
CHAPTER 6

Single-Molecule Fluorescence Resonance
Energy Transfer Investigations of

Ribosome-Catalyzed Protein Synthesis

Daniel D. MacDougall
Jingyi Fei

Ruben L. Gonzalez, Jr.

I. INTRODUCTION

Protein synthesis, or translation, is an inherently dynamic
process in which the ribosome traverses the open read-
ing frame of a messenger RNA (mRNA) template in
steps of precisely one triplet-nucleotide codon, catalyz-
ing the selection of aminoacyl-transfer RNA (aa-tRNA)
substrates and polymerization of the nascent polypeptide
chain, while simultaneously coordinating the sequential
binding of exogenous translation factors. The complexity of
this process is mirrored by the intricate molecular architec-
ture of the ribosome itself, highlighted in atomic detail by
recent X-ray crystallographic structures that reveal an elab-
orate network of RNA-RNA, RNA-protein, and protein-
protein interactions (Korostelev and Noller, 2007; Steitz,
2008). This high degree of intra- and inter-molecular con-
nectivity suggests that allosteric mechanisms may regulate
the activity and coordinate the timing of biochemical events
catalyzed by spatially distal ribosomal functional centers.
Large-scale conformational dynamics of the ribosome have
similarly been implicated as a means by which to regulate
the biochemical steps of protein synthesis and to power
forward progression through the kinetic steps of the trans-
lation process.

Comparison of X-ray crystallographic structures of
ribosomal subunits as well as the intact ribosome in
the absence and presence of translation factors (reviewed
in Schmeing and Ramakrishnan [2009]), together with
the analysis of cryogenic electron microscopy (cryo-EM)
reconstructions of the ribosome trapped at various func-
tional states during protein synthesis (see Chapter 7), has
allowed visualization of large-scale conformational rear-
rangements of the translational machinery. Through such
comparative structural analysis, mobile ribosomal domains
have been identified and specific conformational changes
have been inferred. However, these static structural images
lack information regarding the timescales of the inferred

conformational changes, and the kinetic and thermody-
namic parameters underlying the corresponding riboso-
mal motions. Such dynamic information has recently been
uncovered through the application of single-molecule fluo-
rescence resonance energy transfer (smFRET) to studies of
protein synthesis. This technique has proven to be partic-
ularly well-suited for monitoring and characterizing large-
scale conformational dynamics of the ribosome and its
tRNA and translation factor ligands, which often occur on
length scales (∼tens of ´̊A) and time scales (∼ms to s) that are
well matched with the spatio-temporal resolution of cur-
rent smFRET methodologies (see Chapter 1). Guided by
the structural data, numerous donor-acceptor fluorophore
labeling schemes have already been developed, each capa-
ble of monitoring specific conformational changes of the
translational machinery in real time.

In this chapter, we will first briefly discuss experimental
considerations pertaining to the design and implementa-
tion of smFRET investigations of highly purified in vitro
translation systems (Section II). We then describe some
of the major findings from smFRET studies of Bacte-
rial protein synthesis, highlighting emergent themes and
single-molecule-specific insights that have been gleaned
(Sections III–V). A majority of the literature to date has
focused on events occurring during the elongation phase
of translation, and primarily during the aa-tRNA selection
and translocation steps of the translation elongation cycle;
accordingly, we confine the bulk of our discussion to the
conformational dynamics of the translational machinery
that are pertinent to aa-tRNA selection and translocation.
Specifically, in Section III, we discuss pre–steady state and
steady-state smFRET measurements of aa-tRNA selection,
which have allowed observation and characterization of the
conformational trajectory of aa-tRNA as it is selected and
accommodated into the ribosomal A site, revealing a crucial
intermediate that had previously evaded biochemical
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detection and has thus far eluded structural characteri-
zation due to its transient nature. Section IV focuses on
steady-state investigations of translocation-relevant con-
formational equilibria, which have led to the discovery
that many of the conformational rearrangements associ-
ated with translocation occur spontaneously and reversibly
upon peptide bond formation, with the ribosome possess-
ing the intrinsic capability of accessing functionally rel-
evant conformational states through thermal fluctuations
alone. The ability of translation factors and antibiotics to
modulate these equilibria – through the manipulation of
transition rates and stabilization/destabilization of partic-
ular conformational states – can be directly observed and
correlated with their ability to promote or inhibit translo-
cation, respectively. Finally, in Section V, we discuss recent
smFRET investigations that have extended these ideas to
the initiation, termination, and ribosome recycling stages
of protein synthesis, providing evidence that modulation
of intrinsic ribosomal dynamics and conformational equi-
libria represents a common regulatory mechanism used by
translation factors during all stages of protein synthesis.
A dynamic picture of the translating ribosome emerges
in which thermal fluctuations drive spontaneous ribosome
and tRNA motions that form the basis for ribosome func-
tion. Addition of translation factors to this mechanistic
foundation provides a means by which to modulate, accel-
erate, guide the directionality, and increase the efficiency
of these intrinsic processes, thereby accomplishing highly
regulated and tightly controlled protein synthesis.

II. DESIGN OF SMFRET EXPERIMENTS

II.1 Site-Specific Fluorescent Labeling
of Translation Components

Preparation of fluorescently labeled translation compo-
nents is the starting point for any smFRET investigation
of ribosome conformational dynamics (Fei et al., 2010).
Donor and acceptor fluorophore pairs can be conjugated
to tRNAs, translation factors, the ribosome, or any com-
bination thereof, with the choice of labeled components
depending on the particular molecular interaction(s) or
conformational rearrangement(s) to be monitored. The
design of a mechanistically informative labeling scheme
relies heavily on X-ray crystallographic and cryo-EM struc-
tural models, which are used to choose labeling positions
that will allow sensitive detection of the conformational
change of interest without perturbing biochemical activity.
Site-specific labeling of translation components is critical
for being able to interpret changes in FRET efficiency in
molecular detail as corresponding to movement of a par-
ticular ribosomal domain or the formation of a particu-
lar inter-molecular interaction. Consequently, numerous
labeling strategies have been developed, which have helped
to increase the scope of smFRET studies of ribosome

conformational dynamics, allowing researchers to probe
various structural transitions.

Donor and acceptor fluorophores have been cova-
lently attached to tRNA species at naturally occurring,
post-transcriptionally modified nucleotides within the
molecule’s central elbow region, or to the amino acid linked
to the 3′-terminal aminoacyl acceptor stem of the tRNA
(Sytnik et al., 1999; Blanchard et al., 2004b). Transla-
tion factors can be fluorescently labeled at unique cysteine
residues or unnatural amino acids that have been incor-
porated at appropriate positions on the molecule’s surface
(Wang et al., 2007; Munro et al., 2009b; Sternberg et al.,
2009). Fluorescent labeling of the ribosome itself has been
achieved by two major approaches. In the first, purified
ribosomal proteins (r-proteins) are fluorescently labeled
and subsequently reconstituted in vitro with ribosomal sub-
units (Hickerson et al., 2005; Fei et al., 2009). In the second
approach, helical extensions engineered into ribosomal
RNA (rRNA) stem-loops are hybridized to a comple-
mentary fluorescently labeled oligonucleotide (Dorywalska
et al., 2005).

II.2 Surface Immobilization of Ribosomal Complexes
and smFRET Imaging

Once fluorescently labeled translation components have
been prepared and their biochemical activities have been
confirmed to be unimpaired by labeling, smFRET imaging
typically requires immobilization of ribosomal complexes
on the surface of a polymer-passivated microscope slide.
Quartz microscope slides can be passivated with a mixture
of polyethylene glycol (PEG) and biotin-PEG (Ha et al.,
2002), thereby allowing specific attachment of biotinylated
ribosomal complexes through a biotin-streptavidin-biotin
linkage (Blanchard et al., 2004b). Most frequently, riboso-
mal complexes are assembled on a 5′-biotinylated mRNA
molecule (or a 3′-biotinylated oligonucleotide hybridized
to the mRNA 5′ end), which serves as the attachment point
between ribosome and surface (Figure 6.1). An alterna-
tive approach has been reported whereby the 3′ end of
the large 50S subunit 23S rRNA can be oxidized, biotiny-
lated, and used as the anchor point (Stapulionis et al.,
2008).

Stable attachment of fluorescently labeled ribosomal co-
mplexes to the slide surface permits acquisition of smFRET
versus time trajectories from single ribosomes, with an
observation time (seconds to minutes) that is often lim-
ited by photobleaching of the organic fluorophores. Total
internal reflection (TIR) illumination is generally used
for excitation of donor fluorophores within single riboso-
mal complexes; when combined with wide-field imaging,
this approach allows acquisition of smFRET versus time
data from hundreds of ribosomal complexes simultane-
ously (see Chapter 1). Importantly, the biochemical activi-
ties of ribosomes immobilized using the methods described
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FIGURE 6.1: Surface immobilization strategy. Quartz flow cells are first passivated with a mixture of
PEG and biotin-PEG. This passivated flow cell is incubated with streptavidin prior to use. Fluorescently
labeled ribosomal complexes are immobilized on the surface via a biotin-streptavidin-biotin interaction.

in the previous paragraph remain intact; surface-tethered
ribosomes have been demonstrated to be active in the indi-
vidual steps of translation initiation (Marshall et al., 2008;
Marshall et al., 2009), elongation (Blanchard et al., 2004b;
Stapulionis et al., 2008), termination, and ribosome recy-
cling (Sternberg et al., 2009).

III. AMINOACYL-TRNA SELECTION

III.1 Selection of aa-tRNA by the Ribosome

During each elongation cycle in protein synthesis, an aa-
tRNA is delivered to the ribosome in a “ternary complex”
with elongation factor Tu (EF-Tu) and GTP. Based on
biochemical experiments, a kinetic model has been for-
mulated that details the stepwise progression of aa-tRNA
into the ribosomal A site during aa-tRNA selection, cul-
minating in accommodation of aa-tRNA into the peptidyl
transferase center and peptide bond formation (reviewed
in Rodnina et al. [2005]). One of the first applications of
smFRET to the study of protein synthesis allowed direct
visualization of aa-tRNA selection by the ribosome, using
fluorophore-labeled tRNAs as FRET probes to follow
the conformational trajectory of the incoming aa-tRNA
in real time (Blanchard et al., 2004a). This study added
important mechanistic details to our understanding of how
the ribosome rapidly and efficiently selects the correct

aa-tRNA, thereby ensuring faithful incorporation of the
mRNA-encoded amino acid into the growing polypeptide
chain, and highlighted the role of aa-tRNA dynamics in the
selection process.

