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Abstract

Leishmanias a kinetoplastid parasitic protozoa that causes leishmaniasis in hulngishmania
parasites represent a significant global burden that lacks adequate drug treatments or a suitable
vaccine. Gene regulation ireishmanigoredominantly occurs podtransciption with an important

role played by proteins that bind to and regulate translation of messenger RNA. The activity-of RNA
binding proteins (RBPs) can be regulated by arginine methylation, which is catalysed by protein
arginine methyltransferases (PRMTK)netoplastids have PRMTs (1, 3, 5, 6 and 7) with differences in
sequence and activity betwedreishmaniand Trypanosomes. The goal of this thesis was to better
understand the activity and sedfssembly properties dfeishmanidPRMTs with particular fos on
Leishmania braziliensitn addition, a panel of small molecule compounds developed to inhibit

PRMTs in humans were evaluated for their activity towdmrishmani@RMTs.

Protein production, biophysical, biochemical and compound inhibition experiments were optimised
using FIL. majorPRMT7 and these protocols adapted to allow characterisation of PRMT1, 3, 5 and 7
from L. braziliensisThese studies revealed thiabPRMT6 fans a homodimer in solution while
LbiPRMT?7 potentially adopts multiple oligomeric statesPRMT1 and 3 interact to form a hetero
tetramer together. Using two peptide substrates derived from Leishmania RBPRMT5 was

shown to methylate RBP1%°but not Alba38%, while LbiPRMT7 methylated both peptides.
LbiPRMT1 and 3 must form a complex to show methyltransferase activity witiLb®RMT1

needing to be functional for modification to happdthPRMT1:3 and 7 showed much higher affinity
for the RBP18*°over Alba38*1%, No activity was observed fabiPRMT6 against RERrived

peptide or peptides derived from three human histone peptiddsPRMT1:3 could be inhibited by
sinefungin and the compound MS023HPRMTS5 was inhibited by L-P83 ard GSK591; and

LbiPRMT7 was only inhibited by sinefungin.

The assays and protocols developed here provide a foundation for future functional and structural
studies ofLeishmani@®RMTs. The characterisation of a small panel of PRMT inhibitors shows that
much of what is known about molecules that inhibit human PRMTs can be used as starting points for
the development of molecules that targeeishmaniaenzymes. Such molecules could serve as
valuable chemical probes to study of the biological roles of PRMTargimine methylation in

parasites biology and host interactions.
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1. Structure andrunction of he PRMTs in theeishmani&arasite
1.1 The kinetoplastids

Kinetoplastids are aukaryotic class dfagellated protozoansThey are distinguisheidom other

protozoa by the presence of a DMAntaining kinetoplasinsidea single large mitochondrién
Kinetoplast DNA (KDNA) is an enormous network of aNAd in two forms: maxicircles and

minicircles. Maxicircles, approximately 240 kb, encode mitochondrial genes, though some are
encrypted.For most mitochondriakncoded genes, functional mRNAs catydre produced once

RNA edited by insertion or deletion of uridine residues. Editing information comes from guide RNAs

(gRNAs) that are encoded in minicirglapproximately 0.8.0 k5.

Kinetoplastids include a number of different obligate and fliging organisms. For exampBodo

saltansis a freeliving, nonrparasitic kinetoplastid organism, found predominantly in aquatic
environments and consumes bacteriKinetoplastids also comprise a number of uniflagellate

parasitic orgaisms including 2Reishmaniagpecies;Trypanosoma bruceind Trypanosoma cruzi®.

Each has a complex dixenous lifecycle alternating between insect and human with distinct
morphological forms to survive each environméht(Figure 1.1A).Rese kinetoplastids can cause
human diseases with great socioeconomic consequences. Each disease has a different presentation
and is spread by a distinct insect veétofFigure 1.1B). Estimates indicate half a billion people are at

risk of contracting these parasites, particuldrgishmaniaspecie$®&?,
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T brucei T cruzi Leishmania spp.
Disease caused African sleeping sickness Chagas disease Leishmaniasis
Insect vector Tsetse fly Triatomine bug Sandfly
Central and South America,
Global distribution Sub-Saharan Africa Central and South America Africa, Asia, southern
Europe
Infectlon.s !ser annum <0.001 ~0.03 1.5-2
(millions)
Total living with disease 6-8
(millions)
Deaths per annum ~0.012 20
(thousands)
DALYs (millions) 0.08 0.3 2.35

Figurel.l: The human diseaseausingkinetoplastids.

A) Outline of the main parasite morphotypasT. brucei T. cruzandLeishmaniapecies. This is not
an exhaustive list of all morphologies identified at each infection stage. Esyrell components

are also indicated. BBummary ofthe disease caused by each trypanosomdieiath and infection
datafor T. cruzare sparse and so are only approximate estimates. Data was obtained frof"WHO

and PAHO 2020estimates DALY§ daily adjusted life years.

1.2Leishmaniasis &sgreat global burden

Leishmaniasis is classed as a neglected tropical disgastominantly affecting the lowest

socioeconomic individuala Africa, Asia and Latin Americalobally the disease affects
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approximately 12 million people with a total of 350 million at risk of contracting the diseasest

recent WHO estimates indicate 125million new infections and 70,000 deaths per year

The disease itself has three raapresentations: cutaneous (CL), mucocutaneous (MCL) and visceral
(VL). Disease presentation depends on the speciesishmanigTable 1.1%!3 CL is characterised

by development of skin lesions atelsite of a sandfly bite. Localised infections tend to
spontaneously heal, however if the patient lacks a proper immune response to parasite antigens, a
diffuse form of CL can devel8pThis form results in cutaneous lesions developimgughout the

body and is often associated with mexicangarasited? Diffuse CL does not spontaneously heal

and can remain up to 20 yeafsAlthough the localised CL appears milder, relapses can occur after
spontaneous healirtg In South America, MCL can develop fronLabraziliensimfection, where

the parasite invades and destroys the nasopharyngeal md€coEae result of this is severe
disfigurement and, in extremcases, can be fatal VL causes the most severe disease that

progresses rapidly. Immunocompromised and malnourished individuals are particularly*Zat risk

Subgenus Species L DIT:SEE C:;IJEEd VL Geographical distribution

L. major v Central and North Africa, Middle East, Central Asia
L. venezuelensis v Northern South America, Venezuela
L. aethiopica v v Ethiopia, Kenya
L. mexicana v v USA, Ecuador, Peru, Venezuela

Leishmania L. amazonesis v v v Bolivia, Brazil, Venezuela
L. tropica v v" |Central and North Africa, Middle East, Central Asia, India
L. infantum v v North Africa, Mfediterrarllean, Southeast Europe, Middle

East, Central Asia, Americas

L. waltoni v Dominican Republic
L. donovani v' |Central Africa, Middle East, South Asia, India, China
L. lainsoni v Brazil, Bolivia, Peru
L. lindenbergi v Brazil
L. naiffi v Brazil, French Guyane
L. shawi v Brazil

Viannia L. braziliensis v v Western Amazon, South America
L. guyanensis v v Northern South America

. Central and South America, Brazil, Panama, Venezuela,
L. panamensis v v )
Columbia

L. peruviana v v Peru, Bolivia

Mundinia L. martiniquensis v v" |Martinique, Thailand

Tablel.1: Outline ofLeishmaniaspecies that infect humans.

Species are split by subgenus with disease caused and geographical distribution itditateg
cutaneous leishmaniasis; DCHiffuse cutaneous leishmaniasis; Klmucocutaneous leishmaniasis;

VLc visceral leishmaniasis.
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A number of drug treatmentare available, each with their owrebefits and drawbacks. These
include pentavalent antimaals pentamidine, amphotericin B and miltefosiiéeThemechanism of
actionof pentavalent antimonials poorly understoodvith controversyregardingthe actual active
form of the drug the reduced Sb(lll) form could induce apoptdsand the nonreduced form Sh(V)
could inhibit type | topoisomerase A number of studies indicated pentamidine is a competitive
inhibitor of arginine transport and neaompetitive inhibitorof putrescine and spermidine transport
in Leishmanigarasited’. Amphotericin B appears to primarily increase membrane permeability by
formation of pores?. Miltefosine appearsto inhibit the Akt/PKB signalling pathwéhat is linked to
cell survivabndinduction ofcellular apoptosi¥. Growing drug resistance ibeishmanigarasites is
severely limiting effectiveness these drugsMulti-Drug Administration (MDAgduces the rate of
drug resistance arising, but does not complgthalt it4. Current drug treatmentcur significant

side effectdncludingcardiac arrhythmia, hepatitis and renal disfuncfibn

Currently, there are no available vaccines against leishmanfasismberof candidate vaccinesre
undergoing clinical trials including genetically attenuated live vaccines, protein or peptide based
vaccines and DNBased vacciné& One adenovirubased vaccine, ChAd&3H has been reported

to be safe and immunogenic in ongoing human clinical tidResults from a larger trial assessing
therapeutic benefit are expected during 26G22With rising drug resistance, drug toxicity and current
lackof vaccine availabilit there is real need for more researitio new drugs and vaccine antigen

targets.

1.3 The_eishmanidifecycle

TheLeishmanidifecycle is characterised by two distiratimal hostsmammalian and
phlebotomine(Figure 12). Between and withireachhost, the parasites encounter significant
environmental shifts andndergodistinctmorphological metabolic and proteomichanges in
responseo survive. The lifecycle involves thremain, distinctforms of the parasitesandfly

infective procyclic promastigoteand humaninfectivemetacyclic promastigotes and amastigotes.
Procyclic promastigotes are primarily adapted to survive different sandfly@magnts, metacyclic
promastigotes are primarily adapted for infection of the human host, and amastigotes are primarily

adapted for survival inside mammalian leukocytes
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Figurel.2: TheLeishmanigparasitic lifecycle.

Starting from the top, an infected sandfly bites a human and injects the metacyclics during a
bloodmeal. Metacyclicare phagocytosed by a macrophagedM_ower pH of the parasitophorous
vacuole (PV) triggers amastigogenesigtacyclics differenti&into amastigotes in order to survive.
The amastigotes then are able to proliferate insideRMintil they lyse théVig and are dispersed

into the surrounding environment. Amastigotes can then infect diherinfected Mas are taken up

in a subsequergandflybloodmeal lysal in the midgutand amastigotesre releasedvhere the
environmental conditions (2& pH 7.4) induce differentiation into procyclics. Procyclics replicate in
the abdominal midgut and then differentiate into ndiving nectomonads. The riemonads then
migrate to the anterior midgut where they differentiat#o replicating forns called leptomonads.
Leptomonads proliferatand differentiate into humarinfective metacyclics. Metacyclics then

migrate through theproboscisand caninfect another human host he fgurewas made based on

7,22

Parasite differentiation is triggered directly in response to detected changes in environmental
conditionssuch as pH, nutrient availability and temperatUrghe differentiation oprocyclic
promastigotesinto metacyclicstermedmetacyclogenesijss triggeredn vitroby a changen pH
from £ 7.4 tof 5.5, nutrient starvationand depletionof purine andetrahydrobiopterinlevels:2*2¢,
Leishmanigarasites are both purine auxotrophs and pteridine auxotrofgrecursor to

tetrahydrobiopterin) and thusare only able to synthesispurinesandtetrahydrobiopterinby
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scavenging frontocalenvironment?®2% Once metacyclic parasité®en phagocytosety a
macrophagedifferentiation to amastigotesccurs, termedamastigogenesis. SimilarypH
decreag to 4.0-5.5 and nutrient depletion can trigger amastigogenésislike metacyclogenesis,
amastigogenesigequires a increase in temperaturéo 36 °C’. The differentiation of amastigotes
taken up in a bloodmeal back into procyclitymedpromastigogenesjappears to be induced by

an increase in pH t67.4 and decrease in temperature to 262,

ThelLeishmara parasite undergoes a number of significant morphological and physiological changes
during its lifecycle in order to survive stressful environmental condifidfsrthe parasites to

properly sense environmental changes amdlergo differentiation, careful regulation of gene
expressionisrequired. KA f &G & KA 3K S NE cétdh huM@&ausitrarQeri@iohl lpgsh a Y a
transcriptional, translational and postanslational regulation mechanisms, kinetoplastigsre

traditionally thought tolackmost formsof transcriptional regulatioh?®?® However, more recent

studiesin T. bruceandL. mexicandaveidentified proteins thaicanreguate modification of

histones®3t

1.4 Control of. eishmanidifecycle progression

1.4.1Common mechanisms of gene regulatiort i A Jefilaiidtes

Traditional elkaryotic gene expression is regulated by numerous different factors and numerous
levels of control, however primary control comaisthe DNAtranscriptioral levef? (Figure 1.3)RNA
polymerase Il (RNA Pol Il) specificatiyscribes proteircoding genes, assembling as a complex at
the transcription promoter start site. Transcription rate of the complex can then be regulated by
various transcription factorthat bind at the promoter and enhancer binding site@igure 1.3A).
Additionally, transcription factors can also bind at alternative DNA binding sites that can either

activate or repress transcriptiéf(Figure 1.3EC)
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Figurel.3: Outline of transcriptional regulation of gene expression in eukaryotes.

This is not an exhaustive listalf forms of transcriptional regulation. A) Transcription of a gene in

this example is driven by RNA polymerase Il. The RNA Pol Il complex binds a promoter containing a
TATA box sequence to begin transcribing the gene. Enhancers can bind in close §Exaityer

1) or at a distal site (Enhancer 2) whereby each can enhance rates of transcription. The distal
Enhancer 2 interacts with the RNA Pol Il complex by the looping odidA B) Transcriptional
activators activate transcription. Transcriptionaiti&ators contain DBDs to bind similar promoter

and enhancer sequences. Interaction of the activator domain and RNA Pol || complex induces gene
transcription. C) Transcriptional repressors inhibit transcription. Repressors can block transcription
either byblocking binding of transcriptierelated proteins or direct interaction of its repressor

domain with the RNA Pol Il complex. The figure was compiled basé& ddBDg DNA binding

domain; Tk, transcription factor.

On top of thistranscriptional regulatin also occurs at the chromatin level. Eukaryotic DNA is never
fully exposed in the nucleumstead the DNA is always bound around histone proteins to form
chromatir’?2. Each DNAistone subunit in chromatin is called a nucleosofd%6 bp of DNAre

wrapped around two molecules of each histone H2A, H2B, H3 and H4. A single molecule of H1 is also
bound in a nucleosome. Chromatinaisocondensed further into higher order coiled structures.
Ultimately, this affects theaccessibilityof each gene to be transcribed and so chromatin structure

serves as a key level of regulati@efore a gene sequence is available for transcription, chtom

must first be decondensed and then released from bound nucleosomes. Release of nucleosomes is
primarily facilitated bythe binding of two norhistone chromosomal high mobility group proteins 14

and 17, binding of nucleosome remodelling factgurel.4A) and acetylation of histones (Figure
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1.4B)*2, Although acetylation primarily alters histone binding affinity to Dbidetylation has also
been shown to increase the bindiadfinity of specific DNAinding proteirs®2. For example DPF3
was identified to be a putative transcription factor that can bawdtylated lysine residues bfstone

H3 and H4 to facilitate chromatin remodellitig

A Nucleosorne remodelling B Histone acetylation
Nucleosome Histor}e HAT
remodelling factor subunits

; " &
‘\Gjiﬁ\ﬂb >

A

Acetylation
HDAC . .
Gene repression Gene activation Gene repression Gene activation
C Histone methylation
HMT HMT

H gy &
€ &)

_ HDM HDM
Gene repression Gene activation

Figurel.4: Outline of transcriptional regulation of gene expression in eukaryotes at the histone

level.

This is not an exhaustive list of all forms of transcriptional regulation. A) Nucleosome remodelling
allows access to genes to be transcribed. Exact mechanisms remain unclear however the remodelling
factors are thought to bind and increase spatial accesgenes without removing histones. B)

Histone acetylation promotes gene transcription. Acetylation by HATs of histimmiXal lysine

residues reduces the overall positive charge of histones. This decreases histone binding affinity to
DNA to allow acceds genes. HDACs reverse this process resulting in tighter binding between
histones and DNA. C) Histone methylation can activate or repress transcription of different genes.
Methylation can occur at arginine and lysine residues, catalysed by proteimargini

methyltransferases (PRMTs) and protein lysine methyltransferases (PKMTs) respectively. The figure
was compiled based g3 HATC histone acetyltransferase; HDA®istone deacetylase; HMT

histone methyltransferase; HDlhistone demethylase.

Methylation serves as another mechanism of transcripsilmegulation Methylation of histones has
been associated with both transcriptional activation and repression (Figd@*1 Methylation of

DNA can also regulate gene expression. DNA methyltransferases can methylate resgytesi rod
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adjacentto guanine Such methylation is often associated with transcriptional repression bgreith
blockingthe binding of transcriptional activators or allowing binding of methiylding proteins that

go on to recruit a caepressor comple®33

Although much regulation occurs at the transcriptional level, eukary@ed prokaryotesalso have
numerous postranscriptional mechanisms to regulagene expression by altering mRNA content,
stability, translation andorotein function (Figure B). Prior to translation, transcribed mRNAre
regulated by editing mechanisniBigure 15A). This includes alternative splicing that can generate
numerous isoforms of the same gert@r example, protein arginine methyltransferase 1 has been
shown to have 8 sqing variants generated by different combinations of exon skipping across the 12
exons that make up the gene. Each isoforrs tiifferent tissue expression patterns, substrate
specificities and enzymatic activit®®$’. Modificatond @ | RRAGA2YyY 2F | pQ OF LI
regulatesdegradation facilitatesnuclear export andegulatestranslationof the mRNAS2 Finally,
another majorform of mRNAlevel regulation involves the miRNRISCs (FiguresB). mRNAbound

by miRNARISCare either inhibited from being translated or degrade#t. Thus,RNA editing and

mMiRNAs can alter mRNA stalilitranslation andhe translated protein sequence.

Final mature mRNA transcript levels are often used as a proxy to indicate protein expression levels in
a cell. However, recent studies have indicated mRNA transcript levels do not necesseziBte to
protein level€?. Thelack of correlation ensues froadditional translatioml and posttranslational

regulatory mechanisms that ultimately affepene expressidh.

Translation can be regulated by a number of mechanisms inclyptiogphorylaéion of elF2 which
prevent theassembly of the ribosome compféxFigure 15C) Translation can also be regulated by
RNAbinding proteins RBPsthat bindthep Q | yAtRanstat@d regionsl{ TR) of MRNAg0

prevent assembly of the 43S pir@tiation complex or stabilise inhibitory RNA secondary structures.
Poly(A) binding protein@®ABPkare an exceptiothat bind to the poly(A) taiind stimulate
translatiorf!. Beyond translaon, protein function can also be regulated by ptstnslational
modifications(PTMs) (Figure 8D). PTMs can alter proteprotein interactions, folding, stability and
half-life*®. For example, phosphorylation of elF2 S51 inhibits translation of nfRNPAsteins often
have multiple modification sitresulting in vast arrays of differeiatly modified population&’,

Thus, whilst a gene can be expresdeahslation and postranslational mechanismaf regulation

can alterprotein function andultimately, physiological effecten the cell
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Figurel.5: Outline of regulation of postranscriptional gene expression in eukaryotes.

This is not an exhaustive list of all forms of geshscriptional regulation. A) RNA editing alters

protein isoformsand expression levels. Alternative splicing can create different isoforms of the same
gene through use of different splice sites, including exon skipping, alternate splice sites and intron
NEGSYyliAz2yd ! RRAGAZ2Y 2F pQ {Dilehdd thusyh&exter@to which & 6 ! 0
transcript can be translated into protein. B) miRNA silencing of mRNA translation. Transcribed
miRNAs bound in the RISC complex can either inhibit translation (mismatch inmifRbAbase

pairing) or degrade target mR® (full complementary miRNARNA bas@airing). C) Translation
initiation regulation alters overall protein levels. elF2 is a key translation initiation factor that
facilitates the assembly of the 43S initiation complex (40S ribosome subunit and othesadRning

along an mRNA for a start codon, and eventual formation of the full ribosome 80S complex.
However, if elF2 is phosphorylated, the 43S initiation complex fails to form and no translation occurs.
D) Summary of PTMs that can regulate protein fimms. Each PTM is catalysed by different enzymes
and their general effects are indicated in the figure. PTMs are also heavily linked to biological
processes in the bottom left box of D). The figure was compiled bagétf- 6+ UTR; untranslated

region; RISGRNAinduced silencing complex.
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1.4.2Gene regulation in kinetoplastidspiedominantlyposttranscriptional

Eukaryotes havavast array of gene expression regulatory mechanisms from DNA through to
proteins.Kinetoplastids, howeveagre traditionally understood tonostlyregulate gene expreson
through post-transcriptionalmechanism®2°. This is a direct consequence of ithgenome
organisation whereby proteitoding genes are arrangéalong tandem arrays that are transcribed
as polycistronic mMRNAs comprising@ genegFigure 16A). Intergenic regions are generally only
small and so lack the extensive regulatory elements of other eukarfgtednsurprisingly, e lack
of transcriptional regulatiomesults inanunderrepresentation ohistonemodifying enzymeswvhich
neverthelessstill play important role®. Although functionf most histone modications are yet to
be understood, they have been implicated in acting as transcription start and stop sites in the
absence of ARNA Pol [l promoté?®.L Y RSSRX | ydzYoSNJ 2F KA&AG2y S GNBI
proteins have been identifiéd. One such reader of acetlysine residues, bromodomain factor 5
(BDF5)has been implicated in maintaining acetylation of histones for efficient transcrif3tton
Moreover,BDF5 was shown to be essential fomexicangromastigote survival and murine
infection®. In addition, sich epigenetic changeste also been suggested to be involved in
differentiation, however evidence is still lacking to confirm ta&n?®4° The discovery and
characterisation of BDF5 suggekinetoplastids may have more mechanismgrahscriptional

regulationthan previously thought~urther studies will shed light on this area.

Beyond transcrion, {1 Ay SG2 L)  Aa0ARA aKIFINB a2YS &aAYAfFNROGASA
have both alternative splicing and RNA editing mechanisms that regulate gene exprahimmgh

the exactmechanisms are differer{fFigure 16A).Kinetoplastids contain very few intronmeaning

exon skipping and intron retention cannot oc&ui ranscription of genes into polycistronic pre

MRNAs also requires a different processing mechanism. Individual MRNAs are generated by a trans

N>

splicing mechanism whereby a splice leaflgf [ 0 wb! Ay aSNliia AdasStT d GK
thusacsl & @ K S Inpeflion®fihe GLIRNA excises genes from the polycispomimRNA and

I RRa ("® &p. pdpendling where the SL RNA inserts in a gene, intergenic regions can be

included, new start sites created, signal peptide sequeraded or removedor an alternative

open reading framgenerated®?%4¢ Polycistronic prenRNAs aréurther processed by

polyadenylation coupled to the trarsplicing reaction. Once these splicing and polyadenylation

reactions are complete, the mature mMRNA is gener&é&d®
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Whilst kinetoplastid also utilise RBPs to regulate mRNAS, the lack of transcriptional control results in
RBPs playing a much greater role in overall gene expre@sgure 16A). Mature mRNASs in the

nucleus can interact with RBPs to form a messenger ribonucleoprotein particle (MRNP) to facilitate
export to the cytoplasrf. Once in the cytoplasm, RBPs can regulate mMRNA decay, localisation,
sequestration testress granulgand translatioR®. Translation rates are often mediated by changes
Ay GKS oQ T ruweshave fddianvieiigths ¢f about Bucleotides with the potential to
bind at least 15 RBPs simultaneo&®#y Studiesin T. bruceidentified about 300 proteins that could
affect RM abundanc¥. Over 1400 RBPs were also identifia theproteome ofL. mexican&. T.
cruzialso similarly expressa vast array of RBPs to regulate mRRA$us, RBPs play an essential
and central role in regulation of gene expression. The vast variety of RBPs will be outlined later in
this Chapter.

