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Abstract

During translation, initiation factor (IF) 3 binds to the small, 30S, ribosomal subunit and regulates
the fidelity with which the initiator tRNA and mRNA start codon substrates are selected into the
30S initiation complex (30S IC). The molecular mechanism through which IF3 promotes
recognition and signaling of correct substrate selection, however, remains poorly defined. Using
single-molecule fluorescence resonance energy transfer, here we show that 30S 1C-bound
Escherichia coli IF3 exists in a dynamic equilibrium between at least three conformations. We
have found that recognition of a proper anticodon-codon interaction between initiator tRNA and
the start codon within a completely assembled 30S IC selectively shifts this equilibrium towards a
single IF3 conformation. Our results strongly support a conformational selection model in which
the conformation of IF3 that is selectively stabilized within a completely and correctly assembled
30S IC facilitates further progress along the initiation pathway.

Translation initiation, the rate-limiting step of protein synthesis and a major regulatory
checkpoint in gene expression?, involves a multistep, IF-mediated assembly of a 70S
ribosomal initiation complex (70S IC) that contains an initiator N-formylmethionyl-transfer
RNA (fMet-tRNA™EY) and a messenger RNA (mMRNA) start codon within the P (peptidyl-
tRNA binding) site of the 70S IC (Fig. 1A)L. The accuracy of fMet-tRNA™et and start
codon selection is critical, as selection of an elongator aminoacyl-tRNA (aa-tRNA) or a non-
canonical start codon during 70S 1C assembly can result in proteins harboring an incorrect
N-terminal amino acid or in translation of a frameshifted mMRNA. The fidelity of translation
initiation is primarily established through the cooperative biochemical activities of three
essential IFs: IF1, IF2, and IF3 (ref. 1). Extensive biochemical studies suggest that IF3 plays
a negative regulatory role in ensuring the accuracy of translation initiation by uniformly
destabilizing the binding of all tRNAs at the 30S IC P site? and by selectively inhibiting the
joining of 50S subunits onto 30S ICs carrying elongator aa-tRNAs24 or carrying an fMet-
tRNAMEet containing mismatched base pairs to a non-canonical start codon®. Despite these
biochemical studies, however, a structure-based understanding of how IF3 recognizes and
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signals fMet-tRNA™et and start codon selection within the 30S IC in order to regulate
further progress along the initiation pathway remains elusive.

IF3 is comprised of globular N-terminal and C-terminal domains (designated the NTD and
CTD, respectively) that are connected via a flexible interdomain linker of highly conserved
length and amino acid character® that enables IF3 to dynamically sample a broad range of
interdomain conformations when free in solution (Fig. 1B)’. Whether 30S 1C-bound IF3
exhibits similar conformational dynamics and whether these dynamics play a role in the
fidelity function of IF3 within the 30S IC, however, remain unknown. Unfortunately, high-
resolution structural information on the 30S IC is still lacking and, suggestively, attempts to
localize IF3’s binding site on the 30S IC have come to conflicting conclusions, particularly
regarding the placement of IF3’s NTD on the 30S 1C8-10, At least one of the proposed IF3
binding sites is expected to sterically block formation of one of the key intersubunit bridges
that connect the two ribosomal subunits within a 70S IC, thereby providing an attractive
structural model for IF3’s subunit anti-association activity®®°. On their own, however,
structural models such as this fail to account for the selective relaxation of 1F3’s subunit
anti-association activity upon correct substrate selection, as an fMet-tRNAet and start
codon-dependent repositioning of IF3 on the 30S IC and/or dissociation of IF3 from the 30S
1C211 would be required to facilitate access to the 30S IC intersubunit bridge components
that are otherwise blocked by IF3.

To determine whether IF3 is conformationally dynamic on the 30S IC and investigate
whether these dynamics play a role in the fMet-tRNAMeL and start codon-dependent
relaxation of 1F3’s subunit anti-association activity, we developed an intramolecular IF3
fluorescence resonance energy transfer (FRET) signal that reports on relative distance
changes between IF3’s NTD and CTD. Using single-molecule FRET (smFRET), we have
discovered that 30S 1C-bound IF3 samples and interconverts between at least three distinct
FRET states, demonstrating that IF3 exists in a conformational equilibrium on the 30S IC.
By conducting sSmFRET experiments on a series of 30S ICs, we show that the presence of
either or both of the other IFs, IF1 and IF2, on the 30S IC can modulate the conformational
equilibrium of 30S IC-bound IF3. Most importantly, however, we demonstrate that the
presence and identities of the tRNA and codon that are positioned within the P site of the
30S IC can also modulate the conformational equilibrium of 30S I1C-bound IF3 such that the
presence of an initiator tRNA and start codon uniquely shift the equilibrium toward a single
conformation of IF3. Integrated with the available biochemical data, we use our results to
propose a conformational selection model in which the conformation of I1F3 that is uniquely
stabilized within a completely and correctly assembled 30S IC facilitates further progress
along the initiation pathway, whereas alternative conformations of IF3 are inhibitory.

