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eIF5B and eIF1A reorient initiator tRNA to 
allow ribosomal subunit joining

Christopher P. Lapointe1, Rosslyn Grosely1,5, Masaaki Sokabe2,5, Carlos Alvarado1, 
Jinfan Wang1, Elizabeth Montabana1, Nancy Villa2, Byung-Sik Shin3, Thomas E. Dever3, 
Christopher S. Fraser2, Israel S. Fernández4 ✉ & Joseph D. Puglisi1 ✉

Translation initiation defines the identity and quantity of a synthesized protein. 
The process is dysregulated in many human diseases1,2. A key commitment step is when 
the ribosomal subunits join at a translation start site on a messenger RNA to form a 
functional ribosome. Here, we combined single-molecule spectroscopy and structural 
methods using an in vitro reconstituted system to examine how the human ribosomal 
subunits join. Single-molecule fluorescence revealed when the universally conserved 
eukaryotic initiation factors eIF1A and eIF5B associate with and depart from initiation 
complexes. Guided by single-molecule dynamics, we visualized initiation complexes 
that contained both eIF1A and eIF5B using single-particle cryo-electron microscopy. 
The resulting structure revealed how eukaryote-specific contacts between the two 
proteins remodel the initiation complex to orient the initiator aminoacyl-tRNA in a 
conformation compatible with ribosomal subunit joining. Collectively, our findings 
provide a quantitative and architectural framework for the molecular choreography 
orchestrated by eIF1A and eIF5B during translation initiation in humans.

Human protein synthesis is initiated when ribosomal subunits identify 
a translation start site on messenger RNA (mRNA) and assemble a func-
tional 80S ribosome. The multi-step process has been outlined bio-
chemically and is mediated by numerous eukaryotic initiation factors 
(eIFs) and the initiator aminoacyl-tRNA3–5 (Met-tRNAi

Met). To begin, the 
43S pre-initiation complex (43S PIC)—the small (40S) ribosomal subu-
nit bound by eIF1, eIF1A, eIF3, eIF5 and the eIF2–GTP–Met-tRNAi

Met  
complex—loads onto the mRNA, facilitated by eIF4 proteins bound near 
the N7-methylguanosine (m7G) cap6,7. Directional 5′ to 3′ movement of 
the now 48S initiation complex along the 5′ untranslated region scans 
for translation start sites in favourable sequence contexts8,9. A start 
codon (typically AUG) correctly placed at the ribosomal P site triggers 
remodelling of the complex from an ‘open’ scanning-permissive con-
formation to a ‘closed’ scanning-arrested one. The transition involves 
repositioning of the 40S head and Met-tRNAi

Met, release of eIF1 and the 
eIF2–GDP complex, and relocation of eIF59,10. To complete initiation, 
the GTPase eIF5B catalyses joining of the large (60S) ribosomal subunit 
to form the 80S ribosome11–13. Subsequent GTP hydrolysis-dependent 
departure of eIF5B enables protein synthesis to commence11,14.

What allows ribosomal subunits to join and form stable inter-subunit 
contacts remains unclear. One challenge is that the acceptor stem of 
Met-tRNAi

Met must be slotted into the correct narrow channel on the 
incoming 60S subunit. Proper Met-tRNAi

Met orientation avoids steric 
clashes and poises its aminoacylated 3′ end for accommodation in the 
peptidyl transfer centre. We hypothesized that universally conserved 
eIF1A and eIF5B might have a central role in this process. eIF1A resides 
in the 40S ribosomal A site during initiation and mediates scanning 
and start codon recognition via its flexible N- and C-terminal tails8,9. 

Although the eIF5B-bound 48S initiation complex has not been visual-
ized, structures exist for the eIF5B-bound 80S complex15–17. These 
snapshots suggest that eIF5B core domains (G, II and III) dock onto the 
40S subunit outside of the A site. Domain IV of the protein extends 
inwards to latch onto the acceptor stem of Met-tRNAi

Met. Complemen-
tary molecular and genetic studies further suggest that 
eukaryote-specific contacts between domain IV of eIF5B and the 
C-terminal tail of eIF1A facilitate 60S subunit joining18–22. Yet, whether 
these two factors coordinate to enable ribosomal subunit joining by 
guiding formation of inter-subunit contacts or by actively remodelling 
initiation complexes remains unknown.

To uncover how eIF5B and eIF1A mediate ribosomal subunit joining, 
we combined real-time single-molecule assays of human translation 
initiation with targeted structural analyses. We first performed in vitro 
reconstituted experiments in which fluorescently labelled ribosomal 
subunits, eIF1A and eIF5B were monitored directly throughout initiation 
using single-molecule spectroscopy. Our assays revealed a transient state 
in which both eIF1A and eIF5B are bound just prior to 60S subunit joining. 
Using single-particle cryo-electron microscopy (cryo-EM), we character-
ized structurally this hitherto elusive intermediate, which established 
the structural basis for eIF5B-catalysed ribosomal subunit joining.

Direct monitoring of translation initiation
We established a real-time single-molecule assay to monitor human 
translation initiation directly (Extended Data Fig. 1a,b). β-Globin 
mRNA was tethered to an imaging surface within zero-mode wave-
guides (ZMWs), which enable four-colour fluorescence detection 
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in real time23 (Extended Data Fig. 1c). Saturating concentrations of 
eIF4 proteins (4A, 4B, 4E and 4G), ATP and GTP were then added to 
the tethered mRNA. Separately, the 43S PIC was pre-assembled and 
contained 40S subunits labelled with Cy3 on the N terminus of uS19. 
Upon start of data acquisition at 30 °C, a mixture with 5 nM 43S PIC 
(including 40S–Cy3), 1 µM eIF5B and 100 nM 60S subunits labelled 
with Cy5 on the C terminus of uL18 was added to the imaging surface. 
When excited by a 532 nm laser, appearance of Cy3 fluorescence indi-
cated that the 40S subunit was loaded onto the mRNA. Subsequent 
appearance of Cy3(donor)–Cy5(acceptor) Förster resonance energy 
transfer (FRET) indicated successful joining of the 60S subunit24 (FRET 
efficiency (EFRET) = 0.65 ± 0.01) (Extended Data Fig. 1d–g). As expected, 
40S subunit loading onto mRNA was dependent on the presence of eIF4 
proteins (40S loading rate (kon,40S) = 0.049 ± 0.002 s−1 at 5 nM, equivalent 
to approximately 10 µM−1 s−1) (Extended Data Fig. 1h,i). Consistent with 
the low nanomolar equilibrium dissociation constants of the eIFs for 
the initiation complex25, the majority of loaded 43S PICs progressed 
to 60S subunit joining (60S joining rate (kon,60) = 0.033 ± 0.001 s−1 at 
100 nM), which was dependent on the presence of eIF4 proteins and 
eIF5B (Extended Data Fig. 1h,i). The mean elapsed time from 40S subunit 
loading to 60S subunit joining that we observed (approximately 30 s) 
agreed well with initiation timescales obtained in cells26 (20–30 s).

eIF5B binds after eIF2 release
We next tracked fluorescently labelled eIF5B as it mediated 60S subunit 
joining. We labelled N-terminally truncated eIF5B on its N terminus with 
a Cy3.5 dye via a fused ybbR peptide tag, which was functional in bulk 
translation (Extended Data Fig. 2a,b). After the eIF4–mRNA complex 
was tethered in ZMWs, a mixture of the 43S PIC (10 nM) (labelled by 
40S–Cy3), eIF5B–Cy3.5 and 60S–Cy5 subunits was added (Fig. 1a).  
Fluorescent signals were monitored in real time upon excitation by a 
532 nm laser, with the presence of eIF5B on initiation complexes deter-
mined by direct excitation of the Cy3.5 dye. The predicted distance 
between eIF5B and 40S subunit labelling sites was incompatible with 
FRET16,17 (Extended Data Fig. 2c).

We observed sequential association of the 40S subunit, eIF5B and the 
60S subunit, which was followed by rapid departure of eIF5B (Fig. 1b,c 
and Extended Data Fig. 2d). Unlike transient eIF5B sampling previ-
ously observed on yeast 48S complexes14, human eIF5B stably asso-
ciated in a concentration-independent manner with 48S complexes 
prior to 60S subunit joining (eIF5B association rate (kon,5B) ≈ 0.1 s−1 
at 20 and 40 nM) (Fig. 1d and Extended Data Fig. 2e). The apparent 
concentration-independent association of eIF5B suggests the pres-
ence of a slow upstream step that limits its binding. Nevertheless, 
once eIF5B bound, the 60S subunit joined in a concentration- and 
temperature-dependent manner (kon,60S ≈ 0.14 ± 0.004 s−1 at 200 nM, 
30 °C, equivalent to approximately 0.7 µM−1s−1) (Fig. 1d and Extended 
Data Fig. 2e,f). Formation of the 80S initiation complex triggered rapid 
and temperature-dependent departure of eIF5B (eIF5B dissociation rate 
(koff,5B) ≈ 1.2 ± 0.1 s−1 at 30 °C), which was prevented by substitution of 
the catalytic histidine to block GTP hydrolysis (koff,5B < 0.01 s−1 at 30 °C) 
(Fig. 1d and Extended Data Fig. 2e–g).

