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Resumen

La familia de proteinas Bcl-2 regula la apoptosis a través de una
compleja red de interacciones. Las células tumorales suelen presentar
mutaciones que afectan a la expresion o las interacciones de las proteinas
Bcl-2 para mejorar la progresion tumoral. Ademas, alteraciones en su
regulacion también promueven la migracion de células cancerigenas, la
invasion y la metéstasis. Para llevar a cabo sus funciones, las proteinas Bcl-2
interaccionan entre si tanto en el citoplasma como en las membranas
intracelulares. Los equilibrios de interaccion de los dominios Bcl externos a
la membrana han sido ampliamente investigados y recientemente, se han
propuesto como dianas terapéuticas. Sin embargo, el interactoma de los
dominios transmembrana (TMD, del inglés transmembrane domains) sigue
siendo poco conocido. En esta situacion, es necesario un conocimiento
profundo de la biologia de las proteinas Bcl-2 para explotar eficientemente
sus superficies de unién en el tratamiento del cancer. Para llevar a cabo este

objetivo, nuestra investigacion se centra en tres areas:

1. La comprension detallada de la contribucion del TMD al
interactoma en membrana de Mcl-1 y a la funcionalidad de la
proteina.

2. El descubrimiento de nuevos inhibidores de Mcl-1 que actten sobre
el segmento transmembrana que permitan el desarrollo de una clase

de drogas anticancerigenas aun por explorar.



Resumen

3. La caracterizaciéon molecular de mutaciones relacionadas con el
cancer descritas en los TMD de Bcl-2 y Bcl-xLy sus implicaciones

en la supervivencia de las células tumorales.

La proteina antiapoptética Mcl-1 inhibe a los miembros proapoptéticos
Bak, Bax, Bok y Noxa, entre otros. Aungue se ha estudiado en detalle su
actividad promoviendo la supervivencia celular, el mecanismo molecular
por el cudl previene la apoptosis mediada por Bok ain no esta claro. Ademas,
el conocimiento de las actividades de Mcl-1, descritas hasta ahora, se basa
exclusivamente en las estructuras resueltas de las regiones solubles en agua
y en estudios centrados en los dominios externos a la membrana. Por
primera vez, hemos demostrado la relevancia del TMD de Mcl-1 en su
equilibrio de interaccion. En este trabajo describimos su capacidad
especifica para homo- y hetero-oligomerizar con el TMD de Bok. También
ponemos de manifiesto la influencia de estas interacciones en la modulacién
de apoptosis y resaltamos la relevancia clinica de los mutantes del TMD de
Mcl-1 identificados en pacientes con cancer.

Muchos tumores hematoldgicos y sélidos sobre-expresan Mcl-1 como
un mecanismo para adquirir quimiorresistencia. Se han desarrollado
miméticos de BH3 especificos para modular su actividad antiapoptotica en
células cancerosas. Sin embargo, ain no disponemos de datos cientificos
que informen sobre su toxicidad en humanos y su eficacia. En este trabajo,
proponemos la novedosa interaccién de los TMDs de Mcl-1 y Bok como un
nuevo sitio de actuacion de farmacos en el desarrollo de quimioterapias.
Hemos identificado tres inhibidores de esta interaccion con prometedoras

caracteristicas que los hacen buenos candidatos para el desarrollo
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farmacéutico, asi como herramientas de investigacion para el estudio

molecular de la interaccion de los TMDs de Mcl-1 y Bok.

Para beneficiarse de la modulacién de la apoptosis, las células
tumorales también presentan versiones mutadas de las proteinas
antiapoptoticas Bcl-2 y Bcl-xL. En nuestro conocimiento, este es el primer
estudio que analiza mutaciones derivadas de pacientes que afectan a los
TMDs de Bcl-2 y Bel-xL. Nuestro trabajo demuestra como estas mutaciones
alteran el equilibrio en membrana de las proteinas. Ademads, nuestros
resultados explican la influencia que algunos mutantes somaticos ejercen en

la regulacion de la apoptosis.

En general, los resultados cientificos que aparecen en esta tesis resaltan
el papel de los Bcl TMDs en el interactoma de las proteinas Bcl-2. Estos
hallazgos corroboran que las interacciones laterales entre los TMDs son
especificas de la secuencia y contribuyen activamente a la funcionalidad de
la proteina. Por lo tanto, comprender los segmentos transmembrana Bcl
puede proporcionar nuevos conocimientos sobre la biologia de las proteinas

Bcl-2 para su modulacion farmacéutica en la terapia antitumoral.
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Abstract

The family of the Bcl-2 proteins modulates the apoptotic pathway by a
complex network of interactions. Tumor cells frequently present mutations
that affect Bcl-2 proteins expression or interactions to enhance cancer
progression. Dysregulation of these proteins also promotes cancer cell
migration, invasion, and metastasis. To execute their functions, Bcl-2
proteins interact in both the cytosol and intracellular membranes. Binding
equilibria of Bcl extramembrane domains has been largely investigated and
recently proposed as chemotherapeutic targets. However, the interactome of
transmembrane domains (TMDs) remains poorly understood. In this
scenario, a deep knowledge of the biology of Bcl-2 proteins is needed to
exploit efficiently their binding surfaces for cancer treatment. To address

this aim, our research focuses on three areas:

1. The detailed comprehension of the TMD contribution to both the
Mcl-1 membrane interactome and protein functionality.

2. The discovery of new Mcl-1 inhibitors that target the
transmembrane surface to develop a class of anticancer drugs
currently unexplored.

3. The molecular characterization of cancer-related mutations within
the Bcl-2 and Bcl-xL TMDs and their implications for the survival

of cancer cells.

Antiapoptotic Mcl-1 protein inhibits the proapoptotic members Bak, Bax,

Bok, and Noxa, among others. Although its prosurvival activity has been
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well studied, the molecular mechanism to prevent Bok-mediated apoptosis
remains unclear. Furthermore, understanding of Mcl-1 activities described
to date is only based on water-soluble structures and studies focused on
extramembrane domains. For the first time, we uncover the relevance of the
Mcl-1 TMD in the interaction equilibria of the protein. In the present work,
we describe its specific capacity to self-associate and hetero-oligomerize
with the Bok TMD. We also explain the influence of these interactions in
the apoptotic pathway and highlight the clinical relevance of Mcl-1 TMD

mutants identified in tumor patients.

Many hematological and solid malignancies overexpress Mcl-1 as an
acquired chemoresistance mechanism. To modulate its antiapoptotic
activity in cancer cells, specific BH3 mimetics have been developed;
however, there is no scientific data yet regarding human toxicity and
efficacy. In this work, we propose the novel Mcl-1 and Bok TMDs
interaction interface as a drugging site in the development of
chemotherapeutics. We identify three potential inhibitors of such molecular
interface with promising features to become both drug candidates for
pharmaceutical development and research toosl for the molecular study of
the Mcl-1 and Bok TMDs interaction.

To take advantage of apoptosis modulation, tumor cells also present
mutated versions of the antiapoptotic members Bcl-2 and Bcl-xL. To our
knowledge, this is the first study that analyzes patient-derived mutations
within Bcl-2 and Bcl-xL TMDs and demonstrates how said mutations alter
the membrane equilibria of these proteins. The results presented here also
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explain the functional influence of some somatic mutants in apoptosis

regulation.

Overall, the scientific results exhibited in this Thesis highlight the role of
Bcl TMDs in the interactome of Bcl-2 proteins. These findings corroborate
that lateral interactions between TMDs are sequence-specific and actively
contribute to protein functionality. Therefore, understanding of Bcl
transmembrane segments may provide new insights into the biology of
Bcl-2 proteins for their pharmaceutical modulation in antitumoral therapy.
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Resum

La familia de proteines Bcl-2 regula I'apoptosi a traves d'una complexa
xarxa d'interaccions. Les cél-lules tumorals solen presentar mutacions que
afecten I'expressio o les interaccions de les proteines Bcl-2 per a millorar la
progressié tumoral. A més, alteracions en la seua regulacié també promouen
la migracio de cel-lules cancerigenes, la invasio i la metastasi. Per a dur a
terme les seues funcions, les proteines Bcl-2 interaccionen entre si tant en el
citoplasma com en les membranes intracel-lulars. Els equilibris d'interaccid
dels dominis Bcl externs a la membrana han sigut ampliament investigats i
recentment, s'han proposat com a dianes terapeutiques. No obstant aixo,
I’interactoma dels dominis transmembrana (TMD, de I'anglés
transmembrane domains) continua sent poc conegut. En aquesta situacid, és
necessari un coneixement profund de la biologia de les proteines Bcl-2 per
a explotar eficientment les seues superficies d'uni6 en el tractament del
cancer. Per a dur a terme aquest objectiu, la nostra investigacio se centra en

tres arees:

1. Lacomprensi6 detallada de la contribucié del TMD a I’interactoma
en membrana de Mcl-1 i a la funcionalitat de la proteina.

2. EIl descobriment de nous inhibidors de Mcl-1 que actuen sobre el
segment transmembrana que permeten el desenvolupament d'una
classe de drogues anticanceroses encara per explorar.

3. La caracteritzaci6 molecular de mutacions relacionades amb el
cancer descrites en els TMD de Bcl-2 i Bcl-xL i les seues

implicacions en la supervivencia de les cel-lules tumorals.
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La proteina anti apoptotica Mcl-1 inhibeix als membres pro apoptotics
Bak, Bax, Bok i Noxa, entre altres. Encara que s'ha estudiat detalladament
la seua activitat promovent la supervivéncia cel-lular, el mecanisme
molecular pel qual prevé I'apoptosi mediada per Bok encara no és clar. A
més, el coneixement de les activitats de Mcl-1, descrites fins ara, es basa
exclusivament en les estructures resoltes solubles en aigua i en estudis
centrats en els dominis externs a la membrana. Per primera vegada, hem
demostrat la rellevancia del TMD de Mcl-1 el seu equilibri d'interaccié. En
aquest treball descrivim la seua capacitat especifica per a unir-se amb si
mateix i per a hetero-oligomeritzar amb el TMD de Bok. També expliquem
la influencia d'aquestes interaccions en l'apoptosi i ressaltem la rellevancia

clinica dels mutants del TMD de Mcl-1 identificats en pacients amb cancer.

Molts tumors hematologics i solids sobre-expressen Mcl-1 com un
mecanisme per a adquirir quimioresistencia. S'han desenvolupat mimetics
de BH3 especifics per a modular la seua activitat anti apoptotica en cél-lules
canceroses. No obstant aix0, encara no disposem de dades cientifiques que
informen sobre la seua toxicitat en humans i la seua eficacia. Per aixo,
proposem la nova interaccié dels TMDs de Mcl-1 i Bok com un lloc
d'actuacié de farmacs en el desenvolupament de quimioterapies. Hem
identificat tres inhibidors d'aquesta interacci6 amb prometedores
caracteristiques que els fan bons candidats per al desenvolupament
farmaceutic, aixi com eines d'investigacié per a I'estudi molecular de la
interaccio dels TMDs de Mcl-1 i Bok.

Per a beneficiar-se de la modulacio de I'apoptosi, les cél-lules tumorals

també presenten versions mutades de les proteines anti apoptotiques Bcl-2 i
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Bcl-xL. En el nostre coneixement, aquest és el primer estudi que analitza
mutacions derivades de pacients que afecten els TMDs de Bcl-2 i Bel-xL.
El nostre treball demostra com aquestes mutacions alteren I'equilibri en
membrana de les proteines. A més, els nostres resultats expliquen la
influencia que alguns mutants somatics exerceixen en la regulacié de

I'apoptosi.

En general, els resultats cientifics que apareixen en aquesta tesi
ressalten el paper dels Bcl TMDs en I’interactoma de les proteines Bcl-2.
Aquestes troballes corroboren que les interaccions laterals entre els TMDs
son especifiques de la seqiencia i contribueixen activament a la
funcionalitat de la proteina. Per tant, comprendre els segments
transmembrana Bcl pot proporcionar nous coneixements sobre la biologia
de les proteines Bcl-2 per a la seua modulacié farmaceutica en la terapia

antitumoral.
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General Introduction

1.1. CELL DEATH.

Every day, cells from multicellular organisms have to decide to live or
die when they are exposed to homeostasis perturbations. This decision is
crucial, not only for the individual cell itself but also for the tissues, organs,
and organism. The Nomenclature Committee on Cell Death recommends
referring to dead as ‘only cells that either exhibit irreversible plasma
membrane permeabilization or have undergone complete fragmentation ™.
More than 13 types of cell death are classified into two main categories:
‘accidental’ and ‘regulated’.  Accidental cell death (ACD) is the
instantaneous and catastrophic demise of cells exposed to extreme
physicochemical or mechanical stimuli. In contrast, regulated cell death
(RCD) is initiated by a genetically encoded machinery and it can be
activated in two opposed scenarios: as part of physiological programs for
development and tissue turnover, or when adaptive responses to
perturbations fail in the attempt to restore cellular homeostasis. Another
difference is that RCD can be pharmacologically or genetically modulated,
while ACD does not.

The term programmed cell death (PCD) refers to the completely
physiologic forms of RCD related to development programs or tissue
homeostasis, meaning it does not occur in pathological situations'2. Since
this concept was used for the first time in 1965 by Lockshin and Williams?,
the number of PCD modalities has increased and led to a classification based
on specific morphological features, and quantifiable biochemical and

molecular parameters. The current classification includes several types of
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cell death such as autophagy, necroptosis, pyroptosis, or apoptosis?, being

the last one the best-studied RCD as described in the next section.

1.1.1. Apoptosis.

Ther term‘apoptosis’ (from the ancient Greek drorrwoil, meaning
‘falling off”) was originally coined by John F Kerr and colleagues, in 1972.
It refers to a form of cellular demise characterized by morphological
changes such as cytoplasmic shrinkage, plasma membrane blebbing,
irreversible condensation of chromatin in the nucleus (pyknosis) followed
by nuclear fragmentation (karyorrhexis) and culminating in the formation of
discrete membrane-insulated corpses or apoptotic bodies*°. A key step at
the end of the apoptosis routine is the clearance of the apoptotic bodies
performed by both professional and non-professional ‘“neighboring”
phagocytes. The first group includes macrophages and dendritic cells, while
epithelial cells, endothelial cells, and fibroblasts form the second one.
Overall, phagocytes recognize the “eat-me” signals exposed by the dying
cells such as phosphatidylserine (PS) and calreticulin and engulf them into
the phagosome, generally (but not always) avoiding the activation of

inflammation®.

The molecular features that describe apoptosis are mitochondrial outer
membrane permeabilization (MOMP), mitochondrial depolarization,
alteration of intracellular calcium (Ca?*) levels, and release of apoptogenic

factors from the mitochondrial intermembrane space to the cytosol”2. In the
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course of these events, the activation of the caspase cascade plays a key role

being involved in the initiation, amplification, and execution of apoptosis®*°.

Caspases are a family of cysteine aspartic acid-specific proteases that
are related to apoptosis, inflammation, necroptosis and also, tissue
differentiation’®. The caspases involved in the apoptotic program are
subdivided into the initiators (caspase-2, -8, -9, and -10) and the effectors or
executioner (caspase-3, -6 and -7), based on their capability of
auto-activation. Initiator caspases have specific protein interaction domains,
such as death effector domains (DED) and caspase-recruitment domains
(CARD) toward the N-terminus pro-domain, which facilitate their activation.
Executioner caspases lack such interaction domains requiring external
activation by initiators proteolytic cleavage!®!!. Different stimuli can
activate distinct caspase cascades, but in the end, they all converge into the
activation of executioner caspases, which cleave specific cellular substrates
to dismantle the cell, and are responsible for many of the morphological
features of apoptosis?.

1.1.2. Main apoptotic pathways.

Two main apoptotic pathways have evolved independently; however,
they ultimately converge at mitochondria and the so-called mitochondrial
outer membrane  permeabilization (MOMP) process, leading to the
activation of the same molecular effectors (Figure 1). They can be initiated
by intracellular or extracellular stimuli, which classify them into the

intrinsic and the extrinsic apoptotic pathway, respectively*?.
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1.1.2.1. Extrinsic apoptotic pathway.

The extrinsic apoptotic pathway initiates when plasma membrane
receptors detect perturbations of the extracellular microenvironment. These
receptors are divided into two categories: death receptors (activated by the
specific ligand(s)) and dependence receptors (activated when the levels of

their cognate ligands fall below a specific threshold)**-%°,

The main receptors of the extrinsic pathway are Fas cell surface death
receptor (FAS) and tumor necrosis factor receptor superfamily (TNFRSF)
members, such as TNFRSF member 1A (TNFRSF1A) and TNF-related
apoptosis-inducing ligand receptor 1 and 2 (TRAIL R1 and R2°). The
molecular platforms activated by these receptors are formed by different
protein complexes, but in general, all pathways recruit and activate
caspase-8'7 (or caspase-10, in some circumstances) and FLICE (FADD-like
IL-1B-converting enzyme)-inhibitory protein (c-FLIP). In the case of FAS,
and TRAIL R1 and R2, preformed homo-trimers are stabilized by their
ligands (FAS ligand and TRAIL, respectively), allowing the association
with Fas-associated protein with death domain (FADD) and driving the
assembly of the death-inducing signaling complex (DISC) and caspase-8
recruitment (Figure 1). For TNFR1, signaling activation with TNFRSF1A
involves the formation of two multiprotein complexes (complex | and

complex I1) that also induces apoptosis by regulation of caspase-8 activity®.

Under physiological conditions, specific ligands of dependence
receptors are present at normal levels promoting cell survival, proliferation,

and differentiation. But when ligand availability drops below a specific
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threshold level lethal signaling cascades are activated (not completely
elucidated), usually affecting caspase activity'®., Some members of the
dependence receptor family are p75 neurotrophin receptor (p75NTR),
tyrosine kinase receptors, insulin receptor (IR), Semaphorin-3E receptor,

and some integrins, among others®®.

Independently of the activation mechanism, the extrinsic apoptotic
pathway is propagated by caspase-8 and accelerated by executioner caspases,

mainly caspase-3.

1.1.2.2. Intrinsic apoptotic pathway.

In contrast to the extrinsic apoptotic pathway, the intrinsic or
mitochondrial apoptotic pathway is initiated by a variety of exogenous and
endogenous stimuli including excessive DNA damage, endoplasmic
reticulum (ER) stress, aberrant Ca?* fluxes, reactive oxygen species (ROS)
overload, lack of survival signaling, viral infections, tumor suppressor gene
expression, replication stress, chemical compounds and many other. These
perturbations induce intracellular signals that directly act on targets within
the cell, promoting alterations in the mitochondrial structure and function.
The critical event or ‘point of no return’ for intrinsic apoptosis is the
permeabilization of the mitochondrial outer membrane (MOMP), which is
regulated by members of the Bcl-2 protein family”?°. The Bcl-2 pore
forming proteins Bax and Bak oligomerize on the OMM, which results in
MOMP and thus, the release of apoptogenic factors from the mitochondrial
intermembrane space to the cytosol. These include cytochrome-c (Cyt-c),

second mitochondrial activator of caspases/ direct IAP binding protein with
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low Pi (SMAC/DIABLO) and the serine protease HTRA2/OMI?!, These
proteins promote caspase activation in two different ways. On one hand,
SMAC and HTRA2/OMI block X-linked inhibitor of apoptosis (XIAP)-
mediated inhibition of caspase-3 and -7, and release them for activation. On
the second hand, Cyt-c binds to apoptotic protease-activating factor 1
(APAF1), inducing its oligomerization and further recruitment and
activation of procaspase-9, leading to the formation of the apoptosome
platform?°2223 The caspase activation wave is propagated by the initiator
caspase-9, which cleaves and activates procaspase-3 and -7, leading an

efficient cell demolition (Figure 1).

