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Ternatin: target identification, mechanism of action, and use as a chemical probe for the 

translation elongation factor 1A 

Jordan D Carelli 

Abstract 

This thesis describes my odyssey with ternatin, a fungus-born poison that kills cancer 

cells. It follows the path of chemical biology––using tools from chemistry to interrogate biological 

systems. Inspired by the rich history of natural products as both clinical drugs and chemical 

probes, we set out to discover ternatin’s target and mechanism of action. We found that ternatin 

disrupts a central biological process, protein translation, by binding to the translation elongation 

factor 1A.  

Chapter 1 introduces the reader to the deep field of translational elongation. eEF1A 

participates in a carefully orchestrated series of reactions with guanine nucleotides, transfer 

RNAs (tRNAs), a guanine nucleotide exchange factor, and the elongating ribosome. Thus, the 

possible points of inhibition and pharmacological implications for each possible inhibitory 

mechanism are myriad. Chapter 2 describes initial work synthesizing improved ternatin 

congeners. Ternatin-4, our most potent compound, killed cancer cells at doses ranging into the 

high picomolar. Furthermore, we synthesized a photo-affinity ternatin derivative to directly 

identify the cellular target. Photo-labeling experiments, along with biochemical reconstitution 

and a drug-resistance mutation identified the eEF1A ternary complex with GTP and aminoacyl 

tRNA (aa-tRNA) as the target of ternatin. 

We next followed ternatin into the field and methods of translation biochemistry, working 

with collaborators to characterize the kinetic and structural basis of ternatin’s mode of action: 

trapping eEF1A on elongating ribosomes. Chapter 3 thus describes the mechanism of ternatin 

and compares it with an unrelated natural product, didemnin B. Didemnin B competes with 

ternatin for eEF1A binding, and traps eEF1A on the ribosome, but in a kinetically distinct state. 

Comparative pharmacological analysis of ternatin-4 and didemnin B in intact cells revealed that 
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biochemical differences correlated with qualitative pharmacological differences; despite similar 

potencies under continuous treatment, the effects of ternatin-4 could be reversed upon washout, 

whereas didemnin B was irreversible. Intriguingly, ternatin-4 was also less toxic to 

cardiomyocytes than didemnin B, leading us to speculate that ternatin-4 might have an 

improved safety profile compared to didemnin B.  

 Finally, while musing on recent findings in translational quality control, specifically that 

the first known mechanistic step for rescuing aberrantly stalled ribosome ought to be inhibited 

on ternatin-trapped ribosomes, we unexpectedly found that ternatin induces degradation of 

eEF1A. Degradation appears to be specific to ternatin’s mechanism of action, as didemnin B did 

not induce similar degradation. Proteasome inhibitors prevented eEF1A degradation, 

suggesting the presence of an as-yet undiscovered ubiquitin pathway for targeted eEF1A 

degradation. We describe a fluorescent reporter system for studying ternatin-induced eEF1A 

degradation. Studying the ternatin-induced eEF1A degradation pathway may reveal new 

components of the ribosome-associated quality control pathway. 
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Abstract 

Translational elongation, the process of mRNA decoding and polypeptide synthesis, involves 

tight coordination between the 80S ribosome and GTP-dependent elongation factors. The 

translation elongation factor 1A (eEF1A in eukaryotes, EF-Tu in prokaryotes) increases the rate 

and fidelity of the decoding process by chaperoning tRNAs to the ribosome. Here, I review the 

biochemical mechanism of eEF1A in translational elongation, and introduce EF-Tu and eEF1A 

inhibitors.  

 

Overview of the translation elongation cycle 

After translation initiation, a complicated mechanism involving many factors (reviewed in 

reference 1), polypeptide synthesis proceeds through iterations of translational elongation 

(Figure 1-1). Throughout translational elongation, as messenger RNA (mRNA) is read in the 5’ 

to the 3’ direction, transfer RNAs (tRNAs) transit three primary sites on the ribosome: A 

(decoding, affinity for aa-tRNA), P (peptidyl tRNA), and E (deacyl tRNA) where tRNA exits the 

ribosome2. Each elongation cycle begins with an unoccupied ribosome A-site containing the 

mRNA triplet codon to be decoded, P-site peptidyl tRNA, and E-site deacyl tRNA (Figure 1-1, 

left). The translation elongation ternary complex containing aminoacyl tRNA (aa-

tRNA)•eEF1A•GTP then samples the A-site for codon-anticodon interactions. Detection of 

cognate codon/anti-codon interactions activates the eEF1A GTPase, causing hydrolysis of GTP 

to GDP, release from the ribosome, and peptide bond formation (a more detailed discussion 

follows below). The resulting A-site peptidyl tRNA bound ribosome (Figure 1-1, middle) is the 

substrate for the second translational GTPase, eEF2 (EF-G in prokaryotes). eEF2 binding and 

subsequent GTP hydrolysis translocates the peptidyl tRNA to the ribosomal P-site, and shifts 

the mRNA position by one codon. 
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Figure 1-1 The translation elongation cycle 
After initiating on mRNA, elongating 80S ribosomes (60S + 40S subunits) synthesize polypeptides, with the 
assistance of translational GTPases, through iterative decoding (eEF1A) and translocation (eEF2). 

 

By this iterative cycle, translation elongation proceeds on average at ~6 amino acids per 

second in human cells3. Each mRNA typically harbors multiple actively elongating ribosomes, 

termed polyribosomes, which further increases the protein production potential of each mRNA4. 

Decoding the 64 triplet codons occurs with remarkable fidelity, given the subtle differences 

between any two aa-tRNAs; only around 1 in 103-104 amino acids are misincorporated5. Misstep 

in translational elongation can lead at best to wasted cellular energy and at worst, production of 

toxic products, or catastrophic failure of protein production and cellular death/disease. At the 

heart of rapid, high fidelity translational elongation are the elongation factors. 

 

The translation elongation factor 1A (eEF1A) 

Two human genes, EEF1A1 and EEF1A2 encode the translation elongation factor 1A. 

eEF1A1 is one of the cell’s most abundant proteins across many cell and tissue types6. eEF1A2 

is expressed exclusively in mature, terminally differentiated brain, heart and skeletal muscle 

tissue, and in these tissues, expression of eEF1A1 is down-regulated7. Knockout of EEF1A2 

leads to the wasted phenotype in mice, where muscle wasting, immunodeficiency, and 

neurodegeneration lead to death by postnatal day 288. Recently, a homozygous eEF1A2 P333L 

mutation (which lies on a loop between domains II/III) was described in a family, which led to 
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cardiomyopathy, neurological disorders and early death9. Curiously, aberrant EEF1A2 

expression is linked to oncogenesis10–12, although any mechanism remains outstanding. 

eEF1A1 and eEF1A2 are 92% identical across their 462/3 residues, differing significantly at only 

10 positions, mostly on the face opposite the aa-tRNA binding region13. While eEF1A2 certainly 

supports translational elongation, reports of differential activity between eEF1A1 and eEF1A2 

are isolated.  

eEF1A is a 50 kDa protein consisting of a Ras-family GTPase domain I, and two β-barrel 

domains II and III (Figure 1-2). While prokaryotic EF-Tu yielded to crystallization campaigns in 

the 1980s and 1990s, in both GDP14 and GTP•aa-tRNA15 bound forms, high-resolution 

structures of eukaryotic eEF1A have only recently been solved. The GDP form of eEF1A was 

crystalized from protein purified from rabbit muscle16, and the GTP•aa-tRNA form was resolved 

to high resolution in complex with the 80S rabbit ribosome by electron cryomicroscopy17. The 

overall architecture and large interdomain movements from GDP to GTP forms are well 

conserved between eEF1A and EF-Tu. All three domains interact with aa-tRNA, with the 

domain I/II interface forming a binding pocket for the aminoacyl residue, and domain III binding 

to the T-stem of the tRNA (Figure 1-2a). Upon GTP hydrolysis, classical rearrangements in the 

GTPase domain I18,19 propagate to large (up to 40Å) movements in domain II/III. Domain II 

hinges away from domain I, fully releasing the aminoacyl residue binding pocket, and domain III 

rotates towards the former tRNA binding face by 90º (Figure 1-2b). Ultimately, the tRNA 

interaction face is fully remodeled in the GDP conformation, leaving no affinity for aa-tRNA. 
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Figure 1-2 Structures of eEF1A in aa-tRNA-bound and GDP states 
(a) Structure of rabbit eEF1A in aa-tRNA•GTP-like conformation (PDB 5LZS, chain jj). (b) Structure of rabbit 
eEF1A in a GDP-bound conformation (PDB 4C0S), aligned relative to Domain I of the GTP-bound structure. 
 

 

Canonical eEF1A interactions, as they relate to translational elongation, are with GDP, GTP, 

aa-tRNA, its guanine nucleotide exchange factor (GEF) eEF1B, and the ribosome. The affinity 

of eEF1A for GTP and GDP is similar, around 1 µM, which is in strong contrast to EF-Tu, which 

has guanine affinities of ~30 nM GTP and 1 nM GDP20,21. Given typical concentrations of GTP 

(~300 µM) and GDP (~30 µM) in human cells22, the bulk of eEF1A is expected to be GTP-
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bound. Association of eEF1A•GTP with aa-tRNA is very rapid and high affinity, in the 3 nM 

range, although absolute affinity for different tRNAs may differ by as much as 10-fold23. 

eEF1A•GTP has no affinity for deacyl tRNA, and eEF1A•GDP does not bind aa-tRNA24. 

Nucleotide exchange is accelerated ~300 fold by the catalytic domain of the eEF1A GEF, 

eEF1B2, to ~40 s-1 24. Considering the ~10:1 GTP:GDP ratio, the expected steady state GDP to 

GTP exchange is around 6 s-1, which is faster than the expected protein synthesis rate in yeast, 

around 2 s-1 24. Therefore, guanine nucleotide cycling on eEF1A is not expected to be rate 

limiting during protein synthesis, at least in yeast. However, GEF subunits regulation under 

certain physiological conditions, such as during mitosis25, can shift the cellular eEF1A balance 

towards the GDP form. 

The eEF1A GEF, eEF1B is composed of two catalytic subunits, the 25 kDa eEF1B2 

(formerly eEF1Bα) and 31 kDa eEF1D (formerly eEF1Bδ), and structural 50 kDa eEF1G 

(formerly eEF1Bγ). Additionally, the GEF forms a tight complex with valyl-tRNA synthetase, but 

the function of this complex is unknown26. The catalytic C-terminal domain of eEF1B2, which is 

homologous to the catalytic C-terminal domain of eEF1D, interacts with the eEF1A domain I/II 

interface in a position that is mutually exclusive with aa-tRNA, and ribosome-facing when 

ternary complex is bound to the 80S ribosome27–29. This is in strong contrast to the interaction of 

prokaryotic EF-Tu with its exchange factor EF-Ts, which is not homologous to eEF1B. EF-Ts 

binds on the EF-Tu Domain I/III surface30, which is non-overlapping with aa-tRNA and is solvent 

exposed in complex with the ribosome. Interactions between EF-Ts and the EF-Tu•GTP•aa-

tRNA ternary complex have led to speculation that EF-Ts may participate in the elongation cycle 

on the ribosome31,32, but direct evidence of this activity has not yet been reported. Regardless, 

lack of sequence or structural conservation between EF-Ts and eEF1B suggest that 

prokaryotes and eukaryotes use translational GTPase exchange factors in unique ways. 
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The mechanism of eEF1A in translational elongation 

The mechanism of translational elongation has been intensively dissected by several 

groups, and is outlined in Figure 1-3. Modern insights have mostly come from single molecule 

fluorescence assays and recent advances in cryo-EM33. Each elongation cycle begins with the 

80S ribosome in a POST (POST-translocation) configuration, with an empty A-site, peptidyl-

tRNA bound P-site, and deacyl tRNA in the E site34. Ternary complex reversibly samples the A 

site at a rapid 170 µM-1s-1 35. Upon correct codon recognition by the decoding center in the 40S 

subunit, induced-fit conformational switching known as ‘domain closure’ or ‘subunit rolling’36,37, 

where the small ribosomal subunit rotates towards the large subunit, stabilizes the ternary 

complex on the ribosome and reduces the off-rate of cognate tRNA ternary complex to <0.2 s-1 

33. Subsequently, the sarcin-ricin loop on the 60S subunit interacts with the GTPase domain I on 

eEF1A17,36, activating the eEF1A GTPase. GTP hydrolysis is associated with switch disordering 

in eEF1A, but is not concomitant with release from the ribosome or peptide bond formation. 
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Figure 1-3 A detailed view of the decoding cycle during translational elongation 
From the top, moving clockwise, an elongating ribosome in a classical POST-translocation conformation, with P-site 
peptidyl-tRNA and E-site deacyl-tRNA, is ready for the next round of translation. Ternary complex, consisting of 
eEF1A•GTP•aa-tRNA, reversibly samples the A-site for codon-anticodon interactions. When the ribosome senses 
correct codon-anticodon interactions, it activates the eEF1A GTPase. eEF1A dissociation is followed either release of 
imperfectly paired aa-tRNA through kinetic proofreading, or accommodation and peptide bond formation (giving the 
classical PRE-translocation complex). Ribosomal subunit rotation, followed by eEF2-catalyzed translocation, returns 
the ribosome to the classical POST state. 
 

Release of GDP•eEF1A from the ribosome appears to be a slow step in decoding, both in 

in vitro reconstitutions with EF-Tu38, and is a significantly populated structural state in 

polysomes from growing human cells34. Release of eEF1A is followed by a second tRNA 

selection step, identified as kinetic proofreading in a prokaryotic reconstitution assay39, where 

near-cognate tRNA dissociates from the ribosome at a ~24:1 rate relative to cognate-tRNA. This 

elongation factor-free, pre-accommodated complex was also visualized in human polysomes34, 

indicating that accommodation of either cognate or near-cognate aa-tRNA is also relatively 
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slow. Finally, the CCA- (peptidyl) end of the A-site bound aa-tRNA accommodates in to the 

peptidyl transferase center of the 60S subunit and peptide bond formation occurs rapidly38, 

producing the “classical” PRE complex. 

 

eEF1A inhibitors 

Antibiotics targeting EF-Tu are well known, and are typified by two distinct modes of 

action: stabilizing or preventing EF-Tu interactions with the ribosome. Kirromycin and related 

compounds bind to EF-Tu•GTP•aa-tRNA ternary complex at the domain I/III interface40 (Figure 

1-4a). Kirromycin does not prevent ternary complex interaction with the ribosome, rather, it traps 

the ternary complex on the elongating ribosome, preventing its dissociation41,42. This 

mechanism of action has been exploited to collect high resolution structural data on the EF-

Tu•70S ribosome complex43,44. Curiously, the kirromycin binding site overlaps with the GEF EF-

Ts binding site, competes with EF-Ts, and increases GDP release45. In contrast, antibiotics 

typified by GE2270A bind either GTP or GDP forms of EF-Tu, but in a mutually exclusive 

manner with aa-tRNA, thereby depleting ternary complex46–49 (Figure 1-4b). 
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Figure 1-4 Inhibitors of EF-Tu bind GTP•aa-tRNA or GDP states 
(a) Chemical structure of kirromycin, and crystal structure of kirromycin•EF-Tu•aa-tRNA•GTP (PDB 1OB2). (b) 
Chemical structure of GE2270A and crystal structure of GE2270A•EF-Tu•GDP (PDB 1D8T). 
 

Inhibitors targeting eEF1A are a growing class that at present contains at least 4 

structurally distinct scaffolds, with emerging mechanisms of action. At the start of the present 

work, two molecules, didemnin B and cytotrienin A were reported as eEF1A inhibitors. Didemnin 

B, a marine-derived macrocyclic natural product, was initially reported as a potent anti-cancer 

and anti-viral agent50, and later as an exceptionally potent immunosupressive51. The GTP form 

of eEF1A was identified as a didemnin B target in 199452, but weak affinity relative to cellular 

potency (high micromolar vs. low nanomolar or picomolar) spurred a chase for an alternate 

target53. Biochemical and cellular evidence bolstered the didemnin B•eEF1A target argument54–
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56, but the mechanism of cellular activity remains unclear57. Cytotrienin A, a polyketide 

macrocyclic natural product derived from a Streptomyces sp. was found to inhibit eEF1A 

activity, specifically eEF1A-dependent accommodation of aa-tRNA on elongating ribosomes58. 

However, no direct binding to eEF1A or ribosomes was observed. Recently, a myxobacterium-

derived macrocyclic natural product, nannocystin, was found to bind eEF1A, and partial 

resistance to nannocystin was conferred by mutation in the EEF1A1 gene59. Chapter 2 of the 

present work describes the elucidation of eEF1A as the target of a fourth, unrelated, fungal 

natural product, ternatin. Chapter 3 describes the elucidation of the mechanisms of action of 

both ternatin and didemnin B. Finally, Chapter 4 describes the unexpected finding that ternatin 

induces eEF1A degradation. 
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Chapter 2 Ternatin and improved synthetic variants kill cancer cells by 

targeting the elongation factor-1A ternary complex 
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Abstract 

Cyclic peptide natural products have evolved to exploit diverse protein targets, many of which 

control essential cellular processes. Inspired by a series of cyclic peptides with partially 

elucidated structures, we designed synthetic variants of ternatin, a cytotoxic and anti-adipogenic 

natural product whose molecular mode of action was unknown. The new ternatin variants are 

cytotoxic toward cancer cells, with up to 500-fold greater potency than ternatin itself. Using a 

ternatin photo-affinity probe, we identify the translation elongation factor-1A ternary complex 

(eEF1A•GTP•aminoacyl-tRNA) as a specific target and demonstrate competitive binding by the 

unrelated natural products, didemnin and cytotrienin. Mutations in domain III of eEF1A prevent 

ternatin binding and confer resistance to its cytotoxic effects, implicating the adjacent 

hydrophobic surface as a functional hot spot for eEF1A modulation. We conclude that the 

eukaryotic elongation factor-1A and its ternary complex with GTP and aminoacyl-tRNA are 

common targets for the evolution of cytotoxic natural products.  