We hypothesized that the departure of eIF2 was needed for eIF5B to 
bind initiation complexes, since both proteins bind the acceptor stem 
of Met-tRNAi

Met. We therefore monitored eIF5B association with initia-
tion complexes upon a 20-fold reduction in eIF5 concentration (from 
50 nM to 2.5 nM), as eIF5 activates GTP hydrolysis by eIF2 to enable 
eIF2 departure. When eIF5 was limiting, the apparent eIF5B association 
rate was reduced by at least tenfold (kon,5B ≈ 0.009 s−1 at 40 nM) (Fig. 1d 
and Extended Data Fig. 2e). We reasoned that pre-equilibration of 48S 
initiation complexes with a saturating concentration of eIF5 would 
allow eIF2 release and accelerate eIF5B association (Extended Data 
Fig. 3a). Indeed, eIF5B stably associated approximately ninefold more 
rapidly and in a concentration-dependent manner with pre-equilibrated 

48S complexes to mediate 60S subunit joining (kon,5B ≈ 20 µM−1 s−1) 
(Extended Data Fig. 3b–e). Conversely, addition of a limiting concentra-
tion of eIF5 (2.5 nM) simultaneously with labelled eIF5B to tethered 
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Fig. 1 | Real-time analysis of eIF5B-mediated ribosomal subunit joining in 
humans. a, Schematic of the single-molecule experiment. The 43S PIC (10 nM, 
labelled via 40S–Cy3 subunits (green) and including eIFs 1, 1A, 3, 5 and eIF2–
GTP–Met-tRNAi

Met), 20 nM eIF5B–Cy3.5 (orange) and 100 nM 60S–Cy5 (red) 
subunits were added to m7G-capped β-globin mRNA tethered within ZMWs in 
the presence of saturating concentrations of eIFs 4A, 4B, 4G and 4E, and 1 mM 
ATP and GTP at 30 °C. Fluorescence data were acquired at 10 frames per second 
for 600 s with excitation via a 532 nm laser. b, Example single-molecule 
fluorescence data that depict sequential association of the 40S subunit 
(green), eIF5B (orange) and the 60S subunit (red). Dwell times correspond to 
eIF5B association (t1), 60S subunit joining (t2) and eIF5B departure times from 
the 80S complex (t3). The loss of the 60S–Cy5 fluorescence signal was owing to 
photobleaching of the dye, rather than departure of the ribosomal subunit. 
c, Density heat map (arbitrary units) of the normalized 40S–Cy3, eIF5B–Cy3.5, 
and 60S–Cy5 fluorescence intensities synchronized to joining of the 60S 
subunit (n = 136). d, Observed times for eIF5B association (t1), 60S subunit 
joining (t2) and eIF5B departure from the 80S complex (t3) at 20 nM eIF5B–Cy3.5 
and 100 nM 60S–Cy5 at 30 °C (n = 136). In one experiment (grey, n = 150), eIF5 
concentration was reduced 20-fold (from 50 nM to 2.5 nM) and eIF5B–Cy3.5 
concentration was increased to 40 nM. The 43S PIC was present at 10 nM 
(via 40S–Cy3) in all experiments. The fast-phase rates are indicated, which 
corresponds to association (t1 and t2) or dissociation (t3) rates and were derived 
by fits to exponential functions (dashed lines). AU, arbitrary units.
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48S complexes equilibrated in the absence of eIF5 delayed eIF5B asso-
ciation nearly 50-fold (Extended Data Fig. 3c). eIF5B association also 
was nearly eliminated when departure of eIF2 was prevented by using 
the non-hydrolyzable GTP analogue GDPNP (Extended Data Fig. 3f). 
Our findings therefore suggest that eIF2 must dissociate from initiation 
complexes before eIF5B binds.

eIF1A and eIF5B co-occupy complexes
We next directly tracked eIF1A–Cy5, labelled via an S102C substitu-
tion25, throughout translation initiation. We added double-labelled 
43S PICs (40S–Cy3 and eIF1A–Cy5), 1 µM unlabelled eIF5B and 200 nM 
60S subunits labelled with Cy5.5 to eIF4–mRNA complexes tethered 
within ZMWs at 30 °C (Fig. 2a). Nearly all loaded 43S PICs began in a 
40S (donor)-to-eIF1A (acceptor) FRET state (90 ± 4 %, 158 out of 175; 
EFRET = 0.42 ± 0.01), as predicted given the proximity of the labelling 
sites (approximately 50 Å) (Fig. 2b,c and Extended Data Fig. 4a–d). Most 
complexes were joined by the 60S subunit during the first eIF1A binding 
event (56 ± 7 %, 88 out of 158) (Extended Data Fig. 4b). Complexes with 
multiple eIF1A binding events also were competent for 60S subunit 
joining (87 out of 175; eIF1A reassociation rate (k1A,reass.) ≈ 1.5 ± 0.1 s−1 
at 45 nM), which suggests the mRNA-loaded complexes can remodel 
dynamically (Extended Data Fig. 4c,e). Although eIF1A bound stably 
to the 48S complex (eIF1A dissociation rate (k1A,off) ≈ 0.075 ± 0.003 s−1),  
the protein departed within a few hundred milliseconds after 60S subu-
nit joining (k1A,off > 10 s−1, mean lifetime < 0.2 s) (Fig. 2d and Extended 
Data Fig. 4f). eIF1A departure from the 80S complex was delayed at  
least tenfold (k1A,off ≈ 1.7 ± 0.1 s−1, mean lifetime = 3 ± 1.5 s) when GTP 
hydrolysis by eIF5B was prevented by using GDPNP (Fig. 2d and 
Extended Data Fig. 4f). Notably, multiple lines of evidence confirmed 
that fluorescently labelled eIF1A and eIF5B functionally substituted for 
the unlabelled proteins (Extended Data Fig. 4g,h). Thus, GTP hydrolysis 
by eIF5B accelerates eIF1A dissociation from 80S initiation complexes, 
and eIF1A release precedes eIF5B departure, consistent with findings 
in yeast19,20,27.

As suggested above, eIF1A and eIF5B reside simultaneously on 
initiation complexes when the 60S subunit joins. Addition of 20 nM 
eIF5B–Cy3.5 and 10 nM eIF1A–Cy5 to double-labelled 48S initiation 
complexes (40S–Cy3 and eIF1A–Cy5) tethered within ZMWs revealed 
complexes that contained both proteins (Extended Data Fig. 5a). 
The complexes produced FRET signals from both 40S–eIF1A and 
eIF5B–eIF1A interactions (Extended Data Fig. 5b,c). The signal from 
the eIF5B–eIF1A interaction is consistent with the proximity of eIF5B 
and eIF1A labelling sites predicted by crude structural comparisons 
(approximately 70 Å) (Extended Data Fig. 5b). Whereas reassocia-
tion rates were similar, eIF1A dissociated from 48S complexes about 
sevenfold more slowly when eIF5B was present relative to when eIF5B 
was absent (k1A,off ≈ 0.059 ± 0.002 versus 0.41 ± 0.01 s−1) (Fig. 2d and 
Extended Data Fig. 5d). Simultaneous addition of double-labelled 43S 
PICs (40S–Cy3 and eIF1A–Cy5), eIF5B–Cy3.5 and 60S–Cy5.5 subunits 
to tethered mRNA revealed that nearly all 60S subunit joining events 
occurred when eIF1A and eIF5B were both present (90 ± 10%) (Extended 
Data Fig. 5e–h).

Structure of the eIF1A–eIF5B initiation complex
To understand how the two proteins collaborate to mediate 60S subunit 
joining, we used our single-molecule findings to design a vitrification 
strategy that captured a 48S complex co-bound by eIF1A and eIF5B on 
cryo-EM grids. Immediately before plunge freezing, pre-assembled 
48S complexes were incubated with eIF5B for 1 min at 30 °C in the pres-
ence of ATP and GTP. At this time point, the 48S complex should be 
saturated with both eIF1A and eIF5B, and the complex is competent for 
60S subunit joining (Extended Data Figs. 2e and 3c). Vitrified samples 
were analysed by single-particle cryo-EM.

After data collection, image processing and in silico classifications, 
we identified a subset of around 190,000 particles that yielded a high- 
resolution map after refinement (overall resolution of approximately 
3.2 Å) (Extended Data Fig. 6a, b and Extended Data Table 1). This subset 
represents around 84% of all 40S particles. Consistent with our predic-
tion above, robust density was visible for the 40S subunit, an ami-
noacylated tRNA near the ribosomal P site, eIF1A in the A site and eIF5B 
(Fig. 3a). Peripheral regions of the map were heterogenous, such as the 
acceptor stem of Met-tRNAi

Met  and eIF5B domains located furthest 
from the 40S surface, namely domains G and IV. In these flexible areas, 
local resolution values were in the 4–6 Å range, with sufficient quality 
to place secondary structure elements unambiguously (Extended Data 
Fig. 6c–e). Density attributable to other eIFs—including eIF3—was 
absent from cryo-EM maps in this class, even at low map thresholds. 
The lack of density for eIF3 suggests that it may be highly dynamic or 
potentially has departed the initiation complex after eIF2 departure. 
A small subgroup of 40S particles (around 2,100 (0.65% of the dataset)) 
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Fig. 2 | eIF1A resides on initiation complexes until the 60S subunit joins. 
a, Schematic of the single-molecule experiment. The double-labelled 43S PIC 
(10 nM, labelled by 40S–Cy3 (green) and eIF1A–Cy5 (red)), 1 µM unlabelled 
eIF5B and 200 nM 60S–Cy5.5 (purple) subunit were added to β-globin mRNA 
tethered within ZMWs in the presence of saturating concentrations of of eIFs 
4A, 4B, 4G and 4E, and 1 mM ATP and GTP at 30 °C. During imaging, eIF1A–Cy5 
was present at 4.5-fold molar excess relative to the 40S subunit. Fluorescence 
data were acquired at 10 frames per second for 600 s with excitation via a 
532 nm laser. b, Example single-molecule fluorescence data that depict 
recruitment of a double-labelled 43S PIC (40S–eIF1A FRET state) followed by 
60S subunit joining (40S–60S FRET state) and rapid ejection of eIF1A from the 
80S initiation complex. The full fluorescence trace is shown in Extended Data 
Fig. 4b. c, Density heat map (arbitrary units) of the normalized 40S–Cy3, 
eIF1A–Cy5 and 60S–Cy5.5 fluorescence intensities synchronized to joining of 
the 60S subunit (n = 175). d, Observed eIF1A lifetimes on the 80S initiation 
complexes in the presence of eIF5B–GTP (purple, n =175) or eIF5B–GDPNP 
(green, n = 151) or on the pre-equilibrated 48S initiation complex when eIF5B 
was present (dark grey, n = 589) or absent (light grey, n = 831). Fast-phase 
dissociation rates are indicated, derived or estimated from fits to double- 
exponential functions (dashed lines).
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presented density ascribable to eIF3, but the reduced number of par-
ticles precluded further interpretation.

eIF5B density corresponds to the GTP-bound state. The core super-
domain of eIF5B, comprising domains G, II and III, are present in the 
GTPase binding site on the 40S platform, which represents the largest 
interaction surface (approximately 820 Å2) in the complex (Fig. 3a). 
The G domain of eIF5B is exposed to solvent, with no direct 40S con-
tacts. It is positioned via interactions with domain III and the base of 
helix 12. Consistent with a GTP-bound state, switch I of the G domain is 
ordered and density for the γ-phosphate of GTP is apparent (Fig. 3b and 
Extended Data Fig. 6e). The catalytic histidine is maintained away from 
the γ-phosphate by a steric barrier formed by residues I664 of switch 
I and V640 of the P loop (Fig. 3b, right). These two residues form the 
prototypical hydrophobic gate that must be pierced by the catalytic 
histidine to catalyse GTP hydrolysis. The gate is aided by Y1063, as its 
position at the base of helix 12 interferes with the trajectory the catalytic 
histidine must follow to reach the γ-phosphate28.