Selection of the cognate (correct) aa-tRNA from a pool
of competitor near-cognate (one mismatch at a non-wobble
position) and non-cognate (at least two mismatches)
aa-tRNAs is performed rapidly and efficiently by the ribo-
some, with an error rate of approximately 1 out of every
1,000 to 10,000 amino acids incorporated into the polypep-
tide (Parker, 1989). Such a high level of discrimination
between correct and incorrect aa-tRNAs, which can differ
by as little as a single Watson-Crick base pair within the
codon-anticodon duplex, cannot be explained based solely
on differences in the free energy of codon-anticodon for-
mation (Grosjean et al., 1978). Biochemical experiments
have shed light on the mechanisms through which the ribo-
some can achieve such a high degree of selectivity. A kinetic
proofreading strategy is exploited whereby the ribosome
discriminates in favor of cognate aa-tRNAs at two indepen-
dent selection steps termed “initial selection” and “proof-
reading,” which are separated by the chemical step of GTP
hydrolysis (Hopfield, 1974; Thompson and Stone, 1977).
Furthermore, during both initial selection and proofread-
ing, induced-fit mechanisms act to preferentially select for
the cognate aa-tRNA (reviewed in Daviter et al. [2006]).
Correct base pairing of the codon-anticodon duplex within
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FIGURE 6.2: Kinetic model for aa-tRNA selection. Step 0→1: Initial binding of the EF-Tu(GTP)aa-tRNA ternary complex to the ribo-
some via interactions between EF-Tu and the L7/L12 stalk. Step 1→2: Formation of codon-anticodon interaction at the decoding
center on the 30S subunit. Step 2→3: GTPase activation. At this stage, the ternary complex can either dock into the GTPase center
on the 50S subunit (k3) or be rejected from the ribosome (k3

′). Step 3→4: GTP hydrolysis by EF-Tu. Step 4→5: Release of Pi from
EF-Tu. Step 5→6: EF-Tu conformational change from its GTP-bound form to its GDP-bound form. Step 6→7: aa-tRNA is released from
EF-Tu, which dissociates from the ribosome (k7

′). aa-tRNA can either accommodate into the peptidyl transferase center (k7) or be
rejected and dissociate from the ribosome (k7

′ ′). Step 7→8: Peptidyl transfer between P- and A-site tRNAs (k8). Figure adapted from
Frank and Gonzalez (2010), copyright C© 2010 Annual Reviews.

the small 30S ribosomal subunit’s decoding center induces
specific conformational rearrangements of the tRNA and
ribosome that accelerate its forward progression through
the reaction pathway compared to non- or near-cognate
aa-tRNAs.

The detailed kinetic model for aa-tRNA selection by
the ribosome is depicted schematically in Figure 6.2 (for a
review, see Rodnina and Wintermeyer [2001]). The ternary
complex initially binds to the ribosome through protein-
protein interactions between EF-Tu and the ribosomal
L7/L12 stalk (k1/k-1), followed by formation of the codon-
anticodon interaction within the 30S ribosomal subunit’s
decoding center (k2/k-2). Subsequent GTPase activation of
EF-Tu (k3), which is rate-limiting for GTP hydrolysis (k4),
is selectively accelerated in response to recognition of a cog-
nate codon-anticodon interaction through an induced-fit
mechanism. Non- and near-cognate aa-tRNAs, in contrast,
have a lower probability of advancing past this initial selec-
tion step as a result of a lower rate of GTPase activation
(slower k3) as well as an increased rate of ternary complex
dissociation (faster k3′ ), owing to weaker interactions with
the ribosome. These effects lead to near-complete discrim-
ination against non-cognate aa-tRNAs during initial selec-
tion. Following GTPase activation and GTP hydrolysis
by EF-Tu, inorganic phosphate (Pi) is released (k5), EF-
Tu undergoes a conformational change to its GDP-bound
form (k6), and ultimately dissociates from the ribosome
(k7

′). The GDP-bound form of EF-Tu has a low affinity for
aa-tRNA; consequently, the 3′-terminus of the aa-tRNA is
released, and the aa-tRNA may either be accommodated
into the peptidyl-transferase center of the 50S ribosomal
subunit (k7) to form a peptide bond (k8) or be rejected
from the ribosome (k7

′′). An induced-fit mechanism oper-
ates during this proofreading step of aa-tRNA selection by
accelerating the rate of accommodation in response to a

cognate, but not a near-cognate, codon-anticodon inter-
action. In addition, the rate of dissociation (k7

′′) is faster
for more weakly bound near-cognate aa-tRNAs, further
decreasing the probability that they will be accommodated
into the peptidyl transferase center and allowed to partici-
pate in peptide bond formation.

III.2 Real-Time smFRET Observation
of aa-tRNA Selection

smFRET studies of aa-tRNA selection were designed and
interpreted within the biochemical framework described
in the previous section. The selection and incorporation
of aa-tRNA into single ribosomes was followed by mon-
itoring the time evolution of smFRET upon delivery of
acceptor-labeled EF-Tu(GTP)Phe-tRNAPhe ternary com-
plex (labeled with a Cy5 acceptor fluorophore at the
acp3U47 residue within tRNAPhe) to surface-immobilized
ribosomal initiation complexes bearing donor-labeled
fMet-tRNAfMet (labeled with a Cy3 donor fluorophore
at the s4U8 position within tRNAfMet) in the P site
(Figure 6.3a) (Blanchard et al., 2004a). FRET gener-
ated between donor and acceptor fluorophores on the
P site-bound fMet-(Cy3)tRNAfMet and incoming EF-
Tu(GTP)Phe-(Cy5)tRNAPhe showed rapid progression
from low to high FRET upon ternary complex binding
to the ribosome, with the final FRET value of ∼0.75 cor-
responding to full accommodation of Phe-(Cy5)tRNAPhe

into the peptidyl-transferase center (Figures 6.3b and 6.3c).
Dynamic fluctuations in the smFRET signal following
accommodation were observed and attributed to tRNA
dynamics after peptide bond formation (see Section IV).

The real-time evolution of smFRET observed dur-
ing aa-tRNA selection contains a wealth of information
concerning the conformational states through which the
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FIGURE 6.3: Selection of cognate aa-tRNA studied using tRNA-tRNA smFRET signal. (a) Cartoon repre-
sentation of tRNA-tRNA smFRET signal. Cognate EF-Tu(GTP)Phe-(Cy5)tRNAPhe is delivered to a surface-
immobilized initiation complex carrying fMet-(Cy3)tRNAfMet. (b) Sample Cy3 and Cy5 emission intensity
versus time trajectories are shown in green and red, respectively (top). The corresponding smFRET
versus time trajectory, FRET = ICy5/(ICy3 + ICy5), is shown in blue (bottom). (c) Contour plot of the time
evolution of population FRET, generated by superimposing the individual smFRET versus time traces
and post-synchronizing to the first observation of FRET ≥ 0.25. Contours are plotted from tan (low-
est population) to red (highest population). Molecules in the ∼0-FRET state arise from photobleaching,
blinking of Cy5, and dissociation of tRNA from the ribosome. Figure adapted from Blanchard et al.
(2004a), copyright C© 2004 Nature Publishing Group, with permission from Macmillan Publishers Ltd.

aa-tRNA transits as it is selected by the ribosome; structural
parameters (i.e., the relative distance between P- and
A-site tRNAs) as well as kinetic parameters (i.e., the tran-
sition rates between different states) can be extracted from
the smFRET versus time trajectories. Assignment of inter-
mediate FRET states to particular conformational states
was facilitated through the use of small-molecule inhibitors
of protein synthesis that stall the aa-tRNA selection pro-
cess at particular steps, and by programming the 30S sub-
unit’s A site with a near-cognate codon. In the presence of
the antibiotic tetracycline or a near-cognate A-site codon,
transient sampling of a low (∼0.35) FRET state was
observed, which was identified as the codon recognition
state in which the codon-anticodon interaction is formed
in the 30S subunit’s decoding center (Figures 6.4a and
6.4b). The non-hydrolyzable GTP analog GDPNP and
the antibiotic kirromycin were used to stall the ternary
complex immediately before and after GTP hydrolysis,
respectively, generating a mid-(∼0.5) FRET state where
EF-Tu is docked at the 50S subunit’s GTPase-associated
center (referred to hereafter simply as the GTPase

center) (Figures 6.4c and 6.4d). The transition from low
to mid FRET, therefore, represents GTPase activation of
EF-Tu. At this stage, aa-tRNA adopts the A/T configu-
ration, first characterized structurally by chemical prob-
ing (Moazed and Noller, 1989a) and later by cryo-EM (see
Chapter 7). Finally, the high- (∼0.75) FRET state, achieved
during uninhibited delivery of cognate EF-Tu(GTP)Phe-
(Cy5)tRNAPhe, corresponds to successful accommodation
of Phe-(Cy5)tRNAPhe into the peptidyl transferase center
and peptide bond formation (Figure 6.3).

The low-FRET codon recognition state was found to
represent a critical branchpoint in the mechanism used to
preferentially select cognate over near-cognate aa-tRNAs.
smFRET allowed direct observation of this intermediate –
which had not been resolved in bulk biochemical experi-
ments or in structural studies due to its transient nature –
and permitted real-time observation of the frequencies and
rates with which it is traversed by cognate versus near-
cognate aa-tRNAs. When the 30S subunit’s A site was
programmed with the cognate UUU codon, the major-
ity of EF-Tu(GTP)Phe-(Cy5)tRNAPhe progressed rapidly
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FIGURE 6.4: Single-molecule fluorescence intensities and smFRET versus time trajectories for aa-
tRNA selection under various conditions. Phe-(Cy5)tRNAPhe (in ternary complex with EF-Tu and GTP
or GDPNP) was stopped-flow delivered to ribosomal initiation complexes carrying fMet-(Cy3)tRNAfMet

at the P site. Cy3 and Cy5 emission intensity versus time trajectories are shown in green and red,
respectively (top). The corresponding smFRET versus time trajectories, FRET = ICy5/(ICy3 + ICy5), are
shown in blue (bottom). (a) Stopped-flow delivery of cognate ternary complex in the presence of 100
μM tetracycline. (b) Stopped-flow delivery of near-cognate ternary complex. (c) Stopped-flow delivery
of near-cognate aa-tRNA as a ternary complex with EF-Tu(GDPNP). (d) Stopped-flow delivery of cognate
ternary complex in the presence of 200 μM kirromycin. (e) Stopped-flow delivery of cognate ternary
complex in the presence of 50 μM thiostrepton. (f) Stopped-flow delivery of cognate ternary complex to
ribosomal complexes cleaved at the sarcin-ricin loop (SRL). Figures (a), (b), (d) and (f) are reproduced
from Blanchard et al. (2004a), copyright C© 2004 Nature Publishing Group, with permission from Macmil-
lan Publishers Ltd., Figure (c) is reproduced from Lee et al. (2007), copyright C© 2007 National Academy
of Sciences, U.S.A., and Figure (e) is reproduced from Gonzalez et al. (2007), copyright C© 2007 RNA
Society.

