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Abstract

Small-molecule compounds that elicit mRNA-selective translation repression have
attracted interest due to their potential for expansion of druggable space. However,
only limited examples have been reported to date. Here, we show that pateamine A
(PatA) represses translation in an mRNA-selective manner by clamping elF4A, a
DEAD-box RNA-binding protein, on GNG motifs. Through a systematic
comparison of multiple eIF4A inhibitors by ribosome profiling, we found that PatA
has unique mRNA selectivity in translation repression. Unbiased Bind-n-Seq
revealed that PatA-targeted elF4A exhibits a sequence preference for GNG motifs
in an ATP-independent manner. This unusual RNA binding sterically hinders
scanning by 40S ribosomes. In silico simulation, combination of classical molecular
dynamics simulation and quantum chemical calculation, and the subsequent
development of an inactive PatA derivative revealed that the positive charge of the
tertiary amine on the trienyl arm induces G selectivity. Moreover, we identified
DDX3, another DEAD-box protein, as an alternative target of PatA, showing the
same effect as on elF4A. Our results provide an example of the sequence-selective
anchoring of RNA-binding proteins and mRNA-selective inhibition of protein

synthesis by small-molecule compounds.
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Introduction

The production of harmful proteins often leads to deleterious outcomes in cells, causing
a wide variety of diseases. Due to the limited druggable proteome !, compounds that
modulate the synthesis of unwelcome proteins at the translation level provide attractive
therapeutic opportunities 2. Although several compounds that suppress translation in an
mRNA-selective manner have been found 22, the number is still restricted, warranting the
further identification of a new class with such activity.

Repurposing natural secondary metabolites for pharmacological use has been a
common strategy in drug development *. Indeed, translation inhibitors are not exceptions,
as a variety of antibiotics targeting ribosomes have been exploited °. In addition to
ribosomes, eukaryotic translation initiation factor (elF) 4A has been found to be a
common target of a variety of natural products, presenting a vulnerability in cancer °.
These compounds include hippuristanol (Hipp) from a soft coral (Isis hippuris) "',

12-18

rocaglates from plants of the Aglaia genus , pateamine A (PatA) from a sponge

19-29

(Mycale sp.) or its microbiome symbionts , and sanguinarine (San) from poppy plants

(Macleaya cordata and Argemone Mexicana) 3°3'.

elF4A is an ATP-dependent DEAD-box type RNA-binding protein that forms a
complex with cap-binding protein eIF4E and scaffold protein elF4G and then facilitates
the loading of the 43S preinitiation complex onto the 5" ends of mRNA and subsequent
scanning of the 5" untranslated region (UTR) 23, In mammals, this protein is encoded in
two genes, elF4A1 and elF4A2. Hipp and San have been shown to reduce the RNA-
binding ability of e[F4A 193! gimply inactivating the function of eIF4A in translation.
In contrast, rocaglates have a unique mode of action, clamping eIF4A onto a polypurine
(repeats of A and G nucleotides) RNA motif. This artificial clamping leads to steric

p4
Saito et al.


https://doi.org/10.1101/2023.09.21.558742
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.21.558742; this version posted September 21, 2023. 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-NC-ND 4.0 International license.

hindrance to scanning ribosomes, blockage of the recruitement of 43S preinitiation
complex at the 5’ ends of mRNAs, and ultimately the reudction of available e[F4A for
translation initiation process >34, PatA also has been suggested not to phenocopy the
loss of function of e[F4A, enhancing the interaction between eIF4A and RNA 20-23:25.29,
However, the molecular mechanism of PatA-mediated protein synthesis blocking
remained unclear.

Here, we systematically investigated the mode of action of PatA and found that
this compound leads to RNA sequence-selective translation repression. Genome-wide
ribosome profiling revealed that PatA induces distinct translational output compared to
Hipp, San, and RocA—a potent rocaglate. RNA pulldown-Seq in cells and RNA Bind-n-
Seq in vitro showed that PatA clamps on the GNG motif in RNA in an ATP-independent
manner. PatA-mediated clamping causes mRNA-selective translation repression, most
likely causing steric hindrance to scanning ribosomes. Our classical molecular dynamics
simulation and subsequent quantum chemical calculation, revealed that the G nucleotide
preference of PatA stemmed from the tertiary amine on the trienyl arm. The designed
PatA derivative confirmed the importance of the amine in RNA selectivity, translation
repression, and cytotoxicity. Our study provides an additional example of a sequence-
selective translation inhibitor, expanding the space of exploitable proteomes for drug

development.
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Results

Differential impacts on cellular translation by multiple el F4A inhibitors

To understand the variation in translation repression induced by elF4A inhibitors and the
mechanism of the effect evoked by PatA, we systematically compared the translatome
alteration with ribosome profiling 3°-¢ (Figure 1A). Here, instead of the original PatA, we
used the simplified derivative desmethyl desamino pateamine A (DMDA-PatA) (Figure
S1A) due to their comparable activities 3’. We conducted the experiments in HEK293 cell
lines treated with Hipp, San, and DMDA-PatA at 2-3 different concentrations. To
minimize the effect on the transcriptome, we treated cells with the compounds for 15-30
min, limiting the change in mRNA abundance . We also mined the published ribosome
profiling data with RocA '°. Normalization by mitochondrial footprints as internal spike-

ins 17,34,38—40

enabled us to monitor global translation changes. Indeed, the calculation of
ribosome profiling data allowed us to monitor the dose-dependent translation alteration
by the compounds (Figure S1B).

This comparative analysis revealed the similarities and differences in translation
inhibition by elF4A-targeting compounds. Principal component analysis (PCA) showed
the dose dependent, directional effects of each drug (Figure 1B). Strikingly, elF4A
inhibitors could be categorized into two groups: group 1, San and Hipp; group 2, RocA
and DMDA-PatA (Figures 1C and S1C-E).

Given that both San and Hipp reduce the affinity between elF4A and RNA
89113141 " their high correspondence in translation repression was a compelling result
(Figures 1B-C and S1C-E). On the other hand, the polypurine-selective eIF4A clamping
induced by RocA should be distinct from the effects of San and Hipp !>-1834, Our analysis
revealed that DMDA-PatA has a similar (but not identical) mode of translation repression
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to RocA, providing widespread sensitivity in translation repression across the

transcriptome (Figure 1D).

mRNA-selective clamping of elF4A1 by DMDA-PatA leads to translation repression
Considering that PatA and its derivatives stabilize the interaction between RNA and
elF4A 20232 we reasoned that the biased interaction of eIF4A with mRNAs may be
associated with the mRNA selectivity of DMDA-PatA in translation repression. To
monitor the mRNAs associated with elF4A, we conducted RNA pulldown and
subsequent RNA sequencing (RNA pulldown-Seq) with SBP-tagged elF4A1, a major
elF4A paralog, from a HEK293 cell line (Figure 1E) . DMDA-PatA treatment evoked
diverse alterations in mRNAs bound to el[F4A1 (Figure S1F).

Through comparison of the changes in mRNA association on elF4A and
translation repression, we found that the tight association between eIF4A and a subset of
mRNAs upon drug treatment confers translation repression. mRNAs highly sensitive to
DMDA-PatA in terms of translation repression were more stably associated with el[F4A
upon drug treatment, whereas mRNAs with low sensitivity showed the opposite behavior
(Figures 1F and S1G). These data suggested that the DMDA-PatA-mediated mRNA-

selective elF4A interaction determines the efficacy of translation repression.

DMDA-PatA leads to ATP-independent GNG RNA clamping by el F4A

These data led us to investigate whether DMDA-PatA clamps elF4A on selective RNA
motifs. To systematically survey the RNA motif selectivity provided by DMDA-PatA,
we conducted RNA Bind-n-Seq #*** with random 30 nt RNA and recombinant human
elF4A1 in the presence and absence of DMDA-PatA (Figure 2A). elF4A requires ATP
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to interact with RNA but dissociates from RNA upon ATP hydrolysis 4%, To stabilize
the ATP-bound ground state, we used a nonhydrolyzable ATP analog (5'-adenylyl-
imidodiphosphate or AMP-PNP) for RNA Bind-n-Seq. Our analysis revealed the
unexpected nucleotide specificity of DMDA-PatA toward a subset of motifs, which often
included GNG sequences in 4-mer motif survey (Figure 2B). The same motif preference
could be found when longer 5-mer or 6-mer motifs were considered (Figure S2A-B). Any
nucleotide sandwiched by two Gs appeared be interchangeable in terms of selectivity
(Figure 2C).

