturbations to the structural stability of the P-site tRNA might
modulate the GS1z>GS2 equilibrium comes from a comparison of PRE s et.1 and
PREAfmet-2 complexes (Figs. 3a and b). Similar to PRE“p._ip and PREp_gis complexes,
the GS1:2GS2 equilibrium within PREA\et.1 complexes is shifted towards GS2 relative to
that in PREA\et.2 complexes, through a kinetic mechanism involving an ~2-fold increase
in kgs1Gs2 and no detectable change in kgs>_,gs1 (Table 1). The only difference between
tRNAMet; and tRNAMEL, js a change at nucleotide position 46 within the variable loop
from a 7-methylguanosine (‘mG) in tRNA™EL, to an adenosine (A) in tRNATMet,24.27
this case, however, structures of GS1- and GS2-like ribosomal complexes demonstrate that
the variable loop of tRNAMet does not directly contact the ribosome when tRNAMet js jn
either the P/P or P/E configuration31:32, strongly suggesting that slight differences in the
structural stability of P site-bound tRNAMet; versus tRNA™EL, are responsible for the
observed increase in Kgs1_,gs2. The notion that the relatively subtle differences in the
sequences within the D stems and variable loops of tRNAMet, tRNAD-flip tRNAD-dis and
tRNAMMeL, [ead to differences in the structural stabilities of these tRNAs is strengthened by
their distinct migrations on a native gel (Supplementary Fig. 2 and Supplementary
Discussion).

tRNAMet double-mutant exhibits elongator-like behavior

Despite their ability to shift the GS122GS2 equilibrium towards GS2, both PRE“A ¢ and
PRE'AD_ﬂip complexes demonstrate rapid fluctuations between GS1 and GS2 in the presence
of EF-G(GDPNP) that are characteristic of PREset complexes (Figs. 3a and b, 5b and c,
and Table 1). This suggests that neither replacing the C1¢A72 mismatched base pair with a
Watson-Crick base pair within the aminoacyl acceptor stem nor flipping the purine-
pyrimidine base pair between A1l and U24 to a pyrimidine-purine base pair within the D
stem of tRNAet can individually enable EF-G to modulate the GS1z>GS2 equilibrium of
the corresponding PRE complexes in the same manner as it does in the PRE'Ae|0ng
complexes which we have examined. This therefore prompted us to design a tRNAfMet,
double-mutant that combines the aminoacy! acceptor stem and D stem mutations
(tRNAAD-AIPY \We find that PREAce/p-fiip cOmplexes exhibit kinetic effects on the
GS1GS2 equilibrium that are roughly additive of those observed for PRE“ . and
PRE'AD_ﬂip complexes. Prior to the addition of EF-G(GDPNP), the net effect of the double
mutation is a large, ~6-fold shift in the Keq governing the GS1:2GS2 equilibrium towards
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GS2 that is predominantly driven by an order of magnitude decrease in kgso—,gs1 and a
slight, ~40% decrease in kgs1_, G52 relative to the corresponding parameters for the
PREAf\et-2 complex (Figs. 3b and 5e, and Table 1). It is interesting to note that, although
Keg for the PREace/p-flip complex now falls within the range of Kegs for the PRE¢jgng
complexes, kgs1—as2 and kgso—gs1 for the PRE'AACC/D_f"p complex are both ~50-80%
slower than those for the PRE'Aek,ng complexes investigated in this study. This indicates
that, although we have uncovered two structural elements of tRNAMet that influence its
unique GS1z2GS2 dynamics, it is likely that additional, unidentified structural features of
tRNAMet 3150 collaboratively play a role in this regulation. Nevertheless, in contrast to the
PREAacc and PREAp_fiip complexes, the PRE“Aace/p-fiip complex is highly stabilized in
GS2 in the presence of EF-G(GDPNP), exhibiting thermodynamic and kinetic behavior that
is indistinguishable from that of the PRE'Aemng complexes we have examined (Figs 2b, 3
and 5e). This result implies that the structural stability of the P-site tRNA as well as the
interactions that this tRNA makes with the ribosome can effectively regulate the ability of
EF-G to stabilize GS2 and, consequently suggests that these same features may affect the
efficiency with which EF-G catalyzes translocation.

