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Cancer was the second leading causgeath in the United States in ZD2Cancer
shares many similarities with healthy celisaking ita diffi cult therapeutic targétCurrent
developmergof cancer therapeuti@egoverned by targetingey proteins responsible for
distinct featuresn each type of cancg@henotype(e.g. decreased apoptosis, metastasis,
immortalization, etc.)However, finding a rational therapeutic targatgineering lead
compound, and lead compound optimizatiotinsee-consumingand expensiveNith theuse of
high-throughput screerendstructurebased drug design it is possibledisignlead compounds
in amore efficient manneilechniques sucas xray crystallography andyo-electron
microscopyare used to observe how compounds interact with the target protein at atomic
resolution which helps facilitat@ptimization®* Kinases in particular, have benefitted greatly
from these techniqués
Kinases play key ron signal transductioand its regulatiom many cellular

pathways. Th catalyticactive site idighly conserveémong many kinase familieso



designing drugs targetirg s i n g | ecatayticzsiye worlld Isave potential off target effects
as many kinases could be inhibit&irategies to target kinases therefase distinct features of
each kinaséhat take botltonservedgndnonconserved residu@go consideration as well &sr
active and inactive forms of the kindseing targetedsotailormade therapeutic solutioase
derived as with the case of reading open frame kinase 1 (RibKPRioK1 wasidentified as a
key enzymein both lung and colorectal cancer, cancer subtypessoitie of the mostevere
prognoss?® In a study done by Kiburu et al., toyocamycin was demonstrated to bind tightly to
RioK1 fromarchaeoglobus fulgidu@fRioK1), thereby dscoveringthe first scaffold for

RioK1.” Toyocamycin is an adenosine analog, commonly uséthistor, and thusnakingthis
drug scaffoldnonspecificwith off-target effects other thdor RioK1.21? To address this isspe
computer aided drug design was used to find toyocamiikgrcompoundshat have improved
selectivityfor afRioK1 inhibition. A series of theseompounds werglentified via screening
approaches and theo-crystallized with afRioK2with the goal oklucidatng useful structure
activity relationship datéor next stage drugesign Furthermore, one of the most newly studied
interactions of RioK1 is with protein arginine methyltransferase type 5 (PRM®5)
understanding the details of this interaction provides yet another means to develop afRioK1

inhibition strategies as part of an approach to block cancer progression
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Chapter 1. Introduction

The field of structural biology has improvemnificantly over the past few
decadessadvancements in technologndmethoalogy have made it easier to
obtain atomic resolutiostructurs. These structures provide useful information that
other researchers can access via the protein databank (PDB). The PDB is a collection
of biological structures that were determined using techniques suefaps
crystallography XRC), Cryo Electron Microscopy (CryBM), and nuclear magnetic
resonance (NMR). Since the aption of the PDB in 1971, the number of entries has
increased dramatically in recent years, giving researchers access to a wealth of
structural information (Figure 1§: 1#The number of pdb entries per year remains
relatively constant, however, over time the total entries available accumulates
granting users to a wide range of structimdrmation.The information gained by
structural biology plays a key role ihedrug design pipeline. Designing a
therapeutic is a costly process, where drug candidatedtanderminated during
stage 3 clinical trials. The use of computer aided drug design (CADD) has helped

reduce the costs of finding good lead compounds and/or drug scaffolds.
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Figure 1. PDB entries per year.

CADD can be broadly separated into two maymthods, ligandbased drug
design (LBDD) and structuseased drug design (SBDD). In LBDD, the approach is
to focus on the structure of the target small molecule and is an alternative route when
not much is known about the target protein. LBDD is centemaaha the hypothesis
that similar structural compounds may possess similar biological activities and is
widely accepted to predict other physicochemical propefti@se of the main
techniques of LBDD is termed quantitative structacavity relationship (QSAR).
Briefly, QSAR uses structural information and available bioactivity data about the
properties of a small molecule for higiroughput screeninig identify potential lead
compounds that mimic the structure of the target small moléttfle.

On the other hand, SBDD relies heavily on theexisting structure of a drug
target to engineer an inhibitor. The first step is the identification of a good drug
target,which is a protein, enzyme, or other biomolecule tizaa significant
contribution toa disease phenotype. Secondly, a good drug target should have

structural and/or functionaharacteristic that can be exploited for therapeutic
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developmentsuch as a ligand binding site, allosteric binding site, multiple states of
inactivity/activity, or evervaryingconformationghat are important for propagation
of the disease statkligh resolution structures of the target protein allowriagilico
high-throughput screening of existing inhibitor libraries to hasten the search for
potential lead compound&Solving the structure between the lead compound(s) and
the target protein carsult in near atomic resolution structures of proetiing
complexes, that can be used to characterize important interactions or unused spaces
within the target doradditenalredgmeelingagfdrugd bi ndi ng
affinity. The information from the proteitrug complexes is used to increase the
structure activity relationship between the target protein and drug candidate. For
example, the catalytic region of the kinase family of proteirsghly conserved,;
however, researchers have been &blese conserved and noonserved areas to
design tailormade inhibitors specific to a targeted kikdse.

Fragmeribased drug discovery isyge of SBDD methodthatusessmall
molecule fragmentgather than full compoundw bind to thetarget protein.
Fragmerdbased screening is a great way to identify fragments that can be modified or
combined with other fragments to create dlikig molecules. However, because the
energies of fragment binding are low, screening fragments experimentally is time
consumig and costly? Site Identification by Ligand Competition Saturation
(SILCS)is a computational method that alleviates the problem of detecting and
characterizing fragment bindingnlike other MD simulation methods, SLICS
utilizes three core aspects in its simulations: protein flexibility, water, and sélutes.

Essentially, SILCSubmergsthetargetprotein in a concentrated aqueous solution



containing multiple small molecules. Multiple nanosectardjth molecular

dynamics (MD) simulations are then r@malyzing the probability of small molecule

and water binding around the protein in each simulation. These probabilities are
mapped and combined across all simulations to create a single probability map, called
FragMap, for each type of fragméfThe generated FragMap can be used as a
docking grid for highthroughputin silico screening.SILCS also uses a modified

version of the CHARMM general force fietdat allows for accuratieackbone
representation for peptides and proteins in solufficiiHowever, the original SILCS

MD simulation method had limitations when dealing wittacromolecules with deep

or totally occluded pockets as well as regions were charged functional groups bind
favorably??> A new approach was done using the Grand Canonical Monte Carlo
Molecular Dynamics (GCM@/D) that allowed forenhancd sampling of ions and

probe molecules around macromolecules. GCMC enhances probe molecule sampling
by dynamically inserting and removing probe molecules and water within the
simulation system. Additionally, it applies translations, rotations, and torsional
rotations to further explore the system's configuration sffddgands can then

simulated for binding once the Igfdap has been assembled. Atoms in a target ligand
are given a favorable energy score when overlapped with a specific FragMap and a
hugeenergy penalty when outside of the specific FragMap. The sum of the scores for
each of the atoms in the ligand give rise to the Ligand Grid Free Energy (LGFE)
scores. The better the score the better the affinity the ligand has for the specific

FragMap??



Chapter 1.1RioK1: an Atypical Kinase with ATPasé\ctivity

Posttranslation modifications (PTMs) are the process of biologically
modifying proteins after ribosomal translation. There are many types of PTMs that
can infer different signal transduction cascades within the cell. These signal cascades
are responsibléor many of the important biological processes necessary for cell
survival (Table 1). Phosphorylation in particular plays a key role in cell cycle
regulation and the activation and deactivation of certain proteindatig activity.
Phosphorylation ishe transfer of a phosphate group onto a target threonine, tyrosine,
serine and/or histidine residue, an action typically seen in a class of enzymes called
kinases. There are two classes of protein kinases, eukaryotic protein kaRks®s (
and atypical protein kinaseaPKs). Despite having low sequence similarity, these
classes are structurally conserved, especially in and around the active site. Currently,
there are 13 families @PKs, and one is the RI@ght open reading framéamily.
Members of théklO family include 4 subfamilies Riol, Rio2, Rio3, and RioB. The
Riol and Rio2 proteins are present in all organisms &mhaedo humans;
however, Rio3 is only found in higher order eukaryotes and RioB is an

uncharacterized group of bacterial RIO protéihé'Rio Kinase 1(RioK1) is seen as



the head of the Rio family exhibiting dual functionality as a kinase and an ATPase.

Name of PTM Chemical Modification Regulated Biological Process

Acetylation Attaching acetyl group (CH3CO)

s Adding an Is.c)prenyll group to a
cysteine residue
Addition of a formyl functional
group
Adding 1 or 2 twenty carbon
lipophilic geranylgeranyl isoprene
to Cys
Enzymatically attaching glycans to
proteins

Formylation

Geranylgeranylation

Glycosylation

Hydroxylation Introducing a hydroxyl group

Methylation Adding a methyl group

Transfer acetyl group to nitrogen

N-Acetylation . .
residue on target protein

Covalent attaching fatty acids to

Palmitoylation ) ) .
cysteine, serine or threonine

Phosphorylation Attaching a phosphoryl group

Ubiquitination Addition of ubiquitin

Gene Expression
Intracellular Signal Transduction

Gene Expression

Membrane association

Protein structure folding, stability,
distribution and activity

Protein-Protein Interactions

Gene expression

Genome and chromatin stability,
regulating transcription, regulation
of cell cycle
Protein regulation, signal
transduction, apoptosis
Cell cycle regulation,
activation/deacitivation of certain
proteins
Degradation of protein, DNA
repair signaling

Table 1. Overview of PTMs: Chemical modifications and biological regulation.