through the codon recognition state (low FRET) en route
to GTPase activation (mid FRET) and accommodation
(high FRET) (Figure 6.3). In the presence of a near-cognate
CUU codon, however, the majority of incoming ternary
complexes are unable to progress past the codon recogni-
tion state, instead only transiently sampling this state

before dissociating from the ribosome (Figure 6.4b). For
near-cognate ternary complexes, sampling of the low-
FRET codon recognition state was followed by a transi-
tion to higher FRET values only 11% of the time, versus
65% of the time for cognate ternary complexes. Further-
more, analysis of rates exiting the codon recognition state
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demonstrated that near-cognate ternary complexes have
both a higher rate of dissociation compared with cognate
ternary complexes (klow→0; 16.2 sec− 1 versus 6.4 sec− 1,
respectively) and also a slower rate of transit to the GTPase-
activated state (klow→mid; 2 sec− 1 versus 11.8 sec− 1, respec-
tively). These observations shed light on the induced-fit
mechanism that acts to stabilize the binding of a cog-
nate ternary complex and to accelerate its GTPase acti-
vation. Formation of the cognate codon-anticodon inter-
action specifically accelerates transit from the low- to the
mid-FRET state. Therefore, the allosteric mechanism link-
ing cognate codon-anticodon recognition in the decoding
center to enhanced rates of GTPase activation by EF-Tu
involves a movement of aa-tRNA toward the P site, allow-
ing productive interactions to be made between the ternary
complex and the 50S subunit’s GTPase center that stimu-
late EF-Tu’s GTP hydrolysis activity.

III.3 Thermally Driven Fluctuations of the Ribosome-
tRNA Complex Permit Sampling of Conformational
States Along the aa-tRNA Selection Pathway

The kinetic barrier separating the low-FRET codon recog-
nition state from the mid-FRET GTPase-activated state
is overcome through large thermal fluctuations of the
ternary complex-bound ribosomal complex. This fea-
ture of initial selection was highlighted by higher-time-
resolution smFRET measurements of the delivery of EF-
Tu(GDPNP)Phe-(Cy5)tRNAPhe to ribosomal initiation
complexes carrying fMet-(Cy3)tRNAfMet in the P site (Lee
et al., 2007). In the presence of GDPNP, both cognate and
near-cognate aa-tRNAs were found to fluctuate reversibly
between the low- and mid-FRET states, reporting on
attempts by the ternary complex to form stabilizing con-
tacts with the GTPase center of the 50S subunit (Fig-
ure 6.4c). Stabilization of a long-lived mid-FRET state
was interpreted to correspond to successful docking of the
ternary complex at the GTPase center, where all stabiliz-
ing contacts between the ribosome and ternary complex
required for GTPase activation have been formed. Specif-
ically, interactions of the ternary complex with ribosomal
proteins L10, L7/L12, L11 and its associated 23S rRNA,
and the sarcin-ricin loop of 23S rRNA presumably play
important roles in this stabilization. Short-lived excursions
of the ternary complex to mid FRET, with lifetimes less
than 100 ms were also observed (Figure 6.4c). These were
interpreted as unsuccessful attempts to dock at the GTPase
center, in which only a subset of the requisite stabiliz-
ing interactions are formed; this short-lived mid-FRET
state was termed the pseudo-GTPase-activated state. Both
cognate and near-cognate aa-tRNAs fluctuate rapidly into
and out of the pseudo-GTPase-activated state before suc-
cessful stable binding to the GTPase center. However,
detailed kinetic analysis revealed that cognate aa-tRNAs
fluctuate to mid FRET more often than near-cognate

aa-tRNAs (27 attempts s− 1 versus 8 attempts s− 1, respec-
tively). Additionally, fluctuations to mid FRET were more
likely to result in successful docking for cognate as com-
pared with near-cognate aa-tRNA; on average, cognate aa-
tRNAs underwent two attempts per every successful dock-
ing event, compared to four for near-cognate aa-tRNA.
These findings imply that the induced-fit rearrangements
of the ribosomal complex triggered by cognate codon-
anticodon interactions position the cognate ternary com-
plex in a favorable orientation, such that fluctuations to
the GTPase-activated state can occur more readily and
with a higher probability of success. These results, in addi-
tion to highlighting the role of thermal fluctuations in aa-
tRNA selection, emphasized the dynamic and inherently
reversible nature of kinetic steps in the early stages of the
aa-tRNA selection pathway.

Dynamic fluctuations of the tRNA-tRNA smFRET sig-
nal, corresponding to transient sampling of conformational
states in the aa-tRNA selection pathway, have also been
observed for ternary complexes stalled at mid FRET before
and after GTP hydrolysis using GDPNP and the antibi-
otic kirromycin, respectively (Blanchard et al., 2004a).
Kirromycin binds directly to EF-Tu and permits GTPase
activation and GTP hydrolysis but blocks the subsequent
conformational change of EF-Tu to its GDP-bound form.
In the presence of either GDPNP or kirromycin, residency
at the mid-FRET state is interrupted by brief excursions
to both the low- and high-FRET states (Figure 6.4d). This
behavior hints at the ability of the aa-tRNA to sample
relevant conformational states of the reaction pathway
even in the absence of GTP hydrolysis or EF-Tu’s con-
formational change. It is tempting to speculate, then, that
EF-Tu and GTP hydrolysis may not be strictly required
for incorporation of aa-tRNA into the ribosomal A site.
Perhaps the requisite aa-tRNA-ribosome interactions can
be made, and the relevant conformational states sampled,
even without EF-Tu. In support of this notion, factor-free
translation from a poly(U) template can occur in vitro,
albeit at a much slower rate than in the presence of transla-
tion factors and GTP (Pestka, 1969; Gavrilova and Spirin,
1971). In this view, aa-tRNA selection by the primordial
ribosome may have predated the evolution of translation
factors, and EF-Tu may have evolved later to increase the
speed, directionality, and fidelity of this process.

III.4 Regulation of aa-tRNA Selection by Antibiotics,
Ribosome Structural Elements, and Amino
Acid–tRNA Pairing

As described in the previous sections, the tRNA-tRNA
smFRET signal allows direct observation of aa-tRNA’s
stepwise movement through the various conformational
states that comprise the aa-tRNA selection process. As
such, it provides a powerful experimental framework for
investigating the effects of ribosome-targeting antibiotics
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that interfere with aa-tRNA selection. This approach has
proved useful in identifying the particular stage at which
antibiotics act, as well as the kinetic mechanism by which
they interfere with protein synthesis. As already discussed,
the antibiotic tetracycline, whose primary binding site is
located near the 30S subunit’s A site (Brodersen et al.,
2000; Pioletti et al., 2001), was shown to block progres-
sion of the ternary complex from the low-FRET codon
recognition state to the mid-FRET GTPase-activated
state. Upon sampling of a cognate or near-cognate codon-
anticodon interaction in the presence of tetracycline,
ternary complexes dissociate rapidly from the ribosome
(Figure 6.4a). In contrast, thiostrepton, a thiazole antibi-
otic that binds to ribosomal protein L11 and the associated
rRNA helices H43 and H44 of the 50S subunit’s GTPase
center (Harms et al., 2008), exerts its inhibitory action
at the mid-FRET state (Figure 6.4e) (Gonzalez et al.,
2007). This drug does not affect progression of the EF-
Tu(GTP)Phe-(Cy5)tRNAPhe ternary complex through the
codon recognition state, but instead prevents stable bind-
ing of the ternary complex at the GTPase center, with
an observed mid-FRET lifetime of ∼26 ms. Therefore,
thiostrepton likely acts by blocking stabilizing contacts
between the ternary complex and the L11 protein and/or
L11-associated rRNA. Consequently, the ternary complex
is unable to progress past the mid-FRET state, instead
being rejected from the GTPase center and retracing its
steps back through the codon recognition state before dis-
sociating from the ribosome.

Comparison of these results with smFRET data col-
lected using ribosomes with a cleaved sarcin-ricin loop has
aided in the assignment of specific functional roles to dis-
tinct structural components of the ribosome’s GTPase cen-
ter. The sarcin-ricin loop represents an important com-
ponent of the GTPase center, which has been shown to
interact with EF-Tu’s guanine nucleotide-binding domain
(Schmeing et al., 2009; Villa et al., 2009). Like binding of
thiostrepton, cleavage of the sarcin-ricin loop blocks pro-
gression of the EF-Tu(GTP)Phe-(Cy5)tRNAPhe ternary
complex past the mid-FRET state, but through an entirely
different mechanism (Blanchard et al., 2004a). In the case of
a cleaved sarcin-ricin loop, ternary complexes transit to the
GTPase center but become trapped there (Figure 6.4f ),
with a lifetime of ∼8–12 s, in contrast to the transient
(∼26 ms) excursions to the GTPase center observed in
the presence of thiostrepton. A model thus emerges in
which the L11 region mediates stable binding of the ternary
complex to the GTPase center, whereas the sarcin-ricin
loop stimulates EF-Tu’s GTP hydrolysis activity (Gonza-
lez et al., 2007).

Another, recent application of the tRNA-tRNA
smFRET signal has been to explore the role of amino acid
identity and amino acid–tRNA pairing in the selection pro-
cess (Effraim et al., 2009). Using a ribozyme capable of mis-
acylating tRNAs with non-native amino acids, misacylated

Ala-tRNAPhe and Lys-tRNAPhe were prepared and shown
to be efficiently selected by the ribosome, capable of partic-
ipating in peptide bond formation to nearly the same extent
as correctly charged Phe-tRNAPhe in a dipeptide formation
assay. However, competition experiments in which riboso-
mal initiation complexes were presented with an equimo-
lar mixture of correctly charged and misacylated tRNAPhe

demonstrated that the ribosome is capable of discriminat-
ing between the two species, leading to a slight preferential
selection of tRNAPhe charged with its native amino acid
(Phe-tRNAPhe was selected 3.7- and 2.2-fold more effi-
ciently than Ala-tRNAPhe and Lys-tRNAPhe, respectively).
This indicated that during aa-tRNA selection, the ribo-
some is sensitive to not only the codon-anticodon pairing,
but also to the amino acid’s identity and/or the specific
amino acid–tRNA pairing.

