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a b s t r a c t

Decades of genetic, biochemical, biophysical, and structural studies suggest that the conformational
dynamics of the translation machinery (TM), of which the ribosome is the central component, play a
fundamental role in the mechanism and regulation of translation. More recently, single-molecule fluo-
rescence resonance energy transfer (smFRET) studies have provided a unique and powerful approach for
directly monitoring the real-time dynamics of the TM. Indeed, smFRET studies of the elongation stage of
translation have significantly enriched our understanding of the mechanisms through which stochastic,
thermally driven conformational fluctuations of the TM are exploited to drive and regulate the individual
steps of translation elongation [1]. Beyond translation elongation, smFRET studies of the conformational
dynamics of the initiation stage of translation offer great potential for providing mechanistic information
that has thus far remained difficult or impossible to obtain using traditional methods. This is particularly
true of the mechanisms through which the accuracy of initiator tRNA- and start codon selection is
established during translation initiation. Given that translation initiation is a major checkpoint for
regulating the translation of mRNAs, obtaining such mechanistic information holds great promise for our
understanding of the translational regulation of gene expression. Here, we provide an overview of the
bacterial translation initiation pathway, summarize what is known regarding the biochemical functions
of the IFs, and discuss various new and exciting mechanistic insights that have emerged from several
recently published smFRET studies of the mechanisms that guide initiator tRNA- and start codon se-
lection during translation initiation. These studies provide a springboard for future investigations of the
conformational dynamics of the more complex eukaryotic translation initiation pathway and mecha-
nistic studies of the role of translational regulation of gene expression in human health and disease.

© 2015 Published by Elsevier B.V.
1. Introduction

Synthesis of proteins via the translation of messenger RNAs
(mRNAs) is universally catalyzed by the ribosome, a massive
(�2.5 MDa) two-subunit ribonucleoprotein molecular machine
that comprises the central component of the cellular translation
machinery (TM). Over the past decade, single-molecule fluores-
cence energy transfer (smFRET) studies of the elongation stage of
protein synthesis [2e10] have led to the view that the TM largely
operates as a Brownian machine during translation elongation
[1,11]. A Brownianmachine is one that functions through stochastic,
thermally driven conformational fluctuations that are systemati-
cally biased, or rectified, by the binding of a substrate, cofactor, or
lez).
allosteric effector to the machine; execution of an irreversible
chemical reaction by the machine; and/or release or diffusion of a
reaction product from the machine [12]. Consistent with this
functional framework, smFRET studies of translation elongation
have revealed that many of the structural elements of the ribosome
that have been implicated in driving translation elongation un-
dergo thermal fluctuations that are rectified by the transfer RNA
(tRNA) adaptors [9] and translation elongation factors (EFs) that
interact with the ribosome during translation elongation [4e8].

An example of the type of mechanistic insights that smFRET
studies of translation elongation have provided come from in-
vestigations of the mechanisms that ensure the accuracy with
which the TM selects the correct, mRNA-encoded aminoacyl-tRNA
(aa-tRNA) during the aa-tRNA selection step of translation elon-
gation [3]. Collectively, these studies have shown that, if delivery of
an aa-tRNA to the ribosome results in the formation of a correctly
base-paired mRNA codon-aa-tRNA anticodon interaction within
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the ribosomal aa-tRNA binding (A) site, the TM will rectify the
thermal fluctuations of that aa-tRNA so as to favor its incorporation
into the A site. Failure of an aa-tRNA to form a correctly base-paired
codoneanticodon interaction at the A site, on the other hand, re-
sults in rectified fluctuations that promote the dissociation of that
aa-tRNA from the A site.

It is notable that much less is known regarding the roles that
rectified thermal fluctuations of the TMmay play during translation
initiation. Translation initiation involves the initiation factor (IF)-
guided assembly of an intermediate ribosomal initiation complex
(IC) at the start codon of the mRNA, and the subsequent conversion
of this intermediate IC into one that is competent to enter the
elongation stage of translation [13]. Comparative analysis of the
structures of free translation initiation components and their
structures within the context of a variety of ribosomal ICs, suggest
that structural rearrangements might play a role in the mechanism
and regulation of translation initiation [14e19]. Indeed, decades of
biochemical studies of the translation initiation reaction have been
interpreted within a framework that includes hypothesized
conformational changes of initiation components [13,20]. None-
theless, data directly demonstrating that these conformational
changes indeed occur during translation initiation, the stage in the
process in which they occur, and how they contribute to the
mechanism remain elusive. Most importantly, due to the lack of
structures of ribosomal ICs containing incorrect substrates, there is
no information on the role that these dynamics might play in
regulating the fidelity of translation initiation.

