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B I O C H E M I S T R Y

Single-molecule tracking reveals dynamic regulation of 
ribosomal scanning
Hea Jin Hong1, Antonia L. Zhang1†, Adam B. Conn1‡, Gregor Blaha1,2, Seán E. O’Leary1,2*

How eukaryotic ribosomes traverse messenger RNA (mRNA) leader sequences to search for protein-synthesis start 
sites remains one of the most mysterious aspects of translation and its regulation. While the search process is 
conventionally described by a linear “scanning” model, its exquisitely dynamic nature has restricted detailed 
mechanistic study. Here, we observed single Saccharomyces cerevisiae ribosomal scanning complexes in real time, 
finding that they scan diverse mRNA leaders at a rate of 10 to 20 nt s−1. We show that specific binding of a protein 
to its mRNA leader sequence substantially arrests scanning. Conversely, impairing scanning-complex guanosine 
5′-triphosphate hydrolysis results in native start-site bypass. Our results illustrate an mRNA-centric, kinetically 
controlled regulatory model where the ribosomal pre-initiation complex amplifies a nuanced energetic landscape 
to regulate scanning and start-site selection fidelity.

INTRODUCTION
During eukaryotic translation initiation, a 43S pre-initiation com-
plex (PIC) of the small (40S) ribosomal subunit, the methionylated 
initiator tRNA (Met-tRNAi

Met) and protein initiation factors, loads at 
the mRNA 5′ end (1). The resulting 48S PIC must then navigate the 
mRNA leader to accurately locate an AUG start codon tens to hun-
dreds of nucleotides (nt) distant. A linear, unidirectional “scanning” 
mechanism for PIC motion through the leader was proposed by 
Kozak nearly a half-century ago (2). The requirement to continuously 
sample a 3-nt codon register differentiates scanning mechanistically 
from other search processes on single-stranded nucleic acids (3, 4). 
However, even basic physical properties of the scanning mechanism 
remain poorly understood. While past indirect bulk measurements 
inferred a scanning rate of ~10 nt s−1 (5, 6), a rate of significantly over 
100 nt s−1 was reported in a recent single-molecule fluorescence reso-
nance energy transfer (FRET) study (7). Precisely quantifying scan-
ning dynamics is important, as they underpin control mechanisms 
central to health and disease. For instance, interception of scanning 
PICs lies at the core of translational control by mRNA upstream open 
reading frames (uORFs), found in up to 50% of mRNAs across 
eukaryotes (8, 9). Moreover, trinucleotide repeat expansions in spe-
cific mRNA leaders have been proposed to slow scanning, facilitat-
ing initiation of the repeat-associated non-AUG translation central 
to amyotrophic lateral sclerosis, and fragile X-associated tremor/
ataxia syndrome (10, 11).

Genome-scale snapshots captured by translation-complex profiling 
(TCP-seq) have also underscored the trans-regulatory potential of RNA 
binding proteins during scanning, raising the question of where, how, 
and to what extent they may impact initiation (12). Recent data also 
highlight unexpectedly prevalent upstream initiation at near-cognate 
start codons (13); whether scanning dynamics contribute to their utili-
zation remains unknown. At a deeper mechanistic level, the contribu-
tions of individual PIC components to scanning regulation also remain 
poorly understood. In particular, there are contrasting models for how 

and when a key guanosine 5′-triphosphate (GTP) hydrolysis step with-
in the PIC ensures start-site selection fidelity (14, 15). To gain a targeted 
view of scanning dynamics, we deployed a real-time single-molecule 
fluorescence assay to directly visualize a key biochemical event that 
marks the end of the process, ejection of eukaryotic initiation factor 1 
(eIF1) from the PIC. With this assay, we directly observed scanning on 
single mRNAs with reconstituted Saccharomyces cerevisiae PICs. The 
assay leverages zero-mode waveguides (ZMWs) (16) to simultaneously 
observe scanning on hundreds of mRNA molecules at physiological 
PIC and factor concentrations with millisecond time resolution.

RESULTS
Tracking eIF1 quantifies real-time, single-mRNA 
scanning dynamics
In our assay, eIF1 provides a direct readout on events occurring at the 
core of the PIC during scanning and start-site recognition. PIC arrival 
at the start codon triggers rapid eIF1 ejection, which gates scanning 
arrest through irreversible release of the phosphate product of GTP hy-
drolysis by eIF2, the GTPase that delivers Met-tRNAi

Met to the 48S P 
site (14). To visualize scanning, capped mRNAs are surface immobi-
lized by poly(A)-tail capture, then pre-assembled 43S PICs are delivered 
to mRNA at 20°C, forming 48S PICs. The PICs contain a fluorescent-
ly labeled 40S subunit and eIF1, in addition to the complement of 
native PIC components: eIF1A, eIF2, eIF3, and eIF5, and Met-tRNAiMet 
(Fig. 1A and fig. S1, A to C). PIC delivery occurs in the presence of the 
eIF4F cap-recognition complex (eIF4E•eIF4G1•eIF4A), the eIF4F co-
factor eIF4B, and adenosine 5′-triphosphate (ATP). 40S ribosomal 
subunits are labeled with Cy3 (17), eIF1 is Cy5 labeled at its C termi-
nus (18), and mRNAs are Cy5.5 labeled via the immobilization oligo-
nucleotide.

At the single-molecule level, PIC-mRNA recruitment results 
in simultaneous appearance of Cy3-40S and Cy5-eIF1 fluorescence 
(Fig. 1B). Both signals persist as the PIC scans, but the Cy5-eIF1 sig-
nal is lost with eIF1 ejection upon start-codon recognition. Thus, 
the eIF1 dwell time quantifies the total time the PIC spends in prep-
aration for scanning, the scanning process, start-codon recognition, 
and eIF1 ejection.

To validate that our system recapitulates on-pathway, cap-dependent 
translation initiation, we confirmed that labeled eIF1 is incorporated 
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Fig. 1. Direct observation of scanning in real time. (A) Experimental setup for single-molecule fluorescence scanning assays in zero-mode waveguides. (B) Idealized 
single-molecule fluorescence trace for scanning signal, indicating eIF1 dwell time, τ. (C) Representative trace with scanning signal observed on the wild-type 
RPL41A mRNA. (D to G) Representative eIF1 dwell-time distributions on wild-type RPL41A mRNA (n = 193 molecules), RPL41AAAG (n = 143), RPL41AAAG/Kozak (n = 94), 
and RPL41ACUG (n = 254) mRNAs, respectively. The distribution in the 0 to 20 s time domain is expanded to the left of the full-timescale distribution. Distribu-
tions from replicate experiments were statistically indistinguishable. Inset schematics indicate distances (in nucleotides) between the +1 nt and the initia-
tion codon.
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into PICs (fig. S2, A and B). eIF1 fluorescent labeling, via a fluorophore- 
conjugated C-terminal dipeptide extension, has been applied in bulk 
assays to quantify the eIF1 ejection rate upon start-codon recognition 
(19). A similar C-terminal extension of eIF1 is phenotypically silent 
in vivo (18). In our assay, efficient stable PIC-mRNA recruitment 
also depended on eIF4F (fig. S2, C and D) (20, 21).