RESULTS

Development of a functional, dual fluorescently labeled IF3

Labeling of a two cysteine-containing IF3 mutant carrying one cysteine at its NTD and one
cysteine at its CTD with Cy3 FRET donor and Cy5 FRET acceptor fluorophores and
subsequent purification generated a dual Cy3-Cy5 labeled IF3 (IF3cg5s s38c k97c(Cy3-
Cy5), hereafter IF3(Cy3-Cy5)) (Fig. 1B, Supplementary Fig. 1) that retained near-wild-type
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biochemical function (Supplementary Fig. 2). 30S ICs carrying IF3(Cy3-Cy5) were
assembled on 5’-biotinylated mMRNAs, tethered to the polyethylene glycol-passivated and
streptavidin-derivatized surface of a quartz microfluidic flowcell, and imaged at single-
molecule resolution using a total internal reflection fluorescence (TIRF) microscope
operating at an acquisition rate of 10 frames sec™! (ref. 12). Control experiments
demonstrated that, under our experimental conditions, 80-95% of individual, surface-
localized IF3(Cy3-Cy5)s were bound to the flowcell surface via their interaction with a 30S
IC carrying a biotinylated mRNA (Supplementary Fig. 3). For further details regarding
sample preparation, TIRF imaging, control experiments, and data analysis please see the
Supplementary Note.

30S IC-bound IF3 is conformationally dynamic

Initial experiments were designed to probe the conformation of 1F3 bound to a 30S subunit

in the absence of the other IFs and tRNA ( 30S IC:?}@?, where the —tRNA superscript and

-1/-2 subscript denote the lack of a P-site tRNA and the lack of IF1 and IF2, respectively).
The resulting SmFRET efficiency (EpggeT) Versustime trajectories sampled three distinct
FRET states centered at Epget values of 0.23 £ 0.01, 0.42 £ 0.01, and 0.87 + 0.01, with 29.9
+ 8.6% of the trajectories exhibiting fluctuations between at least two FRET states prior to
photobleaching and 70.1 + 17.3% of the trajectories sampling only one of these FRET states
prior to photobleaching (Fig. 2A and Supplementary Fig. 4). Assuming rapid, isotropic
tumbling of one or both fluorophore transition dipoles and a Férster radius of ~55 A for the
Cy3-Cy5 FRET pairl213, we interpret the Epget values of 0.23, 0.42, and 0.87
(Supplementary Table 1) as corresponding to interdomain distances of ~67 A, ~58 A, and
~40 A, respectively. Notably, this range of distances is consistent with the interdomain
distances accessible to IF3 when free in solution (28-65 A)’. Hereafter, we will refer to the
conformations of the 30S I1C-bound IF3 associated with each of these ErreT values/
distances as: extended (IF3ay;, 0.23/~67 A), intermediate (1F3;p;, 0.42/~58 A), and compact
(IF3¢pt, 0.87/~40 A). Thermodynamic and kinetic analysis of the trajectories revealed
equilibrium fractional occupancies of 55 + 9%, 40 + 10%, and 6 + 2% for IF3gyt, IF3jnt, and
IF3cpt, respectively (Supplementary Table 2) and estimated rates of interconversions
between the three IF3 conformations ranging between 0.002-0.11 sec™! (Supplementary
Table 3). Interpreted within the context of previously reported in vitro subunit joining

experiments demonstrating that 30S analogous to 305 IC:tfﬁf are substantially inhibited in

their ability to undergo subunit joining?, these data suggest that IF3gy; and 1F3;; represent
conformations of IF3 that are not conducive to rapid 50S subunit joining.

It is unlikely that the interdomain dynamics of IF3 which we observe here arise from a
scenario in which one IF3 domain is tightly bound to the 30S IC while the other IF3 domain
remains free in solution, undergoing restricted diffusion via the interdomain linker. Dynamic
exchange between different interdomain conformations of IF3 involving such restricted
diffusion of a free IF3 domain would be expected to occur with rates that are 7-11 orders of
magnitude faster than our estimated rates of interconversions between IF3gyt, 1F3jnt, and
IFSCptl“. Instead, we propose a scenario in which both IF3 domains can bind to the 30S IC
and exchange between different interdomain conformations due either to: (i) active
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repositioning of one or both 1IF3 domains amongst several binding sites on the 30S IC; (ii)
passive changes in the distance between the two IF3 domains resulting from dynamic
rearrangements of the 30S IC; or (iii) a combination of (i) and (ii). To test whether IF3 is
actively or passively participating in the observed dynamics, we constructed an IF3(Cy3-
Cy5) mutant that carries a single tyrosine to asparagine substitution at amino acid position
75 (Y75N) within the interdomain linker (IF3cgss sagc ka7c y75n(CYy3-Cyb), hereafter
IF3y75n(Cy3-Cy5))12. Previous studies have shown that the Y75N mutation perturbs the
fMet-tRNAMet and start codon selection activity of IF3, but doesn’t affect its ability to bind
to 30S subunits®, biochemical properties that were recapitulated by our IF3y75n(Cy3-Cy5)
construct (Supplementary Fig. 2). Comparison of SmFRET data recorded using IF3(Cy3-
Cy5) and IF3y75n(Cy3-Cy5) on otherwise identical 30S ICs and under otherwise identical
experimental conditions reveals that the Y75N mutation appreciably alters the
conformational equilibrium of IF3 (Supplementary Figs. 3 and 5). The observation that a
substitution mutation within the interdomain linker of IF3 can alter the dynamics we observe
here demonstrates that IF3 is playing an active role in modulating the conformational
equilibrium between 1F3gyt, IF3jnt, and IF3cpt, regardless of whether these dynamics
originate from repositioning of IF3 domains on a static 30S IC and/or from structural
rearrangements of the 30S IC itself. Furthermore, the fact that IF3y75n(Cy3-Cy5) exhibits
impaired fMet-tRNA™et and start codon selection activity (Supplementary Fig. 2) suggests
a functional link between the dynamics we observe here and the fidelity function of IF3.