We begin this mini-review article by providing an overview of
the bacterial translation initiation pathway and then reviewing
what is known regarding the biochemical functions of the essential
IFs. Subsequently, we discuss gaps in our understanding of how the
IFs carry out their biochemical functions and how the results of
recent smFRET studies, which have begun to reveal and charac-
terize thermal fluctuations and associated rectifying mechanisms,
have begun to address these gaps. Finally, we conclude by outlining
whatwe think are some of themost important remaining questions
for future studies of the structural dynamics of both bacterial and
eukaryotic translation initiation.
2. Overview of the bacterial translation initiation pathway

In bacteria, translation initiation proceeds through a highly
dynamic, multi-step assembly pathway that leads to the formation
of an elongation-competent 70S IC at the start codon of the mRNA
(Fig. 1). 70S IC formation begins with the assembly of an interme-
diate 30S IC comprised of the small (30S) subunit, three essential
IFs (IF1, the guanosine triphosphatase IF2, and IF3), mRNA, a
specialized initiator tRNA (N-formyl-methionyl-tRNAfMet or fMet-
Fig. 1. Bacterial translation initiation pathway. The multi-step initiation pathway proceeds th
small, 30S ribosomal subunit, three initiation factors (IF1, 2 and 3), the messenger RNA (mRN
30S IC, the IFs dissociate and the resulting 70S IC enters the translation elongation stage. F
tRNAfMet), and GTP. Subsequently, the large (50S) subunit joins to
the 30S IC, giving rise to the 70S IC. During assembly of the 30S IC,
two essential events must take place prior to the arrival of the 50S
subunit. First, the 30S IC must select fMet-tRNAfMet from the
cellular tRNA pool, which includes unaminoacylated and/or
unformylated tRNAfMet as well as competing unaminoacylated and
aminoacylated elongator tRNAs. Second, the 30S IC must select the
correct start codon (AUG, CUG, or UUG, in bacteria) while
discriminating against all non-start codons. Accurate fMet-tRNAfMet

selection is an important event during translation initiation
because it ensures that all of the proteins synthesized in vivo begin
with formyl-methionine and thus have a correct N-terminus. Ac-
curate start codon selection is perhaps even more important, as it
establishes the reading frame of the mRNA, thereby ensuring that
the correct sequence of codons is translated during translation
elongation.

3. Accurate fMet-tRNAfMet and start codon selection is
ensured by the opposing activities of IF2 and IF3

In bacteria, the vast majority of mRNAs contain a translation
initiation region (TIR), which is composed of a consensus ribosome
binding site referred to as the Shine-Dalgarno (SD) sequence, a
downstream start codon, and a relatively short spacer sequence
separating the SD sequence from the start codon. During trans-
lation initiation, selection of the start codon is facilitated by a base-
pairing interaction between the SD sequence and the comple-
mentary anti-SD sequence on the 30 end of the 16S ribosomal RNA
(rRNA) component of the 30S subunit [21,22]. The SD/anti-SD
interaction physically localizes the start codon near the 30S
peptidyl-tRNA binding (P)-site, making it accessible for base pairing
with the fMet-tRNAfMet anticodon. In the absence of IFs, however,
elongator aa-tRNAs compete efficiently with fMet-tRNAfMet for
access to the P site [23]. As a result, non-start codons that are
proximal to the start codon can be efficiently and incorrectly
selected by establishing base-pairing interactions with their
cognate elongator aa-tRNAs. When present simultaneously, on the
other hand, the IFs collaborate to significantly reduce the likelihood
that an elongator aa-tRNA and/or a non-start codon are selected at
the P site, thereby greatly decreasing the probability of mis-
initiation. The IFs achieve this by increasing the rate of associa-
tion and decreasing the rate of dissociation of fMet-tRNAfMet rela-
tive to competing elongator aa-tRNAs [24]. Beyond their role in
ensuring the accuracy of 30S IC assembly, the IFs also collaborate to
couple the rate of 50S subunit joining to the composition of the 30S
IC, thereby increasing the rate of subunit joining to correctly
assembled 30S ICs while decreasing the rate of subunit joining to
‘pseudo’ 30S ICs carrying an unaminoacylated tRNAfMet,
rough the assembly of an intermediate 30S initiation complex (30S IC) comprised of the
A), and initiator fMet-tRNAfMet. Subsequently, the large, 50S ribosomal subunit joins the
igure reproduced, with permission, from Wang et al. [42].
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unformylated Met-tRNAfMet, or an elongator aa-tRNA in the P site
[24], and ‘non-canonical’ 30S ICs assembled at a near-start codon
[25e27].