To further monitor the affinity landscape of RNA-eIF4A1 binding, we titrated the
amount of recombinant e[F4A1 for RNA Bind-n-Seq. With DMDA-PatA, the recovery
of the GNG motif was increased at the middle amount (15 pmol) of eI[F4A1 and then
decreased at higher amounts of the protein (Figure 2D top). This peak in motif interaction
could be expected since at high protein concentrations, the interaction with the strong-
affinity motif became saturated, and competition was initiated with lower-affinity motifs
42 In contrast, the interaction with irrelevant polypyrimidine sequences ([U/CJs) was
enhanced at the higher concentration of eI[F4A1 (at 45 pmol) by DMDA-PatA (Figure 2D
bottom), indicating that this motif was a less preferred sequence for DMDA-PatA. A
conventional fluorescence polarization assay with fluorescein (FAM)-conjugated RNAs
confirmed these observations; GNG-possessing (AG)10 RNA associated more tightly with
elF4A1 upon DMDA-PatA treatment than the control (UC);0 RNA did. We note that
DMDA-PatA enhanced the interaction of both RNAs with e[F4A1 (Figure S2C and Table
1), as reported in an earlier work .

We found that the GNG-selective clamping of eI[F4A1 could occur in an ATP-
independent manner. In ADP and Pi, e[F4A1 per se could not bind to (AG)io or (UC)1o
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RNA (Figure 2E and Table 1), as reported previously '°. However, DMDA-PatA enabled
association with (AG)io (Figure 2E and Table 1). This ATP-independent clamping did
not occur on (UC)o (Figure 2E and Table 1). To comprehensively survey the ATP-
independent RNA selectivity, we again performed RNA Bind-n-Seq with ADP and Pi.
As observed in the experiments with AMP-PNP, we detected a strong enrichment of GNG
motifs (Figure 2F-G).

This ATP-independent sequence-selective clamping followed the reported
biochemical modes of this compound. We observed that mutations in the binding
interface of compound ?° (Phel63Leu-Ile199Met substitutions !”) attenuated the ATP-
independent association of e[F4A1 with (AG)10 RNA in the presence of ADP and Pi
(Figure 2H and Table 1). A PatA derivative was also known to target eI[F4A2, a minor
paralog of e[F4A ?°. We found that ATP-independent GNG-selective clamping was also
evoked on this paralog (Figure S2D and Table 1).

Thus, we conclude that DMDA-PatA provides GNG motif selectivity on elF4A,

evading the need for ATP.

elF4A clamping on the GNG motif sterically impedes scanning

We then investigated whether GNG motif-selective elF4A clamping by DMDA-PatA
could result in mRNA selectivity in translation repression in cells. Here, we calculated
the correlation between motif numbers in the 5 UTR and DMDA-PatA-mediated
translational repression in ribosome profiling. Through a survey of all possible 4-mer
motifs, we found more GNG motifs led to stronger repression by DMDA-PatA (Figure
3A). We note that in this analysis, all the motifs exhibited a negative correlation in general,
probably due to the dependency of DMDA-PatA-mediated translation repression on 5’
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UTR length (Figure S3A). Similarly, the GNG motif number was associated with tight
mRNA interaction with e[F4A1 under DMDA-PatA treatment in RNA pulldown-Seq
(Figure 3B). Thus, the presence of GNG motifs explained the selective translation
repression by DMDA-PatA in cells.

We recapitulated the GNG motif-selective repression with an in vitro translation
system using rabbit reticulocyte lysate (RRL). We prepared reporter mRNAs bearing
unstructured CAA repeats *© in the 5' UTR as a control (Figure 3C). The substitution of a
part of the CAA repeats with GNG motifs (7x UGUGUG, 7% AGAGAG, and 7%
CGCGCQG) (Figure 3C left) highly sensitized the reporter translation to DMDA-PatA
(Figures 3C right and S3B). In contrast, the non-GNG motif 7x UCUCUC (Figure 3C
left) did not affect DMDA-PatA sensitivity (Figures 3C and S3B). We observed motif
number dependency of the translational repression (Figure S3C), as a single AGAGAG
motif conferred weaker repression than 7 motifs (Figure 3C). We found limited positional
effects on the single motif along the 5" UTR (Figure S3C).

Using this setup, we further narrowed down the mechanism of DMDA-PatA-
mediated translational repression. Here, we employed a toeprinting assay, which
harnesses primer extension by reverse transcriptase and its blocking due to stable 48S
formation on the start codon in the in vitro translation system %448 ¢DNAs extended
with FAM-labeled primers were analyzed by capillary electrophoresis (Figures 3D, S3D,
and S3E). This assay showed that DMDA-PatA suppresses 48S formation on AUG for
GNG motif-containing reporters but not for the control CAA repeats (Figures 3D, S3D,
and S3E). Overall, we found a correlation between translation repression efficiency and
48S formation blocking among the reporters (Figures 3E). These data indicated that

DMDA-PatA inhibits translation initiation upstream of 48S formation on the start codon.
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In our toeprinting assay on GNG motif-containing reporters, we detected
additional cDNA fragments immediately downstream of GNG motifs upon DMDA-PatA
treatment (Figure 3F), suggesting that the stable association of elF4A in the lysate on
these regions becomes a roadblock to reverse transcriptase. Indeed, recombinant el[F4A 1
produced cDNA truncated downstream of GNG motifs, similar to that found in the lysate
(Figure 3G).

This led us to test whether DMDA-PatA-mediated clamping on the 5" UTR
directly causes translational repression. For this purpose, the mRNA reporter
preincubated with DMDA-PatA and recombinant elF4A1 was subjected to in vitro
translation with RRL '>174%, Purification through the gel-filtration column ensured the
removal of free DMDA-PatA in the reaction. Nevertheless, protein synthesis from the
reporter possessing GNG motifs was attenuated (Figures 3H and S3F). This experiment
indicated that the clamped elF4A by DMDA-PatA enabled the suppression of protein
synthesis from the mRNA.

These results together revealed that RNA-selective elF4A binding evoked by
DMDA-PatA blocks translation, most likely by causing steric hindrance to scanning

ribosomes.

The tertiary amine on the trienyl arm confers GNG motif preference

The recent structure determination of the complex of desmethyl PatA (DM-PatA) (Figure
S1A), elF4A1, and polypurine RNA suggested that the compound does not have a clear
interaction with RNA to discriminate bases 2°. Thus, we wondered how PatA derivatives
could exhibit sequence selectivity. To address this point, we performed classical

molecular dynamics (MD) simulations and ab initio fragment molecular orbital (FMO)
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calculations >3 based on the reported structure of human e[F4A1sDM-PatA<polypurine
RNA %. For consistency with our experiments, we replaced DM-PatA with DMDA-PatA
for the MD+FMO analysis 3.

To investigate the origin of the G preference, we replaced the RNA motif
(6GAGAY) surrounding DMDA-PatA with ;AGGA9, sAAAA, or «GGGGy (Figure 4A)
and calculated inter-fragment interaction energy (IFIE) and its pair interaction energy
decomposition analysis (PIEDA) 3% between those nucleotides and DMDA-PatA
(Figure S4A). Among the 4 sequences analyzed, G nucleotides at positions 7 and 9
enabled more stable interactions with DMDA-PatA (Figure 4B-C). This stabilized
interaction primarily stemmed from electrostatic energy terms (Figures 4D and S4A).
These results provided an quantitative energetic explanation for the GNG motif
preference conferred on elF4A by DMDA-PatA.

We found that the tertiary amine on the trienyl arm of DMDA-PatA plays a key
role in the electrostatic interaction with the G nucleotides at positions 7 and 9. MD+FMO
analysis revealed that the tertiary amine was positively charged regardless of the RNA
sequences (Figures 4E and S4B). This circumstance led to attractive interaction with the
negatively charged O6 of the G nucleotide at position 7 (Figures 4E and S4B). On the
other hand, the hydrogens on the amine at the same position in the A nucleotide did not
result in charge attraction with the tertiary amine of DMDA-PatA (Figures 4E and S4B).
We note that the similar distance from the tertiary amine of DMDA-PatA to the O6/N6
of the bases should not be the cause of base selectivity (Figures 4E and S4B). Essentially,
similar theoretical explanation could be applied to the G and A nucleotides at position 9
(Figures 4F and S4C). These analyses provided an understanding for the G preference by

DMDA-PatA on elF4A1 at the atomic level.
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The tertiary amine of DMDA-PatA leads to sequence-selective translation repression

Given this observation, we directly tested whether a positively charged tertiary amine on
the trienyl arm contributes to the G-rich motif preference. For this purpose, we prepared
a PatA derivative in which the tertiary amine was replaced with an isopropyl group similar
in size but nonbasic (Figures SA and S5A, isopropyl-terminated DMDA-PatA or iPr-
DMDA-PatA). Strikingly, RNA Bind-n-Seq (in the presence of ADP) with iPr-DMDA-
PatA revealed that this compound no longer provided a GNG-motif preference (Figure
5B). The fluorescence polarization assay also supported this conclusion (Figure 5C,
compared to Figure 2E, and Table 1). In contrast, other motifs were similarly recovered
for both compounds, suggesting that iPr-DMDA-PatA only lost selectivity toward GNG
motifs (Figure 5D). Due to the loss of sequence-selective eIF4A clamping, iPr-DMDA-
PatA could not repress translation on reporter mRNAs with GNG motifs in vitro (Figure
5E, compared to Figure 3C). Moreover, global translation repression in cells and
associated cell growth retardation were weakened in iPr-DMDA-PatA compared to
DMDA-PatA (Figure 5F-G). We concluded that sequence-selective translation repression

is caused by the tertiary amine on the trienyl arm of DMDA-PatA, directing cytotoxicity.

