[ K
Y

\)
¢

s

R

=

UNIVERSITAT be

BARCELONA

Design of peptides able to modulate
Protein-protein interactions (PPls) in mutated p53

Federica Nicolini

(OMOM

Aquesta tesi doctoral esta subjecta a la llicencia Reconeixement 4.0. Espanya de Creative
Commons.

Esta tesis doctoral esta sujeta a la licencia _Reconocimiento 4.0. Espafa de Creative
Commons.

This doctoral thesis is licensed under the Creative Commons Attribution 4.0. Spain License.




m
uy
[=%
°
Z
i
=]
i=
£
=
=
=
=
=
£
i
1]
e
=
c
£
o)
g
@
£
1]
]
a
w
=t
L
5
o
<]
=
2
z
=)
R
w
@
=
B
@
o
-]
=
&
g

Federica Nicolini

Design of peptides able to
modaulate Protein-Protein
Interactions (PPIs) in mutated p53

Federica Nicolini

[j' i UI\'IV[—.RSI'I;\'I‘:..
i) BARCELONA




UNIVERSITATbs BARCELONA

BARCELONA

INSTITUTE
FOR RESEARCH
IN BIOMEDICINE

Programa de doctorat de Quimica Organica

Design of peptides able to modulate Protein-
Protein Interactions (PPIs) in mutated p53

Federica Nicolini

Tesi doctoral dirigida per:

Prof. Ernest Giralt Lledo Prof. Xavier Salvatella Giralt
Institut de Recerca Biomedica, Institut de Recerca Biomedica,
IRB Barcelona IRB Barcelona
Tutor:

Prof. Antoni Riera Escalé

Universitat de Barcelona i
Institut de Recerca Biomeédica, IRB Barcelona

Barcelona, 2022






ACKNOWLEDGEMENTS

Primero de todo, me gustaria agradecer a Ernest. No hay palabras suficientes para
describir lo bonito que ha sido trabajar contigo por tu enorme paciencia, curiosidad,
disponibilidad y grandisima pasidon que pones en tu trabajo y en todo lo que haces.
Quien trabaja contigo percibe eso y es una gran suerte. Gracias por dejar siempre la
puerta de tu despacho abierta. Si no hubiese sido por ti, nunca hubiera llevado a
termine mi doctorado. De corazdén, imuchisimas gracias!

También quiero agradecer a Xavier por la posibilidad que me dio de terminar mi
trabajo en su grupo.

Alo largo de mi doctorado tuve la suerte de encontrar y trabajar al lado de personas
maravillosas y, de verdad, os agradezco a todos porque cada uno a su maniera
contribuyd en esta tesis y en este camino.

Nunca olvidaré los almuerzos y los café junto con el mejor grupo de trabajo. Asi que
muchas gracias Macarena, Salva, Leo, Adam, Toni, Daniela, Mark, Cris G., Cristina
Fuster, Cristina Diaz, Shauna, Huguito, Ignacio, Alejandro, Karen, Monica, Xavi. Un
gracias especial también es por Eva.

Luego me fui una temporada en la Pompeu Fabra donde me senti muy a gusto y “en
mi casa”. Y todo eso gracias al magnifico grupo de David Andreu. Primero quiero
agradecer a David la grande oportunidad que me dio a trabajar con ellos. Y por
supuesto a todo el grupo: Adam, Toni, Maria, Giusi, Javi, Roberto, Eduard, Edgar,
Patrizia, Yolanda y Sira. Simplemente ha sido fantastico encontrar a nuevos amigos.

Y luego a mi grupo actual: Mireia, Isabel, Jomi, Mateusz, Levi, Stase, Borja, JesuUs,
Carla, Michael, Paula, Melina, Maria. Especialmente quiero agradecer a Mireia por
su grande disponibilidad y hospitalidad.

Un gracias muy grande va también a las facilities del masa y del RMN del IRB.
Especialmente quiero agradecer a Mireia, Mar y Marta por sus enormes ayudas y
disponibilidad.

Luego quiero agradecer a todos mis amigos y compafieros que estuvieron a milado
alo largo de este camino. En particular quiero agradecer a Laura, Maria, Giusi, Petra,
Nevenka, Fabio, Jeremy, Luca, Lucia, Milosz, Sol, Pato, Veronica, Dani, Israel y Uri.

Un gracias muy especial va a mis compaferas de acroyoga con las cuales tuvimos
momentos realmente bonitos y enriquecedores. Muchas gracias Cindy, Carla y Bea,
os quiero mucho.



Per ultimo, ma non per importanza, voglio ringraziare di cuore la mia famiglia. Grazie
babbo per tutto quello che hai fatto e continui a fare per me. Grazie Franci per essere
la mia roccia, per esserci sempre e sapermi ascoltare come nessun altro sa fare.
Grazie mamma per la tua grande sensibilitd e disponibilitd sempre e comunque per
me. Grazie Cello e Gia per sapermi fare ridere e cogliere il lato divertente delle cose.
Grazie Gell per la tua apertura alla nostra cultura e famiglia. Ed infine, GRAZIE Gianni
e Amanda, le emozioni che provo per voi sono davvero uniche e speciali. Vi voglio
bene, tanto bene.



Fatti non foste a viver come bruti,

ma per seguir virtute e canoscenza.

Versi 119-120, Canto XXVI dell’'Inferno, Divina Commedia

Dante Alighieri






CONTENTS






INTRODUCTION ....cuttiiteiiieiie ettt sttt ettt sbe e st st s e e b e sneesmee st e emneenneen 1
Protein-Protein INteractions (PPIS) .........coociviiiiciiee ettt et e e 3

[0 151C U OO PP PSP P UPPRTPPPPPPTOPOR 5
P53 1etrameriSatioN ..ccccii i 6
Regulation of p53 tetramerisation........ccccevcieie e 9
Regulation of P53 @CtiVItY ..ccccveeeiiiiiie e 11

P53 MUTATIONS et e e e st e e e e e 12
Small molecules interacting With p53.....cccviiiiiiiiiii e, 15
Targeting PPIs USING PEPLIAES ..ccuvieeieciiii ettt e e 18
=T 8] o T=Tot V=3P PP PPPPPPPPPTN 21
OBJECTIVES ..ottt ettt ettt st sttt b e sae e s me e st e e e enees 23
RESULTS AND DISCUSSION.....ccetiiiiiiiiiiiiiiiiiiiiieieieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 27
EQUILIBRIUM BETWEEN P53TD SPECIES ....ccceviiiiiiiiiiiiiiiiiiiieeieeeeeeeeeeeeeeeeeeeeeeeeeeees 29
Definition of the TD and selection of the mutations ........cc.cccocerviriiniieiicnennne. 32
Secondary structure of the 37TDS .....ccoociiii i 33
Determination of the oligomeric state by native MS .......cccooveevciieiiiciieecciiee, 35
Study of the equilibrium between oligomers by NMR ........cccooeiiviiieeiiiieeeennen, 43
X-STE NMR diffusion eXperiments .......ccceecvveieiiiieeecriee e esiee e esree e e 46
Determination of the Ky of tetramerisation by thermophoresis...........cccccuuuee.. 49
DESIGN OF A ‘SUPER’ TETRAMER AND A ‘SUPER’ DIMER OF P53TD................... 55
Design of the MULANTS.........uviiiii e 58
Secondary structure of the 74TDS ....cccccuiiiiiiee et e e 60
Determination of the oligomeric state by native MS .........cooceeeiiieiecciiee e, 61
Study of the equilibrium between oligomers by NMR .........cccoceeiviiieeiiiieeeeenen, 63
Determination of the Ky of tetramerisation by thermophoresis...........cccccuuuee.. 70

Molecular DYNamics (IMD) .....eeeccuveeeeeiiieeeecieeee ettt e eeeire e eeree e e e eareeeeeearaeeeennaeaeas 71



DESIGN OF LIGANDS AND STUDY OF THE INTERACTION BETWEEN THESE

LIGANDS AND P53TD ..couiiiiieiieeieeteeieesiee sttt ettt ettt s s sn e sb e 81
Design of the ligands: 15 GeNeration ........cccccecveevvieireenieenee e et 84
Thermal stability circular dichroisSm..........coooeciiieie e 90
Study of the binding by NIMR ......cooiiiie e 93
Design of the ligands: 2™ GeNeration..........c.coeeveueevereeeeeereeeeereeeeeee e 94
Study of the binding by fluorescence spectrosCopy ......ccoveeereviveeeiicieeeeeiieeee s 100
Study of the binding by NMR (linear ligands) ........cccoeeeeiieeiiiiieeiiciee e 102
NMR chemical-shift-perturbation.........cccccvecieiiiiciiee e 102
IH 13C HSQC binding @XPeriMENtS ......ccvvveviviiieeeiiciieeeste ettt st 103
Study of the binding by NMR (caliX[4]arene).....cccccveeeecciieeeeiieee e ecieee e 106
Study of the binding by thermophoresis (calix[4]arene) ......ccccceeeeveeeeiciveeenns 107
Study of the binding by Native MS ... 109
Stability of the complexes studied by native MS.........cccoeiiiviieiiiiiieeecrieee s 113
Conformational study of Rab4 and cRys2R2 by NMR........ccccocveviiiiieeiiniiieneins 116
Stability in hUMaN SErUM ..o e et e e 118
CytotoXiCity @SSAY (XTT) covreeeieiieeeeeiiee et e et e et e e eeetre e e esba e e e s saraee s esnbeeeeenes 120
MATERIALS AND METHODS ....ccciiiiiiiiiiiiieiiiiiiieieieeeeeeeeeeeeeeeeeeereeeeeeeeeeeeeeeeeeeeeeeeeeenee 125
Peptide synthesis and characterisation ..........cccocvevviiiieiinie e, 127
Calix[4]arene synthesis and characterisation .........cccoceeeeeiieccciiveeee e, 132
Circular DIiChroiSM (CD) ..ueieieeeieirreeeeeeeeeceiireee e et e e e e e eeaarrrereeeeeeesasaaeneens 140
Native Mass SPECLIOMELIY....c.uuiiiiiiiiiiiiiieieieeerererrrererreeeerrrererererererererererrsereerrenne 140
Nuclear Magnetic Resonance (NMR)........occvieiieeiiiieeiiieciee e 141
Microscale Thermophoresis (MST) .....cccuieeceeerieecie et et 143
FlUOreSCENCE SPECLIOSCOPY .uvviriruriereriiiieeeiteeeeestreeeesrreeeesrreeeesrreeeesnreeeesnses 144
Stability in hUMaN SErUM .....cociiiie e e e 144
XTT CitOtOXICITY @SSaY.cciiiiiiiiiiiiiiie e, 144
Molecular Dynamics (MD, GROMACS) .....ccccveeiieeriieecirieeieeecireesieeeereesvee e 145
oo g Y= (1Y =T ) R 145

Molecular Dynamics (MD, Ma@Stro).......ccceccueeeeeiieeeeeiieeeeciieeeeereeeeeeveee e e 146



PRODUCT CHARACTERISATION AND SUPPLEMENTARY FIGURES ........ccccocvveernee 147

PRODUCT CHARACTERISATION......ccciiiiiiiiiii i 151
SUPPLEMENTARY NATIVE MS ..o 167
SUPPLEMENTARY NMR ....ooiiiiiiiiiiiiiic s 186
SUPPLEMENTARY MST ...oiiiiiiiiiiiii it 201
SUPPLEMENTARY MD ....ciiiiiiiiiiiiiiiiiiiii s 213
SUPPLEMENTARY XTT ..eviiiiiiiiiiiiii i 227
CONCLUSIONS ..ottt 229

REFERENCES .....oiiiiiiiiiii s 233






ABBREVIATIONS






aa
ACN
AcOH
Boc
BSA
cosy
Da
DCM
DIPEA
DIC
DMEM
DMF
DMSO
DTT
EDC
€q

ESI
EtOH
FBS
Fmoc
HEPES
HOAt
HPLC

HPLC-MS

HSQC

Amino acids

Acetonitrile

Acetic acid

Tert-butoxycarbonyl

Bovine serum albumin

Correlation spectroscopy

Dalton

Dichloromethane
N,N-diisopropylethylamine
Diisopropylcarbodiimide

Dulbecco’s modified eagle medium
Dimethylformamide

Dimethylsulfoxide

D,L-dithiothreitol
N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride
equivalents

Electrospray ionisation

Ethanol

Fetal bovine serum
9-fluorenylmethoxycarbonyl
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
1-hydroxy-7-azabenzotriazole
High-performance liquid chromatography

High-performance liquid chromatography with mass spectrometry
detection

Heteronuclear single quantum coherence spectroscopy



Kq
MD
MeOH
MS
MST
MW
NHS
NMR
NOE
NOESY
Pbf
PBS
PDA
PDB
PyBOP
PPI

RT
SAW
SD
SDS
SEC
SPPS

TBTU

tBu

D

Dissociation constant

Molecular dynamics

Methanol

Mass spectroscopy

Microscale thermophoresis

Molecular weight
N-hydroxysuccinimide

Nuclear magnetic resonance

Nuclear Overhauser effect

Nuclear Overhauser effect scectroscopy
2,2,4,5,7-pentamethyldihydrobenzofurane-5-sulfonyl
Phosphate-buffered saline

Photodiode array

Protein data bank
1H-Benzotriazol-1-yloxytris(pirrolidino)phosphonium
Protein-protein interaction

Room temperature

Surface acoustic wavelength

Standard deviation

Sodium dodecylsulfate

Size exclusion chromatography
Solid-phase peptide synthesis

O-(Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
tetrafluoroborate

Tert-butyl

Tetramerisation domain



TFA
TIPS
Tm
TOCSY
tr

Trt
UPLC

UPLC-MS

uv

WT

Trifluoroacetic acid

Triisopropylsilane

Melting temperature

Total correlation spectroscopy

Retention time

Trityl

Ultrahigh-performance liquid chromatography

Ultrahigh-performance liquid chromatography with mass
spectrometry detection

Ultraviolet

Wild type



Proteinogenic amino acids

A
Ala

L-Alanine

[#]
HN._

F
Phe
L-Phenylalanine

HaN__ JL

Lys
L-Lysine

o
HaN \;”M“Ql-ﬂ

NH;

P
Pra

L-Proline

o]

H
Non

T
Thr
L-Threonine

0
HaN \/JLOH

T

< "OH

C
Cys
L-Cysteine

o
HN._ o,

~

SH

G
Gly
Glycine

0

HN_ L

OH

L
Leu
L-Leucine

o
HaN. L

~

OH

Q
Gln
L-Glutamine

o
H:N "?“JL”OH\

C;\NHg

v
Val
L-Valine

0
N AL

x*j\s.

D E
Asp Glu
L-Aspartic acid L-Glutamic acid
Q [s]
HaN \;/M\‘OH\ HaN ";’JL‘QH
_\H,,QH\ j\
o 0" oH
H |
Hys lle
L-Histidine L-Isaleucine
0 o]
HoN.__ 91“ HEN\:,JL oh
SV
N
M N
Met Asn
L-Methienine L-Asparagine
a (o}
HzN \Zfﬂ\ OH HoN ”Y"J-HDH
r/ : :"\TrNHZ
/S o
R 5
Arg Ser
L-Arginine L-Serine
0 (o]
\
Hzm?,lLQH HN J"L‘on-l
\”\ \QH
NH
HN™ "NH;
W Y
Trp Tyr
L-Tryptophan L-Tyrosine
Q
HaN__. J‘l\ HZN‘\./JL"

Hub OQH

vi



Non-proteinogenic amino acids

Ty

HZNANH

B-3-arginine §

Protecting groups

9-Fluorenylmethoxycarbony|

Trt
Trityl

Resins

RinkAmide-ChemMatrix resin

o
H,N \JJ\OH

Ve

HN

NH,

H

Rab

She

tBu

Terf-Butyl

(o]
\‘\‘Q/\QJ'L;‘J\

Alloc

Allyloxycarbonyl

o

Boc

Tert-Butoxycarbonyl

VO?E

OAlI

Allyl

RinkAmide-Protide resin

Vv

OH

HN

NH,
T

Rys

s//o
o

Pbf

2,2 4 5 7-pentamethyldihydro
benzofurane-5-sulfonyl

T
Cl

2-chlorotrityl resin



Coupling reagents and additives

b
.

DIPEA

N,N-diisopropylethylamine

PFg

HATU

1-(Bis(dimethylamino)methylene)-
1H-1,2,3-triazolo[4,5-b]pyridinium
3-oxide hexafluorophosphate

HS\/\O/\/O\/\SH

EDT

2,2’-(Ethylenedioxy)diethanethiol

Oxyma

Ethyl ciano-glyoxylate-2-oxime

N
C\IN:%Q

<)
PFe

N N
PyBOP
1H-Benzotriazol-1-yloxytris

(pyrrolidino)phosphonium
hexafluorophosphate

OH
H

DTT

D,L-dithiothreitol

/LN:C:N
Y

DIC

Diisopropylcarbodiimide

e,

OH

HOAt

1-hydroxy-7-azabenzo
triazole

\r\g*f

Triisopropylsilane

o
N
A "0
N__S | e ®%e Nt
| e e N /Si\/\)\slioe Na®
o ® Il
“N
0
BisNPys —
Sodium trimethylsilyl

viii



Hoo 1
DORS
IN/

AccQ Reagent

B6-Aminoquinolyl-
N-hydroxysuccinimidyl Carbamate

XTT Reagent

2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-

2H-tetrazolium-5-carboxanilide

HO,s

SO,H

NT-647-NHS Fluorescent dye






INTRODUCTION






Protein-Protein Interactions (PPlIs)

Proteins play a crucial role in a myriad of cellular processes, therefore they are
essential biomolecules for life. As matter of fact, the word ‘protein’ comes from the
greek word ‘proteios’, which means ‘of primary importance’. Biomolecules are
classified mainly in four types of compounds, each one having its own functionality.
Nucleic acids are the storage of genetic information and carbohydrates are the
source of the energy. Lipids are essential structural compounds of biologicals
membranes and proteins are the agent of action in the cells.!

Proteins and peptides are main players in a variety of cellular activities, such as
enzymatic catalysis, physiological regulation, transport, cell signalling, immune
response, structural composition and support among others. The key characteristic
for the functional diversity is their ability to recognise and bind other molecules,
including other proteins, sugars, fatty acids, nucleic acids, small ligands or ions.
Within the cell, protein-protein interactions (PPIs) are organised into a high complex
network, named interactome,®> where proteins are represented as nodes and
interactions as edges (Figure 1). Essential proteins are more connected (hubs) than
non-essential ones, constituting the structural basis of the network. The deletion of
a hub protein is likely lethal for the organism, although the deletion of a non-hub
protein could be detrimental too. In this huge and complex network, some proteins
have tens, hundreds or thousands of links. This high level of connectivity is reflected
in the protein structure because the diversity in the interaction is achieved by
intrinsic structural flexibility.3®

Figure 1. Protein interaction network map. Each colour dot represents a node.?



This network of interaction is crucial to maintain the homeostasis inside the cells,
thus healthy conditions of the whole organism. Malfunctions in this network in many
cases causes pathologies, among them various types of cancer. For this reason, PPls
constitute important targets in therapeutic outcomes. The design of molecules able
to modulate PPls is a prominent and challenging strategy for new pharmaceutics.
Understanding how proteins interact between each other would facilitate our
comprehension of the pathogenic mechanism involved in diseases enabling the
possible development of therapeutic agents.

Several examples are reported in the literature in which the aim was to impede
interactions between proteins.”** Normally, this strategy is based on the design of
peptides or small molecules that act as inhibitor binding to the interface of the
interested protein involved in the interaction with its receptor, impeding in this way
the PPI. For examples, it is well known that cancer cells are hyper-metabolic active
and they overproduce growth factors growing faster than normal cells. Therefore, a
possible approach to face cancer growth, is to inhibit the interaction between the
epidermal growth factor (EGF) with its receptor.’® Moreover, cancer cells are hyper-
vascularised having in this way many nutrients reaching them and allowing a fast
growth. Another strategy to face cancer growth is the isolation of tumour cells
impeding new vascularisation around them. Therefore, in this case, the aim is to
inhibit the interaction of the vascular endothelial growth factor (VEGF) with its
receptor.’® A third strategy aims to target p53, which plays a crucial role in the
cancer development. The idea is to reduce its degradation that is mediated by
interaction with MDM2. This binding promotes p53 nuclear expulsion and
degradation, constituting a negative control of the protein function. The inhibition
of this interaction is a promising strategy for the development of new cancer
therapeutics, favouring p53 anti-tumour activity.*4

On the contrary, in this thesis we aim to stabilise PPls, although not many examples
are reported regarding this strategy. In these cases, the protein studied normally is
a homo-oligomeric protein that self-interacts with other chains of itself. In
particular, in this project, we focused on p53, a homo-tetrameric transcription factor
protein.



p53

The transcription factor p53 is a tumour suppressor, which plays a crucial role in
many biological processes. It is called ‘genome guardian’ due to its ability to bind
the DNA and check its integrity.!” In response to stress, p53 transactivates a variety
of genes by binding to specific DNA sequences, promoting repairing damaged DNA,
cell-cycle arrest, or apoptosis.’® It contributes to the protection of the genome as
well by favouring senescence in order to maintain genome stability.*®

p53 is inserted in a very sophisticated network of protein-protein interactions (PPIs)
and cellular signalling. The activity of p53 is very precisely regulated by several
factors that include protein stability, cellular localisation, and tetramerisation. The
protein is mainly located in the cytosol and it is shuttled inside the nucleus after
stress signals. It is still unclear if the protein is shuttled inside the nucleus as small
oligomer and then the tetramerisation occurs in the nucleus, or if it enters directly
as a tetramer.2>?! Factors that damage DNA - such as hypoxia, shortening of the
telomeres, and activation of oncogenes - induce post-translational modifications
that fast stabilise p53 and increase its concentration, promoting protein
oligomerisation. Phosphorylation of more than 20 different sites stabilises the
protein and avoids its degradation.? Inside the nucleus, p53 binds to DNA through
a specific sequence and the affinity to this sequence is 1000-time increased by
tetramerisation of the protein. It is suggested that the oligomerisation of p53 occurs
step-wise in different times and different areas of the cell. In particular, the
dimerization occurs co-translationally on the polysome, whereas the
tetramerisation is a post-translational event that takes place in solution.?
Depending on the severity of the DNA damage, p53 is able to decide to activate
different cellular processes, such as DNA repair, senescence, cell-cycle arrest, or
apoptosis. The degradation of p53 occurs by MDM2-ubiquitous-mediated pathway
that promotes nuclear exclusion and proteasome degradation. A schematic drawing
of p53 network is shown in Figure 2.
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p53 tetramerisation

p53 is a homo-tetrameric protein where each monomer is composed of 393 amino
acids. The first time high-molecular weight p53 complexes have been reported was
in 1981, when complexes of roughly 200 kDa were identified to interact with SV40
large-T antigen.? Later, the tetrameric nature of p53 was confirmed by Friedman et
al.®® by gel filtration chromatography, chemical cross-linking, and zonal velocity
gradient centrifugation. The protein is composed of an unfolded transactivation
domain (TAD), the DNA binding region (DBD), an unfolded linker, the
tetramerisation domain (TD), and the C-terminus (Figure 3 A). The structure of the
TD has been resolved by X-ray crystallography?” and NMR experiments.? They found
that the secondary structure of the monomer is composed by a B-strain and an a-
helix linked together by a little turn, the Gly residue 334 (Figure 3 B). The monomer
has a V-shape and the tetramer is a dimer of dimers. Two monomers dimerise
through the anti-parallel B-strain and the dimers tetramerise by interactions of the
a-helixes. In the dimer formation the hydrogen bonds have a crucial role, whereas
the tetramer is mainly stabilised by hydrophobic interactions (Figure 3 C). The C-
terminus of the protein contains specific sequences, which have the function of
localise p53 in the cell. In particular, there are three nuclear localization sequences
(NLSs) (res 316-325, 369-375 and 379-384) and a nuclear exporting sequence (NES)



(res 340-351), which is inaccessible when the protein is in its tetrameric form.? The
presence of a TD (res 325-353)%® is fundamental for the tetramerisation of the
protein, which enhances the affinity of the protein itself with specific DNA
sequences.?! The DBD recognises and binds specific sequences of DNA, and the
tetramerisation of the protein is essential for the stability of the protein-DNA
complex. Weinber et al.3? showed that the binding to the DNA is highly co-operative,
and oligomerisation of the protein increase its affinity to the DNA. The binding
affinity of the tetramer to the DNA, in fact, is 1000-time high than that of the
monomer, but it is only 6-time higher than that of the dimer. It has been suggested
that the TD and the C-terminus play a crucial role for the binding of the protein to
the DNA, not only due to the tetramerisation, but as well to the long-range inter-
domain communication between the DBD and the TD and the influence of the latter
on the conformation of the first.3
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Although it is universally recognised that p53 acts as a homo-tetramer protein, the
mechanism of tetramerisation is not completely understood yet. Different models
have been proposed describing an interaction between the C and N-terminus in
murine p53 as key interactions for the tetramerisation of the protein. Nevertheless,
for human p53 the model suggests that the tetramerisation occurs prevalently by
the presence of the TD.% In a healthy cell, the levels of p53 are quite low and the
protein is located mainly in the cytosol. It is proposed that different stoichiometries
of p53 oligomers coexist in solution, i.e. monomers, dimers, and tetramers are in
equilibrium.®® Until recently, it has been proposed that the protein was mainly
tetrameric, as tetramers have been found interacting with DNA.3” More recently,
several studies reported that in unstressed conditions the protein is mainly dimeric.
Fluorescence correlation spectroscopy (FCS) experiments in vitro® and in cells®
consistently suggest the dimer as the most abundant oligomer, although a large cell-
to-cell variation has been reported in cell-assays.® Recent studies have pointed out
that the dimer has biological functions as well. Fischer and coworkers reported that
the oligomerisation of p53 is crucial in the cell fate decisions of growth, cell cycle
arrest or apoptosis.? The tetramerisation is required to induce apoptosis, but the
dimer is still able to arrest the cell growth. It has been proposed that, although the
protein is mainly dimeric in unstressed conditions, it fully fulfil its functions in a
tetrameric state. As a matter of fact, it has been found as 93% tetrameric in cells
after DNA damage, meaning that tetramerisation is required for its function.®®
Therefore, the regulation of the tetramerisation plays a crucial role for p53 biological
functions and cell fate. Many factors contribute to p53 tetramerisation, such as DNA
damage, post-translational modifications, and increase of protein concentration.
Despite these evidences, Gaglia et al.*° found functional tetramers in cells before
protein concentration increasing and DNA damage.

Regulation of p53 tetramerisation

p53 oligomerisation is sophisticatedly regulated, in fact, post-translational
modification of p53 as well as several protein-protein interactions inside the wide
network of the protein can either stabilise or avoid protein tetrameristion. The
protein MYBBP1A is involved in rRNA transcriptional regulation and process. It is
able to bind and stabilise p53, as in the presence of this protein, p53 was found
oligomerised giving high-molecular complexes. This does not occur when MYBBP1A
is mutated and the mutant is unable to bind p53, suggesting a stabilisation effect
after MYBBP1A binding.** BCCIP is a protein that interacts with BRCA2 and CDKN1A
and it is required for the transactivation activity of wild type p53. p53 does not bind
effecintely promoters of CDKN1A (p21) and MDM2 after DNA damage in the cells
that have low level of BCCIP, meaning that this protein is modulating p53 activity,



although direct binding with p53 has not been observed. Probably the binding
between the proteins is unstable or the modulation is indirect.*> RhoGAPs is a
domain of ArhGAP11A protein that is able to bind p53TD only in its tetrameric form.
This interaction probably stabilises the tetramer enhancing the DNA-binding.*
Another protein, Atg7, which is essential for cell degradation and its recycling, is able
to bind p53 and modulates its transcriptional activity. Cells with continued
metabolic stress lack Atg7 and they increase apoptotic responses mediated by p53,
suggesting a correlation between the amount and activity of the two proteins.**
Finally, 14-3-3 is a family of conserved proteins that are able to bind to diverse
signaling proteins, such as kinases, phosphatases, and transmembrane receptors.
Some proteins belonging to 14-3-3 family as well promote p53 dimers to form
tetramers at lower concentration and, as consequence, enhance the binding of p53
to sequence-specific DNA.*

S100 is a family of calcium-binding proteins and some proteins belonging to this
family are able to bind p53 in several domains of the protein. In particular, S100A
and S100B proteins can bind either to the intrinsically disordered TAD and C-
terminus or to the TD. Since TAD and C-terminus domains are subjected to post-
translational modifications, the binding of S100 protein is modulated and depends
on these modifications of p53.%¢ On the other hand, S100 proteins that bind to the
TD, can bind either the monomer or higher oligomers. Therefore, the effect of the
binding is different. In particular, the proteins that bind monomeric p53 impede the
tetramerisation of the protein. However, other proteins bind more tightly the
tetramer than the monomer. Therefore, depending on the concentration of p53 and
the member of the S100 family, binding can shift the balance between monomer
and tetramer in either direction.*” Another protein that inhibits p53 oligomerisation
is RBEL1A, a Ras-like GTPase that is overexpressed in cancers. It interacts with the
p53TD suppressing oligomer formation in unstressed cells and cells exposed to DNA
damage. Silencing of RBEL1A significantly enhances the formation of p53 complexes
and RBEL1A knockdown increases the expression of p53 target genes.* Finally,
multiple cancer cells induce expression of ARC. This protein binds p53 inside the
nucleus and promotes p53 exposure of the nuclear exporting sequence (NES),
causing a re-localisation of p53 in the cytosol, and, as consequence, avoiding p53-
mediated apoptosis. ARC knockdown in breast cancer cells results in tetramerisation
of p53, accumulation in the nucleus and expression of p53 target genes.*

Post-translational modifications (PTM) as well modulate p53 tetramerisation. Many
PTM are reported to occur in p53 but not all of them have been studied in term of
tetramerisation propensity. Mainly they occur in the C-terminus, which is a
regulatory domain of the protein. For example, phosphorylation of S392 promotes
protein tetramerisation, whereas phosphorylation of S315 has an opposite effect.>
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When nitration of Y327 occurs, p53 tetramers are stabilised and its transcriptional
activity is increased.>! On the contrary, when M340 is oxidised the tetramers are
destabilised by structural changes that make the protein more sensitive to enzyme
degradation.? It has been proposed that lysine residues in the C-terminus
regulatory domain do not modulate the tetramerisation, as by substituting them
with a glutamine or arginine residue there is no effect on the tetramerisation of the
protein.>3

Regulation of p53 activity

There are many levels of p53 regulation, among them p53 localisation, stability,
tetramerisation, and cell fate decisions play a crucial role. In unstressed conditions,
the protein is instable, with a half-life between 20 and 50 minutes.3® PTMs stabilise
the protein promoting in this way the oligomerisation. Additionally, the quaternary
structure of p53 favour as well PTMs that cause p53 activation. The main negative
control of p53 is MDM2-mediated ubiquitination.>* The binding between the two
proteins is dependent on the oligomeric state of p53, so tetrameric protein binds
better than monomeric or dimeric p53. Lower oligomeric species of mutant p53 are
shown to be mainly degraded by ubiquitin independent 20S proteasome.>>>’

Another level of regulation is protein localisation in the cell. The TD contains a
nuclear export sequence (NES, res 340-351) that are accessible when the protein is
in non-tetrameric form and it is buried when the protein tetramerises, avoiding thus
its expulsion from the nucleus. Some PTMs in the TD favour or inhibit p53 nuclear
export. The cancer-related mutation K35IN was found to abrogate lysine
ubiquitination and, as consequence, p53 nuclear export.>®*® Moreover, the
substitution of Arg residues 333, 335, and 337 by lysine residues affect the protein
localisation. Most probably, arginine methylation favours its cytoplasmic
localisation reducing the transcriptional activity.®® A possible therapeutic strategy
could be the blocking of the hyperactive export of p53 from the nucleus favouring
its activity.