YAYSG2LX FaldARaT (G§KSNBT2NBI agétidnieéhanisthsoD] Ay 3 Y dzOK
transcriptional regulationytilise similar postranscriptional mechanism@igure 16B). The act

mechanisms contain a number of differences, particularbiternative splicing and RNA editing due

to the nature of genorit organisation. Although RNAI has been identified in kinetoplastids, its
importancein development is not well understood and transcriptome studies have yet tdifgen

MiRNA% 2945

1.5RBPRNAinteractions

. 2 0 K @&déukaiydeSand kinetoplastid RBPs have key rolesgnlation ofgene expression.
RBPs exert their regulatory effects by direct interactions with mRNAs.iRRBR&t with RNAs
throughone or more RNAinding domains (RBDs). As a result,-RBIA interactions are determined

by three central characteristics: RNA structuRBDs and PTMs.

1.5.1 RNA structure
Much like polypeptide sequenseRNAS do not just exist aslsorderedstretch of nucleic acids.
RNAs form secondary structures through Watsinck base pairing which can then fold into 3D

tertiary structures. SomeNRA structures can then exert specific functions, for example ribozymes

Z

that catalyse biochemical reacticiisAdditionally, ® 2 8 6 A 1 OKS& Ol y daaSyasSé t 20l

specific norcoding mRNA sequence binding a small molecule. Binding induces a conformational
changein the RNA secondary structutigat can regulatealternative splicing, transcription or

translation. Thus, ribswitches can serve as additional means ofegulation ofgene expressiofl.
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Mature mRNAstructures are relatively similar S 6 SSy G KA IKSNE SdANER20GSa |
Generally, mRNAare made up of a central proteitoding sequence flanke@ié p Q | ViRl o0 Q ! ¢ w:
Ol LILISR ®™eé O Lp @ YR @FigurellB. EaxoUTBontdinsdisfinct sequence elements

and secondary structure3K S fDQ OF LJ YR ! ¢w O2yGNARO6dziS (2 GNIya
and poly(A) taisimilarlycontribute to translational control but also regulate mRNA localisation and
stability?®*L Whilst overalistructure is similar, a number of distinct differences have begun to be
identifiedinthe UTRE ¥ G KA IKSNE Sdzl  NB2GSa FyR (AySG2LX I aida

1.5.1.16 | A Jekikaydtic RNA structure

G1 AIKSNE Sdzl F NB2GSa 02y il Ay tifais tbth YHREFNiEre 1240 NHzO G dzNS
Pseudoknots, hairpirend other RNA secondary structuresich as RNA-Quadruplexesmainly act

to inhibit translatiort®. Such secondary structures inhibiting translation can be overcome by

increased elF4A expression to promote greater RNAnding?°¢. In addition, the upstream open

reading frame (UORRB)so generally inhibits translatiét”. The internal ribosome entry site (IRES)

enables translation of the protei®2 RAy 3 & S1j dzSy OS A GRDIBSIF do@pleses,2 T i K S
RNA modifications and RBP/IncRNA binditeg sill also can act to regulate translation initiafibon

Methylation of an adenosine®m°®A) has been shown to promotfficiency oftranslation by

unfolding RNA structuré%

Depending where an RBP bintisnslation can be promoted @uppressedCNBP, auman zinc
finger protein can enhance translation by destabilising Rbi#iary structures®. Activation of some
IRESs involves a structural changarn®NA motif facilitated by RBPs. For examplel ¥Bd PTR
can bind thelRES of th&1YCtranscript and stimulate translatich Ribosome access to the RNAGn

cap can also bstericallyblocked by the IRERP ribonucleoprotein complek

CKS 0Q !¢w 3ISYSNIftfte O2yilAya Y2 NSouadhyjagSy OS St SY
codebinding proteins and mediates subcellular localisation. These sequences contain a variety of

primary, secondary and tertiary struees’™. The cytoplasmic polyadenylation element (CPE) and

AUrich dements (ARESrerelated to polyadenylation andgtability of MRNAZ. In addition, miRNAs

often targettheo Q ! ¢ w ZoSRUZY iMSaAtranslational repression and mRNA dettay

Interestingly, a few studies have also indicated miRdéh upregulate some genes under certain

conditions, such agduringserum starvatioff. However, here arealsoexceptions where miRNAs can
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0 A YR (i Kfotem-EbdingGeglence and even gene promot&adingof miRNAst@ Q ! ¢ w
and proteincoding sequencecaninduce translational repression wheredmnding togene

promotershas been reported tinduce transcriptioff.
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Figurel.7: Comparison of the general mMRNA structure, elements and RBP binding sites.

0 {OKSYFGAO 2F | 3ISYSNIf GaKAIKSNE Sdzl F NBE23GS Ywh
Note the miG cap of the kinetoplastid MRNAis RA FFSNByYy G O2f 2dzNJ 12 GKS @GKA
due to presence of hypermethylation. Faded elements indicate its presence currently remains

unknown. Question marks also indicate possible, but not proven, binding sites for IncRNAs. RBPs in

both A) and Bare indicated able to bind at hairpins and specific UTR sequences to regulate

translation initiation, subcellular localisation and mRNA stability. RBPs in light blue represent
various/unknown RBPs. Figure compiled based&nuORIF upstream open reading frame; IRES

internal ribosome entry site; CRIEytoplasmic polyadenylation element; CREBPEbinding protein;

PABR; polyadenylation binding protein; SIDERshort interspersed degenerated retrotransposons;

ARE; AUrich elements; Rgretrotransposons.

Various RBPs haatso been identified to bintheo Q |oftmREAsSRBPs can bimiREghat can
either stabilise the mRNA, such as Hu proteins, or promote decay, such as heterogeneous nuclear

ribonucleoprotein . CPEbinding protein is able tbind the CPE to regulate polyadenylation,
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deadenylation and translatidh PABBinteract with the poly(A) tail. eIF4G has been suggested to
interact with PABP and ultimately facilitate recycling of terminating ribosomesti@anslake an
mMRNA transcril OtherRBPs cad A Y R (i K Sprom@e irfte¢meledill&interactionsbetween
mRNAgo form densely packed RNP partictbat are inaccessible to translation machinery

Formation of RNP particles may also facilitate transpattlocalisation otranscrips?®®,

1.5.1.2 Kinetoplastid RNA structure

2 KAfAG ydzYSNRPdzA AAYAf I NARGASa 0SG6SSy GKAIKSNE So
evident, some differences have been discovered (Figu#B). Kinetoplastid mRNA¢soK I @S | p Q

Ol LJ I YR o .Goweiifrathérthan aimt’Gi dap kinetoplastidnRN/A appear alsto be

methylateR I (i -Q¥iBoSeofiadjacent nucleotideand thebaseof the fourth nucleotide residug

known as a cag@ structure This difference has led tan evolutionaryfunctionaldivergence in the

capbinding proteing

p Q |oftkmsdoplastid mRNAsimilarly regulate translation and appear to be of similar length to
20 KSNJ & KA 3 KSKidetopfhsta mRWNRLsinady contain uORFs to inhibit translation
Indeed uORF&ave been suggested be an importantcontributor ofgene regulabnin T.

bruce??%4 Aside from this, other elements are different or not well understoblle unique cap
structure and divergeincap-binding proteins indicate a functional differemin capdependent
translation initiatiort2. Secondary RNA structures are thought to be present but are likely different
tod KA 3KSNE S2lstRBRArZRNRiading sitesare unknown, norcoding RNAs have been
identified inT. bruceandLeishmaniéb. Thus farJRESnediated translatiorsitesare only

speculated?.

0 Q loftkingioplastid MRNAaslsod SNIDS aA YA€ I NJ Fdzy Ceikargoges. (G2 (G K2aS$
Similarities include AREs and a polyadenylation signal sequence (although likely a slightly different
consensus sequeny® MiRNA binding sites, RNA secondary structures and other RBPANcRN

binding sites have been suggested to be present but are not well underétdndeed, miRNAs have

yet to be identifiedand RNAi machinery is lacking from kinetoplastid gendhig$ 52

Kinetoplastids also contain a significant number of transposable elenteaitsnake up 5% of their
genome$&®. Eachkinetoplastidcontains different sets of either fmrterminal repeat (LTR)r non-LTR

retrotransposongknown as retroposong)f varying lengths_eishmaniapecies contain a class of
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short interspersed degenerated retroposons (SIDERS). Analysislafrttegorgenome identified
around 2000 copies @IDERs, split into two subfamilies SID&RI SIDER2 SIDERis Leishmania
are thought to postranscriptionally regulate gene expression, possibly by modulating mRNA
decay®. SIDERare alsopresentin the T. brucegenome though only around 20 copies have been
identified. SIDERs T bruceto notappearto have any role imegulaion of gene expressidi®?.
Thus,whilst kinetoplastids mRNAs uniquely contain transposable elements, there is significant

diversity in type frequencyand function.

RBP functions remain relatively similakinetoplastids. RBPs have been identified to form RNP

complexes suchs ThZFP3 interaction with the Q | ¢ WEP2 pFocyilieiscript®®®, T(RBP19

has been reported to downegulate its own transcript by binding i K S d°RBPs ¢am also bind

AREs, such a1UBPR17, and the poly(A) tail, sucksL. majoPABPI H YR o O0K2Y2f 234
eukaryotic PABP Some RBPs also retain similar functidn2 & K A 3 K S NBor eaogiler NB 2 (1 S a
SLCHh LIK2ALIK2NEf I GA2Yy RZ2%KoN&e,deivRBPS BaveYhubfar beériNd y & |
characterised in deta&fl. Gven how many kinetoplastid RBPs have been identified to interact with

mMRNA%#8 many more key regulators will likely be elucidated.

1.5.2 RBDs and their interactions

As outlined above, mRNAs contain various sequence and structural elethantegulate gene
expression. Often regulation of gene expression octtursugh RBPs binding these RNA sequence

and structural motifsAlongside RNA sequence and structure, binding of RBPs is also determined by
its RBDs thainteract withan mRNA.

1.5.2.1 RBDs

RBPs are generally composed of a limited set of RBDs that coepefaind a target RNfor DNA)
molecule Binding ofRBBRNA can occuhroughmultiple differentinteraction interface&" " (Figure
1.8A).RBDs an topologically rearrange to bind a particular RNA structure outlined in the previous
section.RBDs can also cause topological rearrangeraERNARNA looping). Othenteractions
involveconformational tvanges in the flexible linker between two RBD®o RBDs can bind
independently, form inteldomain contacts, fold the linker into a different conformationeachbe
positioned for binding by aauxiliaryprotein. RBDnteraction with anRNAmoleculecan also be
facilitated by dimerisation of identicaB®s RBDs linked to enzymatic domains can also induce

catalytic activity when bound to a target RMA.
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Figurel.8: RBPRNA interactions and functions.

A) Outline of different modes of RBD interactions with RNA. Interactions are split into whether two
RBDs (left) or one RBD linked to another domain (right) are involved. B) SummaryesftdifigD
interactions. Figure compiled based¢®. CSy, cold shock domain; Zmfzinc finger; Kid K

homology; RRM RNA recognition motif.

Different RBDs have different topologies and binding surfaces in order to target specific DNA or RNA
sequence¥ "> (Figure 18B).Alone, RBDs bindNA witha low specificity and weak affinity. However,

in multiple copies, RBPs gain enhanced specificity and affinity for target RINWple domains

with linker regions allow longer stretches of RNA to be recognised or a separate RNA nioléeule
recognisedltogether. Short linkers generalbyly allow multiple RBDs to bind a stretch of nucleic

acids whereas longer flexible linkers enable more diversity in target RNA sequence$*found
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Given RBDs have different consensus sequences and topologies, unsurprisingly each has a unique
structure. Alba domainkave been identified in bothrokaryotes and eukaryotd§igure 18C) Alba
proteins can bind both DNA and RNA through heordchetero-dimeric forms. On binding DNA or
RNAhigher order oligomers can also foffnFor examplethe hyperthermophileSulfolobus shibatae

Ssh10b binds doubistranded RNA through a tetramierinterface of a pair of dimefs

COOH

i

H
%

HOOC \
Alba domain CCCH zinc finger domain CCHH zinc finger domain

Cold-shock domain KH domain Pumilio domain RRM domain

Figurel.9: Examples of different RBDs.

A) the Alba domain from Shibatae Ssh10b protein (PDB: 3WBM), B) the CCCH ZnF domain from H.
sapiens zinfinger CCCltype domain containing protein 7A (PDB: 2D9M), C) the CCHH ZnF domain
from S. cerevisiae SGF73 protein (PDB: 2L0O3), D) The CSD from S. typhimurium cold ghéck prote
(PDB: 3122), E) the KH domain from H. sapiens-Npuatein (PDB: 1DT4), F) the pumilio domain

from D. melanogaster Pumilio protein (PDB: 5KL1), G) the RRM domain from S. cerevisiae Nab3
protein (PDB: 2L41). The ZnFs both have residues labellelicitéramino acid side chains that
coordinate a metal Zion. Figure compiled based 61> CS[ cold shock domain; Zmfzinc

finger; KH; Khomology; RRM RNA recognition motif.

Zinc fingers are definedsastructure where four residues coordinasezincion (Figure 19B-O). Zinc
fingers are subdivided by the residues that coordinate the ipncincluding CCCH, CCHH and CCHC.
Like the Alla domain, zinc finger domairsn also bind both DNA and RRIAluman T1S11d
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contains two CCCH zinc fingérat have been shown to directly birdREs othe TNFh  Yw b !
transcriptto promote mRNA decd$

Coldshock domaingCSDsadopt anoligonucledide/oligosaccharidebindingfold composedof five
anti-LJ- NJ -Gtfarfl§ sudh asn the Salmonella typhimuriur@spBprotein’"® (Figure 19D). All
CSDs arapproximately 70 amino acids in lengthdappear highly conserved between bacteria and

eukaryotes CSDsire also able to bind DNA and RNAwever binding is relatively nespecifié®.

K-homology (KH) domains are found in prokaryotes and eukaryotes and can bind both single
stranded DNA and singitranded RNAsut asthe KH domains dfuman Noval protein’8!
(Figure 19B). Similar to CSDs, Kidmairs are approximately 70 amino acids in lengtormed ofa
i-AKSSG LI O1 S R-helicad: Iatgfaction wittK DNB/E&NAinves hydrogen bonding and

electrostatic interaction¥.

Pumilio(PUF)roteinsarea large family o$ignificantly largedomains(Figure 19P. They ardound

in all eukaryotesindhave been linked to RNA decay and translation repression. The domain is made
up 2 F-helical PUF repeats that adopt an overall crescent structure to bind a target RNA. Each
repeat generally binds a single nucleic acid resitfiteDrosophila melanogastétumprotein binds

its target mRNA in this manner to repress protein expresstepression here is also supported by
another RBP, Nos, that contains a tandem CCHC zinc finger and clamps PuniRidAtarget. Thus

repression is achieved by dual activity of two different RBPs

The RNA recognition motif (RRM) domain is by far the most commonly employed domain used by
RBPs to interact with RNA&Sigure 19G). In fact,RRMsare so common that they are present in
approximately 0.51% of all human geneRRMs are generally 8D amino acids in lengénd

normally interact with RNAoleculéd @ A -Bheek. Tin& interaction involves a conserved R or K
residue faming a salt bridge with the phosphodiester backbpaed two aromatic residues that

form stacking interactionwith an RNAMultiple domains are often required to define specifiéity
Saccharomyces cerevisidab3protein contains an RRM thatas shown to bind a singlranded
UCUU RNADimerisation withthe RRMcontaining NrdJprotein also enhancedhe affinity of Nab3

for the RNA*.
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1.5.2.2Distributionsof RBDs

Recent aalysis ohuman RBPs using computational and large scale RBbpric (RBPome) data
was compiled together on EURBPDRBSs expected RRMere by far the most common RBD
predicted. Other common domains included: GTPasw, fingers, DEABox helicase and an
endonuclease related domaiKH domains were not particularly common whereas Alba, CSD and
Pumilio domains were relativelyncommori®. A very similar pattern was also observed@or

elegan$®.

Unfortunately, the study did not carry out the same analysis for kinetoplastids. However, other
studies have begun to elucidate their RBPomes. Analypi®tdins inT. bruceindicated a similar
proportion of proteinscontaining the(RRMdomai as in humari§. T. cruzandL. majorwere also
shown to have similar sets of orthold§sTdRBPs characterised so far have mostly contained the
RRM domain, however zinc finger, CSD, Pumilio and othecaoonical domains have also been
identified*®. Apart from splicing and translation machinetije RBPome off. mexicanandicated
RRMs were the most common domain. DE#AR, Pumiliozincfingers, KH, CSDs, Alba and Tudor
domains were all also identifiédl It was noted however zinc fingers were significantly
underrepresented due tthe difficulty of identifying zinc finger proteins with mass spectrométry
In addition, only 31% of predicted RBPs were identjfigdly dueto lifecyclestagedependent
expression of numerous RBEsamparisons of procyclics, metacyclics and amastigotes indicated
some significant differences in association with mENFus whilst domain distributions remain
relatively similar overalthe RBPome df. mexicanauggests there could be some distinct

differences between lifecycle stages.

1.5.3 PTMs can alter RBINA interactions

Thetwo previous sections have outlined the importance of RNA structure and RBDs in whether a
particular RBP and RNA can interaiatl hav strongly The finafactor in determiningRBPRNA
interactionsare PTMs. Although PTMs serve various functions, PTMs can have significant effects on

protein-protein and proteinnucleic acid interactions.

1.5.3.1 Types of PTMs
Proteins are modified witPTMsby the transfer of a modifying group from a donor molecule in an
enzymatic reactionThe modification can either be reversible or irreversible aray affectthe

properties of a proteir{(Figure 15D). A vast array of different PTMs have been studiesvever
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some are more common than othé#§Figure 110A). Eukaryotic PTM datfiom the dbPTM
indicatesa huge majorityalmost 64%pf known modifications are phosphorylation evetitghe
second mostommon is ubiquitylation making up just over 16% of known modificatibnis. is likely
not a truly accurate reflection of PTMs across a whole cell proteome. Apart from likely different
frequencies across cell types and under different environmental comgditthe dbPTM is also biased
towards wherever most research is focu8eéor example, phosphorylation has been identified as
an essential regulator in many cellular evetiiough protein synthesissignal transductiomndcell
division. The human genome alone encodes pgfiein kinases and 156 phosphata®ed herefore,

given the prevalence and essentiality of phosphorylatibhas beerstudied more significantly

A Approx. frequency (%) B RBP16
PTM * . idet LmjPRMT7 h
All eukaryotes* | Kinetoplastids (MjREP16 @D et
Phosphorylation 63.9 19.6 L tp=1 >ty )
Ubiquitylation 16.4 2.3 TOPRNIT ~
TbRBP16 -,
Acetylation 6.4 17.5 e O &
" /
N-glycosylation 4.2 2.7 / \ Y \
Methylation 1.2 0.1% gAY AL Y A
2-hydroxyisobutyrylation 1.2 26.1 _mRNA
0-glycosylation 0.9 0.03 DRBD18
Succinylation 0.9 2.9 Q Methylation
Malonylation 0.5 0.5 éme 1
SUMOylation 0.4 ND l’
Hydroxylation 0.3 ND /\Q‘ — mMRNA - ,d.\
S-nitrosy|ati0n 0.2 ND 1 Decay Stabilisation
Myristoylation 0.1 ND
Crotonylation 0.02 28.2
Alba3 E Others
S-amastin Alba1  Alba3 oRmTy B Long ORF mRNA
ﬁ — {:\1;&5 — \ﬁ? \ﬂ) » | Long ORF mRNA
\\ destabilisation
ty; = >tz > b TbPUFZ
p1/s1 nuclease :I: PRMT7
No binding Binding SmB mRNA -
< Thasp1 TezP3
nmt PRMT7
~ ' - — e —
~ Binding Binding ) DRBD2 RBP associations

Figurel.10: PTMs and theieffects on RBP functions.

10 /2YLI NRAaz2Yy 2F tc¢a RAAGNROdzZIARZY Ay GKAIKSNE So
doPTM'T a2 dzNSOS R hFNRBRY | y I f & & Sgho datdJEXaRplek &f the affdctol/ © b 5
arginine methylation are indicated for RBPs: B) RBP16, C) (Tb)DRBD18 and D) (Lmj)Alba3 function. E)
PUF2, ZFP3 and DRBD?2 are also methylated but have yet to be claséhedxn a PRMT study.

Figure compiled based §H°%%,
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No such PTM database exist for kinetoplastids however some studies have sought to establish more
of a global understanding (Figurel@A). One study iff. bruceiidentified crotonylation and 2
hydroxyisobutyrylation as the most common PTMs, followed by phosphorylation and acet§flation
Direct comparisons are not appropriate as thia sngle studyhereas the dbPTM is made up of
thousands of separate studieseverthelessit isinteresting that relatively rarecrotonylation in
eukaryoesis thepredominantPTM inT. brucei Although methylation appears relatively rare, the

study only quantified trimethylated residu&s Thus, including monomethylation and dimethylation

would likely increase the proportion of this PTM.

The same study also aligned PTM sites with orthologs of other species. Conservation of the residue
was then suggested to be a possiBIEM site in the other species. Interestindlymajoronly

showed 2550% conservation across the PTM d&taherefore, this suggests PEkicross the
kinetoplastid could be more variabldlore extensive pbal PTM analysis lreishmanias required

to confirm this.

1.5.3.2 PTMs and RBPs

PTMs can alter RBPs in a number of different ways including their suackitalisation, turnover

and degradation, protelprotein interactions and proteiRNA interactionsA change irRBP

localisation can have dramatic effects on RNA metabolism due to spatial separation from its target
RNA* For examplgphosphorylation at Ser284 or methylation pyotein arginine

methyltransferase 1 (PRMTib)the disordered RG®ox regionboth result in nuclear accumulation

of hnRNP %€ Turnover and degradation not only replaces old and defective protein, but also
allows the proteome to respond to different cellular contexts and stiffitfior examplegxpression
levels ofKHtype splicing regulatory protejmn RBP thabinds AREs and promosalegradationof
mRNAsare regulated by ubiquitylatio?f-°".

