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1. Introduction

The ribosome can be regarded as a molecular ma-
chine that converts chemical and thermal energy into
productive mechanical work (Spirin, 2002; Frank and
Gonzalez, 2010). This chemo- and thermomechanic-
al view of ribosome function is fueling current efforts
to identify the mobile components of the ribosomal
machine, characterize the structural dynamics of
these components, and develop an understanding of
how these dynamics are regulated in order to direct
mechanical processes during protein synthesis. It is
within this context that single-molecule fluorescence
resonance energy transfer (smFRET) (Ha, 2001) has
emerged as a powerful tool for investigating the struc-
tural dynamics and mechanical properties of the trans-
lating ribosome. Because this chapter marks its first
appearance in this volume, the first half of this chapter
provides a brief introduction to smFRET that is specif-
ically framed around its use as a tool for investigating
the structural dynamics of the translational machin-
ery. Our intent here is not to provide a comprehen-
sive or detailed review of smFRET (for that we refer
the reader to excellent reviews by Ha and co-workers
(Ha, 2001; Roy et al., 2008)), but rather to provide a
basic understanding of the technique and highlight
the strengths and limitations that are most important
for understanding and interpreting smFRET studies of
protein synthesis.

In the second half of this chapter, we use one of the
most dynamic steps in protein synthesis, the move-
ment of the messenger RNA (mRNA)-transfer RNA
(tRNA) complex through the ribosome during the
translocation step of translation elongation, as an ex-
ample with which to demonstrate the unique mechan-
istic information that can be obtained from smFRET
studies of protein synthesis. Specifically, we describe

how smFRET studies of ribosomal pre-translocation
complexes have enabled the discovery and character-
ization of thermally activated structural fluctuations
of the pre-translocation complex. We discuss in de-
tail how modulations of these fluctuations are used to
regulate and drive the translocation reaction. We close
by briefly highlighting how similar results from sm-
FRET studies of additional steps in protein synthesis
are giving rise to new paradigms describing the mech-
anism and regulation of protein synthesis.

2. Single-molecule fluorescence
resonance energy transfer

2.1. Physical principles underlying fluorescence
resonance energy transfer

Fluorescence resonance energy transfer (FRET)
(Forster, 1946) is a photophysical process involving two
fluorophores, termed the donor and the acceptor. In a
typical FRET experiment, the donor is directly illumin-
ated by an excitation light source and, upon absorp-
tion of a photon, undergoes a transition to an excited
electronic state. From its excited state, the donor can
emit a photon and relax back to its ground electronic
state, a process known as fluorescence. Alternatively,
the excited donor can transfer energy to the acceptor
via a non-radiative dipole-dipole coupling mechanism
known as FRET, such that the acceptor now undergoes
a transition to an excited electronic state. Subsequent
relaxation of the acceptor back to its electronic ground
state through the emission of a photon now results in
fluorescence from the acceptor.

The efficiency of FRET (Egggr) is given by Epger =
(1 + (R/Ry)®)~ where R is the distance between the do-
nor and acceptor dipoles and R, known as the Forster
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distance, is the value of R at which Epgr = 0.50 (Figure
1A). R, for a specific donor-acceptor pair is a constant
that is given by Ry = 9.78 x10° (®p, ¢ k* e n™* o J(A))"*
where @, is the fluorescence quantum yield of the do-
nor in the absence of the acceptor, k? is a geometric
factor that depends on the relative orientation of the
donor and acceptor transition dipole moments, n is
the refractive index of the medium in which the en-
ergy transfer occurs, and J(A) is the overlap between
the fluorescence emission spectrum of the donor and
the absorbance spectrum of the acceptor. Thus, while
Epger scales with the inverse sixth power of R, precise
determination of an absolute distance using an experi-
mentally measured value of Epygp requires either care-
ful determination of R, (including ®p, k% n, and J(1))
or, more practically, careful experimental calibration of
Epger versus R using a biomolecule of known conform-
ation and thus known R. Depending on the specific
donor-acceptor pair used, typical values of R, render
Epger sensitive to distances in the range of 10-100 A.
This exquisite sensitivity to distances on the A length
scale makes Ez;; an effective molecular ruler that has
evolved into a powerful biophysical tool for investigat-
ing biomolecular structure and dynamics.

2.2. Single-molecule studies uncover unique
mechanistic information

Ensemble FRET experiments have been in widespread
use for over fifty years and have provided unprece-
dented insights into the structure and dynamics of bio-
molecules and biomolecular complexes (reviewed in
(Wu and Brand, 1994; Clegg, 1995; Selvin, 1995, 2000;
Jares-Erijman and Jovin, 2003; Hwang et al., 2009)).
However, because ensemble FRET experiments report
the mean value of Epgr averaged over the trillions of
individual biomolecules that collectively form the en-
semble, any heterogeneity in the structure or dynam-
ics of the biomolecules comprising the ensemble can
generate a distorted mean value of Eg; that is diffi-
cult or even impossible to interpret. Such heterogen-
eity can be generally divided into two categories: static
heterogeneity, which originates from variations in the
structure or dynamics of individual biomolecular sub-
populations across the ensemble, and dynamic hetero-
geneity, which originates from the asynchronous tran-
sitioning of individual biomolecules between multiple
states, each of which is structurally or dynamically
distinct (Hwang et al., 2009). Single-molecule FRET
(smFRET) experiments complement ensemble FRET

experiments by permitting the ensemble of biomol-
ecules to be dissected into sub-populations (in the case
of static heterogeneity) and/or states (in the case of dy-
namic heterogeneity), each of which exhibit character-
istic structural and/or dynamic properties (Figure 1B
and C). In so doing, smFRET experiments provide a
powerful opportunity to investigate the structural, dy-
namic, and biochemical properties of individual sub-
populations or states.

The ability to parse static and dynamic heterogen-
eity using smFRET can be of great mechanistic im-
portance; this is because both types of heterogeneity
can be exploited to regulate reaction mechanisms. As
an example of mechanistically important dynamic
heterogeneity, consider an enzyme that exists in a dy-
namic equilibrium between multiple conformational
states, but where, in an extreme case, only one state can
progress along the reaction pathway. In such a situa-
tion, precise control over the rate with which this state
is sampled by the individual enzyme molecules within
the ensemble and/or over the stability of this state rela-
tive to the other accessible states, provides an effective
mechanism for regulating the enzymatic reaction. By
permitting the identification and characterization of
individual states, including functionally competent
states, snFRET experiments provide an opportunity to
collect mechanistically important data that are unique
from, and complementary to, that obtained from en-
semble FRET experiments.

2.3. Design of donor-acceptor labeling schemes

Perhaps the most significant challenges to smFRET
studies of the translational machinery are the design
of donor-acceptor labeling schemes and the tech-
nical challenges involved in the fluorescence labeling
of translation components. To be mechanistically in-
formative, donor-acceptor labeling schemes must be
designed and implemented such that the structural
rearrangement of interest yields a change in the dis-
tance between the donor and the acceptor that gener-
ates an experimentally detectable change in Epgr. The
fluorescence labeling of translation components that is
required to meet this criterion must be: (i) efficient,
such that a large population of the observed ribosomal
complexes contain both a donor and an acceptor; (ii)
specific, such that any heterogeneity detected within
the ensemble of ribosomal complexes reflects static or
dynamic heterogeneity of the complexes rather than
heterogeneity in the positions of the donor or accep-
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Fig. 1 FRET at the single-molecule and ensemble levels. (A) Plot of
the FRET efficiency (Egger) as a function of the distance (R) between
a donor fluorophore (green sphere) and an acceptor fluorophore
(red sphere) with an R, of 55 A. When R < Ry, Egger > 0.50, when R =
Ry, Egrer = 0.50, and when R > Ry, Egger < 0.50. (Adapted from (Roy
et al., 2008) with permission from Macmillan Publishers Ltd). (B) A
macroscopic example of a FRET experiment. Consider a single run-
ner with a donor-acceptor pair attached to his sneakers (artwork
based on an original illustration from iStockPhoto. com, (Laurence
Dean). As the runner strides, the distance between the donor-
acceptor pair periodically increases and decreases. Consequently,
the donor and acceptor emission intensities (I, and I, respectively)
versus time trajectory yields periodic, anti-correlated increases and
decreases in I, and I, that are characteristic of FRET. Likewise, the
corresponding Eppgr versus time trajectory (where Epper = I, / (I, +
I5)) exhibits periodic increases and decreases in Eppgr. From this
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Egrer versus time trajectory it is possible to determine the average
stride length and rate of the runner, information that is critical to
a full description of the mechanics of running. (C) Representative
Egrer versus time trajectories from three sub-populations of runners
that can be distinguished by their different stride rates (left panel).
Static heterogeneity arises from sub-populations of runners with ei-
ther slow (top row) or fast (middle row) stride rates. Dynamic het-
erogeneity arises from a sub-population of runners (bottom row)
who stochastically alternate between fast (grey shaded box) and
slow stride rates. Despite this heterogeneity, analysis of hundreds
of individual Egper versus time trajectories can provide the average
stride rates of the slow and fast sub-populations of runners (or slow
and fast phases of running), information that would be obscured in
the ensemble-averaged Erger (<Epger>) versus time trajectory of the
ensemble of runners (right panel).
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tor; and (iii) minimally perturbative, such that the
presence of the donor-acceptor pair does not signifi-
cantly interfere with the biochemical activities of the
relevant translation components. Over the past several
years, we and others have developed highly purified in-
vitro translation systems which, in combination with a
battery of previously developed standard biochemical
assays, have allowed development and validation of
numerous donor-acceptor labeling schemes for sm-
FRET studies of protein synthesis (reviewed in (Frank
and Gonzalez, 2010) and discussed below in Section
3.3). Rather than providing a detailed description of
the design, implementation, and validation of donor-
acceptor labeling schemes here, we instead refer the
reader to a recently published chapter on this topic (Fei
et al., 2010) and dedicate the remainder of this section
to a discussion of the optical setup for smFRET experi-
ments and analysis of the resulting data.