Scanning occurs at a net forward rate of ~20 nt s−1

We applied our assay to characterize scanning on the yeast RPL41A 
mRNA (22–24). We observed the expected Cy3-40S/Cy5-eIF1 co-
arrival to immobilized RPL41A and subsequent loss of Cy5-eIF1 
(Fig. 1C). The mean eIF1 dwell time was 8.8 ± 1.9 s (mean ± SD); 
the median time was 3.3 ± 0.1 s (table S1 and Fig. 1D). Dwell-time 
distributions were highly reproducible between replicates (fig. S3, A 
and B) and between different eIF3 preparations (fig. S3C). We ex-
pected dwell times to be short on this 25-nt leader because its length 
is within the 19- to 45-nt 48S PIC footprint (12).

The dwell-time distribution rose to a short-time peak at ~1 to 2 s, 
followed by a quasi-exponential decay. This dominant exponential 
component implies that a single kinetic step largely limits the time 
interval from PIC recruitment to eIF1 ejection. Exponential fitting 
of the decay phase (2 to 10 s) yielded an eIF1 dissociation rate of 
~0.36 ± 0.04 s−1, approaching 0.6 s−1 measured in bulk (fig. S3D) 
(14). The distribution was also well modeled by the probability den-
sity function of an irreversible 25-step process, with 24 steps occur-
ring at a rate constant of 20 s−1 and a 25th occurring at 0.35 s−1 
(fig. S3E) (25).

To quantify how a near-cognate triplet affected scanning, we pre-
pared an RPL41ACUG variant, substituting CUG for the native (+25) 
start codon. Among near-cognate codons, CUG initiation efficiency 
is closest to AUG (26–28). Mean and median eIF1 dwell times for 
RPL41ACUG (28.9  ±  2.5 s and 9.2  ±  2 s, respectively) lengthened 
with respect to RPL41Awt. Notably, the dwell-time distribution for 
RPL41ACUG was biphasic (Fig. 1E and fig. S3F), corresponding to 
two populations of scanning PICs. The short-time component of the 
RPL41ACUG distribution resembled the entire RPL41Awt distribu-
tion (fig. S3F). Thus, CUG-for-AUG substitution did not affect the 
scanning rate but induced bypass of the +25 triplet for a proportion 
of PICs.

Substituting the native start codon with another near-cognate 
codon, AAG (RPL41AAAG) fully eliminated the short-time component 
common to the RPL41Awt and RPL41ACUG distributions (Fig. 1F). The 
mean dwell time rose to 59.6 ± 1.8 s, an almost sevenfold increase 
over RPL41Awt; the median time increased over 11-fold, to 38 ± 4 s. 
Although near-cognate to AUG, fungal PICs commit to AAG initia-
tion sites at <0.5% efficiency relative to AUG (27, 28). Thus, elimina-
tion of the short dwell-time component is consistent with full bypass 
of the +25 triplet and continued downstream scanning.

Since the 5′-proximal AUG codon of RPL41AAAG lies at position 
+110, a mean dwell time of ~60 s could result either from recognition 
of this triplet after scanning at a rate of ~1.8 nt s−1 or from additional 
bypass of the +110 AUG triplet. Substituting the +110 AUG triplet 
with AAG did not alter the eIF1 dwell-time distribution relative to 
RPL41AAG, indicating the +110 site is very inefficiently recognized by 
the PIC (fig. S3, G and H). Furthermore, changing the nucleotide con-
text flanking the +110 AUG (“Kozak sequence”), which tunes the effi-
ciency of start-codon recognition (26, 29, 30), from the relatively poor 
native sequence (GATTAUG) (31) to an optimal sequence (AAAAAUG), 
led only to a small increase in the number of short eIF1 dwells (Fig. 1G). 

Evidently, even with an optimal Kozak sequence, the +110 AUG triplet 
is not effective in translation initiation, possibly because it is in the na-
tive 3′ untranslated region of the RPL41A mRNA.

Single-molecule dwell-time distributions for multistep processes 
encode in their shapes the information on the number and the rela-
tive rates of the steps in the underlying process (fig. S4) (32). Together, 
the distributions for these RPL41A mRNAs consistently indicate that 
scanning occurs at a rate of ~20 nt s−1, regardless of commitment to 
a particular initiation site.

The scanning rate is maintained on longer leaders
The dynamics of scanning on longer mRNA leaders (over 250 nt) 
remain unknown, raising the question of whether the more struc-
turally complex landscape of these mRNAs might alter scanning. We 
next measured the eIF1 dwell-time distribution on the 574-nt GCN4 
leader, in a construct containing the entire leader sequence and the 
first 30 ORF nucleotides. This leader contains four uORFs, which 
play a paradigmatic role in translational control (33). We serially 
substituted the uORF AUG triplets with AAG, producing five 
RNAs with increasing cap-to-5′ proximal AUG spacing (Fig. 2A).

The eIF1 dwell-time distribution for the wild-type GCN4 leader 
included a short-time peak at ~2 s, followed by a quasi-exponential 
decay (Fig.  2B) (mean and median dwell times: 35.1  ±  4.1 s and 
13.9 ± 1.0 s). Since GCN4wt spans 213 nt upstream of the 5′-proximal 
AUG, the distribution is consistent with scanning at ~10 nt s−1. 
eIF1 mean and median dwell times increased with increasing cap-
to-AUG spacing in the variant leaders (table S1 and Fig. 2, C to F). 
As the spacing increased, the exponential component of the dwell-
time distribution was subsumed into a more symmetric distribution, 
corresponding to PIC passage times becoming dominated by multi-
step transit through the leader, rather than by a single kinetic step 
(fig. S4). Linear regression indicated the eIF1 dwell time increased 
by ~0.08 s nt−1 (95% confidence intervals: 0.028 to 0.13 s nt−1) and 
~0.065 s nt−1 (0.032 to 0.099 s nt−1) based on the mean and median 
values, respectively (Fig. 2, G and H). This corresponds to scanning 
rates of ~12 and ~15 nt s−1, similar to RPL41A. These values were 
also well supported by global analysis of eIF1 dwell times for 
RPL41A and GCN4 sequences, in addition to the PAB1 and SSA1 
mRNAs (fig. S5). The linear dependence on leader length observed 
over two orders of eIF1 dwell-time magnitude also indicates that pre-
mature Cy5 photobleaching does not detectably influence our scan-
ning rate measurement. Together, our data indicate that scanning 
rates of ~10 to 20 nt s−1 are maintained regardless of leader length, 
sequence, or structural features.

Efficient start-codon recognition requires GTP hydrolysis
Past studies that probed the mechanistic role of GTP hydrolysis kinet-
ics in scanning were carried out on model, uncapped RNA (14, 15). To 
delineate the contributions of GTP hydrolysis to cap-/eIF4F-dependent 
scanning on full-length mRNAs, we measured eIF1 dwell-time distri-
butions in the presence of the nonhydrolyzable GTP analog, 5′-guanylyl 
imidodiphosphate (GDPNP). We compared distributions for RPL41Awt 
and the GCN41–4 AAG quadruple AUG mutant, which have 5′-proximal 
AUG sites at +25 and +574 nt from the cap (Fig. 3, A and B).