IF1 and IF2 modulate the conformational equilibrium of IF3

Because IF1 amplifies and IF2 counteracts the tRNA dissociation and subunit anti-
association activities of IF3 during translation initiationZ, we next investigated the effects of
IF1 and IF2 on the conformational dynamics of 30S IC-bound IF3 by assembling and

imaging 30S ICs in the presence of IF1 (308 IC_{*N4), IF2 (308 IC—tRNA), and both IF1
and IF2 (30S IC~IRNA) (Fig. 2B). 30S ICs carrying IF1 and/or IF2 were imaged under

saturating, 1 uM concentrations of each of these components. Relative to 30S IC:EE/{B% , the

presence of IF1 slightly shifts the conformational equilibrium of 308 chgRNA—bound IF3
away from IF3ex; and 1F3c and towards 1F3;p, yielding fractional occupancies of 45 + 3%
(IF3ext), 53 + 3% (IF3jny), and 3 £ 1% (IF3¢py) (Fig. 2B Supplementary Table 2). In contrast,

relative to 30S ICZEI;‘EI?, the presence of IF2 markedly shifts the conformational equilibrium

of 305 IC~{ENA-bound IF3 away from IF3¢y and IF3, and towards IF3¢p, yielding
fractional occupancies of 23 + 17% (IF3gyy), 11 + 4% (IF3jny), and 66 + 17% (IF3¢py) (Fig.
2B, Supplementary Table 2). Strikingly, the effect of IF2 on the conformational equilibrium
of 30S IC-bound IF3 is almost completely suppressed when IF1 is included together with
IF2 in 30S IC™IRNA (Fig. 2B, Supplementary Table 2). Thus, in the most physiologically
relevant scenario in which all three IFs are present on the 30S IC6, the conformational
equilibrium of 30S IC~tRNA_pound IF3 almost exclusively favors IF3gy; and IF3i,:, yielding
fractional occupancies of 57 + 7% (IF3eyxy), 42 £ 6% (IF3jne), and only 2 + 1% (IF3¢py) (Fig.
2B, Supplementary Table 2) and transition rates that are similar to those observed in

305 IC:EI;%X (Supplementary Table 3).

Nat Struct Mol Biol. Author manuscript; available in PMC 2013 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Elvekrog and Gonzalez Page 5

fMet-tRNAMet shifts the equilibrium towards IF3cpt

A completely and correctly assembled 30S IC that is primed for rapid 50S subunit docking
contains an fMet-tRNAMet that is correctly base paired to a start codon within the 30S IC P
site. Driven by this, we next assembled and imaged a 30S IC containing IF1, IF2, IF3(Cy3-
Cys5), and fMet-tRNA™Met on an mRNA containing an AUG start codon (30S 1C™Met) using
saturating, 1 UM concentrations of IF1, IF2, and fMet-tRNA™et Notably, the average
number of surface-tethered, 30S ICfMet_hound IF3(Cy3-Cy5) molecules that were observed
per field-of-view did not vary appreciably relative to the number of surface-tethered, 30S
IC-bound IF3(Cy3-Cy5) molecules that were observed in any of the other identically
prepared and imaged 30S ICs we have studied. Thus, the presence of an fMet-tRNAMet that
is correctly base paired to a start codon within the P site of 30S IC™Met 3t least within the
context of the mRNA used here, does not seem to trigger rapid dissociation of IF3 from the
30S IC within the timescale of our experiments (~10 min)3->17, Instead we find that, relative
to 30S IC™IRNA the presence of an fMet-tRNAMet that is correctly base paired to an AUG
start codon within 30S 1C™et dramatically shifts the conformational equilibrium of IF3
away from IF3ey; and 1F3n¢ and towards IF3.p (Fig. 3), yielding fractional occupancies of
15 £ 13% (IF3exy), 17 £ 7% (IF3jny), and 68 + 17% (IF3py) (Supplementary Table 2). This
equilibrium shift seems to be primarily driven by the destabilization of IF3.y; and IF3jp, as
evidenced by the large increases in the estimated rates of 1F3gy—1F3cpt and IF3jne—1F3cpt
transitions in 30S IC™et relative to 30S ICTRNA (Supplementary Table 3). Based on these
results, we hypothesized that the observed shift in the conformational equilibrium of 30S IC-
bound IF3 towards IF3p in 30S IC™et relative to 30S IC™RNA forms the molecular and
structural basis for signaling fMet-tRNAfMet and start codon selection within the 30S IC and
the associated relaxation of IF3’s subunit anti-association activity. Consistent with this
hypothesis, previously reported in vitro 50S subunit joining experiments demonstrate that
30S ICs analogous to 30S IC™eét undergo rapid 50S subunit joining relative to 30S I1Cs
analogous to 30S IC™™RNA (ref. 4), suggesting that IF3., represents a conformation of IF3
that is conducive for rapid 50S subunit joining. In the context of this hypothesis, IF3y; and
IF3int not only represent conformations of 1F3 that are not conducive to 50S subunit joining,
as was discussed above, but also conformations of IF3 that prevent IF3 from populating
IF3cpt, and, consequently, from undergoing rapid 50S subunit joining, until the 30S IC has
properly selected an fMet-tRNAet and the start codon.

