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Targets, mechanisms, and resistance of the translational

inhibitor rocaglamide A

1. Introduction

Translation regulation involves multiple steps, including translation initiation, translation
elongation, translation termination, and ribosomes recycling (/). However, most of the

regulation occurs in the first stage of translation, translation initiation (2).

1.1. Translation initiation

During translation initiation, the main task incorporates preparation and recognition of the
start codon AUG. However, the step of translation initiation remarkably differs in prokaryotes
and eukaryotes. In bacteria, the 16S rRNA of 30S ribosomal subunit complementarily binds to
the upstream Shine-Dalgarno (SD) sequence before start codon, which therefore recruits 30S
ribosomal subunit and prepares for subsequent translation initiation (3, 4). In eukaryotes, the
initiation of translation is more complex. It relies on a mechanism called scanning (See Figure
1.1), where pre-initiation complex (PIC) containing small ribosomal subunit 40S and Met-

tRNA scans the 5' untranslated region (5' UTR) until encountering start codon AUG (35, 6).
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Figure 1.1. Overview of translation initiation.

On the road to learning translation in eukaryotes, enormous efforts have been made to uncover
the molecular mechanisms of translation initiation in eukaryotic cells. The high-resolution
structure of ribosomal complexes involving eukaryotic translation initiation factors (elFs)
greatly harnessed the progress of identifying critical domains for translation initiation (5, 7). In
addition, reconstituted translation systems, classical biochemical and genetics assays furtherly

decipher the significance of specific factors (2, 8, 9). Based on that, the initiation step of



translation was indicated to contain several essential reactions, including placing start codon
AUG into the P (peptidyl) decoding center of ribosomes and recruitment of PIC containing

Met-tRNAI (initiation tRNA) and elF1, elF1A, elF2, elF3, and elF5 into 5' cap of mRNA.

Furthermore, the step of recruitment could be accelerated by elF4F complexes containing the
helicase elF4A, the large “scaffold” protein elF4G, and the cap-binding protein elF4E (5, 7,

10).

Once the assembly and recruitment of PIC are completed, the incorporated Met-tRNAi in PIC
was ready to recognize the AUG start codon. Therefore, Met-tRNAi is bounded with PIC

through elF2 and inspected triplets along the 5 end of mRNA until it encounters AUG. With

the recognition of the start codon by matching Met-tRNAi to AUG, the hydrolysis of GTP in
the complex of elF2-GTP-Met-tRNAI is arrested. Subsequently, the GTP-hydrolyzed form of
elF2, elF2-GDP, is released. As a result, the large ribosomal subunit 60S joins with small
subunit 40S and forms 80S complex, which can conjugate aminoacyl-tRNAs into A-site
(Aminoacyl site) of ribosomes, encode RNA sequences downstream of the start codon, and

synthesize the first bond of peptide (5-7, 10-14).

For many years, a wealth of studies has carried forward the understanding of translation
initiation-related factors (5-7, 10-14). For example, elF1 was indicated to cooperate with e[F1A

to promote scanning of 5' UTR in unstructured mRNAs and facilitate scanning non-AUG

codons which occupied ribosomal P-site (/5-20). As a component of elF4F, e[F4E binds to the
cap from the resolved structure, and the interaction between elF4G and elF4E enhances the
affinity between elF4E and the cap of mRNAs (21, 22). Besides elF4E, another component of
elF4F, elF4A, can unwind the complex secondary structure ahead of PIC scanning by

interacting with elF4G (23-25). In addition, as an essential component of PIC, eIlF2 not only



functions in basic scanning, but its phosphorylation is also regarded as a hallmark of the
integrated stress response (ISR). Upon a widespread of stresses, the o subunit of elF2 is
phosphorylated at Ser®!, transforming eIF2 from an activator into an inhibitor of its guanine
nucleotide exchange factor (GEF) elF2B, as a response, leading to a downstream translation

deficiency called ISR (26, 27).

1.2. Translation initiation is related to cancer development

Given most translation regulation occurs during translation initiation and the overexpression
of translation initiation factors is prevalent in multiple types of tumors, the dysregulation of
translation initiation often links to human cancers (5, 10, 11, 13, 14). For example, as one of
the most frequently activated oncogenes, the transcription factor MYC is characterized to
coordinate with elF4F to upregulate the expression of each other, implying the capacity to
control MY C by inhibiting eIF4F activity (28). More importantly, e[F4F assembly is controlled
by the mammalian target of rapamycin (mTOR). Its disturbance is often linked to cancer
development (29, 30). Overall, targeting the eIF4F components suggests a potential to treat
cancers, and considerable evidence has suggested the growth of cancer cells can be suppressed

by targeting eIF4F components as eIlF4E or elF4A (/1).

More broadly, e[F4A belongs to the DEAD-box family (proteins contain the amino acid
sequence D-E-A-D (asp-glu-ala-asp)), which shares a conserved structure and is associated
with almost all RNA-related processes from RNA transcription to translation (3/-33). Except

elF4A is known to function in unwinding RNA-duplex structures of the 5' end of eukaryotic

mRNAs and recruitment of 40S ribosome subunits (24), the other DEAD-box protein DDX3

has been indicated to play essential roles in the stage of translation initiation as well (34, 35).



In general, the functionality of the DEAD-box proteins can be explained as ATPase activity
and unwinding activity. The ATPase activity of DEAD-box proteins relies on the stimulation
upon ATP binding and RNA binding. In addition, regarding unwinding activity, the contact
size between DEAD-box helicases and RNA is typically around 5-6 bp, which step also highly

requires ATP-binding (33, 36-38).

1.3. Targeting translation initiation factors presents anti-cancer

potentials

Given the requirement of translation initiation in maintaining homeostasis, and its frequently
aberrant modulation in cancer cells, targeting translation initiation is a promising strategy to
treat cancers (39). Thus, combined with the prevalent targeting e[F4F-components showing
anti-cancer prospects (see section 1.2), many studies have focused on looking for anti-cancer

molecules by targeting elFs.

Targeting eIF4E can date back to the late 1970s. Many cap- analogs represented by Ribavirin
were tested for affecting eIF4E-cap binding, but these analogs failed to present any efficiency
in cells because of the poor cell permeability (71, 40). Following Ribavirin, several drugs were
developed for improving their permeability into cells. Among them, 4Fi-1 was proved as an
effective drug to kill cancer cells (47). After that, inhibitors like 4EGI-1, 4E1RCat, and
4E2RCat showed the capability of inhibiting cancer cell growth. Beyond that, antisense
oligonucleotides (ASOs) against eI[F4E were also developed and tested in cancer cells and
xenograft models (42). Because of the promising therapy activities for these ASOs, one of them,

ISIS EIF4E Rx, was under clinical trial for killing cancer cells (42, 43).



In the high-throughput screening to discover elF4A inhibitors, several natural molecules such
as pateamine A (Pat A), hippuristanol, and silvestrol were found to bind with elF4A (44-46)
selectively. Among these inhibitors, hippuristanol can reduce the affinity between elF4A and
RNAs, whereas Pat A and silvestrol can release el[F4A from elF4F complexes and force an
engagement between elF4A and RNAs (44-48). More recently, the capacity of eI[F4A-targeting
small molecules was expanded to several new drugs, including Elatol (49), Elisabatin A (Elis.
A) (50), Sanguinarine (SAN) (57), 15d-PGJ2 (52), and 6-a-aminocholestanol (6-AC) (53). Of
the above elF4A inhibitors, the rocaglates that silvestrol belongs to were relatively well-studied

and attracted the most attention due to their good pharmacological properties (54).

1.4. Rocaglates have anti-cancer potentials

Rocaglates are derived from the plant Aglaia genus as secondary metabolites. The members
of the Aglaia genus consist of about 130 species and spread from Sri Lanka and India, east to
the Pacific through Burma, southern mainland China, Taiwan, Vietnam, Malaysia, Indonesia,
the Philippines, New Guinea, Northern Australia, and the Western Pacific (55). Back in the
1980s, the very first rocaglamide was reported from A. elliptifolia. Up to date, around 60
rocaglate derivatives with the cyclopenta[b]benzofurans (See Figure 1.4.1) being of the
chemical structure were isolated and modified with chemical substitutions in the phenyl ring

of their chemical structure (55, 56).
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Figure 1.4.1. Examples of rocaglates include natural rocaglates: silvestrol and RocA, and
synthetic rocaglates: CR-31-B (-) and Zotatifin (eFT226). The common skeleton
cyclopenta[b]benzofurane is highlighted as red. The unique dioxane moiety of silvestrol is

highlighted by blue ring. Modified from Taroncher-Oldenburg et al. 2021. Microorganisms (56).

A pioneering study exploring the cellular mechanisms of rocaglates was published in 2008,
in which rocaglates derivative silvestrol was found to be capable of targeting elF4A (45).
Another study with a screening of more than 300,000 chemicals revealed that rocaglates could
also inhibit HSF1 activation, a gene crucial for tumor development because of its involvement
in glucose uptake (57). Follow-up mechanistic studies were conducted for several selected
rocaglates, some of which were documented to function at the cellular level, including targeting
PHBs (58), MAPK (59), microRNA-155(60), as well as FLT3 (55, 60). These fundamental
studies built a foundation for potentially developing rocaglates as potent anti-cancer drugs.
Although extensive efforts and scientific attention have been attracted to explore the therapy
potentials against several diseases, the very classical rocaglate, silvestrol, showed poor drug-
like properties, bulky structure, and insufficient oral availability (6/). Consequently, the
application of silvestrol as an anti-cancer drug was suspended. Alternatively, other rocaglates
instead of silvestrol were evaluated. The study comparing rocaglates lacking the dioxanyl ring

of silvestrol indicated that rocaglamide exhibited a practical anti-tumor effect by arresting cell



cycle to G2/M phase through reducing Cdc2’s and Cdc25C’s expression in cells (62, 63).
Instead of silvestrol, another commonly used rocaglates with light structure: rocaglamide A
(RocA), also attracted significant attention, which was proved to be an effective inhibitor that
could selectively kill aneuploid tumor cells by inhibiting the translation of specific messenger
RNAs (57, 64-66). More recently, as one of the most frequently mutated oncogenes found in
pancreatic, lung, colon cancers, and NSCLC, KRAS was reportedly targeted by rocaglate
flavagline (67). KRAS targeting by flavagline furtherly indicates rocaglates’ potential as anti-
tumor drugs by inhibiting the oncogenic growth of KRAS-mutated cancer cells. Also, it would
be promising to develop the derivatives of flavagline as more potent KRAS inhibitors in

clinical applications.

Up to date, the synthesized derivatives, amidino-rocaglates, were proved to be a more potent
anti-cancer agent (68). More significantly, a synthetic derivative of rocaglates eFT-226 (or
Zotatifin, also see Figure 1.4.1) is under clinical trial for treating COVID-19
(https://clinicaltrials.gov/ct2/show/study/NCT04632381?cond=zotatifin&draw=2&rank=1)
and selected advanced solid tumor malignancies (Phase 1-2,
https://clinicaltrials.gov/ct2/show/NCT04092673?cond=zotatifin&draw=2&rank=2), because
of its excellent pharmacokinetics in drug development (69). After that, extensive follow-up
works were done for rocaglates’ antineoplastic and antiviral effects. For instance, synthesized
aglaroxin C exhibits a weak inhibitory effect on HCV replication (70), and rocaglamide shows
an inhibitory effect on EV-71 loading (77). Recently, the potential neuroprotective effect of the
extract from Aglaia genus A. odorata was also evaluated, while further phytochemical work

was still required (72).



Given the significant therapy potentials, tremendous efforts have been made to clarify the
molecular mechanisms of rocaglates. For example, a fundamental work done with rocaglamide
A (RocA) indicated that RocA could liberate elF4A from elF4F complexes and convert it into
a sequence selective inhibitor by blocking the scanning of PIC (73) (See Figure 1.4.2). This
study also suggested this sequence-selective binding is ATP-independent regardless of the
fundamental ATP-dependency of elF4A. More recently, the understanding of rocaglates’
mechanisms was extended to other two actions: 1) trapping the eIF4F complexes onto the cap
structure of mRNA; and 2) sequester effect after the resident time of elF4F extended (74),

which study is suggesting the hidden complexities of rocaglates.
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Figure 1.4.2. RocA converts elF4A into sequence-selective binding.



