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Abstract

Protein-protein interactions (PPls) are crucial for mediating nearly every cellular process in living cells,
allowing to form complex molecular machines and pathways governing the cells. Modulation of PPls
is regarded as a promising approach for influencing cellular behaviour with a great potential in drug
discovery. Protein arginine methyltransferase 5 (PRMT5) is an important enzyme, methylating
arginine residues of its substrates. PRMTS5 is involved in a very large number of various cellular process,
and has strong ties to a plethora of disorders including cancer, neurodegenerative and cardiovascular
disease, as well as diabetes. Due to the crucial role of PRMTS5 and its still not fully understood cellular
functions and regulatory mechanisms, the enzyme has been a subject of numerous biochemical and
biological investigations, as well as a target for drug discovery. PRMT5 is also known to mediate a
number of PPIs with diverse adaptor proteins, such as the obligate binding partner MEP50, and
adaptor proteins RioK1, pICln and COPR5. The adaptor proteins can regulate the enzymatic activity
and substrate selectivity by directing PRMT5 to the appropriate cellular components. Modulation of
PRMTS5 PPIs thus appears as an attractive alternative to the inhibition of the active methylation site,

giving an opportunity for significantly more precise targeting of the PRMT5 functionality in cells.

This thesis describes pathways for development of peptidomimetics intended for the inhibition of
various PPIs formed by PRMTS5 or its adaptor protein MEP50. The focus was put first on the PPI
between PRMT5 and MEP50 (PART A). A virtual alanine scan was performed for the interface residues
of PRMT5 and MEP50, and together with the available crystal structures of the complex the results
indicated possible sites for targeting with PPl inhibitors. Two native protein loops were identified as
promising templates for construction of inhibitory peptide analogues, resulting in a set of linear and
macrocyclic compounds. The peptide analogues were tested for binding to the PRMT5-MEP50
complex, as well as for the ability to inhibit the enzymatic activity of the methyltransferase. None of

the synthesised compounds showed any activity in the employed assays.

In the second part, the thesis describes the analysis of a potential PPl between SUZ12 and MEP50
(PART B). SUZ12 is a component of important protein assemblies called polycomb repressive
complexes responsible for the regulation of gene expression. A number of SUZ12 fragments spanning
different protein regions were synthesised and tested for the direct interaction with the PRMT5-
MEP50 complex. The initial analysis indicated that the short SUZ12 sequence CPWCTL, found within
the SUZ12 zinc finger, is responsible for the interaction with the methyltransferase complex. Further
analysis employing truncated PRMTS protein constructs revealed that the identified motif can strongly

interact with the TIM barrel domain of PRMTS5 in the absence of MEP50, which was in disagreement



with previously published findings. Experiment testing for the interaction between sequence CPWCTL
and control proteins showed very strong non-specific binding. In light of the obtained results any

further peptidomimetic development based on the SUZ12 sequence was terminated.

The final two parts of the thesis (PART C and D) focus on the PPls between PRMT5 and adaptor proteins
RioK1, pICIn and COPR5. A consensus sequence GQF[D/E]DA[D/E], identified in the terminal regions
of the adaptor proteins, was determined to be responsible for mediating the interactions with PRMTS5.
Using different PRMTS5 protein truncations it was concluded that the consensus sequence binds to the
non-catalytic TIM barrel domain of PRMT5. Alanine scans performed on a RioK1-derived sequence
allowed to determine the contribution of the peptide side chains to the protein binding. A co-crystal
structure of the TIM barrel bound to a RioK1 peptide was successfully obtained, revealing the
structural characteristics of the identified interface. The biophysical data were then used for the
design of highly stable macrocyclic PRMT5 adaptor protein interaction inhibitors (PAPIIs). Various
macrocycle sizes, cyclisation linkages and amino acid sequence modifications were tested, resulting in
a potent cyclic PRMT5 binder (Kp = 89 nM). The developed molecule could inhibit the PPI between
PRMTS and full length pICIn when tested in vitro (ICso = 654 nM). Examination of the compound activity
in cellular lysates revealed a surprising selectivity towards the inhibition of the PRMT5 interactions
with RioK1 over the interactions with plCIn. The developed PAPIls did not supress the enzymatic

activity of the methyltransferase and did not inhibit the interaction with MEP50.

-
--------------

MEP50 /\ _______________
—

PRMT5

RioK1/pICIn/COPRS

P

—

Figure 1. Schematic representation of the investigated PRMT5 PPIs. The aim of the thesis was to develop
peptidomimetics capable of inhibiting the depicted interactions.



Kurzzusammenfassung

Protein-Protein-Wechselwirkungen (PPI) sind entscheidend fir die Vermittlung fast aller zelluldrer Prozesse in
lebenden Zellen und ermoglichen die Bildung komplexer molekularer Maschinen und Wege, die die Zellen
steuern. Die Modulation von PPIs wird als vielversprechender Ansatz zur Beeinflussung des Zellverhaltens
angesehen, der ein groRes Potenzial fir die Arzneimittelforschung birgt. Die Protein-Arginin-Methyltransferase
5 (PRMTS5) ist ein wichtiges Enzym, das die Argininreste seiner Substrate methyliert. PRMTS5 ist an sehr vielen
verschiedenen zelluldaren Prozessen beteiligt und steht in engem Zusammenhang mit einer Vielzahl von
Krankheiten wie Krebs, neurodegenerativen und kardiovaskularen Erkrankungen sowie Diabetes. Da PRMT5
eine entscheidende Rolle spielt, seine zelluldaren Funktionen und Regulierungsmechanismen aber noch nicht
vollstandig geklart sind, ist das Enzym Gegenstand zahlreicher biochemischer und biologischer Untersuchungen
und ein Ziel fir die Arzneimittelentwicklung. Es ist auch bekannt, dass PRMT5 eine Reihe von PPls mit
verschiedenen Adaptorproteinen bildet, wie dem obligaten Bindungspartner MEP50 und den
Adaptorproteinen RioK1, pICln und COPRS5. Die Adaptorproteine konnen die Enzymaktivitit und die
Substratselektivitat regulieren, indem sie PRMTS5 zu den entsprechenden zelluldren Komponenten leiten. Die
Modulation der PRMT5-PPIs scheint somit eine attraktive Alternative zur Hemmung der aktiven Methylierung

zu sein und bietet die Moglichkeit, die PRMT5-Funktionalitdt in den Zellen wesentlich praziser zu steuern.

Die vorliegende Arbeit beschreibt Wege fiir eine Entwicklung von Peptidomimetika, fiir die Hemmung
verschiedener PPIs, von PRMT5 oder seinem Adaptorprotein MEP50. Der Fokus wurde zunachst auf die PPI
zwischen PRMT5 und MEP50 gelegt (TEIL A). Ein virtueller Alanin-Scan wurde an den Schnittstellenresten von
PRMT5 und MEP50 durchgefiihrt, und zusammen mit den verfligbaren Kristallstrukturen des Komplexes
zeigten die Ergebnisse mogliche Angriffspunkte fiir PPI-Inhibitoren auf. Zwei native Proteinschleifen wurden als
vielversprechende Vorlagen fiir die Konstruktion von hemmenden Peptidomimetika identifiziert, was zu einer
Reihe von linearen und makrozyklischen Verbindungen flihrte. Die Peptidomimetika wurden auf ihre Bindung
an den PRMT5-MEP50-Komplex sowie auf ihre Fahigkeit zur Hemmung der enzymatischen Aktivitdt der
Methyltransferase getestet. Keine der synthetisierten Verbindungen zeigte in den verwendeten Assays

Aktivitat.

Im zweiten Teil der Arbeit (TEIL B) wurde eine mogliche PPl zwischen SUZ12 und MEP50 beschrieben. SUZ12 ist
eine Komponente an wichtigen polycomb-repressiven Komplexe, die fiir die Regulierung der Genexpression
verantwortlich sind. Eine Reihe von SUZ12-Fragmenten, die verschiedene Proteinregionen abdecken, wurde
synthetisiert und auf eine direkte Interaktion mit dem PRMT5-MEP50-Komplex getestet. Die erste Analyse
ergab, dass die kurze SUZ12-Sequenz CPWCTL, ein Motiv innerhalb des SUZ12-Zinkfingers, fiir die Interaktion

mit dem Methyltransferase-Komplex verantwortlich ist. Weitere Analysen mit verkiirzten PRMT5-

Xl



Proteinkonstrukten ergaben, dass das identifizierte Motiv in Abwesenheit von MEP50 stark mit der TIM-Barrel-
Domane von PRMTS5 interagieren kann, was im Widerspruch zu friiher veroffentlichten Ergebnissen stand.
Experimente zur Untersuchung der Interaktion zwischen der Sequenz CPWCTL und Kontrollproteinen zeigten
eine sehr starke unspezifische Bindung. Angesichts der erzielten Ergebnisse wurde eine weitere

peptidomimetische Entwicklung auf der Grundlage der SUZ12-Sequenz eingestellt.

TEIL Cund D der Arbeit konzentrieren sich auf die PPls zwischen PRMTS5 und den Adaptorproteinen RioK1, pICln
und COPRS. Eine Konsensussequenz GQF[D/E]DA[D/E], in den terminalen Regionen der Adaptorproteine,
wurde als verantwortlich fir die Vermittlung der Interaktionen mit PRMT5 ermittelt. Unter Verwendung
verschiedener PRMT5-Proteinsequenzen wurde festgestellt, dass die Konsensussequenz an die
nichtkatalytische TIM-Fassdomadne von PRMT5 bindet. Anhand von Alanin-Scans, die an einer von RioK1
abgeleiteten Sequenz durchgefiihrt wurden, konnte der Beitrag der Peptidseitenketten zur Proteinbindung
bestimmt werden. Es wurde erfolgreich eine Co-Kristallstruktur des an ein RioK1-Peptid gebundenen TIM-
Fasses erhalten, die die strukturellen Merkmale der identifizierten Schnittstelle aufzeigt. Die biophysikalischen
Daten wurden dann fiir das Design von hochstabilen makrozyklischen PRMT5-Adaptorprotein-
Interaktionsinhibitoren ~ (PAPIls)  verwendet. Es  wurden  verschiedene  MakrozyklusgrofRen,
Zyklisierungsbindungen und Aminosauresequenzmodifikationen getestet, was zu einem potenten zyklischen
PRMT5-Binder (Kp = 89 nM) fiihrte. Das entwickelte Molekil konnte im in-vitro-Test die PPl zwischen PRMT5
und plCln in voller Linge hemmen (ICso = 654 nM). Die Untersuchung der Aktivitat der Verbindung in Zelllysaten
ergab eine Uberraschende Selektivitdt in Bezug auf die Hemmung der PRMT5-Interaktionen mit RioK1
gegeniiber der Interaktion mit pICIn. Die entwickelten PAPIIs unterdriickten weder die enzymatische Aktivitdt

der Methyltransferase noch hemmten sie die Interaktion mit MEP50.

s

‘/ < Peptidomimetika

PRMTS [RioK1/pICIn/COPR5

P

—

Abbildung 1. Schematische Darstellung der in der Arbeit untersuchten PRMT5-PPIs. Ziel der Arbeiten war es,
Peptidomimetika zu entwickeln, die in der Lage sind, die dargestellten Wechselwirkungen zu hemmen.
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Introduction

1.1. Protein-Protein Interactions

1.1.1. General Characteristics of Protein-Protein Interactions

Proteins rarely act alone and interactions between proteins, or so called protein-protein interactions
(PPIs), are fundamental and crucial for the correct functioning of cells as they are involved in nearly
every cellular process. PPls allow for the formation of complex protein machineries, occurrence of
intricate cellular pathways and their regulation, and thus, they facilitate the existence of a very
advanced cellular interactome.!*® PPIs are responsible for the assembly of such notable multiprotein
constructs as the nuclear pore complex,’1% spliccosome machinery,**? cellular motors including
ATP synthase,>'® chaperones,!*”*® cytoskeletal structures,™®?® or chromatin remodelling
complexes,?%?? just to name a very few examples. Aberrant PPIs are a well-established cause of many
diseases, due to either an over-stabilisation of interactions or a weakening of the crucial associations
between proteins.!?®) Modulation of PPIs therefore offers remarkable opportunity for influencing
cellular development and behaviour, and from a chemical biology perspective it seems to be pivotal

to have a comprehensive understanding of these interactions.

Due to the prevalence of PPls between a wide range of diverse proteins, many different types of PPls
can be distinguished with regards to the composition of the involved units, orientation, affinity and
the stability of the interactions (Figure 2). The first distinction can be made based on the identity of
the interacting proteins. The interactions can occur between identical protein chains, affording
homooligomers, or can form between different chains giving heterooligomers.?*2%! The four most
common multimeric stoichiometries of biological assemblies as determined based on the analysis of
protein data bank (PDB) entries are homodimers (23.6% of all entries), homotetramers (6.3%),
heterodimers (6.3%), and homotrimers (2.8%), with a total of 14.2% of all PDB entries being
heteromeric.[?”! These statistics may not, however, necessarily represent the commonality of such
interactions in living cells, but rather reflect the arrangements of structures conducive to

crystallisation.

Interfaces between proteins are further classified as isologous for homodimeric and symmetric
interactions where the same surface on both proteins is involved, or as heterologous for asymmetric
interactions for both homodimers and heterodimers. Alternatively, interfaces can be categorised as
pseudoisologous for cases where they are approximately symmetrical in heterodimers with

homologous domains.[?>?7]
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Another classification of interactions is made based on the ‘obligation’ of proteins to form interactions
with other units in complexes. If a subunit of a complex is not stable on its own in vivo, the PPl is
categorised as obligate. The obligate complexes are normally formed right at the time of the protein
biogenesis, and thus are also referred to as folding complexes. On the other hand, if the protomers of
a complex can exist independently of each other, the PPl between them is considered to be non-
obligate, for example in case of antibody and antigen interactions or signalling protein complexes. The

non-obligate complexes are also known as recognition complexes.[24-26:28

PPIs can also be classified as permanent or transient depending on the life-time and stability of the
interactions. Permanent interactions are normally irreversible and occur in very stable complexes.
Transient interactions are found in complexes which protomers can freely and transiently associate
and dissociate, allowing a particular protein to change its binding partner and be involved in many
different complexes with different cellular functions and purposes.l?*?62° The transient interaction
can be further broadly categorised as week, with the dissociation constant (Kp) typically in the
micromolar range, or as strong, with the Kp values generally in the nanomolar range and below.?¢3%
The transient interactions are also normally associated with the signalling and the regulation of various
cellular pathways, often related to diseases, and are thus of particular medicinal interest. Due to the
nature of the obligate interactions they are typically permanent. Non-obligate complexes are

characterised predominantly by the transient interactions but can also be permanent.[2>26:29

e “\
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Figure 2. Schematic representation of different PPI classifications applied to protein complexes.

Itis worth noting that one PPI can fall into different categories depending on the current environment,
surrounding physiological conditions and the particular state and modifications of the involved
proteins. Interactions can be obligate and permanent under certain set of conditions but can change
to non-obligate and transient in different milieu. PPIs can often be controlled through changing local

concentrations of complex subunits and by influencing the affinity of protomers to the other units in
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a complex, for example through modifications to the physicochemical environment of the proteins or

through post translational modifications (PTMs) and allosteric changes to the conformations.[?>2%31-

35]

Structural studies of complexes found additionally a few general characteristics for different types of
PPIs that are worth mentioning here. The binding interfaces found among transient non-obligate
complexes have a considerable number of polar and charged residues, similarly to the exterior of
proteins, whereas the interfaces in the permanent and obligate complexes are more hydrophobic
resembling the interior of a globular protein.?>2?62836=38 The salt bridges and hydrogen bonds
connecting protomers together are thus more common for the transient complexes.*! The surface
area involved in PPIs is typically below 1500 A? for the transient interactions and in the range of 1500-
10000 A? for the permanent complexes. 25262839401 The explanation for these polarity and size trends
seems to be the necessity for the transient and non-obligate protomers to be water soluble without
aggregation and the ability to fold independently when existing in isolation without the binding
partners.[?>263741 Considering the structural interface differences, non-obligate complexes appear to
have more irregular secondary structures that impart flexibility and can facilitate protomer
dissociation, whereas typically only the obligate complexes have PB-turns present at their
interfaces.?®38 |t was also observed that proteins with PPl interfaces characterised by large surface
areas (> ca. 1000 A?) often have a tendency for going through conformational changes when forming
a complex.[?>3%3% Moreover, the binding free energy AG between most of the complex protomers is
uncorrelated to the polarity or size of the formed PPI interfaces, however, a weak correlation was

shown for cases of complexes with co-expressed and co-localised protein subunits.[2>3%42

PPI occurrences can be mediated through domain-domain, peptide-peptide (e.g. coiled-coil) or
domain-peptide interactions (Figure 3).264*%¥ The domain-peptide interactions are conservatively
estimated to account for up to 40% of all PPIs in cells.*”) The domain-peptide interactions are also
called transient peptide-mediated interactions as they are mostly of transient nature, occurring often
between a globular domain and a relatively short linear sequence. The interaction domains typically
recognise a very specific biding motif of the peptide (consensus motif usually of three to ten residues),
normally found at one of the termini of the partner protein or within one of its loops or disordered
regions, and while bound to the domains the peptidic motifs generally assume a well-defined
conformation.[?%4¢471 Conventionally, the peptidic consensus motif is energetically favourable and
accounts for the most of the binding free energy in the domain-peptide PPls. The consensus motif can
be surrounded by a varying number of contextual reside interactions, which allows to subtly regulate
the strength and specificity of the PPI. In some cases, however, these contextual interactions are

unfavourable and can weaken the interactions with a binding protein, leading to more transient
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states.!*6%8 The surface area of domain-peptide interfaces is typically between 200 and 500 A%, which
as expected is considerably smaller than the average area of domain-domain interfaces.?***! It also
appears that majority of peptides binding the interaction domains do so in the coiled conformation,
with only a small fraction interacting through either an a-helix or a B-sheet. Peptides have a
significantly higher density of H-bonds at the interface with the binding protein partners than in the
case of the domain-domain interactions. The H-bonds between peptides and the binding domains also
involve considerably more main chain atoms. The number of H-bonds formed is dependent on the
peptide conformation, with the a-helices making on average fewer H-bonds than B-sheets. The
interacting a-helical peptides are normally of amphiphilic nature, binding the protein domains with
the hydrophobic surface. Another notable feature of the domain-peptide interactions is that the
protein domains interacting with the peptidic sequences typically do not undergo any meaningful
conformational changes. Peptides, on the other hand, can be in a highly flexible state when unbound,
and thus need to pay a considerable entropic penalty upon the interaction with the protein domains
and folding into a specific conformation.!*®! This sizable entropic penalty appears to explain the need
for the high observed H-bond density at the domain-peptide interfaces and the lack of further
conformational changes to the interacting protein domains that could presumably otherwise induce
further energetic costs. In some cases, the binding peptide motif in a protein can be already folded
prior to the contact with the other protomer, and this is caused by the stabilising effect of the

remainder of the protein structure acting as an internal scaffold.*¥

Figure 3. Exemplary crystal structures representing PPls mediated through different interaction types: A)
Domain-domain interaction (PBD ID: 1292).55%! B) Coiled-coil peptide-peptide interaction (PBD ID: 1NKP).5Y C)
Domain-peptide interaction (PBD ID: 2XA0).55%

Specific parameters of PPIs appear to be finely tuned for the corresponding biological function that
given protein complexes have, as well as to the underlying regulatory mechanisms governing the

cellular behaviours. It is believed that PPIs evolved optimising the efficacy of the relevant cellular
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functions, resulting in the most appropriate protomer affinities and complex stabilities for the
required tasks. The evolutional optimisation of the PPIs is not tantamount to the strength increase in
the protomer affinities, as both strong and weak associations of complexes have their specific
purposes in cellular processes. The evolution and existence of obligate complexes could be caused by
the instability of subunits in isolation as described before or may be in some cases the absolute
necessity for the cooperation between proteins, that otherwise would have no other functions,
bestowing on them a particular activity. It is also possible that the existence of certain complexes is
accidental and meaningless to the function of their individual subunits.?”! PPI interface residues in
proteins are generally more conserved than in the remainder of the protein surface.®*=% More
granularly, the interface residues in the permanent complexes are also more conserved than the
residues involved in the transient PPIs.’*°¢! On the interaction surfaces there are typically only a
handful of heavily conserved residues with a significant energetical contribution to the protein

binding. Such key residues are referred to as hot residues or hot spots.[>*°7>8

1.1.2. Hot Spots

Hot spots are the residues that upon mutation to Ala cause a significant decrease in the binding free
energy (AAG), when measured in interactions with a binding partner. Typically, the required AAG
needed to classify a residue as a hot spot is assumed to be > 2.0 kcal/mol, whereas the requirement
for a classification as a red-hot residue is AAG of 4.0 kcal/mol or higher. Red-hot residues are the

strongest contributors to the interactions, however they are very unusual and rarely found.>>¢

The hot spot composition is not random, and the most commonly found amino acids are Trp (21%),
Arg (13%) and Tyr (12%). Trp is a large amino acid and its mutation to Ala can form a considerable
cavity on the protein surface that results in a complex destabilisation. Additionally, it can strongly
interact with other residues through m-interactions and H-bonds, and due to the large hydrophobic
surface it can shield weak H-bonds from water. Arg can form a strong salt bridge with negatively
charged residues, and contribute up to five H-bonds through the guanidinium containing side chain.
Tyris three times more likely to be found as a hot spot than Phe, presumably due to its H-bond forming
ability, in addition to the capacity of establishing m-interactions. The amino acids that are the least

likely to be hot spots are Leu, Ser, Thr and Val.%64

Hot residues are not distributed in a homologous fashion over the interface area, but instead, they
tend to form densely packed clusters, also known as hot regions.’®%% According to an already well-
established and accepted O-ring theory, a hot region is normally surrounded by other, unimportant

for the energy of binding residues (O-ring), shielding the hot region from detrimental interactions with
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water molecules that could disrupt the H-bonds and the charged interactions.®®%2 The O-ring
normally has hydrophobic properties. Thus, the residues of hot regions typically have minimal or no

solvent accessible surface area (SASA).[6Y

The number of hot spots present at the interface of protein-protein or protein-peptide interaction is
often proportional to the size of the interface./*>*” In case of peptides, a hot spot normally is needed
for every third residue, in order to assure appropriate binding energy of the interaction necessary to

counterbalance the considerable entropic costs sustained during the binding event with a protein.!*!

As the experimental, mutational determination of hot spots is a challenging and very time-consuming
task, many computational methods, based on both traditional programming and machine learning
solutions, have been developed for the detection of interface hot residues in bound and unbound
proteins. The in silico approach can be complementary to the classical mutational studies and can help
to very rapidly and with satisfactory accuracy elucidate many functional and mechanistic

considerations regarding the PPIs.16%64

1.1.3. PPl Pockets

Pockets are important geometrical features populating the interfaces of PPIs (Figure 4). Unfilled
pockets can be created after an interaction between proteins is established. In such case the surface
of one or both binding partners is concave and left vacant. The unfilled pockets constitute
approximately 5 to 20% of the interface area, where the area of the unfilled pockets increases with
the increase of the PPI interface surface. It is assumed that these pockets may be necessary for
biological functions by allowing dynamic movements of the housed residues, as well as for the
required binding interface flexibility. The unfilled pockets also appear to lower the PPI stability.!®”
Complemented pockets are another motif found at the PPI interfaces, although they occur less
frequently than the unfilled pockets. Complemented pockets are concave regions of non-trivial shape
on a protein that are tightly filled by protruding chains of the binding partners, and their size is poorly
correlated with the PPl surface area. The complemented pockets and the corresponding protrusions
are rich in hot residues, where approximately 60% of all hot resides and over 90% of the red-hot
resides are located in these surface features. The complementary pockets are thus instrumental for
the formation of strong PPlIs, as they have the most significant contribution to the AAG of binding, and
therefore, they are potentially a very interesting target for PPl modulation.® Curiously, the process
of the protomer association into a complex rarely imparts conformational changes that lead to the

considerable rearrangement of the pre-existing pocket organisation.®”
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Protein A

Protruding
Residues

Protein B

Figure 4. Schematic representation of the PPl interface pockets: complementary pocket (1), unfilled pocket
created by a concave region on protein B (2), unfilled pocket created by shallow depression of the both
interacting proteins (3) and matched, flat interface region without non-trivial geometry (4).

The figure is based on the image from Li et al., 2004.1"!

1.1.4. Targeting PPIs and the Role of Small Molecules as PPI Modulators

Dysregulation and aberrant dynamics of PPl networks in cells is characteristic for many diseases, and
thus, modulation of selected interactions between specific proteins appears to be of particular
interest. Modulation of PPIs can lead to the development of novel therapeutics as an alternative to
targeting active enzyme sites, receptors and channels.**%>7% Compounds that can inhibit or
alternatively stabilise PPIs have great pharmaceutical and research potential as prospective drugs and
molecular probes. Such modulators could induce system changes through affecting a broader web of
protein interactions. Moreover, PPl modulators have a potential to cause modifications to signalling
or regulatory networks without completely shutting them down.!*®’% And although inhibition of PPIs
typically provides better target control than a complete enzyme or receptor shutdown, a protein can
use the same binding interface to interact with a number of different binding partners, meaning that
there is also a potential for a PPI inhibitor to have unspecific and inadvertent consequences caused
through the disruption of multiple interactions, leading to potentially undesired biological

effects.3%7273]

Until recently, PPls were considered undruggable due to the ineffectiveness of the classical strategies
normally used for the development of small molecules targeting enzymes and other proteins with
deep and distinctive cavities. Following advancements in structural and computational biology, as well
as the development of a better understanding of PPIs and adjustments to the screening methods, PPls

became more tractable, however, they still remain a very challenging and daunting target.[466-70]

One of the major reasons why PPIs are so difficult to target is that PPI interfaces are typically much
larger and flatter than the classical protein-ligand interaction interfaces, and are also characterised by
diverse types of topologies.[**’4 Additionally, PPl interfaces, contrary to many enzymes, receptors and

channels, did not evolve ligand cavities to host small molecules, rendering a discovery of PPI
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modulators more challenging. For enzymes and receptors, the structural information concerning the
known ligand cavity can be used as a starting point for development of a novel binder. Identification
of PPI cavities appropriate for targeting with small molecules is more difficult. Complexes suspended
in solution are typically not completely rigid and can undergo conformational movements, often
inducing an appearance of transient openings that can be targeted with ligands. The opening of such

cavities can be possibly detected through molecular dynamics simulations.[67,6%7!
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Figure 5. Schematic representation of different binding modes of PPl modulators: A) Orthosteric PPI inhibitor
binding protein B. B) Allosteric PPl inhibitor binding protein B. C) Orthosteric PPI stabiliser binding to protein A
and B. D) Allosteric PPI stabiliser binding to protein B.

The figure is based on the image from Fischer et al., 2015.7%!

PPIs can be inhibited, preventing the protein complex partners from binding to each other, or they
can be stabilised (Figure 5). Both strategies can achieve different results on a biochemical and
functional level, and change the cell behaviour accordingly.[®®7¢77 |t appears, however, that the
development of PPI stabilisers involves all the difficulties associated with the development of PPI
inhibitors, but the challenge is exacerbated by a very limited understanding of the principles governing
the PPI stabilisation, as well as a lack of the chemical consensus caused by the wide variation of the
molecular structures of the identified stabilisers. Most PPl stabilisers have been found serendipitously,

with only a handful being a result of a rational design.!°6%77]

From the perspective of PPI inhibition, the druggable PPI interfaces typically have a relatively small
buried surface area, are more hydrophobic and do not undergo significant conformational changes.!””
The interfaces can be divided into four classes: narrow and wide, as well as, tight and loose. The
narrow PPl interfaces with a surface area below 2500 A% and counterintuitively tight interactions with
the Kp values below 200 nM appear to be more receptive to inhibition. A potential explanation of this

observation could be that the tight and narrow PPI interfaces are the most similar to the enzymatic
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active sites targeted by the classical inhibitors, and in consequence, the regular techniques of finding
binders are the most relevant for this particular class of PPIs.1*” In addition to the orthosteric mode of
action the PPl inhibitors can also disrupt a complex formation through allosteric changes caused by
binding to the site on one of the protomers away from the PPl interface (Figure 5).7% Among different
PPI types targeted by small molecules, domain-peptide interfaces where the inhibitor binds to the
globular domain have been identified to be the most tractable, presumably due to the interactions
being dominated by a relatively compact, dominant and continuous binding epitope, fulfilling the
requirements of the tight and narrow interface classification./*>’%78 Small molecule inhibitors of the
domain-peptide interactions typically mimic the native interactions of the peptidic motif in the hot-
spot region of the binding pocket. Domain-domain interactions on the other hand are less amenable
for targeting with small molecules due to the relatively large and flat interfaces. Peptide-peptide
interactions are also very challenging from the perspective of the binder design and discovery as they
normally lack any well-defined binding sites and there is a tendency for the interacting peptides to be
in a disordered state when the complex subunits are unbound. The known inhibitors of peptide-
peptide interactions have weak potency and the mechanism of their interaction with the targets is

generally unknown.¥

Small molecules capable of targeting PPI interfaces normally do not have the classical drug-like
properties. This observed discrepancy could be justified by considering that the classical drug-like
characteristics are a result of small molecules often having to compete with endogenous small
molecules for binding to their protein targets with a relatively small pocket surface area, typically
below 1000 A2.7479 Developing an effective PPl inhibitor may require to target a number of hotspots
and hot regions located on an often flat and extended surface, which makes it difficult for the active
molecule to be confined within the conventional drug discovery parameters.[*+¢8& Thys, identified
small PPI inhibitory molecules are normally larger and more lipophilic than classical drug-like
structures, and they are also more rigid and form fewer H-bond interactions. PPI inhibitors typically

also have lower ligand efficiency scores.!”!

The classical structure-based design and high throughput screening (HTS) of small molecules are
somewhat effective for the tight and narrow interfaces, however, in general HTS screenings against
PPls have been shown to give low hit rates and typically weakly potent binders.%*! The low hit rate
could be caused by a general difficulty to bind the targeted protein surface, but could also be a result
of a library bias towards molecules aimed at targeting conventional ligand pockets./** Fragment-based
drug discovery (FBDD) has shown relatively satisfactory effectiveness against PPls, as well as a positive
correlation between the number of fragment binding sites and hot spot regions on a target protein.