2.4. Total internal reflection fluorescence
microscopy

The most important requirement for the detection of
fluorescence emission from single molecules is a high-
ly sensitive fluorescence microscope. A total internal
reflection fluorescence microscope (TIRFM), which
combines a totally internally reflected laser illumina-
tion source with wide-field optics and an electron-
multiplying charge-coupled device (EMCCD) camera
detector, offers such sensitivity (Axelrod et al., 1984;
Axelrod, 2003; Joo and Ha, 2007) (Figure 2A). In a
typical, prism-based TIRFM, the laser beam is aligned,
collimated, and focused through a fused silica prism
onto a quartz microfluidic flowcell. Upon encounter-
ing the interface between the quartz, having an index
of refraction n,, and the aqueous buffer containing the
fluorescence-labeled ribosomal complexes, having an
index of refraction n,, < n,, the incident laser beam is
totally internally reflected away from the quartz-butfer
interface and back into the quartz at all angles greater
than the “critical angle;” 8, given by 8, = sin n,/n,.
Regardless of the total internal reflection of the inci-
dent laser beam at the quartz-buffer interface, a weak
evanescent electromagnetic field propagates into the
medium of lesser index of refraction (i. e. the buffer) in
the plane of incidence of the laser beam and in a direc-
tion that runs parallel along the quartz-buffer interface.
The intensity of the weak evanescent field decays ex-
ponentially with increasing distance from the quartz-
buffer interface, therefore selectively illuminating only

a thin layer of the buffer that is adjustable within a
depth range of 70-300 nm. Because the excitation of
molecules in the bulk buffer is limited by localization
of the evanescent field to a thin layer of the buffer just
beyond the quartz-buffer interface, the signal-to-noise
ratio of a TIRFM is significantly greater than a conven-
tional epi-fluorescence microscope, yielding very high
sensitivity fluorescence detection.

Since the evanescent field generated by total
internal reflection is confined to a thin layer of buffer
just beyond the quartz-buffer interface, it is necessary
to localize ribosomal complexes near the quartz sur-
face of the microfluidic flowcell (Figure 2B). As a re-
sult, various approaches have been developed for teth-
ering ribosomal complexes to the quartz surface in a
manner that brings them within the evanescent field
while preserving their biochemical activity (Blanchard
et al., 2004b; Uemura et al., 2007; Wang et al., 2007).
All such approaches combine a surface passivation
method that renders the quartz surface relatively in-
ert to non-specific binding of translation components
with an affinity-based surface tethering method that
allows specific tethering of ribosomal complexes (Ras-
nik et al., 2005). The most commonly used method in-
volves passivating the quartz surface with a mixture of
polyethylene glycol (PEG) and biotinylated PEG (Ha
et al., 2002). Subsequent incubation of the PEG- and
biotinylated PEG-derivatized microfluidic flowcell
with streptavidin, followed by incubation with a ribo-
somal complex assembled onto a biotinylated mes-
senger mRNA (mRNA) (Blanchard et al., 2004b) or,
alternatively, a directly biotinylated ribosomal subunit
(Wang et al., 2007), then allows tethering of the ribo-
somal complex via a biotin-streptavidin-biotin bridge.
In addition to confining ribosomal complexes within
the evanescent field, surface tethering allows the fluo-
rescence emission from individual, spatially localized
donor-acceptor pairs to be observed for extended
periods of time, limited only by the irreversible, oxy-
gen-mediated photobleaching of the donor or accep-
tor (Hubner et al., 2001; Piwonski et al., 2005; Renn et
al., 2006). It should be noted that observation times in
smFRET experiments are typically extended through
the use of enzymatic oxygen scavenging systems (Be-
nesch and Benesch, 1953; Patil and Ballou, 2000; Ha,
2001; Aitken et al., 2008) and the photostabilities of
the fluorophores are additionally enhanced through
the addition of small-molecule triplet-state quenchers
that suppress unwanted blinking of the fluorophores
(Gonzalez Jr. et al., 2007; Aitken et al., 2008; Dave et
al., 2009).
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Fig. 2 Single-molecule fluorescence detection using a prism-based
total internal reflection fluorescence microscope. (A) Principles of
operation and typical optical setup up of a total internal reflection
fluorescence microscope. See Section 2.4for a detailed description.
(B) Inset showing an enlargement of the quartz/buffer interface
and depicting the tethering of donor-/acceptor-labelled ribosomal
complexes onto the polyethylene glycol (PEG)/biotinylated PEG-
passivated quartz surface using a biotin-streptavidin-biotin bridge.
See Section 2.4for a detailed description. (C) Inset showing an en-
largement of a single image recorded by the EMCCD. Typically, the

Dichroic Lens

EMCCD
Camera

0 5 10 15 20 25 0 3
Time (sec)

donor and acceptor signals from 200-400 spatially resolved ribo-
somal complexes located within a 100 um (50 um field-of-view are
simultaneously imaged onto two separate halves of the capacitor
array within the EMCCD camera. Individual images are recorded
as a digital video with a typical frame rate in the tens of frames
per sec (i. e. a time resolution in the tens of msec per frame). (D)
Representative donor and acceptor emission intensities versus time
trajectory derived from a single donor-/acceptor-labeled ribosomal
complex within the field-of-view (Fei et al., 2009).
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In addition to the high sensitivity arising from its
total internal reflection illumination mode, the TIRFM
is a wide-field instrument, therefore allowing simulta-
neous excitation and detection of fluorescence signals
from several hundred individual ribosomal complex-
es. Upon selective donor excitation via total internal
reflection illumination, fluorescence emissions from
several hundred spatially localized donor-acceptor
pairs, each arising from a single surface-tethered ribo-
somal complex, are simultaneously collected through
a microscope objective. A system of lenses, dichroic
beamsplitters, mirrors, and emission filters is then
used to: (i) separate the emitted fluorescence into in-
dividual donor and acceptor channels; (ii) filter out
any remaining traces of the total internally reflected
illumination source from each channel; and (iii) di-
rect the two channels to the EMCCD camera such that
the donor and acceptor signals from several hundred
spatially resolved ribosomal complexes are simultane-
ously imaged onto two separate sectors of the capaci-
tor array within the EMCCD camera (Figure 2C). In-
dividual images are recorded as a digital video with a
typical frame rate in the tens of frames per sec (i.e. a
time resolution in the tens of msec per frame). Despite
the limited time resolution, it is the combination of
the TIRFM’s wide-field operation and high sensitivity
that has thus far made it the instrument of choice for
smFRET studies of protein synthesis.

2.5. Limitations of single-molecule fluorescence
microscopies

Despite the current dominance of TIRFM, it is im-
portant to note a few limitations of this approach that
significantly impact smFRET studies of protein syn-
thesis. One limitation of TIRFM is the experimental
time resolution, which is restricted by the rate with
which the EMCCD camera reads out an individual
frame. Using the typical settings on a current state-of-
the-art EMCCD camera, the time resolution is limited
to tens of msec per frame. Even using settings allow-
ing for the maximal readout rate, albeit at the expense
of significantly reduced signal-to-noise ratio, the time
resolution of a current state-of-the-art EMCCD cam-
era is limited to several msec per frame (Cornish and
Ha, 2007). Therefore, structural rearrangements of
ribosomal complexes occurring on timescales faster
than ~10 msec can lead to time-averaged values of
Eprer» making it difficult or impossible to confidently
identify and investigate these conformational changes.