1.5. Understanding RocA’s functionality is a demanding task

Although the progress made to understand rocaglates, there are remaining questions for
clearly clarifying the mechanisms of rocaglates. For example, RocA-treated cells do not simply
phenocopy the inactivation of e[F4A and exert enhanced repression with the complement of
elF4A. More interestingly, the desensitization of eI[F4A to RocA in cellulo only rescues cell
viability to a limited but not perfect level, suggesting rocaglates might target other alternative
targets than elF4A (See more details in section 2.1.1). Thus, even RocA’s targeting to elF4A

has been relatively studied well, exploration of other alternative targets was required.

Except for the lack of investigation for rocaglates’ alternative targets, the cause of
significantly different sensitivity of cancer cells to rocaglates is still unclear. In a study
characterizing the effects of rocaglates on cancer cells, some specific cell lines with highly
aneuploid karyotypes were evaluated more sensitive to rocaglates. Taking one of the most
potent compounds, RHT, as an example, cancer cells showed an enormous dimension to sense
this rocaglate (57). However, why different types of cancer cells sense rocaglates differently
remains further clarified. To solve this question would provide clinical guidance for the

usage of the drug.

Moreover, given plenty of natural rocaglates derived from the plant Aglaia genus and the
indispensable role of their target elF4A for all eukaryotic species, including plants, the
resistance of Aglaia to these rocaglates deserves more exploration. In 2019, Iwasaki et al.
reported a quaternary structure consisting of RocA, human elF4A1, ATP analog AMP-PNP,
and polypurine RNA. They showed that RocA binds to an interface formed between elF4A1

and polypurine RNAs. Also, in the e[F4A1 cavity that RocA binds to harbors several critical

10



residues, including Phe163, GIn195, Asp198, and 11e199 (75), some of these residues (Phel163,
[1e199) were also substituted by specific residues (Phe163 with Leu, [1e199 with Methionine)
from the de novo assembled Aglaia transcriptome. Consistent with this finding, earlier genetic
screening of yeast (6/) and mammalian cell mutagenesis (76) have identified Phe163 with Leu

in elF4A could also lead to rocaglates’ resistance (See Figure 1.5).

S 4

Human elF4Af1

l

ocA resistant mutation
*RocA

Aglaia elF4A1

Figure 1.5. Aglaia elF4A1 abolishes RocA’s binding by residues’ substitutions in

RocA'’s binding pocket.

Considering the structural similarity of DEAD-box proteins in all eukaryotes, and the
possibility that RocA alternatively targets multiple proteins besides elF4A, clarifying if there
are any resistance mechanisms of RocA not only for e[F4A would be beneficial and make it a

demanding task to understand how RocA functions comprehensively.

What’s more, given the plant is one of the main hosts of parasites, and parasites like fungi are

of great importance regarding their tight relationship with crop health, thus economic loss (77,
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78). Therefore, underlying plant-fungal interactions and investigating potential anti-fungal
drugs have already been extensively studied (79). Interestingly, some fungi could overcome
the toxic compounds and infect plants. Basically, the standard strategy is detoxification of the
antifungal compounds by secreting specific enzymes (80-82). Thus, plants and infectious fungi
should engage in an arms race during evolution. However, other than the “detoxification”, the
mechanistic diversity of the plant-fungal competitions centered on plant secondary metabolites
is largely uninvestigated. Based on a preliminary observation in our lab that some fungi can
coexist with the Aglaia plant, I assumed rocaglates and its host Aglaia share a specific
relationship to live up with each other, so I also sought to clarify the mechanisms of this fungi’s

resistance to RocA.

To do so, I am looking to understand the functional mechanisms of RocA from the following

aspects:

1) Searching for other alternative targets of RocA in addition to eIF4A.
2) Understanding the RocA’s mechanisms comprehensively.
3) Clarify how Aglaia resists RocA’s toxicity.

4) Exploring the reason for the coexistence of Aglaia and its parasite fungi.

12



2. Results I: Dual targeting of DDX3 and elF4A by RocA

2.1. Targeting of RocA

2.1.1. RocA-O-NBD enables the visualization of RocA targets

To investigate other possible targets of RocA besides elF4A, I initially aim to exclude the
disturbance of its known target e[F4A. Also, because there are two paralogs of e[F4A1 and
elF4A2 with approximately 90% of sequence similarity (23), they are apparently targeted by
RocA (Figure 2.1.1.1), which was also validated by fluorescence polarization test (Also see

Figure 2.1.1.1).

elF4A1 elF4A2
(AG)1o (UC)1o (AG)1o (UC)1o
‘é’, 1.5ADP+Pi 1_5ADP+Pi ‘é% 1.5ADP+Pi 1_5ADP+Pi
£ RocA £ RocA
§ 1.0 -pmMSO 1.0+ § 1.0 -pMSO 1.0+
§ 0.5+ 0.5+ *§ 0.5 0.5+
(<5} [ ) [ =
2 . 2 s U= id
% -0.5H4 ] .Fi ET —0.5H ] l? “:T % -0.5H4 ] k !I.f —0.5H ] ]
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Figure 2.1.1.1. Fluorescence polarization test between elF4A1/elF4A2 and polypurine ((AG)10)

or polypyrimidine ((UC)10) RNAs in the presence of ADP + Pi.

To desensitize elF4A to RocA in cells for investigating other alternative targets, I used a
previous HEK293 cell line in which endogenous elF4A1 was knocked out by CRISPR-Cas9,
but an exogenous elF4Al with RocA-resistant mutations (Phel63Leu-Ile199Met) was

simultaneously expressed [HEK293 SBP-eIF4A1 (Phel63Leu-Ile199Met) elF4A1¢mSIM] (75)
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(Figure 2.1.1.2). As to el[F4A2, T used elF4A2 siRNA to knock down elF4A2 from HEK293
SBP-eIF4A1 (Phel63Leu-Tle199Met) elF4A41°mS'M and finally got a cell line with limited
RocA-elF4A targeting. After treating the above cell line with RocA, the cell viability was
tested for evaluating the probabilities of other RocA alternative targets besides elF4A1 and
elF4A2. When RocA-resistant e[F4A1 replaced elF4Al in this cell line, and elF4A2 was
knocked down to a minimal level (Figure 2.1.1.3-A), the cell viability from RocA was

increased but not completely (Figure 2.1.1.3-B), indicating there must be other targets of RocA.

Tet-inducible

Expression of exogenous

RocA-resistant elF4A1 — T

Start codon
3'—# CCUAAGGGCCAUUCUUUCCG-5’ Guide RNA
D’ TAAGAAAGGCATTTG=3" Genome DNA
Cleavage site
Intron1 //// Exon2
EIF4A1 chromosome 17
CRISPR-Cas9 editing Hbp
of endogenous elF4A1 = | ~~ T T IO T T T mm A
Deletion 8nt Stop codon
Deletion 17nt
//// Exon2

@ Insertion 152nt

Insertion 154nt

//// Exon2

Figure 2.1.1.2. Construction of RocA-resistant elF4A1 cells, in which exogenous RocA-
resistant elF4A1 (elF4A1 F163L-1199M) was induced by Tet-induced cDNA, and endogenous

elF4A1 was knocked out by CRISPR-Cas9. Modified from Iwasaki et al. 2019. Mol Cell (75).
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Figure 2.1.1.3. Cell viability assay under the treatment of RocA. A) Western blot of naive
HEK293 cells or elF4A-eliminated cells; B) Cell viability assay under the treatment of RocA 3

nM or DMSO, the DMSO treated cell viability is normalized to 1.0.

Considering the complicated procedures and possible loss of targets in traditional purification,
it would be helpful to establish a method to visualize the proximal proteins that RocA
potentially labeled. To achieve that, a bifunctional subunit O-nitrobenzoxadiazole (O-NBD)
attracts our attention due to its “Turn-On” characteristics by providing fluorescence to the
proteins around O-NBD. The “Turn-On” labeling of O-NBD is accomplished by being
converted to the fluorescent N-NBD after O-NBD is conjugated with lysine of proximal
proteins (83) (Figure 2.1.1.4). Thus, based on the characteristics of O-NBD, if we could link
O-NBD to RocA, we ideally could reach three types of proteins for identifying RocA’s targets:
1) the known targets of RocA as e[F4A1 and elF4A2; 2) e[F4A’s interacting factors once they

are close enough to e[F4A; 3) alternative targets of RocA instead of eI[F4A (Figure 2.1.1.5).
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Figure 2.1.1.4. The strategy of proximal labeling by O-NBD. The non-fluorescent reactive unit

O-NBD is highlighted as light blue, while its fluorescent form is labeled as orange; RocA is

labeled as dark blue.
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Figure 2.1.1.5. Three types of proximal labeling by RocA-O-NBD.

Here, 1 collaborated with Koichi Fujiwara, Mikiko Sodeoka, and Kosuke Dodo, who

successfully synthesized an O-NBD linked RocA, RocA-O-NBD, through a di-methylamide
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group that could contact neither eIF4A nor polypurine RNA (Figure 2.1.1.6). Before applying
it to exploring new targets, I validated its functional activity by applying it to the rabbit
reticulocyte lysates (RRL) translation system. To sensitize the translational reaction in RRL, I
used a polypurine-harbored reporter to sensitize RocA-induced translation repression in
consideration of RocA’s polypurine sequence preference (73). Consequently, RocA-O-NBD
presents intense translation repression onto this reporter similarly to RocA, indicating RocA-
O-NBD kept the primary attributes of RocA as a translational inhibitor (Figure 2.1.1.7 right).
As a control, CAA-containing reporter only shows limited translation repression under
treatment with RocA-O-NBD or RocA (Figure 2.1.1.7 left). Except for the assessment of
translation repression, Mari Mito and Shintaro Iwasaki also supportively validated the targeting
of eI[F4A by RocA-O-NBD through immunoprecipitation of O-NBD from RRL and subsequent
Western blotting (Figure 2.1.1.8). Taken together, RocA-O-NBD kept the properties of RocA,
including translation repression and targeting, which makes it a plausible tool to investigate the

possible targets of RocA.

RocA-O-NBD

Figure 2.1.1.6. Chemical structure of RocA and RocA-O-NBD. RocA-O-NBD, highlighted as
magenta, is synthesized by conjugating O-NBD to RocA by a di-methylamide group and

conducted by Koichi Fujiwara and Kosuke Dodo.
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Figure 2.1.1.7. Translation repression by RocA or RocA-O-NBD on polypurine (7X AGAGAG
motifs) or CAA repeats containing reporters. The arrow in the schematic points to the location

of AGAGAG repeats or CAA repeats, and 7 x AGAGAG reporter is highlighted as magenta.
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immunopurification

—TxAGAGAG motit  +7x AGAGAG moti

o 8
L O 2 2
. O o O o
28 2%:2%:
£ < O 2 aoc &
IgG heavy chain—
elF4A1/2— . —— -...--WB

Figure 2.1.1.8. elF4A1/2 detection by western blot after anti-NBD immunopurification. 7 x
AGAGAG motif is added to enhance the binding efficiency. The input is diluted 50 or 500 times
for checking the size elF4A1/elF4A2, and RocA-O-NBD is highlighted as magenta. Conducted

by Mari Mito and Shintaro Iwasaki.

Next, I sought to evaluate RocA-O-NBD’s visibility and labeling specificity in a more
purified system. Using recombinant human el[F4A1 and short polypurine RNAs (FAM-labeled

[AG]i0) as materials, RocA-O-NBD presented excellent visibility by specifically and
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fluorescently labeling eIF4A1 only in the presence of polypurine RNAs (Figure 2.1.1.9),
consistent with a previous report that RocA targets e[F4A by enhancing the affinity between
elF4A and polypurine sequences (73). Besides that, mutated e[F4A1 with RocA-resistant
residues (Phel63Leu-Ile199Met) showed strong resistance to RocA-O-NBD’s labeling

(Figure 2.1.1.9).