An advantage of the FBDD method over the conventional screening approach is that molecular
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fragments are unlikely to have a bias towards any particular class of targets and interactions.!**8% On
the other hand, fragment hits are typically of low affinity and may not be able to disrupt the target
PPI, and thus alternative and relatively low throughput biophysical techniques are used for screening,
such as the thermal shift assay (TSA), surface plasmon resonance (SPR), isothermal titration
calorimetry (ITC), as well as ligand- and protein-based nuclear magnetic resonance (NMR) to name a
few.¥ To account for the low affinity a modification of the FBDD method can be used, where the
fragments are covalently attached to the protein of interest using a reversible covalent connection or
so called tether. The tethers are normally formed between the fragments and either Cys or Lys of the
protein chain. If needed the required amino acid can be engineered onto the surface of the targeted
protein. As the tether can be easily broken, the fragments with no intrinsic affinity to the target are
not retained on the surface of the protein, but the weakly binding fragments are stabilised with the
equilibrium favouring the protein modification that is detectable through an assessment with mass
spectroscopy. The tethered fragments are also amenable to a further analysis with X-ray
crystallography, allowing to elucidate the exact interactions with the protein and design an optimised
binder. The tethering method has been successfully applied to the development of both PPl inhibitors
and stabilisers.®28¢] Despite some successes with the FBDD approach targeting PPIs, linking the
identified binding fragments together into one molecule and optimising the potency is typically a very
challenging task./®”! Covalent small molecule PPl inhibitors are also known, where the covalent linkage
results in high affinity compounds with a prolonged time of target modulation. As with the tethered
FBDD strategy, one significant limitation of the covalent binders is that they require a presence of an
appropriate reactive amino acid in the vicinity of the binding site on the protein surface."
Application of covalent PPI inhibitors may also in some cases lead to undesired effects, such as high
toxicity, caused by the irreversible binding and the produced active metabolites.®>°" The lead
optimisation of any PPI inhibitor hits from screening campaigns can be particularly challenging

especially when dealing with flat and featureless surfaces.[**

Studies in structural biology are of considerable importance for a development of PPl inhibitors, as
such development is often supported by an analysis of protein interfaces with X-ray crystallography
or protein NMR studies. The obtained structural information about the protein surface can then be
used for in silico virtual screening against digital molecular libraries and molecular fragments.!°2-%4
During screening for PPl modulators, however, significant challenges can arise in terms of the accuracy
of the analysis, especially in cases when considerable conformational changes of protein surfaces

occur upon forming a complex.4

Despite the advances in the understanding of the PPIs and the associated limitations concerning the

screening and development process of small molecule PPl modulators, the discovery of novel
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modulators with the traditional small molecule drug discovery techniques still remains a truly
significant challenge. An alternative and more intuitive approach to the development of the PPI
modulators is a structure-based design strategy, where compounds are created based on the
structures of the pre-existing binding motifs present at the targeted interface.® The structure-based
design and the resulting peptidomimetic modulators of PPIs are elaborated in the following section

1.2.
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1.2. Peptides and Peptidomimetics as PPI Inhibitors

1.2.1. Classification of Peptidomimetics

As the traditional screening of physical and virtual small molecule libraries in search for novel PPI
modulators remains a very difficult and daunting task, designing inhibitors based on an already
existing structural protein motifs appears as an appealing probe and drug discovery approach. The
compounds based on the existing protein motifs have typically higher molecular weight than the
classical small ligands, and can normally establish a broad network of non-covalent interactions with
the target, which can be beneficial for binding to relatively flat and featureless PPI surfaces.[446895-97]
The presence of well-defined secondary structures at the interfaces such as distinct a-helices, B-sheets
and loops is very important from the perspective of the inhibitor design, as it allows to synthesise
compounds that mimic and compete with the native structures at the PPI interfaces.[**®%%! One
limitation of utilising the native binding PPI motifs for inhibition, however, is that when extracted from
the full protein sequence, short peptides tend to lose their secondary structures. This poses as a
challenge, as conformational freedom is a cause for the peptide proclivity towards proteases,
contributes to the low bioavailability and is also a reason for typically low binding affinity. The low
affinity of flexible peptides to their targets can be explained by the entropic penalty paid upon binding

to the partner protein, when the peptide is required to assume a specific conformation. 4%

To counterbalance the negative effects of excising peptides from the full proteins, several methods
have been devised which allow to modify peptides through cyclisation or chain modifications, or
through constructing artificial structures that mimic the interactions with protein based on the native
relationship between the peptide and the protein. Such modified structures are referred to as
peptidomimetics. Conventionally, the peptidomimetics are classified into three types. Type |
peptidomimetics are short peptides that assume the native secondary structure through an artificial
stabilisation of the conformation aided by incorporating minor modifications into the peptide
sequence. Type | mimetics tend to match the original peptidic backbone atom-to-atom and conserve
the important interactions with the binding site. Type Il are functional mimetics which in some cases
can be direct structural analogues of the peptides but this is not a required criterium for the
classification, as these mimetics can also bind to subsites that are different from the interaction sites
used by the native peptides. Type Il mimetics are small nonpeptide molecules. Type Il are
topographical mimetics that are based on novel nonpeptidic templates unrelated to the native

peptide.l®

As the traditional peptidomimetic classification does not encompass the modern advances in the field,

a new and improved classification was introduced in 2016 by Grossmann and colleagues, dividing the
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peptidomimetics into four classes A through D.! Classes A and B are allocated for molecules with
strongly peptidic character, whereas classes C and D include small molecules (Figure 6). Class A
mimetics are peptides that are based on the native peptide sequence with only minor modifications
introduced to some of the amino acids in order to stabilise the active conformation. In class A
mimetics, the positions and orientations of the main chain and the side chains are in close alignment
with the structures of the original binding sequence. Class B mimetics are class A mimetics with further
structural modifications, including incorporation of non-proteinogenic amino acids and small molecule
fragments, as well as changes to the backbone. Class B also includes foldamers and peptoids, where
the topology of the side chains resembles the orientation of the sidechains in the native peptide. Class
C mimetics are compounds with strong small molecule character, where the backbone of the original
peptide is completely replaced by a new scaffold. The C class mimetics orient their substituents in a
manner that allows for a formation of the key interactions originally existing between the precursor
peptide and the target protein. Lastly, class D of mimetics are small molecules that have no direct
structural or functional connection to the side chains of the original peptide, but they are able to mimic
the mode of action of the native peptide. Such mimetics may be developed as a result of an

optimisation of the class C mimetics, or they can be found in small molecule screening campaigns. >

Figure 6. Exemplary peptidomimetics of classes A-D: A) Representant of the class A peptidomimetics. Stabilised
a-helical peptide binding to MDM2 protein. The artificial a-helix stabilising motif is coloured as mint green (PDB
ID: 3V3B).*? B) Representant of the class B peptidomimetics. Helical binder of MCL-1 protein, where some of
the a-amino acids are replaced by B-amino acids containing an addition backbone methylene group. The B-
amino acids are coloured as purple (PDB ID: 4BPI).1*% C) Representant of the class C peptidomimetics. Structural
mimetic of a helical MCL-1 binder.[*°] D) Representant of the class D peptidomimetics. Small molecule binding
MDM?2, inhibiting the p53-MDM2 PPI (PDB ID: 4HG7).[102
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1.2.2. Structural Protein Elements

Structural protein elements such as turns, helices and sheets, are the key building blocks used for the
construction of peptidomimetic PPI inhibitors, and thus, a short introduction of those elements is in

place.

Turns are irregular secondary protein structure elements with up to six amino acid residues in length,
that allow the peptidic chain to fold back on itself, and therefore, they are responsible for imparting
the globular character onto proteins.[*%31%! The turns can be classified into different families based on
their specific intraturn hydrogen bond pattern between the backbone carbonyl group and the
backbone hydrogen of the amide group (Figure 7A). If the carbonyl group is assigned position i in the
main chain and the H-bond connected amide group position i+n in the same chain, where n is a
number of residues, tight turn families y, B, a and it will have n equal to 2, 3, 4 and 5 respectively (CO;
to NH:n).[1%) Turn families with a reverse conformation can also be distinguished, where the H-bond
is formed between the amide group of the first backbone residue, i, and the carbonyl group of the last
backbone residue, n+i (NH; to COiy). These are called &- and e-turns, with n equal to 1 and 2
respectively.l!%31%! There are also B-, a- and n-turns that can be classified as “open” or “disordered”,
where there is no intraturn hydrogen bond, and the distinction is made based on a specific distance
between the first and last Ca in the turn.['%319] The turns do not need to be isolated from each other,

and they can often be found in sequence as a multiple turn type e.g. in combinations yp, By, yy or

BB-[107]

Another structural element in proteins is a B-strand. A B-strand is a simple and common structural
motif where amide bonds of the backbone are in nearly coplanar arrangement and the side chains
pointing below and above the plane formed by the backbone. The amino acids constituting a specific
B-strand do not interact with each other through intramolecular H-bonds. B-strands are typically not
found in isolation and H-bonds tend to be formed between different B-strands, creating B-sheet
structures, where the alignment of the strands in respect to one another can be parallel or antiparallel
(Figure 7B). The parallel B-sheets have their component B-strands oriented in the same direction (both
strands run from the N-terminus to the C-terminus), and the antiparallel B-sheets have their strands
oriented in the opposite directions (one strand runs from the N-terminus to the C-terminus, whereas
the other runs from the C-terminus to the N-terminus). B-sheets are regular structural elements that
have primarily a scaffolding role, but they can also contribute to the crucial recognition structures in
proteins.['®® They allow for “neutralisation” of the backbone polarity in the context of the hydrophobic
protein interior due to the extensive intra-structural H-bonding across the sheets.'®!% Two
consecutive antiparallel B-strands that are connected to each other through H-bonds and linked by a

previously described turn element comprise a common structure referred to as a B-hairpin.[**1

Page | 14



Introduction

A) 0 o B)
| S/m
0] O
e A :
HN H o~ HN H N ’ o ’
I_O// ] O__"H/. N N
—(E I+i\\( é;\N | \)kN | \)kgé
NH  v-turn NH %S0 H 6 = :
! -turn N , :
. o v F Ho9 M
I “ N N
Ny A A
HN H o un H o = H o =
i)=0._ -
H B-sheet with parallel strands
NH N” 7O
o, o%'ﬂ\ -
a-turn H Q H Q
N N N
s A AR
310 4.446 H o = H 0 =
C) 1 1 | | | 1
LR R g O W oo H
S N /l N "+4/l N N~ N A
’T‘J’\W NI Y N Y X 7(\” 7(\”
H O = H |O = H |O = 0 0]
3.613| - —
B-sheet with antiparallel strands

Figure 7. Schematic representation of the most important structural protein elements: A) y-, B- and a-Turns. B)
B-Sheets with parallel and antiparallel strands. C) 310, 3.613 and 4.416 Helices.
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Another common structural elements in proteins are helices. Helices can be divided into three
different types, depending on the H-bond patterns that they incorporate, where each type is
designated using ny notation with n representing the number of residues per full turn and the subscript
x signifying the number of atoms in the turn closed by an H-bond.'213 Helices are thus classified as
310, 3.613 (also called a-helices) or 4.415 (also known as m-helices; Figure 7C).[1*3-1¢ Helices form
intramolecular H-bonds between the amide bonds of the backbone, connecting CO; to NH;.,, where i
is a sequential number of the residue in a protein, with i equal to 3, 4 and 5 for 315, a- and m-helices,
respectively.'*3 Similarly to the B-sheets, the internally formed H-bonding network allows to
neutralise the backbone polarity of the helical structures.!*%®114 g-Helices are the most common class,
occurring in over 30% of secondary protein structures, followed by m-helices which are estimated to
be presentin ca. 15% of all proteins and 310 helices are constituted by approximately 4% of the protein

s.[17-12 The explanation for the domination of a-helices in the protein structures could be the

residue
more optimal geometry in comparison to the alternative helical arrangements. 3115116121121 pegpite
the energetic handicap of the n-helices, their popularity within proteins can be explained by their
involvement and enhancement of various protein functions.*?) Approximately 60% of the PPI

interfaces features a-helices, and among those, ca. 60% utilises one face of the helix containing hot
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spot residues with the remaining interfaces using two or three faces populated with hot spots,
emphasising the important role of these structural elements in the context of protein complexes and

the modulation of their interactions.['#!

Mimicking peptidic turns, sheets and helices can be a viable strategy to inhibit PPls, and thus, class A
and B of peptidomimetics can be afforded through stabilisation of these key structural elements using
such modifications and enhancements as turn inducing, B-sheet-enforcing and other
nonproteinogenic amino acids, various macrocyclisation strategies, as well as incorporation of N-
methylation into the sequence to name a few.®® Examples and benefits of the stabilising peptide

modifications are presented in the following section 1.2.3.

1.2.3. Peptide Limitations, Selected Modifications and Macrocyclisation Strategies

In a context of biological applications, unmodified peptides face a number of challenges regarding cell
permeability, oral bioavailability, metabolic stability and very quick renal clearance from the body."”
The metabolic stability is one of the first hurdles that need to be overcome in order to develop an
effective peptidic PPl inhibitor. Proteases are ubiquitous components occurring in every living cell, and
are found in several hundred known variants. Disordered linear peptides based on native sequences
are thus very exposed and vulnerable to the rapid in vivo degradation, resulting in short half-lives (t1/,)
often in a range of only a few minutes.’*2412] various strategies improving the resistance to
proteases through structural and sequence modifications of peptides are often very effective and
relatively amicable to implement. Macrocyclisation can be a very effective modification improving the
peptide resistance to proteases. One example of a successful peptide stabilisation is cyclopeptide
termed cycloseptide targeting the NK-1 receptor, that has over seven times higher ti/; (30 min) than
the linear analogue (4 min) when tested in liver slices.*?®! Another example of a proteolytical stability
increase achieved through macrocyclisation is a bicyclic peptide inhibiting a PPl between MTA1 and
RbAp48, with a ti1/; of over 90 min in cell lysate, significantly longer than the t;/; of 16 min for the linear
counterpart derived from MTA1.1?” Mutations of the peptidic sequence through introduction of non-
proteinogenic amino acids, as well as N-methylation of the backbone amide bonds can also afford
structures with remarkable stabilities as exemplified by the natural product cyclosporin A, a cyclic
structure with non-canonical amino acids and seven N-methylated peptide bonds, and the prostate
cancer drug Degarelix with six unnatural residues in a ten amino acid long, linear sequence.[!2-31 As
proteases cleave peptidic amide bonds, the bond replacement with an enzymatically more stable
bioisostere can be an attractive strategy as shown for example by an analogue of glucagon-like

peptide-1 containing a thioamide at a critical position in the sequence, and thus, increasing the
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stability to dipeptidyl peptidase 4 up to 750-fold.[**? Modifications of linear peptide termini by N-
acetylation and C-amidation are also known to considerably improve the enzymatic stability, and can

be easily introduced during peptide synthesis.[133713

Arguably, the second most important characteristic of peptides judged from the perspective of
biological experiments, after a reasonable enzymatic stability, is the ability to enter cells. Regular
peptide sequences under normal circumstances are not expected to be transported into the cells,
however, there are known sequences capable of penetrating membranes, so called cell penetrating
peptides (CPPs), and in some cases they can even enable to transport attached cargo into the cells.[*3¢!
The problem of assuring that peptides are capable of penetration into the cytosol is non-trivial, chiefly
due to the poorly understood uptake mechanisms for diverse structures and sequences and the
difficult to predict interactions between the cells, the CPPs and the cargos, under a particular set of
conditions. The level and mode of uptake is also strongly depended on the cell line tested, the
associated cargo, type of the interaction between the cargo and the CPPs, as well as concentrations
of the CPPs.1*36137] Cells very quickly interiorise and recycle large portions of their surface area and
volume, thus, creating potentially conducive circumstances for the peptide internalisation through
endocytosis.[**® In fact, a significant number of CPPs enters cells through macropinocytosis and
receptor mediated endocytosis that can be assisted by clathrins or caveolins.'3**4! The peptide
transport into the cells can also occur through lipid raft-mediated endocytosis.*** A challenging but
crucial, yet still not fully understood and limiting step for a successful cellular uptake of CPPs is the
efficient escape from endosomes, where the peptides can be trapped and degraded over time.[!3%145-
1471 Alternative peptide pathways into the cells, that have been less extensively explored, involve
transporters such as organic anion-transporting polypeptide (OATP) and proton-coupled oligopeptide
transporters (SCL15).1°71481491 peptides with the right physical and chemical characteristics can
undergo direct penetration or membrane transduction into cells in an energy independent manner.
There are currently a few models of direct peptidic penetration mechanisms, including the barrel-
stave pore formation model, the carpet model, as well as the inverted micelle model.[*>%7] The
barrel-stave pore formation model assumes that amphipathic peptides form a-helices within the
membranes with the hydrophilic side chains directed to the inner side of the transient pore, allowing
for the hydrophobic segment of peptides to cross the membrane.!*>0-121571 According to the carpet
model, the positively charged peptide residues interact with the negatively charged membrane,
increasing the local fluidity of the membrane, and thus, a diffusion into the cytosol.[**3154157] The
inverted micelle model is based on a concept of inverted micelles encapsulating the peptides. The
transport into the cytosol occurs inside a micelle formed at the cell membrane, which can then release

the peptides into the inside of the cell.’>>*%7) The understanding of peptide penetration is further
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complicated by the fact that the uptake mechanisms are not mutually exclusive and the entrance into

the cells can occur simultaneously through different pathways. /15815

There are a number of modifications that allow to impart or improve the cell penetrating ability of
peptides. Natural and artificial CPPs can be conjugated to the cargo intended for the cellular transport.
Common CPPs used are TAT, penetratin and poly-Arg peptides such as R8 or R9 with eight and nine
Arg residues, respectively.[*361%°1 The TAT sequence (RKKRRQRRR) is derived from the Tat protein
encoded by the HIV-1 virus, required for virus replication.'6271%4 An exemplary application of this
sequence was performed for the aforementioned bicyclic inhibitor of the PPl between MTA1 and
RbAp48, allowing the peptide to cross the membrane and exert the intended biological effect.!*?”!
Penetratin is a somewhat longer sequence (QIKIWFQNRRMKWKK) found in the Antennapedia protein
of Drosophila melanogaster.[*>>164183 A conjugate between peptide KLA and penetratin is another
example of how a CPP can transform ineffective agent with very limited cell permeability (KLA) into
efficient species that shows potent cytotoxic activity against cancer cell lines.[**®! Highly positively
charged poly-Arg sequences, typically with eight Arg residues or more, are also able to induce cell
penetration, where the increase in the number of the Arg residues is proportional to the increase in
cellular uptake.[*6”1%8 Exemplary application of the poly-Arg CPPs is enhancement of the insulin

permeability through epithelial cell membranes. ¢!

The peptides ability to penetrate cells can also be facilitated by relatively small non-peptidic tags such
as asparagusic acid or a fluorous tag.*>>*’% The asparagusic acid tag utilises endogenous thiol groups
located at the cellular surface and due to disulphide exchange reactions between the tag and the
exofacial thiols, the cargo covalently associates with the cells resulting in enhanced cellular uptake.*”*-
1731 An alternative approach is fluoroalkylation of the cargo, where the fluorous-tagged peptides
assemble into highly proteolytically stable nanostructures. The tags are attached via a disulphide bond
to the cargo. The nanostructures are internalised through various uptake pathways, and the cargo is
released in a result of the disulphide bond reduction by intracellular glutathione (GSH). The fluorous
tag has been recently shown to work very effectively in conjugation with the KLA peptide, penetrating
into cells and excreting a cytotoxic effect against cancer cells, as well as reducing a tumour size when
tested in mice.** Covalent attachment of CPPs and tags improving the cellular uptake is not always
necessary, as non-covalent shuttle peptides can also be a potential solution used for delivering desired
cargo into cells. A shuttle called dfTAT is a dimeric TAT peptide connected via an N-terminal disulfide
bond, where each TAT sequence is additionally labelled with the fluorophore tetramethylrhodamine
(TAMRA). The conjugation to TAMRA proved to enhance the endosomal leakage following
macropinocytosis. When a desired cargo is mixed with dfTAT and administered onto cells, the

presence of dfTAT allows for a cellular co-internalisation of the cargo material.l*17741751 A similar

Page | 18



Introduction

principle was utilised for a rational design of amphiphilic peptide shuttles containing in their
sequences a hydrophobic cluster and hydrophilic/cationic elements. The amphiphilic shuttle peptides
have been shown to deliver cargos into a number of cell lines.7¢7! Very recently, a novel shuttle
cellular delivery system was developed allowing to transport a variety of macromolecules into cells,
utilising peptidic coacervate microdroplet structures. Appropriately designed peptide sequences are
conjugated through their Lys residues to a disulphide bond-containing protective moieties, forming a
phase separating microdroplets that can encapsulate within them large cargo. The coacervates have
been shown to be taken up by the cells through a cholesterol-dependent lipid rafting. Once inside the
cytosol, the disulphide bond in the protective group of a Lys side chain is reduced by GSH, leading to

the release of the Lys side chain and in effect causing the coacervate dissociation and cargo release.[*”®

Once the problem of peptide stability and cellular uptake is solved, the obtained agents could
constitute very effective molecular probes for biological and biochemical investigations. However, to
reach the full therapeutic utility and effectiveness further concerns often need to be addressed,
especially in respect to the oral bioavailability and renal clearance of peptides. In addition to the low
pH of the stomach and a number of proteases produced by the gastrointestinal (Gl) tract, the orally
administered peptides need to also survive the first-pass metabolism and clearance. In order for the
peptide to be absorbed into the bloodstream from the Gl tract, it needs to penetrate typically in a
passive manner either through tight junctions of the Gl cells or pass transcellularly through
enterocytes, a process significantly more challenging than traversing just one membrane during a
treatment of isolated cell lines.®”:*?1 Oral absorption of peptides can be increased through formulation
using enzyme inhibitors, pH modifiers and absorption enhancers such as chelating agents, detergents,
surfactants, mucoadhesive polymers and formulation vehicles, for example in form of emulsions,
nanoparticles or microspheres.[*”9-381 Following the entrance into the bloodstream, the peptides can
be rapidly filtered out by kidneys, even when the structures of the peptides remain unmodified. Most
smaller peptides below 5 kDa can pass easily through glomeruli (the filtering structures in kidneys)
and due to the typically poor reabsorption in the proximal tubule they are rapidly removed from the
system. One of the solutions to the renal clearance is the increase in the hydrodynamic radius of
molecules which prevents the filtration. This can be achieved by the peptide association with serum
albumin, a protein that transports lipophilic compounds. If a peptide is sufficiently hydrophobic it can
naturally bind to albumin, otherwise a lipophilic motif such as a fatty acid can be attached to the
peptide in order to ensure its association with albumin, thus extending the plasma retention
time.[331791 An example of a peptide-based molecule tagged with a fatty acid with a long plasma

retention can be a clinically approved insulin analogue called insulin detemir.*®-18! An alternative
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approach to extending the plasma retention is the attachment of long polyethylene glycol (PEG) chains

to the peptide termini.*33!
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Figure 8. The majority of peptide cyclisation techniques utilise one of the four connection types: side chain-to-
side chain, head-to-side chain, side chain-to-tail or head-to-tail.
The figure is based on the image from White and Yudin, 2011.1187!

Peptide macrocyclisation is not only used for increasing the stability of peptides, but adequate
cyclisation also introduces a level of conformational restraint and structural preorganisation that
allows to minimise the entropic penalty paid upon binding to the protein target, and thus, significantly
increases the compound affinity in comparison to its flexible linear analogue.l*>°7188 Ppeptide
cyclisation often requires special synthetic and structural considerations, as the geometry of the
peptide bonds is normally not conducive to cyclisation into small and medium sized macrocycles. This
problem is alleviated when larger macrocycles are obtained, however, the large ring sizes still require
caution at the formulation stage in order to prevent intermolecular linking.!®”) Certain peptides with
small ring sizes can be exceptionally difficult to synthesise, as demonstrated for cancerostatic marine
cyclotetrapeptides by Schmidt and Langer.!*®®! The very short peptidic sequences have a substantial
tendency to dimerise or to epimerise at the C-terminal residue involved in the cyclisation.[® The
macrocyclisation typically needs to be performed under conditions of high dilution or pseudo-dilution,
either in solution or with the peptides attached to a solid support. High dilution allows to minimise
the chances of oligomerisation which is typically crucial while trying to obtain cyclic peptides with
smaller ring sizes.[87190-1921 The syccess of cyclisation attempts can also strongly depend on the

specific sequence of the peptide.81%3
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Figure 9. Exemplary peptidomimetic PPI inhibitors: A) Head-to-tail cyclised peptide NIM258 bound to protein
cyclophilin D (PDB ID: 4TOT).[**4 B) Side chain-to-tail cyclised peptide PMX53 interacting with CtaR receptor (PDB
ID: 6C1R).[* C) Amide-based side chain-to-side chain macrocyclic binder of UHM domain (PDB ID: 5L50).[*%¢]

There is a plethora of existing cyclisation techniques available, but the majority of the peptide
macrocyclisation strategies involve a connection of side chain-to-side chain, head-to-side chain, side
chain-to-tail and head-to-tail (Figure 8). The ring is frequently closed through lactamisation,
lactonization or disulphide bond formation.[P®172187.197-191 Macrocycle NIM258 is an example of a
head-to-tail cyclised peptide, which shows inhibitory activity against cyclophilin and hepatitis C virus.
In NIM258 the amine of the N-terminus is connected to the C-terminal carboxylic acid forming a new
amide bond (Figure 9A).[**¥ Another cyclopeptide example called PMX53, an antagonist of CtaR
receptor found on immune cells, is a side chain-to-tail macrocycle that was designed to mimic the C-
terminal turn of the C5a protein interacting with the CtaR receptor. PMX53 incorporates a connection

between the side chain of Lys with the C-terminal carboxylic acid (Figure 9B).[**>2%°! The amide-based
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Figure 10. Exemplary peptidomimetic PPl inhibitors: A) AMA-1 binder, cyclised via a disulphide bond (PDB ID:
470F).[2°1 B) RbAp48 binder cyclised using the CLIPS technology (PDB ID: 6ZRD)."27! C) RCM-based peptide bound
to protein 14-3-37 (PDB ID: 4N84).120%

side chain-to-side chain connection where Lys is connected to Glu is exemplified by a binder of a U2AF
homology motif (UHM) involved in the regulation of the alternative pre-mRNA splicing processes
(Figure 9C).1*%¢! Macrocycles are also created using disulphide bonds formed between Cys residues or
Cys analogues e.g. homocysteine which has a longer side chain.!202203204 The disulphide-based linkers
are relatively unstable and thus unreliable as they are prone to reduction in a cellular environment.
An improvement in the chemical stability of the linker can be achieved by replacing the disulphide
connections with thioesters.?®! The utility of the disulphide bond for macrocyclisations is
demonstrated on the example of a peptidic antimalarial agent. PPl inhibitor of the protein antigen 1

(AMA1) interactions with rhoptry neck protein 2 (RON2), prevents the host infection by the malarial
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parasite. The inhibitor was designed based on the C-terminal loop of RON2, where the peptidic termini

are connected via a disulphide bond stabilising a B-sheet structure of the peptide (Figure 10A).12°Y

In addition to the classical linking strategies peptides can be also cyclised using more elaborate
methods.[>1872%6] Chemical linkage of peptides onto scaffolds (CLIPS) technology is a convenient and
quick synthetic technique where thiols located on a peptide react with arylmethylene bromides
resulting in mono-, bi- and even tricyclic peptides (Figure 11A).2772%! As an example, the already
aforementioned PPI inhibitior of the MTA1 and RbAp48 interactions utilises the CLIPS technology to
form the bicyclic frame of the peptide (Figure 10B).1*?”! A similar approach developed by Pentelute and
co-workers uses a perfluoroaromatic molecule such as hexafluorobenzene for linking peptidic thiols
generating bis-arylated macrocycles (Figure 11B).12*% The Cu(l)-catalysed azide-alkyne cycloaddition
(CuAAC), known as the “click” reaction, commonly applied as a bio-compatible technique for ligations,
is also used for peptide cyclisations where the azide and alkyne groups are transformed into a triazole
linker (Figure 11C).121%2531 A double click reaction between a peptide and a compound containing two
alkynes, allowing to introduce an extensive additional functionalisation to the native peptide, is also
possible.[?**21¢ When the appropriate linker is used the peptidic conformations of macrocycles can
be controlled dynamically. The incorporation of photoswitchable azobenzene linkers into peptides
allows to flip between trans and cis isomers after irradiation with light allowing to activate or
deactivate the cyclised peptide towards the target protein (Figure 11D).2Y7221 A common
macrocyclisation approach is formation of a hydrocarbon linker through ring closing metathesis (RCM)
that uses ruthenium-based catalysts such as the Grubbs catalyst or the related Hoveyda-Grubbs
catalyst (Figure 11E).202221-2271 RCM produces an unsaturated linker that can be reduced to a fully
saturated form.[292223.227] An example of a bioactive peptide incorporating an RCM-based hydrocarbon
linker is a PPl inhibitor of the interactions between virulence factor exoenzyme S of the pathogenic
bacterium Pseudomonas aeruginosa and the human protein 14-3-3, where the linker stabilises an

irregular conformation of the peptide (Figure 10C).[202

Obtaining a population of compounds with only a single conformation is challenging and cyclisation
can often be insufficient to attain this goal, thus, further strategies that allow to introduce
conformationally restraining elements to the compound structures can be applied.® The amino acid
population occurring at B-turns overrepresents certain amino acids, such as Pro, Gly, Asn and
Asp.[193228] prg s the only proteinogenic amino acid with its sidechain connected to the backbone
amine, which results in a significantly limited conformational freedom and the absence of the amide
proton in the peptidic sequence, preventing H-bond interactions with the backbone nitrogen. Thus,
Pro has a crucial structural function in proteins, shifting the conformational ratio towards the cis

isomer of the amide bond.[??*>"233 The D isomer of Pro can also act as an B-turn inducer and stabiliser,
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Figure 11. Schematic representation of exemplary peptide cyclisation approaches: A) CLIPS strategy resulting in
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a bicyclic peptide. B) Peptide cyclisation using hexafluorobenzene. C) Cyclisation based on a CuAAC click reaction.
D) Incorporation of a photoswitchable azobenzene linker, which can flip between trans and cis isomers. E)
Peptide cyclisation through RCM.

and motifs such as D-Pro-L-Pro and D-Pro-Gly have been commonly and reliably used for inducing B-
turns and antiparallel B-hairpins in peptidic structures.!?*4242] An introduction of the D-Pro-DADME
(1,2-diamino-1,1-dimethylethane) linker to a peptide works in an analogous manner but results in
parallel B-sheet structures.!?*>2*4 The D-Pro-L-Pro motif has been successfully used to design cyclic B-
hairpin mimetics inhibiting PPl between p53 and HDM2 proteins.[?*>24¢! g-Aminoisobutyric acid or Aib
is a nonproteinogenic amino acid and is another example of a B-turn inducing element through
conformational restriction of peptidic flexibility that can be used in combination with Gly as an Aib-

Gly motif.?*”! As described before, peptidic amide bonds can be N-methylated, modifying the

Page | 24



Introduction

conformational preferences and possible interactions of affected structures.!3¥ N-methylation
changes the number of H-bond interactions that a peptide can form, as it removes an H-bond donor
from the structure, and it also changes the equilibrium of the cis-trans conformer equilibrium in a
similar manner to the impact of Pro, promoting the cis conformation.[13%:22%.248249] The N-methylation
of the peptidic backbone can also be a useful method for preventing aggregation and fibril
formation.!?>°2%3 The stabilisation of B-hairpin arrangements can also be achieved through an
approach based on non-covalent interactions. Peptidic chains can be equipped with N-terminal
acetylated Trp as well as a C-terminal Trp-Thr-Gly motif, where the stabilisation is achieved through
interactions between the indole groups of the tryptophans, and the H-bonds between the terminal
regions.?>* A similar strategy involves Trp zippers or trpzip, where reversible interactions between
Trp-Trp in cross-strand pairs are utilised for B-hairpin stabilisation.!?>>2°¢! B-hairpin formation can also
be stabilised through introduction of amino acids that can connect through m-cation interactions,
typically Trp and a positively charged, side chain-methylated amino acid.””®”"%>° The B-sheet
arrangements can be induced and stabilised through incorporating B-strand-enforcing amino acids.
Amino acids such as 1,2-dihydro-3(6H)-pyridinone (Ach) and 5-hydrazino-2-methoxybenzoic acid
(Hao), are conformationally constrained and can mimic the H-bond pattern of B-sheets, thus
promoting this type of structure in a peptide.[?%261 Small molecule fragments can be incorporated
into a peptide replacing and mimicking the backbone of the turn, that can potentially result in
molecules with improved pharmacokinetic properties, increasing an overall resemblance to small
molecules.!®>262-2851 Normally, in order for a small cyclic peptide to form a B-sheet arrangement, the
peptide needs to have appropriate amino acid composition, the number of its ring amino acids must
satisfy rule 2(2n +1) where n is a positive integer, and have only two equally separated type I’ or type

I’ B-turns necessary for the correct residue alighment.!2%¢!

Macrocyclisation techniques are also very often used for stabilising, or stapling, peptides in their a-
helical conformations, where the molecule is covalently cross-linked at positions j and i+3 or i and i+4
spanning one turn or alternatively positions i and i+7 spanning over two helical turns.[®>267-2691 A
double stapling with two separate linkers is also viable approach, as well as using two cross-links
attached to the peptide through a central spiro connection, thus, affording a “stitched” helix.[27%271!
The length of the linker is a very important parameter impacting the helicity and the target
recognition.>2% The a-helix stapling is known to often improve the cell penetrating ability of the
modified peptide.[361582721 The presence of an amino acid at the N-terminus of an a-helix that can
form an H-bond between its side chain and the backbone of another residue can nucleate a
helix.?”>274 An artificial capping can be introduced to the N-terminus of an a-helix, a motif that is also

called an N cap, to mimic such nucleating behaviour and covalently stabilise the turns.l?’>27%! As helix
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nucleation is a very energetically demanding process the incorporation of an N cap into a structure

s.[275-278] This approach

can be very effective for generating successful peptidomimetic PPl inhibitor
allows to stabilise the structure without compromising the side chain interactions with the protein

target.l?”?)

Another possible peptide modification, resulting in the class B peptidomimetics, involves
incorporating B-amino acids, building blocks that contain an additional methylene group attached to
the backbone of a conventional a-amino acid. The side chain of the B-amino acids can be located at
the carbon C; or Cs, or the amino acids can have two side chains simultaneously on C, and Cs.[?>280281]
A structure composed of only B-amino acids is referred to as a B-peptide, but the B-amino acids and
a-amino acids can be also combined together affording a heterogenous oligomer. In such hybrid
structures, the a-helical mimicry, as well as the protease stability can be improved, where the a-amino
acids can be used for the target recognition and the B-amino acids contribute to the helicity of the

(282-286] Alternatively, the side chain of amino acids in peptides can be moved from the a-

structure.
carbon to the amide nitrogen, affording peptoids or poly-N-substituted glycines. Peptoids are typically
characterised by improved stability to proteases, as well as improved cell permeability especially when
cyclised.?®#72%3l The peptoid monomers can be combined together with regular a-amino acids into one

structure, affording effective PPl inhibitors.2%42%]

There is a wide range of possible peptide modifications available, but the impact of the peptide
alterations on the interactions with the target protein and the selectivity in the context of modulating
PPIs is highly depended on a specific sequence and structure of the peptide. Thus, the modifications

need to be carefully tailored based on the in-depth analysis of each particular interaction case.