Given that, in vivo, a single elongation cycle occurs
on a timescale of ~50-200 msec at 37 °C (i. e. corres-
ponding to a rate of ~5-20 amino acids per sec (Ken-
nell and Riezman, 1977; Bremer and Dennis, 1987; So-
rensen and Pedersen, 1991; Liang et al., 2000; Proshkin
et al., 2010), with rate-limiting structural rearrange-
ments of the elongating ribosomal complex expected
to occur on timescales of a few msec to a couple hun-
dred msec at 20-37 °C (Pape et al., 1998; Savelsbergh
et al., 2003; Gromadski and Rodnina, 2004; Pan et al.,
2007), it is perhaps inevitable that some subset of ribo-
somal complex dynamics will be poorly defined or
even completely missed by TIRFM. Indeed, nearly all
TIREM-based smFRET studies of protein synthesis to
date report at least one example of a conformational
process that is missed due to time-averaged values of
Eprer (for a particularly clear example involving tRNA
fluctuations within ribosomal complexes at low Mg**
concentrations, see (Blanchard et al., 2004b)). In prin-
ciple, the time resolution of smFRET experiments can
be extended to a few psec per timestep by replacing the
TIRFM equipped with an EMCCD camera detector
with a confocal fluorescence microscope equipped with
an avalanche photodiode detector (Cornish and Ha,
2007). However, confocal microscopy is constrained
in that it entails excitation and detection of a single
ribosomal complex at a time, significantly increasing
the amount of time required to collect datasets large
enough to be statistically significant. Consequently,
only a single example of a confocal microscopy-based
smFRET experiment on ribosomal complexes has thus
far been reported (Blanchard et al., 2004b).

An additional limitation of both TIRFM and con-
focal fluorescence microscopy is a restriction on the
maximum concentration of fluorescence-labeled mol-
ecules that can be maintained within the microfluidic
flowcell during smFRET experiments. As described
in Section 2.4, the evanescent field produced in a
TIRFM confines the excitation of fluorescence-labeled
components to just a thin layer of buffer beyond the
quartz-buffer interface. Using point-like illumination
and detection, a confocal fluorescence microscope
likewise confines the excitation of fluorescence-labeled
components to a small (typically diffraction-limited)
focal volume (Pawley, 2006). Despite this, concentra-
tions of fluorescence-labeled components exceeding
several tens of nM will substantially lower the signal-
to-noise of both TIRFM and confocal fluorescence
microscopy. Therefore, it remains difficult to perform
smFRET experiments involving the delivery of physi-
ologically relevant concentrations of fluorescence-la-
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beled ribosomal subunits, tRNAs, or translation factors
into the microfluidic flowcell. This limitation has been
recently overcome through the development of so-
called zero-mode waveguides (Levene et al., 2003; Mo-
ran-Mirabal and Craighead, 2008), which decrease the
effective illumination volume by several orders of mag-
nitude over that achieved by total internal reflection.
This approach enables experiments to be conducted
at near-physiological concentrations of fluorescence-
labeled components (Uemura et al., 2010) (reviewed in
the chapter by Uemura and Puglisi of this volume).

A third limitation of TIRFM, which also applies
to confocal fluorescence microscopy and the use of
zero-mode waveguides, is the potential ambiguity of
smFRET data collected on systems with multiple do-
nor-acceptor pairs (Hohng et al., 2004; Clamme and
Deniz, 2005; Munro et al., 2010a). These experiments
are challenging because the spectral overlap between
the desired donor-acceptor pairs that is required to
generate the desired FRET signals generally gives
rise to unavoidable spectral overlap between alterna-
tive donor-acceptor pairs that can generate unwanted
FRET signals. In order to avoid convoluting the de-
sired FRET signals with unwanted FRET signals, care
must therefore be taken in designing the labeling
scheme such that the distances between unwanted
donor-acceptor pairs remains large enough that their
FRET efficiency is minimized or eliminated. Even if
unwanted FRET signals can be minimized or eliminat-
ed, however, the significant spectral overlap between
the desired donor-acceptor pairs that is required to
generate the desired FRET signals opposes the spectral
separation that is subsequently required to effectively
separate the emitted fluorescence into the various in-
dividual donor and acceptor channels. Even careful
optimization of the optical setup yields incompletely
separated donor and acceptor fluorescence emissions
with very low signal-to-noise ratios, invariably degrad-
ing the quality of the smFRET data to the point where
it cannot be quantitatively analyzed without extensive
and rigorous correction of the spectral bleedthrough
among the various donor and acceptor channels.

2.6. Analysis of smFRET data

Technically detailed general procedures for the analy-
sis of smFRET data have been recently described (Joo
and Ha, 2007; Blanco and Walter, 2010) and a practical
guide aimed at the non-expert is also available (Roy et
al., 2008). Drawing from this framework, in this sec-

tion we provide a brief summary of the steps involved
in the analysis of complex smFRET data such as that
obtained from smFRET studies of protein synthesis
and highlight those aspects of these procedures which
have the most impact on the analysis and interpreta-
tion of the data.

The first step in the analysis of smFRET data is to
extract Epgpr versus time trajectories, or smFRET tra-
jectories, from the digital video output of the EMC-
CD camera. This is a fairly straightforward step that
is usually done using typically a semi- or fully auto-
mated procedure that involves: (i) identification of
single fluorophores in the donor and acceptor images
recorded by the EMCCD camera; (ii) alignment of
the donor and acceptor images to generate superim-
posed single donor-acceptor pairs; (iii) plotting of
donor and acceptor emission intensities versus time
trajectories for each donor-acceptor pair; (iv) spectral
bleedthrough correction of donor emission into the
acceptor channel and, if necessary, acceptor emission
into the donor channel; (v) baseline correction of the
donor and acceptor emission intensities such that the
background from the donor and acceptor channels fol-
lowing photobleaching average to zero intensity; and
(vi) plotting of Epppr versus time trajectories from the
bleedthrough- and baseline-corrected donor and ac-
ceptor emission intensity versus time trajectories using
the equation Epsp = I,/(I, + I,), where I, and I, are
the emission intensities of the acceptor and the donor,
respectively.

At this point, only those trajectories that can be
shown to arise from bona fide FRET between a single
donor-acceptor pair are selected for further analysis.
As this selection is typically based on visual inspection
or a combination of semi-automated procedures and
visual inspection, it is important to minimize user bias
by defining a set of objective selection criteria. Be-
cause such criteria will be specific to each project and
may vary across research groups, it is important that
they be clearly reported in individual publications.
Commonly applied criteria include requirements that:
(i) the emission intensities of the donor and acceptor
are within the intensity distributions expected for sin-
gle donors and acceptors, respectively; (ii) the donor
and acceptor undergo photobleaching in a single time
step; and (iii) changes in donor and acceptor emission
intensities are anti-correlated. For examples of selec-
tion criteria specific to smFRET studies of protein
synthesis, see (Blanchard et al., 2004b; Munro et al,,
2007; Wang et al., 2007; Cornish et al., 2008; Fei et al.,
2008).
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The detection of single fluorophores at the time
resolutions common to sSmFRET experiments invari-
ably leads to noisy raw smFRET trajectories. In order
to avoid missing mechanistically important features
obscured by the noisy nature of the data or, conversely,
to avoid over- or misinterpreting noise as a mechanis-
tically important feature of the data, statistically rigor-
ous inference of the data should be performed. This is
typically achieved by using a hidden Markov model to
identify discrete conformational states within the noisy
raw smFRET trajectories and to determine the most
probable path (i.e. the idealized trajectory) through
these conformational states (Qin et al., 1996; Andrec et
al., 2003; McKinney et al., 2006; Talaga, 2007; Bronson
et al., 2009; Liu et al., 2010). An important aspect of
developing a hidden Markov model of a raw smFRET
trajectory is determination of the model complexity
(i. e. the number of conformational states that can be
confidently inferred from the raw smFRET trajectory)
and the model parameters (i.e. the distribution of
Egrer values and transition rates associated with each
of the inferred conformational states). This is most
commonly accomplished using maximum likelihood-
based methods (Qin et al., 1996; McKinney et al., 2006;
Liu et al., 2010) which seek to find the parameters that
maximize the probability of the data given the model.
These methods have a tendency to overestimate the
model complexity, however, often leading to problems
with overfitting of the data (Bronson et al., 2009; Liu et
al,, 2010). Thus, care should be taken in identifying ad-
ditional (i.e. intermediate) conformational states us-
ing maximum likelihood-based hidden Markov mod-
eling of smFRET trajectories; ideally, the authenticity
of intermediate states identified in this way should be
verified though structural and/or biochemical studies.
More recently, an alternative to maximum likelihood,
termed maximum evidence, has been suggested for the
analysis of smFRET trajectories (Bronson et al., 2009).
This method, which seeks to find the model that maxi-
mizes the probability of the data, naturally avoids over-
fitting and can have a significantly lower tendency to
overestimate the number of conformational states that
can be confidently identified in the raw smFRET tra-
jectories.