Sequence selectivity differences between RocA and DMDA-PatA

Our results illuminated the similarity in translation repression mode between RocA and
DMDA-PatA; both compounds clamp eIF4A on a subset of RNA motifs, presenting steric
hindrance to scanning ribosomes '>-1%34  Although the translational impacts of these
compounds were similar (Figure 1B-C), we noticed a substantial difference in the effects.

To profile the motif selectivity distinction of the compounds, we conducted RNA
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Bind-n-Seq experiments for RocA with titrated elF4A1 recombinant protein in the
presence of AMP-PNP. As reported previously '°-1834 RocA enriched the polypurine
([A/G]a) sequences on elF4A1 throughout the protein contents we tested (Figure S5B),
rather than a peak in interaction at a specific protein amount. This suggested that the
competition of less preferred motifs is limited in RocA. Considering the 3-mer motifs
defined by polypurine and GNG motifs, we expected that GYG (where Y represents U or
C) motifs, which were favorable for DMDA-PatA, would not be selected by RocA
(Figure S5C). Consistent with this prediction, RNA Bind-n-Seq with RocA did not show
enrichment in GYG motifs (Figure S5D). These data highlighted the similarities and

differences in motif selection by the two compounds.

DMDA-PatA also targets DDX3X for selective mRNA clamping and translation
repression
Considering that RocA has been shown to target DDX3X 34 we were prompted to
investigate the targeting potential of DMDA-PatA to DDX3X. We conducted a
fluorescence polarization assay with recombinant DDX3X (helicase core) and observed
its clamping on GNG motif-possessing (AG)1o RNA but not control (UC)10 RNA by
DMDA-PatA, irrespective of the presence or absence of ATP (Figures 6A, S6A, and
Table 1). More comprehensively, we conducted RNA Bind-n-Seq for recombinant
DDX3X with ADP and found that DMDA-PatA allowed DDX3X to bind to GNG motifs
(Figure 6B-C). Again, RocA and DMDA-PatA showed distinct sequence preferences on
DDX3X as on elF4A1 (Figure S6B).

This led us to test whether the RNA selectivity was also provided by the tertiary

amine on the trienyl arm on DMDA-PatA. Indeed, RNA DDX3X Bind-n-Seq confirmed
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that iPr-DMDA-PatA lost the ability to confer GNG motif preference on the protein
(Figure 6D), suggesting a base preference mechanism similar to that of eIF4A1-bound
DMDA-PatA (Figure 4).

Considering that RocA depends on slightly different residues on DDX3X from
elF4A1 for binding **, we investigated the role of those residues on DDX3X for DMDA-
PatA targetability. As in the case of RocA 3%, we confirmed the importance of GIn360 for
DMDA-PatA-mediated ATP-independent clamping (Figure 6E and Table 1).

Finally, we tested the contributions of elF4A1, e[F4A2, and DDX3X to DMDA-
PatA-mediated cytotoxicity. Mutations in the RocA binding pocket (Phel63Leu-
[le199Met) 7 desensitized to DMDA-PatA in terms of cell viability (Figure 6F),
consistent with the biochemical features (Figure 2H) ?°. Additional knockdown of e[F4A2
further restored cell viability upon DMDA-PatA treatment (Figure 6F). In contrast,
additional knockdown of DDX3X did not affect cytotoxicity, at least in the HEK293 cell
lines that we used (Figure 6F). Given the DDX3X overexpression in a subset of cancer
cells, the targeting of DMDA-PatA to this protein may be more significant in other cell
types and should be considered for therapeutic purposes.

Taking these data together, we concluded that DMDA-PatA clamps elF4Al,
elF4A2, and DDX3X on GNG RNA motifs on the 5’ UTR in an ATP-independent manner
and presents steric hindrance to scanning ribosomes for mRNA-selective translation

repression (Figure 6G).
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Discussion
Starting with the comparative study of e[F4A inhibitors, we found that PatA derivatives
possessing the tertiary amine on the triene could elicit GNG motif preference by elF4A1/2
and DDX3X DEAD-box RNA-binding proteins and inhibit protein synthesis from a
subset of mRNAs. Our results provide an example of RNA-selective small molecules that
have been hoped to unlock undruggable targets 37->® but identified only in limited cases.
The importance of the tertiary amine on the trienyl arm has been revealed by the
structure-activity relationship (SAR) analysis of PatA derivatives **. However, the crystal
structure of DM-PatA<human elF4A1<polypurine RNA could not explain the significance
of the terminal amine 2°. Our work accounted for its role in RNA selectivity toward the
GNG motif for elF4A1/elF4A2/DDX3X clamping, subsequently in mRNA-selective
translation repression, and ultimately in cytotoxicity. Importantly, our work showed that
PatA offers a unique framework of small molecules that can be used for RNA motif

selection. This work will pave the way for the development of PatA derivatives for

20,24,26 59-62

improved anticancer and antiviral effects

The recent structural analysis has showed that the binding pocket for PatA analog
on elF4A1 is largely overlapped with that for ocaglates 2°. Although the modes to provide
sequence selectivity are different, the sharply bent RNA, a characteristic conformation of
elF4A1-bound RNA, at the compound-binding interface !7° provides a unique context
for sequence-selective clamping in both compounds. Our study examplified the
convergence of two secondary metabolites distinct in their structures (Figure 1A) and

their origins (marine sponge vs. plants) into a similar function in mRNA-selective

translational repression.
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Experimental procedures

Compounds

RocA was purchased from Sigma—Aldrich. Hipp and San were shared by Dr. Junichi
Tanaka and Dr. Jun Liu, respectively. DMDA-PatA was synthesized in earlier studies
37,63,64

. iPr-DMDA-PatA was synthesized as described below. These compounds were

dissolved in dimethyl sulfoxide (DMSO).

Chemical synthesis of iPr-DMDA-PatA
(Z)-4,4,5,5-Tetramethyl-2-(5-methylhex-2-en-2-yl)- 1,3, 2-dioxaborolane

The procedure was adapted from earlier work %. [(ICy)CuCl] (ICy = N,N-
dicyclohexylimidazolyl; 87.3 mg, 0.26 mmol) %, NaO#-Bu (42.1 mg, 0.44 mmol) and
Bopinz (2.45 g, 9.63 mmol) were successively added to a solution of 5-methylhexan-2-
one (1.00 g, 8.76 mmol), and the resulting mixture was stirred for 24 h at 70°C (bath
temperature). pTsOH*H>O (3.33 g, 17.52 mmol) was then added, and stirring was
continued for another 24 h at 65°C. After reaching ambient temperature, the suspension
was filtered through a pad of Celite, which was carefully rinsed with CH>Cl; in serval
portions. The combined filtrates were concentrated under reduced pressure, and the crude
material was purified by flash chromatography (hexane/tert-butyl methyl ether, 15:1) to
give the title compound as a colorless oil (0.57 g, 29%). The analytical and spectroscopic

data matched the literature ¢7-3,

iPr-DMDA-PatA

Pd(dppf)Cl2 (0.12 mg, 0.2 umol) and Cs2CO3 (1.6 mg, 4.9 pmol) were successively added