DISCUSSION
Interactions of P/E tRNA with H68 affect stability of GS2

The results we present here demonstrate that PREqyer complexes exhibit GS12>GS2
dynamics in the absence and presence of EF-G(GDPNP) that differ significantly from those
observed in PRE'Ae|ong complexes. Perhaps most importantly, our findings reveal how
specific tRNA-ribosome interactions and tRNA structural features modulate kgs1_.gs2 and
kes2—gs1 in order to drive these dynamic differences. The effects of altering individual
tRNAMet stryctural features on PRE™A complex dynamics can be interpreted in terms of the
ability of each alteration to stabilize or destabilize GS1 and/or GS2. In this regard, structural
interpretations based on the available X-ray and cryo-EM structures of GS1- and GS2-like
ribosomes30-33 are especially enlightening.

The largest effect we have observed is an order of magnitude decrease in kgsp—.gs1 caused
by replacing the mismatched C1+A72 base pair with a Watson-Crick base pair within the
aminoacy! acceptor stem of tRNA™et We speculate that introducing this Watson-Crick
base pair likely stabilizes GS2 by stabilizing the minor groove-minor groove interaction
between H68 and nucleotides 70 and 71 in the tRNA aminoacyl acceptor stem309-33:35_Sych
an interpretation suggests that this minor groove-minor groove interaction is exquisitely
sensitive to the detailed helical geometry of the aminoacyl acceptor stem. Highlighting the
functional importance of this interaction, biochemical studies have shown that PRE
complexes carrying a P-site tRNA in which the 2" hydroxyl at nucleotide 71 has been
modified to disrupt its minor groove-minor groove interaction with H68 exhibit at least a
90% reduction in the rate of EF-G-promoted translocation3®. In addition to this minor
groove-minor groove interaction, a recent molecular dynamics simulation comparing the
interactions that H68 makes with the aminoacyl acceptor stem of either P/E tRNAMet or
tRNAPhe suggests that the universally conserved 23S rRNA U1851+G1891 wobble base pair
within H68 can be disrupted such that U1851 can flip out of H68 and establish a wobble
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base pairing interaction with G70 of tRNAPN®, Interestingly, this interaction is not observed
in an analogous simulation using a P/E tRNAMet thus providing an additional rationale for
the enhanced ability of tRNAPN® to stabilize GS2 relative to that of tRNAMet(40),

Flexibility of P/P tRNA modulates stability of GS1

tRNADP-flie tRNADP-dis and tRNAMeL,  differ from tRNAMMEL, at a single base pair within
the D stem (tRNAP-IiP and tRNAP-US) or at a single nucleotide within the variable loop
(tRNAMMeL) As discussed in the Results, the effect of these differences on kgs1_sgs2 for
the corresponding PRE-* complexes likely originates from differences in the structural
stabilities of the tRNAs themselves. The characteristic L-shaped tertiary structure of tRNA
is determined and stabilized by coaxial stacking of the aminoacyl acceptor and T stems,
coaxial stacking of the D and anticodon stems, and a network of base pairing and base
stacking interactions between the T, D, and variable loops®!. Even from the earliest
structural studies of tRNA, the delicate nature of the network of tertiary interactions that
stabilizes its L-shaped structure was noted, and the possibility that the structurally-
determined, intrinsic conformational flexibility of the tRNA might be functionally important
during protein synthesis was proposed#1:42,

Perhaps the best studied mechanistic step during translation in which the conformational
flexibility of tRNA features prominently is the elongation factor Tu (EF-Tu)-catalyzed aa-
tRNA selection step of the elongation cycle. During this process, the aa-tRNA adopts a
functionally critical intermediate conformation, termed the A/T configuration, which
requires a dramatic distortion of the aa-tRNA centered at the junction between the anticodon
and D stems?1-23 (Fig. 6b). Similarly, P/P tRNAs exhibit a pronounced distortion that is
centered at the very same junction2:21.22.30.31 More specifically, the D stem of the P/P
tRNA is partially unwound relative to its anticodon stem and the tRNA is kinked at a hinge
formed by the G26-A44 base pair at the junction between the anticodon and D stems such
that it is positioned towards the 50S subunit and slightly towards the A site?-30:31 (Fig. 6b).
It is therefore conceivable that the stability of the distorted conformation adopted by a
particular P/P tRNA makes a significant contribution to the stability of GS1 and,
consequently, to the kgs1—gs2 exhibited by the corresponding PRE-A complex.