Further analysis of the raw smFRET trajectories
and/or idealized trajectories is highly dependent on
the experimental question that is being addressed by
the smFRET experiment (Roy et al., 2008). In general,
however, equilibrium properties of the system can be
derived from the population distribution of observed
values of Ep; over a large number of individual

smFRET trajectories. The rates of transition between
the various conformational states of a system thatisina
dynamic conformational equilibrium can be obtained
from exponential fits to the distribution of dwell times
spent at each conformational state before transitioning
to each of the other conformational states (Colquhoun
and Hawkes, 1995) or by using the transition probabil-
ity matrix that results directly from hidden Markov
model analysis (McKinney et al., 2006). Non-equilib-
rium properties of the system can be assessed by moni-
toring the evolution of Ey;; as a function of time for a
reaction in which a substrate or ligand is stopped-flow
delivered to a surface-tethered biomolecule of interest
(Blanchard et al., 2004a). (1319)

3. smFRET studies of the translocation
step of translation elongation

3.1. Translocation of the mRNA-tRNA complex
through the ribosome

During the elongation stage of protein synthesis, the
ribosome sequentially adds amino acids to a growing
polypeptide chain at a rate of ~10-20 amino acids sec™’
at 37 °C in vivo (Kennell and Riezman, 1977). With the
addition of each amino acid, the ribosome repetitively
cycles through three major steps: aminoacyl-tRNA
(aa-tRNA) selection (Rodnina et al., 2005), peptide
bond formation (Beringer and Rodnina, 2007), and
translocation (Shoji et al., 2009). Upon accommoda-
tion of an aa-tRNA into the ribosomal A (aa-tRNA
binding) site at the end of aa-tRNA selection, peptide
bond formation results in the transfer of the nascent
polypeptide from the peptidyl-tRNA at the ribosomal
P (peptidyl-tRNA binding) site to the A-site aa-tRNA.
The resulting ribosomal pre-translocation (PRE) com-
plex is the substrate on which the GTPase elongation
factor G (EF-G) will act to catalyze translocation by
precisely one codon. During translocation, the newly
deacylated tRNA at the P site moves into the ribosomal
E (exit) site, the newly formed peptidyl-tRNA at the A
site moves into the P site, and the next mRNA codon
moves into the A site. The resulting ribosomal post-
translocation (POST) complex is now ready to partici-
pate in aa-tRNA selection during the next round of the
elongation cycle. How the ribosome accomplishes the
rapid and precise movement of the mRNA-tRNA com-
plex during translocation continues to be the subject
of intense investigation using genetic, biochemical,
structural, and, most recently, smFRET approaches
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(reviewed in (Shoji et al., 2009; Aitken et al., 2010;
Dunkle and Cate, 2010; Frank and Gonzalez, 2010).

3.2. Structural rearrangements of the
translational machinery important for
translocation

Based on the ribosome’s universally conserved two-
subunit architecture, Spirin (Spirin, 1968) and Bret-
scher (Bretscher, 1968) were the first to hypothesize
that translocation proceeds via an intermediate con-
figuration of the tRNAs within the PRE complex that
is somehow coupled to a relative rearrangement of the
small (30S in Escherichia coli) and large (50S in E. coli)
ribosomal subunits. Experimental validation of this
hypothesis first came from chemical probing studies
(Moazed and Noller, 1989), subsequently confirmed
by ensemble FRET experiments (Odom et al., 1990),
demonstrating that peptide bond formation results
in the spontaneous rearrangement of the ribosome-
bound tRNAs from their “classical” P/P (denoting the
30S P/50S P sites) and A/A configurations, into inter-
mediate “hybrid” P/E and A/P configurations. As the
naming convention suggests, in their hybrid configu-
rations the aminoacyl acceptor ends of the P- and A-
site tRNAs have moved into the 50S subunit E and P
sites, respectively, while their anticodon stem-loops
remain bound at the 30S subunit P and A sites. EF-G
likely promotes further rearrangements of the amino-
acyl acceptor end of the A-site peptidyl-tRNA within
the 50S subunit P site (Borowski et al., 1996; Pan et al.,,
2007) and subsequently catalyzes the movement of the
tRNA anticodon stem-loops and the associated mRNA
from the 30S subunit P and A sites into the 30S subunit
E and P sites, respectively, thus completing the trans-
location reaction.

A decade after the chemical modification studies,
cryogenic electron microscopic (cryo-EM) recon-
structions of PRE complex analogs containing vacant
A sites (PRE™ complexes) and stabilized through the
binding of EF-G in the presence of GDPNP, a non-
hydrolyzable GTP analog, allowed visualization of
the P/E tRNA configuration and of possibly associ-
ated large-scale conformational rearrangements of
the PRE™ complex (Frank and Agrawal, 2000; Valle
et al., 2003). Comparison of cryo-EM reconstructions
of PRE™ complexes in the presence and absence of
EF-G(GDPNP) revealed three major conformational
changes. These were: (i) the aforementioned move-
ment of the deacylated P-site tRNA from the P/P to

the P/E configuration; (ii) the ~20 A movement of a
universally conserved and highly dynamic domain of
the 508 subunit E site, the L1 stalk, from an open to a
closed conformation such that it establishes a direct in-
teraction with the central fold, or elbow, domain of the
P/E-configured tRNA; and (iii) the 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) from a non-rotated to a rotated sub-
unit orientation.

Hereafter we will refer to the two conformations of
the PRE™ complex observed in the cryo-EM studies
described above as global state 1 (GS1), observed in
the absence of EF-G(GDPNP) and encompassing
non-rotated subunits, classically bound tRNAs, and an
open L1 stalk, and global state 2 (GS2), observed in the
presence of EF-G(GDPNP) and encompassing rotated
subunits, hybrid-bound tRNAs, and a closed L1 stalk
(Figure 3). We note that analogous terms have been
introduced by Frank and co-workers (Macro State I
and Macro State II (Frank et al., 2007)), Noller and co-
workers (non-rotated/classical and rotated/hybrid (Er-
molenko et al., 2007b)), and Cate and co-workers (R,
and R; (Zhang et al., 2009)). Regardless of the differing
terminologies, as originally hypothesized by Spirin and
Bretscher, the conformational changes of the ribosome
and the ribosome-bound tRNAs encompassed by the
GS1-to-GS2 transition are expected to play a major
role in facilitating the translocation reaction. Indeed,
biochemical evidence lends support to the notion that
GS2 represents an authentic on-pathway translocation
intermediate (Dorner et al., 2006; Horan and Noller,
2007).