64,69

to a degassed solution of alkenyl iodide (1.8 mg, 3.2 pumol) and
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alkenylpinacolboronate (0.73 mg, 3.2 pumol) in DMF (0.26 ml). The mixture was stirred
overnight at ambient temperature and then diluted with tert-butyl methyl ether (0.5 ml)
and washed with water (3 x 0.5 ml). The aqueous phase was extracted with CHCI3 (2 x
0.5 ml), and the combined organic layers were dried over Na;SO4. The solvent was
evaporated under reduced pressure, and the residue was purified by flash chromatography
(hexane/EtOAC, 10:1, complemented with 1% of Etz:N) to give the title compound as a
pale yellow solid (1.5 mg, 88%). [a]*°p = — 30.0 (¢ = 0.06, CHCI3). 'H NMR (CsDs, 600
MHz): 6 7.48 (dm, J=11.6, 1.3 Hz, 1H), 6.73 (dddd, J=9.6, 9.2, 4.5 Hz, 1H), 6.47 (t,J
=11.6 Hz, 1H), 6.36 (d, /=159 Hz, 1H), 6.22 (d, /= 15.9 Hz, 1H), 6.19 (d, J = 1.0 Hz,
1H), 5.56 (d, J=11.6 Hz, 1H), 5.51 (d, J=9.6 Hz, 2H), 5.15 (dqd, /= 10.9, 6.4, 1.7 Hz,
1H), 3.08 (m, 2H), 2.79 (dtd, J = 14.5, 5.7, 4.3, 1.0 Hz, 1H), 2.46 (ddd, J = 16.10, 10.5,
6.4 Hz, 1H), 2.36 (ddd, J = 14.5, 10.5, 4.0, 1H), 2.14 (m, 1H), 2.09 (dd, J = 13.3, 10.9,
1H), 2.06 (m, 1H), 1.97 (d, J= 1.2 Hz, 2H), 1.97 (m, 3H), 1.72 (s, 3H), 1.64 (d, J=13.3
Hz, 1H), 1.58 (m, 1H), 1.55 (s, 3H), 1.54-1.48 (m, 3H), 0.96 (d, J = 6.4 Hz, 3H), 0.88 (d,
J=6.7 Hz, 3H), 0.87 (d, J = 6.7 Hz, 3H). 1*C NMR (C¢Ds, 151 MHz): § 172.5, 165.4,
164.9,157.3, 145.6, 141.2, 138.6, 134.9, 134.6, 133.1, 130.2, 128.7, 124.7, 115.5, 113.1,
69.9, 66.8,48.4,39.1,37.9,35.0,31.2,29.3, 28.5, 23.6, 22.6,22.6, 21.1, 16.7, 13.4, 12.7.
ISN'NMR (C¢Ds, 61 MHz; via 'H-'>’N HMBC): § -56.2. IR (film, cm™): 2952, 2926, 2851,
1732, 1633, 1597, 1523, 1458, 1427, 1379, 1363, 1339, 1265, 1202, 1159, 1122, 1050,
1025, 986, 959, 814, 431. HRMS (ESI) m/z calcd. for C31H43NOsS+Na [M" + Nal:

548.2807; found 548.2805.

Ribosome profiling

The libraries used in this study are summarized in Table S1.
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Library preparation
HEK293 cell lines were treated as follows: DMDA-PatA (0.01 uM or 0.1 pM) for 30 min,
San (1 uM or 20 uM) for 30 min, and Hipp (0.1 pM or 1 uM) for 15 min. For the control,
cells were incubated with 0.1% DMSO for the same durations as the drug treatments.
Library preparation was conducted following the protocol described previously 7°.
Cell lysates containing 10 pg of total RN A were subjected to RNase I (Lucigen) treatment
for 45 min at 25°C. Ribosomes were collected using sucrose cushion ultracentrifugation.
Subsequently, RNA fragments ranging from 26 to 34 nucleotides (nt) for Hipp treatment
and from 17 to 34 nt for other samples were selected on a 15% denatured gel (FUJIFILM
Wako Pure Chemical Corporation), followed by dephosphorylation and linker ligation.
The removal of rRNA was performed utilizing the Ribo-Zero Gold rRNA Removal Kit
(Illumina). The linker-conjugated RNAs were reverse-transcribed, circularized, and PCR-

amplified. Single-end, 50-nt sequencing was performed utilizing HiSeq 4000 (Illumina).

Data analysis

Data were analyzed as previously reported . Briefly, the linker sequences were trimmed
using fastx clipper (http://hannonlab.cshl.edu/fastx_toolkit/index.html), followed by
alignment of the reads to noncoding RNAs, including rRNAs, tRNAs, snoRNAs, snRNAs,
and miRNAs, with Bowtie2 72, Unaligned reads were mapped to the hg38 human genome
reference and the custom mitochondrial transcript reference using Bowtie2. PCR
duplicates were removed based on unique molecular identifiers (UMIs) on the linker
sequences with a custom script (https://github.com/ingolia-lab/RiboSeq). The distance

from the 5" end to the ribosome A site on sequenced reads was empirically defined as

p21
Saito et al.


https://doi.org/10.1101/2023.09.21.558742
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.21.558742; this version posted September 21, 2023. 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-NC-ND 4.0 International license.

follows: 15 for 26-30 nt, 16 for 31 nt, and 17 for 32 nt. The read count on each CDS was
obtained with a custom script (https://github.com/ingolia-lab/RiboSeq), excluding the
first and last 5 codons from the analysis. Regarding mitochondrial footprints, the A-site
offset was set to 14 for 26-27 nt, 15 for 28-32 nt, 16 for 33-34 nt, and 17 for 35 nt. RocA-
treated ribosome profiling data (0.03, 0.3, or 3 uM for 30 min) were published in an earlier
work 13,

The change in ribosome footprint counts was calculated with DESeq 7°.
Subsequently, the data were renormalized to the average values of mitochondrial
transcripts to calculate global translation change.

DMDA-PatA high-sensitivty mRNAs were defined as transcripts showing a logz-
fold change of less than —1 from the mean with a false discovery rate (FDR) of less than
0.01 in 0.1 uM DMDA-PatA treatment. Conversely, low-sensitivity mRNAs were
characterized as transcripts showing a log, fold change of more than 1 from the mean
with an FDR of less than 0.01.

Principal component analysis was conducted with a built-in function in R.
Spearman correlations between the translation changes and the 4-mer numbers in the 5’

UTR were calculated to predict responsible motifs.

RNA pulldown-Seq

The libraries used in this study are summarized in Table S1.

Library preparation

HEK293 Flp-In T-REx cells (Thermo Fisher Scientific, R78007) with SBP-tagged
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elF4A1 integrant > were seeded in a 10-cm dish and cultured for 3 d in the presence of 1
pg/ml tetracycline. The cells were treated with 0.1% DMSO, 0.01 uM, or 0.1 uM DMDA -
PatA for 30 min, washed with 5 ml of ice-cold PBS, and lysed with lysis buffer (20 mM
Tris-HCI1 pH 7.5, 150 mM NaCl, 5 mM MgCl,, and 1 mM DTT) containing 1% Triton
X-100 and 25 U/ml Turbo DNase (Thermo Fisher Scientific). The cell lysates were
clarified by centrifugation at 20,000 x g for 10 min at 4°C. The supernatants were
incubated with 30 pl of Dynabeads M-270 Streptavidin (Invitrogen), preequilibrated with
lysis buffer containing 1% Triton X-100, for 30 min at 4°C. The beads were washed five
times with lysis buffer containing 1% Triton X-100 and 1 M NaCl. The SBP-elF4A1 and
the bound RNAs were eluted from the beads by 40 pl of lysis buffer supplemented with
5 mM biotin for 30 min at 4°C. All buffers during the process above should contain 0.1%
DMSO, 0.01 uM, or 0.1 uM DMDA-PatA. RNA was extracted with TRIzol LS reagent
(Thermo Fisher Scientific) and the Direct-zol RNA MicroPrep Kit (Zymo Research).
Sequencing libraries were generated utilizing a TruSeq Stranded Total RNA kit

(Illumina) and sequenced on a HiSeq 4000 (Illumina) with 50-nt single-end reads.

Data analysis
Data were analyzed as previously reported '°. After the linker sequences were removed
using fastx_clipper, the reads were aligned to ncRNAs such as rRNAs, tRNAs, snoRNAs,
snRNAs, and miRNAs using STAR 7. Unaligned reads were mapped to the hg38 human
genome reference using STAR.

The read counts for each transcript were obtained with the same custom script as
described in the ribosome profiling section. Read fold change was calculated with DESeq.

Spearman correlations between the mRNA changes and the 4-mer numbers in the 5" UTR
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were calculated to predict responsible motifs.