Experiments utilizing the tRNA-tRNA smFRET sig-
nal revealed the molecular basis of this subtle discrim-
ination. Sub-population analysis led to the classification
of smFRET trajectories into two categories: trajectories
exhibiting productive binding events that result in accom-
modation and peptide bond formation, and trajectories
in which multiple A site sampling events were observed,
none of which lead to full accommodation of aa-tRNA
during the observation period. An increase in the latter
sub-population was observed for both Ala-(Cy5)tRNAPhe

and Lys-(Cy5)tRNAPhe compared with Phe-(Cy5)tRNAPhe

(this sub-population accounts for 52% and 44% of the
trajectories, respectively, compared with 16% for Phe-
(Cy5)tRNAPhe), which closely mirrored the 3.7- and
2.2-fold enhanced selection efficiency of Phe-tRNAPhe

compared to the misacylated species in the biochemical
competition experiments. Therefore, the increased fre-
quency of unproductive A-site sampling events points to
the ribosome’s capacity to sense amino acid identity and/or
amino acid–tRNA pairing at an early stage in the aa-tRNA
selection process, thereby discriminating against certain
incorrectly charged tRNAs. This application of the tRNA-
tRNA smFRET signal provides an important starting point
for mechanistic studies of the translational machinery’s
response to tRNAs charged with unnatural amino acids
that are poorly incorporated into proteins. A more detailed
mechanistic understanding of how the ribosome discrimi-
nates against unnatural amino acids could facilitate biomed-
ically relevant protein-engineering applications by aiding
in the design of unnatural amino acid-tRNA pairings and,
ultimately, mutant ribosomes that yield increased incorpo-
ration efficiencies.

IV. MRNA-TRNA TRANSLOCATION

IV.1 Transit of mRNA and tRNAs Through the Ribosome

After accommodation of aa-tRNA into the A site, pep-
tide bond formation occurs rapidly, thereby transferring
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FIGURE 6.5: Kinetic model for translocation. Step 0→1: Following peptide bond formation, the PRE
complex exists in a dynamic equilibrium between Global State 1 (GS1) and Global State 2 (GS2). Sponta-
neous conformational changes characterizing the GS1→GS2 transition include movement of the accep-
tor stems of A- and P-site tRNAs to the P and E sites on the 50S subunit, closing of the L1 stalk (dark
blue), and a rotational movement of the 30S subunit relative to the 50S subunit. Step 1→2: Binding of
EF-G(GTP) stabilizes GS2. Step 2→3: GTP hydrolysis by EF-G. Step 3→4: Further conformational rear-
rangements of the ribosome and EF-G that occur subsequent to GTP hydrolysis and facilitate translo-
cation (Savelsbergh et al., 2003). Step 4→5: Translocation of mRNA and tRNAs on the 30S subunit
and release of EF-G(GDP) and Pi. Adapted from Frank and Gonzalez (2010), copyright C© 2010 Annual
Reviews.

the nascent polypeptide to the A-site tRNA and deacy-
lating the P-site tRNA. The resulting complex, referred
to as the pretranslocation (PRE) complex, is the substrate
for elongation factor G (EF-G)-catalyzed translocation of
the mRNA-tRNA complex through the ribosome by pre-
cisely one codon. This translocation event moves A-site
and P-site tRNAs into the P and E sites, respectively, and
places the next mRNA codon into the decoding center so
that it may be recognized by a new ternary complex in
the next elongation cycle. The resulting ribosomal com-
plex, bearing a peptidyl-tRNA in the P site and an empty
A site, is referred to as a post-translocation (POST) com-
plex (see Figure 6.5, which summarizes the kinetic steps
of the translocation process). Conformational dynamics
within the PRE and POST complexes has been the sub-
ject of intensive investigation by smFRET, and the results
from these studies have enhanced our understanding of the
mechanism and regulation of translocation. In particular,
detailed smFRET investigations of conformational rear-
rangements of the PRE complex have provided direct evi-
dence that translation factors and antibiotics are able to
accelerate or impede translocation through specific modu-
lation of the ribosome’s dynamic conformational equilibria.

IV.2 Conformational Rearrangements of the
Pretranslocation Complex Required for Translocation

Large-scale conformational rearrangements of PRE com-
plexes were initially identified through biochemical,
ensemble FRET, and cryo-EM structural studies. Chem-
ical probing experiments led to the discovery – subse-
quently corroborated by ensemble FRET measurements –
that upon peptide bond formation, tRNAs spontaneously
transition into intermediate “hybrid” configurations on the

ribosome, in which the 3′-terminal acceptor ends of the
A- and P-site tRNAs occupy the large subunit P and E
sites, respectively, while their anticodon stem loops remain
bound at the small subunit A and P sites (termed A/P
and P/E hybrid states, respectively) (Moazed and Noller,
1989b; Odom et al., 1990). Subsequent movement of the
tRNA anticodon stems with respect to the 30S subunit,
coupled with movement of the associated mRNA, is cat-
alyzed by EF-G(GTP).

Cryo-EM reconstructions of PRE complex analogs con-
taining vacant A sites (PRE− A complexes) and stabilized
through the binding of EF-G(GDPNP) allowed visualiza-
tion of the P-site tRNA bound in the P/E hybrid config-
uration and led to the discovery of additional large-scale
conformational rearrangements of the PRE complex pos-
sibly associated with hybrid state formation (Frank and
Agrawal, 2000; Valle et al., 2003). Comparison of cryo-
EM reconstructions of PRE− A complexes in the pres-
ence and absence of EF-G(GDPNP) revealed three major
conformational changes, highlighted in Figure 6.6. These
were: (1) the aforementioned movement of deacylated P-
site tRNA from the classical P/P to the hybrid P/E bind-
ing configuration; (2) movement of the universally con-
served L1 stalk domain of the 50S E site ∼20 ´̊A toward
the inter-subunit space, thereby establishing an inter-
molecular interaction with the elbow of the P/E tRNA;
and (3) a counter-clockwise ratchet-like rotation of the 30S
subunit with respect to the 50S subunit (when viewed from
the solvent side of the 30S subunit). The global confor-
mational states of the PRE− A complex observed by cryo-
EM in the absence and presence of EF-G(GDPNP) will
be referred to here as Global State 1 (GS1) and Global
State 2 (GS2), respectively (Fei et al., 2008); we note that
the analogous terms Macrostate I (MSI) and Macrostate II
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FIGURE 6.6: Conformational rearrangements within the PRE complex inferred
from cryo-EM reconstructions. Images of the PRE complex analog (PRE− A) in the
absence (left panel) and in the presence (right panel) of EF-G(GDPNP) reveal con-
formational rearrangements (middle panel), which include transition of the P-site
tRNA from the classical to the hybrid binding configuration, counter-clockwise
rotation of the 30S subunit relative to the 50S subunit (middle panel, top), and
closing of the L1 stalk (middle panel, bottom). Adapted from Valle et al. (2003),
copyright C© 2003 Cell Press, with permission from Elsevier.

(MSII) are also in frequent use throughout the literature
(Frank et al., 2007). The conformational changes charac-
terizing the GS1→GS2 transition likely play a major role
in facilitating the translocation reaction. Indeed, biochem-
ical evidence lends support to the notion that GS2 repre-
sents an authentic on-pathway translocation intermediate
(Dorner et al., 2006; Horan and Noller, 2007). It had been
suggested early on that large-scale conformational rear-
rangements of PRE complexes – in particular a relative
movement of the subunits, inferred from the ribosome’s
universally conserved two-subunit architecture (Bretscher,
1968; Spirin, 1968) – underlie the translocation of mRNA
and tRNAs through the ribosome, and the cryo-EM data
provided important validation of this idea.

IV.3 Spontaneous and Reversible Conformational
Fluctuations of the Pretranslocation Complex
are Thermally Driven

Numerous fluorophore-labeling strategies have been
designed to investigate the conformational changes of PRE
and PRE− A complexes by smFRET, a subset of which
will be discussed here (Figure 6.7). smFRET between
elbow-labeled A- and P-site tRNAs was shown early on
to report on the occupancy of the classical (∼0.74 FRET)
or hybrid (∼0.45 FRET) states (Blanchard et al., 2004b).
L1 stalk movement from an open to a closed conformation
has been tracked through smFRET between fluorophores
attached to ribosomal proteins L1 and L9 (Fei et al., 2009)
(an L1-L33 smFRET signal has also been used for this

purpose in an independent study [Cornish et al., 2009]).
Based on cryo-EM reconstructions of the L1 stalk in the
open and closed states, an L1-L9 smFRET state centered
at ∼0.56 FRET was assigned to the open L1 stalk con-
formation, while a second state centered at ∼0.34 FRET
was assigned to the closed conformation. In the closed
conformation, the L1 stalk can form inter-molecular con-
tacts with the elbow region of P/E hybrid tRNA; smFRET
signals between fluorophore-labeled L1 and P-site tRNA
were developed to report on the formation (high FRET,
∼0.84) and disruption (low FRET, ∼0.21) of these con-
tacts (Fei et al., 2008; Munro et al., 2009a). Finally, inter-
subunit rotation has been monitored through smFRET
between dye-labeled ribosomal proteins reconstituted with
the small and large subunits. Results obtained with an
S6(Cy5)-L9(Cy3) construct will be described below, in
which smFRET states centered at ∼0.56 and ∼0.4 FRET
were assigned to the non-rotated and rotated conforma-
tions, respectively (Ermolenko et al., 2007a; Cornish et al.,
2008).

