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Initiation of protein synthesis from the correct start codon of messenger RNA (mRNA)
is crucial to translation fidelity. In bacteria, the start codon is usually preceded by a
4- to 6-mer adenosine/guanosine-rich Shine–Dalgarno (SD) sequence. Both the SD
sequence and the start codon comprise the core ribosome-binding site (RBS), to which
the 30S ribosomal subunit binds to initiate translation. How the rather short and
degenerate information inside the RBS can be correctly accommodated by the ribosome
is not well understood. Here, we used single-molecule techniques to tackle this long-
standing issue. We found that the 30S subunit initially binds to mRNA through the
SD sequence, whereas the downstream RBS undergoes dynamic motions, especially
when it forms structures. The mRNA is either dissociated or stabilized by initiation fac-
tors, such as initiation factor 3 (IF3). The initiator transfer RNA (tRNA) further helps
the 30S subunit accommodate mRNA and unwind up to 3 base pairs of the RBS struc-
ture. Meanwhile, the formed complex of the 30S subunit with structured mRNA is not
stable and tends to disassociate. IF3 promotes dissociation by dismissing the bound ini-
tiator tRNA. Thus, initiation factors may accelerate the dynamic assembly–disassembly
process of 30S–mRNA complexes such that the correct RBS can be preferentially
selected. Our study provides insights into how the bacterial ribosome identifies a typical
translation initiation site from mRNA.
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Translation is initiated by recruitment of the ribosome to messenger RNA (mRNA) at
the start codon to assume the correct reading frame. In bacteria, the small (30S) ribosomal
subunit first binds to the ribosome-binding site (RBS), which usually contains the
Shine–Dalgarno (SD) sequence (1), to form the 30S preinitiation complex (30S PIC).
The SD sequence is complementary to the 30 tail (named anti-SD) of 16S ribosomal
RNA (rRNA) of the 30S subunit. The 30S initiation complex (30S IC) forms when initi-
ator transfer RNA (tRNA) is accommodated onto the peptidyl-tRNA–binding site (P
site). Roughly 30 nucleotides (nt) of the mRNA wrap around the neck region of the 30S
subunit (2) and outline the ribosome footprint. Finally, the elongation-competent 70S IC
forms after assembly of the large (50S) ribosomal subunit (3–5).
As key factors for the efficiency of translation, initiation factors (IF1, IF2, and IF3)

can join the 30S subunit before or after mRNA association (6, 7) and are essential for
Escherichia coli cell viability (8–10). IF1 binds to the aminoacyl-tRNA–binding site (A
site) of the 30S subunit (11) and ensures the decoding position of initiator tRNA. IF1
also assists IF2-associated initiator tRNA accommodation (12, 13). IF2, a GTP-
binding protein, not only helps the accommodation of the initiator tRNA but also
facilitates the association of the 50S subunit (6, 14, 15).
IF3 is suggested to help selection of a cognate start codon and initiator tRNA, as its

conformation between the N- and C-terminal domains (NTD and CTD, respectively)
is sensitive to whether the 30S IC is correctly assembled (16). This function of IF3 is
supported by a cryoelectron microscopy study showing that in the absence of initiator
tRNA, the IF3 CTD, together with 16S rRNA, makes several specific contacts with
the start codon in or near the P site (13). When initiator tRNA joins, the IF3 NTD
binds to the elbow of the tRNA, followed by a series of conformational changes to
accommodate the tRNA in the P site (13). Accommodation of the initiator tRNA
results in closure of the A site mRNA latch (formed between helices h18 and h34 of
16S rRNA) (13), potentially stabilizing the downstream mRNA on the channel.
During the initiation process, the 30S subunit may encounter various mRNA struc-

tures that are used to regulate translation (17–19). A genome-wide analysis showed
that, in polycistronic mRNAs, each open reading frame forms distinct structures, which
are separated by less-structured regions centered at the start codon (roughly from posi-
tions �25 to +25; the first nucleotide of the start codon is designated as +1) (20). The
exposed single-stranded initiation site may facilitate ribosome association. Consistent

Significance

Ribosomes translate the genetic
codes of messenger RNA (mRNA)
to make proteins. Translation
must begin at the correct initiation
site; otherwise, abnormal proteins
will be produced. Here, we show
that a short ribosome-specific
sequence in the upstream
followed by an unstructured
downstream sequence is a
favorable initiation site. Those
mRNAs lacking either of these two
characteristics do not associate
tightly with the ribosome. Initiator
transfer RNA (tRNA) and initiation
factors facilitate the binding.
However, when the downstream
site forms structures, initiation
factor 3 triggers the dissociation of
the accommodated initiator tRNA
and the subsequent disassembly
of the ribosome–mRNA complex.
Thus, initiation factors help the
ribosome distinguish unfavorable
structured sequences that may
not act as the mRNA translation
initiation site.

Author affiliations: aGenome and Systems Biology
Degree Program, Academia Sinica and National Taiwan
University, Taipei 10617, Taiwan; bInstitute of Molecular
and Cellular Biology, National Taiwan University, Taipei
10617, Taiwan; and cDepartment of Life Science, National
Taiwan University, Taipei 10617, Taiwan

Author contributions: Y.-L.C. and J.-D.W. designed research;
Y.-L.C. performed research; Y.-L.C. and J.-D.W. contributed
new reagents/analytic tools; Y.-L.C. and J.-D.W. analyzed
data; and Y.-L.C. and J.-D.W. wrote the paper.

The authors declare no competing interest.

This article is a PNAS Direct Submission.

Copyright © 2022 the Author(s). Published by PNAS.
This article is distributed under Creative Commons
Attribution-NonCommercial-NoDerivatives License 4.0
(CC BY-NC-ND).
1To whom correspondence may be addressed. Email:
jdwen@ntu.edu.tw.

This article contains supporting information online at
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.
2118099119/-/DCSupplemental.

Published May 23, 2022.