DNA construction

For His-tagged protein expression, pColdl-eIF4A1 WT '/, pColdI-eIF4A1 Phel63Leu-
[le199Met 7, pColdI-DDX3X helicase core WT 34, pColdI-DDX3X helicase core
GIn360Leu **, and pColdI-DDX3X helicase core Gln360Pro ** were used. For His- and
SBP-tagged protein expression, pColdI-SBP-eIF4A1 3% and pColdI-SBP-DDX3X

helicase core 3* were used.

Recombinant protein purification
E. coli BL21 Star (DE3) cells (Thermo Fisher Scientific) transformed with the pColdl
plasmids were cultured in 1 1 of LB medium supplemented with ampicillin at 37°C to
ODsoo 0.6. Then, the cells were chilled for 30 min at 4°C, followed by overnight
cultivation at 15°C in the presence of 1 mM IPTG. The cells were harvested by
centrifugation at 8,000 x g for 2 min, flash-frozen in liquid nitrogen, and stored at —80°C.
The pellet was suspended in bacterial lysis buffer (20 mM HEPES, 500 mM NaCl,
10 mM imidazole, 0.5% NP-40, and 10 mM B-mercaptoethanol, adjusted to pH 7.5 by
NaOH) and subsequently sonicated on ice. The lysate was clarified by centrifugation at
10,000 x g for 20 min at 4°C. The supernatant was then incubated with 3 ml of Ni-NTA
Superflow agarose beads (QIAGEN), which were preequilibrated with bacterial lysis
buffer, for 1 h at 4°C in a sealed gravity column (Bio-Rad). The beads on the gravity
column were washed with 50 ml of high-salt wash buffer (20 mM HEPES, 1 M NaCl, 20
mM imidazole, and 10 mM B-mercaptoethanol, adjusted to pH 7.5 by NaOH) and then

with 50 ml of low-salt wash buffer (20 mM HEPES-NaOH pH 7.5, 10 mM NacCl, 20 mM
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imidazole, and 10 mM B-mercaptoethanol, adjusted to pH 7.5 by NaOH). The His-tagged
protein was eluted with 8 ml of elution buffer (20 mM HEPES, 10 mM NaCl, 250 mM
imidazole, 10% glycerol, and 10 mM B-mercaptoethanol, adjusted to pH 7.5 by NaOH).

The eluted protein was further purified using an NGC chromatography system
(Bio-Rad). Specifically, the protein was loaded on a HiTrap 1 ml Heparin HP column
(Cytiva) and fractionated through a gradient of increasing salt concentration using a
mixture of buffer A (20 mM HEPES-NaOH pH 7.5, 10 mM NacCl, 10% glycerol, and 1
mM DTT) and B (20 mM HEPES-NaOH pH 7.5, 1 M NacCl, 10% glycerol, and 1 mM
DTT). The fractions containing the target protein were collected and buffer-exchanged to
storage buffer (20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10% glycerol, and 1 mM
DTT) with a PD-10 column (Cytiva). The protein was concentrated using Amicon Ultra-
4 10 kba MWCO (Millipore) according to the manufacturer's instructions. The

recombinant protein was flash-frozen with liquid nitrogen and stored at —80°C.

Fluorescence polarization assay
The reaction mixtures (10 pl each) were prepared as follows: 0-50 pM recombinant
elF4A1 or 0-5 uM recombinant DDX3X, 10 nM FAM-labeled RNA (Hokkaido System
Science), 1% DMSO, 50 uM DMDA-PatA, or 50 uM iPr-DMDA-PatA, 1 mM AMP-
PNP, 1mM MgCl,, 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 1 mM DTT, and 5%
glycerol. The mixtures were incubated at room temperature for 30 min and transferred to
black 384-well microplates (Corning). Then, the anisotropy change was measured by an
Infinite F-200 PRO (Tecan).

To test the ATP requirement, AMP-PNP was replaced with 1 mM ADP and 1 mM

Na;HPOu.
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Data were fitted to Hill equations with Igor Pro 8 (Wavemetrix) to estimate K.

RNA Bind-n-Seq

The libraries prepared in this study are summarized in Table S1.

Library preparation

For the experiment with AMP-PNP, 4.5, 15, 45, or 90 pmol of SBP-tagged elF4Al
protein was incubated with 30 pl of Dynabeads M-270 Streptavidin (Thermo Fisher
Scientific), which had been preequilibrated with equilibration buffer (20 mM Tris-HCI
pH 7.5, 150 mM NaCl, 5 mM MgCl,, and 1 mM DTT) containing 1% Triton X-100, for
30 min at 4°C. The beads were washed 3 times with 60 pl of equilibration buffer
containing 1% Triton X-100 and 1 M NaCl and then twice with 60 pl of equilibration
buffer containing 0.1% Triton X-100. Subsequently, the beads were incubated with a 1
uM Nazo oligonucleotide [5'-ctctttccctacacgacgctcttccgatet-N3o-
atcgtagatcggaagagcacacgtctgaa-3' (Gene Design), where the lower cases represent the
DNA sequence and N represents a random RNA sequence], for 30 min at 37°C in 30 pl
of equilibration buffer containing 0.1% Triton X-100, 0.33 U/ul SUPERase*In RNase
Inhibitor (Thermo Fisher Scientific), 2 mM AMP-PNP, and 3 uM DMDA-PatA. Then,
the beads were washed 3 times with equilibration buffer containing 0.1% Triton X-100,
2 mM AMP-PNP, and 3 uM DMDA-PatA. The protein-oligonucleotide complexes bound
to the beads were eluted using 30 pl of equilibration buffer containing 0.1% Triton X-
100, 5 mM biotin, 2 mM AMP-PNP, and 3 uM DMDA-PatA for 30 min at 4°C. The
oligonucleotides were purified with an Oligo Clean & Concentrator Kit (Zymo Research)

and converted into a DNA library as described in the ribosome profiling section 7°. For
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the control experiment, DMDA-PatA was substituted with the same volume of DMSO
(0.1% 1in the reaction). For the input experiment, the random oligonucleotides were
directly converted to a DNA library. Experiments with RocA were also conducted as
described above but substituting 3 uM DMDA-PatA with 3 uM RocA.

For the experiments with ADP and Pi, experiments were performed with 2 mM
ADP and 2 mM Na,HPOy instead of 2 mM AMP-PNP. For complex assembly, 50 uM
N30 oligonucleotide and 90 pmol of SBP-tagged recombinant proteins (eIF4A1 or
DDX3X) were used. iPr-DMDA-PatA was also used at 3 uM throughout the experiments.

DNA libraries were sequenced on HiSeq 4000 (Illumina) with 50-nt single-end

read mode or HiSeqX Ten (Illumina) with 150-nt paired-end mode.

Data analysis
In the case of paired-end reads, fastp 7> was employed to correct read errors, and read 1
was used for the downstream analysis. fastx_clipper was utilized to eliminate the linker
sequence, followed by fastx_collapser, which aggregated identical sequences into single
sequences.

The frequency of all possible 4-mers was calculated, and the motif enrichment
was expressed as the ratio to that in the input library.

RNA Bind-n-Seq with RocA in the presence of ADP and Pi was obtained from

an earlier work 34,

In vitro translation
The reaction mixture (10 ul) was prepared with 5 pl of rabbit reticulocyte lysate nuclease-

treated (Promega), 2 pl of H>O, 1 pl of DMDA-PatA or iPr-DMDA-PatA dissolved in
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1% DMSO, 1 ul of 500 nM mRNA reporter, and 1 pl of premix [100 uM amino acid
mixture minus methionine (Promega), 100 uM amino acid mixture minus leucine
(Promega), and 0.5 U/ul SUPERasesIn RNase Inhibitor (Thermo Fisher Scientific)] and
incubated for 1 h at 30°C. After the translation reaction was quenched by adding 30 pl of
1x Passive Lysis Buffer (Promega), 10 ul of the mixture was placed on a 96-well white
assay plate (Coster), and the fluorescence signal was measured by the Renilla-Glo
Luciferase Assay System (Promega) and GloMax Navigator System (Promega).

