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Figure 1. Mechanism of didemnin and ternatin-4 inhibition revealed by smFRET. (A) Schematic of the experimental setup. Acceptor Cy5 (red circle)-
labeled eEF1A(GTP)-aa-tRNA ternary complex is delivered to 80 S initiation complexes with donor Cy3 (green circle)-labeled P-site tRNA. eEF1A 
is colored by domain (I-III). Codon recognition (CR, low FRET,~0.2, solid) leads to a pre-accommodated GTPase-activated (GA, mid FRET,~0.45, 
transparent) state, where eEF1A docks on the large subunit GTPase activating center (GAC). Accommodation (AC) and peptide bond formation 

Figure 1 continued on next page
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produce a pre-translocation complex, which samples classical (high-FRET,~0.7) and hybrid (H, mid-FRET,~0.25–0.4) conformations in equilibrium. Inset 
shows the didemnin (DB, orange) and ternatin-4 (T4) binding site on eEF1A (PDB-ID: 5LZS) (Shao et al., 2016). (B–D) Representative smFRET traces, 
(top) and post-synchronized population histograms of N traces (bottom) of accommodation dynamics of pre-steady state reactions in the presence 
of (B) DMSO (control) or 20 µM (C) didemnin or (D) ternatin-4. Dotted circles and shading behind traces indicate the state assignment as described 
in (A; white, unbound; light gray, CR/GA; dark gray, accommodated). (E, F) Dose-response curves of the accommodated fraction in the presence of 
(E) didemnin or (F) ternatin-4. Error bars: s.e.m. from 1000 bootstrap samples. (G–I) Population histograms of N traces for steady-state reactions, formed 
with ternary complex containing recombinant wild-type (wt) or A399V eEF1A. See also Figure 1—figure supplements 1–3.

Figure 1 continued
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Figure 1—figure supplement 1. Molecular structures of (A) didemnin (didemnin B) and (B) ternatin-4.
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Figure 1—figure supplement 2. Dose response profiles of the accommodated fraction for (A) intermediately 
active ternatin-3, and (B) inactive ternatin-2. Error bars: s.e.m. from 1000 bootstrap samples.
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Figure 1—figure supplement 3. Recombinant expression of Flag-tagged eEF1A. (A) Coomassie-stained 
SDS-PAGE gel loaded with rabbit reticulocyte lysate (RRL) eEF1A (left) and wild type (WT, a) or mutant (A399V, 
b) recombinant Flag-eEF1A (right) and (B) corresponding concentration calibration plot. See also Figure 1—figure 
supplement 3—source data 1 Data 1.
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Figure 2. Mechanistic differences between didemnin and ternatin-4. (A) Schematic of the experimental setup, as 
in Figure 1A. Acceptor Cy5 (red circle)-labeled eEF1A(GTP)-aa-tRNA ternary complex is delivered to 80 S initiation 
complexes with donor Cy3 (green circle)-labeled P-site tRNA. Hidden Markov modeling (McKinney et al., 2006) 
was used to assess the frequency of transitions from the mid-FRET GTPase-activated (GA,~0.45 FRET) state to 
low-FRET codon recognition (CR-like,~0.2 FRET) and high-FRET accommodated (AC-like,~0.7 FRET) states, 
representing “initial selection” and “proofreading”, respectively. Transitions from classical high-FRET AC-like 
states to mid-FRET hybrid states were inhibited by inclusion of cycloheximide (CHX) to aid analysis. (B) Transition 
density plots of pre-accommodated complexes reveal attenuated sampling of the high-FRET state comparing 
absence of drug (left), or in the presence of saturating (20 µM) didemnin (middle) or ternatin-4 (right). (C) Apparent 
transition rates ki→j between FRET states (low, mid, high) in aa-tRNA selection experiments prior to the first dwell in 
high FRET for ≥150ms with standard errors from 1000 bootstrap samples. See also Table 1. (D) Ratio of mid-to-high 
(GA-to-AC) over mid-to-low (GA-to-CR) transitions. Error bars: s.e.m. from 1000 bootstrap samples. (E) Survival 
plots reveal increased mid-FRET (GA/GA-like) lifetimes with didemnin and ternatin-4 (line width = s.e.m. from 

