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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.






Resumo

O fosfatidilinositol 4,5-bisfosfato (P1(4,5)P.) é um fosfolipido de membrana minoritario que desempenha
um papel crucial na regulagdo de varios processos de sinalizagdo no folheto interno da membrana
plasmatica. A organizacao lateral do PI(4,5)P, é fundamental para esse fim. Pensa-se que o Pl(4,5)P,
esta heterogeneamente disperso pela membrana, em nanodominios enriquecidos em PI1(4,5)P, presentes
em locais e tempos determinados. Foi demonstrado que os catides divalentes tém a capacidade de
induzir a formagao de tais nanodominios, mesmo a concentracoes fisiologicas de lipido e catido, tornando-
se assim em moduladores chave da organizacao lateral de P1(4,5)P,. Neste trabalho utilizamos uma
combinacao de espectroscopia e microscopia de fluorescéncia, e simulagées de dinAmica molecular
(MD) coarse grained (CG) para estudar determinantes moleculares que regulam a organizacéo lateral
de PI(4,5)P,, e o seu potencial impacto na sua fungao através da modulacédo das interaccoes Pl(4,5)P»-
proteina. Os nossos resultados mostram que o Ca?* deveré ter um impacto directo nas interaccdes
Pl(4,5)Po-proteina através de varios mecanismos. Foi demonstrado que o Ca?* induz a blindagem
da carga do PI(4,5)P,, impactando significativamente a afinidade da ligagéo PI(4,5)P,-proteina. Foi
também demonstrado que as proteinas ligantes de Pl(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 interac¢des entre elas, através de alteragdes no tamanho dos
nanodominios. O efeito da saturacéo das cadeias de acilo sobre as alteragdes dependentes do célcio nas
propriedades globais de membranas contendo Pl(4,5)P, foi também explorado. Enquanto na auséncia
de catides divalentes, todas as composigcdes de cadeias de acilo se comportaram da mesma maneira,
na presenca de Ca®* as véarias composigdes 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 formagao de nanodominios semelhantes a gel para
a composicao totalmente saturada. As propriedades biofisicas do Pl(4,5)P, exploradas neste trabalho
foram também utilizadas como referéncia para o desenvolvimento de topologias do Pl(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 ambito de aplicacdo alargado para incluir, entre outras, a reprodugao
exacta da agregacao de fosfatidilinositéis mediada por catides. No seu conjunto, este trabalho expande
o conhecimento sobre a organizacao lateral do Pl(4,5)P, e da pistas sobre como alguns dos seus

reguladores podem ter um impacto substancial na sua funcao.

Palavras-chave: pi4,5)P,, Calcio, Dominios Lipidicos, Organizacio lateral membranar, Inter-
acoes lipido-proteina, Espectroscopia e microscopia de fluorescéncia, Simulagdes de dinamica 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 regulagdo de varios processos de sinalizagdo 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 definicao da identidade
membranar em células eucariéticas. Devido a sua grande "cabecga" polar e elevada carga negativa,
o PI1(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 plasmatica, incluindo a adesao e motilidade celular, transporte mediado por canais idnicos,

endocitose e exocitose, entre outros.

A organizacao lateral do PI(4,5)P. é fundamental para a correcta regulagdo da sua fungao. Como
esté envolvido numa multiplicidade de fungdes celulares que ocorrem em paralelo, os niveis de PI(4,5)P»
devem ser rigorosamente regulados para evitar flutuagdes significativas da sua concentragao total. Isto
implica que a regulagéo simultanea destas fungdes pelo Pl(4,5)P> deve ocorrer através da presenga de
multiplos nanodominios enriquecidos em PI(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 formagéao
de tais nanodominios, mesmo a concentragoes fisiolégicas de lipido e catido, tornando-se assim em

moduladores chave da organizagao lateral de PI(4,5)Ps.

Neste trabalho utilizamos uma combinagéo de espectroscopia e microscopia de fluorescéncia, e
simulagdes de dindmica molecular (MD) coarse grained (CG) para estudar determinantes moleculares
que regulam a organizacao lateral de PI(4,5)P,, e 0 seu potencial impacto na sua fungao através da

modulacéo das interacgoes Pl(4,5)P,-proteina.

Os nossos resultados mostram que o Ca?* devera ter um impacto directo nas interacgdes Pl(4,5)P,-
proteina através de varios mecanismos. Foi demonstrado que o Ca?* induz a blindagem da carga do
P1(4,5)P2, impactando significativamente a afinidade da ligacao PI(4,5)P.-proteina. Este efeito sobre
a afinidade da ligagdo mostrou ser dependente do tipo de especificidade e mecanismo da ligacao
PI(4,5)P.-proteina. Foi também demonstrado que as proteinas ligantes de PI(4,5)P, ndo sdo capazes
de sequestrar lipidos dos nanodominios induzidos por Ca2*, provando que estes tém o potencial de
compartimentalizar as proteinas ligantes de PI(4,5)P, e modular interac¢oes entre elas através de
alteragdes no tamanho dos nanodominios. Estes efeitos deverao actuar concertadamente, através de
flutuacées nos niveis de Ca®*, para regular as dinamicas de muitas proteinas ligantes de P1(4,5)P,

cruciais para varias vias de sinalizagao.

O efeito da saturacéo das cadeias de acilo sobre as alteragdes dependentes do Ca®* nas propriedades

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



estearoyl-2-arachidonyl (18:0 20:4), representa até 70% do total de Pl(4,5)P, em algumas linhas celulares,
especialmente em tecido neuronal. No entanto, o perfil 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 situagdes de cancro. Nestes casos, a concentragdo das composigdes totalmente saturadas e
mono-insaturadas aumenta significativamente, podendo ultrapassar a composi¢éo canénica de 18:0 20:4.
Enquanto na auséncia de catides divalentes, todas as composicoes 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 formagao
de nanodominios semelhantes a gel para a composigao 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 sinalizacao, bem como na fungéo e organizagao das proteinas efectoras. Surpreendentemente, a
formacao destas fases ordenadas foi largamente abrogada na presenca da composicdo canénica, 18:0
20:4. Os resultados fornecem assim uma explicacéo pela qual a evolugao 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 Pl(4,5)P2, bem como dos restantes lipidos da familia
dos fosfatidilinositéis, para o campo de forcas CG Martini 3. Mais do que uma simples actualizacdo
das versdes existentes para Martini 2, estes novos modelos foram desenvolvidos independentemente,
com maior precisdo e com um ambito de aplicagdo alargado para incluir, entre outros, a reproducao
exacta da agregacao de fosfatidilinositéis mediada por catides. Os modelos desenvolvidos melhoraram
substancialmente a dindmica conformacional dos fosfoinositdis, 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 ligagédo a proteinas determinadas experimentalmente. Os modelos desenvolvidos
foram entéo utilizados para revisitar o trabalho sobre o impacto da composicéao de cadeias de acilo nas
propriedades biofisicas dos nanodominios PI1(4,5)P», utilizando o campo de forgas Martini 3. Aqui o foco

foi dado as diferengas observadas entre 0s dois campos de forgas.

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

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

Para além dos trabalhos relativos as propriedades biofisicas do PI(4,5)P,, esta tese contém também
dois estudos relacionados com o combate a Doenca 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 dramética perda de vidas humanas em todo o mundo, e apresenta um desafio médico, social e
econdémico sem precedentes na histdria moderna. Inicialmente, as nossas contribuicdes centraram-se
na concepgao e optimizagdo de biofarmacéuticos contra o 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 ACE?2 é descrita nesta tese.

Adicionalmente, com o aparecimento de varias variantes, estudamos também o impacto das variantes
alfa, beta e delta na dinAmica conformacional e na acessibilidade a ACE2 do dominio de ligacéo ao
receptor (RBD) da glicoproteina Spike do SARS-CoV-2. Simulagées MD atomisticas longas mostram que
em solugdo, o RBD apresenta duas conformacdes distintas em equilibrio: uma conformacgéo "aberta”,
onde é livre de ligar a ACE2; e uma conformagéo "fechada", onde a superficie de ligagao esta bloqueada.
As mutacdes presentes nas varias variantes desviaram este equilibrio na direcdo de conformacdes mais
"abertas", e no caso da delta, causaram alteracdes substanciais da sua conformacao que potencialmente

poderao assistir na fuga a anticorpos.

Palavras-chave: pi4,5)P,, Calcio, Dominios Lipidicos, Organizacio lateral membranar, Inter-
acoes lipido-proteina, Espectroscopia e microscopia de fluorescéncia, Simulagdes de dinamica molecular,

Modelos de membrana.
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List of abbreviations

In this thesis, acronyms will usually be expanded on first 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-difluoro-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 forcefield

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 fluidity measurements.

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

phocholine.
EDTA Ethylenediamine tetraacetic acid.
EtOH Ethanol.

FCS Fluorescence correlation spec-

troscopy.
FFS Fluorescence fluctuation spectroscopy

FLIM Fluorescence-lifetime imaging mi-

croscopy.

FRAP Fluorescence recovery after photo-

bleaching.

FRET Fdrster resonance energy transfer.
GA Genetic algorithm.

Gag Group-specific 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.
HelLa Hela cell line.

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

terionic sulfonic acid buffer.

HIV-1 Type 1 human immunodeficiency

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 41 subtype — yel-

low fluorescent fusion protein.
Pl Phosphatidylinositol.
PI(3)P Phosphatidylinositol 3-phosphate.

PI(3,4)P> Phosphatidylinositol 3,4-bisphos-
phate.

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

PI(3,5)P> Phosphatidylinositol 3,5-bisphos-
phate.

PI(4)P Phosphatidylinositol 4-phosphate.

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

PI(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.

QM/MM  Hybrid

ics/molecular mechanics approach.

quantum  mechan-

RAT-1 Immortalized rat fibroblasts.

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-

Ccroscopy.

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 fluidity measurements.

TopFluor-Pi(4,5)P,

tol 4,5-bisphosphate fluorescently la-

Phosphatidylinosi-

beled with a TopFluor fluorophore (1-
oleoyl-2-6-[4-(dipyrrometheneboron  diflu-
oride)butanoyllaminohexanoyl-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 fluorescent protein.






List of symbols

In this thesis, symbols will usually be defined on first usage.

B PCH instrument and probe-dependent fac-

tor.

B2>; Osmotic second virial coefficient.
C Particle concentration.

D Diffusion coefficient.

E FRET efficiency.

F; Fraction weighed by brightness.

G Calibration factor.

G(7) Autocorrelation of fluorescence fluctu-

ations.

H Mean curvature.

| Fluorescence intensity.

Isc Interface energy score.

kg Boltzmann’s constant.
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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 specific processes and components
into spatially localized compartments within the cell, leading to increased efficiency 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 fluid 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 traffic 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
(P1(4,5)P>). PI(4,5)P, is a membrane lipid, mostly present in the inner leaflet 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 PI(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 significant fluctuations 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 fit the 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, fluorescence 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 Biol6gica
Antoénio Xavier (ITQB NOVA).

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

most important P1(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 P1(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 P1(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 defined solely by a simple (monomeric
P1(4,5)P2)/(protein bound PI1(4,5)P>) equilibrium, but instead depends on complex protein interactions
with P1(4,5)P; clusters. More so, | also investigate how these P1(4,5)P, nanodomains might also impact

and modulate protein-protein interactions.

Chapter lll focuses on an often overlooked regulator of Pl(4,5)P, lateral organisation, its acyl-chain
composition. While most phospholipids show considerable acyl-chain composition diversity, P1(4,5)P»
is highly enriched in specific acyl chains. In fact, the most frequent fatty acyl-chain pair for P1(4,5)P»
in mammalian cells is 1-stearoyl-2-arachidonyl (18:0 20:4), which accounts for up to 70 % of the total
P1(4,5)P, pool in specific tissues. P1(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 PI(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 field. The Martini CG model is the
most widely used CG force field 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 field, | 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 1V, | 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 influenza. 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 fight 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, final 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 fluorescence spectroscopy experiments, which were performed by

Marina E. Monteiro and Maria J. Sarmento;

« Article Il: AFM measurements of Pl(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.






1 Introduction: Structure and lateral

organization of PI(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 define the boundaries of the
cell, their dynamic biochemical and biophysical characteristics also allow them to regulate traffic and
communication to and from the cytosol, organize reaction sequences, and promote cellular processes.
These biophysical properties are defined 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 (PI(4,5)P>). P1(4,5)P is the most abundant
phosphoinositide in mammalian cells and is found primarily in the inner leaflet 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 defining plasma membrane
identity in eukaryotic cells. Due to its very large headgroup and multivalent negative charge, Pl(4,5)P»
acts almost like an electrostatic beacon, interacting specifically or non-specifically 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®2 101112 and exocytosis % 131415
(Figure 1). This wide-ranging reach of PI(4,5)P, as a critical functional lipid has made it an important
research focus over the last decades in cell biology and more specifically in areas such as neuroscience,

virology, and biophysics.

1.1 The Phosphoinositide family

P1(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
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Fig. 1. Membrane processes associated with or dependent on PI1(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%2, with PI(4)P and PI(4,5)P, representing the bulk of these lipids 6. 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 specific Pl can be heterogeneous. Many Pls 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

Pl cellular biology and their impact on disease see Balla (2013)4.