To perform in vitro translation for preformed mRNA reporter complexes, a
reaction (27.5 pl) containing 9.1 pM recombinant elF4Al1, 9.1 uM DMDA-PatA
(dissolved in 2% DMSO), 90.9 nM reporter mRNA with 7x AGAGAG motifs or CAA
repeats, 16.6 mM HEPES-NaOH at pH 7.5, 55.3 mM potassium acetate, 2.8 mM
magnesium acetate, 1.8 mM ATP, and 552.7 uM DTT was incubated for 5 min at 30°C.
Subsequently, 2.5 pl of 285 nM magnesium acetate was added to the mixture. The
reaction mixture was loaded into a MicroSpin G-25 column (Cytiva) that had been
equilibrated with buffer containing 30 mM HEPES-NaOH at pH 7.5, 100 mM potassium
acetate, | mM magnesium acetate, and 1 mM DTT and centrifuged at 700 x g for 1 min
at 4°C to eliminate free DMDA-PatA. The eluted fraction was mixed with 2.5 pul of
storage buffer (20 mM HEPES-NaOH at pH 7.5, 150 mM NacCl, 10% glycerol, and 1 mM
DTT). Then, 4 pul of the eluted solution was combined with 5 pl of RRL and 1 pl of premix
and incubated for 1 h at 30°C. In the case of experiments using mRNA reporters with 7x
CGCGCG motifs, the concentrations of mRNA reporters were adjusted to 181.8 nM.

In the control experiments, the recombinant eI[F4A 1 protein was replaced with the
storage buffer in the preformation reaction, and the recombinant eI[F4A1 protein was

added to the G-25 column flowthrough instead of the storage buffer. DMDA-PatA was
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substituted with 2% DMSO.

Toeprinting assay

A reaction consisting of 0.5x RRL, 2 mM GMPPNP, 2.5 mM magnesium acetate, and 10
uM DMDA-PatA (with 0.2% DMSO) in 10 pl was incubated for 5 min at 30°C. Then,
after the addition of 1 pl of 500 nM mRNA reporter, the mixture was further incubated
for 5 min at 30°C. Subsequently, the resulting mixture was combined with 9 pl of RT mix
[22.2 mM Tris-HCl pH 7.5, 111.1 mM KCI, 3.2 mM magnesium acetate, 1.1 mM DTT,
1.1 mM each dNTP (New England Biolabs), 27.8 nM 5’ fluorescein-labeled primer (5'-
/S6FAM/ATGCAGAAAAATCACGGC-3', eurofins), and 22.2 U/ul ProtoScript II
Reverse Transcriptase (New England Biolabs)] and incubated for 15 min at 30°C. cDNAs
were purified using a Direct-zol RNA MicroPrep kit with TRIzol LS reagent (Thermo
Fisher Scientific). Subsequently, the cDNAs were subjected to a second purification with
AMPure XP beads (Beckman Coulter). In the control experiments, the reaction contained
0.2% DMSO instead of DMDA-PatA. Instead of 0.5% RRL and 2 mM GMPPNP, 2.5 uM
recombinant e[F4A1 protein and 2 mM ATP were also used.

The purified cDNAs were analyzed with GeneScan 400HD ROX dye Size
Standard (Thermo Fisher Scientific) on an Applied Biosystems 3130x/ Genetic Analyzer
(Thermo Fisher Scientific). The data were analyzed using Peak Scanner 2.

Dideoxy-terminator sequencing was employed to calibrate the GeneScan 400HD
ROX dye Size Standard for the cDNA length synthesized in the current experimental
setups. The reaction containing 25 nM mRNA reporter, 12.5 nM RT primer, 0.5 mM
(each) dNTPs, 0.5 mM ddNTP (ddATP, ddTTP, ddGTP, or ddCTP), ProtoScrip II

Reverse Transcriptase, and 1x ProtoScript II RT Reaction Buffer (New England Biolabs)
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was incubated for 1 h at 30°C. cDNAs were purified with an Oligo Clean & Concentrator

Kit and analyzed as described above.

MD and FMO calculations

The complex structure of the DM-PatAselF4A1+polypurine RNA complex was obtained
from the Protein Data Bank (PDB) (6XKI) 2°. DMDA-PatA was created by removing
amines from DM-PatA using the Molecular Operating Environment (MOE,
https://www.chemcomp.com/Products.htm).  Subsequently, hydrogen atoms not
determined by X-ray crystallography were added using the “Protonate 3D” function in
MOE, considering a protonation state at pH 7.0. Afterward, the atomic coordinates were
optimized. Moreover, the DNA/RNA builder of MOE was utilized to generate complexes
in which the s§GAGAy sequences in the RNA surrounding DMDA-PatA were substituted
with sAGGA9, ;AAAA, and (GGGGo. All modeling in MOE was performed using the
AMBERI10:EHT force field.

MD simulations were performed for the four complexes created for 50 ns. A heat
process from 0 K to 310 K was performed for 50 ps using the NVT ensemble. Next, an
equalization process was performed at 310 K for 50 ps (NPT ensemble). Furthermore,
density relaxation was performed for 1 ns (NPT ensemble), and a production run was
performed for 100 ns at 310 K (NPT ensemble). Note that the pressure at NPT was 1013
hPa. The force fields used in this MD simulation were Amberff14SB for the protein, OL3
for the RNA, and Gaff2 for the DMDA-PatA. TIP3P water was utilized as the solvent,
and Na" ions were used as the counterions. The bond distances involving hydrogen were
not constrained. The time step was 1 fs. This MD simulation was conducted under

periodic boundary conditions. Furthermore, the MD simulations in this study were
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executed using the AMBER16 program (https://ambermd.org/doc12/Amber16.pdf).
From the 50-ns trajectories obtained in the MD simulations, we extracted 10
structures at 3 ns intervals starting from 73 ns, resulting in a total of 40 structures. The
geometry of each sampled structure was optimized by applying constraints on the heavy
atoms. Then, FMO calculations were performed. The ABINIT-MP program (Tanaka et

al. 2014; Mochizuki et al. 2021) was used for the FMO calculations; electron correlation

effects were incorporated by second-order Moller—Plesset perturbation (MP2) theory,
which was efficiently implemented in ABINIT-MP 67, For the basis functions >33, we
used 6-31G*, a standard of FMO calculations. Subsequently, the average value and
standard deviation of 40 structures of total IFIE with eI[F4A and RNA for DMDA-PatA
obtained using these FMO calculations were calculated for each pose. In addition, PIEDA
divides the IFIE into four energy components, i.e., electrostatic (ES), exchange repulsion
(EX), charge transfer (CT), and dispersion (DI), allowing the physicochemical properties

of molecular interactions to be evaluated.

Cell viability assay

On 24-well plates, 500 pl of 4 x 10* cells/ml HEK293 Flp-In T-REx cells (Thermo Fisher
Scientific, R78007) or HEK293 Flp-In T-REx SBP-elF4A1 (Phel63Leu-Ile199Met)
elF4A 115N cells 17 was seeded and incubated overnight. Transfection was performed
with 55 nM DDX3X-specific siRNA (Dharmacon, L-006874-02-0005) and elF4A2-
specific siRNA (Dharmacon, L-013758-01-0005) using the TransIT-X2 Transfection
Reagent System (Mirus). Following 2 d of incubation, 200 pl of 2 x 10* cells/ml cells
were seeded into individual wells of a 96-well plate and incubated for 6 h. The siRNA

knockdown was repeated once more, with the same protocol above. After 24 h of
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additional incubation, the cells were subjected to treatment with 0.1 uM DMDA-PatA
(with 0.1% DMSO) or just 0.1% DMSO for 48 h. The cell viability was assessed utilizing
the RealTime-Glo MT Cell Viability Assay System (Promega). The luminescence was
measured using a GloMax Navigator System (Promega).

For the experiments without transfection, 4,000 HEK293 Flp-In T-REx cells were
seeded on a 96-well plate and treated with different concentrations of DMDA-PatA or

iPr-DMDA PatA for 24 h. Cell viability was assessed as described above.

Nascent peptide labeling with OP-puro

On 24-well plates, 500 pl of 5 x 10° cells/ml HEK293 Flp-In T-REx cells were seeded
and then incubated for 24 h. Subsequently, 50 pl of 0.22 mM O-propargyl-puromycin
(OP-puro, Jena Bioscience) dissolved in Opti-MEM (Thermo Fisher Scientific) was
added to the medium with varying concentrations of DMDA-PatA or iPr-DMDA-PatA.
The cells were incubated for 30 min, washed with PBS, and then lysed with an OP-puro
lysis buffer (20 mM Tris-HCI pH 7.5, 150 mM NacCl, 5 mM MgCly, and 1% Triton X-
100). The lysate was centrifuged at 20,000 % g for 10 min at 4°C. The supernatant was
subjected to a click reaction with IRdye800CW azide (LI-COR) following the protocol
provided in the Click-iT Cell Reaction Buffer Kit (Thermo Fisher Scientific). The
reaction mixture was loaded onto a MicroSpin G-25 Column (Cytiva), which was
equilibrated with an OP-puro lysis buffer containing 1 mM DTT and centrifuged at 700
x g for 2 min. After the proteins were separated with SDS-PAGE, the infrared 800 nm
(IR800) signal on the gel was detected using Odyssey CLx (LI-COR). Subsequently, the
SDS—PAGE gel was stained with Coomassie brilliant blue (CBB) (EzStainAQua, ATTO),

and the total protein abundance was monitored by Odyssey CLx with the IR700 channel.
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OP-puro incorporation (IR800 signal) was normalized to the total protein abundance

(IR700 signal).