PRE and PRE− A complexes are prepared via pep-
tidyl transfer from the P-site tRNA to either aa-tRNA or
the antibiotic puromycin at the A site, respectively (Fei
et al., 2008; Munro et al., 2009a)). Puromycin mimics
the 3′-terminal acceptor stem of aa-tRNA, participating
in peptide bond formation to deacylate the P-site tRNA
before dissociating from the ribosome (Traut and Monro,
1964). Steady-state smFRET measurements of PRE and
PRE− A complexes using the previously described donor-
acceptor labeling schemes yield the striking observation of
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FIGURE 6.7: Positions of the translational machinery labeled with donor (D)/acceptor (A) fluorophore pairs in smFRET studies of
translocation. The 70S ribosome (PDB ID: 2J00 and 2J01) carrying A- and P-site tRNAs (in purple and red, respectively) (left panel)
is split into 30S and 50S subunits (in tan and lavender, respectively), which are viewed from the inter-subunit space (right panel).
D1: s4U8 of P-site tRNAfMet; A1: acp3U47 of A-site tRNAPhe. D2: position 11 within N11C single-cysteine mutant of r-protein L9; A2:
position 41 within D41C single-cysteine mutant of r-protein S6. D3: position 18 within Q18C single-cysteine mutant of r-protein L9;
A3: position 202 within T202C single-cysteine mutant of r-protein L1. D4: position 29 within T29C single-cysteine mutant of r-protein
L33; A4: position 88 within A88C single-cysteine mutant of r-protein L1. D5: acp3U47 of P-site tRNAPhe; A5: position 202 within T202C
single-cysteine mutant of r-protein L1, or position 55 within S55C single-cysteine mutant of L1. D6: helix 44 of 16S rRNA (nucleotides
1450-1453); A6: Helix 101 of 23S rRNA (nucleotides 2853-2864). Figure adapted from Frank and Gonzalez (2010).

spontaneous and stochastic conformational fluctuations,
corresponding to dynamic and reversible exchange between
classical and hybrid configurations of the tRNAs, open and
closed conformations of the L1 stalk, formation and disrup-
tion of L1-tRNA interactions, and rotated and non-rotated
inter-subunit orientations (Figure 6.8). These large-scale
conformational rearrangements, which require extensive
remodeling of RNA-RNA, protein-protein, and RNA-
protein interactions, are observed to occur spontaneously,
driven solely by thermal energy.

Each smFRET signal is consistent with a specific confor-
mational change associated with the GS1→GS2 transition
characterized by cryo-EM; taken together, the smFRET
signals, therefore, imply spontaneous fluctuations of the
entire PRE complex between the GS1 and GS2 confor-
mational states. These results suggest that transition to
GS2 – and thus forward progression along the translo-
cation reaction coordinate – can occur in the absence of
EF-G and GTP hydrolysis. Indeed, full rounds of spon-
taneous translocation have been observed in vitro in a
factor-free environment, in which the ribosome moves
slowly but directionally along the mRNA template to
generate polypeptides of defined length (Gavrilova et al.,
1976). It seems, therefore, that many, if not all, of the
conformational rearrangements required for translocation
can be accessed with the input of thermal energy alone.
Fluctuations of the PRE complex observed by smFRET
represent dynamic events likely important for promoting
mRNA and tRNA movement during translocation; these

fluctuations may thus increase the probability that sponta-
neous translocation will occur.

Conformational fluctuations within the PRE complex
appear to be triggered by deacylation of the P-site peptidyl-
tRNA, an “unlocking” event that prepares the ribosome
for movement of the mRNA-tRNA complex by one codon
(Valle et al., 2003). Following translocation, the ribo-
some is converted back to a “locked” state in which large-
scale dynamics appear to be largely suppressed (with the
exception of L1 stalk dynamics, which are important for
E-site tRNA release and will be discussed in depth in Sec-
tion IV.6). This suppression of conformational dynamics is
evident from smFRET interrogation of POST complexes
containing a peptidyl-tRNA at the P site. Structural fea-
tures characteristic of GS1 appear to predominate in POST
complexes, with a large majority of ribosomes observed to
be fixed in a non-rotated state with a strong preference for
the classical tRNA configuration (Ermolenko et al., 2007a;
Cornish et al., 2008).

Multiple cycles of ribosome locking and unlocking
during translation elongation have been observed using
an inter-subunit smFRET signal consisting of fluores-
cently labeled oligonucleotides hybridized to helical exten-
sions engineered into h44 of 16S rRNA within the 30S
subunit and H101 of 23S rRNA within the 50S sub-
unit (Figure 6.7) (Marshall et al., 2008; Aitken and
Puglisi, 2010). Using the H101(Cy5)-h44(Cy3) labeling
scheme, peptide bond formation and ribosome unlock-
ing are signaled by a high→low FRET transition, whereas
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a b c d

FIGURE 6.8: Conformational dynamics within PRE complexes studied using different smFRET probes. Cartoon representation (top
row) of PRE complexes labeled at different positions (see Figure 6.7) for studying (a) tRNA dynamics using D1/A1; (b) L1 stalk dynam-
ics using D3/A3; (c) formation and disruption of intermolecular contacts between the L1 stalk and P-site tRNA using D5/A5; and (d)
inter-subunit rotation using D2/A2. Cy3 and Cy5 emission intensities are shown in green and red, respectively (middle). The corre-
sponding smFRET traces, FRET = ICy5/(ICy3 + ICy5), are shown in blue (bottom). (a) adapted from Blanchard et al. (2004b), copyright
2004 National Academy of Sciences, U.S.A.; (b) adapted from Fei et al. (2009), copyright 2009 National Academy of Sciences, U.S.A.;
(c) adapted from Fei et al. (2008), copyright 2008 Cell Press, with permission from Elsevier; (d) adapted from Cornish et al. (2008),
copyright 2008 Cell Press, with permission from Elsevier.

subsequent translocation and re-locking of the ribosome
result in a low→high FRET transition (Figure 6.9).
Accordingly, the lifetime of the high-FRET locked state
was shown to decrease as a function of increasing ternary

complex concentration, whereas the lifetime of the low-
FRET unlocked state decreased as a function of increasing
EF-G(GTP) concentration. The locked conformation of
POST complexes may help prevent ribosome slipping and

FIGURE 6.9: Direct observation of locking and unlocking during multiple rounds of the elongation
cycle using the H101(Cy5)-h44(Cy3) smFRET signal. Locking and unlocking events during each round
of elongation were observed using the D6/A6 smFRET probes shown in Figure 6.7. A ribosomal 30S
initiation complex was immobilized via an mRNA coding for six phenylalanines (6F). The arrival of FRET
corresponds to 50S subunit joining during initiation and is followed by multiple cycles of high-low-high
FRET, each reporting on ribosome unlocking and locking during one round of elongation. Reproduced
from Aitken and Puglisi (2010), copyright C© 2010 Nature Publishing Group, with permission from Macmil-
lan Publishers Ltd.
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thus act to preserve the correct reading frame following
translocation. Additionally, the locked conformation may
facilitate selection of the next aa-tRNA and its precise posi-
tioning in the peptidyl transferase center. Following pep-
tide bond formation, the POST complex is unlocked and
converted to a dynamic PRE complex in which thermal
fluctuations power conformational rearrangements that are
required for translocation.

IV.4 Conformational Dynamics within Pretranslocation
Complexes are Modulated by Magnesium Ion
Concentration, tRNA Identity and Acylation State,
and Antibiotics

Single-molecule FRET versus time trajectories that report
on conformational fluctuations of the PRE complex contain
a wealth of mechanistic information, allowing determina-
tion of the number of states sampled, their equilibrium pop-
ulation distributions (Keq), and the transition rates between
states (i.e., kstate(i)→state(j)). This information, which would
be masked in bulk measurements due to the stochastic and
asynchronous nature of the conformational fluctuations,
is uniquely accessible to single-molecule techniques. Both
the equilibrium distribution of states and the transition
rates between states for the various conformational equilib-
ria characterizing GS1→←GS2 transitions were found to be
highly sensitive to experimental conditions, including the
concentration of Mg2 + ions, the absence, presence, iden-
tity, and acylation state of the tRNA ligands, the absence or
presence of translation factors, and the absence or presence
of ribosome-targeting antibiotics. Assuming that confor-
mational changes associated with the GS1→GS2 transition
are a fundamental part of the translocation process, these
observations suggest that specific control over ribosome
dynamics within the PRE complex, through the acceler-
ation/deceleration of conformational change and the sta-
bilization/destabilization of specific conformational states,
could provide an effective means for regulating the rate of
translocation. In this view, ribosomal ligands may function
by promoting or inhibiting conformational dynamics that
are intrinsic to the ribosomal complex. Indeed, as described
in the following paragraphs, the effect of changes in exper-
imental conditions on the rate of translocation is often cor-
related with the effect of those changes on PRE complex
dynamics.

The dynamic exchange of tRNAs between classical
and hybrid configurations necessarily requires the disrup-
tion and formation of multiple tRNA-rRNA and tRNA-
ribosomal protein interactions; this suggests that the clas-
sical→←hybrid tRNA equilibrium may be modulated by the
concentration of Mg2 + ions in solution because Mg2 + is
known to play a crucial role in the folding and stabiliza-
tion of RNA structures (Draper, 2004). Examination of the
classical→←hybrid tRNA equilibrium over a range of Mg2 +

concentrations (3.5 to 15 mM) within a PRE complex

FIGURE 6.10: Mg2 + -dependence of tRNA classical→←hybrid
dynamic equilibrium tRNA dynamics were observed using the
D1/A1 smFRET probes shown in Figure 6.7. The distribution
of FRET values is plotted as a function of Mg2 + concentra-
tion. FRET states centered at ∼0.4 and ∼0.75 FRET correspond
to hybrid and classical tRNA configurations, respectively. The
FRET state at ∼0 FRET arises from Cy5 blinking and photo-
bleaching. Reproduced from Kim et al. (2007), copyright C© 2007
Cell Press, with permission from Elsevier.

carrying N-acetyl-Phe(Cy5)tRNAPhe at the A site and dea-
cylated (Cy3)tRNAfMet at the P site revealed a Mg2 +

-dependent shift in the equilibrium distribution of clas-
sical and hybrid configurations (Kim et al., 2007). Specif-
ically, at low concentrations (3.5 mM) the hybrid config-
uration is favored. However, the equilibrium fraction of
the classical configuration increases with increasing con-
centration of Mg2 + , with the classical and hybrid configu-
rations becoming equally populated at ∼4 mM Mg2 + (Fig-
ure 6.10). Lifetime analysis revealed that this shift occurs
primarily through a Mg2 + -dependent stabilization of the
classical configuration, whose lifetime increases as a func-
tion of Mg2 + , whereas the lifetime of the hybrid con-
figuration is unaffected. In structural terms, this is inter-
preted to mean that classically bound tRNAs form a more
extensive and compact network of Mg2 + -stabilized tRNA-
rRNA and/or tRNA-ribosomal protein interactions. At
high Mg2 + concentrations (∼7 mM and above), the classi-
cal configuration is almost exclusively favored on account
of a decreased rate of classical→hybrid transitions. These
results offer a mechanistic explanation for the known
inhibitory and stimulatory effects, respectively, of high
and low Mg2 + concentration on the rate of translocation.
At very high Mg2 + concentrations (∼30 mM), transloca-
tion is blocked almost entirely, even in the presence of
EF-G(GTP) (Spirin, 1985), which can be rationalized by a
Mg2 + -induced stalling of the classical→hybrid tRNA tran-
sition evidenced by smFRET. At the other extreme of low
Mg2 + (∼3 mM), spontaneous translocation can proceed
rapidly (Spirin, 1985), an effect presumably linked to the
accelerated rate of the classical→hybrid transition under
low-Mg2 + conditions. Thus, smFRET evidence suggests
that the rate of the classical→hybrid tRNA transition is
closely linked with the rate of translocation, implying that
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under certain conditions, movement of tRNAs into their
hybrid configuration may represent a rate-limiting step for
translocation of mRNA and tRNAs through the ribosome.

