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Abstract
The recent growth in single molecule studies of translation has provided an insight into the
molecular mechanism of ribosomal function. Single molecule fluorescence approaches allowed
direct observation of the structural rearrangements occurring during translation and revealed
dynamic motions of the ribosome and its ligands. These studies demonstrated how ligand binding
affects dynamics of the ribosome, and the role of the conformational sampling in large-scale
rearrangements intrinsic to translation elongation. The application of time-resolved cryo-electron
microscopy revealed new conformational intermediates during back-translocation providing an
insight into ribosomal dynamics from an alternative perspective. Recent developments permitted
examination of conformational and compositional dynamics of the ribosome in real-time through
multiple cycles of elongation at the single molecule level. The zero-mode waveguide approach
allowed direct observation of the compositional dynamics of tRNA occupancy on the elongating
ribosome. The emergence of single molecule in vivo techniques provided insights into the
mechanism and regulation of translation at the organismal level.

Introduction
The study of translation has been revolutionized over the past decade by the remarkable
structural biology on the ribosome and its ligand complexes. These structures have revealed
how the ribosomal particles assemble from RNA and proteins, how transfer RNA ligands
are bound and suggested mechanisms for catalysis of peptide bond formation(Reviewed in
[1–3]). Recent structures have shown how GTPase factors (EF-Tu, EF-G) interact with the
50S subunit to stimulate their enzymatic activity to enhance function in tRNA delivery or
translocation of tRNA-mRNA complexes with respect to the ribosome[4–8]. Together with
biochemical and mechanistic data, a coherent structural mechanism for the basic steps of
translation can be outlined. Yet despite this progress, dynamic data are needed to link these
structural pictures to a time-resolved pathway of translation.

Single-molecule fluorescence methods have provided rich detail on the dynamics of ligand-
ligand, ligand-ribosome, and ribosomal particle dynamics. By using fluorescence resonance
energy transfer (FRET) on single ribosomes, conformational dynamics have been probed on
various ribosomal complexes containing fluorescent labels. Original experiments focused on
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dynamic pathway of tRNA delivery to the ribosome, and subsequent tRNA dynamics within
the hybrid state after peptide bond formation. More recent experiments have mapped
dynamics between ribosomal proteins and tRNA, ribosomal proteins and factors, and within
the ribosome particle itself. Here we review recent progress in single-molecule fluorescence
investigations of translation. We emphasize the interplay of structural and dynamic data
through the application of electron microscopy, and recent experiments that allow tracking
of translation in real time both in vitro and in vivo.

Structural approaches to resolve conformational dynamics
Cryo electron microscopy and X-ray crystallography have obtained static structural
snapshots of ribosomes in a variety of functionally-relevant conformations [9–13], whereas
molecular dynamics simulations have suggested the molecular motions involved in the
transition of the ribosome between these distinct states [14–17]. Recently, several groups
have combined time-resolved methods with single-particle EM to provide experimental
conformational trajectories. Fischer et al. [18] investigated the dynamics of translocation
using time-resolved electron microscopy. Their study characterized the global
conformational changes associated with thermally-driven ribosomal back-translocation.
Ribosomes assembled in a post-translocation state, with cognate deacylated E-site tRNAfMet

and P-site fMet-Val-tRNAVal (E/P state), were allowed to convert spontaneously to their A/
P states. The experimentally identified ribosome configurations included ones consistent
with the previously observed “classical” and “hybrid” states. In addition, a number of
intermediate and previously unobserved sub-states were identified (Figure 1 and 2). Kinetic
analysis indicated that the rate-limiting step for back-translocation (measured at 0.8 min−1

under these conditions) is the conversion of the post-translocation complex to the pre-
translocation complex.

The study also illustrated that tRNA and ribosome motion, particularly 30S rotation, are
coupled in the thermally-driven back-translocation process. The energy landscape for these
coupled motions was shown to be relatively flat, leading to the conclusion that the overall
process involves rapid sampling of the various conformational sub-states by the
translocating ribosome. The data suggest that a number of parallel dynamic pathways exist
by which translocation can occur. The study also showed that rotation of the 30S subunit,
which impacts on tRNA motion, was more dynamic at 37 °C. The results were interpreted to
provide further evidence that the ribosome acts as a Brownian ratchet. However, the
influence of EF-G on the distribution and accessibility of the individual conformational sub-
states was not investigated and awaits future study.

