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Abstract

Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) is a minority membrane phospholipid that plays a crucial
role in the regulation of several signaling processes at the inner leaflet of the plasma membrane. Lateral
organization of P1(4,5)P, is critical to that end. It is thought that Pl(4,5)P is heterogeneously dispersed
across the membrane, in localized Pl(4,5)P,-enriched nanodomains at particular sites and timings.
Divalent cations were shown to have the ability to induce the formation of such nanodomains, even at
physiological concentrations of both lipid and cation, and thus became key modulators of PI(4,5)P»-lateral
organization. Here, we use a combination of fluorescence spectroscopy and microscopy techniques, and
coarse grained (CG) molecular dynamics (MD) simulations to study molecular determinants that regulate
P1(4,5)P, lateral organization and their impact on its function, via the modulation of Pl(4,5)P»-protein
interactions. Our results show that Ca?* is able to directly impact P1(4,5)P,-protein interactions through
several mechanisms. Ca®* was shown to induce charge screening of Pl(4,5)P,, significantly impacting
P1(4,5)P2-protein binding and affinity. PI(4,5)P2-binding proteins were shown to not be able to fully
sequester lipids from Ca?*-induced PI(4,5)P, nanodomains, proving that these have the potential to
compartmentalize Pl(4,5)P2-binding proteins, inhibiting, or possibly promoting interactions between them
through changes in PI(4,5)P> nanodomain size. The effect of acyl-chain saturation on the calcium-
dependent changes on the overall properties of Pl(4,5)P»-containing membranes was also reported.
While in the absence of divalent cations all acyl-chain compositions behaved in the same manner,
in the presence of Ca?*, acyl-chain compositions yielded Pl(4,5)P, nanodomains with significantly
different biophysical properties. In particular, increasingly saturated acyl-chains yielded more ordered
and structured nanodomains, which culminated in the formation of gel-like nanodomains for the fully
saturated composition. The PI1(4,5)P, biophysical properties explored in this work were then used as
reference for the development of Martini 3 CG MD topologies of P1(4,5)P, and the remaining lipids in the
phosphoinositide family. These topologies were developed with an expanded application scope to include,
among others, accurate reproduction of cation-mediated phosphoinositide aggregation. Altogether, this
work furthers the understanding of P1(4,5)P, lateral organization and hints at how some of its regulators

might substantially impact PI(4,5)P, function.

Keywords: PI1(4,5)P, Calcium, Lipid domains, Membrane lateral organization, lipid-protein in-
teractions, Fluorescence spectroscopy and microscopy, Molecular dynamics simulations, Membrane

models.
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Resumo

O fosfatidilinositol 4,5-bisfosfato (P1(4,5)P,) € um fosfolipido de membrana minoritario que desempenha
um papel crucial na regulacédo de varios processos de sinalizacdo no folheto interno da membrana
plasmatica. A organizacgéo lateral do PI(4,5)P, é fundamental para esse m. Pensa-se que o PI(4,5)P ,
esté heterogeneamente disperso pela membrana, em nanodominios enriquecidos em PI(4,5)P, presentes
em locais e tempos determinados. Foi demonstrado que os catides divalentes tém a capacidade de
induzir a formacéao de tais nanodominios, mesmo a concentracdes siolégicas de lipido e catido, tornando-
se assim em moduladores chave da organizacao lateral de P1(4,5)P,. Neste trabalho utilizamos uma
combinacgéo de espectroscopia e microscopia de uorescéncia, e simulacdes de dindmica molecular
(MD) coarse grained (CG) para estudar determinantes moleculares que regulam a organizacao lateral
de PI(4,5)P,, e o seu potencial impacto na sua fungéo através da modulagéo das interac¢des PI(4,5)P,-
proteina. Os nossos resultados mostram que o Ca?* devera ter um impacto directo nas interaccdes
PI(4,5)P,-proteina através de varios mecanismos. Foi demonstrado que o Ca?* induz a blindagem
da carga do PI(4,5)P,, impactando signi cativamente a a nidade da ligacao PI(4,5)P ,-proteina. Foi
também demonstrado que as proteinas ligantes de PI(4,5)P, ndo séo capazes de sequestrar lipidos
dos nanodominios induzidos por Ca?*, provando que estes tém o potencial de compartimentalizar as
proteinas ligantes de PI(4,5)P, e modular interaccdes entre elas, através de alteracfes no tamanho dos
nanodominios. O efeito da saturacé@o das cadeias de acilo sobre as altera¢des dependentes do célcio nas
propriedades globais de membranas contendo PI(4,5)P, foi também explorado. Enquanto na auséncia
de catibes divalentes, todas as composi¢cfes de cadeias de acilo se comportaram da mesma maneira,
na presenca de Ca?* as varias composi¢des produziram nanodominios de PI(4,5)P, com propriedades
biofisicas distintas. Em particular, cadeias de acilo cada vez mais saturadas produziram nanodominios
mais ordenados e estruturados, o que culminou na formacéo de nanodominios semelhantes a gel para
a composicao totalmente saturada. As propriedades biofisicas do PI(4,5)P, exploradas neste trabalho
foram também utilizadas como referéncia para o desenvolvimento de topologias do PI(4,5)P,, e dos
restantes lipidos da familia dos fosfatidilinositéis, para o campo de forcas CG Martini 3. Estas topologias
foram desenvolvidas com um &mbito de aplicacéo alargado para incluir, entre outras, a reproducao
exacta da agregacéao de fosfatidilinositois mediada por caties. No seu conjunto, este trabalho expande
0 conhecimento sobre a organizacédo lateral do PI(4,5)P, e da pistas sobre como alguns dos seus

reguladores podem ter um impacto substancial na sua funcao.

Palavras-chave: Pl1(4,5)P,, Célcio, Dominios Lipidicos, Organizacao lateral membranar, Inter-
acoes lipido-proteina, Espectroscopia e microscopia de uorescéncia, Simulagdes de dindmica molecular,

Modelos de membrana.






Resumo Alargado

O fosfatidilinositol 4,5-bisfosfato (P1(4,5)P,) é um fosfolipido de membrana minoritario que desempenha
um papel crucial na regulagéo de varios processos de sinalizacdo no folheto interno da membrana
plasmatica. Embora o seu papel como fonte de mensageiros secundarios seja conhecido ha décadas, ao
longo do tempo acumularam-se provas da sua importancia como fosfolipido para a de nicdo da identidade
membranar em células eucaridticas. Devido a sua grande "cabeg¢a" polar e elevada carga negativa,
o PI(4,5)P, actua quase como um farol electrostatico, interagindo com varias entidades moleculares,
tais como proteinas de membrana, outros lipidos, catides celulares, etc. Como resultado das suas
propriedades biofisicas particulares, € um regulador importante de um largo espectro de eventos na
membrana plasmaética, incluindo a adesao e motilidade celular, transporte mediado por canais ionicos,

endocitose e exocitose, entre outros.

A organizacéo lateral do PI(4,5)P, é fundamental para a correcta regulacao da sua fungdo. Como
esta envolvido numa multiplicidade de fung8es celulares que ocorrem em paralelo, os niveis de Pl(4,5)P,
devem ser rigorosamente regulados para evitar utuac¢des signi cativas da sua concentracao total. Isto
implica que a regulagdo simultanea destas fun¢ées pelo PI(4,5)P, deve ocorrer através da presenga de
multiplos nanodominios enriquecidos em PI1(4,5)P, presentes em locais e tempos determinados. Foi
demonstrado que os catides divalentes, como Ca?* ou Mg?*, tém a capacidade de induzir a formag&o
de tais nanodominios, mesmo a concentracdes siolégicas de lipido e catido, tornando-se assim em

moduladores chave da organizacéo lateral de PI(4,5)P-.

Neste trabalho utilizamos uma combinacéo de espectroscopia e microscopia de uorescéncia, e
simulag@es de dindmica molecular (MD) coarse grained (CG) para estudar determinantes moleculares
que regulam a organizacao lateral de PI(4,5)P,, e o seu potencial impacto na sua funcao através da

modulacao das interac¢Ges Pl(4,5)P,-proteina.

Os nossos resultados mostram que o Ca?* devera ter um impacto directo nas interacgdes PI(4,5)P,-
proteina através de varios mecanismos. Foi demonstrado que o Ca?* induz a blindagem da carga do
PI(4,5)P,, impactando signi cativamente a a nidade da ligacao PI(4,5)P ,-proteina. Este efeito sobre
a a nidade da ligacao mostrou ser dependente do tipo de especi cidade e mecanismo da ligacéo
P1(4,5)P,-proteina. Foi também demonstrado que as proteinas ligantes de PI1(4,5)P, ndo sdo capazes
de sequestrar lipidos dos nanodominios induzidos por Ca?*, provando que estes tém o potencial de
compartimentalizar as proteinas ligantes de PI(4,5)P, e modular interacces entre elas através de
alteragBes no tamanho dos nanodominios. Estes efeitos deverdo actuar concertadamente, através de
utuacbes nos niveis de Ca 2*, para regular as dinAmicas de muitas proteinas ligantes de PI(4,5)P»

cruciais para varias vias de sinalizagao.