Changes in the acylation state and identity of the P-
and A-site tRNAs within PRE complexes have similarly
been found to influence the energetics of its conforma-
tional fluctuations. As discussed earlier, the presence of
a peptide on the P-site tRNA (i.e., in a POST complex)
correlates with a locked ribosome in which ribosome and
tRNA dynamics are suppressed, whereas ribosomes bear-
ing a deacylated P-site tRNA (i.e., in a PRE complex)
are unlocked and exhibit pronounced dynamic behavior.
In addition, ribosome dynamics have been shown to be
sensitive to the identity of the P-site tRNA. For exam-
ple, a comparison of inter-subunit rotation dynamics within
four different PRE− A complexes differing only in the iden-
tity of the deacylated P-site tRNA (tRNAfMet, tRNAPhe,
tRNATyr, and tRNAMet were used) revealed distinct ther-
modynamic and kinetic parameters underlying reversible
inter-subunit rotation (Cornish et al., 2008). Different P-
site tRNA species, therefore, make sufficiently unique con-
tacts with the ribosome to influence large-scale structural
rearrangements at the subunit interface in a characteristic
way.

Similarly, the presence and acylation state of the
A-site tRNA appears to dictate thermodynamic and
kinetic behavior of conformational equilibria monitored
by the individual smFRET signals. For example, the
presence of A-site dipeptidyl-tRNA versus aa-tRNA
increases the population of the hybrid configuration by
increasing the rate of classical→hybrid tRNA transitions, as
monitored by the tRNA-tRNA smFRET signal (Blanchard
et al., 2004b). Likewise, using the L1-tRNA smFRET sig-
nal, addition of aa-tRNA to PRE complexes caused a slight
increase in the rate with which the L1 stalk-P/E tRNA
interaction is formed, with minimal effect on the rate with
which this interaction is disrupted. Occupancy of the A site
by a peptidyl-tRNA increased the forward rate by an addi-
tional six-fold, again with minimal effect on the reverse rate
(Fei et al., 2008). Finally, the presence of a peptidyl-tRNA
at the A site of PRE complexes shifts the equilibrium from
the open to the closed L1 stalk conformation, as monitored
by the L1-L9 smFRET signal, primarily by accelerating
the rate of open→closed L1 stalk transitions (Fei et al.,
2009).

From the data discussed in the previous paragraphs, a
picture begins to emerge in which large-scale conforma-
tional rearrangements of the entire PRE complex can be
allosterically controlled through even subtle and highly
localized changes in interactions between the ribosome
and its ligands (i.e., the presence of peptidyl- versus aa-
tRNA at the A site). This feature of the PRE complex has
been exploited by ribosome-targeting antibiotics, which,
as described in Section III for drugs that inhibit aa-tRNA
selection, often function by inhibiting the dynamics of

the translational machinery. Indeed, smFRET studies have
provided evidence that translocation inhibitors specifically
interfere with the conformational dynamics of PRE com-
plexes. One example is the potent translocation inhibitor
viomycin, which binds at the interface of the 30S and 50S
subunits between helix 44 within the 16S rRNA and helix
69 within the 23S rRNA (Yamada et al., 1978; Stanley et al.,
2010). Viomycin halts inter-subunit rotation dynamics and
causes a net stabilization of the rotated state (Ermolenko
et al., 2007b; Cornish et al., 2008). In addition, viomycin
has been shown to slow classical→←hybrid tRNA fluctua-
tions (Kim et al., 2007; Feldman et al., 2010), although there
are conflicting reports regarding the question of whether
the drug stabilizes the classical or the hybrid configuration
(Ermolenko et al., 2007b; Kim et al., 2007; Feldman et al.,
2010).

smFRET investigations of PRE complexes were also
conducted in the presence of a collection of aminoglycoside
antibiotics (Feldman et al., 2010), drugs that bind to helix 44
within the 16S rRNA, stabilizing a conformation of the uni-
versally conserved 16S rRNA nucleotides A1492 and A1493
in which they are displaced from helix 44, adopting extra-
helical positions that allow them to interact directly with
the codon-anticodon helix at the decoding center (Carter
et al., 2000). The aminoglycosides were shown to suppress
tRNA dynamics, in general decreasing the rate of transi-
tion out of the classical tRNA binding configuration and
causing a net stabilization of the classical state. The mag-
nitude of these effects elicited by each of the aminoglyco-
sides tested, although modest, correlated with the reduc-
tion in translocation rate observed in the presence of each
drug (results from kanamycin, gentamycin, paromomycin,
and neomycin are shown in Figure 6.11) (Feldman et al.,
2010). Therefore, stabilization of the classical state and
inhibition of transitions into the hybrid state represents a
general mechanism for translocation inhibition by amino-
glycosides, with subtle differences in antibiotic chemi-
cal structure dictating the degree of inhibition. Taken
together, the results presented in this section illustrate that
inhibition of ribosome and/or tRNA dynamics within the
PRE complex represents a general inhibition strategy lever-
aged by a variety of ribosome-targeting antibiotics.

IV.5 Regulation of Pretranslocation Complex
Dynamics by EF-G

Perhaps the most dramatic effect on ribosome dynamics
within the PRE complex is elicited by EF-G, the elonga-
tion factor responsible for catalysis of full mRNA-tRNA
translocation. smFRET analysis revealed that binding of
EF-G(GDPNP) to PRE− A complexes leads to stabiliza-
tion of all conformational features characterizing the GS2
ribosome: ribosomal subunits are stabilized in their rotated
conformation, the L1 stalk strongly favors the closed con-
formation, and the P-site tRNA is stabilized in the P/E
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FIGURE 6.11: Stabilization of the classical state is strongly correlated with inhibition
of translocation by decoding site-binding aminoglycosides. (a) A strong correlation is
observed between time-averaged classical state occupancy and fold-reduction of the
single-step translocation rate of wild-type ribosomes in the presence of drug (20 μM,
unless otherwise noted). (b) A strong correlation is also observed between translocation
rates and the rate constant of transitioning from the classical to hybrid states. Reproduced
from Feldman et al. (2010), copyright C© 2010 Nature Publishing Group, with permission
from Macmillan Publishers Ltd.

hybrid state where it forms a long-lived inter-molecular
interaction with the L1 stalk (Ermolenko et al., 2007a; Cor-
nish et al., 2008; Cornish et al., 2009; Fei et al., 2009). Par-
ticularly remarkable is the stabilization of the closed state
of the L1 stalk, which demonstrates that binding of EF-
G(GDPNP) to the ribosome’s GTPase center can alloster-
ically regulate L1 stalk dynamics ∼175 ´̊A away at the riboso-
mal E site. A major role of EF-G, therefore, appears to be to
bias intrinsic conformational fluctuations of the ribosome
toward the on-pathway translocation intermediate GS2. In
accord with the ability of the ribosome to translocate in the
absence of translation factors (Pestka, 1969; Gavrilova et al.,
1976; Bergemann and Nierhaus, 1983), one of EF-G’s main
mechanistic functions may be to stabilize GS2, prevent-
ing backward fluctuations along the translocation reaction
coordinate and thus guiding the directionality of a pro-
cess that the ribosome is inherently capable of coordinat-
ing on its own. This model finds strong support from bio-
chemical experiments demonstrating that EF-G(GDPNP)
stimulates the rate of translocation ∼1,000-fold relative
to uncatalyzed, spontaneous translocation, and that GTP
hydrolysis in the EF-G(GTP)-catalyzed reaction provides
an additional rate enhancement of only ∼50-fold (Rodnina
et al., 1997; Katunin et al., 2002). GTP hydrolysis, which,
based on fast kinetics measurements, precedes movement of
the mRNA-tRNA duplex on the small subunit, likely leads
to conformational changes in EF-G and the ribosome that
promote the second step of translocation (Rodnina et al.,
1997; Taylor et al., 2007).

As previously discussed, a full round of mRNA-tRNA
translocation converts the PRE complex into a POST com-
plex in which non-rotated subunits and classical tRNA con-
figurations characteristic of GS1 prevail and ribosome and
tRNA dynamics are suppressed (Ermolenko et al., 2007a;

Cornish et al., 2008; Fei et al., 2008). This effect could be
observed in real time through stopped-flow delivery of EF-
G(GTP) to PRE complexes labeled with the inter-subunit
S6(Cy5)-L9(Cy3) smFRET pair (Cornish et al., 2008).
The PRE complex exhibits rotated→←non-rotated inter-
subunit fluctuations until the delivery of EF-G(GTP),
which binds to the PRE complex and catalyzes full translo-
cation, thereby rectifying inter-subunit dynamics and lock-
ing the ribosome in the post-translocation, non-rotated
state (Figure 6.12).