GDPNP-for-GTP substitution drastically altered the RPL41Awt 
eIF1 dwell-time distribution (Fig. 3, A and B). The mean dwell time 
increased about eightfold, to 74 ± 5 s; the median increased ~15-fold, 
to 48 ± 1 s. The peak position increased from 1.4 to 5.8 s. As for 
RPL41ACUG, RPL41AAAG, and GCN4, these changes indicate an 
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Fig. 2. Scanning dynamics on the GCN4 leader. (A) Schematic of the GCN4 leader indicating positions of canonical upstream ORF AUG codons, near-cognate CUG 
triplets, and the GCN4 main-ORF AUG codon. The shaded portion indicates 30 nt of the GCN4 coding sequence included in the transcript. (B to F) eIF1 dwell-time distri-
butions for the wild-type GCN4 leader sequence and the four sequential upstream ORF AUG-to-AAG variants. Left panels expand the short-time component of the dis-
tributions. Insets indicate relative linear distance traversed by the PIC for each leader sequence. For (B) to (F), the number of molecules in each distribution was 136, 115, 
165, 98, and 160, respectively. (G and H) Mean and median eIF1 dwell times plotted against the cap to AUG leader length in nucleotides. Trend lines are from linear re-
gression to all datapoints.
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increased number of scanning steps before loss of eIF1 fluorescence. 
Thus, GDPNP caused PIC bypass of the +25 AUG start codon.

If the PIC bypassed all start codons, scanning to the RNA 3′ end, we 
hypothesized that GDPNP would have a lesser impact on the eIF1 dwell-
time distribution for GCN41–4 AAG since this RNA includes only ~30 
unhybridized nucleotides downstream of its main AUG and signifi-
cant downstream PIC motion would be impossible. Mean and median 
eIF1 dwell times lengthened for GCN41–4 AAG by only ~1.3-fold with 
GDPNP (table S1 and Fig. 3, A and B). Similarly, omission of eIF5, 
the GTPase-activating protein for eIF2, also shifted eIF1 dwell-time 
distribution parameters to longer times for GCN4wt and PAB1AAG, con-
sistent with bypassing the AUG site when GTP hydrolysis is impaired 
(fig. S6, A and B).

GDPNP is conventionally regarded as a nonhydrolyzable GTP 
analog. However, a direct comparison for the GTPase H-Ras re-
vealed only ~110-fold slower GDPNP-versus-GTP hydrolysis at 
37°C (34). When GDPNP-based ternary complexes (TCs) were 
incubated for 1, 2, or 3 hours at 30°C, then used to assemble PICs, 
the median eIF1 dwell time for scanning on the RPL41A mRNA 
progressively shortened toward a value of ~6 s with increased TC 
pre-incubation, close to the value of ~3 s observed with GTP; mean-
while, on the same timescale, phosphate accumulated in the isolated 
TC samples at around the estimated TC concentration (fig. S6C). 

Put otherwise, the GDPNP-based scanning behavior transitioned 
to the GTP-based behavior as GDPNP-based TCs aged. These data 
provide an avenue to reconcile our single-molecule results with 
past work where PICs committed to start sites when the TC in-
cluded GDPNP.

A specific protein-mRNA interaction arrests scanning
TCP-seq analysis for the PAB1 mRNA, which encodes the poly(A)-
binding protein Pab1p, revealed 48S PIC accumulation at an 11-mer 
oligo(A) leader sequence beginning at position +91 of the transcript. 
These and other data (12, 35, 36) have led to proposals that Pab1p 
might negatively trans-regulate scanning on its own mRNA.

The eIF1 dwell-time distribution on PAB1 mRNA was biphasic, 
with a major component (peak at ~1 s) corresponding to rapid eIF1 
ejection similar to RPL41Awt (Fig. 4A). The rapid-ejection popula-
tion might suggest scanning is intrinsically faster on PAB1 than 
RPL41A or GCN4. However, the PAB1 leader includes two upstream 
near-cognate (CUG) start codons, at positions +47 and +67. When 
these CUG triplets were substituted by AAG, the eIF1 dwell-time 
distribution prominently peaked at ~6 s (Fig. 4B), consistent with 
introduction of additional scanning steps between the leader 5′ end 
and eventual start-codon recognition site. Since the PAB1 cap-to-
AUG spacing is 137 nt, the data again indicate a scanning rate of 

Fig. 3. Regulation of scanning by GTP hydrolysis. (A and B) eIF1 dwell-time distributions for scanning on (A) RPL41Awt (n = 193 in the presence of GTP; n = 146 in the 
presence of GDPNP) and (B) the GCN4 quadruple uORF AUG-to-AAG variant (n = 378 in the presence of GTP; n = 172 in the presence of GDPNP), contrasted between PICs 
formed with GTP versus GDPNP in the eIF2 TC (top versus bottom panel, respectively).
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~14 nt s−1. Together, these data indicate eIF1 ejection at the up-
stream PAB1 CUG sites is efficient, similar to RPL41ACUG.

To quantify the extent that Pab1p might impede PIC access to the 
PAB1 start codon, we measured eIF1 dwell-time distributions on the 
PAB1wt mRNA in the presence of Pab1p. Addition of increasing Pab1p 
concentrations shifted the distribution to longer times (Fig. 4C and 
table S1). The mean eIF1 dwell time rose saturably from 16.8 ± 0.2 s 
in the absence of Pab1p to 73.8 ± 0.2 s at 50 nM Pab1p. Dwell times 
were also lengthened for the PAB1 leader where both upstream CUGs 
were mutated to AAG (table S1 and fig. S7, A and B), confirming the 
increased scanning time is specific to the AUG codon. In contrast, 
addition of 50 nM Pab1p to the RPL41AAAG mRNA, which lacks an 
internal poly(A) tract, slightly shortened eIF1 dwell times (fig. S7, C 
and D). The data point to the PAB1 internal oligo(A) sequence, rather 
than the poly(A) tail or other PIC components, as the mediator of 
Pab1p-induced scanning arrest.

Hyperbolic fitting indicated ~13 nM Pab1p half-maximally pro-
longed eIF1 dwell times on PAB1 mRNA (Fig. 4D). This approaches 

the equilibrium dissociation constant of S. cerevisiae Pab1p from a 12-mer 
oligo(A), ~30 nM (37) and the Pab1p apparent equilibrium dissociation 
constant for nonpolyadenylated PAB1 (~25 nM; Fig. S7F). Hill anal-
ysis was consistent with Pab1p titrating a single mRNA site (nH = 0.98; 
fig. S7E). Together, these data indicate an mRNA-specific equilibrium-
binding interaction of Pab1p with a single site in its own mRNA lead-
er creates a steric block that drastically lengthens scanning.