O efeito da saturac&o das cadeias de acilo sobre as alteragbes dependentes do Ca®* nas propriedades

globais de membranas contendo PI(4,5)P, foi também explorado. A composicdo de cadeias acilo 1-



estearoyl-2-arachidonyl (18:0 20:4), representa até 70% do total de PI(4,5)P, em algumas linhas celulares,
especialmente em tecido neuronal. No entanto, o per | de distribuicdo das cadeias acilo de PI(4,5)P ,
ainda é amplo, desde cadeias altamente insaturadas até cadeias totalmente saturadas. Estas espécies
menos abundantes tornam-se mais prevalentes em resposta a certos estimulos, stress, envelhecimento
ou em situacdes de cancro. Nestes casos, a concentracdo das composi¢des totalmente saturadas e
mono-insaturadas aumenta signi cativamente, podendo ultrapassar a composicao canodnica de 18:0 20:4.
Enquanto na auséncia de catides divalentes, todas as composi¢ces de cadeias de acilo se comportam
da mesma maneira, na presenca de Ca®*, as varias composicoes de cadeias de acilo produziram
nanodominios de PI(4,5)P, com propriedades biofisicas distintas. Em particular, cadeias de acilo cada
vez mais saturadas produziram nanodominios mais ordenados e estruturados, culminando na formacéo
de nanodominios semelhantes a gel para a composicao totalmente saturada. E provavel que o aumento
de ordem da membrana detectado nos nanodominios de PI(4,5)P, tenha um impacto profundo na
sua sinalizacdo, bem como na funcao e organizacao das proteinas efectoras. Surpreendentemente, a
formacéo destas fases ordenadas foi largamente abrogada na presenca da composi¢éo canonica, 18:0
20:4. Os resultados fornecem assim uma explicacéo pela qual a evolugéo tera favorecido fortemente a

composicao de 18:0 20:4 para o PI(4,5)P, em células de mamiferos.

As propriedades biofisicas do PI(4,5)P, exploradas neste trabalho foram também utilizadas como
referéncia para o desenvolvimento de topologias do PI(4,5)P,, bem como dos restantes lipidos da familia
dos fosfatidilinositéis, para o campo de forcas CG Martini 3. Mais do que uma simples actualizacdo
das versfes existentes para Martini 2, estes novos modelos foram desenvolvidos independentemente,
com maior precisdo e com um ambito de aplicacdo alargado para incluir, entre outros, a reproducao
exacta da agregacao de fosfatidilinositdis mediada por catides. Os modelos desenvolvidos melhoraram
substancialmente a dindmica conformacional dos fosfoinosit6is, mantendo-se estaveis a etapas de tempo
tipicas de Martini. Para além de reproduzirem a agregacéo de fosfatidilinositéis, sdo também capazes de
reproduzir poses de ligacdo a proteinas determinadas experimentalmente. Os modelos desenvolvidos
foram entéo utilizados para revisitar o trabalho sobre o impacto da composi¢éo de cadeias de acilo nas
propriedades biofisicas dos nanodominios PI(4,5)P,, utilizando o campo de forgas Martini 3. Aqui o foco

foi dado as diferengas observadas entre os dois campos de for¢as.

No seu conjunto, este trabalho expande o conhecimento sobre a organizacgao lateral do P1(4,5)P; e

da pistas sobre como alguns dos seus reguladores podem ter um impacto substancial na sua funcgéo.

Para além dos trabalhos relativos as propriedades biofisicas do PI(4,5)P,, esta tese contém também
dois estudos relacionados com o combate & Doencga de coronavirus de 2019 (COVID-19). A COVID-19,
causada pelo severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), tornou-se uma pandemia
global com mortalidade mais elevada do que a da gripe sazonal. A pandemia COVID-19 levou a
uma dramatica perda de vidas humanas em todo o mundo, e apresenta um desa o médico, social e
econdmico sem precedentes na histéria moderna. Inicialmente, as nossas contribui¢cdes centraram-se
na concepcéo e optimizacdo de biofarmacéuticos contra o0 SARS-CoV-2, que foram desenvolvidos

utilizando um protocolo em ROSETTA guiado por um algoritmo genético desenvolvido internamente.



O desenvolvimento desta abordagem, bem como a sua aplicagdo a concepgéo e optimizacao de uma

biomolécula neutralizadora da SARS-CoV-2 baseada em ACE2 é descrita nesta tese.

Adicionalmente, com o aparecimento de varias variantes, estudamos também o impacto das variantes
alfa, beta e delta na dindmica conformacional e na acessibilidade a ACE2 do dominio de ligacdo ao

receptor (RBD) da glicoproteina Spike do SARS-CoV-2. Simula¢Ges MD atomisticas longas mostram que

em solucdo, o RBD apresenta duas conformacdes distintas em equilibrio: uma conformacéo "aberta”,

onde € livre de ligar a ACEZ2; e uma conformacdao "fechada”, onde a super cie de ligacao esta bloqueada.
As mutacdes presentes nas varias variantes desviaram este equilibrio na direcdo de conformacgdes mais
"abertas", e no caso da delta, causaram alteracdes substanciais da sua conformacéo que potencialmente

poderdo assistir na fuga a anticorpos.

Palavras-chave: Pl1(4,5)P,, Célcio, Dominios Lipidicos, Organizacao lateral membranar, Inter-

acoes lipido-proteina, Espectroscopia e microscopia de uorescéncia, Simulagdes de dindmica molecular,

Modelos de membrana.
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List of abbreviations

In this thesis, acronyms will usually be expanded on rst usage. Common acronyms, such as DNA, amino

acid letter codes or IUPAC units, will not be expanded nor described.

AA All-atom.
ACE2 Angiotensin-converting enzyme 2.
AFM Atomic force microscopy.

ANTH AP180 amino-terminal homology do-

main.

ApL Area per lipid.

APP Amyloid precursor protein.
BLI Biolayer interferometry.

BODIPY-PC 2-(4,4-di uoro -5-methyl-

4-bora-3a,4a-diaza-s-indacene-3-dode-
canoyl)-1-hexadecanoyl-sn-glycero-3-

phosphocholine.
BSA Bovine serum albumin.

C1 Protein kinase C conserved region 1

domain.

C2 Protein kinase C conserved region 2

domain.

CAP23 Brain abundant membrane attached

signal protein 1.
CG Coarse grained.

CHARMM Chemistry at Harvard Macro-
molecular Mechanics. Atomistic force eld

for molecular dynamics.
COG or CoG Center of geometry.
COM or CoM Center of mass.

COVID-19 Coronavirus disease 2019. Dis-
eased caused by the SARS-CoV-2 virus.

CV Collective variable.
DAG Diacylglycerol.

DOPC 1,2-dioleoyl-sn-glycero-3-phospho-

choline.

DOPE-Rho 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-(lissamine rhodamine

B sulfonyl).

DPH 1,6-Diphenylhexatriene. Fluorescent

probe for membrane uidity measurements.

DPPC 1,2-dipalmitoyl-sn-glycero-3-phos-
phocholine.

EDTA Ethylenediamine tetraacetic acid.
EtOH Ethanol.

correlation

FCS Fluorescence spec-

troscopy.
FFS Fluorescence uctuation spectroscopy

FLIM Fluorescence-lifetime imaging mi-

croscopy.

FRAP Fluorescence recovery after photo-

bleaching.

FRET Fdrster resonance energy transfer.
GA Genetic algorithm.

Gag Group-speci ¢ antigen protein.

GAP43 Growth associated protein of
43kDa.

GROMACS Groningen Machine for Chem-
ical Simulations. Molecular dynamics soft-

ware package.



GUV Giant unilamellar vesicle.

HBR Highly basic region.

HEK Human embryonic kidney cells.
Hela Hela cell line.

HEPES 4-(2-hydroxyethyl)-1-piperazi-
neethanesulfonic acid. A common zwit-

terionic sulfonic acid buffer.

HIV-1 Type 1 human immunode ciency

virus.

I3P Inositol trisphosphate.

LINCS Linear constraint solver.
LUV Large unilamellar vesicle.

MA HIV Gag Matrix domain protein.

MARCKS Myristoylated alanine-rich C ki-

nase substrate.
MD Molecular Dynamics.
MeOH Methanol.

MERS-CoV Middle East respiratory syn-

drome-related coronavirus.
MLV Multilamellar vesicle.

MM-PBSA Molecular mechanics — Poisson-

Boltzmann surface area.
NBD Nitrobenzoxadiazole.
NMR Nuclear magnetic resonance.

NR5A1 Nuclear receptor steroidogenic fac-
tor-1.

PBS Phosphate-buffered saline.
PC Phosphatidylcholine.
PC12 PC12 Cell line

PCA Principal component analysis.

PCH Photon counting histogram.
PDB Protein data bank.

