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RUNNING TITLE

Targeting eIF4A with rocaglates in pathogens

Abstract

Selective inhibition of eukaryotic initiation factor 4A (elF4A), an RNA helicase, has been
proposed as a strategy to fight pathogens. Plant-derived rocaglates exhibit some of the highest
specificities among elF4A inhibitors. Sensitivity to rocaglates is determined by key amino acid
(aa) residues mediating reversible clamping of the elF4A:RNA complex. To date, no
comprehensive assessment of e[F4A sensitivity to rocaglates across the eukaryotic tree of life

has been performed to determine their anti-pathogenic potential.

We performed an in silico analysis of the substitution patterns of six aa residues in elF4A1l
critical to rocaglate binding (human positions 158, 159, 163, 192, 195, 199), uncovering 35
pattern variants among 365 elF4As sequenced to date. /n silico molecular docking analysis of
the elF4A:RNA:rocaglate complexes of the 35 variants, modeled in a human elF4A
environment, and in vitro thermal shift assays with recombinantly expressed human elF4A
mutants, representing select natural and artificial variants, revealed that sensitivity to a natural
or one of two synthetic rocaglates—silvestrol, CR-1-31-B, or zotatifin—was associated with
lower inferred binding energies and higher melting temperature shifts. Helicase activities were

comparable across variants and independent of sensitivity to rocaglates.
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In vitro testing with silvestrol validated predicted resistance based on position 163 substitutions
in Caenorhabditis elegans and Leishmania amazonensis and predicted sensitivity in Aedes sp.,

Schistosoma mansoni, Trypanosoma brucei, Plasmodium falciparum, and Toxoplasma gondii.

Our analysis shows resistance to rocaglates emerging in disparate eukaryotic clades pointing to
resistance being a selective neutral trait except in rocaglate-producing Aglaia plants and their
fungal parasite Ophiocordyceps. The analysis further revealed the possibility of targeting
important insect, plant, animal, and human pathogens including Galleria mellonella, Ustilago
maydis, Babesia ovata, and Cryptosporidium sp., with rocaglates. Finally, combined docking
and thermal shift analyses might help design novel synthetic rocaglate derivatives or alternative

elF4A inhibitors to fight pathogens.

Author Summary

In the ongoing search for novel ways to fight non-viral and non-bacterial pathogens, targeting
translation—the universal process of protein synthesis—to inhibit growth and cell proliferation
has emerged as an attractive strategy. Here, we focused on the potential of rocaglates, a group
of plant-derived compounds, to inhibit an early step in translation mediated by a RNA helicase
called e[F4A. We performed a comprehensive analysis of e[F4A sequence variants to determine
their potential sensitivities to rocaglates, especially in pathogens of prokaryotic, fungal, or
animal origin. We complemented this in silico analysis with enzyme-based in vitro and whole
pathogen in vivo experiments to confirm the sensitivity or resistance to rocaglates of specific
variants of e[F4A. Our analysis provides the first comprehensive picture of rocaglate sensitivity
among pathogens and establishes targeting important insect, plant, animal, and human
pathogens such as wax moth larvae, a major parasite of honey bees, corn smut, a widely

distributed fungal disease, Babesia, a livestock parasite that causes anemia and babesiois, and
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Cryptosporidium, the causative organism of cryptosporidiosis in humans, with rocaglates as a

viable anti-pathogen strategy.

Introduction

Targeting eukaryotic translation has recently emerged as a potentially viable strategy to combat
important pathogens such as the malaria-causing protozoan Plasmodium falciparum, the
African trypanosomiasis—causing protozoan 7Trypanosoma brucei, the candidiasis-causing
fungus Candida auris, or the lymphatic filariasis—causing nematode Brugia malayi [1-4]. Of
the three steps that constitute translation—initiation, elongation and termination, initiation has
garnered particular interest as a target for inhibiting translation in eukaryotic pathogens due to
the diversity of factors involved in the process and its rate limiting effect on the overall

translation process [5-7].

The eukaryotic translation initiation factor 4A (elF4A), an ATP-dependent DEAD-box
RNA helicase, is a highly conserved protein that plays an essential role in the initiation of
translation and protein synthesis in eukaryotes [8]. Together with the cap-binding protein eIF4E
and the scaffold protein elF4G, elF4A forms the eukaryotic translation initiation complex
elF4F. This complex is responsible for ‘activating” and unwinding 5’-capped cellular mRNAs,
making them accessible to the 40S ribosomal subunit and ultimately leading to the formation

of the elongation-competent 80S complex and subsequent protein synthesis [9].

There are two isoforms of elF4A in mammals that exhibit a sequence identity of 90-
95% and have equivalent biochemical functions: el[F4A1 and e[F4A2 [10,11]. Both isoforms
differ significantly in expression levels in vivo, with eI[F4A1 being present in almost all tissues
during active cell growth and eI[F4A2 mainly in organs with low proliferation rates [12]. A third

ortholog, elF4A3, shares only ~60% sequence identity with elF4A1l or elF4A2 and is
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functionally distinct—elIF4A3 is involved in the assembly of the exon junction complex, which

coordinates splicing of pre-mRNAs, but not in the formation of elF4F [10].

Rocaglates, a class of plant-derived flavaglines containing a cyclopenta[b]benzofuran
structure, are among the most potent and specific eI[F4A inhibitors known to date [13, 14;
Figure S1]. Over 200 natural and synthetic rocaglates have been described since rocaglamide
A (RocA) was first isolated from Asian mahogany (4Aglaia sp.) in 1982 [15-18]. Besides elF4A,
only two other molecular targets of rocaglates have been identified, albeit neither of them has
been shown so far to be central to cell viability: the RNA helicase DEAD-box polypeptide 3
(DDX3), which facilitates translation of mRNAs with highly stable RNA secondary structures
at the terminal part of the 5’UTR, and Prohibitins 1 and 2 (PHB1; PHB2), which as a complex

contribute to the regulation of mitochondrial activity [19, 20].

Importantly, rocaglates preferentially clamp eI[F4A:RNA complexes containing RNA
strands with stable secondary structures such as stem-loops or G-quadruplexes and also
polypurine stretches in the S’UTR, all associated with subclasses of mRNAs such as proto-
oncogenes or viral mRNAs [21-23]. mRNAs with complex secondary structures are often
associated with proliferating cells, play a central role in translational regulation of many
organisms, including pathogens, and are preferentially processed by elF4A [24-26]. The
preference of elF4A to unwind mRNAs with stable secondary structures in their 5'UTRs,
together with the specific avidity of rocaglates for clamping e[F4A:RNA complexes containing
RNAs with stable secondary structures, makes this a potentially viable approach to fight
pathogens because the resulting low toxicities for humans and animals—Iess is known about

plants—could result in potentially favorable therapeutic windows [27].

The therapeutic potential of inhibiting e[F4A with rocaglates has already been shown in
vivo in the context of cancer—the synthetic analog zotatifin is in a Phase 1/2 clinical study in

patients with solid tumors [28]—and for host-targeted antiviral activity—zotatifin is in a dose
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escalating Phase 1 clinical study in patients with mild or moderate COVID-19 [29]. Indeed,
multiple in vitro and in vivo studies have now shown the effectiveness of rocaglates in
preventing the replication of RNA viruses including corona-, picorna-, flavi-, filo-, hepe-, toga-,
arena-, nairo, and bunya viruses, supporting the potential of rocaglates as pan-antivirals for

minimizing the impact of future RNA virus pandemics [30-35].

Several reports have further shown the elF4A-dependent anti-pathogenic potential of
rocaglates against Plasmodium falciparum and P. berghei, Candida auris, and a number of
other eukaryotic pathogens [36, 37; see Table S1]. Other pathogens have also been shown to
be resistant to rocaglates, including Entamoeba histolytica and Leishmania donovani [38, 39;
see Table S1]. To date, however, no comprehensive analysis has been performed to assess the

true anti-pathogenic potential of rocaglates.

Rocaglates reversibly bind to elF4A:RNA complexes, leading to a stable ternary
complex that prevents enzymatic unwinding of the secondary structure of the mRNA [40, 41].
Select aa within the rocaglate/RNA-binding pocket—human elF4A1 position 158, 159, 163,
192, 195, 199—have been shown to be critical to the rocaglate clamping mechanism and to
determine resistance versus sensitivity to rocaglates [41-43]. Initial studies in yeast have shown
how single substitutions in all six aa could cause resistance to silvestrol and the synthetic
rocaglamide ROC-N without affecting the helicase activity of eIF4A [42]. In vitro and in vivo
mouse studies confirmed the critical roles of substitutions at positions 163 and 199 (for the
remainder of this article we will be referring to the human position numbering) [43].
Subsequently, analysis of the crystal structure of human elF4A1l in complex with RocA,
polypurine RNA, and an non-hydrolyzable ATP analogue, has revealed that rocaglates
reversibly clamp mRNAs to e[F4A through n-n-stacking interactions between the rocaglates’
A and B phenyl rings and two consecutive purines in the bound RNA substrate, and between

the rocaglates’ C phenyl ring and the amino acid residue at position 163, confirming the
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previous in vitro and in vivo studies [41]. Incidentally, the elF4A sequences of rocaglate-
producing Aglaia spp. exhibit resistant substitutions at both aa 163 (Phe to Leu) and aa 199 (Ile
to Met), and a recent report has revealed the presence of another resistance conferring
substitution at aa 163 (Phe to Gly) in Ophiocordyceps sp. BRM1, a fungal parasite of Aglaia

[41, 44].

We rationalized that a comprehensive in silico analysis of published eIF4A sequences,
together with a biochemical analysis of representative sequences and in vitro studies with
eukaryotic microorganisms containing previously untested variants of eI[F4A, would provide a
much more complete picture of the anti-pathogenic potential of rocaglates, shed light on the
potential evolutionary significance of rocaglate resistance, and further our insights into
structure-activity relationships that could inform the design of next-generation rocaglate

derivatives or other elF4A inhibitors for anti-pathogen use.

Results

Global elF4A sequence analysis reveals limited diversity of rocaglate-

interacting aa patterns in the RNA-binding pocket

We performed a global GenBank (https://www.ncbi.nlm.nih.gov/genbank/) search for

published elF4A sequences that resulted in the identification of 365 unique eI[F4A1 and eIF4A2
protein sequences—78 protist, 80 fungal, 49 plant, and 158 animal (Table S2). No e[F4A3 were
included in our analysis. Of the 365 sequences, 162 corresponded to pathogens of protist (55),
fungal (53), or animal (54) origin. To determine the potential interactions of the different eIF4A
proteins with rocaglates, we analyzed the substitution patterns of the six aa residues located
between motifs Ib and III of e[F4A that have been previously identified as being critical to
rocaglate binding (human positions 158, 159, 163, 192, 195, 199) [41, 42] (Figure S2). These

aa residues are located in and around the eIF4A RNA-binding pocket and include three residues
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directly involved in RNA binding (159, 192, and 195) [45]. This region of elF4A also includes
additional RNA-binding aa residues (160, 161) and two residues involved in interactions with
ATP (182, 183) [46, 47]. The aa patterns known to date to be associated with sensitivity or

resistance to rocaglates are listed in Table S1.

Our analysis uncovered 35 aa patterns, with just four of them—T158, P159, Y163,
F192, Q195, V199; TPFFQI; TPFFQV; TPYFQI—accounting for 63% of all known elF4A
sequences and represented in all four major groups of eukaryotes—protists, fungi, plants, and
animals (Figure S3). On the other end of the spectrum, over half of the aa patterns (24/35) were
seen in only one of the groups of eukaryotes. Of note are the patterns TPLFQM, exclusively
present in all rocaglate-producing Aglaia spp., including the two species reported here, Aglaia
stellatopilosa and Aglaia glabriflora (Figure S2; Accession numbers XXX and XXX,
respectively), and TPGFQI, reported in only one species of the fungal genus Ophiocordyceps

that was identified as a parasite of Aglaia spp..

Among the 162 pathogens analyzed, we identified 24 different aa patterns with the
protists showing the highest diversity (14) followed by fungi (13) and animals (9) (Table S2).
Five of the patterns—TPYFQV, TPFFQI, TPLFQI, TPHFQV, TPFFQV—accounted for 53%
of all pathogen elF4A sequences and were represented in protists, fungi, and animals (Figure
1). Conversely, two thirds of the aa patterns (16/24) were seen in only one of the groups of
eukaryotes. All four aa patterns known to confer sensitivity to rocaglates—TPYFQV, TPFFQI,
TPYFQI, TPHFQI—could be detected among the pathogens analyzed, representing 50% of the
sequences (Figure 1). Another 14% of the sequences (22/162) exhibited aa patterns—TPLFQI,
TPSFQI, TPGFQI—previously associated with resistance to rocaglates, suggesting that

resistance among pathogens is low and mostly present among protists (Table S1).

Pathogens we identified as potentially sensitive to rocaglates include the parasitic

roundworm Trichuris trichiura, which causes helminthiasis in humans, the tsetse fly Glossina
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morsitans, a major vector of the African trypanosomiasis—causing parasite 7rypanosoma
brucei, the fungus Aspergillus niger, which causes black mold in fruits and vegetables, and the
parasite Cryptosporidium sp., the causative organism of cryptosporidiosis (Table S2). Among
the pathogens potentially resistant to rocaglates we identified the gastrointestinal and lung
parasite Paragonimus westermani, the causative agent of lung fluke disease, the plant pathogen
Blumeria graminis, which causes powdery mildew on cereals, and Leishmania sp., a genus of

protozoan parasites that causes leishmaniasis.