Viewed through this lens, the specific interactions that define and stabilize the tertiary
structure of a particular tRNA would govern its conformational flexibility and influence the
stability of the distorted conformation it adopts within the P/P configuration. For example,
the identity of nucleotide 46 in tRNA™et (TmG46 in tRNAMeL and A46 in tRNATMeL)
might affect the conformational flexibility of tRNA™Metvia the highly conserved base triple
interaction between nucleotide 46 and the C13-G22 hase pair within the D stem of
tRNAMet(41.43.44) ‘Interestingly, while this base triple is observed in ribosome-free
tRNAMMet(41.43.44) ‘it js apparently disrupted when tRNAMMet adopts the distorted P/P
configuration30:31, Because the A46+C13-G22 base triple is weaker than the ’mG46+C13-
G22 base triple?343, it is likely that disrupting this tertiary interaction in tRNAMEL, js less
energetically costly than disrupting it in tRNA™Met; Thus, we expect tRNAMEL, to be
energetically more stable than tRNAMet; when it adopts the distorted P/P configuration
within GS1, providing a molecular basis for the observed higher stability of GS1 in
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PREAfvet-2, and hence its slower kgs1—,gs2, relative to PREAqyer.1. Likewise,
perturbations to the D stem of tRNA™Et (as in tRNAP-liP and tRNADP-4is) might alter the
conformational flexibility of the tRNA by directly affecting the structural integrity of the D
stem. Nevertheless, it is difficult to predict the effect that a particular sequence alteration
will have on the conformational flexibility of a tRNA based solely on the X-ray crystal
structure of that tRNA; this is primarily due to the difficulty of assessing the conformational
entropy of a biomolecule using its X-ray crystal structure®. For example, the observation
that weakening the A11-U24 base pair via the A11C mutation in tRNAP-9S has a smaller
effect on kgsi_sgsp than strengthening it via the A11C U24G mutations in tRNAP-flip
suggests a complex interplay between the tertiary structure and conformational flexibility of
a particular tRNA and the stability of its corresponding PRE-A complex in GS1; additional
X-ray structures, SmFRET studies, and computational simulations will likely be necessary to
fully understand this interplay.

In addition to its role in modulating the stability of GS1, it is also possible that the intrinsic
conformational flexibility of the tRNA may directly influence the transition from its P/P to
its P/E configuration (see Supplementary Discussion). Regardless, based on our data and the
discussion presented here, we would predict that variations in the structure of tRNA within
or proximal to the junction between the anticodon and D stems would generally influence
kes1sgse- Future SmFRET experiments to evaluate the effect of systematic mutations
within this region of a single tRNA species should allow testing of this hypothesis and a
more thorough mapping of the relationship between the stability of this junction and

Kgs1-+Gs2-

As this article was completed, we became aware of an X-ray crystal structure of a GS2-like
ribosomal complex carrying a full-length deacylated P/E tRNAPM(7) This new X-ray
crystal structure provides near-atomic-resolution views of the ribosome-tRNA interactions
and tRNA distortion that were originally identified at lower resolution through cryo-EM
studies of GS2-like PRE complexes32:33, and confirms the structural interpretations reported
above.