RocA-O-NBD RocA
RNAUC UC AG AG AG
elF4A1 Mut WT Mut WT WT

Labeled elF4A1— -— Fluorescence

©1F4A1 — s s s s CBB staining

Figure 2.1.1.9. RocA-O-NBD labeling of recombinant proteins. The WT means the human
elF4A1 WT proteins, and Mut means the human elF4A1 proteins but with RocA-resistant
residues Phe163Leu-lle199Met. AG or UC means the FAM-labeled [AG]io or FAM-labeled [UC]1o

RNAs.

Given that O-NBD can only react with lysine in a limited distance (83), and to make sure
RocA-O-NBD labels elF4A at a suitable position. After applying RocA-O-NBD into RRL
lysates, Miwako Asanuma did liquid chromatography-mass spectrometry with a laser-induced
fluorescence detector (LC-fluorescence-MS) (83) to identify the fluorescence-tagged peptide
in rabbit elF4A1 (Figure 2.1.1.10-A, B, C), the precisely annotated residue at Lys166 of rabbit
elF4A1 told us RocA-O-NBD labeled Lys166 of eI[F4A1l in a proximally proper position as
revealed from the structure (Figure 2.1.1.11). Also, considering the high conservation between
rabbit e[F4A1 and human elF4A1, I concluded RocA-O-NBD would also similarly tag human

elF4A1l. For elF4A2, LC-fluorescence-MS also confirmed that RocA-O-NBD fluorescently
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tagged eIF4A2 in the essentially same position as eI[F4A1 (Figure 2.1.1.10-D, E, F), furtherly
proving RocA-O-NBD/RocA targets both e[F4A1 and eIF4A2. Overall, RocA-O-NBD can be

an effective tool to detect RocA’s targets.
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Figure 2.1.1.10. Liquid chromatography-mass spectrometry with a laser-induced fluorescence
detector (LC-fluorescence-MS) detection of RocA-O-NBD labeling. (A) Chromatograms for the
total ion current (top), extracted ions in the range of m/z 587.79-587.80 corresponding to N-
NBD-[Tyr162-Lys169] of rabbit elF4A1 (middle), and laser-induced fluorescence (LIF) (bottom).
(B) Observed (top) and simulated (bottom) mass spectrum of the N-NBD-[Tyr162—-Lys169] of
rabbit elF4A1. (C) Schematic of lysine labeling by RocA-O-NBD in human and rabbit elF4A1.
(D) Chromatograms for the total ion current (top), extracted ions in the range of m/z 599.30—
599.31 corresponding to the N-NBD-[Tyr171-Lys178] of rabbit elF4A2 (middle), and LIF

(bottom). (E) Observed (top) and simulated (bottom) mass spectrum of the N-NBD-[Tyr171-
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Lys178] of rabbit elF4A2. (F) Schematic of lysine labeling by RocA-O-NBD in human and rabbit

elF4A2. Conducted by Miwako Asanuma.

Substituted in Aglaia PDB ID: 5ZC9

Figure 2.1.1.11. Structure of human elF4A1-RocA-RNA. The labeling site of RocA-O-NBD,

Lys174, is highlighted in red.

2.1.2. RocA alternatively targets DDX3X

As an application of RocA-O-NBD into discovering new targets/target of RocA, Mari Mito
and Shintaro Iwasaki added RocA-O-NBD into rabbit reticulocyte lysates and did
electrophoresis. After exposing the gel to fluorescence, several proteins were conferred to

fluorescence by RocA-O-NBD. This labeling could be enhanced by adding 7 x AGAGAG
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motif reporter mRNAs. To further identify what kind of proteins are tagged by RocA-O-NBD,
subsequent mass spectrometry was performed, elF3A, e[F4G1, e[F4B, DDX3X elF4E, elF4H,
as well as eI[F4A1/2 were identified as RocA-O-NBD labeled proteins (Figure 2.1.2.1-right).
Among them, e[F4A1/2 were regarded as known targets of Type I (Figure 2.1.2.1-left), but
for elF3A, elF4G1, elF4B, elF4E, and elF4H, they are known to interact with el[F4A1/2 by
forming complexes with eIF4F or PIC (pre-initiation complex) (24). Hence, they are classified
into Type II (Figure 2.1.2.1-left), considering RocA-O-NBD possibly labels them because of
their interaction with eIF4A1/2. Except for all the above proteins, I was convinced that DDX3X
is probably the only protein that RocA directly targeted to as Type III showed (Figure 2.1.2.1-
left). Also, given that elF4A1, elF4A2, and DDX3X are from the same DEAD-box family,
which shares a similar conserved structure, I hypothesized that RocA might affect DDX3X
with elF4A coordinately and similarly. In addition, to briefly address RocA’s targeting to
DDX3X, I prepared recombinant DDX3X proteins with the catalytic core (amino acids 132-
607) (84) and checked RocA-O-NBD’s labeling to the protein, similar to eIF4A, RocA-O-NBD

could label DDX3X when FAM-labeled polypurine RNA ([AG]Jio) were added (Figure

2.1.2.2).
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Figure 2.1.2.1. Mass spectrometry identification of potential proteins labeled by RocA-O-NBD.
Left) RocA-O-NBD can label types of proteins; Right) The proteins identified by mass

spectrometry. Conducted by Mari Mito, Miwako Asanuma, and Shintaro lwasaki.

RocA-
O-NBD RocA

RNAUC AG UC AG
DDX3XWT WT WT WT

Labeled DDX3X— . Fluorescence

DDX3X — e e BB staining

Figure 2.1.2.2. Labeling of recombinant DDX3X proteins by RocA-O-NBD (or RocA) in the
presence of polypurine (AG) or polypyrimidine (UC), in which AG represents a FAM-labeled

[AGli0 RNA, and UC represents a FAM-labeled [UC]:o RNA.

Mass spectrometry analysis performed by Miwako Asanuma furtherly validated RocA-O-
NBD could provide fluorescence to DDX3X in the same loop as elF4A1 (Figure 2.1.2.3),
again indicating the direct targeting of DDX3X by RocA. Consistent with this, I also verified
RocA’s targeting to DDX3 in cellulo by knocking down DDX3 and eIlF4A2 in HEK293 SBP-
elF4A1 (Phel63Leu-Ile199Met) elF4A 15!V A gradual cell rescue following RocA-resistant
elF4A1 (HEK293 SBP-eIF4A1 (Phel63Leu-Ile199Met) elF4A1¢mSINT) - RocA-resistant
elF4A1 + reducing eI[F4A2, and RocA-resistant eI[F4A1 + reducing eIF4A2 + reducing DDX3,
indicated RocA inhibited cell growth by targeting DDX3 and elF4A1/2 in cellulo (Figure

2.1.2.4). Taking together, DDX3 was identified as a new target of RocA besides its known
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targets elF4A1 and elF4A2, and its targeting was confirmed from both intracellular and

extracellular levels.
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Figure 2.1.2.3. Structural comparison (A) and LC-fluorescence-MS/MS (B) reveal the labeling
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Figure 2.1.2.4. Cell viability assay under the treatment of RocA or DMSO. Left) Cell viability
under the treatment of DMSO, which is normalized to 1.0; Right) Cell viability under the
treatment of RocA 30 nM. Yuichi Shichino and Shintaro lwasaki conducted the preliminary

experiment.

2.2. Mechanisms of RocA

2.2.1. RocA confers DDX3 to polypurine binding ATP-independently

Since RocA was known to convert elF4A into a polypurine preferred protein in an ATP-
independent manner (73), I first sought to investigate the sequence preference of its newly
identified target, DDX3. Together with the result that RocA-O-NBD conferred intense labeling
to recombinant DDX3X when polypurine RNAs were added, I did the fluorescence
polarization (FP) assay (Figure 2.2.1.1) to test DDX3’s binding preference between FAM-
labeled polypurine ([AG]Ji0) and FAM-labeled polypyrimidine ([UC]10) RNAs with or without
RocA. Like elF4A1/2’s polypurine preference (Also see Figure 2.1.1.1), DDX3X also
presented a strong preference for polypurine RNAs under the treatment of RocA (Figure
2.2.1.2) even without ATP, which means RocA inhibits eI[F4A or DDX3 by clamping either of

them onto polypurine sequences ATP-independently.

25



Polarized light

1]

Proteins RocA
¥ *
W *

S

High FP Slow rotation Fast rotation Low FP

Figure 2.2.1.1. The principle of fluorescence polarization assay. Strong binding between
RNAs and proteins leads to the high maintenance of polarization of light (Left down); Weak

binding leads to low fluorescence polarization of light (Right down).
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Figure 2.2.1.2. Fluorescence polarization test for DDX3X and polypurine ((AG)10) or

polypyrimidine ((UC)10) RNAs in the presence of ADP + Pi.

However, because the sequence combinations applied into the FP assay were very limited

(polypurine and polypyrimidine), I next aimed to explore the sequence preference of RocA
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bounded DDX3 more deeply. To do that, I took full advantage of a well-established method,
Bind-n-Seq (85), in which randomized RNA motifs were mixed with affinity-tagged

recombinant proteins (In this study SBP-eIF4A1 and SBP-DDX3X, Figure 2.2.1.3-A).

Following adding RocA, the proteins were pulled down for downstream RNA extraction.
Consequently, deep sequencing of the extracted RNAs could give us an overlook of the
preferred motifs for the recombinant proteins (Figure 2.2.1.3-B). After Bind-n-Seq, the reads'
quality was first checked according to the length (30 nt) of the enriched RNA (Figure 2.2.1.4).
Then, I calculated the motifs retained onto DDX3 with RocA but without ATP. As a result, I
found that DDX3 presented a strong polypurine preference (Figure 2.2.1.5-A). Similarly, I
also validated elF4A1’s sequence preference of polypurine as reported before (73) (Figure
2.2.1.5-B). By correlating the enriched motifs of both proteins, I noticed that polypurine motifs
were obviously popped out, indicating a parallel sequence preference between DDX3 and
elF4A (Figure 2.2.1.5-C). Moreover, I also checked DDX3’s sequence preference in the
presence of ATP (Non-hydrolyzed form AMP-PNP used). After normalizing the RocA-treated
group to the control of the DMSO-treated group, I observed that RocA maintained DDX3’s
preference for polypurine motifs even in the presence of ATP (Figure 2.2.1.6). Thus, I

concluded that RocA targeted DDX3 and clamped DDX3 onto polypurine RNAs.
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Figure 2.2.1.3. Workflow of Bind-n-Seq. A) Coomassie blue staining of proteins with affinity

tag. B) Schematic of Bind-n-Seq procedures.
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Figure 2.2.1.4. Quality check of Bind-n-Seq. Fraction means the fraction of enriched reads from

Bind-n-Seq; Length means the length of enriched motifs.
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identified by Bind-n-Seq; C) Correlation of motifs enriched from DDX3 and elF4A1.
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normalizing to DMSO-treated group.
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2.2.2. RocA - DDX3 represses translation dominant-negatively

Because RocA enhances elF4A’s affinity with RNAs, the supplement of e[F4A does not
simply rescue RocA-induced translation repression but causes a strengthened inhibition (73).
To investigated if DDX3 is influenced similarly, I supplemented recombinant DDX3X or
elF4A1 proteins into the RRL translation system. After adding polypurine reporters to sensitize
the reaction, I saw a significantly repressed translation of about 15% under the treatment of
RocA. However, with more elF4A/DDX3 recombinant proteins supplemented, more
translation repression was induced, showing a dominant-negative effect (Figure 2.2.2.1-A). As
a control with CAA-reporter, there was no evident translation repression (Figure 2.2.2.1-B),
again suggesting DDX3/elF4A’s polypurine preference. Therefore, I concluded that

RocA-DDX3 inhibited translation similarly to e[F4A in a dominant-negative way.