50 ~ : g B Protists
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Animals
S Rocaglate sensitive

25 - S : S R Rocaglate resistant

Number of taxa
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elF4A aa pattern [positions 158, 159, 163, 192, 195, 199]

Figure 1: Representation of patterns of aa critical for rocaglate-binding in known elF4A
proteins across the three main groups of eukaryotic pathogens. A comprehensive analysis
of known elF4A proteins encoded by pathogens revealed 24 patterns of aa at positions 158,
159, 163, 192, 195, and 199 (human elF4A1 numbering). Five aa patterns were present in all
three groups of eukaryotes (I), three patterns were present in two groups (II) and sixteen patterns
were present in only one group (III). Patterns known to provide natural sensitivity or resistance

to rocaglates could be found in all three groups.
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Substitution tolerance analysis of rocaglate-interacting aa patterns reveals

stark dichotomy between highly conserved and highly variable residues

To ascertain the natural tolerance for substitutions at the six rocaglate-interacting positions of
elF4A and their potential evolutionary implications, we quantified the corresponding aa
distributions across all 365 sequences evaluated in this study. Substitution tolerance at the six
rocaglate-binding positions were markedly different, with four positions—158, 159, 192, 195—
being highly conserved and the two other positions—163, 199—showing different degrees of
variation (Figure 2). Amino acid positions 158, 192, and 195 are involved in RNA binding,
and position 159, while itself not directly involved in RNA binding, is flanked by three RNA-
binding residues—158, 160, and 161 (Figure S2) [45]. By contrast, aa position 163, which
together with positions 158 and 159 is part of the highly conserved motif Ib of DEAD-box RNA
helicases and is directly adjacent to another RNA-interacting residue at position 164, showed a
high level of tolerance for substitutions, with 14 different aa filling the position across all
elF4As we surveyed. The six aa not detected in position 163 fall within different biochemical
categories—positively-charged basic [Arg, Lys], nonpolar aliphatic [Met, Pro], nonpolar
aromatic [Trp], and polar [Thr]—and have been associated with destabilization of a-helices in
proteins [Pro] or modulation of protein interactions with nucleic acids [Arg] among others [48-
50]. Finally, position 199 exhibited a quasi bimodal distribution with an almost equal number
of sequences encoding an Ile or a Val. Position 199 is part of an a-helix situated between motifs
IT and IIT of eIF4A, which might explain the tolerance for Ile or Val, two structurally similar
aliphatic aa of equivalent hydrophobicity. Interestingly, at the codon level, the switch from Ile
to Val only requires the change of the first nucleotide from adenine to guanine (AUA, AUU, or
AUC to GUA, GUU, or GUC), and the switch from Ile to Met, only observed in Aglaia, requires

a change of the third nucleotide, the ‘wobble position’, in any of the Ile codons to guanine
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(AUA, AUU, or AUC to AUG) [51]. The same applies to the switch from Phe (UUC or UUU)

to Leu (UUG or UUA).

The differential natural substitution tolerance profiles we determined confirmed previous
reports that had suggested position 163 and, to a lesser extent, position 199 of the eI[F4A protein
were the two key residues to evaluate when determining potential resistance to rocaglates [41,
42]. The strict conservation of residues T158, P159, F192, and Q195, together with the
seemingly neutral flip between Val and Ile at position 199, point to the residue at position 163
as the key determinant of sensitivity to rocaglates in eIF4A. Incidentally, several of the aa
substitutions we observed at position 163—Glu, Asp, His, Phe, Tyr—have been reported to
have the capacity to establish either n-n-stacking or hydrophobic interactions and thus render

the variants sensitive to rocaglates [52].

Finally, the substitution pattern at position 163 also seemed to indicate ‘evolutionary
preferences’ across the four groups of eukaryotes. In protists, 29% of the sequences had Tyr in
position 163, followed by Ser (15%), Phe (14%), Gly (14%), and Val (12%). In fungi the
distribution was His (36%), Phe (24%), GIn (12%), and Ala (10%). In plants, 73% of the e[F4A
sequences had Phe in position 163 and 10% Tyr, while in animals the proportion was switched

to 51% Tyr and 34% Phe (Table S2; Figure S3).
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Figure 2: Amino acid substitution profiles at six positions known to be critical for
rocaglate binding. Six aa residues—158, 159, 163, 192, 195, 199—in the e[F4A RNA-binding
pocket have been shown to be critical for rocaglate binding. Natural substitution tolerances at
each of the six residues across the 365 elF4A sequences analyzed here revealed four highly
conserved positions—158, 159, 192, 195—and two variable positions—163 and 199. Of these,

the latter shows a quasi bimodal frequency distribution (I or V), while the former shows a more
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promiscuous frequency distribution, with 14 different aa being tolerated in that position. The
structure depicted above corresponds to the aa pattern TPFFQI; the rocaglate shown interacting
with the eI[F4A:RNA complex is silvestrol. The sequence logos were generated with Seq2Logo

-2.0 [53].

Evolutionary analysis of eIF4A aa patterns associated with rocaglate

sensitivity suggests emergence of resistance is serendipitous

To gain a better understanding of the evolutionary context for the emergence of resistance to
rocaglates and its potential implications for the use of rocaglates as anti-pathogens, we projected
the 365 sequences we analyzed onto the latest version of the eukaryotic tree of life (eToL)
(Figure 3) [54]. Out of the eleven clades represented in the e[F4A sequence analysis, six,
including deep-rooted branches such as the discoba and metamonada, contained organisms

resistant to rocaglates—Leishmania sp. among discoba and Giardia sp. among metamonada.

Intriguingly, the only organisms known to produce rocaglates are plants within the
genus Aglaia, which like all higher plants emerged much later in evolution. This asynchrony in
the emergence of rocaglate synthesis and elF4A resistance to it indicates that the emergence of
‘rocaglate resistance’ would not have been driven by the evolutionary pressure of exposure to
rocaglates but rather occurred as a serendipitous outcome of natural diversification of the eI[F4A
sequence wholly unrelated to rocaglates. The single exception to this rule would be
Ophiocordyceps sp. BRM1, the Aglaia sp. parasitic fungus, which might have developed

resistance to rocaglates through direct exposure [44].

The recent determination of the crystal structure of the el[F4A:RNA complex in
association with Pateamine A (PatA), a macrolide isolated from the marine sponge Mycale
hentscheli, provides incidental support for this evolutionary conjecture [55, 56]. Despite having

a completely unrelated structure, PatA interacts with the eIlF4A:RNA complex in an analogous
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way to rocaglates, and this functional mimicry extends to the inability of PatA to stabilize the
elF4A:RNA complex in the presence of an F163L substitution [55, 57]. Similarly to rocaglates,
PatA is biosynthesized by an organism, Mycale hentscheli, that is deeply rooted in the animal
tree, one of the most recent branches of the Opisthokonta. The protein sequence of the Mycale
hentscheli elF4A has not been determined, and no comprehensive map of elF4A
resistance/sensitivity to PatA exists, but the fact that resistance to this natural product is present
in early, non-opisthokonta lineages that were presumably never exposed to PatA over

evolutionary timescales, is intriguingly similar to the scenario depicted above for rocaglates.

In Aglaia itself, by contrast, the emergence of resistance would have been a necessary
step happening in parallel or already in place as the ability to synthesize rocaglates evolved.
The rocaglate-resistant aa pattern of the Aglaia eIF4A, TPLFQM, contains the most common
‘resistant’ substitution at position 163, Leu, and a Met substitution at position 199. It would be
interesting to next sequence elF4A in Mycale hentscheli to determine whether it also contains

resistant substitutions and which.
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Figure 3: Distribution of eIF4A rocaglate resistance on the eToL. Green boxes denote

clades represented in our e[F4A analysis. Rocaglate resistant variants can be found in deep
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rooted as well as more recently evolved clades. Several variants are exclusive to one clade while

others are distributed more generally.

Subgroup of organisms contains elF4A isoforms with divergent rocaglate-

associated aa patterns

There are two isoforms of e[F4A in mammals that exhibit a sequence identity of 90-95% and
have equivalent biochemical functions: e[F4A1 and elF4A2 [10, 11]. Both isoforms differ
significantly in expression levels in vivo, with e[F4A1 being present in almost all tissues during
active cell growth and e[F4A2 mainly in organs with low proliferation rates [12]. Given the
high sequence identity between both isoforms and the location of the aa residues involved in
rocaglate interactions in the highly conserved RNA-binding pocket, no differences in the

rocaglate-associated aa pattern have been reported.

Our global e[F4A sequence survey has now uncovered a number of organisms whose
elF4A isoforms contain divergent rocaglate-associated aa patterns (Table S3). Across the four
groups of eukaryotes we analyzed, we uncovered several variations that fell into distinct
categories. Among protists there were no divergent patterns except between the two elF4A
isoforms of the apusamonad Thecamonas trahens, which had the archetypal rocaglate-sensitive
TPFFQI pattern on one isoform and a pattern containing three substitutions, TPLFAV, on the
other. The Leu at position 163 points toward potential resistance to rocaglates, but no in vitro
or in vivo confirmation exists. The fungal group contained five species exhibiting divergent
isoforms. In all instances, the isoforms switched between a His and an Ala at position 163,
accompanied in four cases with a concurrent switch from an Ile to Val in position 199; the fifth
pair had a Val at this position in both isoforms. The five species belonged to five different
genera, and three of them—Neurospora crassa, Purpureocillium lilacinum, and Diplocarpon

rosae—are known pathogens. The effect of the HI63 A substitution on resistance to rocaglates
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has not been determined. Among plants, the six genera with divergent aa patterns exhibited a
more diverse range of substitutions. Three of the isoform pairs switched between a Cys and a
Phe at position 163—requiring just a point mutation of the second nucleotide of the
corresponding codon from guanine to uracil (UGC or UGU to UUC or UUU)—accompanied
by a concurrent switch from a Val to Ile in position 199. Another isoform pair switched between
Ile and Val at position 199 but retained the Phe at position 163 in both isoforms, and the
microalga Raphidocelis subcapitata had a pair of isoforms with a unique substitution pattern:
Y163N and L199C. Finally, all species of rocaglate-producing Aglaia exhibited a unique

combination of resistant isoforms, TPLFQM and TPLFQI.

We found the largest number of elF4A isoforms containing divergent rocaglate-
associated aa patterns among animal species. Of the 14 divergent isoform pairs we recorded,
11 exhibited likely neutral substitutions—F163Y and [199V—and five had an F163L
substitution that would render one of the isoforms resistant and one sensitive to rocaglates.
Incidentally, all diverging aa patterns with a resistant/sensitive dichotomy were found in species
considered pathogenic—T7richuris trichiura, Schistocephalus solidus, Hymenolepis

microstoma, and Schistosoma mansoni.

Comparative analysis of RNA helicase activities of representative elF4A
variants suggests evolutionary convergence toward optimal enzyme

performance independent of rocaglate resistance

The overlap between residues critical to the interaction of eIF4A with rocaglates and with RNA,
raises the question of how particular substitutions at rocaglate-associated positions could affect
the protein’s RNA helicase activity. A previous report indicates single mutations in positions
159, 163, and 195 have no or only little effect on RNA helicase activity [42]. To systematically

determine the effect of different aa substitutions on the e[F4A RNA helicase activity, we
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generated 17 mutant eIF4A proteins with single and double substitutions at positions 163 and
199 in a human elF4A1 background (Table S4). In addition to mutants recapitulating natural
aa substitution patterns, we generated several variants containing non-natural aa changes to test
potential evolutionary constraints on the nature of aa substitutions tolerated within the RNA-

binding pocket.

Side-by-side evaluation of the RNA helicase activity profiles of the 17 elF4A variants and
the wild type human protein containing a TPFFQI aa pattern revealed a tight distribution of
V max across variants recapitulating natural aa patterns (Figure 4A). The group of six non-natural
substitution patterns showed a similar range of V,,,, values to those measured for the natural
patterns. Interestingly, three of the natural substitution patterns—two of them among the most
highly represented in our sequence survey (TPFFQV; TPYFQI) and the third one being
uniquely present in rocaglate-producing Aglaia sp. (TPLFQM)—exhibited the highesthelicase
activity. Among the non-natural aa patterns, a mutant derived from the Aglaia sp. pattern and
containing an F163H and an [199M substitution also stood out in the non-natural variant group

for exhibiting a V,,,, more similar to that of these three high V,,,, natural aa patterns.

A detailed look at two naturally occurring substitutions at position 199 of e[F4A—
[199V and [199M—showed a modulating effect of these changes on the helicase activity
(Figure 4B). The switch from Ile to Val enhanced or reduced V,,,, depending on the aa at
position 163. By contrast, in the two [199M mutants we analyzed, the switch from Ile to Met
resulted in an equivalent enhancement of the corresponding V.., regardless of the aa at position
163. The similarity in effect size, directionality, or both, of these select single point mutations
at position 199 on the V,,,,, and the fact that the effect size lies squarely within the range of
natural V,.. determined for natural eIF4A variants, indicate that the substitution tolerance at this

position is determined by the efficiency of the helicase. With the exception of the Aglaia sp.
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elF4A sequences, which contain a Met at position 199, the only two other residues tolerated at

this position according to our survey are Ile and Val.

Similarly, the tolerance for substitutions at position 163 seemed to reflect a structural
flexibility to accommodate a variety of aa residues of diverse characteristics without
substantially affecting the helicase activity, and regardless of sensitivity to rocaglates.
Importantly, all variants analyzed here were evaluated within a human whole protein scaffold.
Even though elF4A is a highly conserved protein, subtle differences in aa sequence throughout
the length of the protein could affect folding and hence the ultimate structure of the RNA-
binding pocket. The value of our analysis resides in the fact that all the substitutions were
analyzed precisely within the same protein framework, allowing for the removal of other
confounders. Ultimately, each of the patterns would have to be evaluated within its natural

scaffold to determine the real V,,,, of each eIF4A variant.
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Figure 4: RNA helicase activities of eIF4A mutant proteins containing select natural and
non-natural rocaglate-associated aa patterns in a human whole protein background. (A)

Helicase V,,,, of the wild-type human eIlF4A1 containing the rocaglate-binding pattern TPFFQI
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and 17 variants of the human eIF4A1 protein (Table S4), including one expressing the Aglaia
sp. aa pattern TPLFQM. All natural and non-natural aa patterns analyzed exhibited V,,,, within
a narrow range, indicating that the helicase activity is maintained. (B) Side-by-side V.
comparison of mutant pairs differing only in the aa residue at position 199 of the eIF4A protein.
The two substitutions analyzed, 1199V and 1199M, are the only natural substitutions at this
position revealed by our global eIF4A sequence survey. (RF: relative fluorescence; error bars
indicate mean standard error from three technical replicates; error bars removed in (B) for

clarity)

Comparative thermal shift analysis of eIF4A:RNA:rocaglate complexes

reveals direct correlation between rocaglate sensitivity and complex stability

The stability of the e[F4A:RNA:rocaglate complex is determined by the interactions between
its three components. In particular, the clamping of the mRNA strand to elF4A requires the
establishment of n-m-stacking interactions, a process that is driven by the steric constraints of
the mRNA-binding pocket. Natural elF4A variants containing a Phe, Tyr, or His residue in
position 163 have been reported to be sensitive to rocaglates, while natural variants with Leu
or Ser substitutions have been shown to be resistant (Table S2). Based on the published
structure of the eIF4A:RNA:RocA complex, Phe, Tyr, and His facilitate the establishment of
n-n-stacking interactions while Leu and Ser do not provide a favorable molecular context for
such interactions [41]. We set out to determine how other aa substitutions at position 163 would
affect the stability of the m-m-stacking interactions by measuring the shifts in thermal

denaturation temperature of different elF4A:RNA:rocaglate complexes.

We analyzed 18 variants, including natural and non-natural variants, known to be
resistant or sensitive to rocaglates, or for which no data on resistance were available (Table

S4). The variants were chosen based on the natural prevalence of particular aa substitutions,
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e.g., Phe, Tyr, Leu, or His, and/or their potential for establishing n-n-stacking interactions, e.g.,
Trp. To evaluate the stabilizing effect of natural mutations in position 199, we designed the
variants to alternate between Ile and Val as well as with Met, the characteristic aa substitution

at this residue found in all Aglaia sp. elF4As.