tRNA-mediated PRE complex dynamics may regulate elongation

Collectively, our results demonstrate that the P-site tRNA is a key regulator of PRE complex
dynamics. Interestingly, each PRE-A complex that we have investigated exhibits unique
GS122GS2 dynamics (Table 1). Based on the discussion above, we expect that the particular
structural features of each tRNA species will differentially regulate the GS122GS2
equilibrium. Considered together with data suggesting that the GS1—GS2 transition may be
rate-limiting for EF-G-promoted translocation®12 and that PRE complexes which
preferentially occupy GS2 are more efficiently translocated by EF-G10:20, it is possible that
incorporation of specific tRNAs at particular codons of an mMRNA may be used to regulate
the rate of translation elongation at those codons. In this view, it is plausible that tRNA-
mediated control of the GS1z2GS2 equilibrium would allow selective attenuation of EF-G-
promoted translocation and serve as a point of translational regulation (see Supplementary
Discussion). Consistent with this possibility, the observed lower occupancy of GS2 in
PREfviet complexes relative to PREg|ong cComplexes provides a mechanistic rationale for the
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recent observation by Puglisi and co-workers that EF-G-promoted translocation of the
PREgmet complex during the first round of translation elongation is slower than EF-G-
promoted translocation during subsequent rounds of translation elongation?849,

Distinct dynamics may reflect unique selective pressures

Based on our data, we hypothesize that the unique dynamics exhibited by PREgpet
complexes relative to the PREgjong complexes we studied may generally arise from the
different biochemical functions of tRNA™Eet and elongator tRNAs and the distinct selective
pressures under which these two types of tRNAs have evolved. The presence of a Watson-
Crick or wobble base pair versus a mismatched base pair between nucleotides 1 and 72 of
the aminoacyl acceptor stem is the primary feature through which EF-Tu discriminates
elongator tRNAs from tRNA™Et during translation elongation?’. Our results demonstrate
that this sequence and structural feature primarily modulates the stability of GS2. In
addition, elongator tRNAs undergo distortions at the junction between the anticodon and D
stems as the incoming aa-tRNA passes through the A/T configuration during aa-tRNA
selection, and as the newly formed peptidyl-tRNA is positioned into the P/P configuration
after translocation from the A site into the P site. Thus, the conformational flexibility of each
elongator tRNA has likely been optimized for, among other things, high fidelity aa-tRNA
selection and translocation of peptidyl-tRNA from the A site to the P site. In contrast,
tRNAMet does not undergo aa-tRNA selection into the A site nor is it loaded into the P site
through a translocation event from the A site. Instead, tRNA™et with only a single amino
acid attached to its aminoacyl acceptor end, binds directly to the P site of the 30S subunit as
part of the formation of the 30S initiation complex and adopts the P/P configuration as the
50S subunit joins to the 30S initiation complex during translation initiation?’. Thus, in
contrast to elongator tRNAs, the intrinsic conformational flexibility of tRNA™Et has been
optimized for proper positioning within the 30S initiation complex, participation in the
mechanism of 50S subunit joining, and maintenance of the P/P configuration even in the
absence of a bone fide polypeptide at its aminoacyl acceptor end. In summary, the unique
selective pressures under which tRNAet has evolved relative to elongator tRNAs have
generated unique sequence and structural elements in tRNA™Et that translate into the unique
GS1z2GS2 dynamics and translocation properties that are observed in ribosomal complexes
carrying this P-site tRNA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ONLINE METHODS

MRNA preparation

All mMRNAs used in the present study were derived from a previously described variant of an
mRNA encoding the first 20 amino acids of gene product 32 from T4 bacteriophage®!. Five
mRNAs were designed such that their first codons code for fMet (AUG), Phe (UUC), Tyr
(UAC), Glu (GAA), or Val (GUU). All five mRNAs are otherwise identical and contain no
other codons coding for the anticodons of tRNA™et tRNAPhe tRNATY" tRNACI, or
tRNAV2 in any reading frame (Supplementary Fig. 1). All mRNAs were in vitro transcribed
from linearized plasmid DNA templates using T7 RNA polymerase following a previously
described protocol®2-55, A 3’-biotinylated DNA oligonucleotide
(TGTGTAAGTTTTAGGTTGATTTG-Biotin; Integrated DNA Technologies)
complementary to the 5’ end of the mRNAs was then hybridized to these mMRNAs to enable
surface immobilization as previously described®#55. mRNA transcripts hybridized to a 3’-
biotinylated DNA oligonucleotide are hereafter referred to as “biotin-mRNAs”.