The shift towards IF3¢p¢ requires fMet-tRNA™Met and an AUG codon

If the hypothesis outlined in the previous paragraph is correct, then we would expect the
shift in the conformational equilibrium of IF3 to depend on the identity of the tRNA and/or
codon within the 30S IC P site, since signaling of proper substrate selection and the
associated rapid 50S subunit joining occur only within 30S ICs specifically carrying an
fMet-tRNAMEt that is properly base paired to a start codon. Thus, to further test our
hypothesis, we assembled and imaged complete 30S ICs in which the identities of the tRNA
and/or the codon at the P site were varied. In line with our hypothesis, 30S ICs assembled
and imaged using saturating, 1 pM concentrations of either Phe-tRNAP"€ or Lys-tRNALYS
and an AUG start codon at the P site (30S ICP"e and 30S ICLYS, respectively) did not
undergo the shift in the conformational equilibrium of IF3 towards IF3 relative to 30S
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IC~tRNA that is observed for 30S ICTMet relative to 30S ICTtRNA (Fig. 3). Instead, the
fractional occupancies of IF3gy;, IF3int, and IF3¢y; within 30S ICP"e and 30S ICLYS are
comparable to those observed within 30S ICTRNA  despite the presence of saturating
concentrations of Phe-tRNAP"® or Lys-tRNALYS (Fig. 3 and Supplementary Table 2).
Comparison of 30S ICTRNA 30s |C™Met 30S |CPhe, and 30S ICLYS demonstrates that the
shift in the conformational equilibrium of IF3 towards IF3,: depends not only on the
presence of an aa-tRNA at the 30S IC P site, but also on the identity of that aa-tRNA.
Nevertheless, by altering the identity of the aa-tRNA, but not the AUG start codon, the P
sites of 30S 1CPMe and 30S ICLYS do not just contain incorrectly selected elongator aa-
tRNAs, but also mismatched GAA-AUG and UUU-AUG anticodon-codon interactions,
respectively. Thus, the failure of 30S ICP"® and 30S ICLYS to exhibit a shift in the
conformational equilibrium of IF3 towards 1F3.; relative to 30S IC'RNA could potentially
be due to the presence of the elongator aa-tRNA and/or the mismatched anticodon-codon
interaction within the 30S IC P site.

In order to separate the effects that the identity of the aa-tRNA and the nature of the
anticodon-codon base-pairing interactions have on the conformational equilibrium of IF3,
we imaged completely assembled 30S ICs whose P sites contained either Phe-tRNAPe at a
UUC codon that is cognate for Phe-tRNAP (30S 1CPhe.UUC) or fMet-tRNAMEt at an AUU
codon that is near-cognate for fMet-tRNAMet (305 |CTMetAUV) ysing saturating, 1 uM
concentrations of Phe-tRNAPNe or fMet-tRNAMEt respectively. Despite the Watson-Crick
complementarity of the anticodon-codon interaction in 30S ICPMe.UUC |E3 again exhibits
thermodynamic and kinetic behavior that is comparable to that observed for IF3 within 30S
IC~tRNA despite the presence of saturating concentrations of Phe-tRNAP"€ (Fig. 3 and
Supplementary Table 2). Similarly, in the presence of a partially mismatched anticodon-
codon interaction in 30S ICfMeLAUU |E3 exhibits thermodynamic and kinetic behavior that
is comparable to 30S IC~IRNA despite the presence of saturating concentrations of fMet-
tRNAMet (Fig. 3 and Supplementary Table 2).

DISCUSSION

Taken together, the results obtained with 30S ICPe, 308 ICLYs, 308 ICPhe.UUC and 30S
ICfMetAUU gggest that, relative to 30S ICtRNA the shift in the conformational equilibrium
of IF3 towards IF3.p is dependent on the specific presence of an fMet-tRNAMMet 5t the 30S
IC P site as well as proper base pairing between the fMet-tRNAMet and a start codon at the
P site; these are precisely the conditions under which extensive in vitro biochemical
experiments have shown that the subunit anti-association activity of IF3 is relaxed and 50S
subunit association to the 30S IC is accelerated®. Specifically, rapid kinetic experiments
have shown that, within the context of a 30S IC containing all three IFs, the presence of an
fMet-tRNA™et and an AUG start codon increases the rate of 50S subunit joining by a factor
of 1200 relative to a 30S IC lacking a P-site aa-tRNA?, a factor of 400 relative to a 30S IC
carrying a Phe-tRNAPMe that is mismatched to an AUG start codon?, and a factor of 90
relative to a 30S IC carrying an fMet-tRNA™Et that is mismatched to a non-canonical start
codon®.