Thermal denaturation shifts, 4 melting temperature, were determined by comparing the
melting temperatures of the e[F4A:RNA complex in the presence or absence of three different
rocaglates: silvestrol, zotatifin, and CR-1-31-B. The 4 melting temperature measured for
silvestrol showed a clear correlation between sensitivity to rocaglates and a larger shift in the
thermal denaturation temperature (Figure 5). The larger shifts observed with the sensitive
patterns point to the establishment of more stable eI[F4A:RNA:rocaglate complexes that require
more energy to dissociate due to the presence of stable m-n-stacking interactions. The amino
acid patterns exhibiting the largest temperature shifts also happen to be the most well
represented in nature within and across clades (Figure 5). We observed equivalent thermal

denaturation shift patterns for zotatifin and CR-1-31-B (Figure S4).
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Figure 5: Shifts in thermal denaturation temperature of different eIF4A:RNA:silvestrol
complexes are associated with eIF4A sensitivity to rocaglates. While relative e[F4A helicase
activities of eI[F4A mutant proteins expressing different rocaglate-binding aa patterns fall within
anarrow range of V,.. values and do not correlate with rocaglate sensitivity, comparative thermal
shift analysis of the mutant proteins showed a clear association between sensitivity to rocaglates
and higher thermal denaturation differentials between the eIlF4A:RNA and
elF4A:RNA:silvestrol complexes. The increased stability of the rocaglate-sensitive mutants is
determined by m-m-stacking interactions elicited by the corresponding aa residues at position
163. Data points represent mean values of three technical replicates. Standard errors for the
helicase activities are indicated in Fig. 4A and standard errors for the 4 melting temperature are
listed in Table S5. The size of the circles denotes prevalence of the aa pattern among the eIF4As

included in our survey.

As pointed out in the previous section, all the measurements presented here correspond to
single or double aa variants generated on a human elF4A1 protein scaffold. While such an
analysis removes potential structural confounders, it also preempts an evaluation of the
substitutions in positions 163 and 199 in their naturally evolved structural context, which could
further contribute to the RNA and rocaglate binding characteristics of individual elF4As. A
comprehensive analysis of natural elF4A variants was clearly out of the scope of this
manuscript, but we have made efforts to address the dynamics of rocaglate binding to natural
variants of eIF4A in a species-specific way. For instance, a preliminary thermal denaturation
shift analysis of purified dedes aegypti elF4A1 (TPHFQV) with silvestrol has shown a 4
melting temperature of 8.45 °C, which is higher than the 6.41 °C observed for the TPHFQI
human elF4A1 variant (Table S6). An H163L mutant of the Ae. aegypti eIF4A further exhibited
a reduction by 2.35 °C in the A melting temperature to 6.1 °C, mirroring the trend in melting

temperature changes observed for the same aa 163 mutations (F163H and F163L) in the human
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elF4A1 protein scaffold (Table S6). While providing only a preliminary validation of our
approach, these results also confirm the need to study the rocaglate sensitivity associated with
specific substitutions of F163 in their naturally evolved context to obtain a comprehensive and

accurate assessment of their effect on sensitivity to rocaglates and RNA helicase activity.

Sensitivity to rocaglates can be predicted through combined binding energy
inference and thermal denaturation shift measurement analysis of

elF4A:RNA:rocaglate complexes

To assess whether in silico inference of the binding energies and intermolecular contact levels
of the eI[F4A:RNA:rocaglate complex could help assess the potential sensitivity or resistance
of a particular eIF4A to rocaglates, we performed a docking analysis of the
elF4A:RNA:rocaglate complex for all 35 aa patterns in the human elF4A1 background in
association with silvestrol, zotatifin, and CR-1-31-B [58, 41]. Both parameters were highly
correlated with each other, and the lowest binding energies and highest intermolecular contacts
also correlated with higher preponderance of the corresponding elF4A variants in nature
(Figure S5). Clade-specific analysis further showed evolutionary patterns whereby elF4A
variants that were shared with one or more other clades converged toward low binding
energy/high intermolecular contact variants in all four groups—protists, fungi, plants, and

animals (Figure S6).

Next, we explored whether a combination of in silico predicted parameters and in vitro
measurements would help better differentiate rocaglate sensitive eI[F4A variants from resistant
ones. The combined analysis of thermal denaturation shift measurements and inferred binding
energies provided the strongest separation between sensitive and resistant variants of e[F4A

(Figure 6A). Similarly, we saw an association between intermolecular contacts and sensitivity
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to rocaglates when we analyzed this parameter in combination with thermal denaturation

.
(Figure 6B).
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Figure 6: Combined binding energy or intermolecular contact inference with thermal
denaturation shift measurement analysis of select elF4A:RNA:silvestrol complexes
reveals strong association with sensitivity to rocaglates. (A) Sensitivity to rocaglates (blue)
was associated with high thermal denaturation shifts and low binding energies, while resistance
(red) was associated primarily with low melting temperatures. Dark gray denotes natural
elF4A1 variants of untested resistance to rocaglates; light gray denotes non-natural elF4A1
variants. (B) Sensitivity to rocaglates (blue) was associated with high thermal denaturation
shifts and high intermolecular contacts, while resistance (red) was associated primarily with
low melting temperatures. Dark gray denotes natural eI[F4A variants of untested resistance to
rocaglates; light gray denotes non-natural eI[F4A variants; dashed line denotes approximate
separation between rocaglate sensitive and resistant variants. Data points represent mean values
of three technical replicates (4 melting temperature) and single values from optimized docking
analysis (intermolecular contacts). Standard errors for the 4 melting temperature are listed in

Table S5.

To further establish the strength of the associations observed with silvestrol, we

conducted analogous analyses with the two synthetic rocaglates zotatifin and CR-1-31-B. A
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side-by-side comparison of the binding energies and thermal denaturation shifts determined for

the three rocaglates revealed striking patterns of potential predictive power relative to rocaglate

sensitivity (Figure 7). In particular, sensitivity to rocaglates was associated with shift patterns

in melting temperature and in binding energies that were mirrored across the four variants we

analyzed for which sensitivity has been shown in vitro. The pattern showed consistently higher

melting temperature shifts and binding energies for silvestrol and practically overlapping values

for these two parameters for zotatifin and CR-1-31-B. Another eIF4A variant, TPFFQV, which

has not been shown in vitro yet to be sensitive to rocaglates exhibited an almost identical pattern

to those of the known rocaglate-sensitive variants (Figure 7).
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known to be sensitive to rocaglates (blue) exhibited remarkably similar patterns for all three
rocaglates. By contrast, the four rocaglate-resistant variants analyzed here (red) showed widely
disparate patterns. The four variants for which no experimental determination of sensitivity to
rocaglates exists (dark grey), showed two distinct patterns—one that was analogous to that of
the sensitive patterns analyzed here, and three that were analogous among them and different

from all other sensitive or resistant patterns.

No comprehensive structure-activity analysis of the e[F4A:RNA complex with different
rocaglates exists. To help explain the observed differences in melting temperatures, we
performed initial structure-based computational modelling, which revealed that in addition to
its interactions with select amino acids in the RNA-binding pocket, silvestrol may exhibit
expanded intermolecular interactions with nearby Arg residues on the surface of el[F4A—
Argl10, Arg282, and Arg311—via its unique 1,4-dioxane moiety (Figure S7). Each of these
three Arg residues belongs to a different, structurally distinct and conserved motif of elF4A:
Argl10 is part of the PTRELA sequence characteristic of motif Ia, Arg282 is part of the
VIFCNTR sequence characteristic of motif IV, and Arg311 is part of the QxxR motif. These
three motifs fold into a highly conserved ‘Arg pocket’ that is adjacent to the RNA-binding
pocket [45]. The Arg311 residue has also been shown to be involved in the formation of a

critical salt bridge to the phosphate groups of RNA [41, 59].

Silvestrol’s interactions with this Arg pocket are likely to be mediated by its 1,4-dioxane
moiety, a feature unique to silvestrol and its diastereomer episilvestrol (Figure S1).
Interestingly, the crystal structure of the eIF4A:RNA:PatA complex has revealed that PatA,
which almost perfectly mimics the interaction of rocaglates with the RNA-binding pocket, also
establishes hydrophobic interactions via its trienyl amine moiety with Argl10 and Arg 282 as
well as with Gly304 and Asp305, two highly conserved residues involved in RNA-binding and

closely associated with the QxxR motif [55] (Figure S7).
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Our initial mutagenesis studies of the Arg pocket further showed that single and triple
substitutions of these three Arg residues to Ala result in a loss of ability of three rocaglates—
silvestrol, RocA, or CR-1-31-B—to associate with e[F4A as a result of the reduced ability of
RNA to form a complex with elF4A in the first place (Table S6). Mutations in both position
110 and 282 result in reduced melting temperature shifts—R282A reduces the temperature shift
in half while R110A results in a neutralization of the temperature shift. Given that no addition
of RNA to the thermal denaturation assays results in a consistent destabilization of the e[F4A
association by about -3.32 °C (SD £0.53) (Table S6), the temperature shifts we observed for
the R110A and the R282A suggest a reduced ability of the mutated e[F4A proteins to bind
RNA. By contrast, the R311A and the triple mutants exhibited equivalent negative temperature
shifts to those observed in all control assays without RNA addition, indicating an inability of

the mutated elF4A proteins to bind RNA (Figure S8).

In contrast, the picture for the rocaglate-resistant eIF4A variants showed no clear
relative binding patterns for the three rocaglates we tested (Figure 7). Three of the four variants
exhibited different substitutions at position 163—Leu, Ile, and His—against a constant human
elF4A1 background, and one variant—TPLFQM-—contained both a Leu substitution at position
163 and a Met residue at position 199. The extreme values of the experimentally and in silico
determined values for the TPLFQM variant, including its optimal RNA helicase V...,, point to

this variant as an evolutionarily favored variant in the context of Aglaia sp..

Besides the TPFFQV variant, the three other natural elF4A variants of unknown
sensitivity we analyzed—TPVFQI, TPQFQI, and TPEFQI—exhibited analogous patterns
among them, with lower binding energies for silvestrol than for zotatifin and CR-1-31-B, and
consistently higher melting temperatures for zotatifin than for silvestrol or CR-1-31-B (Figure
7). Based on the binding energies and intermolecular contacts inferred from our docking

analysis, the Val residue at position 163 could mediate rocaglate-triggered clamping via
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hydrophobic interactions between phenyl ring C of the rocaglates and the aliphatic chain of Val,
making this pattern sensitive to rocaglates (Figure 8). Interestingly, the carbon backbone of
Val is shorter than those of Leu and Ile, both of which have been shown to prevent the formation
of m-m-stacking or hydrophobic interactions and did not allow for silvestrol to interact with
elF4A in our docking analysis (Figure 8). Our docking analysis predicted that a Val residue in
position 163 might favor the establishment of stable hydrophobic interactions with rocaglates,

but this would have to be tested.

The docking analysis of both the TPQFQI and the TPEFQI mutants predicted the
formation of stable hydrophobic interactions with rocaglates in analogous conformations to the
n-n-stacking observed with the two aromatic residues Phe and Tyr or the aromatic-like basic aa
His in position 163 (Figure 8). Given the radically different nature of Gln, an amine residue,
and Glu, an acidic residue, it was interesting to observe their similarity in binding energies and
thermal denaturation shift patterns vis-a-vis silvestrol, zotatifin, and CR-1-31-B. This
similarity, which implies the establishment of stable hydrophobic interactions and thus
corroborates the docking analysis, is most likely due to the steric conformation determined by

the long carbon backbones of Gln and Glu.
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Figure 8: Molecular docking of silvestrol to select eIF4A variants. (A) Aromatic or
aromatic-like aa residues at position 163 such as Phe or His, respectively, allow for the
establishment of stable n-m-stacking interactions with rocaglates. (B) Substitutions with short
chain aa residues such as Val allow for hydrophobic interactions with rocaglates that can to
some extent compensate for the lack of n-n-stacking interactions. (C) Long aliphatic side chains
such as Leu or Ile sterically preempt the formation of stable hydrophobic interactions, rendering
the corresponding elF4As resistant to rocaglate mediated clamping of the elF4A:RNA

complex.

In vitro assays confirm predicted sensitivities to silvestrol

To confirm predictions of sensitivity or resistance to rocaglates based on the outcomes of our
molecular docking and temperature shift analyses, we performed in vitro silvestrol sensitivity
assays with four species expressing el[F4As with previously untested aa patterns, four species
with previously tested aa patterns but belonging to new genera, and one species belonging to a
genus that had been previously characterized as rocaglate sensitive but had not been tested with

silvestrol (Table 1).
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We selected two pathogens—Toxoplasma gondii and Trypanosoma brucei brucei—the
pathogen vector Aedes aegypti, and the non-pathogenic nematode Caenorhabditis elegans to
test whether our predictions on eIF4A sensitivity to rocaglates based on the docking and thermal
shift analyses could be confirmed. Ae. aegypti, T. gondii and T. brucei brucei were predicted to
be sensitive to silvestrol based on their aa substitutions at position 163, Phe to His (4e. aegypti,
T. gondii) and Phe to Val (7. brucei brucei), and C. elegans was predicted to be resistant to
silvestrol based on its F163G substitution. Using model-specific viability, developmental or

lifespan assays, we were able to confirm all three predictions (Figures S9 & S10).