PE Phosphatidylethanolamine.
PH Pleckstrin homology domain.

PH-YFP Phospholipase C 1 subtype — yel-

low uorescent fusion protein.
PI Phosphatidylinositol.
P1(3)P Phosphatidylinositol 3-phosphate.

PI1(3,4)P, Phosphatidylinositol 3,4-bisphos-
phate.

P1(3,4,5)P; Phosphatidylinositol  3,4,5-
trisphosphate.

PI1(3,5)P, Phosphatidylinositol 3,5-bisphos-
phate.

PI(4)P Phosphatidylinositol 4-phosphate.

P1(4,5)P, Phosphatidylinositol 4,5-bisphos-
phate.

P1(5)P Phosphatidylinositol 5-phosphate.

PIP4K Phosphatidylinositol 5-phosphate 4-

kinase.

PIP5K Phosphatidylinositol 4-phosphate 5-

kinase.
PLC Phospholipase C.

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine.

POPS 1-palmitoyl-2-oleoyl-sn-glycero-3-

phospho-L-serine.
PS Phosphatidylserine.

PTEN Phosphatase and tensin homologue

on chromosome 10.
PVA Polyvinyl alcohol.

PX Phox domain.



* QM Quantum Mechanics.

e« QM/MM  Hybrid quantum mechan-

ics/molecular mechanics approach.
RAT-1 Immortalized rat broblasts.

RBD Receptor binding domain from the

coronavirus spike glycoprotein.

RBM Receptor binding motif.

RDF Radial distribution function.

REF15 Rosetta energy function 2015.
RIN Residue interaction networks.

S Protein Coronavirus spike glycoprotein.

SARS-CoV Severe acute respiratory syn-

drome coronavirus.

SARS-CoV-2 Severe acute respiratory syn-

drome coronavirus 2.

SASA Solvent accessible surface area.
SD Standard deviation.

SEM Standard error of the mean.

SLB Supported lipid bilayer.

SNARE Soluble NSF attachment protein

receptor.

SPR Surface plasmon resonance.

STED Stimulated emission depletion mi-

croscopy.

STORM Stochastic optical reconstruction

microscopy.
SUV Small unilamellar vesicle.

TIP3P Transferable intermolecular potential

with 3 points.
Tm Main transition temperature.

TMA-DPH Trimethylammonium-diphenyl-
hexatriene. Fluorescent probe for mem-

brane uidity measurements.

TopFluor-PI(4,5)P » Phosphatidylinosi-
tol 4,5-bisphosphate uorescently la-
beled with a TopFluor uorophore (1 -
oleoyl-2-6-[4-(dipyrrometheneboron di u-
oride)butanoylJaminohexanoyl-sn-glycero-

3-phosphoinositol-4,5-bisphosphate).

tPnA Trans-parinaric acid. Fluorescent
probe typically used to detect the presence

of membrane gel domains.
VMD Visual molecular dynamics.
VOC Variant of concern.

YFP Yellow uorescent protein.






List of symbols

In this thesis, symbols will usually be de ned on rst usage.

b PCH instrument and probe-dependent fac- « Wavelength.

tor.

N Number of particles.

* By, Osmotic second virial coef cient. o
« N Average number of particles.

¢ C Particle concentration.
e <r> Fluorescence anisotropy.

« D Diffusion coef cient.

Ry Foster Radius.
e E FRET ef ciency.

L]

S Axial to lateral dimension ratio.
* F; Fraction weighed by brightness.

« T Fraction of uorophores in the triplet state.
* G Calibration factor.
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Outline

Biological membranes, or biomembranes, are complex structures, made up of a vast number of lipids,
proteins and other components, which are tasked with enclosing the cell and separating its components
from the surrounding environment. In eukaryotes, they also segregate speci ¢ processes and components
into spatially localized compartments within the cell, leading to increased ef ciency and restricted
dissemination of metabolites. Due to their complex compositions, biomembranes are very heterogeneous,
with transversal and lateral asymmetry of lipid distribution, segregation of certain lipids and proteins into
membrane domains, interactions with the cytoskeleton, etc., leading us further away from the simplistic
approach of the original uid mosaic model of Singer and Nicolson. However, this almost chaotic
heterogeneity is also at the foundation of some of the most important functions of biomembranes, such
as the organization of reaction sequences, the regulation of traf c and communication to and from the
cytosol and the regulation of cellular signaling processes. As such, the biochemical and biophysical
characterisation of biomembranes and their complex organization, will ultimately contribute to a better

understanding of cell biology as a whole.

This work is focused on a minority component of biomembranes, phosphatidylinositol 4,5-bisphosphate
(PI(4,5)P,). PI(4,5)P, is a membrane lipid, mostly present in the inner lea et of the plasma membrane of
mammalian cells. Due to its peculiar biochemical and biophysical characteristics — which will be further
developed in this work — it is one of the most actively involved lipids in the regulation of vital cellular
signaling pathways. For P1(4,5)P, to be engaged in a multitude of simultaneous cellular processes, its
levels must be tightly regulated at a spatiotemporal level to avoid signi cant uctuations of its low plasma
membrane concentration. This is thought to occur through the presence of multiple localized pools of
P1(4,5)P, in the membrane, possibly established via interactions with other other membrane components,

such as proteins or divalent cations.

This dissertation is organized into 5 chapters, each of which is extensively based on published work.
Unpublished data that are already submitted for publication were also included as articles on their own.
Both the manuscripts' and the dissertation's page-numbering were kept. Apart from the downscaling
to tthe page size, the published manuscripts were not otherwise altered. Supplementary material for
each article is available in the respective appendix. The experimental biophysical methodologies carried
out in this work, in particular, uorescence spectroscopy and microscopy techniques were performed
at Centro de Quimica-Fisica Molecular (CQFM) at Instituto Superior Técnico (IST), which later became
the Biospectroscopy and Interfaces Research Group (BSIRG) of the Institute for Bioengineering and
Biosciences (iBB), also at IST. Theoretical computational approaches, namely molecular dynamics (MD)
simulations, were performed at the Multiscale Modeling Lab at Instituto de Tecnologia Quimica e Bioldgica

Anténio Xavier (ITQB NOVA).

Chapter | serves as an introduction to this work, and provides an in depth overview of some of the

most important PI(4,5)P, molecular and biophysical properties, as well as their impact on PI(4,5)P,



membrane dynamics, lateral organization, and interactions with other molecular partners. This overview
is given through a biophysics oriented perspective, instead of the more typical biology oriented view,
complementing many of the excellent cell biology focused reviews which already exist. The bulk of the

introduction is based on a published review which was revised and adapted?.

Temporal and spatial regulation of PI(4,5)P, concentration can achieve localized increases in the
lipid, which are crucial for the activation and recruitment of peripheral proteins to the plasma membrane.
Chapter Il focuses on the impact of cation-induced PI(4,5)P- clusters on PI(4,5)P,-protein interactions. In
this chapter, | suggest that, given that PI(4,5)P; is likely to exist constitutively clustered in vivo, protein
anchoring to the plasma membrane through P1(4,5)P, is likely not de ned solely by a simple (monomeric
P1(4,5)P,)/(protein bound PI(4,5)P,) equilibrium, but instead depends on complex protein interactions
with PI(4,5)P, clusters. More so, | also investigate how these PI(4,5)P, hanodomains might also impact

and modulate protein-protein interactions.

Chapter Il focuses on an often overlooked regulator of PI(4,5)P, lateral organisation, its acyl-chain
composition. While most phospholipids show considerable acyl-chain composition diversity, PI1(4,5)P,
is highly enriched in speci ¢ acyl chains. In fact, the most frequent fatty acyl-chain pair for PI(4,5)P ,
in mammalian cells is 1-stearoyl-2-arachidonyl (18:0 20:4), which accounts for up to 70 % of the total
PI(4,5)P, pool in speci c tissues. PI(4,5)P , molecular species exhibiting no polyunsaturation or even fully
saturated acyl chains are less abundant, but have been reported to become more prevalent in response
to certain stimuli, stress, ageing, or in cancer. In this chapter, | will explore how different acyl-chain

compositions impact P1(4,5)P, and PI(4,5)P, nanodomain biophysical properties.

The experimental biophysical work shown in the previous chapters was complemented by molecular
dynamics work carried out using the Martini 2 coarse-grain force eld. The Martini CG model is the
most widely used CG force eld for biomolecular simulations and it has been successfully applied in the
modeling of a variety of molecular processes — especially, in the modeling of biomembrane systems.
With the recent release of the new and improved version 3 of the Martini force eld, | had the opportunity
to develop the parameters for inositol and the 8 phosphoinositol lipids. More than a simple version
update from existing Martini 2 models, these are models developed independently from their Martini 2
counterparts, with greater accuracy and expanded application scope to include, among others, accurate
reproduction of cation-mediated phosphoinositide aggregation. In chapter IV, | describe the development
and validation of the phosphoinositide models, and revisit some of the previous molecular dynamics work
on the impact of acyl-chain composition on PI(4,5)P, biophysical properties using the newly developed

models.