Nat Struct Mol Biol. Author manuscript; available in PMC 2013 November 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Elvekrog and Gonzalez Page 7

Integrating our current findings regarding the conformational dynamics of 30S I1C-bound IF3
with the results of the biochemical studies described in the previous paragraph allows us to
propose a structure-based mechanistic model for how IF3 recognizes and signals fMet-
tRNAMet and start codon selection within the 30S IC in order to gate further progress along
the initiation pathway. In our model, 30S IC-bound IF3 can sample at least three major
conformations, IF3ext, IF3jnt, O IF3¢p, Whose thermodynamic stabilities respond
dramatically to the composition of the 30S IC. In 30S ICs carrying all three IFs, but either
lacking an aa-tRNA, carrying an elongator aa-tRNA, or carrying an fMet-tRNA™et that is
mismatched to a non-canonical start codon within the 30S IC P site, the conformational
equilibrium of IF3 is heavily shifted towards IF3q: and IF3;,:: conformations of IF3 that are
not conducive to rapid 50S subunit joining. Specific recognition of an fMet-tRNAMet that is
properly base paired to a start codon within the P site of a 30S IC carrying all three IFs, in
contrast, dramatically shifts the conformational equilibrium of IF3 towards IF3¢p: a
conformation of IF3 that signals proper substrate selection and is conducive to rapid 50S
subunit joining. It is interesting to note that IF3 predominantly occupies IF3¢y; in both the
completely and correctly assembled 30S IC (i.e. 30S ICfMet) as well as in the incompletely

assembled 30S IC lacking IF1 and fMet-tRNA™MEt (j.e. 305 IC—tRN4) (Figs. 2B and 3).
Thus, in the absence of IF1 and fMet-tRNAMeL the presence of just IF2 on the 30S IC can
shift IF3’s conformational equilibrium towards 1F3¢p. This is intriguing in light of rapid

kinetic data indicating that 50S subunit joining to a 30S IC that is analogous to 30S chgRNA
is 145-fold slower than to a 30S IC that is analogous to 30S IC™Met (ref. 3). Thus, although
our model stipulates that IF3p is conducive for and permits rapid 50S subunit joining, it is
likely that additional factors such as the presence of 1F2 and fMet-tRNAét on the 30S IC
are required to actualize rapid 50S subunit joining23. Furthermore, the finding that IF3cpt is
rarely sampled within 30S ICT/RNA suggests that IF1 plays a key role in negatively
regulating the conformational dynamics of IF3 such that 30S IC-bound IF3 does not
significantly populate IF3¢p in the absence of fMet-tRNA™E that is correctly base paired to
a start codon.

Although confirming our suspicions will have to wait until long-anticipated X-ray
crystallographic structures of the 30S IC are solved, we suspect that IF3¢p; is a conformation
of the 30S IC-bound IF3 that exposes and/or optimally positions ribosomal RNA and/or
ribosomal protein residues on the 30S IC that are critical for intersubunit bridge formation,
thus enabling rapid and productive 50S subunit joining, while 1F3.y; and I1F3j,; are
conformations of the 30S I1C-bound IF3 that occlude and/or misorient these residues, thereby
blocking 50S subunit joining. In contrast with models in which a selective increase in the
rate of spontaneous dissociation of IF3 from the 30S IC is required for productive 50S
subunit joining3 the model presented here predicts that efficient 50S subunit joining can
occur on a completely and correctly assembled 30S IC that contains IF3. Indeed, preliminary
SmFRET data collected using a Cy3-labeled IF3 and a Cy5-labeled 50S subunit (labeled at
ribosomal protein L9) reveal that the 50S subunit can rapidly and productively join to a
completely and correctly assembled 30S IC containing IF3 that is presumably in the IF3cy
conformation (i.e. 30S IC™eY) (Fig. 4). Nevertheless, our model (Fig. 5) and intermolecular
50S-1F3 smFRET data do not exclude the possibility that IF3 in the 1F3¢p conformation is
more weakly bound to the 30S IC than IF3 in the IF3gy; and IF3;,: conformations such that
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IF3 in the IF3¢p; conformation is easily displaced from the 30S IC during or shortly after
productive 50S subunit joining. Indeed kinetic measurements by Rodnina and co-workers®
and Cooperman and co-workers8 suggest that 50S subunit joining to the 30S IC is slightly
faster than the rate of IF3 dissociation from the 30S IC. Given recent studies demonstrating
that differences in the translation initiation region (TIR) of individual mMRNAs, such as the
sequence of the Shine-Dalgarno (SD) element and the length of the spacer between the SD
element and the start codon, can influence the rate of 50S subunit joining to 30S ICs
assembled on different mMRNAs®17, it is possible that TIR-mediated regulation of the
conformational equilibrium of 30S 1C-bound IF3 will prove an effective mechanism for
regulating the efficiency with which individual mRNAs are initiated and translated in the
cell.