We complemented the series by testing another important pathogen, Schistosoma mansoni,
and the non-pathogenic fruit flies Anastrepha suspensa and Drosophila melanogaster. The
elF4A sequences of S. mansoni and D. melanogaster contained aa patterns TPFFQI and
TPYFQV, respectively, which had been previously shown to be sensitive to rocaglates. The
elF4A sequence of A. suspensa was not available at the time of this writing, but the e[F4A
mRNA sequence of the closely related 4. fraterculus was available (TPYFQV) [60] and, given
the 100% consensus of this motif across five genera and 32 species of fruit flies (Table S2), we
assumed the presence of the same motif in A. suspensa. With these assays we were able to
confirm the applicability of sensitivity results from one species to unrelated genera. In addition
to T. brucei, we also tested two other protozoan pathogens—Leishmania amazonensis and
Plasmodium falciparum—to confirm that aa patterns associated with silvestrol sensitivity in
one species would confer sensitivity to different species within the same genus containing the
same aa pattern. We also observed that two protozoans within the same family—7. brucei and
L. amazonensis—exhibited rocaglate sensitivity and resistance, respectively, in concordance

with their corresponding eIF4A aa patterns (Figures S10 & S11; Table 1).
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Predictea | Rocaglate- || Measured
Species e binding aa | sensitivity [s- Assay
sensitivity sensitive; R —
pattern resistant|
Schlstoson.w TPFFQI S Motlhty and egg
mansoni production assays
Anastrepha S Cell proliferation
suspensa* [AsEO1] assay
Drosophila Cell proliferation
melanogaster [S2] TPYFQV S assay
Plasmodium S Viability assay in
falciparum [3D7] Sensitive erythrocytes
Aedes aegypti Cell proliferation
S
[Aag2] assay
TPHFQV Proliferation assay in
Toxoplasma gondii S MARC145 monkey
kidney cells
Trypanosoma
brucei brucei TPVFQI S Viability assay
[Lister 427]
Leishmania [-lactamase assay in
amazonensis TPSFQI R J774 macrophage
[LV78] Resistant cells
Caenorhabditis TPGFQV R Deyelopmental and
elegans lifespan assays

Table 1: List of organisms used for in vitro testing of silvestrol sensitivity. (* motif inferred

from 100% consensus among 32 fruit flies across five genera)

All assays confirmed the predictions, expanding the number of potential pathogens that
can now be targeted with rocaglates from the 50% we initially estimated based on known
sensitivity reports to 60%, including Cystoisospora suis, the most common pathogen affecting
suckling and weaned piglets, and the major wildlife pathogen Aphanomyces astaci, a globally
distributed protist responsible for freshwater crayfish plague (Table S2). The picture around

resistance to rocaglates also becomes clearer, raising the proportion of potentially resistant
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pathogens from 13% to 19%, and now including agriculturally important plant and animal

pathogens such as Phytophthora nicotianae and Aphanomyces invadans (Table S2).

The combined binding energy and thermal denaturation shift analysis showed analogous
patterns for three variants of unknown sensitivity to rocaglates: TPVFQI, TPEFQI, and
TPQFQI (Figure 7). The in vitro results revealing the sensitivity of TPVFQI to silvestrol
suggests that organisms containing the analogous aa combination TPEFQI and TPQFQI could
also be sensitive to rocaglates. This would add further organisms to the list of pathogens and
other harmful organisms potentially targetable with rocaglates such as the fungus
Encephalitozoon cuniculi (TPEFQI), a causative organism of neurologic and renal disease in
rabbits and sometimes immunocompromised humans, and important plant pests and plant
pathogens such as Bactrocera latifrons, Aspergillus fischeri, Marssonina brunnea, and Zopfia

rhizophila, all of which express the TPQFQI variant of eI[F4A (Table S2).

Discussion

In the ongoing search for novel ways to fight non-viral and non-bacterial pathogens, targeting
translation to inhibit growth and overall viability has emerged as an attractive strategy. Here,
we focused on the potential of rocaglates, a group of plant-derived compounds that target the
DEAD-box RNA helicase elF4A, a key component of the eukaryotic translation initiation
complex elF4F. Our analysis uncovered a large proportion of pathogens potentially targetable

with rocaglates, providing actionable information for prioritization and development strategies.

The elF4A helicase is one of the most highly conserved proteins in eukaryotes, possibly as a
result of its critical role in translation as an essential enzyme for processing mRNAs containing
stable RNA secondary structures in their 5°UTRs. Our analysis showed in more detail how four
out of the six residues involved in the interaction of e[F4A with rocaglates are indeed strictly

conserved across clades in the tree of life, likely a result of their structural role within the RNA-
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binding pocket of e[F4A. Conversely, the remaining two aa residues in positions 163 and 199
showed startling substitution tolerance patterns that among others determine sensitivity to
rocaglates. Position 163 in particular exhibited a remarkable tolerance for aa substitutions that
cover a broad range of aliphatic, aromatic, basic, acidic and other aa. The distinct distributions
of aa substitution frequencies at this position further indicate a level of ‘evolutionary
preference’ across eukaryotic groupings suggestive of a certain directionality in evolution
towards a preponderance of Phe and Tyr. Position 199 showed a more constrained tolerance,
with a bimodal distribution of Ile and Val throughout eukaryotic groupings, and a unique Met

substitution in Aglaia species that produce silvestrol and/or episilvestrol.

RNA helicase activity of select variants expressed in a human elF4A1 background showed
remarkable consistency in relative V., supporting the notion that substitutions at the six
rocaglate-binding aa residues are under evolutionary pressure based on their effect on the RNA
helicase activity of e[F4A rather than its sensitivity to rocaglates. The comparable V. of the

two elF4A isoforms found in Aglaia confirms this notion.

Our analysis reveals that, a priori, a high proportion of known pathogens should be targetable
with rocaglates, opening up new space for targeted development of anti-pathogen agents. The
expanded evolutionary picture of natural rocaglate resistance, together with some novel
mechanistic insights into the molecular interactions between diverse rocaglates and different
elF4A variants, further provide important landmarks for developing rocaglate derivatives or
novel compounds as well as sound implementation strategies that minimize the risk for

emergence of de novo resistance.

Enlisting rocaglates to fight eukaryotic pathogens

Our analysis revealed the potential for using rocaglates and derived molecules to combat a large

proportion of known human, plant, and animal pathogens. The unusually well-defined
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determinants of eIF4A sensitivity to rocaglates—the six aa residues analyzed in our study—
provide a precise tool for predicting potential effectiveness of novel compounds against a
pathogen of interest. Our mutant analysis has further expanded the spectrum of potential targets
by providing the first in vitro confirmation for three new variants: TPVFQI, and TPHFQV,

which render pathogens sensitive, and TPGFQV, which provides resistance to rocaglates.

The TPVFQI variant, characteristic of Trypanosoma sp., opens the possibility of
addressing important human diseases such as sleeping sickness, caused by 7. brucei, and
Chagas disease, caused by 7. cruzi. The TPHFQYV variant is found in a number of important
agricultural pathogens including Cystoisospora suis, a parasite that causes diarrhea with a high
mortality rate in piglets, Marssonina coronariae, an apple blotch—causing fungus that results in
severe premature defoliation, and, most importantly, in Aedes sp., a group of widely distributed
and high-impact disease vectors that includes the yellow fever mosquito, Ae. aegypti, and the
Asian tiger mosquito, Ae. albopictus. The rocaglate-resistant variant TPGFQV, which with the
exception of Caenorhabditis elegans, a nematode, is only found in protists, rules out the use of
rocaglates or its derivatives for a small but diverse number of pathogens that includes the plant
pathogen Phytophthora sp., the causative agents of several plant blights including potato and
tomato blights, Aphanomyces sp., a causative organism of epizootic ulcerative syndromes on
many species of fish and shellfish, and Saprolegnia sp., a group of pathogens that affects fish
and amphibians worldwide. The analogous variant TPGFQI had previously been shown to be

resistant and has so far only been identified in the Aglaia sp. fungal parasite Ophiocordyceps
sp..

Mechanistically, eIF4A sensitivity to rocaglates is determined by the formation of stable
n-m-stacking interactions between the rocaglates and the RNA-binding pocket of e[F4A through
interactions with the rocaglate-interacting residues analyzed here. Our sensitivity findings, as

well as those from previously published sensitivity studies, could be predicted by our in silico
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modeling of binding energies and intermolecular contact levels of the ternary
elF4A:RNA:rocaglate complex and by our in vitro analysis of the melting temperatures of the

different e[F4A:RNA complexes.

However, while our comprehensive analysis of all known elF4A sequences from
pathogens provides a first glimpse at the potential for enlisting rocaglates to fight a range of

human, animal and plant pathogens, several important questions remain to be answered.

First, the diversity of eIF4A variants we have revealed, while informative, is likely
limited in terms of the true diversity of variants existing in nature. We analyzed a curated list
of 365 elF4A sequences, many of which belonged to related species within the same genus.
The analysis revealed 35 variants with respect to the six rocaglate-interacting aa residues we
focused on here. Clearly, this only amounts to a drop in the bucket in terms of potential diversity
in nature, including among hitherto not-sequenced pathogens. Nonetheless, our study provides
a first insight into the potential evolutionary constraints that have determined resistance to
rocaglates in the past and could drive it in the future under increased exposure to the

compounds.

Secondly, and while eIF4A is one of the most conserved proteins known to us, it is also
true that even small changes in other parts of the helicase could affect the tertiary structure of
the RNA-binding pocket and thus its ability to interact with rocaglates in just the right
orientation to allow for the formation of the necessary n-n-stacking interactions. Our mutant
work has shown the effect of single aa substitutions on intermolecular dynamics, but these were
all determined against a fixed human background. How those variants perform in their natural
protein scaffolds cannot be predicted with 100% confidence based on our studies alone and

would necessitate in vitro analysis of the natural proteins.

And thirdly, the interaction of different rocaglates with e[F4A varies in subtle ways that

are not yet completely understood. Our analysis revealed how these interactions can sometimes
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be predicted from the rocaglate structures alone—silvestrol exhibits overall higher melting
temperatures than zotatifin or CR-1-31-B probably due to its 1,4-dioxane moiety, which could
provide an expanded interface for contacts with nearby arginine residues of elF4A. In other
instances, however, and depending on the motif they are interacting with, the binding dynamics
paint a more complex picture—the TPIFQI variant elicits analogous interactions with silvestrol
and CR-1-31-B that are distinct from those with zotatifin and can thus not be solely explained
by the presence of silvestrol’s 1,4-dioxane moiety. Understanding these natural interaction
dynamics will provide further insight into how to design rocaglates of improved efficacy and

specificity.

Does natural resistance to rocaglates provide a fitness advantage?

Our global eIlF4A variant analysis in the context of the eukaryotic tree of life—a widely
accepted proxy for a rough evolutionary progression of the main eukaryotic groups of
organisms—tevealed a random distribution of resistance variants across protists, fungi, plants
and animals. Importantly, known rocaglate biosynthesis is limited to one genus of plants,
Aglaia, which would have emerged at a much later stage than most of the resistant variants we
detected. While it is impossible to categorically determine the trigger for the emergence of
rocaglate-resistant e[F4A variants, and given that a potential functional role of this alkaloid in

Aglaia sp. is not known, two scenarios can be explored with our results.

In a first scenario, resistance would have emerged as a direct consequence of exposure
to rocaglates following the appearance of rocaglate biosynthesis in Aglaia. A close analysis of
the list of resistant organisms reveals a number of pathogenic and non-pathogenic organisms
that exhibit geographical distributions supportive of such a scenario. Aglaia has a mostly East
and Southeast Asian distribution, which overlaps with the geographical distributions of resistant

organisms such as the river fluke Clonorchis sinensis, oriental fruit flies Bactrocera sp., and
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the flatworm Dugesia japonica, all three known regional pests or pathogens, or the Pacific
oyster Crassostrea gigas, a non-pathogen. More immediately, the recent description of the
Aglaia sp. parasitic fungus Ophiocordyceps sp. BRM1 also supports the potential emergence
of resistance following direct exposure to rocaglates. However, there are many other rocaglate-
resistant organisms that have non-overlapping distributions with that of Aglaia, or global
distributions, making it unlikely that rocaglates provided an evolutionary pressure. Tracing the
fossil record of Aglaia and the organisms associated with it over evolutionary time would be

one way of addressing this question, but was out of the scope of our work.

In a second scenario, rocaglate resistance would have been an inconsequential
byproduct of natural e[F4A variation. This scenario would be supported by Aglaia sp. being the
only organisms in which both elF4A isoforms contain rocaglate-binding amino acid variants
resistant to rocaglates, TPLFQM and TPLFQI, and by the fact that the relative V,,,, of the
different natural elF4A variants we analyzed was remarkably constant. The plants’ ability to
produce rocaglates and the inherent tolerance for substitutions at positions 163 and 199, could
have led to the establishment of two rocaglate-resistant eI[F4A isoforms because this would
provide a clear fitness advantage to the plants. Previous work has shown that while both e[F4A
isoforms exhibit equivalent biochemical activities, e[F4A1 is essential for cell survival, while

elF4A2 is not [12].

The emergence of rocaglate biosynthesis in Aglaia sp. would have thus been
accompanied by the establishment of the necessary ‘resistance’ mutations in eIF4A to protect
the plants from self-poisoning. The rocaglate-resistant aa pattern of the main e[F4A isoform in
Aglaia, TPLFQM, contains the most common ‘resistant’ substitution at position 163, Leu, and
a Met substitution at position 199, a substitution we have shown increases both the V,,,, of the
helicase as well as substantially decreases the thermal denaturation temperature of the

elF4A:RNA:rocaglate complex.
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None of these scenarios can be ruled out because both the aa substitution tolerance at
positions 163 and 199 could be driving the random appearance of ‘resistant’ variants and the
physical proximity and exposure to rocaglates could be triggering the retaining of ‘resistant’
variants in select organisms simultaneously. However, understanding both processes will be

critical for the successful implementation of any rocaglate-based anti-pathogen measures.

Thoughts on the emergence of de novo resistance to rocaglates in pathogens

Our analysis has laid out the landscape of potential pathogen targets for rocaglates based on the
limited spectrum of elF4A sequences that have been obtained to date through mostly whole
genome sequencing of organisms of interest for human, animal and plant health. While clearly
incomplete in terms of representing the total diversity of elF4A sequences in nature, our
analysis revealed very clear conservation patterns in four out of the six positions relevant to
rocaglate binding—158, 159, 192, and 195—and equally significant substitution tolerance
patterns in the other two positions—163 and 199. With our analysis of natural and non-natural
mutants, we aimed to further complete the picture of potential variants and their rocaglate-
binding dynamics. We believe this closer-to-complete picture of the sequence diversity already
established in nature provides a glimpse into the potential for the development of rocaglate
resistance and the need for proper management of any potential implementation of rocaglates

as anti-pathogen agents.

Our experience over the last less than hundred years deploying antimicrobials to fight
infection has taught us that, when faced with a new challenge, nature will always adapt through
natural evolution determined and driven by the survival of the fittest, in this case the variant
that exhibits a fitness advantage [61]. In most cases, this adaptation has resulted in the

development or acquisition of resistance mechanisms to antimicrobials, whether through lateral
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transfer of genes from other microorganisms, de novo mutations, or repurposing of existing

mechanisms for detoxification.

The emergence of resistance to pesticides has also been well studied. Unlike with
microbes, where short generation times, de novo mutations, and lateral gene transfer play major
roles in the emergence of resistance traits, emergence of resistance in more complex organisms
such as fungi and insects has been tied to factors including the number of point mutations
needed for resistance, the pre-existence of resistance alleles in a population, and the fitness of

the mutated resistant variants in the absence of the corresponding selection pressure [62, 63].