The collaborative effect of the IFs on the fidelity of translation
initiation described above is primarily mediated by the opposing
biochemical activities of IF2 and IF3. IF2 positively regulates the
initiation reaction by selectively accelerating the rate of fMet-
tRNAfMet association to the 30S IC over that of unaminoacylated
and/or unformylated Met-tRNAfMet or elongator aa-tRNAs [23,24].
In addition, IF2 selectively accelerates the rate of 50S subunit
joining to 30S ICs carrying a P site-bound fMet-tRNAfMet that is
base-paired to a start codon [24,28,29]. In contrast, IF3 negatively
regulates the initiation reaction by uniformly increasing the
dissociation of all tRNAs, including fMet-tRNAfMet, from the P site of
the 30S IC [24]. In addition, IF3 has subunit anti-association activity,
which enables it to prevent the premature joining of the 50S sub-
unit to 30S ICs lacking a tRNA at the P site [28,30]. IF3 also selec-
tively inhibits subunit joining to pseudo 30S ICs [24] as well as 30S
ICs assembled on mRNAs with suboptimal translation initiation
regions [26]. Perhaps the most well established function of IF3,
however, is its ability to selectively repress the translation of
mRNAs that initiate with near-start codons [25,31e37]. IF3 exploits
this latter function to auto-regulate the translation of its own
mRNA, which initiates with the near-start AUU codon [38,39]. IF3
discriminates against initiation at near-start codons, in part, by
inhibiting subunit joining [25,26].

4. 30S IC-Driven changes in the stability and dynamics of IF2
regulate initiator tRNA- and start codon selection

Despite our understanding of the biochemical functions of the
IFs outlined in the previous section, the molecular mechanisms and
structural bases through which the IFs exert these functions remain
poorly defined. For example, although it is clear that IF2 primarily
recognizes the formyl moiety of fMet-tRNAfMet and selectively ac-
celerates the rate of 50S subunit joining to 30S ICs carrying a P site-
bound fMet-tRNAfMet that is base-paired to a start codon, the mo-
lecular and structural events that are triggered by recognition of the
formyl moiety of fMet-tRNAfMet by IF2 and that result in the
observed acceleration of subunit joining remain unclear [24]. To
address this gap in our understanding, several groups have recently
generated cryogenic electron microscopy (cryo-EM)-based struc-
tural models of 30S ICs carrying a P site-bound fMet-tRNAfMet that
is base paired to a start codon [16,40]. These structures have
revealed that IF2 and fMet-tRNAfMet interact to form an IF2$tRNA
sub-complex on the intersubunit surface of the 30S IC. Intriguingly,
the position of the IF2$tRNA sub-complex on the 30S IC in these
structures is such that it exhibits excellent shape complementarity
to a large groove on the intersubunit surface of the 50S subunit [41].
These structures have therefore led to the proposal that IF2 pri-
marily accelerates 50S subunit joining by making extensive in-
teractions with its complementary groove in the 50S subunit and
by permitting the formation of critical intersubunit bridge in-
teractions between the 30S and 50S subunits [41]. Thus, it is
possible that tRNA- and codon-dependent changes in the confor-
mational dynamics of the IF2$tRNA sub-complex might provide the
mechanistic and structural basis for coupling the rate of subunit
joining to the tRNA-, and codon composition of the 30S IC. None-
theless, the lack of structures of 30S ICs carrying unaminoacylated
and/or unformylated tRNAfMet or elongator tRNAs and/or non-start
codons has thus far precluded testing and further development of
this hypothesis.