 

 

 
 
 
 
Note: This chapter was co-written with Prof. Jack Taunton (UCSF) and has been published. 
Carelli, J. D., Sethofer, S. G., Smith, G. A., Miller, H. R., Simard, J. L., Merrick, W. C., Jain, R. 
K., Ross, N.T., Taunton, J. Ternatin and improved synthetic variants kill cancer cells by 
targeting the elongation factor-1A ternary complex. eLife 4, e10222 (2015). 
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Introduction 

Macrocyclic natural products are a rich source of biologically active compounds, and 

identification of their targets can open up new opportunities for therapeutic intervention1,2. Cyclic 

peptide natural products, especially those containing one or more N-methyl (or N-alkyl) amino 

acids, comprise a privileged class of macrocycles due to their modular structure, relative ease of 

synthesis, intrinsic cell permeability, and constrained three-dimensional architectures3–5. 

Examples of cyclic peptides with well characterized cellular targets include cyclosporin6, 

trapoxin and romidepsin (Taunton et al., 1996; Nakajima et al., 1998), and cotransin/CAM741 

and decatransin9–11. These macrocyclic compounds target conserved eukaryotic proteins that 

play essential roles in calcium-mediated signaling (cyclophilin/calcineurin), epigenetic regulation 

(histone deacetylases), and secretory protein biogenesis (Sec61 translocon), respectively. In 

addition to serving as drugs and potential leads for cancer and immune diseases, these cyclic 

peptides have proven to be useful as chemical probes, revealing new cellular roles for their 

target proteins, as well as mechanistic insights into the biochemical processes they orchestrate. 

Ternatin (1, Figure 2-1a) is an N-methylated cyclic heptapeptide that inhibits 

adipogenesis at low nanomolar concentrations (EC50 20 nM) and becomes cytotoxic at 10-fold 

higher concentrations12. Previous work established an important role for leucine-4, as 

substitution with alanine (ternatin-4-Ala, 2) abolished biological activity13. Motivating the current 

study, ternatin's molecular target and mechanism of action were completely unknown. While 

searching for cyclic peptides that, like ternatin, incorporate a b-hydroxy leucine, we found a 

patent application that describes partially elucidated structures of five related cyclic 

heptapeptides isolated from an Aspergillus fungus in Malaysia14. All five compounds were 

reported to be cytotoxic to cancer cells in the picomolar to low nanomolar range (IC50 0.1-24 nM 

vs. HCT116, MCF7, and P388 cells). One of the more potent congeners, termed “A3”, is shown 

in Figure 2-1a. Although only 4 out of 11 stereocenters in A3 were assigned, we were able to 

map the amino acid sequence, stereochemistry, and N-methylation pattern directly onto the 
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structure of ternatin. The apparent structural similarity to ternatin was not mentioned in the 

patent application. 

 

Figure 2-1 New ternatin variants inspired by Aspergillus-derived cyclic peptides  
(a) Design of ternatin variants 3 and 4, based on the partially elucidated structure of A3. (b) Effect of cyclic peptides 
1-4 (3-fold dilutions) on HCT116 cell proliferation over 72 h. (c) Compounds 1 and 4 were tested against a panel of 21 
cancer cell lines. Shown is a scatter plot comparing IC50 values of 1 and 4 for each cell line (Spearman correlation, 
0.84, p < 0.0001).  

 

Based on the potential similarity between A3 and ternatin structures, we hypothesized 

that replacement of N-Me-Ala-6 and Leu-4 in ternatin with two A3-specific residues – pipecolic 

acid and dehydro-homoleucine, respectively – would be sufficient to confer increased cytotoxic 

potency. These considerations led to the design of cyclic peptides 3 and 4 as potential 

“north/south” hybrids of ternatin and A3 (Figure 2-1a). Compound 3 differs from ternatin only at 

position 6, whereas 4 additionally has dehydro-homoleucine at position 4. Here, we 

demonstrate that ternatin and its structural variants inhibit cellular protein synthesis, with 

compound 4 showing the greatest potency. We further identify the elongation factor-1A ternary 



  22 

complex (eEF1A•GTP•aminoacyl-tRNA) as a direct target of ternatin-related cyclic peptides. 

This family of N-methylated cyclic heptapeptides represents a new structural class of 

macrocyclic elongation factor-1A inhibitors.  

 

Results and Discussion 

Synthesis of 3 and 4 proceeded uneventfully according to a route previously established 

for ternatin (see Materials and methods)15. We synthesized both C4 epimers of dehydro-

homoleucine (2-amino-4-methylhex-5-enoic acid), maintaining the (S)-stereochemistry at C2 (by 

analogy to L-leucine at position 4 of ternatin) and varying the C4 side-chain stereochemistry; 

each epimer was incorporated separately into the final cyclic peptide. The (2S,4R)-epimer 

depicted in 4 (Figure 2-1a) was slightly more potent than the (2S,4S)-epimer in cell proliferation 

assays (Figure 2-2) and was used in all subsequent experiments.  

 

Figure 2-2 Epimers 4 and 4b have similar antiproliferative activity 
(a) Chemical structure of 4b, containing (2S,4S)-dehydro-homoleucine. (b) Antiproliferative activity of 4 and epimer 
4b toward HCT116 colorectal cancer cells (4b IC50 7.4 ± 1.3 nM). 
 

We first tested the effects of compounds 1-4 on HCT116 cells. Ternatin (1) potently 

inhibited HCT116 cell proliferation (IC50 71 ± 10 nM, Figure 2-1b), whereas ternatin-4-Ala (2) 

had no effect up to 10 mM, consistent with its reported lack of activity in an adipogenesis assay 

13. Ternatin-4-Ala (2) is thus a valuable negative control compound for mechanism-of-action 
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studies. Structural modifications inspired by the Aspergillus cyclic peptides had significant 

effects on potency. While substitution with pipecolic acid increased potency 2-fold, further 

substitution with (2S,4R)-dehydro-homoleucine resulted in an additional 10-fold increase (IC50 

4.6 ± 1.0 nM). To extend these results, we tested 1 and 4 against a panel of 21 cell lines derived 

from diverse solid and hematological tumors. While IC50 values of 1 and 4 spanned 3-4 orders 

of magnitude, they were correlated across all cell lines (Spearman correlation, 0.84, p < 

0.0001), with 4 being 20-fold to >500-fold more potent than 1, depending on the cell line (Figure 

2-1c, Table 2-1). This strong correlation suggests that ternatin and 4 kill cancer cells by a similar 

mechanism. Moreover, the pipecolic acid and dehydro-homoleucine substitutions in 4 resulted 

in dramatically increased potency across all cell lines tested. 

 Based on its broad anti-proliferative activity across many cell lines, we speculated that 4 

might inhibit a fundamental cellular process. Indeed, global protein synthesis was abolished in 

cells treated with 4 (Figure 2-3a). Pulse labeling of newly synthesized proteins with 35S-

methionine revealed that 4 inhibits protein synthesis more potently than ternatin, in agreement 

with the cell proliferation results. The inactive control, ternatin-4-Ala (2), had no effect on protein 

synthesis (Figure 2-3b).  

Protein synthesis inhibitors tend to block either the initiation or the elongation phase of 

translation. To distinguish between effects on initiation and elongation, we analyzed 

ribosome/polysome profiles by sucrose density centrifugation after treating cells with 4. The 

polysome profile was unchanged in cells treated with 4 compared to DMSO control (Figure 2-3c, 

left panel), indicating that global translation initiation was not perturbed. To test for inhibition of 

translation elongation, we asked whether 4 could abrogate polysome runoff induced by the 

initiation inhibitor harringtonine16. Similar to the known elongation inhibitor cycloheximide, 

pretreatment of cells with 4 completely blocked harringtonine-induced polysome depletion 

(Figure 2-3c, right panel). We conclude that 4 most likely inhibits translation elongation. 
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Table 2-1 Antiproliferative activity of 1 and 4 against cancer cell lines 

 

 

Cell Line Primary tumor site ternatin (1) 4
MOLM-13 Haematopoietic and lymphoid tissue 87.9 3.2
OCI-LY3 Haematopoietic and lymphoid tissue 121.1 2.2
MM473 Skin 147.7 <0.9
MOLT-16 Haematopoietic and lymphoid tissue 155.3 3.7
MM138 Skin 174.6 <0.9
SH-4 Skin 180.7 <0.9
VM-CUB1 Urinary tract 226.2 6.7
Hs 936.T Skin 321.8 <0.9
KYSE-150 Oesophagus 338.9 10.7
MM603 Skin 411.9 1
CFPAC-1 Pancreas 479 6.1
OCI-M1 Haematopoietic and lymphoid tissue 535.6 21.2
HCC-1588 Lung 603.4 17.3
BICR 31 Upper aerodigestive tract 653.6 19.6
HCC1143 Breast 738.4 16.8
SNU-878 Liver 1120 20.6
NCI-H661 Lung 2617.3 33
Hs 695T Skin 4159.3 7.1
NCI-H1373 Lung >30000 314.9
SK-MEL-2 Skin >30000 51.2
SNU-349 Kidney >30000 199.2

Crossing point (nM)
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Figure 2-3 Ternatins inhibit global protein synthesis 
(a) HCT116 cells were treated with compound 4 (5-fold dilutions) for 5 h before labeling with 35S-Met for 1 h. Cell 
lysates were separated by gel electrophoresis. Newly synthesized and total proteins were visualized by 
autoradiography and Coomassie staining. (b) Cells were treated as in (a), and 35S-labeled proteins were quantified by 
liquid scintillation counting after TCA precipitation (mean ± SEM, n = 3). (c) Left panel: HeLa cells were treated with 4 
(5 µM) or DMSO for 20 min. Right panel: HeLa cells were treated with 4 (5 µM), cycloheximide (CHX, 100 µg/mL), or 
DMSO for 15 min, followed by harringtonine (HT, 2 µg/mL) for 20 min. After compound treatment, lysates were 
fractionated on 10-50% sucrose density gradients with absorbance detection at 254 nm. 
 

To identify the direct target of ternatins, we designed a photo-affinity probe. Previous 

efforts to prepare a biotinylated ternatin probe yielded an inactive analogue17. We therefore 

designed the bifunctional probe 5 (Figure 2-4a), which incorporates photo-leucine at position 4 

and an alkyne at position 6 for tagging via click chemistry conjugation, similar to our previous 

strategy with cotransin cyclic peptides18,19. Probe 5 was active in a cell proliferation assay (IC50 

460 ± 71 nM), albeit with ~10-fold reduced potency compared to ternatin (Figure 2-5). Treatment 

of cell lysates with increasing concentrations of 5, followed by photolysis and copper-catalyzed 
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click conjugation with tetramethylrhodamine (TAMRA)-azide, revealed preferential labeling of a 

50-kDa protein (Figure 2-4b, Figure 2-5). Labeling of the major 50-kDa band, but not any of the 

minor bands, was prevented by pretreatment with competitor 4 (Figure 2-4c). These 

experiments demonstrate specific and saturable binding of ternatins to a 50-kDa protein in cell 

lysates. 

 

Figure 2-4 Photo-affinity labeling reveals eEF1A as a direct ternatin target 
(a) Clickable photo-affinity probe 5. (b) HEK293T cell lysates were treated with 5 (2-fold dilutions) for 20 min at room 
temp followed by UV irradiation (355 nm, 1000 W, 90 s). A control sample with 20 mM 5 was not irradiated. Samples 
were subjected to click chemistry with TAMRA-azide, separated by gel electrophoresis, and scanned for in-gel 
fluorescence. (c) Cell lysates were treated with increasing concentrations of 4 for 10 min before adding 5 (2 mM) for 
20 min, UV irradiation, and processing as in (b). (d) HEK293T cells were transfected with Flag-eEF1A. Lysates were 
treated with probe 5 (2 mM) ± 4 and photolyzed as in (b), then immunoprecipitated with magnetic anti-Flag beads. 
Samples were eluted with SDS, subjected to click chemistry with TAMRA-azide, and analyzed by in-gel fluorescence 
scanning and Western blotting. Coomassie-stained gels corresponding to (b) and (c) are shown in Figure 2-5. 
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Figure 2-5 Supplement to Figure 2-4 
(a) 72-h cell proliferation assay with serial dilutions of 5. (b) 72-h HEK293T cell proliferation assay. (c) Coomassie-
stained gel corresponding to Figure 3b. (d) Dependence of photo-crosslinking intensity on the concentration of photo-
ternatin 5 based on in-gel TAMRA fluorescence (Figure 3b). For each of the indicated bands (p40, p50, and p55), the 
background-corrected fluorescence intensity at a given concentration of 5 was normalized to its intensity in the 
sample containing 20 mM 5. Labeling of p50, but not p40 or p55, achieves saturation at ~10 mM 5. (e) Coomassie-
stained gel corresponding to Figure 2-4. 
 

Given that ternatins inhibit translation elongation, we hypothesized that the 50-kDa 

target protein was the eukaryotic elongation factor-1A (eEF1A). We tested this by photo-labeling 

lysates derived from cells expressing Flag-tagged eEF1A. Probe-labeled eEF1A was eluted 

from anti-Flag beads, visualized by subjecting the eluates to click chemistry with TAMRA-azide 
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(Figure 2-4d). Photo-labeling of ectopically expressed Flag-eEF1A was reduced in the presence 

of excess 4 and was not detected in lysates derived from nontransfected cells.  

eEF1A is an essential GTPase, orthologous to bacterial EF-Tu, whose canonical role is 

to deliver aminoacyl-tRNA (aa-tRNA) to a translating ribosome20. In cells, a significant fraction of 

eEF1A is thought to reside in a ternary complex bound to GTP and aa-tRNA21. To test whether 

ternatins bind preferentially to an RNA-containing complex of eEF1A, we incubated cell lysates 

with RNase A, which can degrade most forms of RNA, including aa-tRNAs bound to eEF1A22. 

Adding RNase A to lysates before, but not after, photolysis completely prevented labeling of the 

50-kDa protein by 5 (Figure 2-6a), suggesting that an RNA component is essential for photo-

ternatin binding. Next, we tested whether 5 labels native eEF1A purified from rabbit 

reticulocytes. Strikingly, photo-crosslinking of 5 (1 mM) to purified eEF1A (1 mM) was observed 

only in the presence of GTP and aa-tRNA (in this case, Phe-tRNA; Figure 2-6b, lane 2). Photo-

affinity labeling of the ternary complex was competed by excess 4 (10 mM). Addition of either 

GTP or GDP alone was not sufficient, and only weak nonspecific labeling was observed (lanes 

1 and 4). These data indicate that ternatins preferentially target the ternary complex of 

eEF1A•GTP•aa-tRNA. 
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Figure 2-6 Photo-ternatin 5 binds specifically to the eEF1A ternary complex 
(a) HEK293T cell lysates were treated with RNase A for 20 min before (lanes 3-4) or after (lanes 5-6) incubation with 
5 and UV irradiation. (b) Purified eEF1A was incubated with GTP ± Phe-tRNA or GDP for 30 min at room temp. 
Reactions were treated with DMSO or 4 for 10 min, then 5 for 20 min, photolyzed and processed as in Fig. 3b. (c) 
Translation elongation inhibitors didemnin B (DB) and ansatrienin B (AB). (d) A solution of eEF1A, GTP, and Phe-
tRNA was incubated with the indicated compound (DB and AB: 0.1, 1.0, 10 mM) for 10 min before 20-min treatment 
with 5 (1 mM), followed by UV irradiation and processing as in Fig. 3b. Coomassie-stained gels corresponding to (a) 
and (d) are shown in Figure 4––figure supplement 1. 
 

Didemnin B and cytotrienin A have also been implicated as eEF1A inhibitors, although 

these cytotoxic natural products are structurally unrelated to each other and ternatin. Didemnin 

(Figure 2-6c) has been reported to bind eEF1A•GTP with an affinity of 15 mM or 200 mM, 

depending on the assay conditions 23,24. While its mechanism of action is still debated (Crews et 

al., 1996; Meng et al., 1998; Ahuja et al., 2000; Vera and Joullie, 2002; Potts et al., 2015), 
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didemnin has been shown to block an eEF1A-dependent step of translation elongation16,24,29. 

Cytotrienin A, and likely the related polyketide ansatrienin B (Figure 2-6c), inhibit translation 

elongation by a mechanism similar to didemnin's16, although direct binding of these compounds 

to eEF1A has not been demonstrated. Using the ternary complex assembled from eEF1A, GTP, 

and Phe-tRNA, we found that didemnin and ansatrienin could compete with photo-ternatin 5 

(Figure 2-6d). Similarly, didemnin and ansatrienin abolished photo-labeling of the 50-kDa band 

in cell lysates (Figure 2-8), further supporting the assignment of this band as eEF1A. These 

results suggest that didemnin, ansatrienin/cytotrienin, and ternatins bind eEF1A in a mutually 

exclusive manner and may have overlapping binding sites. 

 

Figure 2-7 Coomassie-stained gels corresponding to Figure 2-6 
(a) Figure 2-6a, and (b) Figure 2-6d. In (b), the major 50-kDa band is eEF1A and the minor ~45-kDa band is an 
unknown contaminant. 
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Figure 2-8 Didemnin B and ansatrienin B compete with photo-ternatin 5 in cell lysates 
Photo-affinity labeling of HEK293T cell lysates by photo-ternatin 5 in the presence of increasing concentrations of (a) 
didemnin B (DB), or (b) ansatrienin B (AB). 
 
 

Conclusive evidence identifying the target of a cytotoxic compound is often provided by 

a resistance-conferring mutation. Recently, eEF1A was identified as the target of nannocystin 

A30, a hybrid polyketide/peptide natural product with no obvious structural similarity to ternatin, 

didemnin, or cytotrienin/ansatrienin31. Nannocystin-resistant HCT116 clones were obtained by 

chemical mutagenesis and selection, and all resistant clones contained a point mutation at 

Ala399 (A399V or A399T) in the EEF1A1 gene31. We tested these cell lines for cross-resistance 

to our most potent ternatin variant 4. Whereas heterozygous A399V or A399T clones were 

partially resistant (10-fold and 16-fold higher IC50, respectively), cells homozygous for the 

A399V mutation were completely resistant to 4 at concentrations as high as 30 mM (Figure 

2-9a). Consistent with these results, labeling of ectopically expressed Flag-eEF1A by photo-
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ternatin 5 was abrogated by the A399V mutation (Figure 2-9b). Thus, mutation of Ala399 in 

eEF1A likely preserves its essential cellular functions yet prevents ternatin binding. 