A RocA B RocA
% 0.20 7x AGAGAG motifs 2 CAA repeats
S s 1.2
& 0.15 T = 1 oIF4AT g [Nt |
€010} £0°r
2 0.05 204
= = - IF4A1
& obL—1 1 1 | & oLkl 1 s
0 2 46 8 0 2 46 8
Recombinant proteins [uM] Recombinant protein [uM]

Figure 2.2.2.1. In vitro translation test by supplementing recombinant elF4A1 (black) or DDX3
(light blue) into rabbit reticulocyte lysates system with 1 pyM RocA. The relative translation
(relative luminescence) is calculated when A) polypurine reporters or B) CAA-containing

reporters are added.
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Compared to elF4A1, the dominant-negative translation repression by DDX3X was

relatively weaker. This phenomenon can be explained by the relatively weak binding between

DDX3-RNA complexes and RocA measured by microscale thermophoresis (Done by Mari

Takahashi and Takuhiro Ito) (Table 1) or vulnerable DDX3-clamping by RocA calculated

from FP assay (Table 2). Taken together, I summarized that RocA inhibits translation

irrespective of elF4A/DDX3 binding partners, and more abundant RocA targets would induce

more RocA-induced translation repression.

Table 1. Summary of the Kybetween the protein-RNA complexes and RocA measured by

microscale thermophoresis. (ND means not determined). Conducted by Mari Takahashi and

Protein
elF4A1
DDX3X
GIn360Pro
GIn360leu

Takuhiro Ito.

(AG)sA
AMP-PNP
RocA

0.014 + 0.0023
0.42 + 0.31
34x15

ND

Table 2. Summary of the K ;between elF4A1/2, DDX3, and FAM-labeled RNAs calculated from

fluorescence polarization. (ND means not determined).

Protein
elF4A1
elF4A2
DDX3X
Pro324Thr
Val328Leu
GIn360Pro
GIn360Leu
ArgSGSAsn

(AG)10

ADP + Pi AMP-PNP

DMSO RocA DMSO RocA

ND 0.25 +0.0092 1.4 +0.38 0.15 + 0.0051
ND 1.3+0.14 27 +8.4 0.14 + 0.038
ND 0.79+£0.14 4.3 + 0.40 0.17 + 0.018
ND 0.40 + 0.0079

ND 0.20 + 0.0090

ND ND 3.3 +0.37

ND ND 1.7 + 0.066

ND 0.39 + 0.0087
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2.2.3. The abundance of elF4A/DDX3 suggests RocA’s sensitivity

As described above, cancer cells sense RocA from a vast magnitude for unknown reasons
(57). The clarified dominant-negative mechanisms of RocA in the RRL translation system
drove me to hypothetically link the abundance of e[F4A/DDX3 to RocA sensitivity, and I
assumed the distinctive e[F4A/DDX3 abundance in different cancer cells leads to distinctive
translation repression and distinctive cell death as a result (Figure 2.2.3.1). To validate this
hypothesis, I decided to choose cancer cells with different amounts of eI[F4A/DDX3 proteins.
Given the considerable number of cancer cells, I focused on two RNA-Seq databases (86, 87)
to look for the candidate cancer cells harboring significant elF4A/DDX3. By correlating RNA
abundance of el[F4A and DDX3, I picked out four of them from highly correlated ones (Figure
2.2.3.2). To verify these four cancer cells also have different protein abundance, I did Western
blot to visualize their protein abundance. As a validation, I saw a significantly increased protein
abundance from Hs 936.T, A375, and NCI-H1650 to NCI-H520 (Figure 2.2.3.3). To test their
sensitivity to RocA, the half-maximal inhibitory concentration (ICso) of RocA was calculated
as a result of treating cancer cells with a gradient concentration of RocA (Figure 2.2.3.4).
Corresponding to the dominant-negative assumption, I observed an opposite trend of RocA
sensitivity with their e[F4A/DDX3 abundance, suggesting a negative correlation between

RocA sensitivity and e[F4A/DDX3 abundance (Figure 2.2.3.5).
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Figure 2.2.3.1. The model of dominant-negative effects of RocA in cancer cells. Low means
cancer cells with a low abundance of elF4A1/2 and DDX3, and high means the cells with a

higher abundance of elF4A1/2 and DDX3.
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Figure 2.2.3.2. Correlated RNA abundance of elF4A1+elF4A2+DDX3X from two RNA-Seq

databases (86, 87), in which colors highlight the four selected cancer cells.
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Figure 2.2.3.3. Protein abundance of four cancer cells used in this study. A) Western blot of

DDX3, elF4A1/2, and B-actin of Hs 936.T, A375, NCI-H1650, and NCI-H520; B) Quantification of

protein abundance of elF4A1/2 and DDX3 from A).
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Figure 2.2.3.4. Cell viability test for Hs 936.T, A375, NCI-H1650, and NCI-H520. Left)

Comparison of cell response to increased RocA for melanoma, Hs 936.T and A375; Right)

Comparison of cell response to increased RocA for lung cancer cells, NCI-H1650 and NCI-

H520.
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Figure 2.2.3.5. Correlation between RocA ICs, and elF4A+DDX3 protein abundance.

Given the tight relationship between translation repression and cell death, I next sought to
investigate if there is also a negative correlation between elF4A/DDX3 abundance and RocA-
induced translation repression in cells. To check the translational change on a more sensitive
level, I used ribosome profiling in order to give a profound snapshot of the global translational
change (Figure 2.2.3.6). Ribosome profiling (Ribo-Seq) can provide direct insight into the
ribosome-protected RNA fragments by digesting RNA areas not covered by ribosomes. In
Ribo-Seq, distinctive samples were distinguished by ligating different linkers. The library
could be built for deep sequencing following ribosomal RNAs’ depletion, reverse transcription,
and PCR amplification. As a result, Ribo-Seq led us to directly understand the translational

level in different conditions (88-91).

Applying Ribo-Seq to RocA-treated cancer cells, I did observe the most prominent translation
repression for NCI-H520, which harbors the most abundant RocA targets (Figure 2.2.3.3-A).
Although the higher concentration of RocA 3 puM saturated the translation repression and made
the gradient of translation not so visible (Figure 2.2.3.7-B), the treatment of RocA 0.3 uM
clearly showed that the cancer cells with more abundant eI[F4A/DDX3 were more responsive
to RocA (Figure 2.2.3.7-A), suggesting the RocA-induced translation repression is highly

related to the protein level of e[F4A/DDX3. Moreover, in each cell type, the transcripts with
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polypurine motifs in their 5' UTR were more repressed by RocA (Figure 2.2.3.7), verifying

the polypurine preference of RocA.
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Figure 2.2.3.7. The translational change led by A) 0.3 uM or B) 3 uM RocA. The “+” or “-”

means there are or there are not polypurine motifs in the 5 UTR.

Overall, the abundance of RocA targets in cancer cells is tightly related to their differential
RocA sensitivity. Coupled with the dominant-negative translation repression, RocA probably
inhibits translation differently and then induced different magnitudes of cancer cell death.
Above all, the abundance of RocA targets in cancer cells can suggest their sensitivity to RocA,

thus promisingly providing clinical guidance for the potential usage of rocaglates.

2.3. Resistance of RocA

2.3.1. Aglaia resists RocA toxicity by substituting specific residues

As introduced above, the targets of RocA, elF4A and DDX3, play essential roles in all

eukaryotic species. However, as the origin of RocA, the plant Aglaia incredibly escapes from
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RocA’s toxicity. Previous studies about RocA’s resistance focused on its known target e[F4A.
From assembled elF4A transcriptome of Aglaia, several unique mutations were identified in
the potential binding pocket of RocA (75). Mutagenesis of human elF4A1 by placing Aglaia
mutations confers strong resistance to RocA, thus indicating Aglaia elF4A evolved with

specific mutations to abolish RocA’s binding. Furthermore, the resolved el[F4A-RocA-RNA

structure highlights the importance of these residues, suggesting these substitutions alters the

binding cavity of RocA and abandons RocA’s incorporation (75).

As anewly identified target of RocA, DDX3, if there is any resistance mode in Aglaia DDX3
requires further investigation. Thus, the transcriptome of Aglaia DDX3 was assembled and
aligned with multiple other species, including human, yeast, and plant (Figure 2.3.1.1). In the
potential binding pocket of RocA, several substitutions in DDX3 were found, such as
Pro324Thr, Val328Leu, GIn360Pro, GIn360Leu, and Arg363Asn (Figure 2.3.1.1, highlighted
as magenta). Then, I inspected the significance of these residues by placing them into human
DDX3X individually. In the case of human DDX3X WT, a firm clamping onto polypurine
sequences by RocA was observed even in the absence of ATP (Figure 2.3.1.2), underlining
the independence of ATP and polypurine preference of RocA. Based on RocA’s characteristics
and to test the resistance of Aglaia-mutated human DDX3 to RocA, I used the ADP, Pi, and
polypurine RNAs in FP assay in consideration of the ATP-independency as a hallmark of RocA
targeting. The calculation of anisotropy changes for different kinds of recombinant DDX3
(Figure 2.3.1.3) told us GIn360Pro or GIn360Leu abolished RocA’s clamping (Figure 2.3.1.4),
indicating the position GIn360 is critical for Aglaia DDX3’s resistance to RocA. Because of
the structural conservation between elF4A1 and DDX3, I also aligned the published
elF4-RocA-RNA structure (PDB: 5ZC9) with DDX3X (PDB: 5E7M) and found that GIn360

resides in a very close position with RocA (Figure 2.3.1.5). This proximal distance indicates
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Aglaia DDX3 probably resists RocA’s toxicity by altering the cavity conformation that RocA

potentially targets.
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Figure 2.3.1.1. Alignment of assembled Aglaia (A. odorata) DDX3 transcriptome and multiple
other species. The potential binding residues of RocA are highlighted as gray, and tested

residues in this study are highlighted as magenta. The assembly was conducted by Shintaro

lwasaki.
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Figure 2.3.1.2. Fluorescence polarization test of human DDX3X WT and polypurine RNAs

(FAM-labeled [AG]10) in the presence/absence of ATP (non-hydrolyzable analog of ATP: AMP-

PNP).
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Figure 2.3.1.3. Coomassie blue staining of recombinant DDX3X proteins used in this study.
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Figure 2.3.1.4. Fluorescence polarization test of mutated human DDX3X and polypurine

RNAs (FAM-labeled [AG].0) in the absence of ATP (ADP + Pi).
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Figure 2.3.1.5. Aligned elF4A1-RocA-RNA structure (PDB: 5ZC9) with DDX3X structure (5E7M).
The mutations identified from the Aglaia transcriptome are highlighted as purple in elF4A1 and

magenta in DDX3X.

To exclude the possibility that GIn360 discards DDX3’s basic function, I performed FP
assay for all of these proteins but with AMP-PNP (Non-hydrolyzable analog of ATP) and
DMSO. The result suggested that the mutation GIn360 identified from Aglaia DDX3
transcriptome did not induce the loss of basic function (Figure 2.3.1.6-A), indicating that
GIn360 only affects RocA’s binding to Aglaia DDX3. As a validation, I checked RocA-O-
NBD’s labeling efficiency for the recombinant DDX3 GIn360Pro/Leu, and the result
confirmed GIn360Pro/Leu presented a strong resistance to RocA-O-NBD’s tagging (Figure

2.3.1.6-B).
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Figure 2.3.1.6. Characterization of Aglaia mutated DDX3X. A) The basic binding revealed by
fluorescence polarization test between recombinant proteins and RNA in the presence of
DMSO and AMP-PNP (ATP analog). B) RocA-O-NBD labeling for recombinant DDX3X proteins

with polypurine (FAM-labeled [AG]10) or polypyrimidine (FAM-labeled [UC]10) added.

Above all, the resistance of Aglaia to RocA is mainly accomplished by transforming its
elF4A and DDX3 into a RocA-resistant mode. This transformation is realized by substituting

specific residues in RocA’s binding pockets of e[F4A and DDX3.

