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Abstract

Ribosomal subunit joining is a key checkpoint in the bacterial translation initiation pathway during which
initiation factors (IFs) regulate association of the 30S initiation complex (IC) with the 50S subunit to control
formation of a 70S IC that can enter into the elongation stage of protein synthesis. The GTP-bound form of IF2
accelerates subunit joining, whereas IF3 antagonizes subunit joining and plays a prominent role in maintaining
translation initiation fidelity. The molecular mechanisms through which IF2 and IF3 collaborate to regulate the
efficiency of 70S IC formation, including how they affect the dynamics of subunit joining, remain poorly
defined. Here, we use single-molecule fluorescence resonance energy transfer to monitor the interactions
between IF2 and the GTPase-associated center (GAC) of the 50S subunit during real-time subunit joining
reactions in the absence and presence of IF3. In the presence of IF3, IF2-mediated subunit joining becomes
reversible, and subunit joining events cluster into two distinct classes corresponding to formation of shorter-
and longer-lifetime 70S ICs. Inclusion of IF3 within the 30S IC was also found to alter the conformation of IF2
relative to the GAC, suggesting that IF3's regulatory effects may stem in part from allosteric modulation of IF2–
GAC interactions. The results are consistent with a model in which IF3 can exert control over the efficiency of
subunit joining by modulating the conformation of the 30S IC, which in turn influences the formation of
stabilizing intersubunit contacts and thus the reaction's degree of reversibility.

© 2014 Elsevier Ltd. All rights reserved.
Introduction

Translation initiation is a multistep process in
which a functional ribosomal complex is assembled
at the start codon of a messenger RNA (mRNA)
template in preparation for a new round of protein
synthesis. The canonical initiation pathway in
bacteria begins with binding of initiation factors
(IFs) to the small, 30S, ribosomal subunit; recruit-
ment of the mRNA and initiator formyl-methionyl
transfer RNA (fMet-tRNAfMet); and formation of
codon–anticodon base pairing between the tRNA
anticodon and mRNA start codon. The resulting
intermediate, known as the 30S initiation complex
(IC), can subsequently associate with the large, 50S
subunit to form a 70S IC that is competent to begin
peptide chain elongation [1,2]. The subunit joining
step constitutes an important regulatory checkpoint
during initiation, which may be up-regulated or down-
er Ltd. All rights reserved.
regulated in order to accelerate 70S IC formation
from correctly assembled 30S ICs, to prevent
formation of aberrant 70S ICs containing non-
initiator tRNA or incorrect start codons, and to
fine-tune the efficiency of translation initiation on
different mRNA templates [3–6].
The three canonical IFs, IF1, IF2, and IF3, play

prominent roles in regulating the rate and fidelity of
individual steps of translation initiation, including 30S
IC assembly and subunit joining. Previous ensemble
biochemical and biophysical studies have shown
that the universally conserved GTPase IF2 facilitates
recruitment and selection of fMet-tRNAfMet on the
30S IC during 30S IC assembly [7,8] and subse-
quently accelerates subunit joining [3,4,9]. These
studies have also shown that IF3 has a proofreading
function during initiation, discriminating against
non-canonical mRNA start codons and non-initiator
tRNAs in favor of correct codon–anticodon pairing
J Mol Biol (2015) 427, 1801–1818

mailto:rlg2118@columbia.edu
http://dx.doi.org/Daniel D.MacDougallRuben L.GonzalezJr.Nrlg2118@columbia.eduColumbia University Department of Chemistry, 3000 Broadway, New York, NY 10027, USAColumbia University Department of Chemistry3000 BroadwayNew YorkNY10027USANCorresponding author. Columbia University Department of Chemistry, 3000 Broadway, Havemeyer Hall, MC 3126, New York, NY 10027, USA.
http://dx.doi.org/


1802 Regulation of subunit joining by IF3
between a canonical mRNA start codon and
fMet-tRNA fMet during both 30S IC assembly
[7,10,11] and subunit joining [5,6]. During subunit
joining, IF3 counteracts the stimulatory effect of IF2
by inhibiting the reaction to varying extents depend-
ing on the composition of the 30S IC [3–5,12].
Finally, these studies have shown that IF1 enhances
the respective activities of IF2 and IF3 during 30S IC
assembly and subunit joining [3,4,13,14]. The
opposing effects of IF2 and IF3 on the rate of subunit
joining are likely important in appropriately balancing
the dual requirements of speed and accuracy during
initiation [4] and may permit modulation of subunit
joining efficiencies in a context-specific manner.
The stimulatory effect of IF2 on subunit joining can

be attributed to the formation of favorable interac-
tions with the intersubunit surface of the core of the
50S subunit and with components within the
GTPase-associated center (GAC) of the 50S subunit
[15–18], which consists of 23S ribosomal RNA
helices 42–44 and ribosomal proteins L10, L11,
and L7/L12. Inhibition by IF3, on the other hand, is
thought to be a consequence of its binding to the
“platform” domain of the 30S subunit, where it can
sterically block the formation of key intersubunit
interactions, termed intersubunit bridges, at the
interface between the 30S and 50S subunits [19,20].
Different models have been proposed for how IF3

exerts control over subunit joining. One model posits
that IF3 must dissociate from the 30S IC prior to
successful subunit joining and that the rate of subunit
joining is dictated by the rate of IF3 dissociation [4].
An alternate model proposes that IF1- and IF3-
dependent conformational changes of the 30S IC
control whether subunit joining can result in the
formation of a thermodynamically stable 70S IC and
that IF3 dissociation occurs subsequent to subunit
joining [5]. IF3 is a structurally dynamic protein
consisting of two globular domains connected by a
flexible linker, which has recently been shown to
adopt multiple interdomain conformations on the
30S IC that may be coupled to global conformational
changes of the entire 30S IC [21]. These results lend
support to the possibility that the 30S IC can undergo
conformational changes that modulate the accessi-
bility of intersubunit bridges and hence the rate of
subunit joining, without requiring IF3 to dissociate.
They also raise the question of whether and to what
extent IF3 influences the interactions of other 30S IC
components, such as fMet-tRNAfMet and IF2, with
the incoming 50S subunit. Addressing this question
would furnish a more complete understanding of the
mechanism through which IF3 regulates subunit
joining.
Previous studies have demonstrated the efficacy

of single-molecule fluorescence methods in charac-
terizing conformational and temporal dynamics of
the ribosome and its ligands during translation
initiation [21–24]. Here, we report the use of a
single-molecule fluorescence resonance energy
transfer (smFRET) approach to specifically charac-
terize the effect of IF3 on IF2-mediated subunit joining.
Direct observation of individual subunit joining events
has the potential to uncover structural and kinetic
features underlying regulation by IF3 that have been
hidden or obscured in previous ensemble-averaged
measurements. Subunit joining reactions were mon-
itored in real time based on energy transfer between
fluorescence resonance energy transfer (FRET)-
donor-labeled IF2 on the 30S IC and FRET-acceptor-
labeled ribosomal protein L11 within the GAC. This
strategy allows detection of conformational rearrange-
ments between IF2and theGACduring subunit joining,
which have been suggested to play a functional role
in this process [25,26], and permits an assessment of
the extent to which the presence of IF3 on the 30S IC
alters the interactions that IF2 forms with the 50S
subunit.
We find that the presence of IF3 dramatically alters

the dynamics of subunit joining. In the absence of
IF3, subunit joining results in the formation of a highly
stable, long-lifetime 70S IC. When IF3 is present
within the 30S IC, however, subunit joining becomes
reversible and two distinct types of subunit joining
events are observed, corresponding to formation of
70S ICs with short and intermediate lifetimes and
distinct distributions of relative IF2–GAC conforma-
tions. These results suggest that IF3 can exert
control over subunit joining by modulating the
conformation of the 30S IC and that the IF3-bound
30S IC can transition between at least two confor-
mations that interact more weakly or more strongly
with the 50S subunit. The relative occurrence of
short- and intermediate-lifetime 70S ICs was found
to be modulated by changes in the solution
concentration of IF3 and by the use of a loss-of-
function IF3 point mutant [27,28], suggesting that the
equilibrium between the two 30S IC conformations
can be regulated and that this could provide a
mechanism to control the efficiency and fidelity of
translation initiation. Thus, IF3-dependent modula-
tion of the energetics of subunit joining may allow
fine-tuning of the rate of 70S IC formation and entry
into elongation within different cellular contexts and
in response to different cellular cues.
Results