1.2.5. Fundamental Principles of Fmoc-based Solid Phase Peptide Synthesis

In 1963, synthesis on solid support was introduced by Merrifield eliminating the need to tediously
synthesise peptides in solution.?*® The solution-based method required peptides to be purified after
each step, whereas, solid phase peptide synthesis (SPPS) allows to grow peptidic chains on a polymeric
resin, where solvents, reagents and unattached by-products can be simply washed out of the resin.
SPPS also allows to use a large excess of reagents, helping to drive the coupling reactions to
completion, and all steps can be performed in one vessel with resin washes in-between the steps,
eliminating the need for the transfer of the peptidic material. Thus, SPPS in combination with robotics

enables automating the highly repetitive procedure of the peptide synthesis.[*3*
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In SPPS, the synthesis occurs from the C-terminal end of the peptide to its N-terminus. Normally in the
first step, the N-terminally protected amino acid is attached through its C-terminus to the hydroxyl or
amino resin, which results after cleavage in a C-terminal acid or amide, respectively. The peptide is
now assembled in a linear fashion, repeating the cycles of N-terminal deprotections and coupling
steps. In order to prevent branching and side reactivity, the functionalised side chains of the amino
acids used for coupling are protected with groups that are orthogonally cleaved to the temporary
protective group of the a-amine, and are stable under the conditions of the chain synthesis.[3*2%7] Due
to the repetitive nature of the method, the N-terminal group protecting the a-amine needs to be
removed under relatively mild conditions that do not interfere with the chain integrity. Once the
desired peptidic sequence is synthesised, the side-chain protective groups are removed and the
peptide is cleaved from the resin (Figure 12). Due to the nature of the method, normally only one

purification stage is needed in order to isolate the desired product after cleaving from the resin.[*3*
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Figure 12. Schematic representation of the main steps in SPPS.
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Today, the most common SPPS methodology is based on the Fmoc approach, where the a-amino
groups are temporarily protected by the Fmoc group, a successor of Boc-based SPPS. For the Boc-
based SPPS highly dangerous and toxic acids are used at the deprotection stages, and special
apparatus is needed for carrying out the side-chain removal and detachment from the resin. The Fmoc
SPPS is safer and does not require highly specialised equipment.3*2%8! Fmoc is removed under basic
conditions using primary or secondary amines, and the most commonly used base for this task is

piperidine. The standard groups protecting the side chains are cleaved during the detachment from
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the resin, which occurs under acidic conditions. The acid normally used for the final cleavage is
TFA.[134297) The amino acids need to be activated in order to perform the coupling reaction and extend
the peptidic chain.!'3 Some of the most commonly used activating/coupling reagents are PyBOP
(phosphonium-based reagent), DIC (carbodiimide), HCTU, HBTU, HATU and COMU (uranium-based
reagents). The coupling reactions are performed under basic conditions, where the tertiary amine,
DIPEA, is used as base that does not interfere with the Fmoc protective group.3#2°* When the Fmoc
SPPS is used with the appropriate, selectively removable protective groups, it allows for creating

macrocycles on resin applying a number of the available cyclisation strategies.!187:206:300-304]
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1.3. Methyltransferase PRMT5

1.3.1. Introduction to Protein Arginine Methyltransferases

Protein methyltrasferases (PMTs) are enzymes that use S-adenosyl-L-methionine (SAM or AdoMet) as
a cofactor (the source of the methyl group) in order to methylate proteins, producing S-
adenosylhomocysteine (SAH) as a by-product. PMTs typically methylate basic nitrogens, and this
includes the N-terminal a-amino groups, as well as the side chains of Arg and Lys residues. There are
two main classes of PMTs: protein arginine methyltransferases (PRMTs) and protein lysine
methyltransferases (PKMTs). As the names suggest, PRMTs methylate selected Arg residues on the
targets and PKMTs methylate Lys residues.%=3%! |n humans up to 11 PRMTs and approximately 50
PKMTs have been identified.?%3%! The known human PRMTs can be divided into three distinct types,
depending on the methylation pattern that can be afforded by the enzyme. PRMTs can
monomethylate or symmetrically and asymmetrically dimethylate nitrogens of the guanidine moiety
in the target Arg residues (Figure 13). Type | enzymes (PRMT1-4, 6, 8) produce w-N°®-
monomethylarginine (MMA) and asymmetric w-N¢,N°-dimethylarginine (ADMA). PRMT5 and PRMT9,
as well as potentially, PRMT10 and PRMT11 belong to the type Il PRMTs, and they generate w-N°®-
monomethyl and symmetric w-N¢ N¢-dimethylarginine (SDMA) residues.’3%>3%3100 |t needs to be
noted for the type Il enzymes, that PRMT9 (FBXO11) and PRMT11 (FBXO10) are not considered as true
PRMTs by some researchers, due to the contested proof of the methyltransferase activity for these
proteins.B31U PRMT7 is a type Il PRMT capable of producing only w-N®-monomethylarginine

products (Figure 13).[305308310,312,313]
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Figure 13. A schematic representation of the methylation activity of the different PRMT types found in humans.

PRMTS is a type Il PRMT affording monomethylated and symmetrically dimethylated Arg residues.
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The methylation of the guanidinium group of Arg does not alter its charge, but results in a higher
hydrophobicity of the side chain, an increased bulk and a decreased potential to form H-bonds.2%”! As
Arg can form strong interaction with carboxyl, phosphoryl and guanyl groups, the methylation caused
by PRMTs can have a very considerable effect on complex formation and cell signalling, for example,
it can weaken the interactions with nucleic acids.[37:314318] A significant portion of the Arg-methylated
proteins is associated with different steps in RNA metabolism such as RNA biogenesis or splicing. The
proteins are also linked to gene expression, translation, chromatin reorganisation or even protein
targeting to membrane, microtubule-based processes and responses to the DNA damage.3%317] Due
to the high importance and a vast number of key functions in cells and a promising potential for
inhibition with medicinal relevance, PRMT5 (also known as Jak-binding protein 1, JBP1) has been of
great interest among the scientific community.3%318-3241 The functions of PRMTS include, among
many, promoting the assembly of the structures necessary for the correct functioning of the
spliceosome, influencing the central nervous system where PRMTS5 is involved in the myelination
process and oligodendrocyte differentiation, affecting osteoclast differentiation and bone resorption,
as well as affecting the functions of the cardiac tissues.[1%325334-337,326-333] pRMTS5 also appears to be
able to act as either transcriptional repressor or activator, depending on the complexation status and

type of the adaptor protein that it interacts with.32"!

1.3.2. PRMT5 in Disease

PRMTS is a very influential cellular component that can methylate and change behaviour of such key
transcription factors like p53, NF-kB, E2F-1 or MYCN, as well as interact with and methylate histone
tails and spliceosomal proteins, thus, PRMTS5 is significantly involved in the regulation of the cellular
growth, differentiation and proliferation.[32°-329338-342] Expectedly, the aberrant expression of PRMT5
in cells has been associated with a wide variety of different cancer cell types, as well as with

neurodegenerative and cardiovascular diseases and diabetes.[3%6:320.321]

The PRMT5 enzyme is typically strongly overexpressed in cancer and its overexpression often results
in poor prognosis for the affected patients.3*73°% The elevated levels of PRMT5 can lead to the
reduced expression of tumour suppressor genes, and thus, this can result in the development of
cancer. PRMTS is strongly linked to breast cancer and it has been shown that PRMTS5 can significantly
alter the function of programmed cell death 4 (PDCD4) tumour suppressor, accelerating the tumour
growth.3*¥! PRMTS can affect the regulation of the alternative splicing, as well as methylation of cell-
fate regulators, leading to the attenuation of the cell cycle arrest, thus, contributing to the breast

cancer development.B*351 The enzyme was also found to contribute to the maintenance and

Page | 30



Introduction

propagation of breast cancer stem cells, significant in patient relapse, and to play an important role in
the resistance to chemotherapeutics.*°>3%3 Additionally, PRMTS5 involvement is well-established for
hepatocellular carcinoma (HCC), where the PRMT5 knockdowns result in inhibited cancer cell
proliferation and tumorigenesis.3>*3°¢ PRMTS5 activity can lead to acceleration of the growth of cancer
cells and promotion of HCC metastasis.[*>>3%¢! Increased levels of PRMTS5 in glioblastoma cell lines, as
well as patient-derived primary tumours correlate with tumour growth through silencing specific
suppressor genes. Inhibition of PRMT5 activity, however, results in cell-cycle arrest, apoptosis and loss
of cell migratory activity, and thus, increased survival in aggressive glioblastoma models.*”! PRMT5
plays also a significant role in other types of cancer, for example, overexpression of PRMT5 found in
lymphoid cancer leads to repression of suppressor genes, resulting in increased growth of the cancer
cells.®*! PRMTS is a crucial factor promoting growth of prostate cancer cells through epigenetic
activation of transcription of the androgen receptor, where inhibition or knock-down of PRMTS5 results
in the suppression of the cancer cell lines.®*® Antiproliferative and proapoptotic genes are selectively
suppressed through PRMT5 methylation of p53 in lymphomas, and the inhibition of PRMT5 decreases

the colony-forming activity of the lymphoma cells.’>”!

The involvement and the link of PRMT5 to human diseases are not only limited to cancer. PRMTS5 has
also been associated with neurodegenerative disorders: Alzheimer’s disease and Huntington's
disease, where the methyltransferase appears to be downregulated and the enhanced expression of
PRMT5 improves the survival of neuronal cells.°#35% The impact of PRMT5 onto the cardiovascular
system seems to be context dependent where both the under and overexpression of this
methyltransferase can have negative implications.[321:337:360=363] Fing|ly, PRMTS is linked to metabolic
pathways involved in diabetes, suggesting this methyltransferase as a potential therapeutic target for
this disease.l321:3643¢7] There is still no comprehensive understanding of the role of PRMT5 in non-
cancer diseases and further investigations are required in order to fully elucidate the involvement of
PRMTS in these human disorders.®2Y One rather clear and intuitive conclusion seems to emerge when
the analysis of the involvement of PRMTS5 into various diseases is made. Due to the extensive
regulatory impact of PRMT5 onto the cell functioning, an imbalance and deviation from the natural
endogenous PRMTS5 levels appears to result in disorders and can be considered as a potential risk

factor.

Due to the very high expected biochemical and clinical usefulness of modulating the PRMTS5 activity,
a high number of active site PRMTS5 inhibitors have been developed to date, that act through the
competition with the substrate, competition with the cofactor SAM, dual SAM/substrate inhibition,
covalent SAM inhibition or through allosteric effects (Figure 14).1306313322-324.368] Thare gre currently a

number of PRMTS5 inhibitors tested in clinical trials: GSK3326595 (Epizyme and GSK, trials:
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NCT04676516 and NCT02783300), JNJ-64619178 (Johnson & Johnson, trial: NCT03573310), AMG 193
(Amgen, trial: NCT05094336), TNG908 (Tango Therapeutics, trial: NCT05275478), PRT811 (Prelude
Therapeutics, trial: NCT04089449), PRT543 (Prelude Therapeutics, trial: NCT03886831), and
MRTX1719 (Mirati Therapeutics, trial: NCT05245500).3%43¢°) The high clinical interest with this
methyltransferase and the active inhibitor development observed across the pharmaceutical industry
and academic centres further support the important role and involvement of PRMTS5 in cellular

regulation processes and diseases.

o
N
/ |\N
(0] N N/)
NH
74
. I&..OH
HO NN o
OH
N HN
F
F F
GSK3326595 JINJ-64619178 PF-06939999

Figure 14. Exemplary active site inhibitors of PRMT5. Molecules GSK3326595 and JNJ-64619178 are currently
tested in clinical trials, but the trial of PF-06939999 was recently terminated.%"

1.3.3. PRMT5 Structure and Selected Interactions

The structure of the human PRMT5 methyltransferase complex with methylosome protein 50 (MEP50,
also known as WDR77) was solved for the first time by Antonysamy and colleagues, using X-ray
crystallography, with the results published in 2012.57° Shortly after, the structure of the PRMT5-
MEP50 complex of Xenopus laevi (African clawed frog) was also released, with high sequence identity
(84%) to human PRMT5.57Y More recently, the structural conclusion drawn from the crystallography-
based experiments were corroborated by observing the human PRMT5-MEP50 complex with the

means of cryo-electron microscopy.’?

PRMTS is a 73 kDa protein composed of three domains (Figure 15A): the N-terminal domain triose-
phosphate isomerase (TIM) barrel also known as (Ba)s-barrel (residues 1-292), Rossmann fold
(residues 293-466) and the C-terminal B-barrel domain (467-637). The Rossmann fold and B-barrel
closely bind and interact with each other creating a methyltransferase domain. The Rossmann fold
contains the SAM binding motif, whereas the B-barrel domain interacts with the substrate.37°372 T|M
barrel domains are the most common enzyme folds, normally composed of eight units, where each

unit is composed of a B-strand and a-helix which are connected together with a fa loop. The units of
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the barrel are linked through af loops. The eight parallel B-strands form a central, circular B-sheet
surrounded by the a-helices. The fold of the TIM barrels is not sequence dependent but is rather
caused by the distribution of charged, polar and nonpolar residues. The majority of the TIM barrels
are single domain proteins, however, many form homooligomeric assemblies or are a part of
multienzyme complexes.?”3! TIM barrels have a potential to catalyse a large number of reactions,
where most of these transformations are involved in energy, macromolecule or small molecule
metabolism.?7# There is, however, no prove or indication for the catalytic activity of the TIM barrel of
PRMTS. The interface between the TIM barrel domain and the catalytic domains in PRMTS5 is stabilised
by extensive charged and hydrophobic interactions and the surface area of this interface is equal to

821 A%

PRMTS:
TIM barrel

PRMT5:

B-barrel and
Rossmann fold

Figure 15. Structure of the PRMT5-MEP50 complex: A) Heterodimer of PRMT5-MEP50 (PDB ID: 4GQB).137 B)
Heterooctameric PRMT5-MEP50 (PDB ID: 4GQB). The heterooctameric form is found as a native assembly.7?

MEP50 is a 37 kDa WD40 repeat protein found to associate with PRMT5.1327) WD40 repeat proteins
are one of the most abundant domains found in eukaryotes. The WD40 repeats are characterised by
the B-propeller architecture with the presence of tandem repeats composed of ca. 40 to 60 amino
acids, often with Trp and Asp residues located at the C-termini of the repeats, thus, justifying the name
given to those domains. WD repeats normally have four to eight antiparallel sheets arranged as blades
composing the B-propeller fold where each sheet has typically four B-strands. The blades of the
protein assume an arrangement around a central cavity. So far no WD40 domain has been shown to
have any enzymatic activity, but the domains are known to act as adaptors for protein-protein and

protein-DNA interactions.’>=77) MEP50 forms a very stable and tightly bound complex with PRMTS,
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and appears to be an obligate in vivo binding partner of PRMT5.537%378] Knockdown of PRMTS5 does not
result in free MEP50 and the knockdown of MEP50 does not afford free PRMTS5 or its
subcomplexes.B” [t is also known that the knockdown of PRMT5 or MEP50 causes the loss of
expression of the other complex partner.B7! Although, it is possible to obtain isolated human PRMT5
in the absence of MEP50, such afforded protein has a propensity to aggerate and does not
crystalise.B’® MEP50 interacts with PRMTS5 solely through the TIM barrel domain via a PPl interface
with a large surface area of over 2000 A2, and extensive charged and Van der Waals interactions.
PRMT5-bound MEP50 has seven B-propeller blades, where the C-terminal blade has only three B-

strands and the remaining six blades are composed of four strands.370-72

The PRMT5 and MEP50 proteins associate into a large 438 kDa heterooctameric complex (PRMT54-
MEP50.) with four core units of PRMT5 and four TIM-barrel-bound MEP50 macromolecules (Figure
15B). The complex can be also described as a tetramer of PRMT5-MEP50 heterodimers. The
heterodimers in the tetramer are arranged in an alternating head-to-tail manner, and the interactions
between TIM barrels and the catalytic domains of different PRMT5 monomers allow the

oligomerisation and formation of the heterooctamer.[70-3721

Figure 16. A schematic representation of the methylation activity of PRMT5 (PDB ID: 4GQB). Many substrates of
the enzyme are known to be methylated through an assistance by an adaptor protein.

The activity and substrate specificity of PRMT5 is regulated in part by interactions with various adaptor
proteins which present the appropriate cellular components for methylation (Figure 16). As noted
above, WD40 repeat proteins tend to mediate interactions with other macromolecules, and MEP50 is

known to work as a substrate recruiter for PRMTS5, interacting with histones and possibly with other
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macromolecules such as suppressor of zeste 12 (SUZ12) protein.7+38% PRMT5-MEP50 also interacts
with such proteins as methylosome subunit pICIn which recruits Sm proteins for methylation or Rio
kinase 1 (RioK1) adaptor protein that allows methylation of nucleolin and nuclear factor 90 (NF90) by
the enzyme.[325326:381-3831 Another interaction partner of the methyltransferase is cooperator of PRMT5
(COPRS5), resulting in preferential methylation of histone H4 and recruitment onto chromatin at the
target gene cyclin E1 (CCNE1).3% A noteworthy PRMT5 adaptor is methyl CpG binding domain 2
(MBD2) connecting the enzyme to specific chromatin regions and the Mi-2/NuRD chromatin
remodelling complex.B®! It is evident that the exact role and regulation mechanisms of PRMTS5 in cells
are not fully understood, and further investigations regarding the biochemistry of the enzyme and the

interactions of PRMTS5 with its substrates and the adaptor proteins are needed.
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Aim and Objectives of the Thesis

PRMTS5 plays an important role in regulation of cellular biochemistry, has high significance in a number
of diseases and is associated with a number of principal proteins. However, the mechanisms of its
activity and selectivity regulation are still poorly understood. Therefore, the aim of this thesis is to
develop a novel PPl inhibitor targeting PRMTS5 or one of its adaptor proteins. A successful PRMT5 PPI
inhibitor is expected to allow more in-depth investigation of the enzyme and its complexes in
biologically relevant environment and expand the current understanding of this intricate

methyltransferase.

PART A will describe a development of inhibitors of the PPl between PRMT5 and its most prominent
binding partner MEP50. Available crystal structure of the PRMT5-MEP50 complex will be used for
identification of the most important regions contributing to the targeted interaction. Peptidomimetics
will be designed and synthesised based on the identified binding protein motifs, and biophysical and
enzymatic assays will be used for assessing the potential inhibitory activity of the developed
compounds. If successful, the most effective structures will be further optimised and analysed under

biologically relevant conditions.

PART B will describe an investigation regarding the PPl between MEP50 and SUZ12 proteins. A number
of various peptidic SUZ12 fragments will be synthesised and tested for binding to PRMT5-MEP50, in
order to find the motif responsible for the interaction with MEP50. If the binding motif is identified
successfully, the afforded sequence will be used for a development of the first-in-class MEP50-SUZ12

PPI inhibitor, which will be then further evaluated in biophysical and biological assays.

PART C will concern PRMTS5 interactions with three adaptor proteins: RioK1, pICIn and COPR5. A
common adaptor protein binding motif will be identified based on the protein sequence information
and biophysical investigations utilising different PRMT5 protein constructs. The found motif will be
characterised structurally in order to provide a foundation for future peptidomimetic PPI inhibitor

development.

PART D will build on the information gathered in PART C, and the main objective will be development
and optimisation of an effective PRMT5/adaptor protein PPl inhibitor. Various macrocyclic structures
will be constructed and tested. The afforded compounds will be assessed using biophysical assays, and
if a working inhibitor is successfully obtained, the compound will be further evaluated in biologically

relevant experiments.

A novel PRMT5 PPl modulator will be potentially an invaluable tool for biochemistry and biology,

applicable to a broad range of investigations concerning the PRMT5-MEP50 complex.
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PART A: Modulating Interactions Between
PRMT5 and MEP50

3.1. Brief Introduction to PART A

MEP50 is the most crucial binding partner of human PRMTS5, significantly influencing key PRMT5
properties. Antonysamy et al., 2012, reported that the full heterooctameric PRMT5-MEP50 complex
has a significantly higher methylation activity towards histone peptides than the enzyme devoid of
MEP50. The most pronounced effect of the partnering at MEP50 on the activity is observed for the
ability of the enzyme to dimethylate histone peptides. Substrate dimethylation by isolated PRMTS5 is
particularly compromised in comparison to the performance of the full complex. The absence of
MEP50 also appears to impact the capacity of PRMT5 to form the core homotetrameric assembly, as
the isolated enzyme seems to only homodimerise. This indicates an important allosteric influence of
MEP50 on the behaviour of PRMT5. As also noted in section 1.3.3. of the main introduction, the
absence of MEP50 negatively impacts the stability of the isolated methyltransferase, promoting
enzyme aggregation.®’® Burgos et al., reached similar conclusions based on their experimental results,
which indicated the direct interaction of histones with MEP50 and active site remodelling effect in the
complex caused by the WD40 repeat protein, affecting the PRMT5 methylation activity. Interestingly,
a dose-dependent effect on the enzymatic methylation of H4 peptide was observed when PRMT5 was
tested with different stoichiometric ratios of MEP50. The highest activity was observed for the fully
assembled complex with the 4:4 PRMT5/MEP50 ratio. 38!

An oncogenic mutation of Janus kinase 2 (JAK2) enhances its interaction with PRMT5, leading to the
phosphorylation of Tyr residues in the Rossmann fold at positions 297, 304 and 307. The wild type of
JAK2 has no effect on the enzyme. The kinase activity of oncogenic mutant JAK2 appears to disrupt
the PRMT5-MEP50 complex in vivo. The treatment with JAK Inhibitor | was shown to block the
phosphorylation of PRMT5 and rescue the interaction between the methyltransferase and MEP50,
indicating that it is the kinase activity but not the PPl with JAK2 that influences complex formation.3”!
The phosphorylation by mutated JAK2 was also shown to impair the histone methyltransferase activity
of PRMTS5, which is consistent with the previous observations made for PRMTS in the absence of

MEP50 by Antonysamy et al., 2012 and Burgos et al., 2015.1370386.387]

The presence of MEP50 in the methyltransferase complex is crucial for its full activity, at least in the
context of the histone methylation. MEP50 may be a necessary enzyme partner due to the potential
effect on the conformation of the PRMTS5 active site, stabilisation of PRMT5 or a role as a substrate

presenter to the catalytic site. The understanding of the exact influence of MEP50 on the PRMT5
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structure and biochemistry still remains largely incomplete, and considering the key importance of
histone methylation for the epigenetic regulation in cells, it appears that further attempts to

investigate the PPl between MEP50 and PRMTS5 are needed.

The aim of the study in PART A is to develop a molecular probe capable of inhibiting the PPl between
MEP50 and PRMTS5. Taking into consideration all the previously discussed difficulties associated with
a discovery of small molecule PPl inhibitors, and all the benefits associated with macrocyclic peptides
in the context of challenging PPl modulation, an attempt is made to synthesise a set of peptides and
peptidomimetics with a potential to influence the PRMT5-MEP50 interaction. The compounds will be
designed based on the already existing structural protein elements of the interface. If successful, the
afforded inhibitor could be used as an invaluable tool for a closer examination of the in vivo activity
and the biochemical regulatory mechanisms of PRMT5 based on the association with MEP50. The
potential peptidomimetic PPl inhibitor could also be the first step in a development towards the first

clinically applicable PRMT5-MEP50 PPI modulator.
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3.2. Results and Discussion

3.2.1. Exploring the PRMT5-MEP50 PPI Interface

In order to determine which regions of the interface between PRMT5 and MEP50 are the most crucial
for the PPI, a virtual Ala scan was performed on the interacting residues. The scan was conducted
using the DrugScore™ webserver service which can estimate changes in the binding free energy

between proteins upon Ala mutations, utilising a knowledge-based function. DrugScore® is intended
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Figure 17. Overview of the virtual Ala scan performed with DrugScore® at the PPl interface between the PRMT5
TIM barrel domain and MEP50: A) Ala scan of the MEP50 interface residues. Hot residues (AAGcaic > 2.0 kcal/mol)

are marked as orange. B) Ala scan of the TIM barrel interface residues. Hot residues (AAGcaic = 2.0 kcal/mol) are
marked as orange.
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for finding hot-spot residues.’*®* The crystal structure provided for the calculations was the human
PRMT5-MEP50 structure obtained by Antonysamy et al. (PDB ID: 4GQB). The virtual mutations were
performed for the surface residues of both PRMT5 and MEP50. The scan returned four hot-spots
(AAGealc = 2.0 keal/mol) at the surface of MEP50: Trp54, Asp99, Asp125 and Asp298, and four hot-spots
in the TIM barrel of PRMT5: Arg68, Asp165, lle167 and lle168 (Figure 17, Table S1 and S2).

PRMTS5:
TIM barrel

A &

Figure 18. Structure and interactions of the MEP50 insertion finger (PDB ID: 4GQB): A) Overview of the MEP50-
TIM barrel interaction. B) Expanded view of the insertion finger. C) Close-up of the interactions between Trp54
(MEP50) and Arg68 (PRMT5). Hot-spot residues (AAGcaic = 2.0 kcal/mol) as determined with DrugScore®™, are
marked as orange. H-bonds and m-cation interactions are visualised with yellow and green dashed lines,
respectively.

Page | 40



PART A: Modulating Interactions Between PRMT5 and MEP50
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Figure 19. Structure and interactions of the TIM barrel protruding loop (PDB ID: 4GQB): A) Overview of the
MEPS50-TIM barrel interaction. B) and C) Expanded views of the TIM barrel loop shown from different
perspectives. Hot-spot residues (AAGeaic > 2.0 kcal/mol) as determined with DrugScore®™, are marked as orange.
H-bonds interactions are visualised with yellow and green dashed lines, respectively. H-bond interactions are
visualised with yellow dashed lines.
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A closer analysis of the location of the hot-spot MEP50 residues revealed that Asp99, Asp125 and
Asp298 are located in relatively flat and featureless regions of the interface. Residue Trp54 on the
other hand is integrated into a distinctive protein loop with a relatively large interaction area with
PRMTS5S (Figure 18). This protruding and largely solvent exposed loop is referred to as the MEP50
insertion finger. The insertion finger is known to be an important element of the complex, as
mutations within its sequence can lead to the impairment of kinetic parameters of binding histones
and SAM, indicating its significant role in the methyltransferase activity and suggesting the
involvement of this loop in substrate binding.!*®! The insertion finger is connected to PRMTS5 through
a m-cation interaction between the hot-residue Trp54 (MEP50) and Arg68 (PRMTS5), as well as through
H-bond interactions between Ser50, Arg52 and Cys53 in the MEP50 loop and the residues of PRMTS5.
The conformation of the insertion finger appears to be further stabilised by the extensive intra-chain
H-bond interactions formed between Ser48 and backbones of Ala55 and Cys53. There is also an H-
bond interaction present between the indole nitrogen of Trp54 and the carbonyl oxygen of Gly51
(Figure 18B and C). Considering the interactions, the conformation, the location and the important
role of the insertion finger, this structure seems to be potentially favourable for targeting and

mimicking with peptide-based probes.

Three out of four predicted hot-spot residues (Asp165, lle167 and 1le168) of the TIM barrel domain
are located in a distinctive and also considerably solvent exposed loop placed in a shallow groove of
MEP50 (Figure 19). The loop is characterised by a very extensive H-bond network of both intra- and
inter-chain connections. Residues Asp165, Asp166, Ile167, Glu169 and Asn170 of the PRMTS5 loop are
involved in H-bond interactions with the surface residues of MEP50. Additionally, the loop
conformation is shaped by a number of the intra-chain H-bonds: Argl64-Alal71, Asp165-lle167,
Asp166-Thr173 and lle168-Alal71 (Figure 19B and C). Taking into consideration the high density of
the hot-spot residues and the inter-chain H-bonds, as well as the location and the conformation of the
TIM barrel loop, this structure also appears to be viable for mimicking with peptidomimetics,
presenting a potential attractive region for targeting in the context of the PRMT5-MEP50 PPI

inhibition.

Both the insertion finger of MEP50 and the protruding loop of the TIM barrel domain appear to have
conformations viable for macrocyclisation, and could be potentially mimicked by appropriate cyclic

peptides.
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3.2.2. MEP50 Insertion Finger Mimetics

The synthesis of the MEP50 insertion finger mimetics was started by obtaining linear peptidic
sequences of different lengths (7 to 12 residues), where the number of the terminal amino acids was
varied around the common core sequence of the loop encompassing residues Ser48 through Trp54:
SLSGRCW (Table 1). The linear peptides were obtained using the standard, automated and microwave
assisted Fmoc-based synthesis on rink amide resin, resulting in C-terminal amides. The peptides were
synthesised in two versions, either as N-terminally acetylated sequences (1-5) intended for use in
activity-based readouts with the PRMT5-MEP50 complex, or as fluorescently labelled sequences (6-
10) intended to be tested for the ability to directly interact with PRMT5. The labelled peptides are
tagged with fluorescein isothiocyanate (FITC) which is separated from the peptidic chain with a PEG-
based 8-amino-3,6-dioxaoctanoic linker called 020c. The presence of the linker is intended to prevent
a direct steric interference of FITC with the target protein and to avoid Edman degradation that would
result in the elimination of the fluorophore together with the N-terminal amino acid from the

sequence during the final deprotection stage of the SPPS with TFA (Scheme 1).53%

Table 1. Sequences of linear acetylated and fluorescently labelled peptides, derived from the MEP50 insertion
finger.

Peptide Sequence
1 Ac—-SLSGRCW-NH;
Ac-SLSGRCWA-NH:
Ac-SISLSGRCWA-NH;
Ac-SSLSGRCWAG-NH,
Ac-ASSLSGRCWAGS-NH>
FITC-020c-ISLSGRCW-NH;
FITC-020c-SLSGRCWA-NH,
FITC-020c-SSLSGRCWA-NH:
FITC-020c-SSLSGRCWAG-NH,
10 FITC-020c-ASSLSGRCWAGS-NH2
FITC = fluorescein isothiocyanate, 020c = 8-amino-3,6-dioxaoctanoic linker.
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Scheme 1. Edman degradation: A) Example of Edman degradation resulting in a loss of the N-terminal amino
acid. B) The presence of the 020c linker prevents the loss of the FITC fluorophore via Edman degradation.

Page | 43



PART A: Modulating Interactions Between PRMT5 and MEP50

A)
OH OH
7o <0 oH HW_ 1. OH |, Q
oD oAy Ty T
N 5 N . 1, N N .
Y\HJH \ Y\H : I N N , ‘OH/\H;H
NH HN NH NH NH o ‘ | 0 NH
L-S-G+R-C L-S-G+R-C-W N-L-S-GiR-C-W HN-S-L-S-G+R-C-W
11 12, n=1 14, n=1 16, n=1
13, n= 15, n=2 17, n=2
B)
OH OH
o ! 0 0
o I . o0 i . OH g oH oy \
HN NH HN NH 0 NH 0 NH
| |
L-S-G-R-C-W L-S-G-R-C-W 07 N-L-$-G-R-C-W 07 N-L-8-G-R-C-W
18 19 Ho 2 oo g
o ol P el
B NI B N
. N%HJH . N%HJ\(
o 0 NH 0 0 NH
HN-S-L-S-G-R-C-W HN-S-L-8-G-R-C-W
22 23
C)
) H.§ ) H.§ k N HJ‘O ] N HJ‘O
H " S H " S } ‘ } o |
N N ! B N \\\\/_N ' - \\/_
: o) o)
: wo o e N 8 N 8
HN-S-L-S-G-R-C-W HN-S-L-S-G-R-C-W $-L-S-G-R-C-W-A $-L-$-G-R-C-W-A
24 25 26 27
o u o o n e o e
L 4\ R T S S NPT S S N E
oI o’ bandl X
o L " "o "
S—S—L—S—G—R—C—W $-8-L-5-G-R-C-W §-§-L-$-G-R-C-W-A $-§-L-8-G-R-C-W-A
28 29 30 31
D)
o 020c-FITC 020c FITC 0
020¢-FITC HN H
HI ijﬁo‘“ q NG
o
0 NH i
HN-S-L-S-G-R-C-W 4-L-5-G-R-c-W-A $-L-S-G-R-C-W-A
32 33 34
020c-FITC 020c FTC | o ozoc FITC ozoc FITC
HN j N N j \/_NAJ\\
o Q I‘\ﬁ l
hH W "
S—S—L—S—G—R—C-W $-8-L-5-G-R-C-W 4-§-L-8-G-R-C-W-A $-S-L-S-G-R-C-W-A
35 36 37 38

Figure 20. Structures of cyclic peptides intended to mimic the insertion finger of MEP50: A) Head-to-tail cyclised
peptides, with cyclisation between the C-terminal carboxylic acid of Gly and N-terminal amine of Arg. B) Head-
to-tail cyclised peptides, with cyclisation between the C-terminal carboxylic acid of L/D-Ala and N-terminal amine
of Ser or Gly. C) Side chain-to-tail cyclised peptides with cyclisation between the side chain of Orn and carboxylic
acid of Ala or Gly. D) Peptides labelled with a fluorescent tag, cyclised in a side chain-to-tail manner between
the side chain of Orn and the peptidic C-terminus. The red dashed line between amino acids indicates the
cyclisation site. FITC = fluorescein isothiocyanate, 020c = 8-amino-3,6-dioxaoctanoic linker.
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The successful synthesis of the linear sequences was followed by a pursuit of macrocyclic peptides
intended to mimic the insertion loop of MEP50, based on the assumption that cyclopeptides could
afford better target affinities and higher stability in envisaged biophysical and biological
assays.[#9°7:126127,189] pantides with several different ring sizes were designed and synthesised ranging
from 21 atoms in the ring structure for the smallest cyclic compound 11 to the maximum of 36 ring
atoms for compounds 30, 31, 37 and 38 (Figure 20). Peptides were connected either in a head-to-tail
fashion (11-23) or through side chain-to-tail connections (24-38). The side chain-to-tail peptides were
also obtained with fluorescent tags (32-38), where FITC is connected to the head of the peptide
through the 020c linker. The smallest cyclopeptide 11 is linked through an amide bond between Ser48
and Trp54, and the compounds with larger rings incorporate either a higher number of amino acids
from the MEP50 insertion loop sequence or utilise non-proteinogenic a-, B- and y-amino acids, as well
as amino acids in D-configuration. Such a range of linkers was explored with the intention that some
of the synthesised compounds would be able to assume a similar conformation to the native MEP50

insertion finger in aqueous solution, without paying a significant entropic penalty.