Using the available crystal and cryo-EM structures
as guides, numerous donor-acceptor labeling schemes
have been developed to investigate the dynamics of
ribosome and tRNA conformational changes within
PRE and PRE™ complexes by smFRET, a subset of
which will be discussed here. sSmFRET between A- and
P-site tRNAs labeled within their elbow regions was
initially shown to report on the occupancy of the clas-
sical and hybrid tRNA binding configurations (Blan-
chard et al., 2004b). Movement of the L1 stalk from
an open to a closed conformation has been tracked
through smFRET between donor and acceptor fluoro-
phores attached to ribosomal proteins L1 and L9 (Fei
et al., 2009) (an alternative L1-L33 smFRET signal
has also been used for this purpose in an independent
study (Cornish et al., 2009)). In the closed conform-
ation, the L1 stalk can form intermolecular contacts
with the elbow domain of the P/E-configured tRNA;
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508 subunit

L1 stalk

A/AtRNA

*—30S subunit

Fig.3 Structural models of the GS1 and GS2 states of the PRE com-
plex. Structural models were generated by flexible-fitting of atomic
resolution structures into cryo-EM maps using molecular dynamics
(Agirrezabala et al., 2008; Trabuco et al., 2008) kindly provided by
Joachim Frank. The 30S and 50S ribosomal subunits were rendered
in semi-transparent space-filling representations such that the P-
and A-site tRNAs bound within the inter-subunit space and ren-
dered in cartoon representations could be clearly visualized. Shown
are perspectives from a side-view of the PRE complex illustrating
the E-, P-, and A-tRNA binding sites (top row) as well as a view
from the solvent-accessible surface of the 30S subunit (bottom

an smFRET signal between fluorophore-labeled L1
and P-site tRNA was developed to report on the forma-
tion and disruption of these contacts (Fei et al., 2008)
(a similar L1-tRNA smFRET signal has also been used
for this purpose in an independent study (Munro et
al., 2010a)). Finally, inter-subunit rotation has been
monitored through smFRET signals developed by re-
constituting donor- and acceptor-labeled ribosomal

°

A/P tRNA

row), obtained by 90’ rotation of the side-view so that the 50S sub-
unit is now behind the visual plane. (A) The GS1 state encompasses
classically bound tRNAs, an open L1 stalk, no interaction between
the L1 stalk and the P/P-configured tRNA, and a non-rotated sub-
unit orientation. The white arrows mark the relative directions in
which the tRNAs and the L1 stalk move and the 30S subunit rotates
with respect to the 50S subunit during the transition from the GS1
state to the GS2 state. (B) The GS2 state encompasses hybrid-bound
tRNAs, a closed L1 stalk, an interaction between the L1 stalk and
the P/E-configured tRNA, and a rotated subunit orientation.

proteins into 30S and 50S subunits; results obtained
with an S6-L9 smFRET signal will be described below
(Ermolenko et al., 2007 a; Cornish et al., 2008). An ad-
ditional inter-subunit FRET signal has been developed
by hybridizing fluorescence-labeled oligonucleotides
to helical extensions engineered into helix 44 of 16S
ribosomal RNA (rRNA) within the 30S subunit and
helix 101 of 23S rRNA within the 50S subunit (Dory-
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walska et al., 2005; Marshall et al., 2008). This latter
signal, however, seems insensitive to the inter-subunit
rotation observed by cryo-EM, instead reporting on an
as yet undefined inter-subunit conformational switch
that is uniquely triggered upon deacylation of the P-
site tRNA via peptide bond formation and uniquely
reset upon translocation of the A-site peptidyl-tRNA
into the P site (Marshall et al., 2008; Aitken and Pugli-
si, 2010; Frank and Gonzalez, 2010).

Steady-state smFRET experiments on POST com-
plexes prepared using the donor-acceptor pairs de-
scribed above predominantly yield smFRET trajec-
tories that stably sample a single FRET state with a
distinct value of Epygy, with the exception of the L1-
L9 and the L1-L33 pairs. The specific dynamics of the
L1-L9 and L1-L33 smFRET signals within a particular
POST complex instead depend on the presence and
identity of the E-site tRNA. Collectively, the data sug-
gest that, prior to aa-tRNA accommodation into the
A site and peptide bond formation, POST complexes
primarily exist in a stable GS1-like structural state in
which: (i) tRNAs exhibit a strong preference for their
classical configurations; (ii) the L1 stalk primarily fa-
vors either the open conformation or a half-closed
conformation that is unique to POST complexes car-
rying an E-site tRNA; (iii) interactions between the
L1 stalk and the P-site tRNA are not made; and (iv)
the majority of ribosomes are fixed in the non-rotated
subunit orientation.

Deacylation of the P-site peptidyl-tRNA via pepti-
dyl transfer to either aa-tRNA or the antibiotic puro-
mycin at the A site yields PRE and PRE™ complexes,
respectively. Puromycin, which mimics the aminoacyl
end of aa-tRNA, binds at the 50S A site and partici-
pates in peptide bond formation, ultimately dissociat-
ing from the 50S A site and leaving deacylated tRNA
at the P site (Traut and Monro, 1964). In the absence
of EF-G, the majority of steady-state smFRET experi-
ments on PRE/PRE* complexes prepared using the
donor-acceptor pairs described above yield smFRET
trajectories that stochastically fluctuate between two
FRET states with distinct values of Eper (Figure 4).
In all cases, one of the observed FRET states could be
assigned to GS1, the second to GS2. Taken together,
these experiments strongly suggest that, upon peptide
bond formation and in the absence of EF-G, the en-
tire PRE complex can stochastically fluctuate between
GS1 and GS2, using the surrounding thermal bath as
its sole energy source.

PRE/PRE complexes therefore provide an excel-
lent example of a dynamically heterogeneous system.

In an ensemble FRET experiment the asynchronous
transitioning of individual PRE or PRE™ complexes
between GS1 and GS2 would be expected to yield a
single, population-averaged value of Eg; indeed,
such population-averaged values of Ey;; based on en-
semble FRET experiments using several of the donor-
acceptor pairs described above have been reported
(Johnson et al., 1982; Paulsen et al., 1983; Odom et
al., 1990; Ermolenko et al., 2007a; Ermolenko et al.,
2007b). By eliminating this population averaging, the
smFRET experiments: (i) reveal that PRE/PRE™ com-
plexes exist in a dynamic conformational equilibrium,
fluctuating stochastically between GS1 and GS2; (ii) al-
low dissection of individual smFRET trajectories into
time intervals spent in the GS1 or GS2 states, so identi-
fied by their characteristic values of Eyyys (iii) enable
detailed thermodynamic and kinetic characterization
of the individual GS1 and GS2 states; and, as we shall
see below, (iv) open the door to a still unfolding series
of studies into the role that thermally activated struc-
tural fluctuations of the PRE complex may play in the
mechanism and regulation of translocation.

Strong support for the interpretation of the sm-
FRET data presented above has come from two ensem-
ble FRET studies in which the S6-L9 FRET signal was
used to monitor inter-subunit rotation as a function of
experimental conditions favoring either the classical or
hybrid tRNA configurations (Ermolenko et al., 2007 a;
Ermolenko etal., 2007b). These ensemble experiments
showed that inter-subunit rotation in PRE/PRE™ com-
plexes can indeed occur in the absence of EF-G and
demonstrated that PRE/PRE ribosomes can be stabi-
lized in the non-rotated or rotated subunit orientations
by imposing experimental conditions that favor the
classical or hybrid tRNA configurations, respectively.
These data strongly suggest that the non-rotated sub-
unit orientation is thermodynamically favored when
the tRNAs are in the classical configuration (i.e. the
GS1 state), while the rotated subunit orientation is
thermodynamically favored when the tRNAs are in the
hybrid configuration (i. e. the GS2 state). In complete
agreement with this view, two recent cryo-EM studies
in which particle classification methods were applied
to a PRE complex revealed the existence of two classes
of particles with structures corresponding to GS1 and
GS2 (Agirrezabala et al., 2008; Julian et al., 2008).

The results of the smFRET and ensemble FRET
experiments described above demonstrate that ac-
cess to GS2-and thus forward progression along the
translocation reaction coordinate-can occur in the
absence of EF-G and GTP hydrolysis. Indeed, full
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Fig. 4 Egger versus time trajectories derived from PRE complexes
undergoing thermally activated fluctuations between GS1 and GS2.
Structural models of GS1 and GS2 (top row) are displayed as in
the top row of Figure 3. The approximate positions of the donor
and acceptor fluorophores corresponding to each donor-acceptor
labeling scheme are shown as green and red spheres, respectively.
Representative donor and acceptor emission intensities versus time
trajectories (middle row) are shown in green and red, respectively.
The corresponding Egger versus time trajectories (bottom row), cal-
culated using Egger = 1 / (I + Ip), where I, and I, are the emission
intensities of the acceptor and the donor, respectively, are shown in
blue. (A) The tRNA-tRNA smFRET signal fluctuates between 0.74
(classical tRNA configuration, GS1) and 0.45 (hybrid tRNA con-
figuration, GS2) values of Egper (Adapted from (Blanchard et al.,

rounds of spontaneous translation elongation 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 (Pestka, 1969; Gavrilova and Spirin,
1971; Gavrilova et al., 1976). It seems, therefore, that
many, if not all, of the conformational rearrangements
required for translocation can be accessed with the in-
put of thermal energy alone. The fluctuations of PRE/
PRE™ complexes observed by smFRET represent dy-
namic events that are likely important for promoting
the movement of the mRNA-tRNA complex during
translocation; these fluctuations may thus increase the
probability that spontaneous translocation will occur.

