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ABSTRACT

elF5B and elF4E are aberrantly expressed in several cancers, and there is a growing
body of literature that recognises their importance in cancer survival. This thesis attempts
to study the interactions of small molecule inhibitors with eIF5B and eIF4E by combining
cell, molecular, and computational biology techniques. Through western blotting, we
identified that ribavirin does not affect the function of elF5B in BT48 and U343 cells.
These results were corroborated by MD simulations, which suggested that the charge on
nucleobase of RTP prevents interaction with eIF5B. Using homology modeling and protein
validation, the first human eIF5B structure was generated that facilitated the identification
of the LWW31 binding site. In addition, MD simulations provided insights into the
stability of m’GTP and the binding mode of RBV. Overall, this thesis provides insight into
small molecule interactions with eIF5B and elF4E, which might be beneficial for the future

drug design of antineoplastic drugs.
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Chapter 1: Introduction®P

1.1. Overview

Cap-dependent or canonical translation initiation is an intricate process and highly
regulated in eukaryotes.! It involves multiple eukaryotic initiation factors (elIFs) ranging
from small to complex multidomain proteins (Figure 1.1). Translation can be deregulated
when the expression levels of certain elFs are abnormal.>* For example, overexpression
of e[F5B and eIF4E can alter the translation of a sub-set of mRNAs, which promote cancer
cell survival.> #1° Therefore, eIF5SB and elF4E have the potential for being oncogenes,
which makes them ideal therapeutic targets for certain cancers. However, to identify the
inhibitor binding site and accelerate the structure based drug design in silico, structural
information is necessary.!! Although the X-ray crystal structure of elF4E is available,
elF5B lacks such information. Intriguingly, techniques like homology modeling, docking,
and molecular dynamics (MD) simulations have been successfully combined to predict the
protein structure and the ligand binding sites for other systems.!” '3 Therefore, the

objective of this thesis is to predict the structure of human elF5B, and study the interactions

aAdapted from Chukka, P. A. R.; Wetmore, S. D.; Thakor, N., Established and Emerging
Regulatory Roles of Eukaryotic Translation Initiation Factor 5B (eIF5B). Frontiers in
Genetics 2021, 12, 737433.

°C.P.A.R wrote the manuscript. N.T proposed the idea for minireview. N.T and S.D.W
edited the manuscript and assisted with the figure concepts.
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Figure 1.1 During cap-dependent translation, the interaction between elF4E of the elF4F
complex and 5'-terminal 7-methyl guanosine (m’G) cap of mRNA helps recruit the eIF4F
complex onto the mRNA. Simultaneously, ternary complex (eIF2-GTP-met-tRNA1), elF1



and elF3 are recruited to the 40S subunit giving rise to 43S preinitiation complex (43S
PIC). The ribosome is recruited onto the mRNA due to interactions between elF4G
(scaffold protein) and eIF3. Once recruited, mRNA is scanned by the ribosome with the
help of eIF4A (RNA helicase and ATP-dependent protein) until the AUG start codon is
encountered. After start codon selection, elF2 delivers Met-tRNAM® to the P-site of the
40S subunit and a GTPase accelerating protein (GAP), elF5, induces hydrolysis of GTP
on elF2. This leads to structural changes in the ribosome, releasing most initiation factors.
In the absence of elF2, eIF5B stabilizes the Met-tRNAM® and simultaneously mediates
60S subunit association with 48S PIC leading to the formation of the 80S initiation
complex (80S IC). In the final step, GTP of elF5B is hydrolyzed, releasing the remaining
factors and the 80S IC transitions into the elongation phase.

between elF5B or elF4E and a variety of small molecules using both experimental and
computer modeling techniques, which will pave the way to design novel effective
compounds for the better management of hard-to-treat and high-fatality cancers. Overall,
this chapter provides essential background information on eIF5B and eIF4E that highlights
their importance in translation and cancer survival, which is necessary to understand the

scope of this thesis.
1.2. Eukaryotic translation initiation factor 5B (eIF5B)

elF5B, also known as IF-M2A/hIF2, is a GTPase protein discovered in 1975. It is
universally conserved among all eukaryotes and encoded by the EIF5B gene.'* ' ¢IF5B
mediates the association of the 40S and 60S ribosomal subunits during eukaryotic
translation initiation.'® !” Although eIF5B is highly conserved, its depletion does not have
a substantial effect on cell viability under normal conditions.> 3 '8 Conversely, reduced

levels of eIF5B under stress conditions significantly affects cell viability.® '8

elF5B consists of a highly conserved functional C-terminal region (human 587-
1220, yeast 397-1002 residues) and a less conserved N-terminal region (human 1-586,

yeast 1-396 residues).?% 2! Deleting the N-terminal region does not affect cell viability and



many in vitro studies have shown that N-terminally truncated eIF5B is active (human 587-
1220, yeast 397-1002 residues).'* 16 222* On the other hand, the functional C-terminal
consists of four domains: G domain (human 629-850, yeast 401-625 residues), domain II
(human 856-948, yeast 630-745 residues), domain III (human 951-1082, 755-855
residues), and domain IV (human 1076-1220, yeast 859-1002 residues).>>2” Additionally,
domains IIT and IV are connected by a helix h12 whose deletion in yeast yields non-

functional eIF5B similar to the defects observed in Adomain IV yeast cells.?* 28

Studies have shown that during stress conditions elF5B demonstrated a non-
canonical function that parallels the role of elF2, a Met-tRNAM® delivering eukaryotic
initiation factor." 2 3° The mechanism is activated when an a-subunit of eIF2 is
phosphorylated and sequestered by elF2B. Under these conditions, eIFSB promotes
translation of specific proteins by delivering Met-tRNAM® to the eukaryotic ribosomes
due to its homology to IF-2, which delivers met-tRNAfY* to the bacterial ribosomes.>
Additionally, recent studies have unveiled a mechanistic role of el[F5B during canonical

and non-canonical eukaryotic translation initiation.

The following sections cover the established roles of eIF5B in 40S ribosome
maturation, the formation of 48S PIC, the stabilization of Met-tRNA:M®, 60S ribosomal
recruitment, and 80S complex formation. Furthermore, the emerging roles of eIF5B during
Met-tRNAM®  delivery, uORF-mediated translation initiation, and IRES-mediated
translation initiation are highlighted. Finally, insight is provided on how elF5B acts as a

nexus between non-canonical translation and the survival of cancer cells.



1.2.1. Role of eIF5B in pre-40S ribosome subunit maturation

During ribosome biogenesis, the large and small subunits undergo a translation-
like cycle where elF5B mediates the association of the pre-40S and 60S ribosomal
subunits, which acts as a quality control step.>! The resulting complex is not a true 80S
initiation-complex (80S IC) as it lacks initiator tRNA and mRNA. As a result, the 60S
ribosomal subunit is displaced by the termination factor Rli-1 during 40S subunit
maturation.’> 3 The 80S-like complex ensures the proper functioning of pre-ribosomes
before translation.> A study on the YKK392 yeast strain devoid of eIF5B has shown a
negative effect on the ribosomal subunit association, resulting in the accumulation of pre-
40S subunits.* In general, this accumulation is not detrimental, but delays the formation
of the 80S-like ribosomal complex and slows down cell growth.?* Deleting the eIF5B
coding gene FUNI2 in yeast also results in the accumulation of pre-18S rRNA, and
decreased levels of 27S pre-rRNA and 408 ribosomes.*" ** Thus, eIF5B is essential for

catalyzing the ribosome maturation process in yeast.
1.2.2. eIF5B interacts with eIFS to stimulate the formation of 48S initiation complex

Human elF5B and elF5 synergistically mediate the efficient formation of the 48S
initiation complex (48S IC).?* The interaction between domain IV of eIF5B and the C-
terminus of eIF5 could be crucial for efficient 48S IC formation.** Affinity studies inferred
a higher affinity of eIF5B for eIF5 compared with eIF1A.>* It has been hypothesized that
human eIF5 and elF5B together stimulate 43S preinitiation complex (PIC) rearrangement
to increase the yield of functional 48S IC.** Additionally, eIF5B deletion results in the
destabilization of 48S IC, which was suggested to be induced by eIF5.2* This phenomenon
was observed in both optimal and non-optimal AUG context, suggesting the role of eI[F5B
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in 48S IC stabilization.?* eIF5 has additional roles as a GTPase-activating protein (GAP)
and a GDP-dissociation inhibitor (GDI).>> While eIF5 induces eIF2-GTP hydrolysis,
elF5B promotes the release of eIF2 from 48S IC.*% 37 Furthermore, eIF5B assists in
establishing 48S IC on a bona fide AUG and prevents leaky scanning along with eIF5.%%
3% Since codon scanning and selection during translation initiation are essential for
generating functional proteins, these studies collectively provide compelling evidence that
elF5B coordinates with elF5 to aid the establishment of an efficient 48S IC on a bona fide

start codon.
1.2.3. Met-tRNA;V*t stabilization by eIF5B

After eIF2-GTP delivers Met-tRNAM® to the P-site of the 40S ribosomal subunit,
GAP elF5 induces eIF2-GTP hydrolysis.*> 3 eIF2B disrupts the eIF5/eIF2-GDP
interaction and facilitates eIF2-GDP release.’® %’ In the absence of eIF2, domains III and
IV of eIF5B extend into the inter-subunit space and stabilize initiator tRNA.?°
Conformational changes in domains III and IV facilitate interactions between basic amino
acids in domain IV and 73ACCA7s-Met of initiator tRNA.*! This creates a kink in the tRNA
stem structure that is not seen in elongation tRNA, which helps initiator tRNA
simultaneously interact with both mRNA and eIF5B.** Additionally, methionine of tRNA
positions itself in the hydrophobic pocket formed by eIF5B and the uL16 loop of the 60S
subunit, and single-molecule experiments suggested that the hydrophobic pocket acts as a
residue selectivity filter.*? Ultimately, the elF5B-initiator tRNA complex places the
initiator tRNA aminoacyl end out of the peptidyl transfer center, awaiting GTP hydrolysis.

Thus, these eIF5B interactions help in stabilization and correct positioning of initiator



tRNA in the initiation complex after elF2 is displaced from the ribosome, suggesting the

absence of elF5B could delay the transition into elongation.
1.2.4. Interaction of eIF5B with elF1A for ribosome recruitment

eIF1A is one of the earliest discovered interacting partners of eIF5B.** Similar to
elF5B, eIF1A is considered to be a universal translational factor.** The interaction between
these two initiation factors is thought to be important for elF5B recruitment and mediating
the joining of the large and small ribosomal subunits.?* In contrast, another study proposed
that eIF5 recruits elF5B and eIF1A disrupts their interaction after elF2-GTP hydrolysis.**
In the absence of the ribosome, interactions between elF5B and elF1A are disrupted due
to intramolecular interactions within each initiation factor.?” Interactions between elF1A
and elF5B are only established after codon recognition when C-terminal tail (CTT) of
elF1A is displaced from the P-site to interact with the adjacent elF5B.* Domains III and
IV of eIF5B interact with the oligonucleotide/oligosaccharide-binding (OB) domain and
CTT of eIF1A.?” These interactions are critical for the recruitment of the 60S subunit and
formation of the 80S complex.**7 Thus, these studies suggest that interactions between
the two universally conserved elF5B and elF1A initiation factors are necessary to mediate

the association of the 40S and 60S subunits by eIF5B, which forms a viable 80S IC.
1.2.5. Ribosomal subunit association is expedited by elF5B

One primary role of elF5B is to promote the ribosomal association of the 40S and
60S subunits (Figure 1.2a).'® ?*> The long retention time (30 to 60 sec) of eIF5B on
ribosomes indirectly prevents their collision on mRNA before 80S IC transitions into the

elongation step.*® Apart from ribosomal subunit joining, in vivo studies have shown the



stabilization of the halfmer polysome (43S PIC + 80S on an mRNA) by eIF5B.!® To
participate in ribosomal subunit association, e[F5B must be in an active form, which has
been proposed to be achieved through a domain release mechanism.?’ According to the
proposed mechanism, inherently rigid domains III and IV of eIF5B become flexible upon

GTP binding due to the disruption of interactions between domain I and domain IIT.2"- %

Each domain of eIF5B has a specific function during ribosome association: 1) the
G-domain interacts with the 60S subunit and is involved in GTP hydrolysis, 2) domain II
is anchored to the 40S subunit, 3) domain III also anchors to the 40S subunit, and promotes
GTP hydrolysis when Met-tRNAM® is delivered, and 4) domain IV interacts with tRNA,
elF1A, and eIF5.26:27-3441 GTP hydrolysis is not required for ribosomal subunit association
but is required for the release of eIF5B and 80S IC transition into the elongation step.?? 2
If domain III does not recognize a proper Met-tRNAM® delivery or ribosomal association,
elF5B could be trapped in the P/A site, which hampers the recruitment of a new aminoacyl-
tRNA, delays the transition to elongation, and obstructs new ribosome recruitment.
Although ribosome recruitment occurs even in the absence of elF5B, 80S IC formation is
inefficient and the transition time into the elongation step is longer, resulting in a slow
growth phenotype.?**° Overall, once eIF5B induces the 60S and 40S subunit association,

elF5B-GDP is released, making the 80S initiation complex elongation competent.?’

1.2.6. eIF5B interaction with eIF2A in non-canonical translation initiation

When availability of ternary complex (elF2-GTP-Met-tRNAM*') is low under
stress conditions, initiation factor e[F2A has been shown to deliver the Met-tRNA;M to
the 40S ribosome by coordinating with eIF5B.°! However, elF5B alone plays a major role
in Met-tRNAM® delivery during translation initiation in certain viruses.> > In vitro studies
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involving pull down assays suggest that domain IV of eIF5B modestly interacts with the
M domain of eIF2A (462-502 residues), but all eI[F5B domains are required for a high
affinity interaction.’! A predicted model suggested that eIF5SB domain IV might also be
responsible for interacting and delivering Met-tRNAM® 5! Unlike eIF2, eIF2A does not
depend on GTP to deliver Met-tRNAM®, but may rely on GTP hydrolysis by eIF5B for its
release from the ribosome.’!> °* >° Studies in S. cerevisiae and Caenorhabditis elegans
showed slow growth phenotype when elF5B/iffb-1 was depleted, and the growth
deteriorated even more when both eIF5B and eIF2A were depleted.’"> > However, under
conditions like hypoxia, the initiation process could be solely elF5B dependent as
depletion of eIF2A has no effect on protein synthesis.® These studies clearly imply that
elF2A augments elF5B function during Met-tRNA;M® delivery, and domain IV of eIF5B
that helps stabilize Met-tRNA;™¢' during normal conditions could be indispensable for Met-

tRNAM¢ delivery under stress conditions.
1.2.7. Role of eIF5B in internal ribosome entry site (IRES)-mediated translation

IRES is a secondary structure present on the mRNA of both viral and cellular
origins.! 3% 32 These IRES elements can recruit ribosomes directly without a requirement
for the 5'-terminal m’G cap during certain stress conditions.! 3% % Several viral mRNA
contain IRES elements, including but not limited to HCV, CSFV, poliovirus (PV), and
coxsackie B virus (CBV).%% 335738 [n particular, CSFV and HCV IRES depend on eIF5B
for translation in the absence of eIF2 (Figure 1.2b).>> %57 X-linked inhibitor of apoptosis
(XTAP, a caspase inhibitor in eukaryotes) mRNA also contains IRES and its translation is
elF5B dependent upon elF2 sequestration.’® 3% ¢ In general, XIAP is an important anti-

apoptotic protein that plays a substantial role in preventing programmed cell death.®! 2



Nevertheless, IRES elements of viruses such as cricket paralysis virus (CrPV) do not
depend on eIF5B for translation.®® % Thus, although there is strong evidence that eIF5B is
involved in IRES mediated translation of several viral and anti-apoptotic mRNAs, not all

IRES-containing mRNAs require elF5B for translation initiation.

/@1’J 1A Translation
Initiation
( ! } m
A g

Figure 1.2 Two pathways showing elF2-dependent (normal) and eIF5B-dependent
translation (stress). a) Under normal conditions, elF2 delivers Met-tRNAiMet to the
ribosome and, upon release of elF2, e[F5B stabilizes Met-tRNAiMet. Once 48S PIC forms,
elF5B assists in large and small ribosomal subunit joining. b) Under stress conditions, eIF2
is phosphorylated and sequestered by elF2B. However, elF5B parallels the role of elF2
and delivers Met-tRNAM® to the P-site of the 40S ribosome in addition to its usual function
during translation.
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1.2.8. Regulation of uUORF-mediated translation by elF5B

Upstream open reading frame (uORF) elements are present in the 5’ untranslated
regions (UTR) of mRNA across different species.®> These elements inhibit mRNA
translation under normal conditions and promote their translation during stress conditions
that induce eIF2 phosphorylation (Figure 1.3a,b).%7° For example, activating
transcriptional factor 4 (ATF4) has two uORF regions that keep protein levels low until
phosphorylation of a-subunit of eIF2 (Figure 1.3a)."?° During ATF4 mRNA translation
under normal conditions, elF5B prevents leaky mRNA scanning and ribosomes are
recruited onto uORFs, which represses the translation of ATF4 ORF.% In contrast, under
stress or elF5B depleted conditions, ribosomal recruitment occurs on the main ORF AUG
sequence, causing de-repression of ATF4 mRNA translation (Figure 1.3b,¢).%® This in turn
leads to the upregulation of other proteins like C/EBP homologous protein (CHOP) and
growth arrest and DNA damage-inducible protein (GADD34).57 This was further
corroborated by our recent study on human embryonic kidney 293T (HEK-293T) cells,
where depleting eIF5B induced ER stress upregulating mRNA and protein levels of CHOP
and GADD34.”! eIF5B requires cooperativity with initiation factors eIF5 and eIF1A to
repress ATF4 expression, and the mechanism of repression is predominantly dependent on
uORF2.%¢ Apart from ATF4, general control non-depressible 4 (GCN4), a transcription
factor containing 4 uORFs, is repressed both in starved and non-starved yeast cells in the
absence of eIF5B.?% 7? Similarly, depletion of eIF5B decreased the levels of programmed
death-ligand 1 (PD-L1) in heme starved non-small cell lung cancer (NSLC) and lewis lung
carcinoma (LLC) cells.’ In contrast, eIF5B negatively regulates p21 and p27 in serum

starved THP1 cells, which have been linked to cell cycle progression, and anti-apoptosis.'®
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Numerous uORF-dependent proteins have been identified of which expression is regulated
by elF5B, and many of these proteins have implications in resistance of cancer cells to
chemotherapy and cell cycle regulation. Thus, regulating eIFSB could impact such

pathways necessary for cancer cell survival.
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Figure 1.3 Summary of uORF-mediated ATF4 translation. a) Under normal conditions,
ribosomes are recruited on uORF regions, repressing ATF4 expression in the presence of
elF5B. b) Under aberrant stress conditions, ribosomes scan past uORF2, resulting in the
synthesis of ATF4 in the presence of elF5B. c) elF5B depletion in normal cells also
promotes ATF4 synthesis.

