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Initiation factor 2 (IF2) is a key factor in initiation of bacterial
protein synthesis. It recruits initiator tRNA to the small ribosomal
subunit and facilitates joining of the large ribosomal subunit. Using
reconstituted translation system of Escherichia coli and optical
tweezers, we directly measure the rupture force between single
ribosomal complexes and mRNAs for initiation complexes in the
presence and the absence of IF2. We demonstrate that IF2 together
with codon recognition by initiator tRNA increases the force re-
quired to dislocate mRNA from the ribosome complexes; mRNA
stabilization by IF2 required the presence of a joined 50S subunit,
and was independent of bound guanine nucleotide. IF2 thus helps
lock the 70S ribosome over the start codon during initiation, thus
maintaining reading frame. Our results show how mRNA is pro-
gressively stabilized on the ribosome through distinct steps of
initiation.

force measurement ∣ single-molecule translation

Translation initiates by assembly of elongation-competent ribo-
somes positioned over the correct start codon. Initiation in

bacteria is a multistep process. The small (30S) ribosomal subunit
forms a preinitiation complex (PIC), containing mRNA, initia-
tion factors and fMet-tRNAfMet, which recruits the large (50S)
ribosomal subunit. The 50S subunit recruitment facilitates initia-
tion factor displacement, resulting in elongation-competent ribo-
some with initiatior tRNA positioned in the peptidyl-tRNA site
(P site) of the ribosome. Initiation is guided and regulated by
three initiation factors: IF1, IF2 and IF3. IF1 and IF3 work in
concert to prevent premature joining of initiation subunits, safe-
guarding ribosome from initiation with incorrect start codons and
tRNA (1). IF2 is a GTPase and central initiation factor. Upon IF2
and tRNA binding, IF2 facilitates 50S subunit joining that pro-
motes rapid hydrolysis of GTP by IF2, which in turn stimulates
IF2 release from the ribosome (1).

IF2 guides major structural rearrangements on the ribosome
during initiation (2, 3). Cryo-EM and single-molecule experi-
ments have shown that 50S subunit joins in a rotated, unlocked
conformation with respect to the 30S subunit in the presence of
IF2 and nonhydrolyzable GTP. Upon GTP hydrolysis, the 50S ri-
bosomal subunit rotates clockwise by approximately 6° relative to
the 30S subunit, thus putting ribosome into nonrotated, classical
conformation. In this process, IF2 undergoes large conforma-
tional changes itself. In 30S PICs, the tRNA-binding domain
of IF2 protrudes toward the shoulder of the 30S subunit, whereas
the GTP-binding domain interacts on the top of the 30S spur,
near helix 14 of the 16S rRNA. After 50S subunit joining, IF2
rearranges, with the GTPase domain moving near the large sub-
unit sarcin-ricin loop and GTPase-associated center, while tRNA-
binding domain moves toward the beak of the small subunit.
After GTP hydrolysis, GTP-binding domain moves away from
the GTPase center by approximately 10 Å toward ribosomal pro-
tein L6 and the tRNA-binding domain is shifted toward the beak,
pivoting by approximately 20° around the GTPase domain along

the intersubunit interface. During this process, IF2 guides initia-
tor tRNA position and conformation. In the 30S PIC, initiator
tRNA is located in an intermediate conformation in which the
anticodon stem of the tRNA is located in the P site and bent to-
ward the mRNA, while the elbow and acceptor end are displaced
toward the exit site (E site). Upon assembly of an elongation-
competent 70S initiation complex, the initiator tRNA shifts to
the classical P/P conformation (3).

The ribosome must establish and maintain the correct transla-
tional reading frame during initiation. Both the Shine-Dalgarno
(SD) sequence and initiator tRNA-start codon interactions are
central to the establishment of reading frame. Yet the mechanism
for how reading frame is preserved during initiation remains un-
clear. Here we use single-molecule force methods to measure di-
rectly the mechanical stability of the ribosome-mRNA complexes
along the initiation pathway in Escherichia coli. We show that IF2
and 50S subunits work together to establish and preserve open
reading frame during late steps in initiation.