To directly test the hypothesis that the conformational dynamics
of the IF2$tRNA sub-complex depend on the identities of the P site-
bound tRNA and codon, Wang et al. used a cyanine 5 (Cy5) FRET
acceptor-labeled IF2 and cyanine 3 (Cy3) FRET donor-labeled tRNAs
to develop an smFRET signal that enabled them to characterize the
conformational dynamics of the IF2$tRNA sub-complex across a
series of 30S ICs [42]. Highlighting the relatively complex compo-
sitional dynamics of translation initiation, individual 30S ICs in all
of the 30S IC samples that were studied exhibited multiple cycles of
IF2 binding and dissociation during the experimental observation
time. Interestingly, the stability of IF2 binding to the 30S IC was
found to be extraordinarily sensitive to the identity of the P site-
bound tRNA, with pseudo 30S ICs carrying an unformylated Met-
tRNAfMet or elongator Phe-tRNAPhe exhibiting 2e3 orders of
magnitude lower affinity for IF2 than analogous canonical 30S ICs
carrying a fMet-tRNAfMet (Fig. 2a). Beyond the affinity differences,
the conformational dynamics of the IF2 and tRNA components of
the IF2$tRNA sub-complexes that are formedwithin pseudo 30S ICs
were significantly different than those within canonical 30S ICs. In
the case of pseudo 30S ICs, the FRET efficiency (EFRET) versus time
trajectories sampled EFRET values that were broadly distributed
across the entire range of accessible values. In contrast, the EFRET
trajectories of 30S ICs carrying an fMet-tRNAfMet exhibited EFRET
values that were narrowly distributed and centered either at a
single value or that fluctuated between two values. These results
suggest that, depending on the identity of the P site-bound tRNA,
IF2-bound 30S ICs will preferentially populate one of at least two
thermally-accessible conformational states: a conformational state
in which the IF2 and tRNA components of the IF2$tRNA sub-
complex can adopt a relatively well-defined thermodynamically
stable conformation(s) and IF2 is bound with a relatively high af-
finity or a conformational state in which they cannot adopt such
conformation(s) and IF2 is bound with a relatively low affinity.
Notably, 30S ICs analogous to those that preferentially sample the
former conformational state have been shown to undergo relatively
rapid subunit joining whereas pseudo 30S ICs analogous to those
that preferentially sample the latter conformational state have been
shown to undergo relatively slow subunit joining [24]. This strongly
suggests that tRNA-dependent changes in the stability and dy-
namics of the IF2$tRNA sub-complex provides a means for coupling
the rate of subunit joining to the tRNA composition of the 30S IC.

Similar results to those described for pseudo 30S ICs were ob-
tained in analogous smFRET studies of non-canonical 30S ICs
assembled at an AUU near-start codon relative to canonical 30S ICs
assembled at an AUG start codon. In this case, however, the pres-
ence of IF1 and IF3 was required in order for the IF2-bound non-
canonical 30S IC to adopt a conformational state in which IF2 is
bound with an affinity that is 2 orders of magnitude lower relative
to the analogous canonical 30S IC. This is consistent with previous
biochemical data demonstrating that IF3 plays a key role in start-
codon recognition [25,31e37] and, together with IF1, is required
for coupling the rate of subunit joining to the codon composition of
the 30S IC [26,27]. Although the IF1- and IF3-bound non-canonical
30S IC exhibited a significantly decreased affinity for IF2 relative to
what is observed for the analogous canonical 30S IC, the IF2$tRNA
sub-complex did not exhibit significant differences in the distri-
bution of EFRET values that were sampled. However, despite sam-
pling similar EFRET values, the IF2$tRNA sub-complex within the
IF1- and IF3-bound non-canonical 30S IC exhibited a substantial
decrease in the conformational fluctuations among the non-zero
EFRET values sampled relative to the analogous canonical 30S IC
(Fig. 2b). Collectively, these observations indicate that the mecha-
nism through which the rate of subunit joining is coupled to the
codon composition of the 30S IC is different than the mechanism
through which it is coupled to the tRNA composition of the 30S IC
(i.e., it is likely that IF1- and IF3-dependent conformational changes
of the 30S IC beyond the relative positioning of the IF2$tRNA sub-
complex also contribute to regulating the rate of subunit joining).



Fig. 2. Single-molecule FRET measurements of the IF2$tRNA sub-complex on the 30S IC. (a) Comparison of a canonical 30S IC lacking IF3 (left panel) carrying fMet-tRNAfMet base
paired to the AUG start codon and the analogous pseudo 30S IC carrying the elongater Phe-tRNAPhe (right panel). (b) Comparison of a completely assembled canonical 30S IC (left
panel) and the analogous non-canonical 30S IC formed on the near-start AUU codon (right panel). Cartoon representations of the 30S ICs (top row), representative fluorescence
versus time trajectories and the corresponding FRET efficiency (EFRET) versus time trajectories (middle row), and post-synchronized surface contour plots of the time evolution of
population FRET (bottom row) are shown for each 30S IC. Surface contour plots were constructed by superimposing all of the individual IF2 binding events. ‘N’ values indicate the
total number of EFRET versus time trajectories obtained for each 30S IC; the number in parenthesis indicates the total number of IF2 binding events for all of the trajectories (N).
Surface contour plots were plotted from the lowest (tan) to the highest (red) population as indicated in the population color bar. Figure adapted, with permission, from Wang et al.
[42].
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Future cryo-EM and/or X-ray crystallographic structures of analo-
gous pseudo and non-canonical 30S ICs should prove invaluable in
helping to identify the various structural elements that couple the
tRNA and codon composition of the 30S IC to the rate of 50S subunit
joining. These structural studies will subsequently guide the
development of additional smFRET signals to further characterize
the dynamics of these conformationally flexible structural ele-
ments within the 30S IC.