Domain IV of eIF5B directly interacts with Met-tRNAi
Met and eIF1A. 

Mediated by rigid helix 12 that extends away from the G-II-III superdo-
main, eIF5B domain IV is latched onto the acceptor stem of Met-tRNAi

Met. 
Of note, relative to its position in 80S initiation complexes15–17, domain 
IV is rotated about 30 degrees along the helix 12 axis towards the ribo-
somal A site (Fig. 3c and Supplementary Video 1). This rotation positions 
the two eukaryote-specific, C-terminal α-helices of eIF5B (helices 13 
and 14) to contact eIF1A directly, which is positioned identical to earlier 
initiation intermediates29–39 (Extended Data Fig. 7a,b). The interaction 
interface is relatively small (approximately 150 Å2) and nucleated 
around a cluster of hydrophobic residues (M50 of eIF1A and I1219 of 
eIF5B) (Fig.  3d). Whereas the flexible N-terminal tail of eIF1A is 

disordered, we observed additional density proximal to W1207 on helix 
14 of eIF5B that may correspond to I141 of the flexible eIF1A C-terminal 
tail (Extended Data Fig. 7a). Such contacts are consistent with NMR 
studies on the two proteins in isolation40,41.

The rotation of eIF5B domain IV induced by eIF1A reorients the 
Met-tRNAi

Met configuration to be compatible with 60S subunit joining. 
We compared our model to two previous structures of eIF2-bound inter-
mediates—scanning-competent ‘open’37 or post-scanning ‘closed’ com-
plexes36—and to elongation-competent 80S ribosomes42 (Extended Data 
Fig. 7b). In our eIF5B-bound complex, the 40S subunit head conforma-
tion is similar to both the post-scanning ‘closed’ and elongation-competent 
conformations (Extended Data Fig. 7c). By contrast, the Met-tRNAi

Met 
configuration most closely resembles an elongation state; the ASL at 
the 40S P site is nearly identical to the final elongation state, and the 
acceptor stem and elbow region are almost perpendicular to the ASL 
(Extended Data Fig. 7d). In this position and mediated by eIF1A, eIF5B 
domain IV and the acceptor stem are aligned to slot directly into the 
approximately 35 Å channel formed by the central protuberance and 
helix 69 of the incoming 60S subunit (Fig. 4a,b). Thus, our structural 
analyses suggest that the 40S–eIF1A–eIF5B–acceptor-stem network of 
interactions are needed to funnel multiple conformations of Met-tRNAi

Met 
towards a position compatible with 60S subunit joining.

We used our single-molecule assays to assess the role of residues in 
eIF5B that our cryo-EM-derived model suggested mediate contacts 
with Met-tRNAi

Met or eIF1A in translation initiation. Contacts with the 
Met-tRNAi

Met  acceptor stem were disrupted by substitution of con-
served R1105 and R1174 with alanine (RR/AA) (Fig. 4c and Extended 
Data Fig. 8a,b). Contacts with eIF1A were disrupted either by truncation 
of eIF5B prior to helix 14 (Δ−h14) or five targeted substitutions of 
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Departure of eIF1A allows for an approximately 30º rotation of eIF5B domain 
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interactions (more than 4 Å interacting distance) nucleated around eIF1A 
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residues in helices 13 and 14 that invert surface contacts with eIF1A 
(RQREI/ERERR) (Fig. 4c and Extended Data Fig. 8a,b). After the eIF4–
mRNA complex was tethered in ZMWs, a mixture of the 43S PIC (labelled 
with 40S–Cy3), wild-type or mutant eIF5B–Cy3.5 and 60S–Cy5 was 
added, and fluorescent signals were monitored in real time (Extended 
Data Fig. 8c–e). Relative to the wild-type protein, the three mutant 
eIF5B proteins were much more likely (5- to 7-fold) to sample the 48S 
complex (eIF5B dissociation rate (k5B,off) ≈ 2–4 s−1) (Fig. 4c and Extended 
Data Fig. 8f,g). The destabilized mutant eIF5B proteins reduced the 
efficiency of 60S subunit joining, and when the 60S did join, it occurred 
at least 2- to 3-fold more slowly than with the wild-type protein (Fig. 4c 
and Extended Data Fig. 8h,i). Thus, the eIF5B–eIF1A–40S–Met-tRNAi

Met 
interactions stabilize and remodel the 48S initiation complex to allow 
60S subunit joining.

Discussion
Our single-molecule and structural results suggest a model for how 
eIF1A and eIF5B mediate human ribosomal subunit joining (Fig. 4d and 
Supplementary Video 2). The eIF1A–40S subunit complex, presuma-
bly with the other components of the 43S PIC, loads onto the mRNA. 
eIF1A remains stably bound in the A site throughout scanning and start 
codon recognition, consistent with its key roles in those steps. Once 
eIF2 departs, eIF5B stably binds and forms the 40S late initiation 

complex (40S LIC). The delay from 40S subunit loading until eIF5B 
association (about 10 s) therefore suggests an upper bound for the 
integrated timescale of scanning and start codon recognition on 
β-globin mRNA. Stable eIF5B association with the 40S LIC probably 
provides the molecular basis for how eIF5B prevents reassociation43 
of eIF2–GDP with Met-tRNAi

Met . Furthermore, relative to yeast14, the 
enhanced stability of human eIF5B on the 40S LIC provides insights 
needed to understand how increased eIF5B abundance drives aberrant 
translation in lung adenocarcinomas44.

For eIF5B to bind stably to the 40S LIC, domain IV of the protein must 
contact both eIF1A and Met-tRNAi

Met. Loss of contacts with either led 
to a 100-fold decrease in eIF5B lifetime on the complex and inhibited 
60S subunit joining. Thus, multiple relatively weak interactions prob-
ably stabilize this conformationally flexible GTPase on the initiation 
complex in its active form. Previous structural analyses of the protein 
in isolation or bound to eIF1A have suggested that eIF5B adopts both 
extended and compact conformations, with domain IV either extended 
away from or adjacent to the G–II–III superdomain40,41,45–47. In the context 
of initiation, contacts with eIF1A may enhance or stabilize extension of 
domain IV away from the G-II-III superdomain of eIF5B, as the compact 
conformation would clash sterically with eIF1A in the ribosomal A site.

Eukaryote-specific contacts between eIF1A and eIF5B reconfigure 
the Met-tRNAi

Met acceptor stem, driven by rotation of eIF5B domain IV 
along the helix 12 axis. This surprising rotation—rather than a rigid, 
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swing-like movement predicted by studies in prokaryotes48 and 
archaea45—funnels the complex into a conformation that slots directly 
into the channel formed by the central protuberance and helix 69 of 
the 60S subunit. Formation of the 80S ribosome triggers hydrolysis 
of GTP by eIF5B to accelerate ejection of eIF1A by helix 69 of the 60S 
subunit (within approximately 100 ms), probably by accelerating 
back-rotation of the 40S subunit from a semi-rotated state to a classi-
cal non-rotated state, similar to prokaryotes49–51. Indeed, inter-subunit 
back-rotation moves the apical loop of helix 69 by around 16 Å further 
into the ribosomal A site, where eIF1A resides. eIF1A departure frees 
eIF5B domain IV and the acceptor stem to rotate approximately 30° 
towards the peptidyl transfer centre. The rotation poises the ami-
noacylated end of the tRNA for its final accommodation upon eIF5B 
departure, which occurs within another few hundred milliseconds. 
Dynamic rotation of eIF5B domain IV mediated by eIF1A therefore plays 
a key role in the late steps of translation initiation.

Collectively, our findings suggest that the eIF1A–eIF5B–Met-tRNAi
Met 

network of interactions serves as a final fidelity checkpoint to ensure 
that initiation complexes are competent for the 60S subunit to join. 
They also demonstrate that eIF5B, mediated by contacts with eIF1A, 
actively remodels the 40S LIC to facilitate 60S subunit joining, rather 
than serving simply as a chaperone of inter-ribosomal subunit contacts. 
Almost immediately after formation of the 80S initiation complex, 
GTP hydrolysis by eIF5B catalyses a series of events that clears the ribo-
somal A site and positions the aminoacylated end of Met-tRNAi

Met in 
the peptidyl transfer centre of the ribosome, which commits the ribo-
some to synthesize a protein.
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Methods

eIF5B cloning
N-terminally truncated (587–1220) eIF5B with an N-terminal ybbR-tag 
and relevant mutants were purchased as geneblocks from IDT and 
cloned into a vector purchased from the UC Berkeley QB3 MacroLab 
(vector 1B) using their standard protocol. Contacts with Met-tRNAi

Met 
were disrupted by R1105A and R1174A substitution. Contacts with eIF1A 
were disrupted by truncation of eIF5B at Q1203 (Δ−helix 14) or five sub-
stitutions that inverted properties along the interaction interface 
(R1188E, Q1189R, R1199E, E1218R and I1219R). All sequences were verified 
by Sanger sequencing. The resulting plasmids encoded eIF5B(587–1220) 
tagged on the N terminus with a 6-histidine tag fused to maltose-binding 
protein (MBP) followed by a TEV protease cleavage site, a short NA linker, 
and the ybbR peptide tag (NH2-6His–MBP–TEV–NA–ybbR–eIF5B-COOH).