1.2.9. eIF5B promotes cancer cell survival

Previous studies suggest eI[F5B mediates the IRES containing subset of mRNA
translation to resist apoptosis in cancer cells.? Translation of IRES-containing mRNAs,
which encode anti-apoptotic proteins such as XIAP, Bcl-xL, and cellular inhibitor of
apoptosis protein 1 (cIAP1) as well as nuclear factor erythroid 2-related factor 2 (NRF2),
are regulated by eIF5B in glioblastoma multiforme (GBM) cells.> ° There is also growing

evidence of high elF5B expression levels in various malignancies like GBM, lung

12



adenocarcinoma (LUAD) and hepatocellular carcinoma (HCC), signifying the importance
of eIF5B as the stress-related tumorigenic eIF.> % > In fact, high eIF5B levels were
associated with poor prognosis for HCC patients, while low elF5B levels resulted in
smaller tumor sizes, lower vascular invasions, and better patient survival rates.* Studies
on GBM cells show eIF5B depletion leads to blunting of pro-growth pathways and
sensitization to temozolomide (TMZ)-mediated apoptosis.> !° Further, eIF5B aids the
survival of GBM cells under hypoxic conditions by acting as one of the essential
translational factors for the synthesis of hypoxia-response proteins and regulates carbon
metabolism.® In HCC, eIF5B indirectly promotes metastasis and proliferation by
upregulating ArfGAP with SH3 Domain, Ankyrin Repeat and PH Domain 1 (ASAPI)
expression both in vivo and in cellulo.* Depletion of eIF5B in maraba virus infected and
uninfected U20S cells resulted in reduced Bcl-xL expression at both the transcriptional
and translational levels.” This suggests eIF5B plays a role in regulating apoptosis during
oncolytic virus treatment.”® Depletion of eIF5B reduced tumor mass and propagation in
lewis lung carcinoma (LLC) and non-small cell lung cancer (NSLC) cell lines,
respectively, demonstrating the dependence of cancer cells on elF5B for growth and
proliferation.’ In line with these findings, high levels of eIF5B under heme depletion
induce translation of integrated stress response (ISR) dependent PD-L1, which inhibits T-
cell activity. This clearly indicates that e[F5SB promotes the survival of LLC and NSLC
malignancies.” Additionally, under serum deprivation in the THP1 cell line, an acute
increase in elF5B levels is observed.'® When eIF5B is depleted, global translation is
reserved and early GO phase prohibition occurs, indicating the regulatory role of elF5B in
the cell cycle.!® eIF5B also regulates developmental pathways, in particular the

mammalian target of rapamycin (mTOR) and mitogen-activated protein kinase (MAPK)
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pathways, which are activated by epidermal growth factor receptor (EGFR).>® Thus, these
studies highlight that depletion of eIF5B disrupts many pathways, alluding to its

importance in oncogenesis.
1.2.10. Inhibitors of eIF5B

Considering elF5B role in cancer cells, it is emerging as a therapeutic target for
cancer treatment. Recent studies have identified small molecules and proteins that could
inhibit the activity of elF5B. For example, a small molecule denoted LWW31 was
identified using biopanning assay, which was suggested to bind and inhibit eIF5B activity,
and lower the viability of cancer cells.”* Similarly, ribavirin triphosphate, a guanosine
triphosphate analogue, has been hypothesized to inhibit the activity of eIF5B, but yet to be
tested experimentally.” In addition to small molecules, proteins like Puf6p and HIV-1
matrix have been identified, which have shown to repress the function of elF5B in yeast
and human respectively.”® 77 These promising works highlight that further research is

required to test and identify clinically relevant compounds targeting eIF5B.

The research works summarized in the above sections clearly illustrate that eIF5B
is essential for non-canonical translation initiation and cancer survival. In addition to
elF5B, elF4E is another initiation factor that has implications in several cancers (head and
neck, prostate, ovarian, blood, and oesophagal cancers),” 7® which will be elaborated

further in the following sections.
1.3. Eukaryotic translation initiation factor 4E (elF4E)

elF4E is an mRNA binding protein and a subunit of the e[F4F complex (Figure

1.4a).”° This Pacman shaped cap-binding protein was discovered in 1976 by Filipowicz
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and Ochoa.® eIF4E helps recruit the ribosome onto the mRNA during canonical translation
initiation by interacting with the 5’-terminal cap, which consists of 7-methylguanosine
(m’G).3!"83 This mechanism can be primarily attributed to the ability of eIF4E to interact

with modified guanosine.3*%¢ Specifically, introduction of methyl group at the N7 position

/ Trp102
HN \N
J @)@
R Trp56

7-methylguanosine

Figure 1.4 a) elF4F complex interacts with the m’G cap at the 5'-terminal of mRNA to
recruit the 40S subunit. b) Chemical structure of m’G (R=ribose). ¢) m’G base stacks
between two tryptophan residues of eI[F4E (PDB ID: 11PC).

gives guanine of m’G cap a net positive charge, and helps m’G intercalate between Trp56

and Trp102 (Figure 1.4c). This interaction is important for recruiting the ribosome onto

the mRNA during translation initiation.” Apart from ribosomal recruitment, eIF4E also
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regulates the activity of e[F4A during unwinding of the 5’ untranslated region (5’ UTR) of
mRNA. 3! Although eIF4E plays a central role in global protein synthesis, overexpression
of elF4E only influences the expression of a subset of proteins, but not house-keeping
genes.> %88 [t has been well established that eIF4E over-expression often transforms cells,
and numerous cancers have shown abnormal levels of eIF4E.”- - This characteristic of
elF4E often leads to aberrant mRNA translation in cancer cells, facilitating proliferation
and survival.*®! Such functions of eIF4E are possible due to interactions with the 5'-
terminal m’G cap. The importance of this interaction in selective transport and expression
of certain mRNAs, and the associated roles in cell proliferation and survival are illustrated

in the following section.
1.3.1. eIF4E role in mRNA degradation and transport

Although eIF4E has been predominantly found in the initiation complex,
localization occurs in other subcellular regions such as stress granules, processing bodies
(P-bodies), and the nucleus.”?** Except for eIF4E, P-bodies do not contain other initiation
factors and ribosomes.” eIF4E prevents the degradation of certain mRNA in P-bodies. In
contrast, in stress granules, e[F4E is found in the eIF4F complex along with other
translational machinery and non-translating mRNA.**°7 Often, mRNA is transported from
stress granules to processing bodies and vice versa depending on conditions in the cell.”*
98 eIF4E transports mRNA from the nucleus to the cytoplasm with the help of leucine-rich
pentatricopeptide repeat cassette protein (LRPPRC) and chromosome region maintenance
protein 1 (CRMI; Figure 1.5).°-1%! eIF4E has been reported to interact with ~3,500 5’
capped mRNAs in the nucleus, and this activity does not affect normal eIF4E function in

the cytoplasm.'?” 192 Some of the notable eIF4E-dependent mRNAs include, but are not
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limited to, cyclin D1, serine/threonine-protein kinase pim-1 (Piml), cyclin El, cellular
Myec (c-myc), and ornithine decarboxylase (ODC).”” 1% However, constitutively expressed
mRNA such as Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), b-actin and Lamin
are unaffected by eIF4E levels.!® All eIF4E sensitive mRNAs contain a ~50 nucleotide
elF4E sensitive element (4ESE) at the 3" UTR. In general, eIF4E regulates the export of
4ESE containing mRNA .19 104195 However, eIF4E can also regulate both the export and

translation of specific mRNA such as ODC due to the presence of secondary structures at

O

Cap-dependent ©

Translation
o
m7G 5 AU E’—AAAAA
§ W

4E-SE

Cytoplasm

o

Nucleus

Figure 1.5 eIF4E promotes the export of e[F4E sensitive elements (4E-SE) containing
mRNA from the nucleus to cytosol. elF4E also initiates translation in the cytoplasm as a
part of the e[F4F complex.

5" UTR in addition to 4ESE.” 19 197 Additionally, Vascular endothelial growth factor
(VEGF) mRNA is comprised of 5" UTR secondary structure instead of 4ESE, resulting in

regulation at only the translational level.” All of the above eIF4E functions are achieved
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due to interactions with m’G, either in presence or absence of the ribosome.®” There are
certain exceptions, like histone H4 mRNA, that directly interact with eIF4E without the

requirement of m’G cap.!%
1.3.2. eIF4E regulators

elF4E has two notable binding regions, a concave cap-binding site and a conserved
dorsal surface for consensus elF4E-motif interaction.® % 11 For example, importin-8
competes with the m’G cap to interact with eIF4E, displacing the mRNA.!'"! The
interaction between importin-8 and eIF4E is important for recycling elF4E from the
cytoplasm to the nucleus.'!! Proteins that bind to the dorsal surface include homeodomain-
containing transcription factor (HoxA9), eukaryotic translation initiation factor 4G
(eIF4G), omeobox-leucine zipper protein (Hox11), bicoid, eukaryotic translation initiation
factor 4E binding protein 1 (4E-BP1), empty spiracles homeobox 2 (Emx2), Hsp27,
proline-rich homeodomain (PRH), engrailed 2, and orthodenticle homeobox 2 (OTX2).*
112, 113 Most of these proteins interact through eIF4E-binding motif YXXXXL¢ (X
represents any four amino acids and ¢ represents a single hydrophobic amino acid),
reducing the affinity of eIF4E for eIF4G.> !'? Additionally, 4E-transporter (4E-T) also
interacts with eIF4E through eIF4E-binding motif, promoting nuclear localization.!'* On
the other hand, 4E-BP1 binds to eIF4E and prevents interaction with eIF4G hindering
translation intiation.!!® There are other proteins like human antigen R (HuR), which also
helps stabilize the eIF4E-cap interaction.” All these studies suggest that eIF4E can be
regulated through competitive and non-competitive binding, which is critical for recycling

or inhibiting its activity.
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Apart from being regulated through competitive and non-competitive binding,
elF4E is also regulated through MAP kinase-interacting serine/threonine-protein kinase
(Mnk)/eIF4E pathway, where eIF4E is phosphorylated by Mnk1/2.!'% 17 When Mnk is
inhibited, there is a reduction of phosphorylated eIF4E levels in cancer cells.!!
Phosphorylation of eIF4E is essential for tumor progression and metastasis in prostate and
breast cancer, respectively.''® 12 In contrast, Phosphatidylinositol 3-kinase/protein kinase
B/mammalian target of rapamycin complex 1 (PI3K/Akt/mTORC1) pathway can regulate
elF4E function by phosphorylating eI[F4E-binding proteins (4E-BPs). These proteins bind
to elF4E to seclude its association with other eIlF4F subunits, preventing translation.
Inhibiting mTOR leads to the upregulation of eIF4E in colon cancer, but inhibiting both
mTOR and Mnk has a profound effect on cellular progression in brain and prostate
cancers.’” 12! This suggests an interrelation between the PI3K-AKT-mTOR and
Mnk/elF4E pathways, where elF4E could act as the connecting link. Together, these
results suggest that various proteins regulate eIF4E interactions with the m’G cap through
allosteric or orthosteric binding. However, cancer cells with upregulated elF4E are often

unaffected by these regulatory proteins, the details of which are discussed in the following

section.
1.3.3. eIF4E as a potential oncogene

Studies have shown that ¢IF4E is elevated in at least 30% of various cancers,
including prostate, ovarian, colorectum, head and neck, breast, oesophagal and uterine
cervix cancers.®” ’® Aberrant levels of eIF4E have been associated with poor patient
prognosis in ovarian, breast, and oesophagal cancers as it upregulates proteins involved in

chemoresistance, cell cycle progression, tumor growth, metastasis, and survival.” % 78 122
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125 Some of the proto-oncogenic proteins upregulated due to eIF4E overexpression are
nibrin (NBS1), mouse double minute 2 homolog (mdm?2), cyclin D1, Pim1, cyclin E1, c-
myc, ODC, survivin, and Pim-1.%¢ As mentioned in the previous section, while cyclin D1,
Pim1, c-myc, ODC, are modulated post-transcriptionally during mRNA export, others are
regulated at the translational level. However, elF4E function could distinctly be affected
depending on tissue type due to a difference in localization.'?® In acute myeloid leukemia
(AML), elF4E is concentrated in the nucleus and promotes mRNA transport, whereas
cytoplasmic accumulation of eIF4E is high in lymphoma, which promotes translation.'?’
Both functions are necessary for the oncogenic activity of eIF4E, and mutational studies
of elF4E cap-binding sites have indicated its inability to export transcripts, regulate
translation, and ultimately prevents the oncogenic transformation.’ Overall, these studies
suggest that the ability of eIF4E to promote proliferation and survival of cancer cells was
possible due to its cap-binding activity, signifying the necessity to limit eIF4E interaction

with the m’G cap.
1.3.4. Inhibitors of eIF4E

Since the interaction between eIlF4E and m’G cap is essential for mRNA transport
and translation initiation, guanosine analogues can compete with m’G to prevent the
interaction with e[F4E. For example, ribavirin (RBV), and its metabolic form, RTP have
been successful in binding and suppressing elF4E-mediated oncogenic transformation.®’
However, the binding mode of RBV and RTP is yet to be identified in the cap binding site.
In addition, oligopeptides such as 4E-BP mimetic and GnRH—4EBP fusion peptides
G.128-130

prevent elF4E activity by disrupting the interaction between elFAE and elF4

Although these works are promising, further research is necessary to increase the
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specificity of these molecules for eIF4E. Especially, RBV and RTP, which have also been

proposed to bind other proteins.” 131+ 132

1.4. Thesis overview

The information presented in Chapter 1 suggests an overexpression of eIF5B and
elFAE augments the translation of a subset of mRNAs, which facilitate the survival of
cancer cells. Therefore, targeting eIF4E and elF5B is a promising treatment strategy. This
thesis uses a combination of in silico and in cellulo techniques to gain a fundamental
understanding of the interactions of small molecules with eIF5B and identify potential
small molecule binding sites. In addition, although eIF4E has been screened previously for
select inhibitors (e.g., cap-analogues),® this thesis provides the currently missing structural

information for small molecule binding to eIF4E, including the primary residues involved.

In Chapter 2, the half-maximal inhibitory concentration of RBV with or without
elF5B knockdown has been determined for glioblastoma cell line U343, and patient-
derived brain tumor-initiating cells (BTICs) BT25 and BT48. Pro-apoptotic cytokine TNF-
related apoptosis-inducing ligand (TRAIL) in combination with RBV has also been tested
on these cell lines to determine the effect on cell viability. Furthermore, to understand the
effect of RBV on elF5B levels, western blot analysis has been performed to assess the
levels of elF5B and its downstream targets XIAP, Bcl-xL, cIAP1, cFLIPL, cFLIPs, and
NRF2. This work complements other experimental studies showing that effect of RBV
varies among different glioblastoma cell lines.!** Next, MD simulations were used to
corroborate experimental data by determining whether interactions between eIlF5B and
RTP are favorable. As human elF5B structure is not available in the Protein Data Bank
(PDB), homology modeling has been initially employed to generate the model for the C-
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terminal region of human eIF5B-GTP using yeast e[F5B as a template. The quality of the
elF5B model has been validated and used for MD studies to determine the structural
variations in each domain under polar environment. Blind docking and subsequent MD
simulations were used to investigate the stability of LWW31 binding to eIF5B. Together,
the findings presented in Chapter 2 uncover whether RBV affects elF5B function in cellulo

and provide information about the conformational dynamics of e[F5B-ligand complexes.

In Chapter 3, MD simulations were used to study the stability of m’GTP, RBV and
RTP in the cap-binding site of eIF4E since experimental data exists regarding the elF4E
binding affinity of these cap-analogues. The initial MD simulations of elF4E-m’GTP
validate the computational methodology, which were then reliably applied to study the
binding mode of RBV and RTP. MD simulations on eIF4E-RTP were performed to
uncover the reasons for previously reported RTP flexibility in the binding pocket of eIF4E
based on NMR studies,'** and how the flexibility leads to the differences in the binding
site stacking contacts for RTP and m’GTP. Additionally, although affinity studies have
suggested that RBV and RTP both bind to eIF4E,% there is not much information on how
the absence of triphosphate tail affects RBV binding. Taken together, the information
obtained from Chapter 3 can be used to rationalize existing experimental data and thereby

provide a greater understanding of the binding of cap-analogues to eIF4E.

Finally, Chapter 4 summarized the thesis work with concluding remarks and
provides future directions for targeting other regions of eI[F5B and the phosphorylated form
of eIF4E. Overall, this thesis provides the structure and conformational dynamics of eI[F5B

and elF5B-ligand complexes (RTP and LWW31), and the first structural details of the
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binding mode of RBV and RTP inhibitors in the cap-binding site of elF4E. This

information could be useful for the future design of improved eIF5B and eIF4E inhibitors.
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Chapter 2: The Interactions of Eukaryotic Translation Initiator Factor 5B (eIF5B)
with RTP and LWW31: A Combined in cellulo and in silico Investigation

2.1. Introduction

elF5B is a multi-domain protein that catalyzes the association of 40S and 60S
ribosomal subunits during translation initiation in eukaryotes (Figure 2.1a).!* Recent
studies have implicated eIF5B's role in non-canonical translation,*¢ which prevents
apoptosis in certain cancer cells by promoting the synthesis of anti-apoptotic and immune-
suppressing proteins.> ¢ High expression of eIF5B allows cancer cells such as
hepatocellular carcinoma (HCC), glioblastoma multiforme (GBM), and lung
adenocarcinoma (LUAD) survive under treatment conditions.* 7 However, among them,
GBM is the most aggressive form of cancers.® ? Testing effective small molecules against
elF5B in GBM cells could obviate the translation of eI[F5B dependent proteins, making

cells susceptible to apoptosis and immune response.