During the late events of apoptosis (when the cell is committed to die),
other proteins are also released from the mitochondria: endonuclease G
(EndoG) and apoptosis-inducing factor (AIF). Both proteins normally reside
in the mitochondria, but translocate to the nucleus after apoptosis induction,
inducing chromatin condensation and DNA fragmentation in a

caspase-independent manner?2°,

Besides content leakage, mitochondria of apoptotic cells experience a
decreased oxidative phosphorylation, lipid redistribution and peroxidation
and eventually, the dissipation of the mitochondrial transmembrane

potential (Aym) and cristae remodeling®®?’.
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Figure 1. Extrinsic and intrinsic apoptotic pathways. In the extrinsic pathway, ligand
binding to the corresponding death receptor triggers DISC assembly (here formed by FADD
and procaspase-8) that activates caspase-8 and promotes subsequent activation of
executioner caspases (caspase-3 and 7). Besides, caspase-8 cleaves the BH3-only protein
Bid into tBid, which connects the extrinsic pathway with the intrinsic or mitochondrial
apoptotic pathway. In the last one, the MOMP results in the release of apoptogenic factors
(e.g. cytochrome c¢) from the mitochondria to the cytosol. All these proteins allow the
formation of the apoptosome where caspase-9 is activated. All the proteins from the Bcl-2
family regulate the MOMP, either leading its execution (multidomain or BH3-only
proapoptotic proteins) or blocking the process (antiapoptotic members, such as Bcl-2 and
Bcl-xL).

As mentioned before, MOMP is a common event shared in both the
intrinsic and the death receptor extrinsic pathway. The crosstalk between
them is mediated by Bid?®2C. This protein is a member of the Bcl-2 protein
family that is cleaved and activated by caspase-8 into its truncated form
tBid3L. It directly activates Bax and Bak®?, thus leading to the formation of
Bax/Bak pores in the OMM.

1.2. THE BCL-2 PROTEIN FAMILY.

The Bcl-2 protein family plays a central role in the regulation of
apoptosis, mainly but not restricted to the modulation of MOMP.
Interestingly, they also regulate processes related to normal cell physiology
such as metabolism at the inner mitochondrial membrane, mitochondrial
morphology, Ca?* homeostasis, unfolded protein response, glucose and lipid
metabolism, macroautophagy, mitophagy and DNA damage response,

among others33:34,
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The name of the family is derived from the first identified member Bcl-2
(B-cell lymphoma 2), which was constitutively expressed due to a t(14:18)
chromosomal translocation, placing the bcl-2 gene wunder the
immunoglobulin heavy chain gene locus®. Since then, more than 20 Bcl-2
members have been identified in mammals, sharing conserved sequences in
one to four regions so-called Bcl-2 homology (BH) domains, which are BH1,
2, 3, and 4°¢. Most of them also have a highly hydrophobic and helical C-
terminal region that targets and/or anchors them to the intracellular
membranes®’. Based on the number of BH motifs and their functional

activity, they are subdivided into three categories®®* (Figure 2):

1. Multidomain proteins:

a) Antiapoptotic or prosurvival: Bcl-2, Bcl-xL, Bcl-w, Mcl-1,
Bfl-1/A1 and Bcl-B that impede MOMP by inhibiting the
proapoptotic members.

b) Proapoptotic or cell death executioners: Bax, Bak, and Bok that

oligomerize in and permeabilize the MOM.

2. BH3-only, proapoptotic proteins that activate the executioners or engage
the prosurvival members rendering them ineffective:
a) Direct activators: Bid and Bim.
b) Sensitizers/direct activators: Noxa, Puma, Bmf.
c) Sensitizers: Hrk, Bik, Bad, Bmf, Bnip3.

11
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Figure 2. Classification of Bcl-2 family members. The Bcl-2 family proteins are grouped
into two subgroups, by their ability to inhibit (antiapoptotic proteins) or activate
(proapoptotic proteins) apoptosis. The proapoptotic group is further subdivided structurally
and functionally into those that are multidomain proteins and show pore-forming activity,
inducing MOMP, or those that contain only the BH3 domain and promote apoptosis through
either inhibiting the antiapoptotic proteins or activating Bax and Bak. Bcl-2 homology (BH)

motifs and transmembrane domains (TMD) are depicted. Adapted from*°,

1.2.1. Structure of Bcl-2 proteins.

Bcl-2 members are structurally categorized as globular proteins. The
multidomain antiapoptotic and effector proteins share a conserved ‘Bcl-2
core’, comprised of eight amphipathic alpha (o)) helices that hide and bury a
central hydrophobic helix a5. The protein surface presents a central
hydrophobic cleft delimited by the BH1 (04—a5) and BH2 (a7—a8) motifs

12
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on one side, and the BH3 motif (a2) and a3 on the other side, with the BH4
(a1—a6) motif stabilizing the BH1-BH3 regions®.

The hydrophobic cleft is also known as ‘Bcl-2 family BH3 and
C-terminus-binding (BC) groove’. As the ‘BC groove’ term indicates, the
C-terminal helix of some members, such as Bcl-w, Bcl-xL, Bax, and Mcl-1
binds and blocks their BC groove*#. The BC groove of multidomain
proteins is also involved in their canonical interactions, by binding BH3
regions of proapoptotic members and forming homo-oligomeric or hetero-
dimeric complexes* (Figure 3). The structural similarities and differences
within the BC grooves determine their interaction with BH3 ligands and are

related to the biological functions of the Bcl-2 family proteins*®-8,

The structure of multidomain members is similar to the membrane
translocation and pore-forming domain of bacterial toxins such as the
colicins and diphtheria toxin. Indeed, Bcl-xL and Bcl-2 have been shown to

form pores in artificial membranes*.

Opposite to the multidomain Bcl-2 proteins, BH3-only proteins (except

Bid) lack a globular fold and are intrinsically disordered®.

13
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Front view

Top view

Figure 3. Crystal structure for Bcl-xL in complex with the Bax BH3 domain. Bcl-xL
(purple) binds the Bax BH3 domain (green) into the BC groove (PDB 3PL7). The left panel
depicts a-helices of Bcl-xL and the right panel represents its globular structure. The image
was created using the crystal structure published in*® with Mol* (D. Sehnal, A.S. Rose, J.
Kovca, S.K. Burley, S. Velankar (2018) Mol*: Towards a common library and tools for
web molecular graphics MolVA/EuroVis Proceedings. doi:10.2312/molva.20181103);
provided by RCSB PDB (https://www.rcsb.org/).

1.2.2. Molecular mechanisms of Bcl-2 family regulation.

Various competing but not exclusive models describe the interactions
among the Bcl-2 family proteins in the regulation of MOMP. In all models,
the BH3 region has a key role in the primary apoptotic function of Bcl-2

14
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family members and their interactions at the intracellular membranes3*
(Figure 4).

Direct activation model: this model categorizes the BH3-only proteins

in ‘activators’ and ‘sensitizers’, based on their affinity for binding and
activating Bax and Bak or for binding and inhibiting antiapoptotic proteins,
respectively®®. MOMP is promoted by Bax and Bak, which are activated by
direct interaction with BH3 activators, while antiapoptotic proteins inhibit
MOMP specifically sequestering the activator BH3 proteins. Another
interaction included in this model is the binding of sensitizer BH3 proteins
with antiapoptotic members, inducing the release of the ‘activators’ and thus,
favoring the activation and oligomerization of Bax and Bak and promoting
MOMP®L,

Indirect activation or de-repression model: this model assumes that Bax

and Bak are constitutively and structurally active in healthy cells, but the
interaction with antiapoptotic proteins inhibit their activity. Here, BH3
proteins are divided based on their affinities for binding antiapoptotic

proteins (they are not considered as direct Bax and Bak activators)*’.

Embedded together model: the major aspects of the previous models are

combined in this one. All binding interactions of Bcl-2 family proteins are
reversible, and equilibria are governed by local affinities and relative protein
concentrations. Interactions on, at or within the MOM, change their
affinities, and therefore, they have an active role in the functions of the
proteins®2°3, Binding of the activator BH3 proteins to membranes increases

their affinity for the proapoptotic executioners, which are active to
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oligomerize and promote MOMP. The antiapoptotic proteins inhibit both
the proapoptotic executioners and BH3-only proteins by mutual
sequestration in the membranes or by preventing their binding to the
membranes. The sensitizer BH3 proteins bind to and inhibit the
antiapoptotic members by mutual sequestration too. Finally, the local
concentrations of Bcl-2 proteins at intracellular membranes are different,
affecting their binding to the membrane and the equilibria between each

family member34>4,

Unified model: it distinguishes two antiapoptotic mechanisms. The
sequestration of BH3-only activators by antiapoptotic members as mode 1,
and the sequestration of the pore-forming proteins Bax and Bak, as mode 2.
Specifically, it predicts that mode 2 repression is more efficient inhibiting
MOMP than mode 1 since activated Bax/Bak can activate other Bax/Bak
proteins®®. This model also links MOMP with mitochondrial dynamics,

since Bax and Bak have been involved in mitochondrial fission and fusion®*.

As mentioned before, the interactions with the MOM change the
affinities of Bcl-2 proteins due to the lipid composition of the MOM. The
‘Lipid central model’ has been recently proposed and supports that
mitochondrial lipids are not only structural elements of the MOM but also
display a functional role regulating apoptosis. Lipids can alter the physical
properties of the MOM and/or directly interact with some mitochondrial
proteins in a specific manner. In this way, they modulate the activation and

function of Bcl-2 family proteins®-*’.
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Figure 4. Proposed models for the regulation of MOMP by Bcl-2 proteins. (—)

Activation; () inhibition; (— |) mutual recruitment/sequestration. BH3 S and BH3 A

indicate sensitizers and activators BH3-only proteins, respectively. Sensitizers bind and

inhibit prosurvival proteins, while activators activate Bax and Bak pore-forming proteins.
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In general, all the accepted models to date are based on the BH3 binding
into groove interactions. However, non-canonical interactions of Bcl-2
proteins are currently gaining attention in the field. Some of them are the
previously described lipid:protein binding or the interaction of Bcl-2
transmembrane domains (TMDs)®. In contrast to the well-characterized
BH3:groove interface that has been mainly described in agueous solutions,
these non-canonical interaction surfaces have been identified using
membrane environments. Considering that most of the interactions that
modulate apoptosis occur when they are inserted into the MOM, it is
necessary to identify the interactions that govern their equilibria by using

intracellular membrane models.

1.3. SUBCELLULAR DISTRIBUTION OF BCL-2
FAMILY PROTEINS.

Proper subcellular distribution and targeting are critical for the function
of intracellular proteins. As MOMP regulators, Bcl-2 members mainly
localize at the mitochondrial membrane. However, they can also regulate
MOMP in a remote fashion and participate in additional non-apoptotic
functions targeting other organelles including the ER, the Golgi apparatus,
the nuclear outer membrane, and the nucleus itself or reside in the
cytoplasm®®. Their specific subcellular localization (Figure 5) is determined
by their different affinities for various intracellular membranes and binding

partners at each location.
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The antiapoptotic Bcl-2 protein resides on the ER membrane, the
nuclear envelope, and the MOM under normal conditions®”8%%%, Bcl-xL is
mainly present in the MOM and the cytosol®"%2, being translocated to the
MOM during apoptosis®®, although it also appears as an ER resident. A
similar distribution is described for Bcl-w (mainly cytosolic in healthy cells),
which translocates and inserts into the MOM under apoptotic conditions,
triggered by BH3-only protein binding to its hydrophobic groove®*. The
most promiscuous distribution is presented by Mcl-1 that localizes at the
mitochondria (it appears into the MOM, the mitochondrial inner membrane
and the mitochondrial matrix), the nucleus, the cytosol, and the ER, being

accumulated into the MOM after apoptosis induction®-°,
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Figure 5. Subcellular distribution and dynamics of the Bcl-2 family of proteins.
Continuous and bold lines represent protein translocation in normal and stress conditions.

Dashed lines represent possible subcellular translocation. Adapted from®®,

The proapoptotic protein Bax is mostly cytosolic in healthy conditions
and translocates to the MOM upon apoptotic stimuli**"®" while Bak is
constitutively inserted into the MOM and to a lesser extent into the ER
membrane®"3. The third pore-forming member Bok targets the MOM, the

nucleus, and the membranes of the ER and the Golgi apparatus’*®.
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After activation, BH3-only proteins target mitochondrial and ER
membranes. However, in normal conditions, they appear in different
intracellular locations. Bim and Bmf are bound to the cytoskeleton’’-"°;
Rambo localizes at the MOM?®; Puma, Noxa, and Bad are both soluble in
the cytosol and bound to the MOM?®-%: Bid is located in the cytosol®” while
Bik and Beclin 1 target the ER%8,

Once activated, multidomain Bcl-2 proteins and BH3-only proteins
migrate to and insert into the mitochondrial membrane by different
mechanisms: 1) direct post-translational anchorage into the MOM by
tail-anchor sequences®’85%0; 2) interaction with other Bcl-2 family
proteins®%2; 3) interaction with non-Bcl-2 family proteins, such as
TOM/TIM complexes and enzymes that produce post-translational
modifications®®; and 4) interacting with mitochondrial lipids, such as

cardiolipin or cholesterol®*%,

As mentioned before, almost all the multidomain Bcl-2 proteins and
some BH3-only members target and insert into the intracellular membranes
by their tail-anchor sequence or TMD. The transmembrane domains are
highly hydrophobic and helical C-terminal segments, of 15 to 22 amino
acids, flanked by charged amino acids. The hydrophobicity of the TMD and
the basicity of the flanking sequences have a relevant role for the membrane
specific targeting of the proteins®”%97, Well-defined TMDs are present in
Bak, Bcl-2, Bcl-xL, Bcl-w, and Mcl-1, while C-terminal segments of Bax,
Bfl-1, or some BH3-only proteins do not show general criteria of canonical

TMD sequences but still translocate these proteinsfrom the cytosol to the
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membrane upon apoptosis stimulation®”. Bok also has an unconventional

TMD sequence although it exclusively resides in membranes’

1.3.1.Bcl-2 transmembrane domains in the context of full-length

proteins: membrane targeting and functional role.

Bcl-xL has a well-defined TMD. Its preferential mitochondrial
targeting is favored by the presence of two basic amino acids at both ends
of the C-terminal segment®’. The Bcl-xL TMD is not only involved in the
intracellular anchoring but also the homo-dimer formation and interaction
with Bax®®%, Indeed, the Bcl-xL TMD mediates Bax retrotranslocation
from the mitochondria into the cytosol by direct binding with Bax®:,
modulating Bax accumulation on the mitochondria and thus, the formation
of Bax oligomers and its proapoptotic activity. The C-terminus of Bcl-xL
also influences the Bcl-xL shuttling off the mitochondria®.
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Table 1. Transmembrane domains of the Bcl-2 family.

Protein Predicted sequence Target

Bcl-2 212FSWLSLKTLLSLALVGACITLGAYLGHK339 ER, MOM, Nucleus
Bcl-xL 203SRKGQERFNRWFLTGMTVAGVVLLGSLFSRK>33 MOM, ER
Bcl-w 163REGNWASVRTVLTGAVALGALVTVGAFFASK;03 MOM

Mcl-1 328l RNVLLAFAGVAGVGAGLAYLIRzs0 MOM, ER, Nucleus
Bfl-1 151KSGWMTFLEVTGKICEMLSLLKQYC75 MOM, ER, Nucleus
Bax 160 TWQTVTIFVAGVLTASLTIWKKMG192 MOM, ER, Golgi
Bak 188lLNVLVVLGVVLLGQFVVRRFFKS711 MOM, ER
Bok 18sRSHWLVAALCSFGRFLKAAFFVLLPER21, ER, Golgi, MOM

Underlined residues represent the flanking regions of the TMD, which are influence the
subcellular targeting. Intracellular targeting extracted from34,

In addition to the role in the interaction equilibrium, the Bcl-xL TMD
is related to mitochondrial morphology (increased proportion of
mitochondria with an expanded matrix) and confers moderated cell death
resistance in response to staurosporine®®. Pécot and colleagues'® have also
pointed out the implication of the Bcl-xL TMD in the chemotherapeutic
resistance to the BH3 mimetic and Bcl-xL inhibitor WEHI-539. It has been
proposed that upon WEHI-539 treatment, the BH3-only protein Puma is
released from the Bcl-xL sequestration and thus, activates Bax
oligomerization. However, in cellular systems, BH3 mimetics might not
fully inhibit intracellular Bcl-xL'%. This is due to membrane-anchored
Bcl-xL has an enhanced antiapoptotic activity than the soluble forms used

in drug design studies. Hence, mutations within the C-terminal end alter
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Bcel-xL intracellular localization, which has an impact on its BH3 binding

properties and the cellular response to BH3 mimetics'®.

There are three Bcl-x isoforms described: Bcl-xL, Bcl-xS, and Bcl-xAK.
Both Bcl-xS and Bcl-xAK isoforms contain the TMD and are proapoptotic
proteinsi®1% The Bcl-xS includes the BH3 and BH4 domains together with
the loop and the transmembrane segment'61%7 |t has been proposed that
Bcl-xS requires the TMD to localize in mitochondria and exerts its
cell-killing effect!?’. In the case of Bcl-xAK isoform, it encloses BH2, BH4,
and the TMD, and executes cell death in a Bax/Bak and caspase-dependent

mannert,

In contrast to the mainly mitochondrial localization of Bcl-xL, Bcl-2
also targets the ER and the nuclear envelope. The different distribution of
these two proteins is explained by TMD differences. The Bcl-2 TMD is
more hydrophobic in its N-terminal half and fewer basic residues surround
it, which causes a decrease in Bcl-2 MOM-specificity, leading to a greater
localization on the ER membrane and nuclear envelope®’. Despite their
differences, Bcl-2 and Bcl-xL TMDs can form homo-oligomers and
hetero-oligomerize with the Bax TMD. In a previous work®® we
demonstrated that Bcl-2:Bax and Bcl-xL:Bax TMDs hetero-oligomers
regulates Bax pore-forming activity by direct competition, decreasing Bax

oligomerization and MOMP.

Bfl-1 does not contain a well-defined TMD, although its C-terminal

helix anchors Bfl-1 to the mitochondrial membrane. Interestingly, the
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amphipathic character of the C-terminal domain is required for protein

anchorage to mitochondria and regulates its prosurvival function®.

The Mcl-1 TMD is essential for protein localization and mitochondrial
membrane insertion, as well as the nuclear and the ER membranes!!®, It
has been described that cleaved Mcl-1 fragments and a splice variant, which
contain the C-terminal segment, exert proapoptotic functions. More in detail,
the cleavage at Aspartate 127 results in the Mcl-11283%° product that induces
cell death in several cell lines and primary malignant B-cells'!?1%>, On the
other hand, the extra short (Mcl-1gs) splice variant induces mitochondrial
apoptosis in a Bax/Bak independent manner'®, Both, the Mcl-1128-3%
fragment and Mcl-1gs isoform retain BH1 to BH3 domains and the TMD,
therefore the specific role of the TMD in cell death induction is not clear.
However, it has been recently described a possible role for the Mcl-1 TMD

in the antiapoptotic function of Mcl-1 under Bok-induced apoptosis*'’.

The C-terminal segment of Bcl-w is folded back into the hydrophobic
pocket in healthy cells. In response to an apoptotic stimulus, Bcl-w
undergoes a conformational change, during which the C-terminus is
displaced from the pocket and Bcl-w inserts into the MOM. The C-terminal
truncated version can sequester BH3-only proteins such as Bim, although its
antiapoptotic activity is impaired*-118,

In the inactive and cytosolic Bax, the C-terminal segment (a9) is folded
back into the hydrophobic groove. After apoptosis induction, the C-terminal
region is released, directing Bax to the mitochondrial membrane and
allowing the binding of BH3 domains of other Bcl-2 proteins*:. There are a
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few amino acids identified as key elements for mitochondrial targeting or
apoptotic activity: P168, G179, T182, and S184°8:70119.120,

Different groups have investigated the role of P168 in Bax localization
and apoptosis execution, getting contradictory results. Shinzel et al.l%®
concluded that the P168A mutation abrogates Bax mitochondrial targeting
in both normal and apoptotic conditions. However, other data have shown
the opposite effects of P168 mutants. In a yeast system, the P168A mutant
exhibited an increased capacity to insert into the MOM and to promote the
release of Cyt-c *2L, In agreement with this, Simonyan et al.*??> showed that
Bax P168A has a greater ability to bind to membranes, oligomerize and thus,

release Cyt-c from mitochondria.