tRNA mutagenesis and purification

The pUC13.trnfM plasmid (a kind gift from Prof. Uttam RajBhandary, MIT) carrying the E.
coli metY gene, which encodes tRNA™Met jspacceptor 2, tRNAMEL, (24) \was mutated to
generate tRNA™et, and all tRNAMeL, mutants. tRNAMeL, mutants included: tRNAAN
(G31A C39U), in which the G31-C39 base pair in the anticodon stem of tRNAMeL, js
changed to the A31-U39 base pair found in tRNAPN€; tRNAACE (C1G A72C), in which the
mismatched C1eA72 base pair in the aminoacyl acceptor stem of tRNAMMeL, js changed to
the G1-C72 Watson-Crick base pair found in tRNAP"€; tRNAD-liP (A11C U24G), in which
the purine-pyrimidine A11-U24 base pair within the D stem of tRNA™EL, is flipped to the
pyrimidine-purine C11-G24 base pair found in tRNAPhe: tRNAP-dis (A11C), in which the
A11-U24 base pair within the D stem is disrupted by changing A11 to C11; and
tRNAAC/D-flip (C1G A11C U24G A72C), in which the mutations generated in tRNAAC and
tRNAP-TliP are combined. All tRNAs were expressed in E. coli strain B105, which lacks the
metY gene and therefore endogenous tRNAMEL, and were purified using a previously
published protocol45:56.57 with slight modifications. Briefly, tRNA™et and tRNAMeL, (or
tRNAMet, mutants) were separated from each other as well as from elongator tRNAs and
all other cellular RNA species by native polyacrylamide gel electrophoresis (PAGE) on a 15
% (w/v) gel (Supplementary Fig. 2). tRNA bands were identified by UV shadowing at 254
nm wavelength, cut from the gel, and eluted from the gel slices using RNA Elution Buffer
(10 mM Tris hydrochloride (pHys oc = 7.5), 1 mM ethylenediamine tetraaceticacid, and 10
mM sodium chloride). The PAGE-purified tRNAs were further purified on a Phenyl 5PW
TSK-Gel hydrophobic interaction chromatography (HIC) column (Tosoh Bioscience) using
a gradient from HIC Buffer A (1.7 M ammonium sulfate and 10 mM ammonium acetate,
pH=6.3) to HIC Buffer B (10 % (v/v) methanol and 10 mM ammonium acetate, pH=6.3))
(Supplementary Fig. 3).
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Assembly and purification of PRE* complexes

PREA complexes for smFRET experiments were assembled using 30S subunits purified
from wild-type E. coli strain BW25113 and L1- and L9-labeled 50S subunits derived from a
variant of strain BW25113 as previously described 55, A mixture of 30 pmol of biotin-
mRNA, 20 pmol of deacylated tRNA, and 15 pmol of 30S subunits, in a total reaction
volume of 30 pL of Ribosome Assembly Buffer (50 mM Tris hydrochloride (pHys oc = 7.5),
70 mM ammonium chloride, 30 mM potassium chloride, 6 mM 2-mercaptoethanol, and 7
mM magnesium chloride), was incubated for 10 min at 37 °C. 10 pmol of L1- and L9-
labeled 50S subunits were then added to the reaction followed by an additional incubation
for 20 min at 37 °C. The reaction was then diluted to 100 pL with Tris-polymix buffer (50
mM Tris acetate (pHos oc = 7.0), 100 mM potassium chloride, 5 mM ammonium acetate, 0.5
mM calcium acetate, 0.1 mM ethylenediamine tetraacetic acid, 10 mM 2-mercaptoethanol, 5
mM putrescine dihydrochloride and 1 mM spermidine, free base) containing 26 mM
magnesium acetate in order to bring the final concentration of magnesium ions to 20 mM.
The resulting PRE"* complexes were then purified by 10-40% (w/v) sucrose density
gradient ultracentrifugation®.