NH-Mtt H,N

O\ H 40% HFIP O\ H
N ; N
H q in DCM H
N-S-S-L-S-G-R-C-W-A-G—{ 5 —_— N-S-S-L-S-G-R-C-W-A-G—0H
o 3x 20min, rt 1)

‘ PyBOP, DIPEA

DMF, 1 day, rt
(0] O
H |
8D e
HN O HN

) |
S-S-L-S-G-R-C-W-A

Scheme 2. Synthetic cyclisation strategy exemplified for peptide 30. The strategy yields side chain-to-tail cyclised
peptides. 2-CTC = 2-chlorotrityl chloride.

All linear peptidic sequences used for cyclisation were synthesised on 2-chlorotrityl chloride (2-CTC)
resin, allowing for cleavage of the sequences under mild acidic conditions without the removal of the
standard side chain protective groups, thus preventing side-reactions during the following cyclisation
step. The desired linear peptides were cleaved from 2-CTC resin using solutions of HFIP (20-40%) in
DCM, resulting in sequences with C-terminal carboxylic acids. In case of the side chain-to-tail
cyclopeptides, the linking side chain of ornithine (Orn) was initially protected with acid labile Mtt
group that was removed at the stage of the resin cleavage with the HFIP solution. The cyclisation
connecting a free amine and carboxylic acid was then performed using PyBOP and DIPEA at the

maximum peptide concentration of 1 mM in DMF (Scheme 2). The relatively high peptide dilution
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allows to minimise the undesired formation of dimeric and oligomeric forms of the macrocycles. The
ring size of seven or more amino acids is generally conducive to macrocyclisation and according to

expectations, peptides 11-38 were successfully cyclised without any further complications.*#”!

3.2.3. TIM Barrel Loop Mimetics

The synthesis of the TIM barrel loop mimetics commenced by obtaining N-terminally acetylated linear
peptides with a common sequence of seven amino acids spanning from Argl64 through Asn170:
RDDIIEN, and a varied number of flanking residues at the N- and C-terminus (39-45; Table 2). All the
linear peptides contain in their sequence three amino acids identified previously as hot-spot residues:

Aspl65, lle167 and lle168.

Table 2. Sequences of linear acetylated peptides, derived from the TIM barrel loop interacting with MEP50.

Peptide Sequence
39 AcC-RDDIIEN-NH:
40 Ac-RDDITIENA-NH
41 Ac-1JRDDIIENA-NH:
42 Ac-RDDIIENAP-NH,
43 Ac-LRDDITENAP-NH;
44 Ac—-RDDITENAPT-NH,
45 Ac-LRDDIIENAPT-NH

Due to the intricate conformation of the loop and the arrangements of the side chains, presenting an
extensive intra- and intermolecular H-bond network, four different macrocyclisation approaches were
devised resulting in a wide range of ring sizes spanning between 30 and 43 atoms (Figure 21). The first
design attempts to connect the side chain of Arg164 with the C-terminus of Asn170. To facilitate such
connection the N-terminal Arg is replaced by either Lys or Orn, whose side chain is then linked to
Asn170 through hydrocarbon chains of varied length using amide bonds for attachment. This strategy

afforded compounds 46-51 with the ring sizes between 30 and 33 atoms (Figure 21).

The linear sequences of 46-51 were obtained on 2-CTC resin through the means of the standard Fmoc-
based SPPS, where the desired hydrocarbon connector was directly attached to the resin linker and
the N-terminal Lys or Orn was side chain-protected with the Mtt group. The steps towards the cyclic
structures were analogous to the synthesis of 32-38. The removal of the peptide from the resin with
a concomitant cleavage of the Mtt group was achieved with 40% HFIP in DCM. The following
cyclisation was performed in solution under high dilution (maximum peptide concentration of 1 mM)

using PyBOP and DIPEA in DMF (Scheme 3).
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Figure 21. Structures of cyclic peptides intended to mimic the protruding loop of the TIM barrel domain
interacting with MEP50. The red dashed line indicates the cyclisation site.
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Scheme 3. Synthetic cyclisation strategy exemplified for peptide 46. The strategy yields side chain-to-tail cyclised
peptides. 2-CTC = 2-chlorotrityl chloride.

The second cyclisation design attempts to connect the termini of Arg164 and Pro172 through a linker.
In this approach Lys or Orn is coupled to the C-terminal Pro172 and its side chain is tethered to the N-
terminus of Arg164 via a hydrocarbon linker of varied length. The compounds that resulted from this
strategy are 52-55 with a ring size between 37 and 39 atoms (Figure 21). The compounds were
prepared on low substitution rink amide resin with Alloc protected C-terminal Lys or Orn. Following

the SPPS of the linear sequences, the N-terminal amine of Argl64 underwent a reaction with a cyclic

Page | 47



PART A: Modulating Interactions Between PRMT5 and MEP50

anhydride of the desired length, affording a linker with a free carboxylic acid intended for a further
amide coupling. The Alloc group was removed from Lys or Orn using Pd(PPhs)s in the presence of
PhSiH; in anhydrous DCM. The resulting free amine was then coupled intramolecularly with the free
carboxylic acid, affording resin-bound and side chain protected cyclic peptides 52-55 (Scheme 4). The
use of the low substitution resin allowed to prevent the undesired cross-coupling reactions between

separate peptide chains.
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Scheme 4. Synthetic cyclisation strategy exemplified for peptide 52. The strategy affords head-to-side chain
cyclised peptides.

The third approach envisaged larger macrocycles where Thrl74 is replaced by Ala to prevent
unnecessary, non-specific interactions of the Thr side chain. The connection is made between the N-
terminus of Argl64 and the C-terminal carboxylic acid of the residue at position 174, using a
hydrocarbon chain and Gly as a linker. This design afforded cyclopeptides 56-60 with the ring sizes
between 38 and 42 atoms (Figure 21). The linear precursors were synthesised on 2-CTC resin with Gly
at the C-terminus and the desired linker on the N-terminal end of the peptide. The peptides were
removed from the resin through the treatment with 20% HFIP in DCM, which was followed by

cyclisation in solution (Scheme 5).
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Scheme 5. Synthetic cyclisation strategy exemplified for peptide 56. The strategy affords head-to-tail cyclised
peptides. 2-CTC = 2-chlorotrityl chloride.
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The final macrocyclisation design is analogous to the structures of 56-60, however, Gly is replaced by
Asp, whose sidechain is then used for completing the ring of 39 to 43 atoms. Compounds 61-65 are
based on this design (Figure 21). The linear sequences of 61-65 were obtained through the SPPS
synthesis on low substitution rink amide resin with C-terminal Asp protected as allyl ester and N-
terminally attached linker with its amine protected by the Fmoc group. The allyl ester on the Asp side
chain was then removed through the treatment with Pd(PPhs)s, which was followed by the removal
of the Fmoc group, exposing a free amine. The subsequent macrocyclisation via amide bond formation

was performed on resin yielding side chain protected cyclopeptides (Scheme 6).

NH-Fmoc O-All NH-Fmoc HO

Pd(PPh3), (25% mol)
PhSiH,
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Scheme 6. Synthetic cyclisation strategy exemplified for peptide 61. The strategy affords head-to-side chain
cyclised peptides.

3.2.4. Protein Expression

In order to test the ability of the synthesised peptidomimetics to interact with PRMT5 and MEP50 in

biophysical and enzymatic assays, isolated proteins were required.

All proteins used for the experiments described in this work were expressed and purified by the team
at the Protein Chemistry Facility at the Max Planck Institute of Molecular Physiology in Dortmund.
Attempts were made to express the human heterooctameric PRMT5-MEP50 complex or its isolated
components in Escherichia coli, however, none of the expression strategies tested by the facility
afforded the desired constructs. The successful co-expression of PRMT5-MEP50 was only achieved
using HighFive insect cells, where PRMT5 was labelled with a cleavable N-terminal 6His-MBP tag and
MEP50 was tagged with removable N-terminal 6His-TRX. The tags were removed from the proteins at
the purification stage, using HRV-3C PreScission protease. The human complex was obtained with only

short N-terminal Gly-Pro overhangs attached to the otherwise native protein sequences. Attempts to
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express and isolate either PRMT5 or MEP50 alone were unsuccessful, testing all standard tags and

expression conditions offered by the protein facility (Table S3).

The full length PRMTS5 protein can oligomerise, with a significant role in this process performed by the
catalytic domain. The catalytic domain contains the interchain salt-bridge formed by Arg488 and
Asp491 contributing to the complex dimerisation (PRMT5,), as well as Ser321, Arg368, Thr400, Asp531
and Trp603 interacting with the residues of the TIM barrel domain involved in the assembly of the
homotetramer (PRMT5,). Based on the distribution of the interchain interactions across the PRMT5
domains and the spacial arrangements of the domains from different PRMT5 units comprising the full
complex, it was inferred that protein constructs with the truncated catalytic domains (the B-barrel and
Rossmann fold) would lose the ability to form PRMT5 homodimers and homotetramers.?°=3721 Such
constructs were deemed desirable as they could potentially offer the ability to inhibit the interaction
between the full-length PRMT5 and MEP50 proteins, or allow to determine in more unambiguous
manner the specific interaction domain of the synthesised peptides and peptidomimetics intended to

bind to the PRMT5-MEP50 complex.

A truncated version of the human PRMTS5 protein corresponding to the TIM barrel domain (1-292 aa)
was expressed in E. coli and successfully isolated. The protein was expressed with a SUMO-tag, which
was cleaved with SUMO protease at the purification stage for a portion of the expressed protein. The
isolated domain proved to be buffer soluble in the absence of MEP50, either in the presence or
absence of the SUMO tag. The protein was also co-expressed together with MEP50 (both proteins
initially labelled with the N-terminal 6His-TRX tag), giving an untagged TIM-MEP50 heterodimer after

the protein purification. The heterodimer could only be expressed in the HighFive insect cells.

The molecular weight of the expressed proteins was evaluated using mass photometry. Mass
photometry detects particle binding/unbinding events at the interface between the solution and a
solid glass surface, based on the associated light scattering effect characterised by the appropriate
contrast that can be detected and counted by the instrument. As different particle sizes are expected
to give different contrasts in mass photometry, the distribution of the particle sizes in solution can be
estimated without a need to interfere with the sample and to modify or label the particles.?%%3°" The
analysis of the expressed full length PRMT5-MEP50 construct returned a mass estimation of 407 + 22
kDa which approximately corresponds to the heterooctameric assembly (PRMT54-MEP50,, calculated
mass of 438 kDa) or alternatively to the complex without one MEP50 unit (PRMT5,-MEP503, calculated
mass of 401 kDa; Figure 22A). The exact character of the complex is difficult to determine due to the
nature of the technique. The isolated TIM-MEP50 (calculated mass of 70 kDa) afforded the mass
estimation of 68 + 15 kDa, corroborating the initial hypothesis, that the truncation of the catalytic

domains would result in the inability to form the oligomers (Figure 22B).
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Figure 22. Results of the mass photometry measurements of the expressed proteins: A) Results for full-length
human PRMT5-MEP50 complex. B) Results for the truncated complex, TIM-MEP50. The protein complex
structures are presented based on the crystal structure 4GQB.

3.2.5. Compound Evaluation

As the presence of MEP50 in the methyltransferase complex is known to be important for the
methylation activity of the PRMTS enzyme, the synthesised peptidomimetics intended to disrupt the
interaction between MEP50 and PRMT5 were tested for their ability to impact the methylation rate
of an H4 histone tail peptide (Ac-SGRGKGGKGLGKGGAKRHRKV-NH,).1370386:3871 The assay used to this
end was MTase-Glo™, which detects the SAH by-product produced as the result of the substrate

methylation (Figure 13, section 1.3.1.). The presence of SAH is translated into ADP by the assay
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reagent, which is subsequently converted into luminescent light using the MTase-Glo™ detection
solution containing luciferase and luciferin. The amount of the produced light is proportional to the
SAH concentration generated by PRMT5.5392 The inhibition of the PRMT5 enzymatic activity, thus, can
be directly detected with the assay. A small compound which is an active site inhibitor of PRMTS5 called
EPZ015666 was used as a positive control in the experiment (Figure 23A).5%! All peptidomimetics of
the MEP50 insertion finger (1-5 and 11-31) were soluble in the assay buffer, however, ten of the
synthesised PRMT5 loop mimetics (41, 48, 49, 54, 58-60, 62, 64 and 65) formed gel-like aggregates

following a preparation of peptide solutions in the required buffer, and thus, they were excluded from
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Figure 23. Methyltransferase activity analysis: A) Structure of the commercial PRMT5 active site inhibitor. B)
MTase-Glo™ assay with EPZ015666 and the buffer soluble, unlabelled peptidomimetics. C) MTase-Glo™ assay
with EPZ015666, TIM barrel domain and TIM-SUMO protein construct.
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further analysis. None of the tested mimetics of either the insertion finger of MEP50 or the PRMT5
loop had a detectable effect on the methyltransferase activity of the full-length human PRMT5-MEP50
complex, despite observing a strong enzyme inhibition by EPZ015666 (ICso of 93 + 40 nM; Figure 23B).
As a control experiment, the compounds were also tested under the assay conditions without the
enzyme present, in order to ensure that they do not induce luminescence. The enzymatic activity assay

proved that the expressed and isolated PRMT5-MEP50 complex is catalytically active.

The assessment of the peptidomimetics in the MTase-Glo™ assay was followed by testing the
influence of the isolated TIM barrel domain and the TIM-SUMO protein construct on the activity of
the PRMT5-MEP50 complex. In a similar manner to the peptidomimetics, the exposure of the
methyltransferase complex to the TIM barrel proteins had no detectable effect on the enzyme activity

(Figure 23C).
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Figure 24. FP analysis of the fluorescently labelled peptidomimetics (6-10 and 32-38): A) FP analysis for peptide
binding to the unlabelled TIM barrel domain. B) FP analysis for binding to the SUMO tagged TIM barrel domain.
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The observed results suggest that the synthesised linear and cyclised peptides, as well as the TIM
barrel constructs are unable to disrupt the PRMT5-MEP50 complex. This could be caused by
inappropriate cyclisation of the peptidic sequences and misfolded interaction face of the expressed
TIM barrel proteins, or by the very strong interactions between the protomers in the presumably
obligate PRMT5-MEP50 complex. Alternatively, the PPl between MEP50 and PRMTS5 are partially
inhibited but such action has insufficient effect on the enzyme activity. Burgos et al. showed that even
a loss of two out of four MEP50 proteins from the heterooctameric construct (PRMT54-MEP50,) still
allows to conserve over 75% of the original methyltransferase activity.*®®! The tested compounds
could thus suppress the interaction of the proteins to a limited extend, but unless the inhibition is

complete the impact on the activity might be negligible.

The MTase-Glo™-based experiments were followed by a binding assessment with a fluorescence
polarisation (FP) assay. The fundamental principle of the FP assay is based on the detection of the
changes in the light polarisation emitted by a fluorophore attached to the tested molecule, where the
degree of the polarisation of the emitted light is inversely related to the rotation of the fluorophore.
When a fluorophore is attached to a small molecule, the light is largely depolarised, however, when
the fluorophore is bound to a larger particle, its speed of rotation is reduced and the degree of the
polarisation of the emitted light increases.***3%! The fluorescently labelled linear and cyclic mimetics
of the MEP50 insertion finger (6-10 and 32-38) were tested for the ability to bind directly to the
isolated, unlabelled TIM barrel domain (Figure 24A) or to the TIM barrel domain labelled with the
SUMO tag (Figure 24B). None of the tested compounds displayed detectable binding activity to the
used proteins. The inability of the peptides to bind to the surface of the TIM barrel constructs could
have been caused by a misguided peptide design, although this explanation is unlikely due to the
inclusion of the linear peptides of various lengths among the tested compounds. Alternatively, the
peptides might have inherently very low affinity towards the target, based on the potentially weak
native interaction between the peptide chain and the surface of the protein. The surface area on the
isolated TIM barrel domains could have also been shaped differently than the PPI surface of PRMTS5 in
the presence of MEP50, preventing the peptides from the appropriate, native interactions, that are

observed in the crystal structure of the full PRMT5-MEP50 complex.

The combined negative results obtained from the MTase-Glo™ and FP assays highlight the difficulty
of designing PPI inhibitors and protein-binding probes, and suggest that targeting of the interactions

between PRMT5 and MEP50 might not be feasible with the selected strategy applied here.

During writing of this doctoral thesis, Asberry et al. reported a discovery of the first small molecule
inhibitor of the PRMT5-MEP50 interaction.®**” The compound was developed following the initial hit

in a screening campaign involving bimolecular fluorescence complementation-based assay in cells and

Page | 54



PART A: Modulating Interactions Between PRMT5 and MEP50

virtual screen. The PPl inhibitor is believed to bind to the hydrophobic pocket of the TIM barrel domain
that houses the MEP50 insertion finger, displacing the hot-spot residue Trp54, thus, supporting the
outlined here initial decision and reasoning for targeting this particular site on PRMT5. The analysis
performed by Asberry et al. revealed that their inhibitor could impact a number of cellular pathways
associated with PRMTS, crucial for the survival and the proliferation of prostate and lung cancer cells.
Additionally, the compound appeared to be inhibiting the transforming growth factor-B (TGF-B),
protein which can act as either tumour suppressor or promoter, extensively involved in cancer
progression.’373%! However, biophysical evidence of the PRMT5-MEP50 PPI inhibition is lacking from

their report.

3.2.6. Histone Tail Peptides

In order to further explore the potential PPls of the PRMT5-MEP50 complex, the interaction of the
TIM barrel and MEP50 with the human histone tail peptides H2A, H4 and H3 were tested. It was
hypothesised that the histone tails could interact with MEP50 in a similar manner to the binding
between H3 and WDRS5 (a protein with a similar WD40 fold).*! MEP50 could therefore potentially
act as a PRMT5 substrate recruiter through a direct interaction with the histone peptides. Six
fluorescently labelled histone tail peptides were synthesised, placing the FITC label either on the N-
terminal (66-68) or the C-terminal end of the sequences (69-71; Table 3). The variations in the FITC
placement were applied in order to minimise the chance of label interference with the protein. The
synthesised peptides were tested for binding to the TIM-MEP50 complex, a construct without the
catalytic methyltransferase domain. None of the analysed histone tail peptides showed binding
activity in the performed FP assay, not indicating interaction between the human histone tails and
MEP50 or the TIM barrel (Figure 25). These observations seem to support the interaction and the
substrate recognition model between PRMT5-MEP50 and histones proposed by Shechter et al., where
MEP50 binds to the substrate region distal to the methylated Arg residue on the histone tails, orienting

the tails towards the active site of PRMTS5.137%:386]

Table 3 Sequences of fluorescently labelled H2A, H4 and H3 histone tail peptides.

Peptide Sequence

66 (H2A) Fitc-020c-SGRGKQGGKARAKAKTRSSRA-NH,

67 (H4) Fitc-020c-SGRGKGGKGLGKGGAKRHRKV-NH;

68 (H3) Fitc-020c-ARTKQTARKSTGGKAPRKQLATKAARKSA-NH,

69 (H2A) Ac-SGRGKQGGKARAKAKTRSSRA-020c-K (FITC) -NH>

70 (H4) Ac-SGRGKGGKGLGKGGAKRHRKV-020c-K (FITC) -NH2

71 (H3) Ac-ARTKQTARKSTGGKAPRKQLATKAARKSA-020c-K (FITC) -NH,

FITC = fluorescein isothiocyanate.
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Figure 25. FP analysis of the direct histone tail binding to the TIM-MEP50 protein complex.
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3.3. Summary and Conclusions

MEP50 plays an important role in histone methylation by PRMT5, and development of inhibitors of
the interaction between these two proteins could afford an invaluable tool for elucidating the enzyme
biochemistry and regulatory mechanisms. A working PRMT5-MEP50 PPl inhibitor could also
contribute to the development of novel clinically applicable compounds targeting the PRMT5-MEP50

complex.

Analysis of the amino acid contribution to the binding between PRMT5 and MEP50 via a virtual Ala
scan suggested two distinctive protein loops as viable structures for mimicking with various linear and
cyclic peptides. The identified regions were the MEP50 insertion finger and a protruding loop of
PRMTS5, both with seemingly extensive contributions to the PPl of interest. A number of linear and
cyclic analogues of the loops were synthesised, where the macrocycles were obtained through
different in-solution and on-resin cyclisation strategies resulting in compounds with various ring sizes.
The afforded peptidomimetics were tested in vitro using different protein constructs. The MTase-
Glo™ assay measuring the enzymatic activity of PRMT5-MEP50 complex, showed no effect by the
peptidomimetics on the methylation rate of the methyltransferase complex. Similar observations
were made when the TIM barrel domain and the TIM-SUMO construct were used with the intention
to inhibit the PRMT5-MEP50 activity. Fluorescently labelled peptidomimetics based on the sequence
of the MEP50 insertion finger were tested in an FP assay for direct binding to the SUMO-tagged and
untagged TIM barrel domain. The performed FP assay indicated no binding activity. The observed
results have a number of potential explanations. The selected protein sequences may have an
intrinsically weak binding affinity insufficient for the PPl inhibition or detection of binding to the tested
TIM barrel domains under the used conditions. Additionally, the interaction between PRMT5 and
MEP50 might be too strong in comparison to the tested compounds. The negligible effect on the
enzyme activity could be caused by the incomplete inhibition of the PPl between PRMT5 and MEP50.
It is also possible that the shape of the interfacing surface of the isolated TIM barrel domains
significantly different from the interface topology observed in the available crystal structures of the
PRMT5-MEP50 complex, preventing the formation of the desired interactions between the tested
peptides and proteins. These negative results pointed the attention of the author towards alternative

PPIs involving the PRMT5-MEP50 complex.

The removal of the methyltransferase domain from PRMT5 prevents the resulting constructs from
forming oligomeric complexes, as proved through mass photometry. The truncated TIM-MEP50
protein construct was used to determine whether MEP50 can interact with human histone tail

sequences. No detectable binding was found between the histone tails and TIM-MEP50, supporting
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the model of the arrangement between PRMT5-MEP50 and histones, where the body of the histone

interacts with MEP50, orienting the tail towards the active site of PRMTS5.

Page | 58



PART B: Targeting Potential Interactions Between SUZ12 and MEP50

PART B: Targeting Potential Interactions
Between SUZ12 and MEP50

4.1. Brief Introduction to PART B

In 2006, while performing a set of pull-down experiments, Furuno et al. observed interactions
between MEP50 and the SUZ12 protein.8! SUZ12 is a crucial 83 kDa component of the polycomb
repressive complexes 2/3/4 (PRC2/3/4) and required for their activity.!*°®%%! PRCs are heterogenous
protein assemblies composed of a number of various combinations of subunits. PRC2/3/4 play an
important role in the regulation of the gene expression, inducing gene silencing through methylation
of Lys residues located in histone tails.*®® The potential association between SUZ12 and MEP50 also
implicates the involvement of PRMTS5, suggesting that PRMT5-MEP50 could be conceivably an
additional and transient component of the SUZ12-containing PRC assemblies, assisting with the
methylation of Arg residues. Such supposition appears to be likely considering the well-known histone

methylation activity of the PRMT5-MEP50 complex.[34%386,404,405]

Potential identification of the protein binding motif responsible for mediating the observed SUZ12-
MEP50 interaction could lead to a rapid development of peptidomimetic PPl inhibitors and allow more
in-depth analysis of the nature of this interaction. Peptidomimetics disrupting the SUZ12-MEP50 PPI
could also be used for elucidating the plausible involvement and association of PRMT5-MEP50 with
the PRC assemblies, shedding more light onto the biochemical mechanisms and activity of these

complex gene expression regulators.

Considering the above motivation, the aim of the study in PART B is to develop a peptidomimetic
capable of inhibiting the potential interaction between SUZ12 and MEP50. The objectives are to
identify the exact sequence mediating the interaction based on the initial observations of Furuno et
al., optimise and cyclise the determined binding sequence, and if possible perform biophysical and

biochemical analyses of the investigated PPI.
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4.2. Results and Discussion

4.2.1. Identification of the MEP50 binding sequence in SUZ12

Furuno et al. determined the SUZ12 sequence of residues 403-536 as the protein fragment responsible
for interacting with MEP50.58% Based on this information, it was planned to synthesise a number of
peptides of different length spanning over the identified, binding SUZ12 region (72-78, Table 4), aiming

to potentially find a short amino acid motif responsible for the interactions with MEP50.

Table 4. Sequences of fluorescently labelled SUZ12-derived peptides.

Fitc-020c-KESLTTDLQTRKEKDTPNENRQKLRIFYQFLYNNNTRQQT-NH, 72 (403-442)
73 (443-478) Fitc-020c-EARDDLHCPWCTLNCRKLYSLLKHLKLCHSRFIFNY-NH,
74 Fitc-020c-YQFLYNNNTRQQTEARDDLHCPWCTLNCR-NH,
75 Fitc-020c-EARDDLHCPWCTLNCR-NH;
76 Fitc-020c-KLYSLLKHLKLCHS-NH,
77 Fitc-020c-IFYQFLYNNNTRQQTEA-NH;
78 Fitc-020c-QFLYNNNTRQQ-NH;
79 Fitc-020c-DLHCPWCTLNCR-NH,
80 Fitc-020c-LHCPWCTLNC-NH;
81 Fitc-020c-HCPWCTLN-NH,
82 Fitc-020c-CPWCTL-NH,
83 Fitc-020c-NTRQQTEARD-NH,

FITC = fluorescein isothiocyanate, 020c = 8-amino-3,6-dioxaoctanoic linker.

The linear sequences were synthesised using automated SPPS with microwave-assisted heating of the
coupling and the Fmoc removal steps. As the peptides were intended for use with FP-based assays,
the SUZ12-dervided sequences were N-terminally labelled with FITC connected through a 020c linker.
Due to the substantial length, sequences 72-74 were synthesised on the fully polyethylene glycol-
based ChemMatrix® resin, which is more appropriate and effective for use with challenging,
hydrophobic, highly structured, large or poly-Arg peptides than the typical polystyrene-based solid
support.[“®® During the synthesis of 74, a considerable amount of by-product, with a molecular mass
corresponding to the piperidine adducts resulting from the reaction with aspartimide, could be
detected.!*?74%¢] The formation of aspartimides during the SPPS of 74 was expected due to the central
location of the two consecutive Asp residues in the sequence: Asp446 and Asp447. In order to prevent
the aspartimide formation, resulting in the racemisation and backbone alteration (Scheme 7A), the
standard t-butyl side chain protective group of Asp was replaced with an acid removable
trialkylcarbinol-based protective group, i.e. 5-n-butyl-5-nonyl (Bno), shown to be very effective at
reducing the aspartimide formation (Scheme 7B).[*®! To further minimise the rate of the aspartimide
formation, the piperidine solution used for the Fmoc removal was supplemented with 0.5 M oxyma,
an approach shown to significantly reduce the base-driven side reaction through an acid-mediated pH
modulation.*1%411) The changes to the synthetic protocol of 74 were successful and resulted in no
detectable presence of aspartimide or its piperidine adducts during the peptide synthesis and

purification.
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Scheme 7. Aspartimide formation: A) Formation of aspartimide from protected Asp residue, followed by the ring
opening through hydrolysation or addition of piperidine. B) Bno side chain protective group prevents the
aspartimide formation.

The obtained peptides were tested in an FP assay against the human PRMT5-MEP50 complex. During
the sample preparation 73 proved to be insoluble in the assay buffer, and thus, it was excluded from
the analysis. Peptide 76 appeared to be causing aggregation resulting in aberrant readout in the assay.
It seemed that 74 and 75, compounds sharing the common sequence (residues 443-458) containing a
Cys;His; zinc finger motif, showed a detectable, although weak binding to the protein complex (Figure
26A). Zinc fingers from the classic Cys;His; fold group are Zn binding protein elements containing two
conserved Cys and His residues interacting with the Zn?* ion (Figure 27).1*? The coordination to the
Zn ion provides additional stability to the zinc finger fold.[**344] Most of the human Cys;His; zinc finger
proteins appear to bind DNA, however, the DNA binding ability requires two or more tandem Cys;His;
zinc finger motifs, which is not a case for SUZ12.143541¢1 The Cys,His, zinc finger motifs can also mediate
binding to proteins and RNA, and some can interact with both DNA and proteins.[*7418 The zinc finger
of SUZ12 appears to be crucial for mediating the interactions with Jarid2, one of the PRC2 protein
subunits, thus, assuring the ability of the complex to interact with chromatin.*Y It is possible,
however, that the SUZ12 zinc finger can also interact with other proteins like MEP50. Furuno et al.
considered the involvement of the SUZ12 zinc finger in the binding of the protein to MEP50, but they
dismissed this hypothesis after observing the PPl between MEP50 and the SUZ12 fragment with the
zinc finger Cys residues mutated to Gly.3® The conclusions rejecting the zinc finger as a binding motif
may, however be premature, as the mutations of the Cys residues involved in the interaction with Zn
ion can destabilise the fold, but they are presumably unlikely to impact the potential protein

interaction motif itself, thus, resulting in the preserved PPI.
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Figure 26. FP analysis of the direct interactions between SUZ12-derived peptides and the full length PRMT5-
MEP50 complex: A) FP results for the interaction between peptides 72, 74-78 and PRMT5-MEP50. B) FP results
for the interactions between peptides 79-83 and PRMT5-MEP50.

Considering the promising binding results observed for 74 and 75, their binding sequences were
divided into smaller peptides 79-82 of different lengths containing the amino acids of the zinc finger
loop and peptide 83 with the more N-terminally oriented sequence of 74, to explore the likely
fragment combinations (Table 4). The peptides were tested in an FP assay for direct binding to PRMT5-
MEP50. Compound 83 showed no interaction with the complex, but the peptides based on the zinc
finger loop (79-82) could bind to PRMT5-MEP50 (Figure 26B). The longest loop-derived sequence 79
was binding with the lowest affinity, and the shortest peptide 82 with six amino acids (Figure 27) was
binding the strongest with a Kp of 309 + 74 nM. It was thus tentatively assumed that the motif
responsible for the interactions between SUZ12 and MEP50 was contained in the short sequence of

the zinc finger loop: CPWCTL. This finding seemed reasonable considering the aforementioned ability
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of the zinc finger motifs to mediate PPIs.[**418 Encouraged by the afforded results, it was decided to
synthesise the first fluorescently labelled cyclic peptides 84 and 85 (Figure 28), based on the sequence
of 79, where the macrocyclic design was guided by the crystal structure of SUZ12.1*U The
cyclopeptides were macrocyclised in solution through a connection between the side chain of Orn or

Lys and the tail of the compound.

Figure 27. Crystal structure of the human SUZ12 fragment (residues 423-478 are shown) encompassing the
CyszHisz zinc finger motif (PDB ID: 5WAI). The red colouration designates the amino acid sequence corresponding
to peptide 82.
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Figure 28. Structures of cyclic peptides 84 and 85 based on the sequence of 79. The peptides are cyclised using
the side chain-to-tail approach. FITC = fluorescein isothiocyanate, 020c = 8-amino-3,6-dioxaoctanoic linker.
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Figure 29. FP analysis of the direct interactions between SUZ12-derived peptides and truncated
methyltransferase protein constructs: A) FP results for the interaction between peptides 79-85 and TIM-MEP50.
B) FP results for the interactions between peptide 82 and the isolated TIM barrel domain of PRMTS5.

Peptides 79-85 were tested in an FP assay against the TIM-MEP50 protein complex in order to
eliminate the Rossmann and B-barrel domains of PRMTS5 as the binding sites for the SUZ12 zinc finger
sequences (Figure 29A). The results were similar to the analysis with the full methyltransferase
complex, where 82 was binding the strongest (Kp of 71 + 17 nM) and 83 did not show any activity. The
cyclised peptides 84 and 85 did not show any significant affinity improvement to the target over the
linear sequence 79. As a control experiment confirming the identity of the interacting domain, another
FP assay was conducted where 82 was tested with the isolated TIM barrel domain and no MEP50
present (Figure 29B). Surprisingly, the compound could bind to the TIM domain with a Kp value of 59
+ 22 nM, similar to the affinity observed when tested with TIM-MEP50. These unexpected results

imply that either the conclusions reported by Furuno et al. indicating MEP50 as the interaction domain
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of SUZ12 were inaccurate, and the PPl is actually mediated through the TIM barrel domain of PRMTS,
or alternatively, the observed interactions are highly non-specific.*®” In order to determine whether
82 binds non-specifically to proteins, the compound was tested in an FP assay against the GST (Figure
30A) and BSA (Figure 30B) proteins. The sequence could bind very strongly to both control proteins,
resulting in a Kp of 1.1 £ 0.03 uM with GST and 36 £ 15 nM with BSA, proving the non-specific character

of the interactions.
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Figure 30. FP analysis of the direct interactions between 82 and control proteins: A) FP results for the interaction
between the peptide and GST. B) FP results for the interaction between the peptide and BSA.