In the case of the residue 179, a Glycine to Proline mutation impairs
large oligomers formation™ and Bax C-terminal dimerization, as
demonstrated in our previous work®. However, Newmeyer’s group and we
have gotten contradictory results regarding Bax G179P mitochondrial
localization. They showed a cytoplasmic distribution of Bax G179P
full-length (FL) protein in Bax”"Bak™ mouse embryonic fibroblasts (MEFs),
with and without the apoptosis inducer staurosporine; while we
demonstrated that the Bax G179P TMD associated with mitochondria in
Bax/Bak proficient HCT116 cells. A possible explanation for these
contradictory results is that, in our system, the presence of the endogenous
Bax WT protein may allow a marginal interaction with the overexpressed
Bax G179P TMD. This seems to be sufficient for the membrane targeting
of the Bax G179P TMD and suggests that Bax TMD:Bax TMD
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dimerization may be involved in the mitochondrial localization of the
protein. Newmeyer’s group has also described that Bax G179P impairs Bax
function, showing a devoid apoptotic activity after staurosporine
stimulation®. In addition to these observations, Bax G179E mutation also
affects Bax proapoptotic activity. This mutation has been identified in
ABT-199-resistant human lymphoma cells, where it blocks ABT-199-
induced apoptosis and led partial cross-resistance to other chemotherapeutic

drugs'®.

The other mentioned important TMD residue is S184. The S184V
mutation constitutively associates Bax with mitochondria**'%° because of its
slow retrotranslocation. This process is also reduced in the Bax T182I
mutant promoting a predominantly mitochondrial localization. The T182
mutation makes Bax less efficient in oligomer formation and liposome

membrane permeabilization’®.

The Bax helix 9 is not only involved in protein targeting but also
dimerization contacts of Bax oligomers!?*12°. The a9:a9 dimerization
enlarges Bax pores allowing the release of large proteins from the

mitochondrial?.

In a study with yeast mitochondria, Arokium et al.}?® demonstrated that
Bax C-terminus is involved in Bax/Bcl-xL interaction since mutations of
this segment impaired the inhibitory effect of Bcl-xL over Bax insertion. In
agreement with this, we have also demonstrated that the Bax TMD
oligomerizes with the Bcl-xL TMD in the mitochondrial membrane®®.
Indeed, we showed that Bax TMD-induced apoptosis was partially protected
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under Bcl-xL TMD overexpression, suggesting that the interaction of both

TMDs can modulate cell fate in apoptotic cells.

Biophysical studies have revealed that the Bak TMD (09) inserts itself
into membranes, adopting an a-helical structure and perturbing the physical

properties of the membrane!?’

. Complementary data from lyer and
colleagues®?® have demonstrated that after Bak activation, a9 helices come
into proximity before BH3:groove dimerization. They identified an a9:09
interface in the Bak apoptotic pore, although no dimerization motif was
evidenced and the Bak a9 TMD did not directly contribute to the pore
structure. However, 09:09 binding can link BH3:groove dimers to
higher-order oligomers. The Bak C-terminal segment shows another
functional role, as its hydrophobicity determines the shuttling rate of Bak
from the mitochondria to the cytosol, influencing its apoptotic activity?°.
The residency of Bak in mitochondria is also regulated by voltage-
dependent anion channel 2 (VDAC?2) sequestration and mediated by direct
interaction with the Bak TMD. This complex maintains Bak in an inactive
conformation, thereby raising the stimulation threshold necessary for
MOMP®,

The Bok TMD is necessary for ER and Golgi apparatus targeting since
BokATMD is diffusely distributed in the cytosol and the nucleus’®. It has
also been proposed that the Bok TMD may directly interact with Mcl-1

during the inhibition of apoptosis induced by Bok overexpression*!’.
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Figure 6. Transmembrane domains from the Bcl-2 family of proteins act as membrane

anchors but they also play crucial roles in apoptosis orchestration.

1.4. BCL-2 PROTEIN FAMILY IN DISEASE

1.4.1. Targeting Bcl-2 proteins in cancer therapy.

One of the cancer traits or hallmarks is the capability to evade
programmed cell death'®!; for example, by altering of Bcl-2 proteins
expression or disturbing their interaction equilibria. Several tumors have
shown alterations in Bcl-2 proteins, such as follicular lymphoma®??,

hepatocellular carcinoma®®®, prostate cancer!®*, breast cancer'®% or
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small-cell lung carcinoma*>°. Cancer cells evade apoptosis through different

mechanisms:

Insufficient activator BH3-only proteins.
Inactive or low levels of proapoptotic proteins Bax and Bak.

Overexpression of antiapoptotic members Bcl-2, Bel-xL, and Mcl-1.

A

Mutations that disturb the interaction equilibria between pro and

antiapoptotic members, in both the cytosol and the membrane.

Bcl-2 proteins not only act as oncogenic drivers but also, they contribute
to acquiring chemotherapy resistance!3®4°, Moreover, recent studies have
demonstrated that Bcl-2 proteins play additional non-apoptotic roles related
to cancer cell survival and tumor development. Some of them include
regulation of mitochondrial physiology (morphology, permeability
transition, electron transport chain, metabolism), ER physiology (Ca?*
homeostasis, unfolded protein response), autophagy, nuclear processes (cell

cycle, DNA damage response), and glucose and lipids metabolism?®4L,

Studies at the cellular level, using mouse models or analyzing patient
samples evidence the role of this family of proteins in promoting cell
migration, invasion, and cancer metastasis'*?. To mention a few examples,
Bcl-xL up-regulation correlates with invasion (vascular or stromal invasion)
and metastasis (lymph node or distal metastasis) in retinoblastoma patient
samples'®®. In triple-negative breast cancer cells, the Bcl-xL
mitochondrion-localized isoform interacts with VDACL1 to regulate the
transference of Ca®* from the ER to mitochondria in a BH3-dependent

144

manner, promoting cell migration Lastly, Bcl-w up-regulation is
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significantly associated with infiltrative types of gastric cancer~* and

enhances the invasiveness of glioblastoma cells!4.

The involvement of Bcl-2 proteins in these cellular processes supports
their pharmacological targeting for anticancer therapy, not only to kill tumor
cells but also to avoid metastasis dissemination. Based on structural and
protein interaction features, the so-called BH3 mimetics have been
developed to mimic the action of certain BH3-only proteins and inhibit the
prosurvival members'4148, The BH3 mimetics bind to the hydrophobic cleft
of antiapoptotic proteins, releasing proapoptotic BH3-only proteins, who in
turn activate Bax and Bak, and commits cells to mitochondrial apoptosis.
The first generated BH3 mimetics were ABT-737, which inhibits Bcl-xL,
Bcl-2, and Bcl-w'*, and its orally bioavailable analog ABT-263
(navitoclax)*®°, both developed by Abbott Laboratories. Navitoclax showed
efficacy as monotherapy in clinical trials for hematological malignancies>*
and small cell lung cancer'®2. Furthermore, ongoing clinical trials also
evaluate its combination with other chemotherapeutic drugs!**->>, However,
the use of navitoclax in the clinic is impaired by dose-dependent Bcl-xL—

mediated thrombocytopenia due to platelet apoptosist®®1%7,

For this reason, a more potent and selective Bcl-2 inhibitor, ABT-199
(venetoclax), was developed and became the first BH3 mimetic to be
FDA-approved for the treatment of relapsed/refractory chronic lymphocytic
leukemia (CLL). In a monotherapy trial of this disease, venetoclax treatment
showed a manageable safety profile, with a partial response observed in 79%
of patients and a complete response in 20% of them*®. Many studies have
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also assessed its efficacy in combination therapies to improve its clinical

activity>%-16%,

However, despite the good clinical results obtained with venetoclax,
resistances have already been observed, because of overexpression of other
antiapoptotic proteins or by mutation of the BH3 binding groove. Therefore,
complementary treatments to overcome these resistances are urgently

needed.

1.4.2. Druggability of transmembrane domains.

About fifty percent of all therapeutics target membrane proteins!®?,
mainly binding solvated regions outside the membrane. Traditionally, drug
discovery has looked ‘for drug targets where looking is easiest’. However,
membrane protein interactions have been considered ‘undruggable’ targets
by standard methodologies'®® due to the general lack of structural
information and the special physicochemical characteristics of membrane

proteins'®?,

Membrane proteins establish protein-protein interactions (mPPIs), as
well as protein-lipid and protein-nucleic acid interactions. It is estimated that
there are about 130,000 to 650,000 types of mPPIs in the human
interactome'®+16. However, pharmaceutical targeting of mPPls for
therapeutic intervention is challenging because their interface is generally
large and flat (lacking binding pockets), often exposed to solvent, dominated
by hydrophobic characteristics®-1% and governed by energetic rules still

not completely understood. These features difficult that small molecules

32



General Introduction

effectively interrupt mPPIs. Nevertheless, for the last years, mPPIs have
emerged as viable drug targets, especially those interfaces exposed outside
the membrane. This is because it has been traditionally considered that no
specific interactions occur within the membrane and that TMDs are simply
passive membrane-spanning anchors. Despite this assumption, TMDs play
active roles in oligomerization and specifically drive protein functional
activities within membranes®®®. This is the case of integrin TMDs that make
switchable hetero-dimeric interactions stabilizing their inactive
conformation®®17°, In the same line, a recent study highlights the role of
human epidermal growth factor receptor 2 (HER2) TMD in oncogenesist’®.,
HER2 is a member of the receptor tyrosine kinase family ErbB and a major
target for cancer therapy, due to its potential role as oncogene!’?. Recurrent
mutations within the HER2 TMD identified in cancer patients improve the
dimer interface and stabilize an active conformation of the receptor!’. Other
examples are viral peptides that interact with the TMDs of growth factors or
cytokine receptors to cause cellular transformation®”7* (Figure 7).
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Figure 7. Functional significance of TMD interactions. A) Integrin activation model,
where dimer formation through TMD interaction maintains an inactive state. B) The human
epidermal growth factor receptor 2 (HERZ2) is an oncogenic driver and a major anticancer
therapy target. TMD-activating mutations promote HER2 homodimerization and lead to
allosteric activation of the kinase domain. C) Platelet-derived growth factor (PDGF)
receptors (PDGFR) are necessary for the growth of several cell types. Upon
ligand-dependent activation, they form homo and heterodimers and the mitogenic signal is
transduced. The bovine papillomavirus E5 protein acts as an oncoprotein by direct binding
with the PDGFR-TMD and inducing ligand-independent activation. D) Erythropoietin
(EPO) activates the EPO receptor (EPOR) that ultimately results in the proliferation and
differentiation of red blood cell precursors. The Friend Erythroleukemia Virus expresses
gp55 protein, which binds the murine EPOR-TMD, activating EPOR and inducing

uncontrolled red blood cell proliferation and hence, erythroleukemia.
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Druggability of TMD interaction surfaces is also challenging due to the
presence of the highly hydrophobic and still poorly understood membrane
environment. However, recent scientific advances have allowed the
discovery of modulators of these transmembrane interactions. A selective
inhibitor of latent membrane protein-1 (LMP-1), the NSC295242 compound,
was identified by using a cell-based screening. The transmembrane domain
5 (TMD-5) of LMP-1 drives its homo-trimerization, leading to the
constitutive oncogenic activation of the Epstein-Barr virus (EBV).
NSC295242 prevents TMD-5 homo-trimerization and thus, inhibits the
oncogenic signaling of LMP-11"°, The protease-activated receptor-1 (PAR-
1) is also pharmacologically modulated by the TMD ligand vorapaxar'’® to
prevent platelet aggregation’’”. Molecular dynamics (MD) analysis
described that possibly, vorapaxar binds and dissociates from PAR-1
through a tunnel formed by TMD6 and TMD7 into the lipid bilayer,
interacting with the extracellular leaflet of the plasma membrane!’®.

Altogether, these examples pave the way for exploring TMDs as new
points for pharmacological intervention, a still-emergent but promising field.
Advances in structural biology (especially the development of cryoelectron
microscopy'’81®), and biological systems (such as the BiFC® and the
ToxR systems'81182) facilitate the identification of new specific TMD PPIs
in native environments. Therefore, improving the knowledge of TMDs
structural-function relationship will help to modulate more feasibly TMD
PPIs.
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In this scenario, our studies of Bcl TMDs interactions not only give a
new vision of the Bcl-2 proteins equilibria in the membrane but also

highlight the role of these TMDs as druggable targets.
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Mcl-1 and Bok TMDs: unexpected players in the modulation of apoptosis

Apoptosis is the best-characterized form of programmed cell death and
its alteration in cancer cells provides them an advantage for tumor
progression. This cellular process is regulated by interactions of the Bcl-2
family of proteins. Bcl-2 interactions occur in both the cytosol and
intracellular membranes where they anchor by their transmembrane
segments. The interaction network of the Bcl-2 cytosolic domains has been
largely studied; however, the membrane equilibria that govern the
mitochondrial apoptotic pathway is poorly understood. Given the relevance
of this family of proteins in apoptosis regulation and the implication of
antiapoptotic proteins in cancer progression, this thesis aims to understand
the biological significance of Bcl TMDs interactions and exploit these

binding interfaces as new chemotherapy targets.
The specific objectives referred to each chapter are:

% To analyze the contribution of the Mcl-1 TMD to both the

oligomerization state of the protein and its antiapoptotic function.

% To identify inhibitors that specifically target Mcl-1 TMD-lateral

hetero-interactions as novel anticancer drugs and TMD modulators.

+» To evaluate the functional relevance of mutations described in the Bcl-2

and Bcl-xL TMDs that have been identified in cancer patients.
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The experimental research presented within this Thesis Chapter has been
carried out in collaboration with Dr. Matti Javanainen and Dr. Waldemar
Kulig’s groups, who have performed the molecular dynamics simulations.
As a result of this collaboration, the publication Mcl-1 and Bok
Transmembrane Domains: Unexpected Players in the Modulation of
Apoptosis is under revision in the journal Proceedings of the National

Academy of Sciences.

3.1.INTRODUCTION

Bcl-2 proteins are structurally characterized by the presence of at most
four BH domains and a C-terminal transmembrane segment that in almost
all members serves as a transmembrane domain. During the apoptotic
process, most interactions between Bcl-2 proteins occur at intracellular
membranes, where TMDs of Bcl-2 proteins (Bcl TMDs) have been
traditionally described only as membrane anchor domains. However,
mechanistic studies have demonstrated that Bcl TMDs fulfill many other
crucial functions (as mentioned in the General Introduction). For example,
in our previous work, we described the interaction of Bax TMD with Bcl-2

or Bel-xL TMDs as a new level of apoptosis regulation®®,

Despite this evidence, the underlying network of Bcl TMD interactions
and their functional contribution to apoptosis modulation remains poorly

understood. To increase our knowledge of the modulatory events that take
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place within the membrane and influence the apoptotic pathway, we focused
the present work on the study of the Mcl-1 TMD.

The antiapoptotic protein Mcl-1 acts sequestering both BH3-only
activators (Noxa, Bid, Bim, and Puma)*® and the multidomain pore-forming
proteins (Bax, Bak, and Bok)'®+8,  Mcl-1 is characterized by its wide
intracellular distribution®”8" and its short half-1ife®®  Structurally, it
differs from its antiapoptotic relatives due to the presence of an N-terminal
sequence enriched in proline (P), glutamic acid (E), serine (S), and threonine
(T) (PEST sequence)*® that is responsible for proteasome-dependent Mcl-1

degradation.

Human Mcl-1

BH4 BH1 BH2 TMD
N pest pest PEST PEST . . . c
350 aa

Figure 8. Schematic representation of the human Mcl-1 protein. Functional regions
(BH1-4 domains and the TMD), and minor (lower case) and major (upper case) PEST

sequences are depicted.

Overexpression of Mcl-1 has been observed in hematological
malignancies, such as B- and T-lineage non-Hodgkin lymphomas®® and
several solid tumors, including hepatocellular carcinomal®!, esophageal
squamous cell carcinoma®®?, breast cancer'®, lung cancer®*, among others.
Mcl-1 overexpression also associates with innate and acquired resistance to
chemotherapy. Hence, Mcl-1 inhibitors have gained the attention of the

pharmaceutical industry as anti-tumor agents'®. Currently, neutralizing its
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BC groove with BH3 mimetics is the main strategy to inhibit Mcl-1. Indeed,
several clinical trials are undergoing evaluation of four Mcl-1-BH3
mimetics (NCT03218683, NCT02675452, NCT03797261, NCT03465540,
NCT02979366, NCT02992483, and NCT03672695). However, there are
still no conclusive data regarding whether their side effects will be

manageable in humans.

Progression toward using Mcl-1 inhibitors depends on understanding
its structure, interactome, and functions, but also its poorly explored TMD.
Results from the computational analysis have had direct implications on the
design of specific inhibitors of antiapoptotic proteins®®%: however,
molecular dynamics (MD) simulations have focused on the binding mode
between the Bcl-2 extramembrane domains and chemical modulators,
neglecting Bcl TMD interactions. Methodological advancements in all-atom
(AA) simulations have enabled to analyze the stability of TMD pre-formed
dimers'®® and estimate the dimerization energetics of dimers with solved
structures®2%, Recent coarse-grained (CG) models allow larger and longer
simulations and are currently employed to predict dimer structures and

dimerization energetics?®1:2%,

The combination of experimental analysis and atomistic simulations
can provide a deep understanding of the molecular interaction and functional
relevance of the Mcl-1 TMD, which may allow the identification of new
points for Mcl-1 pharmacological intervention and the development of
alternative therapeutic strategies to inhibit it. Thus, the aim of this work is
to combine experimental studies and MD simulations to uncover the

relevance of the Mcl-1 TMD in apoptosis modulation.
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3.2.MATERIALS AND METHODS

3.2.1. Cell cultures.

The human colorectal carcinoma wild-type (WT) and Bax”’Bak™
HCT116 cells were kindly provided by Prof. Richard Youle and by Prof.
Bert Vogelstein, and grown in McCoy’s SA medium (Gibco, Thermo
Scientific™) supplemented with 10% fetal bovine serum (FBS,
Sigma-Aldrich). The human cervix adenocarcinoma HeLa cell line was
obtained from the American Type Culture Collection (ATCC, Rockuville,
MD, USA) and HeL.a mtDsRed cells were kindly provided by Prof. Juan V.
Esplugues. Both HeLa cell lines were cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM, Sigma-Aldrich) supplemented with 10% FBS.
All cell lines were maintained at 37 °C in a humidified atmosphere with 5%
COa.

3.2.2. Bcl transmembrane domains oligomerization assays.

Bimolecular fluorescence complementation (BiFC) assay was
performed as previously described®2°32% |t represents a good imaging tool
for direct visualization of PPIs in living cells. The basic principle of the
BiFC system is the complementation of two non-fluorescent N- and C-
terminal fragments from the enhanced yellow fluorescent protein Venus.
These two fragments (VN 1-155 and VC 155-238) can be fused to a pair of
proteins and reconstitute Venus fluorescence when the two proteins interact.

Therefore, PPIs can be easily monitored by Venus fluorescence under a
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microscope. In this work, we used a VN fragment with the point mutation
1152L that specifically decreases the signal-to-noise ratio of the BiFC assay.
In a previous thesis of our group?® different Bcl TMDs were cloned at the
C terminus of VN and VC fragments, according to their natural topology in
full-length proteins.

| " om!vx
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9,,; (\>
=

X
pBiFC-VN155(1152L) ¥ 2
4289 bp 25

M1 3,
CMV""q
e, /)
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4088 bp

ol)d aowv
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Figure 9. Plasmids encoding for N- and C-terminal Venus protein
(https://www.addgene.org).

Analyses of the Mcl-1 TMD oligomerization capability were performed
in HCT116 cells, seeded in 6-well plates (400,000 cells/well) and
transfected with 0.5 pg VN and 0.5 pg VC Mcl-1 TMD plasmids, using 6 pl
TurboFect (Thermo Scientific™) as transfection reagent. Twenty hours
post-transfection, cells were harvested and centrifuged. The cellular pellet
was resuspended in 150 pl phosphate buffered saline (PBS) and transferred
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to a dark 96-well plate to measure Venus fluorescence emission in a Wallac
1420 Workstation at 535 nm (Aexcitation 500 nm).