1.2 | PI(4,5)P5 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. Pl(4,5)P; is the result of phosphorylation in positions 4 and 5 of the
headgroup by specific 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: PI1(4,5)P,, using the CHARMM36m forcefield 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™. Type Il PIP4K phosphorylate PI(5)P to synthesize a quantitatively minor pool of
P1(4,5)P, localized in the Golgi?>'%20. It can also be produced by the dephosphorylation of PI(3,4,5)P3
catalysed by PTEN and TPIP2'. PI(4,5)P, hydrolysis is controlled by specific 4'- or 5'-phosphatases or by
phospholipase breakdown in response to various stimuli. Dephosphorylation by specific phosphatases
(primarily 5’-phosphatases) controls PI(4,5)P, steady-state levels and controls the extent of its signalling.
Additionally, cleavage by phospholipases, such as phospholipase C (PLC), control P1(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 Pl(4)P has been addressed to some extent, we can estimate some of Pl1(4,5)P»



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

properties from the behaviour of these closely related precursors. At the insertion depth of phosphatidyli-
nositol and PI(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?3:2425:26,

P1(4,5)P,> headgroup tilt seems to be significantly 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?3242527  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 significant?32%2¢ 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 P1(4)P, due to this more significant tilt, the C5 hydroxyl is

the most accessible to the water layer.

In a Variable Angle Sample Spinning NMR study 28, PI(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 PI1(4,5)P, headgroup would be laying almost parallel to the membrane surface. As this
cannot arise from specific 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 definitive in their conclusions
regarding P1(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-defined average head-tail angle of roughly 100°
indicating that the headgroup would lie mostly flat 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. P1(4,5)P»
presents a significant 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
forcefield run in GROMACS2019. Images were modelled using VMD.

1.2.3 | Headgroup charge

An important aspect that is closely related to the conformation of Pl(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 defined 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 P1(4,5)P, in
micelles and small unilamellar vesicles (SUVs), via 31P — NMR and the dependency of the chemical shift
on the pH. Typically, P1(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 first
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 first 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 PI(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 Pl(4,5)P, with neighbouring molecules
influences 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 PI1(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 influence PI(4,5)P, headgroup charge®'. Phosphatidylethanolamine (PE) was shown to influence
the first step of deprotonation of the PI(4,5)P, headgroup, most likely by interacting preferably with the
5-phosphate. In the presence of PlI, the first 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 Pl(4,5)P> headgroup ionization significantly.
This study clearly showcases how the Pl(4,5)P, local environment can affect Pl(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 defined
by specific interactions with proteins or by simply changing the overall biophysical properties of the
surrounding membrane. In general, fatty acid profiles 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 sn1 and sn2. The major fatty acid profile observed for Pl(4,5)P, in mammals
consists of 1-stearoyl-2-arachidonyl (18:0 20:4)2'. Curiously, inositol-phosphate headgroups coupled
to ceramide have also been identified in fungi, plants and protozoa®?. However, | will focus only on the

mammalian-relevant DAG-bound species in this review.

The 18:0 20:4 acyl chain profile 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 specificity 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, P1(4,5)P; still has a broad
distribution profile ranging from highly unsaturated chains to fully saturated ones®*. 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 significantly 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 profile shift, sometimes dramatically, in specific conditions? The biological
functions behind the enrichment in 18:0 20:4 are still not very clear. The enrichment in this configuration
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 trafficking®’. It has been shown that arachidonate, and other polyunsaturated fatty acids such
as docosahexaenoate (22:6), at the sn2 position, facilitate membrane shaping and fission activities.
Additionally, asymmetric sn1-saturated-sn2-polyunsaturated phospholipids have been shown to provide
efficient membrane vesiculation whilst maintaining lower membrane permeability 8. These properties
might provide significant mechanical benefits 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 Pl(4,5)P, multifunctionality.

1.3 Lateral organization of PI(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 significant fluctuations 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 Rat1 fibroblasts and HEK cells, researchers microinjected
micelles of fluorescent labelled-P1(4,5)P, into cells and showed that the diffusion coefficient of P1(4,5)P»
in these cells is significantly lower than expected for free phospholipids. The simplest interpretation of
this result is that approximately two thirds of PI(4,5)P in the inner leaflet 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 PI(4,5)P- is highly enriched in nanometre sized membrane domains, specific to this cellular model.
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In fact, while the presence of segregated PI(4,5)P. pools can be partly explained by localized P1(4,5)P»
synthesis and degradation through several kinases and phosphatases*4, it is also evident that membrane
diffusion rates, in the absence of significant 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 significant changes in the submicroscopic
organization of PI(4,5)P5 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 P1(4,5)P..

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 specific signals“®. Theoretical simulations predict that such sequestration can be achieved not only
through specific interactions with PI(4,5)P,, but also through nonspecific 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)#647. Due to its highly negatively
charged headgroup, Pl(4,5)P, was confirmed to interact strongly with polybasic stretches of aminoacid
residues“®#®. Through these polybasic stretches, several proteins were found to laterally sequester
P1(4,5)P, molecules in a reversible manner4®°°, For an efficient buffering of PI(4,5)P, levels, these
proteins would have to be present at a concentration comparable to PI(4,5)P., localize to the plasma
membrane and be able to bind PI(4,5)P, with high affinity while being able to release it in response to
stimuli. Proteins such as MARCKS#7:50:51 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 >,

Employing fluorescence and electron paramagnetic resonance spectroscopic tools, McLaughlin,
Cafiso and co-workers*"4° showed that a 24 amino acid peptide corresponding to the effector domain
of MARCKS was able to efficiently sequester an average of 3 PI(4,5)P, molecules through non-specific
electrostatic interactions. Importantly, this sequestration occurred even in the presence of physiological
concentrations of the monovalent acidic phospholipid PS, confirming theoretical predictions. MARCKS
sequestration of PI(4,5)P, has been shown to be important in the PI(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)P5°.
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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 uM, with local concentrations in the vicinity of open Ca?* channels reaching
hundreds of uM, before being regulated back to normal levels®'. In fact, P1(4,5)P, has been reported to
be associated with a variety of Ca®* channels and a great number of these require P1(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 mM®%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 influence its lateral organization dramatically as discussed below.

Through QM/MM experiments we can get an insight on the molecular basis for cation binding to
Pl(4,5)P,%8. 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, significantly more energy is required to remove Ca?* 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 first
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 P1(4,5)P, headgroup would significantly decrease?®. 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 influencing 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
P1(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
forcefield run in GROMACS2019. Images were modelled using VMD.

induce the formation of Pl1(4,5)P, nanodomains?, even at physiological concentrations of cation and lipid.
In lipid monolayers, these clusters can be detected through AFM. %56 (Figure 5). Through the use of
fluorescent analogues of PI(4,5)P, , Ca®*-induced clusters were shown to occur in model membranes at
physiologically relevant concentrations of both Ca?+ and PI(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 8. 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®®.

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 PI(4,5)P; lipid, however, can simultaneously bind up to 3
divalent cations, and thus be complexed with 3 other PI1(4,5)P lipids (Figure 6). This net of PI(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 Pl(4,5)P, lipids appears to be highly correlated with the affinity

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, P.A.; Liu, A.J. Divalent cation-dependent formation of electrostatic
PIP2 clusters in lipid monolayers. 217821846,

Ca?* induced clusters have been shown to be significantly larger than those induced by Mg?* at the
same experimental conditions®. However, although Mg?* has a much weaker affinity for P1(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 P1(4,5)P, clustering®.

As the formation of these clusters is driven mainly by the crosslinking of the phosphate groups,
the nanodomains formed are composed of almost only Pl(4,5)P,. Studies have shown that other
phosphorylated Pl species can co-cluster with Pl(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 P1(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, significant screening
of the headgroup charges occurs, essentially shielding the large negatively charged headgroup from
potential binding partners’?. As P1(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 influences PI(4,5)P, acyl chain dynamics, and therefore, local membrane order. Studies have shown
that P1(4,5)P, nanodomains have significantly reduced lateral dynamics®’ and that PI(4,5)P2, which
as a single lipid has a strong preference for disordered domains, displays significantly less affinity for
disordered domains upon clustering®. All of these altered biophysical properties can, and most likely will,

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

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

specific sites in the membrane highly enriched in P1(4,5)P5, while depleting the rest of the membrane®’.
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Fig. 6. Crosslinking of P1(4,5)P lipids induces the formation of P1(4,5)P> nanodomains. As a single
divalent cation can bind up to 2 PI1(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, P1(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 forcefield 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
significantly 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, nanodomains. These cation-induced nanodomains
can influence 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 affinity to PI(4,5)P», 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 P1(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 “fluidity buffer”.
Whilst its effects can vary with different cholesterol contents, cholesterol, in general, decreases membrane
fluidity by increasing lipid packing even leading to the cholesterol-dependent formation of coexisting liquid
phases’. Like all the other phospholipids in the plasma membrane, Pl(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 fluorescence anisotropies of a PI(4,5)P, fluorescent analogue (TF-PI1(4,5)P2) upon
inclusion of 100 uM Ca?*. Since the decrease reflects homo-FRET between analogues incorporated
within the same clusters, darker areas correspond to more efficient 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 Pl(4,5)P2:SOPC:Chol’®. However, after the addition of Ca?*, the subsequent
cation-induced PI1(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
fluorescent derivatives of P1(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 influence both on the extent of
Pl(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 P1(4,5)P clustering was membrane order and not the presence of a specific molecular partner
in the membrane. This suggests that the insertion of P1(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 PI1(4,5)P, appears to be heavily dependent on cell
type. In fibroblasts”® and cultured pancreatic B-cells”’ cholesterol depletion leads to decreased levels of

free P1(4,5)P,, whilst in HEK293 78 cholesterol enrichment was shown to promote Pl(4,5)P, depletion.

Altogether, discussed findings 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. PI(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®'82:8384 and to be sensitive to membrane curvature®® both associated
with these types of structures. Interestingly, in a study where a PI(4,5)P, specific 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 Pl(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 filopodia and cell spreading,
whilst in contrast, when depleting the “raft” fraction of PI(4,5)P», T cells showed smooth membranes free
of ruffling and filopodia among other effects. Findings also appear to suggest that roughly half of the
Pl(4,5)P, content is synthesized preferentially in these cholesterol-enriched domains’®. Interestingly,
in HelLa cells, cholesterol was shown to not significantly impact the lateral organization of PI(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 significant conclusions can be drawn on the importance of these microdomains for

PI(4,5)P, lateral organization.

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

organization

PI1(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®88°. 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 confinement of phospholipids in
the plasma membrane of living cells®°. P1(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 Pl(4,5)P5 86,

Curvature can also greatly influence 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®>%. 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, P1(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
PI1(4,5)P, lateral organization or Pl(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 PI(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 P1(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 significant, if not dominant, pool of this phospholipid that
is not monodispersed. Special consideration should be given to the fact that in the plasma membrane,
P1(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 significantly different properties from the
monodisperse lipid. These properties can influence 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 P1(4,5)P,

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

As such, crucial aspects of P1(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 defined solely by a simple (monomeric PI(4,5)P.)/(protein bound PI(4,5)P>)
equilibrium, but instead depends on complex protein interactions with P1(4,5)P, clusters. However, the
impact of the organization of P1(4,5)P, at the plasma membrane on its biomolecular interactions with
PI1(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 significant 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 P1(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 P1(4,5)P, can overcome this intrinsic curvature barrier
is still not fully understood. Additionally, these intrinsic curvature properties may influence P1(4,5)P»
regulation by inducing domain coupling effects across the bilayer or providing mechanical benefits in

membrane shaping and fission events.

Molecular biophysics techniques, such as steady-state and time-resolved fluorescence spectroscopy,
can be used accurately to follow and quantify the formation of Pl(4,5)P> nanodomains as well as probe
their micro and macro environment with the combined use of specific 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 fluorescence fluctuation 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 PI(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)P2-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 P1(4,5)P-.
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ABSTRACT: Despite its low abundance, phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) is a key modulator of membrane
associated signalling events in eukaryotic cells. Temporal and spatial regulation of PI(4,5)P2 concentration can achieve local-
ized increases in the levels of the lipid, which are crucial for the activation or recruitment of peripheral proteins to the plasma
membrane. The recent observation of the dramatic impact of physiological divalent cation concentrations on PI(4,5)P2 clus-
tering, suggests that protein anchoring to the plasma membrane through PI(4,5)P;, is likely not defined solely by a simple
(monomeric PI(4,5)P2)/(protein bound PI(4,5)Pz) equilibrium, but instead depends on complex protein interactions with
PI(4,5)P: clusters. Nevertheless, the impact of the organization of PI(4,5)P: at the plasma membrane on its biomolecular in-
teractions with PI(4,5)P2 binding proteins is largely unknown. Using different advanced fluorescence spectroscopy and mo-
lecular dynamics methodologies, we characterized the impact of Ca2* on PI(4,5)P2 - protein interactions and membrane or-
ganization. We show that in giant unilamellar vesicles presenting PI(4,5)P2, the membrane diffusion properties of pleckstrin
homology (PH) domains tagged with a yellow fluorescent protein (YFP) are affected by the presence of Ca?*, suggesting inter-
action of the protein with PI(4,5)P2 clusters. Importantly, PH-YFP is found to dimerize in the membrane in the absence of Ca?*
and this oligomerization is inhibited in the presence of physiological concentrations of the divalent cation. Furthermore, it
was also found that Ca?* induced clustering of PI(4,5)P2 could modulate the affinity of PI(4,5)P2 binding proteins and peptides
via a complex mixture of mechanisms. These results confirm that Ca*-dependent PI(4,5)P: clustering has the potential to
dramatically influence affinity, oligomerization and organization of PI(4,5)Pz binding proteins in the plasma membrane.

kinetic process that is spatially and temporally regulated,

INTRODUCTION

The binding of peripheral proteins to biological mem-
branes is known to be a fundamental process in cell function
and homeostasis, not just by modulating local membrane
dynamics, but also by organizing and regulating protein sig-
nalling complexes. In this context, lipid-protein interactions
play a crucial role in the recruitment of peripheral proteins
by establishing interactions through their headgroups and
hydrocarbon chains with protein membrane binding do-
mains. These membrane binding domains have distinct
structures and can bind by a combination of stereochemical
recognition of the lipid headgroup, and/or nonspecific long
range electrostatic or hydrophobic interactions, leading to
different binding affinities and specificities!. Simultane-
ously, biological membranes present a variable and com-
plex composition due to the large repertoire of distinct li-
pids, that vary between different cell types and organelles.
This gives rise to membranes with distinct biophysical
properties that also influence protein-lipid interactions.
Overall, peripheral protein membrane binding is a complex

which is still not fully understood.

Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) is the
most abundant polyphosphoinositide found in the inner
leaflet of the plasma membrane of mammalian cells, com-
prising around 1 mol% of the total membrane phospholip-
ids?3. Due to the two phosphorylations at positions 4 and 5
of the inositol headgroup it has a larger than average head-
group, with a highly negative charge density that stands out
in the inner leaflet of the plasma membrane*. PI(4,5)P: is
thought to have a distinct lateral organization, through the
presence of different lipid pools across the inner plasma
membrane. This is most likely not only the consequence of
a non-homogeneous distribution of PI(4,5)P; but also of the
establishment of PI(4,5)P2-protein> and PI(4,5)P2-cation
interactions. In fact, studies indicate that as much as two
thirds of PI(4,5)P2 in the inner leaflet of the plasma mem-
brane are somehow sequestered®. As a result of these dis-
tinct biophysical characteristics, PI(4,5)P2 plays a critical
role in membrane lipid-protein interactions, being respon-
sible for the targeting of several protein domains to the
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plasma membrane, as well as spatially and temporally reg-
ulating their activity’. In fact, PI(4,5)P2 has been reported
to be associated with numerous vital cell functions such as
cell adhesion and motility?, vesicle endocytosis®-!1, exocyto-
sis101213 and ion channel transport'*. There have been sev-
eral PI(4,5)P2-binding domains identified, among which are
included the PX domains!5-17, C2 domains!®, ENTH do-
mains'®, Tubby domains?® and most notably the pleckstrin
homology (PH) domains?%22,

The pleckstrin homology (PH) domain consists of a 100-
120 residue long amino acid sequence found in numerous
proteins involved in a multitude of cellular signalling pro-
cesses. Initially, it was thought that most PH domains di-
rected membrane targeting of their host proteins by bind-
ing to phosphoinositides. However, it is now known that of
the total number of PH domains detected in protein se-
quences, only a small minority group bind to phospholipids.
In fact, from the known phospholipid binding PH domains,
few do so specifically to PIs. Most bind weakly and non-spe-
cifically??. Despite this, the isolated PLC§1 PH domain, in
particular, was found to bind with high affinity and specific-
ity to PI(4,5)Pz2and its soluble headgroup, inositol trisphos-
phate molecule (I3P)?% Studies of PI(4,5)P2 binding by the
PLCS1 PH domain provided the first demonstrations of spe-
cific PI recognition by a PH domain and provided the foun-
dations for how binding domains recognize specific phos-
phoinositides in cellular membranes?>. Indeed, PLC§1 PH
domains are still to this day used as excellent protein mod-
els to study PI(4,5)P2-protein interactions and PI(4,5)P2 or-
ganization. Each characterized PH domain has essentially
the same structure, consisting of a 3 sandwich closed off at
one end by a C-terminal « helix 26, with the splayed corner
of the B sandwich containing 3 variable loops, that have
been suggested, by analogy with immunoglobulin-like do-
mains, to be the phosphorylated inositol binding site23. It
has also been found that phospholipid binding PH domains
are electrostatically polarized with the positively charged
end coinciding with the three variable loops. It is through
this region that these domains bind to the polyphosphory-
lated inositol ring?’. Through direct hydrogen bonds be-
tween the bound headgroup and seven amino acid residues,
the 4- and 5- phosphate groups of the phosphorylated ino-
sitol headgroup are clamped and buried in the binding
pocket. These interactions suggest that stereochemical co-
operativity enhances specificity?8. It is worth noting that
while PLC§1PH binds to PI(4,5)P2 with high affinity, FRAP
results suggest that its steady-state membrane localization
is the result of its very rapid cycling between a membrane
bound and a cytosolic state, with on-off rates in the range of
seconds?’. Also microdissociation and rebinding events
have been detected for PH domains in single molecule stud-
ies, confirming a transient binding mechanism3°.

Recently, there has been a plethora of research focused
on the interactions between PI(4,5)P2 and divalent cations.
PI(4,5)P2 has been shown to establish strong electrostatic
interactions between its negatively charged headgroup and
divalent cations, especially with CaZ*. In mammalian cells,
Ca?* is a common secondary messenger with an important
role in signal transduction, typically binding and regulating
proteins directly®’. However, when Ca?* interacts with
PI(4,5)P., it alters its lateral organization and induces its
segregation into microdomains?3?-35. This has been demon-
strated at fully physiological conditions, through the

incorporation of PI(4,5)P2 fluorescent analogues on
PI(4,5)P: clusters in free standing lipid bilayers using fluo-
rescence spectroscopy methodologies32. Furthermore, Ca2*
has also been shown to influence PI(4,5)P: electrostatics
via counterion accumulation, causing an electrostatic
charge shielding effect that inhibits protein-lipid interac-
tions36. Another important effect, is the influence of Ca?* on
the PI(4,5)P2 headgroup conformation, via molecular inter-
actions with the three phosphate groups?’. These changes
in headgroup conformation are expected to heavily influ-
ence PI(4,5)P2 interactions with binding partners. In all,
these studies imply that Ca?*, a common signal transduction
element with a very buffered low physiological concentra-
tion, has a strong role in the regulation of PI(4,5)P2.

Many PI(4,5)P2 binding proteins are also known to be
sensitive to variations in Ca?* concentration’. In most of
these cases, Ca?* causes changes in protein folding/electro-
statics that affect the affinity of PI(4,5)P2 binding proteins
leading to an increase of binding to the membrane. In these
proteins, PI(4,5)Pz and Ca?* binding typically occur at differ-
ent binding sites’. However, the impact of the direct inter-
action of Ca?* with PI(4,5)P2 on binding proteins has been
given little attention. It is worth noting that the formation of
PI(4,5)P2 clusters due to divalent cation cross-linking or the
occurrence of the charge shielding effect, as described pre-
viously, are likely to have a dramatic effect not only on pro-
tein targeting or activity but also on the promotion/inhibi-
tion of protein-protein interactions. Ca?* could then be a po-
tential additional regulatory mechanism by interacting with
PI(4,5)P2 directly, and modulating protein affinity and bind-
ing protein organization. Such regulatory effects would be
of special importance in the vicinity of Ca?* channels where
steep fluctuations of local Ca?* concentrations occur, before
buffering by Ca?* binding proteins.

In this work, we aim to study how CaZ*-induced PI(4,5)P2
effects may influence PI(4,5)P: interactions with binding
proteins and binding protein organization, focusing on the
effects on two protein models, PH-YFP and PBP-10. With
these two models we can probe the influence on both spe-
cific and nonspecific binding to PI(4,5)P2, respectively. PH-
YFP is a fusion protein that contains an isolated PLC§1 PH
domain linked to a YFP variant that is prone to dimerization.
As a result, the PH-YFP construct is an excellent protein
model to use as a case study of PI(4,5)P2 modulation of pro-
tein-protein and protein-lipid interactions. PBP-10 consists
of a 10 residue long, polycationic peptide derived from the
PI(4,5)P2 binding region in segment-2 of gelsolin (gelsolin
residues 160-169), which was linked to rhodamine B3839,
It’s binding to Pls appears to be governed mostly by electro-
statics; however, it has been suggested that there may be a
steric contribution, since gelsolin shows much higher affin-
ity than similar peptides with higher positive charges3s.
These characteristics make PBP-10 an excellent model for
studying non-specific protein- PI(4,5)P2 interactions.

The results presented in this article show, through a com-
plementary set of fluorescence techniques and coarse
grained molecular simulations, that calcium within its phys-
iological range of intracellular concentrations is able to sig-
nificantly modulate directly PI(4,5)Pz-protein interactions,
through a variety of mechanisms. Additionally, we also
show that these effects can extend beyond lipid-protein in-
teractions and influence protein-protein dynamics.
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MATERIALS AND METHODS

Materials. 1-palmitoyl-2-oleoyl-sn-glicero-3-phospho-
choline (POPC); 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
pho-L-serine (POPS), 1,2-dioleoyl-sn-glycero-3-phospho-
(1'-myo-inositol-4',5'-bisphosphate) (PI(4,5)P2), 1-oleoyl-
2-{6-[4-(dipyrrometheneboron difluoride)buta-
noyl]amino}hexanoyl-sn-glycero-3-phosphoinositol-4,5-
bisphosphate (TopFluor PI(4,5)P2), 2-(4,4-difluoro-5-Me-
thyl-4-Bora-3a,4a-Diaza-s-Indacene-3-Dodecanoyl)-1-hex-
adecanoyl-sn-glycero-3-phosphocholine (BODIPY-PC), 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine
rhodamineB sulfonyl) (DOPE-Rho), and 1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine-N-(cap biotinyl) (biotinyl-
ated DOPE) were purchased from Avanti Polar Lipids (Ala-
baster, AL, USA). Lipid stock solutions were prepared in
chloroform with the exception of the PIs that were prepared
in chloroform:methanol (MeOH) (2:1 vol/vol ). Both sol-
vents were obtained from Merck (Darmstadt, Germany) and
were of spectroscopic grade. Phosphate buffer saline (PBS),
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), ethanol (EtOH), NacCl, Sucrose, Glucose, CaClz, Im-
idazole, Glycerol, bovine serum albumin (BSA), BSA-biotin
and avidin were purchased from Sigma-Aldrich. Rhodamine
110 and Fluo-5N were obtained from Molecular Probes,
Invitrogen (Eugene, Or).

PH-YFP expression and purification. PH-YFPxpET28a
was made from YFP(d)-PHxpCDNA32%°, which was a gift
from Dr. Kees Jalink, (Division of Cell Biology, Netherlands
Cancer). Briefly, the PH-YFP sequence flanked by BamHI
and Notl restriction sites was inserted into a pET28a vector.
PH-YFPxpet28a was expressed in Escherichia coli BL21
(DE). The cells were transformed by electroporation and in-
cubated in LB agar plates with kanamycin overnightat 372C.
A pre-inocula was made with a single colony from the plate
and incubated overnight. The appropriate pre-inocula vol-
ume was added for an initial 0D600nm of 0.1 in 100mL LB
medium containing kanamycin. The culture was incubated
at 24°C, 250rpm, until the OD600nm reached approxi-
mately 0.6-0.8. Expression was then induced with 0.2mM
IPTG at 24°C and 250rpm for 3 hours. Cells were harvested
from the culture by centrifugation (6000g for 15 min) at
42C. The pellet was suspended in lysis buffer (50 mM PBS,
300 mM NaCl, pH 8.0) with an added protease inhibitor
cocktail and sonicated until complete DNA fragmentation
was observed. 10 x 15s bursts with a 15s cooling period in-
between were performed. The lysate was centrifuged
(17600g for 5 min) at 4°C to remove cellular debris. The su-
pernatant was transferred to a clean tube without disturb-
ing the pellet and centrifuged again at 17600g for 1 hour at
4°C. PH-YFP was then purified making use of its histidine
tag using Protino Ni-TED 2000 packed columns (Macherey-
Nagel). Cleared lysates were applied to the column and
washed with 8 column volumes of lysis buffer. The polyhis-
tidine tagged protein eluted with 5 column volumes of elu-
tion buffer (50 mM PBS, 300 mM NaCl, 250 mM imidazole,
pH 8.0). 3mL fractions were collected by gravity flow and
monitored for protein presence by UV 280nm absorption.
Most of the eluted protein could be found in the first frac-
tions. SDS-PAGE analysis was used to determine protein

purity. The purified protein was stored in a 10mM PBS
buffer containing 140mM NaCl and 10% glycerol at pH 7.4.

Synthesis of PBP-10. PBP-10 was synthesized and puri-
fied by TOCRIS bioscience (United Kingdom). Peptide was
analysed by HPLC and Mass spectrometry showing 97% pu-
rity. It was delivered as a white lyophilised solid. Upon arri-
val, the peptide was solubilized in a 20% (vol/vol) acetoni-
trile / water solution to a 2mg/mL concentration. Stock so-
lution was divided into aliquots and stored at -202C pro-
tected from sources of light. Before use, the protein stock
solution was diluted in experiment buffer to a working
stock concentration and any portion of the unused aliquot
was discarded.

Liposome preparation. Large unilamellar vesicles
(LUVs) were prepared by extrusion of multilamellar vesi-
cles*0. Briefly, the lipid mixtures were prepared, from phos-
pholipid stock solutions, and dried under a nitrogen flux
and left in vacuum for 3 hours to remove traces of solvent.
Multilamellar vesicles were then obtained through the sol-
ubilisation of the lipid films in the appropriate experimental
buffer. Freeze-thaw cycles were performed, using liquid ni-
trogen and a water bath typically set to 60 2C. The thawing
temperature used was always higher than the melting tem-
perature of the lipid with the highest melting temperature
in the mixture, to re-equilibrate and homogenize the sam-
ples. LUVs were obtained by extrusion at room tempera-
ture, using an Avanti Mini-Extruder (Alabaster, AL) and
100nm pore size polycarbonate membranes (Whatman,
USA). Typically, at least 21 passages through the extruder
were performed.