During the course of my PhD work, a pandemic outbreak caused one of the biggest challenges in
modern medicine history. Coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), has become a global pandemic with higher mortality than that of
seasonal in uenza. As of November 2021, over 5 million lives had been claimed by this disease. Like

many other researchers, | dedicated a substantial amount of research time to the ght against SARS-



CoV-2. In chapter V, | describe the development process of a potential anti SARS-CoV-2 biomolecule, as
well as the study of the impact of SARS-CoV-2 variants on the receptor binding domain conformational

dynamics and ACE2 accessibility.

At the end of this dissertation, nal remarks on the developed work are given, along with future
perspectives on membrane biophysics, PI(4,5)P, lateral organisation, and its potential impact on cell

biology.

Most of the work and data analysis presented in this dissertation was performed by me with the
following exceptions:

* Article I: PH-YFP steady-state uorescence spectroscopy experiments, which were performed by

Marina E. Monteiro and Maria J. Sarmento;

« Article Il: AFM measurements of P1(4,5)P, containing supported lipid bilayers, which were performed

by Marco M. Domingues in collaboration with Instituto de Medicina Molecular (iMM);

« Article V: Atomistic simulations of RBD-ACE2 complexes, which were performed by Diana Lousa
and Claudio M. Soares in collaboration with the Protein Modeling lab at ITQB NOVA.

« Article VI: Atomistic simulations of RBD, which were performed by Diana Lousa and Claudio M.

Soares in collaboration with the Protein Modeling lab at ITQB NOVA.

Author contributions are also clearly stated at the end of each article presented in this dissertation.
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1 Introduction: Structure and lateral

organization of P1(4,5)P

The plasma membrane is a complex structure tasked with enclosing the cell and separating it from
the surrounding environment. While biomembranes provide structure and de ne the boundaries of the

cell, their dynamic biochemical and biophysical characteristics also allow them to regulate traf ¢ and

communication to and from the cytosol, organize reaction sequences, and promote cellular processes.
These biophysical properties are de ned not only by the intrinsic physical and chemical properties of
the lipids, proteins, and other components but also by their complex set of interactions. This complexity
holds the key to many key cellular processes. A lipid that stands out in the landscape of the eukaryotic
plasma membrane is phosphatidylinositol 4,5-bisphosphate (P1(4,5)P,). P1(4,5)P, is the most abundant
phosphoinositide in mammalian cells and is found primarily in the inner lea et of the plasma membrane.
It has also been found in endosomes, in the endoplasmic reticulum, and in the nucleus?. While its role
as a source of secondary messengers during signaling events is known for decades®, evidence has
accumulated through time of its importance as an intact phospholipid for de ning plasma membrane

identity in eukaryotic cells. Due to its very large headgroup and multivalent negative charge, PI(4,5)P,
acts almost like an electrostatic beacon, interacting speci cally or non-speci cally with several molecular

entities such as membrane proteins, other lipids, cellular cations, etc. As a result of its particular
biophysical properties, it is a major regulator of a wide spectrum of plasma membrane events, including cell
adhesion and motility*®, ion channel transport®’, vesicle endocytosis®°101112 ‘and exocytosis %1314.15
(Figure 1). This wide-ranging reach of P1(4,5)P, as a critical functional lipid has made it an important
research focus over the last decades in cell biology and more speci cally in areas such as neuroscience,

virology, and biophysics.

1.1 The Phosphoinositide family

PI(4,5)P, is a member of the phosphoinositide (PI) lipid family. Pls are a small group of glycerophospho-
lipids derived from phosphatidylinositol. These lipids consist of a characteristic inositol headgroup, which

can undergo reversible phosphorylation and dephosphorylation leading to the formation of seven distinct



CHAPTER 1. INTRODUCTION: STRUCTURE AND LATERAL ORGANIZATION OF PI(4,5)P; ——

Fig. 1. Membrane processes associated with or dependent on PI(4,5)P,. Figure created with BioRen-
der.com.

phosphorylated species. While the parent lipid phosphatidylinositol represents roughly 10% of total
membrane phospholipids in the eukaryotic cell, the phosphorylated derivatives account only for around
2-3%72, with PI(4)P and PI(4,5)P, representing the bulk of these lipids'®. Each of these seven species has
a distinct subcellular distribution with a predominant localization in subsets of membranes. Additionally,
within a given membrane the localization of a speci ¢ Pl can be heterogeneous. Many PlIs are overall
in low abundance in the membrane but they can be found at high local concentrations in membrane
domains not readily detected by conventional techniques*'6. Over the last couple of decades, Pls have
been found to be one of the most ubiquitous signalling entities in eukaryotic metabolism. Their reach
extends from controlling organelle biology to regulating cellular growth. Due to this all-encompassing
reach they have also been linked to a number of human diseases. In fact, the inositide signalling pathway
is considered a promising pharmaceutical target. For an excellent review on the major developments on

PI cellular biology and their impact on disease see Balla (2013)%.

1.2 P1(4,5)P, Structure

1.2.1 Headgroup conformation

The core PI(4,5)P, structure descends from its “parent” lipid, phosphatidylinositol. At the core, it consists
of a myo-inositol headgroup. There are 9 existing isomers of inositol but the myo-inositol isomer is
the most commonly found in eukaryotic cells. In its most stable conformation, it assumes the chair
conformation where every hydroxyl substituent is at the equatorial position except for the hydroxyl in
the position 2 of the ring which is in an axial position. The myo-inositol moiety is typically linked to the
diacylglycerol (DAG) backbone via a phosphodiester bond in position 1. This leaves the hydroxyl groups
in positions 2 to 6 open. However, only positions 3, 4 and 5 can be enzymatically phosphorylated to yield
the 7 phosphorylated PI species. PI(4,5)P; is the result of phosphorylation in positions 4 and 5 of the

headgroup by speci ¢ kinases and phosphatases (Figure 2, A).
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Fig. 2. PI(4,5)P, headgroup features. The PI(4,5)P, headgroup consists of myo-inositol ring where
every hydroxyl substituent is at the equatorial position except for the hydroxyl in the position 2 of the ring
which is in an axial position. In the case of PIP2 the hydroxyls in positions 4 and 5 are enzymatically
phosphorylated. It is linked to the DAG backbone via a phosphodiester bond in position 1 (A). At pH 7.0,
one of the phosphodiester proton dissociates, and the one remaining is shared between the two vicinal
phosphomonoester groups. In terms of potential charge this means that, at pH 7.0, the charges would be
-1.58 and -1.41 for the phosphomonoester groups at positions 4 and 5 respectively’. The lower charge
of the 5-phosphomonoester group is attributed to a network of intramolecular hydrogen bonds that it is
engaged in, which stabilize the proton (B). Carbon atoms are coloured in grey, hydrogen in white, oxygen
in red and phosphorus in orange. Snapshots obtained from a simulation of a bilayer consisting of 95:5
mol ratio POPC: PI(4,5)P,, using the CHARMMS36m force eld run in GROMACS2019. Images were
modelled using VMD.

In mammals, the majority of PI(4,5)P, in the plasma membrane is synthesized from PI(4)P by
type | PIP5Ks!8. Type Il PIP4K phosphorylate PI(5)P to synthesize a quantitatively minor pool of
P1(4,5)P, localized in the Golgi%>%2°. It can also be produced by the dephosphorylation of P1(3,4,5)P5
catalysed by PTEN and TPIP2%. PI(4,5)P, hydrolysis is controlled by speci ¢ 4'- or 5'-phosphatases or by
phospholipase breakdown in response to various stimuli. Dephosphorylation by speci ¢ phosphatases
(primarily 5'-phosphatases) controls P1(4,5)P, steady-state levels and controls the extent of its signalling.
Additionally, cleavage by phospholipases, such as phospholipase C (PLC), control PI(4,5)P, levels and
originate metabolites that propagate and amplify cellular signalling. P1(4,5)P, levels, in general, are the
result of a complex interplay of many cellular enzymes. While P1(4,5)P, metabolism falls out of the scope

of this review, more information can be found elsewhere 22,

1.2.2 Membrane conformation dynamics

In terms of molecular structure when inserted into the membrane, there are surprisingly very few ex-
perimental studies probing PI(4,5)P, dynamics. Since the dynamics of phosphatidylinositol or of the

mono-phosphorylated PI(4)P has been addressed to some extent, we can estimate some of PI(4,5)P,
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properties from the behaviour of these closely related precursors. At the insertion depth of phosphatidyli-
nositol and P1(4)P, when inserted into the membrane and in the absence of any interactions with other
chemical partners, it is believed that the phosphodiester bond is located roughly at the same depth as
the phosphodiester of phosphatidylcholine. Additionally, evidence points that the phosphodiester bond

remains roughly parallel when compared to the membrane normal 23242526,

P1(4,5)P, headgroup tilt seems to be signi cantly impacted by phosphorylation. For the case of
phsophatidylinositol, the headgroup is roughly perpendicular to the membrane plane, with the C4 hydroxyl
as the most exposed to the water layer despite a slight tilt being observed arising from an intramolecular
hydrogen bond established between the C2 hydroxyl and the pro-R-oxygen of the phosphodiester
phosphate 23242527  This is the result of the glyceryl-phosphate-inositol link being always very close
to a trans, trans, trans, gauche- conformation, which brings the two hydrogen bond partners together.
Interestingly, the formation of this hydrogen bond appears to be crucial for the recognition by PLC.
However, it is not yet clear if it is formed when phosphatidylinositol is aggregated?“. In the case of PI(4)P
the headgroup tilt is more signi cant 23226 and authors suggest it might be also due to the establishment
of electrostatic interactions between the negatively charged phosphate and the positively charged choline
headgroups from the neighbouring lipids. For PI(4)P, due to this more signi cant tilt, the C5 hydroxyl is

the most accessible to the water layer.