Data and code availability

The results of ribosome profiling, RNA pulldown-Seq, and RNA Bind-n-Seq (GEO:
GSE243312) obtained in this study have been deposited in the National Center for
Biotechnology Information (NCBI) database. All input and result files for FMO
calculations are available at the FMODB (https:// drugdesign.riken.jp/FMODB/) (see

Table S2 for the ID list).
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Figure and table legends

Figure 1. Comparative analysis of translation change by eIF4A targeting
compounds in cells.

(A) Schematic of ribosome profiling experiments. Chemical structures of e[F4A targeting
compounds used in the experiments are shown.

(B) Principal component analysis of the translation changes analyzed by ribosome
profiling in the indicated conditions.

(C) Spearman’s correlation coefficients (p) for translation changes induced by drug
treatments. The color scales for p are shown.

(D) MA (M, log ratio; A, mean average) plot of the translation fold change with 0.1 uM
DMDA-PatA treatment. Low-sensitivity mRNAs (FDR < 0.01 and logz-fold change > 1
from the mean) and high-sensitivity mRNAs (FDR <0.01 and log>-fold change <—1 from
the mean) are highlighted.

(E) Schematic of RNA pulldown-Seq experiments. mRNAs associated with SBP-tagged
elF4A1 in the cells were isolated and subjected to deep sequencing.

(F) Cumulative distribution of the mRNA fold change in RNA pulldown-Seq for SBP-
tagged e[F4A1 upon 0.01 uM DMDA-PatA treatment. DMDA-PatA low-sensitivity and
high-sensitivity mRNAs (defined in D) were compared to total mRNAs. The significance
was calculated by the Mann—Whitney U test.

See also Figure S1.

Figure 2. DMDA-PatA provides GNG motif preference on elF4A1.
(A) Schematic of RNA Bind-n-Seq experiments. Randomized RNAs associated with
recombinant SBP-tagged elF4A1 in vitro were isolated and subjected to deep sequencing.
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(B) Comparison of enrichment of 4-mer motifs with DMSO and those with DMDA-PatA.
AMP-PNP and 15 pmol recombiannd elF4A1 was included in the reaction. Motifs
containing GNG are highlighted.

(C) Box plots for motif enrichments in RNA Bind-n-Seq (with AMP-PNP) on elF4A1l
with DMSO or DMDA-PatA in the indicated 4-mer species.

(D) Motif enrichment Z score along the titrated recombinant eI[F4A1 in RNA Bind-n-Seq
(with AMP-PNP) for the indicated 4-mer species with or without DMDA-PatA.

(E and H) Fluorescence polarization assay for FAM-labeled RNAs along the titrated
recombinant e[F4A1 (wild type or Phel63Leu-Ile199Met mutant) with ADP and Pi. The
indicated RNA sequences at 10 nM were used with or without 50 uM DMDA-PatA. The
data are presented as the mean (point) and s.d. (error) for replicates (n = 3).

(F) Rank plot for 4-mer motifs enriched in RNA Bind-n-Seq (with ADP and Pi) on
elF4A1 in the presence of DMDA-PatA. Motifs containing GNG are highlighted.

(G) Box plots for motif enrichments in RNA Bind-n-Seq (with ADP and Pi) on elF4A1
with DMDA-PatA in the indicated 4-mer species.

In box plots, the median (center line), upper/lower quartiles (box limits), and 1.5%
interquartile range (whiskers) are shown.

See also Figure S1.

Figure 3. GNG motif-selective clamping of elF4A causes the repression of
translation initiation, related to Figure S3.

(A) Rank plot for motif prediction by ribosome profiling in 0.1 pM DMDA-PatA
treatment. Spearman’s correlation coefficients (p) between the number of 4-mer motifs

found in 5" UTRs and translation changes of the mRNAs were calculated. Motifs
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containing GNG are highlighted.

(B) Rank plot for motif prediction by RNA pulldown-Seq in 0.01 uM DMDA-PatA
treatment. Spearman’s correlation coefficients (p) between the number of 4-mer motifs
found in 5" UTRs and mRNA changes on SBP-tagged elF4A1 were calculated. Motifs
containing GNG are highlighted.

(C) Schematic of reporter mRNAs with 7x NGNGNG motifs and the control CAA repeats
(left). These mRNAs were subjected to in vitro translation with RRL and titration with
DMDA-PatA. The data are presented as the mean (point) and s.d. (error) for replicates (n
=3).

(D and F) Toeprinting assay to probe 48S ribosomes assembled on the start codons in the
indicated reporter mRNAs with or without 10 pM DMDA-PatA. cDNA synthesized with
FAM-labeled reverse transcription primers was analyzed by capillary electrophoresis. A
magnified view of the results for reporter mRNA with 7x AGAGAG motifs (an area
defined by dashed line in D) is shown in F.

(E) The correspondence between translation repression observed in the in vitro translation
(at 3 uM DMDA-PatA) (C) and the reduction of 48S formation (Figure S3E) for the
indicated reporter mRNAs. The data are presented as the mean (point) and s.d. (error) for
replicates (n = 3). The regression line (dashed line) is shown.

(G) Toeprinting assay for recombinant e[F4A1 protein on the indicated reporter mRNAs
with or without 10 uM DMDA-PatA. cDNA synthesized with FAM-labeled reverse
transcription primers was analyzed by capillary electrophoresis. A magnified view of the
results is shown at the bottom.

(H) In vitro translation of reporter mRNA (with 7x AGAGAG motifs or CAA repeats, at

90.9 nM) preincubated with recombinant eI[F4A1 and DMDA-PatA. The size exclusion
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column was used to eliminate free DMDA-PatA. The data are presented as the mean (bar)
and s.d. (error) for replicates (point, n = 3).

See also Figure S3.

Figure 4. MD simulation and FMO calculation elucidated the energetic impact of
RNA sequences on the association with DMDA-PatA.

(A) Overlaid simulated structures (n = 10) of polypurine RNA*DMDA-PatAe«clF4Al
complexes analyzed by MD simulation. The complexes with RNAs possessing the
indicated substitutions were investigated.

(B) The interaction energy between DMDA-PatA and the indicated bases along the
investigated complexes through FMO calculation. The data present the mean (bar) and
s.d. (error) for 10 complexes.

(C) The difference in the interaction energy between DMDA-PatA and the indicated bases
from the original sequence (GAGAy). See B for the source data. The color scale is shown.
(D) The difference in the electrostatic energy between DMDA-PatA and the indicated
bases from the original sequence (§GAGAy). See Figure S4A for the source data. The
color scale is shown.

(E and F) Representative structures obtained in MD simulation (at a time point of 100 ns)
with s§GAGAy (original sequence) or sAGAGo. The net charge (e) on the indicated groups
and the distances are shown (mean + s.d. from 10 simulated structures).

See also Figure S4.

Figure 5. The tertiary amine on the trienyl arm of DMDA-PatA confers GNG

selectivity on elF4A1.
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(A) Chemical structures of iPr-DMDA-PatA.

(B) Box plots for motif enrichments in RNA Bind-n-Seq (with ADP and Pi) on elF4Al
with DMDA-PatA or iPr-DMDA-PatA in the indicated 4-mer species.

(C) Fluorescence polarization assay for FAM-labeled RNAs along the titrated
recombinant e[F4A 1 with ADP and Pi. The indicated RNA sequences at 10 nM were used
with or without 50 uM iPr-DMDA-PatA. The data are presented as the mean (point) and
s.d. (error) for replicates (n = 3).

(D) Comparison of enrichment of 4-mer motifs with DMDA-PatA and those with iPr-
DMDA-PatA. ADP and Pi were included in the reaction. Motifs containing GNG are
highlighted. The regression line (dashed line) for non-GNG motifs (gray points) is shown.
p, Spearman’s correlation coefficients.

(E) The mRNAs shown in Figure 3C left were subjected to in vitro translation with RRL
with the titration of iPr-DMDA-PatA. The data are presented as the mean (point) and s.d.
(error) for replicates (n = 3).

(F) The relative OP-puro incorporation into nascent peptide in HEK293 cells was
analyzed along the titrated DMDA-PatA or iPr-DMDA-PatA. The data are presented as
the mean (point) and s.d. (error) for replicates (n = 3).