PNAS 2022 Vol. 119 No. 22 e2118099119 https://doi.org/10.1073/pnas.2118099119 1 of 12

RESEARCH ARTICLE | BIOCHEMISTRY

https://orcid.org/0000-0002-2965-0520
https://orcid.org/0000-0001-8317-4329
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:jdwen@ntu.edu.tw
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118099119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2118099119/-/DCSupplemental
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.2118099119&domain=pdf&date_stamp=2022-05-21


with this finding, several studies have systematically varied the
sequence of the 50 untranslated region (50 UTR) (21), the hair-
pin harboring the start codon (18), or the synonymous codons
of a reporter protein (22) and have shown that secondary struc-
tures formed near the RBS tend to down-regulate translation.
A moderate mRNA structure containing the SD sequence can
interact rapidly with the 30S subunit through a neighboring
single strand, but further stabilization of the complex requires
the participation of initiation factors and initiator tRNA (7).
The downstream mRNA that enters the 30S subunit is located
at position +13 to +15 and is surrounded by ribosomal pro-
teins uS3, uS4, and uS5 (2, 23). The entrance site possesses
helicase activity that can unwind mRNA structures during
elongation (23–26), but whether it is also involved in initiation
is unknown. Overall, how mRNA structures affect initiation
depends on the structure’s position, stability, and flanking
sequences, among others, yet the detailed molecular mecha-
nisms remain elusive.
To explore the accommodation of mRNA with various

sequences and structures, we measured the interaction between
mRNA and the 30S subunit at the initiation stage using single-
molecule F€orster resonance energy transfer (smFRET) (27) and
optical tweezers (28). We found that mRNA was initially
recruited to the 30S subunit through the SD sequence, while
the downstream RBS was only dynamically associated, espe-
cially when it formed a structure. Initiation factors could facili-
tate further accommodation of the mRNA. Finite unwinding
of the downstream RBS structure was observed only when initi-
ator tRNA was present. However, the formed 30S ICs with
structured mRNA were not stable. IF3 (and likely IF2 as well)
promoted dissociation of the initiator tRNA from the complex,
followed by disassembly of the 30S–mRNA complex. Thus,
initiation factors may accelerate the assembly–disassembly
kinetics of 30S ICs such that a correct RBS can be quickly
identified by the 30S subunit during initiation.

Results

Accommodation of Unstructured mRNA on 30S Subunits Is
Facilitated by Initiator tRNA and Initiation Factors. To study
the real-time mRNA accommodation on the 30S subunit by
smFRET, we designed a single-stranded mRNA flanked by a
Cy3 dye (donor) and a Cy5 dye (acceptor) through comple-
mentary DNA handles; the construct was named F+18, accord-
ing to the downstream boundary at position +18 (Fig. 1A).
The 50 UTR of F+18 (�22 ∼ +3) was derived from the gene
of T7 major capsid protein (accession number LR745710), and
the coding region was changed to minimize the potential of
forming secondary structures. The mRNA construct was immo-
bilized onto the surface of a slide chamber, the 30S subunit
and other indicated factors were added and incubated (Fig. 1B,
Left), and time traces of FRET efficiency (EFRET) of the mRNA
were recorded. Then, the chamber was washed to remove free
and weakly bound components (Fig. 1B, Right). This buffer
washing step also allowed us to distinguish the conformational
changes (FRET dynamics) of mRNA caused by repeated
dissociation–reassociation of the 30S subunit from those caused
by transitioning among various accommodation states on the
tightly bound 30S subunit. The former would be more affected
by washing than the latter.
When present alone, most F+18 molecules exhibited a stable

and high FRET efficiency (EFRET; Fig. 2A, Inset). The ensem-
ble EFRET histogram showed a narrow distribution, which was
fit to a Gaussian function centered at 0.93 (Fig. 2A). The high

EFRET was caused by compaction of the single-stranded RNA
in the presence of Mg2+ (7 mM; SI Appendix, Fig. S1A) (29).
Similar results were observed in our previous experiments using
the same smFRET design with different RNA sequences (30).

We then determined how the mRNA conformation was
changed when forming 70S IC. As shown in Fig. 2B (gray his-
togram), 99.2% of the EFRET signals appeared in a single peak
at 0.08, a dramatic shift from 0.93. Note that SI Appendix,
Table S1, shows the details of the major EFRET peaks of
mRNA in the ribosome-bound states for the constructs mea-
sured in this study. The distribution was essentially not
changed when the chamber was washed with buffer (Fig. 2B,
orange line), indicating that the complexes were stable. The dis-
tance between the bacterial ribosome’s mRNA entrance and
exit sites is ∼80 Å (Protein Data Bank [PDB] ID: 2HGP) (31),
consistent with the low EFRET measured. To confirm that the
low EFRET was caused by separation of the FRET dye pair after
ribosome binding, we annealed a 30-nt DNA oligomer comple-
mentary to the RBS of mRNA as mimicry of ribosome bind-
ing. The result showed a similar distribution of EFRET at 0.12
(SI Appendix, Fig. S1B).

Initiation factors are not components of the 70S IC, but
their involvement can greatly facilitate the formation of stable
70S IC. To further explore their role in the initiation process,
we omitted these factors and examined how the formation of
30S IC was affected. The results showed that the EFRET distri-
butions of 30S IC with tRNAfMet (unaminoacylated; Fig. 2C)
or with fMet-tRNAfMet (SI Appendix, Fig. S1C) were indistin-
guishable from those observed for 30S IC+IF2 (SI Appendix,
Fig. S1D; the superscript indicates the initiation factor[s]
included in the reaction) and 70S IC+IF1/2/3 (Fig. 2B), indicat-
ing that the unstructured F+18 mRNA can be efficiently and
stably accommodated onto 30S subunits without the assistance
of initiation factors, as long as the initiator tRNA was present.