In a Variable Angle Sample Spinning NMR study?®, P1(4,5)P, membrane conformation was studied in
a membrane like environment consisting of neutral alkyl-poly(ethylene)glycol and long-chain alcohols. All
possible conformations obtained showed a much more pronounced headgroup tilt for P1(4,5)P, than for
PI(4)P, where the PI(4,5)P, headgroup would be laying almost parallel to the membrane surface. As this
cannot arise from speci c electrostatic interactions in this membrane model, it is likely that this is the
result of more subtle effects such as water- or alcohol-mediated hydrogen bonding. As the analysis of
NMR measurements of complex systems (such as PIs) is error prone and the “membrane matrix” used is
far from being biologically relevant, the authors of this study could not be de nitive in their conclusions
regarding PI1(4,5)P, orientation. Nevertheless, they were able to replicate what had been previously
observed for PI(4)P in other membrane mimetics. If these observations are replicated in more relevant
conditions, they will challenge the more established “concept” of how PI(4,5)P; is structurally displayed
in the membrane and how it interacts with protein partners. All-atom (AA) molecular dynamics (MD)
simulations of PI(4,5)P; in lipid membranes show a well-de ned average head-tail angle of roughly 100 °
indicating that the headgroup would lie mostly at along the membrane in agreement with the previous
studies?® (Figure 3). Poisson Boltzmann MD simulations, however, show a more conservative tilt of

roughly 40°.

Overall, there are strong hints that, in the absence of interactions with other biochemical partners,
PI(4,5)P, when inserted into a membrane has its headgroup lying tilted over the membrane. The extent
of this tilt is still yet to be fully understood and likely depends not only on PI(4,5)P, intrinsic properties but

also on the interactions with the neighboring lipid molecules.
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Fig. 3. Examples of PI(4,5)P, headgroup tilt when inserted into a phospholipid membrane. PI(4,5)P,
presents a signi cant headgroup tilt, when inserted into a bilayer, ranging from almost parallel to the
membrane plane (A) to a more conservative 40° tilt (B). Whilst the more dramatic headgroup tilt appears to
be favoured from interactions between its negatively charged phosphate groups and the positively charged
membrane surface, the more moderate tilt surges from the establishment of intramolecular hydrogen
bonds between the C2 hydroxyl and the pro-R-oxygen of the phosphodiester phosphate. Carbon atoms
are coloured in grey, hydrogen in white, oxygen in red and phosphorus in orange. Snapshots obtained
from a simulation of a bilayer consisting of 95:5 mol ratio POPC: PI(4,5)P;, using the CHARMM36m
force eld run in GROMACS2019. Images were modelled using VMD.

1.2.3 Headgroup charge

An important aspect that is closely related to the conformation of PI(4,5)P; is the charge state of each of
its headgroup phosphate groups. Whilst the charge state of the headgroup linking phosphate group is
well de ned at physiological pH (pKa between 1 to 3) 2°, the headgroup phosphate charges are much
more volatile. The charge state of these groups has mostly been studied experimentally for PI(4,5)P, in
micelles and small unilamellar vesicles (SUVs), via 31P — NMR and the dependency of the chemical shift
on the pH. Typically, PI(4,5)P is considered to have approximately four negative charges at cytosolic pH.
This result was inferred from the determination of the pKa of each headgroup phosphate in either pure or
mixed vesicles of PI(4,5)P, using 31P-NMR*°. These experiments determined a pKa value for the rst
protonation of roughly 6.7 and 7.7 for the phosphomonoester groups at position 4 and 5 respectively. In
terms of potential charge, this would mean that at pH 7.2, the 5-phosphomonoester would be partially
protonated at charge -1, the 4-phosphomonoester would be fully deprotonated with charge -2 and the

phosphodiester would have charge -1.

However, studies have since shown that the P1(4,5)P, headgroup ionization behaviour (as well as for
other phosphoinositides) can't be accurately described by a Henderson—Hasselbalch mechanism?'’. In
the more detailed mechanism that was proposed?!’, at pH values close to 4-5, both phosphomonoester

groups are mono-protonated as previously described. Upon increasing the pH, one proton dissociates,
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whilst the remaining one is shared between the two vicinal phosphomonoester groups (Figure 2, B).
In terms of potential charge this means that, at pH 7.0, the charges would be -1.58 and -1.41 for the
phosphomonoester groups at positions 4 and 5 respectively. The lower charge of the 5-phosphomonoester
group is attributed to the fact that it establishes an hydrogen bond interaction with the hydroxyl group
in the position 6, which in turn, is also forming a long range hydrogen bond with the phosphodiester
group in the position 1. This weakens the rst hydrogen bond slightly and thus the proton binds to
the 5-phosphomonoester more tightly. These results gave a much more detailed look at the charge
distribution of P1(4,5)P, and at the complex network of intra- and intermolecular hydrogen bonds that
lead to the dissipation of the headgroup charge and are, very likely, part of the reason for why repulsion

between phosphoinositides is much weaker than expected.

A fact that is often overlooked, is how the interaction of PI(4,5)P, with neighbouring molecules
in uences its charge distribution. In vivo, PI(4,5)P; is constantly in interaction not only with its neighbouring
lipids, but also with proteins and cationic ions. The complex network of interactions formed by P1(4,5)P,
with these partners leads to a greater distribution of its charge, effectively altering its headgroup charge.
A study has shown that, in the absence of divalent cations, lipids with hydrogen bond donor capabilities
could in uence PI(4,5)P , headgroup charge3!. Phosphatidylethanolamine (PE) was shown to in uence
the rst step of deprotonation of the PI(4,5)P , headgroup, most likely by interacting preferably with the
5-phosphate. In the presence of PI, the rst step of deprotonation was not affected, but a lower degree of
ionization was observed for both phosphomonoester groups for the removal of the last shared proton.
Curiously, phosphatidylserine (PS) was not shown to affect PI(4,5)P, headgroup ionization signi cantly.
This study clearly showcases how the PI(4,5)P, local environment can affect PI(4,5)P, headgroup charge,

a crucial feature responsible for a lot of its biological function.

1.2.4 Acyl-chain composition

The acyl chain composition of lipids often plays an important functional role. These roles can be de ned
by speci c interactions with proteins or by simply changing the overall biophysical properties of the
surrounding membrane. In general, fatty acid pro les vary between phospholipid classes, tissues and
species, and can also vary over time with dietary habits, stimuli or disease. Like many other lipids,
P1(4,5)P, is also subject to these effects. In mammals, the phosphorylated myo-inositol headgroup is
typically bound to a DAG moiety, which consists of two fatty acid chains bonded to a glycerol molecule via
ester bonds at positions snl and sn2. The major fatty acid pro le observed for PI(4,5)P , in mammals
consists of 1-stearoyl-2-arachidonyl (18:0 20:4)21. Curiously, inositol-phosphate headgroups coupled
to ceramide have also been identi ed in fungi, plants and protozoa 2. However, | will focus only on the

mammalian-relevant DAG-bound species in this review.

The 18:0 20:4 acyl chain pro le consists of up to 70% of the total PI(4,5)P , lipid pool in some cell

lines, especially in brain tissue. This enrichment is likely the combined outcome of substrate speci city for
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1-stearoyl-2-arachidonyl-glycerol in several enzymes in the phosphatidylinositol cycle and the remodeling
of phosphoinositide acyl-chains via the Land's cycle 3. A more detailed look at how the cell might maintain
this enrichment can be seen in this review by D'Souza et al (2014)33. However, PI(4,5)P; still has a broad
distribution pro le ranging from highly unsaturated chains to fully saturated ones 34. These less abundant
species become more prevalent in response to certain stimuli®®, stress3*3°, aging®* or in cancers®. In
these cases, fully saturated and mono-unsaturated compositions increase signi cantly in concentration,

in some cases even surpassing the canonical 18:0 20:4 composition®.