Development of an IF2–L11 smFRET signal to
monitor subunit joining

We devised a single-molecule approach to monitor
the interactions between 30S IC-bound IF2 and L11
within the GAC during real-time subunit joining
reactions (Fig. 1). An IF2(S672C) point mutant was
constructed and site-specifically labeled with Cy3



13 2
GTP

13 2
GTP

Quartz slide 
PEG 
Biotin 

Streptavidin 

30S IC

Delivery of (Cy5)50S

70S IC

S672C

C39

~59 Å

50S subunit

30S subunit

IF2

L11

H42-44

(b)

(a)

Fig. 1. Monitoring subunit joining by smFRET between L11 and IF2. (a) Left panel: Atomic model of IF2-GTP bound to
the 70S IC highlighting the proximity of IF2 to the GAC. The model is based off of a cryo-EM reconstruction of a Thermus
thermophilus 70S IC containing IF2-GMPPCP [31] (atomic coordinates kindly provided by Prof. Bruno Klaholz). Regions of
the 30S and 50S subunits that were not resolved in the cryo-EM map, including L11, were added by performing structural
alignments in PyMOL [34] with elements of the 30S and 50S subunits taken from an X-ray crystal structure of the
T. thermophilus 70S ribosome (PDB IDs: 1YL3 and 1YL4). Right panel: Zoomed-in image of L11 (green) and IF2 (purple).
The residues that were fluorescently labeled for smFRET measurements (C39 on L11 and S672C on IF2) are highlighted
in yellow. The distance between the labeling positions was approximated by the distance between the respective α-carbon
atoms. This distance was ~59 Å and is indicated by a yellow broken line. (b) Cartoon schematic of smFRET experiments.
(Cy3)30S ICs were assembled on a 5′-biotinylated mRNA and tethered to the surface of a PEG-derivatized microscope
slide via biotin-streptavidin interactions. Subsequently, (Cy5)50S subunits were stopped-flow delivered into the flow cell to
allow formation of 70S ICs. Though not depicted in the cartoon, other initiation components were included in the buffer
delivered into the flow cell (see the text for details). On the 50S subunit, L11 is shown in green and the L7/L12 stalk (not
visible in the atomic model of the 70S IC) is shown in cyan.
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FRET donor fluorophore to generate (Cy3)IF2.
Escherichia coli contains three naturally occurring
isoforms of IF2 (α, β, and γ) that differ in length of
the N-terminus but that are each fully capable of
promoting translation initiation in vitro [29]; a
recombinant version of the γ-isoform served as the
starting point for construction of (Cy3)IF2. Position
S672C is located within α-helix 8 linking domains II
and III of IF2 (domain numbering according to
Roll-Mecak et al. [30]), which is expected to be in
close proximity to the GAC within the 70S IC based
on cryogenic electron microscopy (cryo-EM) struc-
tures [15,31] (Fig. 1a). Recombinantly expressed
and purified L11 was labeled with Cy5 FRET
acceptor fluorophore at its native cysteine residue
(C39) within its N-terminal domain and was subse-
quently reconstituted into 50S subunits purified from
an L11-deletion strain of E. coli [32,33] to generate
(Cy5)50S subunits. A similar labeling scheme was
used by Qin et al. to monitor IF2–GAC interactions
with ensemble FRET techniques, except that
Bacillus stearothermophilus IF2, labeled within the
G-domain, was used in conjunction with E. coli 50S
subunits containing L11 labeled within its N-terminal
domain [26].
30S ICs bearing (Cy3)IF2 [(Cy3)30S ICs] that

contained the other IFs, fMet-tRNAfMet, and a
5′-biotinylated mRNA (biotin-mRNA) harboring an
AUG start codon were prepared. The 5′ biotin moiety
on the biotin-mRNA allows tethering of the (Cy3)30S
ICs to the surface of a polyethylene glycol (PEG)-
passivated and biotin-PEG-derivatized quartz micro-
fluidic flow cell via a biotin-streptavidin-biotin bridge
for visualization by total internal reflection fluores-
cence (TIRF) microscopy. (Cy5)50S subunits and
other initiation components (variable depending on
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the experiment) were stopped-flow delivered to
surface-tethered (Cy3)30S ICs, and individual sub-
unit joining events were detected based on appear-
ance of an smFRET signal (Fig. 1b). Subunit joining
triggers rapid GTP hydrolysis by IF2, which is
followed by release of inorganic phosphate, transi-
tion of IF2 to its GDP-bound form, and dissociation of
IF2 from the ribosome [35]. In the context of our
smFRET assay, dissociation of (Cy3)IF2 from the
70S IC and its diffusion away from the TIRF-illumi-
nated surface of the flow cell results in loss of the
smFRET signal and the end of the observation
window.
Subunit joining measurements were conducted in

a previously described Tris-polymix buffer [21] in
which we have adjusted the salt concentration such
that binding of IF2 to the 70S IC is stabilized. Raising
the salt concentration was found to significantly
accelerate (Cy3)IF2 dissociation from the 70S IC
following subunit joining (Fig. S1), indicating that
electrostatic forces play an important role in
stabilizing IF2–70S IC interactions. The enhanced
stability of IF2 under our buffer conditions is
advantageous, as it provides a longer experimen-
tal observation window that allows robust charac-
terization of IF2–GAC conformational states
accessible within the 70S IC and the identification
and characterization of multiple modes of subunit
joining (see below). Importantly, our initiation
components are biochemically active under these
buffer conditions, exhibiting levels of IF2- and
ribosome-dependent GTP hydrolysis and initiation
dipeptide formation that are consistent with litera-
ture values [25,35] (Figs. S2 and S3). Furthermore,
fluorescent labeling of IF2 and L11 did not
significantly interfere with their biochemical activity
(Figs. S2 and S3).

The 50S subunit stably joins to a 30S IC lacking
IF3 and the relative conformation of L11 and IF2
within the resulting 70S IC fluctuates between
multiple states

IF2-mediated subunit joining was first investigated
with 30S ICs containing IF1, (Cy3)IF2, GTP,
fMet-tRNAfMet, and biotin-mRNA but lacking IF3
Fig. 2. smFRET measurements of subunit joining to (a) 30S
experiments performed. (Cy5)50S subunits (20 nM) were stop
IF2, GTP, fMet-tRNAfMet, biotin-mRNA, and, when included
fluorescence intensity versus time trajectories. Third row: T
EFRET = ICy5/(ICy3 + ICy5). Fourth row: Time evolution of pop
hundreds of individual EFRET versus time trajectories. The n
indicated by “N”. Contours are plotted from tan (lowest popu
(highest population, ≥85% of counts in the most populated bin)
generated by plotting “Ending EFRET” versus “Starting EFRET”
from the idealized EFRET versus time trajectories (see Materials
a two-dimensional histogram. Contours are plotted from tan (
bin) to red (highest population, ≥85% of counts in the most
number of transitions used to generate the TDPs is indicated
[(Cy3)30S IC−IF3]. Imaging buffer containing (Cy5)
50S subunits, IF1, and GTP was stopped-flow
delivered to surface-tethered (Cy3)30S IC−IF3s,
resulting in FRET efficiency (EFRET) versus time
trajectories that, upon subunit joining, exhibited a
sharp transition from a state with an EFRET ratio of
zero (referred to as the zero-FRET state) to a state
that samples one or more sub-states with distinct
non-zero EFRET ratios (referred to as the aggregate
non-zero FRET state) (Fig. 2a). The lifetime of the
zero-FRET state prior to subunit joining (τz) was
2.4 s at 20 nM (Cy5)50S subunits, yielding an
estimated apparent bimolecular association rate
constant (ka,app) of ~21 μM−1 s−1 for subunit joining
to 30S IC−IF3 (Materials and Methods), a value that
falls toward the lower end of the range of values
obtained from ensemble light-scattering measure-
ments of the rate of subunit joining to similar 30S ICs
[4,12].
Subsequent to the subunit joining event, the EFRET