3.2.3. Immunoblotting.

For immunoblotting, unless otherwise indicated, whole-cell extracts
were obtained by lysing cells in lysis buffer (25 mM Tris-HCI pH 7.4, 1 mM
ethylenediaminetetraacetic acid (EDTA), 1 mM ethyleneglycoltetraacetic
acid (EGTA) and 1% sodium dodecyl sulfate (SDS)) supplemented with
protease and phosphatase inhibitor cocktails (Roche). The protein
concentration was determined by the bicinchoninic acid (BCA) protein
assay (Thermo Scientific™). Equal amounts of lysates were prepared with
reducing Laemmli buffer, separated on 12% SDS-polyacrylamide gel
electrophoresis (PAGE) gels, transferred to a nitrocellulose membrane (GE
Healthcare Amersham™  Protran™ Premium NC Nitrocellulose
Membranes) and blocked with 5% skimmed milk (Becton Dickinson) for
1 h. Then, membranes were incubated overnight with primary antibodies at
4 °C (Table 2). Commercial secondary antibodies specific for mouse, rabbit,
or rat 1IgG conjugated with peroxidase for enhanced chemiluminescence
(ECL) detection (Amersham Pharmacia Biotech) were purchased from
Sigma-Aldrich. Immunoblot signals were detected using GE Healthcare’s

ECL detection reagents and acquired in an ECL™ Detection System.
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Table 2. Primary antibodies used for immunoblotting.

Primary antibody Isotype Purchased from Dilution
Myc-Tag (9B11) Monoclonal Cell signaling (#2276) 1:1000
ye-lag Mouse 1gG2a g g '
Monoclonal . .
HA-Tag (C29F4) Rabbit IgG Cell signaling (#37245S) 1:1000
Tubulin (YL1/2) Monoclonal Abcam (ab6160) 1:10000
lgG2a
Tom20 (FL-145) PO'VC'Olr;Z' Rabbit o 42 cruz (11415) 1:1000
Polycl | Rabbi
Mcl-1 oe Olgz 3BBIL ol signaling (#4572) 1:1000
Monoclonal . ,
Bcl-2 (50E3) Rabbit Cell signaling (#2870) 1:1000
Bcl-xL (54H6) Rabbit I1gG Cell signaling (#2764) 1:1000
Monoclonal
Bok (EPR15331) Rabbit 1gG Abcam (ab186745) 1:1000

3.2.4. Subcellular fractionation.

To obtain heavy membranes and cytosolic fractions, a total of 1x10’
cells were seeded in 150-mm plates and transfected after 24 h with 6 ug VN
and 6 pg VC Bcl TMD plasmids. Cells were harvested, washed in cold PBS
and resuspended in cold SEM buffer (10 mM HEPES, 250 mM sucrose,
pH 7.2) supplemented with protease inhibitor cocktail (Complete, Roche).
Then, samples were mechanically lysed by passing them through a 23 G
needle and centrifuged at 500 g, 4 min, 4 °C to remove nuclei and cellular
debris. The post-nuclear supernatant was centrifuged at 15,000 g, 30 min,
4 °C, and cytosol (supernatant) and heavy membranes (pellet) fractions were
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separated. The crude heavy membranes pellet was washed twice in cold
SEM buffer and centrifuged at 13,000 g, 5 min, 4 °C. The resulting pellets
were solubilized in Laemmli buffer. The cytosolic fraction was
ultracentrifuged at 100,000 g, 1 h, 4 °C, and the supernatant was subjected
to acetone precipitation for 1 h at -20 °C. After centrifugation, cytosolic
pellets were also solubilized in Laemmli buffer. Protein samples were
separated on denaturing 12% SDS-PAGE gels and analyzed by western
blotting. Proteins Tom20 and tubulin were used as mitochondrial and

cytosolic markers, respectively.

3.2.5. Confocal live-cell imaging.

For BiFC visualization, HCT116 cells expressing VN and VC Bcl TMD
plasmids were analyzed, while their subcellular distribution was observed
in HeLa mtDsRed cells. In both cases, cells were transfected with VN and
VC Bcl TMD plasmids as previously described, in a microscope cover glass
(24 mm diameter), stained with Hoechst for nuclei detection and maintained
in their corresponding medium at 37°C and 5% CO: for imaging. Venus
(Bcl TMDs oligomerization) and mtDsRed (mitochondrial marker, MTS
sequence of pre-ornithine transcarbamylase fused to the Discosoma sp. red
fluorescent protein) fluorescence were taken using confocal microscopy. A
Leica TCS SP8 confocal microscope equipped with solid-state
diode-pumped lasers with excitation wavelengths of 405 nm (for blue
emission), 488 nm (for green emission) and 552 nm (for red emission); and
a Leica DMIi8 motorized inverted microscope equipped with a precision

motorized XY Stage were used for imaging. Images were acquired and
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deconvolved through HyVolution Module, using Leica Plan-Apochromat
63x 1.4 NA objective and hybrid detectors. Co-localization was
quantitatively assessed by drawing regions around individual cells and
computing the Pearson’s correlation coefficient by using the Leica
Application Suite X software. Confocal experiments were performed at the

Principe Felipe Research Center Confocal Microscopy Facility.

3.2.6. Determination of caspase 3/7 activity.

Caspase-3 and -7 are executioner caspases of the apoptotic pathway.
Their activity was measure after Bcl TMDs transfection, to determine the
apoptosis induction capability of these constructs, using a specific
fluorescent substrate. To avoid Venus fluorescence emission and thus,
signal interference with the caspase 3/7 substrate, we only transfected the
VN Bcl TMDs. Cell extracts were prepared from 4x10° cells seeded in
6-well plates and transfected the next day, as mentioned before. After 20 h
VN Bcl TMDs expression, cells were scrapped, washed with PBS, and
collected by centrifugation at 800 g, 5 min, at 4 °C. The pellets were
resuspended in lysis buffer (10.20 mM HEPES pH 7.4, 10 mM KCI, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT and 1.5 mM MgCl, supplemented with
protease inhibitor mixture from Roche). After three times of frozen/thawed
in liquid nitrogen, the cell lysates were centrifuged at 13,200 rpm for 7 min
and supernatants were collected. Total protein concentration was quantified
by the BCA method. For caspase 3/7 kinetic, a total of 50 pg protein was
mixed with 200 pl caspase assay buffer (PBS, 10 % glycerol, and 2 mM
DTT) containing 20 pM of the specific substrate Ac-DEVD-AFC
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(Peptanova). Caspase activity was monitored by continuously measuring the
release of the fluorescent AFC product using a Wallac 1420 Workstation
(Aexcitation 400 nm and Aemission 508 nm). Caspase 3/7 activity was

expressed as the increase of the arbitrary units (a.u.).
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Figure 10. AC-DEVD-AFC Structure.

3.2.7. Mitochondrial depolarization assay.

Loss of A®m is closely associated with Cyt-c release during apoptosis®®.

Therefore, mitochondrial depolarization is often associated with apoptosis
induction. The A¥m can be analyzed by tetramethylrhodamine ethyl ester
(TMRE, T669, Invitrogen) staining. TMRE is a cell-permeant, cationic dye
that is readily sequestered by active mitochondria and can be detected by

flow cytometry. Low TMRE staining is associated with loss of A¥m.

To measure the A¥m, cells transfected with 1 ug VN Mcl-1 TMDs in
the above-described conditions were incubated with 50 nM TMRE at 37 °C,
5 % COg, for 30 min. Then, samples were analyzed in a CytoFLEX flow
cytometer (Beckman Coulter). Cells pretreated during 10 min with 20 uM
carbonilcyanide p-triflouromethoxyphenylhydrazon (FCCP) were used as

positive control for mitochondrial depolarization.
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3.2.8. Lactate dehydrogenase release.

As a result of necrotic or late apoptotic cell death, the plasma membrane
is permeabilized and the cytosolic glycolytic enzyme lactate dehydrogenase
(LDH) is released to the medium?’. To measure cell viability by LDH
release, CytoTox-ONE™ Homogeneous Membrane Integrity Assay Kit
(Promega) was used according to the manufacturer’s instructions. It is based
on the enzymatic conversion of resazurin into resorufin fluorescent product,
where the amount of resorufin is proportional to the number of dead cells.

The release of LDH was calculated as follows:

Abs treated cells — Abs untreated cells

LDH rel %) = 100
release (%) x Abs untreated lysed cells
where the absorbance was measured at 490 nm and untreated cells were

lysed with Triton 9%, which represented the maximum release of LDH

NAD+ NADH

,,“\\/‘_7,77
> Resorufin /\&4 Resazurin
<

)
< 2
LA~ Diaphorase

Figure 11. Release of LDH. The generation of the fluorescent resorufin product is
proportional to the amount of LDH and therefore, to the amount of cell death

(www.promega.com/protocols/).


http://www.promega.com/protocols/
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3.2.9. Immunoprecipitation.

1x10” HCT116 cells were seeded in 150-mm plates and transfected on
the following day with 12 pg VN Mcl-1 plasmid +/- 12 pg Bok full-length
(FL) plasmid plus the transfection reagent TurboFect. Twenty hours pos-
transfection, immunoprecipitation was performed with a Pierce™ Classic IP
Kit (Thermo Scientific™) following the manufacturer’s instructions. Briefly,
cells were harvested and lysed in 1.5 ml IP Lysis/Wash Buffer for 5 min on
ice. Lysates were cleared by centrifugation and 500 pg of supernatants were
precleared using 80 ul of the Control Agarose Resin slurry for 1 h at 4 °C
on a rotating wheel. Precleared lysates were added to columns containing
5 ug of immobilized anti-Myc-Tag 9B11 antibody, and the mixture was
incubated overnight at 4 °C on a rotating wheel. Samples were eluted by

centrifugation and immunoprecipitates were analyzed by immunoblotting.

3.2.10. Bok silencing.

HCT116 cells were plated in 6-well plates at a concentration of
400,000 cells/well. Cells were transfected with the On-Target plus Human
Bok small interfering RNA (siRNA) pool of 4 oligos (Dharmacon).
Transfection solution (Opti-MEM Reduced Serum Media, Gibco, Thermo
Scientific™) contained 2.5 pl Lipofectamine 2000 (Invitrogen) and 150 uM
siRNA. Twenty-four hours post-siRNA-transfection, cells were transfected
with 1 ug VN Mcl-1 TMD plasmid, and cell extracts were processed after
18 h, to measure caspase 3/7 activity, and analyze Bok and c-myc expression

by western blotting.
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3.2.11. Molecular dynamics simulations.

Molecular dynamics simulations were performed to predict homo- and
hetero-dimers formation using Mcl-1, Bok, and Bax TMDs. First, a-helical
TMD peptides were constructed in the atomistic resolution, exposed to a
lipid bilayer of 128 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) molecules until they equilibrated, and allowed their conformations
to relax. Next, a-helical TMD peptide structures were transformed into
coarse-grained resolution and 1,000 initial structures of the two peptides
were generated?®’. Then, the TMD peptides were embedded in a lipid

bilayer?%®

and allow them to dimerize. To analyze the stability and structural
details of the predicted homo- and hetero-dimers, the dimer structures were
clustered allowing the identification of the two most populated clusters or
binding modes. For each TMD homo- and hetero-dimer, their centroids were
fine-grained, embedded in lipid bilayers of 150 POPC molecules using the
CHARMM-GUI server?® and simulated for 1 ps each. Finally, dimer
stability and structural fetaures such as the crossing angles between the two

TMDs and the amino acids of the binding interface were analyzed.

3.2.12. In situ proximity ligation assay.

To detect mitochondria-associated membranes (MAMs) we performed in
situ proximity ligation assays (PLA), which allows the detection of
endogenous protein-protein interactions?'°
antibodies against VDAC1 (mitochondria) and IP3R (ER). To perform

Duolink PLA (Sigma Aldrich), HeLa cells were plated on a microscope

. Specifically, we used primary

cover glass (200,000 cells/well) and transfected as indicated above, with
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VN/VC Mock TMD or VN Mcl-1/VC Bok TMD constructs. Cells were
washed with PBS, fixed with 4% paraformaldehyde (PFA) for 10 min, and
permeabilized with 0.1% Triton X-100 for 10 min at room temperature. The
blocking step was performed with Duolink blocking solution for 1 h at 37 °C,
and cells were then incubated with VDACL1 (ab14734, Abcam) and IP3R
(ab5804, Abcam) primary antibodies overnight at 4 °C. The plus and minus
PLA probes were used for antibodies hybridization, followed by ligation and
amplification reactions performed according to the manufacturer's protocol.
Duolink in situ mounting medium with DAPI was added to the slides and
pictures were acquired using a Leica TCS SP8 confocal microscope. Three
experiments were performed and MAMs were quantified in a total of 20
transfected cells per condition. Data represent the number of MAMs per cell.

3.2.13. Mcl-1 somatic mutations.

Somatic mutations within the TMD of the antiapoptotic protein Mcl-1
were identified by searching the catalog of somatic mutations in cancer

(COSMIC). All selected mutations had a high pathological score.

Mcl-1 somatic mutations were introduced in the BiFC system (VN and
VC plasmids) to analyze the oligomeric state and subcellular localization of
the mutants. The pcDNA3.1 vector containing Mcl-1 FL protein was also

mutated to study the functional consequences of these somatic mutations.

The Mcl-1 TMD BiFC and Mcl-1 FL pcDNA3.1 point mutations were
obtained using standard site-directed mutagenesis with the Stratagene

Quickchange II kit (Agilent), according to the manufacturer’s instructions.
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Primers were designed using the web-based QuikChange Primer Design

Program available online at www.agilent.com/genomics/gcpd. All
constructs were verified by sequencing in the Genomics and Translational
Genetics Service, at the Principe Felipe Research Center.

Table 3. Primers for Mcl-1 TMD mutagenesis.

H TMD 1 1 1 1
Protein Mutation Forward (5'- 3') Reverse (5' - 3')
A339T gcttttgcaggtgtta tagctcctactccagt
ctggagtaggagcta aacacctgcaaaagc

Mcl-1 1348V gctattttggcatatg ccgctcatcttattac
taataagatgagcgg atatgccaaaatagc

L348V gctggtttggcatat tgccctatcttatta

(pcDNA3.1) gtaataagatagggc catatgccaaaccagc

3.2.14. Statistical analysis.

All the values represent the mean + the standard error of the mean (SEM)
of at least three independent experiments. Statistical significance was
determined by one-way ANOVA, applying the Dunnet’s test, or two-way
ANOVA, using Sidak’s post-test. P < 0.05 was designated as statistically
significant. Specific details of each experiment are indicated in the figure

legends.


http://www.agilent.com/genomics/qcpd
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3.2.15. Software.

Bcl TMD-BIFC system was ‘Created with Biorender.com’ and using
the PyMOL software. Confocal image analysis was performed using the
Leica Application Suite X software. MAMs were quantified using FiJi

software. The Graph Pad 8 software was used for statistical analysis.

3.3. RESULTS

3.3.1. The Mcl-1 TMD oligomerizes in intracellular membranes.

To analyze Mcl-1 TMD interactions, we first studied its self-association
in living cells using the BiFC assay (Figure 12A), where the TMD is fused
to the VN and VC fragments of the Venus fluorescent protein. We
transfected both, VN and VC Mcl-1 TMD constructs into HCT116 cancer
cells and Venus reconstitution was detected by fluorescence emission, at the
same level that we previously described for Bcl-xL TMD®® (Figure 12B).
This indicates that the Mcl-1 TMD forms homo-oligomers in living cells.
As a negative control for Venus complementation and therefore, for TMDs
interaction, we employed the alpha 6 helix of Bid (Bid TMD)?!!. Detection
of c-myc and HA tags by immunoblotting showed equivalent expression
levels of VN and VC constructs, respectively (Figure 12B).
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Figure 12. The Mcl-1 TMD homo-oligomerizes in the mitochondrial membrane. A)
Schematic representation of the Bimolecular Fluorescent Complementation (BiFC) assay
where Bcl TMD-driven oligomerization results in complementation of two non-fluorescent
fragments (VN and VC) of the Venus fluorescent protein and its reconstitution. Rigth panel
depicts the Mcl-1 TMD sequence, with central Glycine residues in bold. B) Self-interaction
of wild-type and single amino acid mutants Mcl-1 TMDs measured by BiFC assay in
HCT116 cells. Representative images of fluorescent signal in the confocal microscope are
represented in the right panel (scale bar, 20 um). The graph (left panel) shows the Venus
fluorescent quantification. The Bcl-xL TMD homo-oligomerization and the Bid TMD
served as positive and negative controls, respectively. Error bars represent the mean + SEM,
n = 6. Significant differences compared to the Mcl-1 WT TMD were analyzed using
Dunnett’s Multiple Comparison Test (*P < 0.05, **P < 0.01). Protein expression of VN
(c-myc) and VC (HA) chimeric proteins appears in the bottom panel; a-tubulin was
included as loading control. C) Representative confocal images of HeLa cells expressing a
red mitochondrial matrix marker (MtDsRed) and transfected with three versions of the
VN/VC Mcl-1 TMD: WT, G340P, and G344l. Homo-oligomers were detected in the green
channel (scale bar, 20 um). Merge images show co-localization with Pearson's correlation
coefficient. D) Subcellular fractionation of HCT116 cells transfected with VN (c-myc) and
VC (HA) Mcl-1 TMD constructs, where mitochondrial fraction (M) was controlled using

Tomz20 and cytosol fraction (C) with a-tubulin.

To corroborate packing specificity of Mcl-1 TMD oligomerization, we
searched for relevant residues or ‘hot spots’ which mediate helix-helix
interactions.  Structural studies have revealed that Glycines in
transmembrane regions, in contrast to soluble domains, predominantly face
helix-helix interfaces and have a high occurrence at helix crossing points?'?
214 Specifically, there are several examples where GxxxG motifs are
involved in TMD helices interaction?'®. The analysis of the Mcl-1 TMD

amino acid sequence revealed central Glycine residues (Glycine 340 and
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Glycine 344) as potential hot spots. To evaluate the relevance of these
residues in the packing interface, we generated two point mutants using
site-directed mutagenesis: the Mcl-1 G340P and the Mcl-1 G3441 TMDs.
Mutated proteins were expressed at similar levels as the wild type protein.
However, the Mcl-1 G340P TMD mutant showed a decreased reconstitution
of Venus fluorescent protein, which may be due to a disruption of Mcl-1
TMD oligomerization and demonstrates the specificity of this packing
interaction. The Mcl-1 G3441 TMD did not affect the oligomerization state,
suggesting that this Glycine is not an interacting residue of the Mcl-1 TMD

dimerization interface (Figure 12B).

Many of the proteins from the Bcl-2 family must be targeted to
intracellular membranes to execute their functions®®®. Besides, MOMP
regulation by Bcl-2 proteins requires protein interactions and oligomer
formation in the membranes?®. For that reason, we examined the
intracellular distribution of Mcl-1 TMDs by microscopy studies. To address
this, VN and VC Mcl-1 TMD segments were transfected in HelLa cells
stably overexpressing a Discosoma sp. red fluorescent protein (DsRed)
fused to the mitochondrial signaling sequence of pre-ornithine
transcarbamylase (MtDsRed)?!’. Confocal microscopy studies showed that
Mcl-1 WT, G340P, and G3441 TMDs co-localize with mitochondria (Figure
12C). Their same pattern of distribution again confirms that a lower VVenus
fluorescence obtained with the G340P mutant is exclusively due to an

impaired oligomeric capability.

The mitochondrial distribution of Mcl-1 TMDs was also corroborated
by cellular fractionation studies, where VN and VC Mcl-1 TMD fragments
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were detected in the same fraction as the Tom20 outer mitochondrial

membrane protein (Figure 12D).

Altogether, these results demonstrate that the Mcl-1 TMD presents a
sequence-specific packing interface and homo-oligomerizes in intracellular

membranes of non-apoptotic cells.

3.3.2.The Mcl-1 TMD induces cell death by competition with the
full-length Mcl-1 protein.

Accumulating data have recognized that the oligomerization between
transmembrane segments can control the function of the whole protein?'82%°,
Specifically, functional roles for Bcl TMDs have been previously described
by our group and others®®°:117:120 highlighting the notion that interactions
of Bcl TMDs are relevant for apoptosis modulation. For this reason, we
explored here the role of the Mcl-1 TMD oligomerization in apoptosis
regulation. Cells undergoing cell death activate the executioner caspase-32%°,
therefore we first tested its enzymatic activation in HCT116 cells transfected
with VN Mcl-1 TMD fragments. Interestingly, those constructs that
homo-oligomerized, such as Mcl-1 WT and G3441 TMDs, induced caspase
3/7 activation; while the non-interacting mutant Mcl-1 G340P TMD showed
a significant decrease in the cell death ability (Figure 13A). The caspase-3
activation is a common event in different types of cell death, like necrosis
and apoptosis. To elucidate which mechanism of cell death the Mcl-1 TMD
induces, we also measured the cytosolic lactate dehydrogenase (LDH)
activity as a necrotic marker, due to during necrosis cells release LDH to the

medium as a consequence of cell lysis. HCT116 cells overexpressing the
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Mcl-1 WT TMD or the mutated versions did not release LDH to the
extracellular media (Figure 13B), confirming that Mcl-1 TMDs did not

induce necrosis.