A third level of regulation is tetramerisation of the protein. Although it is largely
recognised that the protein is active in its tetrameric form, the tetramerisation event
as well as its oligomeric state is still under investigation.®® Accurate values of
dissociation constants between the oligomers are not available in literature, which
are fundamental in order to assign the oligomeric state of the protein in normal and
cancer cells.

p53 initiates several cellular outcomes, such as apoptosis, cell-cycle arrest, and
senescence. How the protein is able to make these decisions remains ununderstood.
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Some evidences suggest that PTMs in some TD residues can switch p53 responses
of apoptosis or cell-cycle arrest. For example, a triple mutant where Arg residues
333, 335, and 337 are replaced by Lys residues, is unable to undertake arginine
methylation, resulting in the inability to activate cell-cycle arrest, but not apoptosis
in SAOS-2 cells.®® Acetylation of C-terminal lysine residues is important for cell fate
and it is dependent on tetramer formation. Itahana et al.’! showed that the
acetyltransferase p300 acetylates only the tetrameric form of p53 and non-
tetrameric mutants, which are non-acetylated, are unable to induce apoptosis.
Therefore, PMTs deeply influence p53 activity and protein interactions. The TD is an
essential domain for protein regulation, protein functionality and cell fate decisions.
Cancer-related TD mutants, thus, need to be investigated to better understand their
potential in regulating p53 function.

p53 mutations

Cancer onset is frequently associated to p53 mutations, in fact, more than half of
human cancers lose p53 function due to mutations.®? Tumours with inactive
mutated p53 normally are aggressive and resistant to ionising radiation and
chemotherapy. In spite of the complex regulatory network, mutations of p53 can
affect dramatically the oligomeric state of the protein. The majority of these cancer-
related mutations occurs in the DNA binding domain (DBD) (Figure 4). These
mutations alter the interaction between p53 and DNA, although can also modulate
the aggregation state of the protein.®® Nevertheless ca. 20% of cancer-associated
mutations occur in the TD®*® having a direct impact on the oligomeric state of p53.
Mutations in TD could impact the oligomeric state of p53 modulating the secondary
structure of this folded domain and, as a consequence, also its quaternary structure.
Changes in the oligomeric state of p53 have been reported to affect the activity of
the protein as well.’® Considering the lengths of the two domains, DBD = 200
residues and TD = 30 residues, the probability to missense mutations is similar,
suggesting that both domains are essential for p53 function and that the TD as well
has a key role in tumour suppression.
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Figure 4. Frequency and distribution of p53 mutations. Image adapted from Bullock et al.5

The majority of the TD residues are found to be mutated in cancer and these
substitutions affect the oligomerisation of the protein, with different extents
depending on the position of the mutation and on the nature of the amino acid
replacement (Figure 5). Several in vitro approaches have been used to determine
the oligomeric state of the mutated TDs.”%® Moreover, these systems have been
studied as well in yeast looking at eight p53 target genes. They found that the
oligomerisation of the mutated p53 is related to its activity, although with some
exception.’®% For example, p53I332T is able to form tetramers but it is
transcriptionally inactive. One explication could be that this mutation in the TD
causes conformational changes in the DBD, resulting in the impairment of the gene
transcription. On the other hand, p53N345K/Y/H are unable to tetramerise but they
are transcriptionally active. Finally, some mutants are tetramers and hyperactive, as
for example p53R335H, which has been found in cancer patients as well. It is still
unclear how a cancer cell can tolerate a hyperactive form of p53. Probably, the
mutation affects the interactions with other proteins or p53 localisation in the
cell.”®7t A class of 43 mutants have been studied in mammalian cells, finding that
those that are predominantly monomeric do not have transcriptional activity.”®
Moreover, a group of 49 cancer-related mutations have been studied by Kamada et
al.®* assigning the oligomeric state of the peptides by gel chromatography. They
found that mutations in the hydrophobic part of the tetramer are more destabilising
compared to these occurring in solvent-exposed residues.
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Augusto et al.3

Even though these studies are extremely important to determine the oligomeric
state of mutant p53 and how this is related to protein activity, the limitation is that
these experiments were done overexpressing the proteins, or at temperatures
different to the physiological one, or at different system-specific environment
having been performed in yeast or mammalian cells. As consequence of this, PTM
and the presence of proteins that interact with p53 may be affected. The only in vivo
model currently studied is p53R337H, which corresponds to the most common
mutation in the TD. It is related to Li-Fraumeni syndrome (LFS) or LFS-like syndrome
and it is particularly widespread in southern Brazil.”>”3 LFS is a cancer predisposition
syndrome associated with high risks for a diverse spectrum of onset malignancies in
children and adults. There are mainly five cancers associated to this syndrome, such
as adrenocortical carcinomas, breast cancer, central nervous system tumours,
osteosarcomas, and soft-tissue sarcomas. Moreover, LFS is associated to increased
risk for other types of cancers, in particular leukemia, lymphoma, gastrointestinal
cancers, cancers of head and neck, kidney, larynx, lung, melanoma, ovary, pancreas,
prostate, testis, and thyroid.”* People affected of LFS normally develop cancers in
the first years of their lives, and, those that survive have an increased risk for
multiple primary cancers. It has been found that p53R337H is related to
adrenocortical carcinomas, mostly in southern Brazil, affecting thus cells where
physiologically the pH is basic. The reason of this may be related to the protein
stability. By substituting the Arg residue to a His, the protein stability is dependent
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on the pH, having a higher destabilising effect at basic pH with un-protonated
imidazole group.”® In vivo models of this mutation, which corresponds to p53R334H
in mice, showed that the protein is predominantly monomeric and its transcriptional
activity is compromised.’® Jeffers et al.”” found that mutant p53R334H mice
developed tumours with long latency and incomplete penetrance, consistent with
human carriers data of LFS risk. These results suggest that additional cooperating
genetic alterations are important in the long-term clinical.

Although it has been shown that p53 oligomerisation and activity has a strong
impact on tumour suppression, it is still unclear how the altered function of mutated
p53 is related to cancer development. Some explanations have been proposed in
this topic, as PTMs and cellular localisation of p53 can contribute to changes in
interdomain and intermolecular interactions, modifying its behaviour. Therefore,
mutations in the TD may promote tumour development despite potential
transcriptional ability. It is still unclear how different oligomerization states affect
p53 interactions with other proteins of its network, as well as PTMs and DNA
binding. Moreover, a duality behaviour of p53 function have been shown and
deserve further investigation to understand how this protein is working. It has been
suggested that mutant p53 acts as a guardian of cancer cells by protecting the cancer
cells from the rewiring of their metabolic pathways, normally actuated after stress
stimuli.”® Therefore, more studies are needed in this field to develop important
therapeutic applications.

Small molecules interacting with p53

One possible strategy to restore the WT activity is the design of small molecule to
interact with a particular domain of the protein. An example of this is reported by
Bykov et al.” that screened a library of small molecules to rescue the WT protein
activity of mutated p53. They found that a candidate, PRIMA-1 (Figure 6), is capable
of inducing apoptosis in human tumour cells through restoration of the
transcriptional transactivation function of mutant p53. The ligand is able to rescue
the sequence-specific DNA contacts, as well as the active conformation of mutant
p53. They tested this molecule in vivo and it showed an anti-tumour activity with no
toxicity in mice.
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Figure 6. Structure of PRIMA-1.

Some examples are reported as well studying the TD, as Gordo et a/.2° and Kamada
et al® showed the ability of calixarene molecules, or more precisely calix[n]arene,
to bind the TD and stabilise the mutated form R337H (Figure 7). Calix[n]arene
molecules are compounds that, as the name suggests, have the shape of a ‘calix’,
formed by a different number of arene rings, four or six in these reported cases
(Figure 7). From the arene groups of this rigid crown of the molecule, it is defined
lower rim the narrow part below the arene rings and upper rim the wider part on
top of them. In these studies, different groups are linked on the upper rim, such as
guanidinium, imidazole or pyrazole groups, whereas hydrophobic groups are linked
in the lower rim. These molecules have been designed to interact with p53TD by
hydrophobic interaction between the lower rim of the ligands with the hydrophobic
pocket of the protein domain. Guanidinium, imidazole or pyrazole groups are fully
or partially protonated at physiological pH and are meant to interact with Glu
residues of p53TD. The complex formation of these molecules and p53TD was
studied in vitro by NMR, thermal stability CD, and ITC, at different experimental
conditions. Calix[4]arene with guanidinium groups (Figure 7b) resulted to be the
best candidate, increasing the thermal stability of the TD mutated form R337H of
ca. 10 degrees. The binding orientation and the apparent kp were determined by
NMR experiments.®® The binding was occurring only in water, whereas the
interaction was lost in buffer, suggesting that the electrostatic interactions play an
important role in this system.8%8!
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Figure 7. Calix[4]arene and calix[6]arene ligands that bind p53TD. Images adapted from
Gordo et al.®2 and Kamada et al.®

Additionally, molecules that interact with p53 could be used as therapeutic strategy
in cancer that still express p53 WT. Moreover, molecules that bind to different
oligomeric states of p53 can be exploit with distinct strategies. If a ligand binds to
the tetrameric form of the protein, it can be used as stabiliser of the active state,
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promoter of PMTs and interactions for p53 functions. For example, Gabizon et al.®

reported a PKCa-derived peptide that is able to bind the C-terminus in its tetrameric
form and to stabilise the tetramer in vitro.®* On the contrary, molecules that
preferentially binds to lower oligomeric state of p53, could be used to trap mutated
form of the protein, avoiding in this way that mutants oligomerise with the WT and
blocking their dominant-negative effect.

Targeting PPIs using peptides

In the design of molecules to modulate PPls, peptides present several advantages
compared to small molecule or bigger biomolecules, such as antibodies (Figure 8).
They are flexible, therefore they are able to adapt better to large surfaces; they are
characterised by easy modularity, which increases structural diversity allowing
higher selectivity and potency. They have a size that limits accumulation in tissues
and they are totally biocompatible, therefore they normally have low toxicity in
human cells. All these characteristics contribute to make peptides increasing
attractive in targeting PPIs.®

Biology

Chemistry

Small molecules Peptides Antibodies
MW: 100-500Da MW: 500 - 5000 Da MW > 150000 Da

Figure 8. Peptides bridge the gap between small molecules and proteins.

Nevertheless, they have drawbacks that need to be considered at the stage of the
design of new peptides as therapeutics. The main ones are their low protease
resistance, potential immunogenicity, and fast circulation expulsion. In order to
avoid these drawbacks, some strategies have been developed and mainly they
consist on the cyclisation of the peptides, either forming stapled peptides or head-
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to-tail cyclisation, and the modification of the backbone, introducing for example -
amino acids or peptoids (Figure 9).2 The introduction of these non-natural building
blocks and various chemical scaffolds can be exploited to create a wide range of
chemical diversity and functionality. These tricks to tackle the bottlenecks allowed
to get a large number of peptides or peptide derivatives as pharmaceutics. In
addition to features that allow cell and tissue permeability, many chemical
modifications and smart linker conjugations have been introduced into PPI
modulators in order to reduce proteolytic degradation and improve bioavailability.
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Figure 9. Major modification types of peptide-based PPIs inhibitors. Image adapted from
Wojcik et al.®

These major modifications aiming at getting peptide-based inhibitors less prone to
protein degradation, less immunogenic and more prone to tissue penetration are
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promising and attractive as many examples of peptide-based drugs already reached
the market. These drugs were designed to face different pathologies, among them,
hypertension, blood coagulation disorders, type 2 diabetes, and neurophatic pain.
The peptides used as drugs derive from animal venoms.8®
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Perspectives

Having a crucial role in the development of cancer, p53 is a very interesting target
protein. Although it is widely recognised that it is biologically active as a homo-
tetramer, there are still many open questions in the topic of the tetramerisation. It
is still not clear which oligomeric state is more abundant in healthy cells and precise
dissociation constants are not known. Oligomerisation plays a key role in cell fate
decision, although p53 makes these decisions depending on many others factors
that are not fully understood. Therefore, it is still not known how mutations impact
on the tetramerisation of the protein and consequently on its function. Many
studies have been carried out in vitro to better understand the tetramerisation. In
this work, we defined a short version of the TD minimising the flanking regions, and
we selected the WT and six cancer-related mutations to delve into the phenomenon
of tetramerisation. To do so, we applied a variety of innovative biophysical
techniques for this system, such as native MS, CD, NMR, and thermophoresis.
Previous studies focused on the TD defined different lengths of the peptide.
Moreover, for the nature of these equilibria, it is very difficult to isolate the dimer
and investigate on its structure. It would be interesting having a dimeric peptide
maintaining the WT secondary structure, as well as a stable tetramer avoiding the
equilibria with the lower molecular weight species. A few strategies have been
proposed, such as mutating specific positions to avoid tetramerisation or designing
two fused monomers sequences. Here, we propose cross-linking of two monomers
to achieve our target peptides.

Targeting a PPl is a challenging objective, mostly if the aim is to stabilise the
interaction. Based on the previous studies on small molecules able to interact and
stabilise the mutated form R337H of p53TD, it would be interesting having other
classes of molecules targeting this PPl. We designed peptides to achieve our goal for
the advantages that peptides molecules intrinsically have. We applied some
strategies to tackle their drawbacks, such as cyclisation, modification of the
backbone, using B-amino acids, or modification of the side chain of the arginine
residues.
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OBJECTIVES






The goal of this thesis is the study of the oligomerisation of p53 tetramerisation
domain (TD) and in particular, the investigation of the way p53TD species are in
equilibrium with each other and how these equilibria can be shifted by peptides as
ligands. To achieve this goal, we need to meet the following objectives:

1. Study of the equilibrium between p53TD species, i.e. monomer, dimer and
tetramer of a short version of the tetramerisation domain. This study
involves the wild type sequence (WT) as well as 6 cancer-related mutations.
We compare the behaviour of these short lengths TDs combining innovative
techniques for this system, such as native MS, NMR and thermophoresis.

2. Design of p53TD mutants to stabilise either the dimer or the tetramer by
cross-linking between monomers.

3. Design and synthesis of peptides as ligands able to bind the hydrophobic
pocket of p53TD and to rescue the stability of the mutated tetramers.

4. Study of the interaction between p53TDs and the ligands by several
biophysical techniques.
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RESULTS AND DISCUSSION






EQUILIBRIUM BETWEEN P53TD SPECIES






Tumour suppressor p53 is a homo-tetramer protein, which oligomerises through the
tetramerisation domain (TD) (res 325-353).3° The monomer of this domain has a V-
shape and comprises a B-strand (res 326-333), a turn (G334), and an a-helix (res 335-
354) (Figure 10 and 11 A). The tetramer is a dimer of dimers and it has D2 symmetry
(Figure 10 A). Several interactions are involved in the stabilisation of the dimer and
tetramer. Among them, the salt bridge between R337 of one monomer and D352 of
the other monomer of the same dimer (Figure 10 B) stabilises the dimer. The
tetramer is stabilised mainly by hydrophobic interactions between the side chains
of the residues that form the a-helix (F338, M340, F341, L344, 1348, L350). Cancer-
related mutations in the TD may alter the oligomeric state of the protein, thus
compromising its biological function. It has been shown that the probability of
somatic mutations occurring in the TD is similar to that in the DNA-binding domain
(DBD), taking into account that the TD is roughly 6 times shorter than the DBD (TD
~35 residues vs. DBD ~200 residues).5#%534 Given these considerations, many studies
have centred on the oligomeric state of the TD in an attempt to understand how the
replacement of wild-type (WT) residues affects the equilibrium between the species.
In this chapter, we focus on the oligomeric state of p53TD of the WT and 6 cancer-
related mutations. We designed a short version of the TD to compare the oligomeric
states of our TD sequences, which have the same length and were chemically
synthesised. We applied unconventional techniques for this system, such as native
MS, NMR and thermophoresis. Here we present the design of the TD and the
selection of the mutations. We studied the folding of our peptides by circular
dichroism and the oligomeric states by native MS in the gas phase and NMR in
solution. Finally, we determined the K4 of the binding through thermophoresis.

A B

Figure 10. (A) Cartoon representation of the WT (dimer of dimers) from its NMR structure,?®
PDB ID 10LG. (B) Cartoon representation of the dimer showing location of the salt bridge
between R337 and D352.
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Definition of the TD and selection of the mutations

There is no single definition of the p53 TD, and its length differs slightly depending
on the study (Table 1).

Residues Reference
323-353 Bista et al.>°
325-355 Rajagopalan et al.3®
326-356 Gaglia et al.3®
323-360 Tidow et al.®®
320-356 Garcia®*, Gordo®
319-358 Kamada et al.%

Table 1. Definition of the TDs.

In our study, we worked with peptides spanning 37 amino acids (res 320-356) to
maintain a folded TD, thereby minimising the effects of the flanking region.?*%’
These peptides are named 37TDs. To study the equilibrium between p53TD species
by native MS and NMR, we selected the wild-type (37TD-WT, Figure 11 A) and 6
cancer-related mutations® (Figure 11)—all with the same length— which were all
chemically synthesised. The chosen mutations involve the residues of the salt bridge
(R337H and D352H), residues on the a-helix (R342L, L344R and L344P) and a residue
on the B-strand (T329I) (Figure 11 A and B). R337H is the most common mutation in
the TD and it has been found mostly in children in South Brazil. This mutation is
associated with Li-Fraumeni syndrome, which gives rise to several types of cancer.
Due to its correlation with cancer, this mutation has been widely studied and
characterised.”>®88 Dj Giammarino and co-workers reported that R337H strongly
destabilises the tetramer, but the stability of the latter is partially recovered by
decreasing the pH to acidic values.” In D352H mutant, the original salt bridge R337-
D352 is replaced by R337-H352. Since a His residue has been introduced, the
stability of the tetramer may also depend on the pH. However, in this case, by
protonating the imidazole group, two positive charges (from R337 and H352) would
interact, reducing the stability of the tetramer. We selected R342L because it is the
second most common mutation in the TD. The replacement of the R342 by a Leu
residue impedes stabilisation of the a-helix by interactions between the side chain
of R342, which is positively charged, with negative charges on E339 and E346, which
correspond to i,i-3 and i,i+4 interactions. T329I is a mutation on the B-strand that
enhances the thermal stability of the domain compared to the WT (Figure 11).%*
Finally, L344R and L344P were introduced since it has been proposed that they
promote the monomeric and dimeric forms, respectively (Figure 11).39%% L344
residue in the WT is involved in stabilising interactions of the tetramer, this residue
being at the dimer-dimer interface. In particular, hydrophobic interactions between
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the L344 side chain of a monomer with the same residue on another monomer of
the other dimer stabilise the tetramer. By replacing L344 by an Arg residue, two
positive charges will be close in space destabilising the tetramer. The introduction
of a Pro residue, L344P, into the a-helix potentially disrupts the structure, resulting
in an unfolded peptide.39%

All 37TDs were chemically synthesised by SPPS (Solid Phase Peptide Synthesis)
(Figure 11). 37TD-WT and 37TD-R337H were manually synthesised and they were
obtained using either a normal methionine or *C-methyl methionine to facilitate
NMR studies. All the other mutants were synthesised by microwave-assisted SPPS
using 3C-methyl methionine (Figure 11). In this thesis, we refer to the isotope-
labelled sequences, unless stated otherwise. The data corresponding to the
characterisation of the 37TDs are reported in the section ‘Product characterisation’
at the end of the manuscript (Figures S1-S5).

A 320 340 356 B
37TD-WT:  AcKKPLDGEYFTLQIRGRERFE | FRELNEALELKDADAG-NH; ™9
37TD-R337H: Ac-KKPLDGEYFTLQIRGREHFE/|FRELNEALELKDAQAG-NH: %

iy .
37TD-D352H: Ac-KKPLDGEYFTLQIRGRERFE | IFRELNEALELKHAQAG-NH: % a2
37TD-R342L: Ac-KKPLDGEYFTLQIRGRERFE!/FLELNEALELKDAQAG-NH: | < 1344t -
37TD-T3291: Ac-KKPLDGEYFILOIRGRERFE/FRELNEALELKDAQAG-NH: ~ © m.: “‘\: . S
37TD-L344R: Ac-KKPLDGEYFTLQIRGRERFE!/ FRERNEALELKDAQAG-NH: " e x

37TD-L344P: Ac-KKPLDGEYFTLQIRGRERFE"FREPNEALELKDAQAG-NH:

“C-methyl methionine

Figure 11. (A) Sequences of the 37TDs. The red residues correspond to the positions of the
mutations and the yellow Met indicates the isotope-labelled residue. The B-strand and the
a-helix are represented with an arrow and a cylinder, respectively, in the WT sequence. For
37TD-WT and 37TD-R337H, only the isotope-labelled sequences are shown. (B) Cartoon
representation of the WT from its NMR structure,?® PDB ID 10LG, showing location, only in
one monomer, of the residues that are mutated (T329, R342 and L344).

Secondary structure of the 37TDs

With the peptides in hand, we first studied their folding by circular dichroism (CD)
experiments. This technique allows measurement of the ellipticity (8) of a circular
polarised beam after having passed through an optically active sample. The profile
of the spectrum is related to the secondary structure of the protein or peptide. In
the UV region of the spectrum, the typical profile of an a-helix structure corresponds
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to two negative bands at 208 and 222 nm and a positive one at 190 nm; the B-sheet
structure gives less intense bands, with two negative ones at 217 and 180 nm and a
positive one at 195 nm. The random coil profile is characterised by a negative band
at 195 nm.® We studied our system in two distinct environments, namely water and
phosphate buffer, both at neutral pH, to check whether ionic strength participates
in peptide folding. The results show that the peptides have the same structure under
these conditions, as the spectra obtained are practically identical (Figure 12). In
these experiments, non-isotope-labelled sequences of 37TD-WT and 37TD-R337H
were used. The WT sequence and T3291 mutant showed very similar profiles, typical
of an a-helix, with two negative bands at 208 and 222 nm (Figure 12), meaning that
both peptides are well folded and structured. Two peptides, 37TD-R337H and 37TD-
R342L, present a more pronounced contribution of the B-sheet compared to the
other 37TDs. The overall profile of the spectra is changed because the typical B-
sheet band at 217 nm is more intense than the two bands of the a-helix. 37TD-
D352H and 37TD-L344R adopt an a-helix structure, but they are less helical than the
other 37TDs as the intensity of the bands is almost half that of 37TD-WT. Finally, the
introduction of a proline residue in the a-helix in 37TD-L344P results in a random
coil profile, thereby indicating that the peptide is unstructured.
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Figure 12. Circular dichroism spectra of the 37TDs. The spectra correspond to a monomer
concentration of 20 uM of each peptide in 50 mM sodium phosphate buffer, pH 7 (A) and
water, pH 7 (B). For 37TD-WT and 37TD-R337H, non-isotope-labelled peptides were used.
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Determination of the oligomeric state by native MS

One of the main challenges in structural biology is the determination of the binding
between a target and a ligand, as well as understanding the structure of the
complexes. In this field, dramatically increased interest has arised on native MS due
to its ability to detect protein-protein and protein-ligand complexes in their native
conformation. We performed native MS experiments to determine the oligomeric
state of our 37TDs. This technique allows the detection of non-covalent complexes
using soft conditions of ionisation, such as electrospray ionisation (ESI).*® The
sample is dissolved in non-denaturing buffer and ionised in the source of the
instrument. ESI has increased its applicability for biomolecules analysis as coated
glass capillaries with a diameter of 1-5 um are now used. This allows a droplet size
one order of magnitude smaller than traditional ESI. Named nanoESlI, this lower flow
rate ESI source is the most widely used in native MS due to its ability to reduce
sample consumption, increase salt and buffer tolerance, and allow softer conditions
of ionisation to desolvate the analyte.®* Optimised instrumental parameters are set
with the aim to preserve protein folding structures during the creation and ejection
of ions from solution to the gas phase. Conditions of voltage in the source and the
different parts of the instrument, such as the trap and the transfer, are optimised
for the system studied, as well as the source temperature and the vacuum. In native
MS, nanokESlI is most often coupled to a Time of Flight (TOF) analyser, since it allows
the detection of high molecular weight biomolecules without compromising the
sensitivity and resolution of the spectra.” The experiments can be performed using
a TOF analyser or lon Mobility (IM) coupled to the TOF. IM analysis allows the
addition of an orthogonal measure to the MS information, separating by drift times
ions with the same m/z value but distinct shapes.®*%* The drift tube is filled with an
inert gas and ions are separated on the basis of their ability to ‘surf’ on the gas. The
drift time at which an ion reaches the detector depends on the physical properties
of the molecule, such as charges, shape and size. The peaks were assigned from both
the MS spectra and IM-MS analysis. In particular, ions with the same m/z value were
distinguished in the IM spectrum due to their different drift times (Figure 13).
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Figure 13. Native MS and IM-MS experiments at 120 V of 37TD-WT at a monomer
concentration of 20 pM in ammonium bicarbonate 20 mM, pH 7. (A) Native MS spectrum
with a peak of 2221.5 m/z in evidence. (B) Total ion chromatogram corresponding to the
2221.5 m/z peak in the IM-MS experiment. Mon: monomer; Dim: dimer. (C, D) MS spectra
of the peaks at 8.21 millisec (C) and 15.39 millisec (D). (E) Native MS spectrum with peaks
assigned. (F) IM mobilogram with peaks assigned.
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37TD-WT

MW 4441.02

Monomer Dimer Trimer Tetramer
1 4442.02 8883.04 13324.06 17765.08
2 2221.51 4442.02 6662.53 8883.04
3 1481.34 2961.68 4442.02 5822.36
4 1111.26 222151 3331.76 44432.02
5 889.20 1777.41 2665.61 3553.82

Charge —

6 741.17 1481.34 2221.51 2961.68
7 635.43 1269.86 1904.29 2538.72
8 556.13 1111.26 1666.38 2221.51
9 494.45 987.89 1481.34 1974.79
10 445.10 889.20 1333.31 1777.41

Table 2. Mass-to-charge ratio (m/z) of the different 37TD-WT species, i.e. monomer, dimer,
trimer and tetramer. Red indicates the ion 2221.5 m/z, which, as an example of the
assignation, can correspond to different 37TD-WT species. MW: molecular weight.

The peak at 2221.5 m/z in the MS spectrum (Figure 13 A) may correspond to a
monomer with charge +2, a dimer with charge +4, a trimer with charge +6, or a
tetramer with charge +8 (Table 2). To assign the correct species, we looked at the
total ion chromatogram from the IM-MS experiment (Figure 4 B). In this case, we
can see 4 peaks with different drift times, most probably corresponding to the
different species (monomer, dimer, trimer, tetramer). Looking at the MS of each
peak, if they are resolved, the different species can be assigned by measuring the
distance between the peaks (A) (Figure 4 Cand D). There is a direct relation between
the A and the charge of the ion (z), in particular 4 = 1/z. In this example, in Figure
4 C, Ais 0.25 corresponding to z = 4. This peak, with a drift time of 8.21 millisec, thus
corresponds to the dimer, with a charge +4 and a m/z = 2221.5. The peak at 15.39
millisec corresponds to the monomer with charge +2. We used this methodology for
the assignment of all the native MS and IM spectra, as shown in Figure 4 E and F as
example.

