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SUMMARY

Canonical translation initiation in bacteria entails the
assembly of the 30S initiation complex (IC), which
binds the 50S subunit to form a 70S IC. IF3, a key initi-
ation factor, is recruited to the 30S subunit at an early
stage and is displaced from its primary binding site
upon subunit joining. We employed four different
FRET pairs tomonitor IF3 relocation after 50S joining.
IF3 moves away from the 30S subunit, IF1 and IF2,
but can remain bound to the mature 70S IC. The sec-
ondary binding site is located on the 50S subunit in
the vicinity of ribosomal protein L33. The interaction
between IF3 and the 50S subunit is largely electro-
static with very high rates of IF3 binding and dissoci-
ation. The existence of the non-canonical binding
site may help explain how IF3 participates in alterna-
tive initiation modes performed directly by the 70S ri-
bosomes, such as initiation on leaderless mRNAs or
re-initiation.
INTRODUCTION

Initiation is the most regulated step of protein synthesis during

which the ‘‘translation potential’’ of an mRNA is assessed. The

ribosome assembles on the mRNA start codon contained in a

given sequence context, thus selecting the open reading

frame for translation. In the canonical initiation pathway, the

initiation factors (IF1, IF2, and IF3), mRNA and fMet-tRNAfMet

bind the small ribosomal subunit (30S) to form a 30S pre-initi-

ation complex (30S PIC), which subsequently matures into a

30S IC upon start codon-anticodon recognition between the

mRNA and fMet-tRNAfMet. Thereafter, the docking of the large

subunit (50S) activates GTP hydrolysis by IF2, the three IFs

dissociate and fMet-tRNAfMet accommodates into the P site

of the ribosome, resulting in a 70S initiation complex (70S

IC), which can take part in the next stage of elongation (re-

viewed in Gualerzi and Pon, 2015; Laursen et al., 2005; Milón

and Rodnina, 2012).

Each phase of initiation is dynamic with respect to the compo-

sition of the complex as well as conformational and spatial rear-

rangements of the IFs, fMet-tRNAfMet, and the ribosome. The IFs

and fMet-tRNAfMet influence the binding of one another to the

30S subunit by direct interactions or by indirectly modulating
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the structure of the complex (Goyal et al., 2015; Hussain et al.,

2016; Milón et al., 2008, 2010, 2012). IF1 is a compact protein

that binds to the A site on the 30S subunit (Carter et al., 2001;

Sette et al., 1997) where it interacts with both IF2 and IF3, stabi-

lizing them on the ribosome as well as enhancing their functions

(Antoun et al., 2006a, 2006b; Hussain et al., 2016; Milón et al.,

2012). IF2, amulti-domain translational GTPase, binds the formyl

moiety of fMet-tRNAfMet through its C-terminal C2 domain,

thereby recruiting it to the ribosome (Guenneugues et al., 2000;

Milón et al., 2010; Simonetti et al., 2008; Spurio et al., 2000).

IF3 is comprised of two globular domains (N- and C-terminal

[NTD and CTD, respectively]) separated by a flexible, positively

charged linker region (Hussain et al., 2016; Kycia et al., 1995;

Moreau et al., 1997). The factor extensively changes its position

on the 30S subunit during initiation (Hussain et al., 2016). Before

fMet-tRNAfMet binding, IF3-NTD binds near the 30S platform

while the CTD is positioned at the P site of the 30S subunit,

whereas after fMet-tRNAfMet binding and start codon recogni-

tion, the NTD moves to interact with the tRNA elbow and the

CTD is displaced from the P site (Hussain et al., 2016). IF3 pre-

vents premature subunit association by sterically blocking the

binding site for Helix 69 (H69) in the 23S rRNA of the 50S subunit

(Dallas and Noller, 2001; Julián et al., 2011). Whereas the simul-

taneous binding of GTP and fMet-tRNAfMet confers an ‘‘active’’

conformation of IF2 which promotes rapid subunit joining (An-

toun et al., 2003; Grunberg-Manago et al., 1975; Pavlov et al.,

2011; Wang et al., 2015; Zorzet et al., 2010), IF3 induces an

anti-association conformation of the 30S subunit, which is

enhanced or alleviated depending on the mRNA sequence and

correct start codon-anticodon interaction (Antoun et al., 2006b;

Grigoriadou et al., 2007b; Milón et al., 2008). The antagonistic

interplay between IF2 and IF3 fine-tunes the initiator tRNA selec-

tion and subunit joining, maintaining the balance between the

speed and accuracy of initiation (Antoun et al., 2006b; MacDou-

gall and Gonzalez, 2015).

The maturation of the 30S IC to an elongation-ready 70S IC in-

volves a 50S subunit binding step, a chemical GTP hydrolysis

step and several factor dissociation events that occur on themilli-

second to second timescale. After subunit joining, GTP hydrolysis

by IF2 is triggered leading to the release of fMet-tRNAfMet from the

C2 domain of the factor and into the P-site of the 70S IC, followed

by the dissociation of IF1 and IF2 (Goyal et al., 2015; Grigoriadou

et al., 2007a; Milón et al., 2008; Tomsic et al., 2000). Because IF3

binds to theprincipal inter-subunit bridgesB2aandB2b,whichare

essential for stable subunit association (Dallas and Noller, 2001;

Julián et al., 2011; Liu and Fredrick, 2015), stepwise docking of
s 20, 3113–3122, September 26, 2017 ª 2017 The Author(s). 3113
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Figure 1. IF3 Dynamics during 70S IC

Formation

(A) Location of the labeled proteins on the ribo-

some.