PTMs also have been shown to either promote or hinder interaction of RBPs with target transcripts
and other protein&. Asmentioned, Hu proteins can bind AREs to stabilise mRN®se of the Hu
proteins, HUR, can stabilise and/or enhance translation of target transcripts, fmingito target

AREs is modulated by phosphorylation. PhosphorylaifdduRoccurs within or near the three

RRM&. A numberof studies have suggested S88 and Silisphorylationcan promote binding to
certain transcripts and inhibit binding to other transcrifft&duRarginine methylation by PRMT4 and

ubiquitylation by a complex has also been identified to promote transcript associatiomeunde
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dissociation from mRNPwspectively*°%1% Taken together, each phosphorylation, arginine
methylation and ubiquitylation cadifferentially modulate HuRspecificity affinity and associations

to target transcripts

It is worth noting that PTMs can also alter many behaviofigsther proteinsin a similar manner
including theenzymes that catalyseTMVs. For example, Nerminal myristoylation of PRMTS8, an
enzyme that catalyses arginine methylation, results in localisation to the plasma mertBr&#B
ubiquitin ligase polyubiquitination of PRMT1 also promotes proteasomal degradf&ttBhPRMT4
methylation of PRMT&t R505 is not only important for PRMT5 methyltransferase activity, but also

modulates its oligomeci state%.

Functions and effectef PTMson proteinpropertiesare also very similar in kinetoplastids. A number
of RBFPTMs have beecharacterised (Figure I0B-E). Arginine methylation of RBPs has been a
particularfocus givenunlike other unicellular organismidnetoplastidsuniquely possess at least
one of each type of PRM&xplained in the next sectionfor examplel.. major(Lmj)PRMT7
methylation ofLmRBP16ncreases protein stabilitypreventing its degradation before translocation

to the mitochondriorf®1%(Figure 110B).

Arginine methylation appears to have a variety of effects on different kinetoplastid RBbtsicei
(THPRMT1 methylation oFbRBP16 alters RNA specificity. Unmethylated RBP16heasdo have
a higher affinity for guide RNA (gRNA), a component of the RNA editing compleX irbtineei
mitochondrion.However methylatedRBP1§RBP16me) had a higher affinity for mRNA
transcripts-1°¢1%7(Figure1.10B). Argininemethylationof LmjAlba3alters the binding affinity
depending on the mRNA transcrifffigure 110D). Whilst Albagie hada higherbinding affinitythan
unmethylated Alba3or the 1 -amastintranscript only Alba3ne couldbind thepl/s1 nuclease
transcript.Binding of Alba3me to the-amastintranscript was shown to increase transcript stability.
On the other hand, mthylation had no effect on binding to themt transcripf®1% Methylation of
THDRBD18 instead al#RNA metabolism and turnover (FigurddC). WhilstDRBD18 generally
promotes destabilisation of RNAs, DRBD18me had a stabilising ®ffect

Other RBPs have also been reported to be methylatéd major includingPUF2, ZFP3 and DRBD2
(Figure 110E) The effects of myinine methylation have yet to be studied on these RBPs, however
both PUF2 and ZFP3 hadesin mRNA stabili{-%°°2 Studies oDRBD2 iff. bruceandT. cruzi

identified Albal and Alba3 in gmmunoprecipitationexperimens. In addition, PABP2 and 3 were
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also identified suggesting possible translation regulatory effétts Taken together, @inine

methylation clearly has a central role in regulating FRB¥A interactions in kinetoplastids.

1.6 Arginine methylation

As outlined above, arginine methylation is a key Rii&ll canalter various proteirprotein
interactions,protein-RNA interactionslocalisation and stabilityArginine methylatiorhas the

potential to regulate many biological processes including splicing, DNA regascription,

translation protein trafficking, cell cycle contrahd cell signalling®*% Dysfunction of arginine
methylation has also been linked to a number of diseases in humans including cancer, cardiovascular

disease, viral pathogenesis and spinalssular atrophy*'112

1.6.1PRMTs catalyse arginine methylation

Methylationof an arginine residueccursin the guanidino group of itside chainAddition of a
methyl group to an arginine side chain alters its chemical propettipgo two methyl groups can
be added to theguanidino groupalteringthe steric shap@nd charge distribution across the side
chain. Hydrophobicity is also increased and addition of each methyl geslyges the number of
hydrogen bondshat can be formed telectronegative groups afther amino acidesidues by one.

This clearlcouldimpactinteractions withdifferent targetd3114

Methylation of the arginine side chain is catalysed by the protein arginine methyltransferase (PRMT)
enzyme familyKigure 111). PRMTs are classified by the methylation pattern they catalyse on the

side chainPRMTgancatalyse formationofl KNS RAFFSNByYy (i GeLlSa 2F YS(iKE
nitrogens:asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA) and
monomethylarginingMMA). Type |, Il and IlIl PRMTs catalyse formation of ADMA, SDMA and MMA,
respedively. A type IV PRMT has also been repotteat O v Y S (i K énitrégénShowieetno 1

homologsyet have been identified outsidef yeast®11°

Nine mammalian PRMTs have been identified that are subdivided into type | (PRMT1, 2, 3, 4, 6 and
8), Il (PRMT5 and 9) and Il (PRMPP.Kinetoplastids are uniqgue among unicellular organisms to

have at least one homologfthe threetypes ofPRMT. Other parasitic protozoa have®2PRMT

genes but argenerallyonly homologs oH. sapiengH9PRMT1 and. Kinetoplastids encode five
PRMTs including PRMT1, 3, 5, 6 ahd®!’
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Figurel.11: Outline of type I, Il and 1l PRMT methylation of arginine residue side chains.

All three types of PRMT monomethylate the terminal amino group of the arginine side chain. Type |

can then further dimethgke the nitrogen and type Il can methylate the adjacent nitrogen. Note the

positive charge on the double bonded amino group is stabilised by resonance. The |, II, lll represent
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The existence of arginine demethylases remains somewhat controversiabnji domain

containing (JMJD) 6 has been suggested to have arginine demethylase dativigyerconflicting
reports havesuggested JMJD6 tead is a lysine hydroxylasé Morerecently, three lysine
demethylase$iave been shown to possess some arginine demethylase adtivityro. However

further investigation is required to ascertain the presence of arginine demethylases and if arginine

methylation is a dynamic PTR1119

1.7 Mammalian PRMTs

Nine mammalian PRMTs have been characterisadh has overlapping and distinct functions,
substrate targets and subcellular localisaspsummarised iTable 1.2PRMT ae linked to a
number ofbiologicalprocesses, includinganscription, RNA metabolism and translatidfi-2°.
Generally, mammalian PRMTs localise to the cytoplasm, apart from PRMT4 and 6 that appear
predominantly nuclear and PRMTS8 that localises to the plasma memitafie
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TypePRM] Biological roles Localisation Substrate targets Ref
Implicated in embryalevelopment, neuronal

1 . o o Cytoplasm RBM15TOP3B, STAT1, Histone[120.122128
differentiation andsplicing
2 Enhances transcription and acts as coactivatg Cytoplasm anducleus 120,129,130
hormone receptors
3 Involved in ribosome maturation, dendritic spi Cytoplasm (pS2, PABPNL, TOP3B  [120.123,13£133

formation and hormone receptor transcriptior

Enhances transcription of several nuclear
4 hormone receptors and involved in chromati Nucleus
remodelling and gene activation

Regulates transcription, DNA excision repair

Histone H3, PABP1, HuR, HUE120'134133
SAP49, SmB, CA150

TOP3B, HMGAL, DNAR®16, |150 123139141

6 cell cycle progression Nucleus histones, Sm proteins, PIWI prot¢
8 Expressed only in brain tissue Plasma membrane EWS, NIFK 101,120

| 5 Involved in snRNP maturation Cytoplasm and nucle Histone H4 E:r]gtg:ﬁA’ myeRasic (150,142,145
9 Involved in snRNP maturation Cytoplasm SF3B2 120,146

| 7= | Involvedin Sm proteimethylation, SNRNP Cytoplasm Histone H4 and H2B, HSP70, bIf120,14%150

biogenesis and expression of DNA repair gef
Tablel.2: Summary of the biological roles, localisation and substrate targets of each PRMT.

This is not an exhaustive list of biological roles and substrate targets. Localisation also appears to
vary depending on the cell and tissue #§fperCaution is required when evaluating past PRMT7
substrate literatureanti-FLAGVI2-agarose affinitypurifications were contaminated with PRMT5 and

led to misassignment of PRMT7 as a type || PRMT

1.7.1 The nine PRMTs have both distinct and overlapping functions

Mammalian PRMT1 is the most active type | PRMT, making up around 85% of all cellular PRMT
activity. As a result of raking up such a large proportion of PRMT activity, PRMT1 has a very wide
substrate specificiyf?1°2 The remainder of the type | PRMTs have relatively minor but more context
specific activitiesThis iggenerally determinedby their Nterminal domainsPRMT2 coactivates
genesand appears to be abl®tinteract with PRMTS8 via its SH3 donteginPRMThas an N

terminal zinc finger domain that interacts with ribosomal protéfAsPRMT4 is strongly linked to
transcriptional coactivatio¥*. PRMT6 has a narrow substrate range targeting nuclear prétéins
PRMTS8 uniquely localises to the plasma membrane due totigsminal myristoylation and appears

mainly limited to expression in the brath

Mammalian PRMT5 nkas up the majority of type Il PRMT activity. PRMT5 appears to act in complex
with a number of other proteins that alter its substrate specificity. As a result, PRMT5 can act as a
regulatorof transcriptionand splicingt?1%51%¢ The othertype 1| PRM;TPRMT9, haslatively minor
activity. Thus farknownsubstrates of PRMT@ppear confined to splicing factdf$'®” PRMT7 is the
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sole type IIPRMTwith a relativelybroadsubstrate range, including both histone and Huistone

substrate$®.

1.7.2 The PRMT substrate targets

Most commonly PRMTsnethylate arginine residuesithin an RGG/RG (or glychaggininerich;
GAR) mott®. Glycine residues have the highesnformational flexibility of any amino acid in a
peptide™®. The glycine residuadjacentto anarginineis thought to enhance conformational
flexibility of the peptideto facilitate the arginine side chain binditgthe active siteof a PRMT
However, preference fathe GAR motifs not always the case; PRMT4 was shown to have a
preference for prolingylydne methioninerich (PGM) motifs and PRMT7 targeted RxR motifs
surrounded by lysine residu¥s Indeed, arecent global interactome studyighlightedother
possibletarget motifs(Table 13). In particular, PRMR and6 appeared to target a number of

different motifs Many of these motifs were also in low complexity rtructured region¥®.

Type | PRMT — Su:;trate [t);rget rE:tif —
1 v v v

2 v v v v v

3 v v v v

4 v v v

6 v v v v v

8 v v v v

5 4 v

" [V VY

i 7 v v | v

Tablel.3: Summary of target motifs methylated by each PRMT.

Ticks indicatéhe motif can be targeted whereas blank boxes indicate no consensuswagtif
identified in the study. Data obtained froff!. GAR; glycinearginine rich; SR serinearginine rich;

DR¢ aspartatearginine rich; ER glutamate-arginine rich; PR proline-arginine rich.

PRMT substrates are sulivided into histone and ncehistone targets. Targeting of histones can
have significant effects on gene expression as the epigenetic PTM is associated with chromatin
remodelling andranscriptional regulatiotf’. The arginine residues methylated on a histone

substratedependsboth on the PRMT catalysinipe transfer ofa methyl group and other PTMs in
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closeproximity, such as phosphorylation, acetylation and glycosylation. The total PTMs make up the
GKAAG2YyS O02RS¢ GKFG RSG'S NMA KBV orSONGANaE efittidre shife/ S S E LIN
or differentresidues camave differenteffects ontranscription For examplemethylation of

H4R3ne2a(ADMA)y PRMT1 and Bromotes transcription whereamethylationof H4R3me2s

(SDMAYy PRMT%epresses transcriptidfi?. Methylation of H3R2me2dby PRMT@&lso represses

transcriptiort®2 Thus, functional effects ofiethylatedhistonearginineresiduesare context specific.

PRMTs alsbave a vast array of nanistone substratesTranscription factors are one such substrate
that can be targeted anthus regulate their activities during transcriptith'® For example, PRMT1
can methylatethe R30 residue dRelA(p65)to prevent binding to DN/&A*. PRMT5 can also target the
same residue to activate NBwhich promotes transcription of prmflammatory cytokine®®.

Signalling pathway proteins catsobe targeted by PRMTauch as the Bell antigen receptor
pathway'®3. PRMT1 can methylate thedgll antigen receptor at R198 which ultimately stimulates B
cell differentiation. The authors of the study also noted thagthylationby PRMThppearedto
dynamically change with time, hinting at possib&dlulararginine demethylase activit{f. PRMTs

have also been linked to control of the cell cycle and DNA répdior example, PRMT1 methylates
meiotic recombinatiorll (MRE11) within a GAR motif that promotes its nuclease activity crucial to
homologous recombination DNArep&i® t wa¢m= p FyR ¢ Ittt OFy Ffaz Y
R152 to promote DNAinding and polymerase activify.

RBPs are also a majuon-histone substrate that affect RNprocessing and transcriptional activities

when methylated®. Numerous examples of altered RBRA interactions havalreadybeen

outlined ofthe effects ofdifferent PTMs(section 1.5.3)suchas PRMT4 methylation of HR

However, RBPs associated with splicing are often targeted in mammals. PRMT5 methylation of
proteins involved in themall nuclear RNP (snRNP) complex faciitassemblyof the compleX®.

PRMT5 can also methylate R698 in elongation factor SPT5. SPT5 R698me2s decreases its association
with RNA Pol Ihossibly regulatingranscription elongatiot®.

1.8 Structural biology of the mammalian PRMTs

1.8.1 The canonical PRMT

1.8.1.1 Domains and structure

Each of the nine mammalian PRMTs have the seamenical domain structure:-drminus, S

adenosylmethionine (SAM)A Y RAY 3 R2 Yl Ay 0 2-Ndrrev@oma@nFigyel.128.2f RO | y |
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I RAYSNARAFGAZ2Y | NY R2 Y-hakefdomaint KEAD2F 2 820RA DB G KA W 0
barrel and dimerisabn armdomainsare termed the catalytic moduléll PRMTs studied thus far

require at least a core dimeric interface for methyltransferase actifity'1’2 Dimerisation creates

a doughnutlike shape with a central cavity for SAM and arginine peptide substrates to enter and

bind the active sit&° (Figure 1.2B).

Each domain contains sequence and structural features that contribute to methyltransferase
activity. Depending on the PRMT, thetBfminus may contribute a motif whereas the SAM byl
Iy Rbarrel domains always contain five and one conserved motif respectively (Figa@)1.1
Although no 3D electron density is often visible ira}X structures due to the flexibility, the-N
GSNX¥AYydzAa O2yiGlAya Iy AYLRNIFIYG Y20AFd ¢@LIS L twa
that facilitates bindingf SAMby forming hydrophobic interctions with the SAM adenine ring
PRMTS5 instead contains a PLxxN motif in a loop region that can interact with SAM whereas the
correspondingsequence ilPRMT7appears not to interact with SAKP-171:178175 Conserved SAM
binding domain motifs I, podt Il and Il (Figure 12C) either contribute residues to interact with
SAM or are required to stabilise the domain f8tdThe double E and THW loops (Figur@Q).are
critical for methyltransferase activityThe double E loop contains two highly conserved glutamate
residues that form hydrogen bonds with the bound angisubstrate side chaiff. Indeed, even a
conservative substitution to aspartate resultssignificant los®f adivity!’21’¢ Importantly, thei -
barrel THW(THWxQ motif)loop also forms hydrogen bonds with the incoming arginine substrate
type | PRMT.sThe equivalent THW loop has a slightly different sequence in PRMTS bostiead of
THWXxQPRMT5 and 7 haveSWxP and DHWxfptifs respectively. Nevertheless, the THW looitl st
appears important for type Il and 1l PRMT methyltransferase actidtidgnay also have a role in

governingtype of PRMTmethylation?°,
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SAM-binding domain Arm B-barrel domain

I pl 1] 1 THW loop
DoubleE loop

c Double E loop !

Figurel.12: The general structure of a PRMT.

A) Domain schematic of the domains found in all PRMTs. Key motifsli{jpdstl, double E loop, IlI

and THW loop armdicated and highlighted in purple. B) Example cartoon structure of a PRMT core
dimer (RNPRMT1, PDB: 10R8). Domains are highlighted as according to domains in A. The dotted
black box highlights the area where conserved motifs are found. C) Zoomedturefad each

motif: |, pl, I, double E loop, H#hd THW loop. Domain colours are retained but with each motif
highlighted in purple. The majority thfe motifs are located close to the SAM and arginine peptide
binding sites indicated. Gubstrate SAMad the arginine peptide (Arg) substrate are highlighted in

yellow stick structures. Images were processed in PyMOL.

1.8.1.2A proposed methyltransferase mechanism

The double E loop is highly conserved and critical torieehyltransferase mechanism across all
PRMTs ofnammak and kinetoplastig>?°. Rustet alexamined theRattus norgevicugRn PRMT1S
adenosylhomocysteine (SAgtystal structure to propose a mechanigar the transfer of a methyl
group from a SAM molecule to the guanidino groupitrogenof an arginine substrate side ch&ih
(Figure 1.3). The two double E loop E144 and E155 residues alongside R&4noposed to be
important to the methyltransferase reaction. R54 hydrogen bonds both SAM and E144, orientating
the E144! -carboxylatefor optimal electrostatic interaction and hydrogen bonding to the arginine

substrate N,® ¢ K S -cibaxylate also ldy forms electrostatic interactions and hydrogen
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bonds with N; and N. E153 likely alsb y RdzO S &

enhance nucleophilicity of the guanidinium gréUp
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Figurel.13: A proposed PRMT reaction mechanism based on RnPRMT1.

R

A

1) The methyltransferase reaction starts by a SAM (coloured red) and arginine peptide (coloured

blue) entering the active site of RnPRM forming hydrogen bonds to amino acid residues E144 and

a

0 N ¢

E153 of the double E loop and R54 as indicated. SAM sits in close proximity to the arginine peptide. 2)

The guanidinium moiety of the arginine peptide acts as a nucleophile, donating electrons @ f

bond with the methyl group in a&type nucleophilic attack. Either simultaneously or rapidly after

formation of a NH2(CH3)ntermediate, the nitrogen donates a proton to the E144 carboxylate

oxyanion resulting in the final ADMA peptide. 3) The Apdptide, SAH product and proton

(deprotonated from E144) then leave the active site in order to allow a fresh reaction to begin.

Dashed bonds indicate hydrogen bonds and curly arrows the movement of electrons in bond

formations. Other residues that ingt with SAM and arginine peptide are not indicated for clarity.

Figure adapted fromy’”.

Previous studiebaveproposedthat M155 provides a steric hinderanceotallow formation of ADMA

but prohibit formation of SDMA’. The equivalent residue in PRMT5 is a serine and thus was
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thought to allow more space for transfer of a metlgybup to the other. -nitrogen of theguanidino
groupto generate SDM&8 However mutational analysis indicated M155 was not primarily
responsible for determininéprmation of ADMA, but was impoant for bindingof a SAMmolecule

and enzyme processivity.

Other residues have also been proposed as important to the methyltransferase reaction: The N
terminal Y39residueis unresolved in the cryal structure mutational analysis suggested it
important for SAM binding and rate enhancem€ht’”. Indeed the equivalent Y154 side chain
phenolgroupin PRMT4 formshee top of the SAM binding pockét THW lo@ residue H293 was
also identifiedto be crucial to the methyltransferase reactialue to formation of a salt bridge with
D51. Salt bridge formation stabildévo N-terminal -helices important fobinding ofSAM and
arginine substratg*’’. Taken togethertesidues of thedouble Hoop, THW loopand N-terminal

domainappearcrucial for the methyltransferase reaction.

1.8.2 Each PRMT also has unique structural features

As outlined, each of the nine PRMTs have a similar domain structure and highly cortsealtit
module This is particularly evident within the conserved double E and THW loops (Fit#igeC)
However, significant variation is seen with theald Gtermini (Figure 114A). The Nterminus

shows little conservation between each of the PRMmrt from PRMTL1, 6, 7 andéach N
terminuscontainsa conservedknown domain foldAs mentioned, the PRMT2 SH3 and PRMT3 zinc
finger domains play important roles interactions and functiot*'°>3 PRMT4 targets PGhth
substrates which may be facilitated by itgédminal PH domain. In particular, the domain resembles
the EVHL1 sulglass of PH domains whicmdiprolinerich sequences. Indeedeletion of this

domain dramatically reduced methylation of target substrates indicating an important role in
substrate recognition and bindif. PRMT5 containstdosephosphate isomerasd (M) barrel

domain that has a different function to the SH3, zinc finger and PH domains of the other PRMTs.
Instead, the TINMbarrel appears crucial for PRMTS interantiwith the MEP50 cofactor and
oligomerisatioA’. Moreover, PRMT5:MEP50 showed far greater activity than PRbhe
indicatingthe importance of the TIMbarrel:MEP50 interactiof®®. Less is known about PRMT9,
however three tetratricopeptide repeat domains (MPRs) are present in fisterminus. THTPRs
mediate proteinprotein interactions deletion from PRMT9 ablates all methyltransferase activity

suggesting they may facilitate methylation of target substr&te®RMT6 and 8 each contain a
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nuclear localisation signal and myristoylation sequence respectively that alter subcellular

localisatior®-1%4

PRMT1 — No domain/disordered
PRMIT2 B savinding domain
- B-barrel domain
PRMT3 ZnF . Il Dimerisation arm
|
prvis — QD O B e oo
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Figurel.14: Overview of the mammalian PRMTSs.

A) Domairstructure of each PRMT. Each are aligned to give approximate lengths of each PRMT
domain, except for PRMT9 which is yet to be published. Webt ogresentations of B) the

conservation of the double E loop residues across the HsSPRMTs and C) the conservation of THW loop
residues across HsPRMTS:)Representative PRMT type core dimer structures of D) RnPRMT1 (PDB:
10R8), E) HsRR'5:MEP50 (PDB: 4GQB) and F) MmPRMT7 (PDB: 4@=rA)indl regions are

coloured grey, SAMinding (Rossmafold) domain in orange,-barrel domain in red and

dimerization arm in blue. The second subunit is represented as a surface structure. Note MMPRMT7
is a single polypeptide folded into a psetdimer and so has no second subuni)Dmages were
processed in PyMOL. Sti8rc homology domain 3; ZgEinc finger domain; P&lpleckstrin

homology domain; NLSnuclear localisation signal; Mgrmyristoylation domain; THTPR; three

tetratricopeptide repeats domain.
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Some @erminal variation is also observed. Most of the PRMTs havé &ANJY Abgrtelfdonain
however PRMT4, 7 and 9 have additional elements. PRMT4 contains an amino acid extghsion
Iy I RR Astiiahd? The rést of #eaGterminus appears disordered but has been linkedhte
transcriptional coactivation functionsf PRMT#°, PRMT7 and 9 are unique amongst the PRMTSs in
that both containtwo catalytic modules in tandet**"182 The crystal structuref PRMT7ndicated

a zinc ion occupied the active site of the secoathlytic module and thus was catalytically

inactive®® wl 6 KSNE (KS aSO2yR OFdGlrte@dAO Y2Rdif S KI &

PRMT7?, as explained later. Therefore, whilst the core catalytic module is highly conserved across
the PRMTS, variabld- and Gtermini significantly contribute to substrate specificity,

methyltransferase activity and/or subcellular localisation.