We studied a range of concentrations and applied different cone voltages for each
sample. Starting from the most native condition of 37TD-WT (80 uM, and low
voltage, 40 V) (Figure 14), three consecutive charge states corresponding to the
tetramer (+9, +8, +7) were detected. The contribution to different charge states was
further validated by the ion mobilogram, which suggested that the most abundant
species in the sample was the tetramer (Figure 14). However, signals of further
oligomerisation were also detected, in particular octamers and decahexamers (16
monomers). Although these larger oligomers showed low abundance since their
peaks were not detected in the MS analysis, their presence may be explained by
peptide aggregation.
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Figure 14. Native MS and IM spectra of 80 uM 37TD-WT at a cone voltage of 40 V. Non-
isotope-labelled peptide was used. The concentration reported refer to the monomer. The
sample was dissolved in 200 mM ammonium acetate buffer, pH 7. OCT: octamer; DEC:
decahexamer (16 monomers).

To further test this hypothesis and to study how the oligomeric state depends on
the sample concentration, we diluted the sample to 20 uM of monomeric 37TD-WT
(Supplementary native MS, Figure S18). Under these conditions, the tetramer was
still the species giving the most intense peaks, whereas larger oligomers were
detected with a reduced contribution. In the TOF spectrum (Figure 15 A), low-
intensity peaks of both monomer (+4 and +3) and dimer (+5) were detected. Given
the very low intensity of these peaks, their presence is interpreted as products of
sample ionisation.

To study the dissociation of the tetramer, the cone voltage was increased up to 80,
100 and 120 V. At high voltages, the tetramer was disrupted into smaller oligomers
(Figure 15 A and Supplementary native MS, Figure S17), reaching a most abundant
monomer species at 120 V (+4, +3 and +2 charges). The tetramer, although still
present in both the MS and IM-MS spectra, was dissociated mainly into monomers,
but also into trimers and dimers. Given that p53TD is a dimer of dimers (Figure 10
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A), dimers were initially expected to be detected as major species upon dissociation
of the tetramer. However, the dissociation went directly towards the monomer. We
interpret our results as an intrinsic instability of the dimer in this system. The
dissociation constants are low, at the limit of detection,*® making the dimer unstable
and difficult to detect.?® Kamada et al. analysed the oligomeric state of a slightly
longer TD (Table 1) by gel filtration chromatography and reported a mixture of
tetramers and monomers for the WT in solution.®* On the other hand, the presence
of the trimer in our experiments is considered a product of ionisation in the gas
phase. We interpret the dissociation event as highly charged tetramers dissociating
asymmetrically into trimers and monomers. Other complexes also behave in a
similar manner, separating a highly charged unit as a result of high coulombic
repulsion and leaving the rest of the complex in a more stable form.%>%®

The behaviour of 37TD-R337H differed. With this mutant, at 100 uM and 40 V
(Figure 15 B and Supplementary native MS, Figure S19), the tetramer peaks were
the most intense of the spectrum, but at the same time, the monomer peaks were
already more prominent compared to the WT. Similarly, as in the case of 37TD-WT,
the tetramer dissociated mainly into monomers when the voltage was increased up
to 100 V. However, peaks corresponding to trimers and dimers were also present.
By diluting the sample to 25 uM, the monomer was probably the most abundant
species as its peaks were the most intense in the spectrum, although the tetramer
was still present (Figure 15 B and Supplementary native MS, Figure S20). These
results confirm that the tetramer is strongly destabilised by the R337H mutation, as
reported by others.”>8088
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Figure 15. Native MS spectra of 37TD-WT (A) and 37TD-R337H (B). For both 37TDs, non-
isotope-labelled peptides were used. The concentrations reported refer to the monomer.
Starting from the central panel, which corresponds to the most native conditions of high
concentration and low voltage, towards left is the spectrum of a more diluted sample and
towards right a spectrum at higher voltage. The samples were dissolved in 200 mM

ammonium acetate buffer, pH 7.

A similar analysis was performed with the other mutants. 37TD-T329I, 37TD-D352H
and 37TD-R342L were found to be mainly tetrameric, whereas 37TD-L344R and
37TD-L344P were predominantly monomeric (Supplementary native MS, Figure
$21-S30). Overall, the tetramer of all the 37TDs dissociated into smaller oligomers
by increasing the voltage. The dissociation occurred similarly to 37TD-WT,
generating mainly monomers, as well as trimers and dimers. Regarding 37TD-T329]I,
it was found to be mainly tetrameric at high concentration (80 uM) and low voltage
(40 V); however, the monomer peaks were more intense compared to 37TD-WT
(Figure 16 A and B). When the sample was diluted, the spectrum did not change
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(Supplementary native MS, Figure S25-526), but the tetramer dissociated with
increased activating conditions, as occurred with the other mutants. Thus, we
conclude that this mutation does not stabilise the tetramer in the gas phase.

Regarding the L344R and L344P mutations, we expected to detect the dimer and the
monomer as the most abundant species, respectively. The tetramer, which is a
dimer of dimers, is stabilised mainly by hydrophobic interactions between the side
chains of the residues that form the a—helix at the dimer-dimer interface. Among
these residues, L344 also participates in these interactions and, in particular, two
L344 residues from two distinct dimers interact with each other. By mutating L344
this interaction is lost and, in addition, the introduction of an Arg residue brings two
positive charges close together, thereby destabilising the tetramer. On the other
hand, when L344 is replaced by a Pro residue, the structure of the domain is
compromised by the latter, thereby preventing the formation of the helix and thus
peptide folding. We expected to detect monomers with this mutant as the
oligomerisation occurs when the domain is structured and folded. The MS spectra
of the mutants L344R and L344P showed a mixture of monomers and dimers, where
the monomer was the most abundant species (Figure 16 C and D). Regarding 37TD-
L344R, the results indicate that the dimers are not stable enough in the gas phase
and they dissociate into monomers despite the application of low voltages and
modified vacuums for ion cooling.’” In the case of 37TD-L344P, although this domain
is unfolded due to the disruption of the secondary structure by the Pro residue, as
the CD results showed (Figure 12), some further oligomerisation is still possible. Our
results thus reveal similar behaviour of these two mutants in the gas phase.
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Figure 16. Native MS spectra of 37TD-WT (A), 37TD-T329I (B), 37TD-L344R (C) and 37TD-
L344P (D). For 37TD-WT, a non-isotope-labelled sequence was used. The concentrations
reported refer to the monomer. The samples were dissolved in 200 mM ammonium acetate
buffer, pH 7. The tetramer to monomer ratio is compared in panels A and B, whereas the
dimer to monomer ratio is compared in panels C and D.

Regarding 37TD-D352H and 37TD-R342L, the monomer was the most abundant
species even at high concentration, meaning that these two mutations strongly
destabilise the tetramer, even more dramatically than 37TD-R337H (Supplementary
native MS, Figure S19-S24). D352 forms a salt bridge with R337 in the WT. The salt
bridge in the WT is a key stabilising interaction for dimer formation and
consequently also for the tetramer. Therefore, the mutation of either Arg337 or
Asp352 has a strong destabilising effect on this domain. Having replaced one residue
or the other by His, the stability of the tetramer might depend on the pH, affecting
the protonation or deprotonation of the imidazole group. Finally, in the presence of
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R342L mutation, helical stability may be compromised by the loss of the original
intra-helical interactions of the Arg side chain with Glu residues (E339 and E346),
which correspond to interactions j, i-3 and i, i+4. The tetramer may be less stable
due to the reduced helical character of the domain, as inferred from the CD profile
(Figure 12).

Study of the equilibrium between oligomers by NMR

We conducted 2D Heteronuclear Single Quantum Coherence (HSQC) NMR
experiments to assign the oligomeric state of 37TDs in solution and to study how
the equilibrium between p53 species shifts in response to a change in concentration,
temperature or pH. In the H,’3C-HSQC spectrum, each signal corresponds to a
proton linked to the heteronucleus considered, in this case 3C. We selectively
introduced a *C-methyl group on Met340 of our 37TDs (Figure 11) and the resulting
13Ce-Met340-labelled 37TDs were monitored by NMR experiments. Each monomer
contains only one Met residue and, upon oligomerisation, only one methyl signal
was observed in the HSQC spectra due to the symmetry of the tetramer. Met340 is
located in the tetramerisation interface and the NMR signal of its methyl group is
sensitive to the oligomerisation state of the TD, as reported by Bista et al.3® We
analysed our 37TDs at a range of sample concentrations and temperatures in order
to favour either small or large oligomers. For the mutations that introduce a His
residue, we also examined how the stability of the tetramer was affected by a
change in pH. Dr. Jesuis Garcia conducted all the NMR experiments, which were
performed in D,0, pH 7, unless stated otherwise.

Starting from 37TD-WT, we defined an area of the spectrum as the region of folded
and tetrameric peptides. The spectra corresponding to the two concentrations
studied (20 and 100 uM) showed only one peak (Figure 17 A and C). We assigned
this peak to the tetrameric form of 37TD-WT, since the chemical shift (*H 1.50 ppm,
13C 13.53 ppm) matches that previously reported for the tetramer®® (BMRB code
7251%). We studied the WT system at different temperatures and pH
(Supplementary NMR, Figure S35). Although these changes caused small chemical
shift perturbations in the tetramer signal, the tetramer was the only species
detected in all the conditions tested.

A second region of the spectrum where the signal of unfolded monomeric peptides
appeared was defined by the study of 37TD-L344P. The NMR spectra of 37TD-L344P
were typical of unfolded peptides and they showed very low signal dispersion. This
observation is consistent with the CD and native MS results and with the fact that
Pro residues disrupt secondary structures. Regarding the methyl region of the 1D *H
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spectra (0.8-0.9 ppm), a clear difference was observed when comparing 37TD-WT
and 37TD-L344P. While some methyl 'H protons located in the hydrophobic
interface of the tetramer were shifted upfield in the 1D 'H spectra of 37TD-WT
(le332 8H® = 0.78 ppm, Leu344 8H® = 0.74 ppm, Leu330 &H® = 0.54 ppm)
(Supplementary NMR, Figure S42), all the methyl groups of 37TD-L344P virtually
completely overlapped and resonated at ca. 0.9 ppm. The *H,>N HSQC spectrum of
37TD-L344P, obtained at natural abundance, showed a similar lack of signal
dispersion for the amide NH resonances (Supplementary NMR, Figure S43), thereby
further confirming the unstructured nature of this peptide. In the H,*C-HSQC
spectrum of 37TD-L344P (Figure 17 A), a single cross-peak resonating at 2.05 ppm
was detected, close to the expected value (2.10 ppm) for a random coil peptide.*®
This area of the spectrum was thus defined as the region where the signal of an
unfolded monomeric 37TD peptide appears. When the temperature was decreased
to 5 °C, a second small peak appeared (*H 1.74 ppm, 3C 13.99 ppm) in a region
between the monomer and the tetramer (Supplementary NMR, Figure S41).
Therefore, this peak should correspond to an intermediate oligomer, most probably
a dimer, since in the MS experiments some signals of the dimer were detected. Our
results suggest that, although this peptide is unstructured, oligomerisation events
can occur in the gas phase or at low temperature.

Having defined the regions of folded and unfolded peptides, we analysed the
different oligomeric species detected in the H,3C-HSQC spectra of the other 37TDs.
Upon 37TD mutation, if the domain remains folded, the methyl cross-peak may, to
some extent, be shifted with respect to that of the tetrameric WT due to differences
in the chemical environment of Met340. On the other hand, on unfolded peptides,
due to conformational averaging, the methyl signal should appear close to the
expected random coil value (2.10 ppm) and should not vary much between mutants.

In the case of 37TD-R337H, at 100 uM, a single peak that resonated at the position
close to that of the tetrameric WT (*H 1.64 ppm, 13C 13.67 ppm) was detected and
an additional weak cross-peak (*H 2.02 ppm, 3C 14.19 ppm) appeared upon dilution
of the sample (20 uM) (Figure 17 B and D). By increasing the temperature and/or
the pH, the relative intensity of the smaller cross-peak increased (Supplementary
NMR, Figure S20). Given that tetramer formation is not favoured by increasing the
temperature and the tetramer is destabilised by the deprotonation of the imidazole
group,” we assigned the main cross-peak signal to the tetramer and the weak cross-
peak signal to a smaller oligomer. Comparison of the *H,3C-HSQC spectra (Figure 17
A and B) revealed that the weak 37TD-R337H cross-peak was very close to the signal
of 37TD-L344P. Together with the MS results (Figure 15 B), where a mixture of
tetramer and monomer was detected, we assigned this peak to the 37TD-R337H
monomer. Therefore, our NMR experiments confirm that the R337H mutation
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strongly destabilises the tetramer, thus complementing our previous native MS
results. Our findings using these two techniques suggest that the disruption of the
tetramer proceeds towards the monomer, whereas the dimer is probably unstable
or its concentration is below the limit of detection.
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Figure 17. (A) 2D H,3C HSQC spectra at 25 °C of 37TD-WT (blue) and 37TD-L344P (red) at a
monomer concentration of 20 uM. (B) 2D H,3C HSQC spectrum at 25 °C of 37TD-R337H
(green) at a monomer concentration of 20 pM. H projections of H,'3C HSQC spectra are
represented in (C) for 37TD-WT and in (D) for 37TD-R337H. H projections of H,3C HSQC
spectra of 100 uM 37TDs obtained at 25 °C (blue) and of 20 uM 37TDs acquired at 25 °C
(red), 32 °C (green) and 40 °C (purple) (C, D).

The T329I mutation is reported to have a stabilising effect on the tetramer.®* The
mayor peak of the HSQC of 37TD-T329I overlapped with the signal of 37TD-WT,
thereby indicating that this peptide was also mainly tetrameric, as expected.
However, also at high concentration, a small peak in the unfolded region was
present as well (Supplementary NMR, Figure S39). Therefore, we conclude that this
mutant behaves in a WT-like manner, consisting of a structured and folded domain,
but the replacement of the Thr residue by lle does not stabilise the tetramer in the
gas phase or in solution.

In the HSQC of 37TD-D352H, a mixture of tetramer and monomer was detected even
at high peptide concentration (Supplementary NMR, Figure S37), thereby indicating
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that the tetramer is destabilised by this mutation. The peak corresponding to the
folded 37TD-D352H species was significantly shifted downfield with an increase in
temperature. On the other hand, the protonation of the imidazole group did not
seem to affect the oligomerisation of 37TD-D352H, as the HSQC spectra recorded at
pH 7 and 5 were almost identical.

Regarding the R342L mutation, a mixture of monomer and tetramer was detected
in the HSQC spectra of 37TD-R342L, and the relative peaks had a similar intensity.
By changing the concentration and the temperature, 37TD-R342L behaved in a
similar manner to 37TD-D352H (Supplementary NMR, Figure S38).

Finally, in the HSQC spectra of 37TD-L344R two peaks were present (Supplementary
NMR, Figure S40). One (*H 2.04 ppm, 3C 14.24 ppm) corresponded to the unfolded
monomeric peptide whereas the other (*H 1.58 ppm, $*C 13.52 ppm) resembled that
of the folded tetrameric species. However, our MS experiments showed a mixture
of monomer and dimer for this peptide, in agreement with a previous study, where
this mutant was described as mainly dimeric.®* To further study the size of the
oligomeric species present in solution, we performed X-STE NMR diffusion
experiments.

X-STE NMR diffusion experiments

Heteronuclear stimulated echo (X-STE) experiments measure the translational
diffusion coefficients (D) of molecules containing 'H nuclei attached to magnetically
active heteronuclei.’® A magnetic field gradient is applied to the system and the
magnetisation is stored in the z-axis. Due to the diffusion of the molecules in
solution, the signals decay at each experiment performed (Figure 18 D). Diffusion
experiments can be combined with the !H,**C-HSQC. In our case, the HSQC was
recorded without decoupling, so the H coupled to 3C, resulting in the splitting of
the cross-peak signals (Figure 18 B). On the basis of the D values obtained by
diffusion NMR, it is possible to estimate the hydrodynamic radius (Ru) of the species
analysed, as shown in Equation 1-3. In our study, we exploited the *C-methyl group
of Met340 to independently monitor the molecular diffusion of each 37TD-L344R
species present in solution. To assign the oligomeric states of the species, we also
measured the diffusion coefficients of 37TD-WT and 37TD-L344P and compared
them to the values obtained with 37TD-L344R (Table 3).
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Figure 18. X-STE NMR diffusion of 37TD-L344R monitoring the size of the species containing
13C-attached 'H nuclei. (A) 2D *H,*3C-HSQC. (B) *3C-coupled 2D *H,'3C-HSQC illustrating the
splitting of the Met340 He signal (Ync =140 Hz). (C,D) ) X-STE NMR diffusion experiments.
The decay in signal intensity of the Met340 H¢ signal (panel D) was fitted to a mono
exponential function to obtain the coefficient diffusion. X-STE experiments were performed
without decoupling and the Met340 HE signal split into a doublet (}Jnc =140 Hz). The spectra
were recorded at 25 °C using a monomer concentration of 100 uM (D20, pH 7).
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Ru/ A Ru/ A

37TDs Dx 107/ m?s™ experimental predicted
37TD-WT 1.00 £ 0.02 22.2 20.3°
37TD-L344P 1.45+0.01 15.3 14.6°
37TD-L344R
Dimer 1.38 £0.02 16.1 16.5¢
Monomer 1.78 +0.04 12.5 14.1°

Table 3. Diffusion coefficients (D) and hydrodynamic radius (Rn) of 37TD-WT, 37TD-L344P,
and 37TD-L344R. For 37TD-L344R, the two species were independently analysed. Predicted
Ruvalues were calculated from Marsh et a/.1%

2Value calculated for a folded tetramer (Eq. 2).
bValue calculated for a disordered monomer (Eq. 3).
“Value calculated for a folded dimer (Eq. 2).

Experimental hydrodynamic radii of 37TDs (R4*’™°) were calculated using equation
1, where 1,4-dioxane is a standard reference:

RH37TD - (Ddiox/D37TD) * RHdiox Eq. 1
assuming that Ry®° is 2.12 A 1%

Predicted hydrodynamic radii were calculated from empirical equations for folded
proteins;1%

Ry = 4.75 * N>2° Eq. 2
and for disordered proteins:
Ru =(1.24 * Ppro + 0.904) * (0.00759 * |Q| + 0.963) * 2.49* NO>0° Eq.3

where N is the number of residues (37, 74, and 148 for monomer, dimer, and
tetramer, respectively), Per is the fraction of proline residues, and | Q| the absolute
net charge. |Q| was calculated at pH 7 using the Protein Calculator v3.4 software
(http://protcalc.sourceforge.net).

The diffusion experiment spectra of 37TD-WT and 37TD-L344P are shown in the
‘Product characterisation’ section at the end of this thesis (Supplementary NMR,
Figure S44 and $45). The diffusion coefficient determined for 37TD-WT was D = (1.00
+ 0.02) x 10 m? s, which provided an experimental Ry of 22.2 A, close to the
expected value (20.3 A) for a globular protein of the size of tetrameric 37TD (148
residues) (Table 3).1° Regarding 37TD-L344P, the values obtained were D = (1.45 +
0.01) x 10 m? s and Ry = 15.3 A, in agreement with the Ry predicted (14.6 A) for
a disordered 37-residue peptide (Table 3).2' In the case of 37TD-L344R, the
monometric species provided values of D = (1.78 £ 0.04) x 10 m? s* and Ry = 12.5
A. The experimental hydrodynamics radii were smaller than the radius predicted for
a disordered 37-residue peptide (14.6 A) (Table 3), thereby suggesting that the
monomeric 37TD-L344R peptide has some degree of compaction. On the other
hand, the 37TD-L344R species resonating at 8'H =1.58 ppm and §3C=13.52 ppm,
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provided a D = (1.38 £ 0.02) x 10° m? s and a Ry = 16.1 A. This hydrodynamic radii
value suggests that this second species is dimeric because it was in good agreement
with the value predicted (16.5 A) for a globular protein of the size of dimeric 37TD
(74 residues) (Table 3). These results indicate that monomeric and dimeric 37TD-
L344R co-exist in solution.

As a summary of the NMR results, a qualitative scheme illustrating the equilibrium
between different species of the 37TDs based on NMR data at a monomer
concentration of 20 uM and 40 °C is shown in Figure 19. The arrows indicating the
equilibrium are proportional to the intensity of the peaks in the NMR spectra. On
the basis of the NMR experiments, we can conclude that all the mutations studied
destabilise the tetramer in solution.
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Figure 19. H projections of HSQC spectra of 37TDs at 40 °C at a monomer concentration of
20 uM. A scheme illustrating the oligomeric 37TD species (T: tetramer, D: dimer, M:
monomer) detected by NMR is shown on the right panel.

Determination of the Ky of tetramerisation by thermophoresis

We performed thermophoresis experiments to determine the constant of
dissociation (Kg) of the tetramerisation event for the 37TDs. Microscale
thermophoresis (MST) is a powerful technique that allows the detection of a variety
of bio-molecular interactions and the relative dissociation constants. This technique
is based on thermophoresis, which consists of the motion of molecules in a
temperature gradient caused by an infrared laser.1%*1% The movement depends on
several properties of the analyte, such as size, shape, charge, hydration shell and
conformation, and it is sensitive to small changes of these molecular properties,
consequent to the binding (Figure 20 B and C).1°° Although microscopic
thermophoresis is poorly understood, it is very sensitive to changes in the solvation
shell of molecules caused by binding. Therefore, it is a very useful technique to study
the binding of small molecules to proteins, where there may not be a big alteration
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in the total charge or size of the whole protein, but the solvation of the protein
changes upon binding. This technique detects and quantifies the movement of the
molecules by the fluorescence of a covalently bonded fluorophore or the intrinsic
fluorescence of the analyte. Kq is determined by the scan of 16 capillaries filled with
solutions where the amount of the fluorescent protein is constant and the protein
is titrated by an increasing concentration of the ligand (Figure 20 A and D).
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Figure 20. Schematic representation of MST experiment. Image adapted from Jerabek-
Willemsen et al.% for illustrative purposes.

In our experiments, we studied the homo-tetramerisation phenomenon for each
37TD. To achieve this, 37TDs were labelled with the NT-647-NHS fluorescent dye,
which binds to the Lys side chains. These peptides, our targets, were named with an
asterisk, indicating that carried a fluorescent label. We first performed the pretest
experiment to find the lowest concentration of the target that gives a fluorescence
signal high enough to carry on the experiment. After that, the targets were titrated
with anincreasing amount of ‘cold’ peptide — our ligands — meaning that they were
not fluorescently labelled. We performed a binding check experiment to find the
highest concentration of the ligand to detect the binding. Having found these
experimental conditions, a binding affinity experiment was performed to determine
the K4 of the tetramerisation (Figure 21).
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Figure 21. MST experiment of 37TD-WT. The concentration of 37TD-WT* (target) was 15 nM
and the highest concentration of 37TD-WT (ligand) was 500 uM.

The dose-response panel in Figure 21 shows the fitting data of the 16 points to
calculate the Kq. In the case of 37TD-WT, it was 380 nM. MST experiments of the
other 37TDs are shown in the ‘Supplementary MST’ section (Figure S51-S60). Before
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and after performing the MST experiment itself, the capillaries were scanned
(Capillary scans panel, Figure 21) to check there was no absorption of the sample on
the capillary walls and to check that the fluorescence did not vary upon addition of
the ligand. The MST experiment is shown in the last panel of Figure 21 (MST Traces).
From the profile of the traces, technical parameters can be proved, such as
aggregation and photobleaching rate changes induced by the ligand. If these
phenomena do not occur, the calculated value of the K4 from the experiment is
reliable, otherwise some technical changes in the preparation of the sample should
be considered, such as the addition of detergent to the buffer. The dissociation
constants of the 37TDs are reported in Table 4.

Peptide pH ko

37TD-WT 7 380 nM
53 36.5 UM
37TD-R337H 7 959 nM
8 1.51 uM
53 186 uM
37TD-D352H 7 70.2 uM
8 4.51 uM
37TD-R342L 7 11.2 uM
37TD-T329I 7 14.7 uM
37TD-L344R 7 87.2 uM

37TD-L344P 7 N/A

Table 4. Dissociation constants of the tetramerisation of 37TDs found by MST.

37TD-WT was the peptide that gave the lowest constant of dissociation, meaning
that this tetramer was the most stable of those studied. On the other hand, with
37TD-L344P any Kqwas found because the peptide is unstructured, thus unable to
tetramerise. For the mutants in which a His residue was introduced, i.e. 37TD-R337H
and 37TD-D352H, different pH conditions were studied to check how the
tetramerisation was affected by the protonation or deprotonation of the imidazole
group. In the case of 37TD-R337H, we expected the stability of the tetramer to
recover by protonating the imidazole group, thus at acidic pH. However, the results
did not show a clear tendency with the change of the pH and they are not consistent
with those of previous studies reported” nor with our NMR data. In the case of
37TD-D352H, we expected an opposite dependency on the pH compared to 37TD-
R337H. When the Asp residue was replaced by His, the original salt bridge R337-
D352 of the WT was replaced by R337-H352. Therefore, at acidic pH, two positive
charges, from R337 and H352, would be close having a destabilising effect. We found
that Kqincreased when the pH was decreased. Regarding 37TD-R342L, the results
showed a destabilising effect of this mutation on the tetramer, as expected and in
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agreement with our results from native MS and NMR. From our MST experiments,
we conclude that the mutation T3291 has a destabilising effect. Although it is
consistent with our results from native MS and NMR, the Ky found suggests a
destabilisation comparable to other mutations, such as R337H and R342L. Finally,
for 37TD-L344R we found a high K4, which was interpreted as the constant of
dimerisation.

In summary, in this chapter, we studied the oligomerisation of p53TD. To this end,
we selected the WT and six mutations with biological relevance and value as
structural models because their populations involve distinct oligomeric states. The
secondary and quaternary structures were defined by CD, native MS, and NMR, and
the dissociation constants were calculated by MST. From our experiments, we
conclude that 37TD-WT is tetrameric in all the conditions studied and that it is the
most stable tetramer among our 37TDs. The tetramer dissociates in the gas phase
when the voltage was increased, and the equilibrium moves towards the monomer.
Overall, the mutations studied in this chapter have a destabilising effect on the
tetramer, although to a different extent. In particular, R337H, D352H and R342L
mutations strongly destabilise the tetramer. They probably adopt a distinct
structure from that of the WT, with 37TD-R337H and 37TD-R342L having a major -
sheet contribution, and 37TD-D352H having weaker bands. Like the WT, the
dissociation of the tetramer proceeds directly to the monomer. 37TD-R337H
presents an equilibrium between distinct oligomers that is dependent on the pH,
forming a more stable tetramer at acidic pH in NMR experiments. T329I is the
mutation that has the weakest destabilising effect on the tetramer. 37TD-T329I has
a similar CD profile to the WT. It is mainly tetrameric both in the gas phase and in
solution, but a monomeric population is also present in the MS and NMR spectra.
Surprisingly, the dissociation constant found in the MST experiments is similar to
that found for the strong destabilising mutants. Finally, 37TD-L344R and 37TD-L344P
were unable to tetramerise, resulting in dimer and monomer, respectively. These
results have been achieved by applying a variety of biophysical techniques that allow
the problem to be tackled from different perspectives and physical states. Taken
together, our results contribute to a deeper understanding of the equilibrium
between the oligomers of p53TD and to a more precise assignment of the oligomeric
state of p53TD mutations.
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DESIGN OF A ‘SUPER’ TETRAMER AND A
‘SUPER’ DIMER OF P53TD






In this chapter, we want to study deeper the equilibrium between p53 species
defining and isolating dimeric and tetrameric p53TD species in order to reduce the
number of p53 oligomers, thus the equilibria among them, simplifying our system.
In order to achieve our goal, we have introduced one cysteine residue in specific
positions of the monomer to form disulphide bridges between monomers. The
mutations we have introduced, namely L330C and L344C, are not cancer related,
but they were designed to selectively stabilise the dimer in one case (L330C) and the
tetramer in the other case (L344C). In principle, the mutant L330C was designed to
stabilise the dimer by cross-linking two monomers, but still allowing the
tetramerisation. In this way thus, the monomer-dimer equilibrium is avoided, but
the dimer-tetramer equilibrium is still allowed and it can be shifted by changing the
conditions of the experiments, such as the temperature and the concentration.
Isolating the dimer is not easy because it is normally not stable enough.
Nevertheless, some previous studies reported p53 TD as dimeric. For example,
mutations in the hydrophobic residues of the a-helix favour the dimeric form. Bista
et al.® and Mateu et al.?” reported the mutant L348A as dimeric, as well as mutants
F341C, L344R and A347T are described as dimeric.3#%* Another approach to stabilise
the dimer was described by Poon et al.’°® and Fischer et al.*® They designed a
sequence composed by the DNA-binding region followed by two oligomerisation
domains joined together by a linker. After the folding of the domain, the monomer
already adopted the geometry of the dimer. The oligomerisation of this species,
which consisted of a dimerisation, allowed the geometry of the tetramer (dimer of
dimers). Instead, we propose a cross-linking approach to isolate the p53 species of
our interest. The mutant L344C was designed to stabilise the tetramer linking
together two monomers belonging to different dimers. In this case as well, only the
dimer-tetramer equilibrium is allowed and can be shifted by changing the
experimental conditions.