The pore-forming proteins Bax, Bak, and Bok can generate pores in the
MOM?2L:222  destabilizing it, and causing the loss of Aym. Due to Mcl-1
TMDs insert into the mitochondrial membrane, we evaluated whether they
may disrupt the Aym by tetramethylrhodamine ethyl ester (TMRE) staining.
The TMRE is a cell-permeant, cationic, dye that is readily sequestered by
active mitochondria. Therefore, low TMRE staining is associated with loss
of Aym. HCT116 cells were transfected with VN Mcl-1 TMD segments,
stained with TMRE, and analyzed by flow cytometry. The uncoupler of
mitochondrial oxidative phosphorylation FCCP was used as a positive
control of mitochondrial membrane depolarization. As shown in figure 13C,
the Mcl-1 WT TMD and its mutants induced a slight mitochondrial
depolarization with a pattern similar to that of caspase 3/7 activity, where
the non-oligomerizing Mcl-1 G340P TMD mutant provoked the lowest

mitochondrial depolarization.

Our previous work described that Bax TMD-induced apoptosis is
partially blocked by the overexpression of Bcl-xL FL protein, due to Bcl-xL
and Bax TMDs interaction®. For that reason, we analyzed whether
co-transfection of antiapoptotic full-length proteins (pcDNA3/Mcl-1,
Bcl-xL or Bcl-2) and the Mcl-1 TMD interfered with its apoptosis activation
capability. The proapoptotic effect of the VN Mcl-1 TMD was significantly
reduced in the presence of Mcl-1 FL protein, but not when its relatives Bcl-

xL or Bcl-2 FL were co-expressed (Figure 13D). These results suggest that
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the Mcl-1 TMD can act as a molecular competitor of the endogenous Mcl-1
protein, displacing it from its antiapoptotic function in the cell, thereby

inducing cell death.
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Figure 13. The Mcl-1 TMD induces cell death. A) Caspase 3/7 activity was analyzed in
cytosolic extracts of HCT116 cells, 16 h after transfection of the VN Mcl-1 WT TMD, and

its single amino acid mutants. Error bars represent the mean + SEM, n = 3. Significant
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differences were compared to the WT Mcl-1 TMD ( P-value according to Dunnett’s test is
displayed. **P < 0.01. VN Mcl-1 TMDs expression (c-myc) was analyzed by western
blotting, using a-tubulin as a loading control (right panel). Lactate dehydrogenase activity
(B) and (C) mitochondrial polarization status were measured in the above-described
conditions. D) HCT116 cells were transfected with Mcl-1, Bcl-xL or Bcl-2 full-length (FL)
proteins. After 24 h, the VN Mcl-1 TMD was expressed for 16 h and caspase 3/7 activity
measured in cytosolic extracts. Error bars represent the mean + SEM, n = 5. Significant
differences were compared to the VN Mcl-1 TMD/Mock sample.*P < 0.05. Chimeric
protein expression of the VN Mcl-1 TMD (c-myc) and Mcl-1, Bcl-xL or Bcl-2 FL proteins

is shown in the right panel using a-tubulin as a loading control.

3.3.3. The Mcl-1 TMD induces apoptosis in a Bax/Bak independent and
Bok dependent manner.

Mcl-1 exerts its antiapoptotic function by sequestering multidomain
proapoptotic effectors Bak and Bax, or BH3-only proteins such as Bid and
Bim?83223-225 |t has also been demonstrated that Mcl-1 interacts with the
pore-forming protein Bok’®! although the regulation of Bok-induced

apoptosis by Mcl-1 remains controversial 4761,

To elucidate the relevance of the Mcl-1 TMD modulating the function
of the multidomain proapoptotic proteins, we first examined the
hetero-oligomerization capability of the Mcl-1 TMD with Bax, Bak, and
Bok TMDs. BiFC experiments revealed that the Mcl-1 TMD strongly
interacted with the Bok TMD and to a lesser extend with Bax and Bak TMDs
(Figure 14A). These results are in agreement with a recent report, in which
the lack of the Mcl-1 TMD does not impede the interaction with Bak??® and
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suggests that Mcl-1 FL utilizes a different molecular mechanism to

modulate the activity of Bak and Bok.

As explained above, recent studies have revealed the functional
implications of Bcl TMD interactions in the apoptotic scenario. For example,
Bax TMD-mediated cell death is prevented by interaction with Bcl-xL and
Bcl-2 TMDs®®. Another example is the apoptosis induced by Bok, where
transmembrane segments of both Bok and Mcl-1 are essential to inhibit cell
death efficiently!!’. For that reason, we wondered whether
hetero-oligomerization between TMDs of Mcl-1 and proapoptotic members
could modulate their activity. As shown in figure 14B, Bax and Bok TMDs
induced cell death measured by caspase 3/7 activation, while Bak TMD did
not. Interestingly, the presence of the Mcl-1 TMD significantly reduced Bok
TMD-induced apoptosis but it did not have any effect in the case of Bax
TMD. These results confirm that the Mcl-1 TMD specifically interacts and
modulates the apoptotic activity of the Bok TMD.
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Figure 14. The Mcl-1 TMD interacts with the Bok TMD. A) Transmembrane domain
interactions between the Mcl-1 TMD and TMDs from the proapoptotic proteins Bax, Bak,
and Bok, analyzed by the BiFC system in HCT116 cells. Representative confocal images
of the Bcl TMD oligomers (scale bar, 20 um) (left panel). The graph represents the
quantification of the Venus fluorescence. Error bars represent the mean = SEM, n = 4.
Significant differences were compared to the VN/VVC Mcl-1 TMD. P-value according to
Dunnett’s test is displayed. *P < 0.05. The bottom section of the graph shows VN and VC
Bcl TMDs protein expression. B) The Mcl-1 TMD partially inhibits the proapoptotic effect



Mcl-1 and Bok TMDs: unexpected players in the modulation of apoptosis

of the Bok TMD, measured by caspase 3/7 activity, in HCT116 cells co-transfected with
VN Bcl TMD constructs. Error bars represent the mean £ SEM, n = 3. **P < 0.01.

Based on these findings, we proposed that Mcl-1 TMD cell death
activation was independent of Bax and Bak FL proteins. To investigate this,
Bax”Bak” HCT116 cells were transfected with the VN Mcl-1 WT TMD
and the mutated versions G340P and G344I. Confirming our hypothesis, the
cell death-mediating capacity of Mcl-1 TMDs was independent of Bax and
Bak since caspase 3/7 activity showed comparable levels of induction than
in WT HCT116 cells (Figure 15A).

We next analyzed whether Bok FL played a role in this process by
silencing its expression in WT and Bax’Bak” HCT116 cells. The
downregulation of Bok significantly reduced the cell death effect of the
Mcl-1 TMD in both cell lines, demonstrating the relevance of Bok in this

process (Figure 15B and C).

These results strongly suggested the existence of PPIs between the
Mcl-1 TMD and Bok. To address this question, we performed co-
immunoprecipitation experiments of exogenously expressed Myc-tagged
VN Mcl-1 TMD and Bok FL proteins. The VN Mcl-1 TMD was
immunoprecipitated with anti-Myc antibody, validating its interaction with
Bok FL protein (Figure 15D) and reinforcing the notion that the Mcl-1 TMD
and Bok (TMD and FL) interact by a specific interface.
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Figure 15. The Mcl-1 TMD apoptosis induction is Bok dependent. A) Caspase 3/7
activity was monitored in Bax”-Bak”’" HCT116 cells 16 h post-transfection of the VN Mcl-1
WT TMD and single amino acid variants. Error bars represent the mean £ SEM, n = 4.
Significant differences were compared to the WT Mcl-1 TMD. P-value according to
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Mcl-1 and the VN Mock TMDs. Caspase 3/7 activation (graphs) and protein expression
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(c-myc, Bok, and a-tubulin) were evaluated (siRNA Bok, siBok; siRNA Random, siRand).
Error bars represent the mean + SEM, n = 4. **P < 0.01. D) Immunoprecipitation of the
VN Mcl-1 TMD (c-myc) from lysates of WT HCT116 cells co-transfected or not with the
Bok FL construct.

3.3.4.Molecular simulation studies of Mcl-1 TMD membrane

interactions.

To obtain a deeper understanding of the Mcl-1 TMD molecular
interaction pattern, we performed multiscale MD simulations of both homo-
and hetero-dimers, in collaboration with Dr. Matti Javanainen and Dr.
Waldemar Kulig’s groups. Since the Mcl-1 TMD have shown different
hetero-oligomerizing behaviors with the Bax and Bok TMDs (Figure 14A),
we analyzed homo- and hetero-dimer structures of Mcl-1, Bok, and Bax
TMDs. Additionally, we reasoned that Bax TMD homo-dimer could serve
as a positive control for dimer formation since its self-association has been
experimentally demonstrated by us and others®®124125,

We identified two binding modes or clusters for each homo-dimer:
Clusterl and Cluster2 (Figure 16). The binding mode Cluster2 displayed
more inter-peptide contacts and therefore, more stable dimers. Molecular
dynamics simulations showed that during the simulation time (1 us each) all
tested TMDs (Mcl-1, Bok, and Bax TMDs) formed stable dimers (Figure
16). Representation of Cluster2 binding mode depicts the interacting

residues of such dimers (Figure 17).

In the case of the hetero-dimers, the stable Mcl-1/Bok TMDs dimer

formation was predicted for most of the simulations, with one exception
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where the dimer dissociated (Figures 16 and 17). However, the majority of
the Mcl-1/Bax TMDs hetero-dimers dissociated within 600 ns of the
simulation (Figure 16). From most stable to least stable, Mcl-1 TMD dimers
can be ordered as follows: Mcl-1 TMD homo-dimer > Mcl-1/Bok TMDs
hetero-dimer >> Mcl-1/Bax TMDs hetero-dimer, in agreement with the
oligomerization results obtained in the BiFC experimental assay (Figure
14A).
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Figure 16. Time evolution of Mcl-1 TMD homo- and hetero-dimers simulations.
Graphs represent the distance between the centers of mass of each monomer, including
three repetitions per cluster (different shades of red and green).
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Figure 17. Dimer atomistic molecular dynamics simulations. Dimer cartoons represent
the average structure of Mcl-1, Bok, and Bax TMD homo-dimers and the hetero-dimer
between Mcl-1 and Bok TMDs, based on the binding mode Cluster2. Binding interfaces
illustrate the contribution of each residue to the interaction, with a contribution > 0.5.
Contact residues of the binding surface are colored using the blue-white-red color scale,
where red indicates larger values of contribution to the contact site. Contact occupancy
panels show the corresponding average residue-residue contact occupancy. Values equal to
1.0 correspond to residues that are in constant binding. Two residues were considered in

contact when any of their atoms were closer than 0.6 nm.

We also performed MD simulations of the Mcl-1 G340P and Mcl-1
G3441 TMDs to further validate the prediction model described above. In
the Cluster2 binding mode, the mutation G340P resulted in less stable
homo-dimer interactions (Figure 18, left panel). On the contrary, the G344l
mutation retained a stable dimerization interface as the Mcl-1 WT TMD

homo-dimer (Figure 18, right panel).

Altogether, these results agree with data from cellular experiments,
suggesting that MD simulation can accurately predict molecular interactions
of Bcl TMDs dimers.
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~ R350

Y347
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Figure 18. Molecular dynamics simulations of mutated Mcl-1 TMD homo-dimers.
Graphs represent homo-dimer average structure from Cluster2. Contact residues of the
binding surface are colored using the blue-white-red color scale, where red indicates larger

values of contribution to the contact site.

3.35.The Mcl-1 TMD facilitates the Bok TMD mitochondrial

localization.

Recently, the role of Bok as MOMP executioner has been definitively
accepted’®??’. However, Bok mainly localizes to the ER"7®, thereby it
seems probable that Bok requires translocating and/or accumulating into the
mitochondrial membrane to exert its proapoptotic function. Based on the
Mcl-1 and Bok TMDs interaction demonstrated above, and the functional
relevance of this hetero-oligomerization in the modulation of apoptosis, we
aimed to analyze whether this interaction might facilitate the presence of
Bok in the mitochondria. To this end, we performed confocal microscopy
studies finding that Mcl-1 TMD homo-oligomerized in both the
mitochondria and the ER, while Bok TMD homo-oligomers formed and
co-localized preferentially with the ER (Figure 19A). Interestingly, the
co-expression of the VC Bok TMD and the VN Mcl-1 TMD showed that
they interacted in both the ER and the mitochondria (Figure 19A and B).
These results suggest a putative role for the Mcl-1 TMD in the transference

of Bok from the ER to the mitochondria to trigger MOMP and apoptosis.

Thus, we reasoned that an increase in the number of contact sites
between both organelles could be a possible mechanism to facilitate the Bok

TMD translocation from the ER to the mitochondria. To test this notion, we
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analyzed the number of ER-mitochondria contact sites or mitochondrial
associated membranes (MAMSs) by in situ proximity ligation assays
(PLA)?', This technique allows the detection of two proteins that are in
close proximity (distance < 40 nm). We identified and quantified
interactions between VDAC1 and IP3R1 proteins, from the outer
mitochondrial membrane and ER membranes, respectively, which form a
multiprotein complex to transfer Ca?* into the mitochondrial matrix?2%:22°,
This methodology confirmed our hypothesis since the expression of
Mcl-1/Bok TMDs significantly increased the number of MAMs when
compared to the VN/VC Mock TMD transfected cells (from 152 + 65 to 232
+ 64) (Figure 19C). Therefore, this result suggests that Mcl-1 and Bok
TMDs could promote the formation or stabilization of MAMs, which may
explain the translocation of the Bok TMD from the ER to the mitochondria

to trigger apoptosis.
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Figure 19. The Mcl-1 TMD facilitates Bok TMD mitochondrial localization. A)
Representative confocal images of HelLa cells expressing a red mitochondrial matrix
marker (MtDsRed) (left panel) or stained with ER tracker (right panel) and transfected with
VN/VC Mcl-1 TMD, Bok TMD, and VN Mcl-1/VC Bok TMDs. Oligomer formation was
detected in the green channel (scale bar, 20 um). The mitochondrial and the ER markers
were detected in the red channel. Merge images represent the co-localization of both
channels and include Pearson’s correlation coefficient (PCC). B) The graph shows PCC in
the mitochondria from A images. Bars represent mean + SEM (n = 86 cells per condition);
P-value, according to Student t-test, displayed ***P < 0.001. C) Representative confocal
images (left panel) of MAMs (red channel) in HeLa cells transfected with VN/VC Mock
TMD constructs or VN Mcl-1 TMD / VC Bok TMD as indicated. The right panel shows
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dots (MAMS) quantification (20 transfected cells per condition). Bars represent the mean +
SEM, n=3; ***p <0.001.

3.3.6. The relevance of Mcl-1 TMD somatic mutations.

To study real the contribution of the Mcl-1 TMD to pathological
situations, we investigated the appearance of mutations in cancer patients.
Analysis of COSMIC? data revealed the existence of somatic mutations
within the Mcl-1 transmembrane region?312%2 with a high pathological score
(Table 4). The pathogenic score refers to how cancerous or damaging a
mutation is and it has been predicted by the Functional Analysis Through
Hidden Markov Models - Math Kernel Library (FATHMM-MKL)
algorithm?®®, These functional scores are indicated as a p-value, considering
somatic mutations with a p-value > 0.7 as pathogenic variants.

Table 4. Somatic mutations of the Mcl-1 TMD from the COSMIC database.

Protein  Mutation Pathogenic Tissue Primary histology PMID
score
A339T 0.93 - Malignant 24265153
melanoma
Mcl-1
L348V 0.79 Lung Adenocarcinoma 22980975

We introduced these mutations by using site-directed mutagenesis in
the Mcl-1 TMD BIFC system and analyzed the self-interacting capacity of
these constructs. Both patient mutants significantly disrupted the formation
of Mcl-1 TMD homo-oligomers (Figure 20A), while they properly localized

with and inserted into the mitochondrial membrane, as shown by confocal
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imaging and subcellular fractionation experiments, respectively (Figure 20B
and C).

Next, we evaluated the hetero-interaction capability of the Mcl-1
A339T and the Mcl-1 L348V TMDs with the Bok TMD, concluding that
both mutants hetero-oligomerized with it (Figure 20D). To explore the
relevance of these interactions in the context of apoptosis modulation, we
introduced the A339T and the L348V mutations in the full-length protein
(Mcl-1 A339T FL and Mcl-1 L348V FL) and analyzed their antiapoptotic
activity (Figure 20E). Upon Bok-induced cell death, both cancer mutants
displayed a greater protective activity than the wild type protein, which may

provide a survival advantage to tumor cells.
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Figure 20. Cancer-related mutations of the Mcl-1 TMD affect the functionality of the
protein. A) Self-association analysis of the Mcl-1 TMD somatic mutants measured by the
BiFC assay in HCT116 cells. Representative confocal images (left panel, scale bar 20 um)
and Venus fluorescence quantification (right panel) of Mcl-1 TMD oligomers formation.
Error bars represent the mean £ SEM, n = 4. Significant differences were compared to the
WT Mcl-1 TMD. **P < 0.01; ***P < 0.001. VN and VC chimeric protein expression is
included. B) Representative confocal images of HelLa cells expressing VN and VC Mcl-1
TMD somatic mutants. Mcl-1 homo-oligomers (green channel, first column, scale bar 20
pm) and mitochondria (mtDsRed marker, second column) co-localized (merge, third
column showing the Pearson's correlation coefficient). C) Subcellular fractionation of
HCT116 cells transfected with mutated VN (c-myc) and VC (HA) Mcl-1 TMD constructs
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and controlled with Tom20 (mitochondrial fraction, M) and a-tubulin (cytosol, C). D)
Hetero-oligomer formation of the Mcl-1 TMD mutants with the Bok TMD analyzed by the
BiFC system in HCT116 cells. E) Caspase 3/7 activity induced by Bok FL and measured
in cytosolic extracts of HCT116 cells previously transfected with the Mock plasmid or the
Mcl-1 FL constructs (WT and somatic mutants). Error bars represent the mean = SEM, n =
4. Significant differences were compared to the WT Mcl-1 FL / Bok FL sample. *P < 0.05.

3.4.DISCUSSION

Recent studies have revealed that Bcl TMDs fulfill crucial functions in
cells; they regulate steady-state dynamics and shuttling rates of Bcl-2 family
members®>%12%  mitochondrial ~ fission?®*,  Ca?*  signaling, and
bioenergetics?®. Indeed, in our previous work, we uncovered that Bcl TMDs
homo- and hetero-oligomerizations contribute to control mitochondrial
apoptosis®. In the present study, we corroborated such apoptosis
modulation with the Mcl-1 TMD. We also confirmed the role of Bcl TMDs
in the interplay between prosurvival and proapoptotic members, since the
Mcl-1 TMD associates with the Bok TMD and regulates its cytotoxic effect
(Figures 14A and B).

Bok is a bona fide MOMP effector and appears to be constitutively
active, being independent of BH3-only proteins for activation’®??’. The
proapoptotic function of Bok seems to be controlled by protein degradation
since proteasome inhibition leads to Bok accumulation and apoptosis
induction. Moreover, Bok only co-precipitates with Mcl-1, although the Bok
BH3 domain has a low affinity to bind Mcl-176. In agreement with this,
Stehle et al.!’ reported that a mutation in the Bok BH3 domain (Bok L70E)
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does not affect its killing activity, while the combined deletion of the TMD
(Bok L70E ATMD) significantly increases Bok-mediated apoptosis, which
is not prevented by Mcl-1. The authors also showed that TMDs of both Bok
and Mcl-1 are essential for their efficient interaction. We corroborated the
association of both Bok and Mcl-1 TMDs (Figure 14A) and the inhibitory
role of the Mcl-1 TMD under Bok TMD-induced cell death (Figure 14B).