5. The conformation of 30S IC-bound IF3 signals proper fMet-
tRNAfMet and start codon selection

Kinetic studies have shown that IF3 binds rapidly and tightly to
the 30S subunit suggesting that it is the first IF to associate with the
30S subunit in vivo [43]. At this early stage, IF3 promotes the
dissociation of deacylated tRNAs from the P site of 30S subunits
recycled from post termination complexes, thereby shuttling 30S
subunits into the initiation pathway [44]. Furthermore, as noted
above in Section 3, the presence of IF3 on the 30S subunit prevents
premature joining of the 50S subunit to 30S ICs lacking a tRNA at
the P site, which would otherwise result in the formation of a
translationally inactive pool of 70S ribosomes [28,30]. Finally, 30S-
bound IF3 increases the affinity of IF1 and IF2 for the 30S subunit
thus ensuring that, given their cellular concentrations, 30S subunits
would be saturated with all three IFs [45e51].

Structurally, IF3 is comprised of globular N- and C-terminal
domains that are separated by a flexible linker [52]. IF3 binds to
the platform region of the 30S subunit in close proximity to the P
site and the ribosomal tRNA exit (E) site [16,53e56]. Based on its
location it has been suggested that IF3 blocks subunit joining by
sterically occluding the formation of intersubunit bridges B2b and,
possibly, B2c and B7a [53,55]. Although bacterial 70S ribosomes
are held together by 12 independent intersubunit bridges, modi-
fication interference experiments have shown that interfering
with the nucleotides involved in a subset of these bridges,
including bridge B2b and B7a, is sufficient to disrupt stable sub-
unit joining [57].

Although IF3 blocks subunit joining in the early stages of the
translation initiation pathway, its anti-association activity must
somehow be alleviated upon formation of a completely and
correctly assembled 30S IC (i.e., a 30S IC carrying all three IFs and an
fMet-tRNAfMet at an AUG start codon) so as to allow the initiation
reaction to proceed. To address this conundrum, Ehrenberg and co-
workers have proposed that the rate of spontaneous dissociation of
IF3 from the 30S IC is accelerated upon formation of a completely
and correctly assembled 30S IC, thereby accelerating the rate of
subunit joining [28]. Conflicting with this proposal, it was subse-
quently shown that the rate of 50S subunit joining to a completely
and correctly formed 30S IC is slightly faster than the rate of IF3
dissociation, indicating that IF3 is released during subunit joining
as the intersubunit bridges are being formed [26]. As an alternative
model to that proposed by Ehrenberg and co-workers, it is possible
that a completely and correctly formed 30S IC undergoes a
conformational change that permits rapid 50S subunit joining
despite the continued presence of IF3 within the 30S IC, a proposal
that is supported by accumulating evidence that IF3 [43,56] and the
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30S subunit [16,53e55,58] can both undergo conformational
changes when they interact.