β-globin mRNA
A synthetic DNA was purchased from IDT that contained a 5′ flank-
ing sequence (pUC19 backbone sequence), a T7 promoter (TAATACG 
ACTCACTATAG), the human β-globin transcript 1 (NM_000518.5, 628 
nts), 8 non-templated adenosines, and a 3′ flanking sequence (pUC19 
backbone sequence). Linear DNA templates were amplified using 
NEB Phusion polymerase and a 5′ primer (TGACCATGATTACGCC 
AAGC) that annealed upstream of the T7 promoter and a 3′ primer 
(TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTttgcaatgaaaataaatgtttttta 
ttagg) that annealed to the 3′ end of β-globin transcript and encoded a 
poly(A)30 tail. The mRNA was in vitro transcribed using the T7 Megas-
cript kit (Invitrogen, AM1334) and standard conditions. Transcribed 
RNAs were purified using the GeneJET RNA Purification Kit (Ther-
moFisher, K0732). The 3′ terminus was biotinylated by potassium 
periodate oxidation followed by reaction with biotin-hydrazide, as 
described52. The 5′ terminus was capped with a type I 7-methylguanosine 
cap (m7G) using the Vaccinia Capping System (NEB, M2080S) and 
2′-O-methyltransferase (NEB, M0366), following the one-step protocol. 
5′-capped and 3′-biotinylated β-globin mRNA was purified using the 
GeneJET RNA Purification Kit and stored at −20 °C until use.

Purification and fluorescent labelling of ybbR-tagged eIF5B
All wild-type and mutant ybbR-eIF5B expression plasmids were trans-
formed into Rosetta2 cells purchased from the UC Berkeley QB3 Mac-
roLab and grown overnight at 37 °C on LB agar plates supplemented with 
50 µg ml−1 kanamycin. Liquid cultures of single colonies were grown to 
OD600 of 0.5 at 37 °C in LB supplemented with kanamycin. Cultures were 
shifted to 18 °C for 30 min, 0.5 mM IPTG was added, and cultures were 
grown for 16–20 h at 18 °C. Cells were collected by centrifugation at 5,000g 
for 15 min at 4 °C in a Fiberlite F9 rotor (ThermoFisher, 13456093). Cells 
were lysed by sonication in lysis buffer (20 mM Tris-HCl pH 8.0, 300 mM 
NaCl, 10% (v/v) glycerol, 20 mM imidazole, and 5 mM β-mercaptoethanol), 
and lysates were cleared by centrifugation at 38,000g for 30 min at 4 °C 
in a Fiberlite F21 rotor followed by filtration through a 0.22 µm syringe 
filter. Clarified lysate was loaded onto a Ni-NTA gravity flow column 
equilibrated in lysis buffer, washed with 20 column volumes (CV) of lysis 
buffer, 20 CV of wash buffer (20 mM Tris-HCl pH 8.0, 1 M NaCl, 10% (v/v) 
glycerol, 40 mM imidazole, and 5 mM β-mercaptoethanol), and 10 CV of 
lysis buffer. Recombinant proteins were eluted with five sequential CV 
of elution buffer (20 mM Tris-HCl pH 8.0, 300 mM NaCl, 10% (v/v) glyc-
erol, 300 mM imidazole, and 5 mM β-mercaptoethanol). Fractions with 
recombinant protein were identified by SDS–PAGE analysis. The relevant 
fractions were dialysed overnight at 4 °C into TEV cleavage buffer (50 mM 
HEPES-KOH pH 7.5, 200 mM NaCl, 10% (v/v) glycerol, and 1 mM DTT) in the 
presence of excess TEV protease. Fluorescent labelling via the ybbR tag 
was performed essentially as described52,53. In brief, ~10 µM ybbR-eIF5B 
was supplemented with 10 mM MgCl2 and incubated at 37 °C for 90 min 
in the presence of 2–4 µM Sfp synthase enzyme and 20 µM of Cy3.5–CoA 
substrate. Free dye was removed via purification over 10DG-desalting 

columns (Bio-Rad, 7322010) equilibrated in TEV cleavage buffer sup-
plemented with 20 mM imidazole. TEV protease, Sfp synthase, and the 
cleaved 6His tag were removed via a subtractive Ni-NTA gravity column 
equilibrated in TEV buffer, with the flow-through collected. Labelled 
proteins were purified using size-exclusion chromatography (SEC) on 
a Superdex 75 or 200 column (23 ml) equilibrated in SEC storage buffer 
(20 mM HEPES-KOH pH 7.5, 150 mM KOAc, 10% (v/v) glycerol, and 1 mM 
DTT). Fractions containing eIF5B proteins were concentrated using a 
30 kD MWCO Amicon Ultra centrifugal filter, aliquoted, flash frozen on 
liquid N2, and stored at −80 °C.

In vitro extract-based translation assays
The nanoluciferase GAPDH reporter mRNA was prepared as described24. 
Standard HeLa cell-free translation (ThermoFisher, 88882) reactions 
were programmed with a final mRNA concentration of 100 nM and 
840 nM of the indicated eIF5B protein. An equal volume of eIF5B SEC 
(storage) buffer (without protein) was added to a control reaction to 
account for buffer effects on IVT activity. IVT reactions were incubated 
at 37 °C for 45 min and then immediately transferred to an ice water 
bath and diluted 1:1 with cold Glo Lysis Buffer (Promega, E2661). All 
samples were brought to room temperature and mixed with a 1:1 volume 
of nGlow solution (Promega, N1110). Samples (90% of total volume) 
were loaded into non-adjacent wells of a 384-well plate. Sample lumi-
nescence was measured 11 min post nGlow solution addition using a 
BioTek Neo2 multi-mode plate reader (25 °C, 114LUM1537 filter, gain 
of 135). Luminescence signal was monitored for an additional 30 min 
at 3 min intervals to verify luminesce signal of all samples decayed at 
the same rate. Prism8 (Graphpad) was used for all analyses.

Purification of human eIFs, MMeett−−ttRRNNAAii
MMeett and ribosomal subunits

Recombinant eIF154, eIF1A54, eIF3j54, eIF4AI54,55, eIF4E55,56 and eIF557 pro-
teins were purified as described. Recombinant eIF4B was purified essen-
tially as described54,55, except cells were lysed solely by sonication and a 
subtractive Ni-NTA step was added prior to ion-exchange chromatog-
raphy (heparin). Coding sequence for eIF4G residues 165–1599 was 
inserted into 6His-tagged pFASTBAC1 vector and purified similar to a 
described protocol56, with the following modifications: 15 µM leupeptin 
was added to growth media 24 h before collection, cells were lysed by 
sonication, and a subtractive Ni-NTA step was added, which was followed 
by ion-exchange chromatography (heparin) and concentration into SEC 
buffer with 300 mM KOAc. Native human eIF2 and eIF3 (lacking 3j) were 
purified as described54,58. Human Met-tRNAi

Met was transcribed in vitro 
and aminoacylated as described24. eIF1A(S102C) was purified and fluo-
rescently labelled with Cy5 dye as described25. Human 40S and 60S ribo-
somal subunits were purified from the appropriately edited HEK293T 
cell lines and labelled with fluorescent dyes as described24,52. Cell line 
identities were confirmed by PCR assays, Sanger sequencing, western 
blotting, and fluorescence gels (after labelling), as described24. Cells 
were not tested for mycoplasma contamination.

ZMW-based single-molecule spectroscopy
All real-time imaging was conducted using a modified Pacific Bio-
sciences RSII DNA sequencer and the Maggie software (v. 2.3.0.3.154799), 
which were described previously23. All experiments were performed 
at 30 °C (unless otherwise noted) using a 532 nm excitation laser at 
0.32 µW/µm2, which directly excited Cy3 and Cy3.5 dyes. Cy5 and Cy5.5 
dyes were excited via FRET as indicated. Four-colour fluorescence emis-
sion (Cy3, Cy3.5, Cy5 and Cy5.5) was detected at 10 frames per second 
for 600 s. ZMW chips were purchased from Pacific Biosciences, which 
were passivated by reaction with polyvinylphosphonic acid to form a 
covalent Al-polyphosphonate coating59. Prior to imaging, all ZMW chips 
were washed with 0.2% Tween-20 and TP50 buffer (50 mM Tris-OAc 
pH 7.5, 100 mM KCl). Washed chips were coated with neutravidin by a 
5 min incubation with 1 µM neutravidin diluted in TP50 buffer supple-
mented with 0.7 mg ml−1 UltraPure BSA and 1.3 µM of pre-annealed DNA 
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blocking oligonucleotides (CGTTTACACGTGGGGTCCCAAGCACGCG-
GCTACTAGATCACGGCTCAGCT) and (AGCTGAGCCGTGATCTAGTAGC-
CGCGTGCTTGGGACCCCACGTGTAAACG). The imaging surface then 
was washed with TP50 buffer at least four times.

Real-time initiation single-molecule assays. For all single-molecule 
assays, the ‘initiation reaction buffer’ was: 20 mM HEPES-KOH, pH 
7.3, 70 mM KOAc, 2.5 mM Mg(OAc)2, 0.25 mM spermidine, 0.2 mg ml−1  
creatine phosphokinase, 1 mM ATP•Mg(OAc)2, and 1 mM GTP•Mg(OAc)2. 
The ‘imaging buffer’ was the initiation reaction buffer supplemented with 
casein (62.5 µg ml−1) and an oxygen scavenging system60: 2 mM TSY, 2 mM 
protocatechuic acid and 0.06 U µl−1 protocatechuate-3,4-dioxygenase.

To prepare the eIF2–GTP–Met-tRNAi
Met ternary complex, 3.3 µM eIF2 

was incubated in initiation reaction buffer (excluding ATP•Mg(OAc)2) 
for 10 min at 37 °C to saturate eIF2 with GTP. The eIF2–GTP complex 
then was incubated with 2.3 µM Met-tRNAi

Met for 5 min at 37 °C to form 
ternary complex. In a few instances, GTP was replaced with a 
non-hydrolyzable analogue (GDPNP) during formation of ternary com-
plex, which prevents GTP hydrolysis and subsequent departure of eIF2 
from the initiation complex.