2.4. Discussion

The direct targeting of DDX3 in addition to e[F4A1/2 provides us a better understanding of
how RocA targets cancer cells. However, previous efforts failed to discover the DDX3, which
was possibly caused by the complicated characteristics of RocA. For example, a previous study
applying biotinylated RocA in the mammalian system to look for its targets failed to find DDX3
(65), probably because of the absence of polypurine RNAs which enhance the binding between
DDX3 and RocA. Besides that, the stronger binding between elF4A and RocA may compete

for DDX3’s targeting, which explained why the DDX3 was failed to be read out in the yeast
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screening (6/), and yeast was also proved to harbor much more Tifl (elF4A1) and Tif2

(eIF4A2) than Ded1 (DDX3) (92).

Except for the importance of polypurine RNAs in the survey of RocA alternative targets, the
more complex structure of DDX3 might also mask its discovery. For example, DDX3 contains
long N- and C- terminal domains in addition to the conserved helicase core with elF4A. In
detail, the N-terminus of DDX3X contains nuclear export signal (NES) (93-95), whereas C-
terminus contains arginine/serine-like (RS-like) domain which could interact with the nuclear
export receptor (94, 96). These functions relying on the translocation of DDX3 to a specific

domain, possibly limit the efficiency of RocA’s targeting as well.

More recently, DEAD-box proteins like DDX3 with unstructured tails tend to enter liquid-
liquid phase separation by forming phase-separated droplets. However, proteins like e[F4A
that lack unstructured tails will not (97). In addition, DDX3 is known to be modulated by
phosphorylation at multiple sites (98), and the deficiency of DDX3X phosphorylation fails to
stimulate type-I interferon (IFN) in response to pathogens (99). The discriminative role of
DDX3 and elF4A, and DDX3’s engagement in phase separation might also mask DDX3’s

discovery by RocA and suggest the complexities of RocA’s functionality.

Despite the bottleneck previous studies came across, we successfully applied O-NBD to
exploring RocA’s targets by conjugating RocA to O-NBD. The firsthand labeling of RocA-O-
NBD dramatically simplifies the identification of RocA’s targets, which could get rid of the
multi-step purification as biotinylated RocA. Also, the biotin conjugated with RocA possibly
hampers the RocA’s binding with some fragile components such as DDX3 and so on. This

optimal application of RocA-O-NBD assists us in identifying DDX3 directly.
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Given only GIn360 in DDX3 shows resistance to RocA’s clamping, and the critical mutation
(Phel63) in elF4A1 does not attribute DDX3’s resistance to RocA in the same position
(Val328Leu). Therefore, there is probably a conformation difference between DDX3-RocA
and elF4A-RocA. Simply speaking, RocA likely interacts with DDX3 in a similar but not the

same angle as estimated from the structure (Figure 2.4).

elF4A1

Figure 2.4. Estimated structure of RocA’s binding to left) elF4A1 and right) DDX3X. Takuhiro

Ito performed this estimation.

Except for the engagement of RocA in the block of the translation scanning, it was also
reported there might be a trans bystander effect induced by sequestration of elF4A. The
complexation of elF4F by elF4A’s sequestration would reduce the availability of active
mRNAs for translation initiation (74). Similarly, because of the essential role of DDX3 in
translation initiation (35), similar sequestration effects possibly happen too. However, DDX3
was reported to prefer mRNAs with more complex 5' UTR (/00), so if there is any subtle
difference between DDX3 and elF4A requires further illustrations. In addition, DDX3X has a

paralog DDX3Y expressed in some specific cells, mainly male germ cells. This high sequence
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similarity (about 90%) between DDX3X and DDX3Y indicates that RocA can probably also

target DDX3Y (101).

However, there are also several paralogs of DDX3 in plants as reported before. The DDX3
transcriptome of Aglaia probably includes all the possible paralogs of DDX3, which might
explain the limited distribution of identified Gln. In addition, another kind of plant, Arabidopsis,
expresses three paralogs of DDX3: RH11, RH37, and RH52, and these paralogs express
differentially among different tissues (/02, 103). Thus, I assume the organs which produce
specific DDX3 paralogs possibly do not produce rocaglates. However, these parts of RNAs are
still sequenced and indistinguishably assembled by us, which thus leads to the detection of

DDX3 isoforms without RocA-resistant mutation GIn360 (Also see Figure 2.3.1.1).

Furthermore, DDX3 is easily mutated in a wide range of cancer cells, and its functionality is
tightly related to tumor development (/04-106). Also, overexpression of DDX3 is a hallmark
for some cancer cells (/06). Combining with the dominant-negative effects of RocA we

presented, these types of cancer cells are predictably more sensitive to RocA.

In summary, the discovery of RocA’s alternative targets DDX3, clarification of its
mechanisms, and resistance give us a better understanding of its potential application into
clinical therapy. However, there is remaining work to understand RocA’s targeting to DDX3.
The primary mechanism that requires to be clarified is how RocA precisely targets DDX3,

which can be solved by resolving the 3D structure of DDX3-RocA-RNA. However, considering

the relatively weak affinity between DDX3 and RNAs or RocA, this might be more challenging
than e[F4A. In addition, because RocA does not simply phenocopy the inhibition of DDX3 but

presents the dominant-negative inhibition, it is difficult to directly detect the translational
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targets of DDX3 from Ribo-Seq data (Ribo-Seq only provides the information of ribosome-
protected fragments after RocA treatment). However, I assume some experiments could answer
this question by using more direct methods like performing RIP-Seq (RNA-

immunoprecipitation sequencing) of DDX3 (73).
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5. Methods

5.1. Recombinant proteins’ purification

The plasmids of interest are transfected into E. coli BL 21 cells and cultivated to OD of 0.4
~0.6 in 1 L of LB medium. Following chilling the cells at 4 °C for half an hour, the culture is
induced by adding 1 mM IPTG and cultivated overnight at 15 °C. The pellets of E. coli are
collected by centrifugation at 2280 x g for 30 min, flash-frozen at liquid nitrogen, and stored

at - 80 °C before use.

The collected pellets are lysed by lysis buffer (20 mM HEPES-NaOH pH 7.5, 500 mM NaCl,
10 mM imidazole, 10 mM B-mercaptoethanol, and 0.5% NP-40) and homogenized by
sonication. After centrifugation at 10,000 x g for 20 min, the supernatant is gathered to incubate
with 3 mL of Ni-NTA Agarose beads (Qiagen) for 1 hr at 4 °C. Following two times of washes
with high-salt wash buffer (20 mM HEPES-NaOH pH 7.5, 1 M NaCl, 20 mM imidazole, and
10 mM B-mercaptoethanol) and one-time wash with low-salt wash buffer (20 mM HEPES-
NaOH pH 7.5, 10 mM NacCl, 20 mM imidazole, and 10 mM B-mercaptoethanol). Finally, the
proteins are eluted into 8 mL of elution buffer (20 mM HEPES-NaOH pH 7.5, 10 mM NaCl,

250 mM imidazole, 10 mM f -mercaptoethanol, and 10% glycerol) for further HPLC

purification.

For HPLC, an NGC chromatography system (Bio-Rad) was used. The eluted proteins from
Agarose beads are loaded onto the Hi-Trap Heparin HP column (GE Healthcare) and
fractionated by a gradient created by mixing buffer A (20 mM HEPES-NaOH pH 7.5, 10 mM

NacCl, 10% glycerol, and 1 mM DTT) and buffer B (buffer A with 1 M NaCl). The fractions
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showing high peak were gathered into the storage buffer (20 mM HEPES-NaOH pH 7.5, 150
mM NacCl, 10% glycerol, and 1 mM DTT) and concentrated by Vivaspin 6 (10 kDa MWCO)
(Sartorius) or Amicon Ultra-4 (10 kDa MWCO) (Millipore). All concentrated proteins are

stored at -80 °C for further use.

5.2. Preparation of reporter mRNA

Renilla-luciferase mRNA reporter with CAA repeats or AGAGAG repeats was synthesized
as before (73). The linearized DNA template with T7 promoter used for in vitro transcription
was PCR-amplified from related plasmids. Then the reporter mRNA is transcribed using T7-

Scribe Standard RNA IVT Kit (CELLSCRIPT) as listed below:

Components Amount
RNase-Free Water X pL
Linearized template DNA with T7 RNAP 1 ng
promoter
10X T7-Scribe Transcription Buffer 2 uL
100 mM ATP 1.5 uL
100 mM CTP 1.5 uL
100 mM UTP 1.5 pL
100 mM GTP 1.5 pL
100 mM DTT 2 uL
ScriptGuard RNase Inhibitor 0.5 uL
T7-Scribe Enzyme Solution 2 uL
Total Reaction Volume 20 pL
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The RNAs were then capped by ScriptCap m’G Capping System following:

1). Denature in vitro transcribed RNA

Set up the reaction below and incubate at 65 °C for 5-10 minutes, then transfer to ice.

Component Amount
RNase-Free Water x L
In vitro transcribed RNA, 50-60 pg <68.5 uL
Total Volume 68.5 nL.

2). Capping reaction
Before starting the reaction, add the ScriptCap Capping Enzyme and denatured RNAs to the

reaction listed below, and incubate the reaction at 37 °C for 30 minutes.

Component Amount
10X ScriptCap Capping Buffer 10 uL
10 mM GTP 10 uL
2 mM SAM (freshly diluted from 20 mM 5uL
stock)
ScriptGuard RNase Inhibitor 2.5l
ScriptCap Capping Enzyme (10 U/ul) 4 uL
Heat-denatured RNA (from step 1) 68.5 uL
Total Reaction Volume 100 pL
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The capped RNAs were polyadenylated by A-Plus Poly(A) Polymerase Tailing Kit
(CELLSCRIPT). In detail, the capped RNAs were denatured at 65 °C for 5-10 minutes and
vacuum concentrated until the volume was below 75.5 pL. After that, the sample was

transferred to ice and then for poly(A) tailing reaction as listed below.

Component Amount
10x A-Plus Poly(A) Tailing Buffer 10 uL
10 mM ATP 10 uL
ScriptGuard RNase Inhibitor 2.5l
(Sold separately)
A-Plus Poly(A) Polymerase 2 uL
Heat-denatured RNA 75.5 uL
Total Reaction Volume 100 pLL

Incubate the above reaction at 37 °C for 60 minutes and purify the RNA by AGENCOURT
RNAclean XP beads (Beckman Coulter Life Sciences) following the manufacturer’s
instructions. In detail, 100 pL of samples were mixed with 180 pL (1.8 x (reaction volume))
Agencourt RNAClean XP beads thoroughly by gentle pipetting ten times. Then the reaction
was placed onto a magnet plate for 5 - 10 minutes until the beads were separated from the
solution. After removing the cleared solution from the reaction, 200 puL of 70% ethanol was
dispensed to the sample and incubated for 30 seconds to wash the beads. This 70% ethanol
wash step was repeated three times by removing all the ethanol from the bottom of the well.

Finally, the beads were air-dried for 10 minutes until all visible traces of ethanol were
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evaporated. Next, 40 uL of RNase-free water was used to elute the RNAs by pipetting mix 10

times.

5.3. In vitro translation in rabbit reticulocyte lysates

Rabbit reticulocyte lysate system (Promega) was used in this study for in vitro translation.
The constituent of reactions contains 5 uL of lysate, 2 pL of H2O, 1 pL of RocA or RocA-O-
NBD dissolved in 1% DMSO, 1 pL of 500 nM mRNA reporter, and 1 pL of premix [100 uM
Amino Acid Mixture Minus Methionine (Promega), 100 pM Amino Acid Mixture Minus
Leucine (Promega), and 1 U/puL ScriptGuard RNase Inhibitor (CELLSCRIPT)]. The

translation reaction was incubated at 30 °C for 1 hr.