In light of the non-specific interactions of the SUZ12 zinc finger-derived peptide, it was decided to
terminate any further development of peptidomimetics based on this sequence. It is possible that the
interaction between MEP50 and SUZ12 identified by Furuno et al. is a result of a multitude of weak
interactions distributed across larger surface area between the proteins and could require a specific

structural fold involving longer amino acid sequence, not a short peptidic motif.

Page | 65



PART B: Targeting Potential Interactions Between SUZ12 and MEP50

4.3. Summary and Conclusions

The PPl between MEP50 and SUZ12 was investigated, based on a previous report of the interactions
between these two proteins.8 The SUZ12 fragment of residues 403-536 was divided into shorter
peptide sequences intended for biophysical testing with different PRMT5-based protein constructs. A
short sequence of compound 82, CPWCTL, was initially identified as a tentative binding motif when
tested with the full length PRMT5-MEP50 complex and the truncated TIM-MEP50 construct, affording
Ko values of 309 + 74 nM and 71 + 17 nM, respectively. The binding sequence was corresponding to
the loop of the zinc finger motif in SUZ12 and was also tested with the isolated TIM barrel domain,
where a strong binding interaction was observed (Kp of 59 + 22 nM). The interaction with the TIM
barrel revealed a discrepancy between the previously reported findings regarding the SUZ12-MEP50
PPl and the here observed interaction with the TIM domain of PRMT5. The results suggested potential
non-specific interactions between the tested proteins and the peptide. Sequence 82 was further
assessed for binding to GST and BSA, giving Kp values of 1.1 £ 0.03 uM and 36 + 15 nM, respectively.
The binding of 82 to the control proteins corroborated the conjecture of the non-specific interactions
with the methyltransferase-based proteins. Considering the strong non-specific peptide binding, any
further synthesis of the SUZ12 peptidomimetics based on the zinc finger sequence was not pursued.
It is possible that the reported SUZ12-MEP50 association is mediated though a number of weaker
interactions distributed over longer protein sequence and could additionally require a specific protein

fold for the effective complexation.
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PART C: Investigating a Novel PPI Interface
Between PRMT5 and its Adaptor Proteins

5.1. Brief Introduction to PART C

PRMTS interacts with a number of various adaptor proteins which can regulate the substrate
specificity and the enzyme activity by presenting suitable cellular targets for methylation. One of the
most important PRMT5 adaptor proteins is pICIn, which presents three Sm proteins SmD1, SmD3 and
SmB to the enzyme.3?>3%] The symmetric dimethylation of the Sm proteins allows to increase their
affinity to the survival of motor neurons (SMN) complex, allowing then to assemble the Sm cores onto
proper small nuclear RNAs (snRNAs), and thus, afford small nuclear ribonucleoproteins (snRNPs)
essential for spliceosomal activity in cells.[**32>3261 More recently, the PRMT5-pICln assembly was also
shown to act as a master epigenetic activator of DNA double-stand break repair genes, important for

cell survival and genome integrity.[4*"!

PRMTS5 also interacts with RioK1, an adaptor protein which recruits nucleolin for methylation by the
enzyme.¥2 Nucleolin is involved in DNA metabolism affecting such processes as DNA repair,
recombination and replication. Nucleolin also impacts RNA regulatory mechanisms including ribosome
assembly, transcription and microRNA processing.[*?” Nucleolin is one of the most highly methylated
proteins with approximately a third of its Arg residues methylated.[*?" The methylation of nucleolin
has a strong effect on its interaction with DNA and RNA.[*22423 Very recently, NF90 has been identified
as a new PRMTS5 substrate, and shown to also interact with the PRMT5-MEP50 complex through the
association with RioK1.%) NF90 is a ubiquitous double-stranded RNA-binding protein associated with

RNA metabolism.[“?* Interestingly, RioK1 and pICln bind to PRMTS in a mutually exclusive manner.!382!

It has been proposed that COPRS works as a chromatin adaptor for PRMTS5, recruiting the enzyme to
function on a selected set of its target genes. The PRMT5-COPR5 complex interacts with the
transcription start site of the cyclin E1 (CCNE1) gene, causing gene repression through promoter
regulation. COPR5 can also modulate the histone target specificity of PRMTS5, resulting in the

preferential methylation of histone H4.1384

A better understanding of the nature of the interactions between PRMT5 and its adaptor proteins
could contribute to elucidating the regulatory mechanisms governing the activity and specificity of the
methyltransferase, and could allow for the development of new PPl inhibitors modulating the cellular
behaviour of PRMT5. This chapter outlines the path taken to identify the consensus binding sequence
of the plCln, RioK1 and COPR5 adaptor proteins used for the substrate association with PRMTS5, and

describes the novel PPl interface found on the surface of the TIM barrel domain. The work relies on
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synthetic peptides used for investigating PRMT5-adaptor protein interactions by means of biophysical
assays and protein crystallography. The available methyltransferase protein truncations were utilised
to determine the binding domain and measure the binding affinity. An alanine scan of the residues in
the binding sequence was performed, identifying and quantifying the contributions of individual
amino acids to the PPI. A co-crystal structure was obtained for the TIM barrel domain of PRMT5 bound
to a RioK1-derived peptide, confirming the biochemical assay results. The results and conclusions are
in agreement with a recent and independent report by Mulvaney et al., concerning the PRMT5-

adaptor protein interface and the associated interactions.!*?*
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5.2. Results and Discussion

5.2.1. Identification and Biophysical Analysis of the Consensus Sequence

Guderian et al. reported competitive binding of pICIn and RioK1 to PRMT5 which suggested that either
those two proteins share potentially overlapping PPl regions, or they bind to the same site on the
surface of PRMT5, possibly indicating a common binding motif used for the interaction with the
methylosome.8 The then available structural information about pICIn and RioK1 was very limited,
and thus, the initial analysis focused on the amino acid sequences of the proteins, in hope of finding
meaningful common patterns between them. The sequences were compared using the protein BLAST
alignment tool.[*?®%?7] The search resulted in the identification of compelling similarities between the
C-terminal region of pICIn (residues 223-234) and the N-terminal sequence of RioK1 (residues 9-20). A
further similarity search to the identified sequences within the Homo sapiens protein data set afforded
two additional protein fragments: the C-terminal region of COPR5 (residues 177-183) and the central
region of the disabledl (DAB1) protein (residues 388-394; Figure 31A). The results seemed to be
encouraging as plCln, RioK1 and COPR5 were known PRMT5 adaptor proteins, with their potential
short consensus sequences located in the terminal regions, which is consistent with the characteristics
of the typical domain-peptide interactions.[?*%647] The identified sequences also either overlapped
with or were fully incorporated into the protein regions previously believed to be important for the
interactions with PRMT5. The AD3 acid domain region of pICIn (residues 230-237), as well as its PH
domain (residues 1-134) were previously proposed to mediate the interactions with the
methyltransferase.84281 Additionally, the N-terminal sequence of RioK1 (residues 1-120) and the C-
terminal protein fragment of COPRS5 (residues 141-184) are potentially involved in binding to PRMT5
(Figure 31B).1382384 DAB1, which is an adapter protein participating in signal transduction processes
with a significant involvement in neuron development, has not been previously associated with either

PRMT5 or MEP50. 14294301
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Figure 31. Protein sequences with identified alignment: A) BLAST alignments found for proteins DAB1, pICin,
RioK1 and COPR5. B) Schematic representation of pICln, RioK1 and COPR5 proteins, with the proposed PRMT5
interaction domains indicated.
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Fluorescently labelled linear peptides 86, 87, 88 and 89 (Table 5), derived from the identified
alignment sequences of RioK1, pICln, COPR5 and DAB1, respectively, were prepared using Fmoc-based
SPPS for FP analysis with the available PRMT5-based protein constructs. Due to the presence of up to
three Asp resides in the C-terminal region of 86-88, the peptides were regarded as prone to
aspartimide formation, and thus, Fmoc removal during the synthesis was performed using 20%
piperidine in DMF with an addition of 0.5 M oxyma in order to prevent the degeneration of the
sequences and appearance of undesired side products.*?%*% |n result, no aspartimide or piperidine

adducts were detected during the synthesis or purification of the peptides.

Table 5. Sequences and Kp values for the initial RioK1-, pICIin-, COPR5- and DAB1-derived peptides 86-89.

Ko Value (pMm)&!

Peptide Sequence E;"IV:ETE':'EPSO TIM-MEP50 TIM barrel
86 FITC-020c-SRVVPGQFDDAD-NH> 0.52 £+ 0.04 0.84 £+ 0.15 2.8 £+ 0.07
87 FITC-020c-TPTVAGQFEDAD-NH; 1.14 + 0.04 2.1 + 0.15 5.8 + 0.11
88 FITC-020c-MVFETGQFDDAED-NH> 0.55 £ 0.12 0.46 £ 0.00 2.4 + 0.32
89 FITC-020c-PTVAGQF-NH» n.b. n.b. n.d.

lalAs determined with FP. n.b. = no binding, n.d. = not determined, FITC = fluorescein isothiocyanate, 020c = 8-amino-3,6-dioxaoctanoic linker.

When tested with the full length PRMT5-MEP50 complex, peptides 86, 87 and 88 bound to the
methylosome with Kp values of 0.52 uM, 1.14 uM and 0.55 uM (Table 5, Figure 32A). Sequence 89
showed no detectable binding under the tested conditions. In order to determine the interacting
domain for peptides 86-88, the compounds were also tested against TIM-MEP50 and the TIM barrel
(Table 5, Figure 32B and C). The peptides displayed similar affinities for all tested protein constructs,
although the determined interactions were weaker for the isolated TIM barrel, presumably due to the
absence of the stabilising effect by the MEP50 unit. The obtained results suggested the TIM barrel as
the domain responsible for the interactions with the peptides derived from the adaptor proteins. The
inability of 89 to bind to PRMTS5 indicated a crucial role of the negatively charged C-terminal peptidic
region of the analysed compounds. The binding peptides 86-88 share a common sequence of seven
amino acids: GQF[D/E]DA[D/E]. The identified consensus sequence was thus hypothesised to act as a
binding motif mediating the interactions with PRMT5. Curiously, the pICIn-derived sequence 87 gave
consistently comparatively higher Kp values than 86 and 88 with every tested protein, thus also
tentatively suggesting the involvement of the N-terminal region in the interaction with the protein.
Compounds 86-88 did not show non-specific binding when tested with the control proteins GST and
BSA, further indicating the genuine character of the observed peptide-PRMTS5 interactions (Figure S1
and S2).
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Figure 32. Results for the FP analysis of the direct interactions between the fluorescently labelled adaptor
protein-derived peptides and different PRMT5-based protein constructs: A) Analysis of the peptide binding to
full-length PRMT5-MEP50. B) Analysis of the interactions between peptides and TIM-MEP50. C) Analysis of the
peptide binding to the isolated TIM barrel domain of PRMTS.
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Mulvaney et al. also identified the sequence GQF[D/E]DA[D/E] of pICIn, RioK1 and COPR5 as the
PRMTS5 binding motif.*?*! The identification of the motif was achieved though sequence alighment and
biophysical analysis. They observed that pICIn-derived sequences interacted with PRMT5 with lower
affinity than RioK1 and COPR5 peptides, which is consistent with the results presented herein (Table
5, Figure 32).

The approach based on the identification of sequences shared by unrelated proteins mediating
interactions with a common protein has been successfully used before to identify modulators of
PPIs.1431433] A prototypical example utilising such a method for finding a PPl inhibitor was reported by
Mochly-Rosen et al., who recognised a short sequence corresponding to a homology region of
unrelated protein kinase C (PKC) binders, resulting in a synthesis of an effective peptidic PKC PPI
inhibitor.*3? The previous successful applications of such an approach based on a similarity between

protein sequences seem to further strengthen the validity of the reasoning outlined herein.

Table 6. Sequences and Kp values of pICIn-, RioK1- and COPR5-derived, fluorescently labelled linear peptides.

Peptide Sequence Ko Value (nM)E!
86 FITC-020c-SRVVPGQFDDAD-NH, 522 + 45
87 FITC-020c-TPTVAGQFEDAD-NH, 1145 + 38
88 FITC-020c-MVFETGQFDDAED-NH; 549 + 119
89 FITC-020c-PTVAGQF-NH; n.b.

90 FITC-020c-LLMSRVVPGQFDDADSSD-NH2 279 + 41
91 Ac-LLMSRVVPGQFDDADSSDK (020c—-FITC) -NH2 374 + 16
92 FITC-020c-TPTVAGQFEDADVDH-NH2 520 + 40
93 FITC-020c-SRVVPGQFDDADSSD-NH> 295 £ 11
94 Ac—-SRVVPGQFDDADSSDK (020c-FITC) -NH2 1108 + 83
95 Fitc-020c-VDTTPTVAGQFEDAD-NH? 2378 + 817
96 Fitc-020c-LLMSRVVPGQFDDAD-NH? 192 + 26
97 Ac-LLMSRVVPGQFDDADK (020c-FITC) -NH2 290 £ 25
98 FITC-020c-SRVVPGQFDD-NH2 >5000

99 FITC-020c-SRVVPGQF-NH2 n.b.

100 FITC-020c-TPTVAGQF-NH: n.b.

101 FITC-020c-VPGQFDDAD~NH2 905 £+ 104
102 FITC-020c-GQFDDAD~NH; >5000

103 FITC-020c-FDDAD~NH> n.b.

104 Ac-SRVVPGQFDDADK (020c-FITC) -NH> 716 + 36
105 Ac-VPGQFDDADK (020c-FITC) —NH2 208 + 74
106 Ac-GQFDDADK (020c-FITC) -NH: >5000

107 Ac-FDDADK (020c-FITC) -NH2 n.b.

lalAs determined with FP using the native PRMT5-MEP50 complex. n.b.: no binding, FITC = fluorescein isothiocyanate, 020c = 8-amino-3,6-dioxaoctanoic linker.

In order to further investigate the interactions of the adaptor protein peptides with PRMT5, a number

of various sequences of different lengths with extended or truncated termini were synthesised (Table
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6, Figure S3-S5). Nearly every tested sequence was obtained in two variants, where the fluorescent
label was attached either to the N-terminus through a PEG-based linker or the C-terminal end via the
side chain of a Lys residue and 020c, to assure that the labelling does not interfere with the peptide
binding to the protein. The placement of the FITC label indeed had a significant effect on the
interactions for some peptides (compare peptide 93 to 94, or 101 to 105, Table 6). The sequence of
86 could be trimmed by removing the first three N-terminal residues without significant impact on the
affinity. Compounds 101 (Kp = 905 nM) and 105 (Kp = 208 nM) contained the shortest but still effective
binding sequence among the tested combinations. Compounds 101 and 105 presented the nine amino
acid sequence VPGQFDDAD, where the C-terminal labelling in 105 seemed more appropriate than the
N-terminal FITC location in 101, affording considerably better affinity for PRMT5. Any further removal
of the N-terminal amino acids resulted in a substantial loss of the binding ability (peptides 102, 103,
106 and 107). Similarly, any truncations of the C-terminal end was particularly detrimental for the Kp
values (peptides 98-100). The tested N- and C-terminal extensions of the 86 and 87 sequences in
general showed improvement in the peptide affinities to the protein target (90-93, 96 and 97), but
not in comparison to sequence 105. All binding sequences contained the consensus motif

GQF[D/E]DA[D/E].

The assays examining the ability of the fluorescently labelled peptides to directly interact with PRMT5
were followed by competitive FP experiments, where compound 93 was used as a tracer rivalling for
binding with unlabelled peptides (Table 7). The initial competitive analysis of compound 108, the
unlabelled equivalent of tracer 93, confirmed that the FITC tag does not contribute to the binding
through an introduction of strong non-specific interactions (Table 7, Figure S6). Additionally, the
evident competition between the tracer and peptides 109-111 proved that RioK1, pICIin and COPR5
derived peptides bind to the same interaction site on the surface of the TIM barrel domain (Table 7,

Figure S6).

An alanine scan was performed for the sequence of the RioK1-based peptide 111 in order to determine
the individual contributions of the amino acid side chains to the investigated interaction (Table 7,
Figure S7). The side chains of GIn15 and Phel6 were the most significant for binding, and the
mutations to Ala caused an over 50-fold decrease in the affinities (peptides 115 and 116). Thus, GIn15
and Phel6 were considered to be hot-spot residues. The experiment also revealed a positive
contribution of Vall2 (119), and Asp18 (113) side chains to the peptide-protein interaction. A
significant affinity drop caused by replacing Gly14 with Ala suggested that Gly could be crucial for the
correct peptide conformation upon binding to the protein (compound 117). The mutation of the
residues in the N-terminal SRV motif (peptides 120-122) had a positive effect on the peptide affinity,

and is in agreement with the observations made during the analysis of the peptide truncations
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(compare compound 104 to 105, Table 6). The Ala scan results are consistent with the amino acid
contributions for the interaction between a pICIn-derived peptide and PRMTS5, reported by Mulvaney

et al.[*®]

Table 7. Sequences and ICso values of pICIn-, RioK1- and COPR5-derived linear peptides and the results of the
alanine scan for peptide 111.

Peptide Sequence 1Cso (uM)!
108 SRVVPGQFDDADSSD 1.5 + 0.4
109 TPTVAGQFEDAD 14.6 + 0.9
110 MVFETGQFDDAED 3.4 £ 0.2
111 SRVVPGQFDDAD 6.0 + 0.7
112 SRVVPGQFDDAA 6.2 2.2
113 SRVVPGQFDAAD 97 + 17
114 SRVVPGQFADAD 6.4 + 0.3
115 SRVVPGQADDAD >300
116 SRVVPGAFDDAD >300
117 SRVVPAQFDDAD 39 + 8.5
118 SRVVAGQFDDAD 9.9 + 2.2
119 SRVAPGQFDDAD 14 £ 3.4
120 SRAVPGQFDDAD 4.8 £ 0.7
121 SAVVPGQFDDAD 2.8 £ 0.5
122 ARVVPGQFDDAD 0.9 + 0.2

GIn15 Phel6
-
=
-
5 10
= E
[0}
o Vval12
_9 Pro13
= 13 Mutated Residue
o E | | =
B val11
&J Arg10
9 20
0.1 sero Ac-S-R-V-V-P-G-Q-F-D-D-A-D-nH,

lalAs determined with FP using the native PRMT5-MEP50 complex and compound 93 as a fluorescent tracer.

5.2.2. Initial Attempted RioK1 Peptide Cyclisation

Considering the identified importance of Gly in the binding sequences which potentially suggests a
specific conformational dependence on this amino acid, as well as the presence of the PG motif, that
is often found in B-turns, indicating a plausible turn in the peptides, it was hypothesised that the RioK1
binding fragments could form a B-hairpin upon the interaction with PRMT5.12%3228] Following this
assumption, a number of fluorescently labelled cyclic RioK1-derived peptides was synthesised,

capable of adopting and stabilising a B-sheet arrangement. The compounds were designed according
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to the 2(2n +1) rule described in section 1.2.3., thus, incorporating 14 amino acids, as well as two
turning motifs placed at equal distances from each other within the structures (peptides 123-128,
Figure 33).%%¢1 Combinations of various amino acid pairs intended to stabilise the turns were
incorporated into the peptides including the highly effective D-Pro-L-Pro motif.?**242l The macrocycles
were synthesised starting from a Glu residue with allyl protection of the C-terminus (Scheme 8). The
amino acid was attached to the rink amide resin through its free carboxylic acid located in the side
chain. The linear sequences were obtained through standard SPPS, incorporating a Lys(Mtt) residue,
intended for use as a handle that could enable coupling to a fluorescent tag or alternatively a cell
penetrating motif. The allyl group protecting the C-terminus was then removed using Pd(PPhs); and
the free termini were connected together via amide coupling on solid support. The macrocyclisation
was followed by the removal of protective Mtt group from Lys, and coupling of 020c linker and FITC.
The labelled cyclic peptides were then cleaved from the resin using TFA with concomitant side chain
deprotection of the remaining residues (Scheme 8). As the rink amide resin had been used for the
peptide synthesis, the cleavage from solid support affords an amide group, transforming the initially
used Glu amino acid to the desired GIn residue. A linear peptide 129 incorporating the D-Pro-L-Pro
motif was synthesised as a control to the cyclised versions of the RioK1-inspired sequences (Figure

30).

NH-020c-FITC NH-O20c¢-FITC NH-020c¢-FITC

P—K—S—R-V-V—p ?—K—S—R—V—V—p T—K—S—R—V—V—T
|
p—A—D—D—F—Q—P D-A—D-D—F—Q—P p—A—-D—D—F—Q-G
123 124 125
NH-020c¢-FITC NH-020¢-FITC NH-020c¢-
FITC
T—K—S—R—V—V—T ?—K—S—R—V—V—P ?—K—S—R—V—V—T
D—A-D-D—F—Q-G P—A-D—D—F—Q-G D—A—-D—D—F—Q-G
126 127 128

FITC-020c—S-R-V-V-p-P-Q-F-D-D-A-D-NH,
129
Figure 33. Structures of the RioK1-derived compounds intended to mimic a presumed B-hairpin conformation

of the PRMT5-bound peptides. p = D-Pro, FITC = fluorescein isothiocyanate, 020c = 8-amino-3,6-dioxaoctanoic
linker.
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Scheme 8. Exemplary synthesis of cyclic peptide 123 intended to mimic a B-hairpin conformation. The same
synthetic steps were applied in order to obtain compounds 124-128. FITC = fluorescein isothiocyanate, 020c =

8-amino-3,6-dioxaoctanoic linker
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Figure 34. Results of FP-based analysis of the interactions between fluorescently labelled peptides 123-129 and

the full-length PRMT5-MEP50 complex.

Compounds 123-129 were tested for direct binding to the PRMT5-MEP50 complex in an FP assay.

Cyclic peptide 128 showed only very weak affinity towards the target, with the remaining compounds
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presenting no detectable interactions with PRMT5. The obtained results strongly suggested that the
RioK1 peptide does not assume the envisaged B-hairpin arrangement upon binding to PRMTS5, and
more detailed structural elucidation was needed in order to understand the PPl interface and allow to

design more effective peptidomimetics.

5.2.3. Crystallographic Elucidation of the Interaction Between PRMT5 and RioK1
Peptide

More detailed insight into the structural relationship between the adaptor proteins and PRMTS5 at the
novel PPl interface was obtained by X-ray crystallography. With the assistance of Dr. Raphael Gasper
of the Max Planck Institute in Dortmund, as well as Dr. Vincent Olieric and Dr. John Beale at the Swiss
Light Source of the Paul Scherrer Institute, a co-crystal structure of the unlabelled human PRMT5 TIM
barrel bound to the RioK1-derived peptide 108 was obtained. The structure was resolved using data
up to a resolution of 2.55 A (PDB ID: 7BOC). Attempts of producing a co-crystal structure of the adaptor
peptide bound to either the available full length PRMT5-MEP50 methyltransferase or the TIM-MEP50

complex were unsuccessful.

Typical TIM domains contain a circular B-sheet core composed of eight parallel B-strands, and this
pattern has also been seen across the representative PRMT5-MEP50 structures.70-373423 |n the co-
crystal structure of the TIM barrel, the fold shows an unusual seven-stranded B-sheet where one of
the B-strands is placed in an antiparallel orientation (Figure 35A and S8). The atypical conformation of
the domain core was corroborated by the additionally obtained anomalous density maps based on
the sulphur anomalous signal of the Cys and Met residues, as well as the anomalous signal of a Pt-
derivative resulting from the soaking of the crystals in a solution of potassium tetrachloroplatinate
(Figure S9). A plausible explanation for the observed unusual core structure of the crystallised TIM
barrel domain is the absence of the stabilising MEP50 protein and the truncation of the catalytic
domains of PRMT5. The regions of the TIM barrel between residues 1-40 and 52-76 that normally
encompass and interact with the insertion finger of MEP50 were disordered. Unexpectedly, the
protein fragment constituting the PRMT5 loop interacting with MEP50 (residues 165-178; the loop
was discussed in PART A) was also unstructured. The disordered regions of the TIM domain were
compared with the results obtained using DrugScore®, which estimated the energy contributions to
the PPl by the interfacing residues of PRMT5 and MEP50, based on a crystal structure of the full-length
methylosome complex (Table S1 and $2).2%) A number of the TIM barrel residues with the calculated
AAG values above 1 kcal/mol were located in the disordered protein regions. The residues with the

considerable predicted contribution to the PPl found in the unstructured fragments are: Arg62, Arg68,
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Argl164, Aspl65, lle167, lle168 and Asn170. The results obtained with the DrugScore®™ service, thus

further corroborate the expected stabilisation effect of the MEP50 unit onto PRMT5.

A) Antiparallel B-Strand

PRMTS:
TIM Barrel

PRMTS5:

B-Barrel and
Rossmann Fold

Figure 35. Visualisation of the structural data for the interaction between the TIM barrel of PRMT5 and RioK1-
derived peptide 108: A) Obtained co-crystal structure of the TIM barrel domain and RioK1 peptide 108 (PDB ID:
7B0OC). B) Co-crystal structure of the TIM barrel and 108 (PDB ID: 7BOC). The electrostatic potential of the TIM
barrel domain is visualised, where blue, white and red surface colouration designates positive, neutral and
negative electrostatic potential, respectively. C) Visualisation of the peptide location in the context of the
heterodimer of the PRMT5-MEP50 complex. The representation was afforded through a superposition of the
obtained here TIM barrel-bound RioK1 peptide and the PDB structure 4GQB.

The RioK1-derived peptide is bound to a shallow groove on the surface of the TIM barrel, and is located
away from the unstructured protein regions which normally interface with MEP50 (Figure 35, 36 and
$10). The groove spans between residues Lys240, Lys241, Lys248 and Tyr286. A portion of the binding

site has a positive electrostatic potential and is housing the negatively charged C-terminal region of
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peptide 108, whereas, the remaining area of the groove interfacing with the compound is
electrostatically neutral (Figure 35B). Residues Ser21 and Ser22 on the C-terminal end are fixed in
place due to the location of the crystal symmetry mate (Figure S11). The N-terminal residues SRV
appear to be strongly solvent exposed. The central peptide fragment corresponding to the identified
consensus sequence GQF[D/E]DA[D/E] forms a number of interactions with the protein domain. The
side chains of peptidic Asp20 and protein Lys240 demonstrate a potential for interacting with each
other, although due to the large and unrestricted freedom of movement of Lys240 side chain, and
thus, a very high expected entropic penalty upon forming a salt bridge with Asp20, the energetic
contribution to the PPl was assumed to be negligible. This conjecture appears to be in line with the
results of the Ala scan afforded for compound 112, where the mutation of Asp20 to Ala had no effect
on the measured binding affinity to PRMT5 (Table 7). A salt bridge is formed between Asp18 and
Lys248, and the considerable strength of this interaction is also reflected in the biophysical analysis
with compound 113 (Table 7). The backbone carbonyl groups of Asp17 and GIn15 interact through H-
bonds with the side chain of GIn239. The peptide assumes an S-shaped double B-turn involving the
hot-spot residues GIn15 and Phel6, allowing to orient appropriately their side chains in relation to the
surface of TIM barrel. The participation of Val12 and Pro13 in the double turn explains the observed
significant affinity loss caused by the truncation of these amino acids in the examined sequences
(peptides 102 and 106, Table 6). The initial inference about the involvement of the Pro-Gly motif into
a turn motif proved to be accurate, despite the fact that the bound peptide does not assume a B-beta
hairpin arrangement. Considering the location of the binding interface on the TIM barrel, it appears
to be possible for four adaptor proteins to bind simultaneously to the heterooctameric PRMT5-MEP50

complex (Figure S12).

The crystallographic results presented here, as well as the drawn structural conclusions regarding the
discussed domain-peptide interface are in agreement with the data generated by Mulvaney et al.,
who co-crystallised adaptor peptides with the full-length PRMT5-MEP50 complex. The calculated root-
mean-square deviation (RMSD) between the RioK1 peptides in the complex presented here and the
structure afforded by Mulvaney et al. is very low and equal to 0.41 A, thus, indicating a very strong

similarity between the two peptide orientations (Figure 36B).14?!
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Figure 36. Visualisation of the RioK1-derived peptide 108 in the binding groove of the TIM barrel domain: A)
Depiction of the peptide position and interactions in the binding groove (PDB ID: 7BOC). B) Comparison of the
obtained here peptide structure (wheat, PDB ID: 7BOC) with the structure afforded by Mulvaney et al. (white,
PDB ID: 6VON).

5.2.4. Analysis of the Interactions Between PRMT5 and Full-length pICln and RioK1

It was deemed potentially informative to compare the binding results obtained for isolated peptides
based on the identified consensus motif of the plCIn/RioK1/COPR5 adaptor proteins with the
performance of full-length proteins. To this end, the expression and isolation of plCln, RioK1 and
COPRS5 were attempted at the Protein Chemistry Facility of the Max Planck Institute in Dortmund. Full-
length human pICIn N-terminally tagged with 6His-TRX was successfully expressed in E. coli and

purified. Full-length RioK1 tagged with 6His needed to be expressed in HighFive insect cells. The tags
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were cleaved from the proteins during the purification process. Despite a number of attempts COPR5

could not be successfully isolated.

In order to determine the binding affinity of pICIn and RioK1 to PRMT5-MEP50 using FP assay, the
proteins needed to be labelled with an appropriate fluorophore. pICIn and RioK1 were thus treated
with Alexa488 dye containing a reactive succinimidyl ester, labelling primary amines in the proteins.
The labelled adaptor proteins were tested for binding against the full-length PRMT5-MEP50 complex,
as well as the truncated TIM-MEP50 assembly. Protein plCln gave Kp values of 9.1 £ 1.5 nM and 4.1 +
0.6 nM for the full and truncated complex, respectively (Figure 37A). RioK1 tested with PRMT5-MEP50
returned a Kp of 34.1 £ 9.9 nM, and when analysed with TIM-MEP50 it afforded a Kp of 6.3 + 0.2 nM
(Figure 37B).

The FP analysis of the PPIs was complemented by flow induced dispersion analysis (FIDA). FIDA utilises
the properties of particle diffusion, where large compounds diffuse slowly, and small compounds can
diffuse at a faster rate. The compound of interest, referred to as an indicator, is fluorescently labelled
to allow detection, and the interactions with its binding partner can be investigated based on the
changes in the observed diffusion rate which is dependent on the ratio between the free and
complexed indicator in the analysed samples.*3*%3% This technique can be thus used for determining
the Kp values between two interacting components. The analysis of the Alexa488 labelled pICIn
binding to PRMT5-MEP50 and TIM-MEP50 gave Kp values of 39.3 and 64.1 nM. The testing of
fluorescently tagged RioK1 afforded a Kp of 1.5 nM with PRMT5-MEP50 and 20.6 nM with TIM-MEP50
(Table S4 and Figure S13). The results obtained with FP and FIDA are comparable (Table 8), indicating
a significantly higher affinity of the full-length adaptor proteins to the methylosome than the observed
affinities of the short peptides containing the consensus sequence. It is likely that the full-length
proteins utilise additional sites mediating the investigated PPls. Pesiridis et al. previously indicated the
PH domain of pICIn as an additional PRMTS5 interaction site alongside the acidic AD3 region which
contains the binding motif GQF[D/E]DA[D/E].8 Considering the similar affinity between pICln and
RioK1 to the tested methyltransferase protein complexes, it seems plausible for RioK1 to also have
additional interaction region coexisting with the consensus sequence. Alternatively, the much higher
binding strength of the full-length proteins could be a result of a structural preorganisation of the
binding motif caused by the supporting interactions within the adaptor proteins, significantly lowering

the entropic penalty upon binding to PRMT5.

Cox et al. performed a similar experiment using microscale thermophoresis and Alexa488 labelled
GST-PRMTS, affording a comparable Kp value of 100 £ 29 nM with RioK1, supporting the results

presented here.3%3!
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Figure 37. FP assay results for the investigation of the direct interactions between the fluorescently labelled full-
length adaptor proteins and PRMT5-MEP50 or TIM-MEP50: A) Results for the analysis with pICIn. B) Results of

the analysis with RioK1.

Table 8. Overview and comparison of the Kp values obtained for the binding of the adaptor proteins pICin and
RioK1 to PRMT5-MEP50 or TIM-MEP50. The results were obtained through analysis with FP and FIDA.