Then, we further excluded the initiator tRNA from the reac-
tion and measured the formation of 30S PIC (we use “30S
PIC” to denote the 30S IC devoid of initiator tRNA). Like
in 30S IC, the EFRET distribution appeared at low values
(Fig. 2D, gray), but a minor 0.92 EFRET peak reappeared after
buffer washing (Fig. 2D, orange), and the time trace showed
occasional FRET fluctuations (Fig. 2D, Inset). These results
suggest that part of the mRNA strand bound in 30S PIC was
not adequately accommodated, and thus the complex may dis-
sociate. After quantifying the FRET dynamics with an empiri-
cal Bayesian method for hidden Markov models (32), we found
that the conformation of mRNA transited among three appar-
ent EFRET states, ∼0.1, ∼0.3, and ∼0.8, referred to as the low-,
middle-, and high-FRET states, respectively (Fig. 2E). Interest-
ingly, interchanges between the low- and the high-FRET states
were not found (Fig. 2F), suggesting that the middle-FRET
state was an intermediate mRNA conformation prior to 30S
accommodation (Fig. 2G).

The above data showed that the initiator tRNA, in the
absence of initiation factors, could stabilize the interaction
between F+18 and the 30S subunit. Conversely, we asked
whether initiation factors alone could have a similar effect. In
the presence of both IF1 and IF3, 30S PIC+IF1/3 showed a
similar low EFRET distribution (SI Appendix, Fig. S1F) as
in 30S IC. The same low EFRET peak was dominant in 30S
IC+IF2 (90%), and the population remained unchanged after
buffer washing (SI Appendix, Fig. S1E). These results support
that initiation factors (IF1 + IF3 or IF2) could further promote
the accommodation of unstructured mRNA on the 30S
subunit.
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mRNAs with Weak or Null SD Sequences Are Compromised in
Recruiting 30S Subunits. F+18 contained a 6-nt SD sequence
(AAGGAG), which was relatively longer (and stronger) than most
SD sequences (4 to 5 nt) found in E. coli (33). We then investi-
gated whether the strength of SD sequences affected the interac-
tion between mRNA and 30S subunits. In contrast to F+18,
when the SD sequence was changed to a weaker one (AGGA;
FwSD+18; Fig. 1A), a stable 30S PIC with low EFRET was barely
formed (Fig. 3 A and B); only short-lived complexes were detected
(Fig. 3B, Inset). Stable 30S–mRNA complexes could form in the
presence of IF1 and IF3 (Fig. 3C) or initiator tRNA (Fig. 3D),
but the efficiency was compromised. Moreover, the SD-free
mRNA (FnSD+18; Fig. 1A) did not form any apparent com-
plexes with 30S subunits, even in the presence of IF1/IF3 or initi-
ator tRNA (Fig. 3 E–H). Kinetic analysis of the time traces
showed that the dissociation rates of 30S subunits (koff) decreased
from 2.17 s�1 to 0.77 s�1 when the SD sequence was changed
from the null to the weak ones (Fig. 3I). Dissociation events for
F+18 (with a strong SD) were rare; on average, less than one was
observed per time trace (recorded for 60 s), and thus we could
estimate an upper limit of koff, 0.017 (=1/60) s�1. In the presence
of IF1/IF3, koff was further decreased and still SD dependent

(Fig. 3I). By contrast, the association rates of 30S subunits (kon)
did not change apparently with the SD strengths and initiation
factors (Fig. 3I). These data support that the SD sequence, but
not the start codon, of mRNA was the primary site to recruit 30S
subunits; a strong SD sequence and initiation factors lengthen the
lifetime of the formed complex, which increases the efficiency of
start codon recognition and accommodation of the downstream
RBS. Thus, the whole complex can be further stabilized.

Binding of Initiator tRNA Stabilizes the Weak 30S PIC Formed
with Structured mRNA. Naturally occurring mRNA may form
structures around the RBS that can interfere with the initiation
reaction and serve as a regulatory strategy (17, 18). To investigate
accommodation of structured mRNA, we made a construct iden-
tical to F+18 except that a hairpin derived from the dnaX
transcript of E. coli was inserted after position +11 (F+11hp;
Fig. 1A). Given the ribosome footprint, approximately the first 3
base pairs (bp) of the stem must be opened before the mRNA is
accommodated completely onto the ribosome.

F+11hp showed an EFRET of 0.89 (Fig. 4A). Binding of 30S
subunits predominantly shifted the EFRET distribution to a
widespread of low values with a major peak at 0.23 and a
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Fig. 1. smFRET experimental setup. (A) Design of mRNA constructs. Left, mRNA was labeled with Cy3 and Cy5 dyes through complementary DNA handles at
the 30 and 50 ends, respectively. The 50 handle also contained a biotin tag for immobilization onto the slide surface. Middle, The mRNA sequences (50 to 30)
between the two handles are shown. Sequences identical to F+18 are denoted as dashes for clarity. The approximate ribosome footprint is indicated by the
purple bar. Right, the secondary structure of the hairpin (hp). (B) Schematic of a typical experimental procedure. Left, The 30S subunits and indicated compo-
nents were incubated with immobilized, dye pair–labeled mRNA. FRET time traces were recorded and used to construct the ensemble EFRET distribution
(gray histogram), which usually could be fit to a Gaussian function (green curve). Right, after recording, buffer was injected to remove unbound components.
FRET time traces were recorded again, and the ensemble EFRET was constructed (orange line); PEG, polyethylene glycol.
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shoulder below 0.1 (Fig. 4B, gray), and substantial EFRET fluc-
tuations at around 0.3 with frequent excursions to the higher
and lower FRET states were observed (Fig. 4B, Inset). Similar
FRET dynamics were also observed in F+18, but the major
conformation with F+11hp was the middle-FRET state as
opposed to the low-FRET state with F+18 (Fig. 2 D and E),
suggesting that F+11hp was not adequately accommodated on
the 30S subunit. Accordingly, most bound 30S subunits fell off
after buffer washing, shifting the major EFRET peak back to
0.91 (Fig. 4B, orange). Thus, the downstream mRNA structure
can severely destabilize the 30S–mRNA interactions.
The frequent EFRET excursions described above were not

caused by repeated dissociation–reassociation of the 30S subu-
nit, because similar time traces were also observed after remov-
ing free 30S subunits. To further confirm this argument, we

used biotinylated 30S subunits (34) for surface immobilization
and incubated them with a low concentration of dye-labeled
F+11hp (50 pM; SI Appendix, Fig. S2A). The results showed
that the EFRET distributions were at low values (SI Appendix,
Fig. S2B), and most time traces exhibited uninterrupted fluo-
rescence and FRET fluctuations (SI Appendix, Fig. S2C), simi-
lar to the pattern shown in the Inset of Fig. 4B. Thus, these
observed FRET signals were mostly caused by conformational
changes of mRNA on the associated 30S subunit.