Williamson and co-workers used cryoEM to track the assembly of the 30S subunit from
ribosomal RNA and proteins [19]. Using a method called discovery single particle analysis,
they initiated assembly of 30S subunits, and rapidly trapped intermediates at different time
points (1–100min) through negative staining. They could structurally classify the different
assembly intermediates, and compare the observed conformations with their prior assembly
kinetics and thermodynamics measurements. The results showed a heterogeneous, parallel
mechanism of subunit assembly, and demonstrate the power of integrated biophysical and
structural imaging of the translation machinery.

Probing conformational dynamics of the ribosome with smFRET
Conformational changes within the ribosome have been measured using single-molecule
FRET. The efficiency of FRET is highly sensitive to the distance (1/R6, where R is inter-dye
transition dipole distance) between the fluorophores in a range of 20–80Å within the >200Å
ribosomal particle. FRET is thus well suited to monitoring the conformation and structural
dynamics of the ribosome and factors during translation. The ability of single-molecule
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FRET methods to observe stochastic events provides a window onto dynamics otherwise
invisible in bulk experiments. One powerful example involved experiments that measured
rapid tRNA fluctuations in the A-site during tRNA selection [20,21]. The cognate tRNA has
a reduced dissociation rate over near-cognate tRNAs from the A-site both before and after
GTP hydrolysis by EF-Tu. Accordingly, rapid conformational sampling by tRNAs ensure
that near-cognate tRNAs are quickly shuttled into unstable binding conformations, thereby
only selecting the cognate tRNA for accommodation.

A variety of structural perspectives have explored conformational dynamics within the
ribosome during the pre- and post-translocational phases of translation. There is general
agreement that prior to translocation the ribosome shifts into an unlocked state characterized
by rapid tRNA fluctuations between a classical and two hybrid tRNA configurations [22],
and by dynamic movements of the subunits [23]. The translational machinery modulates the
equilibria of these fluctuations to guide the ribosome and tRNAs into a desirable
configuration for translocation. Wang et al. demonstrated that EF-G fluctuates between two
binding conformations on the ribosome [24]. Such fluctuations only occur when the
ribosome is in the pre-translocation state; this suggests that ribosome unlocking allows EF-G
to access conformational states not otherwise available. There is additional evidence that
EF-G binding to the unlocked ribosome shifts the equilibria of tRNA dynamics, perhaps
with the help of L1 stalk movements, towards the hybrid conformations [25]. Furthermore,
aminoglycosides, which shift the equilibrium of tRNA conformations back towards the
classical state, decrease the EF-G-catalyzed translocation rate [26]. Taken together, these
results suggest that EF-G, beyond driving translocation through GTP hydrolysis, also sets
the stage for translocation by guiding the tRNAs into hybrid conformations favorable for
translocation.

In the unlocked state, the ribosome becomes highly dynamic and these fluctuations must
converge into the correct configuration to prepare for translocation[25,27,28]. Cornish et al.
[29] observed 3 distinct conformational states of the L1 stalk and that the occupancy of the
50S tRNA E-site determines which of those 3 states are accessible to the L1 stalk. Such a
finding suggests that at least some of these conformational changes are in fact linked and is
consistent with the cryo-EM and X-Ray data and molecular dynamics simulations.

To investigate the conformational dynamics of translation termination, Sternberg et al.
employed FRET between P-site tRNA and RF1 (release factor 1) to probe how release
factors alter the equilibrium between two global ribosomal states that strongly resemble the
locked and unlocked states during elongation [30]. Thus RF1 stabilizes the state analogous
to a locked ribosome while RF3 binding favors the opposite state, suggesting that global
conformational rearrangements of the ribosome are a central mechanism exploited
throughout all phases of translation by different initiation, elongation, and release factors.

Real-time tracking of ribosomal via inter-subunit smFRET
Conformational rearrangements are a central theme in the dynamics of translation,
underscoring the importance of a fluorescence signal that monitors the global
conformational changes of the ribosome. Using specifically labeled 30S-Cy3 and 50S-Cy5
subunits [31], Marshall et al. characterized an inter-subunit FRET signal that reports on the
global conformations of the ribosome and successfully applied that signal to study the role
of GTP hydrolysis by IF2 upon subunit joining [32]. The authors demonstrated that IF2
accelerates subunit joining and that GTP hydrolysis by IF2 guides ribosomes joined in an
unproductive low FRET state into an elongation-competent high FRET state.