Figure 2 continued on next page
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1000 bootstrap samples). (F, G) Population histograms of N traces after extended incubation in the presence of 
CHX and 20 µM (F) didemnin or (G) ternatin-4 reveals ‘sneak-through’ to high-FRET pre-translocation complexes. 
(H) Didemnin/CHX- or (I) ternatin-4/CHX-stalled complexes were washed in the presence of CHX in the first second 
of each movie, revealing aa-tRNA accommodation, concomitant with drug dissociation. See also Figure 2—figure 
supplement 1.

Figure 2 continued
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Figure 2—figure supplement 1. Didemnin more effective inhibits aminoacyl-tRNA accommodation into the 
ribosome. (A, B) Time course of accommodation in the presence of 350 µM cycloheximide (A) with 20 µM 
didemnin (orange) or ternatin-4 (red) in solution (black line: linear fits) and (B) after washing out free drug from 
stalled complexes (black line: exponential fits). (C–E) Equilibrium population histograms of N traces of (C) drug-free 
pre-translocation complex, (D) didemnin- or (E) ternatin-4-stalled complexes 5 min after washout.
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Figure 3. Cryo-EM structure of ternatin-4 stalled rabbit 80S-eEF1A-aa-tRNA complex. (A) Overview of the cryo-EM density map of the ternatin-4-
stalled rabbit elongation complex viewed from the small subunit head domain (left) and into the GTPase activating center (GAC) from the leading edge 
(middle) comprising the large (gray) and small (light blue) ribosomal subunits, peptidyl-tRNA (P site, green), deacyl-tRNA (E site, gold), aminoacyl-tRNA 
in the pre-accommodated ‘A/T’ state (aa-tRNA, purple), eEF1A (blue), and ternatin-4 (T4, red). Inset (right) shows cryo-EM density of eEF1A ternary 
complex on the ribosome highlighting density for T4 with eEF1A colored by domain. Atomic model of eEF1A and aa-tRNA from PDB-ID: 5LZS (Shao 
et al., 2016) was rigid-body fit into the cryo-EM map. (B) Zoom-in of cryo-EM density at the interface between the G domain and domain III of eEF1A 
that has been assigned to T4, colored as in (A, right). Residue A399 (yellow), which confers resistance to didemnin (DB) and T4 and when mutated 
to valine, is adjacent to the density for T4. Computationally derived model of T4 (Sánchez-Murcia et al., 2017) was rigid-body fit into the cryo-EM 
density. Red arrow denotes unassigned density that could be assigned to T4. (C, D) Overlay of (C) the atomic model and (D) the cryo-EM density of DB 
(orange, EMD-4130) and T4, Orange arrow denotes the dimethyltyrosine (Me2Tyr) moiety of didemnin. All cryo-EM density is contoured at 3.5 σ. See also 
Figure 3—figure supplements 1–4.
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Figure 3—figure supplement 1. Cryo-EM processing of the ternatin-4 stalled rabbit 80S-eEF1A-aa-tRNA 
structure. (A) Flowchart of cryo-EM image processing. (B) Fourier Shell Correlation (FSC) curve for the final 
reconstruction. Based on the FSC = 0.143 criterion the map reaches a nominal resolution of 4.1 Å. (C) Local 
resolution of the refined map showing an overview and eEF1A (inlay). The local resolution for the eEF1A(GDP)-aa-
tRNA ternary complex is lower than the surrounding ribosome due to flexibility.
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Figure 3—figure supplement 2. Structural comparison of the ternatin-4-stalled rabbit elongation complex with a published prediction of ternatin 
binding. (A) Overview of the cryo-EM density maps of the ternatin-4-stalled rabbit elongation complex (left) comprising the large (gray) and small (light 
blue) ribosomal subunits, peptidyl-tRNA (P site, green), aminoacyl-tRNA in the pre-accommodated “A/T” state (aa-tRNA, purple), eEF1A (blue), and 
ternatin-4 (T4, red). (Inlay) Atomic model of eEF1A and aa-tRNA from PDB-ID: 5LZS, colored by domain was rigid-body fit into the cryo-EM map and 
aligned to a published molecular dynamics model of ternatin docked to eEF1A (gray) (Sánchez-Murcia et al., 2017). (B, C) Zoom-in of the overlay 
from panel (A, inlay) of the ternatin-4 binding site at the interface between the G domain and domain III of eEF1A, colored as in (A, inlay). Residue A399 
(yellow), which confers resistance to ternatin and didemnin when mutated to valine, is adjacent to the density for T4.
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Figure 3—figure supplement 3. Cryo-EM processing of the didemnin and ternatin-4 stalled human 80S-eEF1A-aa-tRNA structures. (A) Flowchart of 
cryo-EM image processing for final map generation for ternatin-4 (T4, red, left) and didemnin (DB, orange, right). (B, C) Fourier Shell Correlation (FSC) 
curve for the final reconstructions for (B) T4 and (C) DB. (D, E) Local resolution of the refined maps for (D) T4 and (E) DB viewing overview and eEF1A 
(inlays). The local resolution for the eEF1A-aa-tRNA ternary complex is lower than the surrounding ribosome due to flexibility.