1.8.3 Oligomeric states

All PRMTs studied thus far require dimerisation or higher order oligomeric states for
methyltransferag activity??0:171.173.175.179.183,18rhe HPRMT1 homalimer is enzymatically active
(Figure 1.4D) however gel filtration experiments indicata@yher order oligomersould form in
solution Moreover,in the presence of SAH, tlidigomeric stateof HPRMTlappeared to change
suggesting aale of substrate binding in determining complex oligomerisatibpart from
interacting with MEP5@he TIM-barrel domainof PRMTalso facilitates oligomerisation into a
hetero-octamer; i.e., four subunits of each PRMT5 and MEP%Bigure 1.4E) PRMT5 was also
shown to form dimers and tetramers alométhout MEP5&®°. One studycrystallisedPRMT&s a
dimer butindicated it behaveds a tetramer in solutiofi®. However, another study adssuggested
PRMT8 formed an octameric compf&xAlthough different expression systems and constructs were
utilised, both identify oligomeraion of PRMT8As outlined earlier, PRMT7 and 9 contain an
unusuallikely inactive, second catalytic moduléne polypeptideof PRMT 7olds intoa dimer-like
& G NHzO (i dzNB-R A ¥ NhFpsdad@lidze& 2old is crucial fomethyltransferase activij>188
(Figure 1.4F) BothMus musculugMm) andCaenorhabditis elegaf€9 PRMT7 demonstrate a
pseudadimer structure though no higher oligomers were preséit® Howeveras explained

later, thisis not the case in kinetoplastids.

1.9 Kinetoplastid PRMTs

More recently, a number of kinetoplastid PRMTs and their targets have desacteriseq Table
1.4). Much like the mammalian PRMTSs, kinetoplastid PRMTs are heavily linked to RNA metabolism

and translationThe heavier reliance on RBPs to regulate gene expression, due to lack of
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transcriptional regulation, also means PRMT mettigtaof RBPs can have significant effects on

parasite physiology?®?® Mammalian PRMTs showed predominant cytoplasmic subcellular

localisation, with the caveat that this is dependent on cell and tissue'typedeed,subcellular

localisationof kinetoplastid PRMTalso depends on the organisffor example TOPRMT6 is

predominantly cytoplasmi€® whereasL. braziliensif_br) PRMT6 is found in the intranuclear

spacé®.
i . . Localisation Validated substrate targets| Interacting proteins
TypgPRM] Biological roles ——— : - - - - - - Ref
o ¢ T. brucei | Leishmanig  T. brucei Leishmania T. brucei Leishmania
Implicated in RNA|
regulation,
. Cytoplasm RBPlG, RGG DEDl, SCD6| 01,190;192
1&3 _rTjetaboIlsm, Cytoplasm and nucleud  DRBD18 Alba3. PUF6 RBP43, ADE
nutritional stress an
| parasite virulence
Histones,
Involved in parasitd Cytoplasm Intranuclea Nucleoporins,
6 cell growth and | minimal in flagellar ADE3  |189.190
space ;
development nucleus proteins,
DRBD3, HELS
Possibly RNA Cvtoplasm elF2, ruvblike
Il | 5 | processing and/or| Cytoplasm]| =Y'°P RBP16 TRYP1, HELG1 DNAhelicase|190.193
f and nucleug
translation ADE3
Attenuates parasitg RBP16, Albag
: ) . RGG1, RGG] SCD6, ZFP3 90,105,190,19)
| 7 wrulen_ce, involved || Cytoplasm Cytoplasm RBP16 |DRBD2, RGG elF2
lifecycle PUF6

Tablel.4: Summary of the biological roles, localisation and substrate targets of each PRMT.

This is not an exhaustive list of biological roles, substrate targets and interacting proteins.

Localisation also appears to vary dependingifecycle stag®f the parasite

TEBPRMT1 was the first PRMT discovered in kinetoplasfitiSimilar toHPRMT1THPRMT1
catalyses the majority ah vivoADMA, however a number of significant divergences were also
observed®. TlPRMTin vitro assayslemonstrated significantly less activity thRmPRMT1 Lack of
activity hinted thatTlPRMT1 required a cofactor for actiViy Indeed, another type | PRMT,
homolog of PRMT3, was later discovefédnockout(KO)experiments showed an
interdependence on each oth®f. Unlike their mammalian counterpart$bPRMT1 andbPRMT3
form a heteromeric complex and are generally both required to methylate target substrafés!
Thus, the two enzymes were renamedfPRMT EV“and TOPRMTIRCrespectively®>1°” Moreover,
KOof one or both PRMT1 andi8T. bruceandL. braziliensisesulted in significant decreases in
ADMA and increases in MMA due to PRMT7 substrate scavétigfidnterestingly, SDMAn L.
braziliensisalso increased indicating possible scavengingdlyRMTS®. KOs of LoiPRMT1 and 3

also showed impaired human macrophage infection and amastigote prolifetéftion
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Analsis of annotated PRMT genes in #tieetoplastidgenomes haveed to identification of a third
type | PRMT, a homolog BEPRMT618%1% Accordingly called PRI, itskOcaused mildn vitro
growth defects ofT. bruceprocyclic and bloodstream formbut little effect onL. braziliensis
infection of human macrophages and amastigote proliferafivt{® Qubstrate specificity was very
narrow with no visible effect on overall cellular methylation profité$%1% UnlikeHSPRMTS,
THPRMT®6 is predominantly cytoplasmic but appeared to interact with histones and proteins
associated with nuclear transport and RNA proces&ingNA damage of parasites also results in
significant downregulation oFBPRMT®6 transcriptidi. Interestingly,LbiPRMT6 showed a
subcellular localisatiom procyclicsvithin the intranuclear spac€’. Thus, PRMT6 may have distinct

functional differences between kinetoplastid organisms.

PRMTS5 is the only type Il PRMT and the least studied of all theRiMEThomologs. In vitroassays

of TBPRMT5Sndicated broadsubstratespecificity however immunoprecipitation experimenfailed

to identify anyhomologcomporents of themammalian PRMT5 methylosop®ich as MEP5U.
AlthoughKOof LbiPRMT5 had little effect on global cellular SDMA, human macrophage infection
and amastigote proliferation were significantly impait€®dMore research is required to identify the

importance of PRMT5 in parasite infection.

The final kinetoplastid PRMT, PRMT?7, is also the sole typs il mammals'®, PRMT7
demonstrated very broad substrate specifidityvitro, including variousubstrates targeted by
TOPRMT1 an@bPRMT#105.190.192 Cyriously KOof THPRMT7 had little effect on global cellular MMA
profilest®®. However, simultaneousOof TAPRMT1 and 7 resulted in dramatic reductions in MMA
and ADMA®®. Takertogetherwith a significant increase in MMA observed BlPRMTIK G, this
suggests thaTtPRMT7 monomethylates substratesother PRMTs an@itPRMT1 can compensate
for lack of TlPRMT?7 activity Again, his effect was also seenlibiPRMT7 studielikely due to other
PRMTs compensating for loss of MNPAIN addition, both kinetoplasti®®RMT5and 7havesome

strikingly distinct sequence and structural featuréisat will be outlined below.

1.9.1 Differential expressicemd biological rolesf the kindoplastid PRMTs
As outlined irsectionl.3, kinetoplastids differentiate into various morphological forms throughout
their lifecyclé. Differentiation involes various changes in gene expression levels, including the

PRMTS(Table 1.5)Indeed apart fromTOlPRMT7THPRMTs arexpressedelatively
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constitutively*891921%_QOn the other hand, bPRMTs show some significant expression lelrahges
acrosshe lifecyclé®®. Expression in mastigotesis consistently downregulated, likely due to their
smaller size and thus smaller metabolic requiremé&ftdlote that some expression data is based on
transcript levels rather thaprotein levels, which do not necessalilgve a directly proportional
relationshig? Nevertheless, as mammalian PRMT expression is dependent on cell and tisstie type

expression levels depend both on the kinetoplastid organism and lifecycle stage.

Relative expression levels to procyclics
Type | PRMT T. brucei L. braziliensis
Procyclics | Bloodstream | Procyclics | Metacyclics | Amastigotes

1 1 - 1 T N

3 1 —* 1 J J

6 1 - 1 T v
HEE 1 > 1 T Il
m | 7 1 ¥ 1 N2 N

Tablel.5: Outline of PRMT expression levels at different life cycle stages relative to procyclics.

Dashes indicate no change, green up arrows an increase in expression and down red arrows a
decrease in expression. *Data based on trapstevels, which may not necessarily correlate to

protein level®. Data was obtained fronk18%:190.19219€

KOexperiments on kinetoplastid PRMTs have also indicated differential importance to growth and
virulence depending both on parasite and lifecycle st&g@of TBPRMTEV%(bloodstream)and 6
(procyclics and bloodstream@sulted in slower growth phenotypashereasKOof THAPRMT5 and 7
hadlittle effect!®%191.193194pgrasitesvith KOof TOPRMT £V2also presentedin attenuatedvirulence
phenotypeand KOof TlPRMT&ausedaberrant morphologie$®1°t DualkKOof TAPRMT6 and 7
resulted in much greatenetardation ofprocyclic growth thaTbPRMTG6 alone, indicating both

ADMA and MMA are crucial for parasite growh
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Figurel.15: Biological roles in parasite infectivity of Leishmania PRMT

A) Diagram of the effect giPRMT1 angiPRMTS5 on the human infection stage of the Leishmania
parasites lifecycle. Black arrows represent wildtype/unimpaired infection steps whereas thin red
dashed arrows represent impaired steps of the lifecycle. agydn of the effect ohPRMT7 in the
human infection stage using mouse models. Inset dashed boxes indicate key details affected in the

KO studies; both are also simplified for clarity. Figure was compiled baséd t#
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KGs ofL. braziliensiPRME produced slightly different phenotypes. Indeed, promastigktas

indicated none of the PRMTs alone were essential for parasite growth and virulence. However,
impaired human infection phenotypes were obseryB®RMTland 5 showed impaired
amastigogenesiand proliferationin macrophage vitro**® (Figure 115A). PRMT3 only showed
impaired amastigote proliferation in human macrophatj&svioreover,KOof LmPRMT7 was shown

to enhance parasite virulence in mouse mod&ld-urther investigatio in micerevealedparasites
lackingLmPRMT7 promote an excessive neutrophil recruitment and cause a more extreme disease
phenotype® (Figure 115B). Excessive recruitment could be duep@rasite surface changes that
promote the recruitment of neutropits, though further research is required sapportthis

hypothesis®,

1.9.2 Substrates ofiketoplastid PRMST

Whilst mammalian PRMTs can extensively methylate histone substrates, thus far it remains unclear
if kinetoplastid PRMTs canethylate kinetoplastid histonés TAPRMT15, 6and 7 have been
shown to methylate bovine histoneMoreover, TBPRMT6 was crystallised bound to a bovine
histone H4peptide’®®. However, trypanosome histone arginine methylation has yet to be
identified?>189198195 Cgpurification analysis identifiedbPRMT&ouldinteract with H2A, H2B, H3
and H4 histones, suggesting these may be substf&te&urprisingly, whefiltPRMT6 was incubated
with trypanosomeN-terminal histone peptides, mass spectrometpalysidailed to identify any
arginine methylatio®°. Trypanosome histone amino acid sequences have significantly diverged
FNRY GKAIKSNE S dzlexphii tBelirBciivif. \GRballaKatizis offte angie
methylome inT. brucealso failed to identify any histones, however the authors suggestedviss
likely due to sample preparatidtt. A recent study to determine th&. cruzarginine methylome also
failed to identify any significant histone targéts Co-immunoprecipitationsof LoiPRMTslso failed
to identify any bound histoné®. Therefore, whether kinetoplastid PRMTs can methyfateative

histonesremains unclear and warrants further investigation

Whilst histone substrates remain unclear, arginine methylation oflnistones has been identified.
Global arginine methylome anaigof T. bruceindicated cytoskeletal and locomotion related
proteinswere most enriched, likely due to the higher number of kinesins and dyirethg
genome®., RNA medbolismfollowed by DNA binding proteins were the next two most enri¢ied
Interestingly, the arginine methylomaf T. cruzappeared to be most enriched with oxidation

reduction, biosynthetic and carbohydrate metabolism process related prot€ins
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However, common to all kinetoplastids are the enrichment for RNA processing and translation
substrateswith numerous RBPs targetet1°9-204203 As outlined cytoplasmicTkDRBD18me
stabilises MRNA target transcriptésee back to Figure I0C). Methylation was ident#id atR199,
R202 and R204 within an unstructured regi@of TOPRMT1 resulted in destabilisation of RNAs
normally stabilised by DRBD18théndeed, T0PRMT1 has very broad and complex effects in the
cell. Analysis of procyclicGs of TlPRMT1 impacted the abundance of various metabolic enzymes,
stress granuléormation andRBPMRNA associatioh$%, KOof LmPRMT?7 resulted in numerous
hypermethylated and hypomethylated RBPs. For example, PUF11, DRBD18 addMeRBD
significantly hypermethylated whereas ZFP3, DRBDAWaBwere significantly hypomethylatéd
lf0loYS gl a FTAdzZNHIKSN) aK2gy (2 0S-aNBtptzanddiplR (2 adl
however the effecon other MRNAs s transcriptspecifié®1%(see back to Figure 10D).
Immunoprecipitationof kinetoplastid PRMTisave also identified a vast array of potential

substrates to investigate in greater det&il?°

RBP16 is a particularly common target of the PRMTs including PRMT1,'53%8A%?°, TLRBP16 is
a protein involved imitochondrialRNA processiritf-2%5 LeishmanidRBP16 likely has similar
function given its ritochondrial subcellular localisatiéh As described, methylation alters RNA
target specificity from gRNAs to mRNX§1%/(see back to Figure I0B). ToRBP16rom procyclics
was shown to be methylated at R78, R85 and R93 withaistsdered RG@&ch Gterminal
regiont®®, KOexperiments identified lPRMT fV“targets R78 and R85 whereas R93 appears to be
targeted by another PRM%. Interestinglyyetention of the MBP tag allowe@bPRMT £V in the
absence of th@bPRMTRS to methylate TE(RBP 182 GivenThPRMT R%stabilises and facilitates
oligomerisation offlPRMT £Vto allow methyltrangerase activity®’, MBP tag retentioould
stabilise the enzyme in a similar mannBath TOPRMT5 and 7 could methylai@RBP16n
vitrol®31%4and therefore could be responsible for R93 methylation observed in procyclics

Leishmani®?RMT1 and 7 have also lmeghown to targetand stabiliseRBP 16105190

RBPs clearly have crucial roles in regulating gene expression in kinetoplastids (and mammals). Only
recently has the vast array of potential kinetoplastid PRMT-®BBtratesbegun to be
uncovered'*®® However, the examples of DRBD18, Alba3 and RBP16 demonstrate the importance of

arginine methylation in regulatg their function.
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1.9.3 Moonlighting functions

Primarily, PRMTs methylate target substrates. However, emerging evidence suggests PRMTs may
also have other functional roles independent of their enzymatitvities (moonlighting functions)
Though few studies have reported such activities in mammalian PRMIRMTS8 has been reported

to have phospholipase activiflf. HPRMT1 has seven known alternatively spliced isofavitis

different subcellular localisations, substrate specificities and enzymatic acfivitie$act, isoform 7

is completely inactive but still binds substrates. The authors suggest therefsrisdfiorm may

modulate PRMT1 activity.

TEPRMTEV4THPRMT fRCinvestigations suggest the subunits may have moonlighting functic@m
procyclics had significantly impaired stress granule formatimting at possible RNA
association¥. Indeed, purification from parasites amal vitro crosslinking and EMSA experiments
all showed association of MRNAs wittPRMT 2 in a specific manner and independent of hetero
tetramer formatiort®s. Nucleic acid binding was also observed THPRMT7, but noTEPRMT6
indicating this may ba feature of specific PRM¥&

Previously atlined KOprofiles ofLbPRMTsndicated different amatigogenesis phenotypes of
PRMT1 and 3. WhilgtOof PRMT1 impaired amastigogene$i§of PRMT3 had no effect. This
distinction suggestsbiPRMT1 could have an important moonlighting function that affects
amastigogenest&. Therefore, whilst evidence is emerging of various moonlighting functbns

PRMTsmore research is required to understand their biological relevance.

1.10 Structural biology of kinetoplastid PRMTs

Kinetoplastid RMTs retain the sameanonical structuref anN-terminal domainand catalytic

module (Figure 18A). Consistent with mammalian PRMTs, all require at least a core dimer
structure for activity174197.200 Moreover, the cucialdouble E and THW loop$ active PRMTare
also highly conservegFigure 1.6B-C). Outside these regions, sequences have diverged from

mammals resulting in a numbef significant differences.

1.10.1 Divergent Mermini

Whilst mammalian PRMTs have variabkeNnini seemingly linked to their substrate targets and
function, the roleof kinetoplastid PRMT {&rmini is less clear. Although highly variable, no known
conserved domains are predictédsenerallyN-termini of PRMT1, 3, 6 and 7 are less than 100
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amino acids in lengthHowever,PRMT&Xontains a signifant Nterminal extension over its
mammalian counterparfTlPRMT5 and dPRMT5have an approximatextension o650 amino acid
whereasLeishmaniagpecies havan extensiorgreater than 250 amino acsti*®*2%¢ Currently, the
reason for this extension remains unknown however structural characterisation would lend insight

into its potential functional role.

PRMT1ENZ e ) No domain/disordered
[ saM-binding domain
PRO
|| PRMTL ( I T | ) I B-barrel domain
PRVTS - (I B Dimerisation arm
- Double E loop
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Figurel.16: Overview of kinetoplastid PRMTSs.

A) Domain structure of each PRMT. Each are aligned to give approximate lengths of each PRMT
domain, except for PRMT5 which is yet to be structurally determined. WebLegoesentations of

B) the conservation of the double E loop residues across the kinetoplastid PRMTs and C) the
conservation of THW loop residues across kinetoplastid PRMFKiBetoplastid sequences include

T. brucei, T. cruzi and L. braziliensis.t@lrgructures are indicated for D) TOPRMETbPRMTIRC

(PDB: 6DNZ), E) TbPRMT6 (PDB: 4LWP) and F) TOPRMT7 (PDB:tdiM883l Kegions are

coloured grey and each domain is indicated. The second subunit is represented as a surface structure.

D-F) imags were processed in PyMOL.
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Despite no known domains, thetdrmini have an important functional role in methyltransferase
activity. Although removal of the first 4TBPRMTTR%mino acids had no effect on activity, removal
of amino acids 4562 resultedin loss of SAM binding and methyltransferase activity of the
TEPRMTE4THPRMT ERCcomplex®’. A similar phenomenon was also observed ToPRMT7and
other mammalian PRM¥4:2°° Therefore, whatever the functional roles of each kinetoplastid N

terminal domain eachislikelyto beinvolved in substrate recognition and catalysis.

1.10.2 Dimeric and oligomerinteractions

3D crystal structures of thEblPRMTs revealed a number of differences in core dimerhagtaer
order oligomer formation As outlined, TlPRMT¥\4is stabilised byrtPRMT R required for
methyltransferase activity?, unlike separatelactive mammalian PRMT1 and PRM¥3% The
crystal structure showed a hetedimeric interactionacross a fadrophobic surfac¢Figure 1.6D).
Two dimers then interact to form the overall hetetetramer in solutiod®”. Mutations that
prevented dimerdimer interactions resulted in significant lossagtivity. Thus the hetertetramer
is crucial for methyltransferase activity. Interestingly, onlyTlPRMTTR%as able to home
dimerise, albeit minimally2 Modelling of TBPRMTR%supported this observation and indicated
TEPRMTEV4failed to homedimerise due to one subunit Y190 sterically clashing with another
subunits Q90, E93 and 194 residitfédnterestinglyimmunoprecipitation western blot data of
LbiPRMTL1, 5, 6 and 7 indied the presence dfbPRMT3. Although not definitivethe data
suggestshat LbiPRMT3 may have more promiscuous PRiliJomerisation partners. Further

biophysical experimentsould confirm this interaction.

THPRMTG6 appeared to form the typical dimers in solutimough hydrophobic interactionf the
dimerisation armof one subunitwith the SAM binding domaiof another subuni® (Figure 1.4E)
THPRMTS5 could forrmdimer and a number of unstable larger multimeric complexeso 700
kD&%, Three cepurifying proteins were identified in this complex, including an RNA helicase.
However, no obvious homologs of thesPRMT5 methylosome were identified, indicating novel

compexes®,

Kinetoplastid PRMT7 lacks the additional inactive catalytic module of its mammalian ottholog
(Figure 1.6A). InsteadTHBPRMT7 homalimeriseshroughhydrophobic surface interactions
between two subunit§* (Figure 1.6F). Indeed, this dimerisation is essential to aitfiymutational

disruption leaves only residual methyltransferase actiitynterestingly, whilst recombinant
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THPRMT7 was observed aslimer, procyclic cytoplasmic extradPRMT7 complexes were larger
than a dimer, likely due to interactions with other subcellular componéht$his data also
highlights oligomeric states may diffin vivodue to interaction with othenativekinetoplastid

proteins.

1.10.3 Catalytic modul&eatures
Although relatively well conserved, some sequence and structural differences are evident within the
{! a 0A ybRelamdimerisation arm domainsThus far onlyhe 3D structuresof ToPRMTSs

have been solved and so these will be the focus of this séction

AlthoughTbPRMT ERetainsthe canonical catalytic module domains, many of the S#iimling

residues are not conserved. Crdigking experiments reported that SAM bindsPRMT EV?but not
TEPRMTERA92 The 3D crystal structure showed a molecule of SAH only bouhdPBMT £V2

Unlike TBPRMTRQ the TAPRMT EV?binding site is highly conserved with a more open site around

the double E loop and more restricted site around the THW loop. This is considtemammalian

type | PRMT$17 OverallTlPRMTEV2and TBPRMT 2ROstructures are isnilar with an RMSD of 2.4

A. HoweverTlPRMTTRacks acruciali3"-K St AE Ay G(KS {!la O6AYyRAy3a R2Y!l
helices in the SANdinding domain are shifted 3@ n ¢ T -barr&l S8omiin is unaffected.

Dimerisation interface is thus altereith, turn appearing to be a major contributor to preclusion of

the binding of SAM".

Whether this is the case farishmani®RMThomolog remains to be seenVhilst sequence
alignments showbPRMT3 (and other speciesd¥o lack the canonical type | PRMT THWxQ motif in
the THW loopthe second glutamate is conserved in the double E1é8pConservation of the
second glutamate raises the tantalising possibility theishmani??RMT3 may be an active

enzymé*% This thesis will seek to address this exciting possibility.