Our analysis points to the possibility that resistance of elF4A to rocaglates could be an
accidental trait arising from the aa substitution tolerability at position 163 of elF4A. Single
point mutations leading to aa changes at this position can turn a rocaglate-sensitive organism
into a resistant one. While this could be categorized as a single aa mutation challenge, our
analysis has confirmed previous work that suggested the steric constraints of the RNA-binding
pocket of e[F4A determined the high level of sequence conservation of this enzyme. Rocaglate-
driven clamping is mainly determined by the aa residue at position 163, however, this has to
happen within the constraints of four other residues having to remain unchanged—158, 159,
192, and 195—and one being tolerant to minimal substitution—199. In addition, clamping is
also highly sensitive to nucleotide composition, requiring the presence of two adjacent purine
RNA bases to stabilize the eIF4A1:RNA complex, which in turn constrains the tolerability for
substitutions at the relevant RNA interacting aa residues of eI[F4A [41]. The combination of
these factors thus makes the emergence of resistance a more complex albeit overall still low

barrier evolutionary event.

Our analysis has further shown that nature has already evolved a sizable number of
rocaglate-resistant e[F4A alleles, with some of them already co-existing with sensitive isoforms

in some organisms. This would seem to a priori pose a major barrier to the implementation of
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rocaglate-based anti-pathogen strategies. However, the availability of this extensive catalog of
information about sequence, structural and physicochemical factors that characterize ‘resistant’
alleles could also be used to inform the development of novel compounds, the deployment of
carefully managed control programs, and the monitoring of the emergence of potential de novo

resistance in managed populations.

A key determinant for the de novo emergence of resistance to rocaglates is the potential
fitness advantage associated with the resistant versus the sensitive variants. Within the genus
Aglaia, this tolerability was an asset when it came to adapt to the emergence of its own
capability to synthesize rocaglates, as proven by both isoforms of e[F4A in these plants being
resistant to rocaglates. How this process could play out in other species only transiently exposed
to rocaglates is not known. ‘Fitness rescue’ in species containing a resistant and a sensitive
isoform has so far only been shown in cases where isoform 1 is the resistant isoform but not
when it is isoform 2 that contains the resistant allele. This is the case for most of the pathogens
we have analyzed so far. And while we have no way of knowing how fast resistant mutations
have been acquired over evolutionary timescales, our analysis has revealed that, at least in
theory, resistant mutations could arise quickly through point mutation events at the codon

wobble position as exemplified by the switch from Phe to Leu.

As shown by our elF4A helicase activity analysis, all natural variants of e[F4A exhibit
relative V., within a narrow range that is most likely essential for the fitness of the organism.
This applies to both resistant and sensitive variants of e[F4A, suggesting that fitness would not
be a deciding factor for the permanent establishment of a resistant allele because there would

be no detrimental fitness effects in the absence of rocaglates.

The combined evaluation of these three aspects—the minimal number of aa
substitutions needed for resistance, the pre-existence of resistance alleles in the population, and

the fitness of the mutated resistant variants in the absence of rocaglates—paints a complex


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

picture of opportunity for the anti-pathogen application of rocaglates. While the aa substitution
tolerance levels at position 163, the wide distribution of natural resistance alleles, and the a
priori neutral fitness effects of resistance all seem to compromise the potential of harnessing
rocaglates for managing pathogens, this knowledge, which was often non-existent before the
implementation of other anti-pathogen compounds, could provide the basis for more robust and
sound implementation strategies. Measures such as punctual, high concentration deployments
of rocaglates accompanied by comprehensive monitoring programs could be one approach to
minimizing the risk for triggering the emergence of resistance. Taking advantage of the
favorable therapeutic windows of rocaglates in humans and animals compared to the sensitivity
in fungi and protists could be pivotal in terms of developing safe interventions against select
rocaglate-sensitive parasites. Harnessing the comprehensive catalog of natural eIF4A variants
uncovered in our study could further help advance the search for novel synthetic rocaglates or

other small molecule inhibitors of enhanced specificity and efficacy.

Overall, our study has provided a first comprehensive account of the natural diversity
of rocaglate-resistant eI[F4As and their distribution among pathogens, further physicochemical
and rocaglate-binding characterization of select and highly represented variants, in vitro
validation of several of our rocaglate-sensitivity predictions in pathogens, and further insights

into the biological and evolutionary determinants of e[F4A-based rocaglate sensitivity.

Methods

elF4A Sequence Analysis

Sequence analysis was performed using the full eI[F4A protein sequences retrieved from
Genbank and cross-validating them on UniProt to determine specific isoforms. Only sequences
corresponding to the elF4A1l and elF4A2 isoforms were used for the analysis. Next, we

extracted the six amino acid motifs associated with rocaglate binding for each of the protein
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sequences (human positions 158, 159, 163, 192, 195, 199) [41, 42]. Variant motif distributions
were determined within each eukaryotic grouping and mapped onto the latest version of the
eukaryotic tree of life [54]. Sequence logos illustrating amino acid tolerances for the six amino

acids analyzed were rendered using Seq2Logo - 2.0 [53].

elF4A Variant Cloning, Overexpression and Purification

Select elF4A variants with single and double substitutions at positions 163 and/or 199 were
generated using PCR-based site-directed mutagenesis of a plasmid encoding human elF4A1
(pET-28a(+)_elF4A1(19-406) containing an N-terminal His-Tag and a thrombin cleavage site;
variant-specific primers listed in Table S4). Double mutants were generated by first generating
the mutations at position 163 followed by the mutations at position 199. Ligation products were
transformed into E. coli DH5a cells and the plasmids were sequenced to confirm the
corresponding substitutions. Following sequence confirmation, competent E. coli BL21 (DE3)
cells were transformed with the plasmids and grown in lysogeny broth medium at 37 °C to
OD,~0.5. After the addition of 0.5 mM IPTG, the cells were grown at 15 °C for 16 h. The
collected cells were lysed by sonication in a 20 mM HEPES-KOH buffer (pH 7.5, 300 mM
KCl, 20 mM imidazole, 5SmM B-mercaptoethanol, 0.1 mM EDTA, 10 % (v/v) glycerol) with 1x
cOmplete™, Mini, EDTA-free Protease-Inhibitor-Cocktail (Roche). The lysate was
fractionated on a HisTrap~ HP 1 mL column (GE Healthcare) using a linear gradient from
sonication buffer to elution buffer (sonication buffer with 250 mM imidazole). The peaked
fractions were collected, buffer-exchanged to a 20 mM HEPES-KOH buffer (pH 7.5, 300 mM
KCl, 5 mM MgCL, 0.1 mM EDTA, 1 mM DTT and 10 % (v/v) glycerol), flash-frozen in liquid

nitrogen and stored at —80 °C.

Helicase Assay
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Helicase activities of the e[F4A variants were determined using a fluorescence-based assay.
The capacity to unwind dsRNA substrates was measured using two labelled RNA substrates: a
10mer modified with Cyanine 3 (10mer-Cy3; 5’-[CY3]GCUUUCCGGU-3’), and a 16mer
modified with Black Hole Quencher 2 (16mer-BHQ2; 5’-ACUAGCACCGGAAAGC[BHQ2]-
3’). An unlabeled competitor (10mer-competitor; 5’-GCUUUCCGGU-3") was used to capture
released quencher RNA. A single-stranded Cy3 RNA substrate (ssRNA) was used to determine
the maximum fluorescence signal of the reaction. Equimolar amounts of 10mer-Cy3 and
16mer-BHQ2 were annealed at 80 °C for 5 minutes and incubated at room temperature for 1
hour followed by incubation on ice for 10 minutes in a 25 mM HEPES (pH 7.4 (KOH) in
ddH.,0O). Competitor RNA was added in 1:10 (v/v) excess to the labelled RNA substrates and
the reaction was again incubated on ice for 10 minutes prior to adding it to the helicase reaction
mix. elF4A (25 puM final concentration) was added to the reaction and fluorescence was

measured using a Safire 2 microplate reader (Tecan).

Thermal Shift Assay

Thermal shift assays were performed by incubating 5 uM of recombinant human eIF4AI (19-
406) with 50 uM of a polypurine RNA (AG), (Biomers, Ulm, Germany), | mM AMP-PNP
(Roche, Basel, Switzerland), 100 uM of rocaglate (silvestrol, RocA, zotatifin, or CR-1-31-B)
and 75 uM SYPRO Orange (S6650, Invitrogen, Carlsbad, CA, USA) in a 20 mM HEPES-KOH
buffer (pH 7.5, 100 mM KCI, 5 mM MgCl,, | mM DTT, 0.1 mM EDTA, and 10% (v/v)
glycerol) for 10 min at RT. The melt curves were measured between 10 °C and 95 °C at a 1.6
°C/min ramp rate using the QuantStudio3~ Real-Time PCR system (Applied Biosystems,
Waltham, MA, USA) in a MicroAmp™ Fast Optical 96-well plate (Applied Biosystems,

Waltham, MA, USA).

Docking Analysis
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Molecular docking was performed using AutoDock, v4.2 [64]. The proteins were processed by
adding all hydrogen atoms and merging non-polar hydrogen atoms using AutoDock Tools
1.5.7. Charges were assigned using the Gasteiger method with fixed torsions for the ligand. We
seta 60 x 60 x 60, 3.75 A grid box around the active sites with x, y and z-dimensions of 46.355,
9.919, 47.473, respectively. The rigid grid box was set using AutoGrid 4, followed by
AutoDock with the Lamarckian genetic algorithm to obtain the best docking poses [65].
Dockings were performed in duplicate and the average binding energy reported. Select poses
representing optimal binding affinities were visualized using UCSF Chimera (University of

California).

Cell-Based In Vitro Studies

Aedes aegypti, Anastrepha suspensa, and Drosophila melanogaster Cell proliferation assays

were performed with insect cell lines (Aag2 [A4. aegypti], ASEO1 [A4. suspensa], and S2 [D.
melanogaster]) using the WST-1 assay (Sigma-Aldrich). Cells (Aag2: 1.2 x 10 cells/100 pL,
AsEOL: 1 x 10s cells/100 pL, S2: 6 x 10+ cells/100 puL) were incubated in the presence of
silvestrol (0 nM to 1.6 uM). Following a 24 hour incubation with silvestrol, we added WST-1
reagent as specified by the manufacturer and waited an additional three hours before
determining cell mortality by measuring absorbance at 440 nm (reference wave length: 600
nm). CC,, values were determined for each set of biological replicates measured (GraphPad

Prism V9).

Whole Organism-Based In Vitro Studies

Toxoplasma gondii The effect of silvestrol treatment on Toxoplasma gondii replication in

MARC-145 cells was determined at 48 h post infection (h p. i.). Cell viability was controlled

after 48 h of treatment with up to 100 nM silvestrol via XTT assays (solvent: DMSO (1:500);
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positive control: Triton X-100 treatment (1:200); negative control: plain medium). At 48 h p.
1., the number of 7" gondii tachyzoites released from infected host cells into the cell supernatant

was determined. Assays were performed in triplicate.

Trypanosoma brucei brucei Viability assays of 7. brucei brucei (non-recombinant 427 strain)

were performed for 48 h using HMI-9 medium (modified DMEM (IMDM; Cell Gro); 10%
FBS; 10%, Serum plus (SAFC); 0.05 mM Bathocuproinesulfonate; 1.5 mM L-cysteine; 1| mM
hypoxanthine; 0.2 mM f-mercaptoethanol; 0.16 mM thymidine; ImM pyruvate). After a 48 h
incubation, cells were labeled with Alamar blue and fluorescence measured at 530 nm and 590

nm. All assays were performed in triplicate.

Caenorhabditis elegans Developmental and lifespan assays were conducted with N2 wild type

C. elegans worms reared on NGM agarose plates infused with silvestrol and seeded with 30 ul
OP50 E.coli/LB medium. For the developmental assays, ten worms were allowed to lay eggs
for 2 h (synchronization), single eggs were isolated on separate experimental plates and
incubated at 20 °C, and the first egg laying event after 59 h was determined. Number of progeny
was determined by counting the total number of progeny from synchronized, isolated animals
[66]. For the lifespan assays, 40 worms were allowed to lay eggs for 2 h (synchronization), 15
eggs per plate were transferred to experimental plates and incubated at 20 °C, and after three
days, mothers were transferred to a fresh plate every other day until day eight of adulthood to
avoid overgrowth by the progeny. Live worms were counted daily until all of them died.

Unnatural deaths were removed from the analysis. All assays were done at least in triplicate.

Schistosoma mansoni Adult worm couples were cultured in M199 medium (Sigma-Aldrich,

Germany) supplemented with 10% newborn calf serum, 1% 1 M HEPES and 1% ABAM
solution (10,000 units/ml penicillin, 10 mg/ml streptomycin and 25 mg/ml amphotericin B) at
37 °C in a 5% CO, atmosphere. Activity of silvestrol (100 and 200 nM) against the worms was

evaluated for seven days in vitro. Medium and silvestrol were refreshed daily and worm motility
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as well as the number of laid eggs assessed after three and seven days using an inverted
microscope (Labovert, Germany). Worm motility was scored as recommended by WHO-TDR

b

[67], where a score of ‘3’ indicates normal motility, ‘2’ reduced motility, ‘1’ minimal and
sporadic movements, and ‘0’ represents dead worms (no movement within 30 s). Worms were

obtained from infected hamsters as described elsewhere [68].

All animal experiments with Syrian hamsters (Mesocricetus auratus) were conducted in
accordance with the European Convention for the Protection of Vertebrate Animals used for
Experimental and Other Scientific Purposes (ETS No 123; revised Appendix A) and were
approved by the Regional Council (Regierungsprisidium) Giessen, Germany (V54-19 ¢ 20/15

h 02 GI 18/10 Nr. A 14/2017).

Leishmania amazonensis Promastigotes of a L. amazonensis strain expressing f-lactamase [69]

were cultured in immortalized J774 macrophage cells grown in RPMI supplemented with 10%
of FBS and 1% PSG. Briefly, duplicate assays with silvestrol and triplicate controls were
performed with plated macrophages infected with stationary phase L. amazonensis (25
parasites/macrophage) and incubated overnight at 32 °C and 5% CO.. Serial dilutions of
silvestrol were added and incubated for 96 h at 32 °C and 5% CO.. Viability assays were
conducted using CENTA™ B-Lactamase Substrate (EMD Chemicals) and Nonidet P-40 (Igepal

CA 360, Fluka), and absorbance was measured at 405 nm.

Plasmodium falciparum Fluorescence-based viability assays were conducted for 96 h with

erythrocytic asexual cultures (5% hematocrit) of P. falciparum strain 3D7 (0.25% ringstage
parasitemia; synchronous) in RPMI medium (RPMI 1640; 25 mM HEPES; 10 ug/ml
gentamycin; 0.5 mM hypoxanthine; pH 6.75; 25 mM sodium bicarbonate; 0.5% Albumax II;
1% O,, 5% CO.: 94% N.,) [70]. Viability was determined by quantifying fluorescence following

staining of P. falciparum cells with SYBR Green I (Molecular Probes).