(B–E) Time courses with the indicated labeled

components upon subunit joining. 30S IC

(0.05 mM) was rapidly mixed with 50S subunits

(0.15 mM) or unlabeled IF3 (1.5 mM, purple) in a

stopped-flow apparatus and the FRET change

between indicated components was monitored

with time. The reactions were carried out at 20�C in

buffer TAKM7 in the presence of GTP (black),

GTPgS (green), as well as in the absence of the

50S subunit (gold) or acceptor dye (gray). Time

courses were fit using an exponential function (see

Table S1 for rates). Fits are shown as black smooth

lines.

(F) Lack of IF3 dissociation from the 70S IC. 30S

IC containing IF3166(Alx488) (0.075 mM) was

rapidly mixed with unlabeled 50S (gray) or

50SL33(Atto540Q) subunits (black) (0.075 mM).

Fit of the time course obtained in the absence of

the acceptor dye was subtracted from the trace

obtained in its presence (inset).

See also Figures S1–S3 and Table S1.
the 50S subunit concomitantly displaces IF3 from its binding site

on the 30S subunit (Elvekrog and Gonzalez, 2013; Fabbretti

et al., 2007; Milón et al., 2008). However, structural studies

of the 70S IC prepared in the presence of all IFs and a non-hydro-

lysable analog of GTP revealed a density in the 70S complex,

which was attributed to IF3 (Allen et al., 2005). In addition, recent

studies implicated the 70S-bound IF3 in mediating initiation

of leaderless mRNAs as well as inducing a post-termination

70S-scanning mode for re-initiation (Yamamoto et al., 2016).

These observations suggest the presence of an IF3 binding site

on the 70S ribosome, which does not sterically hinder subunit

association.

In this work, we follow IF3 dynamics after subunit joining us-

ing fluorescence-based rapid ensemble kinetics. We have uti-

lized a highly purified in vitro reconstituted system of translation

initiation from Escherichia coli, which contains fluorescence-

labeled initiation factors and ribosomal subunits. IF3 movement

with respect to other components of the initiation machinery

was monitored in real-time by recording fluorescence reso-

nance energy transfer (FRET) efficiency changes. Using this

approach, we have identified a transient attachment of IF3 to

the 50S subunit, which is largely mediated by electrostatic

interactions.
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RESULTS

IF3 Movements during Late Stages
of Initiation
To monitor IF3 movements on the ribo-

some from different perspectives, we

labeled initiation factors (IF1 at position 4,

IF2 at position 757 and IF3 at position

166) as well as ribosomal proteins (S13

and L33) with fluorescent dyes Alexa(Alx)
488 or Atto540Q. We probed the neighborhood of IF3 using four

FRET pairs (Figure 1A): IF14(Atto540Q)-IF3166(Alx488), IF2757
(Atto540Q)-IF3166(Alx488), 30SS13(Alx488)-IF3166(Atto540Q), and

50SL33(Atto540Q)-IF3166(Alx488); subscriptsdenote labelingposi-

tions. Close proximity between two ligands labeledwith the donor

dye (Alx488) and the non-emitting acceptor dye (Atto540Q),

respectively, should result in fluorescence quenching. When

we rapidly mixed labeled 30S PIC (lacking IF3) with labeled IF3

in a stopped-flow machine, a large decrease in fluorescence

(30%–60%)was observed uponbinding (Figure S1). Control reac-

tions performed in the absence of the acceptor dye resulted in a

negligible fluorescence change of the donor alone. Because fluo-

rescence labelingcanadversely affect the functionofaprotein,we

checked the activity of each reporter in promoting subunit joining

by light scatteringand found it to becomparablewith that of its un-

labeled counterpart (Figure S2).

We next prepared dual-fluorescence labeled 30S ICs contain-

ing labels on IF3 on one hand, and on IF1, IF2, or the ribosomal

protein S13 on the other hand, in the presence of GTP, and

rapidly mixed each type of complex with a 3-fold excess of unla-

beled 50S subunits (Figures 1B–1D). Alternatively, we rapidly

mixed single-labeled 30S IC containing IF3166(Alx488) with a

3-fold excess of 50SL33(Atto540Q) (Figure 1E). Subunit joining



was monitored via changes in light scattering (Figure S3), while

the dynamics of IF3 with respect to other initiation components

was followed by recording the signal changes of the fluores-

cence donor (Figure 1, black traces). Additionally, we performed

control reactions in the absence of the acceptor dye (gray traces)

or the 50S subunit (gold traces).