DISCUSSION
Codon-anticodon base pairing controls scanning rates
A scanning rate of ~10 to 20 nt s−1 across widely diverse leaders points 
to a common process limiting PIC motion regardless of mRNA identity. 
Eyring analysis of this rate sets an upper limit of ~16 kcal mol−1 on the 
average energy barrier for PIC movement through the leader, consistent 
with breakage of a few hydrogen bonds at each step (Fig. 5). Since the 
tRNAiMet anticodon (3′ UAC 5′) includes three of the four RNA nucleo-
tides, it can sample at least one base pair, or between two and five 

Fig. 4. Regulation of scanning by S. cerevisiae poly(A)-binding protein. (A) eIF1 dwell-time distribution for the PAB1 mRNA (n = 125 molecules). Inset: Relative loca-
tions of upstream CUG triplets and PAB1 main-ORF AUG codon, and location of internal oligo(A) 11-mer. (B) eIF1 dwell-time distribution for the PAB1AAG mRNA, in which 
both upstream CUG triplets are substituted by AAG (n = 95). (C) eIF1 dwell-time cumulative distribution functions for scanning on the PAB1 mRNA in the presence of 
varying concentrations of the poly(A)-binding protein, Pab1p (5 nM, n = 110; 20 nM, n = 103; 50 nM, n = 112). (D) Dependence of mean eIF1 dwell time on PAB1 mRNA on 
the concentration of Pab1p, with hyperbolic fit (Kd 13 nM; 95% confidence intervals 1.1, 25.6 nM). Replicate data points at 0 and 50 nM Pab1p overlap. The time added to 
scanning at saturating Pab1p concentration is 72 s (95% confidence intervals: 64 to 79 s).
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hydrogen bonds, at all non-AUG mRNA leader triplets except CCC. The 
stability of isolated tRNA duplexes with tri- or tetraribonucleotides lies 
in the region of −3 kcal mol−1 for the Gibbs free energy (38) and sets a 
lower limit on the activation barrier. This includes an enthalpic contri-
bution of around −15 kcal mol−1, which, in the spatially constrained 
environment of the PIC, is expected to dominate the barrier to tRNA-
mRNA disengagement (38). While secondary PIC-mRNA interactions, 
such as with the Kozak sequence, may fine-tune scanning rates, our 
findings point to mRNA-tRNAi

Met interactions playing a dominant role 
in controlling scanning progress. From an evolutionary perspective, the 
scanning rate is thus a direct consequence of the requirement to sample 
the leader sequence in a three-base register one nucleotide at a time.

While our measured scanning rates agree with past bulk estimates, they 
are approximately an order of magnitude slower than recently measured 
by a FRET-based single-molecule fluorescence assay (7). This difference 
likely results in part from the lower temperature used in our assay (20°C 
versus 30°C). In addition, the previous single-molecule study inferred 

PIC progression along the mRNA from a FRET signal between the 40S 
subunit and an mRNA position downstream of the start codon. A 
potential limitation of the FRET signal is that it reports on the dis-
tance between fluorophores embedded within the intricate three-
dimensional structure of the PIC. Thus, in addition to scanning, the FRET 
signal may report on structural rearrangement of the PIC that occurs on 
a faster timescale than scanning. In the same single-molecule study, 
the time for 60S-subunit recruitment after the proposed end of scanning 
was determined. For three of four mRNAs tested, the 60S-subunit recruit-
ment time showed an apparent linear increase with leader length. This 
delay in 60S-subunit recruitment is comparable to our measured scanning 
time. Further studies will be required to fully reconcile these differences.

Scanning at 10 to 20 nt s−1 enables kinetic control 
of initiation
Our data point to a kinetic-control model where the scanning speed 
and eIF1 ejection rate are balanced to ensure start-site selection 

Fig. 5. Energetics of scanning. The measured scanning rate of ~20 nt s−1 implies an energy barrier of ~16 kcal mol−1, on average, for PIC movement to the next nucleotide 
at each scanning step. The magnitude of this barrier corresponds to breakage of the hydrogen bonds in base-paired tRNA and mRNA; this base pairing by itself has an 
overall stability in the range of −3 kcal mol−1, with an enthalpic component of around −15 kcal mol−1. On the left of the schematic, one possible interaction during scan-
ning includes five hydrogen bonds formed between a near-cognate mRNA triplet with a noncognate tRNA. Thermal fluctuation that disengages the base pair is expected 
to traverse an activation barrier equal to or exceeding the enthalpy of the hydrogen-bond interactions, as measured by our assay. Steric hindrance from Pablp binding to 
an oligo(A) site abutting the PIC increases this activation barrier, resulting in blocked scanning. eIF1 ejection stabilizes the PIC to the point where no further forward mo-
tion is possible.
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fidelity. At each leader position, the PIC decides whether to continue 
scanning or eject eIF1. If scanning occurred at a faster rate, PIC for-
ward progress would outcompete eIF1 ejection, increasing the likeli-
hood of start-codon bypass. Conversely, scanning at a slower rate 
would enhance spurious eIF1 ejection at incorrect start sites. More-
over, since the scanning times lie within the same timescale as trans-
lation overall (39), a constant scanning rate on varying mRNA 
leaders offers the potential to directly connect leader length to flux 
through initiation. Thus, our findings rationalize the observation 
that leader length anticorrelates with initiation probability (40). 
More broadly, our results evoke an mRNA-centric regulatory 
model with layered control of scanning, balanced between global 
and local leader features, including RNA binding protein sites that 
facilitate trans-regulatory activities.

Our data underscore that while the scanning motion does not intrin-
sically require PIC GTP hydrolysis, start-codon recognition does. Be-
cause our study involves full-length, capped mRNAs and the full com 
plement of initiation factors, we suggest that regulation of GTP hydro-
lysis is a function of the entire machinery within the PIC, rather than 
purely of local activities of factors interacting with the GTPase eIF2. Put 
otherwise, events taking place at the core of the PIC are dynamically 
connected to events occurring at distant PIC and mRNA elements.

Our data directly calibrate the energetics of the scanning motion. 
The hyperbolic dependence of scanning times on Pab1p concentra-
tion indicates reversible Pab1p•PAB1-mRNA binding limits PIC 
passage through the leader. This is consistent with a sequential 
mechanism where the PIC arrives at the blockage site and is obliged 
to wait for protein dissociation before further scanning (fig. S8). The 
maximum delay at saturating Pab1p concentration (72 s) corre-
sponds to Pab1p dissociation at ~0.014 s−1, with a barrier height of 
~21 kcal mol−1. Evidently, the PIC does not intrinsically have suffi-
cient energy to move past a block of this magnitude.

Because the scanning rate is exponentially related to the barrier 
height for PIC progress, subtle energy-landscape changes in scan-
ning may be transduced into large effects on start-site commitment. 
Thus, while formation of the full complement of tRNA-mRNA hy-
drogen bonds upon P-site AUG arrival imposes only a modest in-
crease on the barrier to PIC forward motion, relative to a near-cognate 
codon, the kinetic consequences are sufficient to significantly slow 
the PIC for eIF1 ejection and the structural changes that conclude 
scanning (41). Our findings underscore how even nuanced modula-
tion of barriers to scanning, such as by features of disease-associated 
mRNA leaders, is sufficient to halt scanning whilst maintaining the 
potential for efficient non–AUG-initiated translation.