TOPRMTG, similar t’sblPRMTENZ interacts with SAH via several higbbnserved type | PRMT amino
acid residue®¥”. Solving of the apdbPRMT®6 crystal structure also revealed substrate binding

induces conformational changes of highly conserved H318 of the THVéihobg142 of the double E
loop?®. This would sugge3tPRMT6 catalysis is highly similar to many mammalian type | PRMTs.
However,secondary structure analysis compared to a number of different mammalian type | PRMTs

indicatedTBPRMTG6 has four ingeregions and a truncated-términus. These insertions extend or
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Ay i NP RdzO S -helice$% Tlaker tygether, these regions could have an importance to
methyltransferase activity and substrate targ&€fshowever exact functional role has yet to be

determined.

Mammalian and kinetoplastid PRMT7 has some significant differexscaeady outlinetl Notably,

whilst the mammalian pseuddimer contains only one active site, ti@PRMT7 homalimer

contains two active sité&’. This likely explains the significantly more robust methyltransferase

activity of TAPRMT?4 The solved crystal structure indicated SAH interactions are very similar to

other PRMTs. In addition, an electron density for a bound arginine residue chain was also present.
This showed the imptance of double E loop E172 and E181 forming two hydrogen bonds to the
guanidino group of the arginine substraté Moreo\er, arginine substrate binding induced
F2NXIFGA2Y 2F |t wa¢ nfddcaliisB.Rie active lsiteé $as Gl gigndidddly G A 2
narrower than type | and Il PRMTs, consistent with its Mi@Aerating type Il activity*.

The importance of th@dPRMT7 double E loop glutamate residues have been investigated in further
detail. Debleret alfound double E loop mutantiiB1D could catalyse ADMA on a methylated#i4
peptide.However, geater than 85% methyltransferase activity was 1¢stlairet alfound the
E181D/Q329A double mutanbuldalso instead catalyse SDMA Separate studies also showed the
F711 mutant convertedbPRMT7 from a type Il to a type I/ll PRM#: Quantum and molecular
mechanical simulations also suggested that E172 from the double E loop and Q329 from the THW
loop are the key residues that orient arginine substrates, enhance nucleophilicity of the arginine
guanidino group, and lower the free energy binding of methylated substraté$. Taken together,
double E loop and glutamate residues are crucial for both methyltransferase activity and help

determine the type of methylation catalysed.

1.11 Small molecule compound inhibition of PRMTs

1.11.1 PRMTs are heavily linked to cancer

Each of theHPRME have been stronghlinked to at least one cancerhereby overexpression is
correlated with tumorigenesis and poor progndsig€!2 The previous sectiortsave outlined PRMT

links to biological processes that regulate gene expression such as hegtigemeticmodifications,

MRNA editing and splicing, and translation. Many of these gene expression regulatory pathways are
crucial to cancer cell maintenanéé?!2 Histone modifications can be deposited that promote or

suppress transcription of tumowrelated gene$ For example H3R2me2s catalysed by
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PRMT5:MEP50 promotespressiorof Vimentin, Snail and Slug (SNAIL{#pbteinsthat promote
epithelial to mesenchymal transition metastasfsH3R17me2a catalysed by PRMT4 also promotes

expression of E2F1, a cell cycle regulator, and ultimately breast cancer cellgrowth

Transcription factors are another major target linkeccemcer progressioft. For example, PRMT1
can methylate the BRCAL tumour suppressor, altering its ability to bind promendrsther
proteins in breast cancer cell liré% As already noted, PRMT1 and PRMT5 can target®R&RA
Methylation by PRMTS5 promoting NB induced gene expression has been suggested to also

promote tumorigenesi¥®.

Proteins involved in mRNA editing and splicing targeted by PRMTs and linked to cancer include
RBM15and Sm proteird”. PRMT5 was shown to be required for propeicggsome assembly and
proper alternative splicing mechanisms. Deletion of pinet5 gene resulted in erroneous MDM4
isoforms linked to p53elated cancerd® RBM15 is an RBP that regulates RNA export and splicing,
however methylatiorby PRMTZesults in its degradation. Reduced REBMevels causes aberrant

splicing of target MRNAs, linked to acute megakaryoblastic leuk&émia

Canceilinked PRMT methylation also extends beyond the directly related transcriptional, RNA
editing splicing and translational proteirfsor example, PRMT6 methylation of p21 at R156 switches
its subcellular localisation from the nucleus to the cytoplaghis results in cell cycle and apoptosis
dysregulation as well as enhanced chemoresistaficBRMT3 methylation ofibosomalprotein S2
(rpS2) was shown to reduce ubiquitylation and thus increase its stabii®p. has been shown
overexpressed in a number of cancers. Thus, it has been suggested PRMT3 methylation may
facilitate the increased expreism levelsof rpS22°, Taken together, PRMTSs target numerous

proteins that promote cancer cell metastasis, growth and maintenance. Given thimhiktion of

PRMTs by small molecule inhibiitchas beeithe focus of much research.

1.11.2 Small molecule inhibitors

Numerous small molecule compounds have been identified and developed by stractiviy
relationship (SAR) analysis (Tablé). Small molecule inhibitors developed thus farinhibit the
PRMTgenerally suldivide into four main types based on theinding mechanism: SAM binding
site, peptide binding site, both SAM and peptide binding sieslallosteric site¥°. These four

types each involve binding of a small molecule to a specific binding pogk®ncovalent
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interactions The first three types tend to show either competitive (binds with free enzyme}, non
competitive (binds both free enzyme or enzysigbstate complex) or uncompetitive (binds only
enzymesubstrate complex) inhibition patter?s. Allosteric inhibitiorinvolves a compound binding

to a pocket distinct to the active site and thissndependent of substrate concentratioft As
interactions are norcovalent, inhibitors in these four categories tend to reversibly bind. However,
depending on liding kinetics, inhibitors can be tight bindiagd/or slow binding. Tight binding is
defined by a Ksimilar to the enzyme concentration whereas slow binding is defined by a very slow

dissociation rate from the enzyrié.

In additon, compounds can also either be covalent inhibitors or degraders. These generally bind
somewhere within the active sites. Covalent inhibitors can be reversible or irreversible and target
amino acid residues dependent on the compound covalent reactivd groé 2 NJ a BIMEFK S+ R€ 0
frequently, cysteine side chains are targeted due toliighly nucleophilic thiol group. Lysine

residues are also a relatively common targétCovalent inhibitors are advantageous in higher
efficacy but tend also to have poorer selectititfyUnlike any of the other types of compounds that
simply inhibit protein activities, degradersnbi and target proteins for degradation. Thus, the
inhibitory effect comes from reduced protein lev&ks Degraders generally employ the

ubiquitylation and proteasomal degradation system. The degrader compound contains two small
molecules separated by a linker; one that binds the protein target and another that binds E3 ligase
with high affinity?2°.

Although not considered in detail in this thesis, another emerging inhibitor of PRMTs are a class of
peptoid conpounds. Peptoids are polymers ofshbstituted glycine residues less susceptible to

hydrolytic degradation. Peptoid side chains are attached to the amide nitrogen rathefthan A y G K S
backboné?s, Examples include peptoid P2 that can inhilstMPT1 and induce autophagy and

apoptosis in cancer cetfS. PRMT1 was also shown to be inhibited by histondaked peptoid¥’.

As peptoids are based on substrates, these compounds could be highly specific for PRMTs. However,

more research is guired to confirm efficacy and indicate clinical relevaite

As outlined in Table 1.6, various compounds can inhibit the PRMTSs by the six different mechanisms.

Examples of each are outlined below.
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Inhibitor binding type Compound PRMT targes Site competition Ref
SAH All C 228
SFG All C 228
LLY283 5 NC 229
SAM binding site

DS437 5&7 C 230
K313 1,3&8 NC 21
1757 All C 282
AMI-1 1 233
MS023 1,3,4,6&8 NC 234
EPZ020411 1,6&8 235
Peptide binding site MS049 486 NC 236
TRO64 4 NC 237
GSK591 5 238
71-286 1,3,4,6&8 239
SGC8158 7 149
Sgrﬁﬂdﬁgiﬁgge Fragment 10 4 240
AH237 4&5 C 241
SGC707 3 NC 242

Allosteric
SGC6870 6 NC 243
MS117 6 244
Covalent Compound 10 5 245
BRD0639 5 246
Degaders MS4322 5 247

non-competitive.

Tablel.6: Nonexhaustive list of different compounds that target different HSPRMTs.

HEPRMT5:MEP50 washown to be inhibited by thBAManalogLL¥283 compounéf®. Potent

inhibition was observed withGs valuesof 22 nM and 25 nM foin vitroand celtbased assays

Compounds are divided up depending on their binding site within each PRMdm@etitive; N

respectvely. LLY283 occupies the SAM binding sfiggure 117A-B)where the adenine ring forms
hydrogen bonds with D419 and M420, and the ribose moiety forms hydrogen batidE392 and
Y3242,
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Figurel.17: Different types of PRMT inhibitioat the substrate binding sites

The following modes of binding andaexples are represented:B) SAMbinding site using LE283

with HSPRMT5:MEP50 (PDB: 6CKD), geptide binding site using MS023 with HSPRMT6 (PDB:
5E8R), F) both SAM and peptide binding sites using SGC8158 with MmMPRMT7 (PDB: 60GN). A, C
and E each indate key residue interactions and B, D and F indicate electrostatic surface bound by
the compound. The SAH molecule in yellow is also overlaid in each structureSRRIgfuctures

overlaid were all for the same PRMT indicate@®)A°DB: 4GQB;[) PDB: BZM and E) PDB: 4C4A.
Cartoon secondary structure elements in cyan indicate the PRMT subunit of each dimer bound by the
compound whereas those in a setmginsparent purple indicate the opposite PRMT subunit.

Electrostatic potential bar is indicated attlvottom from more acidic (red) to more basic (blue). All

images were processed using PyMOL.
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MS023 alternatively occupies tht&PRMT6 peptide binding s#é (Figure 117GD). MS023 inhibits

all type | PRMTs withd¢bf 4-119 nM and < 100 nkh in vitroassays and celigspectively The
MS023compoundwas synthesised based pneviously characterised CMPDand EPZ020411
compounds that inhibited PRMT4 and PRMT6 respectiéfy-248 The ethylenediamino terminal
amino group forms hydrogen bond with E155 and a water mediated hydrogen bond to E164
(double E loop residues) and to M159#he tertiary amino group forms a hydrogen bond with H317
of the THW loopIn addition, the MS023 ipoopoxy oxygen makes a hydrogen bond interaction with

H163 and its phenyl groupforms™ &G F O1 Ay 3 Ay @®ENI OGA2ya gAGK |, mpo

SGC8158 occupies both SAM and arginine substrate bindintf*jfégure 117&F).SGC8158
inhibited HPRMT7 withan IGo < 2.5 nM but was inactive in celased assays due to low cell
permeability*°. Addition of a quinonebutanoic acid group to a secondary amine (SGC3027) gave
increased lipophilicity for cell entry. Once in the cell, SGC3027 underghedion followed by
lactonization to release active SGC8158. The result of this gave,anN® dzy’ R fom idhibition a
of HSP70 methylation in céftd Thecrystal structure oMmMPRMT7SGC8158 indicatesiGC8158

only bound the active catalytic module of the psetdimer. The fhosyl moiety sits in the SAM
binding sitewhereas the biphenylmethylamine moiety extends into the substrate arginine binding
site, displacing W31t occupy a W282, F146, Y48, M296, RAdR311 hydrophobic pock¥®.

SGC707 does not binbe active siteof HPRMT3but insteadbindsan allosteric sit&? (Figure

1.18A-B). SGC707 inhibitelddPRMT3 with an Kgof 31 nM in substrate methylatioim vitro assays.

An IGo of 91 nM was obtained for inhibition of H4R3 methylation in-baed assay¥. Due to

SGC707 binding an allosteric site, a1eompetitive inhibition with both SAM and substrate arginine
peptidewas demonstratetf2 { D/ T n 1 @arngl RBite at khe base of the dimerisation arm of
HPRMT3. The isoquinoline moiety forms a hydrogen bond to T466 and the urea moiety forms
hydrogen bonds with E422 and R396. Moreover, the SGC707 pyrrolidine&rideda | R2 OSy (i
KStAE 2F GKS 20KSNJtwac¢o adzheizbdeameds confodnationddy K 2 NA

constrainedthat formation of a catalytically competembnformation ofPRMT3s prohibited*2

Unlike the above noigovalent inhibitors, MS117 forms a covalent bond within the active site of
HEPRMB?* (Figure 118GD). The MS117 compound was designed by SAR analysis drasieel
MS023compoundscaffold. MS117 inhibiteHISPRMT6 with an kgof 18 nMin vitro. Methylation of

H3R2by HPRMT6 in celbased assays was inhibited by MSWith an 1Goofm @0 3paBo L /
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showed a timedependence consistent witinreversible inhibitiod*. The crystal structure indicated
MS117 forming a covalent bond with C50. MS117 binds with a very similar binding mode to MS023
in the peptide binding site. Hydrogen bonding patterns are identical, apart from the H163 hydrogen
bondwhich is lost due tdhe removal of the isopropoxy group in MS¥17

A

ARG-396

GLU-422

Figurel.18: Allosteric and covalent inhibition of PRMTs

The following examples are representeedzallosteric site using SGC707 with HSPRMT3 (PDB: 4RYL)
and HJ) covaleninhibition using MS117 with HSPRMT6 (PDB: 6P7I). G and | each indicate key residue
interactions and H and J indicate electrostatic surface bound by the compound. The SAH molecule in
yellow is also overlaid in each structure. PRBAH structures overlaid veeall for the same PRMT
indicated: GH) PDB: 1F3L and) PDB: 5HZM. Cartoon secondary structure elements in cyan indicate
the PRMT subunit of each dimer bound by the compound whereas those inteasesparent purple
indicate the opposite PRMT subuilitectrostatic potential bar is indicated at the bottom from more

acidic (red) to more basic (blue). All images were processed using PyMOL.
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Clearly there are numerous compounds that targgPRMTs. Thus far, no compound has been
tested and developed to tget kinetoplastid PRMTs. The structural, biochemical and biophysical
data ofkinetoplastid PRMTs, though limited in areas, suggests the large inhibitor arsenal already

available could be rpurposedto enable development of novel anparasitic therapeutis'.

1.12 Summary

Leishmanias part of thekinetoplastids, unicellular protozo#hat causes leishmaniasis in humans,
causing around 1-2 million new infections and 70,000 deaths per year. Curretalk ofadequate
drug treatments andraccine are hindering efforts to combat the diseaBee parasite undergoes a
two-stagelife cycle in sandflies and humans, differentiating into various morphcdbgrms

including sandfiadapted procyclics, humainfective metacyclics and lysosahacidification

resistant amastigotes. Survival requires careful and sensitive detection of environmental stimuli to

induce significant changes in gene expression.

Whilst eukaryotes have significant transcriptional regulation mechanisms, kinetoplastids almost
entirely lack transcriptional regulatioinstead, genes are transcribed as polycistronicmpRNAS

that are spliced and edited, such as by polyadenylatiopréoluce mature mRNAs. Lack of
transcriptional regulation also results in heavier reliance on RBPs to regulate mRNA levels and
stability. RBPRNA interactions are determined by three factors: RNA structure, RBP RBDs and PTMs.
RNAs contain various sequencetifs and secondary structures that are recognised by specific

RBPs. RBDs also recognise specific motifs and undergo topological rearrangements to recognise
RNAsPTMs can directly alter proteimucleic acid and proteiprotein interactions and thus change
RBPRNA interactions.

Vast arrays of different PTMs have been studied, including phosphorylation, acetylation and arginine
methylation. The latter has been particularly shown to alter RBP specificities, targets and
protein/RNA stabilities in kinetopladis. Arginine methylation is catalysed by PRMTs subdivided by
the methylated. -nitrogens of the arginine side chain guanidino group. Type I, Il and Il catalyse
formation of ADMA, SDMA and MMA products respectively. Mammals contain nine PRMTs whereas
kinetoplastids contain five homolog®RMT1, 3, 5, 6 and 7. PRMTs have a canonteaifihus and
catalyticmoduled { ! a 0 A-baRehayidAdEnerisation arm domains) structure. Conserved motifs
such as the double E loop and THW loop are crucial for SAM astlatelarginine binding,

orientation of the substrates and the methyltransferase reaction. In addition, both doublepE
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and THW loop appear to have important roles in determining ADMA, SDMA or MMA product.
Despiterelatively wellconserved catalytic mades, PRMTs have significant diversity within their N
termini. Various known conserved domain folds have been identified that have roles in PRMT

biological functions and substrate specificity.

However, knetoplastid PRMTs lack any identifiable domairnwitheir Ntermini but are implicated
in methyltransferase activityThus, questions are raisedtashe functions of theN-termini. In
addition, TlPRMTENTHPRMT R%nd THPRMT &ignificantly diverge from their mammalian
homologs TBPRMT EN4THPRMT R%forms a heteretetramer rather than separately active homo
oligomers. MoreoverTlPRMTIRappears completely inactive, containing a number of mutations
throughout the catalytic module. This includes gecond glutamate ahe double E loopmutated

to an aspartate, and much of the THW lodpPRMT7 also does not contairsecondinactive

catalytic module, instead homdimerising with two active subunits.

Finally, human PRMT links to cances beopelled researcimto small molecule inhibitors

Numerous compounds have been shown to reversibly bind either the SAM binding site, arginine
substratebinding site or both. Compounds can also reversibly bind allosteric sites. Irreversible
covalent inhibition has also been demonstrated. Degrader compounds target PRMTs for
proteasomal degradation. With such an array of compounds available, this raisggdsion of
whether this largecompoundarsenalcould be repurposed for inhibition of kinetoplastid PRMTSs.
This presents as an exciting and promising avenue to investigate in this thesis and for future

research.

1.13 Aimsof this thesis

Although fewer studies have been conductedlaishmani®RMTs, a number of differences are
already evident. Conservation of the second glutan@ithe double E loop adhe PRMT3 homolog
raises the exciting possibility of an active catalytic module.lbmeolog ofPRMT5 contains a
significantly longer Nerminus than bothhomologs oimammalian and'lPRMTS5, the function of
which remains unknowrLbPRMT6 in procyclics is localised to the intranuclear space rather than
the cytoplasm folTlPRMT®6, hinting atistinct functions and substrate targets. Indeed, whilst
THPRMT7 andleishmanidPRMT7 are relatively well conserved without any obvious biological

distinctions, both significantly diverge from their mammalian psedueric ortholog.
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Therefore, this thesiseeks to address three mamms:
1. Establistprotocols for the production and biochemical and biophysiteracterisatiorof
recombinantLbPRMTs
2. Characterise the biophysicahdbiochemical properties dfbiPRMTS5, 6 and and their
inhibition by small molecules
3. Evaluate the structural and functional properties of the interaction betwee®RMT
and3
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2. Methods

2.1 Protein production methods

2.1.1E. colprotein expression

2.1.1.1 Plasmid sutloning

Work onLmPRMT7 wsa continuation from the worlof Dr Jim Brannigan who cloned the enzyme
into a pSKB2 vector, a pET28a vector derivative with Kanamycin resistan®e dkéigtag and H3C
cleavage site (plasmid sourced by Dr Jim Brannigan from Professor Stephen Bliley a
Rockefeller, New York). The pSKB2 vector was used as the template for subsequent cloning
procedures. pET28a plasmidsldiPRMT1, 3, 5, 6 and 7 (KaNterminal Histag and thrombin
cleavage site) were eadtindly provided byProfessor Angela Crutzthe University of Sao Paulo in
Brazil. Each of these pET28a plasmids were used as templates for subsequent cloning experiments.
Each template was sequenced to ensure any-sitent mutations were not propagated further.
Sequencing of the pET28hPRMT5lasmid identified a point mutation at bagmir 910 (CGT to
TGT) that caused an amino acid substitution (Arg to Cys). Sitgjlmutagenesis was used to correct

this (see sitadirected mutagenesis).

All the protein genomic sequences were stibned intothe pETFPP vectdf$ a series of vectors

developed by the Univsity of York Technology Facility (Figure 2.1). All contain a H3C cleavage site
(GLEVLFQ|GPW), a 6xHis (His) tag (MGEEHHHI3S) and a solubility tag. Available solubility tags

included Maltose Binding Protein (MBP), Glutathi@transferase (GSTE.coliimmunity protein 9

(Im9) and Green Fluorescent Protein (GFP) or no tag (His). The plasmid ORF contains a T7 promoter
NEIAZ2Y YR fF0O 2LISNF 02N adzOK GKI G SEHAK LINRGSAY C
thiogalactopyranoside (IPTG) induction.

CloyAy3a 6l a OFNNASR 2dzi dzaAy3a GKS LyCdzaAzyt Of 2y A
Takara). Cloning products were then transformed lt@olDHp ' OSf f & G KIF 0 LINR RdzOS
numbers of the transformed plasmids. Plasmids were purifiethfovernight cultures by the Qiagen

miniprep kit standard protocolll plasmid products were then sequenced to ensure no errors were

introduced during the cloning procedure.
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pETFPP expression vector Plasmid

T7 promoter His
bilitytag
H3C target site

PRMT

pETFFP1

Lacl

PETFFP2

— pETFFP3

PETFFP4

T7 terminator

PETFFPS

Ori KanR®

Translated protein construct

Figure2.1: pETFPP expressiwactor series and translated protein constructs schematic.

PRMT represents the protein of interest where any desired gene can be inserted by InFusion® cloning.

Plasmid numbering corresponds to the solubility tag encoded in the plasmid. However, note that

PETFPPL1 lacks a solubility tag altogether, instead jusatong the His tag.

2.1.1.2 E. coli Rosetta (DE3) transformations

Plasmids were transformed into Rosetta (DE3) cells, a derivative & tt@BL21 cell line, because

these cells express a T7 polymerase under the control of a lac operator, retputradscribe the

plasmid DNA into mRNA for translation into an amino acid sequence. Additionally, Rosetta (DE?3)

cells encode rarely used codons that are found more commonly in eukaryotic organisms. These

tRNAs are encoded on plasmids in the cells seleictechloramphenicetesistance (Cnij.

CRLAOLEE&E pn >[ 2F w2asdiGdl

65900 OStfa 6SNB Ayl

mL sterile tube. The mixture was then incubated aiGl#or 45 seconds to induce the heat shock and

transferredo I O1 0 2
placedat37 2y | aKF{SNJ F2NJ cn

adzLIL) SYSYd SR 6AGK 023K pn

A0S F2NI I y23KSNI p

YAYydziSa® npn >[ a
YAydziSad yn >[ 2F GKA
> 3 k mifol. Rldtey Wevede® A Y | YR o

overnight at 37C to allow colony growth and then transferred for storage ‘& fbr up to 2 weeks.