Having our peptides in hands, we studied first the folding of the peptides by circular
dichroism. Afterwards, the oligomerisation state of these peptides was determined
by native MS, whereas the secondary and quaternary structure by NMR. The
dissociation constants of tetramerisation were calculated by thermophoresis and
finally, a theoretical study aimed to determine the secondary and quaternary
structures of these mutants in the presence of the disulphide bridge was achieved
by molecular dynamics (MD), performed by Dr. Salvador Guardiola.
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Design of the mutants

In order to stabilise the dimer in one case and the tetramer in the other case, we
designed two mutations (L330C and L344C) that introduce cysteine residues to form
the disulphide bridge (Figure 22). As for 37TDs, the monomer sequence has been
defined from residues 320-356. In this case, two monomers are covalently linked by
the disulphide bridge, thus the peptides are composed by 74 residues and they are
named 74TDs (Figure 22).

320 40 356

3
37TD-WT: Ac—KKPLDGFERFE FRELNEALELKDAQAG-NH:

74TD-L330C: Ac-KKPLDGEYFTCQIRGRERFE VIFRELNEALELKDAQAG-NH:

Ac-KKPLDGEYFTCQIRGRERFE/V'FRELNEALELKDAQAG-NH2
74TD-L344C: Ac-KKPLDGEYFTLQIRGRERFE/V'FRECNEALELKDAQAG-NH:

Ac-KKPLDGEYFTLQIRGRERFE/'\FRECNEALELKDAQAG-NH:

BC-methyl methionine

Figure 22. Sequences of the 74TDs and 37TD-WT. The red residues correspond to the
positions of the mutations and the yellow Met indicates the isotope-labelled residue. The B-
strand and the a-helix are represented with an arrow and a cylinder, respectively, in the WT
sequence.

The L330C mutation was introduced in the B-strand of the domain (res 326-333)
because it has been reported that L330 is involved in the stabilisation of the dimer
and a residue on one chain is close in space to the respective residue of another
chain belonging to the same dimer'®”1% (Figure 23). We thus designhed this mutant
introducing a cysteine residue to link together two monomers of the same dimer,
with the purpose of stabilising the dimer. The L344C mutation, on the contrary, was
introduced in the a-helix of the domain (res 335-354). The L344 residue is part of
the hydrophobic core in the dimer-dimer interface and it is involved in the
stabilisation of the tetramer.2”1% The side chains of the four L344 residues in the
tetramer are close to each other, but, considering one monomer, the side chain of
L344 is closer to the side chain of the respective residue on a monomer belonging
to the other dimer (Figure 24). By substituting the L344 with a cysteine, after forming
the disulphide bridge, ideally two monomers of different dimers would be covalently
bonded, thus stabilising the tetramer.
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Figure 23. (A) Cartoon representation of the WT from its NMR structure,?® PDB ID 10LG,
showing location of the residues L330. (B) Zoom of the same image showing the distance
(4.8 &) between residues.

Figure 24. (A) Cartoon representation of the WT from its NMR structure,?® PDB ID 10LG,
showing location of the residues L344. (B) Zoom of the same image showing the distances
(3.6 and 4.1 A) between residues.

The 74TDs were chemically synthesised by microwave-assisted SPPS (Solid Phase
Peptide Synthesis) using a *C-methyl methionine to perform NMR experiments.
After having purified the monomers, the disulphide bridge was formed in solution
using BisNPys as activator reagent, giving the dimers as products. The data
corresponding to the characterisation of the 74TDs are reported in the section
‘Product characterisation’ at the end of the thesis (Figure S6-S7).
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Secondary structure of the 74TDs

Having the peptides in hands, we first studied their folding by circular dichroism (CD)
experiments. We compared the results with 37TD-WT, as a reference for a
tetrameric folded peptide. Both 74TDs were folded and their spectra presented a
helical structure profile. Nevertheless, they showed bands less intense compared to
the WT (Figure 25). This may suggest that the helical degree of these peptides was
reduced. Moreover, for 74TD-L330C, the band at 208 nm was more intense than the
band at 222 nm, changing the ratio 82,; / 820s. The reasons way this ratio changes
are quite controversial and the interpretation of the data is not always
straightforward. A possible scenario in the case of a ratio 0,2, / 0205 close to 0.8, is
that the peptide is helical, but the helices are not interacting with each other.'® On
the contrary, when the ratio is close to 1, the helices are interacting in a structure
as stranded coiled coil.!° Another possible scenario, in case the band at 208 nm is
bigger than the one at 222 nm, is that the peptide is less structured with a higher
contribution of the random coil.
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Figure 25. Circular dichroism spectra of the 74TDs compared to 37TD-WT. The spectra
correspond to a monomer concentration of 20 uM of each peptide in water, pH 7. For 37TD-
WT, non-isotope-labelled peptide was used. The spectra were recorded at 25 °C.
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Determination of the oligomeric state by native MS

In order to determine the oligomeric state of the 74TDs, native MS experiments
were performed in a similar way as for 37TDs. The TOF and IM-MS spectra of 74TDs
are shown in the ‘Supplementary native MS’ section (Figure S31-S34). For 74TD-
L330C, it was found that this peptide was mainly dimeric (Figure 26). Although this
mutation was introduced to stabilise the dimer, this peptide was expected to be
mainly tetrameric. On the contrary, the MS results suggested it was mainly dimeric,
but the dimer coexisted with the tetramer in the gas phase. One explanation for this
evidence can be that the introduction of the cysteine in the B-strand and the
formation of the disulphide bridge constrain the peptide in a structure that is not
particularly prone to tetramerising. By increasing the voltage, the spectrum did not
change much, as expected. Since at the most native condition of high concentration
and low voltage (100 uM, 40 V), the peptide was predominantly dimeric, by
increasing the voltage, it could not disrupt, since it is two monomers covalently
bonded to each other.
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Figure 26. Native Mass Spectrometry and lon Mobility spectra of 100 uM 74TD-L330C at a
cone voltage of 40 and 100 V. The concentration reported refer to the monomer. The sample
was dissolved in 200 mM ammonium acetate buffer, pH 7.

For 74TD-L344C, the results suggested that the peptide was mainly tetrameric in the
gas phase. After diluting the sample or increasing the voltage even up to 120 V, the
peptide remained tetrameric. By comparing the results of low concentration and
high voltage (20 uM and 120 V) of 74TD-L344C and 37TD-WT (Figure 27), the
tetramer of L344C mutant was clearly more resistant to the high voltage than the
WT, where the latter disrupted at these conditions. These promising results
motivated us to further study this system in solution by NMR experiments.
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Figure 27. Native Mass Spectrometry and lon Mobility spectra of 20 uM 74TD-L344C (A) and
37TD-WT (B) at a cone voltage of 120 V. The concentration reported refer to the monomer.
For 37TD-WT non-isotope-labelled peptide was used. The sample was dissolved in 200 mM
ammonium acetate buffer, pH 7.
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Study of the equilibrium between oligomers by NMR

Similarly as for the study of 37TDs, we acquired 2D HSQC NMR experiments to assign
the oligomeric state of 74TDs in solution and to study how the population of the
oligomeric species changed by modifying the temperature and the concentration.
Starting with 74TD-L330C, three peaks were present in the spectrum at 100 uM
(Figure 28 B). Two of them (*H 2.05 ppm, *C 14.19 ppm; *H 1.98 ppm, 3C 14.31 ppm)
were in the region of unfolded monomeric peptides, close to the signal of 37TD-
L344P (Figure 28). One cross-peak (*H 1.62 ppm, 3C 13.86 ppm) instead resonated
in the region of structured folded peptides, close to the tetrameric signal of 37TD-
R337H (Figure 28). By increasing the temperature up to 40 °C the peak
corresponding to a folded peptide disappeared, whereas by decreasing the
temperature to 5 °C the cross-peak in the unfolded region resonating at *H 1.98
ppm, BC 14.31 ppm disappeared. We interpreted our results as three different
populations, where the two cross-peaks in the region of unfolded peptides
corresponded both to the dimer, one unfolded (*H 1.98 ppm, 3C 14.31 ppm) and
the other one folded (*H 2.05 ppm, 3C 14.19 ppm). One explanation why, although
folded, the dimer signal has a chemical shift in the unfolded region may be that the
presence of the disulphide bridge constrained the peptide to folding in a different
way than the wild type. The cross-peak (*H 1.62 ppm, 3C 13.86 ppm) that
disappeared when increasing the temperature, instead, may correspond to the
signal of the tetramer. In order to prove this hypothesis, we performed CD
experiments at 100 uM and different temperatures, such as 5, 25 and 40 °C (Figure
32). The results showed that 74TD-L330C had a lower thermal stability compared to
37TD-WT and 74TD-L344C, as at 40 °C the contribution of the random coil was more
prominent than for the other peptides. These results are in agreement with the fact
that the peak we assigned to the tetramer disappeared at 40 °C since probably there
was no tetrameric peptide at this temperature. On the other hand, the cross-peak
corresponding to the unfolded dimer disappeared at 5 °C, consistently with the fact
that at low temperature the conformational equilibrium is shifted towards the more
stable conformer. The peaks corresponding to the folded dimer and to the tetramer
shifted by decreasing the temperature. In particular, the peak of the tetramer
moved towards the position of the wild type, whereas the peak of the folded dimer
shifted upfield in the axe of 3C signal. By diluting the sample to 20 uM of monomer
concentration, the spectra did not change significantly (Supplementary NMR, Figure
S46)
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Figure 28. (A) 2D H,13C HSQC spectra at 25 °C of 37TD-WT (blue), 37TD-L344P (red) and
37TD-R337H (green) at a monomer concentration of 100 uM. (B) 2D H,*3C HSQC spectrum
at 25 °C (blue), 40 °C (red) and 5 °C (green) of 74TD-L330C at a monomer concentration of
100 pM.

Concerning 74TD-L344C, the HSQC spectra showed broad signals in the unfolded
region. Changing the temperature or the concentration did not modify the spectra
much (Figure 29 and Supplementary NMR, Figure S47). Considering the CD results
(Figure 25) and the MS results (Figure 27) we did not expect to find signals in the
unfolded region, because the CD spectrum showed a profile of an a-helix and in the
MS spectra the tetramer signals were detected even at high voltage. Nevertheless,
in this mutant, the mutation introduced (L344C) is close to the Met residue (M340),
which is the only residue detected in the NMR experiments, thus the Met signals
may appear in different positions due to the change in the chemical environment
around it.
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Figure 29. (A) 2D H,13C HSQC spectra at 25 °C of 37TD-WT (blue), 37TD-L344P (red) and
37TD-R337H (green) at a monomer concentration of 100 uM. (B) 2D H,*3C HSQC spectrum
acquired at 25 °C (blue), 37 °C (red), and 5 °C (green) of 74TD-L344C at a monomer
concentration of 100 uM at 25 and 5 °C and at a monomer concentration of 20 uM at 37 °C.

In order to investigate the folding of this peptide in solution more in depth, we
acquired 1D 'H spectrum of 74TD-L344C at a monomer concentration of 100 uM
and we compared the results deriving from similar analysis of 37TD-WT and 37TD-
L344P. As discussed in the previous chapter, the wild type is a folded tetrameric
peptide, whereas the L344P mutant is an unfolded monomeric peptide. Looking at
the methyl region (0.8-0.9 ppm) (Figure 30), the signals of the wild type were shifted
upfield and they appeared in the region of 0.5-0.8 ppm. On the contrary, the signals
of L344P mutant virtually overlapped and they resonated around 0.9 ppm in a broad
signal. The profile of 74TD-L344C was an intermediate situation between them two,
thus indicating that this peptide probably adopts the conformation of a molten
globule. The molten globule conformation is characterised by a secondary structure
very similar to the native folding, a lower level of compactness with a radius of the
protein not larger than a 10-30% of the original folded structure and a more flexible
hydrophobic core.!’¥"112 The profile of the NMR spectra suggests a molten globule
structure of this mutant and a similar situation was found looking at the signals of
the NHs of the backbone residues (6.5 - 9.5 ppm) (Figure 30). The wild type presents
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sharp and defined signals because the NH of the residues that form the hydrophobic
core do not exchange the proton with the deuterium of the solvent, being not
solvent exposed. These signals disappeared in the mutant L344P, being this peptide
unstructured and having the whole residues exposed to the solvent. Again, an
intermediate behaviour was observed for the mutant L344C meaning that it is
partially structured but most likely it adopts a different conformation than the wild

type.
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Figure 30. (A) 1D H spectra at 25 °C of 37TD-WT (red), 37TD-L344P (green), and 74TD-L344C
(blue) at a monomer concentration of 100 uM.

In order to further investigate the oligomeric state of L344C mutant, we performed
X-STE NMR diffusion experiments, as described in the previous chapter. The results
of 74TD-L344C are shown in Figure 22 and the hydrodynamic radii of the WT, L344P,
L344R and L344C peptides are compared in Table 5.
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Ru/ A Ru/ A

Peptides Dx 107/ m?s™ experimental predicted
37TD-WT 1.00 £ 0.02 22.2 20.3°
37TD-L344P 1.45+0.01 15.3 14.6°
37TD-L344R
Dimer 1.38 £0.02 16.1 16.5¢
Monomer 1.78 +0.04 12.5 14.1°
74TD-L344C 1.69+£0.02 13.1 20.3?

Table 5. Diffusion coefficients (D) and hydrodynamic radius (Rx) of 37TD-WT, 37TD-L344P,
37TD-L344R and 74TD-L344C. For 37TD-L344R, the two species are independently analysed.
Predicted Ruare calculated from Marsh et al.1%!

2Value calculated for a folded tetramer (Eq. 2).
bValue calculated for a disordered monomer (Eq. 3).
“Value calculated for a folded dimer (Eq. 2).

The hydrodynamic radius of 74TD-L344C expected was around 20 A, the value
predicted for a tetramer, according to the MS data. Nevertheless, a much smaller
value was found (13.1 A, Table 5). This value is an intermediate value between the
hydrodynamic radius of the monomer and of the dimer of 37TD-L344R. Therefore,
we interpreted our results as a dimeric peptide of 74TD-L344C, which maybe was
more compacted than the dimer of 37TD-L344R. A dimeric 74TD-L344C is the
smallest species possible for this peptide as it cannot be monomeric. In order to
analyse the structure of both 74TDs more in depth, we performed molecular
dynamic studies of these systems as well as circular dichroism at the same
concentrations and temperature as for the NMR experiments.

The CD results from spectra acquired at 5, 25 and 40 °C at a monomer concentration
of 100 uM of the 74TDs are shown in Figure 32 and they are compared to the wild
type. As commented above in this chapter, 74TD-L344C was structured according to
the CD results, but the bands were less intense than the wild type. This mutant was
stabile during thermal denaturation, at least up to 40 °C, because the CD profile did
not change significantly increasing the temperature. The magnitude of change in the
band intensity was comparable to that of the WT (Figure 32). On the other hand,
74TD-L330C probably adopts a different conformation having a different CD profile
and it was much less stabile during thermal denaturation, as at 40 °C the
contribution of the random coil was much more pronounced than for the other
peptides.
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Figure 32. Circular dichroism spectra of the 74TDs (B, C) compared to 37TD-WT (A). The
spectra were acquired at 5, 25 and 40 °C at a monomer concentration of 100 uM of each
peptide in water, pH 7. For 37TD-WT, non isotope-labelled peptides was used.

These results are consistent with the interpretation of the NMR experiments, where
L330C mutant presented different species in solution, including the tetramer, whose
signal was in the region of folded peptides. However, the structure of the peptide
was unstable with the increasing of the temperature in CD experiments and this may
explain the signal disappearance at 40 °C in the NMR spectrum. Moreover, the
different CD profile of 74TD-L330C compared to the WT profile, may explain the
coexistence of different dimeric conformations in solution. In fact, the NMR spectra
showed different folding of the dimeric peptide, which were interpreted as folded
and unfolded dimer. Concerning 74TD-L344C, we can conclude that it is a folded
domain, but it adopts different conformations than the WT, most probably a molten
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globule. It was helical according to the CD profile and 1D *H NMR experiments
showed that it was partially structured. The reason why the cross-peak in the HSQC
spectrum is close to the signal of the 37TD-L344P probably is due to a change in the
chemical environment of M340. According to the NMR diffusion experiments, this
domain was dimeric. However, this contrasts with the MS results, where the signals
of the tetramer were detected even at high voltage.

Determination of the K, of tetramerisation by thermophoresis

As for the 37TDs, we performed thermophoresis experiments to calculate the
dissociation constants of oligomerisation for the 74TDs. The experiments of the
74TDs are reported in the ‘Supplementary MST’ section (Figure S61-S62) and the
values found are shown in Table 6.

Peptide pH Kq
37TD-WT 7 380 nM
53 36.5 UM
37TD-R337H 7 959 nM
8 1.51 uM
53 186 uM
37TD-D352H 7 70.2 uM
8 4.51 uM
37TD-R342L 7 11.2 uM
37TD-T329I 7 14.7 uM
37TD-L344R 7 87.2 uM
37TD-L344P 7 N/A
74TD-L330C 7 57.9 uM
74TD-L344C 7 N/A

Table 6. Dissociation constants of the tetramerisation of 37TDs and 74TDs found by MST.

The value found for 74TD-L330C was 57.9 uM (Table 6). It is similar to the value
found for the dimeric peptide 37TD-L344R and it is higher than the values found for
the destabilising mutations among the 37TDs, such as R337H, R342L and T329I. We
interpreted our results as a dissociation constant of tetramerisation where two
species were involved, namely dimer and tetramer. As for 37TD-L344R, only one
equilibrium is present: in the case of 74TD-L330C between dimers and tetramer and
in of 37TD-L344R between monomers and dimer. The high value of Ky may be
explained by a change in the dimer-dimer interface compared to the WT. Concerning
74TD-L344C, any Kq was found, meaning that the dimer was unable to tetramerise.
These results are consistent with the NMR data, where the diffusion NMR suggested
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this peptide is dimeric, but they are not with MS results, where the signals of the
tetramer were detected even at high voltage.

Molecular Dynamics (MD)

Molecular dynamics (MD) simulations were performed using GROMACS version
2019.6, by Dr. Salvador Guardiola. Three systems were independently studied, i.e.
the WT and the mutants L330C and L344C. The structure used for the MD analysis
consisted of the high-resolution structure of the oligomerisation domain of p53, PDB
ID 10LG? (res 319-360), which was adapted in order to obtain the same sequence
as the peptides used in the experimental part, i.e. 37TD-WT, 74TD-L330C and 74TD-
L344C (res 320-356). The starting structures of the mutants were generated by
substituting the corresponding residues to cysteine and forming the disulphide
bridge between two chains. We ran explicit MD simulations to assess the preferred
secondary and quaternary structures in the mutants, and to answer the question if
the introduction of the disulphide bridges had a stabilising or destabilising effect on
the structure of the domain, compared to the WT. The starting structures were
solvated and minimised using the steepest descent method to relax the systems.
These were then subjected to two steps of equilibration in the NVT and NPT
ensemble, respectively, and from there unrestrained MD trajectories were collected
for around 500 ns. The trajectories of each system were analysed by plotting several
key parameters, such as the potential energy of the systems, backbone root-mean-
square deviations (RMSD), backbone root-mean-square fluctuations (RMSF), as well
as by clustering the main conformations explored by each system during the
simulation.

By looking at the potential energy of the systems (Figure 33), which takes into
account the sum of all the interactions within the system (bonded and non-bonded),
we can conclude it was mostly constant during the simulation, meaning that all three
systems were stable during the 500-ns simulations. The values of potential energy
for the mutants were comparable between each other, having the same number of
atoms and the same type of bonds, but it is more difficult to compare them with the
value of the WT, due to the aforementioned differences. In any case, the values
were similar, and they were maintained almost constant during the simulation.
From this first MD analysis, the results suggested that there was not a significant
difference in stability among the two mutants.
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Figure 33. Potential energy of the system along the MD simulation. In black the analysis of
37TD-WT, in red of 74TD-L330C and in green of 74TD-L344C.

In order to gather information about the secondary structure adopted by the
constrains during the simulation, the root mean square deviation (RMSD) of the
protein backbone was calculated and its RMS distribution was represented for the
three systems. Moreover, the gyration radius was calculated to get information on
the shape and degree of compactness of the domains (Figure 34). The RMSD (Figure
34 A) gives an indication on the movement of the backbone, using the initial
structure as reference for the deviation of each frame. Thus, the larger the RMSD,
the further the structure moved from the starting conformation. Looking at the
Figure 34 A, we can observe significant fluctuations during the first 100 ns of the
simulation, as is expected for unrestrained MD. After this time, the molecules
reached a stability plateau and presented less fluctuations. Overall, there were no
significant differences between each domain and the fluctuations were small during
the second part of the trajectories, between 4 — 7 A, and almost 3 A away from the
starting position. 74TD-L330C showed the largest fluctuations, suggesting that its
structure could be slightly less stable. Looking at the distribution of the RMS (Figure
34 B), the profile of the 74TD-L330C mutant deviated the furthest from a Gaussian
profile. The profile of this mutant consisted of a main maximum with a shoulder,
thus suggesting that the peptide adopted different conformations, and, in
particular, the most populated one was further from the native folding of the WT.
Concerning 37TD-WT, it showed the closest profile of a Gaussian distribution,
meaning that the WT explored less conformations during the simulation and that
the conformations adopted were closer to the starting NMR structure. 74TD-L344C
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as well showed a Gaussian-like distribution, although it was wider than the one from
the WT. Finally, the compactness of these structures was evaluated by the gyration
radius calculation (Figure 34 C). The radius decreased slightly during the simulation,
meaning that the structures were getting more compacted during the time. Maybe
the gyration radius of 74TD-L330C was fluctuating more than the other domains,
although the differences were small.
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Figure 34. Molecular dynamics analysis of backbone RMSD from initial structure (A),
backbone RMS distribution (B) and gyration radius (C). In black the analysis of 37TD-WT, in
red of 74TD-L330C and in green of 74TD-L344C.
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In order to know if the presence of the disulphide bridge, either in the a-helix or in
the B-strand, affected the structure of the helix the RMSD the helical domain was
also calculated (Figure 35 A). Its oscillation was quite small during the simulation
meaning that the helix was stable, and the introduction of the mutations did not
disrupt it. When comparing the two mutants, 74TD-L330C had a less stable helical
domain than 74TD-L344C. This means that the presence of the disulphide bridge in
the B-strand partially compromises the helical moiety of the domain. Concerning
74TD-L344C, the presence of the disulphide bridge on the helix caused structural
modifications of the helix, having a larger RMSD that the WT. However, it stabilised
during the simulation. A confirmation of this observation comes from the calculation
of the root mean square fluctuations (RMSFs) of the residues, which gives an
indication of the per-residue flexibility during the simulation (Figure 35 B). Four lines
are present for each construct, corresponding to the four peptide chains. Looking at
the RMSF curves, the four green curves (74TD-L344C) almost overlapped with the
black ones (37TD-WT), meaning that, although the mutant adopted a different
helical conformation, this helix was stable. On the other hand, 74TD-L330C in
general fluctuated more and with a less defined pattern as observed by the red
curves. This suggests a less stable conformation for this mutant. In general, the
extreme parts of the peptides fluctuated more than the central region, as expected,
since the terminal parts of the sequence are more flexible and more exposed to the
solvent (flanking region). The central region fluctuated less, being better folded and
less solvent exposed. Also, we noted a significantly reduced mobility in the
hydrophobic residues constituting the a-helix and the B-strand (i.e. L330, 1332, F338,
M340, F341, L344, A347, L348, L350).
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Figure 35. Molecular dynamics analysis of the backbone RMSD of the helical residues to
initial structure (A) and RMSFs (B). In black the analysis of the WT, in red of L330C and in

green of L344C.

Finally, we clustered by RMSD all the frames explored along the simulations in order
to find out which population of conformations was more abundant. Figure 36 shows
the structures of the most populated clusters for each system. By comparing the
main clusters for each system, we can observe that the mutant 74TD-L330C (main
cluster representing 40% of all frames) had a shorter B-strand and the presence of
the disulphide bridge caused the a-helix to recede (Figure 36 A and B). This mutant
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had a tendency to be more disordered compared to the other domains. On the other
hand, 74TD-L344C (main cluster accounting for 54% of all frames) adopted a
structure much more similar to the 37TD-WT (main cluster accounting for 80% of all
frames), and the presence of the disulphide bridge on the a-helix did not cause any
helical distortions and locked the tetramer interface (Figure 36 A and C).
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Figure 36. (A) Cluster 1 structures of the WT (black), L330C (red) and L344C (green). (B)
Cluster 1 structures of L330C (red) compared to the WT (black), and (C) L344C (green)
compared to the WT (black).
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In summary, we applied different techniques to prove if the design of these mutants
was done correctly, so if the presence of disulphide bridges either in the a-helix or
in the B-strand was compatible with the structure of these domains and to study the
oligomerisation of 74TDs mutants. Concerning 74TD-L330C, we can conclude that
the majority of the results suggested it is mainly dimeric but it is able to tetramerise.
Most probably, the structure that the peptide adopts is different from the native
folding of the WT. The MD simulation results suggested that the presence of the
disulphide bridge in the B-strand affected this moiety making it shorter and it has an
impact as well on the a-helix, causing it to recede. These structural changes may
destabilise the domain, having a lower thermal stability and resulting in a more
fluctuating domain in the MD simulation, although the difference with the other
peptides was not big. Concerning 74TD-L344C, overall, from both the experimental
and theoretical results, it has a more similar structure to the native folding of the
WT compared to the other mutant. This means that the disulphide bridge on the a-
helix does not disrupt it and apparently, it has no effect on the B-strand. This peptide
is tetrameric in the gas phase and it is stable to the increasing voltage in the native
MS experiments. Nevertheless, the NMR results, in particular X-STE NMR
experiments, suggested that it is dimeric in solution and any K4 was found by MST,
consistent with the fact that the peptide does not oligomerise in solution.
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DESIGN OF LIGANDS AND STUDY OF THE
INTERACTION BETWEEN THESE LIGANDS
AND P53TD






In this chapter, we want to design peptides as ligands able to interact with p53TD
with the aim to rescue the stability of mutated tetramers. Several studies about
small molecules inhibiting protein-protein interactions (PPIs) are reported, whereas
the opposite approach of stabilising a PPl is still underexplored.'** From the best of
our knowledge, only few examples of small molecules able to interact and stabilise
p53TD are reported in the literature. Among them, Gordo et al.® reported the study
of a calix[4]arene molecule, designed to fit in the hydrophobic pocket of p53TD, able
to bind the protein domain and to stabilise the mutated form of R337H. Based on
these promising results, Kamada et al.®! developed another ligand, a calix[6]arene
molecule that has 6 arene groups forming the ‘crown’ of the molecule, able as well
to bind and stabilise the mutant R337H. Some years before these studies, Martinell
et al.**® reported a library of linear peptides that interacted with p53TD. In this case,
they did not study any mutations in the TD, thus the aim of stabilising the mutated
protein domain was beyond their objectives. Based on these few examples of
molecules that binds p53TD, we designed peptides as potential ligands for p53TD,
the WT and R337H mutant. A first generation of ligands originated from the study
of Gordo et al.®% we designed peptides that maintained some structural
characteristics of calix[4]arene important for the binding with p53TD. A second
generation of ligands derived from the peptide library described by Martinell et al.1*®
Some peptides were selected and modified to favour their binding to Glu residues
on the top of the hydrophobic pocket of p53TD where we believe the ligands bind
and stabilise the mutated tetramer. We run molecular docking and molecular
dynamics using Schrodinger (Maestro software) to select the best candidates.
Afterwards, the selected peptides from both generations were synthesised and their
ability to bind p53TD and to stabilise its mutated forms was determined by a variety
of biophysical techniques, such as thermal stability circular dichroism, NMR,
fluorescence, native MS, and thermophoresis. Finally, after these studies, two
ligands were selected as binder of p53TD and potential stabiliser of the mutated
tetramer. These peptides were further characterised in terms of conformational
structure by NMR and some biological properties, such as their stability in human
serum and their cytotoxicity, were determined.
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Design of the ligands: 1* generation

The design of the 1°t generation of ligands was based on the study of Gordo et al.®
They studied the binding of the calix[4]arene (8, Figure 37 A) with the p53TD.
Calix[4]arene is composed by a ‘calix’ of four aromatic rings with ethylene glycol
rings in the lower rim and four guanidinium groups in the upper rim. The ligand was
designed to fit the hydrophobic pocket of p53TD with its hydrophobic part,
consisting in the lower rim, and to interact with glutamate residues of the protein
domain with the guanidinium groups in the upper rim (Figure 37 B). Experimental
data of HSQC NMR revealed that the designed orientation of the ligand in the
protein pocket was favourable and the data were consistent with the in silico design.
Moreover, the thermal stability was determined by CD unfolding curves, founding
that the stability of p53R337H was increased of roughly 10 degrees upon addition
of 20 uM of ligand 8.

Figure 37. (A) Structure of calix[4]arene (compound 8). (B) Cartoon representation of the
tetramerisation domain interacting with two molecules of compound 8. Image adapted from
Gordo et al.&°

Based on these relevant results, we designed cyclic peptides that maintained the
same size of the calix[4]arene ring, i.e. 16 atoms, and the four positively charged
guanidinium groups. The peptides obtained in this way were cyclo-tetra-B-arginine,
consisting in head-to-tail cyclic peptides composed by four B-arginine residues,
where the backbone is one methylene group longer than the arginine residue. The
side chain of the B-arginine residue can be thus linked to the Ca (B-2) or CB (B-3) of
the backbone, and for each position, both enantiomers were studied in silico,
resulting in 4 cyclic peptides, shown in Figure 38. They were evaluated first by
docking to determine which isomer was more prone to bind to p53TD.
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Figure 38. Structures of the four isomers of cyclo-tetra-B-arginine.