2004b) with permission from The National Academy of Sciences,
USA). (B) The L1-L9 smFRET signal fluctuates between 0.56 (open
L1 stalk conformation, GS1) and 0.34 (closed L1 stalk conforma-
tion, GS2) values of Egper (Reprinted from (Fei et al., 2009) with
permission from The National Academy of Sciences, USA). (C) The
L1-tRNA smFRET signal fluctuates between 0.21 (open L1 stalk not
interacting with P/P-configured tRNA, GS1) and 0.84 (closed L1
stalk interacting with P/E-configured tRNA, GS2) values of Egger
(Reprinted from (Fei et al., 2008) with permission from Elsevier).
(D) The S6-L9 inter-subunit smFRET signal fluctuates between
0.56 (non-rotated subunit orientation, GS1) and 0.40 (rotated sub-
unit orientation, GS2) values of Epper. (Adapted from (Cornish et
al., 2008) with permission from Elsevier).

3.3. Identification and characterization of
intermediate states connecting GS1 and GS2

The tRNA and ribosome structural rearrangements
that constitute transitions between GS1 and GS2 are
undoubtedly complex, involving significant local and
global reconfigurations of ribosome-ribosome and
ribosome-tRNA interactions (Korostelev et al., 2008).
Despite this complexity, however, the majority of sm-
FRET studies to date report fluctuations between just
two major FRET states corresponding to GS1 and GS2.
Since individual transitions between GS1 and GS2
must necessarily occur via some pathway (or, more
likely, via any one of numerous parallel pathways), the
failure of the majority of smFRET studies to identify
any intermediate states connecting GS1 and GS2 most
likely arises from either (i) the limited time resolution
(typically 25-100 msec per frame in studies of ribo-
some and tRNA dynamics) with which TIRFM-based
smFRET studies can resolve energetically unstable,
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and thus transiently sampled, intermediate states or
(ii) the limited sensitivity with which a specific do-
nor-acceptor pair can be used to detect the distance
change associated with the formation of a particu-
lar intermediate state. It may therefore be necessary
to perform smFRET experiments using higher time
resolution confocal microscopy (up to several psec
per frame) (Cornish and Ha, 2007) and/or alternative
donor-acceptor labeling schemes in order to capture
intermediate states that may exist on the pathway(s)
connecting GS1 and GS2.

Despite the failure of most of the smFRET studies
of PRE/PRE™* complexes to detect any intermediate
states, two studies have used maximum likelihood-
based hidden Markov modeling of smFRET trajec-
tories to identify an intermediate FRET state using a
tRNA-tRNA smFRET signal (Munro et al., 2007) and
two intermediate FRET states using an L1 stalk-tRNA
smFRET signal (Munro et al., 2010a). Structurally, the
tRNA-tRNA intermediate FRET state has been assigned
to a PRE complex containing P/E- and A/A-configured
tRNAs, an intermediate configuration which had been
previously proposed on the basis of tRNA mutagenesis
experiments (Pan et al., 2006) and ensemble kinetic ex-
periments (Pan et al., 2007) based on a previously es-
tablished kinetic scheme of translocation (Savelsbergh
et al., 2003). Contrasting with the tRNA-tRNA inter-
mediate FRET state, the two intermediate L1-tRNA
FRET states remain to be structurally or biochemically
characterized. A somewhat surprising feature of the
tRNA-tRNA and L1-tRNA intermediate FRET states
that have been thus far identified is that, in all cases,
their equilibrium populations are greater than that of
the FRET state assigned to GS2, implying that the ther-
modynamic stabilities of the intermediate states are ac-
tually greater than that of GS2. We anticipate that iden-
tification of these new intermediate states will continue
to drive structural, biochemical, and smFRET studies
aimed at elucidating the physical basis underlying tran-
sitions between GS1 and GS2.

3.4. Allosteric regulation of the GS1/GS2
dynamic equilibrium

Using the tRNA-tRNA, L1-L9 (or L1-L33), L1-tRNA,
and S6-L9 inter-subunit smFRET signals, numerous
studies have demonstrated that both the equilibrium
distributions of FRET states corresponding to GS1 and
GS2 as well as the rates of transitions between these
FRET states are highly sensitive to experimental con-

ditions. These include the concentration of Mg** ions,
the absence, presence, identity, and acylation state of
the tRNAs, the absence or presence of translation fac-
tors, and the absence or presence of antibiotics target-
ing the ribosome. Assuming that the conformational
changes associated with the GSI-to-GS2 transition
are a fundamental part of the translocation mechan-
ism and that GS2 is an obligatory intermediate on the
translocation pathway, these observations suggest that
specific control over the dynamics of the PRE ribo-
some, through the acceleration/deceleration of con-
formational changes and the associated stabilization/
destabilization of specific conformational states, could
provide an effective means for regulating the translo-
cation reaction. In this view, ribosomal ligands may
function by rectifying the intrinsic conformational
dynamics of the PRE complex in order to promote
or inhibit the translocation reaction. Indeed, as de-
scribed below, modulation of PRE complex dynamics
through changes in experimental conditions can often
be strongly correlated with the effect of those changes
on the rate of translocation.

The dynamic exchange of tRNAs between clas-
sical and hybrid configurations necessarily requires
the remodeling of multiple tRNA-rRNA and tRNA-
ribosomal protein interactions; this suggests that the
classical/hybrid tRNA equilibrium may be modulated
by the concentration of Mg”* ions in solution, since
Mg?* is known to play a crucial role in the folding and
stabilization of RNA structures (Draper, 2004). An in-
vestigation of the Mg** dependence of a tRNA-tRNA
smFRET signal over a range of 3.5to 15 mM Mg*
within a PRE complex carrying deacylated tRNAM
at the P site and a peptidyl-tRNA* analog, N-acetyl-
Phe-tRNA™¢, at the A site revealed a Mg?**-dependent
shift in the equilibrium distribution of classical and
hybrid configurations (Kim et al., 2007). Specifically,
at low concentrations of Mg** (3.5 mM) the hybrid
configuration is favored. However, the equilibrium
fraction of the classical configuration increases with
increasing Mg, with the classical and hybrid con-
figurations becoming equally populated at ~4 mM
Mg?**. Analysis of the transition rates between classi-
cal and hybrid configurations revealed that this oc-
curs primarily through a Mg**-dependent stabilization
of the classical configuration that decreases the rate
of classical-to-hybrid tRNA transitions while leaving
the rate of hybrid-to-classical tRNA transitions unat-
fected. In structural terms, this is interpreted to mean
that classically bound tRNAs form a more extensive
and compact network of Mg**-stabilized tRNA-rR-



280 Chapter 22 Exploring the structural dynamics of the translational machinery using single-molecule HEE

NA and/or tRNA-ribosomal protein interactions. At
higher Mg** concentrations (~7 mM and above), the
classical configuration is almost exclusively favored
on account of the decreased rate of classical-to-hybrid
transitions. These results correlate strongly with —and
offer a mechanistic explanation for - the known inhibi-
tory and stimulatory effects, respectively, of high and
low Mg** concentration on the rate of translocation.
At high Mg** concentrations (~30 mM), transloca-
tion is blocked almost entirely, even in the presence
of EF-G (Spirin, 1985), which can be rationalized by a
Mg**-induced stalling of the classical-to-hybrid tRNA
transition evidenced by smFRET. At the other extreme
of low Mg** (~3 mM), spontaneous translocation can
proceed rapidly (Spirin, 1985), an effect presumably
linked to the accelerated rate of the classical-to-hybrid
transition under low-Mg?* conditions. smFRET evi-
dence thus suggests that perturbations to the rate of
the classical-to-hybrid tRNA transition can affect the
rate of translocation, implying that manipulation of
the GS1-to-GS2 transition may serve to regulate this
critical step in protein synthesis.