2.1.1.3 Sitadirected mutagenesis

Mutagenesis primers were designed using the Agilent QuikChange Primer Design Tool

(https://www.agilent.com/store/primerDesignProgram.jsavhich aims to produce suitable primers

within the parameters: 2815 nucleotides long,mbx

T y tdelast 1015Inucleotides flanking the
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point mutation to introduce either sideg GC content minimum of 40% and at least one terminating

G or C base. Sigirected mutagenesis was then carried out using the Agilent QuikChange Lightning
Site-Directed Mutageesis kit as per the manufacturers protocol. Mutagenesis reactions of

LbiPRMT1 and 3 were set with an extension time of 4 minutes. All mutated vectors were then
treated with Dpnl to remove the original methylated template and transformed intdXGold
Sypercompetent cells. Overnights of individual colonies were pelleted and plasmids purified from
cells according to the Qiagen miniprep kit standard protocol. Mutated gene plasmid sequences were

verified by sequencing.

2.1.1.4 LB protein expression cultures

Overnights were set up either in 5 mL or 50 mL LB/kanamycin/chloramphenicol depending on
whether protein expression would be carried out in a 50 mL or 1 L LB/kanamycin/chloramphenicol
volume. Overnights were left at 3Z shaking at 220 rpm for around-28 hours. Optical densities at
600 nm (Ol of the overnights (OD6GK) were then measured on a spectrophotometer, and a

volume calculated to add ) to the 50 mL or 1 L culture ) that gave a starting Qg of 0.05.

™ w aa

w aa
V@

Inoculated cultures were then left to grow at &7, shaking at 120 rpm, and taking regulaséD
readings until the Ofdoreached 0.60.8. Once this Odghrange was reached, a pieduction sample
was taken for protein expression and shility analysis, with the volume takenc(Mre) calculated as

per the equation below. The sample was then pelleted at 4000 r.c.f. for 15 minut&€ atrdl stored

at -20°C until required. IPTG was added to the remaining culture to give a final corti@mval

mM. Cultures were left to induce at 8 at 180 rpm for 120 hours. A posinduction sample was

next taken to go with the prénduction sample using the same equation. Cells were then pelleted at
4000 r.c.f. for 30 mins at’€ and then either imediately lysed for expression tests or purification,

or stored at-20°C until required.

, .. W aa ¢gm

w aad ——

V@

Protein expression and solubility were determined through an-BBGE gel analysis. Culture

volumeswere taken to resuspend in 0.5 mL lysis buffeiigMo give a final Of of 20. The lysis
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0dzZF FSNJ 6l a | faz &adzJlJ SYSYGSR 6A0GK I OhYLX SGS YAy
5btFasS L o6{A3IYI0 YR HAa >3k YJampeTasuwhen sanfated foo3p A I Y I 0 d
seconds using the Model 505 Sonic Dismembrator sonicator (Fischer Scientific) with pulse setting 3
4S02yR& 2y 1 4SO2yR&a 2FF FyR | LI6SNI I YLX A(GdzRS
remainder of the postnduction sample was centrifuged at 20,000 r.c.f. for 10 minutes at 4°C.

Supernatant was set aside in a separate tube as the soluble sample. The remaining pellet was then
resuspended in identical supplemented lysis buffer to the same initial centrifugatiome as the

insoluble sample. Samples of greluction, total, soluble and insoluble were then analysed by-SDS

PAGE.

2.1.1.5 Autoinduction media protein expression cultures

Autoinduction medium (AIM) was developed to allow higher throughput screeniopoés and
avoid unintended protein expression prior to induction by IPT@IM provides a source of glucose
for cells to initially uséo promote growth (which suppresses transcription of plasmids with the
T7acpromoter). Once glucose is depleted, cells will start to use lactose in the media (and thus
induce transcription of Tlidc promoter plasmids). This results in cells growing to much higher
densities and, typically, higher yields of prot&f The AIM protein expression protocol was very
similar to the LB protein expression outlined above. Only the main differences will be outlined in

detail here.

5 mL or 50 mL overnight cultures of LB/kanamycin/@dmrgphenicol were set up identically. Culture

volumes to transfer to either 50 mL or 1 L were calculated as for LB expression. AIMJZX)Mas

prepared prior tatransfer ofovernight cell culturénto the medial & 2 dzif Ay SR dzy RSNJ aa ¢
. dzF ¥ S bEEp¢erhight ofilture was added to AIM, growth was incubated as for LB protein

expression. Due to the nature of AIM, no IPTG addition was required, therefore cultese @Bre

recorded at regular intervals before being placed atat 180 rpm for 1-20 hours overnight.

Following this, pelleting of cultures and SBSGE analyses were carried out identically to LB protein

expression.

2.1.2 Protein purification
1 L culture pellets were resuspended in lysis buffer supplemented with protease inhibitors, DNase
and RNase as for the protein expression samples. 1 L generally produced insufficient quantities of

the MBRtagged PRMTSs once purification was complete an84d was generally resuspended and
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pooled together. Resuspended culture volumes were then sonicated usirigdtel 505 Sonic
Dismembrator sonicator (Fischer Scientifar) 16 minutes with pulse settings 3 seconds on, 7
seconds and power amplitude at 36. Lysate was then centrifuged at 40,000 r.c.f. for 45 minutes at
4°C with the resulting supernatant set aside for dMAC purification. Two 5 mL HisTrap nickel
columns were equilibrated with NMAC binding buffer prior to applyinbe supernatant Lys&e

was run over the columns at 2 mL/min, bound proteins washed wHIMIIC detergent buffer and

then eluted off the columns with NMAC elution buffer that contagd imidazole. Fractions were

taken of the collected lysate flothrough, detergent wash anelution fractions. All fractions were
analysedn an SD®AGE gel. Fractions collected containing target protein were pooled and protein
concentration calculated by.& spectrophotometry. Theoretical extinction coefficients for each

protein were obtainedrom running the amino acid sequence through ExPasy ProtParam (Table 2.1).

Organism Protein Molecular weight (kDa) 5 380(CNTE M)
L. major MBPPRMT/ 91.7 122730
PRMT7 48.7 56380
MBRPRMT1 82.4 119180
MBRPRMT3 87.5 112190
MBRPRMT5 155.4 224490
L. braziliensis MBPRPRMT6 83.7 114250
MBRPRMT7 897 110240
PRMT1 39.4 52830
PRMT3 44.6 45840
PRMT6 40.7 47900

Table2.1: Theoretical ExPasy ProtParam extinction coefficientsliffierent PRMT constructs.

If removed, the MBP solubility tag was cleaved from the expressed recombinant protein by HRV 3C
protease added in ratio of 1 mg protease to 50 mg protein. Whether incubated with or without HRV
3C protease, all proteins wesguilibrated overnight into dialysis buffer for 48 hours at 4C using

a 68 kDa cubff dialysis membrane. At this point, purification protocols diverged for cleaved and
uncleaved recombinant proteins. Those cleaved with HRV 3C protease were negtdwyriin MBP
affinity column. These columns were equilibrated vathidentical binding buffer to the NMAC

step. The cleaved protein was run over the columns at 2 mL/min and then collected in the flow
through andthe cleaved MBP tag bound to the colunBound MBP and contaminants were eluted
from the column in a maltose elution wash. Collected fractions were then run on aR&SBE gel. In

the case of uncleaved recombinant proteins, this purification step was skipped.
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To further remove impurities fromasnples, all recombinant proteins, excdPRMT7, were

purified by an anion exchange 15Q column. Recombinant protein samples were diluted in 15Q
binding buffer to a volume thatadfinal NaClconcentration of 150 mM. The large volume sample
was then appéd to the column at a varying flow rate to maintain stable pressure but no more than
a maximum of 8 mL/mirConstructs o bPRMT1LbPRMT3 anddmPRMT Zvere collected in the
flow-through whereagonstructs olLbiPRMT5 andlbPRMT6 bundthe 15Q column. The 15Q
column was then washed with 5 CVs of 85% 15Q binding buffer and 15% 15Q elution buffer, and
proteins subsequently eluted by a gradient elution of 15Q elution buffer (Table 2.2). Proteins were
subsequenthanalysedby SDFAGE. Depaling whether the PRMT could bind the column, either
fractions were pooled or flowhrough taken. Whether fractions or flothrough was used, both

were concentrated down in 30KIPRMTL, 3, 6, 7 andnpPRMT7pr 50K LbiPRMT5) MWCO

Vivapsin 20 concentrate to approximately 5 mL.

Protein construct Anion exchange gradient range (% 15Q elution buffe
LmPRMT7 Protein in flowthrough

LbPRMT1 Protein in flowthrough

LbPRMT3 Protein in flowthrough
MBRLbIPRMT5 22.540.0

LbiPRMT6 20.042.5

MBRLbIPRMT7 -

Table2.2: Gradients used to elute proteins off the 15Q anion exchange column.

All recombinant proteins were next purified further in a final size exclusion chromatography (SEC)
step using the HiLah16/600 Superdex 200 pg column (Cytiva), equilibrated in SEC buffer. This step
was also performed on the AKTA Pure system (Cytiva). Recombinant protein samples were loaded
onto a 5 mL loop, equilibrated in SEC buffer, to be injected and run over theralutnmL/min. 2

mL fractions were collected and run on an $SB&GE gel. The relevant fractions containing the

protein of interest were pooled together. Samples were then concentrated down in MWCO Vivaspin
20 concentratorsasfollowingthe 15Q columnwith final protein concentrations calculated bysf
spectrophotometry. Final concentrated samples were split into aliquots, flash frozen with liquid

nitrogen and stored a{70°C until required.
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2.1.3 Medias and buffers
2.1.3.1 Protein expression media

LBmedia cultures

Component Concentration (g 1)
Tryptone 10

Yeast extract 5

NaCl 10

Agar (if plate format is used) 15

Kanamycin 0.05
Chloramphenicol 0.034

AIM cultures
1M MgSQ
Component Concentration (g )
MgSQ-7H20 246.5
50X 5052
Component Concentration (g t£)
Glycerol 250
Glucose 25
h-lactose 100
25X M
Component Concentration (g t)
NaSQ 18
NH,CI 67
KHPO 85
NaHPQ 88.5
Y
Component Concentration (g )
Tryptone 10
Yeast extract 5

1000X metals

Component Concentration (mM)
Fed-6H0 50

Cad 20

MnC}-4H,0 10

ZnSQ H,0 10

CoGl6H:0 2
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Cud 2,0

NiCh-6H0

NaMoO,-5H,0

NaSeQ-5H0

HBG

NININININ

AIM (ZYM5052)

Component Concentration

1M MgSQ 1 mM

50X 5052 1X

25X M 1X

Y Make up to final culture volume
1000X metals 1X

Kanamycin 0.1gt

Chloramphenicol 0.034 g X

Note: kanamycin is double the usual concentration as higher phosphate concentration in the media

promotes kanamycin resistan©e

2.1 3.2 Purification buffers

Lysis buffer

Component Concentration
Tris 50 mM

NaCl 500 mM

Glycerol 5%

Imidazole 10 mM

DNase HAn >3KY][
RNase HA >3KY][
Protease inhibitor tablet 1 per L cell culture

Buffer is also adjusted to pH 8.0 and filRS I & & SR

Ni-IMAC buffers

0 KNRdzAK |

n ®H

>SY FAL QS

Component Binding buffer Detergent wash buffer | Elution buffer
Tris 50 mM 50 mM 50 mM
NaCl 500 mM 500 mM 500 mM
Glycerol 5% 5% 5%
Imidazole 10 mM 10 mM 500 mM
Triton X100 - 1% -
All bufferss SNB | Redzad SR G2 LI yon yR FTAEGSNI RS3

Dialysis buffer

Component

Concentration

Tris

50 mM
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NaCl 500 mM
Glycerol 5%
DTT 1 mM

Dialysis buffer was adjusted to pH 8.0

MBP column buffers

FYR FTAfGSNIF

YR TFTAEG§SN

Component Binding buffer Elution buffer

Tris 50 mM 50 mM

NaCl 500 mM 500 mM

Glycerol 5% 5%

Imidazole 10 mM -

Maltose - 50 mM
lff o0dzZFFSNR 6SNB | R2dzadi SR (2 LI vy on
15Q anion exchange buffers

Component Binding buffer Elution buffer

Tris 50 mM 50 mM

NaCl - 1M

Glycerol 5% 5%

DTT 1 mM 1 mM
. 20K 0dZFFSNR 6SNB R2dzAGSR G2 LI yodn
Size exclusion column buffers

Component Concentration

Tris 50 mM

NaCl 200 mM

Glycerol 5%

DTT 1 mM
. 20K 0dZFFSNE 6SNB | R2dzalGSR G2 LI yodn
2.1.4 Gels

2.1.4.1 SDSAGE

Gel components

YR FAf GSNJ

Component 12% resolving gel 4% stacking gel
30% acrylamide (37.5:1) 4 mL 0.65 mL

1.5 M Tris pH 8.8 2.5 mL -

0.5 M Tris pH5.8 - 1.25mL

10 % SDS Mnn >| pn >]
Distilled HO 3.4 mL 3.05 mL

10 % APS Mnn >| pn >]
TEMED Mn > p >
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Running buffer

Component Concentration
Tris 3g/L

Glycine 14 g/L

SDS 1g/L

Sample loading dye

Component Concentration
1.0M TrispH 7.2 1mL

10% SDS 10 mL
Bromophenol blue 0.06 g
Glycerol 12 g

Distilled HO 3mL

NR/CBBR stain

Component Concentration
0.5% Coomassie Brilliant Blue R 10 mL
Anhydrous Methanol 400 mL
Glacial Acetic acid 70 mL

0.1% Natural Red 5mL

2.2Biophysical methods
2.2.1 Analytical SEC

Analytical SEC is an experiment identical to size exclusion chromatography but ingtsadmsller
non-preparative SEC column. Molecules are separated according to their hydrodynamic radius,

eluting off the column at different volumes. Once eluted, molecules are observed by their

absorbance at 280 nm and 220 nm. Fractions can also be cdllstanalysis by SEFAGE.

mnn >[ 2F SIFIOK LINRPGSAY al YLXS gFra Ay2SOGSR I yR
Healthcare), preequilibrated with SEC buffer and samples, at a flow rate of 0.5 mL/min. The column

was attached to an AKTA Pureteys and preset methods runcontrolled by Unicorn software.

2.2.2 SE®RIALLS
SEEGMALLS is a technique derived from size exclusion chromatography buhevilddition of a
multi-angle light scattering measurement (Figure 2.2). It is used to determiredizgotein

molecules to indicate whether they are monomeric or in larger complexes. Analytes in solution
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scatter light at multiple angles from an initial light beam which is then detected by a MALLS

detector. Light scattered is proportional to molecweeight and mass concentration of a molecule.

&
2 g™
@ - 1 Detectors
Protein
sample
o B
.Incident beam -
7 .
SEC | Laser
column
Detectors

888

Figure2.2: Diagram of the MALLS based on the Wyatt Dawn HELE@ght scattering detector.

The SEC column, UV detector and refractive index (RI) detector are also indicated to give an outline of
where protein sample passes through. The MALLS detector, drawn in 3D, contains a glass cell (light
blue)through which the sample flowdirection indiated by the cyan arrow). Detectors are placed

around the glass cell to detect laser light scattered from the initial laser light beam. The Wyatt
HELEOS MALLS detector contains 18 such detectors placed at a series of fixed angles. The diagram

is simplifed for clarity.

AISE@! [ [{ SELISNAYSy(Ga 6SNB LISNF2N¥SR 6AGK 5N ! yRN
were preparedat various different concentrations due to solubility limitations, as outlined in Table

2.3. Samplesvere injected and run over a 82 10/300 GL column (G.E. Healthcare). The column

was preequilibrated with SE®MALLS buffer and samples were run at a flow rate of 0.5 mL/min. The

Shimadzu HPLC system comprised a Wyatt HEILLE@&iangle light scattering detector and a
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Wyatt rEX refrative index detector to collect the data. Data was then analysed using the Astra 7

software.
PRMT sample Wildtype/mutant Concentration (mg/mL)
LMmPRMT7 Wildtype 2.00
Wildtype 0.86
LbPRMT1 E135Q 0.86
Wildtype 0.86
LbPRMT3 E154Q 0.86
Wildtype 0.86
LbiPRMT1: E135QbPRMT3 0.86
E154Q '
LbiPRMT1 & 3 LbiPRMT1: E135QbPRMT3 0.86
wildtype '
LbPRMT1: wildtype; 0.86
LbiPRMT3 E154Q '
LbiPRMT6 Wildtype 2.00
LbiPRMT7 Wildtype 1.20

Table2.3: PRMT sample concentrations injected onto the SEALLS column.

Concentrations used depended on solubility of samples after purification and thawing/6%n

Wildtype and mutant mixture combinations are also indicated.

SES-MALLS buffer

Component Concentration
Tris 50 mM

NaCl 200 mM
Glycerol 5%

DTT 1mM

¢CKS 0dzZFFSNI g &

 RedzatiSR G2 LI yodn FyR FTALGSNI

2.2.3 Nanoscale differential scanning fluorimetry

Nanoscale differentisdcanning fluorimetry (nanoDSF) is an experimental technique that measures
protein stability by means of changes in the spectral properties of a fluorophore induced by chemical
or thermal unfolding®’. Unfolding can either be measured by extrinsic (commercial dyes, such as
SYPRO Orange) or intrinsic fluorescence (opfpan and tyrosine residues}. Tryptophan and

tyrosine residues can be excited at 280 nm to produce detectable fluorescent signals at 330 to 350
nm. Fluorescence at 330 nm is associated with the folded state of the protein whereas fluomescenc
at 350 nm is associated with the unfolded state of the protein (Figure 2.3). Increasing temperature

gradually unfolds the protein, exposing tryptophan and tyrosine residues previously in the
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hydrophobic core. The change in location of these residuedtriesa shift in fluorescent signal
emitted by 1620 nnv°2,

Folded
330/350 ratio

Unfolded /3\

Unfolded
330/350 ratio

Fluorescence

»

300 3:‘LO 350 330 34|10 350 36|O STI’O 38|O 3‘:110 460
Wavelength (nm)
Figure2.3: The change in tryptophan fluorescence at different wavelengths in a folded and

unfolded protein.

Protein unfolding induces an overall decrease in tryptophan residue fluorescence and a shift to a
higher wavelength between 3400 nm for an unfolded protein. This shift in fluorescence results in a
change in the 330 to 350 nm ratio, which is measured by NanoDSF (Figure 2.4). Lines are indicated on
the plot to highlight fluorescence at 330 nm and 380, and how the ratio is calculated. Folded and

unfolded protein are indicated in red and blue respectively. Figure was made baSethbn

NanoDSF follows this change in fluorescencedminuously measuring fluorescence at 330 nm and
350 nm (Figure 2.4). A fluorescent ratio of each can then be calculated in the form of 350/330 nm
and plotted against chemical denaturant concentration or temperature. For a simple folded to
unfolded statetransition, the halfmaximal point of the 350/330 nm fluorescence ratio is the
chemical denaturing concentratio&{) or melting temperatureTn»). The calculate@, or T, values

are used with the assumptiathat an increasen Gy, or Tr indicates a protein is more stable under

the specified conditions, and vice vet¥a
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Laser
movement

Capillary N

Laser/

Exqféation
lager beam

350/330 nm ratio

Capillary array -~

iT,

m

Temperature °C

Figure2.4: Outline of a NanoDSF experiment.

The capillary array set up on the left is based on the Prometheus NT.48 instrument (NanoTemper)
where up to 48 capillaries can be madn the holder during a single run. When the experiment
begins, a laser fires a 280 nm excitation laser beam at each capillary and fluorescent signals at 330
nm and 350 nnareimmediately detected. Samples are continuously excited and fluorescent signals
are detected throughout the temperature gradieiset anywhere across 4% °C. The graph on the

right shows a readout of the 350/330 nm ratio detected with increasing temperature. The dotted
lines indicate the halfnaximal point of the ratio corresponding tioe Ty, of a protein or where 50%

of the protein particles are now unfa@d. The grey circles represent a hypothetical protein globular
structure where cyan circles represent tryptophan residues. At lower temperatures, the protein
remains in its folded state with most tryptophan residues buried in its hydrophobic core. H@agever,
temperature increases to the,Tthe protein begins to unfold as weaker interactions begin to be
broken, such as van der Waals interactions and hydrogen bonds. More tryptophan residues begin to
be exposed to the solvent causing changes in fluoresdatensity at 330 nm and 350 nm. Once the
peak point of the ratio is reached, the protein particles will all be almost completely unfolded with all

tryptophan residues exposed to the solvent.

NanoDSF was used to assess protein stability in different bedfeditions. A desigof-experiment
(DOE) was used to viably test a number of different buffer components simultaneously. DOE
establishes a matrix of conditions to test across a given reaction space rather than testing every
possible combination (Figures)2>%. Thus, DOEs can show the contributions of each component in

the buffer to the overall stability of the protein and also indicate any interactions between
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components that ultimately affect protein stability. DOEs can be used in two steps: firdern wi
screen involving various different conditions to determthe contribution of each to a system.

Once the most important conditions are identified, another DOE can be set up to optimise the
smaller subset of conditio”¥. In this thesis, only therfit step DOE is used as NanoDSF was utilised
to identify whether certain components could be reduced or removed prior to crystallisation

screens.

A 1%t exp 2" exp

“Optimum”

d ﬂl“ exp d d
Figure25Y / 2 YL} NAR &2y 2F (K®S&a2@BLIBNNXBF6HS | yRF5h9 |1

Plots are indicated for two variables: a and b. A) The one variable at a time approach involves a

series of experiments first varying variable a and then varying variable b. Only a small sample space
istested, asindl § SR GKdza F FrtasS a2LIWiAYdzYé A& RSGSN¥YAY
each variable over a wider range in a single experiment. Each data point can be compared to at least

one other to determine the effect of that variable. C) Once the effeztich variable is understood,

another DOE experiment can be set up with a narrower range. This enables the true optimum to be

more precisely determined. The pink cross indicates the original variable values of the sample seeking

to be optimised. Grey csees indicate a value of variable a and b tested. Red parts of the plot

indicate the optimum of each variable for the sample. Colours expanding from this point to the blue

background indicating decreasing optimal sample conditions. Figtoeeated and mdified from

254

{IYLX Sa 6SNB LINBLINBR 2F GKS ny 5h9 O2yRAGARZYA 6
sample replicate. The Prometheus NT.48 nanoDSF system (NanoTemper Technologies) was used to
generate the thermal isotherms. Each sampleswe@aded into standard capillaries (NanoTemper
Technologies), placed in the capillary holder and left to incubate with a temperature ramp from 20

95 °C increasing at IC/min.

86



Data was analysed using the PR.ThermControl software (NanoTemper Technthadies)s
directly linked to the instrument. Thg, thermal stability parameter was calculated in the software.
Data and calculated, values were then exported into an excel spreadsheet for processing and data

plotting with a custom R script. Calculat&glvalues were plotted as a bar chart in Excel.