Previous studies on elF5B have suggested that ligands like ribavirin triphosphate
(RTP) and LWW31 could inhibit eIF5B.!° However, RTP cannot permeate through the cell
membrane due to its large size.!! Therefore, ribavirin (RBV), a precursor of RTP, is
generally used for cell culture studies.'> Once inside the cell, RBV is phosphorylated to
RTP by adenosine kinase (Figure 2.1b).'" > LWW31 is another small molecule suggested
to bind in the N-terminus region of elF5B (1-586 residues; Figure 2.1c). However, there is
no concrete evidence to attribute inhibition of eIF5B to binding in this region.'* Therefore,
LWW?31 should also be tested against the functional C-terminal region of e[F5B to identify

the binding sites.
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Interestingly, computational biology tools like homology modeling, molecular
docking, and molecular dynamics (MD) simulations have been proven to help obtain
insights into structural changes of proteins and identify ligand binding sites even in the
absence of a crystal structure.!>!” Therefore, computational biology techniques provide the
structural information about the interactions of ligands like LWW31 and RTP in the C-

terminal region of e[F5B, which currently lacks an X-ray crystal structure.
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Figure 2.1 Different domains and small molecules targeting eIF5B. a) Functional part of
elF5B represented with different domains in the C-terminus region (629—1220 residues).
b) Chemical structure of RBV and RTP where RBV is converted to RTP upon entering the
cell. ¢) Chemical structure of LWW31.

In addition to understanding the ligand binding sites, it is important to study the

structural changes of eIF5B since flexibility could affect the pocket formation on the
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surface of a protein.!® Previous experimental work on yeast shows that eIFSB adopts
different conformations in the presence and the absence of the ribosome.'” ?° In the
presence of the ribosome, D1 and D3 establish interactions to catalyze GTP hydrolysis."’
However, when elF5B leaves the ribosome, D3 moderately rotates by disrupting the
interaction with D1, which in turn increases D4 flexibility.!® In the absence of wet bench
biochemical experimental information, computational tools such as MD simulations can

help determine whether human elF5B undergoes structural changes like yeast e[F5B.

In this chapter, cell viability studies are employed to determine the half-maximal
inhibitory concentration (ICso) of RBV with or without pro-apoptotic cytokine treatment in
three GBM cell lines, U343, BT25, and BT48. Western blot experiments are then used to
assess the effect of RBV on elF5B and its downstream targets in U343 and BT48 cells.
Although ribavirin has other targets like eukaryotic initiation factor 4E (eIF4E), inosine 5'-
phosphate dehydrogenase (IMPDH), and histone methyltransferase zeste homolog 2
(EZH2), its effect on these proteins has been studied in other cancers.?!>* Therefore the
present work is solely focused on understanding the effect of RBV on elF5B. In addition
to in cellulo approaches, MD simulations are employed to characterize RTP binding to
elF5B and corroborate the western blot results. While homology modeling was used to
predict the structure of the C-terminus region of human eIF5B, MD simulations were used
to provide insights into the flexibility of eIF5B in the absence of the ribosome. The broader
flexibility of eIF5B uncovered using MD simulations, is necessary information for the
future rational design of elF5B-targeting ligands. Finally, docking calculations and MD
simulations are used to identify potential binding sites and determine the stability of

LWW31 binding in the C-terminal region of eIF5B, respectively.
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2.2. Materials and Methods
2.2.1. Experimental materials and methods

2.2.1.1. Cell lines and reagents

BT25, BT48, and U343 cell lines were used for cell culture studies. Serum-free
media was used for BT25 and BT48 cells, supplementing additionally with heparin sulfate
(2 ng/ml; R&D Systems), fibroblast growth factor 2 (FGF-2; 20 ng/ml; R&D Systems), and
epidermal growth factor (EGF; 20 ng/ml; Peprotech). Cells were propagated in a T25 flask
in a humidified incubator at 37°C and 5% COaz. Cell passage was done at regular intervals,
and spheroid BT25 and BT48 cells were dissociated into single-cell suspension using
accutase (Innovative Cell Technologies), which reformed spheroids upon incubation. For
monolayer culturing of brain tumor initiating cells (BTICs), plates were coated with 1
pg/cm? laminin (Millipore Sigma) before seeding cells. Dulbecco's modified eagle medium
(DMEM; HyClone) was used for U343 cell line, supplementing with 1% penicillin-
streptomycin (Gibco), 10% fetal bovine serum (Gibco), 25 mmol L™ glucose (Thermo
Scientific), 1 mmol L! sodium pyruvate (Thermo Scientific), and 4 mmol L' L-glutamine
(Thermo Scientific). TRAIL was obtained from Sigma-Aldrich. Lipofectamine RNAIMAX
(Invitrogen, USA) and Opti-MEM (Gibco) were used to prepare transfection mixtures
based on the instructions provided by the manufacturing company. Finally, sieIF5B
(Invitrogen; HSS114469/70/71) and control siRNA (Qiagen; 297705515) were diluted to a

working concentration of 20 uM and used for cell viability studies.
2.2.1.2. Cell viability assay

For assessing cell viability of BT25 and BT48 cells, 13,000 cells/well were seeded

in a 96 well plate and incubated for 24 or 48 hours. After incubation, cells were treated
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with five concentrations of ribavirin (0.1-1000 pM; Sigma-Aldrich) using a 10-fold
dilution series, and further incubated for 96 hours. Furthermore, to study the effect of RBV
and TRAIL treatment, cells were treated with TRAIL (100 ng/mL; Sigma-Aldrich) after 2h
of RBV treatment. Finally, alamarBlue assay (Resazurin sodium salt; Sigma-Aldrich) was
performed after 96 hours of incubation to determine the cell viability. Cytation 5 plate
imager (BioTek) was used to evaluate the fluorescence (excitation, 560 nm; emission,
590 nm), and results obtained were normalized to control. In order to knockdown eIF5B in
BTICs, cells were grown as a monolayer by seeding 13,000 cells/well on a laminin-coated
96 well plate and incubated for 24 hours. After incubation, cells were transfected and
incubated further for 24 hours. Finally, control and eIF5B-depleted cells were treated with
different concentrations of RBV (0.1-1000 uM). Cell viability of eIF5B knockdown cells
was performed using alamarBlue assay after 96 hours of incubation. A similar cell viability
protocol was used for U343 cell viability studies with varying cell seeding number and
incubation times. For U343 cells, 10,000 cells/well were seeded in a 96 well plate, and
incubated for 72 hours after RBV treatment. For knockdown studies, U343 cells were
reverse transfected and treated with RBV after 24 hours. Upon RBV treatment, cells were
incubated for 72 hours after which alamarBlue assay was performed. Dilutions for ribavirin
were performed using phosphate buffer saline (PBS), and control wells were treated with
PBS. All experiments were performed in three biological replicates. However, elF5B

depleted cell viability assays were performed in three technical replicates.

2.2.1.3. Immunoblotting

BT48 cells were seeded at 400,000 cells/well in BTICs medium containing a 6-well

plate. For U343 cell line 300,000 cells/well were seeded in a 6-well plate. All the cell lines

40



were treated with RBV 24 hours after seeding. The concentration of RBV used for
immunoblotting experiments was based on the ICso value obtained for BT48, whereas for
U343, it was 100 uM. Cells were harvested after 96 and 72 hours of incubation for U343
and BT48 cells, respectively. Harvested cells were lysed in radioimmunoprecipitation assay
lysis (RIPA) buffer containing protease inhibitors. The protein concentration of the
obtained lysate was estimated using Bradford assay. Once the concentration was
determined, 15 pg and 20 pg of protein was loaded in sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) for BT48 and U343, respectively. A
protein dual color standard (Bio-Rad) was also added to one of the wells during SDS-
PAGE. Separated proteins were transferred onto a nitrocellulose membrane (cytiva
lifesciences). All blots were probed with primary antibodies including, eIF5B
(ProteinTech), Bel-xL (Cell Signalling Technology), XIAP (Cell Signalling Technology),
c-FLIP (Cell Signalling Technology), cIAP1 (Abcam), and Nrf2 (Abcam; Table A.1).
Furthermore, same blots were probed with a secondary antibody (anti-rabbit-HRP
conjugate; Abcam; Table A.1) and bands were quantified in imager (AI600 imager, GE)
using densitometry method. All proteins quantified were normalized to f-actin, which was

detected with an anti-actin rhodamine antibody (Abcam).

2.2.1.4. Statistical analysis

All the data was quantified using GraphPad Prism 9, and statistical significance was

calculated using unpaired, two-tailed t-test by setting the threshold value at p < 0.05.

GraphPad Prism 9 was used to calculate half maximal inhibitory concentration (ICso) for

all alamarBlue assays. ICso was calculated using non-linear regression analysis, with X axis
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as log of dose and Y axis varying from 0 to 100, normalized to control. All quantitative

data represented are mean + standard error of the mean, unless indicated.

2.2.2. Computational Methods

2.2.2.1. Apo-elF5B and elF5B-GTP model building

Human eIF5B was modeled using UCSF chimera (version 1.14), which has an
interface for MODELLER (version 9.22).25-2 Since the N-terminus (1-628) of eIF5B is
intrinsically disordered and less conserved than the C-terminus region,” eIF5B model
containing amino acid residues 629-1220 was constructed. NCBI protein-BLAST (blastp)
was used to obtain crystal structures similar to the target sequence from the Protein Data
Bank (PDB).*® Two templates were selected from the blastp results. While the first elF5B
template does not have GTP and Mg?* bound, the second eIF5B template has a GTP and
Mg?* but lacks domains 3 and 4. Therefore, both structures were used as templates to
enhance structure prediction. The first template is the crystal structure of elF5B from
Saccharomyces cerevisiae (yeast; PDB ID: 3WBI), which showed a sequence identity of
52% (314 residue (human elF5B) hits out of 602 residues (yeast el[F5B)) to the human
elF5B amino acid sequence. The second template is the crystal structure of e[F5B from
Chaetomium thermophilum (fungus; PDB ID: 4NCN), which showed a sequence identity
of 57% (256 residue (human elF5B) hits out of 447 residues (yeast e[F5B)) to the human
elF5B amino acid sequence. From two templates, MODELLER generated five eIF5SB-GTP
models, but only one structure with the best normalized discrete optimized protein energy

(zDOPE) score was selected for subsequent docking and MD studies.

The MODELLER generated el[F5SB-GTP model (MOD elF5B-GTP) was refined

using the GalaxyRefine web-based server,®’ and the output was validated using
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Ramachandran plot (RC plot).>? Outliers observed in RC plot were removed and relooped
using the loop refinement protocol in MODELLER.?* 28 The final relooped output was
validated using VERIFY 3D, ERRAT, PROCHECK, and Quality Estimate analyses to
determine the accuracy of the predicted structure.’’>° Additionally, a full structure of
human eIF5B was obtained from the AlphaFold (AF eIF5B-GTP) database and the first
628 amino acids were removed, with the goal to validate the initial human eIF5B model
generated by MODELLER (Figure A.8).%7 Finally, apo-eIF5B model was generated by

removing GTP from MOD eIF5B-GTP model in PyMOL (version 2.3.2).
2.2.2.2. elF5B-RTP and LWW31 model building

Since RTP is a GTP analogue, it has been hypothesized by Galmozzi and colleagues
that RTP competes with GTP to bind to eIF5B.!° Therefore, GTP in the MOD eIF5B-GTP

model was modified to a eIF5B-RTP model using PyMOL (version 2.3.2).38

To generate the eI[F5B-GTP-LWW31 model in the absence of information about
the three-dimensional structure and the precise elF5B binding site for LWW31, the
structure of LWW31 was initially constructed using GaussView 6 and optimized with
B3LYP/6-31G(d) in the gas phase. Furthermore, the optimized LWW31 structure was used
to search the potential energy surface of LWW31 with respect to all key torsional angles
using AMBERO95 in HyperChem. Subsequently, structures obtained from HyperChem were
re-optimized with B3LYP-D3(BJ)/6-31G(d,p) to determine the relative energies using
Gaussian 16 (G16 Rev. C.01).>° The lowest energy conformation of LWW31 was used for

docking studies and to generate RESP charges for the force field description.
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Prior to docking, minimization, heating, and equilibration was performed for MOD
elF5SB-GTP to remove steric clashes and poor geometric features. Post equilibration, the
first 100 ns of the trajectory (details of MD are explained in next sub-section) was clustered
(with respect to the protein backbone) and submitted for docking studies. Although the AF
elF5B-GTP model could have been used for docking, the structure became available later
(July 2021). Blind docking was carried out using AutoDock Vina to determine the binding
site of LWW31 to eIF5B.** PDBQT files of eIF5B and LWW31 were generated using
AutoDock Tools (ADT; version 1.5.6), which were used as input files for AutoDock
Vina.*!#? Blind docking was performed using grid dimensions that include the entire eIF5B
(size x = 76, size y = 82, and size z = 102). An exhaustiveness of 100 was implemented,

and the top two eI[F5B-GTP-LWW31 structures were considered for MD simulations.
2.2.2.3. Molecular dynamics simulation protocol

The MOD elF5B-GTP, AF elF5B-GTP, apo-elF5B, eIF5B-RTP, and elF5B-GTP-
LWW31 models were generated as described above and used for MD studies. Parameters
for eIF5B in these models was described using AMBERff14SB.* Parameters for GTP were
adopted from the AMBER parameter database.** Charges for RTP were obtained from
restrained electrostatic potential (RESP) charge calculations using the geometry optimized
with B3LYP/6-31+G(d) in implicit solvent (IEFPCM; water) as implemented in Gaussian
16 (G16 Rev. C.01).*’ Atom types were assigned for RTP and LWW31 using Antechamber
with missing parameters being supplemented by GAFF.** 46 Each of the 5 models (namely
MOD elIF5B-GTP, AF elF5B-GTP, apo-elF5B, elF5B-RTP, and elF5B-GTP-LWW31)
were solvated in tleap using the TIP4PEW water model in an octahedral box,* with each

edge of the box being 10.0 A away from the edge of the solute in every direction. All
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models were neutralized and then brought to a physiological salt concentration (150 mM)

via the addition of Na* and CI" ions.

Each system was minimized over four stages. The first stage used 4,000 and 1,000
steps of steepest descent and conjugate gradient optimization algorithms, respectively. The
last three stages used 2,000 and 1,000 steps of steepest descent and conjugate gradient
optimization algorithms, respectively. In the first minimization stage, the solvent was
relaxed, while restraints were applied to all other atoms. In the second stage, all hydrogen
atoms were minimized. In the third stage, all atoms except solute were minimized, and no
restraints were applied in the final step. A force constant of 100 kcal/(mol A?) was used for
restraints in the three stages of minimization. After minimization, each system was
gradually heated from 10 K to 310 K in six increments that increased the temperature by
50 K in each step. A restraint of 25 kcal/(mol A?) was applied on the solute during all
heating steps. Finally, the restraints on the solute were gradually removed in five
increments, using four equal reductions in the force constant from 20 to 5 kcal/mol A2, and
a final reduction from 5 to 1.5 kcal/mol A2, Each incremental step was run for 20 ps. The
particle-mesh Ewald method was used for long-range electrostatic interactions, and a non-
bonded cut-off of 10 A was implemented for all simulations. MD simulations on MOD
elF5B-GTP, apo-elF5B, and eIF5B-GTP-LWW31 were performed for 1,000 ns in
triplicate using the AMBER18 suite. However, prior to MD simulation, MOD eIF5B-GTP
system was equilibrated for a 213 ns. Additionally, only a single 1,000 ns MD simulations
was run for the AF elF5B-GTP complex, whereas RTP in the eI[FSB-RTP complex was
displaced from the eIF5B binding site within the first 50 ns at which time the simulation

was terminated.
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Post trajectory analyses for all replicates were done independently using cpptraj,*’
including the root-mean-square deviation (RMSD), root-mean-square fluctuation (RMSF),
hydrogen-bond analysis (HBA), distance analysis, clustering, and solvent accessible
surface area (SASA) of the protein. The RMSD of the protein backbone and ligand heavy
atoms were calculated for all protein-ligand systems with respect to initial model (prior to
minimization). The backbone RMSF of the protein was calculated to identify the ordered
and flexible regions. The percentage occupancy of hydrogen bonds between the protein and
ligand were calculated using an angle cut off of 120° and a distance cut off of 3.4 A. For
the clustering analysis, the Heiragglo algorithm was used to generate the representative
structures. Representative structures of the e[FSB-LWW31 complex were used as inputs

for the protein-ligand interaction profiler (PLIP) to analyze non-covalent interactions.*®
2.2.2.4. Free energy calculations

The molecular mechanics generalized born surface area (MM-GBSA) method was
employed to carry out free energy calculations. MM-GBSA is one of the effective methods
to quantify the binding affinity between a protein and ligand from the trajectory data.*’

Equations for calculating the binding free energy (AGpbinding) are given below

AGbinding = AGR + L — (AGR + AGL) = AEMM + AGsol — TAS
AEMM = AEint + AEvdW + AEelec

AGsol = AGGB + AGSA

From the equation, AGr+L is the free energy of the protein and ligand complex, whereas
AGr and AGu are the free energies of the protein and ligand, respectively. The sum of these

values is equal to the sum of the molecular mechanical interaction (AEmm), solvation
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(AGsol), and the change in the conformation entropy (—TAS). AEmwm is the sum of van der
Wresiduesls (AEvaw), intermolecular interactions (AEint) and electrostatic terms (AEcelec)
(Eq. 2), while AGsol is the sum of the polar and non-polar terms (Eq. 3). Parmed was used
to generate prmtop input files. For each system, 20,000 snapshots spanning over 1,000 ns

were used to calculate the free binding energy of all protein-ligand complexes.