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Supplemental materials

Table S1 — Summary of pathogens that have been previously tested for their
sensitivity to a range of natural and synthetic rocaglates.

Table S2 — List of rocaglate-associated aa motifs extracted from a global
survey of elF4A protein sequences

Table S3 — List of organisms containing elF4A isoforms with differing
rocaglate-associated aa motifs

Table S4 — List of elF4A mutants generated for this study

Table S5 — Mutant TSA analysis

Table S6 — Native Aedes aegypti eIF4A temperature shift analysis

Tabel S7 — Arg pocket analysis


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Figure S1: Chemical structures of the four rocaglates tested in this study. All rocaglates
are characterized by a cyclopenta[b]benzofurane skeleton, indicated in red, and three benzyl
rings, A, B, and C. Silvestrol, the archetypal natural rocaglate, contains a unique 1,4-dioxane
moiety, indicated in blue, that increases the possibility of interactions with aa residues beyond
those in the RNA-binding pocket. RocA, the first natural rocaglate to be purified and
structurally characterized, exhibits the core structure of natural rocaglates. Synthetic rocaglates
zotatifin and CR-1-31-B exhibit nitrile and imido groups, respectively, that modulate the

binding characteristics of the molecules to the eIF4A:RNA complex.
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SENSITIVE

160 170 180 190 200 210 220
Candida_auris XP_028893386.1 GVQIVVGTPG RVEDMIDRRY FKTHKVKMFI LDEADEMLSS GFKEQIYNIF KLLPETTQVV LLSATMPQDV
Candida_tropicalis_XP 002550138.1 GVQIVVGTPG RVYDMIERRY FKTDKVKMFI LDEADEMLSS GFKEQIYNIF RLLPETTQVV LLSATMPQEV
Spodoptera_litura_XP 022820526 GVHVVVGTPG RVY¥DMITRRA LRANTIKLEFV LDEADEMLSR GFKDQIHDVF KMLSADVQVI LLSATMPDDV
Pyricularia_oryzae_XP_003711015.1 GPQVVVGTPG RVHDMIQRRF LKTDGMKMFV LDEADEMLSR GFTEQIYDIF QLLPQSTQVV LLSATMPQDV
Toxoplasma_gondii_ TGRH88_ 064040 GVHMVVGTPG RVHDMMEKRH LRVDDMKLFI MDEADEMLSR GFKSQIYDVF KKLPPDVQVA LFSATMPQDI
Trypanosoma_brucei_927/4 GUTat10.1 GTIVAVGTPG RVVWDVTKRGA MRTESLRVLV LDEADEMLSQ GFAEQIYDIF RFLPKEIQVA LFSATMPDDV
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RESISTANT

160 170 180 190 200 210 220
Aglaia_odorata_ iwasaki_ISOl GVHVVVGTPG RVLDMLGRQS LRSDYIKMFV MDEADEVLSR GFKDQIYNMF QLLPAKVQVG LFSATMPPEA
Aglaia stellatopilosa SABC6708_ISOl  GVHVVVGTPG RVLDMLRRQS LRSDNIRMFV MDEADEMLSR GFKDQIYDMF QLLPPKVQVG VFSATMPPEA
Aglaia glabriflora_ SABC0002_ISOl GVHVVVGTPG RVLDMLRRQS LRSDNIRMEV MDEADEMLSR GFKDQIYDMF QLLPPKVQVG VFSATMPPEA
Entamoeba histolytica KU27_EMD45802.1 GVQVVVGTPG RVLDMLDRQA IDPNTVKYLI LDEADEMLSQ GFKDQMYTIL KSLPSTVQVG MFSATMPADA
Leishmania braziliensis GVVVAVGTPG RVSDVIKRGA LRTESLRVLV LDEADEMLSQ GFADQIYEIF RFLPKDIQVA LFSATMPEEV
Caenorhabditis_elegans_Bristol_ N2 GIHVVVGTPG RVGDMINRNA LDTSRIKMEFV LDEADEMLSR GFKDQIYEVF RSMPQDVQVV LLSATMPSEV
Ophiocordyceps sp. BRM1 GAQIVVGTPG RVGDMIIRKC LKIDHIKVFV LDEADEMLSR GFKDQIHEIF QHLPQODVQVI LLSATMPQDV
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Figure S2: Partial aa sequence alignment of eIF4A proteins encoded by rocaglate sensitive
and resistant organisms. The alignment shows the RNA-binding pocket of elF4A, which
comprises the conserved amino acid sequence Asp-Glu-Ala-Asp (D-E-A-D) characteristic of
ATP dependent DEAD-box RNA helicases, motifs Ib, II, and III, which are characteristic of
elF4A proteins, and six aa residues critical to rocaglate binding. The aa residues at positions
158, 160, 161, 164, 192, and 195 (black arrows) are involved in the protein’s interaction with
RNA, and residues 182 and 183 (red arrows), located within the DEAD-box (pink), are involved
in the interaction with ATP. Position 163 is the primary determinant of sensitivity to rocaglates
(green), followed by aa residue 199 (blue) and four conserved aa residues at positions 158, 159,
192, and 195 (yellow). The sequences shown are representative of eI[F4A proteins with aa
patterns that have been shown to confer rocaglate sensitivity or resistance, including two novel
sequences of the rocaglate-producing plants Aglaia stellatopilosa and A. glabriflora, both

reported in this study (Accession numbers).
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Figure S3: Representation of patterns of aa critical for rocaglate-binding in known elF4A
proteins across the four main groups of eukaryotes. A comprehensive analysis of known
elF4A proteins revealed 35 patterns of aa at positions 158, 159, 163, 192, 195, and 199 (human
numbering). Four primary aa patterns were present in all four groups of eukaryotes,
representing 63% of all e[F4As (I). Another three patterns were present in three groups (II) and
four were present in two groups (III). The largest proportion of patterns, 71%, was only present
in one group of eukaryotes and in most cases with only one representative species (IV). Known
natural resistance is restricted to only four patterns, including two patterns—TPLFQM and
TPGFQI—unique to members of the plant genus Aglaia sp., so far, the only organism known

to biosynthesize rocaglates, and its fungal parasite Ophiocordyceps sp. BRM1, respectively.
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Figure S4: Shifts in thermal denaturation temperature of different eIF4A:RNA:zotatifin

and elF4A:RNA:CR-1-31-B complexes and their association with elF4A sensitivity to

rocaglates. The complexes established between e[F4A:RNA with two artificial rocaglates,

zotatifin (A) and CR-1-31-B (B), exhibited thermal shift patterns showing a clear association

between sensitivity to rocaglates and higher thermal denaturation differentials similar to those

exhibited by the equivalent e[F4A:RNA:silvestrol complexes. The complexes also showed

similar helicase V,,,, ranges to those determined for the equivalent elF4A:RNA:silvestrol

complexes (Figure 4). Data points represent mean values of three technical replicates. Standard

errors for the helicase activities are indicated in Fig. 4A and standard errors for the 4 melting

temperature are listed in Table SS. The size of the circles denotes prevalence of the aa pattern

among the elF4As included in our survey.
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Figure S5: The binding energies and intermolecular contact levels of natural
elF4A:RNA:silvestrol complexes are highly correlated and exhibit an overall skew toward
low binding energies and high intermolecular contacts. While rocaglate-sensitive e[F4A
variants (shown in blue) exhibited the lowest binding energies and the highest intermolecular
contacts, resistance to rocaglates was not preferentially associated with either of these

parameters (shown in red).
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Figure S6: Convergence of elF4A variants toward low binding energy/high
intermolecular contact variants relative to silvestrol. In all four groups of eukaryotes
analyzed—oprotists, fungi, plants, and animals—the inferred binding energy and intermolecular
contacts converged toward variants exhibiting low binding energies and high intermolecular
contact numbers. ‘+ 1°, ‘“+ 2’ and ‘“+ 3’ denote number of other groups of eukaryotes a particular
variant is found in (e.g., “Protists + 17 denotes a variant found in protists and one of the other

groups—fungi, plants, or animals).
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Figure S7: Expanded intermolecular contact interface between elF4A and silvestrol or
PatA. (A) Structure-based computational modeling of silvestrol onto the e[F4A-RNA complex
(PDB: 5ZC9) illustrates how the 1,4-dioxane moiety of silvestrol can form additional contacts
to those inside the RNA-binding pocket with three Arg residues on the surface of e[F4A—
Argl10, Arg282, and Arg311—that form a highly conserved ‘Arg pocket’, resulting in a tighter
clamp than the one generated by smaller rocaglates not having the 1,4-dioxane moiety. (B)
Silvestrol and PatA exhibit analogous interactions with this Arg pocket via their 1,4-dioxane
and trienyl moieties, respectively (highlighted in blue). (Electrostatic surface coloring of eI[F4A

generated with UCSF Chimera [blue: positively charged, red: negatively charged]).
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Figure S8: Structural interactions of the e[F4A:RNA:silvestrol complex in the Arg pocket of
elF4A. The dioxane moiety of silvestrol (magenta) interacts with the Arg rich pocket of e[F4A (grey
stick) formed by Argl110, Arg282 and Arg311 (nitrogen atoms in blue and oxygen atoms in red). The
Arg rich pocket is not only involved in a hydrogen bonding network (grey dashed lines) with silvestrol
but it seems to play an important role also in the eI[F4A-(AG)s complex formation. Based on both
mutation and docking studies, we suggest the order of importance of Arg residues in RNA and
silvestrol binding to be Arg311 > Argl10 > Arg282. Replacing these arginine key residues by alanine,
the eIF4A 19.406):(AG)s complex cannot be formed efficiently or at all. Normally, rocaglates increase

elF4A 19.406):(AG)s complex stability by raising the T,, by 9.3°C (silvestrol), 8.4 °C (CR-1-31-B) and
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8.0 °C (RocA). The R282A mutant shows also increased complex stability after addition of rocaglates
(5,0 °C silvestrol, 3,9 °C CR-1-31-B and 3,6 °C RocA) when compared to the mutant protein alone,
albeit to a lower extend (see Table S7). This may indicate that ternary complex formation is still
possible but with somewhat reduced stability and is probably due to the weak interactions that Arg282
mediates with both the RNA A6 and the dioxane moiety. Therefore, this residue is important but not
essential in the complex formation process. For the R110A mutant, there is virtually no difference in
melting temperatures upon addition of the rocaglates (see Table S7). This suggests that rocaglates are
not binding anymore to this mutant. Likely, R110 is involved in the elF4A j9.406):(AG)s complex
formation due to strong interaction with the phosphate group of RNA G8 which is not occurring in
case of the Ala mutant. Moreover, Argl 10 mediates only weak interactions with the dioxane moiety.
The most important residue of the series seems to be R311. When this residue is mutated to Ala, T,,
is reduced upon addition of the rocaglates in a range between -3.1 and -6.3°C (see Table S7) indicating
that the protein is evenly destabilized. Arg311 likely establishes a strong salt bridge (orange circle)
with the phosphate groups of RNA A7 (yellow sticks with phosphorus atoms colored orange) and in
a strong hydrogen bond with the dioxane moiety of silvestrol. An R311A mutant precludes the
formation of a stable eIF4A-RNA complex in the presence of rocaglates (see inset). Most likely, the
equilibrium between complex formation and dissociation shifts toward dissociation because of the
loss of the strong salt bridge with the RNA. Under these conditions, rocaglates cannot bind as well
because the complex is probably not in the most favorable conformation to allow binding to occur.
This is potentially the limiting step of complex formation: only when the RNA binds to e[F4A in the
optimal conformation, the inhibitors can clamp and bind to the eIF4A-(AG)s complex, otherwise they
probably bind more loosely, and they even destabilized the whole system. The behavior of the triple
mutant is comparable with the single mutant R311A. Although no synergistic effect of the three
mutated Arg residues is noted, a destabilizing effect with T,, reduction ranging from -3.2 °C to -3.6

°C is observed (see Table S7).
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Figure S9: In vitro assays of sensitivity to silvestrol in mosquito and fruit fly cell lines
expressing elF4A proteins with previously untested and tested rocaglate-associated aa
patterns. In all instances, viability was measured using a cell proliferation assay. (A) Aedes
aegypti (Aag2) [TPHFQV; sensitive], (B) Anastrepha suspensa (AsEO1) [presumably

TPYFQV; sensitive], (C) Drosophila melanogaster (S2) [TPYFQV; sensitive].
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Figure S10: In vitro assays of sensitivity to silvestrol in organisms expressing elF4A
proteins with previously untested rocaglate-associated aa patterns. (A) Toxoplasma gondii
[TPHFQV; sensitive] replication was measured using MARC145 monkey kidney cells as the
host. (B) Trypanosoma brucei brucei [TPVFQI; sensitive] mortality was determined using a
free parasite viability assay. (C) Caenorhabditis elegans [TPGFQV; resistant] viability and

developmental pace (inset) were measured on plates.
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Figure S11: In vitro assays of sensitivity to silvestrol in organisms expressing elF4A
proteins with previously tested rocaglate-associated aa patterns. (A) Schistosoma mansoni
[TPFFQI; sensitive] viability was measured using motility and egg production assays. (B)
Leishmania amazonensis [TPSFQI; resistant] mortality was determined using a macrophage
infection assay. (C) Plasmodium falciparum [TPYFQV; sensitive] used a viability assay in

erythrocytes.

Acknowledgments

The authors would like to thank Christina Scheld, Georgette Stovall, and Christin Ritter for

excellent technical assistance.

Author Contributions
Conceptualization: GTO, AG & TCY

Data curation: WO, MFDBA, LK, NS, FM, JS, LMRS, CH, AHL, HH, SH, IH, GL & GTO

Formal analysis: WO, MFDBA, AG & GTO


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

Funding acquisition: MFS, CGG, FCS, AT, AR, AH, TCY & AG

Investigation: WO, MFDBA, LK, NS, FM, JS, LMRS, AHL, HH, SH, MYL & IH
Methodology: WO, MFDBA, JS, FM, AHL & SH

Project administration: AG, TCY & GTO

Supervision: WO, GL, TCY, AG & GTO

Visualization: WO, JS, AHL, SH & GTO

Writing — original draft: GTO

Writing — review & editing: WO, MFDBA, LK, NS, FM, JS, LMRS, CH, AHL, HH, SH, IH,

GL, MFS, CGG, FCS, AT, AR, AH, TCY & AG

Funding: This work was funded by the LOEWE Center DRUID (project A2 to AG, A4 to AH,
B4 to CGG, D4 to CH and AT, D5 to MFS and IH, and E1 to SH and CGG) and the German
Ministry of Science and Education (BMBF) via the HELIATAR project (project I6GW0259 to
AH and project 16GW0258K to AG) and the DLR project (project 01DG20023 to CH)). FCS
and AHL’s research was supported in part by the National Institutes of Health (R35GM131877
and UOIGM110714 to FCS) and the Howard Hughes Medical Institute (Faculty Scholar Grant

to FCS).