The general structure of RioK1 can be described as a bilobed structure held

together by a hinge region and at the interface of thestobes is the active site

(Figure 2)?° Several studies have elucidated the minimal level of structural

subdomains that make up the Rio catalytic domain. These subdomains include a
nucleotide binding loop ¢pop) that is responsible for positioning theghosphate

group on ATP, a catalytiobp (cloop) that contains a conserved catalytic Aspartate
and Aspar ag.i-phesphate tsansteiy a&hinfeaegionahat connects both N
and Gterminal lobes making direct interactions with the adenine moiety and a metal

binding loop (DFG loop) thacontains a conserved Aspartate residue for metal ion

6



positioning. What makes the Rio domain unique is that they lack the activation loop
and substrate binding loop typically seen in ePK% This indicates that RioK1
interacts with their substrate in a different manner and that it may be able to bind a

diverse range of substrates when compared to canonical ePKs.

Figure 2. Human RioK1 crystallized with ADP and MIigPDB: 40TP).

Note N-terminal lobe is highlighted in blu€-terminal lobe is highlighted in green,
and hinge loop is highlighted in red.

The structure of RioK1 was first solved using the orgaimsiomaeoglobus
fulgidususingXRC by LaRonde et & Followed by the structure of human RioK1
(143-494) in complex with ADP and Mg (PDB: 40TP) in 2014.In the truncated
human RioK1 + ADP complexed structure, a phosphoaspartate (pAsp) was observed
in the active site, something typically seenitype ATPases. The serine kinase
mechanism starts with the catalytic aspartate acting as a general basmg@ivat

substrate ser i-phespHate rcausing & tencpkrarpimerntetisge o

7



which will thenform a phosphoserine and AQPigure 3) However, the catalytic
Asp responsible for the kinase mechanism in RioK1, is not the same Asp observed in

the ATPase activity, further supporting ATPase activity in RioK1.
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Chapterl1.2 Role of Dual Function RioK1 in Ribosome Biogenesis

The Ribosome is a complex macromolecular machine responsible for the
translation of mMRNANto proteins in both prokaryotes in eukaryotes. In humans, the
ribosome is made up of 2 subunits the larger 60S subunit (60SSU) and the smaller
40S subunit (40SSU) and together they make the 80S ribdSdtne.

Taking place in the nucleolus, Ribosome biogenesis is a highly regulated
complex process involving many steps from ribosomal RNA (rRNA) transcription,
maturation of pr&RNA to rRNA, assembly of prabosomal factors, to late RNA
processing’ 28 31 320ver 700 proteins ranging from chaperones to ribosomal and
nonribosomal proteins, are responsible for the regulation and assembly of the mature
80S ribosome.

The 40SSU is made up of 33 ribosomal proteins and a strand of rRNA known
as the 18S rRNA whereas the 60SSU contains 47 ribosomal proteins and 3 strands of

rRNA the 5S, 5.8S, and 25S rRNAThe function of the 40SSU is to bind, unwind,
8



and decode mMRNAOs, while the 60SSU is
a quality control for newly synthesized peptides* 3A review written by Sebastian
Klinge and John Woolford Jr (2019), outlines all current knowledge about ribosome
biogenesis and created a comprehensive look at the assembly of the 80S ribosome
The process can be broken down into two main parts the formation of the
mature 60S particle and formation of the mature 40S particle. Through numerous
immunoprecipitation studies, it has been shown that RioK1 plays a significant role in
the late maturatio steps of the 40SSU. After sufficient maturation of the4@8SU
several ribosome assembly factors leave. A mature 60S patrticle will bind, acting as a
guality control check, and successful binding of the 60SSU signals for the cleavage of
the 20S preRNA by endonuclease, Nobl, to form mature 18S rRNA. However, pre
40SSU that contain the Nolblpartner of nobl (Pnol) complex leads to an
accumulation of translation deficient 80S ribosomes. RioK1 has been shown to bind
to the pre40SSU after the formation tiie 18S rRNA (post Nobl cleavage) to
release the NobPnol complex from the p#0SSU. Mature 40S patrticles without
the NobXPnolcomplexsaw a decrease in pd@SSU and pre 20S rRNA, and an
accumulation of mature 80S ribosome. The releasing mechantéia RbbtPnol
complex from the prd0SSU was also linked with the ATPase activity of RioK1,
through ATP depletion studies using RioK1 knockout cell lines and catalytically dead
RioK1 mutantg® 3¢
Chapterl.3 Targeting Ribosome Biogenesis for Therapeutics
Ribosome biogenesis is responsible for the regulation and assembly of the

ribosome, a complex multiunit protein responsible for the assembly of other proteins.
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Dysregulation in ribosome assembly can have adverse or even lethal effects to the
cell/host. In fact, some studies have shown that hyperactive ribosome biogenesis is
linked as a potential initiator of carcinogenesis and/or a byproduct of certain types of
cancers. lis generallythoughtthat hyperactive ribosome biogenesis was the result of
tumorigenesis, until emerging evidence suggested that hyperactive ribosome
biogenesis could be a major drier tumorigenesis’*®In a study by Bywater et al,
it was demonstrated thatlBmphoma cells, when compared to normal B cells, relied
heavily on elevatedsosomalDNA (rDNA) transcription making them more
susceptible to RNAolymerasd inhibition.3® As more research is being done to
characterize the role ribosome biogenesis plays in cahtebecoming evident that
alterations at any step in ribosome assembly can drive tumorigenesis. Back in 2002,
an artikHe Riiddsdmda Filter Hypothesi so
heterogeneous, meaning the ribosome could have some variation in its composition
(rRNA modifications, postranslational modifications, variation in rRNA and
ribosomeassociated proteins, etto allow for the assempbf specialized ribosome
or in the «casrei boofs¥8ciagiBicne then thére rave deen many
publications showing the involvement of ribosome heterogeneity in cihtef?
This ribosomal heterogeneity is a mixed blessing for cancer therap&uhiis.
certain ensembles of oncilbosomes can be used &iructurebaseddrug desigrior
guided inhibition of seleatancers, screening for leadmpounds that interact with
the target area within the desired omidmsomeis difficult.

Despite this, slective inhibition of ribosome biogenesis for the treatment of

certain cancers and diseagesurrently underway as an important strategy for drug
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developmentTables 2 and3 outline some of the ribosomal proteins involved in
different types of cancer and disea&&Bhere are many avenues that can be targeted
in the ribosome for the selective inhibition of certain cancer and tumor types;
however, one of the most targeted aspects of ribosome biogenesis is RNA polymerase
| (RNA Pol I). The concept of RNA Pol I inhibith is based around tieeathat
cancer cells rely on increased RNA Pol | transcription activity than compared to
normal cells, sparing them from treatment.

This targeting approach gaxise to the first specific and orally available
inhibitor for RNA Pol I,termedCX-546151 %2CX-5461 works by disrupting
Nucleolin (Ncl) or Selective factorftom binding rDNA, reducing recruitment of
RNA Pol | to the rDNA promotet* Additionally, there are two small molecule
inhibitors that target RNA Pol |, BMi21 and PMR116, showing therapeutic
promise>*%° Success in targeting RNA Pol | for therapeutics has proven that targeting
ribosome biogenesis is a viable way to target specific pathways for tumorigenesis,
however there are many ribosome assemble factors that comprise of the ribosome

biogenesis spherbdt have yet to be targeted.
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Ribosomal| Expression
protein level/status G e SUISERE
Ribosomal proteins in tumorigenesis and metastasis
i RPL5 mutations dysregulated the HDM2/p5
RPL5 M.utated T-ALL, melanoma, mediated ribosome biogenesis checkpoint w
(missense) and GBM TR .
subsequent dysregulation in ribosome bioger
RPL10 R98S mutant leukemia cells showed
Mutated ribosome biogenesis defect.
RPL10 (missense) T-ALL RPL10 R98S mutant leukemia cells showe
enhanced IRE$nediated translation and hig
tolerance to high oxidative stress levels
RPL15 Upregulated Colon cancer Silencing of RP!_15 inhibited cgll proliferatior
and induce@poptosis
Uorequlated Gastric cancer Knockdown of RPL13 inhibited cell proliferatic
Preg migration, and tumor growtim vivo
Increased RPL19 expression was predictive
shorter patient survival.
RPL19 Upregulated Prostate cancer Silencing RPL1%uppressed tumor growi
vivo.
Upregulated Hepat(_)cellular Overexpression of RP!_19 predicted poor
carcinoma prognosis.
RPL22 | Downregulated Lung cancer Downregulation of RPL22 is associated wit
(NSCLC) carcinogenesis.
. : Haploinsufficiency or monoallelic loss of RPL
Deletions T-ALL accelerated development ofALL.
Silencing RPL23 suppressed cell proliferation
increased apoptosis.
RPL23 Upregulated MDS RPL23 overexpression was associated wit
apoptotic resistance and highiesk of MDS
High-grade serousHigher RPL23 mRNA levels were associated
Upregulated . . )
ovarian carcinomg WOrsSe prognoses.
RPL26 Upregulated | Pancreatic cance Knockdown of RPLZ_G suppressed cell
proliferation.
RPL29 Upregulated | Pancreatic cance Knockdown of RPLZ.Q suppressed cell
proliferation.
RPL34 Upregulated Glioma Knockdown of_RPL_34 suppressed proliferati
and migration of glioma cells.
Knockdown of RPL34 suppressed cell
Upregulated NSCLC proliferation and enhanced apoptosis in NSC
cell lines.
High levels of RPL34 are associated with po
Uorequlated Osteosarcoma prognosis for patients with osteosarcoma.
Preg Knockdown of RPL34 inhibited cell proliferatic
induced cell apoptosis.
Oral squamous ce Knockdown of RPL34 inhibited cell proliferatic
Upregulated : C
carcinoma and migration.
RPL41 peptide therapy improved sensitivity
; carboplatin.
RPL41 | Downregulated Retinoblastoma RPLA41 peptide therapy induced apoptosis a
inhibited cell migration.
RPL41 downregulation is associated with
Downregulated Breast cancer . .
malignant transformation.
RPS? Upregulated Prostate cancer Knockdown of RPS2 suppressed cell prolifera