 

Figure 2-9 Ala399 mutation in EEF1A1 confers resistance to 4 
(a) Effect of 4 (2-fold dilutions) on proliferation of WT and EEF1A1-mutant HCT116 cells over 72 h. (b) HEK293T cells 
were transfected with WT and A399V Flag-eEF1A. Lysates were treated with probe 5 and processed as described in 
Fig. 3d. (c) WT HCT116 cells (left) or cells homozygous for A399V EEF1A1 (right) were transduced with a bicistronic 
lentiviral vector encoding eEF1A (WT or A399V) and mCherry. Cells were labeled with carboxyfluorescein 
succinimidyl ester (CFSE), treated with 4 for 72 h (4-fold dilutions), and analyzed by FACS. Proliferation was 
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assessed by CFSE dilution in high mCherry-expressing cells (mean fluorescence intensity, MFI = 6.7-7.4 x 104). 
CFSE histograms are shown in Figure 5––figure supplement 1. (d) Homozygous A399V EEF1A1 HCT116 cells were 
transduced with WT eEF1A/mCherry as described in (c). Antiproliferative effects of 4 (left) were analyzed in cells 
gated according to the indicated mCherry mean fluorescence intensity (right). 
 

The above results suggested that eEF1A mutations confer resistance in a recessive 

manner; conversely, ternatin sensitivity should be dominant. To explore this possibility further, 

we introduced A399V or WT eEF1A into parental or ternatin-resistant (A399V/A399V EEF1A1) 

HCT116 cells. To monitor cells across a range of eEF1A expression levels, we utilized a 

bicistronic lentiviral vector in which eEF1A expression was linked to a fluorescent mCherry 

reporter via the P2A “self-cleaving” peptide32. After lentiviral transduction, cells were labeled 

with carboxyfluorescein succinimidyl ester (CFSE) to quantify cell proliferation by FACS analysis 

(read as CFSE dilution). The antiproliferative effect of 4 was unaltered by expression of A399V 

or WT eEF1A in parental HCT116 cells. Strikingly, expression of WT (but not A399V) eEF1A in 

homozygous mutant cells (A399V/A399V EEF1A1) restored sensitivity to 4 (Figure 2-9c, Figure 

2-10). Furthermore, the magnitude of resensitization correlated with the expression level of the 

WT eEF1A transgene, inferred from mCherry expression (Figure 2-9d, Figure 2-10). 

Collectively, these results indicate that eEF1A binding is necessary for the antiproliferative 

activity of ternatin cyclic peptides. 
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Figure 2-10 Histograms and FACS plots corresponding to Figure 2-9  
WT HCT116 cells (top row) or cells homozygous for A399V EEF1A1 (bottom row) were transduced with a bicistronic 
lentiviral vector encoding WT eEF1A (left column) or A399V eEF1A (right column) linked to mCherry by the ribosome-
skipping P2A peptide. Cells were labeled with carboxyfluorescein succinimidyl ester (CFSE), treated with increasing 
concentrations of 4 for 72 h, and analyzed by FACS. (a) CFSE histograms for high mCherry cells (mCherry MFI = 
6.7-7.4 x 104) were used to generate dose-response curves in Figure 2-9c. (b) Scatter plots show mCherry and CFSE 
fluorescence of single cells treated with 10 mM 4. Note the correlation between mCherry and CFSE fluorescence 
among cells homozygous for A399V EEF1A1 and transduced with WT eEF1A (bottom left plot, red box). In this 
group, only those cells ectopically expressing high levels of WT eEF1A (indicated by high mCherry fluorescence) fail 
to proliferate in the presence of 10 mM 4 (indicated by high CFSE fluorescence). 
 

Ala399, which is conserved in yeast and archaebacterial EF1A orthologs, lies on an 

exposed hydrophobic surface of domain III (Figure 2-11, left panel)33. The corresponding 

surface of bacterial EF-Tu forms part of the binding site for the antibiotic kirromycin (Figure 

2-11, right panel)34. Kirromycin binds to the interface of domain III and the GTPase domain I in 

the context of the ternary complex and stalls translation by preventing the release of EF-Tu 

following delivery of aa-tRNA to the ribosome A-site. Similar to the case with eEF1A and 

ternatin, expression of wild-type EF-Tu in a drug-resistant mutant background confers dominant 

sensitivity to kirromycin35. Thus, ternatin, nannocystin, didemnin, and ansatrienin/cytotrienin 

may stall translation in a manner analogous to kirromycin.  

 

Figure 2-11 Ternatin may inhibit eEF1A by a mechanism related to kirromycin inhibition of EF-Tu 
Left: crystal structure of archaeal EF1A (PDB code: 3WXM, 51% identity with human eEF1A), showing the location of 
A399 (human numbering) on the surface of domain III. Right: crystal structure of EF-Tu (PDB code: 1OB2, 25% 
sequence identity with human eEF1A), showing the kirromycin binding site at the interface of domain I and III. 
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Conclusions and perspective 

In this study, we sought to identify the target of the cytotoxic natural product, ternatin, 

previously characterized as a potent adipogenesis inhibitor. Inspired by the partially elucidated 

structure and cytotoxic activity of the cyclic heptapeptide natural product A3, we designed 

compounds 3 and 4, which are up to 500-fold more potent than ternatin. Ternatins inhibit protein 

synthesis with potencies that correlate with their ability to block cell proliferation, and photo-

ternatin 5 identified eEF1A as a plausible target. Surprisingly, photo-ternatin crosslinked to 

purified eEF1A only in the context of its ternary complex with GTP and aminoacylated tRNA. To 

our knowledge, specific binding of a small molecule to the eEF1A ternary complex has not been 

reported previously. Whether this binding event blocks translation elongation by a mechanism 

analogous to the antibiotic kirromycin, as suggested by the genetic dominance of ternatin 

sensitivity, is an exciting question that awaits future biochemical and structural studies. 

Also unexpected was our discovery that two structurally unrelated natural products, 

didemnin and ansatrienin, compete with 5 for binding to the eEF1A ternary complex. Combined 

with the recent finding that nannocystin A targets domain III of eEF1A30, our study suggests that 

four natural products with highly diverse chemical structures have evolved independently to 

target a shared interaction surface near Ala399 on eEF1A. A didemnin variant, plitidepsin, is 

currently in advanced clinical trials for multiple myeloma and T-cell lymphoma45. Hence, 

drugging this surface on eEF1A may have clinical utility. Of the four structurally divergent 

natural products now identified as eEF1A inhibitors, ternatins may be particularly attractive as 

leads for future medicinal chemistry efforts, due to their relative structural simplicity and 

accessibility by total synthesis. 
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Experimental procedures 

 

Cell culture 

HCT116 cells (ATCC) were maintained in McCoy’s 5A media (Gibco) supplemented with 

10% fetal bovine serum (Axenia Biologix), 100 units/mL penicillin, and 100 ug/mL streptomycin 

(Gibco). Mutant HCT116 cells were obtained from Dominic Hoepfner 30. HEK293T cells (ATCC) 

and HeLa cells (ATCC) were maintained in DMEM (Gibco) supplemented with 10% fetal bovine 

serum (Axenia Biologix), 100 units/mL penicillin, and 100 ug/mL streptomycin (Gibco). All other 

cell lines were obtained from the Cancer Cell Line Encyclopedia collection and were maintained 

as described (Barretina et at, Nature, 2012). All cell lines were tested for mycoplasma (Lonza) 

before use and were SNP-typed to verify that their identity matched that of the originally 

procured sample. None of the tested lines are present in the list of cross-

contaminated/misidentified cell lines (http://iclac.org/wp-content/uploads/Cross-Contaminations-

v7_2.pdf). All cells were cultured at 37 ºC in a 5% CO2 atmosphere. 

 

Proliferation assay (Figure 2-1b, Figure 2-2, Figure 2-5) 

Growing cells were briefly trypsinized and repeatedly pipetted to produce a homogenous 

cell suspension. 2500 cells were seeded in 100 mL complete growth media per well in 96-well 

clear-bottom plates. After allowing cells to adhere overnight, cells were treated with 25 mL/well 

5X drug stocks (0.1% DMSO final) and incubated for 72 h. AlamarBlue (Life Technologies) was 

used to asses cell viability per the manufacturer’s instructions. Briefly, 12.5 mL alamarBlue 

reagent was added to each well, and plates were incubated at 37 ºC. Fluorescence intensity 

was measured hourly to determine the linear range for each assay (Ex 545 nm, Em 590 nm, 

Spectra Max M5, Molecular Devices). Proliferation curves were generated by first normalizing 

fluorescence intensity in each well to the DMSO-treated plate average. Normalized fluorescence 

intensity was plotted in GraphPad Prism, and IC50 values calculated from nonlinear regression 

http://iclac.org/wp-content/uploads/Cross-Contaminations-v7_2.pdf
http://iclac.org/wp-content/uploads/Cross-Contaminations-v7_2.pdf
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curves. The reported IC50 values represent the average of at least three independent 

determinations (± SEM).  

 

Proliferation assay (Figure 2-1c, Figure 2-9a) 

Proliferation assays with the 21-cell line panel (Figure 2-1c) and EEF1A1 mutant and 

parental HCT116 cells 30 were performed using an ultra-high throughput screening system (GNF 

Systems). For the 21-cell line panel, cells were harvested and suspended at a concentration of 

50,000 cells/mL in the appropriate medium. Cells (250 cells/well, 5 mL/well) were then 

dispensed into Greiner white, solid-bottom, TC-treated, 1536-well assay plates (Griener # 

789173-A) and incubated for 10 h at 37 °C (95% humidity, 5% CO2). Compounds (15 nL/well, 

16-point 2-fold dilution series) and controls (15 nL/well, MG-132 and DMSO) were then added to 

the assay plates (n = 4) using an Echo acoustic liquid dispenser (Labcyte). Assay plates were 

incubated 3 days at 37 °C (95% humidity, 5% CO2) before addition of CellTiter Glo (4 mL/well, 

Promega). Assay plates were incubated for 15 min at room temperature and then luminescence 

was measured using a ViewLux uHTS Microplate Imager (PerkinElmer). Reported IC50 values 

were calculated as described 37. Experiments with EEF1A1 mutant and parental HCT116 cells 

were conducted in the same manner as described above, except compounds were applied by 

22-point 2-fold dilution series (30 mM – 0.1 nM). 

 

eEF1A-P2A-mCherry cell line generation 

WT and A399V eEF1A coding sequences were inserted by Gibson assembly (Gibson et 

al. 2009) into a pHR lentiviral vector containing an eEF1A promoter and P2A-mCherry 

sequence (gift of A. Weiss, UCSF). Lentiviral particles were generated as described 

(http://www.broadinstitute.org/rnai/public/resources/protocols). Briefly, HEK293T packaging cells 

in 6-well plates were transfected with eEF1A-P2A-mCherry expression plasmid, 2nd-generation 

packaging plasmid pCMV-dR8.91, and envelope plasmid pMD2.G using TransIT-LT1 
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transfection reagent (Mirus Bio) according to the manufacturer’s instructions. After 24 h, media 

was replaced with viral harvest media (complete growth media + 12 mg/mL BSA). Virus-

containing media was collected after 24 and 48 h, pooled, and used for infections without further 

processing. Parental and EEF1A1 A399V homozygous mutant HCT116 cells at 70% confluence 

in 6-cm dishes were treated with polybrene (8 mg/mL, AmericanBio) and virus (0.5 mL). After 24 

h, cells were trypsinized and passaged in complete growth media. 

 

Proliferation assay, CFSE dilution (Figure 2-9c, d) 

Trypsinized cells (8.6 x 105) were washed with PBS, resuspended in 1 mL PBS, and 

treated with CFSE (1 mL, 5 mM in PBS, Life Technologies). After 5 min, FBS (2 mL) was added, 

and cells were washed once with complete growth media. CFSE-labeled cells were plated  (8 x 

104 cells/well) in 6-well dishes and treated with 4 or DMSO. After 72 h, plates were centrifuged 

(500 x g, 5 min), media aspirated, and cells trypsinzied. Trypsinized cells were washed with 

FACS buffer (PBS –Mg/Ca + 2% FBS + 2 mM EDTA) and resuspended in the same buffer (0.4 

mL). Samples were analyzed by flow cytometry (BD LSRFortessa), with data analysis using 

FlowJo software (Tree Star). mCherry expression gates were defined to span a 10-fold 

expression range with at least 500 events for each data point. 

 

35S-methionine incorporation  

HCT116 cells at 80% confluence in 12-well plates were incubated with compounds for 5 

h at 37 ºC. The cell culture media was replaced with methionine- and cysteine-free DMEM with 

the appropriate amount of compound. 35S-methionine (PerkinElmer EasyTag, 40 mCi/well) was 

added and cells were incubated for 1 h. Subsequently, media was aspirated and cells were 

washed twice with ice-cold phosphate-buffered saline (PBS). For samples analyzed by SDS-

PAGE/autoradiography (Figure 2a), cells were lysed in buffer (PBS, 0.5% Triton X-100, Roche 

complete protease inhibitor cocktail) and protein content was normalized by Bradford assay. 
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Dried gels were exposed to a storage phosphor screen (Amersham Biosciences) overnight and 

scanned with a Typhoon imager (GE Life Sciences). Bulk incorporation measurements (Figure 

2b) were made by treating cells with cold 10% trichloroacetic acid (TCA, 0.5 mL) for 10 min. 

Precipitated monolayers were washed with 10% TCA (2 × 0.5 mL) and solubilized in 0.2 N 

NaOH (0.5 mL). Aliquots (100 mL) were diluted into liquid scintillation fluid and radioactivity was 

quantified by scintillation counting. 

 

Ribosome/polysome profiles 

HeLa cells grown to 80% confluence in 10-cm dishes were treated with DMSO or 4 (5 

mM) for 20 min (Figure 2c, left panel), or were first treated with DMSO, 4 (5 mM), or 

cycloheximide (CHX, 100 mg/mL, Sigma) for 15 min, followed by harringtonine (2 mg/mL, LKT 

Laboratories) for 20 min. Following treatment, dishes were placed on ice, media aspirated, and 

cells were washed once with ice-cold PBS. Cells were scraped into 400 mL lysis buffer (20 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM DTT, 1% Triton X-100, 100 mg/mL CHX). 

Lysates were incubated for 10 min on ice, then passed through a 26-G needle 5 times. Samples 

were clarified by centrifugation at 14,000 rpm for 10 min at 4 °C. Lysates were applied to 10-

50% sucrose gradients (prepared in 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 5 mM MgCl2, 1 mM 

DTT, 100 mg/mL CHX), followed by centrifugation at 35,000 rpm for 3 h in a SW41 rotor at 4 ºC. 

Ribosome/polysome profiles were obtained by flowing the gradient top to bottom through an in-

line spectrometer (254 nm, EM-1 Econo UV Monitor, BioRad). 

 

Lysate preparation for photo-labeling 

Lysates were prepared from HEK293T cells by washing a monolayer of cells once with 

ice-cold PBS and briefly freezing at –80 ºC. Lysis buffer (25 mM HEPES-KOH pH 7.3, 100 mM 

KOAc, 5 mM MgOAc2, 1 mM TCEP, 1 mM PMSF, Roche EDTA-free complete protease 

inhibitor) was added, and cells were detached with a cell scraper. Crude lysates were clarified 
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by centrifugation (15 min at 14,000 rpm), protein was quantified by Bradford assay, and the 

protein concentration was brought to 1.5 mg/mL with lysis buffer. Lysates were processed for 

photo-labeling as described below. For samples treated with RNase A, RNase A (Roche) was 

added to lysates (10 mg/mL final concentration) and incubated for 20 min at RT.  

 

Photo-labeling, general procedure 

Photo-labeling experiments were preformed essentially as described (MacKinnon and 

Taunton, 2009; MacKinnon et al., 2007). Reactions (100 mL) were treated with DMSO (1 mL) or 

competitor in DMSO as 100X stocks and incubated for 10 min at RT, then treated with photo-

probe 5 and incubated for 20 min. Reactions were transferred to 96-well plates and irradiated 

with long-wave UV light (λmax = 355 nm, 1000 W, 90 s). To each reaction (34 mL) was added a 

click chemistry master mix (8.3 mL) made from the following stock solutions: 1.7 mM TBTA in 

1:4 DMSO/tBuOH [2.5 mL]; 5 mM TAMRA-N3 [0.5 mL]; 50 mM TCEP [0.8 mL, freshly prepared]; 

10% SDS [4.5 mL]. Then, CuSO4 (0.8 mL, 50 mM stock) was added and reactions were 

incubated for 1 h at RT. Reactions were quenched with 5X Laemmli sample buffer, and 

separated by SDS-PAGE. Gels were scanned for TAMRA fluorescence (532 nm excitation 

laser, 568 nm emission measured with LPG filter) on a Typhoon FLA 9000 scanner (GE Life 

Sciences).  

 

Flag immunoprecipitation and western blotting 

HEK293T cells were transfected overnight with Flag-eEF1A DNA (pQCXIP-Flag-

eEF1A1, provided by Orna Elroy-Stein 38) in 6-well dishes using Lipofectamine 2000 (Invitrogen) 

according to the manufacturer’s instructions. Flag-eEF1A1 A399V was produced by PCR 

amplification of the plasmid with the following primers:  

5’-CTTGAAGTCTGGTGATGTTGCCATTGTTGATATGGTTCC-3’ 

5’-GGAACCATATCAACAATGGCAACATCACCAGACTTCAAG-3’ 
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Lysates were prepared, treated with 5 ± competitor, and photolyzed as described above. After 

photolysis, samples were immunoprecipitated overnight at 4 ºC with anti-Flag magnetic beads 

(Sigma). Beads were washed four times with buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 0.5% 

Triton X-100), then eluted (5 min, 100 ºC) in 1% SDS, 25 mM Hepes pH 7.5. Eluates were 

subjected to click chemistry with TAMRA-N3 and processed for in-gel fluorescence scanning as 

described above. 

 Gels were transferred to nitrocellulose by the semi-dry method, blocked with Odyssey 

Blocking Buffer (LI-COR Biosciences), incubated with anti-EF1A (Millipore, cat. 05-235) or anti-

Flag (Sigma, cat. F3165), and detected with goat anti-mouse light chain-specific secondary 

antibody conjugated to 680 nm near-IR dye (Jackson Labs). Blots were scanned on an Odyssey 

infrared imager (LI-COR Biosciences). 