. Ko [nM]
Method Protein Complex pICin-Alexa488 RioK1-Alexa488
FP PRMT5-MEP50 9.1 34.1
FIDA PRMT5-MEP50 39.3 1.5
FP TIM-MEP50 4.1 6.3
FIDA TIM-MEP50 64.1 20.6
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5.3. Summary and Conclusions

PRMTS5 adaptor proteins are important for regulating PRMT5 substrate specificity. PPls between
PRMTS5 and the adaptor proteins plCin, RioK1 and COPRS5 are crucial for the correct cell functioning by
directing PRMT5 to the appropriate targets. A consensus binding motif GQF[D/E]DA[D/E] was
identified in plICIn/RioK1/COPR5 through a sequence alignment search. FP assays were used to
determine that the adaptor peptides bind to the TIM barrel domain of PRMT5. The shortest RioK1
peptide capable of interacting with the methyltransferase is the nine amino acid long sequence
VPGQFDDAD, where GIn and Phe were identified as hot-spot residues. The results obtained in the
biophysical assays were confirmed by a co-crystal structure of the TIM barrel domain bound to a
RioK1-derived peptide. The peptide is wedged into a shallow groove on the surface of the domain,
where the negatively charged C-terminus of the peptide resides in an electrostatically positive region
of the groove. The peptide also forms a number of H-bonds with the protein, and presents a double
S-shaped B-turn involving residues VPGQFD. The interactions between PRMT5-MEP50/TIM-MEP50
and the full-length proteins plCln and RioK1 were assessed through FP and FIDA-based analyses. The
experiments revealed that the full-length proteins bind the methyltransferase with significantly higher
affinity than the short peptides containing the identified consensus binding sequence. The presented

findings are in agreement with the independent report released by Mulvaney et al.*?*
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PART D: Targeting Interactions of PRMT5 with
Its Adaptor Proteins

6.1. Brief Introduction to PART D

The discovery of the novel adaptor protein interaction motif and the subsequent characterisation of
the PPl interface between the plCIn/RioK1/COPR5 adaptor proteins and PRMT5 opened avenues for
development of new PRMT5 PPI inhibitors.1*?>43! Considering the important contribution of pICln,
RioK1 and COPRS5 to cellular functions, and still poorly understood involvement of PRMTS5 in the
regulation of various cellular processes and mechanisms, compounds which can modulate the enzyme
interactions with its adaptor proteins, and thus, impact the substrate selectivity, seem to be highly
desirable. Analysis performed by Mulvaney et al. indicated that symmetric demethylation of at least
25 PRMTS substrates is mediated through the newly discovered PPl interface on the surface of the
TIM barrel.*?’! Targeting the adaptor protein PPl interface without disrupting the global enzymatic
activity of the methylosome could allow for more precise investigation of the enzyme biochemistry
than what is currently possible with the active site inhibitors, minimising or fully eliminating the
undesired impact on the PRMT5 substates that are of no interest to a given study. Thus, a focused
inhibition of the adaptor protein PPl in PRMT5 should cause only more relevant biological responses
to the investigated cellular mechanisms, increasing the confidence in the observations and conclusion

drawn based on the enzyme modulation.

Very recently, McKinney et al. utilised the findings concerning the PRMT5 adaptor protein PPI
interface and developed the first-in-class covalent groove binder able to inhibit the interactions
between the enzyme and the adaptor proteins.[**” The afforded inhibitor showed only moderate
activity in the uM range and was reportedly prone to side-reactivity with GSH. The compound was
obtained after extensive screening campaigns with over 900.000 compounds from diverse libraries,
combined with an NMR-based fragment screen and a virtual pharmacophore screen. Despite the
considerable efforts, the performed screening campaigns resulted in only one weakly binding
compound cluster, highlighting the immense difficulty of the PPI inhibitor development.*”
Considering the results obtained by McKinney et al., it was deemed appropriate to apply an alternative

approach to finding potent inhibitors targeting the interface between PRMT5 and its adaptor proteins
pICIn/RioK1/COPRS.

In this chapter, steps taken towards a development of a potent macrocyclic PRMT5 adaptor protein
interaction inhibitor (PAPII) are described, based on the existing binding epitope of the PPIl. The

strategy to obtain potent PAPIIs involved structure-guided design of macrocycles, extensively tested
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through FP assays against the PRMT5-MEP50 complex. Macrocyclisation significantly increased the
stability of the peptide towards proteases. Various side chain modifications, as well as backbone N-
methylations were explored, considerably improving the affinity of the cyclopeptide to the target. The
resulting compound was tested in a biologically relevant environment, disrupting the PRMT5-adaptor
protein PPI. The afforded peptidomimetic showed unexpected selectivity towards inhibition of the

PRMT5-RioK1 PPI over the interaction involving pICin.
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6.2. Results and Discussion

6.2.1. Development of the Macrocyclic PAPIIs

The designs towards a macrocyclic PAPII were based on the previously obtained co-crystal structure
of the PRMTS5 TIM barrel domain bound to the RioK1-derived peptide, as well as the biophysical data
afforded through the FP analyses described in PART C. It appeared feasible structurally to connect the
side chain of Asp17 and the a-carbon of Gly14 with a covalent linker (Figure 38A). Such an approach
would presumably allow to stabilise the double B-turn in the peptide, as well as encompass the hot-
spot residues GIn15 and Phel6, and thus, the cyclisation was expected to positively contribute to the
stability against proteases and improve binding affinity. The choice of the envisaged connection points
was further supported by the Ala scan results where the substitution of Asp17 with Ala had no
significant effect on the binding affinity to PRMT5 (Table 7, section 5.2.1.). Mutation of Gly14 to Ala
resulted in a significant loss in the ability to bind to the target. In silico manipulations of the peptidic
structures, however, suggested that Gly14 could be replaced by a D-amino acid in order to facilitate a
feasible ring connection, as well as, that Aspl7 could be supplanted by either L- or D-residue.
Computer models also indicated a need for either a four or five atom long linker between the a-

carbons in the peptidic backbone (Figure 38B).

A B)

Figure 38. Designing macrocyclic RioK1 peptide: A) A fragment of RioK1-derived peptide bound to the groove of

the PRMT5 TIM barrel domain. The dashed line indicates a proposed connection for macrocyclisation. B)
Computer models of cyclic RioK1 peptides, with a four atom amide-based linker (green), four atom unsaturated
RCM linker (trans - blue, cis - salmon) and five atom long saturated RCM linker (purple).
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To validate whether the presence of D-amino acids at position 14 and 17 was tolerated by the RioK1
peptide, compounds 130-132 were synthesised and tested in an FP assay for binding to PRMT5-MEP50
in the competition with fluorescently labelled 93 (Table 9 and Figure S14). Replacement of either Gly14
or Asp17 with D-Ala (peptides 130 and 131) resulted in only a moderate decrease in the affinity when
compared to the native sequence of 111, but the simultaneous incorporation of two D-Ala residues in

compound 132 had a very negative impact on the ability to interact with the enzyme.

Table 9. Sequences and ICso values for RioK1-derived peptides.

Peptide Sequencel®! 1Cso (uM)!
111 Ac-SRVVPGQFDDAD-NH2 6.0 £+ 0.7
130 Ac-SRVVPGQFaDAD-NH: 14 + 2.7
131 Ac-SRVVPaQFDDAD-NH 16 £ 5.9
132 Ac-SRVVPaQFaDAD-NH, 198 + 99

2ID-Ala is designated by the symbol “a”.
bIAs determined with FP using the native PRMT5-MEP50 complex and compound 93 as a fluorescent tracer.

The first generation of macrocycles was based either on ring connection through an amide bond
(peptides 133-140) or a hydrocarbon linker resulting from RCM (141-144), incorporating from 14 to
16 atoms (Figure 39A). The compounds were synthesised on a low substitution rink amide resin, which
allowed to prevent cross-linking between peptide chains during the cyclisation step. The piperidine
solution used for the Fmoc removal was supplemented with 0.5 M oxyma, in order to suppress the
formation of aspartimides. The linear peptide sequences intended for the cyclisation via an amide
bond formation (133-140) incorporated an Asp/Glu residue with the side chain protected by the allyl
group, and diaminobutyric acid (Dab)/diaminopropionic acid (Dap) protected by Mtt. The allyl group
was first removed by Pd(PPhs); and then Mtt was cleaved with HFIP. The macrocyclisation was
performed on resin, coupling the afforded free amine and carboxylic acid with PyBOP (Scheme 9A). In
cases where the allyl protected Asp was used, a very high amount of aspartimide related by-products
was detected during the synthesis of the peptidic sequences, and thus, it was necessary to protect the
preceding backbone nitrogen with the 2,4-dimethoxybenzyl (Dmb) group. Dmb was installed through
the reductive amination between a free primary amine on the N-terminus of the peptide fragment
and 2,4-dimethoxybenzaldehyde. As Dmb causes a considerable steric hinderance for a subsequent
coupling reaction, the installation of the Fmoc-Asp(OAll) residue was repeated three times in the
presence of COMU and oxyma (Scheme 9B). The cyclopeptides containing the hydrocarbon linkers
(141-144) were obtained through an RCM reaction under microwave irradiation using the 2™
generation Hoveyda-Grubbs catalyst, and where it was required the afforded unsaturated linker was
reduced with 2,4,6-triisopropylbenzenesulfonyl hydrazide (TPSH) at 50 °C (Scheme 10A). Where it was

feasible, the cis and trans isomers were separated during the final purification step using preparative
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HPLC. In order to facilitate a straightforward analysis of the direct peptide interactions with PRMTS5 in

an FP assay, allowing for the determination of the Kp values, the compounds were fluorescently

labelled with FITC on the N-termini.
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Figure 39. Structures of macrocyclic PAPIIs and results of direct binding FP with the PRMT5-MEP50 complex: A)
First generation of cyclic PAPIlIs. B) Second generation of cyclic PAPlls and linear peptide analogues. FITC =
fluorescein isothiocyanate, 020c = 8-amino-3,6-dioxaoctanoic linker
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Scheme 9. Synthesis of first generation PAPIIs incorporating amide-based linkers: A) Cyclisation strategy for
amide-based macrocycles. B) On-resin protection with Dmb and subsequent coupling to Fmoc-Asp(OAll)-OH.
Backbone protection with Dmb was necessary in order to prevent the aspartimide formation by Asp(OAll). FITC
= fluorescein isothiocyanate, 020c = 8-amino-3,6-dioxaoctanoic linker

The first generation of macrocycles (133-144) was tested for binding to PRMT5-MEP50. The best
affinity was displayed by compounds obtained through the RCM cyclisation incorporating an L-amino
acid in the position of Asp17: 141 (Kp of 719 £ 41 nM) containing a double bond in the ring, and 142
(Kp of 1.29 £ 0.11 uM) with the saturated hydrocarbon linker. The analogous compounds 143 and 144
with a D-amino acid in place of Asp17 showed no binding (Figure S15), confirming the earlier
experimental outcomes observed for sequence 132 (Table 9). The amide-based cyclopeptides
performed poorly, showing only weak to negligible interactions with PRMT5 under the applied assay

conditions. A trend, however, was observed, where the five atom long amide-based linkers performed
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better than the four and six atom long connections (Figure S15). These results suggested that further
inhibitor development should focus on the better performing RCM-based linkers, and that the linker

length is a crucial factor which needs to be optimised.
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The design of the second generation macrocyclic PAPIIs took also into consideration the previously
observed affinity improvement caused by the truncation of the N-terminal SRV motif and the transfer
of the FITC tag to the C-terminal part of the peptide (compare peptides 86, 101 and 105, Table 6 in
section 5.2.1.). The new set of fluorescently labelled macrocycles 145-155 (Figure 39B) was
synthesised in an analogous manner to the first generation RCM compounds 141-144, but a Mtt
protected Lys residue was placed at the C-terminal end of the peptide, acting as a connector and
allowing for the labelling with FITC before the final peptide cleavage from resin and global side chain
deprotection (Scheme 10B). Cyclopeptides 145-155 contained between four and six carbon atoms in
the linker, prepared either as unsaturated (145-148 and 151-153) or saturated hydrocarbon chain
(149, 150, 154 and 155), with varying stereochemistry of the ring. In case of the unsaturated linkers,
when possible, the position of the double bond was placed at various distances from the peptide
backbone (compare 146 to 147 and 151 to 152), in order to explore varying ring conformations. The
macrocycles with D-amino acid at the original position of Asp17 (151-155) showed only weak binding
to PRMT5-MEP50 (Figure S16). The best results were obtained for peptides with five atoms in the
linker and an L-amino acid in place of Asp17, giving similar Kp values of 352 + 49 nM and 430 + 96 nM
for 146 (one of the isolated isomers) and 149, respectively. Both compounds achieved improved
potency over the linear analogue 158 (Kp of 670 + 187 nM), which was tested under the same
conditions and using the same protein batch for the consistency of the results (Figure 39B).
Considering that only one of the very challenging to isolate double bond isomers of compound 146
could bind with high potency to the target protein, it was decided to continue further experimentation
requiring larger amounts of the compound with the scaffold of peptide 149. It was noted that the
experimental binding results, where only compounds with four or five atoms in the linker showed
potent affinity towards PRMT5, are in agreement with the initial conclusions drawn based on the

computational cyclopeptide models.

6.2.2. Evaluation of the Second Generation Macrocyclic PAPIIs

The cyclisation of the linear RioK1-derived sequences was expected to improve the peptide stability
to proteolytic digestion. Resistance to proteases over an appropriate time period is an important
feature necessary for the application of a compound in a number of experiments performed under
biologically relevant conditions. To evaluate the compound stability, compound 156 - an unlabelled
analogue of 149 (Figure 39B), was incubated in U20S cell lysate up to seven days at 37 °C, and the
linear peptide 159 was tested under the same conditions for comparison (Figure 40). The macrocycle

showed remarkable stability with the estimated half-life of 12.5 days, whereas, the linear peptide was
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characterised by the half-life of only 4.4 hours. The cyclisation resulted in a 70-fold stability increase,

justifying the assumed macrocyclic design.
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Figure 40. HPLC analysis of peptide samples obtained from the stability assay performed in U20S cell lysate: A)
Overlay of selected chromatograms for cyclopeptide 156 samples collected between 0-7 days. A significant
portion of the peptide remains intact even after 7 days of incubation in the lysate. B) Overlay of selected
chromatograms for linear peptide 159 samples collected between 0-24h. The peptide is completely degraded
after 24h. IS: internal standard.

The macrocycle evaluation was followed by confirming that 156 does not interfere with the active site
of the methyltransferase, allowing for the uninhibited direct methylation of the enzyme substrates.
The cyclopeptide was analysed using the luminescence-based MTase-Glo™ assay and commercial
PRMTS5 active site inhibitor EPZ015666 as a control. While EPZ015666 resulted in a potent suppression
of H4 histone tail methylation by the enzyme, compound 156 had no observable effect on the
methyltransferase activity (Figure 41A). This expected, yet very crucial observation allowed for the

continuation of the experimental analysis with 156.
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Figure 41. Results of enzymatic and biophysical assays for the second generation PAPII: A) Results for MTase-
Glo™ methyltransferase assay performed with the full length PRMT5-MEP50 complex and H4 histone tail
peptide as a substrate. Active site inhibitor EPZ015666 suppresses the enzymatic activity of PRMT5, whereas
cyclopeptide 156 has no observable effect on the methylation rate. B) Results for competitive FP assay with the
full length PRMT5-MEP50 complex and compound 149 used as a tracer. C) Results for competitive FP assay with
the full length PRMT5-MEP50 complex and Alexa488-labelled pICIn protein used as a tracer.
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Macrocycle 156 and linear peptide 159 were also tested in an FP experiment competing for binding to
the PRMT5-MEP50 complex against fluorescently labelled cyclic 149. Compound 156 afforded an ICso
of 1.17 £ 0.29 uM and 159 gave a higher ICso of 2.49 + 0.22 uM. Scrambled control compound 157
could not compete with the fluorescent probe (Figure 41B). The experiment proved that the cyclic and
linear peptides bind to the same site on PRMTS5, as well as, that the FITC labelling does not intervene
with the enzyme interaction. The cyclopeptide was examined for the ability to compete with the full-
length pICIn protein conjugated to Alexa488 dye for binding to PRMT5-MEP50. Compound 156 was
capable of suppressing the very strong interaction between pICIn and the PRMT5-MEP50 complex
with an ICsp of 3.2 £ 2.3 uM, but the scrambled control 157 did not show activity against the targeted
PPI (Figure 41C). Despite many attempts, execution of a similar experiment utilising fluorescently

labelled RioK1 failed, most likely due to the excessive aggregation of the proteins.
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Figure 42. Results of nanoDSF analysis for the second generation cyclic PAPII.

The interaction between macrocycle 156 and the full-length PRMT5-MEP50 complex was examined
using nanoscale differential scanning fluorimetry (nanoDSF). The analysis was performed by Dr.
Hélene Adihou. These measurements revealed a clear, dose dependent stabilisation effect of 156, but
not for scrambled cyclic analogue 157. In comparison to the untreated PRMT5-MEP50 complex, 10
equiv. of 156 induced a ATm of 1.27 £ 0.09 °C and in the presence of 50 equiv. ATm reached 1.85 £0.12
°C (Figure 42).

Attempts were also made to prepare a co-crystal structure of the macrocyclic PAPIls with PRMTS,

however, no crystals were obtained.
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In order to evaluate the effect of macrocycle 156 on protein methylation in cells, the macrocycle, due
to its structural characteristics, needed to be equipped with a cell penetrating peptide (CPP) sequence
to facilitate permeability through membranes. The CPP of choice was the popular TAT motif which
was attached to the peptide through the Lys residue placed on the C-terminus of the cyclopeptide.
The CPP was attached either directly to Lys (160), or a 020c linker was inserted between Lys and the
TAT sequence (161, Figure 43). The compounds were synthesised completely on resin using the same
strategy as outlined in Scheme 10B. The resin used, however, was not the standard polystyrene-based
rink amide, but fully polyethylene glycol-based resin ChemMatrix®.[*%! The application of ChemMarix®
was needed due to the presence of the difficult to synthesise, poly-Arg TAT sequence. Additionally,
the amino acid coupling steps during the TAT sequence construction were performed using the strong
activator COMU, together with oxyma and DIPEA in DMF containing 0.4 M LiCl solution acting as a
chaotropic agent. The LiCl solution was used to further improve the efficiency of the synthesis by

breaking potential peptidyl-aggregates on the solid phase support.[43&-441
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Figure 43. Structures of compounds intended for biological analysis. FITC = fluorescein isothiocyanate, 020c =
8-amino-3,6-dioxaoctanoic linker

To confirm that the TAT-conjugated cyclopeptides can still effectively bind to PRMT5, fluorescently
labelled compounds 162 and 163 were made (Figure 43) and tested in a direct binding FP experiment
with the PRMT5-MEP50 complex in vitro. The compounds could bind to the enzyme with the Kp value
of 249 + 27 nM for 162 and 389 + 13 nM for 163, proving that the CPP does not negatively interfere
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with the investigated cyclopeptide-protein interaction. The fluorescently labelled control TAT

sequence 165 showed no meaningful binding to the complex (Figure 44).
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Figure 44. Results of the direct binding FP assay with the PRMT5-MEP50 complex.

In order to determine if a treatment of intact cells with cyclopeptide 160 or 161 has an effect on the
SDMA protein methylation pattern, initial experiments were performed using HECK293T and MCF7
cells with the concentration of the macrocycles in the cell medium up to 50 uM. Whereas the
commercial PRMTS5 active site inhibitor GSK3326595 could nearly completely suppress the antibody-
detected SDMA methylation of proteins, 160 and 161 showed no impact on the SDMA pattern in
comparison to the control TAT sequence 164 (Figure S17). Additionally, Dr. Christoph Peter and Lea
Esser of Heinrich Heine University Dusseldorf performed indicative immunoprecipitation (IP)
experiments intended to analyse the effectiveness of the synthesised cyclopeptides to impact the PPI
between PRMTS and the adaptor proteins. Intact cells overexpressing either GFP-RioK1 or GFP-PRMT5
were treated with 156, 160 or 161 at concentrations up to 100 uM, followed by the IP with anti-GFP
antibody and detection of the PRMTS5, MEP50, RioK1 and plCln proteins. Based on the initially afforded
results, it was concluded that the tested compounds exhibited no observable in cellulo effect on the
targeted PPI. The IP results obtained by the collaborators were in line with the in-house observations
for the SDMA protein methylation, suggesting that either the cell-penetration ability of the peptides
was insufficient to exert an observable in cellulo effect or that the affinity of the cyclopeptides to
PRMTS5 was not high enough to effectively compete with the strongly binding adaptor proteins in the
native intracellular environment. Thus, the collaborators further tested 156 in lysates of cells
overexpressing GFP-RioK1, GFP-pICIln, GFP-MEP50 or GFP-PRMTS5, eliminating the need for the
cyclopeptide to penetrate through a membrane, yet retaining the highly biologically relevant context

of native cellular composition and PPIs. Based on the initial IP results obtained from the cell lysates
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only a very weak and disputable inhibitory effect was observed onto the PRMT5-RioK1 interaction in
the lysate with overexpressed GFP-PRMTS5, which further suggested that an effective PPI inhibition in

cells would require higher affinity to PRMT5 than what was achieved by the existing scaffold of 156.

6.2.3. Optimisation of PAPIIs

Due to the very weak and arguable effects exerted on the PRMT5-adaptor protein PPls in biologically
relevant environment by the second generation PAPIls, and no observable effect on intact cells, it
became apparent that a sequence optimisation was needed in order to improve the cyclopeptide
affinity to the target. To this end, 43 different modifications to the side chains of amino acids were
envisaged (Figure 45), where the choice of the modifications was roughly directed by the previously
obtained co-crystal structure of the peptide-bound TIM barrel. Most of the modifications focused on
the Phe residue due to the relatively exposed location of its side chain in the PRMT5 groove providing
opportunity for extending the interactions with the surface of the protein and generally good
availability of the commercial Phe derivatives. The proteogenic and non-proteogenic modifications
were incorporated into the scaffold of linear peptide 158, and the resulting peptides were tested in a
direct binding FP assay for interactions with PRMT5-MEP50. Ten of the tested compounds gave Kp
values better than the Kp for the native sequence of 158 (670 nM), where in each case the beneficial
modification was either to Phel6 or Asp20 (Table 10 and S5, Figure $S18-S21). The highest affinities
were achieved by the Asp20 modification to Gla (174, Kp of 245 nM) or by replacing Phel6 by either
Phe(4-Cl) (173, Kp of 250 nM) or Phe(4-NO;) (175, Kp of 232 nM), in each case increasing the affinity
three-fold. The beneficial effect of Gla incorporation onto the peptide affinity can be easily explained
by the increased negative charge enhancing the interactions with the electrostatically positive region
of PRMT5 and presumably with Lys240 (Figure 35B and 36A, section 5.2.3.). The exact reason for the
strongly positive impact of attaching the chloro and nitro group to the Phe residue is not clear, despite
attempts to computationally model the modified peptide with PRMT5. However, it can be assumed
that at least part of the reason is the decrease in the electron density of the aromatic ring, considering
all the alternative, beneficial variations to Phe (Table 10). It is also evident that Phe ring substitution
at position 4 was strongly preferred over the other locations. The most potent modifications were
combined together in compounds 176 and 177, affording Kp values of 144 + 46 nM and 78 + 13 nM,
respectively (Table 10). Thus, compound 177 incorporating both Phe(4-NO;) and Gla showed nearly

nine-fold affinity increase when compared to the original sequence of 158.
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Figure 45. Overview of the explored amino acid modifications to the original RioK1-derived sequence of
compound 158. FITC = fluorescein isothiocyanate.

Table 10. Overview of the amino acid modification improving peptide affinity towards PRMT5-MEP50 over the
original sequence of 158.

Peptide M?diﬁeq Sequence Ko (nM)El
Amino Acid

158 - Ac-VPGQFDDADK (FITC) -NH> 670 £ 187
166 X3 Ac-VPGQ-Phe (3-F) -DDADK (FITC) -NH> 654 £ 23
167 Xe Ac-VPGQFDDA-Glu-K (FITC) —-NH> 531 + 23
168 X3 Ac-VPGQ-Bip-DDADK (FITC) -NH: 447 + 41
169 X3 Ac-VPGQ-Phe (3,4-F,) -DDADK (FITC) -NH> 412 + 31
170 X3 Ac-VPGQ-Phe (4-F) -DDADK (FITC) -NH: 391 + 35
171 X3 Ac-VPGQ-Phe (4-Br) -DDADK (FITC) -NH: 317 £ 17
172 X3 Ac-VPGQ-Phe (4-I)-DDADK (FITC) -NH: 279 £ 22
173 X3 Ac-VPGQ-Phe (4-Cl) -DDADK (FITC) -NH: 250 £ 6

174 Xe Ac-VPGQFDDA-Gla-K (FITC) -NH2 245 £ 45
175 X3 Ac-VPGQ-Phe (4-NO,) -DDADK (FITC) -NH2 232 + 46
176 X3 and Xs Ac-VPGQ-Phe (4-Cl) -DDA-Gla-K (FITC) -NHz 144 + 46
177 X3 and X Ac-VPGQ-Phe (4-NO,) -DDA-Gla-K (FITC) —NH2 78 + 13

lalAs determined with FP using the native PRMT5-MEP50 complex. FITC = fluorescein isothiocyanate.
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As backbone N-methylation can positively contribute to the favourable binding conformation of a
peptide, and thus, increase the affinity to target, several amide bond N-methylations were
explored.[*2443 The methyl group was placed only on the amide bonds which were not involved in the
direct peptide-protein intermolecular H-bonds (Table 10). Compounds 178-183 were obtained
through standard SPPS using commercially available Fmoc protected and N-methylated amino acids.
The N-terminal methylation of the peptide sequence in the synthesis of 183 proved challenging as
during the acid cleavage and deprotection, the N-acetylated and methylated Val residue was rapidly
cleaved resulting in a deletion sequence and no desired product. Similar behaviour for N-terminally
acetylated and methylated peptides in the presence of TFA was previously reported by Kim et al.,
2014, who circumvented the undesired transformation by simply acetylating the unprotected peptide
after the TFA cleavage using Ac,0 and DIPEA in DMF.“**! Compound 183 was successfully afforded
following the method by Kim et al. The synthesised N-methylated peptides were tested in a direct
binding FP assay against the methyltransferase complex. Compound 178 showed similar affinity to
PRMT5-MEP50 as unmodified 158, and compounds 179-183 were less potent (Table 10 and Figure
$22).

Table 10. Explored backbone N-methylations incorporated into the sequence of 158, and the corresponding Kp

values.
Peptide Sequence Kp (pM) [al
178 Ac-VPGQFDDA-NMeD-K (FITC) -NH> 0.6 £+ 0.1
179 Ac-VPGQFDD-NMeA-DK (FITC) -NH> >2
180 Ac-VPGQFD-NMeD-ADK (FITC) -NH> >2
181 Ac-VPGQ-NMeF-DDADK (FITC) -NH> >2
182 Ac-VP-NMeG-QFDDADK (FITC) -NH> >2
183 Ac-NMeV-PGQFDDADK (FITC) -NH> >2

lalAs determined with FP using the native PRMT5-MEP50 complex. FITC = fluorescein isothiocyanate.

The sequence modifications positively contributing to PRMT5 affinity were incorporated into the
previously developed macrocyclic scaffold of 149, resulting in the third generation PAPIl compound
184, which binds to the methyltransferase complex with the Kp value of 89 £ 11 nM. The scrambled
control macrocycle 185 did not show meaningful affinity to the target (Figure 46 and 47). The final
optimisation idea concerned the length of the N-terminal overhang in the cyclopeptide. It was
hypothesised that the N-terminal Val-Pro motif was superfluous, due to the conformation of the
compound being sufficiently stabilised by the ring structure. To this end, Val and Pro were removed
from 184, giving truncated cyclic 186 (Figure 46). The N-terminal motif proved however to be crucial
for the effective interaction with PRMTS5, as 186 showed significantly impaired affinity to the protein
(Figure 47).
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Figure 46. Structures of the third generation cyclic PAPIIs. FITC = fluorescein isothiocyanate.
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Figure 47. Assessment of the second and third generation PAPIIs in the direct binding FP with the PRMT5-MEP50

complex.

6.2.4. Evaluation of the Third Generation Macrocyclic PAPIIs

The unlabelled analogue of the most optimal cyclopeptide 184, compound 187, was tested in a
competitive FP assay (using 184 as tracer) and compared to the second generation PAPII 156 and linear
sequence 159. The assay afforded an ICso of 356 + 59 nM for 187, 1.06 + 0.24 uM for 156 and 5.3 + 3.7
UM for linear compound 159, proving that 187 interacts with the same binding site as the previously

synthesised constructs, and does not show any indications of nonspecific interactions with the protein

(Figure 48A).
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Figure 48. Results of the competitive binding FP assays with the full length PRMT5-MEP50 complex: A)
Competitive FP assay using the third generation fluorescent PAPII 184 as a tracer. B) Competitive FP assay using
the Alexa488-labelled pICIn protein as a tracer.

The unlabelled compounds were also tested in vitro for the ability to disrupt the PPl between PRMT5-
MEP50 and the fluorescently labelled full-length pICIn protein. Cyclopeptide 187 proved to be a
significantly more effective PPl inhibitor (ICso value of 654 + 476 nM) than the second generation PAPII
156 (ICso value of 3.2 + 2.36 uM). Scrambled control 188 did not disrupt the PPl (Figure 48B). The
compounds were also tested using the thermal shift assay (TSA) with the truncated TIM-MEP50
protein construct by Dr. Anthony Willaume and Dr. Renaud Prudent form Edelris. Treatment with
compound 187 revealed a clear stabilisation effect on the protein complex resulting in an average

melting temperature increased by 2.27 °C. No stabilisation was observed when the control 188 was

tested (Figure 49A).
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Figure 49. Evaluation of PRMT5-PAPII interactions: A) Results of the TSA analysis of linear and cyclic peptides
with the TIM-MEP50 complex. B) Pull-down assay using MCF7 cell lysate. Active probe 189 and scrambled
control macrocycle 190 were immobilised on DBCO beads. Immobilised 189 was also tested in the competitive
conditions of lysate containing 100 uM of non-immobilised active PRMTS5 binder 187.

In order to prove that compound 187 binds to PRMT5-MEP50 under biologically relevant conditions,
active compound 189 and scrambled cyclopeptide 190, equipped with a C-terminally placed azide
group were employed to synthesise affinity isolation probes (Figure 50A). The compounds were
coupled to dibenzocyclooctyne (DBCO) agarose beads via a copper-free 1,3-dipolar cycloaddition
reaction. The beads containing immobilised 189, 190, as well as the empty DBCO beads were
incubated with MCF7 cell lysate. The active probe 189 was able to successfully enrich the target
PRMT5 and MEP50, whereas the empty beads and scrambled control 190 did not show interactions
with the protein complex (Figure 49B). As expected, there was no observed suppression of the
interaction within the complex between PRMT5 and MEP50 caused by 189. The experiment was also
performed using competitive conditions where immobilised 189 was incubated in cellular lysate
containing 100 uM of non-immobilised 187. Compound 187 could compete with the immobilised
active probe, however, even at 100 uM concentration residual interactions with PRMT5-MEP50 could
still be observed (Figure 49B). This result can be explained by the avidity effect, where the apparent
interaction strength results from multiple interactions between all the binding partners.[**! As the
PRMT5-MEP50 heterooctamer has a capacity to interact simultaneously with four active 189 probes,
in order for the complex to be released from the beads, 187 needs to displace all attached 189
anchors. As it is known that avidity can significantly increase the biological effectiveness of employed
agents, it is expected that as indicated in the pull-down experiment, multivalent PRMT5-MEP50
binders would be significantly more effective at inhibiting PRMT5/adaptor protein interactions than

the current generation of presented here monovalent PAPIIs.[#4>446] A proposition of dimeric PRMT5
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binders (191 and 192) based on the structure of 187 and 189 is depicted in Figure 50B. The macrocycles
could be connected to each other via a simple PEG linker attached to either the N- or C-termini through
click reactions. An expected downside of such structures would be a very poor and difficult to optimise
cell permeability, where most likely the compounds would need to be administered in combination
with cellular shuttles facilitating delivery to the cytosol.*4”174-178] The development and biological

assessment of multivalent PRMTS5 binders, however, is left for future explorations.
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Figure 50. Structures of PAPII probes: A) Azide functionalised third generation PAPIIs. Compound 189 is an active
PRMT5 binder, whereas 190 is a scrambled control. B) Proposed structures of multivalent, dimeric
PRMT5/adaptor protein inhibitors, based on the third generation PAPIIs.

Compound 187 and its scrambled equivalent 188 were tested by the collaborators from the Heinrich
Heine University Disseldorf for the inhibition of the PPl between PRMT5-MEP50 and the adaptor
proteins RioK1 and pICIn in cellular lysates. Conjugate GFP-PRMTS5 was overexpressed in Flp-In T-REx
293 cells, which was followed by compound incubation in lysate, and then IP with an anti-GFP
antibody. Compounds 187, 188 and DMSO control showed enrichment of PRMT5 and MEP50. The

treatment with control cyclopeptide 188 and DMSO lead also to the enrichment of RioK1 and plCln,

Page | 103



PART D: Targeting Interactions of PRMT5 with its Adaptor Proteins

but the application of active compound 187 successfully suppressed the PPl between PRMT5 and
RioK1. Surprisingly, 187 had little effect on the enrichment of plICln, thus, suggesting adaptor protein
inhibition selectivity in biologically relevant media (Figure 51A). In order to validate these results, the
collaborators also repeated the experiments overexpressing GFP-pICln and GFP-RioK1 and performing
IP to enrich these adaptor proteins and their binding partners. Active PAPII 187 was again able to fully
inhibit the PPl between RioK1 and PRMT5-MEP50 but not the interactions concerning plICln (Figure
51B). A possible explanation of this behaviour could be the existence of an additional binding site on
pICIn which is not targeted by 187, as it was previously suggested in the published literature by
Pesiridis et al.*®y Compound 187 is however effective at inhibiting the interactions between PRMT5-
MEP50 and plCln in vitro, as shown in the presented here FP assay (Figure 48B), which could suggest
that additional proteins could contribute to and strengthen the interaction between PRMT5-MEP50

and pICln under more native and biologically relevant conditions.
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Figure 51. IP assays using cell lysates: A) GFP-IP from lysate of Flp-In T-REx 293-GFP and Flp-In T-REx 293-GFP-
PRMTS5 overexpressing cells, evaluating compound 187 and scrambled 188 at 50 uM. B) GFP-IP from Flp-In T-
REx 293-GFP-pIClIn and Flp-In T-Rex 293-GFP-RioK1 cytoplasmic extract, testing 187 and 188 at 50 uM.
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The inadvertent selectivity towards RioK1 over plCln by the developed here PAPII can be regarded as
an advantage, considering that the only other known PRMT5/adaptor protein PPl inhibitor BRD0639,
binding the interaction site covalently, does not appear to show such discriminatory ability.*3”! This
compound developed here can constructively contribute to future investigations concerning the

biochemistry of PRMTS5 and its adaptor proteins.