 ﻿Research article﻿﻿﻿﻿﻿ Biochemistry and Chemical Biology

Juette, Carelli et al. eLife 2022;11:e81608. DOI: https://doi.org/10.7554/eLife.81608 � 14 of 19

Figure 3—figure supplement 4. Cryo-EM structures of didemnin and ternatin-4 stalled human 80S-eEF1A(aa-tRNA) complexes. (A, B) Overview of the 
cryo-EM density maps of the (A) didemnin- and (B) ternatin-4-stalled human initiation complexes viewed from the small subunit head domain (left) and 
into the GTPase activating center from the leading edge (middle) comprising the large (gray) and small (light blue) ribosomal subunits, peptidyl-tRNA 
(P site, green) and deacyl-tRNA (E site, gold), aminoacyl-tRNA in the pre-accommodated ‘A/T’ state (aa-tRNA, purple), eEF1A (blue), and didemnin 
(DB, orange) or ternatin-4 (T4, red). Inlays (right) show cryo-EM density of eEF1A ternary complex on the ribosome highlighting density for (A) DB or 
(B) T4, with eEF1A colored by domain. Atomic model of eEF1A and aa-tRNA from PDB-ID: 5LZS (Shao et al., 2016) was rigid-body fit into both cryo-EM 
maps. (C, D) Zoom-in of unaccounted cryo-EM density at the interface between the G domain and domain III of eEF1A has been assigned to (C) DB 
and (D) T4, colored as in (A, B; left). Residue A399 (yellow), which confers resistance to ternatin and DB when mutated to valine, is adjacent to the 
overlapping drug binding pocket. All cryo-EM density is contoured at 2.5 σ.
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Figure 4. eEF1A is more dynamic when bound to ternatin-4 than to didemnin. (A) Overview of the domain 
architecture of the eEF1A ternary complex from PDB-ID: 5LZS (Sánchez-Murcia et al., 2017) as viewed from 
the leading edge of the rabbit 80 S ribosome and the sarcin ricin loop. G-domain (blue) elements include 
switch I (yellow), switch II (lime), the P loop (dark green), helix α2 (dark blue), and a bound GDP (light purple) 
in the nucleotide binding pocket. Inset shows density for the GDP nucleotide. Model of the computationally 
derived model of ternatin-4 (T4, red) (Shao et al., 2016) is shown to indicate the drug binding pocket location. 
(Inlay) Dotted circle indicates the approximate location of the γ phosphate when GTP is bound. (B, C) Atomic 
models of eEF1A and aa-tRNA from PDB-ID: 5LZS were rigid-body fit into the cryo-EM density shown in surface 
representation of the eEF1A G domain when stalled with didemnin (DB, orange, EMD-4130, left) (Shao et al., 