 

Reconstitution of eEF1A ternary complex 

Native eEF1A was purified from rabbit reticulocytes as described 39. Bulk rabbit 

reticulocyte tRNA was purified as described (Merrick, 1979). tRNA was charged with 

phenylalanine using a crude reticulocyte tRNA synthetase preparation 40 as described 41. 

Reactions (100 mL) were assembled by adding the following components in order: 50 mL 2X 

buffer (100 mM HEPES pH 7.3, 250 mM KOAc, 10 mM MgCl2), TCEP (1 mL, 100 mM), GTP or 

GDP (1 mL, 10 mM),  ± Phe-tRNA (2 mL, ~0.1 mM), water to 97 mL, and eEF1A to 1 mM. 

Samples were incubated for 20 min at RT before processing for photo-labeling as described 

above. Ansatrienin B was purchased from Enzo Life Sciences and prepared as a 10 mM stock 

in DMSO. Didemnin B was obtained from the NCI/DTP chemical repository and was prepared 

as a 10 mM stock in DMSO. 
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Chemical synthesis 

General 

Materials purchased from commercial vendors were of reagent grade and used without 

further purification. (R)-2,5-Dihydro-3,6-dimethoxy-2-isopropylpyrazine (Schöllkopf auxiliary) 

was purchased from Green Chempharm Inc. N-Boc amino acids were purchased from Chem-

Impex International. All other reagents were purchased from Sigma-Aldrich unless otherwise 

noted. (S)-Boc-photo-leucine was prepared from Boc-4,5-dehydro-Leu-OH (Chem-Impex Intl.) 

as described 18. (2R,3R)-ethyl 2-amino-3-hydroxy-4-methylpentanoate (Shimokawa et al., 2007) 

(11, Scheme S2) and iodides 6a and 6b were prepared as described 43,44. 

Water and air sensitive reactions were conducted in flame-dried glassware under an 

inert argon atmosphere. Dry solvents were prepared on a Glass Contour system, which 

dispenses solvents through either alumina or activated molecular sieve columns. 1H and 13C 

NMR spectra were obtained on a Varian Inova 400 MHz spectrometer, a Bruker Avance 

DRX500 spectrometer equipped with a QCI-Cryoprobe, or a Bruker AvanceIII 600 spectrometer, 

and referenced to the residual solvent peak. Spectral data are reported as follows: chemical 

shift (in ppm), integration, multiplicity (br, broad; s, singlet; d, doublet; t, triplet; q, quartet; m, 

multiplet; or as a combination of these), and coupling constant(s) in Hertz. LC-MS analysis was 

performed on a Waters Acquity LCT UPLC equipped with a TUV detector (monitored at 215 nm) 

and a Waters Acquity UPLC 1.7 µm C-18 column, eluting with a water/MeCN (+0.1% formic 

acid) gradient at 0.6 mL/min. Purification by reverse-phase HPLC was performed on either a 

Varian ProStar 210 purification system with a UV-Vis detector (model 345) monitoring at 215 

nm, or a Waters binary gradient purification system (model 2545) with a photodiode array 

detector (model 2998). 
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Scheme 2-1 Synthesis of (2S, 4R)- and (2S, 4S)-methyl 2-amino-4-methylhex-5-enoate (dehydro-homoleucine) 
Reagents and conditions: (a) nBuLi, THF, –78 ºC; (b) TBAF, THF, 0 ºC; (c) Dess-Martin periodinane, CH2Cl2; (d) 
MePPh3Br, nBuLi, THF, 0 ºC; (e) TFA, H2O/MeCN. 
 

 

(2S,5R)-2-((R)-3-((tert-butyldimethylsilyl)oxy)-2-methylpropyl)-5-isopropyl-3,6-dimethoxy-

2,5-dihydropyrazine (7a) 

To a solution of Schöllkopf auxiliary (7 g, 38 mmol) in dry THF (230 mL) at –78 ºC was added 

nBuLi (2.5 M in THF, 14.4 mL, 36 mmol) dropwise. The reaction was stirred for 1 h at –78 ºC, 

then 6a (6 g, 20 mmol in 40 mL THF) was added dropwise. The reaction was kept overnight at –

78 ºC, then quenched with saturated aqueous NH4Cl. The organic and aqueous phases were 

separated, and the aqueous layer was extracted with EtOAc (3 × 40 mL). The combined organic 

layers were washed with brine, dried (MgSO4), filtered, and concentrated. The resulting clear 

yellow oil was purified by flash column chromatography (1-10% EtOAc in hexanes) to provide 

7a as a clear oil (4.4 g, 59%). 1H NMR (400 MHz, CDCl3): δ 0.03 (6H, s), 0.69 (3H, d, J = 6.8 

Hz), 0.89 (9H, s), 0.90 (3H, d, J = 10 Hz), 1.05 (3H, d, J = 6.8 Hz), 1.39 (1H, m), 1.89 (2H, m), 

2.27 (1H, 7d, J = 3.4, 6.8 Hz), 3.40 (1H, dd, J = 6.0, 10.0 Hz), 3.52 (1H, dd, 4.8, 10.0 Hz), 3.67 

(3H, s), 3.68 (3H, s), 3.93 (1H, m), 4.04 (1H, m). 13C NMR (100 MHz, CDCl3): δ 5.2, 16.7, 17.6, 

18.5, 19.2, 26.1 (3C), 31.8, 32.3, 38.2, 52.4, 52.5, 54.3, 60.6, 68.2, 94.6, 163.3, 164.8. LC-MS 

(ESI +): 371.44 (+). 
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(2S,5R)-2-((S)-3-((tert-butyldimethylsilyl)oxy)-2-methylpropyl)-5-isopropyl-3,6-dimethoxy-

2,5-dihydropyrazine (7b) 

In the same manner as above, 6b (2.8 g, 8.8 mmol) was converted to 7b (2.1 g, 64%). 1H NMR 

(400 MHz, CDCl3): δ 0.03 (6H, s), 0.69 (3H, d, J = 6.8 Hz), 0.88 (9H, br), 0.94 (3H, d, J = 6.8 

Hz), 1.05 (3H, d, J = 6.8 Hz), 1.58 (2H, m), 1.96 (1H, br), 2.27 (1H, 7d, J = 3.2, 6.8 Hz), 3.35 

(1H, dd, J = 6.8, 10 Hz), 3.47 (1H, dd, J = 6, 10 Hz), 3.67 (3H, s), 3.68 (3H, s), 3.91 (1H, m), 

4.02 (1H, m). 13C NMR (100 MHz, CDCl3): δ 5.2, 16.7, 16.8, 18.5, 19.2, 26.1 (3C), 31.7, 32.4, 

38.4, 52.4, 52.5, 53.9, 60.7, 68.9, 94.6, 163.1, 164.8. LC-MS (ESI +): 371.44 (+). 

 

(R)-3-((2S,5R)-5-isopropyl-3,6-dimethoxy-2,5-dihydropyrazin-2-yl)-2-methylpropan-1-ol 

(8a) 

To a solution of 7a (4.8 g, 12.9 mmol) in THF (130 mL) cooled to 0 ºC, TBAF (1 M in THF, 15.5 

mL, 15.5 mmol) was added slowly. The reaction was warmed to room temperature, stirred 

overnight, and then saturated aqueous NH4Cl (15 mL) was added. The aqueous layer was 

extracted with EtOAc (4 × 20 mL). The combined organic layers were washed with brine (20 

mL), dried (MgSO4), filtered, and concentrated. The resulting oil was purified by flash column 

chromatography on Et3N-treated silica (7:3 hexanes/EtOAc + 3% Et3N) to provide 8a as a clear 

oil (1.3 g, 87%). 1H NMR (400 MHz, CDCl3): δ 0.71 (3H, d, J = 6.8 Hz). 0.99 (3H, d, J = 6.8 Hz), 

1.04 (3H, d, J = 6.8 Hz), 1.63 (1H, m), 1.98 (1H, m), 2.07 (1H, m), 2.25 (1H, m) 3.49 (1H, m), 

3.57 (1H, m), 3.69 (3H, s), 3.70 (3H, s), 3.99 (1H, t, J = 3.6 Hz), 4.05 (1H, m), 4.29 (1H, m). 13C 

NMR (100 MHz, CDCl3): δ 16.8, 16.9, 19.2, 32.1, 32.9, 39.2, 52.5, 52.7, 53.0, 61.1, 67.5, 164.1, 

164.7. LC-MS (ESI +): 257.36 (+). 

 

(S)-3-((2S,5R)-5-isopropyl-3,6-dimethoxy-2,5-dihydropyrazin-2-yl)-2-methylpropan-1-ol 

(8b) 
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In the same manner as above, 7b (1.8 g, 4.8 mmol) was converted to 8b (1.1 g, 89%). 1H NMR 

(400 MHz, CDCl3): δ 0.69 (3H, d, J = 6.8 Hz), 0.93 (3H, d, J = 6.8 Hz), 1.05 (3H, d, J = 6.8 Hz), 

1.59 (1H, br), 1.94 (1H, m), 2.18-2.30 (2H, m), 3.36 (1H, m), 3.57 (1H, m), 3.69 (3H, s), 3.70 

(3H, s), 3.94-3.99 (2H, m), 5.66 (1H,br). 13C NMR (100 MHz, CDCl3): δ 16.8, 19.1, 19.2, 32.0, 

37.1, 42.3, 52.8, 53.2, 55.8, 60.9, 68.9, 163.5, 164.6. LC-MS (ESI +): 257.35 (+). 

 

(2R,5S)-2-isopropyl-3,6-dimethoxy-5-((R)-2-methylbut-3-en-1-yl)-2,5-dihydropyrazine (9a) 

To a solution of Dess-Martin periodinane (5.9 g, 14 mmol) in wet CH2Cl2 (55 mL), 8a (2.9 

g, 11.1 mmol) in CH2Cl2 (110 mL) was added slowly. After 1 h, NaOH (1.5 M, 70 mL) was added 

and the solution was stirred for 10 min. Layers were separated and the organic layer was 

shaken with NaOH (0.75 M, 70 mL). The combined aqueous layers were extracted with Et2O (3 

× 25 mL). The combined organics were dried (MgSO4), filtered, and concentrated. The resulting 

aldehyde was azeotropically dried (3 × MeCN) then carried on to the next step without 

purification. 

 nBuLi (2.5 M in hexanes, 9.3 mL, 23 mmol) was added to oven-dried methyl 

triphenylphosphonium bromide (8.8 g, 24.5 mmol) in dry THF (170 mL) at 0 ºC, and stirred for 

30 min until a deep yellow color persisted. The crude aldehyde (2.8 g, 11 mmol) in dry THF (25 

mL) was added dropwise at 0 ºC, then stirred for 30 min. The reaction was quenched with 

saturated aqueous NH4Cl. The aqueous layer was extracted with EtOAc (3 × 20 mL). Combined 

organics were washed with brine, dried (MgSO4), filtered, and concentrated. The resulting oil 

was purified by flash column chromatography (1-5% EtOAc in hexanes) to give 9a as a clear oil 

(1.1 g, 40%). 1H NMR (400 MHz, CDCl3): δ 0.68 (3H, d, J = 6.8 Hz), 0.99 (3H, d, J = 7.2 Hz), 

1.04 (3H, d, J = 7.2 Hz), 1.48 (1H, m), 1.85 (1H, m), 2.26 (1H, m), 2.47-2.56 (1H, br), 3.67 (3H, 

s), 3.69 (3H, br), 3.89 (1H, t, J = 3.4 Hz), 3.97 (1H, dt, J = 3.6, 8.8 Hz) 4.90 (2H, m), 5.71 (1H, 

m). 13C NMR (100 MHz, CDCl3): δ 16.8, 19.2, 21.3, 31.8, 34.4, 41.6, 52.4, 52.5, 54.0, 60.9, 

113.1, 114.3, 162.9, 164.6. LC-MS (ESI +): 253.34 (+). 
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(2R,5S)-2-isopropyl-3,6-dimethoxy-5-((S)-2-methylbut-3-en-1-yl)-2,5-dihydropyrazine (9b) 

In the same manner as above, 8b (1.1 g, 4.3 mmol) was converted to 9b (450 mg, 42%). 1H 

NMR (400 MHz, CDCl3): δ 0.69 (3H, d, J = 6.8 Hz), 1.03 (3H, d, J = 6.8 Hz), 1.04 (3H, d, J = 6.8 

Hz), 1.64 (1H, m), 1.78 (1H, m), 2.27 (1H, m), 2.49 (1H, m), 3.68 (3H, s), 3.69 (3H, s), 3.91 (1H, 

t, J = 3.2 Hz), 4.01 (1H, m), 4.86 (1H, m), 4.93 (1H, m), 5.71 (1H, m). LC-MS (ESI +): 253.34 

(+). 

 

(2S,4R)-methyl 2-amino-4-methylhex-5-enoate (10a) 

To a solution of 9a (550 mg, 2.1 mmol) in MeCN (10 mL), TFAaq (0.1 N, 15 mL) was added and 

the reaction stirred overnight. The reaction mixture was evaporated and the resulting white solid 

was purified by reverse-phase HPLC. Column: Waters XBridge Prep C18, 5 µm, 30 × 250 mm. 

Conditions: 0-25% MeCN/H2O (+ 0.1% formic acid in both mobile phases) linear gradient over 

40 min, flow rate 20 mL/min. The purified formate salt was dissolved in saturated aqueous 

NaHCO3 (5 mL), and then the aqueous solution was extracted with Et2O (4 × 10 mL). The 

organic fractions were combined and HCl (0.6 mL, 4 N in dioxane) was added. Solvent was 

evaporated to give 10a as a white solid (140 mg, 0.7 mmol, 34%). 1H NMR (400 MHz, DMSO-

d6): δ 0.98 (3H, d, J = 6.8 Hz), 1.66 (1H, ddd, J = 6.0, 8.0, 14.0 Hz), 1.77 (1H, ddd, J = 5.6, 8.8, 

14.4), 2.35 (1H, m), 3.73 (3H, s), 3.82 (1H, dd, J = 5.6, 8.0 Hz), 5.02 (1H, m), 5.09 (1H, m), 5.67 

(1H, m), 8.14 (3H, br). 13C NMR (100 MHz, DMSO-d6): δ 19.8, 33.2, 37.2, 50.7, 52.7, 114.7, 

142.3, 170.7. LC-MS (ESI +): 158.26 (+). 

 

(2S,4S)-methyl 2-amino-4-methylhex-5-enoate (10b) 

In the same manner as above, 9b (300 mg, 1.2 mmol) was converted to 10b (168 mg, 75%). 1H 

NMR (400 MHz, DMSO-d6): δ 0.98 (3H, d, J = 6.8 Hz), 1.74 (2H, t, J = 6.8 Hz), 2.33 (1H, p, J = 

7.2 Hz), 3.75 (3H, s), 3.94 (1H, t, J = 6.8 Hz), 5.03 (2H, m), 5.66 (1H, m), 8.28-8.40 (3H, br). 13C 
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NMR (100 MHz, DMSO-d6): δ 19.9, 33.1, 37.0, 50.5, 52.6, 114.4, 142.4, 160.3. LC-MS (ESI +): 

159.23 (+). 

 

Synthesis of cyclic peptides 

Ternatin (1) and ternatin-4-Ala (2) were synthesized as described, and all spectral data 

were in accordance with those reported (Shimokawa et al., 2008b). Cyclic peptides 3, 4, 4b, and 

5, were synthesized by the same route as ternatin (Scheme S2).  

 

 

 

Scheme 2-2 Synthesis of ternatin variants 3, 4, and 4b  
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Scheme 2-3 Synthesis of photo-affinity probe 5  
Reagents and conditions: (a) HATU, DIPEA, DCM/DMF; (b) 2 M HCl, MeOH, 30 ºC; (c) 1 N LiOH, H2O/THF; (d) 
HATU, DIPEA, DMF.  
 

General procedure for coupling Boc-protected amino acids (a) 

A flask was charged with the N-Boc amino acid (1 equiv), N-deprotected peptide methyl 

ester (1 equiv), HATU (1.1 equiv), and CH2Cl2/DMF (1:1 v/v, 0.1 M peptide methyl ester). The 

reaction was cooled to 0 ºC, and N,N-diisopropylethylamine (3 equiv) was added dropwise, 

giving a clear yellow solution. The reaction was allowed to warm to room temperature, and was 

monitored by LC-MS . After 3-12 h, the reaction was quenched by the addition of saturated 

aqueous NH4Cl (1-5 mL) and diluted with EtOAc (10-20 mL). The organic layer was separated, 

and the aqueous layer was extracted with EtOAc (4 × 10-20 mL). The organic fractions were 

combined and washed with brine (10-20 mL), dried (MgSO4), filtered, and concentrated. 

Peptides were purified by silica gel column chromatography using hexane/EtOAc gradients 

(dipeptides, tripeptides, tetrapeptides), or isopropyl alcohol/toluene gradients (linear 

heptapeptides).  

 

General procedure for Boc deprotection (b) 

The N-Boc amino ester was treated with HCl (5 equiv, 2 M in MeOH) and gently warmed 

(30-35 ºC). Reaction progress was monitored by LC-MS until no starting material remained (2 

h). Solvent was evaporated, and the residue was azeotropically dried with MeCN until the 

product appeared as a white solid, which was used for the next coupling step without 

purification. 

 

General procedure for ester hydrolysis (c) 
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The ester was dissolved in 3:1 THF/H2O (0.1 M) and was treated with 1 N LiOH (10 

equiv). Reaction progress was monitored by LC-MS until no starting material remained (1-2 h). 

The reaction was brought to neutral pH with stoichiometric 1 N HCl and solvent was evaporated. 

The resulting residue was azeotropically dried with MeCN and used in the next coupling step 

without further purification. 