2.3. Results
2.3.1.Cytotoxic effect of RBV, with or without TRAIL, varies in different GBM cell

lines

BT25, BT48 and U343 cells were treated with RBV (24 h after seeding) to evaluate
the cytotoxicity. The concentration of RBV used for the study ranges from 0.1 uM to 1
mM. As shown in Figure 2.2a, RBV treatment did not affect the viability of BT25 cells at
lower concentrations, but a significant reduction in viability was observed at higher
concentrations. In contrast, upon RBV treatment, a dose-dependent reduction in viability
was observed in BT48 cells (Figure 2.2b). Additionally, U343 showed no noticeable
reduction in cell viability even at high RBV concentrations (Figure 2.2¢). Overall, BT25
and BT48 showed ICso values of 187.48 uM and 147.63 uM, respectively (Table 2.1).
Taken together, these results suggest that RBV treatment has a varying effect on different
cell lines, specifically U343, which did not show robust effect even at high RBV

concentrations.

In previous studies, TRAIL had a profound impact on the viability of elF5B
depleted GBM cells.® Therefore, experiments were carried out to determine whether RBV
and TRAIL treatment has a similar impact on cell viability. Before determining the
combined effect of RBV and TRAIL, the cell viability of TRAIL treatment alone was
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assessed in BT25, BT48, and U343 cells. The TRAIL concentration (100 ng/ml) used for
the experiment was based on the previous study on GBM cell lines.® The cytotoxic effect
of TRAIL was determined under two treatment conditions, early (TRAIL treated 24 h after
seeding) or late (TRAIL treated 48 h after seeding). The early treatment results suggested

that TRAIL has a significant impact on BT25 cell viability compared to control, reducing
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Figure 2.2 The inhibitory effect of RBV with or without TRAIL tested in three different
cell lines, a) BT25, b) BT48, and c¢) U343. Cells were treated with TRAIL (100 ng/mL) 2
h after the addition of RBV. d) Control cells treated with PBS, and test cells treated with
TRAIL at different timepoints 24h (early) or 48 h (late) after seeding. TRAIL concentration
used was 100 ng/mL. Unlike BT25 and BT48 cells, U343 cells do not grow as spheroids.
Therefore, 48h timepoint was not considered for U343 cells. At 0 uM, cells were treated
with neither RBV nor TRAIL. Data shown here is an average = SEM of three independent
biological replicates; *** p <0.001; **** p <0.0001.

Table 2.1 ICso of BT25 and BT48 cell lines when RBV is treated with or without TRAIL.
Since U343 did not show any change, ICso is not shown here.

Cell line ICs¢ of Ribavirin (uM) ICso of Ribavirin (uM) in the
presence of TRAIL
BT25 187.48 ND
BT48 147.63 463.55
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viability to 29% (Figure 2.2d). In contrast, BT48 cells showed resistance to early TRAIL
treatment with no effect on cell viability (Figure 2.2d). Under late treatment conditions,
TRAIL further reduced the cell viability of BT25 cells to 19%, and interestingly, TRAIL
significantly reduced the cell viability of BT48 cells to 77% (Figure 2.2d). However, U343
cells showed resistance to TRAIL treatment (Figure 2.2d). These results indicate that
TRAIL shows greater cytotoxicity against BT25 cells and inhibits BT48 cells when the

treatment is delayed.

2.3.2. TRAIL does not enhance the activity of RBV in BT48 and U343 cells

To evaluate the combined effect of RBV and TRAIL treatment on cell viability,
BT25, BT48 and U343 cells were treated with both ligands 24 h after seeding. Compared
to RBV treatment alone, TRAIL and RBV treated BT25 cells showed cell viability below
50% at all concentrations, and the reduction was predominantly due to TRAIL (Figure
2.2a,d). Because of the extremely low cell viability, the ICso was not determined for BT25
cells. In contrast, compared to RBV treatment alone, RBV treated BT48 and U343 cells
had little to no effect upon exposure to TRAIL (Figure 2.2b,c). While BT48 cells showed
a ICso of 147.63 pM with RBV treatment, the ICso increased to 463.55 pM when RBV and
TRAIL drugs were used (Figure 2.2b, Table 2.1). Taken together, these results indicate that
the combined treatment of TRAIL and RBV does not amplify the cytotoxicity of RBV in
BT25 and U343 cells, and RBV and TRAIL treatment augments the viability in BT48 cells,

increasing the ICso value.
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2.3.3.BT25 and BT48 cells show increased resistance when RBV treatment is delayed

BT25 and BT48 cells were treated with RBV (48 h after seeding) to determine the
inhibitory effect of late RBV treatment. Compared to early RBV treatment (Figure 2.2a,b),
both BT25 and BT48 cells exhibited increased resistance to late RBV treatment (Figure
2.3a,b). This was evident from the ICso of RBV in BT25 and BT48, which showed 840.00
uM and 473.58 uM, respectively (Table 2.2), indicating that RBV has a varying cell

viability effect depending on the time of treatment.

Interestingly, a combination of late RBV and TRAIL (ligands treated after 48 hours)
led to the further reduction of cell viability in BT25 (Figure 2.3a). This data correlates with
the late TRAIL treatment data (Figure 2.2d), indicating the viability reduction observed is
due to TRAIL treatment alone (Figure 2.3a). Additionally, TRAIL augmented the viability
of RBV treated BT48 cells at higher concentrations as compared to cells without TRAIL

(Figure 2.3b).
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Figure 2.3 Inhibitory effect of Late RBV treatment with or without TRAIL tested in a)
BT25 and b) BT48 cell lines. TRAIL concentration used for the cell viability studies was
100 ng/mL, and at 0 pM, cells were treated with neither RBV nor TRAIL. Data shown here
is an average £ SEM of three independent biological replicates.
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Table 2.2 ICso values of BT25 and BT48 cell lines when RBV is treated late, with or without
TRAIL.

Cell line Ribavirin ICso (uM) ICso of Ribavirin (uM) in the presence
of TRAIL
BT25 840.00 ND
BT48 473.58 ND

2.3.4.elF5B knockdown does not enhance the activity of RBV in BT25 and BT48 cells

Since the combination of RBV and TRAIL did not amplify the cytotoxicity of RBV
substantially, its influence on cell viability in eIF5B depleted BT25, BT48, and U343 cells
was evaluated. Before assessing RBV effect, the viability of all eIF5B depleted cells alone
was determined. Consistent with previous studies, silencing elF5B did not affect the
viability of BT25, BT48 and U343 cells (Figure 2.4).%>° Furthermore, depleting eIF5B in
BT25 and BT48 cells did not enhance the activity of RBV, compared to control cells
(Figure 2.5a,b). Overall, RBV treatment in elF5B depleted BT25, and BT48 cells showed
ICso values of 288.76 uM, and 959.24 uM, respectively (Table 2.3), which is high
compared to RBV treated siC BT25 and BT48 cells, which showed 61.36 uM and 336.52
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Figure 2.4 Different GBM cell lines treated with either control siRNA or e[F5B siRNA.
si5B treated cells were normalized to control and shown as percentage alamarBlue activity.
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uM, respectively (Table 2.3). eIF5B depleted U343 cells were resistant to RBV treatment,
showing no effect on the cell viability (Figure 2.5¢). Levels of eI[F5B were quantified in
U343 cells to ensure that the knockdown of eIF5B was robust. The results implied a robust
reduction in levels of e[F5B in RBV treated and eIF5B depleted U343 cells (Figure A.1).
Overall, the data derived indicates that silencing eIF5B in BT25 and BT48 cells do not

enhance the cytotoxicity of RBV.
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Figure 2.5 siC or si5B treated GBM cells treated with RBV after 24 and 48 h in a) BT25,
b) BT48, and c) U343 cells. si5B and RBV treated cells were normalized to control and
shown as a percentage of alamarBlue activity.

Table 2.3 ICso values of si5B knockdown BT25 and BT48 cell lines treated with RBV.

Cell line | ICsoof Ribavirin (unM) in control ICs of Ribavirin (uM) in elF5B
cells depleted cells
BT25 61.36 288.76
BT48 336.52 959.24

2.3.5.Monolayer BT25 and BT48 cells are more sensitive to RBV over spheroid cells

Since growth conditions for spheroid and monolayer cells vary, the inhibitory effect
of RBV could also vary. To assess this, the cell viability effect of RBV was assessed in

spheroid and monolayer forms of BT25 and BT48 cells. As shown in Figure 2.6a, while
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monolayer BT25 cells were more sensitive to RBV at low concentrations, spheroid BT25
cells were relatively more resistant. Although the viability of spheroid BT25 cells reduced
at high concentrations, it was not substantial compared to monolayered cells (Figure 2.6a).
Overall, the ICso value of RBV for spheroid and monolayered BT25 cells was 840.00 uM
and 61.36 uM, respectively (Table 2.4). In contrast, both monolayer and spheroid BT48
cells were resistant to RBV at lower concentrations until 10 uM. However, the cell viability
of BT48 cells reduced drastically at 100 pM concentration in monolayer cells compared to
spheroid cells (Figure 2.6b). The ICso value of RBV for spheroid and monolayered BT48
cells was 473.58 uM and 336.52 uM, respectively (Table 2.4). Both BT25 and BT48 cell
viability results suggest that RBV is more efficient at inhibiting monolayered BTICs cells

than spheroid cells.
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Figure 2.6 Comparison of alamarBlue activity between monolayered and spheroid forms
of'a) BT25 and b) BT48 cells. Cells were treated with RBV (48 h after seeding), and results
are shown as a percentage of control.
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Table 2.4 ICso values of RBV treated BT25 and BT48 cell lines cultures either in monolayer

or spheroid.

Cell line ICs0 of RBV (uM) for ICs0 of RBV (uM) for spheroid
monolayer culture culture
BT25 61.36 840.00
BT48 336.52 473.58

2.3.6.No significant changes in levels of eIF5B dependent proteins in RBV treated

BT48 and U343 cells

Since TRAIL treatment was not enhancing the activity of RBV, western blot

experiments were carried to determine the levels of e[F5B and eIF5B dependent proteins

in RBV treated BT48 and U343 cells. BT48 and U343 cells showed no significant changes

in levels of elF5B, Bel-xL, XIAP, cIAP1, cFLIPL, and cFLIPs (Figure 2.7a—d). However,

levels of NRF2 was reduced in RBV treated BT48 cells but not in U343 cells (Figure

2.7b,d). Overall, this data suggests that the expression of eIF5B and elF5B dependent

proteins except NRF2 is not affected in the presence of RBV in BT48 and U343 cells.
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Figure 2.7 a) Representative blot images of eIF5B, Bel-xL, XIAP, cIAP1, cFLIPL cFLIPs,
and NRF2 and b) their quantification in RBV treated BT48 cells. c) Representative blot
images of aforementioned proteins and d) their quantification in RBV treated U343 cells.
Values represented here are normalized to B-actin. Data shown is an average = SEM of
three independent biological replicates; **, p < 0.01.
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2.3.7.MD simulations provide insight into human elF5B structural dynamics

2.3.7.1. Human elF5B sequence analysis and model building

To computationally study the binding of either RTP or LWW31 to elF5B, structural
information about human eIF5B is necessary. Therefore, eIF5B-GTP modeling was carried
out to generate a reliable protein model for MD simulation and subsequent molecular
docking studies. The MOD eIF5B-GTP model generated using MODELLER showed an
estimated RMSD of 2.3 A with respect to the template with 100% query cover and azZDOPE
value of —0.6 (Figure 2.8a, A.2). A previous study on protein modeling has suggested that
a zDOPE score of —0.5 or below indicates that the protein model generated adopts a native-
like conformation,! implying the human eIF5B model is reliable. However, the RC plot
showed 2 residues in the disallowed region of the model (Figure A.3), which was reduced
to 1 through refinement and loop remodeling (Figure 2.8b, Table 2.5). In general, high
quality RC plot would show <1% outliers,’* and the RC plot generated for MOD elF5B-
GTP displayed only 0.2% outliers (Table 2.5). Furthermore, 93.9% of the residues were in
the most favorable regions for the model, with previous work estimating that a high-quality
structure has more than 90% of residues in the most favorable regions.’® The eIF5B model
also passed other validation analyses including ERRAT, Verify3D, and QMEAN,
confirming the good quality of the model (Figure A.4a—c). Finally, the eI[F5B model is
within the Z-score mean value of other protein crystal structures in the PDB with similar
residue number, again supporting its reliability (Figure 2.8c). Overall, using homology
modeling, the first human elF5B model was generated, which will be used to study the

characteristics and ligand docking in the following sections.
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Figure 2.8 eIF5B validation and structure superposition. a) Superposition of the human
elF5B (brick red) model with the yeast eIF5B (grey) template. b) Ramachandran plot (RC
plot) showing favorable and unfavorable regions for the human eIF5B model. The core
region containing the most favoured regions is shown in red, while the additional allowed
regions are shown in yellow. ¢) Comparison of the human elF5B model with other
nonredundant structures available in the protein data bank.

Table 2.5 The statistics of the RC plot (Figure 2.8b), showing allowed and disallowed
regions after refinement and loop remodeling.

RC Plot Statistics
Residues in most favoured regions [A,B,L] 494 93.9%
Residues in additional allowed regions [a,b,],p] 29 5.5%
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Residues in generously allowed regions [~a,~b,~l,~p] 2 0.4%
Residues in disallowed regions 1 0.2%
Number of non-glycine and non-proline residues 526 100.0%
Number of end-residues (Excluding Gly and Pro) 2
Number of glycine residues (shown as triangles) 36
Number of proline residues 28
Total number of residues 592

2.3.7.2. D3 and D4 influence the dynamics of human eIF5B
RMSD analysis of the protein backbone (N, C, CA) and the ligand heavy atoms was

monitored in the MOD elF5B-GTP model with respect to the refined initial structure. The
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Figure 2.9 Shown here is the RMSD of elF5B (blue) and GTP (magenta) in the MOD
elF5B-GTP complex.

elF5B model exhibited high structural variations throughout the simulation in all replicates
(RMSD =9.0 = 1.7 A; Figure 2.9, Table A.2), suggesting that eIF5B is highly dynamic in
solution. However, GTP in the binding site of eI[F5B did not show substantial structural

variations (RMSD = 0.6 + 0.4 A; Figure 2.9, Table A.2), suggesting stable interactions with
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elF5B. Furthermore, structural variations of individual domains were calculated to
determine which domain(s) contribute to the high variations in the eIF5B structure. RMSD
analysis suggested that D2 of eIF5B is the most stable domain, whereas D3 and D4 show

high structural variations in all and two replicates, respectively (Figure 2.10a—f).
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Figure 2.10 RMSD data of elF5B represented in three replicates. a) The domains of the

elF5B model represented in different colors, including H12, each color corresponds to
RMSD data of each domain shown in b) G/D1, ¢) D2, d) D3, e) D4, and f) H12.

Additionally, RMSF analysis suggested that most residues of D4 and some residues of D3
exhibit higher flexibility than D1 and D2 (Figure A.5a—d). These results are consistent with
experimental studies on yeast e[F5B that showed resolving D4 is challenging due to its
flexibility in solution.!” The results also suggest that GTP forms a stable complex with

elF5B, with the contacts being formed are explained further in the following section.
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2.3.7.3. Contacts driving the stability of GTP in eIF5B-GTP complex

Before understanding which residues contribute to the GTP stability in the binding
pocket of human elF5B, the flexibility of the binding pocket was determined when GTP is
bound. Four regions make up the binding pocket of elF5B, namely G1, G2, G3, and G4,
which correspond to residues 638—646, 702—705, 756-759, and 824-826, respectively
(Figure 2.11a).>* Compared to apo-elF5B, these four regions are less flexible in the
presence of GTP (Figure 2.11b). However, binding of GTP increased the flexibility of
residues 666—670 in the switch-I region (Figure 2.11b), which is stabilized by the H14 of
rRNA during ribosomal association.”” ** Among the four regions, GTP established
hydrogen bonds with G1, G3, and G4 regions, but not G2. Specifically, GTP forms
hydrogen bond contacts with 645, 657, 665, 756, 759, and 826 (Figure A.6), contributing
to the overall stability of GTP in the binding site of e[F5B. In addition to these residues,
GTP is also stabilized by Mg** ion, which showed a consistent coordination with the f-
(distance = 1.91 + 0.05 A) and Y-phosphate (distance = 1.88 + 0.04 A) oxygens of GTP
throughout the simulation (Figure 2.11a; Table A3). Although GTP forms stable
interactions in D1, the absence of GTP did not affect the overall stability of D1 in apo-
elF5B (Figure A.7). These results suggest that GTP does not affect the global flexibility,

but rather only the surrounding regions in the binding site of human eIF5B.
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Figure 2.11 Representative structure of the eIFSB-GTP complex, highlighting a) the GTP
(green), Mg?" (green sphere), and residues of eIF5B (brick red) making up the binding
pocket. b) Flexibility of the binding pocket residues in apo-eIF5B and eIF5B-GTP.

2.3.7.4. Human elF5B adopts a unique conformation off-ribosome

In yeast, after e[FSB completes ribosomal association and tRNAi positioning,
Tyr837 (human Tyr1063) is oriented towards His480 (human His706),> which is believed
to be important for GTP hydrolysis. However, in the absence of the ribosome, interactions
between D1 and D3 of eIF5B are broken, which impacts the distance between His706 of
D1 and Tyr1063 of D3.!% 20 To test this, the distance between His706 and Tyr1063 was
calculated for the MOD eIF5B-GTP human model. The average distance between these

two residues in MOD eIF5B-GTP (distance = 18.6 + 3.2 A) was more than the interacting
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distance observed in the cryo-EM structure of yeast e[F5B on the ribosome (distance = 6.5
A; Figure 2.12a,b).>® Furthermore, the cryo-EM structure of yeast eIF5B was superimposed
with the MD representative structure of the MOD elF5SB-GTP model. D3 and D4 of the
elF5B model rotated 81° compared to yeast elF5SB bound to the ribosome (Figure 2.12c),
and this rotation is 21° greater than what was previously observed in other eukaryotes.?’
Nevertheless, it is important to consider that the eIF5B structure comparison involves two
different organisms, which may have inherent structural differences. To address these
differences and to further validate the human eIF5B model, a structure was retrieved from

the recently established AlphaFold database, which is discussed in the following section.
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Figure 2.12 Influence of the elF5B conformation on the distance between His706 and
Tyr1063. Distance between His706 and Tyr1063 throughout each simulation replicate a)
as a function of time and b) shown as box and whisker plots. ¢) Superimposition of isolated
human eIF5B model (brick red) and yeast eIF5B (grey, PDB ID 6WOO) on the ribosome
by the G-domain.