The intersubunit FRET signal alternates between a high FRET state and a low FRET state
on an elongating ribosome [33]. The transition from the high to the low FRET state occurs
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upon peptide-bond formation and is consistent with unlocking of the ribosome from the
tightly locked state that preserves reading frame on the mRNA to a highly dynamic state in
preparation for translocation [22,23,27,29,34]. The subsequent reverse transition from the
low FRET state back to the high FRET state requires GTP hydrolysis by EF-G, but not EF-
G dissociation, and likely corresponds to the re-locking of the ribosome upon translocation,
where the local conformational dynamics of the ribosome are suppressed. Both FRET
transitions do not occur spontaneously, thus indicating that the ribosome harnesses the free
energies of peptidyl transfer and GTP hydrolysis respectively for two rearrangements to
translocate during elongation [33]. Thus, the inter-subunit FRET signal provides a method to
track global ribosomal conformation during the elongation cycle.

Aitken et al. used the inter-subunit FRET signal to monitor multiple rounds of elongation
(Figure 3a and 3b) [35]. The maximum number of observed high-low-high FRET cycles
produced by a single elongating ribosome corresponds to the number of codons in the
translated mRNA (Figure 3c). Withholding a necessary tRNA ternary complex prevents
progression past the cognate codon and arrests the FRET cycling. Therefore a cycle of high-
low-high FRET transitions corresponds to a successful cycle of elongation, and multiple
elongation cycles can be accurately tracked.

The inter-subunit FRET signal provides a powerful method to monitor the global
conformational dynamics of an elongating ribosome codon-by-codon in real-time. The
authors showed that ribosomal translocation rates, as revealed by the low FRET lifetimes at
each codon, increase as the ribosome translates the first several codons (Figure 3e and 3f).
These data suggest improved processivity of translation as the ribosome moves from
initiation to elongation, assuming a similar dissociation rate of translation complexes form
mRNAs during translation. Thus, the early steps of ribosomal translocation are particularly
slow, and could represent a point of potential regulation. The mechanistic origins for slow
translocation at the initial codons is not due to disruption of Shine-Dalgarno pairing, but
may be related to the length or chemical identity of the growing nascent chain. Further
investigation is required.

The mechanisms of ribosome-targeting antibiotics have been explored by these single-
molecule fluorescence methods. Fusidic acid, spectinomycin, and viomycin, effectively
inhibited translation of multiple codons, and all showed distinct and codon-specific effects
on the lifetimes of the FRET states [35]. The observed effects agree well with the expected
mechanisms of the antibiotics and the cumulative evidence that these drugs act during
elongation. Additionally, the authors observed a significant reduction in the number of
ribosomes undergoing more than 6 FRET cycles in the presence of erythromycin, providing
direct, real-time evidence that erythromycin blocks the peptide exit tunnel at a position
where a polypeptide of 7 amino acids would reach (fMet plus 6 additional amino acids)
(Figure 3c and 3d). The inter-subunit FRET signal will allow mechanistic exploration of
many ribosome-directed antibiotics during real-time translation.

Full translation in zero-mode waveguides
New approaches have allowed direct tracking of translation under physiological conditions.
Zero-mode waveguides (ZMWs) are an emerging platform for investigation of processes
using single-molecule fluorescence [36,37]. Uemura et al. have employed new ZMW
technology to monitor timing of arrival and departure of tRNAs in real time on the ribosome
[38]. Traditional total internal reflection fluorescence (TIRF) microscopy limits
fluorescently labeled tRNA concentrations to ~50nM due to background fluorescence from
unbound labeled tRNA (Figure 4a). When tRNA is present at such low concentrations, the
long delays between sequential tRNA arrival events can cause molecules to become
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photobleached, rendering them undetectable. The signals of interest consequently vanish
prematurely during translation at rates supported by TIRF microscopy. Additionally,
artificially long waiting times allow the ribosome to explore stable non-productive states.