 

General procedure for macrocyclization (d) 

Macrocyclization was carried out under a pseudo-high dilution protocol using two syringe 

pumps carrying (1) the fully deprotected linear heptapeptide in DMF (1 equiv, 0.02 M), and (2) 

HATU in DMF (3 equiv, 0.1 M), which were added at 0.01 mL/min to a flask containing DIPEA in 

DMF (6 equiv, 0.1 M). After addition, the reaction was allowed to stir at room temperature for 24 

h, then the solvent was distilled under reduced pressure (bath temperature <30 ºC). The 

resulting residue was dissolved in EtOAc (10 mL), washed with 1 N HCl (5 mL), saturated 

aqueous NaHCO3 (5 mL), and brine (2 mL), then dried over MgSO4, filtered, and concentrated. 

The resulting residue was dissolved in DMSO and purified by reverse phase HPLC. Column: 

Peeke Scientific Combi-A 5 mm preparative C18, 50 × 22 mm. Conditions: MeCN/H2O 40-45% 

(+ 0.1% TFA in both mobile phases) linear gradient over 20 min, flow rate 10 mL/min. 

 

 

1H NMR (600 MHz, DMSO-d6): δ 0.77 (3H, d, J = 7.2 Hz), 0.89 (3H, J = 6.6 Hz), 1.09 (1H, d, J 

= 6.53 Hz), 1.15-1.19 (5H, m), 1.37 (2H, m), 1.41 (9H, s), 1.52-1.63 (3H, m), 1.76 (1H, m), 2.61 

OH

NH
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Boc
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O

HO
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(1H, m), 2.68 (3H, s), 3.41-3.67 (2H, m), 4.01-4.11 (2H, m), 4.28-4.38 (1H, m), 4.83-5.05 (3H, 

m), 7.91 (1H, d, J = 8.2 Hz). 13C-NMR (150 MHz, DMSO-d6): δ 14.5, 15.0, 16.7, 20.1, 28.5, 

29.7, 38.7, 42.6, 50.5, 51.9, 55.7, 60.2, 60.6, 75.2, 75.4, 79.7, 80.0, 154.9, 170.7, 171.3, 171.4. 

LC-MS (ESI –): 470.36 (–). 

 

 
1H NMR (600 MHz, CDCl3): major conformer δ 0.83-0.97 (24H, m), 1.19 (1H, td, J = 7.2, 14.2), 

1.27-1.82 (20H, m), 1.46 (9H, s), 1.75 (1H, td, J = 7.2, 13.4), 2.78 (3H, s), 2.79 (3H, s), 2.95 

(3H, s), 3.23-3.39 (1H, m), 3.71 (3H, s), 3.90 (1H, m), 4.06 (1H, d, J = 7.2), 4.41 (1H, q, J = 6.1), 

4.48-4.56 (1H, m), 4.74 (1H, t, J = 6.8), 4.99 (1H, q, J = 6.3), 5.05 (1H, t, J = 7.8), 5.20 (1H, s), 

5.49 (1H, q, J = 6.4), 6.86 (1H, d, J = 8.4), 6.91 (1H, d, J = 7.8), 7.55 (1H, d, J = 7.8). 13C-NMR 

(150 MHz, DMSO-d6): major conformer δ 11.8, 14.2, 14.6, 17.1, 19.6, 20.0, 21.7, 21.8, 22.8, 

23.2, 24.7, 25.0, 25.6, 26.5, 28.4, 29.6, 29.7, 30.2, 30.3, 31.0, 36.0, 36.7, 38.6, 41.1, 43.1, 50.3, 

51.2, 52.3, 52.6, 52.7, 54.2, 54.9, 58.6, 60.4, 68.2, 76.9, 80.3, 155.8, 170.1, 171.0, 171.2, 171.7, 

172.0, 172.1, 173.0. LC-MS (ESI –): 894.65 (–). 
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1H NMR (600 MHz, CDCl3): major conformer δ 0.99 (3H, d, J = 6.7 Hz), 1.26 (3H, d, J = 6.6 Hz), 

1.44 (9H, s), 0.82-1.80 (33H, m), 1.94 (1H, m), 2.06 (1H, m), 2.17 (1H, m), 2.26 (1H, m), 2.78 

(3H, s), 2.79 (3H, s), 2.94 (3H, s), 3.11 (1H, s), 3.70 (3H, s), 3.88 (1H, m), 4.37-4.47 (3H, m), 

4.73 (1H, dd, J = 5.5, 8.3 Hz), 4.89-4.99 (3H, m), 5.03 (1H, dd, J = 6.7, 8.9 Hz), 5.19 (1H, br), 

5.50 (1H, m), 5.59 (1H, m), 6.45 (1H, d, J = 7.9 Hz), 6.87 (1H, d, J = 8.4 Hz), 7.63 (1H, d, J = 

7.6 Hz). 13C NMR (150 MHz, CDCl3): major conformer δ 11.90, 14.2, 14.3, 14.7, 19.7, 20.8, 

21.9, 22.7, 23.3, 24.8, 25.7, 26.6, 26.7, 28.4 (3C), 29.7, 29.8, 30.2, 30.5, 31.7, 35.1, 36.2, 36.8, 

38.7, 38.9, 43.2, 50.4, 50.9, 51.5, 52.4, 52.6, 52.8, 53.5, 55.0, 79.2, 114.8, 142.3, 152.0, 170.2, 

171.1, 171.2, 171.8, 172.1, 172.1, 172.8. LC-MS (ESI +): 908.73 (+). 

 

 
1H NMR (600 MHz, CDCl3): major conformer δ 0.86 (3H, d, J = 6.5 Hz), 0.97 (3H, d, J =6.7 Hz), 

1.25 (3H, d, J = 6.8 Hz), 1.44 (9H, s), 0.86-2.11 (32H, m), 2.15 (1H, m), 2.24 (1H, m), 2.77 (3H, 
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s), 2.78 (3H, s), 2.94 (3H, s), 3.10 (1H, s), 3.69 (3H, s), 3.87 (1H, br), 4.10 (1H, br), 4.41 (1H, 

m), 4.50 (1H, ddd, J = 5.7, 8.1, 13.8 Hz), 4.72 (1H, dd, J = 5.7, 8.0 Hz), 4.91-4.98 (3H, m), 5.03 

(1H, dd, J = 6.5, 9.1 Hz), 5.18 (1H, m), 5.48 (1H, m), 5.62 (1H, m), 6.53 (1H, d, J = 7.9 Hz), 6.92 

(1H, d, J = 8.5 Hz), 7.60 (1H, d, J = 7.5 Hz). 13C NMR (150 MHz, CDCl3): major conformer δ 

11.9, 14.1, 14.2, 14.6, 17.2, 19.7, 19.8, 20.0, 21.9, 23.2, 24.8, 25.7, 26.5, 28.4 (3C), 29.0, 29.8, 

30.3, 30.5, 30.7, 34.5, 36.2, 36.8, 38.7, 50.4, 50.5, 50.6, 50.7, 52.4, 52.7, 52.8, 54.3, 55.0, 79.1, 

113.9, 142.8, 155.9, 170.1, 171.0, 171.3, 171.7, 172.1, 172.2, 172.7. LC-MS (ESI +): 908.52 (+). 

 

(S)-Boc-photo-leucine methyl ester (16) 

To a solution of (S)-Boc-photo-leucine (72 mg, 0.3 mmol) in MeOH (4 mL) at RT was added 

TMS-diazomethane (2 M in hexane) dropwise until a yellow color persisted. The reaction was 

then concentrated, giving 16 as a clear oil (85 mg, quantitative yield). 1H NMR (400 MHz, 

CDCl3): δ 1.05 (3H, s), 1.44 (9H, s), 1.86 (1H, m), 3.73 (3H, s), 4.34 (1H, m), 5.12 (1H, m). 13C 

NMR (100 MHz, CDCl3): δ 19.8, 23.8, 28.4, 38.2, 50.3, 52.7, 80.3, 155.1, 172.3. LC-MS (ESI –): 

256.14 (–). 

 

 
1H NMR (500 MHz, CDCl3): major conformer δ 0.84-1.05 (24H, m), 1.28-1.40 (8H, m), 1.44 (9H, 

s), 1.61-1.77 (5H, m), 1.94-2.06 (4H, m), 2.13 (1H, dd, J = 4.3, 15 Hz), 2.82 (3H, s), 2.83 (3H, 

s), 2.95 (3H, s), 3.12 (1H, s), 3.74 (3H, s), 4.10 (1H, d, J = 6.3 Hz), 4.40-4.36 (2H, m), 4.61 (1H, 
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td, J = 8.9, 4.0 Hz), 4.75 (1H, dt, J = 6.6, 3.4 Hz), 4.84-4.86 (1H, m), 5.01-5.03 (1H, m), 5.09-

5.12 (1H, m), 5.14-5.18 (1H, m), 5.63 (1H, q, J = 6.8 Hz), 6.69 (1H, d, J = 8.5 Hz), 6.84 (1H, d, J 

= 8.1 Hz), 7.07 (1H, d, J = 8.2 Hz). 13C NMR (125 MHz, CDCl3): major conformer δ 11.7, 11.8, 

14.0, 14.2, 14.5, 17.9, 19.4, 19.6, 22.8 (3C), 23.3, 23.8, 24.7, 24.8, 26.6, 28.4, 30.3, 30.4, 35.7, 

37.3, 48.7, 49.4, 50.7, 52.7, 52.8, 52.9, 54.6, 54.7, 56.2, 62.8, 70.6, 70.7, 75.7, 79.6, 80.4, 80.9, 

156.0, 169.2, 169.9, 170.0, 171.3, 171.4, 172.6, 173.9. LC-MS (ESI –): 904.74 (–). 

 

 

Using the general procedures described above, the fully protected linear heptapeptide 13 (60 

mg, 0.066 mmol) was deprotected and converted to cyclic peptide 3 (12 mg, 24%). 1H NMR 

(600 MHz, DMSO-d6): δ 0.79-0.95 (21H, m), 1.05 (3H, d, J = 6.4 Hz), 1.21 (5H, s), 1.26 (3H, d, 

J = 7.2 Hz), 1.34-1.42 (5H, m), 1.50 (4H, dd, J = 21.3, 8.1 Hz), 1.61 (3H, t, J = 15.6 Hz), 1.76-

1.80 (3H, m), 1.89-1.98 (2H, m), 2.35 (1H, d, J = 12.7 Hz), 2.47 (2H, dt, J = 3.6, 1.8 Hz), 2.79 

(3H, s), 2.84 (3H, s), 3.02 (3H, s), 3.42 (1H, d, J = 9.4 Hz), 3.88 (1H, dd, J = 10.9, 4.0 Hz), 4.04 

(1H, d, J = 12.9 Hz), 4.47 (1H, t, J = 4.3 Hz), 4.78 (2H, d, J = 32.4 Hz), 4.86 (1H, d, J = 1.5 Hz), 

4.97 (2H, d, J = 27.5 Hz), 5.31 (1H, q, J = 6.5 Hz), 7.41 (1H, d, J = 9.8 Hz), 7.74 (1H, d, J = 9.0 

Hz), 8.62 (1H, d, J = 4.9 Hz). 13C NMR (150 MHz, DMSO-d6): δ 11.7, 13.5, 13.7, 14.6, 15.3, 

20.6, 20.8, 20.9, 22.0, 23.1, 23.5, 24.4, 25.1, 25.2, 25.3, 25.7, 28.4, 29.1, 29.4, 31.1, 33.3, 37.5, 

43.1, 43.0, 48.7, 49.2, 50.6, 51.8, 54.4, 55.0, 57.9, 75.3, 167.6, 168.0, 168.6, 172.0, 172.6, 

172.7, 173.5. LC-MS (ESI –): 762.51 (–). 
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Using the general procedures described above, the fully protected linear heptapeptide 14 (78 

mg, 0.078 mmol) was deprotected and converted to cyclic peptide 4 (8.7 mg, 22%). 1H NMR 

(600 MHz, DMSO-d6): δ 0.82 (3H, d, J = 6.7 Hz), 0.83-0.96 (20H, m), 1.09 (3H, d, J = 6.5 Hz), 

1.23 (2H, s), 1.28 (3H, d, J = 7.4 Hz), 1.38 (2H, m), 1.52 (2H, m), 1.58-1.67 (3H, m), 1.80 (2H, 

m), 1.94 (1H, m), 2.05 (1H, m), 2.38 (1H, m), 2.83 (3H, s), 2.90 (1H, m), 2.89 (3H, s), 2.99 (3H, 

s), 3.44 (1H, m), 3.90 (1H, dd, J = 4.1, 10.9 Hz), 4.07 (1H, d, J = 12.6 Hz), 4.52 (1H, dd, J = 3.9, 

4.7 Hz), 4.67 (1H, m), 4.81 (1H, t, J = 9.6 Hz), 4.88 (2H, m), 5.00 (2H, m), 5.34 (1H, dd, J = 6.5, 

13 Hz), 5.69 (1H, ddd, J = 8.7, 10.0, 17.0 Hz), 7.39 (1H, d, J = 9.8 Hz), 7.76 (1H, d, J = 5.3 Hz), 

8.69 (1H, d, J = 4.9 Hz). 13C NMR (150 MHz, DMSO-d6): δ 11.7, 13.6, 13.7, 14.6, 15.4, 20.7, 

20.8, 22.1, 23.6, 24.5, 25.2, 25.3, 25.7, 28.4, 29.1, 29.5, 31.1, 33.4, 35.5, 35.6, 35.5, 35.7, 43.2, 

48.7, 49.4, 50.7, 51.9, 54.4, 55.1, 58.1, 75.4, 115.1, 142.5, 167.8, 168.1, 168.7, 172.2, 172.7 

(2C), 173.7. LC-MS (ESI +): 776.57 (+). 
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Using the general procedures described above, the fully protected linear heptapeptide 15 (50 

mg, 0.065 mmol) was deprotected and converted to cyclic peptide 4b (5.8 mg, 12%). 1H NMR 

(600 MHz, DMSO-d6): δ 0.82 (3H, d, J = 6.7 Hz), 0.84-0.90 (15H, m), 0.93 (3H, d, J = 6.9 Hz), 

0.98 (3H, d, J = 6.7 Hz), 1.09 (3H, d, J = 6.5 Hz), 1.23 (1H, m), 1.29 (3H, d, J = 7.4 Hz), 1.39 

(2H, m), 1.50 (2H, m), 1.64 (3H, m), 1.80 (2H, m), 1.94 (1H, ddd, J = 4.6, 11.0, 13.1 Hz), 2.14 

(1H, m), 2.37 (1H, m), 2.83 (3H, s), 2.88 (3H, s), 2.90 (1H, m) 3.06 (3H, s), 3.45 (1H, dd, J = 1.8, 

9.5 Hz), 3.91 (1H, dd, J = 4.2, 10.7 Hz), 4.06 (1H, d, J = 12.8 Hz), 4.49 (1H, dd, J = 3.7, 4.9 Hz), 

4.80 (1H, t, J = 9.6 Hz), 4.84 (1H, m), 4.86 (1H, m), 4.85-5.04 (3H, m), 5.33 (1H, dd, J = 6.2, 

12.8 Hz), 5.74 (1H, app sept., J = 6.9, 10.3, 17.2 Hz),7.40 (1H, d, J = 9.8 Hz), 7.81 (1H, d, J = 

8.9), 8.62 (1H, d, J = 4.9 Hz). 13C NMR (125 MHz, DMSO-d6): δ 11.6, 13.5, 13.7, 14.6, 15.3, 

17.8, 20.6, 20.8, 22.0, 22.5, 23.5, 24.4, 25.1, 25.2, 25.7, 28.4, 29.1, 29.5, 31.2, 33.1, 34.2, 35.2, 

43.1, 48.4, 49.2, 50.7, 51.8, 54.4, 54.9, 57.9, 75.2, 112.6, 143.8, 167.7, 168.0, 168.6, 171.9, 

172.6, 172.7, 173.5. LC-MS (ESI +): 776.52 (+). 

 

 

Using the general procedures described above, the fully protected linear heptapeptide 17 (45 

mg, 0.044 mmol) was deprotected and converted to cyclic peptide 5 (9.2 mg, 27%). 1H NMR 

(600 MHz, DMSO-d6): δ 0.81 (3H, d, J = 6.6 Hz), 0.84-0.92 (10H, m), 1.01 (3H, s), 1.11 (3H, d, 

J = 6.5 Hz), 1.13-1.41 (11H, m), 1.47-1.55 (2H, m), 1.61-1.71 (3H, m), 1.82-1.86 (1H, m), 1.90 

(1H, dd, J = 2.1, 15.5 Hz), 2.00 (1H, ddd, J = 5.8, 12.2, 17.9 Hz), 2.55-2.60 (1H, m), 2.74-2.80 
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(2H, m), 2.89 (3H, s), 2.91 (3H, s), 3.02 (3H, s), 3.04 (3H, s), 3.37 (1H, d, J = 9.3 Hz), 3.98 (1H, 

dd, J = 3.8, 11.1 Hz), 4.12-4.14 (1H, m), 4.61 (1H, dd, J = 4.8, 3.6 Hz), 4.70 (1H, t, J = 9.6 Hz), 

4.77 (1H, ddd, J = 11.7, 9.2, 2.3 Hz), 4.86 (1H, q, 7.2 Hz), 5.19 (1H, dd, J = 11.4, 4.7 Hz), 5.39 

(1H, q, J = 6.6 Hz), 7.15 (1H, d, J = 9.8 Hz), 7.1 (1H, m), 8.55 (1H, d, J = 5.0 Hz). 13C NMR (150 

MHz, C6D6): δ 11.7, 13.5, 14.4, 14.7, 19.4, 21.3, 22.5, 24.2, 25.4, 26.8, 29.3, 29.4, 29.9, 30.2, 

30.2, 30.3, 30.5, 30.9, 33.5, 34.2, 39.2, 49.8, 51.7, 55.3, 55.3, 56.3, 59.2, 68.1, 70.1, 75.9, 80.5, 

167.6, 168.1, 169.0, 172.5, 173.1, 174.3, 175.4. LC-MS (ESI –): 772.69 (–). 
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Chapter 3 Ternatin-4 and didemnin B trap kinetically distinct states of 

ribosome-bound elongation factor 1A 
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Abstract 

Efficient and accurate protein synthesis by the ribosome requires abundant GTP-dependent 

elongation factors. Ternatin-4 and didemnin B are unrelated cyclic peptides that kill cancer cells 

by binding the eukaryotic elongation factor 1A (eEF1A)•aa-tRNA•GTP ternary complex. Here, 

using single molecule fluorescence imaging and electron cryomicroscopy (cryo-EM), we 

elucidate the distinct mechanisms by which ternatin-4 and didemnin B inhibit translation. 