Changes in the acylation state and identity of the
P- and A-site tRNAs within ribosomal elongation
complexes have similarly been found to influence
the energetics of ribosome and tRNA conformation-
al fluctuations. As discussed above, the presence of a
peptide on the P-site tRNA largely suppresses ribo-
some and tRNA dynamics within a POST complex,
whereas PRE/PRE™ complexes bearing a deacylated
P-site tRNA exhibit pronounced ribosome and tRNA
dynamics. In addition, PRE/PRE™* complex dynam-
ics have been shown to be sensitive to the identity
of the P-site tRNA. For example, a comparison of
inter-subunit rotation dynamics within four different
PRE™ complexes differing only in the identity of the
deacylated P-site tRNA (tRNA™<, tRNA™:, tRNA™",
and tRNAM were used), revealed distinct thermody-
namic and kinetic parameters underlying reversible
inter-subunit rotation (Cornish et al., 2008). Likewise,
PRE™ complexes containing either tRNA™ or tRNA-
Phe at the P site exhibit differences in the rate of L1 stalk
and L1 stalk-P-site tRNA interaction dynamics that
mirror those observed in the inter-subunit rotation
experiments (Fei et al., 2008; Cornish et al., 2009; Fei
et al., 2009; Munro et al., 2010a). Different P-site tRNA
species, therefore, make sufficiently unique contacts
with the ribosome such that they influence large-scale
structural rearrangements of the PRE/PRE* ribosome
in distinct ways. Similarly, the presence and acylation
state of the A-site tRNA appears to influence the ther-

modynamic and kinetic behavior of conformational
equilibria monitored by the individual smFRET sig-
nals. For example, the presence of A-site dipeptidyl-
tRNA versus aa-tRNA increases the population of the
hybrid tRNA configuration by increasing the rate of
classical-to-hybrid tRNA transitions, as monitored by
tRNA-tRNA smFRET (Blanchard et al., 2004b). Like-
wise, using the L1-tRNA smFRET signal, addition of
aa-tRNA to PRE™ complexes caused a slight increase
in the rate with which the L1 stalk-P/E tRNA interac-
tion is formed, with minimal effect on the rate with
which this interaction is disrupted; occupancy of the
A site by a tripeptidyl-tRNA increased the forward
rate by an additional 6-fold, again with minimal effect
on the reverse rate (Fei et al., 2008). Finally, the pres-
ence of a peptidyl-tRNA at the A site of PRE complex-
es shifts the equilibrium from the open to the closed
L1 stalk conformation, as monitored by the LI1-L9
smFRET signal, primarily by accelerating the rate of
the open-to-closed L1 stalk transition (Fei et al., 2009).

From the data discussed above, a picture begins
to emerge in which large-scale conformational re-
arrangements of the entire PRE complex can be recti-
fied and allosterically controlled through even subtle
and highly localized changes in interactions between
the ribosome and its ligands (i. e. the presence of dipep-
tidyl- versus aa-tRNA at the A site). This feature of the
PRE complex has apparently been exploited by anti-
biotics targeting the ribosome which often function by
inhibiting the dynamics of the translational machin-
ery. Indeed, smFRET studies have provided evidence
that translocation inhibitors specifically interfere with
the conformational dynamics of the PRE complex. For
example, the potent translocation inhibitor viomycin,
which binds at the interface between the 30S and 50S
subunits (Yamada et al., 1978; Moazed and Noller,
1987; Johansen et al., 2006; Stanley et al., 2010), has
been shown by smFRET to almost exclusively stabilize
the rotated subunit orientation of the PRE complex,
consistent with previous ensemble studies (Ermolenko
et al,, 2007b), and to almost completely suppress tran-
sitions between the rotated and non-rotated subunit
orientations (Cornish et al., 2008). Interestingly, while
chemical probing experiments suggest that viomycin
stabilizes the P/E configuration of the P-site tRNA (Er-
molenko et al., 2007b), tRNA-tRNA smFRET experi-
ments suggest that viomycin instead decreases the rate
of fluctuations between the classical and hybrid tRNA
configurations, with conflicting results on whether the
classical or hybrid configurations of the tRNAs are sta-
bilized (Kim et al., 2007; Feldman et al., 2010).
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smFRET investigations of PRE complexes have
also been conducted in the presence of a collection
of aminoglycoside antibiotics (Feldman et al., 2010),
drugs that bind to helix 44 within 16S rRNA, stabiliz-
ing a conformation of the universally conserved 16S
rRNA nucleotides A1492 and A1493 in which they are
displaced from helix 44, adopting extra-helical posi-
tions that allow them to interact directly with the co-
don-anticodon minihelix at the 30S A site (Carter et al.,
2000). All of the aminoglycosides tested were shown to
suppress tRNA dynamics, specifically decreasing the
rate of transitions out of the classical tRNA configura-
tion and thus driving a net stabilization of the classical
configuration. Although the observed effects are small
(~1.5-fold rate decreases corresponding to ~1.7fold
increases in the stability of the classical tRNA con-
figuration, on average), the magnitude of these effects
elicited by each of the aminoglycosides tested corre-
lates with the reduction in translocation rate observed
in the presence of each drug (Peske et al., 2004; Feld-
man et al., 2010). Therefore, inhibition of transitions
into the hybrid state and the resulting stabilization of
the classical state represent a general mechanism for
translocation inhibition by aminoglycosides, with sub-
tle differences in the chemical structure of the antibi-
otic dictating the degree of inhibition. Taken together,
the viomycin and aminoglycoside studies discussed
above illustrate that inhibition of ribosome and/or
tRNA dynamics within the PRE complex represents
a general inhibition strategy leveraged by a variety of
antibiotics targeting the ribosome.

3.5. EF-G-mediated control of the GS1/GS2
dynamic equilibrium during translocation

Perhaps the most dramatic effect on ribosome and
tRNA dynamics within PRE/PRE* complexes is
elicited by EF-G. smFRET studies have revealed that
binding of EF-G(GDPNP) to PRE# complexes leads
to stabilization of all structural features characterizing
GS2: ribosomal subunits are stabilized in their rotat-
ed orientation, the L1 stalk is stabilized in the closed
conformation, and the P-site tRNA is stabilized in its
P/E configuration, where it forms a long-lived inter-
molecular interaction with the L1 stalk (Cornish et
al., 2008; Fei et al., 2008; Cornish et al., 2009; Fei et
al., 2009; Munro et al., 2010b) (Figure 5). Particularly
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 factor binding

site can allosterically regulate L1 stalk dynamics ~175
A away at the ribosomal E site. A major role of EF-G
therefore appears to be its ability to bias intrinsic con-
formational fluctuations of the ribosome and tRNAs
towards the on-pathway translocation intermediate
GS2. In accord with the ability of the ribosome to trans-
locate either in the forward (Pestka, 1969; Gavrilova
and Spirin, 1971; Gavrilova et al., 1976; Bergemann
and Nierhaus, 1983) or reverse (Shoji et al., 2006; Kon-
evega et al., 2007) directions in the absence of EF-G,
one of EF-G’s main mechanistic functions may be to
stabilize GS2, preventing reverse fluctuations along the
translocation reaction coordinate and thus guiding the
directionality of a process that the ribosome is inher-
ently capable of coordinating on its own. This model
finds strong support from biochemical 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 addi-
tional rate enhancement of only ~50-fold (Rodnina et
al., 1997; Katunin et al., 2002). GTP hydrolysis, which,
based on fast kinetics measurements, precedes any
further rearrangements of the aminoacyl acceptor end
of the A-site peptidyl-tRNA within the large subunit
P site (Borowski et al., 1996; Pan et al., 2007) as well
as the movement of the mRNA-tRNA duplex on the
small subunit, likely leads to conformational changes
in EF-G as well as additional conformational changes
of the PRE complex that promote these steps of the
translocation reaction (Rodnina et al., 1997; Katunin
et al., 2002; Savelsbergh et al., 2003).

Completion of the translocation reaction con-
verts the PRE complex into a POST complex in which
non-rotated subunits and classical tRNA configura-
tions characteristic of GSI1 prevail, and ribosome and
tRNA dynamics are suppressed (Cornish et al., 2008;
Fei et al., 2008). This effect has been observed in real
time through pre-steady state smFRET experiments
in which EF-G(GTP) was stopped-flow delivered to
PRE complexes labeled with the inter-subunit S6-L9
smFRET pair (Cornish et al., 2008). Each PRE com-
plex exhibits fluctuations between the non-rotated and
rotated subunit orientations until the delivery of EF-
G(GTP), at which point EF-G(GTP) binds to the PRE
complex, catalyzes full translocation, and converts the
PRE complex into a POST complex, thereby stabilizing
the non-rotated subunit orientation. Similar pre-steady
state smFRET experiments have been performed by
stopped-flow delivery of an EF-Tu(GTP)aa-tRNA
ternary complex and EF-G(GTP) to a POST complex
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Fig.5 Epger versus time trajectories derived from PRE* complexes
stabilized in GS2 through their interactions with EF-G(GDPNP).
A structural model of EF-G(GDPNP) bound to a PRE* complex
(top row) generated by flexible-fitting of atomic resolution struc-
tures into a cryo-EM map using molecular dynamics was kindly
provided by Joachim Frank. In this model, EF-G(GDPNP) was
rendered in a space-filling representation and is shown in blue.
The approximate positions of the donor and acceptor fluorophores
corresponding to the three donor-acceptor labeling schemes are
shown as green and red spheres, respectively. Donor and acceptor
emission intensities versus time trajectories (middle row) and Epggr
versus time trajectories (bottom row) are shown as in Figure 4. (A)
The L1-L9 smFRET signal is stabilized at the 0.34 (closed L1 stalk