ONLINE METHODS

Sample preparation

E. coli ribosomes and translation factors were purified as previously described?0. 5/-
biotinylated mRNA with a sequence derived from the mMRNA encoding gene product 32
from T4 bacteriophage was purchased from Dharmacon, Inc. See the Supplementary Note
for details on the sequence of this mMRNA. tRNAMMet was purchased from MP Biomedicals
and tRNAP"e and tRNALYS were purchased from Sigma. All tRNAs were aminoacylated
and, in the case of tRNA™Et formylated as previously described?0.

The gene for E. coli IF3 was cloned into the pProEx-HTb plasmid vector (Invitrogen),
which encodes a six-histidine (6xHis) affinity purification tag and a TEV protease cleavage
site at the N-terminal end of the gene encoding IF3. Mutagenesis of IF3 in the pProEx-HTb
plasmid vector was performed using the QuickChange Site-Directed Mutagenesis System
(Stratagene). DNA primers for mutagenesis were designed following the recommendations
provided by the QuickChange Site-Directed Mutagenesis System and were purchased from
Integrated DNA Technologies. No further purification of the DNA primers was performed.
Using this approach, the single Cys65 in wild-type IF3 was mutagenized to Ser, Ser38 in the
NTD was mutagenized to Cys, and Lys97 in the CTD was mutagenized to Cys, yielding a
triple-mutant IF3 variant (IF3(C65S S38C K97C)). Note that the amino acid numbering for
IF3 used in this study is based on wild-type E. coli IF3 humbering. Mutations were verified
by DNA sequencing of the plasmid purified from an ampicillin-resistant clone (Genewiz).
The pProEx-HTb plasmids encoding all of the I1F3 variants used in this study were
transformed into BL21-DE3 cells for protein overexpression and the overexpressed 6xHis-
tagged IF3 variants were purified using Ni2*-nitrilotriacetic acid affinity purification, treated
with TEV protease to remove the 6xHis tags, and further purified using cation exchange
chromatography. Further details regarding the cloning, overexpression, and purification of
the IF3 variants used in this study can be found in reference 20. The N-terminus of the IF3
variants used in this study consists of a Gly-Ala-Met-Ala-Lys2 sequence, where Gly-Ala-
Met-Ala denotes four non-wild-type amino acids resulting from the cloning strategy and
Lys?2 denotes the beginning of the wild-type E. coli IF3 sequence.

IF3(C65S S38C K97C) was labeled with Cy3- and Cy5-maleimide (GE Healthcare)
following the manufacturer’s recommendations. See Supplementary Note for further details.
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The unlabeled, mono-labeled, and dual-labeled IF3(C65S S38C K97C) products were
separated using a TSKgel Phenyl-5PW hydrophobic interaction chromatography (HIC)
column (Tosoh Bioscience) that had been pre-equilibrated with HIC Buffer A
(Supplementary Table 4). A 0-100% linear gradient of HIC Buffer B applied over 20
column volumes enabled separation of the various unlabeled and labeled IF3 species
(Supplementary Fig. 1).

The biochemical activities of mutagenized and fluorescently labeled IF3(C65S S38C K97C)
(IF3(Cy3-Cy5)) and IF3(C65S S38C K97C Y75N) was tested using a primer extension
inhibition, or toeprinting, assay and a TIRF microscopy-based tRNA dissociation assay
(Supplementary Fig. 2).

30S ICs for smFRET studies were prepared by incubating 1.8 uM 5’-biotinylated mRNA,
0.9 uM IF1, 0.9 uM IF2, 0.9 uM tRNA, 0.6 pM 30S subunits, and 0.6 uM IF3(Cy3-Cy5) at
37°C for 10 min in Tris-Polymix Buffer (Supplementary Table 4). 30S ICs were then
aliquoted, flash frozen in liquid nitrogen, and stored at —80 °C until further use.

Total internal reflection fluorescence (TIRF) microscopy

30S ICs for imaging by TIRF microscopy were thawed, diluted to ~200 pM in Tris-Polymix
Buffer (Supplementary Table 4), introduced into a microfluidic flowcell that had been
passivated with a mixture of polyethylene glycol and biotinylated polyethylene glycol (PEG)
and derivatized with streptavidin as previously described?!, and incubated at room
temperature for 5 min. 30S ICs that failed to tether to the surface of the flowcell at the end
of the 5 min incubation were removed by flushing the flowcell with Tris-Polymix Buffer
containing an enzymatic oxygen scavenger system, a triplet state quencher cocktail, and, as
specified in individual experiments, mixtures of IFs and aminoacyl-tRNAs (Supplementary
Table 4).