To prepare the 43S PIC, 1 µM eIF1, 1 µM eIF1A, 500 nM ternary complex 
(by eIF2), 1.2 µM eIF5, 400 nM eIF3, 1.2 µM eIF3j and 240 nM 40S–Cy3 
subunits were incubated for 5 min at 37 °C in initiation reaction buffer. 
In experiments with double-labelled 43S PICs (40S–Cy3, eIF1A–Cy5), 
unlabelled eIF1A was substituted for an equal concentration (by Cy5) 
of eIF1A(S102C)–Cy5.

In all full real-time single-molecule initiation assays, β-globin mRNA 
with a 5′ m7G cap, poly(A)30 tail, and 3'-terminal biotin moiety was teth-
ered to a prepared and neutravidin-coated ZMW imaging surface. Imme-
diately after tethering and washing the surface with imaging buffer, a 
mixture of 2 µM eIF4A, 440 nM eIF4B, 260 nM eIF4G, and 320 nM eIF4E 
in 20 µl of imaging buffer was added to the surface. The surface and 
reaction mixture were incubated at room temperature for 5-10 min as 
the instrument initialized. At the start of data acquisition, a 20 µl mix-
ture of 10-20 nM 43S PIC (by 40S–Cy3), 2 µM eIF5B, and 200-400 nM 
60S–Cy5/5.5 subunits in imaging buffer was added to the surface. In 
experiments with fluorescently labelled eIF5B, unlabelled eIF5B was 
replaced with 40-80 nM eIF5B–Cy3.5. Importantly, addition of this sec-
ond reaction mixture to the surface doubled the total reaction volume 
(to 40 µl, since 20 µl with eIF4 proteins was already present); thus, final 
concentrations of all components during data collection are halved from 
the values reported above. Final concentrations for labelled compo-
nents in particular figures are reported in the legends and text.

In a few instances, the 48S initiation complex was pre-equilibrated 
and tethered to the imaging surface. To do this, 90 nM 43S PIC (by 
40S–Cy3), 90 nM of β-globin mRNA, 2 µM eIF4A, 1.1 µM eIF4B, 650 nM 
eIF4G, and 800 nM eIF4E was incubated for 15 min at 37 °C in initiation 
reaction buffer. The resulting complex was diluted 1:12.5, immediately 
added to a prepared and neutravidin-coated ZMW imaging surface, 
and incubated for 10 min at room temperature to tether the complex 
to the surface. After washing the surface with imaging buffer, a 20 µl 
mixture of 1 µM eIF1A, 2 µM eIF4A, 440 nM eIF4B, 260 nM eIF4G, and 
320 nM eIF4E in 20 µl of imaging buffer was added to the surface. At the 
start of data acquisition, a 20 µl mixture of 40–80 nM eIF5B ± 200 nM 
60S–Cy5 subunits in imaging buffer was added to the surface. In experi-
ments with labelled eIF1A, a 20 µl mixture with 20 nM eIF1A–Cy5 and 
40 nM eIF5B–Cy3.5 was added to the imaging surface with a tethered 
and double-labelled 48S PIC (in which unlabelled eIF1A was replaced 
with labelled eIF1A). As above, final concentration of all components 
during data collection are halved from the reported values.

To probe the role of GTP hydrolysis by eIF5B, the GTP in the imaging 
buffer was replaced with an equal concentration of the non-hydrolyzable 
analogue GDPNP. In this experimental setup, ternary complex would 
remain in the GTP-bound state, as GTP dissociates very slowly from 
the ternary complex61,62.

Data analysis. Experimental movies that captured fluorescence inten-
sities over time were processed using MATLAB R2018-b as described 
previously23,24,52. In all analyses, ZMWs with the desired fluorescence 
signals were identified by filtering for the desired signals.

To determine EFRET, fluorescence data from individual ZMWs with the 
desired fluorescence signals (for example, 40S–60S FRET) were back-
ground corrected using SPARTAN 3.7.063, with single molecules indi-
cated by single-step photobleaching events of the donor fluorophore.  
FRET on and off states were assigned automatically using vbFRET 
(version june10)64, which were visually inspected and manually  
corrected as needed. An EFRET threshold of 0.1 was used in all experi-
ments. EFRET was defined as:

E
I

I I
=

+FRET
A

D A

where ID and IA represent fluorescence intensities of the donor and 
acceptor fluorophores. EFRET values observed across all events and mol-
ecules were binned (50 bins, −0.2 to 1.2) and fit to gaussian functions 
to determine the mean and standard deviations.

To determine association and dissociation kinetics, binding events 
of individual components (for example, 40S, eIF5B and 60S) were 
assigned manually based on the appearance and disappearance of 
the respective fluorescence signals. The observed times for an event 
to occur from 100–200 individual molecules (that is, ZMWs) were used 
to calculate cumulative probability functions of the observed data 
(cdfcalc, MATLAB), which were fit to single- or double-exponential 
functions in MATLAB (cftool, non-linear least squares method) as 
described23,65. All derived association rates, median association times, 
lifetimes, and the number of molecules examined are reported in the 
relevant figures and legends. The exponential function was defined as:

C t a a( ) = (1 − e ) + (1 − )(1 − e )b t d c t d− ( + ) − ( + )

where t is time (in s), b and c are rates, and d is an adjustment factor. 
If a parameter yielded a phase that represented less than 10% of the 
population, only a single phase was used to derive the respective rate 
and reported (that is, single-exponential function).

Statistical analyses. To calculate errors for the efficiency of a given 
binding event, bootstrap analyses (n = 10,000) were performed to 
calculate 95% confidence intervals for the observed proportions us-
ing R (4.1.2) and RStudio (Ghost Orchid release) (mosaic library, rflip 
approach). To calculate errors for median association times and life-
times, bootstrap analyses (n = 10,000) were performed to calculate 95% 
confidence intervals of the observed median using MATLAB (bootstrp 
and bootci functions). Reported errors for derived rates represent 95% 
confidence intervals yielded from fits to linear, single-exponential or 
double-exponential functions, as indicated.

Formation of the eIF5B-bound 48S initiation complex for cryo-EM 
analysis
The eIF2–GTP–Met-tRNAi

Met ternary complex was formed as above. To 
prepare the 43S PIC, 1.5 µM eIF1, 1.5 µM eIF1A, 1 µM ternary complex (by 
eIF2), 1.5 µM eIF5, 800 nM eIF3, and 600 nM 40S–Cy3 subunits were 
incubated for 5 min at 37 °C in initiation reaction buffer. The 43S PIC was 
incubated on ice. In parallel, 200-mesh Quantifoil R2/1 grids (Electron 
Microscopy Sciences, Q250AR1) were glow-discharged for 25 s in a PELCO 
EasiGlow glow discharger (Ted Pella, conditions: negative charge, 15 mA, 
0.4 mBar, 25 s). After grids were prepared, 300 nM 43S PIC (by 40S), 
500 nM of β-globin mRNA, 1 µM eIF4A, 1 µM eIF4B, 650 nM eIF4G, and 
800 nM eIF4E were incubated for 3 min at 37 °C in initiation reaction 
buffer. Immediately after, 1 µM eIF5B was added and the resulting reac-
tion mixture was incubated for ~55 s at 30 °C. A 3 µl sample from the 



mixture was applied to each grid at 21 °C and 95% humidity. The total 
time elapsed after eIF5B addition until application to the grid was ~60 s, 
and the final concentration of 40S subunit was 250 nM. The sample was 
vitrified by plunging into liquid ethane after 2.5 s blotting using a Leica 
EM GP (Leica Microsystems) plunger.

Cryo-EM data collection, image processing, and structure 
determination
Vitrified grids were screened for ice thickness and intactness on a 
Glacios microscope (ThermoFisher) equipped with a Gatan K2 Sum-
mit direct electron detector. High-resolution data were collected on a 
Titan Krios equipped with a BioQuantum-K3 imaging system operated 
in super-resolution mode with pixel size 0.42 Å per pixel and fluence 
of 20 e A−2 s−1 using SerialEM software (version 3.9beta5). The defocus 
range was set between −0.5 and −2 μm. Image processing was done using 
Relion3.166 with ctf estimation via a wrapper to CtfFind467. After 2 times bin-
ning in motion correction and ctf estimation, a Laplacian autopicking job 
identified 2 million particles in the dataset. Initial particle extraction was 
performed with a binned size of 8 and a 2D classification job (200 classes, 
tau fudge 4 and the subset option deactivated) was used to discard bad 
particles or poorly aligned ones. The selected particles were subjected to 
a 3D refinement job using as initial model a volume obtained by stochas-
tic gradient descent. After 3D refinement, particles were re-extracted 
at bin 8 with the recentre option activated. Next, a 3D classification job 
using a soft mask around the factors and the tRNA and without alignment 
(20 classes, tau-fudge parameter set to 3) found a major population with 
clear features for the tRNA and the factors. Particles belonging to this 
class (~190,000) were selected, re-extracted to bin 2 and re-refined at this 
pixel size. This reconstruction reached ~4 Å resolution which was further 
improved by refinement of the ctf parameters and Bayesian polishing of the 
beam induced particle movements. The final subset of ‘shiny’ particles was 
re-refined and reached an overall resolution of 3.2 Å after post-processing. 
Map exploration revealed features compatible with the reported resolu-
tion, like clear side chain density, especially for tyrosine, phenylalanine, 
leucine and tryptophan residues. Final post-processed maps were used for 
model building in Coot (v. 0.8.9.1)68. Good general density, especially for 
bulky residues, allowed proper tracing of the polypeptide of human eIF5B 
and eIF1A. Modelling of eIF5B was aided by the AlphaFold prediction69, 
which domain wise, fit the experimental maps accurately. Only minor 
manual, rigid-body adjustments of individual domains were necessary 
to fully account for the experimental density prior to stereochemical 
model refinement. The final model was refined in real space with Phenix 
(v. 1.14) imposing secondary structure and Ramachandran restraints70. 
This refined model was checked in Coot, corrected in problematic areas, 
and re-refined in the reciprocal space with Refmac (v. 5.8), using secondary  
structure restraints computed in ProSmart (v. 0.8)71. The quality of the 
final model was monitored by Molprobity (v. 4.5)72. Pymol (v. 2.4) and 
ChimeraX-1.373 were used for analysis of the structure and figure making.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Raw files are available upon request to J.D.P. The cryo-EM map and 
final model of the late 40S initiation complex have been deposited in 
the Electron Microscopy Data Bank under accession EMD-26067 and 
Protein Data Bank under accession 7TQL, respectively.