Competing interests: The authors declare no competing interests exist.

References

1. Baragania B, Hallyburton I, Lee MC, Norcross NR, Grimaldi R, Otto TD, et al.
A novel multiple-stage antimalarial agent that inhibits protein synthesis. Nature. 2015
Jun 18;522(7556):315-20. doi: 10.1038/nature14451. Erratum in: Nature. 2016 Sep
1;537(7618):122. PMID: 26085270; PMCID: PMC4700930.


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

2. Cestari I, Stuart K. Inhibition of isoleucyl-tRNA synthetase as a potential
treatment for human African Trypanosomiasis. J Biol Chem. 2013 May
17;288(20):14256-14263. doi: 10.1074/jbc.M112.447441. Epub 2013 Apr 2. PMID:
23548908; PMCID: PMC3656282.

3. Iyer KR, Whitesell L, Porco JA Jr, Henkel T, Brown LE, Robbins N, et al.
Translation Inhibition by Rocaglates Activates a Species-Specific Cell Death Program
in the Emerging Fungal Pathogen Candida auris. mBio. 2020 Mar 10;11(2):e03329-19.
doi: 10.1128/mBi0.03329-19. PMID: 32156828; PMCID: PMC7064782.

4, Yu Z, Vodanovic-Jankovic S, Ledeboer N, Huang SX, Rajski SR, Kron M, et
al. Tirandamycins from Streptomyces sp. 17944 inhibiting the parasite Brugia malayi
asparagine tRNA synthetase. Org Lett. 2011 Apr 15;13(8):2034-7. doi:
10.1021/01200420u. Epub 2011 Mar 15. PMID: 21405052; PMCID: PMC3074013.

5. Shah P, Ding Y, Niemczyk M, Kudla G, Plotkin JB. Rate-limiting steps in yeast
protein translation. Cell. 2013 Jun 20;153(7):1589-601. doi: 10.1016/j.cell.2013.05.049.
PMID: 23791185; PMCID: PMC3694300.

6. Weinberg DE, Shah P, Eichhorn SW, Hussmann JA, Plotkin JB, Bartel DP.
Improved Ribosome-Footprint and mRNA Measurements Provide Insights into
Dynamics and Regulation of Yeast Translation. Cell Rep. 2016 Feb 23;14(7):1787-
1799. doi: 10.1016/j.celrep.2016.01.043. Epub 2016 Feb 11. PMID: 26876183;
PMCID: PMC4767672.

7. Chu J, Pelletier J. Therapeutic Opportunities in Eukaryotic Translation. Cold
Spring Harb Perspect Biol. 2018 Jun 1;10(6):a032995. doi:
10.1101/cshperspect.a032995. PMID: 29440069; PMCID: PMC5983196.

8. Kapp LD, Lorsch JR. The molecular mechanics of eukaryotic translation. Annu
Rev Biochem. 2004;73:657-704. doi: 10.1146/annurev.biochem.73.030403.080419.
PMID: 15189156.

0. Hinnebusch AG. Structural Insights into the Mechanism of Scanning and Start
Codon Recognition in Eukaryotic Translation Initiation. Trends Biochem Sci. 2017
Aug;42(8):589-611. doi: 10.1016/j.tibs.2017.03.004. Epub 2017 Apr 22. PMID:
28442192.


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

10. Andreou AZ, Klostermeier D. The DEAD-box helicase elF4A: paradigm or the
odd one out? RNA Biol. 2013 Jan;10(1):19-32. doi: 10.4161/rna.21966. Epub 2012 Sep
20. PMID: 22995829; PMCID: PM(C3590233.

11. Xue C, Gu X, Li G, Bao Z, Li L. Expression and Functional Roles of Eukaryotic
Initiation Factor 4A Family Proteins in Human Cancers. Front Cell Dev Biol. 2021 Nov
19;9:711965. doi:  10.3389/fcell.2021.711965. PMID: 34869305; PMCID:
PMC8640450.

12. Williams-Hill DM, Duncan RF, Nielsen PJ, Tahara SM. Differential expression
of the murine eukaryotic translation initiation factor isogenes eIF4A(I) and eIF4A(II) is
dependent upon cellular growth status. Arch Biochem Biophys. 1997 Feb 1;338(1):111-
20. doi: 10.1006/abbi.1996.9804. PMID: 9015395.

13. Naineni SK, Itoua Maiga R, Cencic R, Putnam AA, Amador LA, Rodriguez AD,
et al. A comparative study of small molecules targeting elF4A. RNA. 2020
May;26(5):541-549. doi: 10.1261/rna.072884.119. Epub 2020 Feb 3. PMID: 32014999;
PMCID: PMC7161356.

14. Shen L, Pelletier J. Selective targeting of the DEAD-box RNA helicase
eukaryotic initiation factor (elF) 4A by natural products. Nat Prod Rep. 2020 May
1;37(5):609-616. doi: 10.1039/c9np00052f. Epub 2019 Nov 29. PMID: 31782447.

15. King ML, Chiang C-C, Ling H-C, Fujita E, Ochiai M, McPhail AT. X-
Ray crystal structure of rocaglamide, a novel antileulemic 1H-cyclopenta[b]benzofuran

from Aglaia elliptifolia J. Chem. Soc., Chem. Commun., 1995, X101-X102.

16. Hwang BY, Su BN, Chai H, Mi Q, Kardono LB, Afriastini JJ, et al. Silvestrol
and episilvestrol, potential anticancer rocaglate derivatives from Aglaia silvestris. J Org
Chem. 2004 May 14;69(10):3350-8. doi: 10.1021/j0040120f. Erratum in: J Org Chem.
2004 Sep 3;69(18):6156. PMID: 15132542.

17. Greger H. Comparative phytochemistry of flavaglines (= rocaglamides), a group
of highly bioactive flavolignans from Aglaia species (Meliaceae). Phytochem Rev.
2022;21(3):725-764. doi: 10.1007/s11101-021-09761-5. Epub 2021 Jun 4. PMID:
34104125; PMCID: PMC8176878.


https://pubs.rsc.org/en/results?searchtext=Author:Ming%20Lu%20King
https://pubs.rsc.org/en/results?searchtext=Author:Chin-Chin%20Chiang
https://pubs.rsc.org/en/results?searchtext=Author:Han-Chin%20Ling
https://pubs.rsc.org/en/results?searchtext=Author:Eiichi%20Fujita
https://pubs.rsc.org/en/results?searchtext=Author:Masahito%20Ochiai
https://pubs.rsc.org/en/results?searchtext=Author:Andrew%20T.%20McPhail
https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

18. Harneti D, Supratman U. Phytochemistry and biological activities of Aglaia
species. Phytochemistry. 2021 Jan;181:112540. doi:
10.1016/j.phytochem.2020.112540. Epub 2020 Oct 23. PMID: 33130371.

19. Chen M, Asanuma M, Takahashi M, Shichino Y, Mito M, Fujiwara K, et al.
Dual targeting of DDX3 and elF4A by the translation inhibitor rocaglamide A. Cell
Chem Biol. 2021 Apr 15;28(4):475-486.¢8. doi: 10.1016/j.chembiol.2020.11.008. Epub
2020 Dec 8. PMID: 33296667; PMCID: PMC8052261.

20. Bentayeb H, Aitamer M, Petit B, Dubanet L, Elderwish S, Désaubry L, et al.
Prohibitin (PHB) expression is associated with aggressiveness in DLBCL and
flavagline-mediated inhibition of cytoplasmic PHB functions induces anti-tumor
effects. J Exp Clin Cancer Res. 2019 Nov 4;38(1):450. doi: 10.1186/s13046-019-1440-
4. PMID: 31684984; PMCID: PMC6830009.

21. Svitkin YV, Pause A, Haghighat A, Pyronnet S, Witherell G, Belsham GJ, et al.
The requirement for eukaryotic initiation factor 4A (elF4A) in translation is in direct
proportion to the degree of mRNA 5' secondary structure. RNA. 2001 Mar;7(3):382-94.
doi: 10.1017/s135583820100108x. PMID: 11333019; PMCID: PMC1370095.

22. Wolfe AL, Singh K, Zhong Y, Drewe P, Rajasekhar VK, Sanghvi VR, et al.
RNA G-quadruplexes cause elF4A-dependent oncogene translation in cancer. Nature.
2014 Sep 4;513(7516):65-70. doi: 10.1038/nature13485. Epub 2014 Jul 27. PMID:
25079319; PMCID: PM(C4492470.

23. Toribio R, Diaz-Lopez I, Ventoso I. New insights into the topology of the
scanning ribosome during translation initiation: Lessons from viruses. RNA Biol. 2016
Dec;13(12):1223-1227. doi: 10.1080/15476286.2016.1247146. Epub 2016 Nov 8.
PMID: 27824302; PMCID: PMC5207383.

24. Waldron JA, Tack DC, Ritchey LE, Gillen SL, Wilczynska A, Turro E, et al.
mRNA structural elements immediately upstream of the start codon dictate dependence
upon elF4A helicase activity. Genome Biol. 2019 Dec 30;20(1):300. doi:
10.1186/s13059-019-1901-2. PMID: 31888698; PMCID: PMC6936103.

25. Mauger DM, Cabral BJ, Presnyak V, Su SV, Reid DW, Goodman B, et al.
mRNA structure regulates protein expression through changes in functional half-life.

Proc Natl Acad Sci U S A. 2019 Nov 26;116(48):24075-24083. doi:


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

10.1073/pnas.1908052116. Epub 2019 Nov 11. PMID: 31712433; PMCID:
PMC6883848.

26. Alvarez DR, Ospina A, Barwell T, Zheng B, Dey A, Li C, et al. The RNA
structurome in the asexual blood stages of malaria pathogen plasmodium falciparum.
RNA Biol. 2021 Dec;18(12):2480-2497. doi: 10.1080/15476286.2021.1926747. Epub
2021 Jun 23. PMID: 33960872; PMCID: PMC8632117.

27. Blum L, Geisslinger G, Parnham MJ, Griinweller A, Schiffmann S. Natural
antiviral compound silvestrol modulates human monocyte-derived macrophages and
dendritic cells. J Cell Mol Med. 2020 Jun;24(12):6988-6999. doi: 10.1111/jcmm.15360.
Epub 2020 May 6. PMID: 32374474; PMCID: PMC7267175.

28. ClinicalTrials.gov. Study of eFT226 in Subjects with Selected Advanced Solid
Tumor Malignancies (Zotatifin). NCT04092673.

29. ClinicalTrials.gov. Intravenous Zotatifin in Adults with Mild or Moderate
COVID-19 (PROPEL). NCT0463238]1.

30. Biedenkopf N, Lange-Griinweller K, Schulte FW, Weiler A, Miiller C, Becker
D, et al. The natural compound silvestrol is a potent inhibitor of Ebola virus replication.
Antiviral Res. 2017 Jan;137:76-81. doi: 10.1016/j.antiviral.2016.11.011. Epub 2016
Nov 15. PMID: 27864075.

31. Miiller C, Schulte FW, Lange-Griinweller K, Obermann W, Madhugiri R,
Pleschka S, et al. Broad-spectrum antiviral activity of the elF4A inhibitor silvestrol
against corona- and picornaviruses. Antiviral Res. 2018 Feb;150:123-129. doi:
10.1016/j.antiviral.2017.12.010. Epub 2017 Dec 16. PMID: 29258862; PMCID:
PMC7113723.

32. Elgner F, Sabino C, Basic M, Ploen D, Griinweller A, Hildt E. Inhibition of Zika
Virus Replication by Silvestrol. Viruses. 2018 Mar 27;10(4):149. doi:
10.3390/v10040149. PMID: 29584632; PMCID: PM(C5923443.

33. Todt D, Moeller N, Praditya D, Kinast V, Friesland M, Engelmann M, et al. The
natural compound silvestrol inhibits hepatitis E virus (HEV) replication in vitro and in
vivo. Antiviral Res. 2018 Sep;157:151-158. doi: 10.1016/j.antiviral.2018.07.010. Epub
2018 Jul 20. PMID: 30036559; PMCID: PMC7113770.


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

34. Nebigil CG, Moog C, Vagner S, Benkirane-Jessel N, Smith DR, Désaubry L.
Flavaglines as natural products targeting eIF4A and prohibitins: From traditional
Chinese medicine to antiviral activity against coronaviruses. Eur ] Med Chem. 2020 Oct
1;203:112653. doi: 10.1016/j.ejmech.2020.112653. Epub 2020 Jul 15. PMID:
32693294; PMCID: PMC7362831.

35. Taroncher-Oldenburg G, Miiller C, Obermann W, Ziebuhr J, Hartmann RK,
Griinweller A. Targeting the DEAD-Box RNA Helicase eI[F4A with Rocaglates-A Pan-
Antiviral Strategy for Minimizing the Impact of Future RNA Virus Pandemics.
Microorganisms. 2021 Mar 5;9(3):540. doi: 10.3390/microorganisms9030540. PMID:
33807988; PMCID: PMC8001013.

36. Langlais D, Cencic R, Moradin N, Kennedy JM, Ayi K, Brown LE, et al.
Rocaglates as dual-targeting agents for experimental cerebral malaria. Proc Natl Acad
Sci U S A. 2018 Mar 6;115(10):E2366-E2375. doi: 10.1073/pnas.1713000115. Epub
2018 Feb 20. PMID: 29463745; PMCID: PMC5877959.

37. Iyer KR, Whitesell L, Porco JA Jr, Henkel T, Brown LE, Robbins N, et al.
Translation Inhibition by Rocaglates Activates a Species-Specific Cell Death Program
in the Emerging Fungal Pathogen Candida auris. mBio. 2020 Mar 10;11(2):03329-19.
doi: 10.1128/mBi0.03329-19. PMID: 32156828; PMCID: PMC7064782.

38. Drini¢ M, Raninger A, Zraunig A, Astelbauer F, Leitsch D, Obwaller A, et al.
Activity of methylgerambullin from Glycosmis species (Rutaceae) against Entamoeba
histolytica and Giardia duodenalis in vitro. Int J Parasitol Drugs Drug Resist. 2019
Aug;10:109-117. doi: 10.1016/j.ijpddr.2019.08.001. Epub 2019 Aug 10. PMID:
31472356; PMCID: PMC6722286.

39. Chaparro V, Leroux LP, Masvidal L, Lorent J, Graber TE, Zimmermann A, et
al. Translational profiling of macrophages infected with Leishmania donovani identifies
mTOR- and elF4A-sensitive immune-related transcripts. PLoS Pathog. 2020 Jun
1;16(6):e1008291. doi: 10.1371/journal.ppat.1008291. PMID: 32479529; PMCID:
PMC7310862.