For all FRET pairs involving IF3 and the components of the 30S

IC, we observed a fluorescence increase upon 50S subunit

joining indicating that IF3 moves apart from its FRET partner

on the 30S subunit (Figures 1B–1D). The amplitude of the fluores-

cence change was similar to that recorded upon chase of the

labeled IF3 from the 30S complex (purple traces), suggesting

that the factor either dissociates from the 70S IC or moves

away from its original location on the 30S IC. 50S joining results

in major rearrangements of the initiation complex and, in princi-

ple, a change in FRET efficiency can be caused not only by the

movement of IF3, but also by rearrangements of IF2, IF1, or

conformational changes of the 30S subunit. Notably, the confor-

mational dynamics of IF2, as well as the coupled movements of

IF1 and of the 30S subunit, are dependent on GTP hydrolysis,

whereas the IF3 dynamics are not (Goyal et al., 2015). Hence,

we also conducted experiments using a non-hydrolysable GTP

analog, GTPgS (green traces), in place of GTP to suppress the

IF2-IF1-related rearrangements, thereby ensuring that we moni-

tored only IF3-related events. The reactions displayed negligible

dependence on IF2-dependent GTP hydrolysis, and, in all cases,

the apparent rates of fluorescence change were either similar to

or slightly slower than the rate of subunit joining (see Table S1 for

rates). We did not observe any FRET change upon dilution of the

complexes with buffer indicating that the dual-labeled 30S ICs

were stable. In the absence of the acceptor dye, fluorescence

change of the donor amounted to less than 20% of the signal

change observed in its presence, demonstrating a high FRET

efficiency.

Surprisingly, when wemixed 30S IC formed with IF3166(Alx488)

with a 3-fold excess of 50SL33(Atto540Q), a decrease in fluores-

cence amplitude was observed (Figure 1E, black trace). The

intrinsic donor fluorescence change of IF3166(Alx488) accounted

for 40% of the amplitude change (gray trace), whereas the rest

could only be explained by fluorescence quenching due to the

migration of IF3 in the vicinity of L33 on the 50S subunit. To

discriminate whether the FRET is due to the movement of IF3

within the 70S IC or/and dissociation and subsequent re-binding

of IF3 to the free 50S in solution, we minimized the amount of

free 50S subunits bymixing the 30S ICwith an equimolar concen-

tration of unlabeled 50Sor 50SL33(Atto540Q). The difference in the

amplitude changebetweenFRETand thedonor fluorescenceper-

sisted (Figure1F (inset)), indicating that apopulationof IF3 remains

bound to the70S IC. Thus, despitemovingaway from its canonical

binding site on the 30S subunit, IF3 can remain bound to the 70S

complex by interactions with a second, non-canonical site.

IF3 Specifically Binds to a Single Site on the 50S Subunit
We next investigated whether the second binding site for IF3 lies

on the 50S subunit. For this purpose, we checked the binding of

fluorescence-labeled IF3 directly to the labeled 50S subunit; la-

beling positions are depicted in Figure 2A.Whenwe rapidlymixed

IF3166(Alx488) with 50SL33(Atto540Q), the interaction between the
two ligands resulted in a significant quenching of the donor fluo-

rescence (Figure 2B, black trace). In the absence of the acceptor

dye, only a small change in donor fluorescence was recorded

(gray trace). To the best of our knowledge, the observed interac-

tion between IF3 and the 50S subunit has not been directly moni-

tored before. Therefore, we carried out a series of control exper-

iments to validate our finding. First, we performed similar

experiments with IF2, which contacts the 50S subunit upon dock-

ing and thus might form a complex with the isolated 50S subunit.

Upon mixing IF2757(Alx488) with 50SL33(Atto540Q) (Figure 2B,

dark blue trace), we observed no fluorescence change, which

indicated that the interaction was specific to IF3. Second, there

was no fluorescence change upon mixing IF3166(Alx488) with

the isolated ribosomal protein L33(Atto540Q) (light blue trace),

suggesting that the binding of IF3 was specific to the 50S subunit.

Third, to ensure that the interaction can also be detected using a

conventional FRET pair containing an emitting acceptor dye, we

mixed IF3166(Alx488) with 50SL33(Atto565) (Figure 2C) and

observed an increase in the acceptor fluorescence signal,

whereas 50SL33(Atto565) did not change fluorescence when

mixed with unlabeled IF3. Fourth, we confirmed that the interac-

tion was not limited to IF3 coupled with Alx488 by swapping the

fluorescent labels on IF3 and the 50S subunit (Figure 2D). Finally,

we made sure that the interaction could be observed from a

different position on IF3 by performing similar experiments with

IF3 labeled at residue 65 on the NTD (IF365(Alx488)) and

50SL33(Atto540Q) (Figure 2E).

We also checked the specificity of the interaction using the

fluorescence quenching signal generated upon binding of

IF3166(Alx488) to 50SL33(Atto540Q). Because the reaction was

extremely fast (Figure 2F, black trace), such that a significant

portion of the amplitude was lost during the dead time of the

stopped-flow machine (1.5 ms), we compared the fluorescence

signal of each trace with the fluorescence of IF3166(Alx488) alone

(Figure 2F, gold trace), which corresponds to the true fluores-

cence of the sample at time 0. When 50SL33(Atto540Q) was

pre-incubated with excess amounts of IF1, a positively charged

protein with an isoelectric point similar to that of IF3 (pIcalc = 9.2

and 9.5, respectively), IF3166(Alx488) binding was not affected,

reaffirming the existence of a distinct IF3 binding site (Figure 2F,

pink trace). Also addition of excess mRNA had hardly any effect

on IF3 recruitment (orange trace), suggesting that the binding

was not principally mediated by non-specific interactions of

IF3with rRNA. Thus, we concluded that IF3 binds to the 50S sub-

unit in a specific manner.