Experimental timescale affects GDPNP effects on start-site 
recognition efficiency
Our finding that the presence of GDPNP in the TC impairs efficient 
start-site selection contrasts with past bulk toeprinting assays, which 
indicate that yeast PICs are competent to scan and commit to the 
translation start site in the presence of GDPNP (23). A significant 
difference between the bulk and single-molecule assays is that on 
the timescale of the single-molecule assay, each mRNA is scanned 
only once, whereas on the timescale of bulk assays, mRNAs can be 
scanned multiple times. Our data (Fig. 3, A and B) suggest that, 
when GDPNP is present, PICs in the single-molecule assay bypass 
start sites and continue scanning the mRNA, but stall at the mRNA 
3′ end, likely due to the immobilization oligo and potentially the 
NeutrAvidin (Fig. 1A). In contrast, under the conditions of the bulk 

assays, PICs that bypass the start codon are in a position to continue 
scanning and then run off the mRNA 3′ end.

We considered two possible explanations, which are not mutu-
ally exclusive, to reconcile the bulk and single-molecule results. The 
first possibility is that GDPNP-bound PICs can commit to start 
sites, but less efficiently than GTP-bound complexes, and that stable 
PIC-mRNA recruitment in bulk assays with GDPNP accrues over 
multiple cycles of scanning. This model is compatible with PIC-
mRNA recruitment rates of 0.25 to 0.74 min−1 (corresponding to 
mean recruitment times of 1.3 to 4 min) determined for the 314-nt 
RPL41Awt mRNA by bulk electrophoretic mobility shift assays 
(21, 23). At a scanning rate of ~20 nt s−1, PICs bypassing the start 
codon would take 15 to 20 s to scan the full length of the RLP41Awt 
mRNA. Each mRNA molecule could be scanned at least 5 to 16 times 
on the measured timescale of stable recruitment. Under these condi-
tions, a start-site commitment probability with GDPNP of ~20%, or 
even as low as 6%, would reconcile our results with the bulk data. A 
recent translatome-wide implementation of the reconstituted bulk 
assay system indicated that start-codon bypass (“leaky scanning”) is 
possible in the system with GDPNP-based TCs: Around 3% of start-
site recognition events inherently occurred at AUG triplets internal 
to annotated ORFs with GDPNP, and this rose to 7.8% when the 
translational helicase Ded1p was added, which is thought to en-
hance scanning processivity (42).

The second, related possibility is that under the conditions of the 
bulk assays some fraction of the GDPNP-based eIF2 TCs undergoes 
GDPNP hydrolysis and that these complexes mediate start-site commit-
ment. The PIC stimulates TC GTP hydrolysis by six orders of magni-
tude even in the absence of mRNA [kGTP,PIC ~ 9 s−1; (14)]. On the basis 
of our data for isolated TCs, PIC-stimulated GDPNP hydrolysis could 
therefore occur in the bulk experiments, which involve pre-incubation 
of TCs with other PIC components for tens of minutes or up to hours.

These mechanisms could operate on their own or in parallel to 
enable the start-site recognition previously observed with GDPNP-
based TCs. Their relative prevalence notwithstanding, while our data 
do not rule out that start-site commitment is possible with GDPNP, 
they strongly suggest a model where GTP hydrolysis is an important 
requirement for it to occur efficiently during a single round of scan-
ning. Further detailed studies that bridge the timescales of the single- 
molecule and bulk assays will provide additional insights to fully 
parse these differences.

MATERIALS AND METHODS
Experimental design
Our objective was to robustly quantify the scanning rate on different 
mRNA sequences through single-molecule fluorescence analysis with 
reconstituted ribosomal PICs. To this end, we focused on an event that 
marks the biochemical endpoint of scanning, eIF1 ejection from the 
PIC. Single-molecule fluorescence assays with purified and biochemi-
cally validated components were designed to measure eIF1 dwell times 
in scanning PICs with appropriate temporal resolution on sufficient 
numbers of single mRNA molecules to reproducibly determine dwell-
time distributions between technical replicates of the experiments.

Purification of protein factors
Published constructs and strains were used to purify yeast eIF1 (20), 
eIF1A (20), eIF5 (20), eIF2 (43), eIF3, eIF4G (44), eIF4E (45), eIF4A 
(46), Pab1p (45), 40S ribosomal subunit (20), tRNA (20), and the 
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yeast methionyl-tRNA synthetase (MetRS) (20). All proteins were 
stored in 50 mM Hepes-KOH (pH 7.5), 100 mM KOAc, 3 mM 
MgOAc2, 2.5 mM TCEP, 10% glycerol except MetRS [40 mM tris, 
10 mM MgCl2, 10% glycerol, and 2 mM dithiothreitol (DTT)].

Purification of eIF1, eIF1A, and eIF5
Yeast eIF1, eIF1A, and eIF5 were purified as previously described 
(20). A pTYB2 vector containing the gene of interest, fused to a C-
terminal intein-chitin–binding domain, was transformed into BL21 
Codon Plus RIL cells (Agilent). The proteins were overexpressed 
with 1 mM isopropyl-β-D-thiogalactopyranoside (IPTG), and the 
cells were lysed by sonication in lysis buffer [20 mM Hepes-KOH 
(pH 7.4), 0.5 M KCl, 0.1% Triton X-100, 1 mM EDTA, and 1× pro-
tease inhibitor cocktail]. The lysates were clarified and loaded on 
1-ml chitin resin [New England Biolabs (NEB)] and washed with 1 M 
KCl. The protein-bound resin was incubated overnight with cleav-
age buffer [20 mM Hepes-KOH (pH 8.0), 500 mM KCl, and 75 mM 
DTT] to induce intein cleavage, then eluted the next day. For eIF1 
C-terminal labeling, the protein was incubated with the cleavage buf-
fer containing 200 mM sodium 2-mercaptoethanesulfonate (MESNA) 
instead of DTT and Cys-Lys(ε-Cy5) overnight. The eluted proteins 
were further purified on a 1-ml heparin-HP column (Cytiva), followed 
by size-exclusion chromatography on Superdex 75. The purified pro-
teins were flash-frozen with liquid nitrogen and stored at −80°C.

Purification of eIF2
The yeast strain, GP3511, which expresses N-terminally hexahistidine-
tagged eIF2γ, in addition to eIF2a and eIF2b, was a gift from A. G. 
Hinnebusch. The cells were grown in yeast extract/peptone/adenine 
sulfate/dextrose (YPAD) media [to a final optical density at 600 nm 
(OD600) of 4 to 6] and were harvested, washed, and resuspended 
[~2 g of cells/1 ml of lysis buffer; 30 mM Hepes-KOH (pH 7.4), 800 mM 
KCl, 10 mM imidazole, 0.1 mM MgCl2, 5 mM β-mercaptoethanol, 
10% glycerol, and 1× protease inhibitor cocktail] and were flash-
frozen with liquid nitrogen. The cells were lysed using a cryogenic 
mill (Spex Sample Prep, model 6875), for 15 repetitions of a 2-min 
run at 15 cycles per second, with 2-min cool time between repeti-
tions. The debris was removed by filtration as previously described 
(43). The lysate was further clarified by centrifugation and then load-
ed onto a 5-ml Ni–nitrilotriacetic acid (NTA) resin by gravity flow. 
The protein was eluted with lysis buffer containing 500 mM imidaz-
ole and was further purified using a heparin column followed by a Q 
column. The protein was then dialyzed into storage buffer. The puri-
fied protein was flash-frozen with liquid nitrogen and stored at −80°C.