Giant unilamellar vesicles (GUVs) were obtained by gel-
assisted formation, based on a method previously de-
scribed*!. The lipid mixtures were prepared, from stock so-
lutions, in chloroform to a final concentration of 1.5mM. For
the PH-YFP experiments, the mixtures were composed of
95% POPC and 5% PI(4,5)P2. DOPE-Cap-biotin was included
in the mixture at a biotinylated lipid/total lipid ratio of
1/750 000 “2. A solution of 5% (w/w) polyvinyl alcohol
(PVA) MW ~145 000 and 280 mM of sucrose was spread in
a p-slide chamber from Ibidi (Munich, Germany) and left to
dry for 15 minutes at 50 2C. The desired lipid mixture was
then spread on the PVA surface. The solvent was evaporated
for 15 minutes under vacuum. After evaporation of the sol-
vent, the appropriate buffer solution was added, allowing
for GUV formation for 60 minutes at room temperature. Af-
ter the formation, GUVs were transferred to a p-slide cham-
ber with the appropriate coating and left to rest for 10
minutes to allow for GUV deposition and immobilization. In
order to immobilize the GUVs through the interaction with
the biotinylated lipid and minimize nonspecific protein ad-
sorption to the surface, a mixed coating of BSA+BSA-biotin
(9:1 molar ratio) and avidin was used. Failure to perform
this passivation of the coverslip surface resulted always in
significant PH-YFP adsorption. Ibidi p-slide chambers were
coated with 300pL of a 0.9mg/ml BSA and 0.1mg/mL BSA-
biotin mixture for 1 hour. Afterwards the chambers were
washed with filtered milliQ water and covered with a sec-
ond layer of 300pL of 0.01mg/mL Avidin for 1 hour. BSA,
BSA-biotin and avidin solutions were prepared with milliQ
water. Before adding the GUV solution, the chambers were
washed with filtered milliQ water.
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Steady-state fluorescence spectroscopy. Fluorescence
measurements were carried out with a SLM-Aminco 8100
Series 2 spectrofluorimeter (Rochester, NY) with double ex-
citation and emission monochromators (MC-400), in right
angle geometry. The light source was a 450 W Xe arc lamp
and the reference a Rhodamine B quantum counter solu-
tion. Quartz cuvettes (0.5 x 0.5 cm) from Hellma Analytics
were used. Temperature was controlled to 25 °C. Polariza-
tion of excitation and emission light was obtained by spe-
cific rotation of Glan-Thompson polarizers. Blank subtrac-
tion was taken into account in all fluorescence intensity and
anisotropy measurements.

Steady-state fluorescence anisotropy, < r >is defined
as*:

Lyy = Gxlyy IH_V
Iyy +2%G*lyy "l

where Iy,; represents the steady-state vertical (parallel,
I;») and horizontal (perpendicular, I;;) components of the
fluorescence emission with vertically polarized excitation.
The G factor is measured using the vertical (/) and hori-
zontal (I;) components of the fluorescence emission with
horizontaly polarized excitation.

PH-YFP partition to LUVs was followed by steady-state
fluorescence intensity and anisotropy measurements, by
exploiting the fluorescence emission of the attached YFP
protein. PH-YFP membrane interactions with LUVs were
studied in the presence of different lipid concentrations (up
to 100 uM) and in the presence and absence of Ca?*. LUVs
used in these experiments were composed of POPC and var-
ying molar ratios of (18:1)PI(4,5)P2 (99:1, 97:3 and 95:5
molar ratios). 100 nM of PH-YFP was incubated for 5
minutes at 372C with the different lipid concentrations. The
experimental buffer used for the PH-YFP experiments con-
sisted of 10 mM Na2HPO4, 140 mM NaCl at pH 7.4. 5mM of
EDTA was included in the experiment buffer to study the in-
teractions in the absence of Ca?*. To study the influence of
Ca?*, 100 pM of CaCl2 was included in the experimental
buffer.

PBP-10 partition to PI(4,5)P2 or PS containing LUVs, in
the presence and absence of Ca?*, was followed by steady-
state fluorescence measurements by exploiting the strong
reduction of fluorescence quantum yield that occurs whilst
it binds to membranes containing acidic lipids3839.

<r>=

PBP-10 partition to LUVs was studied in the presence of
different lipid concentrations (up to 400 pM) and in the
presence and absence of Ca?*. LUVs used in these experi-
ments were composed of POPC: (18:1) PI(4,5)P2 (95:5 mo-
lar ration) or POPC:PS (80:20 molar ratio). 500 nM of PBP-
10 was incubated for 5 minutes at 37 2C with the different
lipid concentrations. The experimental buffer used for these
experiments consisted of 10 mM Hepes, 140 mM NaCl at pH
7.4. 5 mM of EDTA was included in the experiment buffer
to study the interactions in the absence of Ca?*. To study the
influence of Ca?*, 100 uM of CaClz was included in the exper-
iment buffer. All experiments were performed in triplicate
using independent samples. PBP-10 was excited at 545 nm
and fluorescence emission was collected from 565 to 650
nm. These measurements were carried out at 372C. The de-
crease in fluorescence intensity with increasing lipid con-
centrations can be used to calculate the partition coeffi-
cients of PBP-10 to LUVs, using the following equation#*:

_ I, + prL[L]IL
1+ K,y [L]

Where, [ is the Integrated normalized fluorescence in-
tensity, K,, is the partition coefficient between the lipid and
aqueous phases, y;, is the lipid molar volume, and [L] is the
total lipid concentration. The subscripts W and L stand for
the aqueous and the lipid phase, respectively. This equation
can be fitted to the experimental data in order to recover
the partition coefficients.

Forster resonance energy transfer measurements. All
FRET measurements were carried out using the same opti-
cal setup as the previous fluorescence intensity measure-
ments. In a first set of samples, no FRET acceptor was in-
cluded, and the fluorescence emission spectra was traced,
to obtain the fluorescence intensity of the donor in the ab-
sence of FRET. In a second set, the FRET acceptor was in-
cluded in varying concentrations, and the fluorescence in-
tensity of the donor in presence of FRET was determined.
FRET efficiencies were calculated by evaluating the de-
crease of donor quantum yield through the changes in
steady-state fluorescence intensity, as shown by the follow-
ing equation:

E=1- Ioa
Ip

where the indexes DA and D refer to the spectral param-
eters of the donor in the presence or in the absence of ac-
ceptor, respectively.

FRET studies of PH-YFP interaction with PI(4,5)P2 con-
taining LUVs were carried out in similar experimental con-
ditions as the corresponding fluorescence intensity meas-
urements. 100 nM of PH-YFP was incubated with 100 nM of
LUVs, for 5 minutes at 372C. The LUVs were composed of
POPC and increasing concentrations of PI(4,5)P2, ranging
from 1 to 2.5% molar ratio. Rho-DOPE was added at 1% mo-
lar ratio to act as the FRET acceptor. Increasing Ca?* concen-
trations were then tested.

FRET studies of PBP-10 interaction with TF-PI(4,5)P2 and
Bodipy-PC containing LUVs were carried out in similar ex-
perimental conditions as the corresponding fluorescence
intensity measurements. Varying concentrations of PBP-10
were incubated with LUVs prepared with different lipidic
compositions for 5 minutes at 372C. The LUVs used in these
experiments were composed of either POPC:PI(4,5)P2:TF-
PI(4,5)P2 (95:4.5:0.5 molar ratio) or POPC:Bodipy-
PC:PI(4,5)P2 (94.5:0.5:5 molar ratio). It is worth emphasiz-
ing that the mol% total of PI(4,5)P2 (labelled and unla-
belled) is the same for both lipid compositions (5 mol%).
The FRET donors for this experiment were either TopFluor-
PI(4,5)P2 or Bodipy-PC, and PBP10 acted as the FRET accep-
tor for both experiments. The experiments were carried out
at 250 pM total lipid concentration and at several PBP-10
concentrations, up to 20 uM. Both TF-PI(4,5)P2 and Bodipy-
PC were excited at 480 nm and fluorescence emission was
collected from 490 to 600 nm.

Photobleaching Assay. Photobleaching of protein and
liposome samples was performed using a Xe (450 W) light
source, focused onto the sample via a magnifying glass. The
samples were exposed to the light source for varying dura-
tions, in order to obtain different relative photobleaching
percentages. Fluorescence anisotropy was then measured
as previously described. We could then fit a model that

4
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predicts the formation of oligomers to the obtained rate at
which fluorescence anisotropy recovered with photo-
bleaching percentage and attempt to determine the PH-YFP
oligomerization number. This model is based on a binomial
distribution, where it predicts the different fractions of still
fluorescent oligomers for a given oligomerization number
and photobleaching percentage.

Confocal fluorescence microscopy. Confocal laser scan-
ning fluorescence microscopy measurements were per-
formed on a Leica TCS SP5 (Leica Microsystems CMS GmbH,
Manheim, Germany) inverted confocal microscope
(DMI1600). Excitation lines provided by an argon laser were
focused into the sample through an apochromatic water im-
mersion objective (63x, NA 1.2; Zeiss, Jena Germany). A
111.4 pm diameter pinhole in front of the image plane
blocked out of focus signal. Images were acquired at 100 Hz,
exciting PH-YFP at 488nm and collecting emission between
500 and 600 nm. For each GUV, an image was taken roughly
atthe equatorial plane. Membrane fluorescence and GUV ra-
dius were automatically quantified making use of a home-
made MATLAB script. No correlation between GUV radius
and membrane fluorescence was found.

Fluorescence fluctuation spectroscopy. FFS measure-
ments were carried out using the same optical path de-
scribed for the confocal imaging, except that fluorescence
emission was detected using avalanche photodiodes (APDs)
after passing through a 500-550 band-pass filter. Excitation
of PH-YFP was performed with the 488 nm Ar laser line. For
samples in solution, the focal volume was focused ~100um
above the top surface of the cover slide and five autocorre-
lation curves were sequentially obtained with an acquisi-
tion time of 60 seconds at a 500kHz sampling frequency.
Fluorescence fluctuations from GUVs with bound fluores-
cent proteins were recorded from the top of the vesicle,
with the focal volume centered in the focal plane with max-
imum fluorescence intensity. Five autocorrelation curves
were sequentially obtained for each sample with an acqui-
sition time of 20 seconds at a 100kHz sampling frequency.

Fluorescence correlation spectroscopy. For FCS meas-
urements performed in simple samples in solution, a model
that takes into account three-dimensional translational dif-
fusion and triplet state formation for n diffusing species was
used*>-*7. Where G (1) is modelled by

-7
60 1+1 1-T+ T.e"
D=7y 1-T

N fi
; (1 + %) J1+ (5 2tp)

Where the axial (w,) to lateral (w,,) dimension ratio, S, is
given by § = =%

- and the translational diffusion time, ), is
xy

given by t, = a;—’j‘)". N corresponds to the average number of
fluorescent particles in the observation volume, f; is the frac-
tional population of n different diffusion species, tris the tri-
plet lifetime and T corresponds to %ft where f, is the frac-

tion of fluorophores in the triplet state. For the modelling of
data obtained from GUV membrane fluorescence, a model
that considers two-dimensional translational diffusion

through a Gaussian observation volume was used?s, de-
scribed by

6@ L (), 400 - 1(1+r)‘1
o= Crwz, w}, N Tp

where, C corresponds to the particle concentration. The
dimensions of the focal volume were determined by calibra-
tion with rhodamine 110 in milliQ water using the same op-
tical setup as the samples. A rhodamine 110 diffusion coef-
ficient (D) of 440 pm?s-! was considered®. Analysis of all
the FCS experimental data was carried out using the ISS
Vista software. This program uses a Marquardt-Levenberg
nonlinear least-squares fitting routine and the goodness of
the fittings can be judged by the recovered x? value and the
random distribution of the weighted residuals.

Photon counting histogram. Recorded fluorescence
fluctuation data can be used to generate photon counting
histograms that access information on the molecular bright-
ness, &, and average number of particles. To describe the
PCH of a freely diffusing species, we must first consider the
case of a single, diffusing particle enclosed in a small volume
Vo, where over a long enough observation time, the proba-
bility of the particle appearing at any position within Vowill
be the same. Combining the appropriate probability distri-
bution of particle diffusion and PSF with Mandel’s Formula,
that describes the photon counting statistics for the semi-
classical model of photon detection, we obtain the probabil-
ity of detecting k > 0 photons for one fluorescent particle in
V5051,

1
p@O(k; Vy, ) = V—f Poisson [k, &
0

e

k!