To calculate the number of IF3 molecules that bind to the 50S

subunit, we utilized the finding that the fluorescence anisotropy

of IF3166(Alx488) increases upon binding to unlabeled ribosomal

subunits (Figure 3A). We titrated a fixed concentration of

IF3166(Alx488) with sub- and over-stoichiometric amounts of

50S subunits (Figure 3B) and obtained a value of �1.2 IF3 mole-

cules per 50S subunit. This value is indicative of one specific

binding site for IF3 on the 50S subunit; the slight deviation of

1:1 binding stoichiometry may be attributed to difficulties in esti-

mating the active concentrations precisely.

Furthermore, we determined the affinity of IF3 binding to the

50S subunit by rapidly mixing IF3166(Alx488) with increasing

amounts of 50SL33(Atto540Q). To measure the temperature
Cell Reports 20, 3113–3122, September 26, 2017 3115



Figure 2. IF3 Interaction with the 50S Sub-

unit Monitored Using Different Fluorescent

Reporters

All reactions were carried out in buffer TAKM7 at

4�C.
(A) Fluorescence-labeled positions on IF3 and the

50S subunit.

(B–E) Time courses with the indicated labeled

components. Labeled IF3 (0.05 mM) was rapidly

mixed with labeled 50S subunits (0.075 mM), and

FRET changes were followed with time. Control

measurements were performed in the absence of

the donor (brown) or acceptor dye (gray).

(F) The specificity of the IF3–50S subunit

interaction. IF3166(Alx488) (0.05 mM) and

50SL33(Atto540Q) (0.075 mM)were rapidly mixed in

the presence of excess IF1 or mRNA. Control

measurements were performed without any 50S

subunits (gold) or in the absence of any competitor

(black).
dependence of the reaction kinetics, we performed experiments

at 4�C (Figure 4A) and 20�C (Figure 4B). To calculate the

dissociation rate of IF3 from the 50S subunit, we formed a

complex of IF3166(Alx488) with 50SL33(Atto540Q) and then

rapidly mixed it with a 5- or 10-fold excess of unlabeled 50S

subunits or wild-type (WT) IF3, respectively (Figures 4C and

4D). A rapid increase in fluorescence was observed upon chase

indicative of dissociation of the complex. Global fitting of

binding and dissociation time courses, obtained at 4�C or

20�C, to a one-step association-dissociation model yielded an

association rate constant (kon) of 1,300 ± 100 mM–1 s–1 or

1,900 ± 100 mM–1 s–1, respectively, and a dissociation rate con-

stant (koff) of 80 ± 10 s–1 or 160 ± 10 s–1, respectively, demon-

strating that the interaction is highly labile. The KD values esti-

mated from kon and koff are 60 ± 10 nM and 90 ± 10 nM at 4�C
and 20�C, respectively, indicating that the binding affinity dis-

plays a slight dependence on the temperature.

Because site-directed mutagenesis and subsequent fluores-

cence labeling can alter binding affinities of biomolecules, we

determined the affinity of the unlabeled native IF3 (IF3 WT) to

the 50S subunit at 4�C by rapidly mixing IF3166(Alx488) with

50SL33(Atto540Q) that was pre-incubated with unlabeled IF3

WT (Figure 4E). The degree of binding inhibition calculated
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from the decrease in fluorescence

change was plotted against increasing

IF3 WT concentrations (Figure 4F) and

yielded an IC50 of 0.6 ± 0.2 mM and a cor-

responding Ki of 0.3 ± 0.1 mM. The Ki

value is higher than the KD of the

IF3166(Alx488)-50S subunit complex esti-

mated from the kon and koff values, but

within a reasonable concentration range,

given the experimental uncertainties in

estimating active concentrations of IF3.

We also tested competition by a mixture

of individual domains of IF3 and observed

a 27% inhibition (Figure 4E), as compared
to 77% inhibition at equivalent concentrations of full-length IF3

WT (interpolated from Figure 4F). This suggests that (1) the indi-

vidual domains have a lower affinity to the 50S subunit as

compared to the full-length protein (as was shown for the 30S

subunit [Petrelli et al., 2001]) or/and (2) the binding may be medi-

ated partially by the positively charged lysine-rich linker region,

which connects the two domains.

IF3 Binding to the 50S Subunit Is Mediated by
Electrostatic Interactions
Next, we proceeded to investigate the nature of the interaction

between IF3 and the 50S subunit. All experiments presented

thus far were performed in the standard buffer TAKM7 (20 mM

Tris-HCl [pH 7.5], 30 mM KCl, 70 mM NH4Cl, and 7 mM

MgCl2). The fluorescence change depicting the binding was

abolished when the MgCl2 concentration was increased to

20 mM (TAKM20, Figure 5A). Replacing NH4Cl with KCl

(TK100M7) did not affect the interaction. However, the extent of

binding was highly sensitive to the KCl concentration: a much

greater amplitude change was observed at 50 mM (TK50M7)

than at 100mMKCl, whereas at 200 mMKCl (TK200M7) the inter-

action was completely inhibited. Such a salt dependence is

strongly indicative of electrostatic interactions. We also tested



Figure 3. Stoichiometry of IF3 Binding to the

50S Subunit

(A) Changes in fluorescence anisotropy of

IF3166(Alx488) upon binding to ribosomal subunits.

The fluorescence anisotropy of IF3166(Alx488)

(0.015 mM) alone, in the presence of 50S or 30S

(0.3 mM), and upon chase with unlabeled IF3 wild-

type (WT) was measured at equilibrium conditions

using a spectrofluorometer.