Buffer [Buffer] (mM) pH [NaCl] (mM) | [KCI] (mM) | Glycerol (%) Buffer | [Buffer](mM) pH [ [NaCl] (mM) [ [KCI] (mM) | Glycerol (%)
1 Bis-Tris 50 6 500 0 5 25 Tris 50 7 500 0 5
2 Bis-Tris 50 6 500 0 0 26 Tris 50 7 200 0 25
3 Bis-Tris 50 6 200 0 5 27 Tris 50 7 200 0 0
4 Bis-Tris 50 6 100 0 5 28 Tris 50 7 100 0 5
5 Bis-Tris 50 6 0 200 25 29 Tris 50 7 100 0 0
6 Bis-Tris 50 6 0 200 0 30 Tris 50 7 0 200 5
7 Bis-Tris 15 6 500 0 5 31 Tris 15 7 500 0 2.5
8 Bis-Tris 15 6 200 0 2.5 32 Tris 15 7 500 0 0
9 Bis-Tris | 15 6 200 0 0 33 | Tris 15 7 200 0 2.5
10 | Bis-Tris | 15 6 100 0 2.5 34 | Tris 15 7 100 0 5
11 | Bis-Tris | 15 6 100 0 0 35 | Tris 15 7 0 200 2.5
12 | Bis-Tris | 15 6 0 200 2.5 36 | Tris 15 7 0 200 0
13 Bis-Tris 50 7 500 0 2.5 37 Tris 50 8 500 0 2.5
14 Bis-Tris 50 7 200 0 2.5 38 Tris 50 8 500 0 0
15 Bis-Tris 50 7 200 0 0 39 Tris 50 8 200 0 5
16 Bis-Tris 50 7 100 0 25 40 Tris 50 8 100 0 25
17 Bis-Tris 50 7 100 0 0 41 Tris 50 8 0 200 25
18 Bis-Tris 50 7 0 200 5 42 Tris 50 8 0 200 0
19 Bis-Tris 15 7 500 0 2.5 43 Tris 15 8 500 0 5
20 Bis-Tris 15 7 500 0 0 44 | Tris 15 8 200 0 5
21 Bis-Tris 15 7 200 0 5 45 Tris 15 8 200 0 0
22 | Bis-Tris | 15 7 100 0 5 46 | Tris 15 8 100 0 2.5
23 | Bis-Tris | 15 7 0 200 5 47 | Tris 15 8 100 0 0
24 | Bis-Tris | 15 7 0 200 0 48 | Tris 15 8 0 200 5

Table2.4: Protein stability optimisation ofull-length (FL) LmjPRMT7.

A summary of all the 48 buffer conditions tested in the DOE to compare imdfecule, buffer

concentration, pH, concentration of NaCl/KCl and concentration of glycerol.

2.3 Biochemical methods

2.3.1 Peptide substrates

To assess methyltransferase activities, two synthetic peptides derived from thei€tGdisordered
regions ofLmjRBP16 antmjAlba3 were purchased (Alta Bioscience). Each peptide was termed
based on the amino acid residues: RBPE& and Alba38+1% (Table 2.5). Peptides were delivered
lypophilized and so were resuspended in distilled water to a concentrattioated in Table 2.5.

Peptides were then aliquoted out and stored-a0 °C until required.
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. Mw Yield | Purity Resuspended
Peptide Sequence (Da) | (mg) (%) | concentration (mM)
RBP1&2119 SGRGGFGGGRGRGRGGH 1718 | 1.5 98.5 2
Alba3?8r19® SRGGRGGSRGGRGVA | 1386 | 4.5 87.0 4

Table2.5: Synthetic peptide sequences purchased.

Peptide sequences and molecular weight are indicated alongside yield and purity information from

their purification, provided by Alta Bioscience.

2.32 Methyltransferase assays

2.3.2.1 Methyltransferase kit

To assess methyltransferase activity of eacthefrecombinantly expressed and purified PRMTs, the
Promega® MTagBlat assay kit was utilised. Methyltransferase activity is detected on the premise

of detecting the amount of SAH {pyoduct produced®. SAH isleaved by an SAH hydrolase into

adenosine which is then converted to adenosine triphosphate (ATP) in a series of ectyphed
NEFOGA2ya oFftf RRSR Ay GKS GaNBFASY(ieéT CAIdzNBE Hd
Luciferase reaction (addedin§h ¢ RSGSOGA2Y &a2fdziA2y €03 3ISYSNI GAY3
detectable on a luminometer. The light produced is directly proportional to SAH produced from a
methyltransferase reacticgf®. The assay is reported t@Isensitiveenoughto detect 2630 nM SAH

producedin a reactiorandit also gives a stable luminescent signal with a-lif@lfgreater than four

hours™®.

All reaction components and relevant buffer stocks were first prepared in stocks as indicated in the
manufacture@ protocol. All PRMT reactions used the buffer optimised for the assay kit (20 mM Tris

pH 8.0 50 mM NaCl, 1 mM EDTA, 3 mM MgQCiL mg/mL BSA, 1 mM DTT), unless otherwise

specified. Assays were set up initially Hvattom clear 96 well plates (Starlab) and reaction

componentswere all mixed together in a white, low volume, high base, Hvimding 384well

microplates (GreinerDuring each step of addition of reagents, the 38dll microplates were

centrifuged a00 r.c.f. for60 seconds.y OS (G KS NBIF OGA2y S GNBFIASyide |yl
all been incubatedor its specified time, luminegnt signals were recordezh aBMG CLARIOstar

plate reader with the gain of the detector set on what was expected to be the highest luminescent

wel. The384 St f | LISNIidzNB alLk2y ¢Fa |G OKSR Ay 2NRSNJ

from neighbouringvells. All 384wvell microplates were read with a focal height of 9.5 mm.
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Methyltransferase reaction
Arg substrate
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o® o <; ) = >
e
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Figure2.6: Outline of the Promega® MTag&lan Kit reactions.

The initial PRMT step in the grey box represents any methyltransferase reaction performed and SAH
generated. The remainder of the reactions in pale green are part of the Malasnzymeoupled

assay. SAHH, Adk, PAP and PyK enzymes are all added asRofipégn 2 F G KS G NBI ISy ¢
OFrdGrteaaya {!'1 3ASYySNIGSR Ayid2 !¢t d [ dzOAFTSNIaAsS |y
ISYSNI GS GKS FAyLFft fdzYAySaoSyid airaylrfto b20Sx (KS
methyltransferase reactionwheréa ¢ RS SOG A2y a2t dziAz2zyé O2YLX SGS¢t @
methyltransferase reactions. Substrate and product molecules are indicated for each reaction. SAHH

¢ SAH hydrolase, AdKadenosine kinase, PARhosphatidate phosphatase, Pglyruvate kinase.

Figue adapted fron?®®.

2.3.12 Enzyme titrations

Enzyme titrations were carried out using the MT-&le assay as specified by the manufact@er
G5SOSNYVAYAYI GKS hLIGAYIf Biefly, @agits wer grépSrgtiadNaAsH A 2 y ¢ L
stock solutions in 1X reaction buffer. SAM and peptide substrates were prepared as one stock and

the PRMT recombinant protein as anoth€he PRMT titration was prepared with the enzyme stock

serially diluted in 1X reactionbuffl® b SEGZ H > 2F H®p- &dzoadGNI} (S ai
Sttt YAONRLA TGS T2Dt2¢68RBRI a8y bPyR2A pf aTLFAKS t
the reaction. This gave final concentrationswfi >a { ! a | y R.Reaatiorns werelLJS LJG A RS
inDdzo SR T2NJ on YAydziSa +Fid NR2Y GSYLISNI GdzNBo ! &
activity?®s, this component was not added when the manufact@seprotocol specifies but instead

added immediately por to the enzyme being mixed with substrate step. Therefore once 30 minutes
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~ A oA =

KIR StlLASRE GKS aRS to8idd aaehyfeactignfanttiek & s6ém ¢ & I RRSR

temperature for a further 30 minutes

2.3.13 Substrate Kreactions

SAM and peptide substraté, values were determined using the manufactu@er ¢ 5 S4G SNXY A Yy Ay 3

+ fdzSa FT2NJ I aSiKeft i NIReadtiznIodpénénts {vetmpieflalet das 8% LINE (i 2 C
stock solutions with the 2X substrate stock containing both substeteshe dilution buffer stock

containing the substrate not being titrated. The 2X substrate stock was then serially diluted in the

dilution buffer stock. A 2X PRMT stock was also prepared seperately. Reactions were initiated by
YAEAY 3 H >[ilutBdfsubstratesivBiNAF [f t 2F Rt wa ¢ -walinkc©flateA y GKS oy
PRMT concentraticgwere under initial velocity conditions, i.e. no substantial substrate depletion

(Table 2.6). Peptide titrations were carried out whithal concentrations of1 1 > &l wHildt SAM

GAGNI GA2ya 6SNB OF NNASR 2dzi ¢AGK Hn >a LISLIWARSO®
inhibited with 0.1% trifluoroacetic acid (TFa)d left at room temperature for 10 minutebBlext, 6X

MTaseGlo reagent was added and incubatsidroom temperature for 30 minutes. Finally, MTase

Glo detection solution was added and incubated at room temperature for 30 minutes.

PRMT Concentration (nM)
LmPRMT7 2
LbPRMT1 & 3 20
LbiPRMT5 40
LbPRMT7 2

Table2.6: PRMT concentrations used to determine SAM and peptide Km values.

2.3.14 Compound I§ reactions

Compound titrations to determine a possibled@alue against each PRMT were determined using

the manufacture® @& 5 S (i SG¥ R § 8z 8 ¢ ReastPrisd®Lvierd prepared differently to

those described above. Insteal2.5X PRMPpeptide substrate stock, a 2.5X SAM stock and 5X

compound stock were prepare@he dilution buffer was prepared with 1X reaction buffer and 5%

DMSO such that reaction initiation with all reagents mixed would give a final concentration of 1%

DMSO. The 5X compound stock was serially diluted in the dilution buffer. Next, reactions were
AYAGALFGSR 0@ YA E ApgpHde 8tdck, followefby 5X itratiordod the compeutd

YR GKSY W Fipalreadiorsicdnpained foneenratisofmn  >a {!a FyYR HnA >a

RBP182119 peptide and allowed to proceed for 60 minutes. PRMT concentrations used were all
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under initial velocity conditions (T&b2.7)wSI Ol A2y a 6SNBE AYyKAOAGSR oé

Glo detection solution.

PRMT Concentration (nM)

LmPRMT7 2
LbPRMT1 & 3 2
LbiPRMT5 40
LbiPRMT7 2

Table2.7: PRMTconcentrations used in compound titration IC50 reactions.

2.33 Data analysis and statistics

EachExcel file output of raw luminescent datagprocessed and isotherms plotted using a custom
R scriptEach data point had blank control luminescence vatlezBicted to account for background
and standard deviations of replicates calculatBdta was fitted taa non-linear least squares model

(Table 2.8) and plots generated using the ggplot2 R package.

The enzyme titration ata was plotted byactivity against log PRMT concentration rather than the
more conventional activity against PRMT concentrabienause the reactions were set up to directly
compare different substrates under identical experimental conditions. The activity against log PRMT

concentrationvisuallydistinguishesnore clearlybetween smaller differences in observedsgEC

values.
Model Reaction Non-linear least squares equation
" v
1 Enzyme titration v 00
E)Y T
. v
2 SubstrateKn v 8]
P v
. U
3 Compound 165 v O
P o5

Table2.8: Norntlinear least square equations used to fit data depending on the experiment.

The predict R package was used to generate the model curve for plotting based on the;data. L
luminescence;iax ¢ maximum luminescence; &G half maximal activity enzyme concentrationg E
enzyme concentration; Ssubstrate concentration; & half maximal activity substrate
concentration; k& inhibitor concentration; 1§ ¢ half inhibited naximal activity inhibitor
concentration.
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Where indicated, statistical analysis was carried out using a custom R script. Statistical analysis was
carried out using the ANOVA test to compare to the null hypothesis of two modelled Miehaelis
Menten parametes. The anova function from the stats R package was usexghotted p-value of

less than 0.05 indicated a significant difference.

2.4 Mass spectrometry

2.4.1 Mass spectrometry

Mass spectrometry (MS) is an experimental technique that measures the r@sssed molecules
(Figure 2.7). lonisation converts molecules from the liquid to gas phase which are focused into a
beam and directed into a mass analyseeveralonisation techniques have been developed to
enable protein analysis by MS, such as etesgiray ionisation (ESI) or matdssisted laser
desorption/ionisation (MALDI). In the case of MALDI, molecules are imbedded in a matrix of small
organic molecules that edesorb upon laser excitatiétf. The resulting ions are then sorted by the
massanalyser based on their mass-charge (m/z) rati&”?%¢ A number of mass analysers have
been developed, each with different characteristics and overall performances:dfiftight (TOF)
analysers are one of the most comnipmisedanalysers. TO&ndysersessentially measures m/z
ratios of an ion based on the time it takes for the ion to travel the length of the tube. Some TOF
analysers also incorporate an ion mirror at the end of the TOF tube to reflect ions back towards a
detector. This increasebé¢ length the ion travels to the detector and corrects for small differences
in energy across iof¥. Tandem mass spectrometers (MS/MS) also enable individual ions to be

fragmented in order to glean structural informatith
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Figure2.7: Overview of the MALBTOF/TOF mass spectrometry process.

The top zoomed in box outlines the MALDI desorption and ionisation process to produce thHe [M+H]
ions to be detected by the mass analyser detectors. An example layout of aaMAEDOF

instrument, i.e. the Bruker Ultraflex Ill. lon A and B are representations of different parent ions that
would give different m/z value peaks after a MAIIF analyis. The collisicinduced dissociation

(CID) chamber fragments the ions in gas phase prior to acceleration down the first TOF mass analyser
(TOF1). The smaller circles and triangles represent fragments derived from the parent ion of A and B
respectively. fie precursor ion selector (PCIS) is a form of mass filter that separates ion A and B here
so each can be analysed by MS/MS. The LIFT chamber is a specific Bruker design that sits in the flight
Gdzo6 S yR NI A&aSa GKS 1 Ay S kaQmebtyss tha thSdifferéndeish 2y ! 2 N
small enougtto all be detected simultaneously in MS/MS. The post lift metastable suppressor

(PLMS)if turned on acts on the raised kinetic energy ions to remove the parent ion and only analyse
fragments of the origial parent. lons are then deflected by an ion mirror (if switched on) towards the

reflectron detector where fragments are detected.

2.4.2 Protein identification

MScan be used to identify unknown proteins separated on anBBGE gel. This analysis was
provided as a service by the University of York Metabolomics and Proteomics laboratory at the
Bioscience Technology Facility. Protein bands once separated on #A&BESgel, were carefully
excised and placed into an Eppendorf LoBind 0.5 mL tube. Samplesheardelivered to the

Bioscience Technology Facility, stored2t°C until prepared.
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When ready, each gel piece was reduced with DTE aaglfamidomethylation with iodoacetamide.

Gel pieces were then washed twice with 50% aqueous acetonitrile antM2&mmonium

bicarbonate, washed once with acetonitrile and dried in a vacuum concentrator for 20 minutes. 0.02
> Ztrypsin (Promega) was next added to the gel pieces Hoydrate them, submerged in a 25

mM ammonium bicarbonate solution and left to dgjevernight at 37 °C. Analysis by MALDI
TOF/TOF was prepared by applyirrg peptide mixture to the ground steel MALDI target plate
followed by an equal volume of 5 mglm-hydroxyh -cyanacinnamic (Sigma) in 50% aqueous
acetonitrile and 0.1% TFA.

Acauisition of mass spectra and instrument sep conditions are outlined in Table 2.9. Once data

was acquired, the ten strongest peaks were selected for MS/MS fragmentation. Data acquired was
analysed in the Bruker flexAnalysis software. Peptides idenfifoed the fragmentation were then
searched against the NCBI database using the Mascot search program in order to identify the protein

meeting the minimum score efogio(0.05) 0.05 is the probability threshold)

Protein ID Peptide arginine.methylation
analysis

Instrument Bruker ultraflex Il Waters Synapt G3i qTOF
lonisation type MALDI positive ion MALDI positive ion
Mode Reflectron Sensitivity
Laser beam Nd:YAG Solid state
Mass spectra acquisition 8005000 m/z 50-2000 m/z
Externalcalibration 6 known peptides Red phosphorous

Table2.9: Instrument set up and mass spectra acquisition settings.

2.4.3 Peptide arginine methylation analysis

MScan also be used to identify sites®TMson a protein or peptide targét. Experiments

investigating peptide methylation by different PRMTs were prepared under conditions to approach
peptide methylation aturation (Table 2.10). A reaction time course was carried out with reactions

inhibited by addition of 0.1% TFA at the following time points in minutes: 0, 0.5, 1, 2, 5, 10, 20, 30,

np FYR cnd® hyOS [ttt GKS NBIF Ol A 2 gchwag AsidhsedjidzgS y OK S R
0.5 mL Eppendorf LoBind tubes and stored in the Biosciences Technology 2&c¢iltyreezer.

Remaining volumes from the time course reaction then followed the Promega® Nblase

& 5 S S NI, ¥ajuasyfoRa Methyltransferase Sibsld G S ¢ |, aftéX#dipdid &f dding TFA to

final concentration of 0.1%his protocol was used to chedkmethylation of the peptide had

sufficiently occurred.
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RBP1&%1°¢ > a 0 {'a o0>a PRMT (nM)
LMmPRMT7 20 40 50
LbPRMT1:3 20 40 500

Table2.10: Concentrations of each component in the methyltransferase reaction.

Samples were delivered in liquid form as the RB#16 peptide is too small to realistically separate

from the other proteirs in the reaction on an SEFRAGE gel. The Metabolomics and Proteomics

laboratory therefore processed the samples differently to the protein band identification. @Both> [

samples omethylated and unmethylated peptide were purified from the PRMT enzymeaagpd

other proteins using ZipTipping. With samples already in 0.1% TFA, each was drawnZipiipt

C18 resin equilibrated with.1% TFA. The ZipTips were then washed with 0.1% TFA in order to
t S LIgolutbBof 50% aceténitribzars B 192 TFA intgah (i K
fresh tube, ready for loading onto a MALDI plate.

NBY2@S

iKS

artiao

The geptide mixture was then prepared on the MALDI target platéoaprotein identification

(section 2.4.2)Spectra acquisition and set up conditions antlined in Table 2.8. Data driven
acquisition methodologysglection of themost intense peaks) was used to select peptide ions for
MS/MS fragmentatiopwith a manual list of theoretical m/z values for increasing number of methyl
groups added to argininesidue side chains (with a mass tolerance of 20 mDa). All instrument
control, data acquisition and processing were all carried out using the Waters MassLynx software.

Obtained tandem mass spectral data was then searched against the NCBI database usiig Mas

Matches were only identified if the score exceedbno(0.05) where 0.05 is the probability

threshold.

2.5 Structural characterisation

2.5.1 Xray crystallography

X-ray crystallography is a technique that determines 3D protein structureray diffraction

patterns from protein crystals. Crystal diffraction patterns reveal packing symmetry and size of the

repeating units. Spot intensities enable calculation of structure factors, mapping of electron

densities and fitting of the 3D structui®.
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Precipitation

[Protein]

Metastable zone

[Precipitant]

Undersaturated

Figure2.8: Phase diagram of protein crystallisation.

Crystallisation begins initially with protein sample in the undersaturated state. Alteration of these
starting conditions by increasing the contration of a precipitant (or other parameter such as pH,
temperature and additive concentration) can force the protein concentration into a supersaturated
state resulting in either precipitation, nucleation or crystallisation (metastable zone). Purf#e circ

represent nucleation events and the light blue cubes represent crystals.

Before any of this can be carried gptoteins must first be purified to a high purity, remain soluble
and homogenous. Once a sufficient quality sample is obtainedhiefsnecessary to perform
significant buffer screens in order to find the ideal precipitant and conditions to form diffracting
quality crystals. This step is often the rdimiting point¢ a fine balance is required between the
protein coming out of solution t fast and precipitating, and being under the correct conditions for
a crystal to form¥®. Crystallisation of a protein requires both nucleation and growth to occur.
Nucleation is least well understood but likely involves formation of a small pariaered
intermediate, possibly a concentrated protein liquid ph8$&2 Once nucleation is achieved, crystal
growth can begin, however both are ultimately dependent on the supersaturation of the mother
liquor (Figure 2.8). Supersaturation refers to a gmuilibrium state of a macromolecule in excess of
its solubility limit. The supersaturated state can be reached teyation of either the solute or
macromolecule. Altering the ability of the solute to solubilise the macromolecule or the solubility of
the macromolecule itself can promote supersaturatigft®®. However, spontaneous development

of a crystal or precipitate does not necessarily occur once the saturation limit is exceeded. An energy

barrier exists that needs to be overcome for a crystal or precipitate to form. Thus, until sufficient
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energy from norequilibrium forces overcomes the energy barrier, conditions are driven further
away from equilibrium and further into the supersaturated state. Once the energy barrier is

overcome, equilibrium is restablished by formation of a solitate crystal or precipitaté’-263,

Due to insufficient understanding of the crystallisation process and the large complexity between
macromolecules, there is no overall guiding thetor producing protein crystals. As a result,
ONBadGlFtftA&GlIGAZY HBBGENNRBE SEBSNASEYy@F HVNRYEIGGSY
mother liquor conditiod®®252, Crystal screens often begin using commercially available plates that

use a wide variety of buffer, precipitant, salt and pH conditions. Once a potential condition is

identified in which proten crystals form, optimisation screens can then be set up with gradually

increasing increments of precipitant to identify the final optimal condition that enables

supersaturation to be reached and the protein forced out of solution in the form of a c¥Jstal

Crystal conditions set up for each PRMT were set up either incubating with or without a ligand or, in
the case oL biPRMT1 and 3, together in equal concentration. Samples were then concentrated in
10kDa MWCO Vivaspin 500 concentrators. Fimatentrations were calculated by measuring
absorbance at 280 nm. Each sample was then aliquoted into subwells of 9&waddpock plates by

the Mosquito robot (150 nL/well). Each deell plate contains 1 mL of praiquoted commercial

buffer screens ithe reservoirs. Once each subwell contained the 150 nL of protein, the Mosquito
robot was then programmed to pipette and mix 150 nL of each mother liquor from the reservoirs to
the adjacent associated subwell with protein sample. Plates were then sei@le€ClgarVua

sealing sheets (Molecular Dimensions) and placed & 1800 nL droplets in each subwell were

observed under a light microscope and any possible cHikiabbjects noted.
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3. Production, biophysical and biochemical characterisation of FL
LmMPRMT7

3.1 Introduction

At the beginning of this project, most previous research on PRMJashmanidad been carried

out onLMPRMT7, characterising its role in parasite lifecycle stages, virulence and substrate
targets%1% The roles and targets of thdbPRMTs have been investigated more recéffthrhe

major aims of this project are to characterise the biophysical, biochemichtompound inhibition
properties of theLbiPRMTsn vitro. Given the greater understanding laihPRMT7 at the start of the
project and the fact that substrate targets had been validated, it was first sought to express, purify
and optimise relevant experients with known substrate target peptides usiogPRMT7 (Figure

3.1). This will establish an expression and purification pipeline that could be used to produce
sufficient quantities of properly folded and enzymatically activg?RMT7. The purified enzgm

could then be used to test methylation assays using known substrates.

mim
|
= [
Yes Yes . . s Yes
. R Oligomeric PRMT MTase Compound —
Expression Purification L P Crystallisation
state activity inhibition
= Is the PRMT = |s the PRMT highly = Can oligomeric = s the PRMT active = Can compound = What conditions
expressed? pure? state be against peptides? inhibition be can the PRMT
= |s the PRMT = |s the PRMT in determined? = Can this be tested? crystallisein?
soluble? milligram quantity? identified by mass
spectrometry?
=CanK_sbe
No No No identified? No No

v

Optimisation
> <

Figure3.1: Schematic of the optimisation pipeline.