Code availability
All custom codes used in this study to process and analyse single- 
molecule data are available publicly under an open-source license at: 
https://github.com/puglisilab/Lapointe-2022-Nature. 
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Extended Data Fig. 1 | See next page for caption.



Extended Data Fig. 1 | Real-time monitoring of human ribosomal subunit 
recruitment to β-globin mRNA. a. Human 40S and 60S ribosomal subunits 
were labeled with fluorescent dyes on the N-terminus of uS19 or C-terminus of 
uL18, respectively. These labeling positions yield an inter-subunit FRET signal 
upon formation of translation-competent 80S ribosomes. The structural 
model was obtained from PDB: 4UG0. Of note, the first nine N-terminal amino 
acids of uS19 and last two C-terminal acids of uL18 were unresolved in the 
structure, which also does not account for the fused ybbR tags (11 amino acids). 
Thus, the reported distance between the 40S and 60S labeling sites is only an 
approximation. b. A real-time single molecule fluorescence assay using zero-
mode waveguides (ZMWs) on a custom PacBio RSII DNA sequencer. 
Components of interest are tethered to the imaging surface within individual 
ZMWs, and reaction components are added directly to the surface. Time-
resolved, real-time 4-color fluorescence emission was monitored across 
~150,000 ZMWs after excitation with a 532 nm laser. The order and time 
elapsed between relevant fluorescence signals (e.g., green & orange) were 
determined in ~100–200 ZMWs with the desired signals. Rates of association 
and dissociation were determined using probability based statistical models; 
cumulative distribution functions of the observed times were calculated and 
subsequently fit to exponential functions to yield association or dissociation 
rates, as appropriate. c. Schematic of a real-time single-molecule assay to 
monitor ribosomal subunit joining on tethered β-globin mRNA (the ‘tethered 
mRNA’ setup). β-globin mRNA with a 5' m7G cap, poly(A)30 tail, and 3'-terminal 
biotin moiety was tethered to the neutravidin-coated ZMW imaging surface. 
Immediately after tethering, eIFs 4A, 4B, 4G, and 4E were added. After start of 
data acquisition and excitation via the 532 nm laser at 30 °C, the 43S PIC (5 nM 
via the labeled 40S-Cy3), unlabeled eIF5B (1 µM), 60S-Cy5 subunits (100 nM), 
and 1 mM of ATP and GTP were added. Unlabeled 43S PIC components were 
present at ≥ 1.5-fold excess during each step of the experiment. Fluorescence 
data were acquired for 600 s. d. Cartoon schematic of theoretical single-
molecule fluorescence data where 40S and 60S subunits were recruited to an 
mRNA to form 80S ribosomes. The 40S subunit association time (t40S) was 

defined as the time elapsed from addition of the 43S PIC until appearance of the 
Cy3 signal. The 60S subunit association time (t60S) was defined as the time 
elapsed from 40S subunit association until appearance of the 40S(Cy3,donor)-
60S(Cy5,acceptor) FRET signal. e. Example single-molecule fluorescence trace 
with FRET efficiency (EFRET) plot. Recruitment of the 40S subunit (as the 43S 
PIC) was indicated by a burst of Cy3 (green) fluorescence intensity. 60S subunit 
joining was indicated by appearance of the 40S-60S FRET signal. f. Density 
maps of normalized 40S-Cy3 and 60S-Cy5 fluorescence intensities post-
synced to 60S subunit joining (n = 128). As in the individual trace shown in panel 
D, joining of the 60S subunit led to an anti-correlated decrease in Cy3 and 
increase in Cy5 signals, indicative of intersubunit FRET when the 80S ribosome 
formed. g. Histogram and single gaussian function fit (line) of the observed 
EFRET in the real-time initiation assay. The mean EFRET (µ) was 0.65 ± 0.1 and the 
standard deviation (σ) was 0.17 ± 0.1 (n = 168), consistent with structural 
predictions for translation-competent 80S ribosomes. h. Table of 40S loading 
and 60S joining efficiencies (left) and a plot of observed 40S association times 
(right) in the indicated conditions. 40S subunit loading efficiency (80% 
labeling efficiency in all experiments) was defined as the fraction of 1,000 
analyzed ZMWs with at least one stable (> 10 s) 40S subunit association event. 
The concentration of 40S subunits (5 nM) was optimized to yield a single 
recruitment event per ZMW, which is most probable when < 30% of ZMWs 
contain a recruitment event, as predicted by Poisson distribution statistics. 
60S subunit joining efficiency (with errors propagated from 95% CIs) was 
defined the fraction of recruited 40S subunits (300 analyzed) with a 60S 
subunit joining event (indicated by Cy3-Cy5 FRET), which was normalized to 
account for relative 60S subunit labeling efficiencies (35 or 80% labeled). 40S 
association time (t40S) was defined as above (n = 135, 128, 131, 155, and 137, from 
left to right), and the median observed times are represented by the orange 
lines. i. Cumulative probability plot of 40S and 60S subunit association times 
and the fits to single-exponential functions, which yielded apparent 
association rates of kon,40S ≈ 0.049 ± 0.002 s−1 and kon,60S ≈ 0.033 ± 0.001 s−1 when 
added at 5 nM and 100 nM (final concentration), respectively (n = 128).
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Extended Data Fig. 2 | See next page for caption.



Extended Data Fig. 2 | Real-time analysis of eIF5B-mediated ribosomal 
subunit joining in humans. a. Fluorescence scans of SDS-PAGE gels that 
analyzed purified and fluorescently-labeled eIF5B proteins. ‘WT’ corresponds 
to the wild-type protein with the N-terminal domain truncated (residues 1-586 
removed) and an N-terminal ybbR peptide tag (11 amino acids). ‘H706E’ 
corresponds to the GTPase deficient version of the protein. Each protein was 
analyzed by SDS-PAGE twice. The full scans of the cropped gel are available in 
Supplementary Figure 1. b. Plot of the relative light units (RLU) from 
nanoLuciferase in vitro translation assays where the indicated eIF5B proteins 
were supplemented in the extract (840 nM final concentration). Three 
replicates (n = 3) were completed and are overlayed on the bar plots. Error bars 
represent standard error of the mean. c. Structural model of the yeast 80S 
initiation complex bound by eIF5B (PDB: 6WOO16) used to predict the potential 
distance between the human 40S subunit (ybbR tag fused to N-term of uS19) and 
eIF5B (ybbR tag fused to residue 587) labeling sites. The relatively long 
predicted distance (>130 Å) precluded detection using FRET. eIF5B therefore 
was monitored via direct excitation and emission in all experiments.  
d. Theoretical real-time single-molecule fluorescence data from a ZMW with 
sequential association of the 40S subunit (green), eIF5B (orange), and 60S 
subunit (red), which was followed by departure of eIF5B from the newly-formed 
80S initiation complex. The dwell times were defined as follows: between 
appearance of 40S and eIF5B signals, as the eIF5B association time (t1); between 
appearance of eIF5B and 60S signal, indicated by 40S-60S FRET, as 60S joining 
time (t2); and between appearance of 60S until loss of eIF5B, as eIF5B departure 

time (t3). e. Cumulative probability plots of the observed times at the indicated 
concentrations for eIF5B and 60S subunits at 30 °C. In all experiments, the 43S 
PIC was present at 10 nM (final concentration, via 40S-Cy3). WT and H706E 
indicate whether wild-type or catalytically-inactive eIF5B-Cy3.5 were present, 
respectively. Lines represent fits of observed data to single- or double-
exponential functions, which yielded the indicated association or dissociation 
rates. All errors represent 95% confidence intervals (C.I.). The number of 
molecules analyzed were: 136 (black), 148 (purple), 134 (blue), 146 (red), and 150 
(gray). f. Cumulative probability (top) and Eyring (bottom) plots of observed 
60S joining and eIF5B departure times at 20, 25, 30, and 35 °C. These data were 
obtained using tethered, pre-equilibrated 48S initiation complexes (see, 
Extended Figure 3a for more details on the experiment setup) to provide 
sharper focus on eIF5B dynamics and 60S subunit joining. eIF5B-Cy3.5 and 
60S-Cy5 subunits were present at 20 nM and 100 nM, respectively. Lines on the 
cumulative probability plots represent fits of the observed data to single or 
double-exponential functions, which yielded the indicated rates (errors 
represent 95% C.I.). Eyring plots (bottom) were modeled via linear regression 
analyses, which yielded the indicated enthalpies and entropies of activation. 
The number of molecules analyzed were: 116 (20 °C), 109 (25 °C), 120 (30 °C), and 
44 (35 °C). g. Example single-molecule fluorescence data (top) and density plots 
(bottom) from the tethered mRNA setup when catalytically-inactive eIF5B 
(H706E) was examined at 30 °C. 40S-Cy3, eIF5B(H706E)-Cy3.5, and 60S-Cy5 
subunits were present at 10 nM, 20 nM, and 100 nM, respectively. eIF5B(H706E) 
was unable to depart the 80S initiation complex in the presence of 1 mM GTP.
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | eIF5B associated more rapidly with pre-equilibrated 
48S initiation complexes. a. Schematic of an alternative experimental setup 
(‘tethered 48S’) used to examine eIF5B association with pre-equilibrated 48S 
initiation complexes. In this setup, a pre-formed 48S initiation complex at 
equilibrium on the β-globin mRNA was tethered to the ZMW imaging surface in 
the presence of 1 mM ATP and GTP. After removal of untethered components, 
data acquisition began via excitation with a 532 nm laser, and (final 
concentrations) 20 nM eIF5B-Cy3.5, 100 nM 60S-Cy5 subunits, 1 µM eIF1A, and 
1 mM ATP and GTP were added. ZMWs with tethered 48S PICs were identified by 
the initial presence of 40S-Cy3 fluorescence signal (green). b. Example single-
molecule fluorescence data from a tethered 48S PIC experiment where eIF5B 
association led to 60S subunit joining and rapid departure of eIF5B from the 80S 
initiation complex at 30 °C. The dwells were defined as in the ‘tethered mRNA’ 
experimental setup (see, Extended Data Fig. 2d). c. Comparison of observed 
eIF5B association times (t1) in tethered mRNA versus tethered 48S PIC 
experimental setups at 30 °C. The pre-equilibration of the 48S PIC prior to 
tethering allowed the slow upstream step to proceed, which enabled rapid and 
concentration-dependent eIF5B association. Fits of the observed association 
times are represented by the lines, which yielded the indicated rates (n = 172 and 
111 for 20 & 40 nM, respectively). In one experiment (magenta, n = 113), the 48S 
PIC was formed and pre-equilibrated in the absence of eIF5, and then 2.5 nM eIF5 
was added simultaneously with labeled eIF5B and 60S subunits to the tethered 