To test the dominant-negative effects of RocA on translation, 1.3 pL of lysate, 4.2 uL of
dilution buffer (20 mM HEPES-NaOH pH 7.5, 10 mM NaCl, 25 mM KCI, 1.1 mM MgCl,, and
1 mM DTT), 2.5 pL of purified recombinant proteins dissolved in storage buffer, 0.5 pL of 20
uM RocA dissolved in 2% DMSO, 1 pL of 50 nM mRNA reporter, and 0.5 pL of 2 x premix
[200 uM Amino Acid Mixture Minus Methionine (Promega), 200 pM Amino Acid Mixture
Minus Leucine (Promega), and 2 U/uL ScriptGuard RNase Inhibitor (CELLSCRIPT)] were
mixed and incubated at 30 °C for 30 min. 30 pL. of 1 x Passive Lysis Buffer (Promega) was
used to quench the reaction. Finally, 10 puL of the quenched mixture was transferred into 96-
well white assay plate (Costar) and illuminated by Renilla-Glo Luciferase Assay System

(Promega). GloMax Navigator (Promega) was used for detecting luminescence.
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5.4. Labeling reaction of RocA-O-NBD

For DDX3X labeling, 20 pL of reaction consisted of 10 puM DDX3X core WT, GIn360Pro,
or GIn360Leu protein; 50 uM 5' FAM-labeled RNA oligonucleotides; and 10 uM RocA or
RocA-O-NBD in 20 mM HEPES-NaOH pH 7.5, 150 mM NaCl, 10% glycerol, 1 mM DTT, 1
mM MgCl, and | mM AMP-PNP was incubated at 37 °C for 15 min, stopped at 4 °C. In

elF4A1 labeling, 10 pM RNA was added and incubated for 5 min.

The reaction was mixed with 125 mM Tris-HCI (pH 7.5) and subsequently loaded for SDS-
PAGE. Following fixation with 50% methanol and 7% acetic acid, the fluorescence was
checked by PharosFX imager (Bio-Rad). Finally, the total protein was inspected by staining

the gel with Coomassie Brilliant Blue.

5.5. Western blotting

All the antibodies used in this study are listed in the “Main materials and providers” section,
and all the images from this study are processed and saved by ODYSSEY CLx (LI-COR

Biosciences).

5.6. Knockdown by siRNA and cell viability test

Two x 10*cells were seeded into 24-well plates one day before transfection. 55 nM DDX3X-

specific siRNA (Dharmacon, L-006874-02-0005), el[F4A2-specific siRNA (Dharmacon, L-
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013758-01-0005), and/or control siRNA (Dharmacon, D-001206-13-05) were transfected into
cells using TransIT-X2 Transfection Reagent System (Mirus). Four x 10° of the above cells
are transferred to a new 96-well microplate and incubated for another 6 h. siRNA knockdown
described above was repeated. Following 24 h of incubation, RocA or DMSO was added to the
plate and incubated for 48 h. The cell viability was checked by RealTime-Glo MT Cell
Viability Assay System (Promega). For data processing, the DMSO-treated group was used as

a control for normalization by Igor Pro 8 (WaveMetrics).

5.7. Bind-n-Seq

The Dynabeads M-270 Streptavidin used in this study to pull down SBP-tagged proteins was
pre-equilibrated using equilibration buffer (20 mM Tris-HCI pH 7.4, 150 mM NaCl, 5 mM
MgCl,, and 1 mM DTT) with 0.1% Triton X-100. One hundred picomoles of SBP-tagged
proteins were then incubated with the equilibrated beads for 30 min. Following incubation, the
protein-tethered beads were firstly treated with 2 U/uL. Micrococcal Nuclease (TaKaRa) in 1 x
Micrococcal Nuclease Buffer (TaKaRa), 0.5 x equilibration buffer, and 0.5% Triton X-100 in
a total volume of 30 mL at 25 °C for 30 min. After 5 x washes with equilibration buffer
containing 1% Triton X-100, 1 M NaCl, and 5 mM EGTA (pH 7.4), two times of rinse with
equilibration buffer containing 0.1% Triton X-100 were conducted. The washed beads with
proteins were then mixed with a 50 uM concentration of randomized 30nt-RNAs comprising
5'-CTCTTTCCCTACACGACGCTCTTCCGATCT-N30-
ATCGTAGATCGGAAGAGCACACGTCTGAA-3' (in which bold letters represent DNA
sequence, and N30 means randomized RNA sequence), which mixture was dissolved in the

equilibration buffer with 0.1% Triton X-100, 0.33 U/ml SUPERase-In RNase Inhibitor
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(Thermo Fisher Scientific), 2 mM ADP (Wako Pure Chemical Industries) and 2 mM Na,HPOj4
with 3 mM RocA (or1%DMSO). The enriched proteins by beads were finally eluted with
equilibration buffer but with 0.1% Triton X-100, 5 mM D-biotin (Invitrogen), 2 mM ADP, and
2 mM Na;HPOs4, 3 mM RocA or 1% DMSO at 4 °C for 30 min. The proteins bounded RNAs
were enriched using Oligo Clean & Concentrator Kit (Zymo Research) following the
manufacture’s manual. In the case of ATP, 1 puM RNAs were mixed with beads, and 2 mM

AMP-PNP was used to replace 2 mM ADP and 2 mM Na;HPOsu.

5.8. Ribosome profiling

After the treatment of 0.3 uM or 3 uM of RocA for 30 min, cell lysates containing 5 pg of
RNAs are used for downstream library preparation. As described previously, 5 pg of RNAs
were treated with 2 U/pg of RNase I for 45 min at 25 °C (73, 75) . Then sucrose cushion was
used to collect ribosomes and for the subsequent electrophoresis. 26-34 nt length of RNAs were

then excised from the 15% UREA gel and extracted.

After denaturing extracted RNAs at 95 °C for 2 minutes and cooling the sample on ice for 3
minutes, the size selected RNAs were then dephosphorylated using T4 polynucleotide kinase
(PNK) (New England Biolabs) by incubating the reaction at 37 °C for 1 hr, the component of

the reaction is described as below:

Component Amount/pL Final amount
Denatured RNA sample 7 NA
T7 PNK buffer (10 x) 1 Ix
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T4 PNK (10 U/uL) 1 10U

SUPERase-In (20U/uL) 1 20U

Total Reaction Volume 10 NA

The phosphorylated samples from above were denatured again at 95 °C for 2 minutes and
placed on ice for 3 minutes. After that, the samples were linker ligated with distinct barcodes
using T4 RNA Ligase 2, truncated KQ (New England Biolabs) as below by incubating the

reaction at 22 °C for 3 hr:

Component Amount/pL Final
50% (w/v) PEG-8000 7 17.5%
10 x T4 RNA ligase buffer 1 Ix
20 uM Preadenylated linker 1 1 uM
T4 RNA ligase 2, truncated 1 100 U
KQ
Total Reaction Volume 10 NA

After the reaction of linker ligation, 20 pL of sample was brought up to 50 puL by adding 30
puL of RNase-free water. Then, 50 pL of sample was mixed with 100 pL of Oligo Binding
Buffer from Oligo Clean & Concentrator Kit (Zymo Research) and 400 pL of ethanol.
Subsequently, the mixture was loaded onto the Oligo Clean & Concentrator Kit column and
centrifugated at 12,000 g at 4 °C for 1 minute. After washing twice with 750 uL. DNA wash
buffer by centrifugation at 12,000 g for 1 minute, the column was dried by centrifugation at

12,000 g for Smin. Finally, the column was placed into an RNase-free tube. Then, the RNA
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was eluted into 7 pL of RNase-free water by centrifugation at 12,000 g for 1 minute at 4 °C for

the next size selection electrophoresis.

The size-selected samples were then rRNA depleted by Ribo-Zero Gold rRNA Removal Kit
(Human/Mouse/Rat) (Illumina) following manufactures’ instruction and prepared for

downstream reverse transcription.

In detail, 10 pL of linker ligated RNAs were firstly mixed with 2 uLL of 1.25 uM reverse
transcription (RT) primer &) -
(Phos)NNAGATCGGAAGAGCGTCGTGTAGGGAAAGAG(iSp18)GTGACTGGAGTTC
AGACGTGTGCTC-3'), denatured at 65 °C for 5 minutes in a thermal cycler, and then placed
on ice. The total of 12 pL denatured sample was then transcribed using transcriptase

ProtoScript II (New England Biolabs) by adding the following components:

Component Amount/pL Final
Protoscript II buffer (5x) 4 Ix
dNTPs (10 mM) 1 0.5 mM
DTT 1 5mM
SUPERase-In (20 U/uL) 1 20U
Protoscript II (200 U/uL) 1 20U
Total Volume 8 NA

Reverse transcription was performed by incubating the above reaction at 50 °C for 30
minutes, and the non-transcribed RNAs were digested by adding 2.2 pL. of 1 M NaOH and

incubating at 70 °C for 20 minutes. Finally, the reverse-transcribed single-stranded DNAs were
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purified and concentrated using Oligo Clean & Concentrator Kit as described above. Following
size-selection of transcribed DNA by electrophoresis, the samples were finally eluted into 7

pL of RNase-free water.

The reverse-transcribed products were then circularized with CircLigase Il ssDNA ligase

(Epicentre) using components listed below and incubated for 10 minutes at 80 °C in the thermal

cycler.
Component Amount/pL Final
First-strand DNA 12 NA
CircLigase II buffer (10 x) 2 Ix
Betaine (5 M) 4 IM
MnCl; (50 mM) 1 2.5 mM
CircLigase II (100 U/uL) 1 100 U
Total Reaction Volume 20 NA

Circularized DNA was PCR amplified using Phusion polymerase (New England Biolabs)
following manufactures’ instructions, enriched with appropriate PCR cycles, and indexed by
forward primer (5 -
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTC-3")  and
reverse PCR Index primers. The finalized DNA libraries were finally sequenced on HiSeq 4000

platform (Illumina).

The most frequently used oligos for ribosome profiling in our lab, including linkers and PCR

index, were listed below.
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Linker

Barcodes

Oligo Sequence

ATCGT

AGCTA

CGTAA

CTAGA

GATCA

GCATA

TAGAC

TCTAG

5'-/5Phos/NNNNNATCGTAGATCGGAAGAGCACACGTCTGAA/3ddC/-3'

5" -/5Phos/NNNNNAGCTAAGATCGGAAGAGCACACGTCTGAA/3ddC/-3'

5" -/5Phos/NNNNNCGTAAAGATCGGAAGAGCACACGTCTGAA/3ddC/-3'

5" -/5Phos/NNNNNCTAGAAGATCGGAAGAGCACACGTCTGAA/3ddC/-3'

5" -/5Phos/NNNNNGATCAAGATCGGAAGAGCACACGTCTGAA/3ddC/-3'

5" -/5Phos/NNNNNGCATAAGATCGGAAGAGCACACGTCTGAA/3ddC/-3'

5" -/5Phos/NNNNNTAGACAGATCGGAAGAGCACACGTCTGAA/3ddC/-3'

5'-/5Phos/NNNNNTCTAGAGATCGGAAGAGCACACGTCTGAA/3ddC/-3'

PCR Index

Oligo Sequence

ATCACG

CGATGT

TTAGGC

TGACCA

ACAGTG

GCCAAT

CAGATC

ACTTGA

GATCAG

TAGCTT

GGCTAC

CTTGTA

5'-CAAGCAGAAGACGGCATACGAGATCGTGATGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATACATCGGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATGCCTAAGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATTGGTCAGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATCACTGTGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATATTGGCGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATGATCTGGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATTCAAGTGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATCTGATCGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATAAGCTAGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATGTAGCCGTGACTGGAGTTCAGACGTGTG-3'

5'-CAAGCAGAAGACGGCATACGAGATTACAAGGTGACTGGAGTTCAGACGTGTG-3'
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5.9. Data processing

5.9.1. Analysis of ribosome profiling data

Raw reads of ribosome profiling were processed as described before (73, 75, 89). In details,

the raw sequencing data was 1) preprocessed firstly using following commands:

zcat /path/to/raw/sequencing/data/*.fastq.gz |

fastq_illumina_filter --keep N -v |

fastx_clipper -Q33 -a [adapter sequence] -c -v -0 [output filename].fastq

Then the preprocessed reads were 2) split by linker barcodes using commands listed below:

fastx-split -0 [output directory] -p NN -x NNNNNIIIII --min-insert=18 -s [.csv file

contains sample and linker barcode information] [output filename]. fastq

The split samples were 3) aligned to noncoding RNA reference using Bowtie short-read

alignment program, and the aligned reads were discarded, and unaligned reads were collected.

bowtie2 -p 8 --very-sensitive --quiet --un [output filename].nortrna.fq -x [Reference non-

coding genome] -U [input file location] | rrna-stats -o [output directory for stats file] --

tam --lenrange 18,51 —
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After non-coding RNAs removal, the non-rRNA sequencing reads were 4) aligned to a

genomic reference.

tophat -p 6 --bowtiel --no-novel-juncs --output-dir [output directory] --GTF [reference

gtf file location] [reference files] [output filename].nortrna.fq

Finally, the mapped reads were extracted by tool “samtools view”, indexed by tool “samtools

index”, and deduplicated by the tool “bam-suppress-duplicates”.

samtools view -b [directory of mapped files]/accepted_hits.bam > [output filename].bam

samtools index [output filename].bam

bam-suppress-duplicates -i [indexed filename].bam -o [output filename| unique.bam --

annotate --stats=[stats filename]_duplicate_stats.txt

As a normalization, the reads mapped to mitochondria were separately extracted by using the
mitochondria genome as a reference. The translation change caused by RocA was calculated

by DESeq (/26) and renormalized to total mitochondria reads (73).