Bcl TMDs actively regulate the concentration and distribution of Bcl-2
proteins in intracellular compartments. For example, the Bcl-xL TMD is
essential for Bax retrotranslocation and Bcl-xL shuttling and thus, regulates
the content of both proteins in the cytosol and mitochondria®. Here, we
investigated the localization of Mcl-1 and Bok TMDs oligomers by the
BiFC assay, finding that Bok TMD oligomers partially colocalized with
mitochondria, while they strongly associated with the ER (Figure 19A).
Since the BiFC methodology only allows Bok TMD dimers visualization, it
does not exclude that Bok TMD locates at mitochondria in a monomeric
conformation (Figure 19A). However, Echeverry and colleagues™ did not
detect a clear co-localization of EGFP-tagged Bok TMD with mitochondrial

markers, while it efficiently localized on the ER, supporting our results.

Mcl-1 TMD and Bok TMD co-expression resulted in Venus
fluorescence colocalization with both the ER and mitochondria (Figure
19A). Two possible scenarios could explain such Venus reconstitution. First,
ER and mitochondria localization of both Mcl-1 TMD and Bok TMD could
lead to their lateral interaction and thus, to BiFC signal. Second, ER-resident
Bok TMD and mitochondria-located Mcl-1 TMD could face to each other,

especially when associated with MAMSs where both membranes are in close
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proximity, hence allowing Venus reconstitution. However, the correlation
between the BiFC signal (Figure 14A) and Bok TMD-mediated cell death
inhibited by Mcl-1 TMD (Figure 14B) suggests a direct TMD-TMD
interaction, which supports our hypothesis that Mcl-1TMD possibly
mediates Bok TMD translocation from the ER to mitochondria and

potentially modulates the cell death threshold.

Additionally, MAMs quantification indicates that co-expression of both
Mcl-1 and Bok TMDs stabilize and/or increase the number of mitochondria
and ER junctions (Figure 19C), which could serve as membrane platform

for Bok translocation between both organelles.

It is also well-established that Mcl-1 is cleaved upon caspase activation
and apoptosis commitment!423, This cleavage produces the Mcl-1128-3%
fragment, which contains BH1, BH2, BH3 domains, and the TMD and can
activate cell death!'®. It has been reported that the Mcl-11%30 product
requires an intact BH3 domain to interact with Bax and promote apoptosis,
while interaction with Bak but not its activation was detected*3. In contrast
to these data, we have described that the Mcl-1 TMD is sufficient to induce
cell death and it does in a Bax/Bak-independent and Bok-dependent manner
(Figure 15). Since the cleavage of Mcl-1 and the accumulation of the
Mcl-1128-3% fragment occurs physiologically during apoptosis, it would be
of interest to study the role of Bok in the process. Moreover, the contribution
to apoptosis amplification of both the Mcl-1 BH3 and the Mcl-1 TMD
should be tested.
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Although our work sheds light on the functional role of Mcl-1 TMD as
a relevant domain for apoptosis modulation, additional efforts will be
needed to fully characterize its interaction with Bok under both
physiological and tumoral circumstances.

3.5.CONCLUSIONS

Our data demonstrate that the Mcl-1 TMD forms homo-oligomers by a
sequence-specific packing interface. We also highlight the role of the Mcl-1
TMD in apoptosis modulation by altering the Mcl-1 interaction equilibria.
It binds to the full-length protein, sequestering it and competing with its

antiapoptotic activity, thereby promoting Bok-dependent cell death.

We demonstrate for the first time the interaction between TMDs of
Mcl-1 and Bok and suggest a putative role of the Mcl-1 TMD facilitating

the translocation of Bok from the ER to the mitochondria to trigger cell death.

In the present work, we also characterize patient-derived mutations
within the Mcl-1 TMD. We conclude that side-by-side Bcl TMD
interactions are relevant for apoptosis regulation since Mcl-1 TMD variants
showed different levels of antiapoptotic activity under cell death induced by
Bok overexpression, even when they had the same intact BH3 binding
groove. And finally, that the enhanced antiapoptotic activity of Mcl-1
A339T FL and Mcl-1 L348V FL proteins may provide a survival advantage
to tumor cells expressing these mutations in the Mcl-1 TMD, contributing

to cancer maintenance and progression.
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4.1. INTRODUCTION

Mcl-1 is highly expressed in a variety of human cancers and is
associated with high tumor grade, poor survival, and resistance to
chemotherapy?®’. Particularly, the role of Mcl-1 as a driver of adaptive
cancer cell survival has been largely studied4%2%8-240 in both tumor cell lines
and patient samples. This large body of evidence highlights the potential of

Mcl-1 inhibitors for tumor treatment.

To date, there are seven specific and direct inhibitors of Mcl-1 designed
to disrupt the PP1 between Mcl-1 and the BH3 motif of proapoptotic proteins
(Figure 21). The development of Mcl-1 inhibitors is challenging due to its

rigid hydrophobic BH3-binding groove and large molecular interfaces. The
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nature of its BH3-binding site results in large, lipophilic, and acidic ligands,
features often related to poor drug-like properties®. Four of the seven
Mcl-1 inhibitors, AZD5991, AMG-176, AMG-397, and S64315/MIK665
are being evaluated in phase 1 clinical trials (NCT03218683, NCT02675452,
NCT03797261, NCTO03465540, NCT02979366, NCT02992483, and
NCT03672695) for the treatment of acute myeloid leukemia, multiple
myeloma, non-Hodgkin lymphoma, and CLL patients. These drugs are
being tested as monotherapy and in some cases, in combination with the
Bcl-2 inhibitor venetoclax. Despite the lack of data about their clinical
toxicity in humans, two humanized Mcl-1 mouse models have been
developed to predict their possible on-target side effects. Caenepeel, S. et
al.?*! tested AMG-176 alone and in combination with venetoclax in human
Mcl-1 knock-in mice, showing that both treatments resulted in reduced
numbers of B cells, monocytes, and neutrophils in the blood, although
without overt systemic toxicity. Similar results were obtained by Brennan,
MS. and colleagues®”?, who evaluated the tolerability of S63845
(predecessor molecule of S64315/MIK665) in a humanized Mcl-1 mouse
model. The treatment with S63845 correlated with a transient reduction of
B cells and red blood cells, and changes in the spleen (loss of normal
architecture and increased size). However, overall their results indicated that
S63845 treatment can be tolerated in these mice and promote Eu-Myc

lymphoma regression alone or in combination with cyclophosphamide.
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Figure 21. Crystal structures for Mcl-1 in complex with the Bim BH3 peptide and the
BH3-mimetic S63845. In the left panel, Mcl-1 (green) binds the Bim BH3 peptide (yellow)
into the BC groove (PDB 2NL9). The right panel depicts the BH3-mimetic S63845 into the
BC groove of Mcl-1 (PDB 5LOF). Crystal structures were published in?*32%, Images were
created with Mol* (D. Sehnal, A.S. Rose, J. Kovca, S.K. Burley, S. Velankar (2018) Mol*:
Towards a common library and tools for web molecular graphics MolVA/EuroVis
Proceedings. d0i:10.2312/molva.20181103); provided by RCSB PDB
(https://www.rcsb.org/).

Mcl-1 overexpression also leads to acquired resistance to anticancer
therapies in solid tumor malignancies, although they are predominantly
refractory to Mcl-1-BH3 mimetics. To exploit Mcl-1 dependency in these
tumors, some authors have proposed a potential effect of selective Mcl-1
inhibitors by enhancing the cancer-killing activity of other chemotherapy
agents and targeted therapies'#%245246 Moreover, a deeper understanding of
Mcl-1 biology can enable the evaluation of new molecules targeting
alternative Mcl-1 binding surfaces, which may result in a more efficient

pharmacological inhibition of Mcl-1 for the treatment of those tumors.
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Mcl-1-BH3 mimetics disrupt the formation of Mcl-1:Bim and
Mcl-1:Bak complexes, releasing both proapoptotic proteins and thus,
promoting cell death. This mechanism provides the rationale for exploiting
other interacting interfaces between Mcl-1 and proapoptotic Bcl-2 members
as new drug targets for anticancer therapy. Our results, along with the work
of others''’, have described that the interaction between Mcl-1 and Bok
transmembrane regions modulates mitochondrial apoptosis. Specifically,
Stehle and colleagues!'’ suggest that Mcl-1 may inhibit Bok-induced
apoptosis by the direct interaction of their TMDs. This strongly supports the
idea of drugging Mcl-1 and Bok TMDs interaction as an alternative

molecular interface for the modulation of Mcl-1 antiapoptotic activity.

From a pharmaceutical perspective, the development of Mcl-1:Bok
TMDs hetero-oligomer inhibitors is crucial because small molecules that
bind within TMDs can be used as both potential clinical drugs and basic
research tools relevant in the membrane protein field. They can be useful in
determining TMD binding partners, to solve protein structures or in the

designing of drugs targeting similar binding sites.

To mention two examples, in a brilliant work, Levitz’s group?*
employed the positive allosteric drug LY483739, which modulates the
activity of metabotropic glutamate receptor 2 (mGIluR2), to describe the role
of inter-TMD interactions in mGIuR2 modulation and activation.
Specifically, using LY483739, they revealed the conformational
rearrangements between TMD dimers that occur during receptor modulation.
In another excellent study, two negative allosteric modulators, PF-06372222

and NNCO0640, proved useful as molecular probes for solving the TMD
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structures of the human glucagon-like peptide-1 receptor (hGLPR-1) that

allowed mapping their binding sites to develop new therapeutic agents?*.

Therefore, this evidence motivated us to exploit the
first-time-demonstrated transmembrane interaction of Mcl-1 and Bok as a
novel target for anticancer therapy. We hypothesized that a compound able
to disrupt the interaction of Mcl-1 and Bok TMDs would release Bok,
decreasing the antiapoptotic capability of Mcl-1 and thus, enabling
Bok-mediated cell death.

4.2. MATERIALS AND METHODS

4.2.1.Cell culture.

HCT116 cells were grown as described in CHAPTER |,
3.2. MATERIALS AND METHODS, 3.2.1. Cell culture.

4.2.2. Primary and secondary high-throughput screening.

A high-throughput screening (HTS) assay was developed to identify
inhibitors of Mcl-1/Bok TMDs hetero-oligomerization, based on the BiFC
TMD assay. The HTS was performed in a 96-well format, where HCT116
cells (25,000) were seeded and transfected after 24 h with 100 pl serum free
McCoy’s 5A medium, 0.6 pl TurboFect, and 0.1 pg VN Mcl-1 TMD plus
0.1 pg VC Bok TMD plasmids, per well. As a negative control, VN Bid /
VC Bok TMDs co-transfection was used. Four hours after transfection, 5 pl

of compounds from the MyriaScreen library (Sigma-Aldrich) or DMSO (to
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the positive and negative controls) were added to the assay plate. Compound
treatments were performed at 50 uM final concentration and 2% DMSO. In
the primary HTS assay, two compounds were mixed per well. Fluorescence
images were acquired after 20 h, using a Leica SP8 confocal microscope.
Venus and Hoechst mean fluorescence intensities (MFIs) were quantified
and the ratio Venus MFI/Hoechst MFI was calculated to get the normalized

MFI per well.

For the deconvolution assay, the same transfection conditions were
performed although only one compound was added per well, at 50 uM final
concentration and 2% DMSO.

Yo ® ® VN Mcl-1/VC Bok TMDs
@O

493 O VN Bid/ VC Bok TMDs

[ 10] :

:\j @ Untreated cells

@O

®O (O Compound mixture

Figure 22. Representation of an HTS assay plate. It is indicated the position of the
positive control (VN Mcl-1/VC Bok TMDs), the negative control (VN Bid/VC Bok TMDs),
the untreated wells, and the compound-treated wells.

4.2.3. Bcl TMD specificity.

To confirm the specific inhibition of Mcl-1 and Bok TMDs interaction,
lead compounds were tested under overexpression of other VN and VC Bcl
TMDs (same conditions as mentioned above). HCT116 cells were
transfected with VN and VVC of Bcl-xL, Bcl-2, Mcl-1, and Bok TMDs. Four
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hours after transfection, cells were treated with 2% DMSO (100% Bcl TMD
oligomerization) or lead compounds at 50 uM, 2% DMSO, and confocal
imaging was performed after 16 h treatment. For nuclei detection, cells were
stained with Hoechst. Venus and Hoechst fluorescence were acquired with
solid-state diode-pumped lasers at excitation wavelengths of 405 nm (for
blue emission) and 488 nm (for green emission). Venus and Hoechst MFI

quantification was assessed with the Leica Application Suite X software.

4.2.4. Statistical analysis.

All the values represent the mean + S.E.M. of at least three independent
experiments. Statistical significance was determined by one-way ANOVA,
applying the Dunnet’s post-test, or the Student t-test. P < 0.05 was
considered statistically significant.

4.2 5. Software.

Schematic figures were ‘Created with Biorender.com” and the PyMOL
software. Statistical analysis was performed using Graph Pad 8 software.
Confocal image analysis was performed using the Leica Application Suite
X software. Drug-likeness was analyzed with the online tool OSIRIS

Property Explorer https://www.organic-chemistry.org/prog/peo/.
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4.3. RESULTS

4.3.1. Development of high-throughput screening to identify inhibitors
of Mcl-1 and Bok TMDs hetero-oligomerization.

To address this aim, we performed an HTS assay based on the BiFC
system. We screened the MyriaScreen small molecule library (Figure 23A
and B) that is composed of high-purity drug-like compounds obtained to
maximize chemical diversity. First, we established the HTS assay and
optimized several parameters to a 96-well plate format including the number
of cells (25,000 cells/well), amount of plasmids co-transfected (0.1 ug VN
Mcl-1 TMD and 0.1 pg VC Bok TMD) and incubation time (16 h).
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Figure 23. Identification of Mcl-1 and Bok TMDs inhibitors by HTS assay. A)
Schematic representation of the BiFC assay used for screening the Mcl-1 and Bok TMDs
disruptors. Active TMD-interaction inhibitors prevent Venus complementation, resulting
in a lower fluorescence signal. B) Workflow of the BiFC-based HTS assay. HCT116 cells
plated in 96 well-dark plates were transfected with VN Mcl-1 TMD/VC Bok TMD and the
negative control of interaction VN Bid TMD/VC Bok TMD. Four hours post-transfection,
chemical treatment was performed and 16 h later, Venus and Hoechst fluorescences were
acquired by confocal imaging. Venus mean fluorescence intensity (MIF) was divided by
Hoechst MFI to get the normalized MFI per well. The percentage of Mcl-1 and Bok TMDs
interaction relative to the positive control was calculated based on the normalized Venus
MFI of each well. The mixture of compounds that disrupted Mcl-1 and Bok TMDs
interaction by at least 70 % were selected out and further tested for activity confirmation,

deconvolution, and target specificity.

A necessary parameter to optimize any HT'S assay is the Z’ factor value,
which represents the suitability and quality of the assay?*°. It is calculated
as follows:

3SD positive + 3SD negative

Z=1- (|mean positive — mean negative|)

where SD represents the standard deviation of positive and negative controls
(here, interacting and non-interacting VN/VC Bcl TMDs, respectively). As
indicated in the formula, the Z’ factor considers the dynamic range and the
variability of the assay’s data. A Z’ factor greater than 0.5 represents an

excellent assay.

To evaluate the suitability of our assay, we tested two Bcl TMDs
combinations as inhibition and non-interacting (negative) controls: the VN
Mcl-1 G340P TMD with the VC Bok TMD, and the VN Bid TMD with the
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VC Bok TMD (hereafter Mcl-1 G340P / Bok TMDs and Bid / Bok TMDs,
respectively) (Figure 24A). The fluorescence signal of both combinations
was significantly lower compared with the positive control Mcl-1 WT / Bok
TMDs (Figure 24B), although Bid / Bok TMDs showed a greater inhibition
of the TMD interaction allowing an appropriate screening window to
identify inhibitory compounds (Z’ factor = 0.7). For that reason, we selected

it as standard negative control of the assay.

The MyriaScreen small molecule library presents compounds dissolved
in dimethyl sulfoxide (DMSO), which made necessary to test the stability
of the VN Mcl-1 / VC Bok TMDs hetero-dimer in presence of 2% DMSO
(final concentration used in the current HTS), showing that DMSO did not
interfere with Venus reconstitution upon Mcl-1 and Bok TMDs interaction
(Figure 24C).
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D
Pri 3,360 compund combinations
rimary (6,720 single compounds),
screen 50 uM, 2% DMSO
. _ >70% Mcl-1/Bok
Hitrate = 2.41 TMDs inhibition
Deconvolution and 162 compounds,
confirmatory screen 50 pM, 2% DMSO
. _ >70% Mcl-1/Bok
Hitrate = 0.14 TMDs inhibition
Specificity 10 compounds,
assay 50 pM, 2% DMSO

Mcl-1 TMD, Bok Inhibit 3 of 4 Bcl TMD
TMD, Bel-xL TMD homo-dimers
and Bcl-2 TMD (> 50% inhibition)

Figure 24. Establishment of the BiFC assay for screening inhibitors of Mcl-1 and Bok
TMDs interaction. A) Schematic representation of the VN Bcl / VC Bok TMDs
combinations evaluated as controls for the HTS assay. Helices represent the TMDs of Bok
(purple), Mcl-1 (orange), Mcl-1 G340P mutant (orange with a black star), and Bid (blue).
B) Interaction percentage of each VN/VC TMD co-transfection relative to the positive
control VN Mcl-1 WT / VC Bok TMDs. Bars represent mean + SEM, n = 3. P-value
according to Dunnett’s test is displayed. ***P < 0.001. C) Comparison of the Mcl-1/Bok
TMDs interaction (%) with and w/o DMSO. Bars represent mean + SEM, n = 3. D) Flow
chart for Mcl-1/Bok TMDs BiFC-based HTS screening platform including the primary,
deconvolution and confirmatory, and specificity assays. The criteria for compound

selection and the number of compounds at each step are listed.
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4.3.2.Preliminary identification of three inhibitors of Mcl-1 and Bok

TMDs hetero-oligomerization.

In a primary HTS, we screened 6,720 small molecules of the
MyriaScreen library, provided by the Screening facility at the Principe
Felipe Research Center. HCT116 cells were transiently co-transfected with
the VN Mcl-1 TMD and the VC Bok TMD, and mixtures of two chemical
compounds per well were transferred into assay plates. The final
concentration of each compound was 50 pM at 2% DMSOQO. Sixteen hours
post-treatment, we performed fluorescence detection using a TCS SP8
confocal microscope (Leica). The Z’ factor for most assay plates was greater
than 0.5, indicating a robust assay performance. From the primary screening,
we selected 81 mixture compound hits (hit rate = 2.41%) that inhibited Mcl-
1 and Bok TMDs hetero-interaction by at least 70% (Figure 25).

Primary screen

Mcl-1/Bok TMDs
interaction (%)

0 1000 2000 3000
N° compound mixture

Figure 25. Overview of the primary screening data. Each spot represents a combination

of two compounds at 50 UM each. Data are relative to DMSO-positive control (VN Mcl-1
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TMD / VC Bok TMD). Compound combinations with at least 70% interaction inhibition

were selected out as primary hits.

Because each hit was a combination of two compounds, we performed
a secondary screening to achieve mixture deconvolution and hits validation.
We screened 162 individual compounds in the same conditions, confirming
10 single compounds (hit rate = 0.14) that interfered with the molecular
interaction of Mcl-1 and Bok TMDs (Figure 26).

Secondary screen

250
200
8“1501
E-i:»'no - .
x © e
85 80.- R A
Tg . -
S £ 404 )
e
0 I 1 I I 1

1
0 30 60 90 120 150 180
N° compound

Figure 26. Hits validation and compound deconvolution in a secondary screening
assay. Single compounds with 70% inhibitory activity of Mcl-1 and Bok TMDs interaction

were selected out.

Small molecules that disrupt Mcl-1 and Bok TMDs hetero-dimer
formation should target intracellular membranes, where this and additional
Bcl transmembrane interactions take place. This scenario motivated us to
analyze the target specificity of selected compounds since the aim of the
HTS was to discover specific inhibitors of Mcl-1 and Bok TMDs packing

interaction. For that reason, we tested the capacity of the selected
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compounds to impede the formation of other B¢l TMD oligomers, using the
same BiFC-based screen assay. HCT116 cells overexpressing the
homo-oligomers Mcl-1, Bok, Bcl-xL, and Bcl-2 TMDs were treated with
compounds at 50 uM or 2% DMSO (positive control). For each tested
homo-dimer, the ratio Venus MFI/Hoechst MFI of the positive control was
considered as 100% Bcl TMD interaction and the percentage of interaction,
for each compound, was calculated as follows:

( Venus MFI

Hoechst MFI
Positive control

)Sample
x 100

Bcl TMD homo-dimer interaction (%) =

where sample refers to cells treated with hit compounds.