Results
Experimental Design. Initiation complexes were assembled on a
model mRNA comprised of the first 57 nucleotides (nts) of
T4 gene 32 mRNA containing SD sequence, located upstream of
the AUG initiation codon with covalently linked biotin on the 5′
end. The initiation complexes assembled over model mRNAwere
immobilized on the surface of the coverslip via streptavidin–bio-
tin interactions (4). The 30S ribosomal subunits in the experiment
contain a genetically engineered meta-stable hairpin extension
at the helix 44 of the 16S rRNA (4). Previous bulk and single-
molecule fluorescence experiments demonstrated functionality
of labeled ribosomal subunits (4, 5). A 22 nt DNA oligonucleo-
tide complementary to the hairpin insertion labeled with 5′ Cy3
and 3′ digoxigenin was annealed to the hairpin. This molecular
handle allows bead attachment to the initiation complexes. Upon
initiation complex formation, 1-μm polystyrene beads covered
with covalently linked antidigoxigenin antibodies were tethered
to the initiation complexes via antibody–digoxigenin interactions;
therefore, initiation complexes were tethered between the sur-
face of the coverslip and the bead (Fig. 1A). The Cy3 fluorescence
from the attached DNA oligonucleotide was used to validate the
presence of a single tether between the bead and the coverslip
surface (Fig. 1C). Upon observing a single Cy3 photobleaching
event, the tethered bead was captured by an optical trap. After
bead capture, the coverslip surface was moved at the constant
speed to displace the beads from the center of the optical trap.
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The bead displacement generated constantly increasing force
linearly proportional to the bead displacement. The force was
increased until the complex ruptured (Fig. 1B), which was regis-
tered as a precipitous return of the bead to the center of the op-
tical trap. The amplitude of the return movement is linearly
proportional to the exerted force during mRNA-ribosome com-
plex rupture and was used to calculate applied force (Fig. 1D).
The resulting rupture force was calculated using standard meth-
ods by observing the mode of the Gaussian distribution of multi-
ple single-molecule rupture events.

tRNA, Not IF2, Is a Major Determinant of Stability of the Early Initia-
tion Complexes. Stability of ribosome-mRNA interactions within
30S initiation complexes was measured in presence of initiator
tRNA and IF2. Naked 30S-mRNA complexes were ruptured
at 5.7 pN (Fig. 2A). Addition of the initiator tRNA increased
the mean rupture force to 15.2 pN (Fig. 2B). Further addition
of IF2∶GTP to the 30S∶tRNA complexes did not affect complex
stability because the rupture force was measured to be 16.1 pN
(Fig. 2C). Thus, IF2 does not affect the stability of mRNA-
ribosome interactions in PICs. However adding tRNA to the
30S-mRNA drastically increased rupture force by 10.5 pN
(Fig. 2 A and B).

IF2 and tRNA Cooperatively Stabilize Late Initiation Complexes. To
probe the effect of 50S subunit joining on mRNA rupture force,
ribosome-mRNA interactions were measured for 70S initiation
complexes containing mRNA and P-site bound initiator fMet-
tRNAfMet. The rupture force distribution was centered at
16.8 pN, (Fig. 2D) in agreement with previously observed 15.2 pN
rupture force of the 70S ribosomes with initiator tRNA in the
P site, independently determined by using a similar setup (6).

Addition of IF2 to this complex (70S∶tRNA) increased the rup-
ture force by 5–21.8 pN (Fig. 2E). Stabilization of the ribosome–
mRNA interactions by IF2 required the presence of initiator
tRNA bound to a correct start codon. Binding of the IF2 to the
70S ribosomes lacking initiator tRNA (70S∶IF2 complexes) did
not affect complex stability, yielding a rupture force similar to
that as with naked 70S ribosomes [9.7 (Fig. 3A) and 10.6 pN,
ref. 6, respectively]. Replacement of the AUG start codon for
a noncognate GUG in the 70S∶IF2ðGTPÞ∶fMet-tRNAfMet com-
plexes decreased the rupture force by 9.5 pN from 21.8 to 12.3 pN
(Fig. 3B). This change is greater than contributions of initiator
tRNA in the P site in 70S complexes of 4.6 pN (6) and therefore
IF2 contributes of 5 pN. Thus stabilization of mRNA on the ribo-
some requires correct codon-anticodon interactions between in-
itiator tRNA and mRNA.