40. Bordeleau ME, Robert F, Gerard B, Lindqvist L, Chen SM, Wendel HG, et al.
Therapeutic suppression of translation initiation modulates chemosensitivity in a mouse
lymphoma model. J Clin Invest. 2008 Jul;118(7):2651-60. doi: 10.1172/JCI34753.
PMID: 18551192; PMCID: PM(C2423864.


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

41. Iwasaki S, Iwasaki W, Takahashi M, Sakamoto A, Watanabe C, Shichino Y, et
al. The Translation Inhibitor Rocaglamide Targets a Bimolecular Cavity between elF4A
and Polypurine RNA. Mol Cell. 2019 Feb 21;73(4):738-748.9. doi:
10.1016/j.molcel.2018.11.026. Epub 2018 Dec 27. PMID: 30595437, PMCID:
PMC6386617.

42, Sadlish H, Galicia-Vazquez G, Paris CG, Aust T, Bhullar B, Chang L, et al.
Evidence for a functionally relevant rocaglamide binding site on the elF4A-RNA
complex. ACS Chem Biol. 2013 Jul 19;8(7):1519-27. doi: 10.1021/cb400158t. Epub
2013 May 7. PMID: 23614532; PMCID: PMC3796129.

43, Chu J, Galicia-Vazquez G, Cencic R, Mills JR, Katigbak A, Porco JA Jr, et al.
CRISPR-Mediated Drug-Target Validation Reveals Selective Pharmacological
Inhibition of the RNA Helicase, e[F4A. Cell Rep. 2016 Jun 14;15(11):2340-7. doi:
10.1016/j.celrep.2016.05.005. Epub 2016 May 26. PMID: 27239032; PMCID:
PMC5315212.

44, Chen M, Kumakura N, Muller R, Shichino Y, Nishimoto M, Mito M, et al. A
parasitic fungus employs mutated eIF4A to survive on rocaglate-synthesizing Aglaia

plants. bioRxiv 2022.07.04.498659; doi: https://doi.org/10.1101/2022.07.04.498659.

45. Sengoku T, Nureki O, Nakamura A, Kobayashi S, Yokoyama S. Structural basis
for RNA unwinding by the DEAD-box protein Drosophila Vasa. Cell. 2006 Apr
21;125(2):287-300. doi: 10.1016/j.cell.2006.01.054. PMID: 16630817.

46. Oberer M, Marintchev A, Wagner G. Structural basis for the enhancement of
elF4A helicase activity by elF4G. Genes Dev. 2005 Sep 15;19(18):2212-23. doi:
10.1101/gad.1335305. PMID: 16166382; PMCID: PMC1221891.

47. Cordin O, Banroques J, Tanner NK, Linder P. The DEAD-box protein family of
RNA helicases. Gene. 2006 Feb 15;367:17-37. doi: 10.1016/j.gene.2005.10.019. Epub
2005 Dec 7. PMID: 16337753.

48. Morgan AA, Rubenstein E. Proline: the distribution, frequency, positioning, and
common functional roles of proline and polyproline sequences in the human proteome.
PLoS One. 2013;8(1):e53785. doi: 10.1371/journal.pone.0053785. Epub 2013 Jan 25.
PMID: 23372670, PMCID: PMC3556072.


https://doi.org/10.1101/2022.07.04.498659
https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

49. Corley M, Burns MC, Yeo GW. How RNA-Binding Proteins Interact with
RNA: Molecules and Mechanisms. Mol Cell. 2020 Apr 2;78(1):9-29. doi:
10.1016/j.molcel.2020.03.011. PMID: 32243832; PMCID: PMC7202378.

50. Jones S, Daley DT, Luscombe NM, Berman HM, Thornton JM. Protein-RNA
interactions: a structural analysis. Nucleic Acids Res. 2001 Feb 15;29(4):943-54. doi:
10.1093/nar/29.4.943. PMID: 11160927; PMCID: PMC29619.

51. Agris PF, Eruysal ER, Narendran A, Vire VYP, Vangaveti S, Ranganathan SV.
Celebrating wobble decoding: Half a century and still much is new. RNA Biol.
2018;15(4-5):537-553. doi: 10.1080/15476286.2017.1356562. Epub 2017 Sep 2I.
PMID: 28812932; PMCID: PMC6103715.

52. Lucas X, Bauzad A, Frontera A, Quifionero D. A thorough anion-m interaction
study in biomolecules: on the importance of cooperativity effects. Chem Sci. 2016 Feb
1;7(2):1038-1050. doi: 10.1039/c5sc01386k. Epub 2015 Jun 5. PMID: 29899893;
PMCID: PMC5967298.

53. Thomsen MC, Nielsen M. Seq2Logo: a method for construction and
visualization of amino acid binding motifs and sequence profiles including sequence
weighting, pseudo counts and two-sided representation of amino acid enrichment and
depletion. Nucleic Acids Res. 2012 Jul;40(Web Server issue):W281-7. doi:
10.1093/nar/gks469. Epub 2012 May 25. PMID: 22638583; PMCID: PM(C3394285.

54. Burki F, Roger AJ, Brown MW, Simpson AGB. The New Tree of Eukaryotes.
Trends Ecol Evol. 2020 Jan;35(1):43-55. doi: 10.1016/j.tree.2019.08.008. Epub 2019
Oct 9. PMID: 31606140.

55. Naineni SK, Liang J, Hull K, Cencic R, Zhu M, Northcote P, et al. Functional
mimicry revealed by the crystal structure of an elF4A:RNA complex bound to the
interfacial inhibitor, desmethyl pateamine A. Cell Chem Biol. 2021 Jun 17;28(6):825-
834.e6. doi: 10.1016/j.chembiol.2020.12.006. Epub 2021 Jan 6. PMID: 33412110;
PMCID: PMC8626061.

56. Northcote PT, Blunt JW, Munro MHG. Pateamine: a potent cytotoxin from the
New Zealand Marine sponge, mycale sp. Tetrahedron Letters. Volume 32, Issue 44, 28
October 1991, Pages 6411-6414. doi.org/10.1016/0040-4039(91)80182-6.


https://www.sciencedirect.com/science/article/pii/0040403991801826?via=ihub#!
https://www.sciencedirect.com/science/article/pii/0040403991801826?via=ihub#!
https://www.sciencedirect.com/science/article/pii/0040403991801826?via=ihub#!
https://doi.org/10.1016/0040-4039(91)80182-6
https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

57. Bordeleau ME, Cencic R, Lindqvist L, Oberer M, Northcote P, Wagner G, et al.
RNA-mediated sequestration of the RNA helicase e[F4A by Pateamine A inhibits
translation  initiation. Chem  Biol. 2006  Dec;13(12):1287-95. doi:
10.1016/j.chembiol.2006.10.005. PMID: 17185224.

58.  Morris GM, Huey R, Olson AJ. Using AutoDock for ligand-receptor docking.
Curr  Protoc  Bioinformatics. 2008  Dec;Chapter  8:Unit  8.14.  doi:
10.1002/0471250953.b10814s24. PMID: 19085980.

59. Miiller C, Obermann W, Schulte FW, Lange-Griinweller K, Oestereich L,
Elgner F, et al. Comparison of broad-spectrum antiviral activities of the synthetic
rocaglate CR-31-B (-) and the elF4A-inhibitor Silvestrol. Antiviral Res. 2020
Mar;175:104706. doi: 10.1016/j.antiviral.2020.104706. Epub 2020 Jan 10. PMID:
31931103; PMCID: PMC7114339.

60. Dias N, Cagliari D, Kremer FS, Rickes LN, Nava DE, Smagghe G, et al. The
South American Fruit Fly: An Important Pest Insect With RNAi-Sensitive Larval
Stages. Front Physiol. 2019 Jun 27;10:794. doi: 10.3389/fphys.2019.00794. PMID:
31316391; PMCID: PMC6610499.

61. Laland KN. On evolutionary causes and evolutionary processes. Behav
Processes. 2015 Aug;117:97-104. doi: 10.1016/j.beproc.2014.05.008. Epub 2014 Jun
13. PMID: 24932898.

62. Lucas JA, Hawkins NJ, Fraaije BA. The evolution of fungicide resistance. Adv
Appl Microbiol. 2015;90:29-92. doi: 10.1016/bs.aambs.2014.09.001. Epub 2014 Nov
12. PMID: 25596029.

63. Siegwart M, Graillot B, Blachere Lopez C, Besse S, Bardin M, Nicot PC, et al.
Resistance to bio-insecticides or how to enhance their sustainability: a review. Front
Plant Sci. 2015 Jun 19;6:381. doi: 10.3389/fpls.2015.00381. PMID: 26150820; PMCID:
PMC4472983.

64. Morris GM, Huey R, Lindstrom W, Sanner MF, Belew RK, Goodsell DS, et al.
AutoDock4 and AutoDockTools4: Automated docking with selective receptor
flexibility. J Comput Chem. 2009 Dec;30(16):2785-91. doi: 10.1002/jcc.21256. PMID:
19399780; PMCID: PMC2760638.


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.09.09.507249; this version posted September 10, 2022. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

65. Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy of
docking with a new scoring function, efficient optimization, and multithreading. J
Comput Chem. 2010 Jan 30;31(2):455-61. doi: 10.1002/jcc.21334. PMID: 19499576;
PMCID: PMC3041641.

66. Ludewig AH, Gimond C, Judkins JC, Thornton S, Pulido DC, Micikas RJ, et al.
Larval crowding accelerates C. elegans development and reduces lifespan. PLoS Genet.
2017 Apr 10;13(4):e1006717. doi: 10.1371/journal.pgen.1006717. PMID: 28394895;
PMCID: PMC5402976.

67. Ramirez B, Bickle Q, Yousif F, Fakorede F, Mouries MA, Nwaka S.
Schistosomes: challenges in compound screening. Expert Opin Drug Discov. 2007

Oct;2(s1):S53-61. doi: 10.1517/17460441.2.S1.S53. PMID: 23489033.

68. Kellershohn J, Thomas L, Hahnel SR, Griinweller A, Hartmann RK, Hardt M,
et al. Insects in anthelminthics research: Lady beetle-derived harmonine affects survival,
reproduction and stem cell proliferation of Schistosoma mansoni. PLoS Negl Trop Dis.
2019 Mar 14;13(3):¢0007240. doi: 10.1371/journal.pntd.0007240. PMID: 30870428;
PMCID: PMC6436750.

69.  Buckner FS, Wilson AJ. Colorimetric assay for screening compounds against
Leishmania amastigotes grown in macrophages. Am J Trop Med Hyg. 2005
May;72(5):600-5. PMID: 15891135.

70. Smilkstein M, Sriwilaijaroen N, Kelly JX, Wilairat P, Riscoe M. Simple and
inexpensive fluorescence-based technique for high-throughput antimalarial drug
screening.  Antimicrob  Agents Chemother. 2004 May;48(5):1803-6. doi:
10.1128/AAC.48.5.1803-1806.2004. PMID: 15105138; PMCID: PMC400546.


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

50 - : : +
S BT I B Protists
W Fungi
Animals
E | ; S Rocaglate sensitive
_‘E 25 - S S R Rocaglate resistant
o
o
£
Z
R
A oA R o oRARQRLLneN o 0o QD
G, L GO LT T O R L, L PO, T T T
LUK K& LK LUK PN QIS OFAVO RSN
SR RELLLLRLLR RELEFIELL B R

elF4A aa pattern [positions 158, 159, 163, 192, 195, 199]

Figure 1


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

Figure 2


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

Plants

Stramenopila

Figure 3

pysAoRI0OUY

Animals & fungi

® Rocaglate resistance

£ Rocaglate biosynthesis

hnf—':rm"“““adida

Hemimastigophora



https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

1.25 - . 1.25 - ;
B Natural S Rocaglate sensitive 1199V : 1199V
Non-natural R Rocaglate resistant
— 100 - — 1.00 -
E £
= S =
& : R F
m 075 - - = 075 -
Z 2
: s R ™ :
) S
y 0504s g . 5 R s 050 -
e R I =
2 k>
= >
= 0.25 - = = 0.25 -
I =
0.00 -
B O P *\ o *\ "
EEEELEEEESS ﬁg@ >SS
& PN <2 K] g:s. &Q\"' &Qo <R R ,;3 ‘2*

Figure 4


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

12.5

10.0
o
5 75
1
£ PC
§ 5.0
E TPD
< 2.5
"~ |Resistant
Sensitive
Unknown

~ TPYFQI

TPFFQI
TPFFQV
TPYFQV
- TPWFQ

TPEFQI .

IPNFQI J TPHFQI

TPQFQI

TPSFQI
TPGFQI .TF‘UFEI

TPIFQI .
TPLFQI .

TPLFQM .

0.0 Unknown (non-natural)

0.00

Figure 5

0.25 0.50 0.75

Helicase ¥ [RF x min™'|

L ErAY

1.00


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

A
=10
g 3z TPLFOI®
§
g £0
a0 @ TPLFOM

Figure 6

TRIFOI-

23

TRFFQI
TPFFOV S @
TPeFale TWF”"':
e TRYF
TPVEGI® " m-.TP‘HFQI
TEEFD &
TPOQFEQI&
[
TEEFQI &
¥ ] [11]
A malting termparature [*C]

Intermolecular contacts

TPLFOI® H'x TPOFOl@ @ TPHFQI

" TPEFQI®
. @TPVFQ =

TRIFQI® ] L] '
- .
® T —
TPSFOle -
TPGF®
& TPLFOM
25 5 -1
A melting temparature [%C]

TRFFQ
TPYFOVE ]

TRFFOVE

10


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

TPFFQI
10

% «

9

" .

P,

£

E 9

5 1] 2z 4 L] = 1]
TPYFOQI

T

1. .

B v

g =B

é"

8 7o 2z 4 s 810
TPYFQV

— -0

E

ﬂ 9 [ ]

? )

g -B

B Yo 2 &« & 3 @
TPHFQI

— -0

E @

P >

8

&8 9 2 4 & 810

A melting temperature [°C]

Figure 7

TPLFQI
=10
9 [ ]
-8 .
7
0 2 4 Y
TPSFQI
=1
-9
]
X}
. L ]
] 2 4 ]
TPIFQI
= 1)
-9
X'}
® 0
-7
i 2 4 ]
TPLFQM
=111
9
B ‘
PN
1] 2 4 f

B

8

B

10

10

10

A melting temperature [°C]

0

TPFFQV
@
Y
Z 4 L] 4 1]
TPVFQI
&
) e Silvestrol
e Zotatifin
2 4 & B {1}
TPQFQI Sensitive
Resistant
Unknown
]
@
2 4 f B 1]
TPEFQI
L ]
o
2 4 6 8 {1}

A melting temperature [°C]


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

A B Cc
TPFFQI ; ) TPLFQM

Figure 8


https://doi.org/10.1101/2022.09.09.507249
http://creativecommons.org/licenses/by/4.0/