48S PIC. The ‘tethered mRNA’ data were replotted from Extended Data Fig. 2e to 
facilitate comparisons. All errors represent 95% C.I. d. Example single-molecule 
fluorescence data from the tethered 48S complex experimental setup where 
wild-type eIF5B-Cy3.5 (20 nM) was added to pre-equilibrated 48S initiation 
complxes either in the absence of 60S subunits (top) or when 60S subunits 
(100 nM) were present but GTP was replaced with 1 mM GDPNP in free solution 
(bottom). e. Plot of the total lifetime of wild-type eIF5B-Cy3.5 on tethered 48S 
complexes in the indicated conditions. In the presence of 60S subunits and 1 mM 
GTP, eIF5B remained on initiation complexes for a total of ~15 s (t2 + t3). The total 
lifetime of eIF5B was lengthened approximately 34-fold to ~510 s when GTP was 
replaced with 1 mM of the non-hydrolyzable analog, GDPNP. eIF5B total lifetime 
also was lengthened dramatically (to ~ 130 s) when 60S subunits were omitted 
and 1 mM GTP was present. f. Table of 60S subunit joining and eIF5B association 
efficiencies when eIF2–Met-tRNAi

Met–GTP or eIF2–Met-tRNAi
Met–GDPNP were 

present at 30 °C. 60S subunit joining efficiency was quantified in the tethered 
mRNA experimental setup with 1 µM unlabeled eIF5B present. The 95% CI of the 
observed efficiencies are indicated, with 200 or 204 40S loading events or 48S 
complexes analyzed in each experiment, respectively. Observed efficiencies 
were corrected to account for the 40S and 60S subunit labeling efficiencies, 
which were 80% and 38%, respectively, with errors propagated from the 
observed 95% CIs. eIF5B association efficiency (45% labeled) was quantified in 
the tethered 48S PIC setup (to facilitate analyses) in the absence of 60S subunits.
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Extended Data Fig. 4 | eIF1A resides on initiation complexes until the 60S 
subunit joins. a. Structural model that depicts the proximity of eIF1A and 40S 
subunit labeling sites. eIF1A was fluorescently labeled via an S102C 
substitution followed by reaction with Cy5-maleimide dye, which yields a fully-
active protein in translation assays, as described previously25. 40S subunits 
were labeled with Cy3 on the N-terminus of uS19, via a fused ybbR tag (11 amino 
acid), as above. The relative proximity of the two labeling sites suggested the 
presence of eIF1A on the 40S subunit could be monitored via FRET. Of note, the 
first three N-terminal amino acids of uS19 were unresolved in the structure, 
which also does not account for the fused ybbR tags (11 amino acids). Thus, the 
reported distance between the 40S and eIF1A labeling sites is only an 
approximation. b, c. Theoretical (top) and example (middle, bottom) real-time 
single-molecule fluorescence data from a ZMW where doubly labeled 43S PICs 
(10 nM via 40S-Cy3; eIF1A-Cy5), 1 µM unlabeled eIF5B, and 200 nM 60S-Cy5.5 
subunits were added to tethered eIF4ABGE-mRNA complexes at 30 °C. During 
imaging, eIF1A-Cy5 was present at 4.5-fold molar excess relative to 40S 
subunits. Key association and dissociation events are labeled on the theoretical 
plot. The lifetime of eIF1A on the 48S PIC (t1A,48S) was defined as the duration of 
individual 40S(Cy3,donor)-eIF1A(Cy5,acceptor) FRET events. In these 
experiments, 60S subunit joining was indicated by appearance of 
40S(Cy3,donor)-60S(Cy5.5,acceptor) FRET. eIF1A lifetime on the 80S complex 
(t1A,80S) was defined as the time elapsed from 60S subunit joining until eIF1A 
departure (loss of 40S-eIF1A FRET). Panel B depicts an mRNA where eIF1A was 
co-recruited with the 40S subunit (signal begins in 40S-eIF1A FRET state) and 
that initial, co-recruited eIF1A protein was present until the 60S subunit joined. 
Panel C depicts a complex where multiple eIF1A binding events occurred prior 
to 60S subunit joining. In both cases, eIF1A departed either concomitantly 
(left) with or within a few hundred milliseconds (right) after 60S subunit 
joining. d. Plot of FRET efficiency (EFRET) distributions for 40S(Cy3,donor)-

eIF1A(Cy5,acceptor) FRET. ‘All’ represents all observed 40S-eIF1A FRET events 
(n = 433), ‘60S joined’ represents events that overlapped with 60S subunit 
joining (n = 175), and ‘No 60S joining’ represents events that did not overlap 
with 60S subunit joining (n = 258). The lines represent fits of the observed data 
to single gaussian functions, which yielded the indicated means (µ) and 
standard deviations (σ). e. Cumulative probability plot of observed eIF1A 
reassociation times with the 48S initiation complex prior to 60S subunit 
joining at 30 °C (n = 258). eIF1A-Cy5 was present at ~45 nM in free solution. 
The line represents a fit of the observed data to a double-exponential function, 
which yielded the indicated rates. All errors represent 95% C.I. f. Cumulative 
probability plot of observed eIF1A lifetimes on either the 48S or 80S initiation 
complexes when either eIF5B-GTP or eIF5B-GDPNP was present at 30 °C. The 
line represents a fit of the observed data to either single- or double-exponential 
functions, which yielded the indicated rates. All errors represent 95% C.I.  
g. Table of 60S subunit joining efficiency when eIF1A-Cy5 was present in or 
eIF1A was absent from initiation reactions. The 95% CI of the observed efficiencies 
are indicated, with 500 40S loading events analyzed in each experiment. 
Observed efficiencies were corrected to account for the 40S and 60S subunit 
labeling efficiencies, which were 80% and 80%, respectively, with errors 
propagated from the observed 95% CIs. h. Cumulative probability plot of 
observed 60S subunit joining times at 30 °C when either 40 nM eIF5B-Cy3.5 (gold, 
n = 134) or 45 nM eIF1A-Cy5 (slate, n = 175) was present. These findings further 
confirmed that fluorescently-labeled eIF1A and eIF5B are fully active, as the 
proteins yielded identical rates of 60S subunit joining as to when the unlabeled 
version is present (unlabeled eIF1A was present in the eIF5B-Cy3.5 experiment, 
and vice versa). Moreover, the rare instances where the 60S subunit joined when 
eIF1A was absent from the reaction (reported in panel H) occurred 4-fold slower 
(grey, n = 100). The lines represent fits of the observed data to single-exponential 
functions, which yielded the indicated rates. All errors represent 95% C.I.
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Extended Data Fig. 5 | eIF1A and eIF5B reside simultaneously on initiation 
complexes when the 60S subunit joins. a. Schematic of single-molecule 
experiments that examined eIF1A and eIF5B dynamics on the 48S initiation 
complex at equilibrium. Pre-formed 48S initiation complexes on β-globin mRNA 
were tethered at equilibrium within ZMWs in the presence of 1 mM ATP and GTP. 
After removal of untethered components, data acquisition began via excitation 
with a 532 nm laser, and an imaging mix that contained (final concentrations) 
10 nM eIF1A-Cy5 (red) and 20 nM eIF5B-Cy3.5 (orange) was present at 30 °C. ZMWs 
with tethered 48S PICs were identified by the initial presence of 40S-Cy3 
fluorescence signal (green). b. Rudimentary structural comparison where a low-
resolution model of human eIF5B (PDB: 4UJC) was docked onto a high-resolution 
model of a mammalian 48S PIC post-recognition of the start codon (PDB: 6YAL). 
From these crude analyses, eIF1A was predicted to be within FRET distance (< 80 Å) 
of the N-terminus of truncated eIF5B, consistent with the eIF5B(Cy3.5, donor)-
eIF1A(Cy5,acceptor) FRET signal observed in our single-molecule assays.  
c. Example single-molecule fluorescence data that depicts either: top, a complex 
with 40S(Cy3,donor)-eIF1A(Cy5,acceptor) FRET in the absence of eIF5B signal 
(‘eIF5B absent’); bottom, a complex with both 40S(Cy3,donor)-eIF1A 
(Cy5,acceptor) and eIF5B(Cy3.5,donor)-eIF1A(Cy5,acceptor) FRET, (‘eIF5B 
present’). Focused analyses were conducted on both forms of the 48S PIC to derive 
kinetic parameters. d. Cumulative probability plots of observed eIF1A 
reassociation times with (left) or eIF1A lifetimes on (right) the 48S initiation 
complex at 30 °C at equilibrium. eIF1A-Cy5 was present at 10 nM. The lines 
represent fits of the observed data to double-exponential functions, which yielded 
the indicated rates. All errors represent 95% C.I. 831 and 589 eIF1A binding events 
were analyzed when eIF5B was present or absent, respectively. e. Schematic of the 
four-color single-molecule experiment. The doubly labeled 43S PIC (10 nM by 
40S-Cy3; eIF1A-Cy5), 40 nM eIF5B-Cy3.5, and 200 nM 60S-Cy5.5 subunit were 
added to b-globin mRNA tethered within ZMWs in the presence of saturating 
concentrations of eIFs 4A, 4B, 4G, and 4E, and 1 mM ATP and GTP at 30 °C. During 