When the initiator tRNA was coincubated, the bipartite
EFRET peaks of F+11hp were merged into the lower one
(< 0.1; Fig. 4C, gray), which was retained after buffer washing
(Fig. 4C, orange). The data indicate that binding of initiator
tRNA could stabilize the low FRET conformation, analogous
to the 30S IC with F+18. To confirm if the formation of stable
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Fig. 2. Accommodation of unstructured mRNA on 30S subunits is facilitated by initiator tRNA and initiation factors. The F+18 construct was used to mea-
sure the conformational changes of unstructured mRNA at various ribosome-binding states. (A) mRNA alone. (B) 70S IC formed in the presence of IF1, IF2,
and IF3. (C) 30S IC. (D) 30S PIC. EFRET distributions before (gray histograms) and after (orange lines) buffer washing and a representative FRET time trace are
shown. (E) Hidden Markov modeling for the 30S PIC. A FRET time trace (20 Hz) was fit to three EFRET states, centered at around 0.1, 0.3, and 0.8, and referred
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modeling analysis. The rates are in s�1; n/d, not detectable. (G) A model to illustrate a possible conformational change of mRNA in the 30S PIC.
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complexes resulted from correct codon–anticodon recognition
at the P site of the 30S subunit, we changed the AUG start
codon to UUU, a cognate codon for tRNAPhe. Again, the new
construct Fuuu+11hp (Fig. 1A) showed a major EFRET peak at
0.11 in the presence of tRNAPhe, and this peak largely
remained after buffer washing (SI Appendix, Fig. S3A). By
contrast, none of the 30S-bound complexes survived buffer
washing when the noncognate tRNAfMet was substituted for

tRNAPhe (SI Appendix, Fig. S3B). All these data support that
cognate codon–anticodon interaction in the P site helped form
stable 30S IC with structured mRNA. We note that after buffer
washing, the 30S-bound fraction of Fuuu+11hp/tRNAPhe

(22.4%) was smaller than that of F+11hp/tRNAfMet (62.0%).
On this basis, the canonical AUG start codon was more potent
than the UUU codon in forming ICs.

To explore the interaction between the 30S subunit and
the downstream mRNA structure in more detail, we designed
the following mRNA constructs for smFRET experiments: the
downstream single-stranded sequence of F+18 was trimmed
such that the annealed Cy3-containing DNA handle was placed
immediately after positions +14, +11, and +8 (corresponding
to F+14, F+11, and F+8; Fig. 1A). In this design, the handle
(DNA/RNA duplex) would mimic the hairpin, and the
Cy3 dye could directly reflect the response of the structure
when interacting with the ribosome. Like F+18, these mRNA
constructs exhibited a dominant EFRET peak at high values
(Fig. 4 D, G, and J).

The downstream duplex of F+14 was expected to be located
exactly outside the ribosome footprint. Compared with F+18,
F+14 bound less tightly to the 30S subunit, as fewer complexes
were retained after buffer washing (57.3% for F+14 and
82.0% for F+18; Figs. 2D and 4E, respectively), indicating
that a spare single-stranded sequence to span the ribosome foot-
print was important for the complex formation. Nevertheless,
initiator tRNA significantly promoted the formation of 30S IC
(Fig. 4F). With the downstream duplexes further extending
into the ribosome footprint, both F+11 and F+8 could barely
bind 30S subunits after buffer washing (Fig. 4 H and K). How-
ever, stable 30S IC was formed in the presence of initiator
tRNA (Fig. 4 I and L).

The above results of the 30S IC with structured mRNAs
can be explained by 1) that the downstream structure over-
lapping the ribosome footprint was unwound by the 30S sub-
unit after accommodating the initiator tRNA or 2) that base
pairing between the initiator tRNA and the AUG start codon
further stabilized the association of the downstream strand
(either structured or unstructured) with the 30S subunit. In
the next section, we used optical tweezers to test the first
possibility.

The Ribosome Can Unwind Up to 3 bp of the Downstream
mRNA Structure after the Binding of Initiator tRNA. To facili-
tate measurements with optical tweezers, the two flanking han-
dles of F+11hp were lengthened and respectively attached to
two polystyrene beads. The construct was renamed T+11hp
(Fig. 5A), whereby the prefixes “T” and “F” are used to denote
the constructs designed for measurements from optical tweezers
and smFRET, respectively. On optical tweezers, the construct
was pulled through the two polystyrene beads, and the RNA
structure was unfolded by gradually increasing the force. The
stability and size of the structure were respectively determined
by the unfolding force and the extension change after struc-
tural unfolding.