-2

-Wm]d? ; Poisson(k, 1) =

This equation describes the PCH of a single diffusing fluo-
rescent particle. It is the weighted average of Poissonian
distributions for k counts. W(Tj is the function that de-
scribes the observation volume profile, considers excitation
laser intensity and the detection efficiency as a function of
the particle position. € is the molecular brightness where:

&= IgpnwTs

The molecular brightness characterizes the average num-
ber of detected photons per sampling time (T;) per mole-
cule. Through the parameter 8, the molecular brightness
takes into account the particle fluorescence quantum yield,
extinction coefficient, and all of the instrument-dependent
factors. The ratio ;.. = €/Tsisused as it allows a more con-
venient comparison between experiments. &g, is expressed
in counts per second per molecule (cpsm)>'. After defining
the PCH for a single diffusing particle, we then consider the
possibility of finding N identical but independent particles
that diffuse within Vo The distribution of the photon counts
(k), will then be given by the Nth convolution of the distri-
bution defined for a single particle, p, with itself:

pM(k; Vo, e) = @V RpIV R ... D) (k; Vs, £);

The case where no particles are present in the reference
volume and no photons are detected is also considered.
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If we account for the fluctuation of the number of parti-
cles N inside Vo, given a certain concentration, c, then the
probability of finding N particles in Vo follows a Poisson dis-
tribution with the mean value cVo. However, while c is ade-
quate to characterize the concentration of particles, it is
more straightforward to use the average of number of par-
ticles, N, in a certain volume V, as a fitting parameter. In this

way, the PCH for a single species is given by:

[

P(k; N, s) = Z pM(k; Q,¢) - Poisson(N,QN);

N=0
Vo
Q= v

The volume ratio Q serves as a numerical simplification,
cancelling the units of volume in the PCH integration, as
pM (k; V,, €) is independent from the choice of Vo as long as
it is large enough to obtain a positive probability of zero
photon counts®%51, In all our data analysis we arbitrarily
chose Q = 6. To account for deviations of the experimental
observation volume from the 3D Gaussian approximation,
Huang et al.>* implemented a correction that takes into con-
sideration the contribution to the PCH integral from the out-
of-focus region. This correction introduced a new parame-
ter, F, that accounts for the fraction of detected photons
from the non-Gaussian part of the observation volume. In
this way, after the correction of the 3D Gaussian approxima-
tion, the PCH model for a confocal microscope with one-
photon excitation is described by the following equations:

1
P(1:Q;€)=m[pg( Qe)+2 ]
1
P(k;Q,¢) = az P (k;Q,&) fork > 1
and,
P0;0.)=1-) p (kQ.2)
k
where,

1 [ee]

pe (k; Q,¢) = 1/2k1f y(k, ee ") dx

P is the analytical expression for the PCH integration us-
ing a 3D Gaussian approximation for one-photon excitation
and confocal detection and y is the incomplete Gamma func-
tion. For more than two species, differences in photophysi-
cal properties, like quantum yield, are considered and in-
cluded in the coefficient € that will be different for each spe-
cies. This allows us to detect and quantify the presence of
different species with different brightness, such as mono-
mers and oligomers in a sample. In the case of multiple in-
dependent species with different brightness, the photon
counting histogram can be obtained by convoluting the pho-
ton counting histograms of the individual species:

P(k; Ny, &1, Ny, €5 0. Ny, €0)
= P(k; Ny, £)®P(k; Ny, &,)® ... QP (k; Ny, &)
For PH-YFP samples, these equations were globally fitted
to the experimental data using a homemade MATLAB im-

plementation by considering the presence of two popula-
tions with different brightness, €1 and €2, that correspond to

the monomeric and oligomerized form of the protein, re-
spectively. In this analysis, we consider that the monomer
brightness does not change from sample to sample by link-
ing €1 across all the curves obtained. The correction factor,
F, can be determined by a calibration procedure using 5 nM
of rhodamine 110 and subsequently fixed for the other sam-
ples measured in the same chamber slide.

Using the brightness and number of particles, obtained
through PCH analysis of each data set, we calculated the
fraction weighed by brightness (F;), given by the following
equation:

Nigi

F= vt

where, N; and ¢; refer to the number of particles and
brightness, respectively, of population i. The fraction
weighed by brightness can be used to quantify the total con-
tribution of each population towards the total fluorescence
collected. Here, we will use it to quantify each population of
fluorescent proteins more accurately.

Molecular dynamics simulations. All coarse-grain sim-
ulations were modelled using the Martini2.2 forcefields2
and run with GROMACS version 2018. The PI(4,5)P topol-
ogies used were made by combining an in-house improved
version of the existing PI(4,5)P2 headgroup topology535*
with the standard lipid acyl-chain topologies for the compo-
sition studied (18:1). All other topologies were obtained di-
rectly from the Martini website. All simulations were run
making use of the standard martini parameters. After initial
energy minimization and equilibrium runs, the simulations
were run at a 20 fs time step. Nonbonded interactions were
cutoff at 1.1 nm and long-range interactions treated using
the Verlet-neighborlist scheme. The V-rescale thermostat
was used with a tau-t of 4.0, to maintain the temperature at
300 K. Constant pressure was maintained at 1.0 bar by
semiisotropic pressure coupling to a parrinello-rahman
barostat with a relaxation time of 16.0 ps.

All protein and peptide systems were run in membrane
systems prepared separately. The membrane systems were
built using the INSANE CG building tool>. The systems con-
sisted of approximately 500 lipids at a 95:5 POPC:PI(4,5)P:
molar ratio, in small 15 X 10 X 13 nm boxes. The systems
were neutralized with counterions and then a further 140
mM of NaCl was added. These were simulated for up to 10
us, either in the absence or in the presence of Ca?', at
Ca?*:PI(4,5)P2 ratios 0of 0.5, 1, 3, 5 and 10.

PBP-10 simulations. For PBP-10 parameterization, a well
resolved NMR structure of the PI(4,5)P2 binding site of gel-
solin was selected as the template (PDB:1SOL)%¢. The last 10
residues of this structure were used, as they are the ones
that compose the peptide. The structure was converted to
the Martini2.2 coarse-grain force-field using the martinize
tool5758, Bonded potentials between consecutive residues
sufficed to restrain the protein secondary structure; the use
of an elastic network was not necessary. When compared to
the peptide used in the experimental setups, the modelled
peptide doesn’t contain the covalently bound rhodamine B
molecule. The peptide is known to interact with PI(4,5)P2
regardless of the fluorescent molecule attached; however,
without it, it loses its ability to cross the bilayer3s. For the
PBP-10 simulation setup, 20 peptides were added to each
leaflet of a previously prepared membrane bilayer. These
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Figure 1. Low concentrations of calcium increase PH-YFP affinity towards LUVs containing 5% PI(4,5)P2. (A) PH-YFP affinity
towards POPC:Rho-DOPE:PI(4,5)P2 (94:1:5 molar ratio) 100 nm LUVs was determined through the FRET efficiency between PH-
YFP and Rho-DOPE in the presence of various calcium concentrations: 5 mM EDTA (blue), 10 pM Ca?*(orange) and 100 uM Caz*
(red). Dissociation constants were obtained by fitting a model assuming steady-state bimolecular binding and constant FRET effi-
ciency in the membrane to the FRET curves. The lines represent the fit with this model. All samples were incubated with 100 nM of
PH-YFP for 5 minutes. Error bars represent the standard deviation from at least three independent experiments. (B) Partition of
100 nM PH-YFP to 400 uM of POPC:PI(4,5)P2 (95:5 molar ratio) LUVs in the absence (blue) and presence (red) of 10 uM Ca?*. Parti-
tion was followed by FCS through the differences in PH-YFP diffusion properties caused by increasing lipid concentrations. The

controls for Liposome fusion are also shown in empty markers.

conditions mimic the experimental setup of the FRET exper-
iments, which aimed for saturation of the membrane with
peptides. Additional counterions were added to account for
peptide charge. Initially, the peptides were disposed as a
grid on top of the membrane, equally distant from each
other and restrained in the XY axis to allow for their incor-
poration into the membrane before aggregation outside of
the membrane could occur®. Once all peptides were fully
incorporated in the membrane, the restraints were re-
moved, and the system was simulated normally.

PH domain simulations. For PH domain parameterization,
a well resolved X-Ray diffraction structure of the pleckstrin
homology domain from phospholipase C deltal was used as
the template (PDB: 1MAI at 1.9A resolution)?é. The PH do-
main in this structure is in complex with an inositol
trisphosphate molecule (I13P), which gives us a good start-
ing conformation for studying PI(4,5)P2 binding. The struc-
ture was converted to the martini coarse-grain force-field
using the martinize5758 tool where the EINeDyn elastic-net-
work was used to maintain the protein secondary structure.
For the free PH domain simulations, a PH domain was added
to previously prepared membranes. The protein was added
ina corner of the PBC box, and the protein restrained so that
the PI(4,5)P2 binding site would always be facing the mem-
brane whilst probing its surface. Once a binding event had
occurred, we lifted the restraints and the system was simu-
lated normally. Facilitated binding simulations were also
ran when the free simulations did not show any binding
events (i.e. high Ca?* to PI(4,5)P2 ratios). In these, apart from
the already in place restraint to keep the binding site facing
the membrane, the PH domain was also restrained so that
the centre of geometry of the binding site was always lo-
cated on top of at least one PI(4,5)P lipid. Additionally, a
restraint was placed on the Z axis so that the protein centre
of mass (COM) was never more than 4 nm away from the
PI(4,5)P2 phosphate layer.

Umbrella sampling simulations of the PH domain binding
to PI(4,5)P: lipids were performed at various Ca?* to
PI(4,5)P: ratios, representing the experimental conditions

used (0:1, 0.5:1 and 10:1 Ca?* to PI(4,5)P2). The collective
variable (CV) was chosen to be the distance between the
PI(4,5)P2 PO4 bead and the COM of the PH domain. 12 um-
brella sampling windows were setup with the CV spaced lin-
early between 3.75 and 1.00 nm, with a force constant of
300 k] /mol being applied to the windows in the 3.75 to 2.25
nm range and a force constant of 600 k]/mol being applied
to the remaining. As with the facilitated binding simula-
tions, to make sure that the PH domain interacts with the
membrane via the PI(4,5)P2 binding pocket, a restraint was
applied so that the PI(4,5)P2 binding site would always be
facing the membrane surface. Similarly, a restraint in the XY
plane was put in place to make sure that the PH domain
would always be on top of at least one PI(4,5)P: lipid. To
avoid membrane deformation or curvature issues, a poten-
tial was applied to all PO4 beads to restrain membrane
travel in the ZZ axis to +/- 0.7 nm. The umbrella sampling
runs in the presence of Ca?* were performed both in mem-
branes with pre-clustered PI(4,5)P2 nanodomains and with
simultaneous clustering of PI(4,5)P2 nanodomains to ac-
count for hysteresis effects. The starting positions for each
window were picked from an MD simulation where the PH
domain started at 4.00 nm from the membrane and a re-
straint was applied in a step-wise fashion to approach it to
the membrane. For the umbrellas ran in the presence of pre-
clustered PI(4,5)P2 nanodomains or in the absence of Ca?*,
membranes pre-simulated in the respective conditions
were used. For the umbrellas ran with simultaneous clus-
tering of PI(4,5)P2, the starting positions were obtained
from a simulation with a membrane pre-simulated in the
absence of Ca?*. Ca?* was then added in the appropriate ra-
tio replacing random water beads. After a quick minimiza-
tion and relaxation step with the restraints in place, the win-
dow was run. For each window 3 replicas were ran for at
least 1 ps each. Umbrella sampling unbiasing and error cal-
culation was performed using Grossfield’s implementation
of WHAM®0. All restraints and sampling methods were car-
ried out using the open-source, community-developed
PLUMED library®!, version 2.562,
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We also followed PH-YFP partition towards
POPC:PI(4,5)P2 (95:5) LUVs, using FCS (Figure 1, B). FCS al-
RESULTS lowed us to analyse how PH-YFP diffusion properties varied

Low physiological Ca?* concentrations increase PH-
YFP affinity towards PI(4,5)P: containing model mem-
branes. The strong interactions between Ca2* and PI(4,5)P:
that have recently been reported, have been shown to in-
fluence PI(4,5)P: electrostatics as well as membrane organ-
ization, even at physiological concentrations. To track the
impact of Ca?* on PI(4,5)Pz-binding protein dynamics we
made use of a fluorescent fusion protein, PH-YFP, as a re-
porter. PH-YFP is a fusion protein that contains an isolated
PLCS81 PH domain linked to the fluorescent protein variant,
YFP. Apart from the PI(4,5)P2 binding surface, that faces the
membrane, the PH domain surface is fairly negatively
charged and, so far, no tendency for oligomerization has
been reported. On the other hand, the YFP variant used has
been reported to be a weak dimer®3, which dimerizes when
present at high concentrations. As a result, the PH-YFP con-
struct, also showed a tendency to oligomerize, especially
when bound to the membrane due to the local concentra-
tion effect. With the above mentioned in mind, PH-YFP
turned out to be an excellent protein model to use as a case
study of PI(4,5)P2 modulation of protein-protein and pro-
tein-lipid interactions.

We started by characterizing the influence of low Ca2*
concentrations on PH-YFP affinity towards PI(4,5)P2 con-
taining LUVs through a FRET methodology (Figure 1, A). In
this experiment, PH-YFP acted as the energy transfer donor,
and Rho-DOPE acted as the energy transfer acceptor. This
experiment allowed us to characterize the binding distribu-
tion of PH-YFP on the membrane, by analysing the degree of
decrease in donor fluorescence emission, caused by the
presence of acceptors in its proximity. Binding of PH-YFP to
LUVs containing 5% PI(4,5)P lead to a significant decrease
in donor emission, in the presence and absence of Ca?*.
These quenching curves were then used to quantify PH-YFP
binding, by fitting them to a model assuming steady-state
bimolecular binding and constant PH-YFP FRET efficiency
in the membrane. This allowed us to recover dissociation
constants, K, , for each experimental condition.

The presence of Ca?* led to an overall increase in PH-YFP
partition towards the LUVs, as shown by the decrease in dis-
sociation constant observed when comparing the EDTA
sample against the 10 uM Ca**sample. (Kygpra = 0.93 +
0.08 UM , K10 umcaz+ = 0.17 £ 0.02 uM). However, fur-
ther increasing the Ca?* concentration did not yield as sig-
nificant changes (Ka10 um caz+ = 0.17 £ 0.02 pM,
K100 um caz+ = 0.29 £ 0.02 uM). This is an interesting re-
sult, as Ca?* does not interact directly with the PH domain
to influence membrane binding. Therefore, the observed
changes are most likely due to Ca?* influencing P1(4,5)P2 bi-
ophysical properties, favouring lipid-protein interactions. It
is worth noting that the recovered K, values obtained in the
absence of Ca?* are lower than those described in the litera-
ture for free PLC61 PH binding to POPC:PI(4,5)P2 (98:2)
LUVs ( K; =5 uM determined from Hummel and Dreyer
type measurements, K; = 2.5 + 1.3 pM determined from
Centrifugation experiments with Sucrose-loaded LUVs)®¢4.
These differences are likely associated with the different
PI(4,5)P2 levels.

with increasing lipid concentrations and compare these ef-
fects in the presence and absence of Ca?*. As expected,
whether in the presence or absence of Ca?*, increasing con-
centrations of lipid led to an overall increase in PH-YFP au-
tocorrelation at longer times, clearly showcasing the pres-
ence of a slower diffusing population of PH-YFP bound to
the LUVs. However, when comparing both sets of results, we
can determine that 10 uM of Ca?* leads to an apparent sig-
nificant increase in PH-YFP partition onto the membrane as
it causes the most amount of autocorrelation at longer
times. This data is in agreement with the previous FRET
studies and confirms that low concentrations of Ca?* cause
an increase in PH-YFP binding. Liposome fusion controls
were performed with a BODIPY-PC membrane probe, which
showed that at this Ca2?* concentration, no substantial
changes in liposome diffusion times are observed, as ex-
pected in the absence of aggregation. Higher concentrations
of Ca?* were not tested as these induce liposome fusion.