versus time trajectories continued to occupy the
aggregate non-zero FRET state until smFRET signal
loss, indicating formation of a thermodynamically
stable 70S IC (Fig. 2a). Under constant laser
illumination, measurement of the lifetime of the
aggregate non-zero FRET state (τnz) was limited by
fluorophore photobleaching. To obtain a better
estimate of τnz, we extended the fluorophore survival
time prior to photobleaching by shuttering the laser
excitation source at regular intervals, starting after
an initial 5 s of continuous data acquisition used to
identify subunit joining events. As the time interval
between successive frames within the shuttering
regime was increased, τnz increased to values
N100 s (Fig. S4 and Table S1). This corresponds
to an estimate of τnz that is much less influenced by
photobleaching and that likely represents the time-
scale of (Cy3)IF2 dissociation from the 70S IC under
the current experimental conditions. This interpreta-
tion is supported by the finding that, in the presence
of the non-hydrolyzable GTP analog GDPNP
(guanosine-5′-[(β,γ)-imido]triphosphate), which pre-
vents IF2 dissociation from the ribosome [36],
τnz, measured using the same shuttering procedure,
is increased even further to N500 s (Table S1).
Taken together, these results indicate that joining of
IC−IF3 and (b) 30S IC+IF3. First row: Cartoon illustration of
ped-flow delivered to (Cy3)30S ICs containing IF1, (Cy3)
, IF3. Second row: Sample Cy3 (green) and Cy5 (red)
he corresponding EFRET versus time trajectories, where
ulation FRET histograms, generated by superimposing
umber of trajectories used to generate the histograms is
lation, ≤1% of counts in the most populated bin) to red
according to the color bar on the left. Fifth row: TDPs were
for all transitions between different FRET states, obtained
and Methods), as a surface contour plot representation of

lowest population, ≤25% of counts in the most populated
populated bin) according to the color bar on the left. The
by “n”.
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the 50S subunit to 30S IC−IF3 is accompanied
by formation of energetically favorable IF2–50S
subunit interactions and 30S subunit–50S subunit
interactions that generate a highly stable, long--
lifetime (τnz,long ≥ 100 s) 70S IC.
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occur between states centered at EFRET ratios of
~0.6 and ~0.8 (Fig. 2a). This indicates that there are
at least two thermally accessible relative conforma-
tions of IF2 and L11 within the 70S IC and that the
70S IC can reversibly fluctuate between them.
These results suggest that the intermolecular inter-
actions between IF2 and L11 may be dynamically
remodeled during subunit joining and 70S IC
formation, which could entail reversible formation,
reconfiguration, and/or disruption of specific inter-
molecular contacts. The long-lifetime 70S IC formed
upon subunit joining to 30S IC−IF3 predominately
samples the ~0.8 FRET state (Fig. 2a), which
indicates that this state represents the more ener-
getically favorable conformation of the 70S IC in the
absence of IF3.

The presence of IF3 on the 30S IC alters the
dynamics of subunit joining

In order to investigate how IF3 regulates interac-
tions between the 30S IC and the 50S subunit during
IF2-mediated subunit joining, we stopped-flow deliv-
ered (Cy5)50S subunits to surface-tethered (Cy3)
30S ICs containing IF1, (Cy3)IF2, GTP, IF3,
fMet-tRNAfMet, and biotin-mRNA [(Cy3)30S IC+IF3].
In addition to (Cy5)50S subunits, the imaging buffer
that was delivered into the flow cell also contained IF1
andGTP. In the first iteration of theseexperiments, the
imaging buffer did not contain IF3. Consequently, the
majority of IF3 that was not bound to a 30S IC was
flushed from the flow cell at the beginning of the
experiment. The EFRET versus time trajectories thus
obtained therefore yield information on subunit joining
to 30S IC+IF3 in the absence, or at very low
concentrations, of free IF3 in the imaging buffer.

The 50S subunit reversibly joins to a 30S IC
containing IF3

In contrast to the long-lifetime aggregate non-zero
FRET state observed upon subunit joining to 30S
IC−IF3, subunit joining to 30S IC+IF3 resulted in the
observation of shorter dwells in the aggregate non--
zero FRET state and multiple transitions between the
zero-FRET state and the aggregate non-zero FRET
state within individual EFRET versus time trajectories
(Fig. 2b). Because transitions from the aggregate
non-zero FRET state to the zero-FRET state in the
EFRET versus time trajectories predominantly result
from loss of Cy5 intensity arising from the (Cy5)50S
subunits rather than from the loss of Cy3 intensity from
(Cy3)30S IC+IF3s, these results are consistent with the
reversible association of 50S subunits to 30S IC+IF3,
an interpretation that is in line with IF3's known
anti-subunit association activity [12,37,38]. Different
concentrations of (Cy5)50S subunits were stopped--
flow delivered to (Cy3)30S IC+IF3s in order to confirm
this interpretation. As the concentration of 50S
subunits was increased, τz decreased, as expected
for a bimolecular association reaction, while τnz was
independent of 50S subunit concentration, as expect-
ed for a unimolecular dissociation reaction (see Fig. 3,
Fig. S5, and Table S2). Therefore, apart from
instances of fluorophore photobleaching and blink-
ing, each transition from the aggregate non-zero
FRET state to the zero-FRET state represents the
dissociation of a 50S subunit from 30S IC+IF3,
whereas each transition from the zero-FRET state
to the aggregate non-zero FRET state represents
binding of a 50S subunit to 30S IC+IF3.
These results demonstrate that the presence of

IF3 on the 30S IC can impart reversibility to the
IF2-mediated subunit joining reaction. This is in
agreement with a kinetic model for 70S IC formation
formulated based on ensemble rapid kinetics mea-
surements, which posits that reversible dissociation of
labile 70S ICs into30S ICs and50Ssubunits canoccur
following initial subunit joining and GTP hydrolysis [9].
One possible explanation for the reversible subunit
joining observed in our smFRET experiments is that
fMet-tRNAfMet has dissociated from 30S IC+IF3 and
that subunit joining cannot proceed effectively in its
absence. However, control experiments performed
with high concentrations of fMet-tRNAfMet in the
imaging buffer in order to ensure the presence of
fMet-tRNAfMet on 30S IC+IF3 yielded nearly identical
results (Table S2), building confidence that the
reversible subunit joining we observe involves com-
plete 30S ICs containing all canonical initiation
components.
The ka,app for subunit joining to 30S IC+IF3 was

~11 μM−1 s−1, which is a modest ~1.9-fold slower
than the ka,app for subunit joining to 30S IC−IF3

(~21 μM−1 s−1). Therefore, the presence of IF3 on
the 30S IC has only modest effects on the rate of
initial association of the 30S IC with the 50S subunit.
Instead, the primary role of IF3 appears to be to
influence the stability of the 70S IC after initial
association. This is consistent with a model for 70S
IC formation in which IF3 exerts less of an effect on
early steps and more of an effect on later steps of the
subunit joining process. IF3 could affect the stability
of the 70S IC directly, by sterically occluding
formation of a subset of intersubunit bridges, and/
or indirectly, by inducing or stabilizing 30S IC
conformation(s) that make less energetically favor-
able interactions with the 50S subunit.
Joining of the 50S subunit to a 30S IC containing IF3
can result in the formation of two different classes of
70S IC with short and intermediate lifetimes