(B) The stoichiometry of IF3 binding to the

50S subunit. The fluorescence anisotropy of

IF3166(Alx488) (0.3 mM) was measured upon incu-

bation with different amounts of 50S subunits (see

Experimental Procedures for details of fitting). All

reactions were carried out in buffer TAKM7 at 20
�C.

Error bars depict the SD of the mean of three

technical replicates.
the reaction in buffer containing 100 mM potassium glutamate

(KGlu) (T[KGlu]100M7), the major intracellular ionic osmolyte in

E. coli, and observed a larger fluorescence change than with

KCl (Figure 5B). This is in accordance with reports that have

shown that replacing KCl with KGlu enhances protein-nucleic

acid interactions (Deredge et al., 2010; Leirmo et al., 1987; Me-

netski et al., 1992).

We further characterized the dependence of the interaction on

different salt concentrations by pre-incubating IF3166(Alx488)

with saturating amounts of 50S subunits in a low salt

buffer (TK20M7) to form a complex and then measuring changes

in fluorescence anisotropy at increasing concentrations of

NaCl, KCl, KGlu, or MgCl2 (Figure 5C). We observed that,

although the dependence of the IF3-50S subunit interaction on

sodium and potassium chloride concentrations was similar

(IC50 �80–85 mM added salt), the binding persisted at much

higher amounts of potassium glutamate (IC50 �215 mM). We

also observed thatMg2+was significantly more potent in disrupt-

ing the interaction than the monovalent salts (IC50 �20 mM).

Hence, taking into consideration the concentration of IF3 in vivo,

1–4 mM (Gualerzi and Pon, 1990; Howe and Hershey, 1983), as

well as the cellular osmotic environment with its high levels of po-

tassium glutamate and low levels of free magnesium and chlo-

ride, the interaction between IF3 and the 50S subunit is expected

to be rather strong inside the cell.

DISCUSSION

The timing and extent of IF3 dissociation upon transition from the

30S IC to 70S IC has been a source of considerable discussion.

Because the location of IF3 at the subunit interface occludes 50S

subunit joining by hindering the establishment of inter-subunit

bridge B2a-b, it is generally accepted that IF3 must eventually

dissociate from its binding site on the 30S subunit to allow stable

subunit association. The initial suggestion that IF3 dissociates

from the 30S subunit after start codon recognition, but before

subunit joining, owing to a decrease in affinity toward the

correctly formed 30S IC (Antoun et al., 2006b), has been refuted

by several reports, which showed that IF3 remains tightly bound

to the 30S IC until after 50S subunit docking. These studies fol-

lowed IF3 dynamics with respect to other components of the

30S IC, i.e., (1) monitored the loss of FRET between IF3 and
fMet-tRNAfMet upon subunit association (Goyal et al., 2015; Mi-

lón et al., 2008); (2) compared the initiation kinetics with mRNAs

varying in the identity of the start codon (Grigoriadou et al.,

2007b); (3) followed IF3 dynamics using time-resolved chemical

probing (Fabbretti et al., 2007); and (4) studied the effects of de-

leting H69 on IF3 dissociation via FRET between IF3 and the 30S

subunit or fMet-tRNAfMet (Liu and Fredrick, 2015). A recent report

on non-canonical initiation pathways such as leaderless initiation

and re-initiation (Yamamoto et al., 2016) also showed that IF3

can bind to different 70S complexes. However, direct evidence

demonstrating and characterizing the binding site on the 70S

ribosome has remained scarce.

Consistent with previous reports (Goyal et al., 2015; Liu and

Fredrick, 2015; Milón et al., 2008), we observe that IF3 does

indeed move away from its binding site on the 30S subunit as

well as 30S-bound factors IF1 and IF2 upon subunit association.

The timing of IF3 displacement in each case is slightly slower

than that of 50S joining (Table S1) but must precede the subse-

quent IF1 and IF2 release because the dissociation of the latter

factors depends on GTP hydrolysis (Goyal et al., 2015), whereas

IF3 dynamics are not affected when GTP is replaced with a non-

hydrolysable analog. Remarkably, we find that IF3moves toward

the 50S subunit, into the proximity of the fluorescence-labeled

L33 located near the E site of the ribosome. We note, however,

that there were no free 30S subunits present in these experi-

ments. Inside the cell, where a fraction of the ribosomes is split

into subunits, the proportion of IF3 that remains bound to the

70S ICmay be reduced due to its sequestration by free 30S sub-

units, which have a very high affinity for IF3 (Milón et al., 2012;

Weiel and Hershey, 1981).

We show that IF3 can bind to free 50S subunits in solution. At

20�C, the association is very fast (1,900 mM–1 s–1), similar to IF3

binding to the 30S subunit (1,160 mM–1 s–1 [Milón et al., 2012]).

However, in contrast to the 30S subunit, which binds IF3 in a sta-

ble manner (koff =�1 s–1 [Milón et al., 2012]), IF3 association with

the 50S is highly labile, with a rapid dissociation rate constant of

160 s–1. The high dissociation rate explains why the IF3-50S

complex is difficult to characterize using traditional assays

such as pull-down and gel filtration. While some studies showed

that IF3 and 50S subunit interact with one another using sucrose

density-gradient centrifugation, the authors did not discuss the

phenomenon (Ayyub et al., 2017; Hirokawa et al., 2007). Early
Cell Reports 20, 3113–3122, September 26, 2017 3117



Figure 4. IF3 Binding and Dissociation Ki-

netics with the 50S Subunit

(A and B) Binding of IF3166(Alx488) (0.05 mM) to

increasing concentrations of 50SL33(Atto540Q)

subunits (0.05 – 0.15 mM) at 4�C (A) and 20�C (B).