Large Subunit and IF2 Interplay. Joining of the 50S subunit in the
presence of tRNA and IF2 increases the mRNA rupture force by
5 pN; 30S-mRNA complexes ruptured at 16.1 pN (Fig. 2C)
whereas 70S-mRNA complexes ruptured at 21.8 pN (Fig. 2E).
However, in the presence of only tRNA 50S subunit joining
did not affect mRNA stability (Fig. 2 B andD). Thus, stabilization
of mRNA on the ribosome by IF2 requires the presence of the
50S ribosomal subunit. Overall, upon IF2 and tRNA binding fol-
lowed by formation of 70S complexes, the rupture force increases
by 5.7–21.8 pN. Interestingly, large-subunit joining in the absence
of the tRNA and IF2 also lead to the 5 pN increase in rupture
force [5.7 pN (Fig. 2A) and 10.6 pN, ref. 6, respectively], whereas
overall stabilization of the mRNA-ribosome interactions was
only 6 pN upon 70S formation. These results suggest that max-
imal stabilization of mRNA on the ribosome requires large sub-
unit joining to occur via tRNA- and IF2-dependent pathways.

Fig. 1. Experimental design. (A) Immobilization scheme. Ribosomal complexes were assembled on biotinylated mRNA and immobilized on the surface of the
coverslip via biotin-streptavidin interactions. Meta-stable hairpin insertion at helix 44 of the 16S rRNAwas used to dual-label small ribosomal subunits with Cy3
and digoxigenin. The digoxigenin handle was used to secure attachment of the 1 μm polystyrene beads covered with complimentary antibodies. (B) Surface-
bound beads were captured by an optical trap; the glass surface was then moved at 100 nm∕s, causing bead displacement from the center of the optical trap.
Bead dislocation generated a returning force linearly proportional to the displacement. Force was increased until the complex ruptured. (C) Single photo-
bleaching events of the Cy3-labeled ribosomes were used to ensure presence of the single molecular link between surface of the coverslip and the bead.
(D) Time-position traces. Prior to capturing, the bead fluctuates around attachment point. Bead capture suppresses fluctuations. The stage then moves
the bead out of the trap center. The force was increased until the complex ruptured, the rupture of the initiation complex is registered a precipitous return
of the bead to the trap center.

4882 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1118452109 Masuda et al.



To reveal the relationship between IF2 and 50S subunit
in mRNA stabilization, we measured the rupture force of
70S∶IF2∶tRNA complexes in the presence of thiostrepton.
Thiostrepton is a cyclic oligopeptide antibiotic that binds near
the GTPase center and blocks the function of the G factors in-
volved in translation. It has been shown to inhibit late initiation
steps (7–9). The rupture force for 70S-IF2-tRNA complexes in
the presence of thiostrepton was decreased by 5 pN (Fig. 3C).
Thus, proper interaction between IF2 and the 70S ribosomal par-
ticle is required for full stabilization of the mRNA-ribosome in-
teraction during initiation.

GTP Hydrolysis by IF2 Does Not Affect mRNA-Ribosome Complex
Stability. To assess the role of GTP hydrolysis by IF2 in the
stabilization of mRNA-ribosome interactions, we measured the
rupture force in the presence of GTP, GDP, and a nonhydrolysa-
ble GTP analog GDPNP. The 70S initiation complexes were
assembled on mRNA in the presence of the IF2 and fMet-
tRNAfMet. Saturating concentrations of IF2 (1 μM) ensured IF2
occupancy on the ribosome. The rupture forces were found to be
independent of guanine nucleotide and were 21.8 pN for 70S∶
tRNA∶IF2 (GTP), 20.7 pN for 70S∶tRNA∶IF2 (GDP), and
22.1 pN for 70S∶tRNA∶IF2 (GDPNP) complexes (Fig. 3 D–F).