and induced apoptosis in malignant prostate ¢
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Phosphe High levels of phosph®PS6 are associated w
RPS6 Upregulated Lung cancer shorter metastasfsee survival.
RPS15 mutant primary CLL cells showed alte
translation efficiency and rewiring of the
Mutated ;
RPS15 (missense) CLL translational program.
Mutant RPS15 caused dysregulation of p5
pathway.
High levels of RPS15A are associated with p
RPS15A | Upregulated | Colorectal cancer prognosis.
RPS20 M.utated Colorectal cancer RPS20 mutation was assoma_ted with a defe
(missense) prerRNA maturation.
RPS20 Upregulated GBM Higher levels of RPS20 are associated with g
prognosis.
Elevated RPS27L expression in either feces
RPS27L | Upregulated | Colorectal cancer tissues is associated with better prognosis

Table 2. List of ribosomal proteins involved in tumorigenesis and metastasis.
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Ribosomal| Expression
protein level/status Cancer type Phenotype
Ribosomal proteins in therapeutic resistance
RPL3 Downregulated Lung cance. ngrexpres;uon of RPL3 mhlblteq cell migration an
invasion and improved-BU efficacy in lung cancer cel
Gastric | Downregulation of RPL6 suppressed cell proliferatic
RPL6 Upregulated cancer | Overexpression of RPL6 promoted multidmegistance
Gastric Knockdown of RPL13 suppressed cell proliferation
RPL13 Upregulated cancer Overexpression of RPL13 promoted chemoresistan
RPL23 Upregulated Sg;ggi RPL23 overexpression promoted multidrug resistan
RPL34 Upregulated Pancreatic _Knog:kdown of RPLSAr suppressed cell pr_ohferanon
cancer | migration, and drug resistance of pancreatic cancer
Gastric RPS6 suppression decreased cell proliferation and t
RPS6 N/A cancer growth in lapatinib andtrastuzumakresistant gastric
cancer models.
In radioresistant GBM cell lines, ring finger protein 1
(RNF138) ubiquitinates RPS3 and promotes its
RPS3 N/A GBM degradation, _vvhlch suppresses ra}dlairuduced
apoptosis and conferadioresistance.
Silencing of RPS3 enhanced GBM cell tolerance t
irradiationin vitro.
In radioresistant NSCLC cells, RPS3 phosphorylati
Phosphe Lung cance . o . LT
N/A plays a key role in radiation resistance and initiating
RPS3 (NSCLC) . -
prosurvival transcriptional program.
Knockdown of RPS11 impaired apoptosis and led
resistance to etoposide and doxorubicin.
RPS11 Upregulated GBM Higher levels of RPS11 are associated with poor
prognosis.
RPS13 Upregulated Gastric RPS13promotes cell_proln‘eratlon and multidrug
cancer resistance.
Patients with CMEaccelerated or blast phase have hi
levels of RPS27A compared with chronic phase pati
RPS27A | Upregulated CML Knockdown of RPS27A improved therapeutic efficac
tyrosine kinase inhibitor Imatinib.
Rps27I deficiency sensit
RPS27L N/A by inhibiting cell proliferation, impairing DNA damag
response, and inducing apoptosis.
Silencing of RPLP1 promotegpoptosis and decrease
radioresistancen vitro.
RPLP1 N/A HNSCC Invasive HNSCC showed higher expression levels
RPLP1.

Table 3. List of ribosomal proteins involved in therapeutic resistances.
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Chapterl.4. Targeting RioK1 as a Treatment for Colorectal Cancers

Colorectal cancer (CRC) is described as a cancer that affects the colon or the
rectum, and in 2020 accounted for the second largest number of-calated deaths
in the United State¥.Despite advancements in screening technology and
therapeutics, CRC survival rates remain relatively unchanged at 65%. Taking a closer
look at the 65% percent survival rate, when the cancer is localized the survival rate is
at 90%,butwhen the cancer spreads to distant parts of the Wiadyetastasithe
survival rate drops drastically to about 14%. Around 22% of patients are diagnosed at
the distant CRC stage highlighting the importance of characterizing CRC growth and
metastasis to effectively treat CREC

Recent studieshowedt hat Ri oK1d6ds plays an oncogeni
tumorigenesis. RK1 exhibits a significant increase in expression within CRC cell
lines and tissues, with a correspondinfpldl elevation in CRC and-fbld increase in
metastatic lymph node samples. Furthermore, there is a robust association between
RioK1 overexpression and unfavorable prognosis and mortali§Studies using
RNA interference (RNAI) via RK1-specific short hairpin RNAs knockdown in
CCK-8 and colony formation assays, showed that downregulation of RioK1 halted
the proliferation rate, as well as the migratory and invasive capacities of HCT116
human colon cancer cells. Converselighll overexpression into a rectal carcinoma
cell line, RKO, substantially enhanced cell viability, migration, and invaidhese
findings were corroborated by another study using HCT116 and LoVo (colorectal
cancer cell line) cell line¥.Chenet al.demonstrated that treating both cell lines with

a known RioK1 inhibitor, toyocamycin, resulted in stunted colony growth and tumor

15



size in a doselependentashion Interestingly when the toyocamycin group was
subjected to IR therapy, it had a synergistic effect in decreasing tumor volume.
Targeting RioK1 may prove a viable way to treat certain types of cancer. However,
the use of toyocamycin poses certainrisksmost not ably those
target.o0 effects

Chapterl.5. Toyocamycin, the First Small Molecule Inhibitor for RioK1

Toyocamycin, fcyana7-deazaadenosine, is an adenine derivative that
contains a nitrile group at the N7 position. Toyocamyzisreported as a successful
small molecule inhibitor for a large variety of proteissme of which display
anticancer/antitumor activity 1! In human multiple myeloma (MM) cells,
toyocamycinshowedsynergistic effects with bortezomibr inducing apoptosis
MM cells and bortezom#pesistant MM cells at nanomolar concentratioSsich
effectsarosby i nhi bi t-induaged XBRIemRNARdEAvVAge pathwiy.
Furthermoretoyocamycirwasshown to induce selective apoptosis towards prostate
cancer P@3 cell lines by targeting reactive oxygen species (ROS) pathiWays.

While toyocamycin has some promising results, its ability to-non
discriminately bind to multiple protein kinases, as well as other proteins, can lead to
potential offtarget effects and cytotoxicify*? Furthermoretoyocamycin analogs
have only been engineered with miniratcess with regard emhaning selectivity
and reduing cytotoxicity 1 5% €0 In one studyWang et al. were able to show ttia
toyocamycin analog,-Amino-7-(/3-D-ribofuranosyl)pyrrolo[2,qi]pyrimidine-5-car
boxamidrazonehangedl'ype 1 and Type 2 cytokine levelsdth the goal of

combaing autoimmune disea$é.%*More recently, toyocamyciwasfoundto bind
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atypical Rio (right open reading frame) kinases, a key regulator of ribosome
biogenesis and cell cycle progressiof: 62
Chapter1.6. PRMT5: Another OncogenicProtein Using RioK1 as anAdaptor
Protein

Like phosphorylation, methylation is another type of gicmtslation modifier
involved in many cellular processes involving gene regul&&&hEnzymes
responsible for catalyzing methyl group transfer onto a target substrate are known as
amethyltransferase. There are different types of methyl transfers based on the target
residue, arginine methylation being one of the more promtgpasof methylation.
Protein arginine methyltransferases (PRMTSs) are responsible for catalyzing arginine
methyl transfers. There are only 9 mammalian methyltransfeidesafied, to date,
andtheyare categorized by their methylation capabilities. There are ypes of
met hyl ation: type | and I Il methyl ate argi
( aN°) on the arginine side chain forming monomethylarginines (MMA), unlike type
11, type | is able to go -M°fostingp further b
asymmetric di mN®tNY)yldsty types Ihmethdtransferases are
c apabINE &Mymmetric dimethylarginines (Figure 4). PRMT type 5,
PRMTS5, is one of the most studied type Il methyltransferases and is involved in
monc and symmetric demethylation of histones. Known histone substrates of
PRMTS5 include H3R2, H3R8, and H4R3. AdditioyalPRMT5 has noilistone
substrates including p53,-MYC, SmD3,Ncl and RNA polymerase f*%8 Similar to
RioK1, dysregulation of PRMT5 have been linked to various types of cancers.