Control measurements were performed in the

absence of 50S subunits (gold) or acceptor dye

(gray).

(C and D) Dissociation of IF3166(Alx488) (0.15 mM)

from 50SL33(Atto540Q) (0.05 mM) at 4�C (C) and

20�C (D), upon chase with 5- or 10-fold excess of

unlabeled 50S or IF3 WT, respectively. Control

measurements were performed in the absence of

unlabeled competitor (green). Time courses were

fit using numerical integration. All fits are shown as

smooth black lines.

(E) Binding of IF3166(Alx488) (0.05 mM) to

50SL33(Atto540Q) (0.075 mM) in the presence of

excess unlabeled IF3 WT or a mixture of individual

IF3 domains at 4�C. Control measurements were

performedwithout any 50S subunits (gold) or in the

absence of any competitor (black). Time courses

were evaluated by a single-exponential function.

All fits are shown as smooth black lines.

(F) The dependence of the total fluorescence

amplitude change of the raw stopped-flow traces

upon IF3166(Alx488) (0.05 mM) binding to

50SL33(Atto540Q) (0.075 mM) on increasing con-

centrations of unlabeled IF3 WT (see Experimental

Procedures for details of fitting). All reactions were

performed in buffer TAKM7. Error bars represent

the standard error of the fit and are not visible due

to a smaller size than of the symbol.
studies detected crosslinks between IF3 and the ribosomal pro-

teins L2, L5, and L17 (Chaires et al., 1982) or L2, L7/L12, L11, and

L27 (Schwartz et al., 1983), but the discrepancy between the

ribosomal proteins implicated in binding IF3 in the two studies,

as well as their scattered locations on the 50S surface, warrant

some caution in interpreting these findings.

The binding of IF3 to the 50S subunit relies on electrostatic in-

teractions and is inhibited at high salt concentrations, with the po-

tency of different salts decreasing in the following order: MgCl2 >

KCl = NaCl > KGlu. The rapid association and dissociation con-

stants, as well as the significant electrostatic component of bind-

ing, are characteristic of sequence- or conformation-unspecific

interactions, which are facilitated largely by the oppositely

chargedpotential of binding partners. Such interactions are omni-

present in nature; for instance, they exist between DNA-repair en-

zymes and undamaged DNA sequences (Cravens et al., 2014) as

well as chaperones and correctly folded proteins (Koldewey et al.,

2016). Facilitated by long-range electrostatic interactions, the

enzyme rapidly binds different substrates, but the complex is sta-

bilized only when the initial binding is followed by a second step

where additional short-range interactions are formed (Meneses

andMittermaier, 2014). If such rearrangements do not take place,

the complex rapidly dissociates and the enzyme resumes the
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sampling of other targets. In other cases, sequence-unspecific

binding of genome regulatory proteins to DNA (Berg et al.,

1981), as well as of ricin ribotoxin to the bacterial ribosome (Kore-

nnykh et al., 2006), accelerates the process of locating the

sequence-specific binding site via one- or two-dimensional diffu-

sion. These are examples of nucleic acid-binding proteins, which

often have a pI >9 and bind to multiple sites on the large surface

area of the negatively charged substrate. The binding of IF3 to the

50S subunit is unique in the sense that IF3 distinctly binds to a

single site on the 50S subunit, somewhere in the vicinity of L33.

Additionally, whereas the difference between affinities toward

sequence-specific and sequence-unspecific binding sites typi-

cally ranges from 104- to 107-fold (Saecker, 2007), IF3 binding

to the 50S subunit is only a 100-fold weaker than to its canonical

site on the 30S subunit (KD, IF3-50S = 0.3 mM [thiswork]; KD, IF3-30S =

0.003 mM [Milón et al., 2012]).

Although IF3 has a distinct binding site on the 50S subunit, the

transient nature of binding and the availability of free 30S sub-

units in vivo make it unlikely that the interaction with free 50S

subunits is prevalent at normal growth conditions. One attractive

possibility is that the non-canonical 50S binding site is impli-

cated in 70S-mediated initiation (Yamamoto et al., 2016). This

possibility is supported by the finding that, while IF3 binding to



Figure 5. Electrostatic Interactions between IF3 and the 50S Subunit

(A and B) The effect of different MgCl2 and KCl concentrations (A) or replacing potassium chloride with potassium glutamate (B) on IF3-50S subunit interaction.

IF3166(Alx488) (0.05 mM) and 50SL33(Atto540Q) (0.075 mM) were rapidly mixed under different buffer conditions at 4�C, and FRET changes were recorded with

time. A control measurement performed in buffer TAKM7 is depicted in both panels for comparison. Time courses were fit using a single-exponential function. Fits

are shown as black smooth lines.