Recently, Elvekrog and Gonzalez provided direct experimental
evidence in support of this latter model by using smFRET to
monitor the conformational dynamics of a 30S IC-bound IF3 variant
in which the N- and C-terminal domains of the factor had been
labeled with Cy3 and Cy5, respectively [59]. 30S IC-bound IF3 was
observed to thermally fluctuate between at least three conforma-
tional states characterized by low-, intermediate-, and high EFRET
values, suggesting that 30S IC-bound IF3 exists in a dynamic
conformational equilibrium (Fig. 3). Based on their EFRET values,
these three conformational states of 30S IC-bound IF3 were
designated as extended (low EFRET), intermediate (intermediate
EFRET) and compact (high EFRET) conformations of IF3, respectively.
Within the context of a 30S IC carrying all three IFs, but lacking
fMet-tRNAfMet, IF3 predominantly occupies the extended confor-
mation (Fig. 3a). Because 30S ICs lacking fMet-tRNAfMet are unable
to undergo subunit joining, it is likely that the extended confor-
mation of the 30S IC-bound IF3 represents a conformation of the
30S IC in which access to the 30S-subunit components of one or
more of the intersubunit bridges that are required for stable sub-
unit joining are restricted. Remarkably, in the context of a
completely and correctly assembled 30S IC, there is a dramatic shift
in the conformational equilibrium of 30S IC-bound IF3 towards the
compact conformation (Fig. 3b). The compact conformation of the
30S IC-bound IF3 is likely to reflect a conformation of the 30S IC in
which the 30S-subunit components of the intersubunit bridges that
are presumably blocked within 30S ICs carrying an IF3 that is in the
extended conformation have now become accessible, thereby
permitting relatively rapid 50S subunit joining to 30S ICs that are
still carrying IF3. Notably, analogous smFRET experiments recorded
onpseudo and non-canonical 30S ICs demonstrated that the 30S IC-
bound IF3 preferentially occupies the intermediate or extended
conformations, virtually excluding the compact conformation
(Fig. 3c and d). This observation is consistent with a model inwhich
the compact conformation of the 30S IC-bound IF3 is strongly
favored only within the context of 30S ICs carrying a P site-bound
Fig. 3. Single-molecule FRET measurements of 30S-bound IF3. Cartoon representations (to
carrying fMet-tRNAfMet base paired to the AUG start codon, (c) a pseudo 30S IC carrying Phe-t
contour plots (bottom row) of the time-evolution of population FRET were constructed for ea
(not shown), which is given by the ‘N’ value. Normalized one-dimensional EFRET histograms
from the lowest (tan) to the highest population (red) as indicated by the population color
fMet-tRNAfMet that is base-paired to a start codon, thereby sug-
gesting that the compact conformation of 30S IC-bound IF3 signals
proper fMet-tRNAfMet- and start codon selection.

6. 30S IC-Bound IF3 renders the subunit joining reaction
reversible and produces two classes of subunit joining events

Collectively, the studies described above in Sections 4 and 5
suggest that the 30S IC, or components of the 30S IC, can undergo
thermal fluctuations that are rectified in a tRNA- and/or codon-
dependent manner to favor conformations that are either permis-
sive or inhibitory to subunit joining. Recently, MacDougall and
Gonzalez have developed an FRET signal between a 30S IC carrying
a Cy3-labeled IF2 variant and a 50S subunit carrying a Cy5-labeled
ribosomal protein L11 (L11) variant that lays the groundwork for
directly testing this hypothesis [60]. Stopped-flow delivery of 50S
subunits reconstituted with Cy5-labeled L11 to 30S ICs carrying
Cy3-labeled IF2 resulted in EFRET versus time trajectories that report
on the subunit joining reaction in real time. Because of its well-
established role in inhibiting and regulating the subunit joining
reaction, MacDougall and Gonzalez began by conducting IF2-L11
smFRET studies of subunit joining in the absence and presence of
IF3. In the absence of IF3, 50S subunits underwent stable and
irreversible joining to the 30S IC, yielding a 70S IC that is relatively
stable with a relatively long average lifetime of �100 s prior to
dissociation into its component 30S IC and 50S subunits (Fig. 4a). In
contrast, when IF3 was included within the 30S IC, subunit joining
became a reversible process and individual subunit joining events
could be clustered into at least two distinct classes of 70S ICs: (i) a
70S IC that is relatively unstable with a relatively short average
lifetime of ~0.8 s prior to dissociation into its component 30S IC and
50S subunits and (ii) a 70S IC that is of intermediate stability with
an intermediate average lifetime of �10 s prior to dissociation into
its component 30S IC and 50S subunits (Fig. 4b). Notably, the life-
times of the relatively unstable and intermediate-stability classes of
70S ICs were strikingly different from that of the relatively stable
class of 70S IC observed in the absence of IF3, strongly suggesting
p row) of various 30S ICs including (a) a 30S IC lacking a tRNA, (b) a canonical 30S IC
RNAPhe, and (d) a non-canonical 30S IC assembled on the AUU near-start codon. Surface
ch 30S IC by superimposing all of the individual EFRET versus time trajectories obtained
are shown to the right of each surface contour plot. Surface contour plots are plotted
bar. Figure adapted from Elvekrog et al. [59].