A second model of human elF5B, the AF elF5B-GTP model, was chosen to

compare the rotational differences of the elF5B structure in the presence and absence of
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the ribosome. Since the conformation adopted by the AF eIFSB-GTP model is very similar
to yeast e[F5B bound to the ribosome (Figure A.8), it was hypothesized that AF eIF5B-
GTP undergoes structural changes like yeast eI[F5B in a polar environment to attain a
conformation similar to MOD eIF5B-GTP. RMSD analysis of the MD trajectories for AF
elF5B-GTP indicated that the complex is highly dynamic during the first 500 ns but
stabilizes at higher RMSD for the remainder of the MD simulation (RMSD = 7.4 £ 0.9 A,
Figure 2.13a). Since a high RMSD indicated a shift in the conformation, the impact on the

surface area of elF5B was calculated, which revealed a gradual increase of SASA at ~350
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Figure 2.13 a) RMSD shows AF elF5B is more dynamic in the first 500 ns. b) SASA
increases gradually from 350 ns until 500 ns, indicating an increase in the surface area of
elF5B. c¢) The distance between D1 and D3 gradually increases from 350 to 500 ns. d) The
distance between His706 and Tyr1063 abruptly increases at ~450 ns due to conformational
changes in D3.

ns prior to the shift in the RMSD at ~450 ns (Figure 2.13b). Consistent with the SASA
results, the distance between DI and D3 gradually increased at ~350 ns, implying

disruption of interactions (Figure 2.13c¢). This change in distance between the two domains
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significantly impacted the distance between His706 and Tyr1063 after ~450 ns (Figure
2.13d, A.9), which ultimately led the structure of AF eI[FSB-GTP to adopt a conformation
similar to MOD eIF5B-GTP in solution (Figure A.10). Compared to the initial AF elF5B-
GTP model (prior to minimization), D3 and D4 rotated approximately 61° and 92°,
respectively, by the end of the MD simulation (Figure 2.14a,b). Additionally, D3 and D4
are displaced approximately by 16 A and 22 A from their initial position. Overall, the
results revealed that the combined rotation of D3 and D4 is 78° compared to the initial
structure (prior to minimization), which is similar to the rotation (81°) observed in MOD
elF5B-GTP (Figure A.11). Like yeast elF5B, the unique conformation adopted by the
MOD elF5B-GTP and AF elF5B-GTP models due to the rotation of D3 and D4 could
prevent GTP hydrolysis in the absence of the ribosome. Since both models adopt similar

structures, the MOD eIF5B-GTP model was used for subsequent ligand docking studies.
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Figure 2.14 Superimposition of the initial (grey) and final structures of the AF eIF5B model
with respect to G-domain. a) D3 rotated 61° from the initial AF eI[F5B-GTP model. b) D4
rotated 92° from the initial AF e[F5B-GTP model.

2.3.8. Interactions of RTP and LWW31 with human eIF5B

2.3.8.1. RTP might not be an inhibitor of eIF5SB

The experimental results presented previously have shown that ribavirin failed to
affect the function of eIF5B. Therefore, to understand whether an interaction between RTP
and elF5B is possible, MD simulations were performed. In the MOD elF5SB-GTP
representative structure, GTP was modified to RTP to generate the eI[F5SB-RTP model
(Figure 2.15a). Following 50 ns MD simulation, RTP failed to form a stable complex with
elF5B (Figure 2.15b) and was instead displaced from the binding pocket due to repulsive
forces between the cationic 1,2,4-triazole-3-carboxamide ring of RTP and the basic amino
acids Lys647, Lys757, and His826 in the binding pocket (Figure 2.15b). The displacement

of RTP during the MD simulations corroborates the western blot results, which clearly
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showed that ribavirin does not affect the cellular levels of either elF5B or its downstream

targets.

Figure 2.15 RTP interaction with eIF5B in e[FSB-RTP model. a) Key residues shown in
the binding site, with RTP replaced by GTP. b) The positively charged triazole ring of RTP
is displaced from the binding site due to the presence of basic amino acids. Hydrogen atoms
are not shown for better visualization.

2.3.8.2. Molecular docking of LWW31 with eIF5B-GTP

As previous experimental studies have suggested LWW31 binds to eIF5B,'
docking calculations were carried out against the conserved C-terminus region of elF5B
using AutoDock Vina to predict the binding site of LWW31. Based on an empirical scoring
function, five binding sites were identified (Table 2.6). Although top four binding sites
were considered for MD simulations initially, only the top two binding sites were able to
form a stable complex, (binding affinity = —9.6 kcal/mol), namely, binding site-I (BS-I),

which is found in the G-domain (Figure 2.16a), and binding site-II (BS-II), which is found
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Figure 2.16 Surface representation of the top two eIF5B binding sites of LWW31. a)
LWW31 BS-I occurs in D1, showing a deep groove. b) LWW31 BS-II occurs in a shallow
pocket at the interdomain space of D2 and D3.

in the interdomain space of D2 and D3 (Figure 2.16b). The depth and hydrophobicity of

BS-I is high compared to the BS-II (Figure 2.16a,b). MD simulations suggested that the

stability of eIF5B in the presence of LWW31 in either BS-I (RMSD = 8.2 + 1.7 A; Figure

2.17a) or BS-II (RMSD = 6.6 + 1.6 A; Figure 2.17b) is comparable. However, the stability

of LWW31 in BS-I is modestly better (0.67 + 0.30 A) than BS-II (0.79 + 0.28 A). Although

LWW31 in BS-I and BS-II result in the same binding energy based on docking calculations,

MD simulations suggest that LWW31 in BS-I forms a more stable complex with e[F5B.

Table 2.6 elF5B binding affinities predicted by AutoDock Vina for LWW31.

. Distance from best mode
Mode | Affinity (kcal/mol) RMSD b~ RMSD wb.?
1 -9.6 0 0
2 -9.6 33.387 38.157
3 -9.5 39.361 41.513
4 -9.5 45.302 48.665
5 -9.3 50.711 54.11

RMSD Lb. (lower bound) and u.b. (upper bound) of LWW31
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Figure 2.17 Stability of eIFSB-LWW31 complexes and key interactions. RMSD data for
elF5B when LWW31 is bound to a) BS-I and b) BS-II. Key interactions of LWW31 in ¢)
BS-I and d) BS-II. Hydrogen atoms are not shown for better visualization.

Representative structures of LWW31 in both binding sites were submitted to PLIP
to visualize the key interactions. Hydrophobic interactions are the driving forces promoting
the stability of LWW31 in BS-I (Figure 2.17¢). Specifically, 11e685, Phe688, Asp689,
Ala774, Tyr809, and Tyr836 formed hydrophobic contacts with the aromatic groups of
LWW31, whereas Glu840 and Pro814 of elF5B showed hydrophobic contacts with the
hydrocarbon tail of LWW31, which was further correlated by a lower polar solvation
energy (AEpolar = 27.35 + 1.49 kcal/mol) and better non-polar contributions (AEnon-pol = —
58.79 £ 0.92 kcal/mol) to the binding free energy (Figure 2.17c, Table A.4). In addition to
hydrophobic interactions, LWW31 was stabilized by two intermolecular hydrogen bonds
with Glu810 and Lys812, giving LWW31 an overall free binding energy (AGbind = —31.43

+ 1.32 kcal/mol; Figure 2.17c, Table 2.7, A.4). In contrast, LWW31 in BS-II had fewer
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contacts with eIF5B compared to BS-I, with a higher polar solvation energy (AEpolar = 40.06
+ 2.28 kcal/mol; Table 2.7). While BS-I showed eight hydrophobic contacts, side chains of
Arg849 and Glu962 of BS-II form two hydrophobic contacts with LWW31 (Table A.5).
Additionally, LWW31 in BS-II establishes two hydrogen bonds with the backbone of
Ala858, giving a total free binding energy (AGbind = —26.17 £+ 1.33 kcal/mol; Table A.5,
Figure 2.18a) lower than LWW31 in BS-I (AGbinda = —31.43 £ 1.32 kcal/mol; Table 2.7,
Figure 2.18a). These interactions indicate that LWW31 in BS-I is more favourable than
LWW31 in BS-II due to the deeper binding pocket and more contacts (Table 2.6; Figure
2.17a,b). Furthermore, the druggability of these two binding pockets was assessed using
Pockdrug. The Pockdrug program gives a druggability score from 0 to 1, with 1 being most
favorable.’® PockDrug assigned LWW31 BS-I with a score of 0.91 (Figure A.12) , but did
not predict BS-II to be a druggable pocket, implying BS-I as the most favorable binding

site for LWW31.

Binding free energy calculations were also carried out to determine whether
LWW31 binding to eIF5B reduces GTP affinity. The results suggested that binding free
energy of GTP is unaffected when LWW?31 is bound either to BS-1 (AGuvind =—97.02 + 6.42
kcal/mol, Figure 2.18b) or BS-II (AGbina = —96.29 + 13.10 kcal/mol, Figure 2.18b)
compared to the absence of LWW31 (AGuind = —101.26 £+ 6.01 kcal/mol). Additionally,
GTP affinity to Mg?" is also unaffected in the presence and absence of LWW31 either in

BS-I or BS-II (Figure A.13).
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Table 2.7 Free binding energies (kcal/mol) of GTP and LWW31 to elF5B.

GTP GTP GTP
) LWW31 | (LWW31 | LWW31 (BS- | LWW31 (BS-
Ligand (LWW31 (bound to (bound to D ( II) (
absent)
BS-I) BS-II)
AE.aw _2?.3521 _23';‘3 * _213'6935i 45934156 | -43.91+2.33
AEetec ;822;?2 _5135(‘)%4 _8312'725” 12.85+£1.67 | 22324324
+ + +
AGa | P50x [790265 [T T 30050 | st
AGsa _%‘Slsoi _%‘%Ssi _50'%2; 5904020 | -5.76+0.30
AEnonpol ;8252?16 f‘;%? _8;‘2'3221 —58.79+0.92 | —66.23 +0.95
AE potar 7‘;97'25(31* 745"g’fi 7‘;33'95%i 2735+ 149 |  40.06+2.28
AGbind _il%l(')zf _967'22“ _912'%%* —31.43+1.32 | -26.17+1.33
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Figure 2.18 Binding free energies of LWW31 and GTP to elF5B. a) LWW31 shows more
favourable binding to BS-I over BS-II. b) Binding free energy of GTP when LWW31 is

bound to BS-I (grey) or BS-II (dark grey). Data shown here is an average = SEM of three
replicates.
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2.4. Discussion

In this chapter, the experimental work helps demonstrate whether RBV inhibits
elF5B's function. The cell viability effect of RBV was evaluated in different GBM cell
lines. BT48 cells showed reduced viability when treated with RBV, followed by BT25 cells
(Figure 2.2a, 2.3a). While BT25 and BT48 responded to RBV treatment, U343 responded
neither to RBV nor TRAIL treatments (Figure 2.2c). Previous studies suggested that
depleting eIF5B sensitizes cells for TRAIL mediated apoptosis.® In the present study,
TRAIL did not enhance the activity of RBV in decreasing the cell viability of GBM cells
(Figure 2.2a—c). This indicates that RBV might not bind to eIF5B or affect its function.
Additionally, the decrease in cell viability with the combination of RBV and TRAIL
treatment in BT25 cells was due to TRAIL alone (Figure 2.2d). Having said that, the
activity of RBV also depends on several factors, including RBV permeability, dimerization,
metabolism via adenosine kinase to phosphorylated form, and half-life in GBM as they

vary between cells.!!>>’

The cell viability effect of early and late treatment of RBV was also assessed for
BT25 and BT48 cells, which indicated that both cell lines are more resistant to delayed
RBYV treatment (Figure 2.3a,b). Additionally, the results also suggest that early treatment
of RBV prevents the formation of hypoxic tumor microenvironment in BT25 and BT48
cells, but these hypoxic spheres could be established when RBV is treated late. The hypoxic
environment usually initiates alternative translation for survival,®® > and RBV might not
have much impact on viability under such conditions. Additionally, the permeability of

RBYV would be better for monolayered cells over spheroid cells.
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To further gain confidence in the cell viability data, western blot analysis was
performed to determine levels of eIF5B and its downstream targets in cellulo. Levels of
Bcl-xL, XIAP, cIAP1, cFLIPL, and cFLIPs were determined, and these results also indicate
that neither eIF5B nor eIF5B dependent proteins are affected by RBV treatment in BT48
and U343 cells (Figure 2.7a,b). Interestingly, NRF2 in the BT48 cell line was an exception,
which was downregulated upon RBV treatment (Figure 2.7b). The downregulation of
NRF?2 could be due to VEGF, a protein regulated by eIF4E at the translational level.®* ¢! In
general, RBV treatment inhibits eIF4E function preventing the translation of VEGF.!? A
previous study demonstrated an interplay between VEGF and NRF2 proteins, as low levels
of VEGF elevate oxidative stress.®? These studies imply that the change in NRF2 protein
levels might be eIF4E-mediated. However, the levels of NRF2 are unaffected in U343 cell
line, and further experiments are required to determine why NRF2 levels are unaffected
under RBV treatment in U343 cells. Additionally, unaffected levels of eI[F5B-dependent

proteins also indicate that eIF5B translation is independent of elF4E.

Consistent with western blot experiments, MD simulations showed that the eIF5B-
RTP complex is not stable, with RTP being displaced from the binding pocket within as
little as 50 ns. Although RTP was previously hypothesized to compete with GTP to prevent
elF5B function, the charge of the RTP ring was not properly taken into account in these
previous suggestions.'? Since ribavirin has a high pKa value, the cationic triazole of RTP is
positively charged at physiological pH.'? Furthermore, the eIF5B binding pocket, in which
RTP was proposed to bind, has charged amino acids Lys646 and Lys757 (Figure 2.15a).
As aresult, when GTP was replaced with RTP and MD simulations performed, the cationic

triazole of RTP formed repulsive interactions with the lysine residues in the binding pocket
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(Figure 2.15b). These results are consistent with the experimental study, which suggested
that neither eIF5B nor elF5B-dependent protein levels were altered upon ribavirin
treatment in BT48 and U343 cell lines, indicating that RTP is not an orthosteric non-

covalent inhibitor of elF5B.

Apart from experimental and computational studies on ribavirin binding to elF5B,
the overall conformational dynamics of eIF5B and elF5B interactions with LWW31 are
elucidated in the chapter. Homology modeling and MD simulations provided the first
structural model of human eIF5B. The MD simulations predicted that the overall stability
of the MOD eIF5B-GTP model is low in the absence of the ribosome. Additionally, RMSF
analysis suggested that the D4 of MOD eIF5B-GTP is the most flexible of all domains
(Figure A.5d), agreeing with previous crystallographic studies that showed lower electron
density for D4 in the absence of the ribosome,'® which was observed for both prokaryotic
and eukaryotic homologs of human eIF5B.!* % In general, D4 of eIF5B could be stabilized
when recruited onto the ribosome due to interactions with initiator tRNA and initiation
factors like eIF1A, eIF5, and eIF2A.5% The regions of D4 interacting with these initiation

factors, if discovered, could be appealing targets to test small molecules.

The flexibility of the GTP binding site was also compared between apo-eIF5B and
elF5B-GTP. The data reveals that the flexibility of most residues in the binding site is
reduced when GTP is bound, except for residues in the switch-I region. Although switch-I
showed high flexibility in apo-eIF5B, GTP binding further increased this flexibility (Figure
2.11b). Release of switch-I could be necessary for eIF5B when GTP is bound as this region
interacts with helix 14 (H14) of 18S rRNA during ribosomal subunit association.?%>* Using

MD simulations, the current chapter demonstrates for the first time that human elF5B
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undergoes conformational changes off-ribosome similar to yeast eI[F5B (Figure A.9a,b).
This conformation is possible when interactions between D1 and D3 are broken, and D3

rotates, which has also been previously observed in yeast eIF5B.2% %

Results from AutoDock vina uncovered two binding sites with the same binding
affinity for LWW31 (AG =-9.6 kcal/mol, Table 2.6). Subsequent MD simulations and free
energy calculations on the e[FSB-LWW31 complex revealed that BS-I is a more favorable
binding site than the BS-II. This data was further corroborated using druggability software,
PockDrug, which also predicted BS-I as a more favourable binding site (Figure A.12).
Together, these results suggest that BS-I is the possible binding site for LWW31 in the C-

terminus region of eIF5B.

However, there are certain properties of LWW31 that can be tuned in future studies
to yield an improved elF5B inhibitor to treat GBM. Specifically, to be an effective drug, a
molecule needs to permeate through the blood-brain barrier (BBB). Usually molecules
below 400-600 Da pass the BBB, making LWW31 relatively large molecule (~612 Da) that
falls just above the permissible limit.®” Additionally, LWW31 is non-polar, making it less
soluble, and the aromatic groups of LWW31 can form intramolecular interactions.
Specifically, the bulky naphthalene group in LWW31 intermittently makes intramolecular
contacts with Benzimidazole, which can disrupt the interaction with elF5B (Figure 2.17d).
Therefore, modifying these aromatic groups could improve intermolecular non-covalent
interactions and increase the permeability for the BBB. Nevertheless, apart from GBM,
LWW31 is still a promising compound for targeting elevated levels of elF5B in other

cancers such as HCC, LUAD, and prostate cancers that do not require crossing of BBB.
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2.5. Conclusion

In this chapter, a unique approach was employed to vet the favourability of ribavirin
triphosphate interaction to bind to elF5B by combining modeling like protein modeling,
docking, and MD simulations with experimental techniques like cell viability and western
blotting techniques. Although RTP has been suggested to compete with GTP to bind in the
G-domain, quantification of e[F5B and its downstream targets suggested that RBV does
not affect the function of eI[F5B. MD simulations corroborated the western blot results
further, indicating that the interaction between RTP and eIF5B is unfavourable.
Specifically, interactions between elF5B and RTP are not possible due to the charged
triazole ring of RTP, which makes repulsive contacts with surrounding basic residues

Lys647 and Lys757 of elF5B.