PRMT5 has been shown to be overexpressed in lymphomas, lung cancer, breast
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cancer, and colorectal cané@r® As a result of, PRMT5 a great therapeutic target
with several inhibitor already in development, two of which are currently in clinical

trials EPZ015938 and JM#619187% 75 76
H"}g%
NH éHz
%IT) /I

Asymmetric methylarginine
HoN, HN,

® @ GHs SAM SAH
»—NH —=NH
Type |, Il and 11l

NH 7T‘ NH QHB
HN
SAM SAH >\® Nk

—NH
Arginine Monomethylarginine Type Il
NH

~

Symmetric methylarginine

SAM

Figure 4. The three types of methylation performed by the PRMT family.

In 2010, RioK1 was identified as a binding partner of PRMT5 by Gudetian
al.%®8 1t wasfound in these studies thiiat RioK1 competes witthe methylosome
subunit PICIn, for the same binding site on PRMT5. Later in 2016, it was found that
methylthioadenosine phosphorylase (MTAP) deleted cancers create vulnerabilities in
PRMTS5 that extends to upstream and downstream interactors. Depletion of MTAP
results in the accumulatioof the MTAP substrate, MTA, which at increased
concentrations inhibits PRMT5 activity. This vulnerability extendgpstream
effectormethionine adenosyltransferase Il alpha (MAT2A), which is responsible for
using MTA to generate PRMT5 substratadensylmethionine (SAM), and
downstream effector RioK1 used to recruit substrates to PRMT5. Uncovering RioK1
involvement with PRMT5 and MTAP depleted cancers led to the discovery of the
first PRMT5 substrate adaptor protein inhibitor, BRDO63BRD0639 targets the

PRMT5RioK1 complex and disrupts this interaction, reducing substrate methylation.
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Chapterl.7. Objective

Theobjectiveof this workis to characterizé&kioK1 with respect to small
molecule inhibition ando better understangho it reqgulate®RMT5with an overall
goal ofcontributing to the development of selective Rio inhibittmschapter 2the
methodology to search, screen, and characterize lead compouatRidstl will be
explained, which includes providiragstructure ofa promisingnhibitor bound to
afRioK1 Chapter 3 will illustrateheinteractionbetweerRioK1 PRMT5in detailas
well asintroducethe structure of PRMT.8Chapter 4will presenthe future directions
on theongoing research projediswards elucidating the structure activity
relationship of RioK1 as a kinase and adaptor proteidChapter 5 will summarize

the findings and discuss overall implications of tieisearch
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Chapter 2. Characterization of Adenosinelike Small Molecules and RioK1 from
archaeoglobus fulgidus
Chapter2.1 Introduction

RioK1 stands at the forefront within the Rio kinase family, representing an
aPKthat diverges from canonical KRIue to distinct sequence similarity and the
absence of key structural subdomains, including VIII, X, an&* RioK1 is unique
for its dual functionality, encompassing the canonical kinase role of transferring the
o-phosphate from ATP to a target substrate, along with its distinct capacity to cleave
t h ghosphate from ATP, yielding ADP and inorganic phosphaje’ #: 24 2
Functioning as a postanslational modifier, RioK1 is involved in several cellular
pathways, ranging from ribosome biogenesis to cell cycle progression and
chromosome maintenané? RioK1 is known to play an important role in 40S
ribosomal subunit maturation and participates in mature 60S subunit binding and
pnol release. Pnol liberation is crucial, as without this release, the nascent 40S
subunit remains unable to matdpe®® 8

Significant dysregulation of RioK1 activity is discernible across a spectrum of
cancers, including breast, lung, and colorectal cancers, with marked prominence in
specific cancerous genotypes such as@®agn and MTAPdeleted cancerg: 838
Given RioK1's intricate involvement in both cancer and ribosome biogenesis, it
emerges as an alluring therapeutic tafgéihe identification of Toyocamycin in
2012 as an adenosine analog capable of nanomarige inhibition of RioK1 further

underscored its therapeutic potential.
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Toyocamycid efficacy as a small molecule inhibit@pans an array of
proteins, some of which exhibit antitumor activitfes:Particularly intriguing is
Toyocamycin's synergistic action with bortezomib in human multiple myeloma (MM)
cells, inducing apoptosis in both MM cells and bortezeregistant MM cells at
nanomolar concentrations, an effect attributed to its inhibitidn lofe  FHriduedd U
XBP1 mRNA cleavage pathwayFurthermore, Toyocamycin's capacity to
selectively induce apoptosis in prostate canceBREIl lines by targeting reactive
oxygen species pathways augments its pharmacological 8pptatever, the
compound's propensity for n@pecific binding to multiple protein kinases, along
with other proteins, raises concerns regarding potentidhafet effects and
cytotoxicity &2 In response, researchers have undertaken the synthesis and screening
of Toyocamycin analogs and adenosine derivatives to enhance selectivity and
diminish cytotoxicity!? 5%61

Site-ldentification by Ligand Competitive Saturation (SILCS), a variant of
StructureBased Drug Design, offers a methodology to generate functional group free
energy maps, referred to as FragMégigure5A). Employing molecular dynamics
(MD) simulations to accommodate protein flexibility and solv&sitite interactions,
FragMaps provides insight for initial lead compound screeffiag in silico
investigation of Toyocamycin within the RioK1 protein structure (PDB: 40TP)
reveals an unoccupied space proximal to the ribesady'indicative of a potential
binding site (Figure B).8"Utilizing insights from the RioKJADP-Mg FragMap
(Figure %A, 50, a similarity search identifies a comprehensive repertoire of

compounds with potential affinity for RioK1. Aiming to identify inhibitors emulating
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Toyocamycin's tight binding while affording increased selectivity, the adenosine
backbone was used.

Parallel to the similarigpased screening approach, deliberate synthesis of
specific compounds, such as KPSH02, was also employed, seeking to enhance RioK1
selectivity. KPSHO02, a synthesized Toyocamycin analog, exhibits promise as a
RioK1 inhibitor. Shamg structural similarities with Toyocamycin, KPSHO02 diverges
through the incorporation of a 1,2dazole ring anchored to the-Bbose carbon via
a thiol group, replacing the hydroxyl grotiEvaluation of KPSH02's potential as a
therapeutic for RioKdassociated cancers necessitates structural biology and
enzymology techniques to illuminate its interaction with afRioK1.

This chapter presents @A resolution structure of archaeoglobus fulgidus
RioK1 complexed with KPSHO02. The complex reveals intricate interactions
established between KPSHO02 and the catalytic pocket of afRioK1. Subsequent basic
enzymatic profiling of KPSHO2 unveils its inhibitoppact on afRioK1 ATPase

activity, though not rivalling the efficacy demonstrated by Toyocamycin.
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Figure 5. The use of MD simulations and CADD software to facilitate lead
compound discovery.

(A) FragMap generated using SILCS with RicRDP-Mg?* complex (PDB: 40TP).
Color scheme is as follovegpolar: Green,0.9 kcal/mol; Hbond Acceptor: Red.9
kcal/mol; Hbond Donor: Blue;0.9 kcal/mol; Positively charged: Cyai,5

kcal/mol; Negatively charged: Orangd,.5 kcal/mol.. (B) MD simulations of
toyocamycin (blue) and KPSHO02 (green) replgchDP, displaying unutilized space
(C) Closeup view ofthe generated RioKEragMapwith ADP and Md@" inserted into
active site, showing SILCS was successful in identifying functional groups.

Chapter2.2 Results and Discussion

Chapter 2.2.a Small Molecule Library Generation

To search for purchasable compounds which are analogs to the known RioK1
ligands,asimilainty search was conducted against the Molport and Enamine libraries.
Through visual inspection on the crystal binding mode of Toyocamycin with afRioK1
(Figure B), cavity at the binding site near the binding position of sugar pucker can

be utilized to introduce additional functional groups to the adentsised scaffold
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Figure 6. Atom labelling of the adenosirmckbone.

to explore more binding possibilities. Thus, a similarity search was performed to
request commercially available compounds treateadditional substituents at the

sugar pucker%osition 21 compounds including 5 from Enamine and 20 from

Molport database were locat@eigure 6) They all retain the adenosine scaffold with

di fferent functional groups attached to
commer ci al compounds that are availabl e
few. Another rounaf similarity searchswas also conducted to search for

compounds that maintain adenosine scaffold but have additional functional groups
attached to the 8th position on the adenine ring. Based on visual inspection of the
crystal binding mode of Toyocamycin with afRioHigure 5B) attachment at this

position can also be accommodated by the binding pocket. As a result, 17 compounds
were located from the Molport database. Extra efforts were also mbot tor

purchasable compounds which maintain the adenine scaffold while the ribose portion

being replaced by some similar chemical functional groups. 69 Enamine compounds
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were found from this effort, and they all retain the adenine scaffold with different

functional groups attached to t&#h position on the adenine ring.
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Figure 7. Comprehensive list of the top 21 compounds selected from FragMap
guided similarity search.