bearing fluorophore-labeled L1 and P-site peptidyl-
tRNA. Stopped-flow delivery thus allows a full elonga-
tion cycle of aa-tRNA selection, peptidyl transfer, and
EF-G(GTP)-catalyzed translocation to be monitored
in real time using the L1-tRNA smFRET signal. The
resulting smFRET trajectories exhibit a sharp transi-
tion from a low FRET state to a high FRET state upon
peptidyl transfer (corresponding to formation of the
intermolecular contacts between the L1 stalk and the
P/E tRNA), followed by stable occupancy of the high
FRET state until fluorophore photobleaching. This is
in contrast to the analogous experiment performed in
the absence of EF-G(GTP), where the initial transi-

conformation, GS2) value of Egzgr (Reprinted from (Fei et al., 2009)
with permission from The National Academy of Sciences, USA).
(B) The L1-tRNA smFRET signal is stabilized at the 0.84 (closed
L1 stalk interacting with P/E-configured tRNA, GS2) value of Egger
(Reprinted from (Fei et al., 2008) with permission from Elsevier).
(C) The S6-L9 inter-subunit smFRET signal is stabilized at the 0.40
(rotated subunit orientation, GS2) value of Egger (Adapted from
(Cornish et al., 2008) with permission from Elsevier). Note that the
analogous experiment using a tRNA-tRNA smFRET signal cannot
be performed due to the opposing requirements for the presence
of an A-site tRNA within a PRE complex in order to generate the
smFRET signal and the absence of an A-site tRNA within a PRE*
complex to establish stable binding of EF-G(GDPNP).

tion from the low FRET state to the high FRET state is
followed by fluctuations between the two FRET states
(corresponding to repetitive formation and disruption
of L1-tRNA contacts). These results suggest that dur-
ing EF-G(GTP)-catalyzed translocation, the intermo-
lecular interactions formed between the L1 stalk and
the P/E-configured tRNA are maintained during the
movement of the deacylated tRNA from the hybrid
P/E configuration into the classical E/E configuration.
Formation and maintenance of these interactions pro-
vides a molecular rationale to help explain how the L1
stalk facilitates the translocation reaction (Subrama-
nian and Dabbs, 1980).
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3.6. Translation factors direct thermally
activated conformational processes throughout
all stages of protein synthesis

In the previous sections we have described how the
conformational dynamics of the ribosome and its
tRNA substrates are modulated during the transloca-
tion step of the elongation cycle, providing a regula-
tory mechanism that is exploited by EF-G to promote
tRNA movements during translocation, as well as by
antibiotics targeting the ribosome that impede this
process. Beyond elongation, the initiation, termina-
tion, and ribosome recycling stages of protein syn-
thesis all involve transitions between GS1 and GS2
(Agrawal et al., 2004; Klaholz et al., 2004; Allen et al.,
2005; Gao et al., 2005; Myasnikov et al., 2005; Gao et
al., 2007). Indeed, smFRET experiments using an in-
ter-subunit FRET signal have demonstrated how ini-
tiation factors, particularly initiation factor 2, regulate
functionally important inter-subunit dynamics during
the assembly of an elongation competent ribosomal
initiation complex during translation initiation (Mar-
shall et al, 2009). Likewise, smFRET experiments
have revealed how release factors and ribosome recyc-
ling factor rectify and thereby regulate the thermally
activated GS1/GS2 dynamic equilibrium during the
termination and ribosome recycling stages of protein
synthesis (Sternberg et al., 2009). Therefore, modula-
tion of the ribosome’s global architecture through fac-
tor-dependent shifts in the translational machinery’s
conformational equilibria may serve as a general para-
digm for translation regulation throughout all stages
of protein synthesis.

4. Conclusions and future perspectives

In this chapter we have presented a basic overview of
smFRET, including a discussion of the advantages and
limitations of applying this biophysical technique to
studies of the structural dynamics of protein synthe-
sis. Using the translocation step of translation elonga-
tion as an example, we have described how smFRET
experiments enable time-resolved observations of
large-scale conformational rearrangements of the
translational machinery, providing a unique opport-
unity to thermodynamically and kinetically character-
ize conformational processes that, while fundamental
to the mechanism of protein synthesis, are generally
obscured in ensemble studies. Beyond these smFRET
studies of translocation, the donor-acceptor pairs

described here as well as additional donor-acceptor
pairs developed using fluorescence-labeled ribosomes,
tRNAs, and translation factors are enabling a rapidly
growing number of smFRET investigations of specitfic
conformational processes encompassing every stage of
protein synthesis (recently reviewed in (Aitken et al.,
2010; Frank and Gonzalez, 2010)).

A major theme emerging from the collective body
of smFRET studies of protein synthesis is the stochas-
tic nature of individual steps within the mechanism
of translation, in which thermal fluctuations of the
ribosome and its tRNA substrates permit sampling of
meta-stable conformational states on a complex mul-
ti-dimensional free energy landscape (Munro et al.,
2009; Fischer et al., 2010; Frank and Gonzalez, 2010).
An additional major theme is the ability of translation
factors to regulate and direct the conformational equi-
libria of the ribosomal particle and its tRNA substrates
throughout all stages of protein synthesis. By accelerat-
ing/decelerating particular conformational transitions
and stabilizing/destabilizing particular conformational
states, translation factors guide the directionality of
conformational processes intrinsic to the ribosome-
tRNA complex (Frank and Gonzalez, 2010). In an
analogous way, smFRET characterization of the effect
of antibiotics on the conformational dynamics of the
translational machinery is revealing that these drugs
often exert their inhibitory activities through the inhib-
ition of the large-scale structural rearrangements that
are required for protein synthesis to proceed rapidly.

Looking to the future, the dynamics of many
mechanistically important, highly mobile ribosomal
domains remain to be characterized using smFRET.
Likewise, many functionally important conformation-
al changes of the translational machinery have been
suggested by structural work but have yet to be inves-
tigated using smFRET. A particularly exciting example
is provided by the L7/L12 protein stalk of the 50S sub-
units GTPase-associated center, which is thought to
recruit translation factors to the ribosome and control
biochemical steps such as GTP hydrolysis and inor-
ganic phosphate release (Mohr et al., 2002; Savelsbergh
etal,, 2005). Characterizing the nature and timescale of
L7/L12 stalk movements with respect to the ribosome,
as well as the organization and timing of its interac-
tions with translation factors throughout all stages of
protein synthesis would greatly advance our mecha-
nistic understanding of this universally conserved and
essential structural element of the ribosome. Similarly,
smFRET provides a means with which to characterize
the thermodynamics and kinetics underlying putative
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movements of the head domain of the 30S subunit,
which have been suggested to play important regula-
tory roles during translation initiation (Carter et al.,
2001) as well as during the aa-tRNA selection (Ogle et
al., 2002) and translocation (Spahn et al., 2004) steps of
translation elongation.

Efforts to obtain a complete mechanistic under-
standing of the structural dynamics of the translating
ribosome will benefit from the development of new
technologies and experimental platforms. Recent ad-
vances, such as: (i) three-wavelength experiments us-
ing multiple donors and acceptors (Hohng et al., 2004)
allowing simultaneous tracking of multiple confor-
mational changes and investigation of the degree of
conformational coupling within the translational ma-
chinery (Munro et al., 2010a; Munro et al., 2010b); (ii)
new illumination strategies enabling single-molecule
detection of surface-tethered, fluorescence-labeled
biomolecules in a physiologically relevant, micromolar
background concentration of freely diffusing, fluores-
cence-labeled ligands (Levene et al., 2003; Uemura et
al,, 2010); and (iii) new data analysis algorithms per-
mitting increasingly unbiased analysis of smFRET tra-
jectories (Bronson et al., 2009), will allow ever more
complex mechanistic questions to be addressed. We
envision that these advances will be particularly impor-
tant in extending smFRET techniques from the studies
of prokaryotic protein synthesis described here to stud-
ies of the significantly more complex and highly regu-
lated translational machinery of eukaryotic organisms.
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