But why do cells spend so many resources in maintaining this particular acyl-chain composition?
And why does the acyl-chain pro le shift, sometimes dramatically, in speci ¢ conditions? The biological
functions behind the enrichment in 18:0 20:4 are still not very clear. The enrichment in this con guration
seems to be particularly prevalent in brain cells, where PI(4,5)P, has been associated with several
stages of both endocytosis and exocytosis and has been considered an important mediator of synaptic
vesicle traf cking °’. It has been shown that arachidonate, and other polyunsaturated fatty acids such
as docosahexaenoate (22:6), at the sn2 position, facilitate membrane shaping and ssion activities.
Additionally, asymmetric snl-saturated-sn2-polyunsaturated phospholipids have been shown to provide
ef cient membrane vesiculation whilst maintaining lower membrane permeability 38. These properties
might provide signi cant mechanical bene ts in these particular tissues. Of course, arachidonic acid
in particular has biological activity of its own in addition to serving as the precursor for the synthesis of
eicosanoids, such as prostaglandins and leukotrienes®°. Overall, this particular theme has been given

little attention thus far; nonetheless, it could be the key for some of P1(4,5)P, multifunctionality.

1.3 Lateral organization of P1(4,5)P »

Having looked at the core structural properties of Pl1(4,5)P, we now turn to its organization in the plasma
membrane. As PI(4,5)P; is engaged in a multitude of cellular functions occurring in parallel, its levels
must be tightly regulated to avoid signi cant uctuations of its total plasma membrane concentration. This

implies that the simultaneous regulation of these cellular functions by P1(4,5)P, must occur through the
presence of multiple localized pools of this phospholipid in the plasma membrane“®. P1(4,5)P, lateral
organization in cells has been studied through a variety of techniques from Fluorescence correlation
spectroscopy (FCS) and Fluorescence recovery after photobleaching (FRAP) to Atomic force microscopy
(AFM). In FCS experiments carried out in Ratl broblasts and HEK cells, researchers microinjected
micelles of uorescent labelled-P1(4,5)P , into cells and showed that the diffusion coef cient of PI(4,5)P »
in these cells is signi cantly lower than expected for free phospholipids. The simplest interpretation of
this result is that approximately two thirds of P1(4,5)P, in the inner lea et of the plasma membrane is
somehow sequestered!. Studies in PC12 cells have also shown, using stimulated emission depletion
(STED) microscopy“? and stochastic optical reconstruction microscopy (STORM) imaging techniques*?,

that P1(4,5)P5 is highly enriched in nanometre sized membrane domains, speci c to this cellular model.
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In fact, while the presence of segregated PI1(4,5)P, pools can be partly explained by localized P1(4,5)P,
synthesis and degradation through several kinases and phosphatases?*, it is also evident that membrane
diffusion rates, in the absence of signi cant obstacles for diffusion, will always be higher than concentration
changes due to enzymatic activity causing P1(4,5)P, to diffuse away faster than it can be produced.
This means that it is unlikely that local synthesis can result in signi cant changes in the submicroscopic
organization of PI(4,5)P, in the membrane“®. PI(4,5)P, interactions with other cellular binding partners
could alternatively explain the observed lateral organization of this phosphoinositide. Interactions with
proteins, divalent cations, cholesterol and the cytoskeleton are the ones most likely to have such an
impact. In this review | will give particular attention to the often neglected effect of divalent cations on the

lateral organization of PI(4,5)P5.

1.3.1 Sequestration by proteins

One way to explain PI(4,5)P, lateral organization in the plasma membrane of cells, is that proteins can
act as reversible buffers, binding much of the PI(4,5)P, present and then releasing it locally in response
to speci ¢ signals #°. Theoretical simulations predict that such sequestration can be achieved not only
through speci c interactions with P1(4,5)P ,, but also through nonspeci c electrostatic interactions. In

fact, polybasic proteins are able to sequester a lipid with a valence of 4 (such as PI(4,5)P,) 1000-
fold more effectively than a lipid with a valence of 1 (such as PS)*¢4’. Due to its highly negatively
charged headgroup, P1(4,5)P, was con rmed to interact strongly with polybasic stretches of aminoacid

residues*®*8, Through these polybasic stretches, several proteins were found to laterally sequester
PI(4,5)P, molecules in a reversible manner?®°°, For an ef cient buffering of PI(4,5)P , levels, these
proteins would have to be present at a concentration comparable to Pl(4,5)P,, localize to the plasma
membrane and be able to bind PI(4,5)P, with high af nity while being able to release it in response to

stimuli. Proteins such as MARCKS4750:51  GAP434552 CAP234%, among many others, have been shown
to be able to sequester P1(4,5)P, in such a manner. In the case described above of PI(4,5)P, domains
detected in PC12 cells, these were found to be associated with the sequestration of P1(4,5)P, to clusters
of the SNARE protein syntaxin-1425354_ This sequestration by syntaxin-1 is critical for the regulation of

SNARE dependent membrane fusion %56,

Employing uorescence and electron paramagnetic resonance spectroscopic tools, McLaughlin,
Ca so and co-workers 4"4° showed that a 24 amino acid peptide corresponding to the effector domain
of MARCKS was able to ef ciently sequester an average of 3 PI1(4,5)P , molecules through non-speci c
electrostatic interactions. Importantly, this sequestration occurred even in the presence of physiological
concentrations of the monovalent acidic phospholipid PS, con rming theoretical predictions. MARCKS
sequestration of PI(4,5)P, has been shown to be important in the PI1(4,5)P, mediated activation of
TRPC-family Ca?* channels®’, in the endocytosis of the amyloid precursor protein (APP)8 and in the

synaptic clustering of P1(4,5)P,%°.
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1.3.2 P1(4,5)P, interactions with divalent cations

Several studies have shown that Pls and PI(4,5)P,, in particular, are able to establish strong electrostatic
interactions between their negatively charged headgroups and divalent cations. In the cellular P1(4,5)P,
context, Ca?* and Mg?* stand out. Ca?' is a common player in signal transduction and a second
messenger in cells. Its levels are strictly controlled and maintained at low levels in the cytosol, with normal
intracellular levels at around 100 nM (20 000 fold lower than extracellular levels)®°. Upon stimulation,
however, several signal transduction pathways can lead to transient increases of intracellular Ca?*
concentration up to around 1 pM, with local concentrations in the vicinity of open Ca?* channels reaching
hundreds of uM, before being regulated back to normal levels®. In fact, PI(4,5)P, has been reported to
be associated with a variety of Ca?* channels and a great number of these require PI(4,5)P, for proper
function®. Mg?*, on the other hand, is a less studied modulator of cell function. Mg?* levels are well
buffered in a narrow millimolar range between 0.25 mM and 1 mM5%263 and are thus kept at a much higher
concentration than those of Ca?*. Both divalent cations have been shown to bind strongly to P1(4,5)P,

and in uence its lateral organization dramatically as discussed below.

Through QM/MM experiments we can get an insight on the molecular basis for cation binding to
P1(4,5)P,28. From a molecular point of view, when binding to a single P1(4,5)P, lipid, both Ca?* and
Mg?* bind to PI(4,5)P, either in between the phosphomonoester groups (Figure 4, B) or solely near the
4-phophomonoester (Figure 4, A). However, simultaneous binding between the two phosphomonoester
groups is approximately 10 kcal/mol more unfavourable?®. Divalent cation binding to the phosphodiester

group has also been observed®.

When analysing the free energy associated with the removal of each divalent cation from its binding
position, signi cantly more energy is required to remove Ca 2* into the bulk water than it is for Mg?*. The
difference in free energy could come from the fact that, in contrast to Ca?*, Mg?* appears to retain its rst
hydration shell in its equilibrium binding position. This causes its equilibrium binding position to be further
away from the headgroup and leads to the formation of less hydrogen bonds, on average, between the
headgroup and the surrounding water molecules. Interestingly, it was also shown that upon binding to
Ca?*, the remaining PI(4,5)P, headgroup proton at physiological pH could be favourably displaced and
that the effective size of the PI(4,5)P, headgroup would signi cantly decrease 8. In the presence of Mg?*,
the dissociation of the remaining proton was not favourable. However, the decrease in effective headgroup
surface area was also observed albeit at a lesser extent. All of these cation induced changes can and
will affect PI(4,5)P, dynamics, thus in uencing local membrane dynamics as well as its interactions with

protein binding partners.