The individual subunit joining events observed for
30S IC+IF3 resulted in the formation of labile 70S ICs
that exhibited highly variable dwell times in the
aggregate non-zero FRET state. Inspection of
individual EFRET versus time trajectories suggested
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Fig. 3. Dwell-time analysis for 30S IC+IF3. Top row: Survival probability plots were constructed from dwells in the
zero-FRET state (a) and dwells in the aggregate non-zero FRET state (b). The sample plots shown were collected at
20 nM (Cy5)50S subunits. The number of dwells used to construct the plots is indicated by “n”. The data were fit with
exponential decays to extract the lifetimes of the respective states. The survival probability plot for dwells in the zero-FRET
state was fit with a single-exponential decay (adjusted R2 = 0.99), and the survival probability plot for dwells in the
aggregate non-zero FRET state was fit with a double-exponential decay (adjusted R2 was 0.99 when modeled with a
double-exponential decay and was 0.75 when modeled with a single-exponential decay). Bottom row: Lifetimes in the
zero-FRET state (c) and aggregate non-zero FRET state (d) versus concentration of (Cy5)50S subunits in the flow cell.
Error bars were obtained by bootstrapping analysis (see Materials and Methods). The two lifetimes in the aggregate
non-zero FRET state correspond to short-lifetime (τnz,short) and intermediate-lifetime (τnz,int) 70S ICs.
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that subunit joining events may cluster into at least
two distinct classes corresponding to formation of
relatively short-lived and relatively long-lived 70S
ICs (Fig. 2b). Accordingly, the simplest model to
account for the plot of survival probabilities in the
aggregate non-zero FRET state is a double-
exponential decay with lifetimes of ~0.8 s and
≥10 s and amplitudes of ~0.67 and ~0.33, respec-
tively (Fig. 3 and Table S2). The ≥10 s lifetime is
likely underestimated due to fluorophore photo-
bleaching and therefore represents a lower limit for
the actual lifetime of the longer-lived 70S ICs.
However, these longer-lived 70S ICs are still
observed to reversibly dissociate into subunits within
the experimental observation window (Fig. 2b),
indicating that they are less stable compared with
the long-lifetime 70S ICs formed in the absence of
IF3. These results suggest that there are at least two
possible modes of interaction between 30S IC+IF3
and the incoming 50S subunit, which result in the
formation of short-lifetime (τnz,short ~ 0.8 s) or inter-
mediate-lifetime (τnz,int ≥ 10 s) 70S ICs.
To characterize the interactions between IF2 and

the GAC within short- and intermediate-lifetime 70S
ICs, we constructed separate histograms of EFRET
ratios for each (Fig. 4). For this purpose, short-
lifetime 70S ICs were defined as dwells in the
aggregate non-zero FRET state shorter than 4 s, and
intermediate-lifetime 70S ICs were defined as dwells
in the aggregate non-zero FRET state longer than or
equal to 4 s. This 4-s threshold was a conservative
choice that avoids contamination of the EFRET
distribution for intermediate-lifetime 70S ICs with
EFRET data from short-lifetime 70S ICs. This, in turn,
allows confident assessment of not only whether the
EFRET distribution for intermediate-lifetime 70S ICs is
different from the EFRET distribution for short-lifetime
70S ICs but also whether the former is different from
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Fig. 4. Histograms of EFRET ratios for 70S ICs with short, intermediate, and long lifetimes. EFRET data corresponding to
short-, intermediate-, and long-lifetime 70S ICs were obtained from idealized EFRET versus time trajectories (see Materials
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the EFRET distribution for the long-lifetime 70S ICs
observed upon subunit joining to 30S IC−IF3. Using
this approach, short-lifetime 70S ICs were character-
ized by a single non-zero FRET state exhibiting a
distribution of EFRET ratios centered at ~0.6, while
intermediate-lifetime 70S ICs were characterized by
two non-zero FRET states exhibitingEFRET ratios with
peak centers at ~0.6 and ~0.8 (Fig. 4). TDPs highlight
the prevalence of fluctuations between the non-zero
FRET states centered at EFRET ratios of ~0.6 and
~0.8 within intermediate-lifetime 70S ICs (Fig. 2b).
These EFRET ratios are very similar to those observed
within the long-lifetime 70S ICs formed in the absence
of IF3, except with different relative occupancies; in
the absence of IF3, the EFRET distribution is weighted
toward the ~0.8 FRET state (Fig. 4). These results
suggest that IF2 and L11 can adopt similar relative
conformationswithin all 70S ICsexamined but that the
preferred conformation depends on the presence or
absence of IF3. In other words, the presence of IF3
appears to allosterically modulate the interactions
between IF2 and the GAC. Increasing 70S IC stability
is correlated with a shift toward preferential population
of the ~0.8 FRET state, which suggests that specific
interactions between IF2 and L11 associated with the
~0.8 FRET state may play a role in influencing the
stability of the 70S IC.
In summary, association of 50S subunits with 30S

IC+IF3 can result in the formation of two classes of
70S ICs, distinguishable from each other, and 70S
ICs formed in the absence of IF3, based on their
unique lifetimes and distributions of relative IF2–
GAC conformations. An important implication of
these findings is that IF3 is likely present within
both short- and intermediate-lifetime 70S ICs be-
cause dissociation of IF3 would be expected to yield
70S ICs indistinguishable from the long-lifetime 70S
ICs formed upon subunit joining to 30S IC−IF3. Since
the intermediate-lifetime 70S ICs are stable on the
~10-s timescale, this argues against the premise
that stable association of IF3 and the 50S subunit
with the 30S IC are mutually exclusive.



1809Regulation of subunit joining by IF3
Notably, individual 30S IC+IF3s were observed to
form both short- and intermediate-lifetime 70S ICs.
Single 30S IC+IF3s can evidently switch back and
forth between these two modes of subunit joining, as
formation of short-lifetime 70S ICs was observed to
occur both before and after formation of intermedia-
te-lifetime 70S ICs in individual EFRET versus time
trajectories (Fig. 2b). These data are consistent with
a model in which individual 30S IC+IF3s can alternate
between different conformations that are more or
less inhibitory toward stable association with the 50S
subunit [5]. Thus, we propose that the two classes of
70S ICs observed with 30S IC+IF3 are reflective of an
underlying conformational equilibrium of 30S IC+IF3.
This model assumes that individual 30S IC+IF3s are
compositionally homogeneous over the entire ob-
servation period, which we have attempted to ensure
by including high concentrations of unlabeled
initiation components in the imaging buffer. Despite
this, however, the present data do not allow us to
completely exclude the alternative, or additional,
possibility that short- and intermediate-lifetime 70S
ICs arise from changes to the composition of 30S
IC+IF3 caused by the dissociation of unlabeled
initiation components from 30S IC+IF3 and the
rebinding of unlabeled initiation components from
the imaging solution.