T+11hp showed an unfolding force of 19.1 pN and a size of
30.6 nt (SI Appendix, Table S2; note that this table summarizes
the results of optical tweezer measurements described in this
report). The measured size matched the actual length of the
downstream hairpin (30 nt). In the presence of the 30S subu-
nit, the hairpin was only slightly affected, with a marginal
decrease in force (0.5 pN; Fig. 5B, “30S PIC”, blue) and size
(0.4 nt; Fig. 4C). To further confirm that the RNA molecule
under measurements was bound by a 30S subunit, we designed

A E
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C

F

G

D H

I

Fig. 3. mRNAs with weak or null SD sequences are compromised in
recruiting 30S subunits. (A–D) EFRET histograms of FwSD+18 (with a weak SD
sequence AGGA) in the states of mRNA alone (A), 30S PIC (B), 30S PIC+IF1/3

(C), and 30S IC (D). Gray bars and orange lines represent histograms before
and after buffer washing, respectively. A representative FRET time trace is
shown in B–D. (E–H) Same as in A–D, except that the SD-free construct
FnSD+18 was measured. (I) Association (kon) and dissociation (koff) rate con-
stants of 30S PIC with FwSD+18 (wSD) or FnSD+18 (nSD), measured in the
presence (+) or absence (�) of both IF1 and IF3. Errors were estimated by a
bootstrapping method (SI Appendix, Methods).
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another construct, T+11hpE, which would form an additional
short stem covering the SD sequence (Fig. 5A and SI Appendix,
Fig. S4A for the predicted structure). The extra structure could
be identified from the measured force extension curves of the
RNA without 30S binding (SI Appendix, Fig. S4B, Left), but it
disappeared when the 30S subunit had bound to the SD
sequence (SI Appendix, Fig. S4B, Right). The result showed that
the decrease in force (1.2 pN; Fig. 5B, “30S PIC”, purple)
became more apparent, supporting that the 30S subunit bound
at the SD sequence could partially destabilize the downstream
RNA structure.
By contrast, after forming 30S IC or 70S IC+IF1/2/3, the

hairpin size of T+11hp was significantly decreased by 6.2–6.4
nt (Fig. 5C, blue), and the force was dropped by 4.6–5.2 pN
(Fig. 5B, blue), indicating that 3 bp of the hairpin were
unwound in these complexes. A consistent result was obtained
when a more stable hairpin was used (T+11hpM; Fig. 5A),
although the unwinding size was slightly decreased (4.7–5.2 nt;
Fig. 5C, red), and the force did not drop to the same level
(2.0–2.3 pN; Fig. 5B, red). These results confirm that, after
accommodation of initiator tRNA, the 30S subunit could
unwind the mRNA downstream structure steadily to the posi-
tion at approximately +14, matching the footprint size of the
ribosome (2, 23).
Furthermore, to determine the maximal unwinding capacity

of the 30S subunit during the initiation stage, we made three
constructs (derived from T+11hpM), of which the hairpin was
located immediately after positions +10 (T+10hpM), +9
(T+9hpM), and +8 (T+8hpM), corresponding to 4 bp, 5 bp,
and 6 bp, respectively, of unwinding (Fig. 5A). We found that

partial opening of the hairpin was detectable only in 30S IC
with T+10hpM but not the other two (SI Appendix, Table S2),
and the complex formation efficiency of T+10hpM was low
(14% compared with 72% for T+11hpM). Moreover, the hair-
pin of T+10hpM in 30S IC and in 70S IC+IF1/2/3 was
unwound by only 2.8 bp (5.5 nt) and 3.1 bp (6.2 nt; Fig. 5C,
yellow), respectively, both smaller than the expected 4 bp. This
could probably result from the putative flexibility of the
mRNA within the downstream ribosome footprint. We have
recently found that the mRNA strand inside the ribosome can
be stretched when the ribosome translocated forward yet the
encountered RNA structure resisted unwinding (35). These
data demonstrate that the downstream mRNA structure over-
lapping the ribosome footprint by no more than 3 bp can effec-
tively be opened during the formation of 30S IC, whereas the
ribosome complexes are not formed properly when the overlap-
ping structure is longer.

Given the finite structure-unwinding capability of the 30S
subunits, the downstream mRNA structure overlapping the
RBS by more than 3 bp (such as for F+8) should remain
folded inside the 30S IC. Thus, the stable 30S IC found in
F+8 (Fig. 4L) could be attributed to the initiator tRNA-
dependent stabilization, which was not highly sensitive to the
mRNA structure. However, such formed 30S complexes with
unwound mRNA structures buried inside would not serve as
an appropriate substrate for the translation initiation to proceed
and should be circumvented. Here, we expect that initiation
factors may play a role in coordinating the interaction between
the 30S subunit and structured mRNA. This potential function
was investigated below.
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Initiation Factors Accelerate Association–Dissociation Kinet-
ics of 30S Subunits with Structured mRNA. We used smFRET
to explore the influence of initiation factors on the interaction
between 30S subunits and structured mRNA. First, F+11hp
was used as a model, whose downstream RBS-overlapping
structure could be unwound by 30S subunits. In the presence
of IF1, the overall EFRET distributions of 30S PIC (Fig. 6B)
and 30S IC (Fig. 6G) were similar to those without IF1
(Fig. 6 A and F, respectively), indicating that IF1 did not affect
the binding of 30S subunits to F+11hp. Similar results were
observed for IF2 (Fig. 6 E and J), except that a higher popula-
tion of 30S PIC was formed with IF2 (89.2%) than without
IF2 (65.6%) before buffer washing (compare the gray histo-
grams between Fig. 6 A and E). The data suggest that IF2 may
promote the formation but not the stability of 30S PIC
with F+11hp.
By contrast, IF3 greatly stabilized the association between