Apart from simply binding to PI(4,5)P,, both divalent cations also have the ability to crosslink P1(4,5)P,
lipids. This induces the formation of very stable cation induced PI(4,5)P, nanodomains. It has been

shown through different experimental techniques that divalent cations, and especially Ca?*, are able to
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Fig. 4. Snapshots of Ca?* ions interacting with the P1(4,5)P, headgroup phosphates. Ca?* can bind to
PI(4,5)P, either solely near the 4-phophomonoester (A) or in between the phosphomonoester groups (B).
However, simultaneous binding between the two phosphomonoester groups is approximately 10 kcal/mol
more unfavourable?®. Carbon atoms are coloured in grey, hydrogen in white, oxygen in red, phosphorus
in orange and Ca?* in blue. Snapshots obtained from a simulation of a bilayer consisting of 95:5 mol
ratio POPC: PI(4,5)P in the presence of Ca?* in a 5:1 Ca?* to PI(4,5)P, ratio, using the CHARMM36m
force eld run in GROMACS2019. Images were modelled using VMD.

induce the formation of PI(4,5)P, nanodomains?, even at physiological concentrations of cation and lipid.
In lipid monolayers, these clusters can be detected through AFM.%5%6 (Figure 5). Through the use of
uorescent analogues of PI(4,5)P , , Ca?*-induced clusters were shown to occur in model membranes at
physiologically relevant concentrations of both Ca?* and P1(4,5)P,%’. Other phosphoinositides have also
shown some propensity to form cation-induced clusters. PI(3,5)P, has been found to form nanodomains
by itself in the presence of physiological concentrations of Ca?* cations.In the presence of Mg?* PI(3,5)P,
clustering was negligible ®®. On top of that, the clusters formed by PI(3,5)P, were much smaller and likely
less stable than those formed by PI(4,5)P,%8. On the other hand, when the monophosphorylated PI(4)P

was tested in the same type of experiments, no Ca®*-induced clusters where observed 8.

From a molecular point of view, a single divalent cation can likely crosslink up to 2 PI(4,5)P, lipids
by simultaneously binding each lipid phosphodiester and/or headgroup phosphomonoester groups via
strong electrostatic interactions®®. A single P1(4,5)P, lipid, however, can simultaneously bind up to 3
divalent cations, and thus be complexed with 3 other PI(4,5)P; lipids (Figure 6). This net of PI1(4,5)P, —
cation interactions can thus induce the formation of a grid of tightly crosslinked lipids. Whilst the main
driving force behind the clustering appears to be cation crosslinking, the formation of a complex network
of intermolecular hydrogen bonds, between the headgroup hydroxyl and phosphomonoester groups, very
likely plays a role in thermodynamically favouring clustering. Due to the electrostatic nature of the cation
interactions, the propensity to crosslink PI(4,5)P, lipids appears to be highly correlated with the af nity

towards the divalent cation. Thus, Ca?* shows a much greater clustering propensity than Mg?*. In fact,

ap|(4,5)P, nanodomains and PI(4,5)P, clusters will often be used interchangeably in this work.
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Fig. 5. Snapshots of experiments on mixed lipid monolayers, containing different mol % of SOPC and
PI(4,5)P,, while exposed to Ca?*. Adapted from Biophysical Journal, 101, Ellenbroek, W.G.; Wang, Y.H.;
Christian, D.A.; Discher, D.E.; Janmey, PA.; Liu, A.J. Divalent cation-dependent formation of electrostatic
PIP2 clusters in lipid monolayers. 2178-218466.

Ca?* induced clusters have been shown to be signi cantly larger than those induced by Mg ?* at the
same experimental conditions®°. However, although Mg?* has a much weaker af nity for PI(4,5)P , when
compared to Ca®", its steady state levels are several orders of magnitude higher than those of Ca?*, and

at these mM concentrations it is also able to induce comparable PI(4,5)P, clustering 8.

As the formation of these clusters is driven mainly by the crosslinking of the phosphate groups,
the nanodomains formed are composed of almost only PI(4,5)P,. Studies have shown that other
phosphorylated PI species can co-cluster with P1(4,5)P,, albeit to a lesser degree, but that the parent
lipid phosphatidylinositol cannot’°. Incorporation into clusters also seems to be independent from acyl-
chain composition”?, still, it is very likely that different acyl-chain compositions induce the formation of

nanodomains with different biophysical properties.

These cation induced PI(4,5)P, nanodomains are much more than simply the sum of their elements.
While Ca?* is known to directly regulate the interaction of different protein domains to PI(4,5)P, ",
the structure and dynamics of the phospholipid within the divalent cation-induced cluster presents
markedly distinct biophysical characteristics than the monodisperse lipid. As mentioned previously,
binding of divalent cations, and in particular Ca?*, can alter PI(4,5)P, headgroup exposure leading to a
decrease in solvent accessible area?®. Additionally, as divalent cations accumulate, signi cant screening
of the headgroup charges occurs, essentially shielding the large negatively charged headgroup from
potential binding partners’?. As PI(4,5)P, lipids are forced to accumulate in an enclosed area, further
reorganization of the headgroups occurs, promoted by the molecular interactions of the divalent cations
with the 3 phosphate groups '3, effectively altering the headgroup conformation. This local accumulation
likely in uences PI(4,5)P , acyl chain dynamics, and therefore, local membrane order. Studies have shown
that PI(4,5)P, nanodomains have signi cantly reduced lateral dynamics 8’ and that PI(4,5)P,, which
as a single lipid has a strong preference for disordered domains, displays signi cantly less af nity for
disordered domains upon clustering®®. All of these altered biophysical properties can, and most likely will,

in uence downstream PI(4,5)P , signalling by modulating its interactions with protein and lipid partners.

Altogether, these ndings show that divalent cation mediated clustering can lead to the formation of

speci ¢ sites in the membrane highly enriched in PI(4,5)P », while depleting the rest of the membrane®’.
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Fig. 6. Crosslinking of PI(4,5)P lipids induces the formation of PI(4,5)P, nanodomains. As a single
divalent cation can bind up to 2 PI(4,5)P, lipids and each lipid can potentially bind 3 divalent cations, a
network of electrostatic interactions can crosslink P1(4,5)P;, lipids together (A). As the number of clustered
lipids increases, PI1(4,5)P, nanodomains are formed (B). Coarse grain beads representing the inositol
headgroup and acyl-chains are coloured in grey, the glycerol component in red, the phosphate groups
in orange and Ca?* in blue. Snapshots obtained from a simulation of a bilayer consisting of 95:5 mol
ratio POPC: PI(4,5)P, in the presence of Ca* in a 5:1 Ca?* to PI(4,5)P, ratio, using the martini 2.2
coarse-grained force eld run in GROMACS2019. Images were modelled using VMD.

P1(4,5)P; is likely constitutively clustered in the membrane, crosslinked by Mg?* ions alongside other
minor phosphoinositide lipids. In the vicinity of active Ca?* channels, where Ca?* concentrations increase
signi cantly upon opening of a channel, both ions will simultaneously contribute to the formation of the
nanodomains, to form larger and more stable PI(4,5)P, nhanodomains. These cation-induced nanodomains
can in uence not only PI(4,5)P , lateral organization and biophysical properties but also the way proteins
interact with P1(4,5)P,, by modulating their localization in the plasma membrane, their target recognition
and binding af nity to PI1(4,5)P 5, and even further downstream interactions with other proteins. Therefore,
beyond the impact of Ca?* on PI(4,5)P, levels in the membrane through activation of phospholipase
activity, the direct interaction of divalent cations with P1(4,5)P, is expected to play a crucial role in the

regulation of the biological activity of this phospholipid.

1.3.3 Effect of cholesterol on PI(4,5)P, properties and distribution

Cholesterol is a crucial membrane component, implicated in a myriad of membrane processes. However,
its most noted role is in the regulation of plasma membrane biophysical properties as a “ uidity buffer”.
Whilst its effects can vary with different cholesterol contents, cholesterol, in general, decreases membrane
uidity by increasing lipid packing even leading to the cholesterol-dependent formation of coexisting liquid
phases 4. Like all the other phospholipids in the plasma membrane, PI(4,5)P, is also subject to these

cholesterol-dependent effects.
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Fig. 7. Ternary diagram for the POPC:PSM:Chol lipid mixture at 25 (A) and 37 C (B). Color-code depicts
decrease in measured uorescence anisotropies of a PI(4,5)P , uorescent analogue (TF-PI(4,5)P ;) upon
inclusion of 100 uM Ca?*. Since the decrease re ects homo-FRET between analogues incorporated
within the same clusters, darker areas correspond to more ef cient P1(4,5)P , clustering. Adapted from
Sarmento, M.J.; Coutinho, A.; Fedorov, A.; Prieto, M.; Fernandes, F. Membrane order is a key regulator of
divalent cation-induced clustering of PI(3,5)P, and PI(4,5)P,. Langmuir 2017, 33, 12463-12477.58

Unsurprisingly, given its large negatively charged headgroup and highly unsaturated acyl chain,
PI(4,5)P, was shown to preferentially partition into the less ordered cholesterol-poor phases of biphasic
monolayers containing P1(4,5)P,:SOPC:Chol ®. However, after the addition of Ca?*, the subsequent
cation-induced PI(4,5)P, nanodomains were shown to have increased the miscibility of the coexisting
domains in the cholesterol-containing monolayers ’®. Related results have been observed, in a study with
uorescent derivatives of PI(4,5)P , incorporated in ternary mixtures of POPC:SM:Chol. In this study,
monodisperse PI(4,5)P, presented low miscibility in more ordered lipid phases, yet, after cation-induced
clustering, the preference for disordered domains decreased by more than two-fold ’>. Importantly, the
lipid composition of this ternary mixture was shown to have a marked in uence both on the extent of
PI(4,5)P, Ca?*-induced clustering and on the size of clusters formed (Figure 7)’® . Since the dimensions
of P1(4,5)P, clusters were heavily dependent on temperature, it was concluded that the major factor
regulating PI(4,5)P, clustering was membrane order and not the presence of a speci ¢ molecular partner
in the membrane. This suggests that the insertion of PI(4,5)P, in more ordered domains is stabilized by

the formation of cation-induced nanodomains.