Free IF3 in solution suppresses formation of
intermediate-lifetime 70S ICs

In the previous set of experiments, association of
50S subunits with 30S IC+IF3 was monitored in the
absence, or at very low concentrations, of free IF3 in
the imaging buffer. Therefore, the ratio of IF3 to 30S
subunits was approximately one-to-one. Biochemical
experiments have previously demonstrated an in-
crease in subunit joining inhibition at high IF3-to-30S
subunit molar ratios [4]. (Cy5)50S subunits were
stopped-flow delivered to surface-tethered (Cy3)30S
IC+IF3s in imaging buffer that contained IF1, GTP, and
IF3 in order to gain insight into the molecular basis for
this increased inhibition (Fig. 5 and Fig. S6). The
resulting EFRET versus time trajectories revealed a
preponderance of short-lived 70S ICs, with long-
er-lived 70S ICs being only occasionally observed
(Fig. 5). As before, control experiments performed
with high concentrations of fMet-tRNAfMet additionally
included in the imaging buffer gave comparable
results, strongly suggesting that the observed subunit
joining events involve completely and correctly
assembled 30S IC+IF3s (Table S3).
Analysis of the dwell times and EFRET ratios of

these short-lived 70S ICs strongly suggests that they
correspond to the same class of short-lifetime 70S
ICs observed previously. The plot of survival
probabilities in the aggregate non-zero FRET state,
taking into account all subunit joining events
detected with free IF3 in the imaging buffer, can be
modeled with a single-exponential decay with a
lifetime of ~0.8 s (Fig. 5 and Table S3). This is
identical with the value of τnz,short obtained for
short-lifetime 70S ICs without free IF3 in the imaging
buffer and was invariant across the range of 50S
subunit concentrations tested (Fig. 5 and Table S3).
The goodness of fit for these single-exponential
decays was only moderate for some datasets
(adjusted R2 ~ 0.9), likely reflecting the presence
of a small subpopulation of longer-lived 70S ICs.
In addition to the similarity in lifetimes, the

distribution of EFRET ratios for all 70S ICs formed
with free IF3 in the imaging buffer is highly similar to
that obtained for short-lifetime 70S ICs without free
IF3 in the imaging buffer. Both distributions were
characterized by a single non-zero FRET state
centered at an EFRET ratio of ~0.6 (Fig. S7),
indicative of similar modes of interaction between
IF2 and the GAC. Taken together, these results
indicate that subunit joining to 30S IC+IF3 can result
in the formation of either short- or intermediate-
lifetime 70S ICs and that the presence of free IF3 in
solution strongly favors formation of short-lifetime
70S ICs. A titration of free IF3 over several orders of
magnitude revealed that high, near-micromolar
concentrations of free IF3 are required to suppress
formation of intermediate-lifetime 70S ICs (Table
S4).
One possible explanation for why short-lifetime

70S ICs are predominately observed in the presence
of free IF3 in solution is that free IF3 binds to 50S
subunits and inhibits their ability to form stabilizing
interactions with 30S IC+IF3. However, this explana-
tion appears unlikely in light of the observation that
the same short-lifetime 70S ICs are observed even
when free IF3 is not included in the imaging buffer
and is thus presumed to be present at concentra-
tions too low to allow substantial binding to freely
diffusing 50S subunits. Consequently, the data
appear more consistent with a model in which 30S
IC+IF3 can fluctuate between two conformations that
favor formation of either short-lifetime or intermedia-
te-lifetime 70S ICs and in which free IF3 in solution
interacts with 30S IC+IF3 to bias this equilibrium
toward the conformation that gives rise to short-
lifetime 70S ICs. An explanation for how free IF3
could affect the dynamics of 30S IC+IF3s that already
contain a bound molecule of IF3 might be linked to
recent studies demonstrating that free protein in
solution can accelerate the turnover of a protein
that is pre-bound to its binding partner [39–42]
(see Discussion).
The inclusion of free IF3 in the imaging buffer did

not significantly affect ka,app for 30S IC+IF3, as similar
lifetimes in the zero-FRET state were obtained in the
absence and presence of free IF3 for each 50S
subunit concentration tested (Tables S2 and S3).
This suggests that the inhibition of 70S IC formation
observed at high IF3-to-30S subunit ratios in
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ensemble biochemical experiments [4] may arise not
from defects in subunit recruitment, but rather, it may
arise from the failure of 30S IC+IF3 to establish
stabilizing interactions with the 50S subunit upon
initial subunit association. More specifically, our data
suggest that, at high IF3-to-30S subunit ratios, 30S
IC+IF3 is biased toward a conformation that is
capable of associating only transiently with the 50S
subunit, forming short-lifetime 70S ICs that undergo
rapid dissociation and hence would be non-accu-
mulating at the ensemble level.

A loss-of-function IF3 mutant exerts differential
control over subunit joining dynamics

IF3 is known to undergo interdomain conforma-
tional rearrangements on the 30S IC, which are
likely facilitated by the flexible linker connecting its
globular N- and C-terminal domains and that may be
coupled to conformational rearrangements of the
entire 30S IC [21]. We therefore wondered whether
the IF3-dependent subunit joining dynamics ob-
served here might be influenced by the interdomain
conformation of IF3 on 30S IC+IF3. To investigate
this possibility, we made use of an IF3 point mutant,
IF3(Y75N), which was identified in a genetic screen
based on its inability to discriminate against initiation
at non-canonical start codons [27,28]. IF3(Y75N)
binds normally to 30S subunits but is defective in
start codon selection and initiator tRNA selection in
vitro and in vivo [28]. The Y75N point mutation is
located within the linker between IF3's N- and
C-terminal domains, proximal to its N-terminal
domain. Recent single-molecule studies have dem-
onstrated that the interdomain conformation of
IF3(Y75N) on the 30S IC is markedly altered relative
to wild-type IF3 [21].
We prepared and surface-tethered (Cy3)30S

IC+IF3s containing IF3(Y75N), denoted (Cy3)30S
IC+IF3(Y75N), and monitored subunit joining upon
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stopped-flow delivery of (Cy5)50S subunits either in
the absence or in the presence of free IF3(Y75N) in
the imaging buffer, under experimental conditions
otherwise identical with those employed for the
analogous experiments with wild-type IF3. The
resulting EFRET versus time trajectories exhibit
reversible formation of both shorter-lived and long-
er-lived 70S ICs that sample non-zero FRET states
centered at EFRET values similar to those observed
for 70S ICs formed in the presence of wild-type IF3
(Fig. 6). The plots of survival probabilities in the
aggregate non-zero FRET state were well-described
by double-exponential decays with lifetimes similar
to or slightly longer than those observed with
wild-type IF3 (Table S5). Taken together, these
results suggest that 30S IC+IF3(Y75N) can participate
in formation of either short- or intermediate-lifetime
70S ICs that resemble those formed with wild-type
IF3 but that potentially possess subtle conformational
and energetic differences.
Further inspection of the smFRET data indicated

that intermediate-lifetime 70S ICs are formed more
frequently in the presence of IF3(Y75N) than in the
presence of wild-type IF3. To quantify this effect, we
classified all observed dwells in the aggregate
non-zero FRET state as short-lifetime 70S ICs or
intermediate-lifetime 70S ICs based on a 2-s
threshold (see Materials and Methods). Based on
this classification, 57% of the observed subunit
joining events resulted in formation of intermediate-
lifetime 70S ICs for IF3(Y75N), compared with 34%
of the observed subunit joining events for wild-type
IF3, when free IF3 was not included in the imaging
buffer. Likewise, when free IF3 was included in the
imaging buffer, 22% of the observed subunit joining
events resulted in formation of intermediate-lifetime
70S ICs for IF3(Y75N), compared with 10% of the
observed subunit joining events for wild-type IF3.
These results suggest that IF3(Y75N) renders 30S
IC+IF3 more permissive toward stable association
with the 50S subunit. Additionally, based on the
location of the Y75N point mutation within IF3's
molecular structure, they suggest that IF3's linker
and/or N-terminal domain may play a functionally
important role in regulating subunit joining dynamics.
Discussion