Figure 4 continued on next page
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2016) or T4 (right) on the elongating rabbit 80 S ribosome, colored as in (A). Dotted lines indicate regions of 
weakened cryo-EM density in the T4-stalled eEF1A G domain in the C terminus of helix α2. Panels highlight (B) the 
nucleotide binding pocket of eEF1A and switch loop architecture and (C) the junction between the large subunit, 
eEF1A helix α2, and small subunit (light blue) rRNA helix 14. All cryo-EM density is contoured at 3 σ. See also 
Figure 4—figure supplement 1.

Figure 4 continued
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Figure 4—figure supplement 1. The G domain of eEF1A is more dynamic when bound to ternatin-4 than to didemnin on the human 80 S ribosome. 
(A) Overview of the domain architecture of eEF1A ternary complex from PDB-ID: 5LZS (Shao et al., 2016) bound to didemnin (DB, orange, left) or 
ternatin-4 (T4, red, right) as viewed from the leading edge of the human 80 S ribosome and the sarcin ricin loop. G-domain (blue) elements include 
switch I (yellow), switch II (lime), the P loop (dark green), helix α2 (dark blue), a bound GDP (light purple) in the nucleotide binding pocket, a pre-
accommodated ‘A/T’ state (aa-tRNA, pink), and ternatin-4 (T4, red). (B, C) Atomic models from PDB-ID: 5LZS and cryo-EM density shown in surface 
representation of the eEF1A G domain when stalled with DB (left) or T4 (right) on the human 80 S ribosome, colored as in (A). Panels highlight (B) the 
nucleotide binding pocket of eEF1A and switch loop architecture and (C) the junction between the large subunit, eEF1A helix α2, and small subunit 
(light blue) rRNA helix 14. All cryo-EM density is contoured at 2 σ.
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Figure 5. Cellular effects of ternatin-4, but not didemnin, are reversible upon washout. (A) Dose-dependent effects 
of didemnin (orange) and ternatin-4 (red) on protein synthesis in HCT116 cells under continuous treatment (4 hr). 
Protein synthesis was quantified by homopropargylglycine pulse (1 hr) followed by fixation and copper-mediated 
conjugation to CF405M azide fluorophore and analyzed by FACS. (B) HCT116 cells were treated with didemnin 
(100 nM, orange) or ternatin-4 (500 nM, red) for 4 hr, followed by washout. Protein synthesis was quantified as 
in (A) at 1, 2-, 4-, 8-, or 24 hr post-washout. (C) Histograms corresponding to panel (B) for didemnin (left) and 
ternatin-4 (right). (D) Jurkat cells were treated with didemnin (100 nM, left) or ternatin-4 (500 nM, right) or for 1, 2, 4, 
8, or 24 hr, stained with Annexin V-FITC (AV+, apoptotic) and propidium iodide (PI+, green, dead), and analyzed by 
FACS. (E) Jurkat cells were treated with didemnin (100 nM, orange) or ternatin-4 (500 nM, red) for 2 hr followed by 
washout and 22 hr incubation in drug-free media or for 24 hr and analyzed as in (D). Bar graphs show the ratio of 
live cells. See also Figure 5—figure supplement 1.
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Figure 5—figure supplement 1. Dose response curve for Jurkat cells treated for 24 hr with the indicated 
compound. Cells were stained with propidium iodide (PI-) and analyzed for cell death by flow cytometry.