More work, however, will need to be done in order to render cyclopeptide 187 cell permeable, and
thus, allowing to utilise this compound in investigations involving intact cells. It is proposed that in
future biological studies 187 is used in conjunction with shuttle peptides.'4174-1781 Although this
approach would require precise optimisation of the applied assay conditions, it would allow to use

187 without additional and presumably very arduous structural modifications.
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6.3. Summary and Conclusions

The previously obtained co-crystal structure of the RioK1 peptide and the TIM barrel domain, as well
as the biophysical data collected for linear adaptor peptides (PART C) in conjunction with computer-
based models were used for designing a series of macrocyclic PAPIls. A number of different ring sizes
and linkers with varying stereochemistry were explored, resulting in an optimal scaffold of compound
149, containing five-atom long saturated hydrocarbon linker. Cyclopeptide 149 has a Kp value of 430
nM when measured with the target complex PRMT5-MEP50, exhibiting also a stabilising effect onto
the protein complex. The optimised scaffold showed remarkable proteolytic stability in cell lysate with
the estimated half-life 70-fold higher compared to the linear analogue. Unlabelled compound 156
does not interfere with the direct methyltransferase activity of PRMTS5, but it can inhibit the PPI
between purified PRMT5 and plCln proteins with an ICso value of 3.2 uM when tested in vitro. Testing
the compound under more biologically relevant conditions revealed a need to improve the
cyclopeptide affinity. A number of amino acid modifications were explored, resulting in optimised
compound 184 binding to PRMT5-MEP50 with a significantly improved Kp of 89 nM. The unlabelled
analogue 187 was also capable of disrupting the PRMT5-pICIn interaction with an ICso value of 654
nM, when tested in an FP assay. Compound engagement with the PRMT5-MEP50 complex was further
confirmed by pull-down experiments from cell lysates. A strong avidity effect was observed suggesting
that multivalent PRMT5 binders could be potentially very effective agents for inhibiting
PRMT5/adaptor protein interactions, indicating a pathway for future developments. IP experiments
with compound 187 showed an unexpected selectivity for inhibition of the methyltransferase
interactions with RioK1 over plCIn. This surprising selectivity suggests still incomplete understanding
of the nature of the PRMT5-pICIn interactions. Although future optimisations are necessary in order
to render compound 187 cell permeable, the presented herein results demonstrate a valid approach
to developing potent macrocyclic inhibitors of challenging PPls. The here afforded PAPII can be used
in future biochemical investigations, potentially allowing to gain a better understanding of the

function and regulation mechanisms governing the activity of PRMTS5.
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Experimental Section

7.1. General Methods

All chemical reagents and solvents, unless stated otherwise, were purchased from commercial
suppliers: Sigma-Aldrich, Merck, Novabiochem, Acros Organics, abcr, Activate Scientific, Fluorochem,
Carbolution Chemicals, Carbosynth, Iris Biotech, Carl Roth, TCI Deutschland, Fisher Scientific, Fisher
Chemicals, Biosolve, Chem-Impex, Serva Electrophoresis, Gerbu Biotechnik, Calbiochem, Thermo
Scientific or VWR International. The air and moisture sensitive reactions were performed under an
inert atmosphere of Ar gas. Organic solvents for moisture sensitive reactions were dried through

storage over activated 3A molecular sieves, for at least 24h.

Automated peptide synthesis was performed using either CEM Microwave Peptide Synthesiser
connected to CEM Discover microwave reactor (CEM Corporation, USA) or Syro | peptide synthesiser
(Multisyntech GmbH, Germany). The RCM reactions were performed in the CEM Discover microwave
reactor (CEM Corporation, USA). Preparative scale HPLC purification was carried out either on an
Agilent Infinity or Infinity Il LC-MS system equipped with a 125 mm x 21 mm, 5 pm or 125 mm x 10
mm, 5 pum Macherey-Nagel Nucleodur C18 Gravity column (Macherey-Nagel GmbH & Co. KG,

Germany) and detection at 210 nm.

Purity of the final peptide products was determined at 210 nm with an Agilent Infinity HPLC system
applying the elution system: 5% - 65% MeCN (0.1% TFA) in H,0 (0.1% TFA) over 14 min, using either
50 mm x 3 mm, 1.8 um Macherey-Nagel Nucleodur C18 Gravity column and a flow rate of 0.56 ml/min
(Method A) or 125 mm x 3 mm, 5 um Macherey-Nagel Nucleodur C4 Gravity and a flow rate of 1
ml/min (Method B). Alternatively, an Agilent Infinity Il HPLC system was used, equipped with 150 mm
X 2.1 mm, 2.7 um Agilent InfinityLab Poroshell 120 EC-C18, with a flow rate of 0.4 ml/min and the
elution system 5% — 95% MeCN (0.1% TFA) in H,0 (0.1% TFA) over 20 min (Method C). HRMS analyses
were performed on a LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific, USA) using

electrospray ionisation.

Concentrations of PRMT5-MEP50 were measured with the Bradford assay, using Protein Assay Dye
Reagent from Bio-Rad (Cat. #500-0006; Bio-Rad Laboratories, USA) and a dilution series of BSA for
calibration. The concentration of pICIn and RioK1 proteins was determined using NanoDrop 2000c
Spectrophotometer (Thermo Fisher Scientific, USA). Fluorescence- and luminescence-based readouts
were performed on the Spark Multimode Microplate Reader (Tecan Trading AG, Switzerland).
Fluorescence-based assays were carried out in black, low volume, round bottom 384-well plates (ref.

4514, Corning Incorporated, USA), and the luminescence-based assays in white, low volume, round
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bottom 384-well plates (ref. 4512, Corning Incorporated). Mass photometry analyses were done on
the OneMP mass photometer (Refeyn Ltd, UK). Flow induced dispersion analysis (FIDA) was performed
using Fida 1 platform (FIDA Biosystems ApS, Denmark) with LED 488 nm detector and the analysis was

done using FIDA software Version 2.01 (FIDA Biosystems ApS, Denmark).

The antibodies used for the pull-down and immunoprecipitation experiments were as follows: anti-
PRMT5 antibody (sc-376937, Santa Cruz Biotechnology) and anti-MEP50 (2828S, Cell Signaling
Technology). The detection was done using the fluorescent secondary antibodies: IRDye 680RD goat
anti-rabbit and IRDye 800CW goat anti-mouse. The following primary antibodies were used for GFP
immunopurification and immunoblotting: anti-PRMT5 (2252, CST), anti-RioK1 (NBP1-30103, Novus
Biologicals) anti-MEP50 (2823, CST), anti-GFP (3H9, Chromotek), anti-pICIn (sc-393525, Santa Cruz).
The detection of proteins was carried out with the following fluorescent secondary antibodies: IRDye
680LT goat anti-rabbit, IRDye 800LT goat anti-mouse and IRDye 800CW goat anti-rat. The antibodies
used for the assessment of the SDMA patterns were as follows: anti-SDMA (132228, Cell Signaling
Technology), anti-vinculin (V9131, Sigma) and anti-GAPDH (G8795, Sigma). The detection was done
using the fluorescent secondary antibodies: IRDye 800CW donkey anti-rabbit and IRDye 680RD donkey

anti-mouse.

7.2. Linear Peptide Synthesis

All linear peptide were obtained using standard Fmoc chemistry and solid-phase peptide synthesis
(SPPS) methods.[*3* The peptides were normally synthesised on a polystyrene-based Rink Amide AM
resin (substitution ca. 0.7 mmol/g, 100-200 mesh), with the exception of difficult to afford histone
peptides 66-74, 164 and 165, which were synthesised on the polyethylene glycol-based Rink Amide

ChemMatrix® resin (substitution ca. 0.5 mmol/g, 35-100 mesh).

Peptide synthesis was normally performed using 4 equiv of amino acid, 4 equiv of PyBOP and 8 equiv
of DIPEA in DMF. The TAT-based sequences were synthesised using 4 equiv of amino acid, 3.6 equiv
COMU, 4 equiv oxyma pure and 8 equiv of DIPEA in DMF with the addition of 0.4M LiCl. Fmoc removal
was achieved with 20% piperidine solution in DMF, and where applicable, 0.5M oxyma pure was added

to the solution, in order to supress the aspartimide formation.

The coupling of amino acids on the CEM synthesiser was carried out for 5 min at 75 °C under
microwave irradiation (MWI), with an exception for Arg residues, where a modified coupling method
was applied (rt to 75 °C, 30 min under MWI, followed by a second coupling at 75 °C over 5 min under
MWI) and during coupling of Cys and His where the maximum applied temperature was 50 °C. Fmoc

removal was performed at 75 °C under MWI for 30s followed by a second deprotection at 75 °C for 3
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min. The peptide synthesis conducted on the Syro synthesiser was done through double 50 min amino
acid coupling at rt. Fmoc removal was done twice at rt for 5 min for each residue. Manual amino acid
coupling was typically performed for 1h at rt with resin agitation induced by bubbling Ar gas through
the reaction mixture. Fmoc removal was achieved by applying the piperidine solution over 5 min and

then over 10 min. In all cases, the SPPS steps were always followed by resin washes with DMF.

Where applicable, acetylation of the resin-bound peptides was performed using Ac,0 (10 equiv) and

DIPEA (12 equiv) in DMF over 30 min at rt.

In order to facilitate the C-terminal FITC labelling of the peptides, sidechains of the C-terminal lysines
were protected by the acid sensitive Mtt group instead of the standard Boc group. Mtt was selectively
removed by the treatment of the resin-bound peptides with 40% HFIP solution in DCM containing
2.5% TIPS, 4x 20 min at rt.

In all applicable cases, Fmoc-AEEA-OH (4 equiv) was double-coupled to the peptide using the manual
SPPS with PyBOP (4 equiv) and DIPEA (4 equiv) in DMF at rt over 2h, and Fmoc was cleaved with 20%
piperidine in DMF with 0.5 M oxyma pure over 5 min, and then 10 min, at rt. The PEGylated peptide
sequence was reacted with FITC isomer | (2 equiv) in presence of DIPEA (4 equiv) in DMF over 1h at rt,
and the labelling with FITC was repeated overnight. Global deprotection and cleavage from the resin
was achieved through treatment with TFA/H20/DODT/TIPS (90 : 5 : 2.5 : 2.5 v/v) normally over 1-3h
at rt, over 6h for the histone tail peptides and overnight in case of the TAT-derived peptides. The
peptides were triturated in cold Et20 and washed three more times with cold Et,0, dried, dissolved
in MeCN:H20 (1:1 v/v; containing 0.1% TFA) and lyophilised. The crude peptides were purified by
preparative HPLC (using MeCN/MeOH + 0.1% TFA and H20 + 0.1% TFA as buffers) to afford the final

products.

The N-terminally methylated peptide 183 was synthesised following the modified protocols by Kim et
al., 2014, in order to avoid the truncation of the N-terminal amino acid.** The N-terminus of 183 was
acetylated after the installation of the remaining peptide elements and TFA cleavage. The peptide was
treated with Ac20 (1.05 equiv) and DIPEA (2 equiv) in DMF over 5 min at rt, which as followed by

titration in cold Et,0, lyophilisation and purification with preparative HPLC.

7.3. Cyclic Peptide Synthesis
7.3.1. General Approach

Synthesis of the linear peptide intermediates for cyclisation, as well as further modifications were

achieved through the standard Fmoc SPPS techniques on a polystyrene-based Rink Amide AM resin LL
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(100-200 mesh) and 2-CTC resin (100-200 mesh) or polyethylene glycol-based Rink Amide
ChemMatrix® resin (35-100 mesh). The 2-CTC resin was utilised for peptides intended to be cyclised
in solution and the ChemMatrix® resin was used for peptides containing the TAT sequence, in all other
cases the Rink Amide AM resin LL was applied. Resins used for macrocyclisation procedures on solid
support had the following substitutions: Rink Amide AM resin LL — maximum substitution of 0.35
mmol/g, Rink Amide ChemMatrix® resin — substitution of ca. 0.5 mmol/g. Peptides were synthesised
using the same general protocols as outlined for the linear peptides in section 7.2. Additionally,
coupling to N3-AEEEA (3 equiv) was achieved using COMU (2.7 equiv), oxyma pure (3 equiv) and DIPEA

(6 equiv) in DMF overnight at rt.

7.3.2. Amide Bond Mediated Cyclisation in Solution

The peptides intended for cyclisation in solution (11-38, 46-51, 56-60, 84 and 85) were cleaved from
the 2-CTC resin through treatment with 20-40% HFIP in DCM, three times for 20 min at rt, yielding
peptides with free C-terminal carboxylic acids. In case of compounds 32-38, 46-51, 84 and 85 the
treatment with 40% HFIP also removed the protective Mtt group located on the amino acid side chain,
exposing an amine group. The acid was evaporated in vacuo and the resulting solid was resuspended
in DMF to the maximum concertation of 1 mM. The macrocyclisation through coupling of the free
amine and carboxylic acid was performed by treatment with PyBOP (2 equiv) and DIPEA (4 equiv) over
1 day at rt. The solvent was completely evaporated under reduced pressure, and the remaining side
chain protecting groups were removed by treatment with TFA/H20/DODT/TIPS (90 : 5: 2.5 : 2.5 v/v)

over 1-3h at rt, followed by purification with preparative HPLC.

7.3.2. Amide Bond Mediated Cyclisation on Solid Support

Cyclopeptides 52-55:

Linear peptides with exposed N-terminal amino acid were treated with either succinic or glutaric
anhydride (10 equiv) and DIPEA (10 equiv) in DMF two times for 1h at rt, resulting in an N-terminal
linker with a free carboxylic acid. The peptides had a C-terminal Orn or Lys residue protected by Alloc
group, which was then deprotected through treatment of the peptides with Pd(PPhs)s (25 mol %) and
PhSiHs (30 equiv) in anhydrous DCM, two times for 1h, under a protective atmosphere of argon. Resin
was then washed with DCM (4x 30s), DMF (4x 30s), 0.1 M solution of cupral in DMF (5x 5min) and
finally with DMF (4x 30s). The macrocyclisation was achieved using PyBOP (2 equiv) and DIPEA (4

equiv) in DMF over 2 days at rt.

Cyclopeptides 61-65:
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The allyl group on the C-terminal Asp residue was removed using Pd(PPhs)s (25 mol %) and PhSiHs (30
equiv) in anhydrous DCM, two times for 1h at rt, under argon. Resin was washed with DCM (4x 30s),
DMF (4x 30s), 0.1 M solution of cupral in DMF (5x 5min) and with DMF (4x 30s). Fmoc protecting the
amino group of N-terminally located linker was removed with 20% piperidine in DMF at rt over 5 min
and then 10 min. The on-resin cyclisation was then performed in presence of PyBOP (2 equiv) and

DIPEA (4 equiv) in DMF over 2 days at rt.
Cyclopeptides 123-128:

Linear peptides synthesised towards macrocycles 123-128, were attached to the resin via a side chain
of the C-terminal residue, whereas the carboxyl group attached directly to the a-carbon was protected
with an allyl group. The allyl group was removed using Pd(PPhs)s (25 mol %) and PhSiH3 (30 equiv) in
anhydrous DCM, two times for 1h at rt, under argon. Resin was washed with DCM (4x 30s), DMF (4x
30s), 0.1 M solution of cupral in DMF (5x 5min) and with DMF (4x 30s). The macrocyclisation was
achieved through combining the free N-terminal amine and the C-terminal carboxylic acid using PyBOP
(2 equiv) and DIPEA (4 equiv) in DMF over 2 days at rt. The cyclisation was followed by Mtt removal
from Lys side chain using 40% HFIP and 2.5 % TIPS in DCM, three times for 30 min at rt, allowing to

install a fluorescent tag on an macrocyclic ring.
Cyclopeptides 133-140:

Amide-cyclised peptides 133-140 were synthesised through incorporation of allyl-protected Asp or
Glu and Mtt-protected Dap or Dab into the linear peptidic chain. Allyl group was selectively removed
through treatment of the resin-bound peptide with Pd(PPhs)s (25 mol %) and PhSiH3 (30 equiv) in
anhydrous DCM, three times for 1h, under a protective atmosphere of argon. Resin was then washed
with DCM (4x 30s), DMF (4x 30s), 0.1 M solution of cupral in DMF (5x 5min) and finally with DMF (4x
30s). Mtt was removed from Dab/Dap by treatment of the solid support attached peptide with a
solution of 40% HFIP in DCM, containing 2.5% TIPS, four times for 20 min at rt. The Mtt removal was
followed by washing of the resin with DCM (4x 30s) and DMF (4x 30s).

The cyclisation was achieved by coupling the side chains of Asp/Glu and Dab/Dap, where the resin-
bound peptide was treated with PyBOP (2 equiv) and DIPEA (4 equiv) in DMF over 2 days at rt. Allyl
protected Asp in case of peptides 133, 135, 137 and 139 proved to form a significant amount of
aspartimide, and Dmb protection of the preceding residue was necessary: Fmoc deprotected, resin-
bound DAD sequence was washed with a mixture of DMF/MeOH/AcOH (9 : 9 : 2) for 5 min, followed
by a wash with DMF/MeOH (1 : 1, 4x 30s). The resin was treated with 2,4-dimethoxybenzaldhyde (10
equiv) in DMF/MeOH (1 : 1) for 45 min at rt and washed with DMF/MeOH (1 : 1, 4x 30s ). NaBH;CN
(20 equiv) was added in DMF/MeOH/AcOH (9 : 9 : 2), and the resin was shaken for 30 min, at rt, then
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washed with DMF/MeOH/AcOH (9 : 9 : 2), NMP, 5% DIPEA in NMP, NMP and DMF (4x), affording the
Dmb protected DAD peptidic intermediate on solid support. Dmb-DAD gave a negative Kaiser test
result and the product could be observed by LC-MS after a cleavage from the resin. Fmoc-Asp(OAll) (4
equiv) was coupled to this sequence using COMU (3.6 equiv), oxyma pure (4 equiv), DIPEA (8 equiv) in
DMF, three times for 24h, at rt. Uncoupled Dmb-DAD sequence was capped by treatment with Ac,O
(10 eqiv) and DIPEA (12 equiv) in DMF over 30 min at rt.

7.3.3. RCM Mediated Cyclisation on Solid Support

Dry resin was swelled in argon-flushed DCE for 20 min. Hoveyda-Grubbs 2nd generation catalyst (10
mol%) was added and the mixture flushed with argon, and heated under MWI for 10 min at 120 °C.
The mixture was flushed with argon and heated again under MWI for 10 min at 120 °C with a new
portion of the catalyst (10 mol%), washed with DCM (4x) and DMF (4x). Where applicable, the double
bond, created in RCM, was reduced: resin was washed with NMP (4x), then TPSH (30 equiv) and DIPEA
(46 equiv) were added to the resin suspended in NMP. The mixture was shaken for 24h at 50 °C,
washed with NMP (2x), and the process was repeated two more times with fresh portions of the
reagents. The progress of the double bond reduction was monitored by LC-MS. The resin was washed
with NMP (2x), DMF (4x), DCM (4x), Et20 (2x), H20 (4x) and DMF (4x). When possible, the cis and trans

isomers were separated.

7.4. Protein Expression and Purification

7.4.1. Protein Expression

For expression of the proteins, all constructs were subcloned into pOPIN vectors. Full-length human
pICIn, N-terminally tagged with 6His-TRX followed by the 3C cleavage site, and TIM barrel domain (1-
292 aa) of human PRMT5, N-terminally tagged with 6His-SUMO, were expressed in BL21 CodonPlus
(DE3) RIPL strain of Escherichia coli. Bacteria with the respective plasmids were cultured in Terrific
Broth medium. Expression of TIM barrel was auto-induced, with incubation of the starter-culture
(starting OD of ~0.05) at 35 °C for 2.5h, followed by an overnight incubation (20-24h) at 25 °C.
Expression of pICIn was induced at OD ~0.6-0.8 using 0.3 mM IPTG and E. coli was incubated at 20 °C

for 20h. Bacteria were harvested by centrifugation and lysed.

Expression of full-length human RioK1 tagged with N-terminal 6His-3C and co-expression of full-length
human PRMT5 (N-terminal 6His-MBP with 3C) with MEP50 (N-terminal 6His-TRX with 3C), and of TIM
barrel (1-292 aa) with MEP50 (both N-terminally tagged with His-TRX with 3C cleavage site) was done
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using the Flash Bac Expression System (Oxford Expression Technologies, UK) with HighFive insect cells

in Gibco Sf-900 Il SFM medium. The cells were harvested by centrifugation and lysed.

7.4.2. Protein Purification

Protein purification was performed on HisTrap FF crude 5 ml Ni-based column, followed by the on-
column treatment with 6His-tagged HRV-3C PreScission protease, or in case of the SUMO-tagged TIM
barrel, with 6His-tagged SUMO protease. The cleaved proteins were then further purified using gel
filtration chromatography with the HiLoad 26/60 Superdex 75 or 200 prep grade column. PRMT5-
MEP50, TIM-MEP50 and TIM barrel were stored in a buffer containing 50 mM HEPES, 250 mM NaCl,
1 mM TCEP with the pH adjusted to 8.0, whereas, pICln was stored in a buffer of 20 mM phosphate,
100 mM NacCl, 5 mM TCEP and pH of 7.5, whereas RioK1 was stored in a buffer of 50 mM Tris, 200 mM
NaCl, 10% glycerol, 1 mM TCEP at pH 8.0.

7.5. Mass Photometry

Autofocus of the mass photometer was set using 18 pl of the stock buffer of 50 mM HEPES, 250 mM
NaCl, 1 mM TCEP, 8.0 pH at rt. To that was added 2 pl of either 500 nM PRMT5-MEP50 complex or
500 nM TIM-MEP50 complex solution in the stock buffer at rt, giving the final working concentration

of 50 nM, followed by the acquisition of the movies and the automated data analysis.

7.6. Protein Labelling with Alexa 488

To a solution of the full-length pICIn protein (ca. 1 mg/ml) in 0.2 M bicarbonate buffer with 1 mM TCEP
at pH 8.3, was added 10 mM Alexa 488 NHE-ester in DMSO (8 equiv). The solution was kept onice, in
darkness, overnight. The protein was washed eight to ten times with a buffer intended for the
fluorescence polarisation assay (50 mM HEPES, 250 mM NaCl, 1 mM TCEP, 8.0 pH), using an Amicon”®
Ultra-0.5 mL spin filter (Merck, Germany). Protein concentration was determined using the NanoDrop

spectrophotometer.

7.7. Fluorescence Polarisation

7.7.1. Direct Binding Assay

The assay was performed in a buffer of 50 mM HEPES, 250 mM NaCl, 1 mM TCEP, 0.01% (v/v) Tween

20, pH 8.0, in black, 384 well-plates, with a total volume of 10 ul per well. The analysed FITC labelled
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peptides were tested at a final concentration of 1 nM, and the unlabelled PRMT5-MEP50 protein
complex was titrated as two-fold dilution series. The plates were incubated at room temperature for
up to 2h, and analysed on a plate reader using 485 nm excitation and 535 nm emission wavelength.

The assay was performed in triplicates.

7.7.2. Competitive Binding Assay

The competitive binding assay was performed in a buffer of 50 mM HEPES, 250 mM NaCl, 1 mM TCEP,
0.01% (v/v) Tween 20, 8.0 pH, in black, 384 well-plates, with a total volume of 10 pl per well. The FITC
labelled peptides or the Alexa488-labelled plCln protein, at a final concentration of 1 nM, were mixed
with PRMT5-MEP50 (at the final concentration of 194 nM when used with peptide 184, 600 nM with
compound 93 and 149, and 27 nM in the case of Alexa488-labelled pICIn), and the appropriate non-
labelled peptide or protein was titrated as two-fold dilution series. The plates were incubated at room
temperature for up to 1h 45 min, and analysed on a plate reader using 485 nm excitation and 535 nm

emission wavelength. The experiment was performed in triplicates.

7.8. Flow Induced Dispersion Analysis

FIDA experiments were performed using Fida 1 platform with LED 488 nm detector and PEG-coated
capillary with inner diameter of 75 um. The analyses were performed in a buffer of 50 mM HEPES, 250
mM NaCl, 1 mM TCEP, 8.0 pH and 0.01% (v/v) Tween 20. The column was equilibrated with buffer,
followed by the injection of the indicator sample (Alexa488 labelled pICIn or RioK1), and subsequent
injection of the indicator-analyte mixtures (pICIn-Alexa488 or RioK1-Alexa488 mixed with unlabelled
PRMT5-MEPS50 or TIM-MEP50). The indicator was used at a concentration of 10 nM. The analysis was
performed at 25 °C. The obtained data were evaluated using FIDA software Version 2.01 with the
fraction setting fixed to 75% or 100% and fixed selection of Rh for one species option. The samples

were analysed as technical triplicate.

7.9. Stability Assay

To whole cell lysate prepared from U20S cells with the freeze-thaw method was added the
appropriate peptide, resulting in a mixture of 0.5 mg/ml protein and 600 uM peptide in PBS, incubated
at 37 °C. Samples were taken at 0 min, 15 min, 30 min, 1h, 2h, 4h, 1-day, 3-day and 7-day timepoint,
and mixed with equal volume of ice-cold ethylparaben solution in MeOH (0.1 mg/ml), used as the
internal standard. The samples were kept on ice for 15 min and centrifuged at 16,873 x g at 4 °Cfor 5

min. The obtained supernatant was then analysed by HPLC (Method B), the peptide and the internal
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standard peaks at 210 nm were integrated and the ratio of the peptide peak surface area to the

internal standard was calculated. The experiment was conducted in duplicates.

7.10. MTase-Glo™ Activity Assay

The methyltransferase activity of the expressed and purified PRMT5-MEP50 complex was tested in
the presence of the active site inhibitor EPZ015666 and the appropriate peptidomimetics, using the
MTase-Glo™ Methyltransferase Assay from Promega (Promega Corporation, USA).**?! The assay was
performed in 1X reaction buffer of 20 mM Tris, 50 mM NaCl, 1 mM EDTA, 3 mM MgCl,, 0.1 mg/ml
BSA, 1 mM DTT at pH = 8.0, in white, 384 well-plates. A dilution series of tested compounds was
prepared in a mixture of 2 uM S-adenosylmethoinine, 1 uM H4 histone tail peptide and 2X MTase-
Glo™ Reagent in the 1X reaction buffer (2.5 pl per well), and equal volume of 200 nM PRMT5-MEP50
protein solution was added to give a total volume of 5 ul per well. The plate was incubated at 20-21
°C for 1h. MTase-Glo™ Detection Solution (5 pl) was added, the plate was incubated at 20-21 °C for
1h, followed by a luminescence measurement at a plate reader. The experiment was performed as

triplicates.

7.11. Nanoscale Differential Scanning Fluorimetry

To 5 uM of PRMT5-MEP50 complex was added 10, 20 or 50 equiv of peptides in 250 mM NaCl, 50 mM
HEPES, 1 mM TCEP, pH = 8.0. The samples were incubated at room temperature for 30 minutes and
then high sensitivity nanoDSF capillaries were filled with 10 pl of the sample. All the capillaries were
placed in the sample holder of the Prometheus NT.48 instrument and a gradient of 1 °C-min~* from 20
to 90 °C was applied. Melting temperatures were determined after characterisation of the inflection
point of the intrinsic fluorescence curve for the ratio 350/330 nm using the first derivative of the

corresponding curve. All experiments were performed as quadruplicates.

7.12. Thermal Shit Assay

Thermal Shift Assays of peptides on the TIM-MEP50 complex were carried out into a 96 well PCR plate
(LightCycler® 480 Multiwell Plates 96, white, 04729692001). The purified protein complex was
appropriately diluted in a buffer containing 50 mM HEPES (pH = 8.0), 250 mM NacCl, 1 mM TCEP. All
assay experiments used 5.36 pg protein per well and 140 nl 5000X Sypro Orange (Invitrogen) up to a
total volume of 25 pl, with a resultant protein concentration of 3 uM and 5X SYPRO. Peptides were

supplied at 10 mM concentration in DMSO. The PCR plates were sealed with optical seal (LightCycler®
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480 Sealing Foil, 04729757001), shaken, and centrifuged after protein and compounds were added.
Thermal scanning (25 to 95°C at 1°C-min~!) was performed using a real-time PCR setup (LightCycler®
480 — Roche) and fluorescence intensity was measured after every temperature increment step.
Analysis of the raw data was performed using internally developed software. Statistical validation of

Tm shift relevance was performed using Student test (n=6).

7.13. Protein Crystallisation, Data Collection and Analysis

The protein was crystallised in a sitting drop setup, using 100 nl reservoir solution (0.1M NaAc, 0.2 M
CaAc, 26-30% (v/v) PEG 400, at pH 4.18-4.73) and 100 nl of protein-peptide solution (5 mg/ml protein,
450 uM peptide 23) in a buffer of 50 mM HEPES, 150 mM NaCl, 1 mM TCEP, 10% (v/v) glycerol and pH
=8.0. The crystals were grown for two weeks at 4 °C, and were flash frozen in liquid nitrogen. Datasets
of the crystals were taken at the Suisse Light Source X10SA beamline. The data were processed and
scaled using Xia2/DIALS.[*¥7448] The structure could be solved using a truncated model of PDB 4X60
(chain A) with Phaser.**! Cycles of manual and automated refinement was performed with

phenix.refine and Coot.!50451

In order to produce anomalous data for structure verification, crystals of TIM barrel-peptide complex
were soaked in 2 mM solution of K,PtCls for 9 min. A dataset was taken at the X10SA beamline at a
wavelength of 0.85A. Similarly, another crystal of the complex was measured at X10SA at a wavelength
of 2A for sulphur anomalous data. Both datasets were solved using the previously refined TIM barrel-
peptide structure as phaser search model and refined using phenix-refined. Anomalous maps were

calculated from the mtz files in coot using ANOM and ANOMPH amplitudes and phases.

The Matthews coefficient of 4.6 deviates substantially from the ideal value of 2.3 indicating a solvent
content of 73.25%. Attempts to place a second TIM barrel structure or parts thereof into the
asymmetric unit have failed in every program tested. The MR rotation function score indicates the

presence of a single TIM barrel molecule only in the asymmetric unit.

7.14. Cell Culture

MCF7, HEK293-T and U20S cells were cultured in DMEM medium, supplemented with 10% foetal
bovine serum, 1% sodium pyruvate, 1% nonessential amino acids, at 37 °C in a 5% CO, humidified
atmosphere. MCF7 medium was further supplemented with 10 ug/ml insulin. Generation of inducible
Flp-In T-Rex 293 cells system expressing GFP, GFP-PRMT5, GFP-RioK1 and GFP-pICln was carried out

according to manufacturer’s instructions (Invitrogen, Thermo Fisher Scientific) and has been described
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previously.[*2453 All Flp-In T-Rex 293 cells were cultured in DMEM (4.5 g/| D-glucose; Gibco, Thermo
Fisher Scientific) supplemented with 10% (v/v) FCS (Biochrom, Merck), 100 U/ml Penicillin and 100
ug/ml Streptomycin (Gibco, Thermo Fisher Scientific) in a 5% CO> humidified atmosphere at 37 °C. For
induction of GFP, GFP-PRMTS5, GFP-RioK1 and GFP-pICIn expression, Flp-In T-Rex 293 cell lines were

stimulated with 0.1 pg/ml Doxycycline (Clontech) for 18 h.

7.15. SDMA Pattern Analysis

7.15.1. Cell Treatment with PAPIIs

Experiment was performed with HEK293-T and MCF7 cells. HEK293-T cells were treated with 1 uM
GSK3326595 PRMTS inhibitor, 10 uM or 50 uM CPP-labelled 160 and 161 macrocycles, 10 uM or 50
UM TAT sequence 164 and DMSO. HEK293-T cells were incubated at 37 °C in a 5% CO, humidified
atmosphere for 2 days. MCF7 cells were treated with 1 uM GSK3326595 PRMTS5 inhibitor, 50 uM CPP-
labelled 160 and 161 macrocycles, 50 uM TAT sequence 164 and DMSO. MCF7 cells were incubated
at 37 °Cin a 5% CO, humidified atmosphere for 3 days.