Our smFRET studies have revealed the existence
of multiple, discrete modes of subunit joining during
translation initiation. Joining of the 50S subunit to
30S IC−IF3 leads to the formation of a long-lifetime
70S IC, whereas joining of the 50S subunit to 30S
IC+IF3 can result in the formation of short- or
intermediate-lifetime 70S ICs (Fig. 7). Both short-
and intermediate-lifetime 70S ICs were observed to
undergo dissociation into free subunits, providing
direct evidence that IF2-mediated subunit joining is
reversible in the presence of IF3, in agreement with
proposals based on ensemble rapid kinetics mea-
surements [5,9]. The ability of IF3 to impart
reversibility to the subunit joining reaction may be
an important component of its fidelity function to
impede formation of 70S ICs lacking initiator tRNA or
containing a non-initiator tRNA and/or a non-
canonical mRNA start codon [5,6,12,27,43].
We propose that the two modes of subunit joining

observed in the presence of IF3 arise from distinct
conformational subpopulations of 30S IC+IF3 with
starkly different propensities for associating stably
with the 50S subunit. This would imply that IF3-
dependent conformational changes of the 30S IC
can modulate the number and/or strength of inter-
actions formed between the 30S IC and the 50S
subunit. As a caveat, we note that the present data
do not allow us to completely exclude the alternative,
or additional, possibility that dissociation and rebind-
ing of unlabeled initiation components generates
compositionally heterogeneous 30S IC+IF3s with
different subunit joining behaviors. However, the
existence of conformational subpopulations of 30S
IC+IF3 would be consistent with reports from cryo-EM
studies that the presence of IF3 increases confor-
mational heterogeneity of the 30S IC [20,44]. It
would also be in agreement with a model put forth by
Milon et al. based on biochemical data, which
postulates that the 30S IC can adopt alternate
conformations that are either productive for or
inhibitory toward efficient subunit joining and 70S
IC formation [5]. Thus, the putative conformations of
30S IC+IF3 that we propose give rise to short- and
intermediate-lifetime 70S ICs will be referred to
hereafter as inhibitory and productive conformations,
respectively. The observation that individual 30S
IC+IF3s are able to participate in formation of both
short- and intermediate-lifetime 70S ICs suggests
that 30S IC+IF3s exist in a dynamic equilibrium
between these inhibitory and productive conforma-
tions (Fig. 7).
Both short- and intermediate-lifetime 70S ICs

presumably contain bound IF3, based on their
characteristic lifetimes and EFRET distributions that
distinguish them from the long-lifetime70S ICs formed
in the absence of IF3. We speculate that dissociation
of IF3, like dissociation of IF2, may be slowed under
the currently employed buffer conditions. IF3 dissoci-
ation would be expected to enable the formation of
additional intersubunit contacts and conversion of
the 70S IC into a highly stable form such as that
observed here upon subunit joining to 30S IC−IF3.
Thus, in buffers containing higher salt concentrations,
we expect that the 70S ICs initially formed upon
subunit joining to 30S IC+IF3 would result in IF3
dissociation and conversion into a morestable form
at a faster rate and thus a larger fraction of the time.
Exploration of this possibility is not feasible with
the currently employed (Cy3)IF2–(Cy5)L11 smFRET
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signal due to rapid dissociation of (Cy3)IF2 and
consequent signal loss at higher salt concentrations
(Fig. S1), but it may be facilitated in the future by the
utilization of a different, intersubunit smFRET signal
[22,45].
The present results suggest that both inhibitory

and productive conformations of 30S IC+IF3 are
capable of recruiting the 50S subunit but that they
differ in their ability to establish additional, stabilizing
contacts. Initial recruitment of the 50S subunit to the
30S IC is most likely mediated through interactions
between the GTP-bound form of IF2 and the
peripheral L7/L12 stalk of the 50S subunit [16,18],
after which IF2 can begin to establish contacts with
the ribosomal RNA and protein components of the
core of the 50S subunit and intersubunit bridges can
begin to form at the interface between the 30S and
50S subunits. IF3 binds to the intersubunit surface
of the platform domain of the 30S subunit, where
numerous intersubunit bridges are located [19,20],
which suggests that, in the inhibitory 30S IC+IF3
conformation, IF3 may sterically occlude a larger
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subset of the bridges than in the productive 30S
IC+IF3 conformation.
In addition to the direct effects outlined in the

previous paragraph, IF3 is also likely to influence the
dynamics of subunit joining indirectly, by modulating
the conformation and/or activities of other compo-
nents of the 30S IC, including the 30S subunit, IF1,
IF2, and fMet-tRNAfMet. In this regard, the current
smFRET data speak most directly to the effect of IF3
on the conformation and activity of IF2. They suggest
that IF3 allosterically controls the positioning of IF2 on
30S IC+IF3, causing IF2 to interact differently with the
GAC upon subunit joining. At least two conformations
of IF2 relative to the GACwere found to be accessible
within the 70S IC, which comprise different distances
between the fluorophore labeling positions on α-helix
8 of IF2 and the N-terminal domain of L11, character-
ized by EFRET ratios centered at ~0.6 and ~0.8.
Fluctuations between these two conformations were
observed, which could arise from conformational
changes of IF2 [30,31,46] and/or the L11 region [47–
49] and could reflect changes in IF2–L11 interaction
patterns or formation and disruption of IF2–L11
contacts. Notably, the increasing stability of the
short-, intermediate-, and long-lifetime 70S ICs
observed here is paralleled by an increase in
occupancy of the ~0.8 FRET state (Fig. 4). This
state could involve IF2–GAC contacts that contribute
directly to overall 70S IC stability or that facilitate
adjustment of the interface between the 30S and 50S
subunits into an orientation conducive for intersubunit
bridge formation.
Inclusion of high concentrations of free IF3 in our

imaging buffer was found to result primarily in
formation of short-lifetime 70S ICs (Fig. 5), which
implies a shift in the putative 30S IC+IF3 conforma-
tional equilibrium toward high occupancy of the
inhibitory conformation. A possible mechanistic
explanation for how the presence of free IF3 could
affect the conformational equilibrium of 30S IC+IF3,
which already contains a bound molecule of IF3,
may be surmised by taking into account findings
from recent single-molecule fluorescence studies on
DNA binding proteins [40–42]. In these studies,
protein molecules that were pre-bound to their DNA
targets were observed to remain bound for long
periods of time in the absence of free protein but to
undergo accelerated turnover and rapid exchange
with free protein molecules when the latter was
included in solution [40,42]. The present results
provide another example of a pre-bound protein
whose biophysical behavior is affected by the
absence or presence of free protein in solution. In
analogy to the DNA binding proteins, it is possible
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that a free molecule of IF3 could accelerate the
turnover of a pre-bound molecule of IF3 by displa-
cing it and concomitantly replacing it on 30S IC+IF3.
Such a mechanism might be expected to increase
the occupancy of the inhibitory 30S IC+IF3 confor-
mation if this conformation were associated with
higher affinity IF3 binding compared to the produc-
tive 30S IC+IF3 conformation. Future single-molecule
fluorescence experiments that directly monitor the
effect of free IF3 on the dynamics and turnover of
fluorophore-labeled IF3 that is pre-bound to 30S
IC+IF3 will be required to test this and/or other
possible mechanisms.
Modulation of the dynamic equilibrium between

inhibitory and productive conformations of 30S IC+IF3
by free IF3 could provide a mechanism for the
regulation of translation initiation efficiency. Shifts in
the equilibrium toward the inhibitory conformation
would result in formation of a larger fraction of
short-lifetime 70S ICs, which may be either too
transiently sampled or in a sub-optimal conformation
for rapid binding of the first elongation factor
(EF)-Tu-delivered aminoacyl-tRNA and entry of the
70S IC into translation elongation. The ability of free
IF3 to bias the equilibrium toward the inhibitory
conformation would then suggest that translation
initiation efficiencies could be fine-tuned by spatial or
temporal variations in the concentration of free IF3 in
the cell. Indeed, in vivo experiments have shown that
intracellular IF3 concentrations can affect initiation
efficiency and fidelity: increased levels of spurious
initiation on non-AUG start codons were observed
when the concentration of IF3 was reduced, and
decreased levels were observed when IF3 was
overexpressed [50–52].
The notion that shifts in the 30S IC+IF3 conforma-