Fig. 4. Single-molecule measurements of subunit joining. Comparison of the stability and dynamics of subunit joining to IF2-bound 30S ICs formed in (a) the absence of IF3, (b) a
~1:1 ratio of IF3 to 30S ribosomes and (c) in the presence of excess free IF3 in solution. Cartoon representations (top row), representative fluorescence versus time, and the
corresponding EFRET versus time trajectories (middle row), and surface contour plots of the time evolution of population FRET (bottom row) are shown for each 30S IC. The number
of EFRET versus time trajectories that were superimposed to construct the surface contour plot is given by ‘N’. Surface contours were plotted from the lowest population (tan) to the
highest population (red) as indicated by the population color bar. Figure adapted, with permission, from MacDougall et al. [60].
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that the relatively unstable and intermediate-stability classes of
70S ICs both contain bound IF3. Moreover, the multiple 50S subunit
joining events that were observed for individual 30S ICs in the
presence of IF3 could switch between the relatively unstable or
intermediate-stability classes of 70S ICs, even under conditions in
which free IF3 was removed from the imaging buffer. The removal
of free IF3 from the imaging buffer virtually eliminates the possi-
bility that a free IF3 molecule from the imaging buffer can bind to a
30S IC fromwhich a bound IF3molecule has dissociated. The results
of these experiments, therefore, strongly suggest that the switching
between short- and intermediate-lifetime classes of 70S ICs that is
observed for individual 30S ICs arises from thermal fluctuations of
IF3-bound 30S ICs as opposed to arising from the compositional
heterogeneity generated by the possible dissociation of IF3 from a
subset of 30S ICs.

Previous ensemble subunit joining studies have shown that
when the concentration of free IF3 exceeds the amount of IF3
necessary to completely saturate the 30S ICs, the rate of subunit
joining approaches zero [28]. Interestingly, when high concentra-
tions of free IF3 (~1 mM)were included in the imaging buffer used in
the smFRET experiments described in the previous paragraph, 50S
subunit joining resulted in 70S ICs that almost exclusively occupied
the relatively unstable class of 70S ICs (Fig. 4c). This observation
suggests that high concentrations of free IF3 in solution can rectify
the thermal fluctuations of IF3-bound 30S ICs so as to favor the
conformation of the 30S IC that results in formation of the relatively
unstable class of 70S ICs. Recent single-molecule studies of the
double-stranded DNA-binding (dsDNA) protein Fis may offer clues
as to how free IF3 in solution may modulate the conformation of
the IF3-bound 30S IC. In the absence of free Fis in solution, Fis has
been shown to bind very stably to dsDNA, rarely exhibiting spon-
taneous dissociation events. Remarkably, however, the presence of
high concentrations of free Fis in solution results in the accelerated
turnover and rapid exchange of dsDNA-bound Fis with free Fis from
solution. By analogy, MacDougall and Gonzalez posit that the
presence of high concentrations of IF3 free in solutionmay facilitate
the exchange of 30S-bound IF3 with free IF3 from solution, a pro-
cess that could rectify the thermal fluctuations of IF3-bound 30S ICs
so as to favor the conformation of the 30S IC that results in for-
mation of the relatively unstable class of 70S ICs. This may occur if,
for instance, 30S IC-bound IF3 is constantly “turned over” before it
has time to adopt a conformation within the 30S IC that is
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permissive for 50S subunit joining (i.e., the compact conformation
of 30S IC-bound IF3 described in Section 5).

7. Conclusions and future perspectives

The results of the several recent smFRET studies that we have
reviewed here have begun to uncover the roles that rectified
thermal fluctuations of the TMmay play in ensuring the accuracy of
fMet-tRNAfMet- and start codon selection during translation initi-
ation. These studies have revealed dynamic aspects of the mecha-
nisms of fMet-tRNAfMet- and start codon selection that, despite
hints as to their potential importance have thus far remained
difficult or impossible to access using ensemble biochemical and
biophysical approaches. The available smFRET studies that we have
reviewed here have been predominantly restricted to the fidelity of
the 70S IC formation step of the translation initiation pathway,
focusing on the thermal fluctuations of several components of pre-
assembled 30S ICs and how the rectification of these fluctuations
might contribute to the mechanism through which the rate of 50S
subunit joining is coupled to the tRNA- and codon composition of
the 30S IC. A much greater challenge, however, will be to investi-
gate the fidelity of the 30S IC formation step of translation initiation
to elucidate the mechanisms through which fMet-tRNAfMet is
accurately recruited and positioned, along with the start codon,
into the P site. In a landmark experiment, Puglisi and co-workers
used single-molecule nanoaperture fluorescence microscopy to
determine the order in which fluorescently labeled fMet-tRNAfMet