In the docking analysis these compounds are named B-2S, B-2R, B-3S, and B-3R,
referring to the position of the side chain and to the stereochemistry of the residues.
We ran molecular docking simulations using Maestro Schrédinger, release 2017,1®
to get information on the orientation and position of the ligand in the protein
pocket. The starting structure of the tetramerisation domain used for the docking
derived from its NMR structure (PDB ID 10LG%). Concerning the ligands, the
structures were built using Maestro and they were adjusted to the docking analysis
using ‘LigPrep’ function that aims to generate their 3D structures. Several
conformations of the ligands were generated by the ‘CSearch’ function, which
produces diverse, low-energy, 3D structures of compounds. These conformations
were then inserted in the binding pocket of the protein domain (Grid) (Figure 30 A)
and docking analysis were performed with Glide.'?” Glide docking considers the
receptor as a rigid molecule, whereas several conformations of the ligand are
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explored inside the protein pocket to find the poses that best fit and bind the protein
domain. The properties of the receptor are represented on a grid by different sets
of fields that progressively give more accurate scorings of the ligand pose. New
conformations of the ligand are generated by torsions and they are examined during
the docking process. After an initial screening, the selected ligand poses are refined
in torsional space in the field of the receptor using OPLS3.1* Finally, a few ligand
poses are minimised in the receptor field with full ligand flexibility in a process
named post-docking minimisation.''® The final ligand poses consisting of the output
of the docking process are scored by a Glide-Score function. The docking score takes
into account several energy contributions of the system, deriving from different type
of interactions, such as lipophilic-lipophilic interactions, H-bonds between neutral
groups, H-bonds between neutral and charged groups and between charged groups,
hydrophilic interactions and Van Der Waals interactions, among others.12%121 We
applied two forms of Glide-Score, the Standard Precision (SP) Glide and the Extra-
Precision (XP) Glide. The first one is a function that seeks to identify ligands that
reasonably could bind the target protein and it aims to minimise false negative
results. The second one, on the contrary, strongly penalises poses that do not take
into account physical chemical properties, such as charged parts of the molecule to
be solvent exposed. This function aims to minimise false positive results.’?® The
results concerning the first generation are reported in Table 7.

Compound SP Glide XP Glide
Calix[4]arene (8) -9.809 -7.341
B-2S -8.4 -7.112
B-2R -8.765 -7.485
B-3S -8.725 -7.674
B-3R -8.438 -6.521

Table 7. Docking scores of the first poses of calix[4]arene (8), used as reference, and ligands
of the first generation, using SP and XP Glide (Maestro).

Itis accurate and appropriate comparing the docking scores of different poses of the
same ligand because, being the same molecule all the structures have the same
number of atoms, chemical bonds, torsional space, etc. Although comparing docking
scores of different ligands is not very accurate, we used the calix[4]arene anyway as
indicative value for the scores of the 1% generation ligands. Considering the four
cyclic peptides, although they are different molecules they are chemically similar.
From our results, the compounds B-2R and B-3S gave the best docking scores
considering both the SP and XP Glide functions. Concerning the XP Glide, which is
more reliable and more prone to avoid false positive poses, the compound 3-3S gave
the best result (Figure 39 B), comparable in value to the reference molecule of
calix[4]arene.
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Figure 39. (A) Binding pocket of p53TD showing in blue the surface of Glu residues. (B) First
pose of B-3S in the binding pocket, obtained with XP Glide function.

In order to study the nature of the interactions between the ligand and the protein
domain more in depth, we ran molecular dynamics (MD) simulations using Desmond
Schrddinger, release 2017.%?2 Four independent systems were studied, one for each
isomer of the ligand. The starting structures of the complexes used for the MD
consisted of the first poses of the docking simulation outputs. We ran explicit MD
simulations to assess the preferred orientation of the ligand in the binding pocket
and to study more in depth the type of interactions stabilising the complexes. The
starting structures were solvated with predefined water molecule TIP3P box and
positive charges were neutralised by adding chlorine ions. The MD simulations in
Schrodinger were run using Desmond program and they consist of few main steps,
i.e. minimisation of the system, simulation and output analysis. The complexes were
minimised using the steepest descent method, and then they were subjected to a
step of equilibration in the NPT ensemble. From there unrestrained MD trajectories
were collected for 10 ns.!?® The trajectories of each system were analysed by
plotting several key parameters, such as the backbone root-mean-square deviations
(protein RMSD), protein-ligand RMSD, and protein-ligand contacts.

In Figure 40 are shown the protein and the ligand RMSDs concerning the studies of
B-3S and B-2R, whereas the same analysis of the others isomers is shown in the
‘Supplementary MD’ section at the end of this thesis (Figure S63). To determine the
protein RMSD, the conformation of each frame was aligned to the starting structure
of the protein and the RMSD was calculated considering the a-carbon of the
backbone (left Y-axis). Therefore, larger is the RMSD, further the protein has moved
from the starting conformation. In the first nanoseconds of the simulation, the
protein of all the complexes fluctuated more, as expected for unrestrained MD.
Then they reached a plateau meaning that the system has reached a stable
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conformation and fluctuated less. The values of protein RMSDs were around 3 -6 A
which are inside of an acceptable range for globular proteins. The ligand RMSD (right
Y-axis) is a value that indicate how stable the ligand is in the protein pocket. This
value was obtained for each frame aligning the protein backbone to the reference
position and the RMSD was calculated considering the heavy atoms of the ligand.
The values of the ligand RMSDs in our complexes were comparable to the protein
RMSDs, meaning that the ligand has not diffused away from the original position.
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Figure 40. Molecular dynamics analysis of backbone RMSD to initial structure (blue line) and
of ligand RMSD to initial pose (purple line). Analysis of the complexes p53WT @ B-3S (A) and
p53WT @ B-2R (B) trajectories.
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The protein-ligand contacts for the B-3S and B-2R isomers along the simulations are
shown in Figure 41. The same analysis of the other isomers is reported in the
‘Supplementary MD’ section at the end of the thesis (Figure S64). As expected, the
majority of the interactions involved hydrogen bonds, water bridges or ionic
interactions. All the H-bonds counted in this panel referred to H-bonds where the
distance between the donor and the acceptor is equal or inferior to 2.5 A. In the
water bridges interactions are considered all the H-bonds between the ligand and
the protein mediated by a water molecule. In this type of interaction the geometry
between the donor and the acceptor is more relaxed compared to the H-bonds type.
The ionic interactions consider all the opposite charges interactions where any H-
bond is involved. As the results suggested, our complexes were stabilised mainly by
electrostatic or polar interactions which involved polar residues of the protein
chains, in particular glutamate, arginine and aspartate residues.
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Figure 41. Molecular dynamics analysis of protein-ligand contacts. Analysis of the complexes
p53WT @ 3-3S (A), and p53WT @ B-2R (B) trajectories.

After having performed the in silico simulations, we selected the isomer -3S as best
candidate. It gave the best docking score using XP Glide-Score and from the MD
analysis its complex with p53WT looked stable. We decided thus to synthesise this
ligand and to study its interaction with our p53TD. Moreover, the residue with the
side chain on the B-carbon and with the S stereochemistry was the only one
commercially available among the B-arginine residues studied in this project.
Therefore, the cyclic peptide B-3S was manually synthesised using 2-chlorotrityl
resin, oxyma and DIC as coupling reagents. The linear peptide was cleft from the
resin, purified and cyclised in solution using PyBOP, HOAt and DIPEA in 1% DMF in
DCM. Finally, the guanidiunium groups of the B-arginine residues were deprotected
to give the desired product. The detail of the synthesis and the characterisation of
the compound are reported in the ‘Product characterisation’ section at the end of
this thesis (Figure S8). We decided to synthesise also calix[4]arene (compound 8) to
have a positive control in our binding experiments. In order to achieve this
compound, we performed the synthetic pathway shown in Scheme 1 in the ‘Material
and methods’ section, as previously described by Martos'?* and Gordo et al.®° The
characterisation of the desired compound, as well as the intermediates, is reported
in the ‘Product characterisation’ section (Figure S10-S16).

Thermal stability circular dichroism

We performed thermal stability circular dichroism experiments to investigate into
the thermal stability of the p53TD WT and R337H mutant, and to gather more details
into how they unfold with the increasing of the temperature and how the addition
of the ligand changes these curves. In this experiment, a beam of circular polarised
light at a constant wavelength of 220 nm passed through the sample and a ramp of
temperature was applied to unfold the peptide. From the denaturation curve
obtained, the temperature of melting (Tn) was calculated and it corresponds to the
temperature at which 50% of the peptide is unfolded. By adding the ligand to the
solution, if it is able to bind the tetramerisation domain of p53 and to stabilise it, a
shift of the T., towards higher temperatures is expected. The results concerning
37TD-WT and 37TD-R337H, both peptides used in their unlabelled version, are
shown in Figure 42 (panel A). Afterwards, the cyclo-tetra-B-3-arginine S ligand was
added to study its binding to p53TD and to see how the stability of the TD changes
(panel B and C). We found a big difference in stability between the TDs, as expected,
with a Tr, value of 76 °C in the case of the WT and 48 °C in the case of the mutant
(Figure 33 A). Two equivalents of ligand were added to the TDs solutions, reaching
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a concentration of 40 uM of ligand. Basically, any difference in the Tr, was observed
in the case of the WT (Figure 42 B), whereas a shift of roughly 3 °C was detected
with R337H mutant (Figure 42 C). Nevertheless, this shift is accompanied by a
change in the shape of the melting curve and this fact makes the interpretation of
the result more difficult.
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Figure 42. Unfolded curves of thermal denaturation of 37TD-WT and 37TD-R337H at a
monomer concentration of 20 uM (A). Two equivalents of ligand (cyclo-tetra-B-3-arginine S)
were added to 37TD-WT (B) and to 37TD-R337H (C) solutions.
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Study of the binding by NMR

After these promising results on complex formation and stabilisation of the mutant
tetramer, we performed NMR binding experiments to further investigate on the
nature of the interaction between cyclo-tetra-B-3-arginine S and p53 TDs (37TD-WT
and 37TD-R337H). We acquired thus H 3C HSQC spectra of the TDs, at a monomer
concentration of 20 uM, 25 °C and pH 7, and we titrated the protein domain with an
increasing amount of the ligand. In the case of the WT, only one peak was present
in the spectra corresponding to the tetramer (*H 1.50 ppm, *C 13.54 ppm) (Figure
43 A and B). When the ligand was added (2 and 4 eq) the spectrum did not change
significantly, meaning that most probably the two species were not interacting, or
the complex formed after the binding of the ligand was not stable enough (Figure
43 A and B). In the case of the mutant, after the addition of 4 equivalents of ligand,
the peak corresponding to the tetramer (*H 1.64 ppm, *C 13.68 ppm) changed
significantly its intensity and shape (Figure 43 C and D). In particular starting from a
sharped signal of the tetramer, in the presence of 4 eq of ligand, the signal became
broad, indicating that the size and the solvent exposed area of the species changed.
This is, normally, an indication of binding between the two species. Moreover, the
peak slightly shifted upfield in the *H and 3C axes, again a sign that interaction was
taking place. On the other hand, the monomer peak (*H 2.02 ppm, 3C 14.20 ppm)
did not change significantly by adding the ligand, suggesting that most probably the
ligand was interacting with the tetramer.
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Figure 43. 2D 'H,*3C HSQC spectra at 25 °C of 37TD-WT (A, blue) and 37TD-R337H (C, blue)
which were titrated with 2 eq (red) and 4 eq (green) of cyclo-tetra-B-3-arginine S. 'H
projections of *H,3C HSQC spectra are represented in (B) for 37TD-WT and in (D) for 37TD-
R337H.

Design of the ligands: 2" generation

The design of the second generation was based on the study of Martinell et al.1*®

They designed and studied a family of linear peptides able to bind p53
tetramerisation domain. These peptides were designed by molecular mechanics and
molecular dynamics simulations based on a polyguanidinium molecule (ligand 1,
Figure 44 B) able to interact with p53 TD by polar interactions between positive
charges on the guanidinium groups with the negative charges on the glutamate
residues of the protein domain (Figure 44 A). From ligand 1, by molecular mechanics
and molecular dynamics, they designed a linear peptide (CAN4, Figure 44 C) which
contained four arginine residues at a distance that mimicked the distances between
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the guanidinium groups in ligand 1. Moreover, CAN4 contained a tryptophan residue
to study its interaction with p53TD by fluorescence and alanine residues in the N-
terminus to act as spacer in order to immobilise the peptide on the surface of a SPR
sensor chip.
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Figure 44. (A) Cartoon representation of p53TD showing the glutamate residues, only in one
monomer, involved in the interaction with ligand 1. (B) Polyguanidinium molecule (ligand 1)
able to interact with p53TD. (C) Linear peptide (CAN4). Image adapted from Martinell et a/. 11>

From CAN4, they obtained a library of linear peptides and they studied the
interaction of this library with p53TD (Figure 45). The library was composed by the
retro version of CAN4 (named RRRR or R4) and other linear peptides obtained by
substituting the arginine residues with different residues, modifying the side chains
of the arginine residues, as well as increasing or decreasing the distance between
the arginine residues (Figure 45). They studied the binding with the protein domain
by fluorescence spectroscopy and they found that all these peptides were able to
bind p53TD (Figure 45). From this library, we selected three linear peptides, i.e.
RRRR (or R4), K3R and Rab4 to be synthesised and studied by different biophysical
techniques, such as NMR, native MS, and thermophoresis. We chose Rab4 because
it gave the best result in terms of Kp by fluorescence. Moreover, we selected RRRR
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because it was the parent peptide in this study and K3R because it gave the best
result among the peptides composed only by natural amino acids.

Peptide K [pm] pad Peptide K, [pm] %
RRRR 63+15 013 2xaa 15+6.0 1.91
KR3 24415 038 Oxaa 34412 159
K2R2 6.3+26 1.28 random 40+9.0 0.18
K3R 51421 092 TmgR3 99413 0.15
KKKK 12450 0.88 Tmg2R2 24407 0.29
RKRR 66+30 151 Tmg4 274+06 0.08
KHRKR 12432 0.29 RabR3 11+35 1.69
KRRK 84+54 0.47 Rab2R2 18X+8.0 0.91
KKRK 69+34 1.68 Rab4 0.841+022 017
NvaR3 17273 1.39 RysR3 68123 143
SR3 42+22 292 Rys2R2 21404 0.15
52R2 56+£23 292 Rys4 96135 0.17
53R 5204330 014

Figure 45. Ko values obtained by fluorescence titration of p53TD. Image adapted from
Martinell et al.1*®

We selected then six peptides, R4, Rab4, Rys4, Tmg4, Tmg2R2, and Rys2R2, the
parent peptide and the ligands that gave the strongest binding with p53TD in terms
of Kp by fluorescence, to be modified and studied by molecular docking and
molecular dynamics. In this study, we designed cyclic peptides composed by the N-
terminal part of the original linear peptides, which contains positively charged
guanidinium groups that are supposed to interact with p53TD (Figure 46). We
cyclised the peptides head-to-tail including 7 or 8 residues and we ran molecular
docking and molecular dynamics simulations to select the best candidates to be then
synthesised and experimentally studied.
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Figure 46. Structures of the cyclic peptides belonging to the 2" generation of ligands.

The cyclic ligands of the second generation are named, as the linear ones,
considering the four residues positively charged preceded by a ‘c’ (cyclic). For the 8-
residue ring peptides that include also the alanine residue the letter ‘A’ (alanine) is
added at the end of the name (Table 8). We run molecular docking, inserting the
cyclic peptides in the binding pocket of the tetramerisation domain, as already
described for the computational study of the first generation of ligands. Only the XP
Glide Score was used in this study of the 2" generation of ligands and the results
are reported in Table 8.

Compound XP Glide Compound XP Glide
Calix[4]arene (8) -7.341 cRys2R2A -7.646
B-3S -7.674 CRys4 -7.301
cR4 -7.849 cRys4A -7.765
cR4A -6.992 cTmg2R2 -7.205
cRab4 -8.078 cTmg2R2A -6.307
cRab4A -7.079 cTmgd -6.02
cRys2R2 -7.719 cTmgdA -6.449
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Table 8. Docking scores of calix[4]arene (8) and B-3S, used as reference, and cyclic ligands of
the second generation, using XP Glide (Maestro).

From our results, four cyclic peptides, i.e. cR4, cRab4, cRys2R2, and cRys4A, looked
promising giving a better docking score than the two molecules of reference (8 and
B-3S). In general, the 7-residues peptides gave better results than their 8-residues
analogues. As for the first generation peptides, we ran molecular dynamics
simulations using Maestro. The analysis of the dynamics are reported at the end of
this thesis (Supplementary MD, Figure S65-576). Overall, the simulations were
promising, as any ligand showed a large RMSD but they fitted nicely in the protein
pocket. The main stabilising interactions of the complexes were polar interactions
or water bridges involving the glutamate residues of the p53TD. Some ligands, such
as cR4 or cRys2R2, showed ionic interactions with R337 of p53TD and hydrophobic
ones with M340; the ligand cRab4 showed a smaller RMSD than the other peptides.

From the design of the second generation peptides and the in silico simulations, we
selected and synthesised three linear peptides (R4, K3R, and Rab4) and four cyclic
peptides (cR4, cRab4, cRys2R2, and cRys4A) (Figure 47). The linear peptides were
synthesised using ChemMatrix resin, as described for 37TDs. The cyclic peptides
were synthesised on 2-chlorotrytil resin, as described for the cyclic peptide of the
first generation of ligands. After the cleavage from the resin and the purification of
the linear peptides, they were cyclised in solution using MW to speed up the
reaction. The details of the synthesis and the characterisation of the final products
are reported at the end of the thesis in the ‘Product characterisation’ section (Figure
$8-S9).
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Figure 47. Linear and cyclic peptides belonging to the 2" generation of ligands.
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Taking advantage of the fact that the linear peptides of the second generation
contained a tryptophan residue, we studied the binding of these peptides with
p53TD by fluorescence spectroscopy and NMR chemical-shift-perturbation looking
at the ligand signals, in particular at the indole group signals.

Study of the binding by fluorescence spectroscopy

We studied the interaction between the linear peptides with p53TD, the WT and
R337H mutant, where both the TD peptides were used in their unlabelled versions.
This experiment is based on the fluorescence of the tryptophan residue, present
only in the ligand and not in p53TDs. Therefore, during the experiment the
concentration of the ligand (R4, K3R, and Rab4) was maintained constant. The
tryptophan was excited with a light beam at a wavelength of 295 nm (A tryptophan
= 280 nm)*?® and the spectrum was acquired including the highest intensity of the
tryptophan emission (350 nm).!?> By titration of the ligand with an increasing
amount of p53TD, if the complex is formed, the protein domain should quench the
tryptophan fluorescence decreasing its emission band intensity, as shown by
Martinell et al.**

We studied this system starting from the conditions described by Martinell et al.*®
consisting in a constant ligand concentration of 3 uM at which the fluorescence band
was intense enough to detect changes in case of binding. The ligands then were
titrated with an increasing amount of p53TDs, where the equivalents used referred
to the monomer. In our experiments, we got different results from what is described
by Martinell et al.*> We detected a change in the fluorescence band intensity upon
addition of the protein domain, however, these changes were not consistent with
the amount of the protein added (Figure 48). In some cases, the intensity of the
band decreased, suggesting a quenching from the protein domain, but in other
cases, on the contrary, the band intensity increased. There may be several reasons
why the fluorescence intensity of the tryptophan changes upon addition of a binding
partner. One reason can be the collisional quenching and in this case the effect
increases by increasing the temperature. Another reason can be binding
phenomena, thus formation of a complex. In this scenario, the quenching can occur
in the ground-state or in the excited-state of the molecules. Conformational changes
in the local microenvironment of the tryptophan, due to the binding and formation
of a complex, can influence the quantum vyield of the tryptophan and these
structural changes can provoke both an increase or a decrease of the fluorescence.
Moreover, quenching due to ground-state complex formation may occur when the
ligand binds directly to the fluorophore.'?® Therefore, a local change in the structure
of the peptides close to the tryptophan, probably due to the binding with p53TDs,
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might explain the changes in the fluorescence observed in our experiments.
Nevertheless, in case of binding, a consistent behaviour with the increasing amount
of the quencher (p53TDs) is expected. Although we tried different conditions to
reproduced the curves described by Martinell et al.,'*® we did not find the
experimental conditions to detect a change consistent with the p53TD
concentrations. We decided thus to study our system by other techniques, such as
NMR.
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Figure 48. Fluorescence spectroscopy binding experiments between linear ligands (R4, K3R,
and Rab4) and 37TD-WT and 37TD-R337H.

Study of the binding by NMR (linear ligands)

We studied the binding between the linear ligands belonging to the second
generation and 37TD-R337H by NMR. We performed two types of NMR
experiments. The first one consisted in the NMR chemical-shift-perturbation looking
at the aromatic signals of the indole group of the tryptophan residue, thus the
concentration of the ligand was maintained constant and it was titrated with an
increasing amount of p53TD to see how the aromatic signals of the indole group
were perturbed by the addition of the protein domain. The second type of NMR
experiments consisted in *H 3C HSQC experiments, as described for cyclo-tetra-p-3-
arginine S, where, on the contrary, the concentration of 37TD-R337H was
maintained constant and it was titrated with an increasing amount of the ligand.

NMR chemical-shift-perturbation

In order to perform these experiments, we chose to monitor the aromatic signals of
the indole group because they are in the aromatic region of the spectrum, quite easy
to identify as they do not overlap with other signals, so they facilitate a way to detect
their perturbation after the addition of the protein domain if binding is occurring.
Tryptophan residue is present only in the linear ligands and not in the protein
domain, so the signals detected in the *H NMR belong unequivocally to the ligand.
We acquired the spectra using 20 uM of the linear ligands (R4, K3R, and Rab4) and
they were titrated with 10, 20, and 40 uM of 37TD-R337H, where these
concentrations referred to the monomer. The experiments were performed at 5 and
37 °C, pH 7.5. The results concerning K3R are reported in Figure 49, whereas the
spectra of the other ligands are shown in the ‘Supplementary NMR’ section at the
end of this thesis (Figure $S48-549). Looking at the signals of the indole group, they
shifted upfield by increasing the amount of 37TD-R337H. At 5 °C the signal of the
NH of the indole group was detectable as well (Figure 49 B) and its intensity
decreased upon addition of the protein domain. At 37 °C (Figure 49 C) the aromatic
signals shifted more than at low temperature (Figure 49 A), as expected. These
results suggested interaction between the species in solution and analogous results
were observed for the other linear ligands, meaning that all of them were able to
interact with 37TD-R337H and maybe they interacted in a similar way as the shift of
the peaks was comparable for all the ligands.
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Figure 49. 'H NMR chemical-shift-perturbation experiments of K3R at a concentration of 20
UM (blue) which was titrated with 10 (red), 20 (green), and 40 uM (purple) of 37TD-R337H.
The spectra were acquired at 5 °C (A, B) and 37 °C (C), pH 7.5. Only the aromatic region is
shown in panel A and C and the indole NH signal is shown in panel B.

1H 13C HSQC binding experiments

To further investigate on the binding between the linear ligands and 37TD-R337H,
we performed H 3C HSQC binding experiments starting from a monomer
concentration of 10 uM of 37TD-R337H, which was then titrated with the linear
peptides. The spectra were acquired at 37 °C and pH 7.5 to reproduce physiological
conditions and to start from a ratio of 37TD-R337H population of roughly 50%
tetramer and 50% monomer in order to be able to detect a change in the p53 species
population after the binding with ligand. If the complex is formed and the ligand is
able to stabilise the p53 tetramer, we expected to see a reduced monomer
population, meaning that part of the monomers oligomerised. From our results, the
linear ligands behaved differently from each other and in some cases, although a
clear change in the spectrum was observed, the interpretation of these results was
not easy and straightforward. In the case of ligand Rab4 for example, the peak
corresponding to the tetramer disappeared when 8 eq of ligand were added. One
possible explanation could be that the complex was formed and since it was bigger
than the tetramer p53, it may have different relaxation time, which could cause its
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disappearance in the spectrum. On the contrary, the peak corresponding to the
monomer did not significantly change upon addition of the ligand (Figure 50 C). In
the case of R4, a third cross-peak (*H 1.36 ppm, 13C 13.28 ppm) appeared at higher
field compared to the tetramer signal. Again, this behaviour may be explained by a
complex formation and the binding with the ligand changed the chemical
environment of the methionine residue resonating at a different chemical shift
compared to the tetramer (Figure 50 A). Finally, in the case of K3R, any big change
was observed in the spectra. The relative intensities of the two main cross-peak did
not vary much suggesting that probably any complex was formed (Figure 50 B). The
cross-peaks below the signal of the tetramer (*H 1.67 ppm, *3C 14.32 ppm) belong
to the ligand, most probably to the side chain of the lysine residues, and they
increased their intensity consistently with the increasing amount of the ligand
added. Overall, in any of these studied cases we detected a decreased in the
monomer 37TD-R337H signal. Possible scenarios that may explain this behaviour
could be that the ligands did not interact with the monomeric protein domain, but
with its tetrameric form. Probably they were not able to stabilise the tetramer or
the binding was not strong enough to shift the population of 37TD-R337H from its
monomeric to its tetrameric form.
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Figure 50. *H 3C HSQC NMR binding experiments between 37TD-R337H with R4 (A), K3R (B),
and Rab4 (C). The experiments were performed starting from a monomer concentration of
37TD-R337H of 10 uM (blue) which was titrated with 20 (red), 40 (green), and 80 uM (purple)
of ligands. H projections of H,13C HSQC spectra are represented on the right. The spectra
were acquired at 37 °C, pH 7.5. M: monomer; T: tetramer; L: ligand.

To further study the binding between our ligands and p53TD, we performed NMR,
thermophoresis, and native MS experiments using the calix[4]arene (8) as positive

control to detect the binding.
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Study of the binding by NMR (calix[4]arene)

As for the linear peptides, we started from physiological conditions at which 37TD-
R337H were roughly half monomeric and half tetrameric (monomer concentration
of 10 uM, 37 °C, pH 7.5). The protein domain was then titrated with an increasing
amount of the ligand. Gordo et al.®’ studied the binding of calix[4]arene with p53TD
WT and R337H mutant, both obtained as recombinant peptides with a slightly longer
sequence than our 37TDs. Their p53 peptides were N labelled and they monitored
the chemical-shift-perturbation of the protein residues after the addition of the
ligand. They found that the ligand was able to bind both the p53 peptides, although
with a different mechanism. In particular, in the case of the mutant, by titrating the
protein domain some residue signals disappeared and they appeared back after
further addition of the ligand. This behaviour could be explained considering two
sequential events, probably corresponding to the binding of two ligand molecules in
the binding pockets of the tetramerisation domain.®® We titrated our protein
domain monitoring the methyl signal of M340. The signal corresponding to the
tetramer disappeared immediately after the addition of 2 eq of ligand (Figure 51 A),
whereas the signal of the monomer shifted upfield both in the *H and 3C axis. We
increased the amount of ligand to see if in our case as well the signal of the protein
domain appeared back. By increasing the concentration of compound 8 up to 250
UM or 1 mM, both the signal of monomer and tetramer disappeared and any of
them appeared back (Figure 51 B). The cross-peak above the monomer signal (*H
2.04 ppm, 3C 12.86 ppm) is a ‘folding’ ligand signal meaning that its real resonance
is out from the working range of chemical shift, but since it is intense due to the high
concentration of 8, it can reappeared in the working range.'?"12¢ As for the linear
peptide Rab4, where the signal of the tetramer disappeared with high concentration
of the ligand, in this case as well the disappearance of the tetramer signal may be
due to complex formation. The signal of monomer as well was modified by the
addition of the ligand and it shifted towards the tetramer, indicating that probably
the relative population between tetramer and monomer changed. It decreased its
intensity and this may be an indication that the ligand was stabilising the tetramer.
Nevertheless, the signal of the tetramer did not appear back increasing the
concentration of the ligand and the interpretation of the results was not easy since
the peaks disappeared. Due to these difficulties related to the NMR binding
experiments, we decided to further explore our system and complement NMR
results using different biophysical techniques, such as thermophoresis.
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Figure 51. 'H 3C HSQC NMR binding experiments between 37TD-R337H with calix[4]arene
(8). The experiments were performed starting from a monomer concentration of 37TD-
R337H of 10 uM (A and B, blue) which was titrated with 20 (A, red), 40 (A, purple), 250 uM
(B, red), and 1 mM (B, purple) of ligand. The spectra were acquired at 37 °C, pH 7.5. M:
monomer; T: tetramer; L: ligand.

Study of the binding by thermophoresis (calix[4]arene)

We studied the binding between calix[4]arene and 37TD-WT and 37TD-R337H by
thermophoresis. Gordo et al.?° reported apparent Kq of ca. 130 and 65 puM for the
first and the second ligand binding, respectively, calculated from NMR experiments
with the R337H mutant. We performed the thermophoresis experiments in two
different ways. In the first case, we studied the binding of the ligand to the monomer
of either 37TD-WT or 37TD-R337H. The TDs were fluorescently labelled as described
in the first chapter of ‘Results and discussion’. The experiment was performed at
TDs monomer concentration of 15 nM to detect a sharp fluorescence signal. At this
concentration, we expect that both the WT and the mutant are monomeric. To these
solutions, an increasing amount of the ligand was added to calculate the Ky of
binding (Figure 52). Any K4 was found meaning that the ligand most probably was
unable to bind the monomeric TDs.
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Figure 52. MST binding experiment of calix[4]arene with monomeric 37TD-WT (A) and 37TD-
R337H (B). The concentration of 37TD-WT* and 37TD-R337H* (targets) was 15 nM and the
highest concentration of calix[4]arene (ligand) was 2 mM.