F+11hp and 30S subunits, and the major EFRET distribution
appeared in a narrower peak at 0.17 (Fig. 6C). This result
could be explained as IF3 CTD is located near the P site and
makes some specific contacts with the start codon (13). The
combination of IF1 and IF3 also showed a comparable result
(Fig. 6D). This highly stable conformation raised a possibility
that the downstream RBS-overlapping structure was unwound
and the mRNA was well accommodated on the 30S subunit.
To test this, we used optical tweezers to measure. The results
showed that the T+11hpE hairpin in 30S PIC+IF1/3 was desta-
bilized by only 1.1 pN and unwound by ∼0.6 bp, both compa-
rable to those measured in 30S PIC (without initiation factors;
Fig. 5 B and C, purple). Thus, this observation did not support
unwinding of the mRNA hairpin in the IF1/IF3-bound
30S PIC.
In the formation of 30S IC (containing initiator tRNA), the

overall stability was also increased in the presence of IF3
(Fig. 6H) or IF3 plus IF1 (Fig. 6I). Interestingly, the major
EFRET peak (after washing) was slightly shifted from ∼0.11
without IF3 (Fig. 6 F and G, purple dashed line) to ∼0.17
with IF3 (Fig. 6 H and I, blue dashed line). This 0.17 EFRET
peak was equivalent to the major peak in the 30S PIC contain-
ing IF3 (Fig. 6 C and 6D, blue dashed line). Although this
FRET shift was modest, it indeed reflected a significant IF3-
dependent mRNA conformational change in the 30S IC. This
argument was supported by the following experiments.
We conducted time course measurements to determine the

retention of 30S IC after buffer washing. In a parallel experi-
ment, 0.5 μM IF3 was included in the buffer such that IF3 was
incubated inside the chamber after washing (termed “IF3
wash”). As shown in Fig. 7A, the 30S IC with F+11hp exhib-
ited time-dependent disassembly, which was faster with IF3
wash than with buffer wash. The data could be fitted well to a
kinetic model containing two rate constants. The major rate
constant (k1) from the IF3 wash was 2.0 × 10�4 s�1, about
2.5-fold faster than that from the buffer wash (7.7 × 10�5 s�1;
SI Appendix, Table S3). In addition, the EFRET distribution was
split from a major single peak (∼0.1) to a bipartite (with a
shoulder at ∼0.2) within 1 min after IF3 wash, and this 0.2
EFRET peak became dominant at a later time (Fig. 7C, blue
arrow), whereas the EFRET splitting was not observed in the
buffer wash (Fig. 7B). These results suggest that, after binding
of IF3, the conformation of 30S IC was converted from the 0.1
EFRET state (initiator tRNA dependent) into the 0.2 EFRET
state (IF3 dependent), and the latter was prone to disassembly.
By contrast, the IF3-dependent disassembly of 30S IC was not
apparent for the unstructured F+18 (Fig. 7A).

Then, we did similar measurements for the highly structured
F+8, whose downstream duplex overlapped the RBS by 6 bp
and would remain closed upon 30S binding. Overall, the influ-
ence of IF1 and/or IF3 to the formation of 30S PIC (Fig. 6
K–N) and 30S IC (Fig. 6 P–S) were analogous to the corre-
sponding results with F+11hp. Likewise, the initiator tRNA-
dependent EFRET peak (0.09; Fig. 6P, purple dashed line) was
shifted to ∼0.25 in the presence of IF3 (Fig. 6 R and S),
matching the IF3-dependent position (blue dashed line). Inter-
estingly, unlike F+11hp, F+8 was greatly promoted to form
stable complexes with 30S subunits by IF2 (compare Fig. 6O
with Fig. 6E). Moreover, the 30S IC+IF2 exhibited a major
EFRET peak at 0.25 (Fig. 6T), suggesting that IF2 disfavored
the highly structured F+8 to adopt the initiator tRNA-
dependent conformation, although IF2 is known to facilitate
the binding of initiator tRNA to 30S IC (36).

Further kinetic analysis showed that IF2 and IF3 increased
the “wrapping” rate (high-to-middle FRET transition) and con-
currently decreased the “unwrapping” rate (middle-to-high
FRET transition) of F+8 on the 30S subunit, resulting in a
three- to fourfold increase of the equilibrium constant toward
the middle-FRET state (SI Appendix, Fig. S5). The results
account for the enhanced stability of 30S PIC by IF2 and IF3.
Nevertheless, the complex in the middle-FRET state was prone
to dissociation with time. As shown in Fig. 7D, 30S PIC+IF3

(gray curve; k1 = 1.5 × 10�4 s�1; SI Appendix, Table S3) was
dissociated about 4.3-fold faster than 30S IC (black curve;
k1 = 3.5 × 10�5 s�1), where the 30S PIC+IF3 was mainly in
the middle-FRET state (Fig. 6M) and the 30S IC in the low-
FRET state (Fig. 6P). In addition, the low EFRET peak of 30S
IC was retained substantially after buffer wash (Fig. 7E), but it
was quickly split into another FRET population at ∼0.2 after
IF3 wash (Fig. 7F), and the dissociation of the complex was
accelerated (Fig. 7D, blue curve). Thus, the IF3-dependent
conformational changes of 30S IC with F+8 were analogous to
those found in F+11hp (Fig. 7 A–C).

In summary, IF3 and IF2 catalyzed the initiation reaction of
structured mRNA to form a metastable, intermediate complex
(middle-FRET state) from a primarily assembled 30S–mRNA
complex (high-FRET state) or from an initiator tRNA-
stabilized 30S IC (low-FRET state). The intermediate complex
alone would disassemble gradually.

Discussion

Deciphering how bacterial ribosomes identify the RBS from a
long mRNA template is important in understanding the mech-
anism of translation initiation. The largest ribosomal protein
bS1 on the 30S subunit may act as the mRNA catching arm
(36–38) to establish the primary association with the mRNA,
where a single-stranded standby site at the 50 UTR is a
preferred target, especially when the RBS forms a structure
(39, 40). bS1 was found to bind to the region preceding the
SD sequence (41, 42) and could help the 30S subunit unfold
structured RBS for the positioning of the SD sequence and
start codon (43). Thus, the SD sequence appears to function as
the docking site after the initial recruitment of the 30S subunit.
Indeed, the 30S subunit binding affinity for SD-containing
mRNA is more than an order of magnitude higher than that for
SD-free mRNA (44), and mRNA containing the SD sequence
was enriched from a randomized library for 30S subunit binding
(45). In addition, we recently found that stronger SD sequences
having more Gs exhibited lower dissociation rates with the 30S
subunit in vitro and resulted in higher protein expression levels
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in vivo (30). Here, we also demonstrated that the formation of
30S PIC was highly dependent on the strength of the SD
sequence (Figs. 2D and 3). These findings support the role of
SD sequences in the initial recruitment of 30S subunits.
After the initial binding through SD sequences, the down-