Ternatin-4 and didemnin B share an allosteric binding site on eEF1A and both prevent aa-tRNA 

accommodation by trapping eEF1A on the ribosome, but with distinct kinetics. Didemnin B 

irreversibly traps pre-accommodated aa-tRNA in stable complexes, whereas ternatin-4 trapped 

complexes are reversible and more dynamic. Differences in the dynamics of the trapped 

complexes are associated with irreversibility (didemnin B) and reversibility (ternatin-4) of cellular 

effects.  While ternatin-4 and didemnin B have similar potencies against a panel of cancer cell 

lines, ternatin-4 is 10 to 100-fold less toxic to non-proliferating cells, suggesting that distinct 

kinetics can translate to distinct pharmacologies. 

 

 
 
 
 
Note: This chapter was co-written with Dr. Manuel Juette (Weil Cornell, NY, NY) and Dr. Alan 
Brown (MRC-LMB, Cambridge, UK) 
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Introduction 

Drugging the translational machinery is an emerging strategy for treating cancer1,2. An 

inhibitor of translational elongation, homoharringtonine (Omacetaxine mepesuccinate), that 

binds the eukaryotic 80S ribosome was recently approved by the United States Food and Drug 

Administration for the treatment of kinase-inhibitor-resistant chronic myeloid leukemia3. Several 

unrelated natural products with promising anti-cancer activity target eukaryotic elongation factor 

1A (eEF1A), the translational GTPase that delivers aminoacylated tRNAs (aa-tRNAs) to the 

ribosome. These compounds include didemnin B4,5, cytotrienin/ansatrienin6,7, nannocystin8, and 

ternatin7. A didemnin B analogue, plitidepsin (Aplidin), is in Phase III clinical trials for the 

treatment of relapsed/refractory multiple myeloma.  

A recent high-resolution cryo-EM structure demonstrated that didemnin B functions by 

binding eEF1A and preventing its dissociation from the ribosome following aa-tRNA delivery9. 

This traps aa-tRNA in a pre-accommodated A/T state on the ribosome, in which the aa-tRNA 

interacts with both eEF1A and the ribosomal decoding center. Ternatins bind to the aa-

tRNA•eEF1A•GTP ternary complex competitively with didemnin B7 and a point mutation near 

the didemnin B binding site of eEF1A confers recessive resistance to both didemnin B8 and 

ternatin7, suggesting that ternatins and didemnin B share a binding site and possibly an 

inhibitory mechanism.  

Of the known eEF1A inhibitors, ternatins are the most easily accessed by total 

synthesis10. Structural modification led to an improved compound, ternatin-4, with nanomolar 

potency across a variety of cancer cell lines7. Here, using single-molecule Förster resonance 

energy transfer (smFRET) assays and comparative structural analysis of drug-stalled ribosome 

complexes, we elucidate the mechanism of ternatin-4. Despite sharing an allosteric binding site 

on eEF1A, we find that structural and kinetic differences between the inhibitory mechanisms of 

ternatin-4 and didemnin B correlate with quantitative differences in pharmacology. 
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Ternatins and didemnin B inhibit aa-tRNA accommodation  

To test the hypothesis that didemnin B and ternatin-4 both inhibit translation by trapping 

eEF1A on the ribosome, we used smFRET analysis. This method provides a means to visualize 

accommodation of aa-tRNA into the peptidyl-transferase center (PTC) by monitoring changes in 

distance between fluorescently labeled A- and P-site tRNAs (Figure 3-1a)11. The rationale is that 

aa-tRNA accommodation cannot occur while eEF1A remains bound to the ribosome. 

Functional 80S initiation complexes (ICs) were reconstituted in vitro from ribosomal 

subunits isolated from human HEK293T cells, synthetic mRNA, and fluorescently labeled aa-

tRNA as described previously12. ICs were surface-immobilized within imaging flow cells via a 

biotinylated DNA oligonucleotide hybridized to the 5′ end of the mRNA, and analyzed on a 

custom-built total internal reflection fluorescence (TIRF) microscope13. Ternary complex, formed 

with eEF1A isolated from rabbit reticulocyte lysate, fluorescently labeled aa-tRNA, and GTP, 

was delivered to the immobilized ICs using stopped-flow injection14. In the absence of inhibitors, 

three distinct states are detectable (Figure 3-1b,e). The accommodated (AC) state, 

characterized by high (~ 0.7) FRET efficiency, is populated after transient, reversible occupation 

of states with low (~ 0.25) and intermediate (~ 0.45) FRET efficiency, which were previously 

identified as the codon-recognition (CR) and A/T-like GTPase-activated (GA) state, 

respectively11,12,15 (Figure 3-1a). 
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Figure 3-1 Mechanism of inhibition revealed by smFRET 
(a) Schematic of the experimental setup. Functional 80S initiation complexes, pre-loaded with Cy3-labeled P-site 
tRNA (left) are exposed to Cy5-aa-tRNA•eEF1A•GTP ternary complex. Codon recognition leads to a pre-
accommodated “GTPase-activated” (GA), mid-FRET state (center). Accommodation (AC) and peptide-bond 
formation produces a high-FRET classical pre-translocation complex (right), which samples classical and hybrid 
(FRET ~0.37) conformations at steady state. (b-d) Representative smFRET traces of accommodation and dynamics 
of pre-steady state reactions in the presence of DMSO or the indicated drug at 20 µM. (e-g) Corresponding post-
synchronized ensemble FRET plots. (h-i) Dose-response curves of average mid-FRET GA lifetime (black) and 
endpoint high-FRET accommodated fraction (red) in the presence of drug. (j-l) Ensemble plots for steady-state 
reactions, formed with ternary complex containing recombinant eEF1A (WT or A399V). 

 

In the presence of 20 µM didemnin B (Figure 3-1c,f) the majority of the complexes are 

stalled in a long-lived, GA-like (mid-FRET) state. This state is consistent with the didemnin B 

stalled cryo-EM structure9, which contains aa-tRNA in an A/T position together with a classical 

P-site tRNA. Similar traces were obtained in the presence of 20 µM ternatin-4 (Figure 3-1d,g), 

suggesting that ternatins share global features of their inhibitory mechanism with didemnin B. 

Both drugs exhibited similar dose-dependent response profiles with EC50 values for the 

accommodated fraction of ~50 nM (Figure 3-1h-i). Ternatin congeners were also tested (Figure 

3-2). Consistent with cell-based and in vitro reconstitution assays7, ternatin-3 was less potent 

than ternatin-4, and ternatin-2 was inactive.  

 

Figure 3-2 smFRET dose response curves with ternatin congeners  
Dose response profiles depicting FRET states of productive molecules (300 ms in high FRET) for intermediately 
active ternatin-3 (a), and inactive ternatin-2 (b). 
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To further validate the on-target mechanism of each drug in the reconstituted system, we 

examined the effect of the eEF1A A399V mutation, which confers recessive resistance to both 

ternatin-4 and didemnin B in cells7,8. For this purpose, ternary complex was formed using 

recombinant human eEF1A with or without the mutation (Figure 3-3; see Materials and 

Methods). Surface-immobilized ICs were incubated with ternary complex for 2 min, after which 

the ternary complex was rinsed out and the equilibrated reaction endpoint was examined using 

smFRET. Without inhibitors, both wildtype and mutant eEF1A allowed efficient aa-tRNA 

accommodation and the formation of a pre-translocation (PRE) complex12, in which the tRNAs 

exist in a dynamic equilibrium between classical (~ 0.7 FRET) and hybrid (~ 0.25-0.45 FRET) 

states (Figure 3-1j). Both didemnin B and ternatin-4 inhibited accommodation with wildtype 

eEF1A, leading to an equilibrium dominated by the long-lived mid-FRET state (Figure 3-1k,l, left 

panels). In contrast, neither drug had a discernible effect on complexes formed with mutant 

eEF1A (Figure 3-1k,l, right panels).  



  70 

 

Figure 3-3 Coomassie-stained SDS-PAGE gel with RRL EF1A and recombinant Flag-EF1A 
 

Ternatin-4 and didemnin B-stalled elongation complexes are kinetically distinct  

Visual examination of the non-equilibrium smFRET traces (Figure 3-1c,d) reveals that 

both drug-stalled complexes exhibit dynamic behavior in the form of transient excursions to 

states marked by both lower and higher FRET efficiencies. However, ensemble histograms 

(Figure 3-1f,g) suggest differences in the respective occupancies of these transient states, 

indicative of possible kinetic distinctions between the two drugs.  

To resolve these differences quantitatively, we analyzed further the tRNA selection traces 

(Figure 3-1b-g) focusing on the pre-accommodation state before the first high-FRET dwell of ≥ 

150 ms (see Materials and Methods). FRET values immediately before and after each observed 
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transition, as determined by Hidden Markov modeling16–18, were compiled into two-dimensional 

histograms or transition density plots (Figure 3-4a-c). A comparison of the plots reveals that 

both drugs substantially decrease excursions to high FRET states, while excursions to low 

FRET states are unaffected. Excursions to high FRET states were more common with ternatin-

4, as quantified by a ~2-fold higher ratio of mid-to-high over mid-to-low transitions as compared 

to didemnin B (Figure 3-4d), and decreased mid-FRET lifetime (Figure 3-4e). We attribute this 

to a higher propensity of the ternatin-4 bound complex for forward sampling on the path to aa-

tRNA accommodation. Indeed, a ~2-fold higher proportion of ternatin-4-stalled complexes 

proceed to full accommodation than didemnin B-stalled complexes under saturation (Figure 

3-1h,i). 

Next, we determined the rates at which aa-tRNA accommodation eventually occurs in the 

presence of the drugs. Determining the exact timing of an accommodation event was 

complicated as the drug-stalled pre-accommodated A/T state and hybrid tRNA states of the 

accommodated PRE complex have similar FRET efficiencies12. To prevent this overlapping 

signal, we formed ternatin-4 and didemnin B stalled complexes in the presence of 350 µM 

cycloheximide. This inhibitor prevents the formation of tRNA hybrid states by binding to the 

ribosomal E site in the large subunit without measurable effects on the rate of 

accommodation12,19. This modified experiment allowed visualization of accommodation in the 

presence of didemnin B (Figure 3-1f) or ternatin-4 (Figure 3-1g). In the presence of the drugs, 

tRNA accommodation occurs on the timescale of several minutes rather than hundreds of 

milliseconds. Of the two drugs, ternatin-4 allows a faster rate of accommodation, which may be 

explained by the higher permissiveness of the complex or a higher off-rate relative to didemnin 

B, or both. To test the latter hypothesis, we sought to determine off-rates for didemnin B and 

ternatin-4 by washing out the free drug in solution, still in the presence of cycloheximide. Under 

these conditions, we expect the dissociation of the drug from eEF1A to release eEF1A from the 

ribosome and allow aa-tRNA accommodation and peptide-bond formation, resulting in a high 
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FRET state characteristic of classical (A/A, P/P) tRNAs. We found that the effect of ternatin-4 is 

reversed at a much faster rate than for didemnin B (Figure 3-4h,i). Moreover, the reversal is 

nearly complete 5 min after washing, while the didemnin B complex remains mostly stalled. 

 

 

Figure 3-4 Mechanistic differences between ternatin-4 and Didemnin B 
 (a-c) Transition density plots of pre-accommodated complexes reveal attenuated sampling of the high-FRET state in 
the presence of saturating (20 µM) drug. (d) Ratio of mid-to-high over mid-to-low transitions. Error bars s.e.m. from 
1000 bootstrap samples. (e) Survival plots reveal increased mid-FRET (GA) lifetimes with ternatin-4/didemnin B. (f-g) 
Extended incubation in the presence of drug (20 µM) and cycloheximide (CHX) reveals “sneak-through” to high-FRET 
PRE complexes. (h-i) Ternatin-4/didemnin B + CHX stalled complexes were washed in the presence of CHX in the 
first second of each movie, revealing the relative off-rates of ternatin-4 and didemnin B. 
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Ternatin-4 traps eEF1A on the ribosome with a disordered switch I loop 

To investigate further the molecular mechanisms of the kinetically distinct eEF1A 

inhibitors, we solved the structure of a ternatin-stalled elongating ribosome to 4.1 Å resolution 

by cryo-EM (Figure 3-5, Figure 3-6a,b, Table 3-1). This complex was prepared by stalling 

translating ribosomes in rabbit reticulocyte lysate with ternatin-4 and immunoprecipitating the 

resulting ribosome-nascent chain complexes, following a procedure similar to that used to 

isolate didemnin B stalled elongating ribosomes9. 

 

 

Figure 3-5 Cryo-EM structure of the ternatin-stalled 80S•aa-tRNA•eEF1A complex  
(a) Unfiltered EM map of the ternatin-stalled elongation complex comprising the large (blue) and small ribosomal 
subunits (yellow), P- (green) and E-site (gold) tRNAs, aminoacyl-tRNA in the pre-accommodated A/T state (A/T aa-
tRNA; purple), and eEF1A (red). (b) Additional density, unaccounted for by eEF1A, is present at the interface 
between domains I and III of eEF1A. This density likely corresponds to ternatin, and is viewed here contoured at 3σ. 
Residue A399, which confers resistance to ternatin and didemnin B when mutated to valine, is in close proximity to 
the density. (c) Unfiltered map for eEF1A contoured at 3.5σ. No density is present for the switch loops of eEF1A that 
are ordered in the didemnin B-stalled complex (PDB: 5LZS).  
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The overall state of the ribosome captured by each drug is similar, with the ribosome 

adopting an unrotated conformation with a nascent-chain-attached tRNA in the P site, a pre-

accommodated aa-tRNA in the A site, and eEF1A occupying the GTPase-associated center 

(Figure 3-5a). Interpretation of the density map for the ternatin-stalled elongation complex with 

the atomic model for the didemnin B stalled equivalent (PDB ID: 5LZS)9, revealed additional 

density in the cleft between eEF1A domains I and III, which we interpret as ternatin-4 (Figure 

3-5b). The position of this density corresponds to the binding site of didemnin B and is in close 

proximity to A399 (Figure 3-6c), suggesting that the resistance conferred by the mutation A399V 

is a result of disturbing the binding pocket. Thus, ternatin-4 and didemnin B share an allosteric 

binding site on eEF1A, as was suggested by competitive binding and the shared resistance 

mutation A399V. The antibiotic kirromycin recognizes the analogous cleft in the bacterial 

homolog of eEF1A, EF-Tu20,21.  
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Figure 3-6 Quality and features of the cryo-EM map and model 
(a) 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. (b) FSC curves calculated between the refined model and final map (black), 
between the model refined against half map 1 and half map 1 (FSCwork; blue) and between the model refined against 
half 1 and half map 2 (FSCtest; red). (c) Ternatin binds to the same pocket of eEF1A as didemnin B, shown as a stick 
model, and is in close proximity to A399 of domain III. (d) The EM map for the ternatin-stalled elongation complex 
colored by local resolution. The local resolution for the aa-tRNA•eEF1A complex is worse than the surrounding 
ribosome due to on-ribosome flexibility.  
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Table 3-1 Data collection and processing statistics 
 80S•aa-tRNA• 

eEF1A•ternatin 
Data Collection 
 Voltage (kV) 300 
 Pixel size (Å) 1.04 
 Defocus range (µm) 0.8 – 9.2 
 Defocus mean (µm) 3.6 
 Electron dose (e- Å-2) 40 
Data Processing 
 Useable micrographs  1,422 
 Particles picked/sorted 159,068 
 Particles after 2D classification 120,986 
 Particles after 3D classification  85,795 
 Particles after FCwSS 22,034 
 Final particles  22,034 
 Map sharpening B-factor (Å2) -110.3 
 Resolution (Å) 4.13 
Model composition  
 Non-hydrogen atoms 220,809 
 Protein residues 12,139 
 RNA bases 5,747 
 Nucleotide/inhibitor GDP/ternatin 
 Metals (Zn2+/Mg2+) 8/276 
Refinement 
 Resolution (Å) 4.13 
 Average B factor (Å2) 93.5 
 FSCaverage 0.78 
 CRef 4.27 
R.m.s. deviations 
 Bond lengths (Å) 0.006 
 Bond angles (°) 0.95 
Validation 
 Molprobity score (percentile) 1.93 (100th) 
 Clashscore, all atoms (percentile) 1.65 (100th) 
 Favored rotamers (%) 84.7 
 Poor rotamers (%) 6.2 
 Correct sugar puckers (%) 96.5 
 Good RNA backbone 

conformations (%) 

75.6 
Ramachandran plot 
 Favored (%) 93.8 
 Outliers (%) 0.5 
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Similar to kirromycin and didemnin B, ternatin-4 likely prevents the interdomain rotations 

necessary for the GTPase to dissociate from the aa-tRNA and the ribosome. However, 

compared to the didemnin B-stalled elongation complex, the density for aa-tRNA and eEF1A in 

the presence of ternatin-4 is less well resolved (Figure 3-6d). This appears to be the result of a 

looser association between eEF1A and the ribosome that permits eEF1A to exist in an 

ensemble of conformations. Closer inspection reveals that the switch I and II loops of eEF1A 

have especially weak density, consistent with their being disordered and averaged out of the 

cryo-EM reconstruction (Figure 3-5c). EF-Tu is trapped on the ribosome with similarly 

disordered switch loops by kirromycin20,21. As switch-loop disordering typically follows GTP 

hydrolysis and Pi release in Ras-family GTPases22,23, and kirromycin traps a post GTP-

hydrolysis state of EF-Tu, we propose that ternatin traps eEF1A in a GDP-bound state. 

Didemnin B also traps a GDP-bound state of eEF1A, but with ordered switch loops. The region 

around the ordered switch I loop forms potentially stabilizing interactions with the ribosome9 and 

loss of these interactions may explain the increased movement of eEF1A on the ribosome in the 

ternatin-4 bound structure. The observed differences in the trapped state of the ternary complex 

on the ribosome helps rationalize the differences observed by smFRET and suggests that the 

mechanisms of didemnin B and ternatin-4 are distinct. Ternatin-4 may trap a later step of the 

GTPase pathway than didemnin B, in which both Pi release and switch-loop disordering has 

occurred. Alternatively, switch-loop stabilization may be an indirect consequence of didemnin B 

binding that is not induced by ternatin-4.  