5.9.2. Analysis of Bind-n-Seq data
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The enriched motifs were defined by mean + 2S.D. and calculated as described previously (73,
85). To improve calculation accuracy, duplicated identical sequences are removed because of

the high diversity of randomized RNAs using the following command:
fastx_collapser -Q33 -i [input filename].fq -0 [output filename].fa

To confirm the quality of Bind-n-Seq, the sequenced reads are processed by removing
adapters, linkers, and RT primers for quantifying the length distribution of randomized RNA
sequences. The command of removing unrelated sequences is illustrated in 5.9.1. The enriched

motifs were visualized using the “seqLogo” package in R.

5.10. Generation of RocA-O-NBD

The workflow and buffer conditions for synthesizing RocA-O-NBD were set and performed
by Koichi Fujiwara, Mikiko Sodeoka, and Kosuke Dodo. Briefly speaking, RocA propargyl
amide derivatives were generated from RocA derivative aglafoline (MedChem Express) by

following the route as below (Figure 5.10).

Ny NBD-F, DIPEA N/\/\OJC\[
= N3 \ N
CHzClz, rt, 91%

(0]

1, CuSO4, TBTA,

sodium ascorbate

DMSO:H:0 (2:1)
40°C, 32%

Figure 5.10. Synthesis of RocA-O-NBD.
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5.11. Mass spectrometry

The mass spectrometry used for this study was performed by Miwako Asanuma and partially
described as previously (83). Therefore, this study's main steps for mass spectrometry analysis

can be explained as following several steps.

For identification of RocA-targets, the RocA-O-NBD labeled proteins from the gel are
digested and immunopurified. To survey the labeling residue of RocA-O-NBD, the
recombinant proteins are mixed with RocA-O-NBD and in-solution digested and
immunopurified. For immunopurification of RocA-O-NBD labeled samples, the anti-NBD
antibodies are conjugated and enriched by Protein G Mag Sepharose beads (GE Healthcare).

The equipment of mass spectrometry and data processing were explained as before (/18).

5.12. RNA-Seq and de novo transcriptome assembly

Ryan Muller and Shintaro Iwasaki did this part of the work. Fungi on the stem of Aglaia
odorata (grown in Berkeley, California) was harvested and subjected to RNA extraction with
hot phenol. After further chloroform extraction, RNA was subjected to rRNA depletion by
Ribo-Zero Gold rRNA Removal Kit (Yeast) (Illumina). RNA-Seq library was generated by
TruSeq Stranded mRNA kit (Illumina) and sequenced by HiSeq4000 (Illumina) with a pair-

end 100-bp option.
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The transcriptome assembly and functional annotation were performed as described
previously by using Trinity and Trinotate (75). The eIF4A and DDX3 homolog sequences were
aligned with MUSCLE (https://www.ebi.ac.uk/Tools/msa/muscle/) and depicted by ESPript
3.0 (http://espript.ibcp.fi/ESPript/ESPript/). e[F4A and DDX3 homolog sequences of model
species were obtained from Uniprot. For Ophiocordyceps species, Tolypocladium species, and
Colletotrichum orbiculare, the ORF databases were obtained from EnsemblFungi
(https://fungi.ensembl.org/index.html) or Ohm laboratory

(http://fungalgenomics.science.uu.nl). The closest homologs registered in Uniprot were

searched by blastp (https://ftp.ncbi.nlm.nih.gov/blast/executables/blast+/LATEST/) for all the

proteins in the databases to survey the e[F4A and DDX3 homologs in each species.

5.13. Phylogenetic analysis

Naoyoshi Kumakura and Shintaro Iwasaki performed the phylogenetic analysis. To identify
the genus of the Aglaia fungus, the closely related species were predicted. De novo assembled
transcriptome sequence of the Aglaia fungus was searched by BLASTn using the
Colletotrichum aotearoa ICMP 18537 internal transcribed spacer (ITS) sequence (GenBank
accession: NR _120136) (/27) as a query. Using the best hit sequence as a query, BLASTn was
performed against NCBI nucleotide collection (nr/nt), and the top 27 best hits belonged to the
Ophiocordyceps species. To confirm this, a multilocus phylogenetic analysis of the Aglaia
fungus with Ophiocordyceps species was performed. A total of 66 isolates was used for
phylogenetic analysis, including an Aglaia fungus, 61 previously classified Ophiocordyceps
strains consisting of 52 species, and 4 Tolypocladium species as outgroups. DNA sequences of

ITS, small subunit ribosomal RNA (SSU), large subunit rRNA (LSU), translation elongation
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factor 1-alpha (TEFla), and RNA polymerase II largest subunit (RPB1) were used as
previously reported for the classification of Ophiocordyceps species (128). Additional genomic
sequences of Ophiocordyceps species identified by BLASTn were supplemented to the analysis.
A phylogenetic tree was calculated following previously described methods (128, 129). Each
locus (ITS, SSU, LSU, TEF1a, and RPB1) of 66 isolates (171, 128, 130-145) were aligned
using MAFFT version 7 (/46) and trimmed by trimAl (/47) with an automated setting. The
processed sequences obtained from every 66 isolates were concatenated by MEGA7 (148) to
generate sequences comprising 3,782 nucleotide positions with gaps. Then, concatenated
sequences were used for a maximum-likelihood analysis in RAXML version 8.2.12 (/49) using
GAMMA-+P-Invar Model with 1,000 bootstrap replicates. The tree was visualized in iTOL

(https://itol.embl.de/).

5.14. Monolith analysis

Mari Takahashi and Takuhiro Ito performed the monolith analysis. According to the
manufacturer’s protocol, the study of microscale thermophoresis was done with the Monolith
NT.115 (NanoTemper) at 23 °C. The fluorescent labeling of recombinant proteins was done
with a fluorescent dye following Monolith His-Tag Labeling Kit RED-tris-NTA
(NanoTemper). The final concentration of proteins was adjusted to 50 nM. After adding 50 uM
of (AG)sA (Fasmac, Japan) and 2.5 mM of AMP-PNP solutions, the resultant recombinant
proteins, RNA, and AMP-PNP mixture was titrated with RocA in PBS (-) buffer (Nacalai
Tesque) with 5 mM MgClz, 1 mM DTT, and 0.05% Tween-20. Each group of the experiment

was repeated three times.
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6. Materials

6.1. Plasmids

The plasmids of pColdI-DDX3X helicase core WT, Pro324Thr, Val328Leu, GIn360Pro,
GIn360Leu, and Arg363Asn are generated by inserting a DNA fragment into the backbone
pColdl (TaKaRa) downstream of the His-tag with In-Fusion HD (TaKaRa). The inserting
fragment of DDX3X helicase core (amino acids 132-607) was PCR amplified from HeLa
cDNA, and the mutations: Pro324Thr, Val328Leu, GIn360Pro, GIn360Leu, and Arg363Asn

were induced by site-direct mutagenesis.

Regarding elF4Al related plasmids, the human pColdl-eIF4A1 WT and Phel63Leu-
Ile199Met (with Aglaia mutations) have already been used and reported before (75). To
construct pColdI-eIF4A2 WT, the e[F4A2 fragment was cloned from HeLa cDNA and inserted
into the pColdI backbone. In the case of pColdl-Aglaia fungus elF4A, the cDNA of Aglaia
Fungus’s elF4A was firstly reverse-transcribed from Aglaia fungus’s total RNAs using
ProtoScript II Reverse Transcriptase (New England Biolabs) and Random Primer
(nonadeoxyribonucleotide mix: pd(N)9) (TaKaRa). Then, the Aglaia fungus elF4A iso4
fragment was PCR-amplified from its cDNA and inserted into the pColdIl backbone with His-

tag. All the mutations for eIF4A related plasmids were induced by site-direct mutagenesis.

The plasmids used for Bind-n-Seq, such as pColdI-SBP-elF4A1 and pColdI-SBP-DDX3X

helicase core, were constructed mainly by adding SBP tag. For example, the SBP-elF4Al

fragment was cloned from a reported plasmid pcDNAS/FRT/TO-SBP-elF4A1 (73) and
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inserted into the pColdl backbone. The DDX3X helicase core was described above and then

inserted into the pColdI-SBP backbone using In-Fusion enzyme (TaKaRa).

6.2. Cell lines

The cell lines used in this study, including T-Rex-293 (HEK293) cells (Thermo Fisher
Scientific) and T-REx293 SBP-eIF4A1 (Phel163Leu-Ile199Met) elF4A1¢mS™M cells (75), were
cultured in DMEM (13) + GlutaMAX-I (Thermo Fisher Scientific) supplemented with 10%
FBS. In addition, the cancer cell line Hs 936.T and A375 cells (American Type Culture
Collection, ATCC) were grown in high-glucose DMEM (Nacalai Tesque) with 10% FBS; and
NCI-H1650 and NCI-H520 cells (ATCC) were grown in RPMI 1640 medium (Thermo Fisher

Scientific).

6.3. Strain

The E. coli BL21 Star (DE3) strain (Thermo Fisher Scientific) used for recombinant proteins'
purification was transformed with plasmids of interest and grown in LB medium with

ampicillin at 37 °C for the enrichment of expressed proteins.

6.4. Main materials and providers

The primary materials used in this study are listed as below:
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6.4.1. Antibodies

Rabbit monoclonal anti-NBD antibody
Mouse monoclonal Anti-pan-elF4A antibody
Rabbit polyclonal anti-eIF4A1 antibody
Rabbit polyclonal anti-eIF4A2 antibody
Mouse monoclonal anti-f-actin antibody
Rabbit monoclonal anti-DDX3X antibody
Goat polyclonal anti-rabbit IgG antibody
conjugated with IRDye 800CW

Goat polyclonal anti-mouse IgG antibody

conjugated with IRDye800CW

6.4.2. Bacterial strain

E. coli: BL21 Star (DE3)

Acris Antibodies
GmbH

Santa Cruz
Biotechnology
Cell Signaling
Technology
Abcam,

LI-COR Biosciences
Cell Signaling
Technology
LI-COR Biosciences

LI-COR Biosciences

Thermo Fisher Scientific

6.4.3. Chemicals, Peptides, and Recombinant Proteins

Rocaglamide A

Aglafoline

RocA-O-NBD
Adenylyl-imidodiphosphate (AMP-PNP)
ADP

D-biotin

Distilled water containing 0.1% (v/v) formic acid

(FA)

Recombinant protein: His-DDX3X helicase core

WT

Recombinant protein: His-DDX3X helicase core

Pro324Thr

Recombinant protein: His-DDX3X helicase core

Val328Leu

Recombinant protein: His-DDX3X helicase core

GIn360Pro

Recombinant protein: His-DDX3X helicase core

GIn360Leu
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Sigma-Aldrich
MedChem Express
This study

Roche

Wako Pure
Chemical Industries
Invitrogen

Kanto Chemical Co.,
Inc.