A previously described, laboratory-built, wide-field, prism-based TIRF microscope?? was
used to image the flowcells containing the surface-tethered 30S ICs. Briefly, a diode-
pumped, solid-state, 532 nm laser (CrystalLaser) operating at a power of 7 mW (measured
just prior to striking the prism) was used to directly excite Cy3 and a diode-pumped, solid-
state, 643 nm laser (CrystalLaser) operating at a power of 18 mW (measured just prior to
striking the prism) was used to directly excite Cy5. Fluorescence emission from Cy3 and/or
Cy5 was collected through a high numerical aperture objective (Nikon), wavelength
separated into individual Cy3 and Cy5 fields-of-view using a Dual-View simultaneous
imaging system (Photometrics, Inc.), and simultaneously imaged using the two halves of a
back-thinned, 512 x 512 pixel electron-multiplying charged-coupled device (EMCCD)
camera (Cascade Il 512:B; Photometrics, Inc.) operating with 2 x 2 pixel binning and a
frame rate of 10 frames sec™1.

200-400 spatially well-separated 30S ICs were imaged within a 60 x 120 pm? field-of-view.
Direct excitation of Cy5 using the 643 nm laser during the first frame of each movie was
used to record the spatial location of each Cy5 fluorophore in the field-of-view. The 643 nm
laser was subsequently switched off and, simultaneously, the 532 nm laser was switched on
in order to directly excite Cy3 and perform smFRET imaging starting with the second frame
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of each movie. Imaging continued until >95% of the Cy3 fluorophores had photobleached.
Three independent datasets consisting of 12-15 movies each were collected on separate days
using independently prepared samples and microfluidic devices for each 30S IC.

smFRET data analysis

Generation and selection of single-molecule ErreT versustime trajectories from each movie
was performed as previously described19:21.23 Briefly, the first frame of each movie, which
was collected using direct excitation of Cy5 with a 643 nm laser, was used to identify single,
diffraction-limited Cy5 spots. The locations of these spots were transferred to the Cy3 field-
of-view in order to align the Cy5 field-of-view with the subsequent 532 nm-directly excited
Cya3 field-of-view. The aligned Cy3- and Cy5 fields-of-view were used to identify pairs of
Cy3 and Cy5 spots corresponding to single, surface-tethered, 30S ICs carrying dual Cy3-
Cy5 labeled 1F3s and MetaMorph (Molecular Devices), Excel (Microsoft), Origin
(OriginLab Corporation), or Matlab (The MathWorks) were used to plot Cy3- and Cy5
intensity versus time trajectories for each IF3. Trajectories exhibiting: (i) time-averaged Cy3
and Cy5 intensity values characteristic of single Cy3 and Cy5 fluorophores, respectively, as
determined by visual inspection; (ii) single-step photobleaching of Cy3 and/or Cy5
fluorophores as determined by visual inspection; (iii) anticorrelated changes in Cy3 and Cy5
intensities as determined by visual inspection and (iv) Cy5 fluorescence lasting longer than
one second prior to photobleaching as determined by visual inspection were kept for further
analysis (see Fig. 2A for representative Cy3- and Cy5 versustime trajectories). In addition
to these selection criteria, trajectories in which FRET could not be confirmed due to the
simultaneous, single-step drop of both Cy3 and Cy5 intensities to baseline prior to
undergoing an anticorrelated change in Cy3 and Cy5 intensities (<10 % of the total number
of trajectories per independently collected dataset) were omitted from further analysis. Each
of the Cy3- and Cy5 versus time trajectories selected for further analysis was baseline
corrected by subtracting the average EMCCD readout over the last ten Cy3 time points (i.e.
after photobleaching of the Cy3 fluorophore) from each Cy3 time point and subtracting the
average EMCCD readout over the last ten Cy5 time points (i.e. after photobleaching of the
Cy5 fluorophore) from each Cy5 time point. In addition, each Cy5 time point was corrected
for bleed-through of Cy3 intensity into the Cy5 field-of-view, which arises from the
imperfect performance of emission filters, by subtracting 7% of the total Cy3 intensity (i.e.
the experimentally determined average amount of Cy3 intensity that bleeds through into the
Cys5 field-of-view in our TIRF microscope system) at each time point from the Cy5 intensity
at the same time point. Each pair of baseline- and bleed-through-corrected Cy3- and Cy5
versus time trajectories were converted to a single, raw EpreT versustime trajectory using
the equation Epper=Icys/(Icys + Icys), where Eprer is the FRET efficiency at each time
point and Icys and Icys are the baseline- and bleed-through-corrected Cy3 and Cy5
intensities at each time point, respectively. The raw Eggg versus time trajectories were
idealized by hidden Markov modeling using the vbFRET software package24 and further
analyzed as described in Fig. 2 and Supplementary Tables 2—4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Translation initiation in bacteria and fluorescent labeling of IF3. (a) A minimal model of

translation initiation. “30S IC” refers to a completely and correctly assembled 30S ribosomal
initiation complex; “70S IC” refers to a 70S ribosomal initiation complex harboring an
initiator fMet-tRNA™Eet hound to an AUG start codon at the P site. The IFs, mMRNA, and
fMet-tRNAMet reversibly bind to the 30S ribosomal subunit to form the 30S 1CY7.
Subsequent joining of the 50S subunit to the 30S IC triggers GTP hydrolysis by IF2, and,
ultimately, dissociation of the three IFs. (b) X-ray crystal structures of the NTD (PDB ID:
1TIF) and CTD (PDB ID: 1TIG) of IF3 from Bacillus stearothermophilus. The linker
connecting the NTD and CTD was cartooned by hand. A C65S, S38C, and K97C triple
mutant of E. coli IF3 was prepared and fluorescently labeled with Cy3 and Cy5 at Cys38
and Cys97. The corresponding residues on the B. stearothermophilus structures are indicated
in the depicted structure.
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Figure 2.