 

Cellular effects of ternatin and didemnin 

The rapid recovery of aa-tRNA accommodation in the smFRET assay after ternatin, but 

not didemnin, washout prompted us to investigate whether similar kinetic differences could be 

observed in cells. Under 4-hour continuous treatment, both compounds inhibited protein 

synthesis in HCT116 colorectal cancer cells with similar nanomolar potencies (Figure 3-7a, 
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ternatin-4 IC50 36.0 ± 3.1 nM; didemnin B IC50 6.95 ± 1.6 nM), as measured by homoprogargyl 

glycine metabolic labeling followed by flow-cytometry analysis24. After 4-hour treatment with 

saturating concentrations of didemnin B (100 nM) or ternatin-4 (500 nM) followed by rigorous 

washout, protein synthesis was recovered after ternatin-4, but not didemnin B treatment (Figure 

3-7b). Protein synthesis was uniformly recovered to ~25% of starting levels in each cell 24 

hours after ternatin-4 washout (Figure 3-7c). These results correlate with in vitro observations of 

ribosome-trapping reversibility, and suggest that differences in the mechanism of eEF1A 

inhibition lead to differences in inhibitor durability in cells. 
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Figure 3-7 Cellular effects of ternatin-4, but not didemnin B, are reversible upon washout 
(a) Dose-dependent effects of didemnin B and ternatin-4 on protein synthesis in HCT116 cells under continuous 
treatment (4 hrs). 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-c) HCT116 cells were treated 
with ternatin-4 (500 nM) or didemnin B (100 nM) for 4 hrs, followed by washout. Protein synthesis was quantified as 
in (a) at 1, 2, 4, 8, or 24 hrs post-washout, corresponding histograms are shown in (c). (d) Jurkat cells were treated 
with ternatin-4 (500 nM) or didemnin B (100 nM) for 1, 2, 4, 8, or 24 hrs, stained with Annexin V-FITC (AV) and 
propidium iodide (PI), and analyzed by FACS. (e) Jurkat cells were treated with ternatin-4 (500 nM) or didemnin B 
(100 nM) for 2 hrs followed by washout and 22 hr incubation in drug-free media or for 24 hrs, and analyzed as in (d). 

 

 We next examined the duration of action of each inhibitor in inducing apoptosis in Jurkat 

cells, which are known to undergo rapid apoptosis in response to translational inhibitors25. 

Jurkat cells were similarly sensitive to ternatin-4 and didemnin B during a 24-hour treatment 

(Figure 3-8, ternatin-4 IC50 29.9 ± 11.8 nM; didemnin B IC50 3.90 ± 3.0 nM). Saturating ternatin-4 

or didemnin B treatment induced loss of membrane polarization, an early marker of apoptosis, 

in 40% of cells within 2 or 4 hours respectively (Figure 3-7d). Within 24 hours, >95% of cells 

were dead under either treatment condition. While a 2-hour treatment with ternatin-4 was 

sufficient to initiate apoptosis in a sub-population (~40%) of cells, rigorous washout followed by 

a 22-hour incubation resulted in no further cell death (Figure 3-7e). In contrast, cell viability fell 

from 80% to 25% during the 22-hour incubation following washout of didemnin B. Again, kinetic 

differences between in vitro and cell-based assays are correlated, and suggest that the precise 

mechanism of eEF1A inhibition impacts inhibitor durability in cells. 

 

 

Figure 3-8 Dose response for apoptosis in Jurkat cells 
Jurkat cells were treated for 24 hours with the indicated compound and analyzed for cell death by flow cytometery.  
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We were curious to ask if mechanistic differences between each eEF1A inhibitor would 

lead to differing sensitivities in transformed or non-transformed cells. A panel of hematological 

and solid tumor-derived cell lines with wide-ranging sensitivities to ternatin-47 were screened for 

sensitivity to didemnin B (Figure 3-9a, Table 3-2). Sensitivities across cell lines were highly 

correlated (Spearman correlation r = 0.90, p<0.0001), suggesting that mechanistic differences 

between eEF1A inhibitors do not lead to strong variation in activity in the context of rapidly 

proliferating cancer cell lines under continuous treatment. We next asked whether non-

proliferating cells were similarly sensitive to either eEF1A inhibitor. As cardiac toxicity 

contributed to the failure of didemnin B to progress past phase II clinical trials26, we chose iPSC-

derived cardiomyocytes (iPS-CM) as model non-proliferating cells to evaluate the potential 

toxicity of eEF1A inhibitors. While ternatin-4 was on average 2.6-fold less active than didemnin 

B against the panel of cancer cell lines, ternatin-4 was 10 to 100-fold less toxic than didemnin B 

to iPS-CM cells (Figure 3-9b and Figure 3-10).  

 

Figure 3-9 eEF1A inhibitor activity against cancer cells and non-proliferating cells 
(a) Ternatin-4 and didemnin B were assayed for anti-proliferative activity against a panel of 21 cancer cell lines. 
Shown is a scatter plot of IC50 values, with a line indicating parity. Spearman correlation r = 0.90, p<0.0001. (b) iPS-
derived cardiomyocytes were treated with each drug for 96 hours before viability was measured by resazurin 
metabolism. Shown are dose-response curves with mean and s.e.m. for triplicate samples. Data are representative of 
two separate experiments using independent iPS-CM differentiations. 
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Figure 3-10 iPS-CM differentiation #2 dose response curves  
A second iPS-CM differentiation was treated with drug for 96 hours, then viability was measured by resazurin 
metabolism. 
 
Table 3-2 Source data for Figure 3-9 

 
IC50 (nM) 

 Cell Line ternatin-4 didemnin B ternatin-4/didemnin B 
BICR 31 19.6 9.6 2.0 
CFPAC-1 6.1 14.6 0.4 
HCC1143 16.8 5.7 2.9 
HCC-1588 17.3 6 2.9 
Hs 695T 7.1 8.8 0.8 
Hs 936.T 0.9 0.9 1.0 
KYSE-150 10.7 4.3 2.5 
MM138 0.9 0.9 1.0 
MM473 0.9 0.9 1.0 
MM603 1 0.9 1.1 
MOLM-13 3.2 1.1 2.9 
MOLT-16 3.7 0.9 4.1 
NCI-H1373 314.9 20.7 15.2 
NCI-H661 33 21.1 1.6 
OCI-LY3 2.2 0.9 2.4 
OCI-M1 21.2 8.7 2.4 
SH-4 0.9 0.9 1.0 
SK-MEL-2 51.2 23.1 2.2 
SNU-349 199.2 52.4 3.8 
SNU-878 20.6 25.7 0.8 
VM-CUB1 6.7 3 2.2 

  
average fold 2.6 
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Conclusions and perspective 

In this study, we set out to explore the molecular mechanisms of two translational 

inhibitors, ternatin-4 and didemnin B. Cryo-EM and smFRET analysis of elongating ribosomes 

revealed that both ternatin-4 and didemnin B prevent the eEF1A•aa-tRNA•GDP ternary complex 

from dissociating from the 80S ribosome. Despite sharing an allosteric binding site at the eEF1A 

domain I/III interface, ternatin-4 traps eEF1A in a more loosely associated state than didemnin 

B.  

The differences in action of the eEF1A inhibitors appear to impact their pharmacology. 

While the sensitivity of cancer cell lines to both inhibitors was tightly correlated across cancer 

types, inhibitor durability varied in accordance with biochemical mechanism: ternatin was 

reversible, and didemnin B irreversible in cellular effects. Inhibitor durability, and ultimately in 

vivo residence time, may influence efficacy and toxicity. Given the rapid response of some cell 

lines, e.g. Jurkat T-cells, to eEF1A inhibitors, there is a possibility for achieving efficacy against 

rapidly proliferating cells in vivo with a ternatin-like inhibitor, while sparing the broad toxicity of 

irreversible translation inhibition. Additionally, subtle differences in the mechanism of 

competitive inhibitors can lead to dramatic differences in toxicity and potential therapeutic utility, 

as was recently observed for vinca domain-binding tubulin modulators27. While non-proliferating 

iPS-CM cells were very sensitive to didemnin B, mirroring the low therapeutic index seen in the 

clinic26, iPS-CM cells were less sensitive to ternatin-4. The mechanism for differential sensitivity 

of non-proliferating cells to ternatin-4 and didemnin B, and whether it will translate to reduced 

toxicity in vivo, is an exciting question for future investigation. 
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Experimental procedures 

 

Protein synthesis measurements by homoprogargyl glycine metabolic labeling 

HCT116 cells were seeded in 24 well plates at 30,000 cells/well and incubated overnight 

before 4-hour treatment with compound. For experiments involving washout, cells were washed 

twice with 1 mL complete media, followed by alternating quick and 5 min 37ºC washouts 

repeated 4 times each 28. After appropriate incubations, cells were washed once with 

phosphate-buffered saline (PBS), then exchanged to methionine- and cysteine-free DMEM 

(Gibco) supplemented with 10% dialyzed FBS (Sigma), glutamine (2 mM), cysteine (2 mM), 

homopropargyl glycine (1 mM; Kerafast), and appropriate drug for 1 hour. Media was then 

aspirated, cells were trypsinized and transferred to 96-well plates, washed once with PBS, and 

fixable live/dead stained with Zombie Red amine-reactive dye (BioLegend) according to the 

manufacturer’s instructions. Cells were fixed in 2% paraformaldehyde in PBS for 10 minutes at 

room temperature, and then permeablized in PBS supplemented with 0.1% saponin and 3% 

FBS. Samples in 25 µL permeabilization buffer were subjected to copper-catalyzed alkyne-azide 

conjugation to CF405M-azide (Biotium) by addition of 100 µL click reaction mix (50 mM HEPES 

pH 7.5, 150 mM NaCl, 400 µM TCEP, 250 µM TBTA, 200 µM CuSO4, 5 µM azide). After 

overnight incubation at room temperature in the dark, samples were washed 3× with 

permeabilization buffer, 2× FACS buffer (PBS –Mg/Ca + 2% FBS + 2 mM EDTA), and analyzed 

by flow cytometry (MACSQuant VYB). Data analysis was performed with FlowJo software (Tree 

Star). Dead cells (Zombie Red +) were excluded from analysis (typically representing <15% of 

total cells), leaving at least 500 live cells for each data point. IC50 values and plotted data points 

(Figure 3-7b) are given as the mean of three independent determinations ± standard error.  
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Apoptosis assay by annexin V/propidium iodide staining 

Jurkat cells at 0.5 × 106 cells/mL were treated with compound as indicated. For 

experiments involving washout, cells were washed twice with 1 mL complete media by pelleting 

cells for 3 min at 1.3k ×g and aspirating media, followed by alternating quick and 5 min 37ºC 

washouts repeated 4 times each 28. Cells were stained with annexin V-FITC and propidium 

iodide (BD Pharmingen) according to the manufacturer’s instructions, and analyzed by flow 

cytometry (MACSQuant VYB). The mean of three independent experiments ± standard error is 

plotted. 

 

Flag-eEF1A purification 

HCT116 cells stably expressing Flag-eEF1A1(WT or A399V)-P2A-mCherry 7 were lysed 

in buffer containing 50 mM HEPES pH 7.5, 125 mM KOAc, 5 mM MgOAC2, 1% Triton X-100, 

10% glycerol, 1 mM DTT, and 1X EDTA-free complete protease inhibitors (Roche). Lysate (8 

mg/sample) was incubated with 200 uL anti-Flag magnetic beads (Sigma) at 4ºC for 90 min. 

Beads were washed 3× lysis buffer, 3× lysis buffer + 400 mM KOAc, and 3× elution buffer (50 

mM HEPES pH 7.5, 0.1 mM EDTA, 100 mM KCl, 25% glycerol, 1 mM DTT), then eluted in 100 

mM elution buffer + 1 mg/mL 3X Flag peptide (Sigma) at 4ºC for 30 min. 

 

iPS-CM cell line sensitivity 

Directed differentiation and purification of iPS-CM from the WTc control iPSC line was 

performed as previously described 29.  The complete experiment was performed twice, using 

two independent iPS-CM differentiation batches as follows.  Cryopreserved iPS-CM were 

thawed onto matrigel-coated plates and allowed to recover for four days, then dissociated with 

0.25% trypsin/EDTA and seeded in 96-well clear-bottomed plates at 20,000 cells/well. After 5 

days, wells were observed by light microscopy for regular spontaneous beating as an indication 

of cell health. Cells were treated with compound as a 3X stock in complete media, with 4X serial 
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dilutions from 2.5 µM to 0.61 nM final concentrations in triplicate. After 96-hour incubation at 

37ºC, cells were treated with PrestoBlue (ThermoFisher) and assayed for viability according to 

the manufacturer’s instructions. 

 

In vitro translations and sample preparations 

In vitro transcription reactions were performed as previously described (Shao et al., 

2013; Sharma et al., 2010). All in vitro translations in a rabbit reticulocyte (RRL) system were for 

25 min at 32°C as before (Shao et al., 2013; Sharma et al., 2010). A transcript encoding 3X 

Flag-tagged KRas was translated in vitro. A final concentration of 50 µM ternatin was added 

after 7 min to stall ribosome-nascent chain complexes (RNCs) at the stage of aa-tRNA delivery 

by eEF1A and the reaction allowed to proceed to 25 min. 4 mL translation reaction was directly 

incubated with 100 µL (packed volume) of anti-Flag M2 beads (Sigma) for 1 hr at 4°C with 

gentle mixing. The beads were washed sequentially with 6 mL 50 mM Hepes, pH 7.4, 100 mM 

KOAc, 5 mM Mg(OAc)2, 0.1% Triton X-100, 1 mM DTT; 6 mL 50 mM Hepes, pH 7.4, 250 mM 

KOAc, 5 mM Mg(OAc)2, 0.5% Triton X-100, 1 mM DTT; and 6 mL RNC buffer (50 mM Hepes, 

pH 7.4, 100 mM KOAc, 5 mM Mg(OAc)2, 1 mM DTT). Two sequential elutions were carried out 

with 100 µL 0.1 mg/mL 3X Flag peptide (Sigma) in RNC buffer at room temperature for 25 min. 

The elutions were combined and centrifuged at 100,000 rpm at 4°C for 40 min in a TLA120.2 

rotor (Beckman Coulter) before resuspension of the ribosomal pellet in RNC buffer containing 1 

µM ternatin. The resuspended RNCs were adjusted to 120 nM and directly frozen to grids for 

cryo-EM analysis. 

 

Preparing grids for cryo-EM analysis 

R2/2 grids (Quantifoil) were covered with a thin layer of continuous carbon (estimated to 

be 50 Å thick) and glow discharged to increase hydrophilicity. The grids were transferred to a 

Vitrobot MKIII (FEI) with the chamber set at 4°C and 100% ambient humidity. Aliquots of purified 
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RNCs (3 µL, ~120 nM concentration in 50 mM Hepes pH 7.4, 100 mM KOAc, 5 mM Mg(OAc)2, 

1 mM DTT and 1 µM ternatin) were applied to the grid and incubated for 30 s, before blotting for 

3 s to remove excess solution, and vitrified in liquid ethane. 

 

Data collection  

All micrographs were taken on a Titan Krios microscope equipped with a XFEG electron 

source operating at an acceleration voltage of 300 kV. Images were recorded on a Falcon II 

direct-electron detector (FEI) using quasi-automated data collection (EPU software, FEI). 

Images were recorded at a calibrated magnification of 134,615, which results in a pixel size of 

1.04 Å. A dose rate of ~40 electrons per Å2 per second was used. Movies were recorded for 

approximately 1.0 second at a rate of 16 frames per second.   

Image Processing 

Movies frames were aligned using whole-image motion correction (Li et al., 2013). 

Parameters of the contrast transfer function for each motion-corrected micrograph were 

obtained using Gctf (Zhang, 2016). Visual inspection of the micrographs and their 

corresponding Fourier transforms resulted in 201 micrographs being excluded due to 

astigmatism, charging, contamination, and poor contrast. 

Ribosome particles were selected from the remaining 1,422 micrographs using semi-

automated particle picking implemented in RELION 1.4 (Scheres, 2015). Reference-free two-

dimensional class averaging was used to discard non-ribosomal particles. The 120,986 retained 

particles underwent an initial three-dimensional refinement using a 30 Å low-pass filtered cryo-

EM reconstruction of the mammalian ribosomal elongation complex (EMDB 4130) as an initial 

model.  

After refinement, the particles were then subjected to three-dimensional classification to 

separate different compositions and conformations of the ribosome complexes and isolate 

particles with high occupancy of the desired factors. From this classification, 85,795 particles 
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containing P- and E-site tRNAs were selected and re-refined. The movement of each particle 

within this subset was further corrected using RELION 1.4 (Scheres, 2015). The resulting ‘shiny’ 

particles were subjected to focused classification with signal subtraction (FCwSS) (Bai et al., 

2015) to isolate 22,034 particles containing pre-accommodated aa-tRNA and eEF1A. An 

additional round of 3D refinement was used to obtain the final map, which reached an overall 

resolution of 4.13 Å based on the Fourier shell correlation (FSC) 0.143 criterion (Rosenthal and 

Henderson, 2003). During post-processing, high-resolution noise substitution was used to 

correct for the effects of a soft mask on FSC curves (Chen et al., 2013) and density maps were 

corrected for the modulation transfer function of the Falcon II detector and sharpened by 

applying a negative B-factor that was estimated using automated procedures (Rosenthal and 

Henderson, 2003).  

 

Map interpretation 

The model of the mammalian ribosomal elongation complex trapped with didemnin B 

(PDB accession code 5LZS) (Shao et al. 2016) was docked into the map with Chimera 

(Pettersen et al., 2004). In Coot (Emsley, 2004, Acta Cryst D), sections of the eEF1A model for 

which there was little supporting density were deleted, as was the model for didemnin B. 

Density present in the didemnin B binding site was interpreted as belonging to ternatin. 