The st provides Sample ID, the category and subcategory, MolPort ID (MPID), as
well as the melting temperature from the Thermal Shift AsSdys listalso includes
the synthesized compound, KPSHO2.

To prioritize the obtained compounds for purchasing, binding strengths of all

hit compounds from similarity search was predicted. Sh&CS method is used to

explore binding patterns on RioK1. The SILCS method involves molecular dynamics
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(MD) simulations of the target protein immersed in an aqueous solution that contains
additional organic solutes dffferent chemical classé$The solutes and water then
compete for binding sites on the protein surface during the simulation, yielding a free
energy fragment competition assay from which 3D fragment probability distributions
of the solutes are used to define affinity patterns,edrRragMaps, encompassing a
dynamic protein surface. As a summary, 111 compounds were located from Molport
and Enamine catalog searches (data not shown) that have similar scaffold to the
known RioK1 ligands.
The obtained adenosine analogs from similarity searches were further
categorized according to the size and chemistry of substituents to facilitate the
selection for assay testing. Five categories including short chain, long chain,
sulfonamide containinghain, branched substituent and others, were established.
shortchain category includes analogs with chain substitimrthe5 6 C posi ti on on
thesugar that has less than 6 atoms while long chain category covers the remaining
chain substituents thatye&more than 5 chain atoms. Sulfonamide category covers
chain substituent that has sulfonamide group while branched category has analogs
with substituent in branched structures. Any analogs that cannot be put into the first
four categories, willbe savedit o t he &éot hersd category. For
ligand grid free energyLGFE) docking scores were analyzed and several top ranked
analogs from each categomgreselected for purchasing for further testing (Figure

6).
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Chapter 2.2.b. Thermal Shift Assay (TSA)
Thermal shift assays were used to scr@@mpoundgrom CADD fora
positive stabilizing effect on afRiokih vitro to validate that the compounds bind to
the enzyme and haymtentia for further study. Using a fluorescent dye as a marker
to measure unfolding, the melting temperaturg) @ afRioK1 was monitored. At
saturating conditions of compound(s), Toyocamycin proved to contribute a highest
thermal stability (87.8C) of afRioK1 followed by KPSHO02 at 86'© (Figure 7).
Interestingly, only theribose 4po mpounds under the Ashort <c¢ch
the greatest effect on afRioK1 stability, specificagmpound1420, 18157, and
5062.Interestingly, compound 5062 is the only other compound that has a noticeable

stabilizing effect that is in a different siglategory.

Average T, of afRioK1 with Compounds
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Figure 8. Thermal stability contributions from top compounds from similarity search
and synthesized compound KPSHA@izh afRioK1 highlighted in green.
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Chapter 2.2.c Kinase and ATPase activity Assay

To determine the inhibitory effect of the compounds on afRioK1, Kinase
activity and ATPase activity of afRioK1 was monitored with the ADPase Glo assay
from Promega. The assay is straightforward, by directly monitoring ADP generated
from the following procsses, activity of the enzyme can be determined. To determine
the inhibitory effects of the compounds on afRioK1, the ATPase activity of afRioK1
was monitored with the ADPag&lo assay from Promega. ADP generation can be
measured directly from the followimgrocesses and the activity of the enzyme can be
determined by monitoring luminescence output. Previous studies have indicated that
afRioK1 has near zero activity when not auto phosphorylated. To address this issue,
af Ri oK1 sampl es weTPandipurifted \badNNBAcolumn. Dde & M
to solubility issues with some of the compounds, compounds were dissolved in
DMSO; therefore, the control reaction contained the same amount of DMSO. Using a

derivative of the Michaeli¢lenten equation, under steastate approximations

(w ————— , enzyme activity (&) was calculated using the previously
determined Ik value for ATP (Figure 8)When in the presence of either
toyocamycin or KPSHO2 the ATPase activity of afRioK1 is lower than the DMSO

control; however, the activity overall is nearly zero regardless of the presence of

inhibitors.
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Figure 9. KPSHO2 inhibits afRiok1 similarly to Toyocamycin

(A) Plot of afRioK1 free phosphate generation over time. (B) Initial Velocity &vd
kcat Valuesfor the enzyme in the absen@MSO control) and presence of
Toyocamycin, and KPSHO02 samples.

Chapter 2.2.d Co-crystallization of afRioK1 with KPSH02

To visualize the binding between the various compounds with afRioK1, the
drugs wereco-crystallized with afRioK1. TeafRioK1-KPSHO2crystals diffractedt
a resolution oR.0 A (Table4). Molecular replacement was used to solve the phase
problem, using the crystal structure of afRiok1 bound to toyocamiy&i:(3RE4)
to provide the phases. The 3REBB file was edited so that molecular replacement
and model building was done in the absence of toyocamyeiter and any metal

cations In line with literature, the structure has a bilobed appearance with toedN

29



C-terminal lobes held together by a hinge region. The compound, KPSHO02, is nestled

at the interface between the two lobes inside the catalytic pocket (Bigure

KPSHO02 makes considerable hydrophobic interactions with residues Val 63, lle 55,

and Ala 78 from the Nobe; Pro 156, Met 147, Phe 149, and lle 150 from the hinge

region; Met 203 and lle 211 from thel@e (not shown). Additionally, KPSI20

contains several hydrogen bond interactions inside the catalytic pocket of afRioK1.

The r i bos eorBsiwatér ynediatedxingetractions with the side chain of Glu

162 and the peptidyl carbonyl of Tyr 200.
water mediated interaction with the side chain of Glu 162 and the peptidyl carbonyl

of Ala 157. One interactioof considerable interest is the hydrogen bond between the

N7 cyano group and a water molecule that interacts with the side chain of Glu 120

and the peptidyl amine of Asp 212. This hydrogen bond interaction is found in all

structures of afRiok1 with ATP, AP, and toyocamycin structurég®The primary

ami ne oCafbontinhadenirte dnakes hydrogen bonding contact with peptidyl
carbonyl of Glu 148. The ribose 506 sul fur
peptidyl amine of Asp 212. The secondary amine on the triazole side chas mak

direct hydrogen bonding interaction with the side chain of Asp 212 (Figure 9
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DATA COLLECTION: AFRIOK1/KPSHO2

Cell Dimensions:

a, B,y () 90.0, 90.2, 90.0

Wavelength (A) 0.92009

Refinement:

7
:

1.532

E
g
=
=
@
o

80.77

g
3
!
2
m
2
2
E

0.103

o]
=
3

Ramachandran plot:

Additional Allowed 4.26

Table 4. Dataprocessing and refinement statistics for the afRisHISHO2 crystal
structure.
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Figure 10. Structure otheafRioK1-KPSH02 complexand sequence comparison f
human enzyme.

(A) Close up of the interaction KPSHO2 has with afRioK1 residues overlaid wit
electron density map at a contour level of 1 RMSD. (B) General structure of af
with key structures highlighted and color coded to match the multiple sequenc:
alignment,(C) Multiple sequence alignment of our structure with that of human
RioK1 (PDB:4OTP).

Early refinement cycles introducing compound KPSHO2 into the active site
produced three positidecations, in the omit map, where the 1;#jdzole ring could
reside. According to the coordination and restraint files of KPSH02, by the Grade 2.0
web server, the optimal torsion angle of atoms C5, C6, S7, and-TR55 A series
of refinements was done with the triazole moiety refined at each of the three locations
and the location that produced a similar dihedral angle was the metal ion binding site
at-79.% (Figure 9A). However, at this location the electron density (ED) around N1,

N4 and C5 of th 1,2,4 triazole ring was not visible during standard refinement,
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Figure 11. Occupancy test of the afRioKKPSH02 complex.

(A) KPSHO2 located inside the active site with electron density mesh at
occupancy = 1. (B) Occupancy test by analyzing RMSD values for each tr

atom at different occupancies.

occupancy equals 1 (Figut@A). Furthermore, the B factors for N1 and C5 were
high at around 50ndicating partial occupancy. To determine the occupancy of the
1,2,4triazole ring, an occupancy test was done. A series of refinement cycles was
done where each subsequent refinement cycle had the occupancy around the
compound reduced and the contowels of the omit map were adjusted to determine

the RMSD of inclusion or exclusion of the atoms in questions. It was determined that
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at 50% occupancy, all the atoms in the triazole ring had a positive RMSD (Figure

10B).

Chapter2.3. Experimental Procedures

Chapter 2.3.a Expression and Purification of afRioK1

The plasmid of full length afRioK1, containing a T7 promoter artgishinal
6X histidine tag (His tag) followed by a tobacco etch (TEV) protease cleavage site,
was acquired from GeneScript and transformed into RO¥d&3 pLysSE.coli
cells (Novagen). The freshly transformed cells were plated on Luria Broth (LB) agar
plates containing 100ug/mL Ampacilin and 34ug/mL Chloramphenicol and
incubated, usually overnight, until the colonies were of sufficient count and size.
Single colonies werpicked and stréad onto a separate agar plate, identical in
composition. Streaks were grown overnight to sufficient count and size. The streaks
were used to inoculate 8L of freshly autoclaved LB (100ug/mL Ampicilin, 34ug/mL
Chloramphenicol) that has been cooled to aB@YE. Liquid cultures were incubated
at 37C at 250 rpm until OBy reached 0.6.8. At the desired OD, 1mM of Isopropyl
b-D-1-thiogalactopyranoside (IPTG) was added to the culture for induction and
expression of afRioK1 proceeded af@7or 34 hours. Cks were centrifuged at
5,000 rpm and % for 25 minutes. The bacterial pellet was collected into a 50mL
conical tube and stored {80°C.