ZMWs provides an elegant solution to these problems. Each ZMW consists of a ~50–200
nm diameter nanofabricated hole in metal film that restricts excitation light to a zeptoliter
volume, making possible experiments with micromolar concentrations of fluorescently
labeled ligands (Figure 4b). Recent advances in nanofabrication [39], surface chemistry
[40], and detection instrumentation [41] have permitted direct monitoring of DNA
polymerization in ZMWs [37]. Uemura et al. applied this approach to the study of
translation. 70S initiation complexes were assembled containing Cy3 labeled N-
formylmethionyl tRNAfMet and 5′-biotinylated mRNA, containing the Shine-Dalgarno
sequence, an initiation codon followed by a coding sequence of 12 codons and terminated by
a stop (UAA) codon. The complexes were immobilized in the ZMW via biotin-neutravidin
interactions. Elongation factors and Cy5-labeled phenylalanyl-tRNAPhe and Cy2-labeled
lysyl-tRNALys, which are cognate to the codons comprising the mRNA coding sequence
were co delivered to the slide surface. At the start of the experiment, only the fMet-
(Cy3)tRNA signal is detected. As successive codons are decoded by the ribosome the
observed fluorescence signals report on the identity of the arriving tRNAs, the timing of
events, and the number and identity of the tRNA occupancy on the immobilized ribosome
(Figure 4c). The identity and order of arrival of elongator tRNAs illustrated directly the
sequence-dependent behavior of translation. Detailed analysis also answered a long-standing
question by demonstrating that tRNA release from the E site is uncoupled with the next
tRNA arrival to the A site (Figure 4d) [38].

Another important conclusion from this ZMW work is how extensible the technology is to
diverse biological systems. ZMW-based experiments are ideally tuned to explore the timing
of labeled component binding and dissociation events while following the progress of a
ribosome along a mRNA. The approach has been extended by us to prokaryotic translation
initiation and eukaryotic translation, as well as to investigating the effects on translation of
drugs targeting the ribosome. With the widespread availability of fluorescent reagents, we
envisage that this technology can be applied effectively in a wide range of scientific fields.

in vivo Single molecule approaches
The emergence of in vivo single molecule techniques allows observation of unperturbed
biological processes at the level of individual molecules. The Xie group developed methods
of detecting individual molecules in living cells [18,42,43]. Observation of individual
fluorophores in solution is challenged by diffusion of the molecules over distances greater
than the size of a diffraction-limited spot during the observation time. This drawback was
overcome using several approaches. First, YFP fusion with membrane protein Tsr was
targeted to E. coli cell membrane, where decreased diffusion rates allowed observation of
the single fluorophores on the millisecond time scale. Second, fluorescent molecules were
observed during short intervals (300 μsec) [44]. Third, the problem could be circumvented
by measuring the enzyme activity in bulk with precision that allows quantization of the
enzyme copy number with single molecule precision [43]. Analysis of YFP-Tsr expression
and measurements of the enzymatic activity of single β-galactosidase enzyme molecules
demonstrated the stochastic nature of the protein production at transcription and translation
levels in both E. coli and S. cerevisiae. The randomness in frequency and amplitude of the
protein production results in ongoing variation of the proteome. When applied to the
metabolic enzymes these observations demonstrate how individual cells differentially and
continuously sample their environment and how cell populations fluidly adapt to the
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changes in conditions. These studies illustrated how random events visible only at the
single-molecule level contribute to biological function.

Simultaneous genome-wide quantitation of the protein and mRNA levels revealed a lack of
correlation between mRNA and protein abundance in the individual cells due to stochastic
nature of the processes, fast mRNA degradation and accumulation of the protein over time.
On the other hand, the correlation of the protein production in random gene pairs within a
single cell demonstrated that relative protein abundance depends on global epigenetic factors
such as global transcriptional and translational regulation [44].