However, as the density was insufficiently resolved to unambiguously place a model for ternatin, 

the density was left unmodelled. The model was refined with REFMAC v5.8 utilizing external 

restraints generated by ProSMART and LIBG (Brown et al., 2015a). Model statistics were 

obtained using MolProbity (Chen et al., 2010). Cross-validation was calculated as previously 

described (Amunts et al., 2014; Brown et al., 2015a).  
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Molecular graphics 

All figures were generated with Chimera (Pettersen et al., 2004) or PyMOL (Schrödinger, 

LLC). Maps colored by local resolution were visualized in Chimera using the output of ResMap 

(Kucukelbir et al., 2014). 
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Chapter 4 Ternatin induces degradation of eEF1A 
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Abstract 

Protein-degrading small molecules are emerging as an exciting class of therapeutics. 

Here, we report the protein-degrading activity of ternatin, an eEF1A inhibitor, which appears to 

be intrinsic to its mechanism of action, trapping eEF1A on the ribosome. A competitive molecule 

that has a similar but distinct mechanism, didemnin B, does not induce similar degradation. 

eEF1A degradation is dependent on the ubiquitin-proteasome system, but the components of 

the degradation pathway remain unknown. We describe a fluorescent reporter system for 

studying eEF1A degradation that will enable functional genomics screening for the components 

of the degradation pathway. We speculate that ternatin may exploit an as-yet-undiscovered 

physiological quality control or regulation process during translational elongation, and serves as 

an ideal tool for its discovery. 

  



  95 

Introduction 

The majority of cellular protein degradation, under normal conditions, is mediated by the 

ubiquitin-proteasome system. Proteins are typically targeted for proteasomal degradation by 

modification of lysine residues with polyubiquitin chains. Substrate selectivity for ubiquitination is 

conferred by ubiquitin E3 ligases, of which there are some 600 in human cells1. Drugs can 

directly induce the degradation of proteins through the recruitment of E3 ligases by several 

known mechanisms: by destabilizing their target (e.g. fulvestrant; estrogen receptor2), by 

exposing cryptic substrate binding sites directly on E3 ligases (e.g. IMiDs; cereblon, multiple 

substrates3–5), or designed ligands can bind both a target and an E3 (e.g. PROTACs; multiple 

E3s and substrates6–8), leading to the target’s ubiquitination and degradation. Targeted protein 

degradation is an exciting therapeutic strategy. Indeed, efficacy of multiple clinical therapeutics 

is dependent on their ability to degrade target proteins, notably fulvestrant in refractory breast 

cancer9, and IMiDs in multiple myeloma and myelodysplastic syndromes. 

Ribosome-assocaited quality control (RQC) is a recently discovered mechanism for 

selectively detecting stalled ribosomes and degrading truncated nascent chains10. Ribosomal 

protein ubiquitination on the small (40S) subunit is essential for stalling during poly-A read-

through (on “non-stop” mRNAs) and is also induced by the translation elongation inhibitor 

cycloheximide (CHX)11–14. However, the mechanisms for sensing stalled ribosomes (in the case 

of CHX), or facilitating ribosome stalling (poly-A read-through) remain unknown. The earliest 

mechanistically understood event for quality control of aberrantly stalled ribosomes is the 

recruitment of Pelota•Hbs1 to an empty ribosomal A-site15. It is unclear how Pelota•Hbs1 

competes with high intracellular concentrations of eEF1A•aminoacyl-tRNA, which also binds to 

the A-site. Hence, a major unaddressed question in the field of translation quality control is how 

cells detect and repair ribosomes stalled with an occupied A-site. 
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 Ternatin-4, an eEF1A inhibitor, acts by stalling eEF1A on the ribosomal A-site. We set 

out to trace the fate of eEF1A-stalled ribosomes, and surprisingly found that ternatin induces 

rapid degradation of eEF1A. 

 

Results and discussion 

MCF7 breast cancer cells, treated overnight with ternatin-4 or DMSO, revealed ternatin-4 

dependent loss of eEF1A by western blot (Figure 4-1a, lane 2). Protein translation inhibitors are 

expected to deplete short half-life proteins. However, no eEF1A loss was observed after 

treatment with the ternatin-competitive eEF1A inhibitor didemnin B or the unrelated elongation 

inhibitor cycloheximide (CHX) (Figure 4-1a, lanes 3-4). A second cell line, HEK293T embryonic 

kidney cells, showed similar ternatin-4 specific loss of eEF1A (Figure 4-1b). Therefore, we 

conclude that ternatin-4 specifically induces the degradation of its target, eEF1A. The half-life of 

eEF1A in the presence of ternatin-4 is reduced to ~5 hrs in both MCF7 and HEK293T cells 

(Figure 4-2).  
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Figure 4-1 Ternatin, and not didemnin B, induce degradation of eEF1A 
MCF7 cells (a) or HEK293T cells (b) were treated with (1) DMSO, (2) 100 nM ternatin-4, (3) 100 nM didemnin B, or 
(4) 50 µg/mL cycloheximide (CHX) for 18 hrs before harvesting. Lysates were separated by SDS-PAGE, transferred 
to nitrocellulose, and probed with anti-eEF1A antibody. eEF1A intensity was quantified by densiometery, and 
normalized to the DMSO control. 
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Figure 4-2 Degradation kinetics of endogenous eEF1A in MCF7 and HEK293T cells 
Cells were treated with 100 nM ternatin-4 for the indicated time, and processed as in Figure 4-1. Half life 
measurements were calculated by fitting a one-phase exponential decay to each dataset. (95% CI) MCF7 2.9-7.1 hrs; 
HEK: 3.6-8.2 hrs. 
 

Many cellular proteins are degraded by the proteasome. We asked whether ternatin-4 

induced eEF1A degradation was dependent on an active ubiquitin-proteasome system. Co-

treatment of MCF cells with the proteasome inhibitor carfilzomib prevented eEF1A degradation 

(Figure 4-3, lane 4). As proteasome inhibitors rapidly inhibit ubiquitin cycling, we conclude that 

eEF1A degradation likely requires ubiquitination.  
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We next asked whether targeting for degradation occurs on the ribosome or is 

independent of eEF1A’s role in protein translation. While a conclusive answer will require the 

eventual reconstitution of the ternatin-induced eEF1A degradation pathway in the presence or 

absence of elongating ribosomes, we were able to probe translation pharmacologically. Co-

treatment of cells with cycloheximide (CHX) and ternatin-4 prevented eEF1A degradation 

(Figure 4-3 lane 3). Cycloheximide stalls elongating ribosome by preventing eEF2-mediated 

translocation. Therefore, CHX-treated cells are expected to accumulate elongating ribosomes 

with peptidyl-tRNA in the ribosomal A-site, and deacyl tRNA in the P-site and E-sites16–18 (Figure 

4-4). While cycloheximide does not prevent ternary complex binding or ternatin-4-mediated 

stalling (see Chapter 3 of the present work), it will likely deplete the POST translocation 

ribosomal state, which is the substrate for the eEF1A•aa-tRNA•GTP ternary complex. In this 

indirect way, CHX likely prevents processive binding of abundant eEF1A to limiting 80S 

ribosomes. Therefore, the complete substrate for degradation is likely the ternatin•eEF1A•aa-

tRNA•80S ribosome complex. 

 
Figure 4-3 Ternatin-induced eEF1A degradation is inhibited by proteasome and translation inhibitors 
MCF7 cells were treated with the indicated drug for 18 hrs, and processed as in Figure 4-1. 
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Figure 4-4 Model for interpretation of translational inhibitor rescuing ternatin-induced eEF1A degradation 
Ternatin-4 binds the eEF1A•aa-tRNA•ternary complex, which is trapped on the 80S ribosome during aa-tRNA 
sampling or decoding. Cycloheximide (CHX) binds the PRE-translocation ribosome, inhibiting eEF2 catalyzed 
translocation, thereby depleting POST ribosomes. In this manner, CHX may inhibit the processive binding of eEF1A 
to 80S ribosomes. 
 
 

In order to facilitate study of ternatin-induced eEF1A degradation, we devised a 

fluorescent reporter bearing mCherry-tagged eEF1A, with an IRES-AcGFP for normalizing 

variable expression between cells (Figure 4-5a). Introduction of the reporter into ternatin-

resistant, EEF1A1 A399V homozygous mutant, HCT116 cells (see Chapter 2 of the present 

work) allowed us to study ternatin-induced stalling in the context of otherwise unperturbed 

physiology. Treatment with ternatin-4 caused a time-dependent decrease in mCherry 

fluorescence without affecting GFP levels (Figure 4-5b, left panel). The half-life of the reporter 

construct in the presence of ternatin-4 was similar to endogenous eEF1A (2.5-3.4 hrs, 95%CI 

from 12-point time course). Normalizing mCherry levels to the GFP reference signal gave 

population histograms that describe the specific loss of mCherry with high sensitivity (Figure 

4-5b, right panel). The ternatin-resistant mCherry-eEF1A A399V reporter was insensitive to 

ternatin-induced degradation (Figure 4-5c), supporting the drug specificity of the system.  
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Figure 4-5 Fluorescent reporters for studying eEF1A degradation 
(a) Bicistronic fluorescent reporter schematic. eEF1A is detected by fused mCherry fluorescent protein, and variable 
expression between cells is normalized by IRES2-AcGFP, which reports on mRNA levels independent of mCherry-
eEF1A protein. The cassette is delivered to cells by lentiviral transduction. (b) Single cell flow cytometry dot plots 
(left) and normalized histograms (mCherry/AcGFP) of HCT116 EEF1A1 A399V/A399V cells transduced with the 
reporter. Each population represents at least 9,500 cells. Note the axis is determined by the cytometer detector 
voltages during acquisition, and cannot be compared between experiments. (c) Experiments ploted as in (b), but cells 
were transduced with mCherry-eEF1A reporter bearing the A399V ternatin-resistance mutation. 
 

We next pharmacologically probed the fluorescent reporter cell lines to test whether 

mCherry-eEF1A was degraded by a similar mechanism to endogenous eEF1A. Similar to 

endogenous eEF1A, degradation of the fluorescent reporter was sensitive to carfilzomib and 

cycloheximide (Figure 4-6 left two panels). Additionally, a second proteasome inhibitor, MG-132, 

also inhibited ternatin-induced reporter degradation (Figure 4-6 third panel). To begin narrowing 
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the possible ubiquitin E3 ligases that might be involved in ternatin degradation, we used a 

NEDD8-activating enzyme 1 (NAE1) inhibitor MLN2924 that prevents activation of the some 270 

cullin-dependent E3 ligases19,20. Co-treatment of the reporter cell line with MLN2924 did not 

inhibit ternatin-induced reporter degradation (Figure 4-6 right panel). Therefore, it is unlikely that 

eEF1A degradation is mediated by a cullin-dependent ubiquitin E3 ligase.  

 
Figure 4-6 Fluorescent reporter degradation is similarly sensitive to translation and proteasome inhibition 
Reporter cells (Figure 4-5b) were treated for 8 hrs with DMSO, ternatin-4 (100 nM), or ternatin-4 (100 nM) + the 
indicated drug (CHX 89 µM, carfilzomib 156 nM, MG-132 2.5 µM, or MLN2924 10 µM) and analyzed by flow 
cytometry as above. Each population histogram represents at least 9,500 cells.  
 
 
Conclusions 

Motivated by an open question in translation quality control, how the cell could rescue or 

resolve A-site translation factor stalling, we set out to trace the fate of ternatin•eEF1A-stalled 

ribosomes. Unexpectedly, we found that ternatin rapidly induced the degradation of eEF1A. 

Targeted eEF1A degradation may represent an as-yet undiscovered physiological pathway, 

perhaps monitoring ribosomal A-site occupancy for aberrant long-lived complexes. 

The fluorescent reporter strategy reported herein will serve as a platform for functional 

genomics and further pharmacological interrogation of eEF1A degradation. A particularly 

attractive strategy for discovering degradation pathway components will be a pooled, genome-

wide, fluorescence assisted cell sorting (FACS)-based CRISPRi screen21,22. 
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Experimental procedures 

MCF7 and HEK293T cell lines were obtained from ATCC and maintained in DMEM 

(Gibco) supplemented with 10% fetal bovine serum (Axenia Biologix), 100 units/mL penicillin, 

and 100 ug/mL streptomycin (Gibco). Mutant HCT116A399V/A399V cells were obtained from 

Dominic Hoepfner (see Chapter 2), and were maintained in McCoy’s 5A media (Gibco) 

supplemented with 10% fetal bovine serum, 100 units/mL penicillin, and 100 ug/mL 

streptomycin.  

  

Fluorescent reporter cell line generation 

Fluorescent reporters were constructed by sequential Gibson assembly23 reactions. WT 

and A399V eEF1A coding sequences were inserted by into the pLX302 lentiviral vector 

(Addgene) containing a CMV promoter sequence and a puromycin resistance marker, then an 

IRES2-AcGFP sequence (from pIRES2-AcGFP1, Clonetech) was inserted after the eEF1A stop 

codon. Finally, Flag-mCherry-GGSGGTGG(linker) was inserted in front of the eEF1A start 

codon. Lentiviral particles were generated as described 

(http://weissmanlab.ucsf.edu/CRISPR/CRISPRiacelllineprimer.pdf). Briefly, HEK293T packaging 

cells in 6-well plates were transfected with reporter expression plasmid, 2nd-generation 

packaging plasmid pCMV-dR8.91, and envelope plasmid pMD2.G using TransIT-LT1 

transfection reagent (Mirus Bio) according to the manufacturer’s instructions. After 48 hrs, 0.5 

volume media was added, and virus-containing media was collected after a further 24 hrs. 

Parental and EEF1A1 A399V homozygous mutant HCT116 cells at 70% confluence in 6-cm 

dishes were treated with polybrene (8 mg/mL, AmericanBio) and virus (0.5 mL). After 24 h, cells 

were trypsinized and passaged in complete growth media. Cells were selected with puromycin 

(2 ug/mL) for 48 hrs, allowed to recover, and subsequently used for assays. 
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Western blotting 

Lysates were prepared in buffer (50 mM HEPES pH 7.4, 150 mM NaCl, 1% NP-40, 0.1% 

SDS, 2X Roche complete protease inhibitors) and clarified by spinning 14,000xg for 10 min at 

4ºC. 25 µg lysate was loaded per-lane on 10% SDS-PAGE gels for separation. Gels were 

transferred to nitrocellulose by the wet method, blocked with Odyssey Blocking Buffer (LI-COR 

Biosciences), incubated with anti-EF1A (Millipore, cat. 05-235) and detected with anti-mouse 

conjugated near-IR dyes (LI-COR Biosciences). Blots were scanned on an Odyssey infrared 

imager (LI-COR Biosciences). Quantitation was performed in ImageStudioLite (LI-COR 

Biosciences). 

 

Flow cytometry 

HCT116A399V/A399V cells, stably transduced with mCherry-eEF1A reporter, were plated in 

24-well dishes at 0.15x10^6 cells/well in 0.5 mL complete media. After allowing cells to adhere 

overnight, wells were treated with drug stocks prepared as 20X dilutions in complete media, and 

incubated for appropriate times. Cells were harvested by trypsinization (0.2 mL/well) and 

collected in 96-well V-bottom polypropylene plates. Cells were washed 1X FACS buffer (PBS, 

2% FBS, 2 mM EDTA), resuspended in FACS buffer + DAPI (10 µg/mL), filtered through 0.4 µM 

mesh, and analyzed by flow cytometry (MACSQuant VYB). 

 Data analysis was performed in FlowJo (Tree Star). Dead cells (DAPI+) were excluded 

from analysis. The plots showing single-cell normalized mCherry-EF1A depict a derived 

parameter (derived = mCherry/GFP).  
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Chapter 5 Conclusions and future directions 
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We set out to study ternatin because it had several features of a promising drug candidate 

and chemical probe: (1) exceptional potency, (2) strong structure-activity relationships indicative 

of tight binding to a single cellular target, (3) reasonable access by chemical synthesis, and (4) 

unknown target and mechanism of action, ripe for discovery. Taking inspiration from partially 

elucidated natural products reported in a patent, we synthesized even more potent ternatin 

congeners, including ternatin-4, which has extreme potency across a variety of cancer cell 

types. A multi-pronged approach led to the identification of eEF1A•aa-tRNA•GTP as the target 

of ternatin, and biophysical characterization revealed ternatin’s ribosome-trapping mechanism. 

We found that ternatin shares a binding site with didemnin B, but each molecule’s mechanism is 

kinetically distinct. Unexpectedly, ternatin induced the proteasome-dependent degradation of 

eEF1A, while didemnin B did not. 

Ternatin-4 now stands as an interesting drug candidate. Aplidin, a didemnin B congener, 

is in advanced clinical trials for relapses/refractory multiple myeloma. Multiple observations 

reported in this thesis motivate the interrogation of ternatin-4 in mouse models of cancer: (1) 

extreme potency, similar to didemnin B across a variety of cancer types; (2) unique, reversible 

mechanism of action, suggesting a different inhibitor durability profile that may be beneficial in 

the right cancer setting; (3) reduced toxicity compared to didemnin B against cardiomyocytes; 

and (4) unique target degradation activity. The key experiments will be careful measurement of 

efficacy and toxicity, first in mouse models of cancer for which didemnin B has already shown 

activity. These studies will be aided by the mechanistic understanding of ternatin. Protein 

synthesis activity and eEF1A protein levels can be used as biomarkers for exposure across 

various tissues. 

Elucidation of the ternatin-induced eEF1A degradation pathway is underway. Future 

experiments will thoroughly test the hypothesis that detection for degradation occurs on the 

ribosome, and not free in solution. However, either result will certainly be interesting, as “pure” 

small molecule degrons––molecules whose binding and mechanism of action intrinsically 
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induces target degradation––are very rare in the literature. Furthermore, a molecular 

explanation for didemnin’s lack of similar activity will inform on the specificity of the reaction. We 

are employing a multi-pronged approach to discover the molecular components of the 

degradation pathway. Whole-genome CRISPRi functional genomic screening using the 

described fluorescent reporter system is an exciting, unbiased discovery tool. Other genetic 

techniques, like siRNA, will also be useful in probing for required components of the degradation 

pathway in a variety of cell lines. Ternatin-4 will also serve as a useful tool for trapping and 

enriching complexes for proteomic analysis. Finally classical biochemical fractionation and 

reconstitution experiments will likely provide the most compelling analysis of ternatin-induced 

eEF1A degradation.
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Appendix NMR Spectra 
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