The question each stage seeks to answer is outlined below each hesthoggh crystallisation is
indicated at the end of the pipeline, this was not necessarily dependent on identification of an
inhibitory compound. However, such compounds could aid crystallisation by stabilising a particular
PRMTcompound complex conformaty @ L ¥ | ye 2F (GKS ljdzSadAz2ya

indicated optimisation was carried out.
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Each type of assay that was conducted required optimisation to produce results with optimal signal
to-noise and a relatively large signal window of bininescence detection. It also needs to be
established whether an experiment contains artifacts that may bias the results, for example if the
experimental buffer induced aggregation of the enzyme or whether the solubility of compounds was
affected when addd to the methyltransferase reaction. The benefit of udingPRMT?7 is that all of

these issues can be identified and optimised prior to experiments with.biftRMTs.

3.2 Production of recombinant fdéngthLmPRMT7

3.2.1 Introduction

Biochemical, biphysical and structural studies type require that the protein of interest be
overexpressed and purified to a high purity (particularly for structural studies). Recombinant
proteins can be expressed kgriousmethods includinde. coliinsect cell, mammaln cells and cell
free systems. More recently, tarentolaehas also been developed for recombinant protein
expression, as an alternative to mammalian é&li€ach expression system has its own benefits and

drawbacks; biologically, practically and financially (Table 3.1).

Expression system| Advantages Disadvantages
- Rapid growth
- Inexpensive media and facilities

- No PTMs

E. coli : : . - [ [
- Potential for high yields Protelps can mlsfgld
. - Inclusion body build up
- Large selection of vectors
- Rapid growth
veast cells - Inexpensive media and facilities | - Proteins can misfold
- Potential for high yields - Missing and incorrect PTMs
- Provides some PTMs
- Closer to mammalian environmer - Slower growth
Insect cells - Some PTMs - Lower yields thark. coli
- Higher yield than mammalian cell] - Some missing and incorrect PTM
- Less protein misfolding - Expensive media and facilities
. : - Slower growth
- Native environment promotes ; .
: ) - Lower yields thaik. coli
Mammalian cells proper folding . . -
. - Expensive media and facilities
- Native PTMs . . .
- Risk of viral contaminain
- Rapid growth - Long screening time required afte
- Potential for high yields transfection
L. tarentolae . .
- Some PTMs - Promastigote to amastigote
- Inexpensive culture media differentiation
- Can add unnatural or modified . .
: . - Expensive raw materials
Cellfree amino acids ee
. . - Difficult to set up
- Fewerimpurities
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Table3.1: The advantages and disadvantages of different expression systems.

With HisMBP tag Without tag
Amino acid | Predictedmolecular | Amino acid| Predicted molecular
length weight (kDa) length weight (kDa)
LmPRMT7 FL 831 91.7 441 48.7

Table3.2: Summary of the FL LmjPRMT?7 construct.

Tagged and untagged amino acid length gmddicted molecular weights are indicated.

In order to have sufficient sample for biophysical, biochemical and structural studies, milligram
guantities of protein at high purity are required. Given the advantages of rapid growth, inexpensive
media and pagntial for high milligram yields of protei&, colwas used to productull-length EL
LmPRMTY. A construct of the FL protein was chosen over smaller constructs to wholistically
understand the biophysical and biochemical properties of the enzyme. Mereocemoval of too
much of the Nterminal region ofTBPRMT7 has been shown to cause a loss of methyltransferase
activity!’%. The FLmPRMT7 construct was expressed either with-geihinal His or Hi®MBP tag.
The Higag is made up of six histidine residues that can form coordination bond<'tmn i NiIMAC
purificatior?®. Addition of a maltose binding protein (MBP) tag aids both protein solubility and
facilitates amyloseesin based purificatiofi®>2%¢ The HidMIBP tag therefore can enhance solubility
and allow recombinant protein purification by IWMAC and amyloseesin (MBP affinity)

purifications. Constructs are indicated in Table 3.2.

3.2.2 FILmPRMTY is soluble in both AIM and LB expression medias

Solubility of the recombinant FImPRMT7 constet was determined by setting up 50 mL cultures

of E. colRosetta (DE3) cells as outlined in Chapter 2. The 50 mL cultures were set up either with LB
media or autoinduction media (AIM). Following centrifugation, pellets were resuspended in lysis
buffer andsonicated. Lysed cells were centrifuged again to separate soluble and insoluble material,

and prepared for an SEFAGE analysis (Figure 3.2).
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@ — His-MBP-Lmj7 — His-MBP-Lmj7

— His-Lmj7 — His-Lmj7

Figure3.2: Expression of the FL LmjPRMT7 construct.

12% SD®AGE expression gels were run of the His tagged FL LmjPRMIj{lend HidMBP

tagged FL LmjPRMT7 (HM8BRLmj7) constructs, expressed in A) AIM and B) LB. The molecular
weight markers are indicated on the left of each gel (note theddiged construcin B was run

across two gels so markers are indicated for each). Pre represents the cells priorit@iRTiGh, T

the total lysate of IPT@duced cells, S the soluble fraction of the total sample, and P the insoluble
fraction of the total sample. Hismj7 and HisMBRLmMj7 appear at the indicated overexpression

bands around the 50 kDa and just above the 75 kDa markers respectively.

The gels show high expression in the total fractions afffPRMT7 in both AIM and LB cultures
(Figure 3.2). The constts with only a Hisag, however, appear at least 90% insoluble in both types
of media. On the other hand, HMBRtagged constructs showed a more significant band in the
soluble fraction. About 50% of HidBP tagged construct is soluble in AIM whereay alout 30%

of the same construct is soluble in LB media. Given the solubility advantage of AIM and the fact
bacteria can grow to much higher cell densities in equivalent volume$/Bitagged FILmPRMT7

was first expressed and purified from AbMItured bacteria.

3.2.3 Large scale expression and purification

Following successful small scale (50 mL) expression, 1 L cultures of-MBR&Egged FLMPRMT7
construct were grown in AIM. Cultures were then centrifuged, pellets lysed by sonication and an
attempt was made to purify the recombinantly expressed FIPRMT7 constructlowever,

purification did not prove straightforward and required significaptimisation (Figure 3.3).
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. ‘ Purification step Approx. protein yield (mg/L cell culture)
Expression Lysis B 2 2 s Purification comments Final purity
3 it | 2| 3| 4| 5 |Final
1 AIM == Sonication =—s Ni-IMAC == Dialysis & H3C cleavage =+ NeMAC=—> = = SEC | . Cleaved sample 100 | no | ND R 18 39 Low
interacts with Ni-IMAC
2 LB =+ Sonication =+ Ni-IMAC = Dialysis & H3C cleavage =+ Ni-IMAC
' x 2 F‘eavm Sar,“me. 24 | 16 | ND | - - - N/A
interacts with Ni-IMAC
3 L8 —+ Sonication —+ Ni-IMAC — Dialysis & H3C cleavage — mep — —> —> sic [ 1 5 3 N 1 06 Medium
a LB = Sonication =t NiAMAC = Dialysis & H3C cleavage —  MBP —» 15Q x 4 igr:ﬁ: :gagcf‘e'iﬁrlle;gl 65 | 26 | 21 [ ND | - B N/A
5 27 |19 | 12 | 10 | 2 13 High
C . Purification step "
Expression Lysis Final
1 2 3 4 5 sample
[ ]
= -
||
= - < ” -
5 - — — — \ H — — — —
= [ s s —
- Ni-IMAC T MBP - -70°C
LB L 15Q
Sonication Dialysis & H3C cleavage SEI

Figure3.3: Summary of the FL LmjPRMT?7 purification optimisation.

A) Outline of the previous four purifications steps attempted. Crosses on arrows indicate this
purification proceeded no further due to an issue. Steps with an arrow indicate this step was skipped
(purification steps are named3.based on the final optimised purification). B) Summary of issues
identified in each purification, milligram yields angpeaoximate final purities. *AlMexpressed FL
LmjPRMT7 Purification 1 protein yields have been scaled up to 1 L. Recorded yields are much higher
as bacteria grow to much higher densities in Aitdlurification step 1 absorbance values are

inaccurate due tote presence of imidazole in the sample. Dashes alone indicate this step was not
carried out during the purification. C) Graphical representation of the final optimised purification
pipeline and final sample storage temperature. MBRBP affinity chromatogphy; 15Q; 15Q

anion exchange chromatography; Mo data recorded; N/4& not applicable as no final sample

obtained.

The AlMexpressed FLmPRMT7 construct in Purification 1 encountered two main issues. Firstly,
both of the H3C cleavage products bauio NiIMAC resin and appeared to elute together as the
imidazole concentration was increased. Secondly, the final purified sample appeared relatively
impure, possibly due to the richer AIM promoting much denser bacterial growth. Therefore,
subsequent pufications used an MBP affinity column and LB media to circumvent these issues.
Additionally, a 15Q anion exchange chromatography step was included following the MBP affinity

column in order to improve final sample purity.

Throughout each purificationjgld remained a significant issue (Figure 3.3B). Althougireadings

were inaccurate prior to dialysis due to the presence of imidazole, the estimated milligram amounts
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of protein appear relatively low. Indeed,-MIAC SDBAGE gels indicated signifitdoss of protein
in the flowthrough, likely due to sonicatieimduced aggregation (Figure 3.4B). To obtain sufficient

yields, FILmPRMT?7 required 3 L of cell culture to be resuspended for sonication.

The final optimised pipeline first involved lysisdmnication followed by a nickel immobilised metal
affinity chromatography (NIMAC) purification to separate endogendascolproteins from the
overexpressed recombinant Hi4BP tagged ALmMPRMT?7 construct (Figure 3.4). Fractions eluted
off the NHHMAC column were then incubated with H3C to cleave theMB® tag from the FL
LmPRMT?7 construct (Figure 3.5B), and dialysed to remove imidazoléBffidag and other
remaining contaminants wereemoved from the sample by a MBP affinity column purification
(Figure 3.5).

Fractions

250 «
150 MBP-

( \ Fractions
| | D

S— | 100 — i - p
V = | s : - il LmjPRMT7

1500

50

ngwa

37

[
rammrg

500

25 W
od = & 20 w
: , . . - ; :

10 wu 4NN = =

Retention Volume (mL)

Figure3.4: Ni-IMAC purification of FL LmjPRMT?7.

A) The Agochromatogram for each stage of the purification with elution frai taken for a gel
indicated. B12% SD®AGE gel run of samples taken based on tHMNC Ago chromatogram. A;
applied sample; E flow-through; D¢ detergent wash; BG before H3C cleavage; A@fter H3C
cleavage; € maltose elution. Ladder moleeulweights are indicated in kDa to the left of the gel

image.
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Figure3.5: MBP affinity column purification of FL LmjPRMT?7.

A) The Agochromatogram of the MBP affinity column. Fractions taken and theasalelution peak

are indicated. B) 12% SIP8GE gel samples run of different MBP column retention volumes. In
addition, H3C cleavage performed during overnight dialysis was checked on the same gel. The His
MBRLmMjPRMT7, HiSIBP and LmjPRMT7 construct baads indicated on the gel, just below 100

kDa, just above 37 kDa and just below 50 kDa respectivelgpplied sample; E flow-through; D¢
detergent wash; B€ before H3C cleavage; A@fter H3C cleavage;@Emnaltose elution. Ladder

molecular weightare indicated in kDa to the left of each gel image.

Flowthrough fractions were next further purified by a 15Q anion exchange column (Figure 3.6).
Here, the FLmMPRMT7 construct passed in the flowough. Addition of this purification step

removed a nurber of higher molecular weight contaminants indicated by the asterisks on the gel
(Figure 3.6B). Following the SEC purification in run 3, two higher molecular weight bands around
approximately 75 kDa and 70 kDa remained (data not shown), very similar to the red and blue
asterisk bands in the 15€ution peak (Figure 3.6B). The bands from previous purification 3 were cut
out of the gel and identified bMS(Table 3.3; data not shown). The DnaK chaperone protein
contains an ATPase domain which could interfere with the enzymes in the ertoupked
methyltransferase assay. The 15Q anion exchange purification step presented here shows both
these contaminants were separated fromlEFhPRMT7. The third green asterisk contaminant was

not identified byMSas SEC successfully removed this band in purdicatin 3 (data not shown).
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Figure3.6: 15Q anion exchange column purification of FL LmjPRMT?7.

A) The Agochromatogram of the FL LmjPRMT7 construct when run over an 8 mL 15Q anion exchange
column. Flowthrough and elution peaks are indicated. B) Samples from each chromatogram peak
were run on a 12% SIPAGE gel. The red, blue and green asterisk symbols indicate major
contaminants that bind the column. The FL LmjPRMT7 band is indicated just below fre 50 k

marker. A¢ applied sample; E flow-through; Ec elution.

Purification Mass spectrometry identification
3 SEC gel| Figure 3.6B Peptide
approx. band Uniprot matches
band (asterisk pro Protein name Size (kDa) .
. accession with p <
weight colour) 0.05
(kDa) '
75 Red POAGY8 E. colDnaK chaperone 69 3
70 Blue QSFBT4 E. cohglutamm_efructoseG— 67 1
phosphate aminotransferase

Table3.3: MS identified contaminants.

Contaminants were excised from the 32@& SD®AGE gel run following FL LmjPRMT?7 purification

run 3.

Finally, as a polishing step, the sample was concentrated to 5 mL and purified by SEC to remove
some of the remaining contaminants (Figure 3.7). Most of the remaining contaminants appear to
have been removedelutingin minor peaks P1 and P2. The blue asterisk contaminant band runs at

weight consistent witte. coliglutaminefructose-6-phosphate aminotransferase, minimally
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contaminating the FLmPRMT?7 fractions. However, as this enzyme doé¢suma over ATP or GTP;

its presence should not affect the enzyroeupled methyltransferase assay.

A ) B )
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Figure3.7: Size exclusion chromatography purification of FL LmjPRMT?7.

A) The SEC profilelahjPRMT?7. Fractions of the main LmjPRIgdritaining peak are indicated as

well as secondary peaks P1 and P2. B) The 1298/8EESgel run with fractions selected based on

the SEC profile. Samples of secondary peaks P1 and P2 were also analysed orhinblgek T

asterisks indicate major unknown contaminants removed by SEC. The blue asterisk at 70 kDa appears
to correspond to the E. coli glutamireictose6-phosphate aminotransferase contaminantgA

applied sample; E flow-through; Eg elution; P1¢ seondary peak 1; P@ secondary peak 2.

Following SEC, fractions containind-FjPRMT7 were concentrated to approximately 2 mg/mL (41

>a0y FflFrakK FNRISYy 6AGK f Al-#ICRANGABAGERgEI®35runtR & i 2 NE
assess final purity of the sample (Figure 3.8). The gel indicated a relatively homogeneous sample of

high purity. Moreover, there appears tie almost no bands present corresponding to the DnaK

chaperone and glutaminfuctose-6-phosphate aminotransferage. colproteins.
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Figure3.8: The final purified prduct of FL LmjPRMT?7.

The 12% SBRAGE gel was run with 8 pmoles of sample. FL LmjPRMT7 is
. indicated on the gel running around the 50 kDa marker. The ladder is
50 — e — LmjPRMT7

indicated on the left in kDa.
37 —

25 —

20 —

15 —

3.3 Characterisation of the solution properties oEFIPRMT7

3.31 Introduction

PRMTs need to oligomerise to display methyltransferase acdfivity1’4175182Tg explore the

solution properties o£EmMPRMT7 and to determine whether it shows similar behaviotGrtdeRMT7

and other PRMTs, a series of analytical SEC experiments were carried out. These experiments can
also give indirect evidence that an expressed recombinant protein is properly folded as opposed to

unfolded aggregates.

3.3.2 FILmPRMT?7 forms a homader in solution

First, FILmPRMT7 was analysed by SMELLS. A protein sample was injected over the column,
producing a chromatogram with a single major peak (Figure 3.9). The peak eluted at approximately
12.6 mL with a calculated molecular weight of 9%L8. Subunits of RIMPRMT7 have a predicted
molecular weight of 48.7 kDa (Table 3.2). Thus, this result is consistent with the protein forming a

homodimer in solution.

107



1.00 k200
0.75 1 150 =

3 S

c @

[0 (¢}

2 =

2 0.50 1 o 1005

o I}

= =

-— ~

5 =

[}

& s 5
0.25 t50 &
0.00 O

10 12 14 16

Elution volume (mL)

Figure3.9: SEEGMALLS analysisfahe FL LmjPRMT7 construct.

The relative absorbances of protein eluting from the S200 10/300 GL column are indicated by the

black line. The calculated molecular weight based on light scattering is indicated in red.

3.3.3 FILmPRMT7 dimerises with a higffinity

Given FLmPRMT7 forms a homodimer in solution, the protein was next analysed by analytical SEC

at two different concentrations in order to see if the elution profile shows concentration dependent

changes. FLMPRMT7 was injected overthecolym I & O2y OSY i N} GA2y& 2F nn >
odbmnod . 240K G4KS nn >a FyR n >a alvYLX Sa StdziSR |
oFaSR 2y GKS OFftAONIGA2Y RIGEFEEZ O2yaradcSyid sgAlGK |
is due to aproaching the concentration limit for UV detection. The data indicates little change in

analytical SEC profile between the two concentrations, indicating the equilibrium dissociation

constant of the homodimer is in the nanomolar range.
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Figure3.10: Analytical SEC analysis of FL LmjPRMT7 at 1X and 0.1X concentrations.

Each trace indicates the relative absorbance of each concentration of LmjPRMT7 at 220 nm. Elution
volume was calculated based on the time of elution and flow rate. The 200, 66 and 29 kDa values
indicated at the top represefntamylase (Sigma), albumin (8ig) and carbonic anhydrase (Sigma)
molecular weight standards respectively. Each were run over the same S200 10/300 GL Increase

column at identical flow rate and identical SEC buffer.

3.4 Biochemical characterisation ofLilPRMT7

3.4.1 Introduction

In order to evaluate the methyltransferase activity ofltlBPRMT7, the performance of the
Promega® MTasBlat enzymecoupled assay was tested. The kit enabled the identification of
substrates and estimation of their affinities fomPRMT7 under specifiadaction conditionsMS
was also utilised to confirm methylation on RBP18°and to identify which arginine residues were

targeted for methylation.

3.4.2 Raw bioluminescence data is normalised relative to maximal activity
MTaseGlo enzymecoupled boluminescent assay data presented here and in following chapters has
been normalised, in terms of percentage activity (Figure 3.11). Normalisation has been carried out

for severalreasons. Firstly, presenting data in terms of activity provides more infiomaf how
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different substrate arginine or inhibitor concentrations relate to maximal observed activity.
MichaelisMenten endpoint assay equation parameters, i.etand EG or LnaxandKn, are

modelled by nodinear least squares regression model&ito fit the recorded bioluminescence

data. However, a bioluminescenceyis indicates little about maximal PRMT activity. By dividing all
values by maximum observed bioluminescenggland expressing as a percentage, each data

pointin relation to the maximum is significantly clearer.

Data acquisition

Exported data .xlsx file :
| L =
Rscriptdata | | _ _Lmax
plotting

ECso Bioluminescence plate reader

_—

3,000,000

2,500,000 1 - g 1001 R ——

2,000,000

3
3 754
8 1,500,000 Data normalisation S
153 2 501
(&)
£ Activity (%) = x100 <4
S 500,000 Limax
o | -
od-e—to—ts lo—up—20 . P S S O IR R ot P S
0.1 1 10 100 1000 10000 01 1 10 100 1000
[PRMT7] (nM) [PRMT7] (nM)
R luminescence data plot R normalised activity data plot

Figure3.11: Outline of raw bioluminescent data processing.

Using the next figure FL LmjPRMT?7 activity on human histone peptides data as an example, once an
experiment has been incubated with detection solution for the specified time, the microplate is
placed in a plate reader and bioluminescence data recorded. The data is then exported into an Excel
file which is then processed through a custom R scripotaipt bioluminescent data. The Michaelis
Menten enzyme equation used for this data is indicated. Thahd EGvalues are modelled from

the bioluminescent data by ndimear least squares fit. Bioluminescent data is then normalised by
dividing each rplicate value by thedaxfrom the original equation (indicated in between the plots).
Normalised values are then replotted with a percentage activayiy. The haxis approximately

indicated on the luminescence data plot. Additional red axis valuethardbtted red curve are

added to give an idea of the model beyond the data that fits the Michieigen E equation.
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Secondly, whilst reactions on the same 3@dll microplate are directly comparable,
bioluminescence recorded between microplated Wive inevitable variation. Pipetting errors may
contribute to this. However, inevitable minor variation comes from different MI@kxekit reagent
aliquots, new kit batches and dag-day plate reader instrument use. Normalising to the maximum

bioluminegence corrects for this, providing comparable experimental data where appropriate.

3.4.3 A human histone H4 peptide is methylated lynffPRMT7

PRMTs have a number of known substrates. Many human PRMTs have been shown to methylate
histones, such as H2A3 and H¥11%2 Moreover, TlPRMT7 has been shown to methylate a peptide
derived from human histone H# vitro'’21% Whether kinetoplastid PRMTs can methylate their own
histones remains uncleaftlPRMT6 was shown to gurify with T. brucehistones, however

arginine methylation of the histones has yet to be shéw#. Therefore, FLmPRMT7 was

incubated withthree different synthetic human histone peptides across a range of concentrations
(Figure 3.12). The data indicates little to no activity agains£¥28nd only minimal activity against
H4&7F G ™ LmBRMTT. FLmPRMT7 shows more activity agaifkt2 but the EGis relatively

low compared to values reported for PRMT7 enzymes from other species against histone derived

substrates.

Figure3.12: Activity of FL LmjPRMT7
FL on human histone peptide$4*’,
H4%?Land H2BY,
Reactions were set up with 01
SAM, 20>M peptide and the indicated
enzyme concentration on the plot.
Reactions were incubated for 30
minutes before being inhibited with
MTaseGlo detection solution. Data
werenormalised against the modelled
Lmax for H4-2°, An E& value was only
calculable for H#°. The E&value is
only an estimate as saturating activity was not reached in these experiments. Sequences of each

histone peptide are also indicated. Reactiomsevnepeated N=3.
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