Results from the specificity assay revealed that compounds C42, C47,
and C66 showed greater inhibition of the Mcl-1/Bok TMDs
hetero-oligomerization surface than that observed for homo-dimers of Mcl-1,
Bok, Bcl-xL or Bcl-2 TMDs. The rest of the compounds had increased target
promiscuity since they also affected the oligomerization of Mcl-1, Bok,
Bcl-xL, or Bcl-2 TMDs (Figure 27).
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Figure 27. Transmembrane domain specificity of active inhibitors. Inhibitory activity
of selected compounds was analyzed for Bcl TMD interface specificity. Venus and Hoechst
MFI were acquired 16 h after the treatment of co-expressed VN and VC Bcl TMDs. Cells
expressing VN/VC Bcl TMDs with no treatment represented 100% Bcl TMDs interaction
and served as a positive control to calculate the percentage of inhibition for each treated
Bcl TMD interaction.

Drug discovery is a time-consuming and expensive process and hence,
an early description of physicochemical properties reduces both cost and
time consumption and increases the success in finding drug-like
compounds®2%%, The Lipinski’s rule-of-five?>? defines that those molecules

with more than 5 H-bond donors, 10 H-bond acceptors, a molecular weight
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greater than 500 Da, and a partition coefficient (log P) greater than 5 may
present low oral bioavailability and should not be considered for drug
development. Based on these values, we analyzed such descriptors provided
by the MyriaScreen library confirming that C42, C47, and C66 exhibit

optimal physicochemical properties for oral activity (Table 5).

Table 5. Inhibitors of Mcl-1/Bok TMDs interaction.

N° hit Log P Molecular weight Acceptors Donors
42 1.22916 438,52825 5 1
47 -1.0509 289,29905 2 3
66 3.8437 295,79018 2 1

Data provided by the MyriaScreen library.

As Mcl-1 and Bok TMDs interaction takes place within intracellular
membranes, it is expected that active inhibitors would penetrate lipid
bilayers to reach the binding site and disrupt the hetero-dimer. The most
commonly used parameter to describe the permeability and lipophilicity of

drug-like compounds is log P, which is defined as follows:
Log P = log10 (Partition Coef ficient)

- . [organic]
Partition Coef ficient,P = ———
[aqueous]
where [ ] indicates the concentration of a compound in the organic and
aqueous partition (N-octanol and water, respectively). Positive values

indicate a higher concentration in the lipid phase (i.e. lipophilic compounds).
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Considering log P values of selected molecules, compound 66 presents
greater lipophilicity than C42 and C47, which suggests that it has apparently
better drug-likeness, and it could be a lead candidate to perform drug
development.

To analyze better the physicochemical descriptors of our hits, we
employed the OSIRIS Property Explorer, a bioinformatic tool that predicts
some drug-relevant properties, such as the mentioned log P but also the
aqueous solubility (log S), the toxicity risk, and the fragment based
drug-likeness. Furthermore, this tool combines these physicochemical
parameters to calculate the drug score that evaluates the compound’s overall
potential to be considered a drug candidate. Considering OSIRIS results
(Table 6), C47 shows the best pharmacological profile due to it presents the
greatest aqueous solubility and drug-likeness, it is the smallest molecule and

the only compound that does not present any toxicity risk.
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Althoug lipophilicity can compromise the oral bioavailability of a drug,
compounds targeting TMDs should reach membrane-embedded sites;
therefore, we reasoned they may present a delicate balance between aqueous
solubility and membrane permeability. Indeed, analysis of some molecules
targeting transmembrane segments shows log P > 3 for the majority of them
(Table 7). This supports that compounds acting within the membrane should

present a certain level of lipophilicity to permeate the lipid bilayer.

Table 7. Transmembrane domain modulators.

Compound Target Log P Source

PubChem

BTPU P2Y1 Receptor 6.1
P (predicted)?

Protease-activated
Vorapaxar 5.39 ChEMBL
receptor-1 (PAR-1)

Glucagon-like peptide 1 receptor PMID:
ZINC19797057 3.897
(GLP-1R) 31758355
Metabotropic glutamate receptor 5 PubChem
m-MPEP 3.3 .
(mGIuR5) (predicted)!
TMD of the p75 neurotrophin OSIRIS
NSC49652 1.96 .
receptor (p75NTR) (predicted)?

Predicted indicates log P values computationally calculated.

Altogether, these results suggest that physicochemical descriptors
should be specifically considered when analyzing drug candidates for TMD
targeting. Besides, further identification and investigation of TMD

modulators will allow discriminating which parameters are more adequate
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to evaluate these compounds and identify specific drug-descriptors for this

type of targets.

4.4.DISCUSSION

In this work, we have established a TMD BiFC-based system for
high-throughput screening to discover inhibitors of the Mcl-1/Bok TMDs
interaction. Our approach represents a relatively simple, fast, and economic
procedure, which has high quality and suitability (Z’ factor values) for drug
identification. It also presents several advantages that complement drug
discovery strategies based on soluble protein structures. First, active
inhibitors target TMD interactions that are actually taking place within the
membrane. Second, hits are selected with a proven ability to penetrate the
lipid bilayer. Third, the cellular system includes relevant features that also
influence the Mcl-1/Bok TMDs association: interactions with membrane
lipids and other anchored Bcl-2 proteins, membrane lipid composition, or
molecular crowding in the membrane. Finally, other studies have also
applied the BiFC system to drug discovery?> demonstrating, together with

our data that it is a powerful approach for drug discovery in live cells.

Mcl-1 overexpression is frequent in human primary and drug-resistant
tumors, which claims the use of Mcl-1 inhibitors for cancer treatment®®.
Currently, several clinical trials are testing the efficacy of four Mcl-1-BH3
mimetics'®®, although there are still little data about their toxicity profile in
humans. Based on conditional Mcl-1 knockout mouse models and

preclinical studies, their on-target side effects have been predicted,
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including toxicity towards hematopoietic stem cells and cardiomyocytes,

among others®®®

. Indeed, a recent study has uncovered that in vitro
S63845-mediated Mcl-1 inhibition causes severe defects in cardiomyocytes
functionality®®. This is due to non-apoptotic functions of Mcl-1, such us
regulation of mitochondrial morphology and dynamics. Based on these data,
we propose Mcl-1 TMD modulators as an alternative strategy to inhibit
Mcl-1. Such inhibitors will allow elucidating what functions the
transmembrane segment is involved in. Dissecting the functions that
specifically control each Mcl-1 domain will get a deep insight into the
protein biology, which will permit the optimization of Mcl-1 inhibition as
tumor therapy. It may be possible to modulate selectively specific functions
of the protein, preventing potential toxicities associated with Mcl-1’s

non-apoptotic activities.

The toxicity profile of our three drug candidates (C42, C66, and C47),
in the presence and absence of overexpressed Mcl-1/Bok TMDs, are needed
to further characterize their molecular mechanism. Additionally, the
hetero-dimer structure predicted in the Chapter | of this Thesis will be useful
for the identification of potential ligand-binding sites (SiteFinder analysis)
and the in silico analysis of C42, C66, and C47 binding capacity to
Mcl-1/Bok TMDs. Finally, once the binding site will be determined,
site-specific mutagenesis studies will be performed to confirm the proposed

binding site?’.

The ideal compound for anti-cancer therapy would inhibit Mcl-1
TMD-mediated antiapoptotic activity but not affect the membrane

perturbation capacity of Bok. Analysis of TMD specificity revealed that C66
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disrupted both Mcl-1/Bok TMDs hetero-dimer and Bok TMD homo-dimer
(Figure 27). We reasoned that C66 binding site might be present in the Bok
TMD, thereby affecting its interactome. The TMD has been described
dispensable for membrane permeabilization by Bok?%; however, its deletion
reduced Bok-induced cell death'’. For that reason, we suggest further
studies to test Bok proapoptotic activity in the presence of C66, which could

shed light on the contribution of the Bok TMD to the protein functionality.

Since TMD interactions became consider druggable surfaces, most
research efforts have been focused on targeting TMDs of plasma membrane
proteins, leading to the development of a few molecules capable of
interfering TMD-TMD association and clustering!’®2°8-260, To the best of
our knowledge, this is the first work aimed to modulate intracellular TMD
interactions of human proteins, which represents the next step into the TMD

druggability.

Inhibitors of the yet-poorly-explored Mcl-1/Bok TMDs association are
themselves a scientific achievement. The negative allosteric modulators
PF-06372222 and NNCO0640 have allowed the GLP-1R TMD structure
solution and the identification of drug binding pockets®*®. Based on this
solved structure, compound C-1 has been recently identified as an allosteric
modulator of GLP-1R binding a TMD pocket®’. Likewise, C42, C66, or
C47 could serve as potential molecular probes for the structural
characterization of the Mcl-1 and Bok TMDs hetero-dimer, making more

feasible rational and computational drug design.
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Our results also provide promiscuous compounds that target other Bcl
TMDs interactions, such as homo-dimers of Mcl-1, Bok, Bcl-xL, and Bcl-2
TMDs (Figure 27). Structure comparisons of specific and promiscuous
small molecules may be useful to identify the inhibitory binding site of
Mcl-1/ Bok TMDs dimer and discriminate effective physicochemical

descriptors of drug candidates.

4.5.CONCLUSIONS

Herein, we propose the first-time-described Mcl-1 and Bok TMDs
interaction as a new drug target for Mcl-1 inhibition in cancer therapy.
Using Mcl-1/Bok TMDs inhibitors to trigger Bok-induced apoptosis in
cancer cells can be an effective therapy to treat tumors expressing high
levels of both Mcl-1 and Bok proteins.

Encouraged from promising drug discoveries performed in the
laboratory, we have developed an HTS assay to identify Mcl-1/Bok TMDs
inhibitors employing membrane-anchored proteins. Our results reveal three
modulators with preferential targeting for Mcl-1/Bok TMDs hetero-dimer
and promiscuous compounds that also disrupt other B¢l TMDs associations.
Overall, these molecules emerge as potential TMD modulators and pave the
way for the structural understanding of Bcl TMDs interactions and their
chemical modulation. Moreover, the discovery of small molecules able to
target TMDs represents a scientific advantage in the challenging field of

membrane proteins.
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In conclusion, we propose three small molecules as candidates for drug
development to target Mcl-1 and Bok TMDs interaction as a new drugging

site for anti-cancer therapy.
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5.1.INTRODUCTION

Next-generation sequencing of DNA from tumor samples has enabled a
comprehensive characterization of somatic mutations in cancer
patients?61262 Considering the relevant role of proteins from the Bcl-2
family in tumor maintenance, several studies have explored their
cancer-related mutations. To date, Bcl-2 has been the most analyzed protein,
appearing highly mutated in hematological malignancies. It has been
observed that some Bcl-2 mutants exhibit enhanced prosurvival activity in
lymphoma cells?®3, while in follicular lymphoma patients Bcl-2 mutations
correlate with an increased risk of transformation and shortened survival®®.
Somatic mutations that inactivate the proapoptotic gene Bad have been
identified in human colon cancers?®. In the case of Mcl-1, mutations D155G,
D155H, and L174S have been described in glioblastoma multiforme patients
and their overexpression in glioma cells significantly accelerated cellular
growth. Regarding the proapoptotic protein Bax, mutational studies
performed in cell lines found no detectable Bax expression due to frameshift
mutations?®®2%”. Furthermore, a bioinformatic study has recapitulated
somatic mutations of Bfl-1 present in breast cancer samples. Mutations
M75R and L99R are predicted to alter protein stability while the Y120C
mutant could destabilize interactions between the BH3 binding site of Bfl-1

and other Bcl-2 proteins?68,

Based on these data, a recent mathematical model has been developed
to investigate the functional role of somatic mutations identified in this

family of proteins?®®. Using molecular dynamics simulation, the authors
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have established that functional domains with high influence in apoptosis
modulation, such as Bax and Bid TMDs, tend to carry a relatively greater
number of mutations. In other words, the mutation enrichment of these

domains correlates with the sensitivity of altering the apoptotic pathway.

It is expected that mutations within the TMD of Bcl-2 proteins may
modify relevant PPIs between members of this family. Moreover, B¢l TMDs
mutations can affect interactions between members of the Bcl-2 family and
proteins or lipids in the mitochondrial membrane. Any of these changes can
ultimately alter the interactome of Bcl-2 proteins in the membrane, leading
to a dysregulation of the apoptotic pathway and affecting other

non-apoptotic functions executed by this family of proteins.

The lack of studies analyzing cancer mutations present within the
transmembrane segments of Bcl-2 proteins encouraged us to explore their

functional consequences in cell death modulation.

5.2. MATERIALS AND METHODS

5.2.1. Cell culture.

HCT116 cells were grown as described in CHAPTER |,
3.2. MATERIALS AND METHODS, 3.2.1. Cell culture.
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5.2.2. Bcl-2 and Bcl-xL somatic mutants.

Somatic mutations within the TMD of the antiapoptotic proteins Bcl-2
and Bcl-xL were identified in the Catalogue Of Somatic Mutations In
Cancer (COSMIC). All the selected mutations had a high pathological score.

Bcl-2 and Bcl-xL somatic mutations were introduced in the BiFC system
(VN and VC Bcl TMD plasmids) to analyze the oligomeric state and the
subcellular localization of the TMD mutants, as well as a possible effect in
apoptosis modulation.

BiFC-TMD point mutations were obtained using standard site-directed
mutagenesis with the Stratagene Quickchange Il kit (Agilent), according to
the manufacturer’s instructions. Primers were designed using the web-based
QuikChange  Primer  Design  Program  available online at

www.agilent.com/genomics/qcpd (Table 8). All constructs were verified by

sequencing.
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5.2.3.BiFC-based screen of Bcl-2 and Bcl-xL TMD somatic mutants

oligomerization.

To analyze the influence of Bcl-2 and Bcl-xL TMD somatic mutations
in their oligomeric capability, a BiFC screening assay was performed.
Twenty-five thousand HCT116 cells per well were seeded in dark 96-well
plates (Santa Cruz, 204468) and transfected the following day. Transfection
solution contained 100 pl serum-free McCoy’s 5A medium, 0.6 ul
TurboFect, and 0.1 pg VN Bcl TMD plus 0.1 pg VC Bcl TMD plasmids,
per well. Twenty hours after VN/VC Bcl TMDs expression, fluorescence
images were acquired with a Leica SP8 confocal microscope and Venus MFI

was measured using the Leica Application Suite X software.

The hetero-oligomeric state of Bcl TMD somatic mutants with Bax or
Bak TMDs was also analyzed by a BiFC-based screening, under the same
experimental conditions. The transfected plasmids corresponded with the
VN Bax TMD (or the VN Bak TMD) plus the VC Bcl TMDs.

5.2.4.Caspase 3/7 activity of the Bcl-2 and Bcl-xL TMD somatic

mutations.

To evaluate the functional impact of Bcl-2 and Bcl-xL transmembrane
somatic mutations, apoptosis induction was determined by measuring
caspase 3/7 activation. HCT116 cells were seeded in dark 96-well plates
(Santa Cruz, 204468) at 20,000 cells/well confluence. The next day, cells
were transfected with 0.2 pug VN Bcl TMD plasmids per well, in 100 pl
serum-free McCoy’s 5A medium with 0.6 pl TurboFect. Apoptosis
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induction was analyzed 20 h after VN Bcl TMD expression using the Apo-
ONE® Homogeneous Caspase-3/7 Assay (Promega) and following
manufacturer’s instructions. Fluorescence of the cleaved product was
measured using a Wallac 1420 Workstation (Aexcitation 485 nm and

Aemission 535 nm). Caspase 3/7 activity was expressed as arbitrary units

(a.u.).

Z-DEVD-NH NH-DVED-Z HaN

Caspase-3/7

Non-fluorescent

Figure 28. Caspase 3/7 cleaves the non-fluorescent Caspase Substrate Z-DEVD-R110

and creates the fluorescent Rhodamine 110. The amount of caspase 3/7 activity
contained in the sample is proportional to the amount of fluorescent product generated

(www.promega.com/protocols/).

To analyze the protective effect of Bcl TMD somatic mutants in
Bax-mediated cell death, the same experimental procedure was performed.
Although, in this case, HCT116 cells were transfected with 0.1 ug VN Bcl
TMD plus 0.1 ug VN Bax TMD plasmids. It is worth noting that to measure
caspase 3/7 activity, the transfected plasmids were both VN Bcl TMDs to
prevent Venus reconstitution and therefore, avoid Venus fluorescence

emission.
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5.2.5. Immunoblotting.

VN and VC Bcl TMDs protein expression was analyzed by western
blotting, as described in CHAPTER I, 3.2. MATERIALS AND METHODS,
3.2.3. Immunoblotting.

5.2.6. Subcellular fractionation.

VN and VC Bcl TMDs membrane localization was by subcellular
fractionation and subsequent western blotting, as described in CHAPTER |,
3.2. MATERIALS AND METHODS, 3.2.4. Subcellular fractionation.

5.2.7. Statistical analysis.

All the values represent the mean + S.E.M. of at least three independent
experiments. Statistical significance was determined by one-way ANOVA,

applying the Dunnet’s test. P < 0.05 was considered statistically significant.

5.2.8. Software.

Somatic mutations of Bcl-2 and Bcl-xL TMDs were identified in the
Catalogue  Of  Somatic  Mutations In  Cancer (COSMIC,

https://cancer.sanger.ac.uk/cosmic). Confocal image analysis was

performed using the Leica Application Suite X software. Statistical analysis
was performed using Graph Pad 8 software. Helical wheel projections were

obtained with the web tool HeliQuest https://heliquest.ipmc.cnrs.fr/cqgi-

bin/ComputParams.py.

131


https://cancer.sanger.ac.uk/cosmic
https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py
https://heliquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py

Somatic mutations of Bcl-2 and Bcl-xLTMDs: molecular and functional analysis

5.3. RESULTS AND DISCUSSION

5.3.1. Analysis of cancer mutations within the Bcl-xL TMD.

To evaluate the clinical significance of the Bcl-xL TMD, we searched
the COSMIC?* database and identified six cancer-related mutations within
it (Table 9). We studied their effect in the Bcl-xL functionality and analyzed
several parameters that influence it, such as Bcl-xL TMD self-interaction,
subcellular localization, or antiapoptotic ability under Bax TMD-induced
cell death.

Table 9. Somatic mutations of Bcl-xL TMD (data obtained from the COSMIC
database).

Bcl-xL TMD: 203SRKGQERFNRWFLTGMTVAGVVLLGSLFSRK233

Protein Mutation Pathogenic Tissue anmary PMID
score histology
R209H 0.76 Skin Malignant - 0e9g7
melanoma
Large intestine/ , 27149842/
.84 A
T216M 0.8 Oesophagus denocarcinoma »8481359
| G217D 0.92 Pancreas Adenoma 22158988
Bcl-xL
M218l| 0.84 - Carcinoma 28481359
G227C 0.97 Lung Squamous cel -
carcinoma
$228A 091 Pancreas Ductal 28481359
carcinoma

First, we introduced these mutations in the Bcl-xL TMD BiFC system
and evaluated their homo-oligomerization capacity. Fluorescence
quantification demonstrated that all mutants interfered with Bcl-xL TMD
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self-association to a greater or lesser extent, except the Bcl-xL S228A TMD
that homo-dimerized at the same level as the Bcl-xL WT TMD (Figure 29A).
Protein expression analyses corroborated these results, except for the mutant
G217D which showed lower protein levels (Figure 29A, bottom panel).

It has been proposed that membrane-anchored Bcl-xL has an enhanced
antiapoptotic activity than the soluble form'®. This is based on the
observation that the BH3 mimetic WEHI-539 has a limited ability to inhibit
Bel-xL in cellular systems. The authors also demonstrated that
modifications in the Bcl-xL TMD restore cellular sensitivity to the
anticancer drug due to an altered subcellular distribution of the protein. For
that reason, we investigated whether cancer-related Bcl-xL TMD mutants
impact its mitochondrial localization. To this end, we performed subcellular
fractionation experiments and we observed that mitochondrial membrane

targeting of all mutants was similar to that of the Bcl-xL WT (Figure 29B).