Therefore, we performed the experiment in a different way, forming first the
tetramer of the TDs and studying the binding of the ligand to the tetramers. To do
so, a solution of labelled peptide (target) at a concentration of 15 nM was mixed
with ‘cold’ peptide, either 37TD-WT or 37TD-R337H, which were not fluorescently
labelled. The amount of ‘cold’ peptide added was ca. 10 times the Kqfound in the
experiments described in the first chapter of ‘Results and discussion’. In this way,
we ensured the peptides tetramerised before being titrated with the ligand. The
MST curves found in these experiments are shown in Figure 53 and in this case also,
any Kqwas found. Probably, the affinity of the ligand to these TDs was not strong
enough to be detected by MST. We decided thus to apply another biophysical
technique, the native MS.
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Figure 53. MST binding experiment of calix[4]arene with tetrameric 37TD-WT (A) and 37TD-
R337H (B). The concentration of 37TD-WT* and 37TD-R337H* (targets) was 15 nM, 37TD-
WT was 4 uM, 37TD-R337H was 10 puM, and the highest concentration of calix[4]arene
(ligand) was 2 mM.

Study of the binding by native MS

We decided to perform native MS experiments to detect the binding between
p53TD and calix[4]arene. Having found the experimental conditions to detect the
complex formation, they were applied to study the binding with the second
generation ligands. Several experimental conditions were explored, in particular the
source temperature was decreased from 40 °C, as used in the experiments of the
TDs, to 29 °C. The trap and transfer voltages were increased to 10 and 8 V,
respectively, as described by Gordo et al.2%#2 to detect the complex formed by the
tetramer and two molecules of ligand. In our case, applying these voltages, the
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tetramer disrupted, therefore we reduced the voltages to 6 and 4 V, as already
described for the study of the TDs. At these conditions, we detected the tetramer of
37TD-WT and 37TD-R337H and the complexes formed by the TDs tetramer and one
molecule of ligand (Figure 54 and 55). We applied thus these conditions to study the
interaction of the TDs with the second generation ligands (Figure 54 and 55).
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Figure 54. Native MS spectra of 37TD-WT forming complexes with calix[4]arene and 2"
generation ligands. The concentrations of 37TD-WT and calix[4]arene were 50 and 125 uM,
respectively, whereas with the other ligands were 90 and 100 uM, respectively. For 37TD-
WT, a non-isotope-labelled sequence was used and the concentrations reported refer to the
monomer. The samples were dissolved in 200 mM ammonium acetate buffer, pH 7.
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From this study, we conclude that all the ligand studied, the calix[4]arene and the
2" generation ligands are able to bind p53TDs. Although the results were similar for
all the ligands studied, we selected the compounds that gave the most intense
complex signals, indicating a stronger binding to the TDs. In order to determine
which compounds gave the most intense signals, we measured the ratio | / Io
considering the +8 and +9 charges peaks, which were the peaks detected for the
complexes. | corresponds to the intensity of the complex peak and lpto the relative
charge peak of the tetramer. We did this analysis for the spectra of both 37TDs and
we selected in this way two ligands, a linear and a cyclic one that gave the best
results, corresponding to Rab4 and cRys2R2. With these two compounds, we further
analysed the complexes formed with the TDs by native MS. In particular, the cone
voltage was increased to study the complexes stability at high voltages. Moreover,
we studied by NMR the conformational structures that the two selected ligands
adopted in solution, and, finally, we determined their stability in human serum and
their cytotoxicity in Hela cells.

Stability of the complexes studied by native MS

With the aim to further study the stability of the complexes formed by p53TDs and
the two selected ligands, we performed native MS experiments increasing the cone
voltage up to 80 and 120 V. Similarly as for 37TDs, we wanted to check if the
complexes survived increasing the voltage, therefore to prove if the ligands were
able to stabilise the tetramers. We performed the experiments with 37TD-WT
(Figure 56) and 37TD-R337H (Figure 57) at a monomer concentration of 100 uM
(Figure 56 A and 57 A). To form the complexes, the TDs were mixed with ligands at
final concentrations of 90 and 100 uM, respectively. The source temperature was
set to 29 °C, and the trap and transfer voltages at 6 and 4 V, respectively.
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Figure 56. Native MS spectra of 37TD-WT (A) and 37TD-WT forming complexes with Rab4 (B)
and cRys2R2 (C) at cone voltages of 40, 80, and 120 V. For 37TD-WT, non-isotope-labelled
peptide was used and the concentrations reported refer to the monomer. The samples were
dissolved in 200 mM ammonium acetate buffer, pH 7.
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Figure 57. Native MS spectra of 37TD-R337H (A) and 37TD- R337H forming complexes with
Rab4 (B) and cRys2R2 (C) at cone voltages of 40, 80, and 120 V. For 37TD-R337H, non-
isotope-labelled peptide was used and the concentrations reported refer to the monomer.
The samples were dissolved in 200 mM ammonium acetate buffer, pH 7.
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From these experiments, we conclude that the complexes were stable at high
voltages, as their signals were detected also at 120 V with all the ligands studied.
The tetramers disrupted by increasing the voltage since their signals decreased their
intensity. Concerning the complexes with the ligands, their behaviour at high voltage
is more difficult to evaluate since the intensity of the peaks was much smaller.
However, in comparison to the tetramers, it decreased less by increasing the
voltage. Although it is not easy to conclude if the ligands were able or not to stabilise
the tetramers, the presence of the complexes signals at high voltage may be
indicative of the formation of quite stable complexes and a relatively strong
interaction in the gas phase.

Conformational study of Rab4 and cRys2R2 by NMR

With the aim to further characterised the selected ligands and study their
conformation in solution, we performed NOESY, TOCSY, and 'H *C HSQC NMR
experiments at natural isotopes abundances. In the TOCSY spectrum, the signals
correspond to the coupling between the NH of the backbone with the protons of
the side chain of the residues. In the NOESY spectrum, based on the nuclear
Overhauser effect (NOE), the signals correspond to the coupling of protons closed
in space. In this experiment, normally the NOE between the HN of the i residue is
stronger with the a-proton of the i-1 residue compared to i+1. Nevertheless, it is
possible to detect both of them. We were able to assign the signals of the two
ligands by these spectra and the assignation is reported in Tables 9-12, whereas the
spectra are shown in the ‘Supplementary NMR’ section (Figure S50) at the end of
the thesis.

Ac-Rab-S-Rab-A-Rab-G-Rab-A-W-G-A-A-G-A-NH,

Residue NH H® HP HY
Rabl 4.43
S2 4.41 3.86 -
3.90
Rab3 8.59 4.38 1.94 3.30
2.08
A4 8.44 4.26 1.36 -
Rab5 8.68 4.38 1.98 3.24
2.08 3.38
G6 8.59 3.96 - -
3.98
Rab7 8.45 4.33 1.87 3.13
A8 8.53 4.30 1.33 -
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w9 8.36 4.62 3.24 -
3.29
G10 8.29 3.76 - -
3.81
All 8.18 4.24 1.37 -
A12 8.49 4.28 1.40 -
G13 8.39 3.90 - -
Al4 8.23 4.20 1.35 -
Table 9. *H chemical shift of Rab4 peptide.
Residue (o ck c
Rabl 53.88
S2 58.58 63.6 -
Rab3 54.14 32.65 40.38
A4 52.71 19.01 -
Rab5 54.14 24.49 40.40
G6 45.12 - -
Rab7 53.92 32.82 40.22
A8 52.48 19.08 -
w9 57.52 29.80 -
G10 45.08 - -
All 52.63 19.14 -
Al12 52.67 18.99 -
G13 45.12 - -
Al4 52.36 19.50 -
Table 10. 13C chemical shift of Rab4 peptide.
&(Rys-S-Rys-A-R-G-R)
Residue NH H® HP HY H® H®
Rys1 7.95 4.43 2.08 1.65 1.59 3.17
S2 7.83 4.63 3.99 - - -
3.91
Rys3 8.52 4.15 1.85 1.61 1.45 3.17
1.39
A4 8.30 4.32 1.39 - - -
R5 8.12 4.36 1.74 1.54 3.17
1.86
G6 8.67 3.80 - - - -
4.10
R7 4.13 -

Table 11. 'H chemical shift of cRys2R2 peptide.
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Residue (o (o c ct (o

Rys1 57.96 31.20 27.19 27.05 43.49
S2 59.06 64.03 - - -
Rys3 57.66 32.42 25.14 25.13 43.49
A4 52.88 19.54 - - -
R5 56.05 30.41 27.03 43.49
G6 45.66 - - - -
R7 58.11 -

Table 12. 13C chemical shift of cRys2R2 peptide.

Based on these assignations of the signals, we used the software 62D (https://www-
cohsoftware.ch.cam.ac.uk/), developed by Camilloni et al.** to calculate secondary
structure populations based on the chemical shifts of the residues. From this
analysis, the results suggested that both peptides are mainly disordered, as shown
in Figure 58.
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Figure 58. Calculation of the secondary structure populations of Rab4 (A) and cRys2R2 (B)
peptides based on their residue chemical shifts, using the software 62D.

Stability in human serum

In order to further study the selected peptides from their biological properties, we
performed serum stability and cytotoxicity assays. To study their stability in human
serum, we mixed the peptides, dissolved in Hank’s balanced salt solution (HBSS),
with 50% human serum in HBSS and the mixture was incubated at 37 °C for 24 h. At
different time points we took an aliquot and the serum proteins were precipitated
using 15% TFA in water. The suspension was centrifuged and the supernatant
collected to be analysed by HPLC, as schematically shown in Figure 59.
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Figure 59. Schematic procedure of serum stability assay.

Starting from time zero (to) when the peptides were not yet in contact with serum
proteins, the peaks of the peptides were detected in the chromatogram and their
areas were calculated to check how they decreased during time. The area of the
peak is correlated to the amount of the peptide in solution and several gradients
were tried to ensure that peaks corresponding to the fragmented peptides during
the experiment did not overlap to the initial peptide signals. Therefore, by
calculating the area of the peptides signals of each aliquot, it is possible to determine
the half life time of the peptide in the presence of human serum. The results
concerning Rab4 and cRys2R2 peptides are reported in Figure 60.
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Figure 60. Stability of Rab4 and cRys2R2 peptides in human serum over 24 h.

From our results, we conclude that both peptides are quite stable in human serum
over 24 h. The cyclic peptide cRys2R2 was more stable, as expected, with an half-life
time > 24 h, whereas the linear peptide Rab4 had an half-life time of = 12 h, meaning
that it lasted relatively long considering a linear peptide. The reasons of this
observation most probably are related to the fact that, although it is a linear peptide,
it is capped at N- and C-terminus with acetate and amide group, respectively,
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decreasing the degradation rate from the proteases of the serum.'*® Moreover, it is
composed also by non-natural residues (Rab) that may contribute to increase its

half-life time in human serum 3133

Cytotoxicity assay (XTT)

We performed cytotoxicity assay XTT using Hela cell line to determine the
cytotoxicity of the selected peptides and we compared their values to the
calix[4]arene (8). After the incubation of the studied compound with the cell line at
37 °C, the mitochondrial activity of the cells is determined by adding tetrazolium salt
XTT, which is a yellow compound and it is turned to orange formazan compound by
metabolic active cells. The dye formed is water soluble and its intensity can be read
with a spectrophotometer at 485 nm. Two reads were done, after 4 and 24 h
incubation (Figure 61).
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Figure 61. Cytotoxicity assay using XTT reagent in Hela cells. The reading was done after 4
and 24 h incubation of Rab4, cRys2R2 and calix[4]arene with the cells.
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From our results, we conclude that none of the studied compounds were cytotoxic
for Hela cells. Moreover, there was not a significant difference between the analysis
after 4 or 24 h incubation. Although similar, from this experiment, the cyclic peptide
looked to be slightly more toxic than the other compounds, whereas the linear
peptide and the calix[4]arene behaved very similarly. Surprisingly, the values of IC50
found at 4 h incubation were slightly smaller than the corresponding values at 24 h
incubation. The data were analysed and normalised using Hela cells alone for the
100% of viability and cells incubated with SDS or wells without cells for the 0%
viability. All the data were adjusted between these values. There is not significant
difference between the analysis considering the two different 0%, in Figure 61 the
data adjusted on the values of cells incubated with SDS are reported, whereas the
other set is shown in the ‘Supplementary XTT’ section at the end of the thesis (Figure
S77).

In summary, we designed two generations of peptides as potential ligands for
p53TD. We run docking simulations and molecular dynamics using Schrodinger
(Maestro) and we selected the most promising peptides to be synthesised and
experimentally studied. We synthesised also the calix[4]arene as positive control in
the binding experiments. Several biophysics techniques were applied to detect the
binding between the ligands and p53TD. Concerning the first generation of ligands,
NMR and thermal stability CD suggested binding of cyclo-tetra-B-3-arginine S with
the mutated TD and the ligand was able to increase the T, of the protein domain.
Concerning the second generation of ligands, the binding of the linear peptides was
studied by NMR and fluorescence. Both techniques suggested binding, although the
fluorescence changes were not consistent with the TD concentration. We decided
to explore the interactions between our ligands and the TDs using the calix[4]arene
as positive control and some of these experiments gave promising results. For
example, H 3C HSQC NMR showed a shift upfield of the monomer peak, whereas
the tetramer peak disappeared after the addition of the ligand, suggesting binding
between the molecules. Native MS also showed the signals of the complexes with
all the ligands studied. From these experiments, we selected the peptides that gave
the best results in terms of signals intensities. Therefore, two peptides, Rab4 and
cRys2R2 were further investigated. The complexes stability was checked increasing
the cone voltage. At high voltages the signals of the complexes were still present,
nevertheless it was difficult to define if the ligands stabilised the mutated tetramer
because the signals were quite weak. The secondary structure of selected ligands
was explored by conformational NMR studies, which suggested that both peptides
were disordered. Finally, some biological properties were evaluated, such as their
stability in human serum and their cytotoxicity in Hela cells. The cyclic peptide was
stable in human serum having a half-life > 24 h and the linear peptide was slowly

122



degraded, with a half-life of ca. 12 h. None of the studied compounds were
significantly cytotoxic over 24 h in Hela cells, with IC50 values between 50 — 150 uM
The cyclic peptide looked to be slightly more toxic that the linear one and the
calix[4]arene.
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MATERIALS AND METHODS






SYNTHESIS

Peptide synthesis and characterisation

Synthesis of the 37TDs

The peptides of interest were synthesised in their acetylated (at N-terminus) and
amidated forms (at C-terminus) by Fmoc/tBu solid-phase peptide synthesis (SPPS).
The peptides consist of L-amino acids, and the isotope-labelled sequences were
obtained using 3*C-methyl methionine provided by Cambridge Isotope Laboratories
(Massachusetts, USA).

37TD-WT and 37TD-R337H were synthesised manually on H-Rink Amide
ChemMatrix resin at 0.1 mmol scale. The resin was conditioned by washing with
MeOH (5 X 30s), DMF (5 X 30s), DCM + 1% TFA (2 X 10 min), DCM (5 X 30s), DMF (5
X 30s), DCM (5 X 30s), DCM + 5% DIPEA (2 X 10 min), DCM (5 X 30s), and DMF (5 X
30s) using 10 ml per gram of resin each time. The first amino acid was attached twice
using distinct coupling conditions. The first time, the protected amino acid (3 eq.)
was activated using diisopropylcarbodimide (DIC, 3eq.) and Oxyma Pure (3 eq.) and
the second time using HATU (3 eq.) and DIPEA (6 eq.). The mixture was allowed to
react in an orbital shaker at room temperature (RT) for 1 h and 40 min, respectively.
The yield of this reaction was calculated by UV absorption of the dibenzofulvane,
the leaving group of Fmoc, at 301 nm.1**13° The remaining active sites on the resin
that did not react with the first amino acid (free NH, groups) were capped through
acetylation with a solution of 5% acetic anhydride, 8.5% DIPEA, and 86.5% DMF, by
stirring at RT for 15 min. The chain up to the 11™ residue was elongated using
HATU/DIPEA as coupling reagents, followed by DIC/Oxyma Pure until the end of the
synthesis. The efficiency of each coupling step was followed by the Kaiser (for
primary amines)!® and chloranil (for secondary amines) tests.!3” The Fmoc group
was removed using two solutions of 40% and 20% (v/v) of piperidine in DMF until
deprotection of the G325 was achieved (Figure 2 A), and then using a solution of
10% (w/v) piperazine in 90: 10 NMP in EtOH with 0.1 M Oxyma Pure in order to
prevent the formation of the aspartimide, which is particularly prone after the DG
sequence.!® 37TD-WT and 37TD-R337H were synthesised twice, using a Fmoc-
methionine or *C-methyl methionine, respectively.

The other 37TDs (37TD-D352H, 37TD-R342L, 37TD-T329I, 37TD-L344R, and 37TD-
L344P) were synthesised using a Liberty Blue CEM microwave-assisted peptide
synthesiser (Matthews, NC). All these sequences were obtained using a *C-methyl
methionine and were synthesised on Rink Amide ProTide LL resin, on a reaction
scale of 0.05 mmol. The resin was conditioned with DCM for 15 min and afterwards
placed in the synthesiser without preloading of the first amino acid. Each coupling
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was performed using 4 eq. of the Fmoc-amino acid and DIC (4 eq.)/Oxyma Pure (4
eq.) in DMF. All the couplings were programmed as double coupling, apart from the
introduction of R, K, E, and M, which were set up as triple coupling. The Fmoc group
was removed with a solution of 10% (w/v) piperazine in 90:10 NMP in EtOH
containing 0.1 M Oxyma Pure.

All synthesised peptides were acetylated at their N-terminus using a solution of 5%
acetic anhydride, 8.5% DIPEA, and 86.5% DMF in an orbital oscillator at RT for 15
min.

Cleavage from the resin and side-chain deprotection

The 37TDs that were manually synthesised were cleaved from the resin and
deprotected with a cocktail of 92.5% TFA, 2.5% H,0, 2.5% triisopropylsilane (TIPS)
and 2.5% dithiothreitol (DTT), while for the rest of the sequences a cocktail of 92.5%
TFA, 2.5% H,0, 2.5% TIPS and 2.5% 2,2’-(Ethylenedioxy)diethanethiol (EDT) was
used. In both cases, the reaction was left for 3 h and the crude peptides were
precipitated with cold Et,0, then solubilised in water and lyophilised.

Peptide purification

37TD-WT and 37TD-R337H were purified by semi-preparative HPLC on a Waters
system (Milford, MA, USA) with MassLynx software, a 2545 binary gradient module,
a 2767 manager collector, and a 2998 photodiode array detector, using Aeris Cis
column (250 X 10 mm, 5 pm, 100 A, Phenomenex, Torrance, CA, USA). The
lyophilised peptides were dissolved in 5% acetonitrile in water and 9 ml of the
solution was injected. The flow rate was 6.6 ml/min, solvent A=0.1% TFA in water,
solvent B=0.1% TFA in acetonitrile. Elution was carried out with linear 10-45%
gradients of solvent B into A over 30 min, with UV detection at 220 nm.

The other 37TDs were purified by semi-preparative HPLC on a Shimadzu LC-8A
system (Kyoto, Japan) with UV detection at 220 nm and an Aeris Cis column (250 X
10 mm, 5 pum, 100 A, Phenomenex, Torrance, CA, USA). The lyophilised peptides
were dissolved in 5% acetonitrile in water and 9 ml of solution was injected. The
flow rate was 5 ml/min, solvent A=0.1% TFA in water and solvent B=0.1% TFA in
acetonitrile. Elution was carried out with linear 5-60% gradients of solvent B into A
over 30 min, with UV detection at 220 nm.

Fractions corresponding to the pure peptides (> 85%) were collected, combined,
lyophilised and stored at -20 °C.
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Characterisation

The manually synthesised and purified peptides (37TD-WT and 37TD-R337H) were
characterised by UPLC and UPLC-MS. UPLC analysis was performed on a Waters
Acquity equipped with Acquity photodiode array detector, using flow rate of 0.610
ml/min, Acquity UPLC BEH Cig column, 130 A, 1.7 pm, 2.1 mm x 100 mm, solvents
A=0.045% TFA in water, and B=0.036% TFA in acetonitrile. Elution was carried out
with linear 0-70% gradients of solvent B into A over 40 min. UPLC-MS analysis was
performed on a Waters Acquity UPLC System equipped with ESI-SQ Detector2, using
a flow rate of 0.610 ml/min, Acquity UPLC BEH Cis column, 130 A, 1.7 pm, 2.1 mm x
100 mm, solvents A=0.1% formic acid in water, and B=0.07% formic acid in
acetonitrile. Elution was carried out with linear 0-70% gradients of solvent B into A
over 40 min.

The other 37TDs were characterised by HPLC and HPLC-MS. HPLC analysis was
performed on a Cis column, 4.6 mm x 50 mm, 3 um, Phenomenex, Torrance, CA,
USA in a LC-2010A system (Shimadzu, Kyoto, Japan), solvents A=0.045% TFA in
water, and B=0.036% TFA in acetonitrile. Elution was carried out with linear 5-60%
gradients of solvent B into A over 15 min. HPLC-MS analysis was performed on Cis
column, 4.6 mm x 150 mm, 3.5 um, Phenomenex, Torrance, CA, USA in a Shimadzu
LC-MS 2010EV instrument, solvents A=0.1% formic acid in water, and B=0.08%
formic acid in acetonitrile. Elution was carried out with linear 5-60% gradients of
solvent B into A over 15 min.

All the final products were further characterised by LTQ-FT MS and quantified by
amino acid analysis.

LTQ-FT MS

A high-resolution mass spectrometer was used to determine the exact mass of the
peptides. The samples were diluted in H,O/ACN (1:1) with 1% formic acid and
analysed with a LTQ-FT Ultra (Thermo Scientific). They were introduced by
automated nanoelectrospray. A NanoMate (Advion Biosciences, Ithaca, NY) infused
the samples through the nanoESI Chip (which consisted of 400 noozles in a 20 x 20
array). The spray voltage was 1.70 kV, and the delivery pressure was 0.5 psi. MS
conditions were as follow: nanoESI, positive ionisation, capillary temperature 200
°C, tube lens 100V, ion spray voltage 2 kV, and m/z 200-2000 a.m.u.

Amino acid analysis

The content and ratio of amino acids present in a peptide sample were determined
by ion exchange chromatography analysis after acid hydrolysis. The hydrolysis was
performed with 6 M HCl at 110 °C for 16 h. After that time, the sample was
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evaporated to dryness at reduced pressure. The residue was dissolved in 20 mM
acqueous HCI, derivatised using the AccQ-Tag protocol from Waters, which uses 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate as a derivatisation reagent, and
finally analysed by ion exchange HPLC.

Synthesis of the 74TDs

The monomer sequences of 74TDs were synthesised using a Liberty Blue CEM
microwave-assisted peptide synthesiser as 37TD-D352H, 37TD-R342L, 37TD-T329]I,
37TD-L344R, and 37TD-L344P. After monomer purification, the disulphide bridge
was formed in solution using BisNPys as activator reagent. The monomer with the
free cysteine (5 mg, 1.17 umol, 1 eq) was dissolved in 2 ml of 0.1 M sodium
phosphate buffer, pH 7.8 and it was activated with BisNPys (0.4 mg, 1.36 pumol, 1.2
eq), previously dissolved in DMF (50 ul). The solution was stirred at RT and the
reaction was monitored by HPLC-MS. When the free cysteine disappeared and it was
converted in the activated peptide, the suspension was centrifuged for 5 min to
remove the excess of the activator reagent and the supernatant was collected. The
monomer with free cysteine (5 mg, 1.17 umol, 1 eq) was added to form the covalent
dimer. The reaction was monitored by HPLC-MS and stopped when any monomer
was detected. The solution was stirred for 5 days to complete the reaction.
Afterwards, it was lyophilised and purified by semi-preparative HPLC on a Shimadzu
LC-8A system, with a linear gradient of 5-60% of ACN in water, as for the other
37TDs.

Fractions corresponding to the pure peptides (> 85%) were collected, combined,
lyophilised and stored at -20 °C. The final products were characterised by HPLC-MS,
HPLC, and LTQ-FT MS and they were quantified by amino acids analysis, as described
for the 37TDs.

Synthesis of the ligands

Linear ligands (R4, K3R, and Rab4)

The linear peptides R4, K3R, and Rab4 were synthesised manually, as described for
37TD-WT and 37TD-R337H. HATU and DIPEA were used as coupling reagents and
the Fmoc deprotection was achieved with solutions of 20% and 40% of piperidine in
DMF. The peptides were cleaved from the resin, purified, characterised, and
quantified as described for 37TD-WT and 37TD-R337H.

Cyclic ligands (cyclo-tetra-B-3-arginine S, cR4, cRab4, cRys2R2, and cRys4A)

The cyclic peptides were manually synthesised on 2-chlorotrityl resin at 0.1 mmol
scale. The resin was swelled with dry DCM for 20 min and the first amino acid (0,1
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mmol, 1 eq) was attached using DIPEA (6 eq) in dry DCM. The mixture was allowed
to react in an orbital shaker at room temperature (RT) for 40 min. The yield of this
reaction was calculated by UV absorption of the dibenzofulvane, the leaving group
of Fmoc, at 301 nm.3*1% The remaining active sites on the resin that did not react
with the first amino acid (free Cl groups) were capped through methylation with a
solution of 80% dry DCM, 15% MeOH, and 5% DIPEA, by stirring at RT for 15 min.
The chain was elongated using DIC (1.5 eq) and Oxyma Pure (1.5 eq) as coupling
reagents in DCM. The mixture was allowed to react in an orbital shaker at room
temperature (RT) for 1 h and the efficiency of each coupling step was followed by
the Kaiser test for primary amines.’®® The Fmoc group was removed using two
solutions of 40% and 20% (v/v) of piperidine in DMF. Having reached the desired
sequence, the linear peptide was cleaved from the resin with 1% TFA in DCM to
maintain the protective groups on the side-chains of the residues. The reaction was
left for 1.5 h and the crude peptides were precipitated with cold Et,0, then
solubilised in water and lyophilised.

The linear peptides were purified by semi-preparative HPLC on a Waters system, as
described for 37TD-WT and 37TD-R337H. The lyophilised peptide (tetra-B-3-arginine
S) was dissolved in 30% acetonitrile in water and 9 ml of the solution was injected.
The flow rate was 6.6 ml/min, solvent A=0.1% TFA in water, solvent B=0.1% TFA in
acetonitrile. Elution was carried out with linear 30-70% gradients of solvent B into A
over 40 min, with UV detection at 220 nm. The peptides of the 2" generation were
purified with linear 50-100% gradients of solvent B into A over 35 min.

Cyclisation in solution

The purified linear peptides were cyclised head-to-tail in solution using PyBOP (3
eq), HOAt and DIPEA in 1% DMF in DCM. The concentration of the linear peptide
was 1 mM and the reaction was speed up using microwaves (MW) for 30 min. The
cyclic peptides were purified by semi-preparative HPLC with the same gradient as
for their corresponding linear peptides (30-70% gradients of solvent B into A over
40 min for cyclo-tetra-B-3-arginine S; 50-100% gradients of solvent B into A over 35
min for the other cyclic peptides).

Side-chain deprotection and purification

The side chain deprotection was achieved using a cocktail of 95% TFA, 2.5% H,0,
2.5% TIPS. The reaction occurred at RT for 3 h. The final peptides were purified by
semi-preparative HPLC in isocratic gradient of 100% of water.

Fractions corresponding to the pure peptides (> 85%) were collected, combined,
lyophilised and stored at -20 °C. The final products were characterised by UPLC-MS,
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UPLC, and LTQ-FT MS and they were quantified by amino acids analysis, as described
for the 37TDs.

Calix[4]arene synthesis and characterisation

Synthesis. All the reactions were carried out under N, atmosphere with dry solvents.
All commercially available reagents were used without further purification.

Chromatography. Reactions were monitored by thin layer chromatography (TLC)
performed on DC-Fertigplatten SIL UV2s4 (MACHEREY-NAGEL GmbH) or by analytical
ultra high performance liquid chromatography (UPLC) with RP-Cis column
Symmetry300™ Cig5 um 4.6 x 150 mm, UV210-220, 1ul inj., 1 ml/min flux.

Analysis. Yields refer to chromatographically pure compounds. *H NMR and 3C NMR
spectra were recorded on a Brucker Avance 400 MHz UltraShield spectrometer (H:
400 MHz, 13C: 100 MHz) and are reported in part per millions (ppm) relative to the
residual solvent peak. Data for 'H are reported as follow: chemical shift (& ppm),
multiplicity (s = singlet, bs = broad singlet, d = doublet, dd = double doublet, t =
triplet, g = quartet, m = multiplet), coupling constants (Hz), and integration. Exact
masses were measured on a Waters LCQ-FT MS.