Overall, we can conclude that low Ca?* concentrations
lead to a significant increase in PH-YFP binding affinity for
PI(4,5)P2. Notably, this increase in binding affinity occurs
even though Ca?* is simultaneously causing significant
charge shielding of the PI(4,5)P2 headgroup which should
reduce electrostatic interactions. These results appear to
suggest that besides inducing cluster formation and influ-
encing PI(4,5)P2 acyl chain order, Ca?* can also induce
changes in the orientation of the headgroup, possibly alter-
ing lipid recognition and docking of proteins. This effect
should be especially important, if the protein binds to
PI(4,5)P2 by interacting specifically with the headgroup, as
is the case of the PH domain.

High Ca?* concentrations reduce PH-YFP bound to
PI(4,5)P: containing GUVs. Fluorescence confocal micros-
copy allowed for a simple method to analyse the effects of
higher Ca?* concentrations on model membranes without
much of the noise caused by Ca?*-induced vesicle aggrega-
tion and fusion. The fluorescence of GUVs containing 5%
P1(4,5)P2 (POPC:PI(4,5)P2 at a 95:5 molar ratio) incubated
with 250 nM of PH-YFP and increasing concentrations of
Ca%* and quantified the mean membrane fluorescence for
each GUV. Analysing the obtained data (Figure 2, B), we can
observe that Ca?* induces a significant increase in mem-
brane fluorescence from 20 to 100 pM Ca2* which is in
agreement with the previous FRET and FCS studies. How-
ever, from 150 uM Ca?*to 300 uM Ca?*, PH-YFP membrane
fluorescence continuously decreases to values slightly
lower than those obtained in the absence of Ca?*, in a repro-
ducible manner. Similar results that have showcased a de-
crease in PH domain affinity at high Ca?* concentrations
have been published recently for PLC§1 PH at 1mM Ca?*37,
while other authors have also shown that PLC activity is in-
hibited at non-physiological Ca?* concentrations (>100 uM)
by an unknown mechanism366566, Here we suggest two
mechanisms for this inhibition at higher Ca?* concentra-
tions.

The first mechanism is likely charge shielding of the
PI(4,5)P2 headgroup by Ca?*, inhibiting interactions with
binding proteins. As Ca?* concentrations increase, this effect
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Figure 2. High calcium concentrations lead to a decrease of PH-YFP affinity towards PI(4,5)Pz containing GUVs. Images

taken from the equatorial plane of GUVs at increasing Ca2* co.

ncentrations (A): (5 mM EDTA; 100 uM Ca?*and 300 uM Ca?*). (B)

Overall analysis of the mean PH-YFP membrane fluorescence intensity with increasing concentrations of Ca2*. Fluorescence inten-
sity is normalized to the average intensity obtained for 5 mM EDTA to allow for easier comparison between experiments. At least
30 GUVs over 4 independent experiments were analysed for each composition, for a total of 338 GUVs. Dashed line is a guide to the

eye.

becomes more prevalent and very likely starts competing
with the binding of proteins with positively charged binding
pockets, such as the PH domain, via screening of the electro-
static interactions. The second, more complex mechanism
we propose is the increase in number of PI1(4,5)P: lipids se-
questered by the PH domain with increasing Ca?* concen-
trations. On a fluid membrane containing 5% PI(4,5)P2, 1
PH-YFP molecule can sequester in average 1 PI(4,5)P: lipid,
however, if significant PI(4,5)P2 clustering occurs, we can
estimate, taking into account the PH domain membrane sur-
face area, that 1 PH-YFP molecule can sequester up to 15
PI(4,5)P; lipids in average. This could cause a decrease in
membrane fluorescence by limiting the amount of PI(4,5)P2
available to bind PH-YFP, leading to a lower concentration
of bound protein. However, this effect is only valid if PH-YFP
is unable to remove the bound PI(4,5)P2 from within the
clusters. Protein sequestration is thought to be one of the
causes for the observed non-homogeneous distribution of
PI(4,5)P2 in the plasma membrane®. Thus, proteins would
act as reversible buffers, binding much of the PI(4,5)P2 pre-
sent and then releasing it locally in response to specific sig-
nals®’. Proteins such as MARCKS®869.70 GAP4367.71, CAP2367
and syntaxin-1A72 have been shown to be able to sequester
PI(4,5)P2 in such a manner. In fact, studies show that
MARCKS alone could reversibly sequester much of the
PI(4,5)P2 in the plasma membrane®. MARCKS sequestra-
tion of PI(4,5)P2 has been shown to be important in the
PI(4,5)P2 mediated activation of TRPC-family Ca?* chan-
nels’3, in the endocytosis of the amyloid precursor protein
(APP)7# and in the synaptic clustering of PI(4,5)P27>. How-
ever, the influence of Ca?* on protein sequestration of
PI(4,5)P2 has not been given any attention thus far.

MD simulations showcase the effect of Ca?* on PH do-
main PI(4,5)P:z binding affinity. To better understand the
origin of the complex effects of Ca2* on PH domain affinity,
we performed coarse grained molecular dynamics simula-
tions using the Martini2.2 model. These were performed at
varying Ca?* to PI(4,5)Pz ratios (0.5, 1, 3, 5, 10) to represent
the range of experimental Ca?* concentrations used. We
started by running simulations with systems containing a
PH domain and a previously relaxed and simulated mem-
brane composed of PI(4,5)P2 and POPC (5:95 mol ratio) in
the presence of varying Ca2* to PI(4,5)P2 ratios (0, 0.5, 3, 5,
10). In the absence of Ca?* and in the presence of low Ca%*
ratios, the PH domain easily bound PI(4,5)P: lipids and did
not release the lipid over the course of the simulation (at
least 10 ps.). At these ratios, the PI(4,5)P2 binding pocket
forms a tight cage around the PI(4,5)P2 headgroup (Figure
3, B), where the positively charged side chains wrap around
the negatively charged PI(4,5)P2 headgroup. In this tight
binding 3 LYS and 1 ARG sidechains interact with the head-
group phosphates whilst being locked inside the protein
pocket via the interaction of a TRP and 2 ARG side chains
with the phosphodiester phosphate. This tight cage
wrapped around the headgroup is in agreement with previ-
ous atomistic studies’® and similar to the original crystal
structure bound to 13P?8 (Figure 3, A). Besides sequestering
PI(4,5)P2 in the specific binding pocket, 2 protein loops are
also inserted into the membrane at headgroup depth, inter-
acting with the lipid headgroups. This is also in agreement
with previous atomistic simulation studies’¢ that report the
penetration of hydrophobic side chains into the core of the
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bilayer and the formation of hydrogen bonds between some
PH side chains and PC headgroups. Interestingly, it appears
that, even in the absence of Ca?*, these inserted regions pro-
mote a significant increase in local concentration of
PI(4,5)P2. This is likely due to polar interactions with the
SER, MET and VAL sidechains present in the membrane in-
serted loops. In the presence of higher Ca?* ratios (>3
Ca?*:PI(4,5)P ratio), however, the PH domain struggled to
bind to PI(4,5)P2, as it was unable to displace the Ca?* in
place and only able to bind to the edges of the nanodomains
(Figure 3, C). The inability of the positively charged
sidechains to displace the bound Ca?* ion weaken protein
binding significantly and effectively shield the PI(4,5)P: li-
pid from interacting with protein partners. An important
observation however, is that the PH domain was not able to
remove a PI(4,5)P: lipid from within the cluster, even atlow
Ca?* ratios. This is a necessary condition for Ca?* to be able
to modulate PI(4,5)P2-Protein interactions via the for-
mation of cation-induced nanodomains.

To get a better picture and to extract the free energy for
PH domain binding to PI(4,5)P2 we resorted to umbrella
sampling simulations where the reaction coordinate collec-
tive variable (CV) was chosen to be the distance between
the PI(4,5)P2 phosphodiester (PO4) bead and the COM of
the PH domain (Figure 4). To account for hysteresis, the um-
brella systems in the presence of Ca?* were run both in
membranes with pre-clustered PI(4,5)P2 nanodomains and
with simultaneous clustering of PI(4,5)P2 nanodomains.
This lets us work around the stickiness (and very long life-
time of exchange) of Ca?* bound to PI(4,5)Pz observed even
at low Ca?* ratios, which may reflect some of the limitations
of the Martini 2.2 forcefield””.

In the absence of Ca?*, the PH domain binds to PI(4,5)P2
with a binding free energy of -60 kJ/mol and an optimal dis-
tance between the PO4 and the protein COM of roughly 1.7
nm. In the absence of Ca?*, the PH domain PI(4,5)P2 binding
pocket wraps around the headgroup tightly, as was seen in
the previous MD simulations. Ata 0.5 Ca?* to PI(4,5)P2 ratio
ran with pre-clustered membranes, we see an increase in
energy to -48 kJ/mol and in distance to roughly 2.25 nm.
This is caused from the inability of PH domain sidechains to
replace Ca?* even at this low concentration. Despite being
wrapped around the PI(4,5)P; headgroup, the PH domain
couldn’t displace the Ca?* beads that were in place, so they
remained bound to PI(4,5)P. within the binding pocket.
This not only leads to electrostatic repulsion between the
positively charged sidechains and the Ca?* ion, but also to a
less favourable packing of the headgroup in the binding
pocket. Using the same Ca?* ratio but with simultaneous
clustering of PI(4,5)P2, the landscape changes. The PMF
minimum is located at 1.7 nm with an energy value of -62
kJ/mol, showing a marginal increase in affinity when com-
pared to the runs in the absence of Ca?*. In this case, the PH
domain bound to the PI(4,5)P2 headgroup first and the Ca?*
beads could not displace the positively charged residues of
the binding pocket. Ca?* did however lead to the clustering
of PI(4,5)P2, which, combined with the intrinsic clustering
property of the PH domain, formed a small nanodomain
around the protein. It is possible that the increase in local
concentration of PI(4,5)P2 promoted by Ca?* could help sta-
bilise PH domain binding, in comparison to the system with-
out Ca%*. However, in this system the effect was very minor.

Figure 3. Closeup views of PH domain binding to
PI(4,5)P2. (A) PH domain bound to I3P (PDB: 1MAI 28) (B) CG
PH domain bound to a PI(4,5)P: lipid inserted in a POPC mem-
brane. (C) CG PH domain bound to a PI(4,5)P2 calcium induced
nanodomain. The PH domains are represented in orange, with
the PI(4,5)P2 binding pocket region side chains being repre-
sented in blue. The PI(4,5)P: lipids are represented in pink,
with the 3 phosphates discriminated in red. Ca?* beads are
represented in yellow.

At a 10:1 Ca?* to PI(4,5)P2 ratio ran with pre-clustered
membranes, we don’t observe a clear minimum in the PMF.
Approaching the protein to the PI(4,5)P2 containing mem-
brane always results in a very unfavourable increase in en-
ergy. With simultaneous clustering, the landscape doesn’t
change much. Despite there being a minimum at roughly 1.7
nm of -12 kJ/mol, at this concentration Ca?* was able to dis-
place the PH domain binding pocket positive sidechains and
restrict the protein to binding the edge of the nanodomains.
This is in agreement with the effect that we observe in the
experimental results for high Ca?* concentrations and
showcases the charge screening effect of Ca?* that we sug-
gest leads to an inhibition of protein binding.
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Figure 4. Effect of calcium concentration on PH domain binding affinity by umbrella sampling of CG MD simulations. Differ-
ent umbrella snapshots showcasing the setup (A) and PH domain binding to PI(4,5)P; at 1.7 nm under different conditions (B-F).
The PH domains are represented in orange, with the PI(4,5)P2 binding pocket region side chains being represented in blue. The
PI(4,5)P: lipids are represented in pink, with the 3 phosphates discriminated in red. POPC lipids are represented in grey. Ca2*beads
are represented in yellow. PMF landscapes for PH domain descent onto already assembled PI(4,5)P: clusters (G) and with simulta-
neous clustering (H) for the 3 Ca2* ratios tested. The CV chosen is the distance between the PI(4,5)P2 PO4 bead and the COM of the
PH domain.

interactions with PI(4,5)Pz-containing membranes, we fur-
Ca?* decreases PBP-10 partition towards PI(4,5)P; ther investigated a distinct model of PI(4,5)P2 binding pro-

containing model membranes even at low concentra- tein, PBP-10. Polyphosphoinositide-binding peptide 10
tions. After studying the effect of Caz* on PH-YFP (PBP-10) is a 10 residue long, membrane-permeant poly-
cationic peptide derived from the PI(4,5)P2 binding region
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Figure 5. Low concentrations of calcium decrease PBP-10 partition towards PI(4,5)Pz containing LUVs and modulate peptide
interactions with membrane components. PBP-10 partition to (A) POPC:PI(4,5)P2 (95:5 molar ratio) LUVs or (B) POPC:POPS
(80:20 molar ratio), in the presence of 100uM Caz+ (blue) and in the absence of Ca2* (red). Partition was followed by the decrease in
PBP-10 fluorescence intensity when bound to the membrane. The lines represent the fit from where the partition coefficient was
recovered. Both lipid compositions were incubated with 500 nM of PBP-10 for 5 minutes. Error bars represent the standard deviation
from three independent experiments. FRET efficiencies for the FRET pairs (C) TopFluor-PI(4,5)P2/PBP-10 and (D) Bodipy-PC/PBP10
(donor/acceptor) in the presence and absence of Ca?*. LUVs used in these experiments were composed of either
POPC:PI(4,5)P2:TopFluor-PI(4,5)P2 (95:4.5:0.5 molar ratio) or POPC:Bodipy-PC:PI(4,5)P2 (94.5:0.5:5 molar ratio). Total Lipid con-

centration for both experiments was 250 pM.

in segment-2 of gelsolin (Gelsolin residues 160-169) which
was linked to rhodamine B3839. While PH-YFP binds specifi-
cally to PI1(4,5)P2 by stereochemical recognition of the head-
group, PBP-10 binding to P1(4,5)P2 is much less specific and
is governed mostly by electrostatic interactions between its
positively charged residues and the negatively charged lipid
headgroup. Studying how Ca?* might influence a less spe-
cific PI(4,5)P2 binding protein model, will provide further
insight on how modulation of PI(4,5)P2 electrostatics and
lateral organization in the membrane can influence lipid-
protein and protein-protein interactions.