SMFRET experiments and data analysis

SmFRET experiments were performed in Trispolymix buffer containing 15mM magnesium
acetate and supplemented with an oxygen-scavenging system (300 pg mL1 glucose oxidase,
40 pg mL1 catalase and 1% (w/v) p-D-glucose)* 728 and a triplet-state quencher cocktail (1
mM 1,3,5,7-cyclooctatetraene (Aldrich) and 1 mM 3-nitrobenzyl alcohol (Fluka))®®.
SmFRET versus time trajectories were recorded using a laboratory-built, prism-based TIRF
microscope with a 532 nm diode-pumped solid-state laser as an excitation source and an
electron-multiplying charge-coupled device camera operating at a time resolution of 10
frames s71, unless otherwise specified, as a detectorS. Each smFRET trajectory was idealized
by hidden Markov modeling using the vbFRET software package (http://
vbfret.sourceforge.net)80. With the exception of PRE A f\et-2, PREanti and PREA acc,
dwell times spent in GS1 prior to transitioning to GS2 and in GS2 prior to transitioning to
GS1 were extracted from the idealized smFRET trajectories and the lifetimes of GS1 and
GS2 were determined from exponential fits to the corresponding one-dimensional dwell-
time histograms. kgs1.gs2 and kgso—.gs1 Were calculated by taking the inverse of the
lifetimes of GS1 and GS2, respectively, and correcting for the rate of photobleaching from
each state”. For the SmFRET trajectories recorded for PREf\et.2, PREanti and
PRE-AAcc, Which exhibited extended dwell times in GS1, a dwell-time analysis slightly
modified from that described above was used. For these PRE- complexes, the slow
kes1—gs2 Was calculated by the following procedure: (i) assuming a two-state GS1z2GS2
equilibrium model; (ii) calculating the corresponding equilibrium constant (Keq) from the
ratio of GS1 and GS2 occupancies (Keq = (occupancy of GS2)/(occupancy of GS1)); (iii)
calculating the lifetime of GS2, and the corresponding kgs>_.gs1, from a standard dwell-
time analysis as described above; and (iv) setting kgs1—;Gs2 = Keq * Kgs2—Gs1. Detailed
descriptions and references for all materials and methods can be found in the Supplementary
Information.
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Figure 1. Global states model of the PRE complex, L1-L9 labeling strategy, and PRE™A
complexes

(a) Cartoon representation of the global states model of the PRE complex. The 30S and 50S
subunits are shown in tan and lavender, respectively, with the L1 stalk in dark blue. tRNAs
are shown as brown curves and the nascent polypeptide as a chain of gold spheres. Upon aa-
tRNA selection and peptide bond formation, the PRE complex spontaneously fluctuates
between two major global conformational states, which we call global state 1 (GS1) and
global state 2 (GS2). (b) Labeling strategy for SmFRET | 1. 9. The 50S subunit is shown
from the perspective of the intersubunit space3! (PDB ID: 2J01). The L1 stalk consists of
23S rRNA helices 76-78 (pink) and r-protein L1 (dark blue). r-protein L9 is shown in cyan.
The donor (Cy3) and the acceptor (Cy5) fluorophores are shown as green and red stars on r-
proteins L9 and L1, respectively. The image was rendered using PyMol®9 (www.pymol.org).
(c) Cartoon representation of a PRE™A complex. PRE“* complexes are formed using an L1-
L9 labeled 50S subunit and carry a deacylated P-site tRNA.
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Figure 2. Sample smFRET versustime trajectories and relative occupancies of SmFRET
trajectory sub-populations
(a) Sample smFRET versus time trajectories. Three sub-populations of SmMFRET trajectories

were observed. The first sub-population, which exhibits a stable FRET state centered at 0.56
+0.02, consists of PRE- complexes that occupy GS1 and photobleach out of GS1 prior to
undergoing a GS1—GS2 transition (SPgs1, left panel); the second sub-population, which
exhibits fluctuations between two FRET states centered at 0.56 + 0.02 and 0.36 + 0.01,
consists of PRE"A complexes that fluctuate between GS1 and GS2 during the observation
period (SPsyct, middle panel); and the third sub-population, which exhibits a stable FRET
state centered at 0.36 + 0.01, consists of PRE™ complexes that occupy GS2 and
photobleach out of GS2 prior to undergoing a GS2—GS1 transition (SPgsp, right panel).
Representative Cy3 and Cy5 emission intensity versus time trajectories are shown in green
and red, respectively (top row). The corresponding SmMFRET versus time trajectories,
calculated using E = Icys / (Icys + Icys), where E is the FRET efficiency at each time point
and lcyz and Icys are the emission intensities of Cy3 and Cy5, respectively, are shown in
blue (bottom row). (b) Relative occupancies of the three sub-populations of SMFRET
trajectories. The percentage of SMFRET trajectories occupying SPgs1, SPfyct and SPgs» for
each PRE-A complex in the absence (left panel) and presence (right panel) of EF-G(GDPNP)
are shown as bar graphs. Data are the mean + standard deviation of three independent
measurements (see Supplementary Table 1).
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Figure 3. Steady-state sSMFRET measurements on PRE™ complexes carrying wild-type and
elongator tRNAs