For the synthesis of calix[4]arenes we followed the synthetic approach previously
reported by Martos!** and Gordo et al.®° with minor modifications (Scheme 1).
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Scheme 1. Synthesis pathway to obtain 5,11,17,23-Tetraguanidiniummethyl-25,26,27,28-

biscrown-3-calix[4]arene (8).
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Step 1: dealkylation

To a suspension of the t-butyl calixarene (6 g, 9.24 mmol) in dry toluene (90 ml),
phenol (921 mg, 9.79 mmol) and AICl; (6.16 g, 46.2 mmol) were added sequentially.
The mixture turned to red after the addition of AlCl; and to brownish after 15-20
minutes. The mixture was stirred at RT under N, atmosphere for 18 h. Afterwards
the reaction was quenched with 50 ml of HCl 1M and it was stirred an additional
hour at RT. The mixture turned to yellow. DCM was added to the mixture and the
aqueous phase was extracted with DCM (3 x 50 ml). The combined organic layers
were washed with H,0 and brine, dried over MgSQO, and filtered. The crude material
was obtained removing the solvent under reduced pressure, resulting in a
suspension with yellow solid, most probably due to the presence of tert-
butoxybenzene. The product was triturated with 10-15 ml of cold Et,0 (3 times).!%
The mixture was sonicated and the supernatant was removed. The product was
obtained as a white solid (3.324 g, Y=85%).

The product was analysed and characterised by TLC, eluent 9:1 hexane, EtOAc (Rs =
0,14), UPLC-MS G0100 retention time 1.57 min, 425.48 m/z (M+1). *H NMR (CDCl5):
8 10.19 (s, 4H, OH), 7.05 (d, J = 7.6 Hz, 8H, ArHp), 6.72 (t, J = 7.6 Hz, 4H, ArH,), 4.26
(bs, 4H, Ar-CHx-Ar), 3.54 (bs, 4H, Ar-CHx-Ar).

13C NMR (101 MHz, CDCls) 6 148.92 (CAr), 129.12 (CHAr), 128.38 (CAr), 122.39
(CHAr), 31.86 (CHa).

Exact Mass: 425.17489 [M+H]*, 442.20128 [M+NH,]".
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Step 2: bridges lower rim

The starting material (1.6 g, 3.8 mmol) was dissolved in dry DMF (400 ml) and NaH
(1.2 g 60% dispersion in oil, 30.8 mmol) was added. The solution was warmed up to
80 °C and it was stirred under N; atmosphere. By warming the solution became
opalescent and whitish. The ditosylate (3.9 g, 9.5 mmol) previously dissolved in dry
DMF was added and the reaction was stirred under inert atmosphere at 80 °C
overnight. The following day, NaH was quenched with H,0, added dropwise until
any bubbles were detected.'® The mixture was concentrated at rotary evaporator
and the crude material was extracted with EtOAc and an aqueous solution of HCI
2M. The crude material was a yellow/orange oil. The crude material was purified by
flash chromatography, eluent 5:1 hexane EtOAc. The product obtained was a white
solid (700 mg, Y=33%).

The product was analysed by UPLC-MS, G6080, retention time 1.25 min, m/z 565
(M+1). *H NMR (CDCls) § 7.04 — 6.96 (m, 8H, ArH), 6.73 (t, J = 7.5 Hz, 4H, ArH), 5.03
(d, J = 12.1 Hz, 2H, ArCHHaxAr), 4.50 (d, J = 12.1 Hz, 2H, ArCHHaxAr), 4.30 — 4.23 (m,
12H, CH;0), 3.88 (ddd, J = 11.5, 9.3, 3.5 Hz, 4H, CH;0), 3.26 (d, J = 12.1 Hz, 2H,
ArCHHeqAr), 3.22 (d, J = 12.1 Hz, 2H, ArCHHegAr).

13C NMR (101 MHz, CDCl3) & 155.21 (CAr), 135.69 (CAr), 135.51 (CAr), 129.03 (CHAr),
128.08 (CHAr), 123.78 (CHAr), 76.38 (CH.0), 74.81 (CH,0), 30.81 (ArCH,Ar), 29.85
(ArCH,Ar).

Exact Mass: 565.25921 [M+H]*, 582.28598 [M+NH,]".
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Step 3: bromination of the upper rim

The starting material (700 mg, 1.24 mmol) was dissolved in dry DMF (23 ml) and NBS
(1.8 g, 10.2 mmol) was added. The solution turned to yellow and it was stirred at RT
under N, atmosphere for 24 h. After 5 h the solution turned to orange. The following
day 30 ml of HCl 2M were added and the product precipitated. The solid was filtered
in a Buchner funnel and it was recrystallized from CH;OH. The product was obtained
as a white solid (900 mg, Y=82%) and it was analysed by UPLC-MS.

UPLC-MS, G6080, retention time 1.80 min, m/z 880 (M+1), 896 (M+18), 901 (M+23).

'H NMR (CDCls) 6 7.13 (dd, J = 8.6, 2.4 Hz, 8H, ArH), 4.96 (d, J = 12.2 Hz, 2H,
ArCHHaxAr), 4.37 (d, J = 12.2 Hz, 2H, ArCHHaxAr), 4.20 (ddd, J = 15.9, 12.0, 9.1 Hg,
12H, CH,0), 3.77 (td, J=10.7, 2.1 Hz, 4H, CH,0), 3.19 (d, J = 12.2 Hz, 2H, ArCHHegAr),
3.13 (d, J=12.2 Hz, 2H, ArCHHeqAr).

13C NMR (101 MHz, CDCls) 6 154.58 (CAr), 137.13 (CAr), 136.92 (CAr), 132.19 (CHAr),
131.21 (CHAr), 116.51 (CAr), 76.72 (CH,0), 74.70 (CH,0), 30.40 (ArCH,Ar), 29.61
(ArCH-Ar).

Exact Mass: 876.90200 [M+H]".

Step 4: cyanation of the upper rim
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The starting material (517 mg, 0.587 mmol) and CuCN (380 mg, 4.23 mmol) were
dissolved in anhydrous NMP (3 ml) in a microwave tube. The solution was yellowish
and the mixture was allowed to react at 200 °C with MW for 40 minutes.** When
the reaction was worked up, the solution was dark red. A solution of FeCl; (1.075 g,
6.63 mmol) in HCI 1M (20 ml) was added in order to quench the reaction and the
mixture was stirred at RT for 30 minutes. The product precipitated and it was filtered
in a Buchner funnel. The reaction was worked up when the UPLC-MS did not show
any intermediate products. The desired product eluted at 1.10 min with linear
gradient 50-100% ACN in water. The crude material was purified by silica gel flash
chromatography, eluent 95:5 DCM:EtOAc. The pure product was a white solid (279
mg, Y=72%), which was analysed by UPLC-MS.

UPLC-MS, G50100 retention time 0.83 min, m/z 665.483 (M+1), 683.546 (M+18)
TLC eluent 95:5 DCM EtOAc R=0.27

H NMR (CDCls) & 7.74 (m, 8H, ArH), 5.03 (d, J = 12.3 Hz, 2H, ArCHHaxAr), 4.40 (d, J
=12.3 Hz, 2H, ArCHHaxAr), 4.36 — 4.14 (m, 12H, OCH,), 3.83 (t, / = 10.0 Hz, 4H, OCH.,),
3.33(d, J = 12.4 Hz, 2H, ArCHHegAr), 3.29 (d, J = 12.4 Hz, 2H, ArCHHegAYr).

13C NMR (101 MHz, CDCls) 6 158.64 (CAr), 136.34 (CAr), 136.11 (CAr), 134.74 (CHAr),
133.49 (CHAr), 119.34 (CN), 108.28 (CAr), 77.13 (CH.0), 75.05 (CH.0), 29.60
(ArCH,Ar), 28.87 (ArCH2Ar).

Exact Mass: 665.24038 [M+H]*, 682.26701 [M+NH,]".

Step 5: reduction of cyano groups

NC CN CN CN

To a two-neck flask, the starting material (149 mg, 0.224 mmol) was added and it
was dissolved in a solution of BH3-THF 1M (7 ml) at 0 °C, under N, atmosphere. The
reaction was warmed up to 75 °C and the mixture was stirred for 24 h. The following
day CH3OH (1 ml) and HCI 1M (3 ml) were added dropwise to the mixture, which was
stirred at 50 °C for 30 minutes. The aqueous phase was extracted with DCM. To the
aqueous phase pellet of NaOH were added until the product precipitated.** The
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suspension was centrifuged and the supernatant was removed. The product was
obtained as a white solid (441 mg). Any yield was calculated because the product
was achieved in salty form.

UPLC-MS G0100, retention time 0.94 min, m/z 681.586 (M+1), 703.710 (M+23)

'H NMR (CDs0D) & 7.12 (s, 8H, ArH), 5.06 (d, J = 11.8 Hz, 2H, ArCHHaxAr), 4.55 (d, J
=12.0 Hz, 2H, ArCHHaxAr), 4.41—4.22 (m, 12H, OCHs), 3.79 (t, J = 10.0 Hz, 4H, OCH,),
3.61 (s, 8H, CH;N), 3.31 (d, J = 11.4 Hz, 2H, ArCHHeqAr), 3.23 (d, J = 11.4 Hz, 2H,
ArCHHegAr).

13C NMR (101 MHz, CDs0D) & 156.59 (CAr), 137.37 (CAr), 130.91 (CAr), 130.49
(CHAr), 129.56 (CHAr), 77.71 (CH.0), 75.90 (CH0), 44.65 (CH2N), 30.74 (ArCH,Ar),
30.55 (ArCH,Ar).

Exact Mass: 681.36536 [M+H]".

Step 6: guanidinilation of the upper rim
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The starting material (6, 114 mg) was dissolved in dry DCM (2 ml) and EtsN (190 pl)
was added. The Tf-guanidinium(Boc); (263 mg) was dissolved in dry DCM (1 ml) and
it was added to the mixture. The mixture was stirred at RT under N; atmosphere for
48 h.*? After 6 h a new aliquot of EtsN (100 ul) was added again. After 2 days, the
mixture was washed with HCI 1M (2 x 5 ml), H,O (5 ml) and brine (5 ml). The organic
layers were combined and dried over Na,COs. The solvent was evaporated in order
to get the crude material that was purified by silice gel flash chromatography, eluent
from 4:1 hexane EtOAc to 100% EtOAc. The product was obtained as a white solid
(82 mg, Y=30%).

UPLC-MS, GO100 any product was found. The compound does not absorb at UV and
any mass corresponding to the product was detected.
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TLC, eluent 4:1 hexane EtOAc R=0. The product was detectable through oxdidation
with permanganate.

'H NMR (CDCls) 6 8.63 (s, 4H, NH), 6.98 — 6.95 (m, 8H, ArH), 4.98 (d, J = 12.0 Hz, 2H,
ArCHHaxAr), 4.51 — 4.17 (m, 22H, ArCHHaxAr, OCH,, CH;N), 3.89 — 3.78 (m, 4H,
OCH,), 3.24 (d, J = 12.4 Hz, 2H, ArCHHeqgAr), 3.19 (d, J = 12.2 Hz, 2H, ArCHHeqAr),
1.48 (2s, 72H, t-Bu).

13C NMR (101 MHz, CDCls) & 163.73 (CO), 156.67 (CO), 155.89 (CGuan), 154.92
(CGuan), 153.21 (CAr), 152.00 (CAr), 135.80 (CAr), 135.64 (CAr), 132.20 (CHAr),
128.72 (CHAr), 86.09 (C(CHs)s), 83.10 (C(CHs)s), 79.23 (CH,0), 75.00 (CH-0), 45.67
(CH,Guan), 29.84 (ArCH,Ar), 28.45 (ArCH,Ar), 28.22 (C(CHs)s), 27.99 (C(CHs)s).

Exact Mass: 1548.81464 M-1Boc; 1448.76217 M-2Boc; 1348.70940 M-3Boc,
1248.65655 M-4Boc, 1148.60385 M-5Boc, 1048.55097 M-6Boc, 948.49806 M-7Boc,
848.44606 M-8Boc.

Step 7: Boc deprotection

Boc B&oc BocBoc Boz°°¢ Boc
N
HN\WM\NW \N( Y

HCI

The starting material (70 mg, 0.042 mmol) was dissolved in dry 1,4-dioxane (4 ml)
and concentrated HCl (300 pl) was added. The reaction was stirred under N,
atmosphere at RT for 24 h. The reaction was monitored by UPLC-MS and aliquots of
concentrated HCl were added if necessary. After 24 h the solvent was evaporated
and the solid was triturated with EtOAc. The crude material was a yellowish solid
(30 mg, Y=83 %). The product was purified by semi-preparative HPLC with a linear
gradient 10-45% of CH;CN in H,0. The product obtained was a white solid.

1H NMR (CDsCN) & 8.20 (t, J = 6.3 Hz, 4H, Guan), 7.10 (s, 8H, ArH), 6.97 (bs, 12H,
Guan), 5.02 (d, J = 11.9 Hz, 2H, ArCH,Ar), 4.48 (d, J = 12.1 Hz, 2H, ArCH,Ar), 4.26 -
4.22 (m, 12H, OCH,), 4.15 (d, J = 6.5 Hz, 8H, CH,Guan), 3.76 — 3.67 (m, 4H, OCH.),
3.27(d,J = 12.1 Hz, 2H, ArCH,Ar), 3.20 (d, J = 11.9 Hz, 2H, ArCH,Ar).
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13C NMR (101 MHz, CDsCN) & 158.60 (CAr), 155.82 (CGuan), 136.97 (CAr), 133.31
(CAr), 128.99 (CHAr), 128.01 (CHAr), 77.68 (CH.0), 75.49 (CH,0), 44.60 (CH,Guan),
30.82 (ArCH,Ar), 30.08 (ArCH,Ar).

Exact Mass: 849.45242 [M+H]".

BIOPHYSICS

Circular Dichroism (CD)

The lyophilised peptides were dissolved either in 50 mM sodium phosphate buffer,
pH 7, or in water, pH 7, to a final monomer concentration of 20 uM. The spectra
were recorded in a Jasco J-810 spectropolarimeter equipped with a Jasco-CDF-426S
Peltier thermostated cell holder and a Julabo external bath. Each CD spectrum was
obtained by averaging three scans, recorded at 10 nm/min, DIT of 4 s, band width 1
nm, T =25 °C, and A 190-260 nm, using a 1 mm path length quartz cell. Experimental
data were smoothed using the software package provided by Jasco (Spectra
Manager software).

CD unfolding curves

CD unfolding curves were recorded measuring CD ellipticity at 220 nm while heating
from 15 to 95 °C at 1.5 °C min* with 4 s response time, 1 nm bandwidth, and 0.1 °C
data pitch. CD spectra of the initial temperature were also recorded after having
performed the experiment. Recorded data were processed in Spectra Manager
software, normalising concentration and smoothing by binomial factor. The initial
and final baseline slopes were also corrected by subtraction of a slope straight line.
Data were transformed into normalised unfolded fraction in Excell considering a
two-state unfolding model. Comparison of the CD spectra before and after running
the unfolding experiment was done in Spectra Manager software.

Native Mass Spectrometry

MS samples were prepared by dissolving lyophilised peptides in 200 mM ammonium
acetate buffer, pH 7, to a final monomer concentration of 100 uM. The samples were
further cleaned from salts by centrifugation in a Viva spin 500 with 3 kDa cut off
(11500 rpm, 4 °C, 20 min, three times). The final concentration was estimated by
NanoDrop at 280 nm. The samples were stored in ice during the acquisition.
Experiments were performed on a Synapt G1 HDMS (Waters) equipped with an
Advion TriVersa NanoMate (Advion Biosciences). The positive mode for ESI was
used. The source temperature, the voltages, and the parameters are summarised in
Table 13. Acquisitions were performed in the m/z range of 800 — 7000 with a 1.5 s
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scan time. Spectra were smoothed (smoothing method, mean; smooth window, 3;
number of smooths, 2) with MassLynx V4.1 software (Waters). Definitive voltages
for the capillary and the cone were tuned according to the threshold values (Table
13). These parameters were optimized to 1.5-1.75 kV and 20 V for the capillary and
the cone, respectively. In order to facilitate ion transmission in the trap region,
collision energy (CE) and bias were kept at the minimum value (6 V and 15V,
respectively); higher values caused unfolding of gaseous protein ions.* Finally, the
backing pressure was minimised in order to avoid possible structural interactions of
POP gasseous ions;** lower values than those recommended by Ruotolo et al. were
chosen.’ In addition, all these voltages and pressures were compatible for native
calibrating protein ions.

The ion mobilograms were analysed using DriftScope 2.5 software and displayed
with m/z versus ms (milliseconds).

Source T Bias Trap Transfer Backing Wave velocity (IM) Wave height (IM)

4V (TOF) R
40 °C 6v a4y 7 300 m/s 8V
15V (IM) mbar

Table 13. Conditions of native MS experiments.

Nuclear Magnetic Resonance (NMR)

NMR spectra were acquired on a Bruker 600 MHz spectrometer equipped with a TCI
cryoprobe. The NMR samples were prepared by dissolving the lyophilised peptides
in D,0 at a final monomer concentration of 100 uM. The pD was adjusted using the
equation:

pD = pH + 0.4 1%

Chemical shifts were referenced to internal DSS (4,4-dimethyl-4-silapentane-1-
sulfonic acid) at 0,0 ppm. The HSQC of 37TDs and 74TDs, as well as the spectra of
the binding experiments were recorded at different temperatures, i.e. 25, 5, 37, or
40 °C.

X-STE NMR diffusion experiments

Diffusion NMR experiments of 37TDs (100 uM) were performed at 25 °C using an in-
house modified X-STE pulse sequence!® to measure the diffusion of 3C-attached *H.
Encoding/decoding gradient lengths (8) of 2.7-3.0 ms and diffusion delays (A) of 100-
120 ms were used. Diffusion measurements under identical experimental conditions
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were carried out for 1,4-dioxane. In this case the PG-SLED sequence!®® was used
applying a gradient time (8) of 1.8 ms and a diffusion time (A) of 70 ms. Diffusion
coefficients (D3’™° and D) were obtained fitting the gradient strength-dependent
decay in signal intensity to a mono exponential equation using the MestreNova
software.

Hydrodynamic radii of 37TDs (Rx3"™) were deduced using the following equation:
RH37TD =(Ddiox/D37TD) * RHdiox
Assuming that Ry is 2.12 A 10

Predicted hydrodynamic radii were calculated from empirical equations for folded
proteins;1%

Ry =4.75 * N>
and for disordered proteins:
Ru = (1.24 * Ppro + 0.904) * (0.00759 * |Q| +0.963) * 2.49* NO°0°

Where N is the number of residues (37, 74, and 148 for monomer, dimer, and
tetramer, respectively), Ppro is the fraction of proline residues, and | Q| the absolute
net charge. |Q| was calculated at pH 7 using the Protein Calculator v3.4 software
(http://protcalc.sourceforge.net).

NMR chemical-shift-perturbation

'H NMR spectra were acquired at 5 and 37 °C. The ligands (R4, K3R, and Rab4) were
dissolved in 10% D0 in water at a final concentration of 20 uM. The ligands were
titrated with 10, 20, and 40 uM of 37TD-R337H to detect perturbation on the
aromatic signals of the indole group. Chemical shifts were referenced to internal DSS
at 0,0 ppm.

Conformational study by NOESY and TOCSY NMR experiments

To assess the solution structure of Rab4 and cRys2R2, 2D homo- (NOESY and TOCSY)
and natural abundance hetero-nuclear *H 3C HSQC spectra were acquired at 5 °C.
The TOCSY and NOESY mixing times were 70 and 200 ms, respectively. Suppression
of water signal was achieved by exicitation sculpting. The samples were dissolved in
10% D,0 in water at a final concentration of 2 mM. 'H chemical shifts were
referenced to internal DSS. After having assigned the signals in the spectra, we used
the software 62D (https://www-cohsoftware.ch.cam.ac.uk/), developed by
Camilloni et al.’® to calculate secondary structure populations based on the proton
and carbon chemical shifts of the residues.
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Microscale Thermophoresis (MST)

MST was used to calculate the binding affinities in solution of our p53TD. To this
end, 37TDs were fluorescently labelled by reaction of the Lys side chains with NT-
647-NHS (3.5 eq) for 30-45 min at room temperature in the dark. The labelled
peptide was purified by Mini G-10 column eluting with PBS buffer. The
concentration of the peptide in the elution fraction was estimated using the Pierce
colorimetric peptide assay measuring the absorbance at 480 nm. MST binding assays
were performed on a Monolith NT.115 instrument (NanoTemper Technologies) with
standard capillaries at 25 °C. Nano RED excitation colour, medium MST power and a
potency of 20% of the LED were set as experimental parameters in the machine.
Fluorescently labelled peptides were diluted to a final concentration of 15-50 nM
(Table 14) with HEPES 50 mM + 0.05% Tween 20, pH 7. These solutions were used
to prepared a 16-sample dilution series, where the labelled peptide (target) was
titrated with increasing amount of ‘cold’ peptide (ligand, not labelled) (Table 14).
The thermophoresis response was baseline-corrected and normalized (AFnorm
[%o0]). The curves were analysed using a standard Langmuir binding model, from
which dissociations constants (Kp) were determined. The experiment was
performed in triplicate.

p53 domain [TD*] (target) Highest [TD] (ligand)

37TD-WT 15 nM 500 uM
37TD-R337H 15 nM 500 uM
37TD-D352H 10 nM 1 mM
37TD-R342L 15 nM 500 uM
37TD-T329I 15 nM 500 uM
37TD-L344R 50 nM 1 mM
37TD-L344pP 10 nM 2 mM
74TD-L330C 30 nM 1 mM
74TD-L344C 15 nM 2 mM

Table 14. MST experimental conditions.

Concerning the binding experiments with calix[4]arene (8), the conditions are
reported in Table 15. Either the monomer of 37TD-WT and 37TD-R337H or the
tetramer were titrated with the ligand (8). The tetramer was formed in solution by
adding the corresponding TD (ca. 10 times the Kq4 of tetramerisation, Table 4) not
fluorescently labelled.

p53 domain [TD*] (target) [TD] (target)  Highest [8] (ligand)

37TD-WT 15 nM - 2mM
37TD-WT 15 nM 4 uM 2mM
37TD-R337H 15 nM - 2mM
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37TD-R337H 15 nM 10 um 2 mM
Table 15. MST experimental conditions with calix[4]arene (8).

Fluorescence spectroscopy

Fluorescence data were collected with an Aminco Bowman Series2 fluorescence
spectrophotometer with a scan resolution of 1 nm/s. A set of 400 uL solutions of
linear ligands (R4, K3R, and Rab4) in water was prepared, and small aliquots of a
concentrated 37TD-WT and 37TD-R337H solution were added. The volume of the
aliquots was small enough to ensure that dilution was less than the 5%. The mixture
in a 1 cm path length fluorescence cuvette was irradiated at 295 nm, to selectively
excite tryptophan residues, and fluorescence emission was recorded from 310 to
450 nm. Residual fluorescence from the tyrosine of TDs was subtracted by
performing a blank titration. Data were processed with Excell.

Stability in human serum

A solution of peptide in HBSS was mixed with human serum to reach a final peptide
concentration of 300 UM in 50% serum. The mixture was incubated at 37 °C for 24
h in an orbital shaker. At various time points (0, 5, 15, and 30 min, and 1, 2, 5, 12,
and 24 h), 150 pL were taken and precipitated with 100 pL cold solution of 15% TFA
in water. After 15 minutes in ice and 15 minutes centrifugation at 4 °C, 12500 rpm,
the supernatant was filter and analysed by HPLC (20 minutes linear gradient of 15-
35% ACN in water for Rab4 and 5-25% ACN in water for cRys2R2) to calculate the
percentage of intact peptide in the sample. The data were analysed in GraphPad
Prism 8.

XTT Citotoxicity assay

Hela cells were seeded in 96-well plates, 3500 cells per well, 24 h before starting
the assay. Solutions of studied compounds (Rab4 and cRys2R2 peptides and
calix[4]arene (8)) at concentration of 200 uM were prepared in DMEM (4.5 mg/mL
glucose) supplemented with 10% serum and they were progressively diluted 1:4 to
reach a total of seven solutions per compound. These solutions were added to the
cells and they were incubated for 4 and 24 h at 37 °C. Two hours before the reading,
XTT reagent at concentration of 0.5 mg/ml was added (50 pl in each well) and
incubated for 2 h to be reduced by mitochondrial active cells. After this time,
absorbance was measured at 485 and 680 nm, where the latter reading was
subtracted from the first one. The data were normalised considering 100% of cell
viability the absorbance of the untreated cells and 0% either the absorbance of
solution without cells or the absorbance of cells treated with 1% SDS. Each
measurement was done in triplicate and the values obtained were processed in
GraphPad Prism 8 to calculate the IC50 of each compound.
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COMPUTATIONAL STUDIES

Molecular Dynamics (MD, GROMACS)

Unrestrained molecular dynamics (MD) simulations were performed with
GROMACS version 2019.6. To generate the starting structures, residues 320 to 356
of p53 were extracted from the Protein Data Bank (PDB) code 10LG.? For the p53
L330C and L344C mutants, the corresponding residues in each of the structures
were mutated to Cys and the inter-chain disulphide linkages were manually
introduced. The input structures were solvated in a pre-equilibrated dodecahedron
box of SPC water molecules with a 2.0 nm distance between the solute and the box.
Chlorine or sodium ions were added to obtain an electrostatically neutral system
with a physiological concentration of [NaCl] = 150 mM. The initial complex structure
was first subjected to a steepest descent minimization protocol until a maximum
force of 500 kJ/mol/nm or 20,000 minimization steps were reached. Thermalisation
of the system was performed in the NVT ensemble during 100 ps, using a time step
of 2 fs and increasing the temperature from 100 to 310 K, during which the LINCS
method'*® was applied to restrain the position of the protein atoms. Prior to the
production run, a short MD simulation (200 ps) in the NPT ensemble was done in
order to equilibrate the system density to 1 bar and 310 K. The Parrinello-Rahman
barostat!*” was used for the pressure coupling section. For the production runs, all
position restraints on the proteins were removed and trajectories were collected for
a total of 500 ns. The particle-mesh Ewald summation method was used to deal with
long range electrostatic interactions and a cut-off of 10 A was applied for non-
bonded interactions. Bond lengths will be constrained to their equilibrium values
using the LINCS method*® which allows the use of a 2 fs time step for the integration
of the equations of motions. Analysis of the MD trajectories was performed using
the gmx module implemented in GROMACS. Cluster analysis of the protein
structures extracted at regular time intervals of 0.1 ns was performed using the
gromos algorithm. 148

Docking (Maestro)

Molecular docking comprises 5 main steps: protein preparation, ligand preparation,
receptor grid generation, ligand docking procedure and visual analysis of the
docking results. The protein domain (p53TD, PDB ID 10LG?) was subjected to
preparation by Protein Preparation Wizard in Maestro Schrédinger, release 2017.14°
During preparation, the missing hydrogens were added, and partial charges were
assigned using OPLS3 force field. Hydrogens and heavy atoms were optimized by
restrained minimization.
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Ligand structures were generated in Build section of Maestro!'® and they were
converted to 3D structure via Ligprep®® module. Ligprep corrects the protonation,
and ionization states of the compounds, and assigned proper bond orders. Several
conformations of the ligands were generated by Conformational search module.

The grid box was generated by Receptor Grid Generation tool in Glide, Maestro.'’
The grid box was defined by selecting the calix[4]arene (8) molecule inside the
hydrophobic pocket of p53TD in a box of 15 A. Rigid receptor docking protocol was
run in Standard Precision (SP) and Extra-Precision (XP) modes of Glide based on
OPLS3 force field. During the process of docking, the protein was fixed, while ligands
were flexible.