Purification of eIF3
A yeast strain (YOR361C-TAP) bearing a genomically encoded, 
C-terminally TAP-tagged eIF3b subunit, was purchased from 
Dharmacon. The growth condition was the same as for eIF2. The 
cells were harvested and washed with lysis buffer [10 mM tris-HCl 
(pH 8.0), 150 mM NaCl, 0.1% NP-40, and 1 mM phenylmethylsul-
fonyl fluoride (PMSF)]. The washed cells were then resuspended in 
lysis buffer and flash-frozen with liquid nitrogen for storage until 
purification. The cells were lysed with a bead beater (45-s grinding 
followed by 2-min, 15-s rest, for five cycles). The clarified and fil-
tered lysate was loaded on 1 ml of immunoglobulin G (IgG) Sepha-
rose fast flow resin (NEB). The column was washed with lysis buffer 
and TEV cleavage buffer (lysis buffer with 75 mM NaCl, 0.5 mM 
EDTA, and without DTT). The IgG-bound sample was cleaved with 

TEV protease overnight and further purified by size-exclusion chro-
matography on Superdex 200. Residual TEV protease was removed 
by incubating the eluted sample with Ni-NTA (500 μl) for 10 min at 
4°C. eIF3 was collected, aliquoted and was flash-frozen with liquid 
nitrogen and stored at −80°C.

Purification of eIF4G
Yeast eIF4G was purified as described previously (44). A pTYB2 
vector encoding a C-terminal fusion of eIF4G with an intein and 
chitin-binding domain was transformed into BL21 CodonPlus RIL 
cells (Agilent). Protein expression was induced with 0.5 mM IPTG 
for overnight at 16°C. The cells were lysed by sonication in 50 mM 
Hepes-KOH (pH 7.4), 500 mM KCl, 1 mM EDTA, and 1× protease 
inhibitor cocktail. The lysate was clarified before loading onto the 
chitin resin (NEB). The sample was treated with 3 U/μL of micro-
coccal nuclease (NEB) in 50 mM Hepes-KOH (pH 7.4), 100 mM 
KCl, and 2 mM CaCl2 and was incubated with cleavage buffer con-
taining 50 mM Hepes-KOH (pH 7.4), 250 mM KCl, 1 mM EDTA, 
and 50 mM DTT overnight. Eluted eIF4G was purified by anion-
exchange chromatography on a 1-ml Q-HP column (Cytiva) and 
dialyzed into the storage buffer, then flash-frozen with liquid nitro-
gen and stored at −80°C.

Purification of eIF4A and eIF4E
Yeast eIF4A and eIF4E were purified as described previously (45, 46). A 
pET28a(+) vector encoding N-terminally his-tagged eIF4A or eIF4E 
was transformed into BL21 Codon Plus RIL cells. Protein overexpression 
was induced with 1 mM IPTG overnight at 16°C. Cells were lysed by 
sonication, and the lysate was clarified by centrifugation before loading 
on the Ni-NTA column. For eIF4A, the protein eluted from the Ni-NTA 
step was further purified on a 1-ml Q-HP column followed by size-
exclusion chromatography (Superdex 75; Cytiva) in storage buffer. 
eIF4A was flash-frozen with liquid nitrogen and stored at −80°C. For 
eIF4E, the Ni-NTA–purified protein was buffer exchanged into the 
storage buffer over a 10-DG column (Bio-Rad) and was stored at 
4°C. Purified eIF4E preparations were used for no more than 2 weeks.

Purification of eIF4B
A pET-22b(+) vector encoding hexahistidine-tagged eIF4B (TIF3) 
was transformed into BL21 CodonPlus RIL cells. The protein was 
purified as described previously (47). Protein overexpression was 
induced with 0.2 mM IPTG for 6 hours at 30°C. The cells were re-
suspended in lysis buffer [50 mM tris-HCl (pH 7.5), 500 mM KCl, 
and 20 mM imidazole] and lysed by sonication. The clarified lysate 
was loaded on 1 ml of Ni-NTA resin and was washed with lysis buf-
fer containing 50 mM imidazole. The protein was eluted with lysis 
buffer containing 250 mM imidazole. The protein eluate was diluted 
into a low-salt buffer [50 mM tris-HCl (pH 7.5), 100 mM KCl, and 
2.5 mM TCEP] and loaded on a pre-equilibrated 1-ml Q-HP col-
umn. The protein was further purified by size-exclusion chromatog-
raphy (Superdex 200) in storage buffer. The purified protein was 
flash-frozen with liquid nitrogen and stored at −80°C.

Purification of Pab1p
A pET-28a(+) plasmid, encoding the PAB1 gene fused to an N-
terminal hexahistidine tag (45), was transformed into BL21-Codon 
Plus RIL cells. The cells were grown and lysed under the same condi-
tion as for eIF4E/4A, except the lysis buffer was composed of 50 mM 
Hepes-KOH (pH 7.5), 300 mM KCl, 2.5 mM TCEP, 1× protease 
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inhibitor cocktail, and 1× PMSF. The protein was loaded on 5-ml 
Ni-NTA resin and was washed with lysis buffer containing 10 mM 
imidazole. The resin-bound protein was treated with micrococcal 
nuclease, as for eIF4G. His6-Pab1p was then eluted with lysis buffer 
containing 250 mM imidazole. The protein was further purified on 
a 1-ml Q-HP column and buffer exchanged into the storage buffer 
on a 10-DG column. The purified proteins were flash-frozen with 
liquid nitrogen and stored at −80°C.

40S ribosomal subunit purification
Yeast 40S purification and labeling were carried out as described previ-
ously, with a few modifications (17, 20). The yeast strain encodes a 23-nt 
extension to helix 39 of the rRNA, which enables fluorescent labeling 
through hybridization of a fluorophore-conjugated complementary oli-
gonucleotide. Approximately 2  liters of yeast culture was grown and 
harvested at OD600 of ~1 to 2. The cells were washed with lysis buffer 
[30 mM Hepes-KOH (pH 7.5), 100 mM KCl, 20 mM MgCl2, 2 mM 
DTT, heparin (2 mg/ml), and RNAse inhibitor (20 U/ml)] and then 
flash-frozen. The cells were lysed using a bead beater and loaded on a 
3-ml 1 M sucrose cushion. The sample was centrifuged in a 70Ti rotor 
at 55,000 rpm for 3.5 hours at 4°C. The pellet was washed and resus-
pended with separation buffer [50 mM Hepes-KOH (pH 7.5), 500 mM 
KCl, 2 mM MgCl2, and 2 mM DTT]. The resuspended sample was fur-
ther clarified using a table-top centrifuge by centrifugation at 16,000g 
for 15 min. Puromycin (1 mM) was added to the clarified sample, 
which was then incubated on ice for 15 min, followed by incubation 
at 37°C for 10 min. The resulting sample was loaded onto a 5 to 20% 
sucrose gradient and then centrifuged for 10 hours at 22,000 rpm 
(SW-32 rotor). The gradient was pumped off with a peristaltic pump 
while monitoring the 254 nm absorbance and collecting 1-ml fractions. 
The fractions containing pure 40S subunits were pooled and buffer ex-
changed into storage buffer, then flash-frozen with liquid nitrogen and 
stored at −80°C.