7.15.2. Cell Lysis and Immunoblotting

The cells were washed with PBS and then harvested through lysis with SDS buffer (40 uM Tris, 8% v/v
glycerol, 2% SDS, pH 6.8). The collected mixtures were sonicated and centrifuged at 16,873 x g at 4 °C
for 5 min. The supernatant was collected, and DTE (final concentration of 80 uM) and bromphenol
blue (final concentration of 0.02%) were added. The samples were heated shaking for 10 min at 95 °C
and 350 rpm. The resulting solutions were analysed by western blotting using 10% acrylamide gels
and PVDF membranes. The SDMA proteins of interest were detected using anti-SDMA antibody,
selecting either anti-vinculin or anti-GAPDH antibody to use vinculin or GAPDH as a loading control,

and were visualised using corresponding secondary IRDye antibodies.

7.15. Pulldown

DBCO agarose beads (300 ul; Jena Bioscience, Germany) were washed three times with PBS (600 pl,
pH 7.4). To the beads suspended in PBS (600 pl) was added a 10 mM solution of azide labelled peptide
in DMSO, or pure DMSO. The obtained suspensions were incubated overnight at 4 °C. The beads were
washed with PBS three times for 10 min. MCF7 cells were harvested and lysed using triton X100 lysis
buffer (NaCl 150 mM, HEPES 25 mM, TCEP 1 mM, 1% triton x100, 1% NP40 alternative, protease and

phosphatase inhibitor, pH 7.4). Empty beads, beads bound to an active peptide (189), or to a
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scrambled peptide (190), were added to lysate (6 mg/ml) and rotated at 4 °C overnight. Beads
attached to the active peptides were also incubated in lysate containing non-immobilised active
macrocycle (187 at 100 uM). Beads were collected by centrifugation (800 x g for a 1 min) and washed
three times for 10 min with PBS (500 pl). The beads were suspended in SDS-PAGE protein loading
buffer (20 ul; 40 uM Tris, 8% v/v glycerol, 2% SDS, 80 uM dithioerythritol (DTE), 0.02% bromophenol
blue, pH 6.8), and heated shaking for 10 min at 95 °C and 350 rpm. The obtained solutions were
analysed by western blotting, using 10% acrylamide gels, PVDF membranes and the relevant proteins
were fluorescently detected using antibodies against PRMT5 and MEP50 and the corresponding

secondary IRDye antibodies.

7.16. GFP Immunopurification and Immunoblotting

7.16.1. Generation of S100 Extract

Harvested Flp-In T-REx 293 cells were incubated with Roeder A buffer32 in three times sample weight
for 10 min at room temperature, dounced 10 times and adjusted to 150 mM NaCl. After centrifugation
at 17,000 g for 30 min the supernatants (S100 extracts) were used for immunopurification and

treatment with inhibitors.

7.16.2. Inhibitor Treatment and Immunopurification

For the treatment the S100 extracts of GFP, GFP-PRMT5, GFP-RioK1 and GFP-pICIn were incubated
with DMSO, active 187 and scrambled 188, used at a concentration of 50 uM. The incubation with the
S100 extract was carried out for 1 h at room temperature. For GFP immunopurification S100 extracts
were incubated with GFP-Trap_A beads (ChromoTek) at 4 °C for 2 h with rotation. Purified proteins
were washed 3 times with washing buffer (150 mM NaCl, 50 mM Tris/HCl pH 7.5, 1 mM EDTA, 1 mM
EGTA and 0.01% lgepal with protease inhibitors), eluted in sample buffer [375 mM Tris pH 7.5; 25.8%
(w/v) glycerol; 12.3% (w/v) SDS; 0.06% (w/v) bromophenol blue; 6% (v/v) B-mercaptoethanol; pH 6.8]

and analysed by immunoblotting.

7.16.3. Immunoblotting

Immunopurification samples were separated by Tris/Tricine or Tris/Glycine SDS gel electrophoresis
and transferred to PVDF membranes (Immobilon-FL, Merck Millipore).[*** The immunoblot analysis
was performed using the indicated antibodies against RioK1, PRMT5, MEP50, pICIn and GFP and
signals were detected with an Odyssey LI-COR Imaging System (LI-COR Biosciences, USA).
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7.17. Computational Modelling

Computational modelling was performed using the Maestro environment, version 12.3.013, and the
Schrédinger suite, release 2020-1 (Schrodinger Inc., USA). Protein preparation was done with the
Protein Preparation Wizard (Schrodinger), with the amino acid protonation states refined using
PROPKA at pH set to 8.0.1° The macrocyclic compounds were built upon the co-crystal structure
obtained for RioK1-delived peptide sequence and TIM barrel of PRMTS5. Using the Conformational
Search tool (Schrodinger) with the OPLS 2005 force field and the water solvent, different
conformations were generated for the cyclic core of the molecules with all the remaining atoms
fixed.**® Ligand refinement was performed with Glide v8.6 (Schrédinger), using first the standard
precision, then followed by the extra precision ligand refinement.[*>’*°! The obtained models were

evaluated visually.
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Appendix

8.1. Supplementary Experimental Data

8.1.1. Supplementary Tables

Table S1. Results of the DrugScore® analysis of the interface between the TIM barrel domain of PRMTS and
MEPS50 in the PDB structure 4GQB for the MEP50 residues. Entries with AAGcaic > 1 kcal/mol are shown in bold.
MEP50 AAGcalc

Residue [kcal/mol] Degree of Buridness Possible Saltbridges
ARG29 0.48 3.07 No
GLN30 0.28 4.05 No
GLU32 0.27 8.4 Yes
SER47 0.33 9.34 No
SER48 0.23 7.74 No
LEU49 1.63 3.72 No
SERS50 0.62 9.25 No
ARGS52 0.91 1.54 Yes
CYS53 0.19 3.93 No
TRP54 3.74 8.33 No
GLU8O -0.11 4.78 No
VAL83 0.23 6.37 No
ASP85 0.29 9.92 No
SER98 0.27 9.25 No
ASP99 3.15 6.43 Yes
SER100 0.18 6.23 No
TYR122 -0.22 6.04 No
GLU123 -0.21 2.09 No
HIS124 0.13 7.54 No
ASP125 3.3 5.07 No
ASP126 1.09 5.07 No
ILE127 1.33 6.34 No
VAL128 0.25 8.60 No
LYS145 0.39 5.00 No
ILE147 0.33 6.39 No
LYS150 0.22 7.55 No
SER162 0.14 4.72 No
TYR163 0.23 3.18 No
ARG164 1.54 5.01 No
HIS166 0.15 6.6 No
GLN169 0.2 3.02 No
GLU188 0.18 3.16 No
ASP189 0.48 10.14 No
ARG191 0.68 6.10 Yes
LEU193 0.5 7.39 No
TRP195 0.18 3.43 No
LYS201 1.71 5.00 No
SER204 0.39 9.25 No
GLN205 -0.23 4.05 No
ILE206 0.05 1.83 No
TYR213 1.04 3.22 No
GLU233 0.02 3.16 No
ASN234 0.24 2.37 No
SER255 0.17 4.72 No
GLN256 0.12 4.96 No
CYS257 0.17 5.21 No
GLU276 0.46 3.16 No
ASP277 0.29 9.99 No
CYS278 0.32 7.85 No
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Table S2. Results of the DrugScore™ analysis of the interface between the TIM barrel domain of PRMT5 and
MEPS50 in the PDB structure 4GQB for the TIM barrel residues. Entries with AAGcalc > 1 kcal/mol are shown in
bold.

TIM_ Barrel AlGeale Degree of Buridness Possible Saltbridges
Residue [kcal/mol]

Asn21A 0.54 5.89 No
Cys22A 0.31 5.29 No
Val23a 0.18 5.44 No
Glu25Aa 0.32 6.86 Yes
Ile26A 0.07 2.42 No
Met43A 0.11 3.67 No
Vald5a 0.01 1.11 No
Phed6A 0.17 5.92 No
His47A 0.36 8.70 No
Arg49A 0.88 6.10 Yes
Phe50A 1.01 6.74 No
Lys51A 0.67 2.50 No
Arg52Aa 0.21 5.31 No
Glu53A 0.35 9.48 No
G1n56A 0.06 1.99 No
Glu57A 0.06 2.15 No
Arg62A 1.04 4.52 Yes
G1n66A 0.02 3.93 No
Thr67A 0.18 4.82 No
Arg68A 3.22 7.68 No
Ser69A 0.14 4.72 No
Leu72A 0.61 3.72 No
Lys85A 0.24 8.32 No
Trp89A 0.18 6.30 No
Arg91A 0.24 4.56 No
Ser94A 0.21 6.23 No
Lys95A 0.05 0.87 No
Val96a 1.62 6.43 No
Lys98A 0.47 1.68 No
I1le99A 0.64 4.50 No
Asn102A 0.29 7.10 No
Asn127A 0.14 4.81 No
Glul6lA 0.64 5.37 Yes
Leul63A 0.31 4.50 No
Argl64A 1.36 6.80 No
Aspl65A 2.81 3.78 No
AsSpl66A 0.37 5.07 No
Ilel67A 2.44 3.67 No
Ilel68A 2.98 8.28 No
Glul69A 0.01 3.10 No
Asnl70A 1.59 5.89 No
Thr1l73A 0.21 7.33 No
His175A 0.11 3.80 No
Thr233A 0.27 8.52 No
Ser234A 0.06 1.60 No
Thr267A 0.21 7.33 No
The269A 0.63 6.08 No
Asn270A 0.17 8.32 No
His271A 0.31 7.59 No
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Table S3. Overview of expression systems, vectors and tags initially tested for the expression of human PRMT5

and MEP50 proteins. None of the tested protein constructs could be successfully obtained in isolation.

Expression System

Protein

Vector

Tag

E. coli

PRMT5

POPIN

IN-6His

C-8His
IN-6His-3C
IN-6His-MBP-3C
IN-6H1is-SUMO
IN-6His-GST-3C
IN-6His-TRX-3C

PET19

IN-6His-3C
C-3C-6His

MEP50

POPIN

IN-6His

C-8His
IN-6His-3C
IN-6His-MBP-3C
IN-6H1is-SUMO
IN-6His-GST-3C
IN-6His-TRX-3C

pET19

IN-6His-3C
C-3C-6His

HighFive and Sf9
Insect Cells

PRMT5

POPIN

IN-6His

C-8His
IN-6His-3C
IN-6His-MBP-3C
IN-6H1is-SUMO
IN-6His-GST-3C
IN-6His-TRX-3C

MEP50

POPIN

IN-6His

C-8His
IN-6His-3C
IN-6His-MBP-3C
IN-6His-SUMO
IN-6H1s-GST-3C
IN-6His-TRX-3C
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Table S4. FIDA results for pICln and RioK1 interactions with PRMT5 protein complexes.

pICIn-Alexa488 RioK1-Alexa488
I PRMT5-MEP50 TIM-MEP50 PRMTS5-MEP50 TIM-MEP50
Affinity constant EERINY 64.11 nM 1.53nM 20.62 nM
Indicator size EREIn] 3.66 nm 3.06 nm 2.89 nm
(6] ] [EIFLW 7.10 nm 4.30 nm 6.37 nm 3.73 nm
158 0.999 0.996 0.922 0.801

Table S5. Sequences of molecules containing amino acid modifications resulting in weaker affinity to PRMT5-
MEP50 than the original linear peptide 158

Molecule Sequence
s1 IAc-Tyr-PGQFDDADK (FITC) —-NH:
s2 IAc-Phe-PGQFDDADK (FITC) -NH:
s3 IAc-hPhe-PGQFDDADK (FITC) -NH:
sS4 IAc-Trp-PGQFDDADK (FITC) —-NH:
S5 IAc-Asp-PGQFDDADK (FITC) —-NH:
S6 IAc-Glu-PGQFDDADK (FITC) -NH:
s7 IAc-VPG-Asp-FDDADK (FITC) -NH:
s8 IAc-VPG-Dab-FDDADK (FITC) —-NH:
s9 IAc-VPG-Dab (Alloc) -FDDADK (FITC) —-NH:
s10 IAc-VPG-Cit-FDDADK (FITC) -NH:
s11 IAc-VPGQ-Phe (2-F) -DDADK (FITC) -NH:
s12 IAc-VPGQ-Phe (Fs) ~-DDADK (FITC) -NH>
s13 IAc-VPGQ-Phe (2-I) -DDADK (FITC) —-NH:
s14 IAc-VPGQ-Phe (3-C1) -DDADK (FITC) -NH:
s15 IAc-VPGQ-Phe (3-CF3) ~-DDADK (FITC) -NH:
sS16 IAc-VPGQ-2-Pal-DDADK (FITC) —-NH:
s17 IAc-VPGQ-Tyr-DDADK (FITC) —-NH:
si8 IAc-VPGQ-Phe (4-COOH) -DDADK (FITC) -NH:
Ss19 IAc-VPGQ-Phe (4-guanidino) -DDADK (FITC) -NHz
S20 IAc-VPGQ-hPhe-DDADK (FITC) —-NH:
s21 IAc-VPGQ-3- (2-biphenylyl) -Ala-DDADK (FITC) —-NH>
S22 IAc-VPGQ-Bpa-DDADK (FITC) -NH:
s23 IAc-VPGQ-2-Nal-DDADK (FITC) -NH;
s24 IAc-VPGQ-1-Nal-DDADK (FITC) -NH:
S25 IAc-VPGQFD-Gla-ADK (FITC) —-NH:
S26 IAc-VPGQFDD-Abu-DK (FITC) -NH:
s27 IAc-VPGQFDD-Nva-DK (FITC) -NH;
s28 IAc-VPGQFDD-Nle-DK (FITC) —-NH>
S29 IAc-VPGQFDD-Cha-DK (FITC) —-NH:
s30 IAc-VPGQFDD-Ser-DK (FITC) -NH:
s31 IAc-VPGQFDDA-Tyr-K (FITC) -NH:
S32 IAc-VPGQFDDA-Trp-K (FITC) —-NH>
S33 IAc-VPGQFDDA-hPhe-K (FITC) —-NH>
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Table S6. HRMS data for synthesised peptides.

| | HRMS
Molecule m/z calculated m/z found

1 849.40358 [M+H]" 849.40315
2 920.44070 [M+H]* 920.44034
3 1007.47273 [M+H]* 1007.47263
4 1064.49419 [M+H]* 1064.49450
5 1222.56333 [M+H]* 1222.56410
6 1341.50270 [M+H]* 1341.50355
7 1412.53982 [M+H]* 1412.54060
8 1499.57185 [M+H]* 1499.57283
9 1556.59331 [M+H]* 1556.59360
10 1714.66245 [M+H]* 1714.66258
11 790.36647 [M+H]* 790.36617
12 861.40358 [M+H]* 861.40352
13 575.41923 [M+H]* 875.41930
14 932.44070 [M+H]* 932.44093
15 946.45635 [M+H]* 946.45654
16 1019.47273 [M+H]* 1019.47318
17 1033.48838 [M+H]* 1033.48895
18 561.40358 [M+H]* 861.40372
19 861.40358 [M+H]* 861.40404
20 918.42505 [M+H]* 918.42500
21 918.42505 [M+H]* 918.42576
22 1005.45708 [M+H]* 1005.45745
23 1005.45708 [M+H]* 1005.45817
24 1017.49346 [M+H]* 1017.49355
25 1017.49346 [M+H]* 1017.49386
26 1074.51492 [M+H]* 1074.51554
27 1074.51492 [M+H]* 1074.51558
28 1104.52549 [M+H]* 1104.52601
29 1104.52549 [M+H]* 1104.52613
30 1161.54695 [M+H]* 1161.54760
31 1161.54695 [M+H]* 1161.54722
32 755.29993  [M+2H] % 755.30066
33 783.81066 [M+2H]? 783.81124
34 783.81066 [M+2H]? 783.81118
35 798.81594  [M+2H]?* 798.81582
36 798.81594  [M+2H]?* 798.81653
37 527.32668 [M+2H]? 827.32638
38 527.32668 [M+2H]? 827.32708
39 915.45304 [M+H]* 915.45558
40 986.49015 [M+H]* 986.49186
41 1099.57421 [M+H]* 1099.57552
42 1083.54291 [M+H]* 1083.54636
43 1196.62698 [M+H]* 1196.62949
44 1184.59059 [M+H]* 1184.59286
45 1297.67466 [M+H]* 1297.67818
46 955.47310 [M+H]* 955.47565
a7 969.48875 [M+H]* 969.48967
48 969.48875 [M+H]* 969.48965
49 983.50440 [M+H]* 983.50526
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50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

89
90

91
92
93
94
95
96
97
98
99
100
101

983.50440
997.52005
1237.61714

1251.
1251.
1265.
1237.
1251.
1265.
1279.
1293.
1294.
1308.
1322.
1336.
1350.
1346.
1312.
1200.

63279
63279
64844
61714
63279
64844
66409
67974
63860
65425
66990
68555
70120
18587
69059
98125

954.49485
932.16466
755.01277
1373.92337
1243.09157
1379.25042
822.32372
1108.55520
1342.08155
979.90995

1838
1783

1993.
1722.
1506.
1255.
1751.
989.36241
996.37023

1018.
1252.
1243.
1328.
1067.
1064.
1149.
1049.
1098.
1183.
1652.
1422.
1353.
1496.

74884
62079
52754
42570
70782

.73264
.67921
86367
49794
01976
07253
92038
41546
46822
91476
47426
52703
66858
61470
54562
53109

[M+H]*
[M+H]
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+2H]
[M+2H]
[M+3H]
[M+3H]
[M+3H]
[M+5H]
[M+4H]
[M+4H]
[M+3H]
[M+3H]
[M+2H]
[M+2H]
[M+2H]
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+2H]
[M+2H]
[M+H]*
[M+H]*
[M+2H]
[M+H]*
[M+2H]
[M+2H]
[M+2H]
[M+2H]
[M+2H]
[M+2H]
[M+2H]
[M+2H]
[M+H]*
[M+H]*
[M+H]*
[M+H]*

983.50540
997.52212
1237.61975

1251.
1251.
1265.
1237.
1251.
1265.
1279.
1293.
1294.
1308.
1322.
1336.
1350.
1346.
1312.
1200.

63560
63572
65112
62025
63678
65311
66880
68474
64174
65823
67198
68800
70633
18590
69193
98243

954.49568
932.16531
755.01310
1373.93147
1243.09787
1379.25276
822.32763
1108.56019
1342.08896
979.91523

1993.
1722.
1506.
1255.
1751.

75151
62497
52922
43126
71434

989.36276
996.37044

1838.
1783.
1018.
1252.
1243.
1328.
1067.
1064.
1149.
1049.
1098.
1183.
1652.
1422.
1353.
1496.

74403
68691
86502
50244
02345
07628
92328
41816
47222
91657
47733
53018
66956
61635
54723
53270
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102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142

143 isomer 1

143 isomer
144
145

146 isomer 1

146 isomer
147
148
149
150
151

994.
1003

925.
932.
932.
939.
925.
932.
932.
939.
916.
917.
916.
916.
917.
758
765.
765.
765.
772,
766.
773.
765.

1300.
1115.
1004.
1666.
1470.
1285.
1635.
1291.
1544.
1346.
1302.
1302.
1302.
1270.
1289.
1360.
1320.
1318.
1318.
1261.
1330.
1034.
1023.
1014.
1023.

1878.
1302.
1360.
1316.

40991
32987
92272
63658
51544
43540
72449
58009
62096
63352
64369
64369
64369
60222
61206
64917
61787
60222
60222
56952
63860
95911
93055
94346
93055
92781
.91490
76394
64369
64917
65934
37795
38578
38578
39360
37795
38578
38578
39360
88287
89069
88287
88287
89069

.29791

30573
30573
30573
31356
31356
32138
30573

[M+H]*
[M+H]*
[M+2H] 2
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+2H] %
[M+2H] %
[M+2H]2*
[M+2H]2*
[M+2H] %
[M+2H] %
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+2H] 2"
[M+2H] 2"
[M+2H] %
[M+2H] %
[M+2H] 2"
[M+2H] 2"
[M+2H] %
[M+2H] %
[M+2H] 2"
[M+2H] 2"
[M+2H] %
[M+2H] %
[M+2H] 2"
[M+2H] 2"
[M+2H] %
[M+2H] %
[M+2H] 2"
[M+2H] 2"
[M+2H] %
[M+2H] %
[M+2H] 2"

1300.41144
1115.33101
1004.92569
1666.63968
1470.51881
1285.43804
1635.72651
1291.58152
1544.62257
1346.63623
1302.64621
1302.64633
1302.63783
1270.60403
1289.61450
1360.64443
1320.61953
1318.60393
1318.60389
1261.57166
1330.63818
1034.96144
1023.93316
1014.94578
1023.93302
994.93060
1003.91768
1878.76453
1302.64518
1360.65083
1316.66100
925.37895
932.38677
932.38673
939.39476
925.37888
932.38677
932.38673
939.39480
916.88398
917.89179
916.88396
916.88397
917.89172
758.29659
765.30446
765.30464
765.30440
772.31227
766.31240
773.32047
765.30441
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H4 tail peptide (MTase-Glo™ Substrate)

152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

sl
s2
s3
s4
s5
S6
s7
S8
s9
s10
Ss1l1
s12

765.30573

772.31356

766.31356

773.32138

1014.48909
1014.48909
1521.56272
1004.43197
915.86219

964.22016

1093.89875
1142.25672
541.01212

719.04868

1539.55330
1535.57837
1597.59402
1557.54388
1539.55330
1599.47323
1647.45936
1555.52375
1579.56820
1566.54780
1613.52923
1624.55328
1535.57837
1535.57837
1535.57837
1535.57837
1535.57837
1535.57837
1634.61040
1634.61040
1438.48922
1117.47964
1117.47964
1460.66521
1460.66521
1066.64103
1585.55764
1569.56272
1583.57837
1608.57362
1537.52125
1551.53690
1507.54707
1493.56781
1577.58894
1550.58927
1539.55330
1611.51561

[M+2H] %
[M+2H] 2
[M+2H] 2
[M+2H] %
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+3H]3*
[M+3H] 3
[M+3H] 3
[M+3H]3*
[M+3H]3*
[M+3H] 3
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+2H] 2"
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*

765.30475

772.31239

766.31275

773.32047

1014.48752
1014.48727
1521.56580
1004.42952
915.86281

964.22076

1093.89898
1142.25669
541.01189

719.04846

1539.55557
1535.58145
1597.59731
1557.54775
1539.55660
1599.47609
1647.46158
1555.52694
1579.57062
1566.55130
1613.53080
1624.55454
1535.58195
1535.58169
1535.58178
1535.58196
1535.58188
1535.58070
1634.61054
1634.61064
1438.48948
1117.48050
1117.48031
1460.66729
1460.66757
1066.64198
1585.56081
1569.56604
1583.58125
1608.57625
1537.52441
1551.54015
1507.55099
1493.56975
1577.59177
1550.59317
1539.55666
1611.51901
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s13
S1l4
s15
s16
s17
s18
s19
s20
s21
S22
s23
S24
s25
S26
s27
s28
s29
s30
s31
s32
S33

1647.
1555.
1589.
1522.
1537.
1565.
1578.
1535.
1597.
1625.
1571.
1571.
1579.
1535.
1549.
1563.
1603.
1537.
1569.
1592.
1567.

45936
52375
55011
55797
55764
55255
59542
57837
59402
58894
57837
57837
56820
57837
59402
60967
64097
55764
59911
61509
61984

[M+H]*
[M+H]
[M+H]"
[M+H]*
[M+H]*
[M+H]"
[M+H]"
[M+H]*
[M+H]*
[M+H]"
[M+H]"
[M+H]*
[M+H]*
[M+H]"
[M+H]"
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*
[M+H]*

1647.
1555.
1589.
1522.
1537.
1565.
1578.
1535.
1597.
1625.
1571.
1571.
1579.
1535.
1549.
1563.
1603.
1537.
1569.
1592.
1567.

46197
52705
55440
56122
56120
55556
59706
58161
59787
59170
58183
58167
57063
58199
59737
61310
64485
56164
60176
61751
62296
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Table S7. Data collection and refinement statistics. Statistics for the highest-resolution shell are shown in

parentheses.

Wavelength
Resolution range
Space group

Unit cell

Total reflections
Unique reflections
Multiplicity
Completeness (%)
Mean I/sigma(l)
Wilson B-factor
R-merge

R-meas

R-pim

CcC1/2

Ccc*

Reflections used in refinement
Reflections used for R-free
R-work

R-free

CC(work)

CC(free)

Number of non-hydrogen atoms
macromolecules

Protein residues
RMS(bonds)

RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Average B-factor
macromolecules

Number of TLS groups

0.99986

46.74 -2.55 (2.641 - 2.55)
P3121

96.63 96.63 112.68 90 90 120
409259 (41998)

20296 (1991)

20.2 (21.1)

99.58 (99.50)

12.05 (1.33)

71.65

0.1916 (4.157)

0.1966 (4.26)

0.04392 (0.9258)

0.999 (0.829)

1(0.952)

20232 (1983)
1012 (99)
0.2269 (0.3443)
0.2552 (0.3418)
0.959 (0.819)
0.836 (0.751)

1844
1844
225
0.010
1.30
94.01
5.53
0.46
88.41
88.41
7
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8.1.2. Supplementary Figures
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Figure S1. Direct Binding FP with GST protein.
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Figure S2. Direct binding FP with BSA protein.
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Figure S3. Direct binding FP with PRMT5-MEP50.
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Figure S4. Direct binding FP with PRMT5-MEP50.
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Figure S5. Direct binding FP with PRMT5-MEP50.
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Figure S6. Direct binding FP with PRMT5-MEP50.
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Figure S7. Competitive binding FP with PRMT5-MEP50 and fluorescently labelled compound 93 used
as a tracer.

|:| - Obtained Structure
. - Protein Fragment from 4GQB
Figure S8. Superposition of the crystallised TIM barrel domain of PRMT5 (PDB ID: 7BOC, gray) and a fragment of

PRMT5-MEP50 (PDB ID: 4GQB, turquoise and mint green). The expanded image focuses on the area of the
modified B-strand protein core, with the antiparallel strand.
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J
s

Figure S9. Depiction of the anomalous density calculations: A) The structure of the antiparallel strand in the TIM
barrel domain with the side chains of Cys42 and Met43 residues visualised. The purple density represents the
anomalous density of a Pt-derivative at 0.86A (contour level of 3.7). B) The structure of the antiparallel strand
in the TIM barrel domain with the side chains of Cys42 and Met43 residues visualised. The orange density shows
the anomalous signal of the native protein crystal at 2.0 A (contour level of 2.7).

!

Vi

v -,

-

Figure S10. Visualisation of the 2Fo-Fc electron density for peptide 108 bound to the TIM barrel domain (PDB
ID: 7BOC). The electron density is contoured at 2.50.
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Figure S12. Depiction of the heterooctameric PRMT5-MEP50 complex (PDB ID: 4GQB) with peptide 108
structures fitted through a superposition with the obtained TIM-peptide co-crystal structure (PDB ID: 7BOC).
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Figure S13. Binding curves obtained for the performed FIDA measurements: A) Results for the interactions
between plCIn-Alexa488 and PRMT5-MEP50. B) Results for the interactions between plCIn-Alexa488 and TIM-
MEP50. C) Results for the interactions between RioK1-Alexa488 and PRMT5-MEP50. D) Results for the

interactions between RioK1-Alexa488 and TIM-MEP50.
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Figure S14. Competitive binding FP with PRMT5-MEP50 and fluorescently labelled compound 93 used as a tracer.
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Figure S15. Direct binding FP with PRMT5-MEP50.
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Figure S16. Direct binding FP with PRMT5-MEP50.
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Figurel7. Immunoblotting visualising SDMA proteins in treated cells: A) Results of treatment of HEK293-T cells.
B) Results of treatment of MCF7 cells.
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Figure S18. Direct binding FP with PRMT5-MEP50.
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Figure S19. Direct binding FP with PRMT5-MEP50.

Page | 161



Appendix

200 -
150 4 o 158
e S13
m S14
- ¢ Si15
E o S16
< 100 4 Stz
2 S18
o S19
v S20
s21
S22
50 1 S23
S24
0 T T T T 1
0.0001 0.001 0.01 0.1 10 100
PRMT5-MEP50 [uM]
Figure S20. Direct binding FP with PRMT5-MEP50.
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Figure S21. Direct binding FP with PRMT5-MEP50.
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Figure S22. Direct binding FP with PRMT5-MEP50.
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Figure 23. Results of pull-down experiments: A) Pull-down from MCF7 cellular lysates. B) Western blot of the
purified PRMT5-MEP50 at a higher concertation than used in A) for comparison
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Figure S24. IP assays using cell lysates: A) GFP-IP from lysate of Flp-In T-REx 293-GFP and Flp-In T-REx 293-GFP-
PRMTS5 overexpressing cells, evaluating compound 187 and scrambled 188 at 50 uM. B) GFP-IP from Flp-In T-
REx 293-GFP-pICIn and Flp-In T-Rex 293-GFP-RioK1 cytoplasmic extract, testing 187 and 188 at 50 uM.
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8.1.3. Peptide Purity HPLC Chromatograms
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Peptide 7 (Method A)
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Peptide 10 (Method A)
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Peptide 28 (Method A)
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Peptide 37 (Method A)
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Peptide 43 (Method A)
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Peptide 46 (Method A)

Retention Time: 7.5 min
25001

2000

1500 4

Signal

1000 4

500 4

,r e

Peptide 47 (Method A)

Time {min)

2500 Retention Time: 7.7 min

2000 4

1500 4

Signal

1000 4

500 1

Time (min)

Peptide 48 (Method A)

Retention Time: 7.7 min
1750 4

1500 4

1250 4

1000 4

Signal

750 A

500 A

2504

20
Time (min)

Page | 181




Appendix

Peptide 49 (Method A)
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Peptide 52 (Method A)
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Peptide 55 (Method A)

1500 4

1250 4

1000 4

750 A

Signal

500 +

2504

Retention Time: 7.4 min

Peptide 56 (Method A)

T
10 15 20
Time (min)

1400 4

1200 4

1000 4

8001

Signal

600

400 4

2001

Retention Time: 7.3 min

Peptide 57 (Method A)

10 15 20
Time (min)

500 +

400 +

300 4

Signal

2001

100 4

Retention Time: 7.3 min

T
10 15 20
Time (min)

Page | 184




Appendix

Peptide 58 (Method A)
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Peptide 61 (Method A)
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Peptide 64 (Method A)
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Peptide 67 (Method A)
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Peptide 70 (Method A)
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Peptide 73 (Method A)
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Peptide 76 (Method A)
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Peptide 79 (Method A)
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Peptide 82 (Method A)
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Peptide 85 (Method A)
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Peptide 89 (Method A)
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Peptide 91 (Method A)
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Peptide 94 (Method A)

2000 4

Retention Time: 8.8 min

1500 4

1000 4

Signal

500 1

jil

Peptide 95 (Method A)

2000

20
Time (min)

Retention Time: 9.7 min

1750 4

1500 4

1250 4

1000 4

Signal

750 A

500 A

250

T T T
0 5 10 15 20
Time {min)

Peptide 96 (Method A)

Retention Time: 11.0 min
1400 4

1200 4

1000 4

800+

Signal

600

400 A

2004

20
Time (min)

Page | 197




Appendix

Peptide 97 (Method A)
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Peptide 100 (Method A)

Peptide 101 (Method A)

Signal

Peptide 102 (Method A)

Signal

2000

1500 4

Signal

1000 4

500 A

Retention Time: 9.8 min

1

0 15
Time (min)

20

1200 4

1000 +

8001

600

400 A

200+

Retention Time: 9.7 min

10

Time {min)

20

2000 +

1500 4

1000 +

500 +

Retention Time: 9.1 min

10

Time (min)

20

Page | 199




Appendix

Peptide 103 (Method A)
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Peptide 106 (Method A)
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Peptide 109 (Method A)
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Peptide 112 (Method A)
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Peptide 115 (Method A)
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Peptide 118 (Method A)
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Peptide 121 (Method A)
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Peptide 127 (Method A)
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Peptide 133 (Method A)

Retention Time: 9.2 min
1000 +

800

600

Signal

400 A

200

il

Peptide 134 (Method A)

Time (min)

Retention Time: 9.1 min
1500 1

1250 4

1000 +

750 +

Signal

500 A

250
0__;\.”,(_ ]

Peptide 135 (Method A)

1600 A

Time (min)

Retention Time: 9.1 min

1400 4

1200 4

1000 +

800

Signal

600 4

400

200 4

Time {min)

Page | 210




Appendix

Peptide 136 (Method A)
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Peptide 139 (Method A)
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Peptide 142 (Method A)
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Peptide 144 (Method A)
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Peptide 146 isomer 2 (Method A)
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Peptide 149 (Method A)
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Peptide 152 (Method A)
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Peptide 155 (Method A)
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Peptide 158 (Method A)
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Peptide 161 (Method A)
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Peptide 164 (Method A)
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Peptide 167 (Method A)
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Peptide 170 (Method A)
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Peptide 173 (Method A)
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Peptide 176 (Method A)
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Peptide 179 (Method A)
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Peptide 182 (Method A)
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Peptide 185 (Method C)
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Peptide 188 (Method C)
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H4 Histone Tail Peptide (Method A)
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Peptide S3 (Method A)
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Peptide S6 (Method A)
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Peptide S9 (Method A)
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Peptide S12 (Method A)
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Peptide S15 (Method A)
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Peptide S18 (Method A)
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Peptide S21 (Method A)
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Peptide S24 (Method A)
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Peptide S27 (Method A)
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Peptide S30 (Method A)
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Peptide S33 (Method A)
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