(C) Salt concentration dependence of IF3-50S subunit interaction. IF3166(Alx488) (0.015 mM) was pre-incubated with 50S subunits (0.3 mM) in buffer TK20M7 and

the decrease in anisotropy (depicting IF3166(Alx488) dissociation from 50S subunits) upon increasing concentrations of the indicated salts wasmeasured at 20�C.
The data were corrected by subtracting the corresponding anisotropymeasurements obtainedwith IF3166(Alx488) alone (see Experimental Procedures for details

about fitting). Error bars in (C) depict the SD of the mean of three technical replicates.
the 70S promotes initiation on leaderless mRNAs, binding of IF3

to the 30S subunit abolishes it (Yamamoto et al., 2016; unpub-

lished data from our lab). Under cellular conditions where the

concentrations of IF3 and of free ribosomal subunits are similar

(Howe and Hershey, 1983; Mohapatra et al., 2017), IF3 preferen-

tially binds to 30S subunits and participates in the canonical

initiation process to form a high-fidelity 30S IC. However, under

conditions where 70S monosomes accumulate (e.g., during

cold-shock or deprivation of an energy source [Broeze et al.,

1978; Moll et al., 2004; Ruscetti and Jacobson, 1972; Uchida

et al., 1970]), IF3 concentration surpasses that of the 30S sub-

units (Giuliodori et al., 2007), or ribosomal recycling is mitigated

(Hirokawa et al., 2004), IF3 binding to 70Smonosomesmay stim-

ulate alternative modes of initiation involving leaderless mRNAs

or allow existing 70S translation complexes to subsequently

participate in re-initiation. Hence, the ratio between free subunits

and IF3 is expected to be an important determinant for different

initiation modes inside the cell.

EXPERIMENTAL PROCEDURES

Preparation of Components

Wild-type 30S and 50S subunits were prepared from E. coliMRE600 strain us-

ing zonal centrifugation (Rodnina et al., 1995). For re-activation, 30S subunits

were incubated in buffer TAKM20 (50 mM Tris-HCl [pH 7.5], 70 mM NH4Cl,

30 mM KCl, 20 mM MgCl2) for 30 min at 37�C. IF1, IF2, and IF3 were purified

according to published protocols (Milón et al., 2007). f[3H]Met-tRNAfMet was

purified using HPLC (Milón et al., 2007), and the aminoacylation and formyla-

tion efficiencywas >95%. 022mRNA (Goyal et al., 2015;Milón et al., 2007) was

prepared by T7 RNA-polymerase in vitro transcription and purified using

Rneasy isolation kit (QIAGEN). GTP and GTPgS were purchased from Jena

Biosciences.

Cysteine residues were introduced at position 4 in IF1, position 757 in IF2,

and position 166 in IF3 and labeled with a thiol-reactive fluorescent donor

(Alexa(Alx)488) or non-emitting acceptor (Atto540Q) dye using established

protocols (Milón et al., 2007, 2012). 30S subunits that lacked the ribosomal

protein S13 (30S DS13) and 50S subunits lacking L33 (50S DL33) were purified

from E. coli K12 strain (Cukras and Green, 2005). 30S DS13 and 50S DL33

were reconstituted with fluorescence-labeled S13112(Alx488) or fluores-
cence-labeled L3331(Atto540Q or Alx488 or Atto565), respectively (Belardinelli

et al., 2016; Caliskan et al., 2014). To prevent labeling at multiple positions, the

native cysteine residues of each labeled protein were mutated to non-reactive

serine residues. The efficiency of labeling and reconstitution was assessed as

90%–100% by absorbance measurements and SDS-PAGE analysis.

Stopped-Flow Kinetics

Stopped-flow measurements were performed with an SX-20MV stopped-

flow machine (Applied Photophysics). All experiments were carried out in

buffer TAKM7 (50 mM Tris-HCl [pH 7.5], 70 mM NH4Cl, 30 mM KCl,

7 mM MgCl2), unless indicated otherwise. Because free IF3 has a propen-

sity to stick to the walls of reaction tubes and optical cuvettes, all reactions

were performed in the presence of 0.1 mg/mL BSA. To form 30S IC, 30S

subunits (0.1 mM) were incubated with a 3-fold molar excess of unlabeled

IF1, IF2, and equimolar amounts of IF3166(Alx488), or a 2-fold excess of

labeled IF14(Atto540Q) (Figure 1B), IF2757(Atto540Q) (Figure 1C), or

IF3166(Atto540Q) (Figure 1D), as well as a 6-fold molar excess of mRNA

and f[3H]Met-tRNAfMet in buffer TAKM7 containing GTP (0.25 mM) for

30 min at 37�C. To monitor IF3 dynamics during 70S IC formation, equal

volumes (60 mL each) of fluorescence-labeled 30S IC (0.05 mM; all concen-

trations are final after mixing) and unlabeled 50S or 50SL33(Atto540Q)

(0.15 mM) were rapidly mixed together at 20�C, and the fluorescence

changes were recorded with time. To monitor IF3 binding to the 30S PIC

(lacking IF3), fluorescent 30S PIC (0.05 mM) was rapidly mixed with an equi-

molar amount of fluorescence-labeled IF3. Release of labeled IF3 from the

30S IC was monitored by rapidly mixing fluorescent 30S IC (0.05 mM) with

unlabeled IF3 (1.5 mM). Light scattering measurements were carried out

without a filter by setting the excitation wavelength to 434 nm (Milón

et al., 2008). Fluorescence change of Alx488 as well as FRET between

Alx488 and Atto540Q were monitored upon excitation at 470 nm after pass-

ing through a KV500 cutoff filter (Schott). The averages of seven to ten time

courses were evaluated by Prism (GraphPad Software) using exponential

functions (Table S1).