IF2 Stabilization Is Independent of the SD Interaction. Our prior
studies showed that interactions between the SD sequence in
mRNA and 70S ribosome add approximately 11 pN to the
mRNA complex stability (6). To test a relationship between SD
and IF2 stabilization of initiation complexes, we measured forces
required for complex disruption on mRNA lacking a SD se-
quence. 70S-tRNAfMet complexes lacking SD sequence ruptured
at 4.8 pN (figure 3h in ref. 6). The addition of the IF2 to the

ribosomal complexes resulted in increase of the complex stability
by 6.3 pN to 11.1 pN, similar to the increase of 5 pN observed on
SD-containing mRNA upon IF2 binding (figure 3h in ref. 6 and
Fig 3G). Similar to the factorless 70S complexes, the 70S∶
tRNAfMet∶IF2 complexes assembled on SD-lacking mRNA
required 10.7 pN less force compared to the 70S∶tRNAfMet∶
IF2 assembled on SD-containing mRNA. The observed decrease
in complex stability is the same as previously observed SD con-
tribution of approximately 11 pN into the mRNA-ribosome com-
plex stability (6). IF2 therefore stabilizes mRNA on the ribosome
independently from SD interaction.

Discussion
The results presented here demonstrate how the ribosome estab-
lishes and maintains mRNA interactions during initiation.
We have determined the rupture force for mRNA-ribosome in-
teractions for each distinct step during initiation (Fig. 4). First,
mRNA is recruited to the 30S subunits via SD interaction, then
IF2 binds to the ribosome and recruits initiator tRNA. The
30S∶IF2∶initiator tRNA complex then facilitates rapid 50S sub-
unit binding, with subsequent hydrolysis of GTP by IF2 and
dissociation of the factors to create an elongation-competent ri-
bosome. The strength of interactions between mRNA and the
ribosome increases along this pathway. In the 30S-mRNA com-
plex, mRNA is transiently bound to the ribosome, and a relatively
weak force of 5.7 pN is required to dislocate mRNA from the
ribosome. Upon initiator tRNA binding, the force required to
dislocate mRNA rises dramatically to 16.1 pN due to the
codon-anticodon interactions in the P site. In the 30S PIC, IF2
binding does not further increase the mRNA rupture force. Sub-
sequent 50S subunit joining in the presence of IF2 further in-
creases the rupture force by 5 pN. This results in a total
fourfold increase in the final 70S initiation complex stability com-
paring to the initial 30S∶mRNA complex. This observed increase
in mRNA-ribosome stability required the successful establish-
ment of the codon-anticodon interactions between initiator
tRNA and AUG codon of mRNA. Omission of the tRNA or re-
placement of the start codon with noncognate GUG codon de-
creased the rupture force to that required for rupturing naked
70S-mRNA complexes.

The results presented here suggest that mRNA position on the
ribosome, and thus the open reading frame, is established and
secured in a series of steps that increase the strength of ribo-
some-mRNA interaction, with SD, tRNA, IF2 and large subunit
contributing equally by approximately 5 pN to the mRNA stabi-
lity on the ribosome. Stabilization of mRNA by IF2 and 50S sub-
unit was independent of the SD interaction. Thus later initiation
steps, including initiator tRNA recruitment and large-subunit
joining, are independent checkpoints in the establishment of
the open reading frame. These results demonstrate that SD se-
quences play a role in the initial establishment of the open read-
ing frame. However, the subsequent securing of the open reading
frame is SD independent and is determined by the interplay be-
tween IF2, tRNA and ribosomal subunit.

The 50S subunits together with IF2 play an active role in sta-
bilizing the mRNA-ribosome interaction. The 50S subunit bind-
ing improves stability of the mRNA complexes by 5 pN and
requires IF2 to lock the mRNA on the ribosome. In the absence
of 50S subunits, IF2 has no effect on the complex stability. Single-
molecule fluorescence studies demonstrated that 50S subunits
join 30S PICs in a rotated (ratcheted) conformation relative to
the small subunit (5). Upon GTP hydrolysis, 50S subunits rotate
clockwise, putting the 70S ribosome into a nonrotated (non-
ratcheted) conformation. Interestingly, no difference in the dis-
placement force was found between IF2 containing complexes
before and after GTP hydrolysis. Thus, it is indicated that ribo-
some interacts similarly with mRNA in ratcheted and non-
ratcheted conformations in the presence of IF2.
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Translation embodies a strategy of progressive investment in
stronger mRNA binding during initiation to establish the reading
frame. The complex of IF2 bound to the 70S ribosomal particle
after GTP hydrolysis is a final intermediate of initiation and has
maximal stability for mRNA-ribosome interaction. Upon disso-
ciation of IF2, the elongation-competent ribosome is destabilized
by 5 pN. A site tRNA binding adds 10 pN of mRNA stability to