tional equilibrium could provide a mechanism for
regulating translational fidelity at the level of initiation
is further supported by smFRET data collected in the
presence of the loss-of-function IF3(Y75N) mutant.
30S IC+IF3(Y75N) was found to participate in at least
two modes of subunit joining, resulting in the
formation of 70S ICs similar to the short- and
intermediate-lifetime 70S ICs formed in the presence
of wild-type IF3. However, IF3(Y75N) exhibited a
reduced capacity to suppress formation of interme-
diate-lifetime 70S ICs, which could underlie the
inability of IF3(Y75N) to repress translation from
mRNAs containing atypical Class II start codons
(e.g., CUG, AUU, AUC) and leaderless mRNAs
in vivo [27,28].
In summary, by monitoring the subunit joining step

of translation initiation using an smFRET approach,
we have identified discrete modes of subunit joining
that result in the formation of 70S ICs with different
stabilities. IF3 plays a central role in influencing the
strength of interactions formed between the 30S IC
and the 50S subunit and likely does so by inducing
and regulating a dynamic equilibrium between
different conformations of 30S IC+IF3 that either
inhibit or facilitate establishment of stabilizing inter-
subunit contacts. Although future investigations by
cryo-EM and/or X-ray crystallography will be neces-
sary to fully characterize the structural differences
between these putative 30S IC+IF3 conformations,
our smFRET data strongly suggest that they entail
differential positioning of IF2 so as to influence its
interactions with the GAC during 70S IC formation.
IF3 binds to the 30S subunit at an early stage of 30S
IC assembly [53,54], and most free 30S subunits are
expected to contain bound IF3 in vivo [55]; thus, 30S
IC+IF3 probably represents the predominant species
of 30S IC participating in subunit joining in the cell.
Control of 70S IC formation through modulation of
the 30S IC+IF3 conformational equilibrium described
here might therefore be leveraged to affect transla-
tional control at the level of initiation in vivo. Shifts in
this equilibrium in response to factors such as IF3
concentration or different mRNA transcripts could
modulate the rate of 70S IC formation and entry into
translation elongation and could thus have important
consequences for the regulation of translation
initiation efficiency and fidelity.
Materials and Methods

Purification and fluorescent labeling of translation
components

The IF2 construct used for smFRET experiments was
generated by first introducing the S672C point mutation
into a cloned copy of the γ-isoform of E. coli IF2 using
the QuikChange II-E Site-Directed Mutagenesis Kit
(Stratagene). Six-histidine-tagged IF2 S672C was puri-
fied by Ni-NTA chromatography, followed by cleavage of
the affinity tag and purification by cation-exchange
chromatography [56]. Fluorescent labeling was
achieved by reaction with 10-fold molar excess of
Cy3-maleimide followed by separation of (Cy3)IF2 from
free dye with gel-filtration chromatography as previously
described [56]. The labeling efficiency for (Cy3)IF2 was
estimated to be ~90%. The γ-isoform of E. coli IF2 contains
three wild-type cysteine residues, but control labeling
reactions with wild-type IF2 demonstrated that these cyste-
ines are not fluorescently labeled under the reactions
conditions employed here.
Ribosomes were purified from the L11-deletion strain

NVD005 or from the corresponding wild-type strain NVD001
[32,33], which were kindly provided by Prof. Walter Hill
(University ofMontana). 30Sand50Ssubunitswere isolated
by sucrose density gradient ultracentrifugation [56]. In order
to generate (Cy5)50S subunits, six-histidine-tagged ribo-
somal protein L11 was first cloned, overexpressed, and
purified usingNi-NTAchromatography followed by cleavage
of the affinity tag. L11 was labeled at its wild-type cysteine
residue (C39) by incubating ~15 nmol L11 with 0.2 mg
Cy5-maleimide in 50 mM Na2HPO4 (pH 7.0), 100 mM
NaCl, and300 μMtris(2-carboxyethyl)phosphine hydrochlo-
ride for 2 h at room temperature followed by 4 °C overnight.
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(Cy5)L11 was separated from free dye and unlabeled L11
using gel-filtration chromatography on a HiLoad Superdex
75 prep-grade column (GE Healthcare). Reconstitution of
(Cy5)L11 with NVD005 50S subunits was performed
following a procedure similar to that reported previously
[57]. Briefly, 1 nmol ofNVD00550Ssubunitswasmixedwith
2 nmol of (Cy5)L11 in reconstitution buffer [50 mM Tris–Cl
(pH25 °C 7.6), 30 mMNH4Cl, 70 mMKCl, 7 mMMgCl2, and
1 mM DTT] and incubated at 37 °C for 15 min, followed by
sucrose density purification. (Cy5)50S subunits were stored
at −80 °C in 10 mM Tris–OAc (pH25 °C 6.9), 60 mM NH4Cl,
7.5 mMMg(OAc)2, 0.5 mM ethylenediaminetetraacetic acid
(EDTA), and 6 mM β-mercaptoethanol.
All unlabeled initiation components, including IF1, IF3,

and fMet-tRNAfMet, were prepared as previously described
[56]. Unless otherwise specified, the biotin-mRNA used in
all microscope experiments (5′-Biotin-CAACCUAAAA
CUUACACAAAUUAAAAAGGAAAUAGACAUGUUCAAA
GUCGAAAAAUCUACUGCU-3′) and the non-biotin
mRNA used in the initiation dipeptide formation assay
(5 ′ -GCAACCUAAAACUUACACAGGGCCCUAAG
GAAAUAAAAAUGUUUAAA-3′) were chemically synthe-
sized and purchased from Dharmacon. In both mRNA
sequences, the Shine–Dalgarno sequence is underlined,
the spacer region is in italics, and the start codon is in
boldface and is underlined.

Biochemical activity assays

The biochemical activities of (Cy3)IF2 and (Cy5)50S
subunits were tested using a GTP hydrolysis assay and an
initiation dipeptide formation assay to confirm that fluorescent
labeling did not significantly interfere with their function (Figs.
S2 and S3). These assays were performed in the same
variant of Tris-polymix buffer used for smFRET experiments
[10 mMTris–OAc (pH25 °C 7.5), 20 mMKCl, 1 mMNH4OAc,
0.1 mM Ca(OAc)2, 0.1 mM EDTA, 5 mM putrescine-HCl,
1 mM spermidine free base, 1% β-D-glucose, 15 mM
Mg(OAc)2, and 6 mM β-mercaptoethanol].
The GTP hydrolysis assay (Fig. S2) tests the ribo-

some-dependent GTPase activity of IF2 under multi-
ple-turnover conditions, an activity that is known to be
affected by the absence or presence of L11 within the
50S subunit [25]. The assay was performed by preparing
15 μL reactions in Tris-polymix buffer containing the
following components (all concentrations are final after
mixing): 30S subunits (0.4 μM); wild-type, L11(−), or
(Cy5)-labeled 50S subunits (0.4 μM); wild-type or (Cy3)
IF2 (0.8 μM); and a mixture of 25 μM GTP and 0.25 nM
[α-32P]GTP. The reaction was incubated at room
temperature and 2-μL aliquots were removed and
quenched with 2 μL of 100 mM EDTA (pH 9.5) at the
indicated time points. [α-32P]GDP was separated from
[α-32P]GTP using thin-layer chromatography, and the
extent of GTP hydrolysis was quantified by phosphor-
imaging as previously described [56].
The initiation dipeptide formation assay was used to