(G) The relative cell viability was analyzed along the titrated DMDA-PatA and iPr-
DMDA-PatA. The data are presented as the mean (point) and s.d. (error) for replicates (n
=3).

See also Figure S5.

Figure 6. DMDA-PatA-mediated DDX3X clamping on the GNG motif in an ATP-

independent manner, related to Figure S6.
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(A and E) Fluorescence polarization assay for FAM-labeled RNAs along the titrated
recombinant DDX3X (helicase core) (wild type, GIn360Leu mutant, or Gln360Pro
mutant) with ADP and Pi. The indicated RNA sequences at 10 nM were used with or
without 50 uM DMDA-PatA. The data are presented as the mean (point) and s.d. (error)
for replicates (n = 3).

(B) Rank plot for 4-mer motifs enriched in RNA Bind-n-Seq (with ADP and Pi) on
DDX3X (helicase core) in the presence of DMDA-PatA. Motifs containing GNG are
highlighted.

(C) Box plots for motif enrichments in RNA Bind-n-Seq (with ADP and Pi) on DDX3X
(helicase core) with DMDA-PatA in the indicated 4-mer species.

(D) Box plots for motif enrichments in RNA Bind-n-Seq (with ADP and Pi) on DDX3X
(helicase core) with DMDA-PatA or iPr-DMDA-PatA in the indicated 4-mer species.
(F) Relative cell viability for the indicated conditions after 0.1 uM DMDA-PatA
treatment for 48 h.

(G) Schematic of DMDA-PatA-mediated mRNA-selective translation repression.
Clamping of elF4A1/2 and/or DDX3X on the GNG motif in the 5" UTR provides steric
hindrance for scanning ribosomes.

In box plots, the median (center line), upper/lower quartiles (box limits), and 1.5%

interquartile range (whiskers) are shown.
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Table 1. K; (nM) values between proteins and RNAs obtained in this study.
The fluorescence polarization of FAM-labeled RNAs was determined and fitted to the

Hill equation to determine Ky. ND, not determined.

elF4A1
ADP + Pi AMP-PNP
RNA DMSO DMDA- | iPr-DMDA- DMSO DMDA-
PatA PatA PatA
(AG)1o ND 0.30 £0.061 26+ 17 2.0+£0.50 041+
0.053
(U)o ND ND 28 £5.1 2.8+0.24
elF4A1 Phel63Leu-Ile199Met
ADP + Pi AMP-PNP
RNA DMSO DMDA- | iPr-DMDA- DMSO DMDA-
PatA PatA PatA
(AG)1o0 ND ND
elF4A2
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Figure S1. Characterization of ribosome profiling and RNA pulldown-Seq with
elF4A inhibitors, related to Figure 1.

(A) Chemical structures of PatA derivatives.

(B) Histograms of translation changes measured by ribosome profiling under the
indicated conditions.

(C) Spearman’s correlation coefficients (p) of translation changes induced by drug
treatments. The color scales for p are shown.

(D and E) Comparison of ribosome profiling data in group 1 compounds (D) and in group
2 compounds (E). p, Spearman’s correlation coefficient.

(F) Histograms of mRNA changes recovered in SBP-e[F4A1 measured by RNA
pulldown-Seq under the indicated conditions.

(G) Cumulative distribution of the mRNA fold change in RNA pulldown-Seq for SBP-
tagged e[F4A1 upon 0.1 uM. DMDA-PatA low-sensitivity and high-sensitivity mRNAs
(defined in Figure 1D) were compared to total mRNAs. The significance was calculated

by the Mann—Whitney U test.

Figure S2. Validation of the results obtained by RNA Bind-n-Seq with a fluorescence
polarization assay, related to Figure 1 and Table 1.

(A and B) Comparison of enrichment of 5-mer motifs (A) or 6-mer motifs (B) with
DMSO and those with DMDA-PatA. AMP-PNP and 15 pmol recombiannd e[F4A1 was
included in the reaction. Motifs containing GNG are highlighted.

(C and D) Fluorescence polarization assay for FAM-labeled RNAs along the titrated

recombinant e[F4A1 (C) or el[F4A2 (D) with AMP-PNP (C) or ADP and Pi (D). The
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indicated RNA sequences at 10 nM were used with or without 50 uM DMDA-PatA. The

data are presented as the mean (point) and s.d. (error) for replicates (n = 3).

Figure S3. Characterization of the in vitro translation assay with DMDA-PatA,
related to Figure 3.

(A) Cumulative distribution of 5" UTR length. DMDA-PatA low-sensitivity and high-
sensitivity mRNAs (defined in Figure 1D) were compared to total mRNAs. The
significance was calculated by the Mann—Whitney U test.

(B) Basal translation activities of the indicated reporter mRNAs in RRL. The data are
presented as the mean (bar) and s.d. (error) for replicates (point, n = 3).

(C) Schematic of reporter mRNAs with a 1x AGAGAG motif (left). These mRNAs were
subjected to in vitro translation with RRL with the titration of DMDA-PatA. The data are
presented as the mean (point) and s.d. (error) for replicates (n = 3).

(D) Toeprinting assay to probe 48S ribosomes assembled on the start codons in the
indicated reporter mRNAs with or without 10 pM DMDA-PatA. cDNA synthesized with
FAM-labeled reverse transcription primers was analyzed by capillary electrophoresis.
(E) The relative 48S formation on the start codons upon 10 uM DMDA-PatA treatment.
The data are presented as the mean (bar) and s.d. (error) for replicates (point, n = 3).

(F) In vitro translation of reporter mRNA (with 7x CGCGCG motifs and CAA repeats,
at 181.8 nM) preincubated with recombinant e[F4A1 and DMDA-PatA. The size
exclusion column was used to eliminate free DMDA-PatA. The data are presented as the

mean (bar) and s.d. (error) for replicates (point, n = 3).
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Figure S4. Characterization of the MD simulation and FMO calculation, related to
Figure 4.

(A) The interaction energy between DMDA-PatA and the indicated bases along the
investigated complexes through FMO calculation. The interaction energy was
decomposed to the indicated terms. The data present the mean (bar) and s.d. (error) for
10 complexes.

(B and C) Representative structures obtained in MD simulation (at a time point of 100
ns) with ;AAAA9 or §GGGGy. The net charges (e) on the indicated groups and the

distances are shown (mean + s.d. from 10 simulated structures).

Figure SS. The differential sequence selectivity between RocA and DMDA-PatA on
elF4Al, related to Figure 5.

(A) iPr-DMDA-PatA was readily attained by palladium-catalyzed Suzuki reaction of
alkenyl iodide ®*%° with the known alkenylboronate 673, With this donor lacking the
tertiary amine, the cross-coupling proceeded under sufficiently mild conditions that the
isomerization-prone Z, E-configured dienoate embedded in the macrocyclic ring remained
intact; no saponification of the lactone was observed either. This outcome is noteworthy,
as the analogous attachment of the side chain with the -NMe> terminus during the total
syntheses of PatA as well as DMDA-PatA necessitated recourse to Stille reactions that
were specifically optimized for applications to sensitive substrates ”°.

(B) Motif enrichment Z score along the titrated recombinant eI[F4A1 in RNA Bind-n-Seq
(with AMP-PNP) for the indicated 4-mer species with or without RocA.

(C) Venn diagram to indicate the difference and commonality in motif specificities of

RocA and DMDA-PatA. Y represents U or C.
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(D) Box plots for motif enrichments in RNA Bind-n-Seq (with ADP and Pi) on elF4Al

with RocA in the indicated 4-mer species.

Figure S6. The differential sequence selectivity between RocA and DMDA-PatA on
DDX3X, related to Figure 6 and Table 1.

(A) Fluorescence polarization assay for FAM-labeled RNAs along the titrated
recombinant DDX3X (helicase core) with AMP-PNP. The indicated RNA sequences at
10 nM were used with or without 50 uM DMDA-PatA. The data are presented as the
mean (point) and s.d. (error) for replicates (n = 3).

(B) Box plots of motif enrichments in RNA Bind-n-Seq (with ADP and Pi) on DDX3X

(helicase core) with RocA in the indicated 4-mer species.

Table S1. List of deep sequencing data used in this study, related to Figures 1-3, 5,
and 6.

Each data set is listed with library name, treatment, experiment batch, treatment, cell line,
rRNA depletion method, replicate number, data type, reference, accession number,

sequencer, and run mode.

Table S2. List of FMODB IDs of FMO calculation results for each MD sampling

structures, related to Figure 4.
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