This study

This study
This study
This study

This study

Cat#BP086; RRID:
AB 972399
Cat#tsc-377315;
RRID: AB 2868449
Cat#2490S; RRID:
AB_ 823487
Cat#ab31218;
RRID: AB 732123
Cat#926-42212;
RRID: AB 2756372
Cat#8192S; RRID:
AB 10860416
Cat#926-32211,;
RRID: AB 621843
Cat#926-32210;
RRID: AB 621842



Recombinant protein: His-DDX3X helicase core
Arg363Asn

Recombinant protein: His-DDX3X full length
Recombinant protein: His-eIF4A1 WT
Recombinant protein: His-e[F4A1 Phel63Leu-
Ile199Met

Recombinant protein: His-eIF4A2 WT
Recombinant protein: His-SBP-elF4A1
Recombinant protein: His-SBP-DDX3X helicase
core

Recombinant protein: His-eIF4A1 WT Phel63Gly
Recombinant protein: His-Aglaia fungus elF4A1
WT

Recombinant protein: His-Aglaia fungus elF4A1
Gly172Phe

Sequencing Grade Modified trypsin

Lysyl endopeptidase (Mass Spectrometry Grade)

RNase [

6.4.4. Assays

DMEM (1x) + GlutaMAX-I

High Glucose DMEM
RPMI 1640 Medium

Ni-NTA Agarose

HiTrap Heparin HP column 1 ml
NAP-5

PD-10

Vivaspin 6, 10 kDa MWCO

Amicon Ultra-4, 10 kDa MWCO
T7-Scribe Standard RNA IVT Kit
ScriptCap m’G Capping System
ScriptCap 2'-O-Methyltransferase Kit
A-Plus Poly(A) Polymerase Tailing Kit
Rabbit Reticulocyte Lysate System, Nuclease
Treated

Renilla-Glo Luciferase Assay System
MicroSpin G-25 Column

Dynabeads Protein G

Protein G Mag Sepharose beads

MonoSpin C18 S

TransIT-X2 Transfection Reagent System
RealTime-Glo MT Cell Viability Assay System
Monolith His-Tag Labeling Kit RED-tris-NTA
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This study

This study

Iwasaki et al. 2019
Iwasaki et al. 2019

This study
This study
This study

This study
This study

This study

Promega

FUJIFILM Wako

Chemical
Epicentre

Thermo Fisher
Scientific
Nacalai Tesque
Thermo Fisher
Scientific
Qiagen

GE Healthcare
GE Healthcare
GE Healthcare
GE Healthcare
Millipore
CELLSCRIPT
CELLSCRIPT
CELLSCRIPT

CELLSCRIPT
Promega

Promega

GE Healthcare
Thermo Fisher
Scientific

GE Healthcare
GL Science
Mirus
Promega
NanoTemper



Dynabeads M-270 Streptavidin

Oligo Clean & Concentrator Kit
Ribo-Zero Gold rRNA Removal Kit
(Human/Mouse/Rat)

6.4.5. Deposited data

Ribosome profiling of cancer cell lines with RocA
treatment, raw, and processed data
RNA-Bind-n-Seq of eI[F4A1 and DDX3X with
RocA treatments, raw and processed data

6.4.6. Cell lines

T-Rex-293 (HEK)

T-REx293 SBP-elF4A1 (Phel63Leu-Ile199Met)
elF4A4 5™
Hs 936.T

A375

NCI-H1650

NCI-H520

6.4.7. Oligonucleotides

FAM labeled RNA (AG)10: FAM-
AGAGAGAGAG AGAGAGAGAG

FAM labeled RNA (UC)10: FAM-
ucucucucucucucucucuc

(AG)sA: AGAGAGAGAGA

DDX3X-specific siRNA

elF4A2-specific siRNA

control siRNA
CTCTTTCCCTACACGACGCTCTTCCGATC
T-Na3o-
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Thermo Fisher
Scientific
Zymo Research
[1lumina

GEO: GSE148636

GEO: GSE150111

Thermo Fisher
Scientific
Iwasaki et al. 2019

American Type
Culture Collection
(ATCC)
American Type
Culture Collection
(ATCC)
American Type
Culture Collection
(ATCC)
American Type
Culture Collection
(ATCC)

Hokkaido System
Science, Iwasaki et
al. 2019

Hokkaido System
Science, This paper
Fasmac, This paper
Dharmacon
Dharmacon
Dharmacon

Gene Design



ATCGTAGATCGGAAGAGCACACGTCTGA
A (letters in bold represent the DNA sequence and

N represents random the RNA sequence)

6.4.8. Recombinant DNA

pColdI-DDX3X helicase core WT
pColdI-DDX3X helicase core Pro324Thr
pColdI-DDX3X helicase core Val328Leu
pColdI-DDX3X helicase core GIn360Pro
pColdI-DDX3X helicase core GIn360Leu
pColdI-DDX3X helicase core Arg363Asn
pColdl-e[F4A1 WT

pColdI-elF4A1 Phel63Gly
pColdl-e[F4A1 Phel63Leu-Ile199Met
pColdl-e[F4A2 WT

pColdI-SBP-elF4A1
pColdI-SBP-DDX3X helicase core
psiCHECK2-CAA repeats
psiCHECK2-7xAGAGAG motifs
pColdl-Aglaia fungus elF4A1 Gly172Phe
pColdl-Aglaia fungus elF4A1 WT

6.4.9. Software

Igor Pro Version: 8.01

6.4.10. Others

NGC chromatography system
GloMax Navigator

Image Pharos FX

ODYSSEY CLx

LTQ Orbitrap XL mass spectrometer

Infinite F-200 PRO
Monolith NT.115
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This study
This study
This study
This study
This study
This study
Iwasaki et al. 2019
This study
Iwasaki et al. 2019
This study
This study
This study
Iwasaki et al. 2016
Iwasaki et al. 2016
This study
This study

WaveMetrics

Bio-Rad

Promega

Bio-Rad

LI-COR Biosciences
Thermo Fisher
Scientific

TECAN
NanoTemper



6.5. Oligonucleotides sequence

6.5.1. Plasmids
Name Primers
pColdI-DDX3X helicase core WT pColdI-backbone F, pColdI-backbone R,
DDX3X helicase core WT F,
DDX3X helicase core WT R
pColdI-DDX3X helicase core Pro324Thr DDX3X helicase core Pro324Thr F,
DDX3X helicase core Pro324Thr R
pColdI-DDX3X helicase core Val328Leu DDX3X helicase core Val328Leu F,
DDX3X helicase core Val328Leu R
pColdI-DDX3X helicase core GIn360Pro DDX3X helicase core GIn360Pro F,
DDX3X helicase core GIn360Pro R
pColdI-DDX3X helicase core GIn360Leu DDX3X helicase core GIn360Leu F,
DDX3X helicase core GIn360Leu R
pColdI-DDX3X helicase core Arg363Asn DDX3X helicase core Arg363Asn F,
DDX3X helicase core Arg363Asn R
pColdl-e[F4A1 WT Iwasaki et al. 2019
pColdI-e[F4A1 Phel63Gly elF4A1 Phel63Gly F,
elF4A1 Phel63Gly R
pColdl-e[F4A1 Phel63Leu-Ile199Met Iwasaki et al. 2019
pColdI-elF4A2 WT pColdI-backbone F, pColdI-backbone R,
elF4A2 WT F, elF4A2 WT R
pColdI-SBP-DDX3X helicase core pColdI-backbone F, pColdI-backbone R,
SBP-DDX3X helicase core F,
SBP-DDX3X helicase core R
psiCHECK2-CAA repeats Iwasaki et al. 2016
psiCHECK2-7xAGAGAG motifs Iwasaki et al. 2016
pColdl-Aglaia fungus elF4A1 WT pColdI-backbone F, pColdI-backbone R,

Aglaia fungus elF4A1 WTF,
Aglaia fungus elF4A1 WT R
pColdl-Aglaia fungus elF4A1 Gly172Phe pColdI-backbone F, pColdI-backbone R,
Aglaia fungus elF4A1 Gly172Phe F,
Aglaia fungus elF4A1 Gly172Phe R

6.5.2. Primers and templates

Primers Templates Sequence
pColdI-backbone F pColdl-e[F4A1 WT TGAAAGCTTGTCGACCTGC
pColdI-backbone R pColdl-e[F4A1 WT ATGCCTACCTTCGATATGATGAT
DDX3X helicase core Hela cDNA ATCGAAGGTAGGCATGATGAAGATGAT

WTF TGGTCAAAACCAC
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DDX3X helicase core
WT R
DDX3X helicase core
Pro324Thr F
DDX3X helicase core
Pro324Thr R
DDX3X helicase core
Val328Leu F
DDX3X helicase core
Val328Leu R
DDX3X helicase core
GIn360Pro F
DDX3X helicase core
GIn360Pro R
DDX3X helicase core
GIn360Leu F
DDX3X helicase core
GIn360Leu R
DDX3X helicase core
Arg363Asn F
DDX3X helicase core
Arg363Asn R

Hela cDNA

pColdI-DDX3X
helicase core WT
pColdI-DDX3X
helicase core WT
pColdI-DDX3X
helicase core WT
pColdI-DDX3X
helicase core WT
pColdI-DDX3X
helicase core WT
pColdI-DDX3X
helicase core WT
pColdI-DDX3X
helicase core WT
pColdI-DDX3X
helicase core WT
pColdI-DDX3X
helicase core WT
pColdI-DDX3X
helicase core WT

CAGGTCGACAAGCTTTCAACCGCTACTT

TGTCGGTAG

TAGCCACTACCGGACGT

TAGACGTCCGGTAGTGGC

ACTCCAGGACGTCTATTAGATATGAT

CAATCTTTCCTCTTTCCATCATATCTAAT

AG

GGTTTGAGCCTCCGATTCG

CTATTCTACGAATCGGAGGCT

GGTTTGAGCCTCTGATTCGT

TTCGACTATTCTACGAATCAGAGGCT

GAGCCTCAGATTCGTAACATAGT

CATAGTATCTTGTTCGACTATGTTACG

GGCCGTGTGGGCGATAT
GGTTAAGCATATCGCCCACAC

elF4A1 Phel63Gly F
elF4A1 Phel63Gly R

pColdl-el[F4A1 WT
pColdl-e[F4A1 WT

elF4A2 WT F Hela cDNA ATCGAAGGTAGGCATATGTCTGGTGGC
TCCG
elF4A2 WT R Hela cDNA CAGGTCGACAAGCTTTTAAATAAGGTC
AGCCACATTCATGGG
SBP-DDX3X helicase pColdI-DDX3X CCTAGCGGCGGAGGAGATGAAGATGAT
core F helicase core WT TGGTCAAAACCAC
SBP-DDX3X helicase pColdI-DDX3X ACCGAGCTCCATATGTCAACCGCTACTT
core R helicase core WT TGTCGG
Aglaia fungus elF4A1  Aglaia fungus cDNA  ATCGAAGGTAGGCATATGAAAAACGAC
WTF GGCGACT
Aglaia fungus elF4A1  Aglaia fungus cDNA  CAGGTCGACAAGCTTTTAGAGAAGATC
WTR CGCGACAGT
Aglaia fungus elF4A1  pColdl-Aglaia fungus ACCCCTGGACGTGTGTTT
Gly172Phe F elF4A1 WT
Aglaia fungus elF4A1  pColdl-Aglaia fungus TTTTCAGACATTTACGGATTATCATGTC
Gly172Phe R elF4A1 WT AAA
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