PBP-10 partition to negatively charged membranes was
studied using steady-state fluorescence measurements, tak-
ing advantage of the linked rhodamine B fluorophore. Upon
binding to membranes containing acidic lipids, PBP-10 un-
dergoes a strong reduction in fluorescence intensity, likely
caused by the self-quenching of rhodamine B groups as the
peptide oligomerizes at the vesicle surface after membrane
association383%, Thus, PBP-10 was incubated with
POPC:PI(4,5)P2 (95:5 molar ratio) LUVs for 5 minutes, in the
presence or absence of Ca?*, and partition was followed
through the decrease in fluorescent intensity experienced
by PBP-10 when bound to the membrane (Figure 5.). The
obtained data was used to calculate the partition coefficient.
As already described, the mechanism responsible for the

membrane-driven fluorescence quenching of PBP-10 is not
fully understood and could be the result of oligomerization
of the peptide. If this is the case, then the fluorescence
quenching curves would not solely depend on membrane
partition but also on the extent of its oligomerization. How-
ever, the curves are clearly hyperbolic, indicative of a sim-
pler equilibrium. Also, previous unpublished results from
our group show that the peptide membrane bound intensity
is constant and not dependent on the density of peptide in
the membrane. This suggests that in case some oligomeri-
zation takes place, the dissociation constant is extremely
small, and a highly homogeneous population of oligomers is
present. In this case, although a putative PBP-10 mem-
brane-dependent oligomerization could interfere with
membrane partition of the peptide, quenching curves can
be analysed with a simple partition model, since all the
membrane associated peptide would be in the same state,
and only two species need to be considered.

Analysing the results, for LUVs containing 5% PI(4,5)P2
(Figure 5. A), 100 uM Ca?* has a significant effect on the par-
tition of PBP-10 to the membrane. Comparing the data, we
observe a 2.4 fold decrease in the partition coefficient in the
presence of Ca?*, when compared to the data obtained in the
absence of it ( Kpppra = (8.1 % 1.3) X 10* to K, o2+ =
(3.5+ 0.3) X 10%). These results contrast with what was
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obtained for PH-YFP, where the same concentration of Ca2*
induced an increase in PH-YFP affinity. This experiment was
then repeated with LUVs containing 20% POPS (Figure 5.
B), to simulate the membrane charge density of 5%
PI(4,5)P2 (POPS has a net charge of -1, whilst PI(4,5)P2 has
a net charge roughly equal to -4 at the experimental pH of
7.4 78). In this case, Ca?* has no significant effect on the par-
tition of PBP-10 to the membrane (K, gpry = (4.7 £ 0.6) X
10* to K, cq2+ = (6.0 £ 0.8) X 10%). This result not only
confirms that PBP-10 interaction with the membrane is
ruled mostly by electrostatics, since we recover similar par-
tition coefficients for membranes prepared with a similar
charged density, but also that the effect of Ca?* on PBP-10
partition originates from specific interaction between Ca?*
and PI(4,5)Pz, as it only occurs in LUVs containing 5 mol%
PI(4,5)P2. It also rules out an interaction between PBP-10
and Ca?* in solution as the causer of the lower membrane
affinity of the peptide in the presence of the divalent cation.
Our proposed explanation for the observed results is based
on electrostatic charge shielding caused by the interaction
of Ca?* with PI(4,5)P2, which is not so prevalent with PS,
given the significantly lower affinity between PS and Ca?*.
This effect was only observed for PH-YFP at higher Ca2* con-
centrations, as it binds to PI1(4,5)P: via specific interactions
between the protein and the lipid headgroup which are
stronger than the electrostatic interactions in play for PBP-
10.

In order to gather a more detailed insight on how Ca?* in-
fluences PBP-10 interactions with the membrane, we per-
formed FRET studies between the fluorescent analogues,
BODIPY- PC and TopFluor-PI(4,5)P2, and PBP-10. On both
experiments, we tested the effect of the presence and ab-
sence of Ca2* on the FRET efficiency of each pair. LUVs used
in these experiments were composed of either
POPC:PI(4,5)P2:TF-PI(4,5)P2 (95:4.5:0.5 molar ratio) or
POPC:Bodipy-PC:PI(4,5)P2 (94.5:0.5:5 molar ratio). It is
worth emphasizing that the mol% total of PI(4,5)P2 (la-
belled and unlabelled) is the same for both lipid composi-
tions (5 mol%). Experiments were always carried out at
concentrations for which ~ 100% membrane association is
observed for the peptide (250 uM total lipid concentration)
even in the presence of Ca?*, so that any change in FRET ef-
ficiencies can be ascribed to changes in the lateral organiza-
tion of the peptide and phospholipid analogues. The two
FRET pairs here used, present similar spectral overlaps, al-
lowing for comparison between both sets of data (Figure 3.8
(A and B)).

Looking at the results for the TopFluor-PI(4,5)P2/PBP-10
(donor/acceptor) FRET pair (Figure 5, C) we observed a
clear decrease in FRET efficiency in response to 100uM Ca?+,
allowing us to conclude that Ca?* is in fact leading to a de-
crease in interaction between PBP-10 and PI(4,5)P2. This
data is in agreement with the partition data, and the electro-
static charge shielding of PI(4,5)P2 by Ca?*. Interestingly,
when analysing the results for the Bodipy-PC/PBP-10 FRET
pair (Figure 5, D) we observe a slight opposite effect in re-
sponse to the presence of CaZ*. In the presence of 100 pM
Ca?+, FRET efficiency increases very slightly which could in-
dicate that it leads to an increase in the interaction between
the peptide and PC. In this way, Ca?* levels are shown to not
only influence the membrane affinity of PBP-10 but also
modulate the number of PI(4,5)P2 molecules sequestered

by PBP-10 within the membrane. In vivo, the highly nega-
tively charged headgroup from PI(4,5)P2 acts like a “bea-
con” for cationic membrane binding proteins. Electrostatic
charge shielding of PI(4,5)P2 by divalent cations can neu-
tralize this negative charge, influencing PI(4,5)P2-Protein
interactions and consequently the localization of cationic
membrane binding proteins with lower specifity. The for-
mation of Ca?* induced clusters could then contribute to this
effect by excluding small cationic peptides from within the
nanodomains, decreasing the interactions between the pep-
tides and PI(4,5)P2, and releasing them back to the bulk
membrane. This regulation by Ca?* could be fundamental to
the regulation of some signalling pathways associated with
PI(4,5)P2.

MD simulations show PBP-10 exclusion from within
Ca?* induced PI(4,5)P2 nanodomains. To better under-
stand how the Ca?* induced PI(4,5)P2 nanodomains were af-
fecting the interactions of PBP-10 with PI(4,5)P2, we per-
formed coarse grained molecular dynamics simulations us-
ing the Martini2.2 model. These simulations were carried
out using the same protein to lipid ratio as the FRET exper-
iments, to better replicate the experimental setup. A 5:1 Ca?*
to PI(4,5)P2 ratio was used, which is also close to the Ca?*
concentrations used experimentally. Here, PBP-10 was
added to membrane systems that were previously pre-
pared, equilibrated and ran with or without Ca?* for at least
10 ps. After adding the peptides to both sides of the mem-
brane, the protein-lipid system ran for at least 20 ps. After
running for at least 10 ps, 2 new simulations were started
from snapshots obtained from the previous systems. In Ca?*
containing systems, the ion was replaced by water beads,
whilst for the system without Ca?*, it was added by replac-
ing random water beads. lonic force was then adjusted ac-
cordingly to account for the changes in system charge. This
was done to check for hysteresis. No hysteresis effects were
found, when comparing the 4 simulations, and thus the re-
sults shown are from the first two systems.

Analysing the PBP-10 - PI(4,5)P2 dynamics (Figure 6.) we
see that, in the absence of Ca2*, PBP-10 appears to induce
some aggregation of PI(4,5)Pz (Figure 6. D and F). This oc-
curs mainly via interaction between its positively charged
residues and the phosphodiester bond phosphate group.
These PI(4,5)P: aggregates, however, were not as ordered
(Supmat. Figure 1. A and B), stable or as large (Supmat. Fig-
ure 1. B (red) and C (blue)) as Ca?* induced PI(4,5)P:
nanodomains. In the presence of Ca?*, PBP-10 did not seem
to disrupt the already existing PI(4,5)P2 nanodomains very
substantially (Supmat. Figure 1. B and C (red lines)), how-
ever some disruption was observed. The fact that PBP-10
did not significantly disrupt PI(4,5)P2 clusters, means
PI(4,5)P; interactions with nonspecific peptides can be
modulated via interaction with clusters. PBP-10 did, how-
ever, significantly deplete the number of Ca?* ions from the
PO4 region (Figure 6. G). The ions at the headgroup phos-
phates were less impacted (Figure 6. H and I). PBP-10 is lo-
cated at the phosphodiester depth, and its positively
charged residues replace the stabilizing action of the Ca2*
ions.
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Figure 6. MD simulations show PBP-10 exclusion from within CaZ* induced PI(4,5)P2 nanodomains. Snapshots of PBP-10 in-
teractions with PI(4,5)P2 calcium induced clusters (A) and PI(4,5)P: disperse lipids (B). The PBP-10 peptides are represented in
orange. The PI(4,5)P: lipids are represented in pink, with the 3 phosphates discriminated in red. Calcium beads are represented in
yellow. PI(4,5)Pz vs PI(4,5)P2 RDF (PO4 vs PO4) analysis both in the absence (C) and presence of peptide (D) and either in the
presence (red) or absence (blue) of Ca2+. PI(4,5)P2 vs Peptide (E) and POPC vs peptide RDF analysis (F) either in the presence (red)

or absence (blue) of Ca2*. PI(4,5)P2 vs Ca2* RDF analysis discriminated by phosphate bead (Phosphodiester: G, P4: H and P5: I) either

in the presence (orange) or absence (black) of peptide.
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It is likely that the positively charged residues are not as
strong as Ca?* in crosslinking the PI(4,5)P2 phosphodiester
phosphates, explaining the slight depletion observed in the
size of the nanodomains. The formation of PI(4,5)P:
nanodomains also appears to lead to a decrease in PBP-10
interactions with PI(4,5)P2 (Figure 6., E), with a slight con-
comitant increase in interactions with POPC (Figure 6., F).
These results, here seen through the RDFs, are in agreement
with the FRET results shown previously. This once again ap-
pears to showcase that the formation of PI(4,5)P2
nanodomains does not allow the incorporation of PBP-10
within them, restricting the peptide to interacting with the
borders of the domain. This decreases interactions with
PI(4,5)P2 and releases the peptide to the bulk membrane,
thus increasing interactions with POPC when compared to
the system without Ca?+.

Caz*-induced PI(4,5)P: effects influence PH-YFP or-
ganization and protein-protein interactions. After ob-
serving that Ca?* induced PI(4,5)P: effects can influence PH-
YFP and PBP-10 dynamics through complex competing
mechanisms, we were interested in understanding whether
these effects, and especially whether Ca?* induced PI(4,5)P2
clustering, could also influence protein-protein interac-
tions, in this case specifically, PH-YFP membrane organiza-
tion and oligomerization. PH-YFP is a fusion protein that
consists of an isolated PLC81 PH domain linked to the fluo-
rescent protein variant, YFP. The YFP variant used, as men-
tioned previously, is prone to dimerization and thus this
system is an excellent model for membrane protein oli-
gomerization.

Initially we aimed to determine whether or not PH-YFP
was able to remove bound PI(4,5)P2 from within the clus-
ters and diffuse freely in the membrane through FCS stud-
ies. We started by studying the free diffusion of PH-YFP in
solution (Supmat. Figure 2), in the presence and absence of
Ca?*. Both sets of autocorrelation data were properly fit to a
single component 3D diffusion model and did not require a
second component to be introduced to the analysis, suggest-
ing a single population of diffusing species. We report that
Ca?* does not alter the diffusion of the protein in solution,
which presented a diffusion coefficient in the absence and
presence of Ca* of D = 70.09 + 4.72 ym?s' and D = 68.87 +
1.74 um?s1, respectively, confirming that Ca?* does not im-
pact the PH-YFP oligomerization state before membrane
binding.