Molecular Dynamics (MD, Maestro)

Molecular dynamics (MD) simulations study was performed starting from the
docking complexes structures of p53TD-ligands by using Desmond as implemented
in Schrédinger package.? The complexes were first solvated with predefined TIP3P
water molecules in orthorhombic box of 10 A. Counter ions were added to neutralise
charges. The MD simulation was performed in the NPT ensemble at temperature of
300 K and 1.01325 bar pressure over 10 ns with recording intervals of 10 ps for
trajectory and 1000 frames. Simulations were run with the OPLS3 force field and we
used the option for relaxing the model before simulation. Finally, plots and figures
were sketched with Desmond simulation interaction diagram tool of Maestro.
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PRODUCT CHARACTERISATION AND
SUPPLEMENTARY FIGURES






Peptide Mfg:f::::r Calc. MW Found MW? Gradient t;;:;";;: % Purity®
373;’:1:5;‘“ C197,\'|"5361; 09 443828559  4438.28981 A CN;JH_Z g(ﬁ - 16.722 >95
37TD-WT Clgf;s:';“ 4439.28894 443929224 CN?H_ZS% - 16.881 >95
;?ﬁ;gii::) C197NH;°; 099 441924339 4419.24725 A CN;)H_Z SCZ‘; - 16.625 >95
37TD-R337H Clgﬁsj\lcs:';‘” 4420.24674 442025107 CN;)H_Z g%’ i 16.656 >95
37TD-D352H Clg‘:l\i:';” 4461.32091 446132512, /5H—2(§501‘750 i 9.210 >95
37TD-R342L Clg;lj\lcs:';” 4396.27189 439627627, /SH_Z golcy; - 10.036 85
37TD-T329I Clgi;\i:’;“ 4451.32533 445133161 , /SH:gOl‘y; - 9.770 90
37TD-L344R Clg;ﬁl\f;;“ 448230599 448231032, /SH:gOl‘y; - 8.489 >95
37TD-L344P Clgssj\lc;;‘m 442325764 442325888 ) /SH_Z gc)1<y50 - 8.634 86
74TD-1330C Céji:gl\f;:';(’ 8856.4111 88564241 )\ /SH_Z golcy; i 9.469 >95
74TD-1344C Céji:gl\f;:';(’ 8856.4111 88564179 )\ /SH_Z golcy; i 9.127 >95
Cyclo-tetra-B- - eOiNis  680.47 - 0-40% 3.160 >95

arginine §

ACN/H20 20 min
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Cs1 H102 O16 0-50%

R4 Moo 148280286  1482.80423 4 Cc 4.467 >95
Cs1 H102 O16 0-100%
K3R Nos 139878441  1398.78855 o 1.123 >95
0-100%
Rab4 Cs7HssO1Nas 142674026 142674098 oo 1.173 >95
cR4 C32 He2 Os N 840.50233  840.50414 0-40% 1.690 >95
32 o2 &8 9 : ' ACN/H20 20 min '
cRys2R2 C34 Hes Os N 868.53363  868.53594 0-=40% 1.107 92
¥ 34 Mee Ds 1o : : ACN/H20 2 min :
cRab4 Cas Hsa Os N 784.43973  784.44134 0-=40% 0.946 85
28 Tsa 8 19 : : ACN/H20 2 min :
0-40%
cRys4A CssH7sOoNao  967.60204  967.60358 1.279 >95

ACN/H20 2 min

Table S1. Molecular weight, chromatography retention times and purity of the synthetic peptides. 2Measured by LQT-FT MS. "Measured by UPLC
for 37TD-WT and 37TD-R337H sequences (either labelled or not) and for the ligands; measured by HPLC for the other 37TDs and 74TDs.
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PRODUCT CHARACTERISATION

37TD-WT:
A o
o
~
-3
|
|
: 800 : 1o CCII IE!E(!I
B
500 U!wl : ‘.S.CIJI
37TD-WT:
D
o
=
e
i T T T = T
500 10.00 15.00
E
S. :J:I ic m' |5I':0

Ac-KKPLDGEYFTLQIRGRERFEMFRELNEALELKDACAG-NH:

23.765

2000 2500 anoo

Mirnies:

z3812

20.00 260 3000

Mimites

C
SHi 747.261

2
m
o
2 889,155
T S04
=
&
¥l
'4
#

635434

1110.883
|
| | 1480772
-1 b A
T 1 T 1 I T 1
600 BOO 1000 1200 1400 1600 1800
miz

Ac-KKPLDGEYFTLOIRGRERFEIFRELNEALELKDAQAG-NH:

*C-methyl methionine

P~
o
=,
o
™~
e e e et 2 T T
2000 2500 300 500
Minules
o
@
o3
™
! =
i n [T T A
2000 2500 30.00 35.00
Minutes

F
T 761,555
=
=
=4
g
£
L] w_ o
= RE9.302
s |
o
o«
=2
= ! |
635,602
1
L‘L 111408
Al " " I8
T T T T T T 1
600 8OO 1000 1200 1400 1600 1EDO

miz

Figure S1. Characterisation of 37TD-WT, labelled and non-labelled peptides. UPLC of the
peptides (A, D), UPLC of a blank run (B, E), and UPLC-MS (C, F).
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Figure S2. Characterisation of 37TD-R337H, labelled and non-labelled peptides. UPLC of the
peptides (A, D), UPLC of a blank run (B, E), and UPLC-MS (C, F).
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37TD-D352H: Ac-KKPLDGEYFTLQIRGRERFE!/FRELNEALELKHAQAG-NH:
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Figure S3. Characterisation of 37TD-D352H (A, B) and 37TD-R342L (C,D). HPLC of the
peptides (A, C) and HPLC-MS (B, D).
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Figure S4. Characterisation of 37TD-T329I (A, B) and 37TD-L344R (C,D). HPLC of the

peptides (A, C) and HPLC-MS (B, D).
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37TD-L344P:
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Figure S5. Characterisation of 37TD-L344P. HPLC of the peptide (A) and HPLC-MS (B).

155

1250



74TD-L330C (mon): Ac-KKPLDGEYFTCQIRGRERFE!/IFRELNEALELKDAQAG-NH:

BC-methyl methionine

@ B
A
73980
887 40
20
34,15
15
% 10—
05 1106.90
21305 (| 2
0.0-—299.0041490 555000 1 s lb B2 55 111218
250 300 750 1000 1250
\ m/z
IE; | 3
v T {' ¥ < e
0o 25 " 50 s Tie0 s C 150
Minutes
74TD-L330C: AC-KKPLDGEYFTTQIRGRERFE FRELNEALELKDAQAG-NH:
Ac-KKPLDGEYFTCQIRGRERFE ! FRELNEALELKDAQAG-NH:
“C-methyl methionine
4 D
c a0 AN
7.0 105.58
god- i
827.10
5.0
a0
34
s 806 50 1268 25
104 -+ 1130.70
B AR —— . ——
250 500 750 1000 1250
mfz
—ﬂui
— T T — T — T T — T
00 25 50 75 100 125 150
Minutes

Figure S6. Characterisation of 74TD-L330C: monomeric peptide (A, B) and dimeric peptide
(C,D). HPLC of the peptides (A, C) and HPLC-MS (B, D).

156



74TD-1344C: Ac-KKPLDGEYFTLQIRGRERFE" [FRECNEALELKDACAG-NH:

| "C-methyl methionine

B
o
A 'f’a
73383 ga7as
20
634.15
1.5
] 1.0
: 1108 80
| 05
4805
213.05 [ |
0ol-788.00 4420555550kl . SG280 114070
250 500 750 1000 1250
m/fz
: — : - —_— —
00 25 50 125 150

Minutes

74TD-L344C: Ac-KKPLDGEYFTLQIRGRERFE!/FRECNEALELKDAQAG-NH:2

Ac-KKPLDGEYFTLQIRGRERFE!/FRECNEALELKDAQAG-NH:

*C-methyl methionine

& D
c = #0655 BST.10
7.5
72045
5.0+
25]
| | oo .

_&1,_#\_,__ — e TN .

i - — e — T
00 25 50 75 0.0 125 150
Minutes

Figure S7. Characterisation of 74TD-L344C: monomeric peptide (A, B) and dimeric peptide
(C,D). HPLC of the peptides (A, C) and HPLC-MS (B, D).
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Figure S12. H and 3C NMR spectra of calix[4]arene 4.
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Figure S13. H and 3C NMR spectra of calix[4]arene 5.
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Figure S14. 'H and 3C NMR spectra of calix[4]arene 6.
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Figure S15. H and 3C NMR spectra of calix[4]arene 7.
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Figure S16. 'H and 3C NMR spectra of calix[4]arene 8.
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Figure S17. Native Mass Spectrometry and lon Mobility spectra of 80 uM 37TD-WT at
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Figure S18. Native Mass Spectrometry and lon Mobility spectra of 20 uM 37TD-WT at
different cone voltages (40, 80, 100, and 120 V). Non isotope-labelled peptide was used.
The concentrations reported always refer to the monomer. The sample was dissolved in
200 mM ammonium acetate buffer, pH 7.
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Figure S19. Native Mass Spectrometry and lon Mobility spectra of 100 uM 37TD-R337H at
different cone voltages (40, 80, and 100 V). Non isotope-labelled peptide was used. The
concentrations reported refer to the monomer. The sample was dissolved in 200 mM

ammonium acetate buffer, pH 7.
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Figure S20. Native Mass Spectrometry and lon Mobility spectra of 25 uM 37TD-R337H at
different cone voltages (40, 80, and 100 V). Non isotope-labelled peptide was used. The
concentrations reported refer to the monomer. The sample was dissolved in 200 mM
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Figure S21. Native Mass Spectrometry and lon Mobility spectra of 75 uM 37TD-D352H at
different cone voltages (40, 80, and 100 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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Figure S22. Native Mass Spectrometry and lon Mobility spectra of 20 uM 37TD-D352H at
different cone voltages (40, 80, 100, and 120 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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Figure S23. Native Mass Spectrometry and lon Mobility spectra of 100 uM 37TD-R342L at
different cone voltages (40, 80, 100, and 120 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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Figure S24. Native Mass Spectrometry and lon Mobility spectra of 20 uM 37TD-R342L at
different cone voltages (40, 80, and 100 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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Figure S25. Native Mass Spectrometry and lon Mobility spectra of 80 uM 37TD-T329I at
different cone voltages (40, 80, and 100 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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Figure S26. Native Mass Spectrometry and lon Mobility spectra of 20 uM 37TD-T329I at
different cone voltages (40, 80, 100, and 120 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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Figure S27. Native Mass Spectrometry and lon Mobility spectra of 80 uM 37TD-L344R at
different cone voltages (40, 80, and 100 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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[« 37TD-L344R] = 20 uM 22 3770 tetramer
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Figure S28. Native Mass Spectrometry and lon Mobility spectra of 80 uM 37TD-L344R at
different cone voltages (40, 80, 100, and 120 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.

178



[« 37TD-L344P] = 100 uM 223770 tetramer
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Figure S29. Native Mass Spectrometry and lon Mobility spectra of 100 uM 37TD-L344P at
different cone voltages (40, 80, and 100 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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[+ 37TD-L344P] = 20 pM 22 37TD tetramer
= 377D trimer
377D dimer
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Figure S30. Native Mass Spectrometry and lon Mobility spectra of 20 uM 37TD-L344P at
different cone voltages (40, 80, and 100 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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Figure S31. Native Mass Spectrometry and lon Mobility spectra of 100 uM 74TD-L330C at
different cone voltages (40, 80, and 100 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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[« 74TD-L330C] = 20 pM 23 p53TD tetrarmer
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Figure S32. Native Mass Spectrometry and lon Mobility spectra of 20 uM 74TD-L330C at
different cone voltages (40, 80, and 100 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.

182



[« 74TD-L344C] = 100 HM 28 pEITD tatramer
1+ pS3TD trimer
e p5ATD dimer
» pSITD monomer

e 100y

2 & a8
2 3 g
H s =
E £ g
= = =
= = =
a O o
1000 2000 3000 4000 000 4000 .1013 2000 lilui} 4000
miz miz
100 = 2 7 100 100+ '8
=
= ¥
= _— = =
= B ]
a 2 2
2 Z £
T 55 r 7 £ £ ' +7
bl =
£ I+ ¢ 50 £ 504 ®
o ] o
5 ® &
= & =
0mnn 2000 3000 4000 o ! , : g ; i i
et i = 10048 2000 3000 4000 1000 2000 3000 4000
miz miz
miz
{5
V
120V
2
oy
o
o
bis
g
2 0
=
=
=
a

S N0 M0

1005

% Relative Intensily
o
o
|

+5 \ II :;
s/l L 32
:_,-' (O

T T 1
1000 2000 3000 4000
mz

[t

Figure S33. Native Mass Spectrometry and lon Mobility spectra of 100 uM 74TD-L344C at
different cone voltages (40, 80, 100, and 120 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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[#74TD-L344C] = 20 uM 38 £SATO letramer
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Figure S34. Native Mass Spectrometry and lon Mobility spectra of 20 uM 74TD-L344C at
different cone voltages (40, 80, 100, and 120 V). The concentrations reported refer to the
monomer. The sample was dissolved in 200 mM ammonium acetate buffer, pH 7.
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3PTO-R2ITH

MW 446408

4441,02
Monomer Trimear Tetramer | Octamer | Decshexamer
£ 4442.02 8283,04 1332406 1776506 35529,16 7105733
2 222151 444202 666253 £853.04 17765,08 35529,16
3 148134 296168 A2 02 592236 1184372 2358644
1 1111.26 222151 333177 4442,02 BEE3,04 17765.08
- 5 89,20 1777.41 2665.61 355380 7106, 14212.26
i 5 74117 148134 222151 286168 582236 1184372
I 63543 126986 1904.29 538,73 507645 10151.80
[ 556,13 111126 166,38 2221,51 4342,02 8863,04
i) 434,45 957,89 146134 157478 3943,57 7696,15
10 445,10 885,30 133331 177741 553,82 710663
MW 442198 4458,077
Monomer Dimer Trimer Tetramer Monomer Dimer | Trimer |Tetramer
L 442298 | BS44056 | 1326604 | 17685097 445508 | 390915 | 13363.23 | 17E17.31
2 221198 422,58 5633,57 B344.55 222804 445508 | 588217 | 8906.15
3 147498 294855 4472.528 5896,57 148569 297038 | 4455.08 | 5535.77
110650 | 221199 | 3317.49 4422.98 1114.52 222804 | 334156 | 4455.08
Charge 5 885,40 176879 2664,19 353858 Charge 5 891,82 178263 | 267345 | 356476
: [ 736,00 147488 | 2718 194855 & 743,35 14B5,69 | 223804 | 2970.38
7 3071 126442 | 188613 252765 23 537,30 1273,59 | 190289 | 254519
B 553.75% 110650 1559.24 21199 8 557.76 111452 | 157128 | 2228.04
g 49233 33,66 147459 1966,31 E] 435,90 530,75 | 148569 | 198058
10 443,20 35,40 132759 1768,73 10 445,41 631,82 | 133722 | 178263
I7TO-L344R
MW 4485051
Monomer | Dimer Trimer | Tetramer Monomer | Dimer | Trimer |Tetramer
aags08 | marsis | 1338323 | 17es7an 448605 271,10 | 13456 15 | 17841 20
223304 | 446508 | esc71l 224353 446605 | 672858 | 857110
148508 | 297705 | 446508 149602 299103 | 448505 | 598107
1117.02 2233.04 3348.06 1132.26 224353 | 336473 | 443605
o 3 893,82 17BE.63 2579.45 o 5 E33.01 178502 | 2502.03
S/ B 745,01 1485.03 2233.04 Sl 6 748,51 145602 | 224353
T 638,73 127645 191418 255150 3 4172 128244 | 1923.16
B 555,01 111702 | 167503 223304 8 561,63 1122,35 | 1682,59
# 497,01 593,02 1489.03 1985,03 9 459,34 597,66 | 149502
10 24741 693,82 134022 1786,53 10 443,51 B95,01 | 134652
JITO-L344P
MW 442598
Monomer | Dimar Trimer | Tatramar Monomer | Dimar | Trimar |Tetramer
L 490000 | B79E5S | 1319795 | 1759698 1 A426,98 H852,95 | 13278,94 | 17704,92
3 220050 | 430000 | 659449 795,559 3 221339 442695 | 5539,57 | BES19E
146733 | 293366 | 440000 | sass3a ] 147633 205165 | 442680 | 507,31
r 110075 | 20050 | 33o02s [ adnnoo 110750 | 321353 | 3320,43 | 442508
Charge 280,50 1760,60 254040 352020 Charge 885,20 177139 | 255659 | 354178
. L] 34,17 146733 2200,50 293368 - B J38.66 147633 | 22135 | 295165
7 628,43 125786 | 138628 151471 7 633,28 126557 | 135785 | 2530.13
B S50.87 110075 1650.62 2200.50 8 554,25 1107.50 | 1660.74 | 2213.95
9 485,78 57855 1467.33 1956.11 9 432,78 984,55 | 147633 | 196610
10 440,90 ERG,30 132070 | 1760.50 10 443,60 836,20 | 1328.79 | 177139

Table S2. Mass-to-charge ratio (m/z) of the 37TDs in monomeric, dimeric, trimeric, and
tetrameric states.

FATG-L330C and 74T0-L344C

WIW
WIW

4432 01 (monomer)

8862,01 (dimer, disuifide bridge)

M Dimer | Trimer | Tetramer
1 4433,01 BB63,01 | 13297,02 [ 17725,02
2 2217,00 4432,01 | 6649,01 8863,01
3 1478,34 | 295500 | 4433,01 | 5909,01
4 1109,00 | 221650 | 332500 | 4432,01
5 887,40 1773,40 | 2660,20 3545,80

Charge

6 739,67 1478,00 | 2217,00 | 2955,00
7 634,14 1267,00 | 1900,43 2533,00
8 555,00 1108,75 | 1663,00 2216,50
a 493,45 985,67 | 147834 | 1970,34
10 444,20 887,20 | 133060 | 177240

Table S3. Mass-to-charge ratio (m/z) of the 74TDs in monomeric, dimeric, trimeric, and
tetrameric states. Since both mutations replace a leucine to a cysteine, the molecular
weight is the same for both the mutants.
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SUPPLEMENTARY NMR
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Figure $35. 2D H,3C HSQC spectra of 37TD-WT at different pH and temperature. The
concentrations refer to the monomer. All the samples were dissolved in D20, pH 7, and all
the spectra recorded at 25 °C unless otherwise indicated.
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Figure $36. 2D *H,'3C HSQC spectra of 37TD-R337H at different pH and temperature. The
concentrations refer to the monomer. All the samples were dissolved in D20, pH 7, and all
the spectra recorded at 25 °C unless otherwise indicated.
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Figure $37. 2D H,3C HSQC spectra of 37TD-D352H at different sample concentration,
temperature and pH. The concentrations refer to the monomer. All the samples were
dissolved in D20, pH 7, and all the spectra recorded at 25 °C unless otherwise indicated.
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Figure S38. 2D 'H,'3C HSQC spectra of 37TD-R342L at different sample concentration and
temperature. The concentrations refer to the monomer. All the samples were dissolved in
D20, pH 7, and all the spectra recorded at 25 °C unless otherwise indicated.
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Figure $39. 2D H,3C HSQC spectra of 37TD-T329I at different sample concentration and
temperature. The concentrations refer to the monomer. All the samples were dissolved in
D20, pH 7, and all the spectra recorded at 25 °C unless otherwise indicated.
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Figure S40. 2D *H,'3C HSQC spectra of 37TD-L344R at different sample concentration and
temperature. The concentrations refer to the monomer. All the samples were dissolved in
D20, pH 7, and all the spectra recorded at 25 °C unless otherwise indicated.
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Figure S41. 2D H,3C HSQC spectra of 37TD-L344P at different sample concentration and

temperature. The concentrations refer to the monomer. All the samples were dissolved in
D20, pH 7, and all the spectra recorded at 25 °C unless otherwise indicated.
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Figure S42. 1D *H spectra of 37TD-WT (blue) and 37TD-L344P (red) dissolved in D20, pH 7,
at a monomer concentration of 100 uM. The spectra are recorded at 25 °C.
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Figure S43. In blue, H,*>N HSQC spectrum of 37TD-L344P dissolved in D20, pH 7. The
signals of the spectrum are due to the natural abundance of *>N. For comparison, in red,
IH,%>N HSQC spectrum of a reference R337H, res 311-367, expressed in E. coli and enriched
in °N 2% . R337H was dissolved in 10 mM sodium phosphate buffer, pH 7. The
concentrations refer to the monomer.
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Figure S44. X-STE NMR diffusion of 37TD-WT monitoring the size of the species containing
13C-attached H nuclei. (A) 2D 'H,*3C-HSQC. (B) *3C-coupled 2D H,*3C-HSQC illustrating the
splitting of the Met340 He signal (Juc =140 Hz). (C,D) ) X-STE NMR diffusion experiments.
The decay in signal intensity of the Met340 He signal (panel D) was fitted to a mono
exponential function to obtain the coefficient diffusion. X-STE experiments were acquired
without decoupling and the Met340 He signal splits into a doublet (Yuc =140 Hz). The
spectra were recorded at 25 °C using a monomer concentration of 100 uM (D20, pH 7).
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Figure S45. X-STE NMR diffusion of 37TD-L344P monitoring the size of the species
containing 3C-attached *H nuclei. (A) 2D *H,*3C-HSQC. (B) 3C-coupled 2D H,*3C-HSQC
illustrating the splitting of the Met340 *H¢ signal (*Juc 140 Hz). (C,D) ) X-STE NMR diffusion
experiments. The decay in signal intensity of the Met340 He signal (panel D) was fitted to a
mono exponential function to obtain the coefficient diffusion. X-STE experiments were
acquired without decoupling and the Met340 He signal splits into a doublet (Juc =140 Hz).
The spectra were recorded at 25 °C using a monomer concentration of 100 uM (D20, pH 7).

195



13.04
135+ [74TD-L330C]= 100 uM, T = 25 °C
0 [74TD-L330C]= 20 uM, T = 25 °C

14.0

w,- 3C ppm

14.5

I I T 1
22 20 18 18 14 12
w, - 'H ppm

13.04

== [74TD-L330C]= 20 uM, T = 25 °C
140 ’ [74TD-L330C]= 20 pM, T = 40 °C

-G ppm

wi

14.5

150" T T T T T
22 20 1B 16 14 12

w, - "H ppm

Figure S46. 2D 'H,'3C HSQC spectra of 74TD-L330C at different sample concentration and
temperature. The concentrations refer to the monomer. All the samples were dissolved in
D20, pH 7, and all the spectra recorded at 25 °C unless otherwise indicated.
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Figure S47. 2D H,'3C HSQC spectra of 74TD-L344C at different sample concentration and
temperature. The concentrations refer to the monomer. All the samples were dissolved in
D20, pH 7, and all the spectra recorded at 25 °C unless otherwise indicated.
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Figure S48. 'H NMR chemical-shift-perturbation experiments of R4 at a concentration of 20
UM (blue) which was titrated with 10 (red), 20 (green), and 40 uM (purple) of 37TD-R337H.
The spectra were acquired at 5 °C (A, B) and 37 °C (C), pH 7.5. Only the aromatic region is
shown in panel A and C and the indole NH signal is shown in panel B.
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Figure S49. 'H NMR chemical-shift-perturbation experiments of Rab4 at a concentration of
20 uM (blue) which was titrated with 10 (red), 20 (green), and 40 uM (purple) of 37TD-
R337H. The spectra were acquired at 5 °C (A, B) and 37 °C (C), pH 7.5. Only the aromatic
region is shown in panel A and C and the indole NH signal is shown in panel B.
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Figure S50. TOCSY (blue) and NOESY (red) 2D 'H 'H NMR experiments of Rab4 (A) and
CRys2R2 (B). The spectra were acquired at 5 °C, at peptide concentration of 2 mM in 10%

D20, pH 7
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Figure S54. MST experiment of 37TD-D352H at pH 7. The concentration of 37TD-D352H*
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Figure S55. MST experiment of 37TD-D352H at pH 5.3. The concentration of 37TD-D352H*
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Figure S56. MST experiment of 37TD-D352H at pH 8. The concentration of 37TD-D352H*
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Figure S57. MST experiment of 37TD-R342L. The concentration of 37TD-R342L* (target) was
15 nM and the highest concentration of 37TD-R342L (ligand) was 500 uM.

207



Dioze Response

G L i Response Evaluation: On Time 15s
mg ¥ Kd model
,..,; Unbound 8967
Bt J Bound 290.5
E'": lt_‘l Kd 147 uM
i \ TargetConc 15nM B
H'.é b Response Amplitude: 6.2
[ —— | Moise: 04
e =1} Signal to Moise Ratio: 15.9@

LN GO0 ELOM 10D Q0000 Ol
Ligand Concentratssn [R]

Capillary Scans

i | i Initial Aluorescence:

_.,,;E I Average: 292 counts @
'E Wy CER B G Variation: +176% (&)
-“::-: Mo adsorption @

Lg Ma Ligand Induced @
im: Fluorescence Change

£

2

Cursor positions:
Cold Region: -1z -0s
Hot Region: 05z - 1hs

Mo Aggregation ()

Mo Ligand Induced
Photobleaching Rate (v}

Change

Figure S58. MST experiment of 37TD-T329l. The concentration of 37TD- T329I * (target) was
15 nM and the highest concentration of 37TD- T329I (ligand) was 500 puM.
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Figure S59. MST experiment of 37TD-L344R. The concentration of 37TD-L344R* (target) was
50 nM and the highest concentration of 37TD-L344R (ligand) was 1 mM.
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Figure S60. MST experiment of 37TD-L344P. The concentration of 37TD-L344P* (target) was
10 nM and the highest concentration of 37TD-L344P (ligand) was 2 mM.
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Figure S61. MST experiment of 74TD-L330C. The concentration of 74TD-L330C* (target) was
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Figure S62. MST experiment of 74TD-L344C. The concentration of 74TD-L344C* (target) was
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Figure $63. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Analysis of the complexes p53WT @ B-3R (A)
and p53WT @ B-2S (B) trajectories.
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Figure S64. Molecular dynamics analysis of protein-ligand contacts. Analysis of the
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214



Protein-Ligand RMSD

54
= %uh“ W“WWWE
o Mw e
= B
o 10 ||“|”|ﬂ,]§
5 Mﬂw =
o 1 =

i 0a
3 ] 1
rNme (nsec)
(== Ca mmLig fit Prot}
Protein-Ligand Contacts
J._;:

P F P PP IPI PR PP PP #ﬁ@*
f55 a1 R K ER T oo - e -
S e

B H-bends @Hydrophobic Mionic B Waker mldgﬁl

Figure S65. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p53WT @ cR4 trajectories.
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Figure S66. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p53WT @ cR4A trajectories.
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Figure S67. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p53WT @ cRab4 trajectories.
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Figure S68. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
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Figure $69. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p53WT @ cRys2R2 trajectories.
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Figure $70. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p53WT @ cRys2R2A trajectories.
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Figure S71. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p53WT @ cRys4 trajectories.
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Figure S72. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
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Figure $73. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p5S3WT @ cTmg2R2 trajectories.
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Figure S74. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p53WT @ cTmg2R2A trajectories.
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Figure S75. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p53WT @ cTmg4 trajectories.
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Figure $76. Molecular dynamics analysis of backbone RMSD from initial structure (blue line)
and of ligand RMSD to initial pose (purple line). Below, molecular dynamics analysis of
protein-ligand contacts. Analysis of the complexes p53WT @ cTmg4A trajectories.
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Figure S77. Cytotoxicity assay using XTT reagent in Hela cells. The reading was done after 4
and 24 h incubation of Rab4, cRys2R2 and calix[4]arene with the cells.
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CONCLUSIONS






In the first chapter of this thesis, we presented the experiments and the results
related to the objective 1. The main conclusions are the following:

1.

The WT is tetrameric at all the conditions studied and it is the most stable
tetramer among our 37TDs. The tetramer dissociation occurs only with the
increase of the voltage in the gas phase, and the equilibrium moves straight
towards the monomer.

R337H, D352H and R342L mutations strongly destabilise the tetramer.
37TD-R337H presents an equilibrium between monomers and tetramers
that is dependent on the pH, forming a more stable tetramer at acidic pH in
NMR experiments.

T329I is the mutation that has the weakest destabilising effect on the
tetramer. 37TD-T329! has a similar CD profile to the WT, it is mainly
tetrameric both in the gas phase and in solution, but a monomeric
population is present as well in the MS and NMR spectra.

37TD-L344R and 37TD-L344P are unable to tetramerise, resulting in dimer
and monomer, respectively.

The experiments and the results presented in the second chapter are related to the
objective 2 and the following conclusions are drawn:

5.

L330C mutation was introduced in the B-strand moiety to cross-link two
monomers. 74TD-L330C is mainly dimeric and it is able to tetramerise. Most
probably, the secondary structure of the peptide is different from the one
resulting from the native folding of the WT.

The MD simulation results suggest that the presence of the disulphide
bridge in the 74TD-L330C mutant affects both the B-strand, making it
shorter, and the a-helix, causing it to recede. These structural changes may
destabilise the domain, having a lower thermal stability and resulting in a
more fluctuating structure in the MD simulations.

Both the experimental and theoretical results suggest that, compared to
74TD-L330C, the 74TD-L344C mutant has a more similar structure to the
native folded WT. In particular, the disulphide bridge on the a-helix does
not disrupt it and apparently, it has no effect on the B-strand.

74TD-L344C is tetrameric in the gas phase and is stable to the increasing
voltage in the native MS experiments. Nevertheless, the NMR results, in
particular X-STE NMR experiments, suggested that it is dimeric in solution
and any Ky was found by MST, confirming the inability of the peptide to
oligomerise in solution.
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The design of the ligands (objective 3) and the study of their interactions with p53TD
(objective 4) are described in the third chapter. The main conclusions are the
following:

9.

10.

11.

12.

13.

14.

15.

16.

17.

Two generations of peptides were designed as potential ligands for p53TD.
Docking simulations and molecular dynamics suggest that the ligands
interact with p53TD mainly through polar and ionic interactions.

The first generation of ligands was studied by NMR and thermal stability CD.
The results suggest binding of cyclo-tetra-B-3-arginine S with the mutated
TD and the ligand was able to increase the Tn, of the protein domain of ca. 3
degrees.

The binding of the linear peptides belonging to the second generation
ligands was studied by NMR and fluorescence. NMR experiments show a
shift of the aromatic protons signals of the indole group when the ligands
were titrated with p53TDs. HSQC NMR spectra change after the addition of
the ligands, suggesting the formation of a complex. The fluorescence band
of the tryptophan changes by titrating the ligands. However, in the
conditions of the experiment it is difficult to interpret the behaviour of the
fluorescence signal with the changes in TD concentration.

The binding of the calix[4]arene with p53TD was studied by several
biophysical techniques. *H 3C HSQC NMR experiments suggest interaction
between the molecules as, after the addition of the ligand, they show an
upfield shift of the monomer peak, whereas the tetramer peak disappeared.
Native MS experiments also show the binding between the protein domain
and the ligands (calix[4]arene and 2" generation of peptides) as signals of
the complex formed by the tetramer and one ligand molecule were
detected. From these experiments, Rab4 and cRys2R2 were selected as best
candidates to bind p53TD.

The stability of the complexes was analysed by native MS increasing the
cone voltage. The signals of the complexes were still present at high voltage
meaning that the complexes are stable in the gas phase.

The selected peptides (Rab4 and cRys2R2) were further studied by NMR
experiments. The results suggest that both peptides are disordered.

Rab4 and cRys2R2 are stable in human serum over 24 h. The cyclic peptide
is not degraded during the time of the experiment (half-life > 24 h), whereas
the linear peptide has a half-life of ca. 12 h.

None of the studied compounds (calix[4]arene, Rab4, and cRys2R2) are
cytotoxic over 24 h in Hela cells, having an IC50 value in the range of 50 —
150 uM.
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