IV.6 Conformational Dynamics of the L1 Stalk Before,
During, and After Translocation

In contrast to the predominately static behavior of the
inter-subunit smFRET signal in POST complexes, the L1-
L9 smFRET signal demonstrates a persistence of L1 stalk
dynamics. The L1 stalk, as suggested by its conservation
throughout all kingdoms of life (Nikulin et al., 2003), rep-
resents an important structural component of the ribo-
some that likely plays a crucial role in both the translo-
cation event and subsequent release of deacylated tRNA
from the E site (Valle et al., 2003; Andersen et al., 2006).
Results from a study in which tRNA dynamics were probed
using a tRNA-tRNA smFRET signal hint at the role of the
L1 stalk in promoting translocation. In this study, stabi-
lization of the classical tRNA configuration was observed
in PRE complexes formed with L1-depleted mutant ribo-
somes, an effect that was correlated with the slowed rate of
translocation observed in the absence of L1 (Subra-
manian and Dabbs, 1980; Munro et al., 2007). Fur-
ther single-molecule evidence underscoring the functional
importance of the L1 stalk was achieved by monitoring
L1-tRNA interactions during real-time EF-G-catalyzed
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FIGURE 6.12: EF-G(GTP)-catalyzed translocation rectifies inter-subunit rotation dynamics and con-
verts the ribosome into the non-rotated state. The D2/A2 smFRET probes shown in Figure 6.7 were
used to report on inter-subunit rotation. EF-G(GTP) (300 nM EF-G, 250 μM GTP) was added at ∼20 s
(arrow) to PRE complexes containing deacylated tRNAfMet bound to the P site and N-Ac-Phe-tRNAPhe

bound to the A site. Translocation is observed as the transition to the stable high-FRET state (vertical
dashed line). Reproduced from Cornish et al. (2008), copyright C© 2008 Cell Press, with permission from
Elsevier.

translocation reactions (Fei et al., 2008). Stopped-flow
delivery of Lys-tRNALys and EF-G(GTP) to a POST com-
plex bearing L1(Cy5) and fMet-Phe-(Cy3)tRNAPhe in the
P site leads to peptidyl transfer followed by EF-G(GTP)-
catalyzed translocation. The smFRET versus time trajec-
tories exhibit a sharp transition from low to high FRET
upon peptidyl transfer (corresponding to the formation of
inter-molecular contacts between L1 and the tRNA’s elbow
region), followed by stable occupancy of the high-FRET
state until fluorophore photobleaching (Figure 6.13b). This
is in contrast to the analogous experiment performed in the

absence of EF-G(GTP), where the initial transition from
low to high FRET is followed by fluctuations between the
two FRET states (corresponding to repetitive formation
and disruption of L1-tRNA contacts) (Figure 6.13a). These
results suggest that during EF-G(GTP)-catalyzed translo-
cation, inter-molecular interactions formed between the
L1 stalk and P/E-tRNA are maintained during the move-
ment of the deacylated tRNA from the hybrid P/E con-
figuration into the classical E/E configuration. Forma-
tion and maintenance of these interactions provides a
molecular rationale to help explain how the L1 stalk

a b

FIGURE 6.13: Real-time measurement of L1 stalk-tRNA interaction during a
full elongation cycle. The D5/A5 smFRET probes shown in Figure 6.7 were
used to study the L1 stalk-tRNA interaction. Stopped-flow delivery of 100
nM EF-Tu(GTP)Lys-tRNALys in the absence (a) and presence (b) of 1 μM EF-
G(GTP) to surface-immobilized POST complexes bearing L1(Cy5) and fMet-Phe-
(Cy3)tRNAPhe at the P site. Reproduced from Fei et al. (2008), copyright C© 2008
Cell Press, with permission from Elsevier.
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a b

FIGURE 6.14: L1 stalk conformational dynamics within POST
complexes. The intrinsic conformational dynamics of the L1
stalk within POST complexes were studied using the D3/A3

smFRET probes shown in Figure 6.7. (a) In an authentic POST
complex containing an E-site tRNA, the L1 stalk undergoes
fluctuations between open (∼0.56 FRET) and half-closed (∼0.34
FRET) conformations. (b) In a POST complex with a vacant E
site, the L1 stalk predominately occupies the open conformation.
Reproduced from Fei et al. (2009), copyright C© 2009 National
Academy of Sciences, U.S.A.

facilitates the translocation reaction (Subramanian and
Dabbs, 1980).

Following translocation, L1 stalk dynamics within the
POST complex (in this case containing deacylated tRNAPhe

at the E site and fMet-Phe-Lys-tRNALys at the P site) may
actively promote the deacylated tRNA’s dissociation from
the ribosome. The majority of smFRET versus time trajec-
tories collected using the L1-L9 smFRET signal with this
POST complex exhibited fluctuations between low- and
high-FRET states (Fei et al., 2009) (Figure 6.14a). The low-
FRET state within POST complexes likely corresponds to
a “half-closed” conformation of the L1 stalk identified by
Cornish et al. (2009), whereas the high-FRET state reports
on the open stalk conformation. The observed fluctua-
tions likely originate from a sub-population of complexes
whose E-site tRNA has not yet been released, because
this dynamic sub-population largely disappears for POST
complexes from which E-site tRNA was quantitatively

dissociated prior to smFRET measurements. For these
POST complexes with a vacant E site, the majority of
smFRET trajectories instead correspond to a stable open
conformation of the L1 stalk (Figure 6.14b). In contrast to
the dynamic fluctuations of the L1-L9 signal, the L1-tRNA
signal yields a stable high-FRET value in the analogous
POST complex (Figure 6.13b). This observation strongly
suggests that inter-molecular interactions between L1 and
the E-site tRNA are maintained while the stalk fluctuates
between open and half-closed conformations, thus imply-
ing a reconfiguration of the tRNA between at least two
different configurations within the E site. Analogous to the
L1 stalk’s role in directing translocation of tRNA from the
P to the E site, it is likely that maintenance of L1-tRNA
contacts during the tRNA’s residency at the E site allows
opening of the stalk to guide the release trajectory of deacy-
lated tRNA from the POST complex. Interestingly, the rate
of stalk opening was found to be ∼ten-fold faster than the
rate of E-site tRNA release, implying that multiple fluctua-
tions of the L1 stalk/E-site tRNA complex may occur prior
to ejection. Therefore, opening of the L1 stalk, though
presumably required for release of E-site tRNA from the
POST complex, may not constitute the rate-limiting step
for this process.

V. BEYOND ELONGATION: SMFRET
INVESTIGATIONS OF TRANSLATION INITIATION,

TRANSLATION TERMINATION, AND
RIBOSOME RECYCLING

V.1 Translation Factor–Mediated Modulation of
Ribosome Dynamics as a Unifying Theme During All
Stages of Protein Synthesis

In Sections III and IV, we described how conformational
dynamics of the ribosome and its tRNA substrates are mod-
ulated during the elongation phase of protein synthesis,
providing a regulatory mechanism that is exploited by EF-
Tu and EF-G to promote aa-tRNA selection and transloca-
tion, respectively, as well as by ribosome-targeting antibi-
otics that impede these processes. Although the majority of
smFRET studies to date have focused on elongation, recent
smFRET investigations into initiation, termination, and
ribosome recycling have provided evidence that translation
factors serve an analogous function at the beginning and
end of each round of protein synthesis. Modulation of the
ribosome’s global architecture through factor-dependent
shifts in the translational machinery’s conformational equi-
libria may serve as a general paradigm for translation reg-
ulation throughout all stages of protein synthesis.

V.2 Translation Initiation

During initiation of protein synthesis, a ribosomal initi-
ation complex is assembled from its component parts in
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FIGURE 6.15: Regulation of ribosomal conformational dynamics by initiation factors during translation initiation. The D6/A6 smFRET
probes shown in Figure 6.7 were used to study the inter-subunit conformation of the ribosome during translation initiation. (a) Surface
immobilization of Cy3-labeled 30S initiation complexes containing 30S subunits, initiation factors, fMet-tRNAfMet, and mRNA followed
by delivery of Cy5-labeled 50S subunits results in formation of a 70S initiation complex and establishment of a FRET signal sensitive
to inter-subunit conformation. (b) Representative Cy3/Cy5 emission intensities and smFRET versus time trace. Upon stopped-flow
delivery of Cy5-50S, an initial dwell time is observed followed by a burst of FRET. The FRET signal is stable, with the observation time
often limited by fluorophore photobleaching. (c) FRET distribution histograms for 70S complexes formed in the absence (left) and
presence (right) of initiation factors. Adapted from Marshall et al. (2009), copyright C© 2009 Cell Press, with permission from Elsevier.

a coordinated process that is directed by three initiation
factors: IF1, IF2, and IF3. Following the initiation factor–
mediated assembly of a 30S initiation complex (30S IC)
bearing a P-site initiator fMet-tRNAfMet at an AUG start
codon, joining of the 50S subunit is catalyzed by IF2 in
its GTP-bound form (Laursen et al., 2005). This process,
which results in the formation of a 70S initiation complex
(70S IC) with fMet-tRNAfMet in the P site, has been stud-
ied using smFRET with the H101(Cy5)-h44(Cy3) inter-
subunit labeling scheme described in Section IV (Figure
6.7) (Marshall et al., 2009). Delivery of H101(Cy5)50S sub-
units to h44(Cy3)30S ICs allowed real-time observation
of subunit joining, an event signaled by a sharp transition
from 0 to high FRET (Figures 6.15a and 6.15b). The mean
FRET arrival time, which reports on the kinetics of 50S
subunit joining, was 31.3 ± 7.3 s in the absence of initia-
tion factors, and 5.6 ± 0.9 s in the presence of IF1, IF2, and
IF3 (at 15 mM Mg2 + ). In addition to enhancing the rate
of 70S IC formation, initiation factors were found to influ-
ence the conformational state in which the 70S IC is assem-
bled. A bimodal FRET distribution with peaks centered at

∼0.30 and ∼0.44 FRET was observed (Figure 6.15c), with
the ∼0.44-FRET state representing the ribosomal confor-
mation that is competent to bind the first EF-Tu(GTP)aa-
tRNA ternary complex and enter into the elongation phase
of translation. In the absence of initiation factors, little
preference is shown toward assembly of the 70S IC in the
∼0.44- versus the ∼0.30-FRET state. However, addition
of IF1, IF2, and IF3 leads to preferential formation of the
70S IC in the ∼0.44-FRET state (Figure 6.15c), implying a
role for initiation factors in guiding proper assembly of the
70S IC into its elongation-competent conformation during
initiation.

V.3 Translation Termination

In a similar manner, release factors (RFs) and the ribosome
recycling factor (RRF) have been shown by smFRET to
promote preferential population of particular conforma-
tions of the translational machinery, thereby guiding for-
ward progression through the termination and recycling
stages of protein synthesis (Sternberg et al., 2009). The
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FIGURE 6.16: Ribosomal conformational dynamics regulated by release factors during translation termination. The D5/A5 smFRET
probes shown in Figure 6.7 were used to report on the dynamic equilibrium between GS1 and GS2 in ribosomal release complexes
(RCs). (a) RC in the presence of 1 μM RF1. Binding of RF1 blocks the GS1→GS2 transition and stabilizes GS1. (b) RF1-bound post-
hydrolysis RC in the presence of 1 μM RF3(GDP). (c) RF1-bound post-hydrolysis RC in the presence of 1 μM nucleotide-free RF3.
(d) Puromycin-treated RC in the presence of 1 μM RF3(GDPNP). (e) RF1-bound post-hydrolysis RC with 1 μM RF3 in the presence
of a mixture of 1 mM GTP and 1 μM GDP. Only those trajectories exhibiting fluctuations between GS1 and GS2 (42%) make up the
time-synchronized contour plot (bottom row), which was generated by post-synchronizing the onset of the first GS1→GS2 transition
event in each trajectory to time = 0.5 sec. Adapted from Sternberg et al. (2009), copyright C© 2009 Nature Publishing Group, with
permission from Macmillan Publishers Ltd.

termination of protein synthesis is signaled by the translo-
cation of a stop codon into the A site, which is recognized
by a class I RF (RF1 or RF2 in E. coli) that subsequently
catalyzes hydrolysis of the nascent polypeptide from the
P-site peptidyl-tRNA (Petry et al., 2008). This biochemi-
cal step generates a post-hydrolysis release complex (RC)
with a deacylated tRNA at the P site. As described in Section
IV, deacylation of P-site peptidyl-tRNA during elongation
triggers large-scale fluctuations of the PRE complex. The
presence of deacylated tRNA in the P site following RF1-
catalyzed peptide release implies that the post-hydrolysis
RC is intrinsically capable of analogous conformational
fluctuations. The role of release and recycling factors in
regulating these dynamics was assessed by monitoring their
effect on the L1-tRNA smFRET signal, interpreted to
report on transitions between the GS1 (low FRET, no L1-
tRNA contact) and GS2 (high FRET, formation of L1-
P/E-tRNA contact) global conformations of the ribosome.