Of note, the G217D mutant showed a slower SDS-PAGE migration
compared to the WT protein. Sodium dodecyl sulfate micelles have been
shown to recapitulate protein:lipid interactions due to its membrane
mimicking capability?’®, which suggests that the G217D mutant modifies
the interaction of the Bcl-xL TMD with membranes.
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Figure 29. Somatic mutations of the Bcl-xL TMD have different patterns of
oligomerization. A) Homo-oligomer formation of the wild-type Bcl-xL TMD and single
amino acid mutants measured by BiFC assay in HCT116 cells. The graph shows the VVenus
fluorescence quantification by confocal imaging. Error bars represent the mean + SEM,
n = 4. Significant differences to the Bcl-xL WT TMD were analyzed using Dunnett’s
Multiple Comparison Test (95% CI). P-value according to Dunnett’s test is displayed.
**P < 0.01, ****P < 0.0001. VC (HA) and VN (c-myc) protein expression was compared
in the bottom panel with a-tubulin as a loading control. B) Subcellular fractionation of
HCT116 cells transfected with VN (c-myc) and VC (HA) Bcl-xL TMD constructs was

controlled using Tom20 (mitochondrial fraction, M) and a-tubulin (cytosol, C).
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The transmembrane segment of Bcl-xL is involved in homo-dimer
formation but also in hetero-oligomerization with Bax. These interactions
influence Bcl-xL shuttling off the mitochondria® and mediate Bax
retrotranslocation from the mitochondria to the cytosol®, respectively.
These localization dynamics determine protein accumulation on the
mitochondria, modifying their interaction equilibrium and thus, regulating
apoptosis. Therefore, we tested the hetero-oligomer formation capacity of
Bcl-xL TMD mutants with the Bak and Bax TMDs. The hetero-dimer
Bcel-xL TMD / Bak TMD was slightly affected by the S228A mutation
(Figura 30A, left panel), while the association between Bcl-xL and Bax
TMDs was partially disrupted by the T216M mutant (Figura 30A, right

panel).

Regarding the functional implications of Bcl-xL TMD homo- and
hetero-interactions in apoptosis modulation, we wondered whether
interferences on the Bcl-xL TMD oligomerization capability could alter its
antiapoptotic activity. We analyzed caspase 3/7 activation in VN Bcl-xL
TMD-expressing cells under both non-stress conditions and VN Bax
TMD-induced apoptosis. In normal conditions (Figure 30B, left panel),
caspase 3/7 activity measured in transfected cells was similar to the basal
activity of non-transfected cells for all mutants, indicating the disruption of
Bcl-xL TMD homo-dimers do not change the harmless effect of the Bcl-xL
WT TMD protein. Similar results were obtained under cell death mediated
by the Bax TMD (Figure 30B, right panel), where the majority of the
somatic mutants maintained their antiapoptotic function, although the
Bcl-xL G217D TMD mutant failed to protect cells from death. It seems that
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interaction with the Bax TMD is not sufficient to inhibit its proapoptotic
activity. We propose that the G217D mutation could impair the
retrotranslocation activity of Bcl-xL, thereby leading to Bax accumulation
and oligomerization into the mitochondria. These results also tempt us to
hypothesize that the Bcl-xL TMD might require a certain level of
homo-oligomerization to block Bax TMD-mediated cell death since the

G217D mutation dramatically decreased its self-association.
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Figure 30. Bcl-xL TMD cancer-related mutations share hetero-oligomerization and
antiapoptotic activities with the WT protein. A) Hetero-interaction of Bcl-xL TMD
somatic mutants with the Bak TMD (left panel) and the Bax TMD (right panel), analyzed
by the BiFC system in HCT116 cells. Error bars represent the mean £ SEM, n = 3.
Significant differences compared to the WT Bcl-xL TMD were analyzed. P-value
according to Dunnett’s test is displayed. *P < 0.05, **P < 0.01. Antiapoptotic activity of
VN Bcl-xL TMD somatic mutations under normal conditions (B) or Bax TMD-induced cell
death (C), measured by caspase 3/7 activity in HCT116 cells. Error bars represent the mean
+ SEM, n = 3. Significant differences were compared to the Bcl-xL WT TMD. ***P < 0.001,
****p < 0.0001. Control (Ctrl) refers to non-transfected cells. Cells treated with 100 nM

staurosporine (STS) were used as a positive control of apoptosis.

Overall, these results suggest that the G217D is the somatic mutant that
influences the most on Bcl-xL. TMD membrane interactome (Table 10) since
it disrupts its homo-dimerization; slightly, although not significantly,
decreases hetero-dimerization with the Bax TMD, and impairs its
prosurvival function. Moreover, this mutation may influence Bcl-xL TMD
interaction with the lipid bilayer. The global effect of the G217D mutation
will depend on the contribution of each altered equilibria (homo- and hetero-
associations as well as interactions with the intracellular membranes).
Further experiments should be performed in parallel with mutated Bcl-xL
TMD and full-length protein to decipher whether this mutation would

represent an advantage for tumor cells.

Furthermore, Bcl-xL has been associated with non-apoptotic functions.
For example, its expression has been correlated with an enhanced metastatic
potential in breast cancer cells?’*272, Specifically, it has been recently

proposed that Bcl-xL controls breast cancer cell migration by acting on
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VDACL1 permeabilization and enhancing mitochondrial-dependent ROS

production®”.,

Moreover, Bcl-xL has been reported to promote cell
migration in pancreatic cancer?’*?">. Based on our results and the above
mentioned Bcl-xL functions in the tumor context, we propose to transfer
cancer-related mutations to the Bcl-xL full-length protein and study their
effect in the context of the whole protein. Evaluation of their cell-protective
effect as well as their influence on Bcl-xL’s non-apoptotic roles, such as cell
migration and tumor metastasis, will help us to elucidate whether somatic
mutations within the Bcl-xL TMD provide an advantage to tumor cells and

if so, in which mechanisms they are involved.

Table 10. Interaction pattern and protein activity of Bcl-xL TMD somatic mutants.

Interaction .
Bcl-xL with Bel TMD? Apoptosis

TMD induction®
Bcl-xL  Bak Bax

Antiapoptotic®

WT

R209H

T216M

G217D

M218lI

X | x| X |[Xx|Xx|Xx
SRS S

G217C

S228A X v

@Heatmap of Bcl-2 TMDs homo- and hetero-interactions. Dark blue, strong
interaction; medium blue; light blue, weak interaction.

bandcTjcks and cross mean the Bcl-2 TMD exerts or not the indicated function,
respectively.
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5.3.2.Cancer mutations in the Bcl-2 TMD alter the oligomerization

state and the antiapoptotic function.

We were also interested in the study of somatic mutations present
within the Bcl-2 TMD. Analysis of the COSMIC database®*° revealed the
existence of seven cancer-related mutations (Table 11). As we did for the
Bcl-xL TMD, we generated VN and VC Bcl-2 TMD constructs containing

the somatic mutants to perform BiFC assays.

Table 11. Somatic mutations of Bcl-2 TMD (data obtained from the COSMIC

database).

Bcl-2 TMD: 212FSWLSLKTLLSLALVGACITLGAYLGHK 39

Pathogenic Primary

Protein Mutation Tissue . PMID
score histology
F212L 0.94 Large intestine Colon carcinoma 28481359
$213A 0.gg  Hematopoietic Lymphoid g0 40
and lymphoid neoplasm
Mali
$213F 0.9 Skin alignant 2181359
melanoma
Bc-2  a224D 0.83 Liver - -
A224S 0.95 Lung Adenocarcinoma 22980975
A224V 0.72 Skin Malignant ;
melanoma
A234D 0.96 Ovary Carcinoma 28481359

We first analyzed their self-association capacity and observed that
mutations S213F, A224D, and A234D apparently disrupted the formation
of Bcl-2 TMD oligomers (Figure 31A). Protein expression experiments
corroborated this effect for the Bcl-2 S213F TMD, but not for Bcl-2 A224D
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and Bcl-2 A234D TMDs since those mutants showed a lower protein
expression or stability than the WT constructs (Figure 31A, bottom panel).
Hence, whether the decrease in Venus fluorescence for A224D and A234D
mutants is due to an impaired self-interacting capacity should be further
tested.

Of note, serine 213 mutants had different oligomer behaviors depending
on the added amino acid: the Bcl-2 S213A TMD oligomerized at the same
level as the Bcl-2 WT TMD, while the S213F mutant significantly reduced
homo-oligomerization. Probably, the introduction of a bulky amino acid

such as Phenylalanine interferes with the packing interface.

Helical wheel projections showed residues S213, A224 and A234
orientated to the same a-helix interface supporting this region as the packing
interface of Bcl-2 TMD homo-interaction (Figure 31D). Indeed, we have
previously reported that a mutation of the G227 residue, which locates in
the same interface, disrupted homo-oligomer formation®. Altogether, these
results confirm that the Bcl-2 TMD self-associates by a sequence-specific

packing interface that is mutated in some cancer patients.

Next, we analyzed the subcellular distribution of Bcl-2 TMD
homo-oligomers. Subcellular fractionation assays confirmed that all Bcl-2
TMD cancer-related mutants were found in the same fraction as the Tom20
outer mitochondrial membrane protein (Figure 31B). However, lower
protein levels of A224D and A234D mutants were detected compared to the
Bcl-2 WT TMD. Again, this could be a consequence of the lower protein
expression/stability showed by these constructs. But it also could be due to

140



Somatic mutations of Bcl-2 and Bcl-xLTMDs: molecular and functional analysis

an altered mitochondrial membrane anchoring since negatively charged
residues are rare in transmembrane segments and they are especially

suppressed in the TMD core?’277,

In our previous work®® and Chapter | of this Thesis, we have
demonstrated that Bcl TMDs play an active role in modulating apoptosis.
Based on these findings, we explored the activation of caspase 3/7 after
exogenous expression of the VN Bcl-2 TMD somatic mutants. Interestingly,
mutants that had a lower protein level and apparently interfered
homo-oligomer formation, Bcl-2 A224D and Bcl-2 A234D TMDs, induced
cytotoxicity (Figure 31C). The addition of a negatively charged residue in
the a-helix lowers its hydrophobicity that could affect its residency in the
membrane. Additionally, the introduction of Aspartic acid in the core of the
Bcl-2 TMD could promote mitochondrial membrane destabilization, which
might contribute to the cytotoxic activity of the A224D mutant?’s. We
suggest a similar mechanism for the A2234D mutant, which also has a lower
hydrophobicity compared to the Bcl-2 WT TMD. However, mutation
A234D could be better tolerated by the lipid bilayer since it locates on the
flanking region of the o-helix?’®. Moreover, both TMD mutants might also
impair the interactome of Bcl-2 with other mitochondrial proteins leading to
apoptosis induction. Therefore, we further investigated this possibility.
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Hydrophobicity: 0.809 Hydrophobicity: 0.874
Net charge: 2 Net charge: 2
A224D

Hydrophobicity: 0.770
Net charge: 1

Figure 31. Somatic mutations of the Bcl-2 TMD affect the oligomerization state and

functionality. A) Self-association of wild-type Bcl-2 TMD and single amino acid mutants

measured by BiFC in HCT116 cells. The graph shows the Venus fluorescence

quantification. Error bars represent the mean + SEM, n = 4. Significant differences

compared to the WT Bcl-2 TMD were analyzed using Dunnett’s Multiple Comparison Test

(***P < 0.001, ****P < 0.0001). The bottom panel compares chimeric protein expression
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of VC (HA) and VN (c-myc) constructs, using a-tubulin as loading control. All samples
were analyzed in the same membrane. A non-related sample has been removed. B)
Subcellular fractionation of HCT116 cells transfected with VN (c-myc) and VC (HA) Bcl-2
TMD constructs was analyzed using Tom20 (mitochondrial fraction, M) and a-tubulin
(cytosol, C). C) Caspase 3/7 activity induced by the VN Bcl-2 TMD somatic mutants. As
a positive control, cells were treated with 100 nM staurosporine (STS). Control (Ctrl) refers
to non-transfected cells. Error bars represent the mean £ SEM, n = 3. Significant differences
were compared to the WT Bcl-2 TMD. P-value according to Dunnett’s test (**P < 0.01,
****p < 0.0001). D) Helical wheel projections of Bcl-2 TMDs. Graphics were obtained

and adapted from HeliQuest. The arrow depicts the hydrophobic moment.

The binding equilibria of the Bcl-2 family proteins are governed by
protein affinities and concentrations at intracellular locations, which
ultimately results in the activation or inhibition of the apoptotic pathway3*.
For that reason, we asked whether cell death promoted by some Bcl-2 TMD
mutants might be explained by their hetero-oligomerization with the
proapoptotic members Bak and Bax. We co-expressed the VN Bcl-2 TMDs
with the VC Bak (or Bax) TMD and we observed that only the Bcl-2 A234D
TMD slightly attenuated the hetero-interaction with the Bak TMD (Figure
32A, left panel). However, Bcl-2:Bax TMDs complexes were disrupted by
three mutants: S213F, A224D, and A234D (Figure 32A, right panel), which
could suggest that the Bcl-2 TMD utilizes the same interface (or part of it)
for homo- and hetero-dimerization with the Bax TMD. These results should
be carefully considered since A224D and A234D TMD mutants previously
showed low protein levels, supporting further investigation to corroborate

their disruptive effect.
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To gain more insight into the functional implication of these
interactions, we evaluated the protective activity of Bcl-2 TMD cancer
mutants. To do that, caspase 3/7 activity was measured after co-expression
of VN Bcl-2 TMDs and the apoptosis inducer VN Bax TMD. As shown in
figure 32B, the cellular toxicity of the VN Bax TMD was blocked by the
hetero-oligomerizing VN Bcl-2 TMD mutants, at the same level as the Bcl-2
WT TMD. It seems that these somatic mutations (F212L, S213A, A224S,
and A224V) did not enhance the Bcl-2 antiapoptotic activity. Thus, if
mutated Bcl-2 versions represent an advantage for cancer cells it must be by

playing non-apoptotic functions.

In the case of the non-interacting Bcl-2 TMD mutants, we observed
three different scenarios. First, the Bcl-2 S213F TMD did not show cell
death protection under VN Bax-mediated apoptosis, which is in agreement
with the oligomerization assay. Second, the Bcl-2 A224D TMD also failed
to decrease the caspase 3/7 activation; however, it remains to be investigated
whether it was due to an impaired hetero-interaction capability with the Bax
TMD or its reduced protein expression/stability (Figure 32A and 31A).
Finally, the Bcl-2 A234D TMD displayed similar antiapoptotic activity to
the Bcl-2 WT TMD (Figure 32B), despite it showed a possible interfering
effect regarding oligomer formation (Figure 32A, right panel). This suggests
that TMDs of Bcl-2 A234D and Bax probably can interact; thereby, the
decreased in fluorescence intensity might be explained by its lower protein

level.
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Figure 32. Somatic mutations of the Bcl-2 TMD impair the oligomerization with the
Bax TMD and the antiapoptotic function. A) Transmembrane domain interactions
between Bcl-2 TMD mutants and TMDs from Bak (left panel) and Bax (right panel),
analyzed by the BiFC system in HCT116 cells. Error bars represent the mean £ SEM, n = 3.
Significant differences were compared to the WT Bcl-2 TMD. P-value according to
Dunnett’s test is displayed. *P < 0.05, ****P < 0.0001. B) Antiapoptotic activity of Bcl-2
TMD somatic mutants under Bax TMD-induced cell death, measured by caspase 3/7
activity in HCT116 cells co-transfected with VN Bcl TMD constructs. Error bars represent
the mean + SEM, n = 3. Significant differences were compared to the WT Bcl-2 TMD. *P
< 0.05, ****P < (0.0001. Control (Ctrl) refers to non-transfected cells.
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Taken together, these results demonstrate that the analyzed

cancer-related mutations affect the Bcl-2 TMD functionality in different

manners (Table 13):

Four mutants, F212L, S213A, A224S, and A224V/, behave similarly
to the WT protein suggesting that if they are an advantage for tumor

cells, it might be regarding non-apoptotic functions.

The S213F mutant slightly impairs the homo-association packing
interface. It also has a lower antiapoptotic activity under Bax
TMD-mediated apoptosis due to reduced hetero-oligomerization
capacity.

Amino acid substitution A224D has a major impact on protein
functionality. It interferes with homo-oligomerization and shows
lower protein expression and/or stability compared to the WT.
Aspartic acid is not frequent in membrane penetrating segments;
therefore, we reason that the presence of a hydrophilic residue in the
core of the TMD might result in mitochondrial membrane
destabilization and cell death induction. The A224D mutation also
affects interaction with the Bax TMD, which explains why it fails in

blocking apoptosis.

Mutation A234D apparently disrupts homo- and hetero-interactions.
However, its low protein level makes necessary to analyze further its
interaction profile to elucidate if this mutation actually modifies the

Bcl-2 TMD packing interface. This mutant also shows a cytotoxic
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effect that might be partially promoted by the destabilization of the
mitochondrial membrane. Intriguingly, it seems that its low protein
level is enough to prevent apoptosis induced by the Bax TMD,
reflecting an increased antiapoptotic potential of tumor cells

expressing the A234D mutation.

Table 13. Interaction pattern and protein activity of Bcl-2 TMD somatic mutants.

Interaction Protein )
Bcl-2 with Bcl TMD? expression/ _Ap°pt?SIS Antiapoptoticd
T™MD b induction®
Bcl-2 Bak Bax stability

WT X v
F212L X v
S213A X v
S213F X X
A224D | v XX
A224S X v
A224V X v
A234D l v v

2Heatmap of Bcl-2 TMDs homo- and hetero-interactions. Dark blue, strong interaction;
medium blue, medium interaction; light blue, weak interaction. PDown arrows indicate
lower protein expression/stability level compared to the WT. ¢2" 9Ticks and cross mean
the Bcl-2 TMD exerts or not the indicated function, respectively.

Finally, further experiments will be performed to confirm definitively
the role of Bcl-2 A224D and A234D mutations in the homo- and hetero-
oligomerization pattern of the protein and elucidate how they affect its

expression or stability. Moreover, introducing these single amino acid
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variants into the full-length Bcl-2 protein will allow us to analyze several
functions in the context of the whole protein. For example, the antiapoptotic
activity or the implication in cancer cell migration, but also features such as

protein turnover or subcellular localization.

5.4.CONCLUSIONS

In the present study, we have characterized mutations within
transmembrane segments of Bcl-2 and Bcl-xL with a high pathological score
identified in cancer patients. Our results demonstrate that some of these
mutations alter their homotypic interaction as well as that with Bax and Bak,
which translates into an altered antiapoptotic activity. These findings again
corroborate the specificity of Bcl TMD packing interactions and reinforce
their role in apoptosis modulation.

Although this research remains unfinished, the results reported here
support further analysis of Bcl transmembrane mutations to understand
better both their influence into the Bcl-2 proteins' functionality (apoptotic
and non-apoptotic functions) and their contribution to cancer progression.
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Conclusions

The objectives achieved during the development of this Thesis reinforce
the knowledge of the Bcl-2 proteins interactome in the modulation of

apoptosis. The main conclusions are:

1. We demonstrated for the first time that the Mcl-1 TMD forms
homo-oligomers, sequesters Mcl-1 full-length protein, and
competes with its antiapoptotic function. The Mcl-1 TMD also
induces cell death in a Bok-dependent manner and may drive the
Bok TMD movement between the ER and the mitochondria,
facilitating Bok mitochondrial localization and potentially
modulating the cell death threshold.

Furthermore, co-expression of Mcl-1 and Bok TMDs increases
MAMs formation and/or stability, which might be the platform for
Bok translocation.

2. Somatic mutations detected in cancer patients and affecting the
Mcl-1 TMD alter its interactome and enhance Mcl-1 antiapoptotic
activity of Bok-mediated killing, highlighting the clinical relevance
of Mcl-1 TMD lateral interactions.

3. We developed a BiFC-based high-throughput screening to identify
inhibitors of Mcl-1 and Bok TMDs hetero-oligomerization.

4. We identified three possible Mcl-1/Bok TMDs inhibitors with
promising applications in the fields of antitumoral drug discovery
and membrane proteins.

5. Single point mutants of Bcl-2 and Bcl-xL TMDs identified in cancer
patients affected both the membrane protein interactome and the

cell death modulation capability. These results pave the way to
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understand the clinical relevance of Bcl TMD somatic mutations in

cancer progression.
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