stream mRNA strand was found to interact with the 30S subunit
dynamically. An unstructured sequence was mostly accommo-
dated on the 30S subunit (low-FRET state; Fig. 2E) but
occasionally transited to other conformations (middle- and high-
FRET states). The middle- and high-FRET states were inter-
changed quickly, but the low state was achieved only through

the middle state (Fig. 2F). We inferred that the middle-FRET
state was an intermediate mRNA conformation before full
accommodation onto its binding channel of the 30S subunit
(Fig. 2G). A previous study showed that, in the IC, nucleotide
C1397 of 16S rRNA interacted with mRNA at positions +6
and +7, and Gln162 of ribosomal protein uS3 formed a hydro-
gen bond with mRNA at position +9 (46). These features shall
give a structural account for our proposed intermediate mRNA
conformation. Consistently, the middle-FRET state became
dominant when the downstream RBS (after position +11)
formed a hairpin structure (Fig. 4B), which hindered itself from

A

B

C

Fig. 5. The ribosome can unwind up to 3 bp of the downstream mRNA structure after the binding of initiator tRNA. (A) Experimental setup for optical twee-
zers. An anti-digoxigenin antibody–coated polystyrene bead (Left) and a streptavidin-coated bead (Right) were attached to the ends of mRNA through the
digoxigenin- and biotin-labeled DNA handles, respectively. The mRNA sequences (50 to 30) between the two handles are shown. Sequences identical to
T+11hp are denoted as dashes for clarity. The approximate ribosome footprint is indicated by the purple bar, which overlaps part of the downstream hair-
pins (hp, hpM, and hpE). In hpM (red boxed), the mismatched and bulged bases of hp (blue boxed) were changed such that the whole stem was correctly
base paired. For hpE, see SI Appendix, Fig. S4A for detail. (B and C) Difference in unfolding force (B) and size (C) of the downstream hairpins. For each of the
indicated mRNA constructs, the unfolding force and size of the hairpin in the designated ribosome-binding states (30S PIC, 30S IC, 70S IC, and 30S PIC+IF1/3)
were plotted as the difference from that of the mRNA alone. Error bars represent SDs; n/a, not available.
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and after buffer washing, respectively. The blue dashed line is shown as a reference across panels to indicate the major EFRET peak (0.17) of 30S PIC+IF3 (C).
(F–J) Corresponding to A–E, except that the state was 30S IC (with initiator tRNA). The purple dashed line is a reference indicating the major EFRET peak (0.11)
of 30S IC (F). The same blue dashed line as in A–E is also shown for comparison. (K–O) Corresponding to A–E, except that F+8 was measured. The blue
dashed line is a reference indicating the major EFRET peak (0.24) of 30S PIC+IF3 (M). (P–T) Corresponding to K–O, except that the state was 30S IC (with initiator
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comparison.
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fitting into the narrow mRNA entrance site of the 30S subunit
(2). Thus, mRNA with unstructured RBS can be efficiently
accommodated onto the 30S subunit without being trapped in
the intermediate conformation, resulting in increased translation
rates (22, 47–49).
It has been shown that the 30S–mRNA complexes were stabi-

lized after binding of initiator tRNA (6, 13, 50–52). We also
found that, in the presence of initiator tRNA, both unstructured
and structured mRNAs were stabilized at the low-FRET state
(Figs. 2C and 4C, respectively). This stabilization was attributed
to not only the codon–anticodon base pairing at the P site but
also the closure of the A site mRNA latch (13). The mRNA
entrance site was probably also closed to lock the single-stranded
sequence at around position +14, as we found that 3 bp of the
downstream mRNA hairpin overlapping the ribosome footprint
were persistently open in the 30S IC (Fig. 5C). This ribosomal
helicase activity was initiator tRNA dependent; the downstream
mRNA hairpin was only marginally affected by 30S subunits in
the absence of initiator tRNA (Fig. 5 B and C, “30S PIC”).
Between the two known RNA unwinding mechanisms of the
ribosome during elongation, that is, open-state stabilization and
mechanical unwinding (23), the 30S subunit is likely to use the

open-state stabilization mechanism in the initiation process.
When the structure junction fluctuates (“breathes”) thermally,
the transiently released single strand can be further accommo-
dated through the entrance site, which is then closed if initiator
tRNA is present. In this model, the initiator tRNA plays a pas-
sive role in helping accommodate structured mRNA.

Like initiator tRNA, IF3 also facilitated the association
between the 30S subunit and mRNA but did not lead to
unwinding of structured mRNA (Fig. 5C, “30S PIC+IF1/3

”). A
structural study showed that, in the absence of initiator tRNA,
the CTD of IF3 made several contacts with the +1, +2, and +4
nt of mRNA at around the P site (13). These extra interactions
from IF3 could further anchor unstructured mRNA on the bind-
ing channel of the 30S subunit. However, when the downstream
mRNA sequence formed a structure, it would clash with the
entrance site and not be accommodated completely, resulting in
the formation of an intermediate conformation of 30S PIC+IF3

observed in F+11hp (Fig. 6C) and F+8 (Fig. 6M). Further
kinetic analysis showed that the 30S PIC+IF3 with F+8 was disas-
sembled faster than the corresponding 30S IC (Fig. 7D), indicat-
ing that the 30S PIC+IF3 was a metastable complex. Interestingly,
when IF3 was added, the disassembly rate of the 30S IC was
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set was fitted to a kinetic model containing two rate constants (SI Appendix, Table S3). (B and C) Time-dependent EFRET histograms of F+11hp in the 30S IC
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greatly accelerated and matched that of 30S PIC+IF3. This result
suggests that the initiator tRNA was triggered to fall off from the
complex when IF3 was bound to the 30S subunit, consistent
with known function of IF3 that destabilizes the binding of initi-
ator tRNA to the 30S subunit (53, 54).
IF2 is another initiation factor that helps the 30S subunit