assess IF2-dependent formation of an elongation-
competent 70S IC and subsequent formation of the first
peptide bond (Fig. S3). Pre-formed 30S ICs were first
prepared by mixing IF1 (0.9 μM), IF2 (0.9 μM, when
included), GTP (1 mM), non-biotin mRNA (1.8 μM), 30S
subunits (0.9 μM), and [35S]fMet-tRNAfMet (0.6 μM) in
Tris-polymix buffer, incubating for 10 min at 37 °C, aliquoting,
and flash-freezing. Next, two mixtures were prepared in
Tris-polymix buffer, one containing the pre-formed 30S ICs
and the other one containing either wild-type or Cy5-labeled
50S subunits and a pre-formed ternary complex composed
of EF-Tu, GTP, and Phe-tRNAPhe [EF-Tu(GTP)Phe-tRNA-
Phe] that was prepared as previously described [56,58]. The
two mixtures were incubated separately at room tempera-
ture for 5 min and then combined to start the reaction. The
final reaction volume was 10 μL with final concentrations of
150 nM 30S ICs, 225 nM 50S subunits, and 600 nM
EF-Tu(GTP)Phe-tRNAPhe ternary complex. The reaction
was incubated at room temperature and 2-μL aliquots were
removed and quenched with 2 μL of 1 M KOH at the
indicated time points. [35S]fMet-Phe dipeptide product was
separated from unreacted [35S]fMet by electrophoretic
thin-layer chromatography and the percent conversion to
dipeptide was quantified by phosphorimaging as previously
described [56].

Preparation and surface tethering of (Cy3)30S ICs

(Cy3)30S ICs were prepared by incubating IF1 (0.9 μM),
(Cy3)IF2 (0.6 μM),GTP (1 mM), IF3 (0.9 μM,when included),
fMet-tRNAfMet (0.9 μM), 5′-biotin mRNA (1.8 μM), and
NVD005 30S subunits (0.9 μM) in Tris-polymix buffer [21]
[10 mM Tris-OAc (pH25 °C 7.5), 20 mM KCl, 1 mM NH4OAc,
0.1 mM Ca(OAc)2, 0.1 mM EDTA, 5 mM putrescine-
HCl, 1 mM spermidine free base, 1% β-D-glucose,
15 mM Mg(OAc)2, and 6 mM β-mercaptoethanol] for
10 min at 37 °C. Aliquots of (Cy3)30S ICs were flash-frozen
and stored at −80 °C prior to use.
Flow cells constructed from PEG and biotin-PEG-

derivatized quartz microscope slides and glass coverslips
were passivated with a mixture of 10 μM bovine serum
albumin and 10 μM duplex DNA and treated with
streptavidin as previously described [58]. (Cy3)30S ICs
were then tethered to the surface of the flow cell through
biotin-streptavidin interactions. (Cy3)30S IC−IF3 was dilut-
ed to ~100–200 pM and introduced into the flow cell in
Tris-polymix buffer supplemented with IF1 (0.9 μM) and
GTP (1 mM), followed by a 5-min incubation. The flow cell
was then rinsed with the same buffer additionally supple-
mented with an oxygen scavenging system consisting of
50 U/mL glucose oxidase (Sigma) and 370 U/mL catalase
(Sigma), as well as a triplet-state quencher cocktail
consisting of 1 mM 1,3,5,7-cyclooctatetraene (Aldrich),
1 mM 3-nitrobenzyl alcohol (Fluka), and 1 mM Trolox
(Sigma). (Cy3)30S IC+IF3 was diluted to ~1–4 nM and
introduced into the flow cell in Tris-polymix buffer supple-
mented with IF1 (0.9 μM), IF3 (0.9 μM), GTP (1 mM), and
fMet-tRNAfMet (0.9 μM, when included) followed by a 5-min
incubation. The flow cell was then rinsed with the same
buffer additionally supplemented with oxygen scavenging
system and triplet-state quencher cocktail.
smFRET experiments

smFRET experiments were performed using a
wide-field, prism-based TIRF microscope [58–60]. A
diode-pumped 532-nm laser (CrystaLaser) was used as
an excitation source, operating at 6 mW as measured at
the prism. Cy3 and Cy5 emissions were collected by a 1.2
NA 60× objective (Nikon), separated using a dual-view
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imaging system (Photometrics), and detected using an
electron-multiplying charge coupled device (Cascade II
512; Photometrics). Data were collected with 2-pixel
binning at a frame rate of 10 s−1. In a typical experiment,
40 μL of imaging buffer containing (Cy5)50S subunits and
other initiation components in Tris-polymix buffer supple-
mented with oxygen scavenging system and triplet-state
quencher cocktail was stopped-flow delivered into the flow
cell at a rate of 0.39 mL/min using a custom-built syringe
delivery system based off a programmable syringe pump
(J-Kem Scientific), followed by the onset of data
acquisition.

smFRET data analysis

Alignment of Cy3 and Cy5 channels, detection of
colocalized Cy3 and Cy5 fluorescence signals, and
generation of raw Cy3 and Cy5 fluorescence intensity
versus time trajectories were performed using MetaMorph
image analysis software (Molecular Devices). Cy3 and
Cy5 fluorescence intensity versus time trajectories arising
from single molecules were selected for analysis based on
anti-correlation of Cy3 and Cy5 emission and single-step
fluorophore photobleaching. The trajectories were corrected
for bleed-through of Cy3 emission into the Cy5 channel and
subsequently baseline corrected using custom scripts written
in Matlab (MathWorks). EFRET versus time trajectories were
obtained by plotting EFRET = ICy5/(ICy3 + ICy5) at each time
point, where ICy3 and ICy5 represent the bleed-through and
baseline-corrected donor and acceptor emission intensities,
respectively.
For dwell-time analysis, EFRET versus time trajectories

were idealized to a hidden Markov model using the
vbFRET software package [61] and corrected for the
estimated deadtime of our syringe delivery system
(~500 ms). For each idealized trajectory, contiguous
dwells with EFRET ≤ 0.2 were combined, and contiguous
dwells with EFRET N 0.2 were combined, in order to obtain
dwell times in the zero-FRET state and aggregate
non-zero FRET state, respectively. The last dwell of
each idealized trace was not included in the analysis if it
corresponded to the zero-FRET state due to potential
effects from fluorophore photobleaching. The dwell times
were used to construct plots of survival probabilities, in
which the fraction of dwells for which tdwell ≥ t was plotted
versus t, where tdwell is the dwell time and t is the time in
seconds. These plots of survival probabilities were fit with
single- or double-exponential decays in OriginPro 8 (Origin
Lab Corp.) to obtain lifetimes and amplitudes of the
zero-FRET state and aggregate non-zero FRET state.
Single-exponential decays were of the form y = exp(−x/τ)
and double-exponential decays were of the form
y = A1*exp(−x/τ1) + (1 − A1)*exp(−x/τ2). Errors on the
lifetimes and amplitudes were obtained using a boot-
strapping approach implemented inR inwhich themeanand
standard deviation were calculated from 100 replicate data
sets generated by sampling with replacement from the
original distribution of dwell times. Reported values of ka,app
were calculated by taking the inverse of the lifetime of the
zero-FRET state and dividing by the concentration of (Cy5)
50S subunits in the flow cell for the dataset collected at
20 nM (Cy5)50S subunits.
To quantify the percentage of short- and intermediate-

lifetime 70S ICs observed for 30S IC+IF3s containing
wild-type IF3 versus IF3(Y75N), we defined short-lifetime
70S ICs to be dwells in the aggregate non-zero FRET state
shorter than or equal to 2 s and defined intermediate-
lifetime 70S ICs to be dwells in the aggregate non-zero
FRET state longer than 2 s. This threshold was chosen
because it provides optimal separation for two exponen-
tially distributed populations with average lifetimes of 0.8 s
and 10 s, which correspond to the estimated lifetimes of
short- and intermediate-lifetime 70S ICs formed from 30S
IC+IF3s containing wild-type IF3.
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