In contrast to deacylation of the P-site tRNA via pep-
tidyl transfer to puromycin or aa-tRNA during elongation,
which results in stochastic fluctuations between GS1 and
GS2, deacylation via RF1-catalyzed peptide release dur-
ing termination generates post-hydrolysis RCs that are

locked in GS1. This finding suggests that RF1 binding
blocks the GS1→GS2 transition. Indeed, addition of RF1
to puromycin-treated RCs suppresses fluctuations between
GS1 and GS2, and shifts the GS1→←GS2 equilibrium pre-
dominately toward GS1 (Figure 6.16a). RF1 thus prevents
fluctuations of the post-hydrolysis RC, which would other-
wise occur spontaneously, and locks the ribosome in GS1
in anticipation of binding of the GTPase class II RF, RF3.

Biochemical experiments have suggested that
RF3(GDP) binds to the RF1-bound RC, and that sub-
sequent GDP-to-GTP exchange by ribosome-bound RF3
catalyzes the dissociation of RF1; GTP hydrolysis by
RF3(GTP) then leads to its own dissociation from the
RC (Zavialov et al., 2001). The role of the GS1→GS2
transition in this process has been demonstrated by a
sequence of smFRET experiments using RF1, RF3, and
various guanine nucleotides and their analogs (Figure
6.16). Neither addition of RF3(GDP) (Figure 6.16b)
nor nucleotide-free RF3 (Figure 6.16c) to the RF1-
bound, post-hydrolysis RC was capable of eliciting the
GS1→GS2 transition. However, adding RF3(GDPNP)
to a puromycin-treated RC traps it in GS2 (Figure
6.16d), suggesting that the GS1→GS2 transition occurs
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FIGURE 6.17: Ribosome recycling factor fine-tunes the GS1→← GS2 equilibrium within the post-
termination complex. The D5/A5 probes shown in Figure 6.7 were used to report on the dynamic equilib-
rium between GS1 and GS2 in post-termination complexes (PoTCs). (a) Cy3/Cy5 emission intensities,
smFRET versus time trace, and contour plot of the time evolution of population FRET for PoTCs in the
presence of 1 μM RRF. (b) FRET distribution histograms of PoTCs as a function of RRF concentration.
Low- and high-FRET states correspond to GS1 and GS2, respectively. (c) kGS1→GS2 and kGS2→GS1 as a
function of RRF concentration. Adapted from Sternberg et al. (2009), copyright C© 2009 Nature Publish-
ing Group, with permission from Macmillan Publishers Ltd.

concomitantly with, or subsequent to, GTP binding, but
prior to GTP hydrolysis by RF3. In experiments where
RF3(GDP) was added to RF1-bound post-hydrolysis RCs
in a background of 10 μM GDP, 1 mM GTP, and 1 μM
RF1, multiple, short transitions from GS1 to GS2 could be
observed in the smFRET versus time trajectories (Figure
6.16e), consistent with multiple rounds of RF3-catalyzed
RF1 release followed by GTP hydrolysis/dissociation of
RF3 and re-binding of RF1. Taken together, these results
demonstrate that the GS1→GS2 transition occurs only
upon GTP binding to RF3. This change in ribosome
global structure might occur spontaneously following RF1
dissociation, or alternatively, could serve as the driving
force for RF1 release.

V.4 Ribosome Recycling

RF3-catalyzed release of RF1, followed by RF3 dissoci-
ation subsequent to GTP hydrolysis, generates a post-
termination complex (PoTC) that is initially recognized
by ribosome recycling factor (RRF). Subsequent splitting

of the PoTC into its constituent 30S and 50S subunits is
catalyzed by the joint action of RRF and EF-G in a GTP-
dependent reaction (Petry et al., 2008). The PoTC contains
a deacylated tRNA in the P site and therefore is expected to
exhibit dynamic GS1→←GS2 fluctuations. Indeed, monitor-
ing of PoTC dynamics using the L1-tRNA smFRET signal
clearly demonstrates spontaneous transitions between GS1
and GS2. Adding RRF to a PoTC was found to exert a sub-
tle effect on the GS1→←GS2 equilibrium, tilting occupancy
toward GS2 in an RRF concentration-dependent manner
(Figure 6.17). At concentrations near the equilibrium disso-
ciation constant of RRF for GS2 (Kd,GS2), this effect could
be explained by a decrease in the rate of GS2→GS1 tran-
sitions with increasing RRF concentration (Figure 6.17c).
Considered in light of EF-G’s known preference for GS2,
this RRF-promoted shift toward higher fractional occu-
pancy of GS2 should favor EF-G(GTP) binding and thus
splitting of the ribosomal subunits. This suggests that spa-
tial or temporal variations in intracellular RRF concentra-
tions could provide a means for regulating the efficiency of
ribosome recycling in vivo. Regulation of the GS1→←GS2



Chapter 6 ● Single-Molecule FRET Investigations of Ribosome-Catalyzed Protein Synthesis 113

equilibrium thus appears to provide a common mecha-
nism used by release and recycling factors to coordinate
sequential biochemical events during the termination and
recycling stages of protein synthesis. More generally, reg-
ulation of the ribosome’s global state by translation fac-
tors serves to organize factor-binding events and biochem-
ical steps over the course of the entire protein synthesis
cycle.

VI. CONCLUSIONS AND FUTURE DIRECTIONS

Investigation of the translational machinery by smFRET
has allowed direct observation of large-scale conforma-
tional rearrangements of this universally conserved macro-
molecular machine. Through site-specific attachment of
donor and acceptor fluorophores to the ribosome and its
tRNA and translation factor ligands, specific conforma-
tional processes such as tRNA movements through the
ribosome, inter-subunit rotation, and movements of the
L1 stalk have been monitored in real time during the ini-
tiation, elongation, termination, and ribosome recycling
phases of translation. Analysis of smFRET versus time tra-
jectories collected under both pre–steady state and equilib-
rium conditions has allowed a detailed characterization of
the kinetic and thermodynamic parameters underlying the
dynamics of the translational machinery.

Collectively, these studies highlight the stochastic
nature of individual steps within the mechanism of trans-
lation, in which thermal fluctuations of the ribosome and
its tRNA substrates permit sampling of meta-stable con-
formational states on a complex multi-dimensional free-
energy landscape (Munro et al., 2009c; Frank and Gon-
zalez, 2010). The preferred modes of thermally driven
ribosomal motion, programmed into the ribosome’s mod-
ular two-subunit architecture, may have been harnessed
by the primordial ribosome to catalyze the essential reac-
tions of protein synthesis – aa-tRNA selection, peptide
bond formation, and translocation – long before the
evolution of translation factors. Indeed, the contempo-
rary ribosome can perform all of these functions, albeit
slowly, to direct protein synthesis from an mRNA tem-
plate in factor-free in vitro systems (Pestka, 1969; Gavrilova
and Spirin, 1971; Gavrilova et al., 1976). The smFRET
studies described in this chapter illustrate the ability of
translation factors to regulate and direct conformational
equilibria of the ribosome and its tRNA substrates dur-
ing all stages of protein synthesis. Through the stabi-
lization/destabilization of particular conformational states
and the acceleration/deceleration of particular conforma-
tional transitions, a major mechanistic role of transla-
tion factors appears to be to guide the directionality of
conformational processes intrinsic to the ribosome-tRNA
complex. A particularly well-studied example is the abil-
ity of EF-G(GDPNP) to rectify stochastic conforma-
tional fluctuations of PRE complexes and to stabilize the

on-pathway translocation intermediate GS2, thereby facil-
itating and accelerating translocation. In an analogous
way, smFRET characterization of the effect of ribosome-
targeting antibiotics on the translational machinery’s con-
formational dynamics has revealed that these drugs exert
their inhibitory activities through the inhibition of the
large-scale structural rearrangements that are required to
drive protein synthesis.

Moving forward, many opportunities exist to apply the
techniques described in this chapter to mobile ribosomal
domains and conformational changes suggested by struc-
tural work, but not yet probed by smFRET. For example,
an enhanced understanding of the function of the L7/L12
protein stalk of the 50S GTPase center, thought to recruit
translation factors to the ribosome and facilitate biochemi-
cal steps such as GTP hydrolysis and Pi release (Mohr et al.,
2002; Savelsbergh et al., 2005), would be greatly facilitated
through characterization of the nature and timescale of its
movements with respect to the ribosome, as well as the
timing of its interactions with translation factors during
the various stages of protein synthesis. Similarly, smFRET
provides a means by which to characterize the kinetic and
thermodynamic underpinnings of putative movements of
the small subunit’s head domain, which have been sug-
gested to play an important role in regulating events during
translation initiation (Carter et al., 2001), aa-tRNA selec-
tion (Ogle et al., 2002), and translocation (Spahn et al.,
2004; Ratje et al., 2010). Efforts to obtain a complete mech-
anistic understanding of the conformational dynamics of
the translating ribosome will benefit from the emergence
of new technologies and experimental platforms. Recent
advances, such as probing multiple conformational changes
simultaneously using three-fluorophore labeling to inves-
tigate the degree of conformational coupling (Hohng et al.,
2004; Munro et al., 2009a; Munro et al., 2009b), new illu-
mination strategies permitting single-molecule detection
in the presence of freely diffusing dye-labeled ligands at
physiologically relevant micromolar concentrations (Lev-
ene et al., 2003; Uemura et al., 2010), and new data analy-
sis algorithms permitting increasingly unbiased analysis of
smFRET versus time trajectories (Bronson et al., 2009),
will allow ever more complex mechanistic questions to be
addressed. These techniques should prove particularly use-
ful in the extension of smFRET techniques from the studies
of Bacterial protein synthesis described here to the more
complex and highly regulated translational machinery of
higher organisms.
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