and IF2 are recruited to the 30S subunit during 30S IC assembly
[61]. Highlighting the complex compositional dynamics of trans-
lation initiation, Puglisi and co-workers found that there is no
defined order in which fMet-tRNAfMet and IF2 must be recruited to
the 30S IC and that the order in which they are preferentially
recruited depends on the concentrations of fMet-tRNAfMet and IF2
as well as on the absence or presence of IF1 and IF3 within the 30S
IC. Extension of these experiments to include fluorescently labeled
IF1 and IF3 as well as tRNAs other than fMet-tRNAfMet and non-start
codons should ultimately allow elucidation of the mechanisms
through which fMet-tRNAfMet and the start codon are specifically
recruited and positioned into the P site during 30S IC assembly
while simultaneously shedding light on how the incorrect sub-
strates are selected against.

Additional breakthroughs in our understanding of the mecha-
nism of translation initiation and its regulation will require the
development of an expanded repertoire of smFRET signals for
monitoring the dynamics of additional components of the 30S IC
and 70S IC. Development of dual labeled IF2 variants, for example,
should allow the intramolecular dynamics of 30S IC-bound IF2
during translation initiation to be characterized in a manner anal-
ogous to what has been done for IF3 (Section 5) [59]. Several
biochemical [62,63] and structural [15e19,40,41,64] studies suggest
that such intramolecular dynamics of IF2 may be important de-
terminants for driving and regulating translation initiation and
smFRET signals that report on these dynamics may provide unique
and powerful mechanistic insights into these processes. Similarly,
numerous genetic [27,36,65], biochemical [25,26,29], and structural
studies [16,40,41,66] suggest that, in addition to the 30S IC-bound
IFs and tRNA, the 30S subunit itself undergoes structural rear-
rangements during the 30S IC- and 70S IC formation steps of
translation initiation that may be functionally relevant and
important. Like many of the other large-scale conformational
changes that the TM undergoes during protein synthesis, it is likely
that structural rearrangements of the 30S IC are thermally activated
and rectified in ways that drive and regulate the 30S IC- and 70S IC
formation steps of translation initiation. Consequently, a full
mechanistic understanding of translation initiation will likely
require smFRET studies of new smFRET signals that, using fluo-
rescently labeled 30S subunits, report directly on the conforma-
tional dynamics of individual structural elements of the 30S
subunit during translation initiation.

Yet another important and challenging future goal for the
translation field is to extend the smFRET approaches for studying
bacterial translation that have been developed over the past decade
to studies of eukaryotic translation. Nowhere will the significance
of such an accomplishment be higher than in studies of eukaryotic
translation initiation. In eukaryotes, translation initiation is a major
target for the post-transcriptional control of gene expression. The
vast majority of translationally regulated genes, including many
involved in development and differentiation, are regulated at the
level of translation initiation [67e69]. As such, the initiation
pathway is an exceptionally vulnerable target for numerous cellular
pathogens [70e75]. In fact, deregulation of initiation is causally
linked to tumorigenesis [69,76e82] and viral infections [71,73e75]
in humans.

Befitting the expanded role of translational regulation in eu-
karyotes versus bacteria, the translation initiation pathway in
eukaryotes is significantly more complex than that of bacteria.
Although several features of the pathway are universal (e.g., IF1,
IF2, and IF3 all have sequence and/or functional homologs in
eukaryotic cells, termed eIF1A, eIF5B, and eIF1, respectively) [83],
eukaryotes encode at least nine additional eukaryotic IFs (eIFs),
incorporate eukaryotic-specific mRNA elements (e.g., the 50 7-
methylguanosine “cap” and the 3‘ polyadenine “tail”), and have
evolved additional steps in the initiation pathway (e.g., scanning of
the ribosome along the mRNA to locate the start codon and
circularization of the mRNA) that enable additional, eukaryotic-
specific opportunities to regulate translation initiation and,
consequently, gene expression. As is the case with the bacterial
initiation pathway, current models of the eukaryotic initiation
pathway are replete with compositional and conformational in-
termediates that have been inferred from numerous genetic,
biochemical and structural studies [84]. A prominent example is
the “open” scanning-competent conformation of the small, 40S,
ribosomal subunit observed when comparing the cryo-EM struc-
tures of the free 40S subunit and the 40S subunit bound to eIF1
and eIF1A [85]. smFRET studies have the power to interrogate such
conformational changes in real-time, thereby allowing for the
detailed kinetic and thermodynamic characterization of these
dynamics and their regulation.
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