imaging, eIF1A-Cy5 was present at 4.5-fold molar excess relative to the 40S 
subunit. Fluorescence data were acquired for 600 s with excitation via the 532 nm 
laser. The potential FRET signals are indicated in the box. f, g. Theoretical (panel F) 
and example (panel G) four-color single-molecule fluorescence data from a ZMW 
where a loaded doubly labeled 43S PIC (40S-Cy3, green; eIF1A-Cy5, red) was bound 
by eIF5B-Cy3.5 (orange), which was followed by 60S-Cy5.5 (purple) subunit joining. 
The 43S PIC was recruited in a 40S(Cy3, donor)-eIF1A(Cy5, acceptor) FRET state. 
Once eIF5B bound, the eIF1A-Cy5 signal increased due to eIF5B(Cy3.5, donor)-
eIF1A(Cy5, acceptor) FRET. Joining of the 60S subunit was indicated by appearance 
of Cy5.5 fluorescence signal due to 40S(Cy3, donor)-60S(Cy5.5, acceptor) FRET. 
Departure of eIF1A-Cy5 and eIF5B-Cy3.5 was indicated by loss of Cy5 and Cy3.5 
fluorescence signals, respectively. In panel G, the full experimental window is 
depicted on the left, and the middle and right panels represent zoomed views of 
the indicated time windows. Given bleed through across the four fluorescent 
channels, the fluorescence signals in each channel were made transparent before 
relevant events for presentation here. h. Quantification of eIF1A and eIF5B 
occupancy upon 60S subunit joining in the four-color single-molecule 
experiment. The potentially convoluted FRET signals and fluorescence bleed 
through among channels and factors precluded rigorous kinetic analyses, as exact 
frames for association and dissociation were extremely challenging to assign. 
However, the experiment did allow the presence of eIF1A and eIF5B upon 60S 
subunit joining to be quantified unmistakably. On a large majority of 48S initiation 
complexes (183/271), eIF1A-Cy5 signal was present when the 60S subunit joined, 
which corresponded to an estimated eIF1A occupancy of about 85 ± 5 % after 
correction for eIF1A labeling efficiency (~80 %). Of those eIF1A-bound 48S 
complexes, nearly half (88/183) also contained eIF5B-Cy3.5 signal when the 60S 
subunit joined, which indicated that about 90 ± 10 % of the 48S PICs contained both 
eIF1A and eIF5B, after correction for eIF5B labeling efficiency (~45%). eIF1A preceded 
eIF5B association on nearly all (79/88; 90 ± 20 %) 48S complexes that contained both 
labeled proteins when the 60S subunit joined.
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Extended Data Fig. 6 | Fourier Shell Correlation curves, local resolution, 
particle distribution plot and representative cryo-EM density examples.  
a. Fourier Shell Correlation (FSC) curves computed for independently refined 
half-maps of the final subgroup of particles before masking (blue) and after 
masking (black). The red curve corresponds to FSC curve of phase-randomized 
structure factors beyond 7Å. b. Model versus map FSC (black). Red and blue 
curves correspond to a model-map overfitting validation test performed for 
the final model. A per-atom, random distortion of 0.5Å was introduced in the 
model which was subsequentially refined against half-map 1 only. FSC between 

the distorted and refined model against half-map 1 (blue) and half-map 2  
(red, not included in the refinement) are nearly identical. c. Unsharpened map 
colored according to local resolution calculations with the resolution scale 
indicated on the left and a zoomed view for Met-tRNAi

Met/eIF1A/eIF5B on the 
right. d. Eulerian angular distribution for the final refined set of particles in a 
mollweide spherical projection. e. Several views of the final post-processed 
cryo-EM density used for model building and refinement. The areas of the map 
to which the different views belong are indicated.



Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | eIF5B, through contacts with eIF1A, reorients 
MMeett−−ttRRNNAAii

MMeett  conformation in initiation complexes. a. Post-processed cryo-
EM density with eIF1A colored red, Met-tRNAi

Met green, and eIF5B blue. While 
nearly the entire flexible C-terminal tail of eIF1A was disordered, extra density 
proximal to W1207 of eIF5B was observed, which likely corresponds to I141 in 
the eIF1A C-terminal tail. b. Position of eIF1A and Met-tRNAi

Met in scanning, post-
scanning, and eIF5B-bound initiation complexes. eIF1A remains bound in the 
ribosomal A site throughout initiation, until the 60S subunit joins. c. Structural 

models of the 40S subunit (with ribosomal proteins omitted) that indicate 
movement of the 18S rRNA in the indicated states relative to the final position 
in the elongation-competent 80S ribosome. In both the post-scanning and 
eIF5B-bound states, the 40S head region resembles the conformation in the 
80S ribosome. d. Comparison of Met-tRNAi

Met conformations in scanning-
competent (orange), post-scanning (grey), and eIF5B-bound 48S (green) 
complexes. eIF5B reorients the elbow and acceptor stem region of Met-tRNAi

Met 
to avoid steric clashes (black arrowheads) with the incoming 60S subunit.
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Extended Data Fig. 8 | eIF5B contacts with eIF1A and MMeett−−ttRRNNAAii

MMeett  mediate 
60S subunit joining. a. Alignments of human and yeast eIF5B protein 
sequences at the indicated regions. b. Fluorescence scans of a SDS-PAGE gel that 
analyzed the indicated purified and fluorescently-labeled eIF5B proteins. All 
proteins had the N-terminal domain removed (residues 1-586) and contained an 
N-terminal ybbR peptide tag (11 amino acids). Each protein was analyzed by SDS-
PAGE twice. The full scans of the cropped gel are available in Supplementary 
Figure 1. c. Schematic of the single-molecule experiment to assess the role of the 
indicated residues in eIF5B. The 43S PIC (10 nM via 40S-Cy3 subunits, green), 
wild-type or mutant eIF5B-Cy3.5 (orange, at 20 or 40 nM), and 100 nM 60S-Cy5 
(red) subunit were added to β-globin mRNA tethered within ZMWs in the 
presence of saturating concentrations of eIF4ABGE and 1 mM ATP and GTP at 
30 °C. Fluorescence data were acquired for 600 s with excitation via the 532 nm 
laser. d. Theoretical real-time single-molecule fluorescence data from a ZMW 
with sequential association of the 40S subunit (green), eIF5B (orange), and 60S 
subunit (red), which was followed by departure of eIF5B from the newly-formed 
80S initiation complex. In this experiment, the lifetimes of all eIF5B binding 
events that began prior to 60S subunit joining were analyzed. Events that 
concluded prior to 60S subunit joining were classified as ‘samples’, and events 
that concluded after the 60S subunit joined were classified as ‘productive’. 
To facilitate cross-comparisons in these experiments, the 60S subunit joining 
time was defined as the time elapsed from 40S subunit loading (appearance of 

green fluorescence) until 60S subunit joining, as indicated by 40S(Cy3, donor)-
to-60S(Cy5, acceptor) FRET. e. Example single-molecule fluorescence data 
obtained when the indicated eIF5B proteins were present. The left plots 
represent the fluorescence intensities throughout the entire 600 s data 
collection window, and the right are zoomed views of events of interest.  
f. Fraction of observed eIF5B binding events on the 48S complex that were 
samples or productive, defined as in panel D. g. Cumulative probability plots of 
observed eIF5B lifetimes on the 48S complex when the indicated eIF5B protein 
was present at the indicated concentration (20 or 40 nM). The lines represent 
fits of the observed data to double-exponential functions, which yielded the 
indicated rates. All errors represent 95% C.I. The number of binding events 
analyzed (n) are indicated in the figure. h. Table of the 60S subunit joining 
efficiency in ZMWs that contained at least one 40S subunit loading event when 
the indicated eIF5B proteins were present at 40 nM. The 95% CI of the observed 
efficiencies are indicated, with 1,000 40S loading events analyzed in each 
experiment. Relative efficiencies were determined relative to the wild-type 
protein, with errors propagated from the 95% CIs. i. Cumulative probability 
plots of observed 60S joining times on the 48S complex when the indicated 
eIF5B protein was present at the indicated concentration (20 or 40 nM). The 
lines represent fits of the observed data to exponential functions, which yielded 
the indicated rates. All errors represent 95% C.I. The number of binding events 
analyzed (n) are indicated in the figure.



Extended Data Table 1 | Cryo-EM data collection, model refinement, and validation statistics
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the PacBio RSII embedded program, Maggie (v. 2.3.0.3.154799).
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Phenix (1.14), Refmac (5.8), ProSmart (0.8), and Molprobity (4.5). Figures and movies were prepared using Pymol (v. 2.4) and ChimeraX-1.3. 
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All single-molecule data are included in the manuscript. Raw files are available upon request to J.D.P. The raw data files are large (representing almost 1 TB of data), 
and there is no standard repository for single-molecule data, which is why they have not been deposited publicly. In light of this, we have found requests to J.D.P. to 
be the most efficient way to share the data. 
 
The cryo-EM map and final model of the late 40S initiation complex described within are deposited in the Electron Microscopy Data Bank (EMDB, EMD-26067) and 
Protein Data Bank (PDB, 7TQL), respectively. 
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Sample size We did not perform power analysis for sample size determination. As much single-molecule data as possible were collected to enable 
subsequent analyses, using in-house benchmarks of at least 100 analyzed events.

Data exclusions Some single-molecule data were excluded due to noise and the lack of relevant fluorescent signals. 
 
Some cryo-EM particles were excluded from analyses as informed by multiple rounds of 2D and 3D classifications. Excluded particles did not 
match the 2D projections nor 3D reconstructions and most likely represent contamination or low-resolution features.

Replication Replication findings were reliably reproduced and matched with findings from other methods, when possible.

Randomization Samples were not randomized as it does not involve clinical data and no statistical methods were used that require randomization.

Blinding Experiments were not blinded as it does not involve clinical data.
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Policy information about cell lines

Cell line source(s) Parental line HEK293T cells were purchased from ATCC. Engineered HEK293T cell lines were generated in house, which were 
described previously in Lapointe et al., 2021. PNAS.

Authentication Cell line identity and correct editing was confirmed by PCR, western blotting, and Sanger sequencing, as described and 
detailed in Lapointe et al., 2021, PNAS.

Mycoplasma contamination Cell lines were not tested for mycoplasma contamination.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used in this study.
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