In a cellular context the effect of cholesterol on P1(4,5)P, appears to be heavily dependent on cell
type. In broblasts “® and cultured pancreatic R-cells’” cholesterol depletion leads to decreased levels of

free PI(4,5)P,, whilst in HEK29378 cholesterol enrichment was shown to promote PI(4,5)P, depletion.

Altogether, discussed ndings appear to be in agreement with theories that associate P1(4,5)P , with

the controversial cholesterol-rich microdomains, such as “lipid rafts” and caveolae, which are said to
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be involved in regulating a variety of membrane functions. P1(4,5)P, has been found to be enriched in
detergent-resistant membranes . And while detergent extraction has been put into question on whether
it induces an artefactual enrichment in P1(4,5)P, 8, studies have shown PI(4,5)P, to colocalize with more
ordered membrane domains 8828384 and to be sensitive to membrane curvature 8%, both associated
with these types of structures. Interestingly, in a study where a PI(4,5)P, speci ¢ phosphatase was
targeted to either the “raft” or the “nonraft” membrane fractions of T cells, the authors were able to show
clear evidence of compartmentalization of P1(4,5)P, dependent signalling in each of the fractions. When
depleting the “nonraft” fraction of P1(4,5)P,, T cells showed an increase in cell lopodia and cell spreading,
whilst in contrast, when depleting the “raft” fraction of P1(4,5)P,, T cells showed smooth membranes free
of rufing and lopodia among other effects. Findings also appear to suggest that roughly half of the

P1(4,5)P, content is synthesized preferentially in these cholesterol-enriched domains’®. Interestingly,
in HeLa cells, cholesterol was shown to not signi cantly impact the lateral organization of P1(4,5)P »,
hinting that it is not associated with raft-like membrane patches®®, unlike what was observed for other
systems®87. As such, this is still an area of great controversy amongst researchers, and there is a lot
yet to uncover before signi cant conclusions can be drawn on the importance of these microdomains for

P1(4,5)P, lateral organization.

1.3.4 Effect of the cytoskeleton and curvature on PI(4,5)P, lateral

organization

P1(4,5)P, has been shown to be a major player in cytoskeleton dynamics, by interacting and regulating the
activity of numerous enzymes and cytoskeletal proteins®8°. However, the cytoskeleton can also regulate
PI(4,5)P,, and in particular its lateral organization, via corralling by the cortical actin network. Cortical
actin networks have been shown to be able to induce spatio-temporal con nement of phospholipids in
the plasma membrane of living cells°°. PI(4,5)P, should be no exception to this effect and, in fact, due
to its close proximity with a variety of actin binding proteins® one can suspect it could be even more
susceptible to these effects. Studies have shown that the cytoskeleton is responsible for some of the low
mobility of PI(4,5)P, in atrial myocytes®!. Additionally, the cytoskeleton has been shown to be critical for
the formation of P1(4,5)P, enriched compartments in HelLa cells, as disruption of actin polymerization

resulted in an almost homogeneous distribution of PI(4,5)P, 8¢,

Curvature can also greatly in uence PI(4,5)P , lateral organization. PI(4,5)P, has been found to
undergo a transient increase at the phagocytic cup during the initiation of phagocytosis®>°3. More
recently, it was found that the curvature induced by the engagement of non-biological solid particles
with the plasma membrane was enough to increase PI(4,5)P, concentrations at the site of contact.
Additionally, as previously discussed, PI(4,5)P, has been associated with several stages of endocytosis
and exocytosis, where curvature effects are paramount®’. As a monodisperse lipid, PI(4,5)P, has an

inverted cone-shaped structure® due to its very large inositol headgroup. As such, it is associated
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with positive membrane curvature. After interacting with divalent cations, however, PI(4,5)P, presents
a cone-shaped structure®, likely due to the decrease in headgroup area as well as the aggregation of
the headgroups after complexation with the cations. In this case, it would be associated with negative
membrane curvature. Whether local curvature at the plasma membrane plays a major role in dictating
P1(4,5)P, lateral organization or PI(4,5)P, lateral organization contributes to local curvature is not entirely
clear. In a cellular context, it is likely dependent on the process in question and the overall result of both

effects.

1.4 Main perspectives and goals

Despite having been discussed separately in this work, all the complex biophysical properties discussed
previously are tightly interlinked processes. It is the combined effect of these properties that allows
P1(4,5)P, to be a major regulator of membrane dynamics despite being present at very low overall
concentrations. While a lot of research has been conducted on these effects, many are still to be
fully characterized, especially those associated with cation induced nanodomains, such as the lipid
conformation in these structures, the extent of charge dissipation and the effect of these nanodomains on
the local bilayer properties. A good molecular understanding of these effects is fundamental in order to

better understand how PI1(4,5)P; carries out its role as a major plasma membrane regulator.

Over the last decades, extensive research efforts have uncovered a multitude of different cellular roles
of PI1(4,5)P,. However, the current view on the majority of the mechanisms associated with these functions
neglect the almost certain presence of a highly signi cant, if not dominant, pool of this phospholipid that
is not monodispersed. Special consideration should be given to the fact that in the plasma membrane,
PI(4,5)P, must be either protein-bound or constitutively complexed with divalent cations within small
clusters. PI(4,5)P, within these structures is bound to have signi cantly different properties from the
monodisperse lipid. These properties can in uence PI(4,5)P , interactions with its binding partners (such
as proteins) as well as downstream protein-protein interactions. It is conceivable that many of PI1(4,5)P,

cellular functions are also regulated by the extent of this effect.

As such, crucial aspects of PI(4,5)P, function are yet to be properly unfolded. As was mentioned,
temporal and spatial regulation of P1(4,5)P, can achieve localized increases in the concentration of the
lipid, partly due to the effect of cation-induced clustering. The dramatic impact of physiological divalent
cation concentrations on PI(4,5)P, clustering, suggests that protein anchoring to the plasma membrane
through PI(4,5)P,, is likely not de ned solely by a simple (monomeric P1(4,5)P ,)/(protein bound PI(4,5)P,)
equilibrium, but instead depends on complex protein interactions with PI(4,5)P, clusters. However, the
impact of the organization of PI(4,5)P, at the plasma membrane on its biomolecular interactions with

P1(4,5)P, binding proteins is largely unknown.

The role of the highly conserved 1-stearoyl-2-arachidonyl P1(4,5)P, acyl-chain composition remains
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unknown. A signi cant amount of cellular resources is spent on maintaining this dominant acyl-chain
composition, while the less abundant and more saturated species have been shown to become more
prevalent in response to certain stimuli, stress or aging. Nevertheless, the effect of these acyl-chain
compositions on the biophysical properties of P1(4,5)P, and PI(4,5)P, nanodomains have not yet been

described.

P1(4,5)P; is known to directly regulate several membrane remodeling events. While PI(4,5)P, is
essential for membrane fusion processes such as SNARE-dependent membrane fusion, it has an intrinsic
positive curvature which is expected to restraint the formation of the negatively curved fusion intermediates
necessary for some of these mechanisms. How PI(4,5)P, can overcome this intrinsic curvature barrier
is still not fully understood. Additionally, these intrinsic curvature properties may in uence PI(4,5)P ,
regulation by inducing domain coupling effects across the bilayer or providing mechanical bene ts in

membrane shaping and ssion events.

Molecular biophysics techniques, such as steady-state and time-resolved uorescence spectroscopy,
can be used accurately to follow and quantify the formation of PI(4,5)P, nanodomains as well as probe
their micro and macro environment with the combined use of speci c membrane probes in model
membranes, such as large unilamellar vesciles (LUVs). Fluorescence spectroscopy can also be used
to quantitatively follow the interaction of PI(4,5)P, with protein partners, and, with the assistance of
more advanced tools, such as uorescence uctuation spectroscopy techniques, obtain binding and

oligomerization rates.

The simultaneous deployment of theoretical approaches such as quantum mechanics or molecular
mechanics simulations allow us to obtain an insight onto P1(4,5)P, properties that are hard or currently
impossible to probe experimentally. Coarse-grained (CG) molecular dynamics simulations stand out from
these techniques, as they allow us to test large system sizes at millisecond timescales. CG simulations
can probe PI(4,5)P, aggregation dynamics, biophysical properties, large-scale curvature effects, as well
as PI(4,5)P,-Protein interactions at almost atomistic detail. The combined use of these experimental and
theoretical techniques can allow us to further characterise and understand the biophysical properties and

biological functions of PI(4,5)P5.
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