SMFRET measurements of 30S IC:EP/{EA ,30SICTE™NA 308 ICTFNA ang 308 ICRNA, ()
Representative examples of single-molecule Cy3 (green lines)- and Cy5 (red lines) intensity
versus time trajectories (top plot) and Egret (blue lines) versus time trajectories (bottom

plot) for 305 IC:?;‘NQA - “IF3ext,” “IF3int,” and “IF3¢p;” refer to the extended, intermediate,

and compact conformations of 1F3 that we assign to the FRET states centered at EFrer
values of 0.23 £ 0.01, 0.42 + 0.01, and 0.87 £ 0.01, respectively. The trajectories depicted in
the first, third, and fifth columns are examples of trajectories that sample only the IF3gy,
IF3jnt, or IF3¢p: conformations of 1F3, respectively, prior to photobleaching. The trajectories
depicted in the second and fourth columns are examples of trajectories that exhibit
fluctuations between the 1F3gy; and 1F3;n; conformations of 1F3 and the IF3jn¢ and 1F3¢p
conformations of IF3, respectively, prior to photobleaching. (b) Two-dimensional surface
contour plots of the time evolution of population FRET for

30S IC:EI/{EA ;308 ICZEFNA 308 ICZI*™A and 30S ICtRNA “n” represents the total
number of EgpreT versustime trajectories that were used to construct each histogram. To the
right of each contour plot is a normalized one-dimensional Epret histogram for the first 0.5
seconds of the EggreT Versustime trajectories comprising each dataset. The cartoon above
each surface contour plot and Epggt histogram depicts the composition of the 30S IC

corresponding to the surface contour plot and Epggt histogram.
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Figure 3.
SMFRET measurements of 30S ICTtRNA 305 |CfMet 305 1CPhe, 30S ICLYs, 30S 1CPhe,UUC

and30S ICTMetAUU Data are displayed as in Fig. 2B.
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Figure 4. Observation of an intermolecular 1F3-50S subunit snFRET signal
Stopped-flow delivery of a solution containing 50 nM Cy5-labeled 50S subunit (labeled at

L9q1sc as previously described)!? into a flowcell containing a surface-tethered 30S 1CTMet
carrying IF3cgss s3gc(Cy3) results in an intermolecular 1F3-50S subunit SmFRET signal that
reports on 50S subunit joining and formation of a 70S ribosomal initiation complex (70S
IC). The cartoon depicts the 70S IC that is formed during the stopped-flow experiment. (a)
A representative example of a single-molecule Cy3 (green line)- and Cy5 (red line) intensity
versustime trajectory (top plot) and EpgeT Versustime trajectory (bottom plot) for the 70S
IC. (b) A normalized, one-dimensional EggeT histogram for the full 120 seconds of the
ErreT Versustime trajectories (n = 25). The FRET state centered at an Erret value of ~0.45
arises from time points in the EpgeT versus time trajectories during which the Cy5-labeled
50S subunit has joined to a 30S IC carrying the Cy3-labeled IF3. The FRET state centered at
an Egget value of ~0 arises from time points in the EggeT Versustime trajectories prior to
joining of the Cy5-labeled 50S subunit to the 30S IC carrying the Cy3-labeled IF3 and from
time points subsequent to photobleaching of Cy5 on the Cy5-labeled 50S subunits.
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Figure5.
A structure-based mechanistic model for how IF3 recognizes and signals fMet-tRNAMet

and start codon selection within the 30S IC. 30S IC-bound IF3 exists in a conformational

equilibrium in which it can dynamically exchange between at least three distinct
conformational states, IF3gxt, IF3jnt, and 1F3¢p. Specific recognition of an fMet-tRNATMet
that is properly base paired to a start codon within the P site of a 30S IC carrying all three
IFs strongly shifts the conformational equilibrium of IF3 towards IF3c, a conformation of
30S IC-bound IF3 that exposes and/or optimally positions ribosomal RNA and/or ribosomal
protein residues on the 30S IC that are critical for intersubunit bridge formation and is thus
conducive to rapid and productive 50S subunit joining (top row). In contrast, the absence of
an aa-tRNA, the presence of an elongator aa-tRNA, or the presence of a non-canonical start
codon within the P site of a 30S IC carrying all three IFs strongly shifts the conformational
equilibrium of IF3 towards IF3.y; and 1F3;nt, conformations of 30S 1C-bound IF3 that
occlude and/or misorient residues involved in intersubunit bridge formation and are thus not
conducive to efficient 50S subunit joining (bottom row).
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