Bacterial cell pellet was thawed and resuspended in 50ml of lysis buffer (per
4L bacterial pellet) containing 50mM Tris pH 8.0, 200mM NaCl, 10% Glycerol,

0.2% BME, 0.8X Bugbuster (Novagen), 0.1mg/mL DNAse (Roche), 0.1mg/mL
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RNAse (Roche), a small amount of lysozyme and one pill of protease inhibitor
(completéM protease inhibitor cocktail from Roche). Mixture was incubated on ice
for 45 minutes at 60 rpm. Lysate was then spun down at 13k rp?@ ifod50
minutes. Supernatant was filtered using a 0.22 um sterile syringe filter and loaded
(Iml/min) onto a 5ml HiTrap HP Column (Cytivia, formerly GE Healthcare), that
was pre equilibrated with 5 column volumes (CVs) of afRioK1 buffer (AFRB, 50mM
Tris,pH 8. 0, 150mM ahd IDinM M. Ristaghed BEfRioK1 was
eluted using AFRB + 1M Imidazole (EB, elution buffer) using the following protocol
at 4ml/min flowrate: 5CV of 100% AFRB, 5CV to adjust to 80 AFRB and 20% EB,
10CV of 80% AFRB and 20% EB, 5CV to adjust to 0% AFRB to 100% EB, 16iCV
100% EB lastly followed by 10CV of 100% AFRB. Fractions were collected for the
entire elution process and each fraction contained 4ml of afRioK1 elution sample.
According to the UV/Vis readousamplesvere pooled together and reloadetbithe
5ml HiTrap Column for a second round of Hiég purification following the same
elution protocol. Second round Hisp fraction were collected and dialyzed
overnight in 3L of AFRB with TEV protease d&iCGlusing 10k MWCO dialysis
tubing.

The following day the pooled fractiomasloaded onto a prequilibrated
HiTrap Column to elute out TEV cleaved afRioK1. TEEMaved afRioK1 was then
concentrated to 5ml, careful to not exceed 15mg/ml, and loaded onto Sdjezx
column, preequilibrated with AFRB, for SEC purification. The protein was eluted

with a 1ml/min flowrate and fractions were monitored with SPYXSGE to check for
purity.
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Chapter 2.3.b. SILCS Simulation

The current SILCS run was performed using the Grand Canonical Monte
Carlo (GCMC)/MD protocol for SILS.88 The crystal structure of RioK1 (PDB entry
4otp) was used to initialize the SILCS simulation with removal of crystal ligands. The
protein wassolvedin a water box, the size of which is determined to have the protein
extrema separated from the box edge by 12 A on all sides. Eight representative
solutes with different chemical functionalities (benzene, propane, acetaldehyde,
methanol, formamide, imidafe, acetate, and methylammonium) were added into the
system at ~0.25 M concentration, to probe the funatigroup requirements of the
protein.

Ten such systems with different fragment positions were created to expedite
the convergence of the simulations. Each system was minimized for 5000 steps with
the steepest desdaigorithm in the presence of periodic boundary conditions and
was followed by a 250 ps MD equilibration. During SILCS simulations, weak
restraints were applied on the backbone CU
1/ 2 ?) &f0.%2 kcal/mol/A to limit large conformational changes in the protein and
to prevent the rotation dlhe protein in the simulation bo€HARMMS36 protein
force field, CHARMM General Force Field (CGenFF) and modified TIP3P water
model were used to describe protein, fragments, and water during the simulation,
respectively’® 891 GCMC was performed by an-louse code and MD was
conducted using the GROMACS progré&fit.en GCMC/MD simulations were run
for 100 cycles where each cycle has 200,000 steps of GCMC and 0.5 ns of MD,

yielding a cumulative 200 million steps of GCMC and 500 ns of MD.
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3D probability distributions of the selected atoms from the small molecules,
called AFragMapso, from the SILCS simulat:.
obtain both specific and generic FragMap types as previously destiitienns
from snapshots output every 10 ps from each SILCS simulation trajectory were
binned into 1 A x 1 A x 1 A cubic volume elements (voxels) of a grid spanning the
entire system to acquire the voxel occupancy for each FragMap atom type being
counted. Theroxel occupancies computed in the presence of the protein were
normalized and converted to grid free energy (GFE) based on a Boltzmann
transformation for quantitative ugg.

Monte Carlo (MC)sampling using SILCS FragMaps (SIL3&C was
performed to dock adenosine analogs from the similarity searches and predict their
binding energies to RioK% 3D structures of all adenosine analogs were prepared
using the MOE software with their dominant protonation states being determined at
PH 7.0 condition. Conformations of all adenosine analogs were randomized at the
ADP binding site of RioK1 initially anénergy minimized before MC sampling.
SILCSMC was conducted in the exhaustive sampling mode that each cycle involves
10,000 steps of MC followed by simulated annealing (SA) from 300 to 0 K over
40,000 MC step# Five independent simulations were conducted for each molecule
up to 250 MGSA cycles. For every 50 MSGA cycles, convergence criterion of 0.5
kcal/mol difference among the top three most favorable LGFE values was checked
for termination purpose. The bésEFE for each adenosine analog was obtained from

the SILCSMC runs for final compound ranking.
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Chapter 2.3.c Thermal Shift Assay

Purified afRiol was used to perform the thermal shift assay using a ViiA 7
Reattime PCR system. Protein unfolding was monitored using the fluorescent
SYPRO® Orange dye (5000X), from Sigma Aldrich. Each well contained 0.3mg/ml|
of afRioK1 in afRioK1 buffefAFRB), 50mM Tris pH 8.00, 200mM NaCl, 1mM
MgCl2, 0.2% BME and 5X dye. Compounds were added into each protein sample
from yielding a final concentration of 1mM in 2% (v/v) DMSO. Reactions were
incubated for 1hr at rt for afRioK1. The fluorescence intgrdata was acquired with
excitation and emission wavelengths of 470 and 570nm, respectively. The change in
fluorescence was monitored as the temperature increased¥@ota 99°C at a rate
of 0.02°C per second, with an initial equilibration step to get the microwell plate to
4°C. Raw data was fit to an algorithm using Nelt¥erad optimization to minimize
the influence of a nonlinear baseline,
measuremestwere carried out in triplicate and the average Tm valuesntiieetion
points of the sigmoidal denaturation curves, were reported with standard deviation
and Zscore relative to the lead parent compound Toyocamycin.

Chapter 2.3.c afRioK1 Co-crystallizations with Adenosinelike

Compounds

To determine the interactions between afRioK1 and adenbkée
compounds, afRioK1 was expressed and purified as previously explained and
concentrated to 10mg/ml for crystallography. Htbhoughput screens were used to
screen for potential crystal condits, using the sitting drop method. The Morpheus®

screen from Molecular Dimensions yielded a consistent afRioK1 crystal with
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formulation A1 (MDSR46-1-1; 0.06 M Divalents (MgGICaCb), 0.1M Buffer

system 1 (Imidazole and MES monohydrate), pH 6.5 and 30% (v/v) Precipitant mix 1
(40% v/v PEG 500 MME, 20% w/v PEG 20000). Crystallography afRioK1 samples
were prepared by mixing afRioK1 (10mg/ml) with drug compoune2niM) for 1

hour at rem temp andll crystal trays were set up using Mosquito® LCP fisRT
Labtechusing differentratiosof afRioK1/drug samples with mother liquor at 1:2, 1:1
and 2:1, respectively. Trays waeneubated atoom temperature and monitored

periodically with a light microscope for crystal growth.
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Chapter 3. Characterization of the RioK1-PRMT5 Complex
Chapter3.1 Introduction

The enzyme family ofrgininemethyltransferasehave severalypes, which
plays pivotal roles in cellular biologyy facilitating methyl transfer onto arginine
residues of substrate proteins. The catalytic activity of PRMT5 is mostly recognized
as a component of the methylosome, an intricate ensemble compfiSiRIMT5,
MEP50, and an assortment of adapter proteins, responsible for the recruitment of
diverse substrate proteins to the active site of PRMT5 for arginine methylation.
Among the recognized ada&ptproteins are pICIn (responsible for Sm protein
recruitment), CopR5/Menin (associated with histones), and RioK1 (facilitating
nucleolin and other substraté8)®® *importantly, these adapter proteins vie for
binding to PRMT5's Nerminal domain, a competitive process that governs the
selective recruitment of distinct substrat&$® ">As a consequence, the PRMT5
MEP50 core complex is subjected to regulatory mechanisms that ensure the precise
methylation of various substrates, including histones, splicing Sm proteins, and
Nucleolin, among others.