In vitro transcription of mRNAs and purification
DNA templates for transcription of full-length mRNAs of RPL41A 
and PAB1, the GCN4 leader, and a model AUG mRNA sequence 
(20) were inserted into the pUC119 vector. A 5′-GpG dinucleotide 
RNA sequence was added to each template sequence, to maximize 
transcription efficiency. A suitable restriction site was added to each 
template sequence 3′ end, to allow linearization for runoff transcrip-
tion. Plasmids were transformed into DH5α (NEB). The trans-
formed cells were grown in 300 ml of LB media at 37°C overnight. 
Plasmid DNA was extracted using a maxi-prep kit (Takara Bio) and 
restriction-digested (RPL41A and GCN4-UTR templates with Bam 
HI, PAB1 template with Eco RI), to linearize the template at its 3′ 
end. The template was then transcribed with T7 polymerase (NEB), 
in transcription buffer [100 mM tris-HCl, (pH 8.0), 10 mM spermi-
dine, 1% Triton X-100, 16 mM nucleotide triphosphates, 3% di-
methyl sulfoxide, 15 mM DTT, 25 mM MgCl2, and ribonuclease 
inhibitor (NEB)]. Reactions were incubated at 37°C for 2 hours, fol-
lowed by deoxyribonuclease treatment for 30 min. RNAs were ex-
tracted using phenol-chloroform-isoamyl alcohol (pH 4.3, 125:25:1) 
and ethanol precipitated. The SSA1 DNA transcription template was 
prepared by polymerase chain reaction amplification from yeast ge-
nomic DNA using a forward primer, 5′-TAATACGACTCACTATAG 
GGCACATCAAAAGAAAAGTAATC-3′, and a reverse primer, 5′-TC 
TATAGCGTATAGAATATATGTTACATGTATATATATATATAAAG 
TAAAAACGTTCGG-3′. SSA1 transcription reactions were carried 

out as described above, but at a MgCl2 concentration of 6 mM and 
for 1 hour. The RNAs were capped with the Vaccinia capping en-
zyme (NEB) and poly(A)-tailed with Escherichia coli poly(A) poly-
merase (NEB), following the manufacturer’s protocols. RNAs were 
freshly prepared before each single-molecule assay.

Hybridization of mRNAs with Cy5.5-oligo
Capped and poly(A)-tailed mRNAs (1 μM) were hybridized to 
biotin-5′-d(T)100–3′-Cy5.5 (100 nM) in 100 mM Hepes-KOH 
(pH 7.5) and 300 mM KCl, by heating to 98°C for 3 min using a 
thermocycler with slow cooling to 4°C at 0.1°C s−1. The annealed 
product was used directly for single-molecule experiments.

In vitro transcription and purification of initiator tRNA
A pUC19 construct containing the yeast tRNAi

Met template sequence 
fused to a 3′ hammerhead ribozyme sequence was transformed into 
DH5𝛼 cells (20). tRNAi

Met was transcribed as for mRNAs, except on 
a larger (5 ml) scale for 4 hours, in 12 mM MgCl2. Ribozyme self-
cleavage was initiated by increasing MgCl2 concentration to 30 mM 
and incubating at 60°C for an additional hour. The tRNA was further 
purified by gel electrophoresis and gel extraction. The tRNA was buf-
fer exchanged into 10 mM bis-tris-HCl (pH 7.0) and 10 mM NaCl 
using a 5 kDa centrifugal filter (Milipore) and was stored at −80°C.

Purification of S. cerevisiae methionyl-tRNA 
synthetase (yMetRS)
A yeast strain harboring a plasmid that encodes GST-tagged MetRS 
gene was grown in 3 liters of YPAD media to ~2 OD600. The cells were 
harvested and washed with 1× phosphate-buffered saline (PBS), then 
processed as for purification of eIF3. The clarified lysate was loaded 
on a 1-ml GSTrap column (Cytiva), which was then washed with 
1× PBS. MetRS was eluted with 10 mM reduced glutathione in 50 mM 
tris-HCl (pH 8.0) buffer. The eluted sample was buffer exchanged 
into storage buffer [40 mM tris-HCl (pH 7.4), 10 mM MgCl2, 10% 
glycerol, and 2 mM DTT] on a 10-DG column (Bio-Rad). The purified 
protein was flash-frozen with liquid nitrogen and stored at −80°C.

Methionylation of Met-tRNAi
Met and acid-gel analysis

Yeast Met-tRNAi
Met was methionylated as previously described (48). 

The tRNA was refolded by heating at 70°C for 10 min with 10 mM 
MgCl2 and slowly cooling to room temperature. The refolded tRNA 
was incubated with MetRS in acylation buffer containing 100 mM 
Hepes-KOH (pH 7.6), 100 μM methionine, 10 mM ATP, 1 mM DTT, 
10 mM KCl, and 20 mM MgCl2. The reaction was incubated at 37°C 
for 20 min and extracted with acidic phenol, followed by chloroform-
isoamyl alcohol (24:1). The methionylated tRNA was purified on 
Sephadex G-25. The acylated tRNA was analyzed by acid urea–
polyacrylamide gel electrophoresis [PAGE; acrylamide:bisacrylamide 
ratio of 19:1, 15%, in 100 mM NaOAc (pH 4.3)] for verification and 
quantitation of the aminoacylation efficiency.

Native PAGE analysis of PIC formation
PIC formation was verified by 4% native PAGE as previously de-
scribed (20). TC was formed by incubating eIF2 (800 nM) with 
GDPNP (2 mM) for 10 min at room temperature, followed by addi-
tion of Met-tRNAi

Met to 2 μM and incubation for another 5 min. For 
native-PAGE analysis, a 43-mer model mRNA (AUG) was used (20). 
The RNA was ligated to a 5′-phosphorylated Cy3-oligo at the 3′ end 
of the RNA by T4 RNA ligase (NEB) by following the manufacturer’s 
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protocol. The Cy3-ligated AUG model mRNA was heated at 90°C for 
3 min and snap-cooled on ice for 5 min. The RNA was mixed with 
the TC, eIF1 (1 μM), eIF1A (1 μM), and 40S (100 nM) in the binding 
buffer [30 mM Hepes-KOH (pH 7.5), 2 mM Mg(OAc)2, 100 mM 
KOAc, and 2 mM DTT]. The mixture was incubated for an hour at 
room temperature and 10% (w/v) sucrose was added before loading 
on the gel. The gel was electrophoresed for 1 hour 30 min at 4°C and 
visualized using a Typhoon imager. This protocol was also used for 
analysis of PIC formation with Cy3-labeled 40S subunits.