Using homology modeling and structural validation tools, the first human elF5B
model was generated, which was used to study eIF5B structural dynamics and ligand
binding. In addition to providing insight into domain release mechanism, studying the
dynamics of human eIF5B also helped identify the most favorable binding site in D1 for
LWW31. Overall, this chapter highlighted how a combination of cell, molecular and
computational biology can accelerate the understanding of ligand binding to eIF5B. Thus,
the complementary work presented in this chapter offers an interdisciplinary approach to

identify promising compounds for oncogenic proteins that lack X-ray crystal structures.
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Chapter 3: The Interactions of Eukaryotic Translation Initiation Factor 4E (elF4E)
with m’GTP, RBV, and RTP: A MD Study

3.1. Introduction

elF4E is a subunit of the eIF4F complex (eIF4E, 4G, and 4A), which binds to the
5'-terminal 7-methylguanosine (m’G) cap of mRNA to recruit the 40S ribosome during
cap-dependent translation (Figure 3.1a).!> The cap-binding activity of eIF4E controls gene
expression post-transcriptionally by regulating the transport of a subset of mRNA from the
nucleus to the cytoplasm.®® However, the same cap-binding activity augments the
translation of vascular endothelial growth factor (VEGF), cyclin-D, and ornithine
decarboxylase (ODC).!® Therefore, eIF4E regulates gene expression at both the post-
transcriptional and translational levels. However, high levels of eIF4E often promotes
cancer cell proliferation and survival.'® ! Approximately 30% of cancers show elevated
levels of eIF4E,'*!® making eIF4E a desirable target for the development of inhibitory

drugs.

Previous studies have shown that cap-analogues like ribavirin (RBV), ribavirin
triphosphate (RTP), and 7-methylguanosine triphosphate (m’GTP) inhibit eIF4E function
by binding to the cap-binding site (Figure 3.1b—d).!” Although it is known that RTP is
synthesized inside the cell when RBV is metabolized by adenosine kinase,'> 132 the extent
of RBV to RTP conversion in cancer cells in uncertain. Studies have shown that RTP (Kd
= 0.13 uM) has a similar binding affinity to eIF4E as m’GTP (Ka= 0.19 pM) and a better
binding affinity than RBV (Ka= 6.7 uM).!” Additionally, viability experiments of RBV
treated cancer cells showed promising results in terms of eIF4E inhibition.!> 2! However,

clinical trial data indicated that patients develop drug resistance over time (after four
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months),'> which could be due to reduced RBV metabolism. Therefore, it is essential to
understand the interactions of both RBV and RTP with elF4E until further experiments can

confirm the dominant active form in cancer cells.

While a crystal structure for m’GTP in complex with eIF4E is available (PDB ID:
1IPC),? very little structural information is known about RBV and RTP binding to eIF4E,
including the primary residues involved. Additionally, although molecular dynamics (MD)
simulations have been performed for the eIF4E-m’GTP complex,?* the simulations were
short (800 ps), and primarily focussed on how m’GTP and m’GpppA/G affect the size of
cap-binding pocket. Furthermore, there is no information on how RBV and RTP affect the
flexibility of the C-terminus (203-211 residues), a region important for the regulation and
stability of eIF4E.>* 25 In the absence of experimental data, recent studies have proven that
computational biology can be a useful tool for elucidating the dynamics of protein-ligand
interactions.?*2® For example, MD simulations have been successfully used for the
structural prediction of the CYFIP1 peptide (CYFIP1p) with eIF4E,?’ predicting the
binding mode and novel (electrostatic and hydrophobic) CYFIP1p—eIF4E contacts.?’
Therefore, MD simulations will be a useful tool to identify the binding modes of RBV and
RTP to elF4E, including the amino acid contacts that promote binding, with the goal to

identify potential new designs of small molecule inhibitors.

In this chapter, atomic-level structural insights are provided for the elF4E-m’GTP,
elF4E-RTP, and elF4E-RBV complexes using MD simulations. The elF4E-m’GTP
complex was used to validate the computational approach through comparisons with the
elF4E-m’GTP crystal structure (PDB ID: 1IPC),** affinity experiments,’” and NMR

studies.>® Furthermore, structural changes induced by m’GTP in the N and C-terminus
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regions of eIF4E were investigated. The approach used to successfully study the eIF4E-

m’GTP complex was then applied to the elF4E-RTP and eIF4E-RBV complexes for which
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Figure 3.1 a) eIF4E in the eIF4F complex interacts with the 5'-terminal m’G of mRNA to
recruit on the 40S subunit. b) Structure of m’GTP, ¢) RBV, and d) RTP. ¢) Crystal structure
of the eIF4E-m’GTP complex (PDB ID: 11IPC), highlighting m’GTP stacked between two
conserved tryptophan residues.

little structural information exists. MD simulations reveal the ligand—target interactions,
system dynamics, and stability of RTP and RBV ligands in the cap-binding site of eIF4E.
A focus was placed on determining how RTP and RBV bind within the cap-binding site as
well as identifying differences and similarities compared to m’GTP. Finally, binding free

84



energy calculations are used to compare the predicted binding affinities for m’GTP, RTP,
and RBV to elF4E. Overall, the work reveals new structural information about the
interactions between RBV or RTP and the cap-binding residues of e[F4E, which can be
used in future work to develop better neoplastic drugs for the treatment of ovarian, breast,

and head and neck cancers that show aberrant eIF4E expression.?!3?

3.2. Computational Methods

3.2.1.Ligand optimization:

The structure of RBV was optimized with B3LYP/6-31+G(d,p) in the gas phase,
and charges were derived using the restrained electrostatic potential (RESP) method. Due
to inherent instability in the gas phase resulting from the high charge of the triphosphate
tail, parameterization of m’GTP and RTP was carried out with B3LYP/6-31+G(d)
calculations in implicit solvent (IEFPCM; water) using Gaussian 16 (Rev. C.01),* and

charges were derived using the RESP method.
3.2.2.Molecular dynamics protocol:

The crystal structure of m’GTP bound to eIF4E (PDB ID: 11PC) was retrieved from
the Protein Data Bank for MD studies (Figure 3.1e). Since the N-terminus region (1-27
residues) of eIF4E was not resolved,?? amino acids 28-217 of eIF4E were included in the
elF4E-m’GTP structure. Residues 206-210 of eIF4E were not resolved in the eIF4E-
m’GTP crystal structure. Thus, loop modeling was employed to construct this region using
MODELLER .** % In the next step, the apo-eIF4E model was derived by deleting m’GTP

from the eIF4E-m’GTP model. In the final step, since RBV and its metabolite, RTP, are
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orthosteric inhibitors of the m’G cap,'”*° m’GTP in the eIF4E-m’GTP model was modified

to RTP or RBV using PyMOL (version 2.3.2).3% Each model was then used for MD studies.

Minimization and heating protocols were adopted from Chapter 2. While the
elF4E-m’GTP and eIF4E-RBV systems were equilibrated for an additional 500 ns
compared to Chapter 2, the eIF4E-RTP complex was equilibrated for 100 ns, at which point
each system was sufficiently stable. The remainder of the MD simulation protocol was
adopted from Chapter 2, with 1000 ns MD simulations performed on each equilibrated

system in triplicate.

Post-trajectory analyses and MM-GBSA calculations were performed for each
trajectory as described in Chapter 2. However, since the crystal structure was used for
elF4E, the RMSD was calculated with respect to the backbone of the corresponding initial
elF4E-cap analogue structure (prior to minimization). Additionally, the RMSD for all
ligands was calculated with respect to the heavy atoms of the ligands in the corresponding
initial model (prior to minimization). Percentage occupancy of hydrogen bonds between
the protein and ligand were calculated using an angle cut off of 120° and a distance cut off
of 3.4 A. Percentage occupancy for the stacking interactions were analyzed using an
inhouse script that considered stacking to be present when the centers of mass of the two
aromatic groups were within a distance of 5 A, and the interplanar angles of the two

aromatic groups were set between 0° and 30° or 150° and 180 °.
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3.3. Results & Discussion
3.3.1. Predicted interactions in the e[F4E-m’GTP complex are consistent with the

crystal structure

The X-ray crystal structure of eIF4E-m’GTP showed that the purine group of
m’GTP stacks between the side chains of Trp56 and Trp102 (Figure 3.2), and N1 and N2
of the m’GTP nucleobase forms hydrogen bonds with the side chain of Glul03 (Figure
3.2). While Trp56 and Trp102 have been proposed to aid in the recruitment of the m’G cap
through stacking, the hydrogen bonds between m’G and Glul03 stabilize the stacking
contacts.?? These interactions were persistent during the simulation where the charged
purine ring (+1) of m’GTP establishes cation—n—r interactions with Trp56 (occupancy =
97.8%, AG = -5.0 £ 0.2 kcal/mol; Figure 3.3a) and Trp102 (occupancy = 60.2%, AG = —

4.9 £ 0.6 kcal/mol; Figure 3.3a). The results indicate a preferential stacking of m’GTP to

Figure 3.2 Crystal structure of the elF4E-m’GTP complex (PDB ID: 1IPC), highlighting
the residues that interact with m’GTP.

87



Trp56 over Trpl02, rationalizing mutational studies that showed m’GTP has a lower
affinity when Trp56 (Kd= 40.6 uM) is mutated compared to when Trp102 is mutated (Ka
= 16.8 uM).’” Additionally, the side chain of Glu103 establishes two hydrogen bonds with
the N1 (occupancy = 73.4%; Figure 3.3b) and N2 (occupancy = 66.4%; Figure 3.3b) of
m’GTP (AG =-1.2 £ 0.1 kcal/mol). In addition, a more persistent hydrogen bond is formed
between O6 of m’GTP and the backbone N of Trp102 (occupancy = 93.7%; Figure 3.3a),
indicating the interaction of m’GTP with Trp102 is more important than Glu103 to orient
and maximize the stacking with Trp56 and Trp102. Overall, interactions between m’GTP
and residues in the cap-binding pocket facilitate the formation of a stable complex with

elF4E (RMSD = 1.7 + 0.4 A; Figure 3.4a, Table B.1).
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Figure 3.3 MD representative structure of the elF4E-m’GTP complex, highlighting a) the
m’GTP stacking interactions with Trp102 and Trp56, as well as hydrogen bonds with the
backbone of Trp102, and b) the m’GTP hydrogen bonds with the sidechain of Glu103.

The crystal structure of elF4E-m’GTP revealed hydrogen bonds between the
triphosphate tail of m’GTP and Argl12, Argl57, and Lys162 of eIF4E (Figure 3.2).2%3°
However, the triphosphate tail exhibited numerous conformations in the cap-binding site

88



during the MD simulation, allowing m’GTP to establish intermittent hydrogen bonds with
Argl12 (AG = -6.1 + 2.2 kcal/mol, Figure 3.5a—c, Table B.2), Argl57 (AG =-9.6 + 3.3
kcal/mol, Figure 3.5¢,d, Table B.2), and Lys162 (AG = —7.6 + 2.2 kcal/mol, Figure 3.5b,
Table B.2). However, free binding energy calculations and hydrogen bond analysis
suggested that Argl57 is the major contributor to m’GTP binding (Figure B.1, 3.5c,d).
Thus, despite the difference in the dynamics of the triphosphate tail, consistent with
crystallographic data,? the results from the MD simulations indicate that Argl12, Argl57,

and Lys162 are the three primary residues interacting with m’GTP.
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Figure 3.4 Structural deviation in the protein (backbone) or ligand (heavy atom RMSD, A)
in a) m’GTP and eIF4E in the eIF4E-m’GTP complex, b) apo-eIF4E, ¢) RTP and elF4E in
the eIF4E-RTP complex, and d) RBV and eIF4E in the eIF4E-RBV complex. RMSD was
calculated with respect to the initial models (prior to minimization).

Overall, the superposition of the active site conformation in the MD representative
structure and the crystal structure of the elF4E-m’GTP complex indicates no significant
deviations (RMSD = 1.5 A; Figure B.2), except for the alpha (A), beta (B), and gamma (G)
phosphates of m’GTP that were dynamic throughout the simulation. This conformational

flexibility of m’GTP was possible due to intermittent interactions with Argl12, Argl57,
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and Lys162 (Figure 3.5a—d, Table B.2). Previous crystallographic studies suggested that
the absence of second nucleotide adjacent to m’GTP increases the flexibility of the eIF4E
C-terminus region (203-211 residues; Figure B.3).2%38 Consistent with the crystallographic
studies,?> MD simulations on eIF4E-m’GTP indicate high flexibility of the C-terminus
region (Figure B.4), which impacted the overall stability of the eIF4E-m’GTP complex

(RMSD =4.1 £ 0.8 A; Figure 3.4a, Table B.1) and showed structural variations similar to
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Figure 3.5 elF4E interactions with A, B, G of m’GTP, a) — d) showing various intermittent
hydrogen bonds with the Argl12, Argl57, and Lys162 basic residues.
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apo-elF4E (RMSD = 4.1 = 0.8 A; Figure 3.4b, Table B.1). Interestingly, the flexibility of
the C-terminus region is significantly higher in apo-eIF4E than eIF4E-m’GTP (Figure B.4),
indicating that the binding of m’GTP reduces the flexibility of the C-terminus region to a
certain extent. Similarly, compared to apo-eIF4E, the N-terminus region (28-37 residues)
of eIF4E is less flexible in the presence of m’GTP due to non-covalent interactions between
the N-terminus and the H2, H4, and H5 a-helices (Figure 3.6, B.4). Since the N-terminus
and H2 of eIF4E interacts with eIF4G,?> " the presence of m’GTP could affect the affinity

for elF4G.

Figure 3.6 The N-terminus region (magenta) interacting with the H2, H4 and HS a-helices
(opaque green) of eIF4E when m’GTP is bound.

Overall, the interactions between eIlF4E and m’GTP observed during the MD
simulations are consistent with the crystal structure (PDB ID: 1IPC). Additionally,
although the C-terminus region was not resolved in the X-ray crystal structure of the eI[F4E-
m’GTP complex, binding of m’GTP was found to reduce the flexibility of the C-terminus
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to a certain extent despite the absence of the adjacent second nucleotide (Figure B.4). Apart
from the flexibility of the triphosphate tail, most of the attributes of the eIF4E-m’GTP
complex presented here are very similar to the crystallographic and binding affinity studies.
The results presented in this section validate the approach employed, which will be used to
elucidate the structural dynamics of the eI[F4E-RTP and elF4E-RBV complexes in the

following sections.

3.3.2. Despite a smaller ring, RTP shows similar interactions in the eIF4E cap-binding

site as m’GTP

Experimental binding studies indicate that m’GTP and RTP compete with m’G for
binding in the cap-binding pocket of eIF4E.3%* According to previous NMR studies, RTP
binding is possible due to interactions with Trp56 and Trp102 of eIF4E.>**! However, the
studies also suggested that the RTP is dynamic in the binding pocket due to the smaller
triazole ring (Figure 3.7a).%° Indeed, eIF4E-RTP MD simulation data has revealed that RTP
(RMSD = 2.4 + 0.5 A; Figure 3.4c, Table B.3) is dynamic in the binding pocket, but these
variations in the ligand did not impact the overall stability of eIF4E (RMSD = 4.4 + 0.4 A;
Figure 3.4c, Table B.3). Unlike the purine ring of m’GTP, due to the small size of the
triazole ring, the carboxamide N3 of RTP forms less persistent hydrogen bonds with OE1
(occupancy = 13.9%, Figure 3.7b) and OE2 (occupancy = 13.2%, figure 3.7b) of Glul03,
giving rise to the dynamics of the ligand in the binding pocket (Figure 3.4c). However, the
remaining contacts between RTP and eIF4E are very similar to those for m’GTP. RTP and
m’GTP form persistent stacking with Trp56 (occupancy = 90.0%; Figure 3.7a, B.5) and

Trp102 (occupancy = 70.1%; Figure 3.3a, B.5), respectively. In contrast, RTP and m’GTP
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relatively form less persistent stacking with Trp102 (occupancy = 70.1%; Figure 3.7a, B.5)

and Trp56 (occupancy = 60.2%; Figure 3.3a, B.5), respectively.

Y R )

RTP

Trp56

Figure 3.7 a) MD representative structure of the eIF4E-RTP complex, highlighting the RTP
stacking and hydrogen bonding with the eIF4E residues in the cap-binding pocket, and b)
carboxamide of RTP hydrogen bonding with the side chain of Glu103.

Moreover, a similar trend has been observed for hydrogen bonding, where the backbone N
of Trp102 forms less persistent hydrogen bonds with O3 of RTP (occupancy = 70.5%;
Figure 3.7a) compared to the O6 of m’GTP (occupancy = 93.7%; Figure 3.3a). While
binding of RTP reduces the flexibility of Trp56, it increases the flexibility of Trp102
compared to apo-elF4E and eIF4E-m’GTP (Figure 3.8). Additionally, the triphosphate tail
of RTP exhibited intermittent interactions in the cap-binding pocket that are very similar to
m’GTP (Figure 3.9a—f, Table B.4). Specifically, RTP forms hydrogen bonds with Argl12
(AG =-5.3 + 3.8 kcal/mol, Figure 3.9a—d), Argl57 (AG =-7.3 + 2.0 kcal/mol, Figure 3.9a—
c,f), and Lys162 (AG = -9.0 £ 0.9 kcal/mol, Figure 3.9a,b,e) of eI[F4E. However, RTP
displayed an additional hydrogen bond with Lys159 (AG = —6.5 + 0.6 kcal/mol, Figure
3.9d,f) that was not observed in the eIF4E-m’GTP complex. Interestingly, while m’GTP
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exhibited stronger binding to Argl57, RTP exhibited stronger binding to Lys162. Overall,

despite the difference in the dynamics and per-residue free binding energy of the

triphosphate
Bl apo-elF4E
B elF4E-m7GTP
8= mm elF4E-RBV
1 elF4E-RTP
6=
<
s +-
=
(4
2=
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37 40 48 56 69 71 102 103 157 162

Residue No.