recruit mRNA. For the unstructured F+18, highly stable
30S–mRNA complexes were formed in the presence of IF2 (SI
Appendix, Fig. S1E), initiator tRNA (Fig. 2C), or both (SI
Appendix, Fig. S1D). For the structured F+8, however, the
conformation of 30S–mRNA complexes with initiator tRNA
(low-FRET state; Fig. 6P) appeared to be different from that
with IF2 (middle-FRET; Fig. 6O), and IF2 was dominant
when both were included (Fig. 6T). In this regard, IF2 func-
tioned in a similar way as IF3; when an mRNA structure hin-
dered it from proper accommodation (such as F+8), IF2 would
dislodge the bound initiator tRNA from the 30S subunit. On
the other hand, when the structure can be partially unfolded to
fit the mRNA channel in the presence of initiator tRNA (such
as F+11hp), the 30S IC was largely retained in a stable, low-
FRET state with IF2 (Fig. 6J); yet, it was transitioned to a
metastable, middle-FRET state by IF3 (Fig. 6H) and gradually
dissociated (Fig. 7A, bottom blue curve). Thus, IF2 and IF3
may counteract in recruiting the mRNA harboring an initiator
tRNA-dependent, resolvable structure.
It has been shown that initiation factors play a role in acceler-

ating the kinetics, instead of equilibrium, of the interaction
between the 30S subunit and initiator tRNA (53). These features
may help the ribosome quickly and correctly select the cognate
initiator tRNA during initiation. Here, as shown in Fig. 8, we
propose that the selection of RBS by the 30S subunit may also
follow a similar dynamic strategy. The initial selection of RBS is
based on the SD sequence (step 1); mRNA with a weak SD
sequence is retained only briefly on the 30S subunit. IF2 and
IF3 further prolong the binding of mRNA by quickly moving it
from the high-FRET state to the middle-FRET state, where the
start codon is placed near the P site (step 2). Accommodation of
initiator tRNA to the P site further anchors the mRNA in the
binding channel, resulting in a low-FRET state (step 3). The
reaction will not proceed forward if the mRNA contains a struc-
ture not fitting into the entrance site (e.g., F+8), and the initia-
tor tRNA will be rejected by IF3 (and probably IF2), and the
reaction will be reverted. By contrast, the mRNA will be accom-
modated completely (step 4) if its downstream RBS contains no
structures (e.g., F+18) or weak structures (e.g., F+11hp). The

former will proceed to form 70S IC (step 5a), whereas the latter
may revert to the middle-FRET state (step 5b), depending on
the outcome of counteracting between IF2 and IF3.

Overall, our study suggests that the formation of 30S PIC
and 30S IC may involve a repeated assembly–disassembly pro-
cess, which is accelerated by initiation factors. Through this
process, an unstructured RBS containing the SD sequence and
the AUG start codon will be preferentially selected over the
others. This sequence feature may represent a typical RBS, as
similar features of the translation initiation sites have been
identified in a genome-wide analysis (20). In addition, initia-
tion factors, especially IF2 and IF3, not only ensure the effi-
ciency but also sustain the fidelity in the formation of 30S ICs.

Materials and Methods

Sample Preparations. Ribosomes were purified from E. coli. IF1, IF2, and IF3
were overexpressed in BL21 cells (Agilent #230280) and purified through col-
umn chromatography. RNAs were in vitro transcribed and then annealed with
specific tag-labeled DNA handles for single-molecule measurements. Further
details are described in SI Appendix, Methods.

Single-Molecule Experiments. We used an objective-type total internal reflec-
tion fluorescence (TIRF) microscope for smFRET measurements. A 532-nm laser
(CL532-075-L, CrystaLaser) and a 638-nm laser (DL638-035, CrystaLaser) were
used for excitation. On optical tweezers, a micropipette and an optical trap were
used to manipulate a pair of micron-sized beads for force measurements. Further
details are described in SI Appendix,Methods.

Data Analysis. The single-molecule data were analyzed by custom-written MAT-
LAB programs, as described previously for optical tweezers (55) and for smFRET
(56). Briefly, on optical tweezers, the measured distance change (x) of an RNA
structure was converted to the corresponding number of nucleotides by the
worm-like chain model (57):

F ¼ kBT
P

1

4 1� x=Lð Þ2
þ x

L
� 1
4

" #
,

where F is the force, kB is the Boltzmann constant, T is the absolute temperature,
P is the persistent length, and L is the contour length of the sequence that forms
the structure. For single-stranded RNA, P = 1 nm and L = 0.59 nm per nt (58).
The diameter of the hairpin (2 nm) was calibrated for the conversion.

For the time traces recorded from smFRET experiments, EFRET values of frames
3 to 12 (0.1 to 0.6 s) from each trace were averaged, and the distribution was
plotted as a histogram.

A hidden Markov model based on the empirical Bayesian method, named
ebFRET (32), was used to analyze the time traces of FRET to obtain kinetic data.
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Fig. 8. A model for the dynamic RBS selection by the 30S subunit during initiation. The initiation factors (IF1, IF2, and IF3) may bind to the 30S subunit before
or after its binding to mRNA. Step 1, association of the 30S subunit to mRNA through SD:anti-SD base pairing. Step 2, movement of the start codon to the prox-
imity of the P site, which is assisted by initiation factors. Step 3, binding of the initiator tRNA to the P site, such that the downstream RBS is placed at around the
mRNA entrance site. Step 4, closure of the entrance site if the RBS can be accommodated completely. Step 5, stable 70S IC is formed in the presence of 50S sub-
units (5a), or the initiator tRNA is dissociated and the reaction is reverted to a previous step (5b). The corresponding FRET states are shown in each step.
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The maximum number of states for fitting was determined by the apparent
features of the traces; usually two or three states were assigned.
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