The binding of IF3 to the 50S subunit was monitored by rapidly mixing the

indicated combinations of fluorescence-labeled IF3 (0.05 mM) and fluorescent

50S subunits (0.075 mM) in a stopped-flow apparatus at 4�C in buffer TAKM7,

unless indicated otherwise. FRET between Alx488 and Atto565 wasmeasured

upon excitation at 470 nm, and the emission was monitored after passing

through a KV590 cutoff filter (Schott). All data points in the time courses of

the initial screening (Figures 2B–2E) were normalized with respect to the initial

fluorescence of the time course observed after the dead time of the instrument

(1.5 ms).
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Inhibition of IF3166(Alx488) binding to 50SL33(Atto540Q) wasmeasured in the

presence of increasing amounts of unlabeled IF3 WT (0.3–5 mM) or an 80-fold

molar excess of unlabeled IF1, mRNA, or individual domains of IF3 over

IF3166(Alx488). The average of seven to ten time courses was evaluated using

single-exponential function (GraphPad Prism software), and the total ampli-

tude change from the raw stopped-flow data were plotted as a function of un-

labeled IF3 WT concentration. The data were fit using the equation:

Y= y0 + ðy1y0Þ
��

1+ 10ðlogðIC50�xÞÞ�;

where, y0 = minimum value; y1 = maximum value; x = log of unlabeled IF3 WT

concentration in mM; IC50 = inhibitory concentration corresponding to 50% of

the amplitude change. The corresponding Ki value for IF3 WT was calculated

using the equation:

Ki = IC50=ð1+ ð½L�=KDÞÞ;

where, Ki = inhibitory constant; [L] = 50SL33(Atto540Q) concentration; KD =

equilibrium dissociation constant of the IF3166(Alx488)-50SL33(Atto540Q)

complex.

IF3166(Alx488) binding to 50SL33(Atto540Q) was measured under five

different buffer conditions besides TAKM7 (TAKM20; TK100M7 (50 mM Tris-

HCl [pH 7.5], 100 mM KCl, 7 mM MgCl2); TK50M7 (50 mM Tris-HCl [pH 7.5],

50 mM KCl, 7 mM MgCl2); TK200M7 (50 mM Tris-HCl [pH 7.5], 200 mM KCl,

7 mM MgCl2); or T[KGlu]100M7 (50 mM Tris-HCl [pH 7.5], 100 mM potassium

glutamate, 7 mM MgCl2)).

Time courses of IF3166(Alx488) (0.05 mM) binding to increasing concentra-

tions of 50SL33(Atto540Q) subunits were measured at 4�C (0.05, 0.062,

0.075, 0.087, and 0.1 mM) and 20�C (0.05, 0.075, 0.1, 0.125, and 0.15 mM).

IF3 release from the 50S subunits was measured by displacement experi-

ments at 4�C and 20�C in which a pre-incubated mix of IF3166(Alx488)

(0.15 mM) and 50SL33(Atto540Q) (0.05 mM) was rapidly mixed with

IF3166(Alx488) (0.15 mM) and an excess of unlabeled 50S (0.75 mM) or IF3

(1.5 mM). IF3166(Alx488) was present in both syringes to ensure that the signal

change upon chase did not arise merely due to dilution of the complex. The av-

erages of seven to ten time courses of binding and chase were evaluated using

global fitting (one-step model numerical integration) with KinTek Explorer (Kin-

Tek) to derive the association and dissociation rate constants.

Fluorescence Anisotropy

Fluorescence anisotropy measurements were performed using a Fluoromax-4

spectrofluorometer (Horiba) in buffers containing 0.1 mg/mL BSA at 20�C.
Three technical replicates were recorded for each measurement. Binding of

IF3166(Alx488) (0.015 mM) to the 50S subunit (0.3 mM) in buffer TAKM7 was

monitored by the increase in anisotropy. The emission of Alx488 was

measured at 520 nm after excitation at 490 nm. IF3166(Alx488) was chased

by addition of a 20-fold molar excess of unlabeled IF3 over subunits.

To measure the effect of salt concentration, IF3166(Alx488) (0.015 mM) was

incubated with 50S subunits (0.3 mM) in buffer TK20M7 (50 mM Tris-HCl [pH

7.5], 20 mM KCl, 7 mM MgCl2) and then increasing amounts of buffered KCl

(20 – 220 mM), NaCl (20 – 260 mM), MgCl2 (3 – 70 mM) or KGlu (20 –

260 mM) solutions were added. The change in anisotropy was plotted with

respect to the added salt concentration. To monitor the effect of increasing

salt on IF3166(Alx488) alone, control experiments were performed in the

absence of 50S and subtracted from those in the presence of 50S. The cor-

rected data were fit using the equation:

Y= y0 + ðy1y0Þ
��

1+ 10ðLogðIC50�xÞÞ�k1�;

where, y0 =minimum value; y1 =maximum value; x = log of added salt concen-

tration inM; IC50 = inhibitory concentration corresponding to 50%of the ampli-

tude change; k1 = Hill slope factor.

The number of IF3 molecules that bind to the 50S subunit was measured by

titrating a fixed concentration of IF3166(Alx488) (0.3 mM) with under- and over-

stoichiometric amounts of 50S subunits. The change in anisotropy was plotted

as a function of 50S concentration. The minimal concentration of 50S that
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saturated IF3166(Alx488) was derived from the intersection between two linear

regression fits of the data points as described (Mangel et al., 2016).
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