Figure 3.8 Fluctuations (RMSF, A) in the dorsal surface and cap-binding residues of apo-
elF4E (red), as well as the eIF4E-m’GTP (blue), eIF4E-RBV (grey), and eIF4E-RTP
(citrine) complexes.

tail of RTP compared to m’GTP, results from the MD simulations indicate that Argl112,

Argl157, Lys159 and Lys162 predominantly form hydrogen bonds with RTP like m’GTP.

Previous experimental affinity studies suggest that the eIF4E binding affinity for
m’GTP and RTP is the same. However, the calculated overall binding free energy of
m’GTP (AG = -30.3 £ 3.9 kcal/mol; Table B.5) was better than RTP (AG =—-19.5 £+ 1.1
kcal/mol; Table B.5). Previous studies have indicated that m’GTP has a higher affinity for
truncated elF4E (Ka = 0.03 uM) over the full structure of eIF4E (Ka = 0.19 uM).!* 42

However, there is no experimental evidence on how the truncated form affects the affinity
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Figure 3.9 elF4E interactions with A, B, G of RTP, a) — f) showing various intermittent
hydrogen bonds with the basic residues Argl12, Argl57, Lys159, and Lys162 of eIF4E.
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of RTP for eIF4E and therefore this effect could be consistent between the two ligands.
Interestingly, despite the similarities between m’GTP and RTP, a comparative NMR study
suggested that binding of RTP, but not m’GTP induces structural changes in eIF4E, which
affects residues including His37, GIn40, Val69, and Asp71.%° Indeed, when m’GTP was
bound to eIF4E, little to no change was observed in the flexibility of His37, GIn40, Val69,
and Asp71, but the flexibility is reduced when RTP is bound (Figure 3.8). Despite slight
differences between RTP and m’GTP regarding the stability of His37, GIn40, Val69, and
Asp71 and stacking occupancies, both ligands exhibited a similar mode of interaction in

the cap-binding pocket of e[F4E.

Overall, future studies should focus improving upon the current RTP design to
increase the stability and specificity. Specifically, the MD data suggests that to increase the
stability of triazole ring, RTP should make more persistent contacts with the side chain
oxygens of Glul103, and the backbone oxygen of Pro100, which is available to interact (both
in the eIF4E-m’GTP crystal and the eIF4E-RTP MD representative structure) in the binding
pocket of eIF4E. Additionally, Lys159 and Lys162, which are important for the binding of
RTP, could be further explored for lysine covalent docking. Intriguingly, preliminary
studies on lysine-targeted eIF4E inhibitors have suggested that covalent binding of
arylsulfonyl fluoride to Lys162 acutely inactivates eIF4E in cells,* and Lysine mediated
inhibition has been already used to target other proteins for treating cancer.*** This chapter
provides structural support for this proposal and extends this idea to the potential targeting

of another lysine residue, Lys159, in the cap-binding pocket.
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3.3.3. Although RBYV binds to eIF4E, the mode of interaction is significantly different

from m’GTP, resulting in much weaker binding

The RBV cap-analogue has been shown to compete with m’G to bind to eIF4E."
However, no information is available about the interactions that promote RBV binding, and
the structural changes induced in eIF4E after binding. Similar to the purine of m’GTP and
the triazole of RTP, MD simulation of e[F4E-RBV show that the triazole ring of RBV

stacks between Trp56 (occupancy = 94.6%, AG = —4.3 + 0.1 kcal/mol; Figure 3.10) and

Figure 3.10 MD representative structure of the e[F4E-RBV complex, highlighting binding
site residues that stack or hydrogen bond with RBV.

Trp102 (occupancy = 88.1%, AG = —4.7 kcal/mol; Figure 3.10). Additionally, compared
to apo-elF4E, Trp56 and Trp102 exhibit reduced flexibility when RBV is bound to the cap-
binding pocket (Figure 3.8), which is consistent with the conclusions from a previous NMR
study.'” Interestingly, RBV stacks with Trp56 and Trp102 of eIF4E similar to m’GTP and

RTP, but RBV interactions are more persistent with Trp102 than m’GTP (by up to 28%,
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Figure B.5) and RTP (by up to 18%, Figure B.5). While RBV:Trp56 stacking interactions
are indispensable for ligand recruitment as RBV failed to compete with m’G when Trp56
was mutated,'® the impact of mutating Trp102 on RBV has not been investigated, which

could in fact negatively affect RBV binding.

Glul03

Pro100

95.773@

0, (] @
53.3% ¢ 74.8%

58.8%

72.9%

Figure 3.11 MD representative structure of the eIF4E-RBV complex, highlighting RBV
hydrogen bond contacts with Pro100 and Glu103 of elF4E.

While MD simulations revealed that the purine ring of m’GTP hydrogen bonds with
Trp102 and Glul03, the lack of the triphosphate tail facilitates the ribose group of RBV
establishing hydrogen bonds with Trpl102 (Figure 3.10) and Glul03 (Figure 3.11).
Interestingly, the carboxamide of the RBV triazole ring forms a persistent hydrogen bond
with the backbone of Pro100 (occupancy = 95.7%, AG =—1.6 kcal/mol, Figure 3.11), which
was observed neither in the elF4E-m’GTP nor elF4E-RTP complexes. These distinct
hydrogen bonds of the RBV carboxamide and the ribose group with Pro100, Trp102, or
Glul03 in the absence of the triphosphate tail facilitates stable binding of RBV (RMSD =

0.3 £ 0.2 A; Figure 3.4d, Table B.6) in the cap-binding site of eIF4E (RMSD = 3.5 + 0.4
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A; Figure 3.4d, Table B.6). However, the lack of the triphosphate tail also led to a weaker
overall binding free energy of RBV (AG = -17.7 £ 0.3 kcal/mol; Table B.5) compared to
RTP (AG = -19.48 + 1.09 kcal/mol; Table B.5) to e[F4E, which correlates with previous
experimental data that suggested RTP has a greater binding affinity than RBV for eIF4E ."°
Similar to m’GTP, binding of RBV decreases the flexibility of the C-terminus (204210
residues; Figure B.4), and interestingly, the C-terminal tail (211-217 residues) of elF4E
exhibited high flexibility in the presence of RBV (Figure B.4), which was not observed for
cither the eIF4E-RTP or elF4E-m’GTP system. Additionally, the flexibility of His37,
GIn40, Phe48, Val69, Asp71, and Glul03 is reduced in the presence of RBV compared to

apo-elF4E (Figure 3.8).

These results suggest that the triazole ring of RBV, similar to RTP and m’GTP,
stacks with Trp56 and Trpl102 of elF4E. However, the lack of the triphosphate, the
orientation of the ligand in the binding pocket is unique, which helps RBV form distinct
hydrogen bonds with Pro100, Trp102, and Glul03 compared to the other cap-analogues.
Taken together, a combination of the distinct interactions elucidated for eI[F4E-RBV
provides the structural rationalization for the previous experimental results,'® including
lowered flexibility of cap-binding residues and weaker ligand binding compared to m’GTP

and RTP.
3.4. Conclusion

In this chapter, MD simulations were used to provide the first dynamic structural
data for RTP and RBV bound to the elF4E cap-binding pocket. Despite the dynamics of
the triphosphate tail of m’GTP, the MD data obtained for eIF4E-m’GTP are consistent with

the crystallographic data. The triphosphate tail of m’GTP showed interactions with Arg157,
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Lys159, and Lys162, but Argl57 exhibited greater binding affinity among them. MD
simulations also suggested that the binding mode of m’GTP and RTP is similar,
rationalizing the NMR and mutational studies that indicated both cap-analogues compete
with 5’-terminal m’G cap in the cap-binding site.!> 3 Additionally, RBV forms stable
interactions in the binding site of e[F4E, with distinct hydrogen bonds observed that do not
occur for either m’GTP or RTP. However, the overall binding free energy of RBV is weaker
than m’GTP due to the smaller ring and lack of triphosphate tail, which explains why
m’GTP has a smaller Ka than RBV during the experimental affinity studies.'” Based on the
information generated in this chapter, amino acids including Trp56, Pro100, Trp102,
Glul03, Argl12, Argl57, Lys159, and Lys162 could be great targets for obtaining high

affinity inhibitors from virtual library screening.
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Chapter 4: Conclusions

4.1. Thesis Summary

Eukaryotic translation initiation factor 5B (eIF5B) prevents apoptosis in certain
cancer cells by promoting the synthesis of anti-apoptotic and immune-suppressing
proteins.” 2 Therefore, Chapter 2 investigated the interaction of eIF5B with ribavirin
triphosphate (RTP) and LWW31, by combining cell viability and western blotting with
protein modeling and molecular dynamics (MD) simulations. The results obtained from
western blot studies helped understand the effect of ribavirin (RBV) on elF5B and elF5B
dependent proteins in glioblastoma (GBM) cell lines. Furthermore, results from cell
viability experiments suggested that late tumor necrosis factor related apoptosis-inducing
ligand treatment (TRAIL; 48 hours after seeding) more efficiently inhibits BT25 and BT48
cells than early TRAIL treatment (24 hours after seeding). Quantification of the levels of
elF5B and its downstream targets using western blotting suggested that RBV does not
affect the function of eI[F5B. MD simulations corroborated the conclusions from western

blotting, indicating that the interaction between elF5B and RTP is unfavourable.

To study the interactions between elF5B and small molecules (RTP and LWW31)
that may show promising inhibitory activity, the first human eIF5B model (629-1220
residues) was generated using homology modeling with yeast e[F5B crystal structure (PDB
ID: 1IPC) as the template.® Subsequent MD simulations on the human eIF5B model
suggested that human elF5B undergoes a domain release mechanism in the absence of the
ribosome, leading to D4 flexibility similar to yeast eIF5B.? Furthermore, an equilibrated
model of human elF5B was used to identify the binding site for LWW31 in the C-terminus

region (629-1220 residues) since the previously proposed N-terminus binding site (1-586
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residues) does not have a known function.* Two binding sites for LWW31 with the same
binding energy were identified using molecular docking algorithms in the C-terminus
region of elF5B. However, MD simulations and druggability predictions suggested that
LWW?31 in binding site-I (BS-I) in D1 of eIF5B binds with a greater binding free energy
compared to binding site-II (BS-II) in the inter-domain pocket of D2 and D3. Together,
these results suggest that BS-I is the possible binding site for LWW31 in the C-terminus
region of elF5B, and in future, experimental work is required to determine how LWW31

affects elF5B function when bound to the N and C-terminus regions.

Overall, Chapter 2 highlighted how a combination of cell, molecular and
computational biology can accelerate the understanding of small molecule ligand binding
to elF5B.The complementary work presented in Chapter 2 offers an interdisciplinary
approach to study the structural dynamics and identify promising compounds for other
proteins that lack X-ray crystal structures, especially with the advent of recent artificial

intelligence-based protein model databases like AlphaFold.’

Like elF5B, eukaryotic translation initiation factor 4E (elF4E) is an elF that is
elevated in certain cancers,®!? and often promotes cancer cell proliferation and survival.'!:
12 Therefore, the interaction of eIF4E with previously proven inhibitors was examined in
Chapter 3, including ribavirin (RBV) and its metabolite, ribavirin triphosphate (RTP).
These ligands were chosen for study since there is not much information on the binding
mode of inhibitors in the cap-binding site and yet such information is necessary to design
improved inhibitors. Furthermore, experimental data is available for RBV and RTP, which
showed that the both ligands compete with 7-methylguanosine (m’G) nucleoside to interact

with eIF4E."> MD simulations of 7-methylguanosine triphosphate (m’GTP) bound to
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elF4E was also investigated, which validated the computational methodology through
comparison with the crystallographic data. The same methodology was then reliably
applied to study the interactions of RBV and RTP with elF4E. The results showed that
Trp56 and Trp102 of eIF4E, which have been proposed to aid in m’G cap recruitment,'*
form persistent stacking interactions with RBV compared to m’GTP and RTP. RBV also
forms a persistent hydrogen bond with Pro100, which was not observed for either m’GTP
or RTP. Nevertheless, the triphosphate tail of m’GTP and RTP exhibits numerous
intermittent interactions in the cap-binding pocket, which was not observed in RBV. The
lack of triphosphate tail in RBV led to overall weaker binding free energy to elF4E
compared to m’GTP and RTP, rationalizing the experimental binding affinity."
Additionally, the MD predicted similar binding mode of m’GTP and RTP to eIF4E
rationalizes previous NMR and mutational studies that indicated both cap-analogues

compete with 5'-terminal m’G cap in the cap-binding site.!* 1

Based on the information presented in Chapter 3, amino acids such as Trp56,
Pro100, Trp102, Glu103, Argl12, Argl57, Lys159, and Lys162 could be important targets
for designing more potent inhibitors using virtual library screening. Additionally, Lys159
and Lys162, which are important for the binding of RTP, could be further explored for
lysine covalent docking. Intriguingly, preliminary studies on lysine-targeted eIF4E
inhibitors have suggested that covalent binding of arylsulfonyl fluoride to Lys162 acutely
inactivates eIF4E in cells,'® and Lysine mediated inhibition has been already used to target
other proteins for treating cancer.!”> !® This chapter extends the idea to target another lysine

residue, Lys159, in the cap-binding pocket.
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4.2. Future Directions

Since the interaction of eIF4E with the 5'-terminal m’G cap plays an important in
head and neck, prostate, ovarian, blood, and esophageal cancers and modulates interactions
with proteins like eIF4G and 4E-binding proteins (4E-BPs), % % 122 future work could
investigate how the presence of RTP and RBV affects e[F4G and 4E-BP interaction with
elF4E (Figure 4.1a). Furthermore, previous studies suggested that phosphorylation of
elF4E by MAP kinase-interacting serine/threonine-protein kinase 1 and 2 (Mnk1/2)
reduces the affinity for the cap (Figure 4.1b).2>2° Therefore, studies could be carried out
to examine the affinity of RBV and RTP for phosphorylated eIF4E since the
phosphorylation site of eIF4E (Ser209) is close to the cap-binding site. Such studies can
be conducted using a combination of experimental and computational techniques, which

could provide insights at the cellular and atomic levels, respectively.

Figure 4.1 a) elF4G (orange) interacting on the dorsal side with e[F4E (green; PDB ID:
5T46).2” b) After binding to the C-terminus region of eIF4G, Mnk1/2 phosphorylates
Ser209 of elF4E.
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On the other hand, eIF5B has implications in cancers like glioblastoma (GBM),
hepatocellular carcinoma (HCC), lung adenocarcinoma (LUAD), and prostate cancer,> 2
39 yet only a handful of eIF5B inhibitors such as LWW31 and GTP analogues (GDPCP
and GMPPNP) have been developed.’!~** Interestingly, recent studies suggested that two
elF5B binding sites could be crucial for accomplishing function in cells.>*** The first site
was identified in D2 of yeast eIF5B, which interacts with ribosomal RNA when recruited
on the ribosome during translation initiation (Figure 4.2a). The second site is based on a
mutational study of D4 in yeast eIF5B, where mutating Arg955 prevents eIF5B interaction
with initiator tRNA (Figure 4.2b).* These two sites could be screened against a library of
compounds using docking programs, which can be used to filter molecules based on the

molecular properties, including but not limited to hydrogen bond acceptors, hydrogen bond

Figure 4.2 a) D2 (brick red) of eIF5B interacting with the ribosomal RNA (rRNA). b) R955
of elF5B D4 (brick red) forming two hydrogen bonds with G70 of tRNAi (PDB ID:
6WO0OO0).

donors, and molecular charge. However, the druggability of these pockets should be
predicted before testing the compounds. Numerous studies have attempted to predict and
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describe the druggable protein sites.*> Programs like PockDrug and MetaPocket 2.0 could
be used to identify the druggability of the binding sites, whereas MD simulations could be
used to identify the stability and binding energy of these small molecules to human
elF5B.%¢%7 Ultimately, these molecules can then be tested in the wet lab using various cell
culture and biochemical techniques such as cell viability and Annexin V apoptosis assay,
which could be used to determine the half-maximal inhibitory concentration (ICs0) and
apoptosis in cancer cells. Furthermore, the efficacy of ligands showing cytotoxicity could
be improved by combining their treatment with pro-apoptotic agents. Additionally,
techniques like western blotting could be crucial to determine the ligand's binding effect
on the function of eIF5B by quantifying the downstream targets.> *° If the identified ligand
affects the activity of human elF5B, cloning combined with fluorescence anisotropy could
be used to narrow down the binding site and validate the in silico docking calculations.
Ultimately, identifying inhibitors for e[F5B could prevent the initiation of non-canonical
translation, which helps eIF5B promote the expression of anti-apoptotic and immune-

suppressing proteins.? 8
4.3. Concluding Remarks

This thesis used a combination of experimental and computational techniques to
characterize the interactions of small molecule ligands (RTP and LWW31) with human
elF5B. The results suggested that RBV has no affect on eIF5B function in GBM cells. In
addition, a high-quality human elF5B model was generated using homology modeling,
which facilitated in studying e[F5B-RTP interaction and identifying the binding site for
LWW31 in D1. Lastly, MD simulations of cap-analogues, RBV and RTP, helped identify

amino acids in the cap-binding site that could be further explored for structure-based drug
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design.. The interdisciplinary research presented will pave the way to design novel
effective compounds for cancers such as prostate and lung cancers, with elevated eIF5B

and eIF4E levels.?% 303940
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Appendix A: Supplementary information for Chapter 2:

Interactions of Eukaryotic Translation Initiator Factor 5B (eIF5B) with RTP and
LWW31: A Combined in cellulo and in silico Investigation

Figures A.1 — A.13 and Tables A.1 — A.8
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Figure A.1 Levels of elF5B in siC and si5B treated U343 cells. siC and si5B were
normalized over B-actin.
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Figure A.2 Pairwise alignment of human and yeast elF5B using BLOSUM62 matrix. The
quality of alignment is represented as a vertical “|”, “:”” and ““.”. “|” indicates fully conserved
residue, “:” indicates strong similarity in properties, and “.” indicates lower similar
properties, and gaps are regions of no similarities.
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Plot statistics
Residues in most favoured regions [A,B,L] 481 91.4%
Residues in additional allowed regions [a,b,1,p] 37 7.0%
Residues in generously allowed regions [~a,~b,~1~p] 6 1.1%
Residues in disallowed regions 2 0.4%
Number of non-glycine and non-proline residues 526 100.0%
Number of end-residues (excl. Gly and Pro) 2
Number of glycine residues (shown as triangles) 36
Number of proline residues 28
Total number of residues 592

Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected
to have over 90% in the most favoured regions.