Pab1p electrophoretic mobility shift analysis
To quantify Pab1p binding to PAB1 mRNA, the mRNA (50 nM) was 
incubated with varying concentrations of yeast Pab1p (200 to 1 nM) 
in 1× binding buffer [30 mM Hepes-KOH pH 7.4, 20 mM KCl, 1 mM 
MgCl2]. The final salt and glycerol concentration of each sample was 
adjusted to 100 mM KCl and 10% glycerol. The reaction was incu-
bated for 30 min at room temperature, and then samples were loaded 
on a 0.8% tris-borate–EDTA buffer (0.5×) agarose gel, prestained 
with ethidium bromide. The gel was electrophoresed at 80 V for 
1.5 hours at 4°C and then visualized with a ChemiDoc imaging sys-
tem (Bio-Rad).

Measurement of phosphate concentration in TC samples
To quantitate the concentration of phosphate in incubated the TC 
samples, we used the commercially available EnzCheck Phosphate 
Assay Kit (Thermo Fisher Scientific). TC was formed initially by in-
cubating eIF2 with 5′-GDPNP for 10 min and immediately with 
Met-tRNAi for 5 min at room temperature. TC was then incubated 
with 1× reaction buffer [50 mM tris-HCl and 1 mM MgCl2 (pH 7.5)], 
2-Amino-6-mercapto-7-methylpurine riboside (200 μM), and 1 U 
of purine nucleoside phosphorylase for 30 min at room tempera-
ture. The absorbance of the resulting reaction mixture was mea-
sured at 360 nm. The phosphate concentration in the sample was 
calculated based on a standard curve prepared with inorganic phos-
phate (0 to 10 μM). TC samples incubated at 30°C for 1, 2, and 
3 hours, and control-incubation samples containing only GDPNP, 
were processed using the same procedure.

Single-molecule fluorescence assay
The scanning assay was performed in a customized PacBio RSII in-
strument (16). The general procedure described previously (46) was 
modified as follows. For 40S subunit labeling, Cy3-oligo was incu-
bated with 40S in ~1.1:1 ratio (2.5 μM 40S:2.25 μM Cy3-oligo), and 
the sample was heated at 42°C for 2 min, then slowly cooled at 37°C 
for 15 min and 30°C for another 15 min. The TC was formed by incu-
bating eIF2 (2 μM) with GTP (3.5 mM) for 10 min and then with 
initiator tRNA (2 μM) for a further 5 min, at room temperature. Ini-
tially, a SMRT cell (Pacific Biosciences) containing 150,000 ZMWs 
was reacted with 16 μM NeutrAvidin (Invitrogen) for 5 min at room 
temperature. The surface was then washed with assay buffer three 
times [30 mM Hepes-KOH (pH 7.5) and 3 mM Mg(OAc)2, and 100 mM 
KOAc]. The biotin-5′-d(T)100–3′-Cy5.5 annealed mRNA sample 
(10 nM) was immobilized for 5 min. The surface was again washed 
with assay buffer and then blocked with unlabeled eIF1 (1 μM), a 
mixture of Biolipidure 203 and 206 [5% (v/v) each, NOF America], 
and bovine serum albumin (1 mg/ml; BSA), to abrogate nonspecific 
surface binding of Cy5-eIF1 and Cy3-40S subunits. Excess block-
mixture components were removed by one wash with assay buffer sup‑ 
plemented with 2 mM protocatechuic acid, 2 mM triplet-state quencher 

(Pacific Biosciences), and 1× protocatechate-3,4-dioxygenase oxygen 
scavenging system (Pacific Biosciences). Twenty microliters of imag-
ing buffer containing the oxygen scavenging system and BSA (1 mg/
ml) was then added to the SMRT cell. During cell preparation, PICs 
were reconstituted by combining 50 nM Cy5-eIF1, 500 nM eIF1A, 
50 nM Cy3-40S, 300 nM TC, 500 nM eIF3, 200 nM eIF4E, 80 nM 
eIF4G, 1 μM eIF4A, 500 nM eIF4B [varying concentrations (10 to 
100 nM) of Pab1p were added to experiments containing Pab1p for 
PAB1 mRNA], 2 mM ATP, 200 nM eIF5, oxygen scavenging system, 
and 1× casein, in the order given. The final concentration of all com-
ponents is halved with respect to the values above, upon dilution of 
the sample into the 20 μl of imaging buffer previously added to the 
cell. The reconstituted PIC (20 μl) was then robotically delivered at 
the beginning of the experiment and Cy3, Cy5, and Cy5.5 fluoro-
phores were excited by illuminating with green (532 nm) and red 
(642 nm) laser at 0.7 and 0.07 μW μm−2, respectively. Movies were 
recorded at 10 frames per second for 15 min. For the experiments 
with GDPNP, the TC was formed with GDPNP instead of GTP.

Single-molecule data analysis
The movies were analyzed using MATLAB scripts reported previ-
ously (16). Fluorescence traces were first extracted from raw movie 
data with automated selection of ZMWs containing a Cy3 signal. 
The resulting traces were then manually curated to ensure that they 
each contained the following: (i) a Cy5.5-mRNA signal at the start 
of the movie and (ii) an event with co-arrival of Cy3-40S and Cy5-
eIF1. Put otherwise, traces were only included in the dataset if they 
demonstrably reported on a surface-immobilized RNA being recog-
nized by a complex of eIF1 with the 40S subunit at the ZMW sur-
face. The durations of the Cy5-eIF1 events that followed co-arrival 
with a Cy3-40S signal were manually assigned and tabulated. Data 
were binned in 1-s increments to produce the normalized-density 
eIF1 dwell-time histograms depicted in the figures.

Statistical analysis
All statistical analysis and fitting was performed in MATLAB. Wilcoxon 
rank-sum tests to compare dwell-time distribution pairs were per-
formed at a significance level of 0.05. For empirical exponential fit-
ting of eIF1 dwell-time distributions, the tabulated dwell times were 
converted to an empirical cumulative distribution function, then 
this function was fit by nonlinear regression using the Trust-Region 
algorithm with bisquares weighting. Goodness of fit was evaluated 
by inspection of root mean square error values, which were typically 
in the range of probability −0.01 to −0.09. An identical nonlinear 
regression approach was taken for hyperbolic and Hill fitting of the 
scanning time dependence on Pab1p concentration. For linear re-
gression of mean or median eIF1 dwell times versus GCN4 leader 
lengths, the data were fit using the Trust-Region algorithm. Good-
ness of fit was evaluated based on the R2 value, which ranged from 
0.7 to 0.8. Ninety-five percent confidence intervals for estimation of 
the slopes are reported in the text.

Supplementary Materials
The PDF file includes:
Figs. S1 to S8
Table S1
Legend for data S1

Other Supplementary Material for this manuscript includes the following:
Data S1
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