PRMTS5 is classified as a type Il arginine methyltransferase, possessing the
ability to monomethylate or symmetrically dimethylate substrates, and this catalytic
activity is conserved across all eukaryotic species for which data is accessible.
Dysregulatiorof PRMTS5 or the methylation process has been implicated in various
cancerfrelated phenotype$.’® Despite current literature on PRMTS5, there remains a

substantial need to characterize its structural attributes. A deeper understanding of its
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mechanism of action could potentially open avenues for its application in cancer
therapeutics.

To date, several structural investigations have provided insights into PRMT5,
originating from humans, C. elegans, and X. 1aé¥¥: °6In the C. elegans structure,
PRMT5 assumes a dimeric configuration, whereas it adopts a tetrameric form in both
the Xenopus and human structures. Within these tetrameric complexes, PRMT5 is
invariably bound to MEP50 in a 1:1 stoichiometric ratio, indigathe MEP50
component has andispensable role as a-€actor in the PRMT5 complex.
Experimental studies have underscored the need of MEP50 for PRMTS5 to exhibit
appreciable methyltransferase actiity?® Current structural data reveal a
conservation of tertiary and quaternary architecture, notably within the TIM barrel,
which is responsible for MEP50 binding, and the catalytic Rossman fold, which
facilitates substrate interaction. While one half of theateeric assembly in the
human and Xenopus structures exhibits homology to the C. elegans dimeric form, it's
worth noting that structures of the PRMT5 homolog {Hslrom yeast remain
elusive, and S. cerevisiae lacks a homolog of MEP5O0.

In the yeast counterpart of PRMT5, known as histone synthetic lethal 7 or
Hsl7, its discovery emerged from a screen for synthetic lethality in the presence of
mutated histones. Notably, despite its apparent inability to catalyze32a&RTor
bovine brain mykn methylation in vitro, Hsl7 has demonstrated its capacity for in
vitro moneo and dimethylation utilizing calf thymus histones H2A%8Recent
research has elucidated Hsl7's capability to induce symmeimetthylation of

histone H4 arginine 3 in vivo, a modification intricately linked to transcriptional
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repressiorf® These findings further suggest a conserved catalytic activity shared with
its human homolog. In a cellular context, the active form of Cyclas&ciated
Cdc28, required for the transition from G2 to M phase, undergoes inhibition via
phosphorylation of §r19 in cDc28 by SweMHsl7 plays a pivotal role by recruiting
Swel to Hsl1 (histone synthetic lethal 1) for phosphorylation, which subsequently
downregulates Swel, thereby alleviating the inhibition ofl&Zlond Cdc28 and
facilitating G2M transition1 In Xenopus laevis, the Hsl7 homolog appears to be
implicated in the control of DNA replication checkpoints, underscoring the versatility
of the HslZSwel/HslI#Weel module in responding to various checkpoint signals
across different organisme:

Chaetomium thermophilura thermophilic funguthathas aPRMT5
homolog(ctPRMT5)thatshaessubstantial sequence and structural similarity with
the human homolog. In this study, we present the crystallographic elucidation of the
ctPRMTS5 structure, obtained throughry crystallography techniques, adding a
critical piece to the puzzle of PRMT#&sctural diversity and evolutionary adaptation.
Chapter3.2 Results and Discussion

Chapter 3.2.a Overall Structure of ctPRMT5

Largely based on the wodone byfellow colleague ldngpeng Wag,
characterization of the RiokRRMT5 complexstarted withcrystallizingfull length
CtPRMTS5 at 2.4 A resolution. This structural analysis reveals the assembly of
CctPRMT5 as a tetrameric unit, consisting of two dimers. Within this assembly, a
single asymmetric unit comprises a dimer, comprising of a Chain A and Chain B

monomes, and the complete ctPRMTS5 tetramer arises from the association of these
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two dimers (Figurg1l, 12). Within the structure there exists regions of disorder, in
Chain A, residues-10 at the N terminal end and residue -783 at the Germinal

end are disordered. Furthermore, within chain A, there are 3 gaps of disorder:
residues 20225, 326354, 393409. Chain B with slightly different regions of

disorder: residue-13, 203226, 326354, 392408,787%793.

Figure 12.Structure octPRMTS.

Note.(A) One protomer of the ctPRMTS5 tetramer with key domains highlighted
(Cyan) TIM barrel domain, (Magenta)tdrminatto-C-terminal linker, (Green) Bet
sandwich, (Purple) Rossman fold and (Radignosine. (B) ctPRMt5 dimer where
monomer (A) is rotated about theayis by 90to show the dimerization arm
interface (circled) and the he#attail assembly.
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Figure 13. Strcture of tetrameric ctPRMTS5.
Note.(A) View of ctPRMTS5 tetramer that displaying the hollow cavity of the pro
with dimerization arms from both dimers (Green and Blue). (B) Rotating the vie
from A by 90 displays the tetramer interface between the two dimers.
In the asymmetric unityto subunitsare observed to interact with each other
in a heaeto-tail fashion, with the Nerminal TIM barrel domain engaging with the C
terminal Rossman f ol d. {sdhdwicludormainlsituatgd. Addi t
between two monomers, further strengthens @isociation via dimerization arm
interactions (Figure 11B). In total, the dimeric interaction between Chain A and
Chain B results in a substantial buried surface area measuring 1147.5 A2 which

includes 4 unique hydrogebond interactions and 2 unique salt bridges. Further

enhancing the assembly, an array of 11 unique hydrogen bonds 3 unique salt bridge
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interactions emerge at the interface between Chain A and Chain C within the
tetramer, encapsulating a buried surface area spanning 313¢Taté 5.
While the ctPRMTS5 structure contains a lot of the key features present in
other PRMT5 orthologs, there are some clear differences that set ctPRMT5 apart.
PRMTS5 needs to be able to dimerize to be functional and typically this is done by
TIM barrel interactbns of one monomer with the Rossman fold of the other
monomer, but also with the dimerization arms of each monomer forming salt bridges
between the dimer protomeé¥s® 1%?However, the key residues in dimerization arm
salt bridge formation, Lys and Asp, are replaced with Thr and Gly, respectively. Lack
of this key salt bridge coul thelidestrced f set by
inFigurelA) i n the TI M barrel. I n hsPRMTS5 ( PDB:
random coil. This helix is unique to ctPRMT5 and creates significant tetrameric
interactions not seen in other orthologs, notably a small pocket of hydrophobicity

created by W72 and L7& chain A and V629 chain C.
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Tetramer Interface Hydrogen Bonds Dimer Interface Hydrogen Bonds

Chain A Distance (A) Chain C Chain A Distance (A) Chain B
Arg 631 1.92 Glu 68 Lys 493 2.02 Asp 98
Argb65 2.08 Ser 87 Arg 490 2.00 Thr 101
Argb54 201 Glu 175 Thr 101 1.90 Arg 490
Asn 85 2.13 Val 624 Leu 103 2.39 Arg 490
Arg 76 2.14 Asp 634 Dimer Interface Salt Bridges
Arg 76 16 Asp 634 Chain A Distance (A) Chain B
Thr 95 2.32 Gly 648 Lys 493 3.64 Asp 98
Asn 138 2.27 Gly 651 Arg 493 2.89 Asp 98
Asn 138 2.27 Ala 652
Ser 87 3.16 His 662
Arg 171 1.94 Glu 756

Tetramer Interface Salt Bridges
Chain A Distance (A) Chain C

Arg 631 35 Glu 68
Arg 76 2.8 Asp 634
Arg 171 31 Glu 756

Table 5. Table of all unique hydrogen bonds and salt bridge interactions in the Dimer
and Tetrameric interfaces.

A closer look at the catalytic pocket, ctPRMT5 contains the conserved
catalytic doubleE loop, E531 and E540. The residues are essential aligimenent
of target substrate arginineds. Il n the
different rotamer conformation, burying itself deeper into the Rossman fold away
from catalytic pocket, compared to the human homolog the distance shifted by the
carboxy group carbon is about 4.4A. In support of this, ctPRMT5 wasystallized
in the presence of SAM and H4 peptide. Interestingly, in the active siteissang
electron densityvas observedSAM was fit into the missing density in the
subsequentounds of refinemenhowever)ack of density for most of SAM indicated
SAM wasonly partially occupying the active site in our structuinstead, adenosine

was fit into the missing ERnd aseries of refinements was performed by changing
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the local occupancy of the active site, to see istiflssequendmit mas highlighted
anypostive density that would fit SAM. The lowest local occupancy refinement was
done at 0.1, and no extra density waserved thatould accommodate SANh
hsPRMT5, the COOHgroup of SAM is stabilized by direct interaction with K333
and Y334 and watenediated interactions with R368 and E328. The ctPRMT5
equivalent of E328 in humans, is E406. However, residuegl38@re absent from

the ctPRMTS5 structer and withinthis stretch of residues lies a key phenylalanine
residue responsible for directing dimethylatféin the absence of a proper peptide
and cefactor, this stretch of residues may have a degree of flexibility, which could
explainthe absence of density in the Biap and why E531 of the doublddop in

ctPRMTS5 is in a different conformation.

Figure 14. Real space refinement of the active sitetBRMT5.