Figure A.3 Ramachandran plot of human elF5B model before refinement and loop
remodeling.
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Figure A.4 a) Verify3D results show 95.95% of residues have average 3D-1D score >0.2,
with structures requiring at least 80% within the range specified to pass. b) ERRAT
analysis gave the model 94.43%. c¢) Quality estimate for the model generated gives values
from negative to positive, with 0 being a native-like structure, a positive value being better
than the experimentally derived structure, and any value below —4 considered to be a bad
structure.
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Figure A.5 Per-residue RMSF for a) D1, b) D2, ¢) D3, and d) D4 of eIF5B.
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Figure A.6 Percentage occupancy of hydrogen bonds between eIF5B and GTP.
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Figure A.7 Backbone RMSD of the apo-eIF5B G-domain with respect to the initial model
(prior to minimization) in the absence of GTP.
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Figure A.8 Superimposition of yeast eFISB (grey) bound to the ribosome and the initial
AF eIF5B-GTP model (prior to minimization; brick red).

Figure A.9 Different conformations of AF elF5B-GTP, a) showing distance between
His706 and Tyr1063 (green) in the initial model (prior to minimization), and b) the final
structure post MD simulation.
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Figure A.10 Superimposition of AF eIF5B-GTP model (red) with representative structure
of MOD eIF5B-GTP (grey), a) prior to minimization, and b) after MD simulation.

Figure A.11 Initial (grey) and final (brick red) structures of the AF eIF5B-GTP model
aligned through D1. D3 and D4 rotated by ~78° upon simulation, showing a displacement
of ~19 A.
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Figure A.12 Surface of elF5B with LWW31 bound, showing the Pockdrug predicted
pocket (surface colored in red).
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Figure A.13 Binding free energy of GTP to Mg2+ when LWW31 is absent, or present in
BS-I or BS-II of eIF5B.
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Table A.1 List of antibodies used for western blotting.

Company Antibody Target Catalogue number
Abcam Secondary: Goat anti- ab97051
rabbit-HRP conjugate
Cell Signalling Tech. Bcel-xL 2762

Bio-Rad B-actin (hFAB Rhodamine) 12004163

Abcam clAP1 ab108361
clAP2 ab137393
elF1A ab177939

Nrf2 ab71890
ProteinTech elF5B 13527-1-AP

Table A.2 Average RMSD and associated standard deviation (SD) for individual replicates

and across all replicates with respect to initial refined MOD elF5B-GTP model.

elF5B GTP
Mean (A) SD Mean (A) SD
Replicate-1 7.6 1.2 0.8 0.6
Replicate-2 10.3 1.4 0.7 0.3
Replicate-3 9.2 1.2 0.4 0.1
All replicates 9.0 1.7 0.6 0.4

Table A.3 Average distance between Mg?* and phosphate oxygens of GTP for individual

replicates and across all replicates.

Mg*—O1B distance® Mg*—-01G distance®

Mean (A) SD Mean (A) SD

Replicate-1 1.91 0.05 1.89 0.04
Replicate-2 1.91 0.04 1.88 0.04
Replicate-3 1.92 0.05 1.88 0.04
All replicates 1.91 0.05 1.88 0.04

aAverage distance between B-phosphate oxygen O1B and Mg?* throughout the simulation.

Average distance Y-phosphate oxygen O1G and Mg?".

Table A.4 Different non-covalent interactions of LWW31 with eIF5B in BS-1.

Hydrophobic Interactions
Index Residue Name Residue No. | Distance (A)
1 Ile 685 3.9
2 Phe 688 34
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3 Phe 688 3.4
4 Asp 689 3.7
5 Ala 774 4.0
6 Tyr 809 4.0
7 Pro 814 3.8
8 Tyr 836 3.9
9 Glu 840 3.4
Hydrogen Bonding
Index Residue Name Residue No. | Distance (A)
1 Glu 810 3.0
2 Lys 812 3.7

Table A.5 Different non-covalent interactions of LWW31 with elF5B in BS-II.

Hydrophobic Interactions
Index Residue Name Residue No. | Distance (A)
1 Arg 849 3.6
2 Glu 962 3.7
Hydrogen Bonding
Index Residue Name Residue No. | Distance (A)
1 Ala 858 3.6
2 Ala 858 3.1
Table A.6 RTP atom types and partial charges.
Atom Name Atom Type Charge

Pl P5 1.13861

P2 P5 1.405929

P3 P5 1.204083

Cl C3 0.022289

01 (ON} -0.43272

C2 C3 0.047778

02 (ON] -0.27228

C3 C3 0.180382

03 OH -0.64476

C4 C3 0.054354

04 OH -0.58593

Cs5 C3 0.002211

05 0O -0.77469

06 O -0.87143
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o7 0 -0.93099
08 O -0.77469
09 0 -0.87143
010 0 -0.93099
Ol11 (ON -0.57885
012 (ON] -0.56863
013 0 -0.93099
N1 NA 0.292979
Cé6 CC 0.293015
Hl H5 0.176919
C7 CC 0.263295
H2 HN 0.383589
N2 ND -0.51458
N3 NA -0.31562
C8 C 0.712123
014 O -0.57132
N4 N -0.86608
H3 HN 0.401963
H4 HN 0.401963
H5 H2 0.182404
H6 Hl 0.071375
H7 HO 0.415879
HS8 HO 0.409942
H9 Hl 0.082266
H10 HI 0.171485
HI11 HI 0.060563
HI12 Hl 0.060563
Table A.7 GTP atom type and partial charges
01G 03 -0.9526
PG P 1.2650
02G 03 -0.9526
03G 03 -0.9526
O3B (ON} -0.5322
PB P 1.3852
OIB 02 -0.8894
02B 02 -0.8894
0O3A (ON] -0.5689
PA P 1.2532
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Ol1A 02 -0.8799
02A 02 -0.8799
(OR) (ON} -0.5987
Ccs' CT 0.0558
H06 HI 0.0679
HO04 HI 0.0679
c4 CT 0.1065
H4' HI 0.1174
04' oS -0.3548
cr CT 0.0191
HI' H2 0.2006
N9 N* 0.0492
C8 CK 0.1374
H8 HS5 0.1640
N7 NB -0.5709
C5 CB 0.1744
Cé6 C 0.4770
06 O -0.5597
NI NA -0.4787
HI H 0.3424
C2 CA 0.7657
N2 N2 -0.9672
H21 H 0.4364
H22 H 0.4364
N3 NC -0.6323
C4 CB 0.1222
c3 CT 0.2022
03’ OH -0.6541
H3T HO 0.4376
H3' HI 0.0615
c2 CT 0.0670
HOS5 HI 0.0972
02' OH -0.6139
HO07 HO 0.4186
Table A.8 LWW31 atom types and partial charges.
Atom Name Atom Type Charge
Cl CA 0.40476
C2 CA -0.075
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C3 CA -0.1977
C4 CA -0.2061
C5 CA -0.0808
Cé6 CA -0.1963
HI HA 0.17166
H2 HA 0.15043
H3 HA 0.10776
NI NA -0.0235
N2 NC -0.5931
C7 CA -0.0157
C8 CA -0.105

C9 CA -0.0444
C10 CA -0.2355
H4 HA 0.14461
Cll1 CA 0.10573
HS5 HA 0.14286
Cl2 CA -0.091

H6 HA 0.16879
C13 CD 0.25738
Cl4 CA 0.15234
CI5 CA -0.0922
Cl6 CA -0.0922
C17 CA -0.1964
H7 HA 0.12668
C18 CA -0.1964
H8 HA 0.12668
CI19 CA -0.1258
H9 HA 0.15846
HI0 HA 0.15846
HI1 HA 0.14049
Ol oS -0.2719
C20 C3 0.06525
HI2 HI 0.10005
C21 C3 -0.0681
HI13 HC 0.03128
H14 HC 0.03128
C22 C 0.67868
N3 N -0.0661
H15 HN 0.20714
C23 C 0.43259
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02 O -0.5833
N4 N -0.6282
HI16 HN 0.38527
C24 C3 0.12389
H17 HI 0.02347
HI8 HI 0.02347
C25 C3 0.0715

HI19 HC -0.014

H20 HC -0.014

C26 C3 -0.0499
H21 HC 0.00979
H22 HC 0.00979
H23 HC 0.00979
03 O -0.5681
N5 N -0.9277
H24 HN 0.3975

H25 HN 0.3975

C27 C3 0.02124
H26 HI 0.09317
C28 CA -0.0109
C29 CA 0.03578
C30 CA -0.1061
C31 CA -0.085

C32 CA 0.07072
C33 CA -0.2242
H27 HA 0.14046
C34 CA -0.1489
H28 HA 0.06287
C35 CA -0.1675
C36 CA -0.1554
H29 HA 0.16259
C37 CA -0.1663
H30 HA 0.14918
H31 HA 0.13971
H32 HA 0.14659
H33 HA 0.15297
C38 C3 -0.215

H34 HC 0.06868
H35 HC 0.06868
H36 HC 0.06868
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H37 HA 0.14109
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Appendix B: Supplementary information for Chapter 3:

The Interactions of Eukaryotic Translation Initiation Factor 4E (eIF4E) with
m’GTP, RBV, and RTP: A MD Study

Figures B.1 — B.5 and Tables B.1 — B.9
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Figure B.1 Per-residue decomposition of the binding free energies for the eIF4E-m’GTP,
elF4E-RTP, and elF4E-RBV complexes.
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Figure B.2 Overlay of the eIF4E cap-binding site heavy atoms in the crystallographic (PDB
ID: 11PC; blue) and MD representative (green) structures.

Figure B.3 X-ray crystal structure of the eIF4E-m’GpppA complex (PDB ID: 1IPB),
highlighting adenosine (violet) of m’GpppA interacting with the C-terminus region (red)
of eIF4E.

136



30+
— apo-elF4E

— m7GTP

Residue No

Figure B.4 Per-residue RMSF analysis of elF4E in the apo form and in complex with
m’GTP, RBV, or RTP.
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Figure B.5 Stacking occupancies between Trp56 (grey) or Trp102 (pastel pink) of eI[F4E
and m’GTP, RTP or RBV.
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Table B.1 Average RMSD (A) and associated standard deviation (SD) for individual and
across all replicates of the apo-eIF4E and eIF4E-m’GTP systems.

elF4E-m’GTP complex
Apo-elF4E* elF4E? m’GTP®
Mean (A) SD | Mean (A) SD | Mean (A) SD
Replicate-1 4.5 0.7 43 0.4 1.9 0.4
Replicate-2 33 0.6 4.5 0.9 1.6 0.3
Replicate-3 4.3 0.5 3.4 0.5 1.6 0.4
rAeglicates 4.0 0.8 4.1 0.8 1.7 0.4

SRMSD of the eIF4E backbone is calculated with respect to the eIF4E-m’GTP crystal
structure (PDB: 1IPC). "RMSD of the GTP heavy atoms is calculated with respect eIF4E-
m’GTP crystal structure (PDB: 11PC).

Table B.2 Summary of the hydrogen bonds between the polyphosphate tail (A, B, and G)
of m’GTP and Argl12, Argl57, or Lys162.

Aa,b Ba,b Ga,b
Atom Name OlA | 02A | OIB | 02B | OIG | 02G | 03G
ArglI2(NHI) | 227 | 290 | 120 | 50 | 00 | 00 | 00
Argl12(NH2) | 356 | 67 52 | 22 | 00 | 00 | 00
Argl57(NE) 19 | 09 30 | 34 | 309 | 287 | 279
Argl 57(NH2) 21 | 18 35 | 32 | 307 | 292 | 319
Lys162(NZ) 128 | 14 | 159 | 38 | 48 | 25 | 42

#Percentage occupancy of hydrogen bonds, evaluated using a distance and angle cut off
of 3.4 A and 120°, respectively. *Refer to the Figure 3.5 in the main text for hydrogen

bond details.

Table B.3 Average RMSD (A) and associated standard deviation (SD) for individual and
across all replicates with respect to the initial e[F4E-RTP model (prior to minimization).

elF4E* RTP®
Mean (A) SD Mean (A) SD
Replicate-1 4.4 0.3 23 0.4
Replicate-2 43 0.2 24 0.5
Replicate-3 4.4 0.5 2.5 0.5
All replicates 4.4 0.4 24 0.5

RMSD is calculated for the backbone and heavy atoms of e[F4E and RTP, respectively.
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Table B.4 Percentage occupancies of hydrogen bonds formed between the polyphosphate
tail (A, B, and G) of RTP and Argl12, Argl57, Lys159, or Lys162 of elF4E.

Aa,b Ba,b Ga,b

Atom Name OIA | O2A | OIB | 02B | OIG | 02G | 03G
Argl 12(NH1) 49 | 100 | 22 3.3 9.9 7.9 10.5
Argl 12(NH2) 9.5 5.0 2.6 1.5 75 8.7 9.7
Argl57(NE) 84 | 105 | 196 | 155 56 58 55
Argl57(NH2) 126 | 363 | 3.4 7.9 6.1 6.1 5.1
Lys159(NZ) 1.3 0.5 7.8 9.1 309 | 33.1 | 324
Lys162(NZ) 2.9 5.1 120 | 295 | 260 | 260 | 269

#Percentage occupancy of hydrogen bonds, evaluated using a distance and angle cut off of

3.4 A and 120°, respectively. °Refer to Figure 3.9 in the main text for hydrogen bond

details.

Table B.5 Individual energy terms and the total binding free energy (kcal/mol) for m’GTP,
RTP and RBV binding in the cap-binding site of eIF4E.

bind

Protein elF4E
Ligand m’GTP RTP RBV
AE i 3065+ 0.52 2138+ 1.08 1939+ 0.25
elec 669.54 + 37.41 ~810.06 = 5.08 4786+ 1.73
AG g, 674.15 + 34.44 816.03 + 6.63 52,54+ 1.70
AGg, ~425+0.16 —4.08 % 0.06 ~3.00+0.03
nonpol 700.20 + 37.85 83144 +5.53 6726+ 1.67
polar 669.91 + 34.30 811.95 + 6.62 49.54 +1.70
~30.29 +3.89 ~19.48 + 1.09 _17.72+027
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Table B.6 Average RMSD (A) and associated standard deviation (SD) for individual
replicates and across all replicates with respect to the initial elF4E-RBV model (prior to
minimization).

elF4E? RBV?
Mean (A) SD Mean (A) SD
Replicate-1 3.4 0.3 0.3 0.1
Replicate-2 3.7 0.4 0.3 0.2
Replicate-3 33 0.3 0.3 0.1
All replicates 3.5 0.4 0.3 0.2

RMSD is calculated for the backbone and heavy atoms of eI[F4E and RBV, respectively.

Table B.7 m’GTP atom types and partial charges.

Atom Atom Charge
Name Type
Cl C3 -0.0222
P1 P5 1.0053
P2 P5 1.1822
P3 P5 1.1713
C2 C3 0.0711
o1 OS -0.3796
C3 C3 0.1239
02 oS -0.4873
C4 C3 0.2113
03 OH -0.6801
C5 C3 0.1497
04 OH -0.7121
Co6 C3 0.2803
N1 N -0.3948
05 0] -0.7743
06 0] -0.8357
o7 0] -0.8729
C7 CcC 0.6906
N2 NH -0.9756
08 0] -0.7743
09 0] -0.8357
010 0] -0.8729
N3 ND -0.5409
Ol11 oS -0.4370
012 oS -0.4960
013 0] -0.8729
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C8 CD 0.1721
C9 CcC -0.0234
C10 C 0.4588
014 0] -0.5692
N4 NA -0.0309
Cl1 CcC 0.0754
N5 NA 0.0044
H1 H5 0.2555
H2 HN 0.3110
H3 H1 0.0800
H4 H1 0.0800
H5 H1 0.0800
H6 H1 0.0794
H7 H1 0.0794
H8 H1 0.0787
H9 H1 0.0681
H10 HO 0.4290
H11 H1 0.0421
H12 HO 0.4476
H13 H2 0.0847
H14 HN 0.4379
H15 HN 0.4379
Table B.8 RTP atom types and partial charges.
Atom Atom
Name Type Charge
P1 P5 1.1386
P2 P5 1.4059
P3 P5 1.2041
C1 C3 0.0223
o1 (O -0.4327
C2 C3 0.0478
02 (0N -0.2723
C3 C3 0.1804
03 OH -0.6448
C4 C3 0.0544
04 OH -0.5859
C5 C3 0.0022
05 0) -0.7747
06 0) -0.8714
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o7 0) -0.9310
08 0) -0.7747
09 0] -0.8714
010 O -0.9310
Ol1 (0N -0.5789
012 oS -0.5686
013 0] -0.9310
N1 NA 0.2930
Co6 CC 0.2930
H1 H5 0.1769
C7 CC 0.2633
H2 HN 0.3836
N2 ND -0.5146
N3 NA -0.3156
C8 C 0.7121
014 0] -0.5713
N4 N -0.8661
H3 HN 0.4020
H4 HN 0.4020
H5 H2 0.1824
H6 H1 0.0714
H7 HO 0.4159
HS8 HO 0.4099
H9 H1 0.0823
H10 H1 0.1715
H11 H1 0.0606
H12 H1 0.0606
Table B.9 RBV atom types and partial charges.
Atom Atom
Name Type Charge
Cl C3 0.0535
C2 C3 0.0982
01 0S -0.3965
C3 C3 0.2922
02 OH -0.6744
C4 C3 0.0710
03 OH -0.5890
C5 C3 0.0815
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N1 NA 0.2632
N2 NC -0.4629
Co CD 0.3283
N3 N -0.8623
04 O -0.5357
N4 NA -0.2823
C7 CC 0.1175
C8 C 0.6758
HI HS5 0.2428
H2 HN 0.3663
H3 HI 0.0950
H4 HI 0.0950
HS5 HI 0.1443
H6 HI 0.0218
H7 HO 0.4586
H8 HI 0.0908
H9 HO 0.4393
HI10 H2 0.2126
HI11 HN 0.4314
HI12 HN 0.4314
05 OH -0.6651
HI13 HO 0.4579
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