Surface contour plots of the time evolution of population FRET were generated by
superimposing the individual SMFRET versus time trajectories for each PRE- complex.
Contours are plotted from white (lowest population) to red (highest population) as indicated
by the color bar. The number of SmFRET trajectories used to construct each contour plot is
indicated by “N.” The corresponding one-dimensional FRET histograms plotted along the
right-hand y-axis of the surface contour plots were generated using the first 20 time points
from all of the FRET trajectories in each dataset. The PRE- complexes in the absence of
EF-G(GDPNP) are shown along the top row, and the corresponding PRE* complexes in the
presence of 2 UM EF-G(GDPNP) are shown along the bottom row. (a) PREAet-1. (D)
PREAf\er-2. (€) PRE phe. (d) PREAyy. (€) PREAg)y. (f) PREAva.
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Figure 4. Design of tRNAfMet, mutants
(a) Secondary structure diagram for E. coli tRNAet, The three unique structural features

of tRNAMet that differentiate it from all elongator tRNAs are highlighted in red and the
mutations that were designed to convert these three structural features to those found in
tRNAPNe are listed. (b) Three-dimensional structure of E. coli tRNA™MEt, The three unique
structural features of tRNAMet are colored as in the secondary structure diagram*4 (PDB
ID: 3CW6).
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Figure 5. Steady-state SmMFRET measurements on PRE™A complexes carrying tRNAfMetz
mutants

Data are presented as in Figure 3. (a) PREangi. (b) PREacc. (€) PREAp_iip. (d)
PREp_gis. (€) PREAacc/D-flip-
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Figure 6. P-site tRNA-ribosome interactions within the GS1 and GS2 state of a PRE complex
and comparative structural analysis of ribosome-free and ribosome-bound tRNAs

(a) P-site tRNA-ribosome interactions within the GS1 and GS2 state of a PRE complex.
Quasi-atomic-resolution models for the GS1 (left panel) and GS2 (right panel) states of a
PRE complex were generated by real space refinement using rigid body fitting of atomic-
resolution structures of the E. coli ribosome (PDB IDs: 2AVY and 2AW4) and a P site-
bound tRNA (PDB ID: 2J00) into the electron density obtained from cryo-EM
reconstructions of the GS1 and GS2 states of a PRE complex (kindly provided by J. Frank,
H. Gao, and X. Aguirrezabala)32. P/P- and P/E-configured tRNAs are shown in pink and
purple, respectively. rRNA helices and r-proteins that interact with the aminoacyl acceptor
stem (top panels), the D stem (middle panels) and the anticodon stem (bottom panels) of
each tRNA are labeled in each figure and the nucleotide positions of the tRNAfMet,
mutations studied in the present work are shown in red. (b) Comparative structural analysis
of ribosome-free and ribosome-bound tRNAs. Ribosome-free tRNAMet(44) (PDB |D:
3CW8), A/T-configured tRNAT(22) (PDB ID: 2WRN), P/P-configured tRNAMe31) (ppB
ID: 2J00), and P/E-configured tRNAMet (quasi-atomic-resolution model generated by
molecular dynamics flexible fitting?®, kindly provided by K. Schulten and B. Liu) are shown
in cyan, orange, pink and purple, respectively. The four tRNAs were superimposed using the
anticodon stem loops (nucleotides 31-39 for the alignment of P/P-, P/E-configured tRNA to
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the ribosome-free tRNA, and nucleotides 32-38 for the alignment of A/T-configured tRNA
to the ribosome-free tRNA) with PyMol®0 (www.pymol.org).
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