Future Perspectives
Regulation of translation occurs predominantly during initiation phase (Reviewed in
[45,46]). The mechanism of eukaryotic translational is highly complex and regulated.
Recently the positions of ribosomes have been mapped on translating mRNAs, providing a
static genome-wide snapshot of translation [47]. Translation initiation is governed by seven
initiation factors and involves mRNA 5′-cap recognition, scanning and start codon selection.
Alternative initiation pathways allow distinct translational responses. To allow application
of the single molecule approaches to investigation of eukaryotic translation, Petrov &
Puglisi successfully labeled small and large ribosomal subunits of the yeast ribosome and
demonstrated their utility for single molecule fluorescence and force studies [48]. The future
application of single-molecule methods will reveal molecular details of the eukaryotic
translation.
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Figure 1.
(a) Conformations of the (retro-)translocating ribosome identified by cryo-EM. The
individual complexes are classified by tRNA position. A reconstruction of a representative
sub-state from the ensemble of sub-states for each pre- and post-translocational state (pre1 to
pre5 and post1 to post3) is shown, along with a schematic representation of tRNA position.
(b) Thermodynamics of translocation based on population analysis of the states identified by
cryo-EM. The data indicate that conversion globally from the post- to pre-translocation
state, while sub-states within the post- and pre- categories are in rapid equilibrium with each
other. Reproduced with permission from Fischer et al., 2010.
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Figure 2. Intersubunit rotation
Cryo-EM and X-ray crystallography methods revealed ribosomes in distinct conformations
that differ by the relative orientation of the ribosomal subunits. 70S ribosome from is shown
in top down view from the 30S subunit. 50S is shown in dark blue and 30S in un-rotated
state is shown in light grey. 30S in rotated state is shown with the black outline. During
elongation cycle 30S subunit rotates ~ 6° relative to the large subunit. Upon aminoacyl-
tRNA selection and peptidyl transfer the 30S subunit rotates clockwise. The ribosome
rotates counterclockwise upon translocation.
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Figure 3. Intersubunit FRET
(a) Single-molecule translation assay. Cy5-labeled 50S subunits, ternary complexes and EF-
G are delivered to surface-immobilized Cy3-labeled 30S PICs. (b) Immobilization with an
mRNA coding for six phenylalanines (6F) permits the observation of ribosome
conformation during multiple rounds of elongation via the intersubunit FRET signal. 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. (c) Number of FRET cycles observed on mRNAs encoding
six alternating FK pairs. (d) Erythromycin stalls single translating ribosomes by blocking the
nascent chain at codon 7. Mean lifetime estimates for the (e) high-FRET (locked) and (f)
low-FRET (unlocked) states of the ribosome at the first ten codons of the 12F mRNA. Error
bars denote 95% confidence intervals from single-exponential fits. There is an apparent
increase in the translocation rate beyond initial codons, as evidenced by the decreasing low
FRET (unlocked) state lifetime. Reproduced with permission from Aitkien et al., 2010.
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Figure 4. Visualization of single molecule translation in ZMWs
(a) Comparison between conventional TIRF and use of zero-mode waveguides (ZMWs). At
concentrations of fluorescently labeled ligands higher than ~50 nM, spots are not
distinguishable due to high background fluorescence (left). ZMWs overcome this limitation
(right) by decreasing illumination volume by three to four orders of magnitude compared to
TIR excitation to an order of zeptoliters (10−21 L). This allows fluorescence detection in the
μM range. (b) Schematic illustration of ZMW construction. Ribosomal complexes are
specifically immobilized in the bottom of derivatized ZMWs using biotinylated mRNAs.
Initial ribosome complex immobilized to the bottom surface of a ZMW contains Cy3-
labeled fMet-tRNAfMet

(c) Fluorescence is excited by illumination at 488, 532 and 642 nm, and Cy2, Cy3 and Cy5
fluorescence are simultaneously detected. Heteropolymeric mRNAs encoding 13 amino
acids were used: M(FK)6. Translation was observed in the presence of Phe-(Cy5)tRNAPhe,
Lys-(Cy2)tRNALys complexed with EF-Tu and EF-G as a series of fluorescent pulses that
mirror the mRNA sequence. A long Cy2 pulse is observed upon arrival of the ribosome at
the stop codon. (d) Model for tRNA transit through the ribosome during translation. Blue-
labeled tRNA arrives in the A-site, resulting in a 2-tRNA state with a red P-site-bound
tRNA. This state forms an A/P hybrid state after peptide bond formation. Subsequent
translocation of the 2 tRNA-mRNA complexes to the E and P sites is followed by rapid
dissociation of red E-site tRNA. Reproduced with permission from Uemura et al., 2010.
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