Note.(A) Initial ED map of ctPRMT&vith missing density vaguely resembling
adenosineg(B) SAM was inserted into the missing densittyere most of the
adenosine moiety of SAM fiticely. (C) Refinement with SANh the missing
density from (A) did not improve élocal ED map. (DRefinement done with
adenosineesuledin lowered rvalues and local-factors.
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Figure 15. Structure of ctPRMT5 monomer with consurf overlay.

Note.The consurf overlay is colaoded by conservativity of over 600 fungal
species. With red regions indicated high conservativity, yellow, moderate
conservativity, and white with little to no conservativity.

Chapter 3.2.b. Conservation ofResidueswithin the YeastSequences
The structural homogeneity observed in ctPRMT5 across other PRMT5
orthologs underscores a high degree of conservation within this protein family. A
series of multiple sequene#ignmentdMSA) was performedrigure ¥
encompasses a consurf map of ctPRMT5 using an MSA of over 600 diverse fungal
speci es, and the results r e-sandwiclerdgiom not ewo
(residues 557783) and high conservativity of the catalytic Rossman fold (residues

388550).In contrast, the TIM Barrel domain (rdaes 11370) exhibited a moderate
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level of conservation, as illustrated in the multiple sequence alignment featuring 11

different fungi species (Figure)L
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Figure 16. Multiple sequence alignment of ctPRMT5 againsbilier fungal
homologs.

Note.From top to bottom the Uniprot entry and associated origin species is as
follows: GORY83 (Chaetomium thermophilum), P38274 (Yeast), P78963
(Schizosaccharomyces pombe), AOA369K2A5 (Hypsizygus marmoreus), M5BQES8
(Thanatephorus cucumeris), AOASE2HNFL1 (Scyialin lignicola), Q2GP24
(Chaetomium globosum), FBMPY8 (Neurospora tetrasperma), AOA2N6NWTO
(Baeuveria bassiana), AOA4Z0Z8H7 (Xylaria hypoxylon), AOA2H3H167 (Fusarium
xysporum), AOA1B7Y2F8 (Colletotrichum higginsianum). MSA uses the secondary
structue of ctPRMT5 for the analysis, highly conserved residues are highlighted in
red, followed by semconserved residues in yellow.
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A distinguishing hallmark of the PRMT5 dimer structure lies within the
dimerization arms (residues 5897). Despite their presence in other PRMT5
crystallographic structures, these dimerization arms exhibited only a moderate level
of conservation among mgal PRMT?5 variants. Notably, prior crystal structuries (
6CKC, 4G56, 3UA3) documented the formation of a dual salt bridge between
conserved arginine and aspartic acid residues within the dimerization arms; however,
in ctPRMTS5 these specified residwae replace with a threonine and glycine,
respectively. It has been reported that the dimerization arms across different species
do exhibit a small degree of variability, and it appears this trend holds true to fungi as
well.

Expanding the conservation stfucture to include other species, aside from
fungi, the results remain relatively unchanged. There continues to be a moderate
pr eser v a tsamwich cefion (résiduehH5383) and a high conservativity of
the catalytic Rossman fold (residues 38®). Whereas the TIM barrel domain
(residues 11370) was still observed to have a moderate level of conservation. The
moderate level of N e r mi n a | conservation corroborates
contain norcatalytic Nterminal domains that act as attap or cefactors in aiding

in the activity of the enzymgigure 16,102 103
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Figure 17. Multiple sequence alignment of ctPRMTS5 against 9 other species.

Note.From top to bottom the Uniprot entry and associated origin species is as
follows: GORY83(C. thermophilun), P38274 (Yeast), P78963c¢hizosaccharomyces
pomb@, 014744 (. sapieny, Q8CIG8 M. musculuy A7YWA45 B. taurug, P46580
(C. elegan3, Q54KI3 O. discoideunp Q6YXZ7 (Oryza sativa subsp. Japonica
QoU6BY9 D. melanogastgr MSA uses the secondary structure of ctPRMT5 for the
analysis, highly conserved residues are highlighted in red, followed by semi
conserved residues in yellow.
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The core structure of PRMT6s have remai

different species consisting of atBrminal TIM barrel domain and at€rminal
Rossman fold containing a dimerization arm that interacts with another PRMT
monomer in a heatb-tail fashion. Where the structural conservativity diverges at the
N-terminal TIM barrel domain, here each type of PRMT may have minute changes to
allow proper interactions for dimerization of substrate recogni@ofhermophilum
not only lacks an obligatotylEP50 adaptor protein homolog, but the dimerization
residues change from K586and D587T. Formation of the salt bridge formation
within the dimerization arms and withdrawing back into the TIM barrel for proper
MEP50 interaction may be how higher order species have adapted to facilitate more
efficient substrate binding and methyltransferase activity.

Chapter 3.2.c Catalytic Activity of ctPRMT5

To assess the effects RioK1 had on PRMT5 methyltransferase activity in
yeast, an investigation into the methylation activity of ctPRMT5 was performed using
fluorometric detection of methyl transfer-pyoduct, sadenosylhomocysteine (SAH)
generation. Therpmary objective was to ascertain the enzymatic activity of
ctPRMT5 in the presence/absence of RioK1 and to see if ATP facilitated methyl
transfer. The secondary objective was to determine if ctPRMT5 possessed the
capacity for dimethylation, a characteigstommonly associated with type || PRMTSs.
To accomplish this, a coupled enzyme assay that capitalizes on-pineduct of
SAM methylation, SAH, that undergoes rapid conversion to resorufin. Measurement

of resorufin production was conducted by exciting the sample at a wavelength of 530
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540nm and monitoring the emitted light at 888nm and SAH production was
calculated using a resorufin standard curve.
SAH production was observed at two different concentrations of ctPRMT5,
1.5 ¢M and 4.5 OM and at two different rat
ctPRMT5,respectively. Experiments were damsder saturating conditions of A
and H4 peptide. Notably, SAH production is dose dependent on ctPRMT5 and not
affected by the addition of ctRioK1 (Figuré)linterestingly, a discernible increase
in methyltransferase activity was observed when ATP was added to the system, but
only when in the absence oRibK1. Subsequent investigations are warranted to

elucidate the underlying cause of this Aimearity.

METHYLTRANSFERASE ACTIVITY OF
CTPRMTS
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Figure 18. Methyltransferase activitgf ctPRMTS

Note.Methyltransferasactivity wasdeterminedisingHigh (4.5 pM, H) and Low
(1.5uM, L) concentrations ctPRMT5 (M5) with ctRioK1 added at a 12:bratio,
under saturating conditions of Aand H4 peptide. Experiment was done in the
presence or absence of ATP to determine the effects on ctPRMT5 methyltran:
activity. SAH production increase with ctPRTMS5 concentration in a-dependent
manner.
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PRMTS5, is classified as a type Il methyltransferase with the capability for
mono and dimethylation, and we wanted to see if thehermophilunortholog was
capable of dimethylation as well. ctPRMT5 was subjected to an incubation period
with SAM and H4 peptide under saturating conditions for a duration of 3 fands,
matrix-assisted laser desorption/ionization mass spectrometry (MALEs)used to
analyze methylatiomA samplecontaining puréi4 peptide was used as a contwl
determine if MALD could acurately detect its molecular weigdtt2465 Da (Figure
18A). The magnified results froflALDI indicated the presence of a significant
peak at 2465 m/z and 2480 ngmnifying successful monAmethylation (Figure 8B,
18C). However, notably absent from the results was a peak at 2495 m/z, which would
have indicated the occurrence of dimethylation. According to existing literature
references (e.g., Antonysamy, S. et al.), dimethylation is typically observed after the
concentation of monomethylated peptiderpasses that of the nonethylated
counterpart. In Figur&7C, it is evident that this state was not attained, further

underscoring the absence of dimethylation activity in ctPRMTS5.
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Figure 19. Mass Spectra atPRMT5 monomethylatian
Note.(A) MALDI -MS spectrogram of H4 peptide, with peak at 2464 m/z matchi
the MW of the H4 peptide. (B) MADEMS spectrogram of time point O for éh®ur
incubation with ctPRMT5, SAM, and H4 peptide with a clear peptide peak at 2-
m/z. (C) MALDI-MS spectrograph at thee of a 3hour incubation period with a
clear H4 peptide peak at 2464 and a monomethylation peak 2479 m/z. Peak h
are roughly 1:1 for native and monomethylated peptide, respectively, condition
demethylation were not reached.
Chapter3.3. Methods

Chapter 3.3a. Cloning and Purification of PRMT5

The proteins were expressed employingafEF U ( +) vector, whic
an Nterminal HisTag, a T7 promoter, and a lac operon. In this process, a mixture
containing the ctPRMT5 plasmid (at a concentration of 10 ng/ul) was heat shocked at
42°C for 60 seonds. Following this, 500 ul of LurBertani (LB) medium was
added, and the mixture was allowed to cool on ice for 5 minutes before being
incubated at 37°C with agitation at 250 rpm. Subsequently, 100 pl of this mixture was
spread onto an LB agar plat&hwresistance to Kanamycin (50 pug/ml) and
Chloramphenicol (34 pug/ml) at 37°C, where it was left to incubate overnight.

The colonies that formed on the agar plate were then introduced into 250 ml

cultures containing LB medium (20 mg/ml), Kanamycin (50 pg/ml), and

Chloramphenicol (34 pug/ml). These cultures were maintained at 37°C with constant
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