compensate for the loss of IF2’s contribution, which drops to
16 pN upon peptide bond formation (6). Thus, the ribosome
maintains a minimum rupture force of >15 pN during elongation
to ensure reading frame maintenance but allow processivity
and ribosome movement during translation. Understanding the
interplay of ribosome conformation, mRNA context, and elonga-
tion will require additional single-molecule investigation.
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Materials and Methods
Reagents and Supplies. 30S ribosomal subunits and 70S ribosomes employed
in this study have a 23 nucleotide extension in helix 44 of the 16S rRNA (4, 6).
The DNA oligonucleotide labeled with Cy3 at the 5′ end and digoxigenin at
the 3′ end (Cy3-AAAGGGAGATCAGGATATAAAG-digoxigenin) and 5′-biotiny-
lated T4 gene32 derived mRNAs were synthesized by Japan Bio Services Co.,
Ltd. Carboxylate microspheres (1 μm in diameter; Polysciences, Inc.) were
coated with polyclonal antibody to digoxigenin (Acris Antibodies) as pre-
viously described (10).

Sample Preparation for Rupture Force Measurements.Mutant E. coli ribosomes
were labeled by incubation with twofold molar excess of 5′ Cy3 and 3′ digox-
igenin-modified oligonucleotide at 30 °C for 30 min. Initiation complexes
were assembled by incubation of ribosomal particles with 5′-biotinylated
mRNA and appropriate factors [tRNA, IF2, guanine nucleotides (Sigma)
and ribosomal subunits] at 37 °C for 5 min. tRNA, IF2, guanine nucleotides,
and 50S subunits were added in twofold excess to the 30S ribosomal particles.
The initiation complexes were flash-frozen in liquid nitrogen and stored at
−80 °C. Model mRNA (CAACCUAAAACUUACACACCCGGUAAGGAAAUAAA
AAUGUUUAAACGUAAAUCUACU, start codon shown in bold) was based
on the on T4 phage g32 mRNA and contained 5′ UTR with UAAGGA SD se-
quence, AUG start site followed by six elongator codons.

A flow cell was assembled from a coverslip and a glass slide separated by
double-sided tape. The coverslips were treated with an oxygen plasma asher
prior to use. Ribosomes were immobilized by stepwise delivery of following
solutions: (i) 3 mg∕mL biotinylated BSA (11) followed by a wash with Polymix
buffer [50 mM Tris-OAc, pH 7.5, 100 mM KCl, 5 mM NH4OAc, 0.5 mM
CaðOAcÞ2, 0.1 mM EDTA, 5 mM MgðOAcÞ2, 5 mM β-mercaptoethanol, 5 mM
putrescine, 1 mM spermidine, and 1% (wt∕vol) glucose]; (ii) 0.33 mg∕mL

streptavidin (Invitrogen) followed by a wash with Polymix buffer; (iii) 30S
or 70S ribosomal complexes followed by a wash with Polymix buffer contain-
ing 0.5 mg∕mL β-casein (Sigma); and (iv) anti-digoxigenin-coated beads
followed by a wash with Polymix buffer containing 0.5 mg∕mL β-casein
and O2 scavenging system [25 mM glucose, 50 units∕mL glucose oxidase
(Sigma) and 50 units∕mL catalase (Sigma)] and supplemented with appropri-
ate factors [1 μM tRNA, 1 μM IF2, 2 mM guanine nucleotides, 500 nM 50S
subunits and 10 μM thiostrepton (Sigma)] where required.

Rupture Force Measurements. The microscopy system equipped with optical
tweezers was as described previously (6). The trap stiffness (0.18 pN∕nm)
was calculated as described previously (6). The Cy3 fluorescence was used
to validate presence of the single tether between bead and the glass surface.
Upon observing a single Cy3 photobleaching event, the tethered bead was
captured by an optical trap and external loadwas applied at a rate of 18 pN∕s
by moving a piezostage at 100 nm∕s. This resulted in dislocation of the bead
from the center of the optical trap. Upon rupture of the ribosome complex,
the bead rapidly returned to the center of the optical trap. The rupture force
was calculated by multiplying trap stiffness to the displacement distance. The
rupture force distributions were fitted to a single Gaussian. All experiments
were performed at room temperature (approximately 23 °C).
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