We continued by studying PH-YFP diffusion in GUVsinre-
sponse to the same conditions (Figure 7., A and B). Every set
of autocorrelation data was now properly fit to a single com-
ponent 2D diffusion model, not requiring a second compo-
nent be introduced to the analysis, suggesting a single pop-
ulation of diffusing species (membrane-bound protein).
Representative curves are presented in figure 7. (A). Ana-
lysing the diffusion data (Figure 7. (B)), one can conclude
that PH-YFP membrane diffusion appears to be dominated
by PI(4,5)P: diffusion at this protein to lipid ratio, as the val-
ues observed (D =6.12 + 0.32 um?s! (D + SEM) for the sam-
ples in the absence of Ca%*) are very similar to those re-
ported by FCS for fluorescent analogues of PI(4,5)P:z in
POPC GUVs (D =8.01 £ 0.13 pm?s! (D + SEM) for the sam-
ples in the absence of Ca2+)32. This suggests that the diffu-
sion of the protein-lipid complex is dominated by the

viscosity experienced by the PI(4,5)Pz inserted in the mem-
brane, rather than the water exposed protein, as has been
reported for other PH domains’. Looking at the effect of
Ca?+, the diffusion coefficient of PH-YFP decreased to some
extent, going from D = 6.12 * 0.32 pum?s! (D + SEM) in the
absence of Ca?*to D =4.27 £ 0.65 pm?s-tat 100uM Ca?*. This
effect was observed even at 20uM Ca?* (D = 4.00 + 0.42
um?s1). This 30% decrease in PH-YFP diffusion in response
to anincrease in Ca2* concentration is similar to the one pre-
viously reported, for a PI(4,5)P2 fluorescent analogue in
GUVs with Ca?* 32, Altogether, these results clearly confirm
that PH-YFP domains after interaction with CaZz*-induced
PI(4,5)P: clusters, are not able to sequester the phospho-
lipid from these PI(4,5)P2 enriched nanodomains and re-
main associated with these structures, with restricted lat-
eral diffusion. This helps explain the increased affinity of PH
domains for PI(4,5)P2 in the presence of Ca?* and suggest
that Ca?* could potentially influence PH-YFP oligomeriza-
tion.

Thus, we used PCH to follow PH-YFP oligomerization in
solution and when bound to GUVs. If oligomerization oc-
curs, at least 2 populations of fluorescent particles should
be detected with distinct brightnesses. In the case of pro-
teins, one population will correspond to the monomeric
form of the protein and the other population, with a higher
molecular brightness, will correspond to the oligomerized
form. Analysing the PCH for PH-YFP in solution, both sets of
data (in the presence and absence of Ca?*) were properly fit-
ted by a single brightness population model (Supmat. Fig-
ure 3, A). Furthermore, the brightness values confirm that
Ca?* does not have a direct effect on PH-YFP oligomerization
in solution, as there was no significant difference in the
brightness recovered for the single population, whether in
the absence (¢ = 0.068 + 0.002 CPSM (Brightness + SEM)) or
presence of Ca?* (¢ = 0.070 = 0.001 CPSM).

However, the photon counting histograms obtained for
PH-YFP bound to the membrane of GUVs could no longer be
properly fitted by a single population model and were in-
stead fitted with a two-brightness population model. Repre-
sentative photon counting histograms of PH-YFP bound to
GUVs are shown in Figure 7., (C). Analysing the brightness
data recovered (Supmat. Figure 3, B), one of the populations
presented a brightness value with negligible differences be-
tween the samples in the absence and presence of the sev-
eral Ca?* concentrations (&1). This value was consistent with
the value recovered for the protein in solution (Supmat. Fig-
ure 3, A) and therefore considered to represent the bright-
ness of the monomeric membrane-bound PH-YFP popula-
tion (5mM EDTA: &1 = 0.065 * 0.003 CPSM; 20uM Ca?*: &1 =
0.071 + 0.003 CPSM; 50uM Ca?*: &1 = 0.075 * 0.010 CPSM;
100puM Ca?*: g1 = 0.088 + 0.003 CPSM). Importantly, in the
presence of Ca?*, this population was fully dominant, with
the second population corresponding to less than 5 % of
particles and < 12 % of total fluorescence in average. This
result confirms that the presence of Ca?* inhibits PH-YFP ol-
igomerization in the membrane. Upon total chelation of Ca?*
by EDTA, the second population, which we considered to be
the oligomeric membrane-bound PH-YFP population, pre-
sented a higher brightness value (5mM EDTA: €2 = 0.172
0.014 CPSM), consistent with a dimer (assuming no changes
in quantum yield), as it is 2.3 # 0.3 times higher than the
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Figure 7. FFS studies of the influence of calcium on PH-YFP organization and protein-protein interactions. (A) Representative
FCS autocorrelation curves of PH-YFP in POPC:PI(4,5)P2 (95:5 molar ratio) GUVs, in the presence (red) and absence of Ca2* (blue).
(B) Diffusion coefficients obtained for PH-YFP in POPC:PI(4,5)P2 (95:5 molar ratio) GUVs, in the presence and absence of Ca2+. (C)
Representative photon counting histograms of PH-YFP in POPC:PI(4,5)P2 (95:5 molar ratio) GUVs in the presence (red) and absence
(blue) of Ca2+. Homogenous distribution of residuals shows appropriate fitting of the data. (data not shown) (D) Fraction weighed
by brightness recovered for the two different populations detected for PH-YFP in POPC:PI(4,5)P2 (95:5 molar ratio) GUVs, in the

presence and absence of Ca2+.

average of the values recovered for the lower brightness
component. Formation of the PH-YFP dimer in the mem-
brane was expected given the relatively low dissociation
constant of YFP ¢3. The fraction of dimers observed in the
absence of Ca2* corresponded to 28.7 + 5.3% of protein (Fig
7D). In the presence of Ca?*, as already discussed, the con-
tribution of particles brighter than the monomer fell consid-
erably, and the recovered brightness for the second compo-
nent presented much higher uncertainty (20 uM Ca?*: €2 =
0.407 + 0.083 CPSM; 50 uM Ca?*: €2 = 0.303 = 0.066 CPSM;
100 pM Ca?*: €2 = 0.408 = 0.111 CPSM). These values are
also higher than the brightness value obtained for the dimer
in the presence of EDTA, possibly reflecting the presence of
a very small fraction of highly fluorescent, stable higher or-
der oligomers of PH-YFP, which are not affected by the pres-
ence of Ca?+, unlike dimers.

The fraction weighed by brightness can be used to quan-
tify the total contribution of each population towards the to-
tal fluorescence collected. Here, we will use it to more accu-
rately quantify each population present on the surface of
the GUVs (Figure 7., (D)). In the presence of Ca%*, the con-
tribution of the oligomerized population decreases to about
half at 50 pM Ca?* and 100 pM Ca?* (F, =17.5 + 5.7% and
F, =13.5 * 3.0%, respectively) and almost entirely disap-
pears at 20 uM Ca?* (F, = 0.7 + 0.2%).

One possible model to explain this variation in oligomer-
ized population, is based on the hypothesis that it could be

correlated with an increase in PI(4,5)P2 cluster size caused
by increasing concentrations of Ca?*. According to this
model, in the absence of Ca?*-induced clustering of
PI(4,5)P2, each PH domain after binding to the membrane is
free to diffuse laterally within the membrane, and in this
two-dimensional environment where protein concentra-
tion is dramatically higher than in solution, protein-protein
interactions are favoured. On the other hand, in case of for-
mation of relatively small PI(4,5)P2 clusters (20 uM Ca?*),
the membrane is no longer presenting a homogeneous en-
vironment for protein diffusion, since PI(4,5)P2 is being seg-
regated from the bulk lipids. In this case, proteins after
binding to PI(4,5)P2 clusters smaller than the necessary to
accommodate PH-YFP dimers (well under 30 lipid mole-
cules), are not totally free to diffuse laterally and become
trapped or compartmentalized within these nanodomains.
Additionally, if PI(4,5)P2 clusters exhibit electrostatic repul-
sion due to incomplete chelation, interaction between indi-
vidual PI(4,5)P2 clusters could be rare, further reducing the
probability of protein-protein interactions. These effects
are likely to inhibit the protein-protein interactions seen in
the absence of Ca?*. With increasing Ca?* concentrations,
however, cluster sizes increase and could start to allow for
the accommodation of a dimer within a single nanodomain.
This results in a slight recovery of the oligomerized popula-
tion (50 uM and 100 pM Ca?*). This proposed mechanism,
offers a very interesting insight on how Ca?* levels, through
the formation of Ca?*-induced PI(4,5)P: clusters, could
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Figure 8. PH-YFP partitions to PI(4,5)P: containing LUVs and undergoes significant oligomerization in the absence of Ca2+.
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the eye. (B) Photobleaching assay of 100 uM PH-YFP incubated with POPC:PI(4,5)P2 (95:5 molar ratio) LUVs, in the presence of 5

mM EDTA.

possibly regulate PI(4,5)Pz binding protein oligomerization
and act as a regulatory step in signalling pathways.

To gather further evidence and confirm the FFS results,
PH-YFP partition to POPC:PI(4,5)P2 (95:5 molar ratio) LUVs
was analysed through steady-state fluorescence depolariza-
tion in the presence of different Ca?* concentrations. (Figure
8. A). As total lipid concentrations increase, we observe a
general decrease of YFP fluorescence anisotropy. This de-
crease in anisotropy in response to an increase in lipid con-
centration, reflects PH-YFP dimerization in the membrane.
PH-YFP dimers undergo Forster resonance energy transfer
(homoFRET), increasing fluorescence depolarization and
decreasing fluorescence anisotropies. However, analysing
the different conditions we can clearly observe that, in the
absence of Ca?*, PH-YFP presents a significantly lower ani-
sotropy when compared to the results from the samples in
10 uM and 100 puM Ca?*. Since PH-YFP affinity is higher in
the presence of these concentrations of Ca?*, the decreased
fluorescence depolarization obtained with EDTA can only
be justified by a reduced oligomerization of the protein in
the absence of Ca2*-induced clustering. The results suggest
that the formation of Ca%*-induced PI(4,5)P: clusters could
disrupt YFP oligomerization in the membrane to some ex-
tent. Furthermore, when 5 mM EDTA was added to PH-YFP
previously incubated with 100 puM LUVs containing
POPC:PI(4,5)P2 (95:5 molar ratio) in 100 uM Ca?* buffer
(Supmat. Figure 4), we observed that fluorescence aniso-
tropies decreased from the values observed in the presence
of Ca?* to, roughly, those observed in the absence of the cat-
ion. This result hints that the inhibition of PH-YFP oligomer-
ization through the formation of Ca2?*-induced PI(4,5)P2
clusters is reversible. In case this is a general property of
PI(4,5)P2 clusters, Ca?*-induced clustering could act as a
toggle switch to modulate interactions between PI(4,5)P-
binding proteins in the plasma membrane.

To confirm that these variations in fluorescence anisot-
ropy are due to PH-YFP oligomerization, as is suggested by
the PCH results, we performed a photobleaching assay (Fig-
ure 8, B). In this assay, samples were exposed to intense
light for varying amounts of time to obtain different photo-
bleaching percentages. Whilst, photobleaching of PH-YFP in
solution didn’t cause any significant change in fluorescence
anisotropy, photobleaching of PH-YFP samples incubated

with 100 uM of PI(4,5)P2 containing LUVs, in the absence of
Ca?*, led to the progressive recovery of fluorescence anisot-
ropy values, reaching monomer anisotropy values at high
photobleaching rates. This confirms that the decrease in flu-
orescence anisotropy observed for the samples in the ab-
sence of Ca?*, occurs due to homoFRET induced by PH-YFP
oligomerization. The rate at which the fluorescence anisot-
ropy recovered with photobleaching percentage could be
satisfactorily fit with a model that predicts the formation of
dimers. However, this does not exclude the possibility of
formation of higher order oligomers, as the quenching data
could also be fit with a model that predicts the formation of
trimers (although with a slightly lower accuracy). In fact, as
the PCH brightness results also showed, PH-YFP is most
likely found in an equilibrium with a minor fraction of high
order oligomers.

DISCUSSION

The interaction of divalent cations with PI(4,5)Pz, espe-
cially Ca%*, has been the focus of several studies. Divalent
cations have been found to interact strongly with PI1(4,5)P:
and modulate its biophysical properties by influencing
headgroup electrostatics via charge shielding3¢, headgroup
conformation?’, and PI(4,5)P; lateral organization by pro-
moting the formation of clusters328°, In all, this implies that
divalent cations and especially Ca*, a common signal trans-
duction element with a very buffered low physiological con-
centration, can have a strong role in the regulation of
PI(4,5)P2. These findings have led us to study not just how
Ca?* directly influences PI(4,5)P2 but how it can also influ-
ence the interactions with PI(4,5)P2 binding proteins. This
is crucial, as it is through binding proteins that PI(4,5)P2
carries out several of its important regulatory effects.

In an attempt to study how Ca?* influences PI(4,5)P2 bind-
ing proteins, we studied two different proteins that have the
ability to bind to PI(4,5)P. through different mechanisms.
We started by studying PH-YFP, a fusion protein consisting
of a YFP domain with the ability to dimerize and a PH do-
main. The PH domain binds to PI(4,5)P2 with high affinity
and specificity via the stereochemical recognition of the
phosphorylated inositol headgroup. Further on, we studied
PBP-10, a 10 residue long polycationic peptide, which

17




CHAPTER 2. IMPACT OF CA?*-DEPENDENT CLUSTERING ON THE PROPERTIES OF PI(4,5)P>

BINDING PROTEINS

interacts with PI(4,5)P2 mainly through non-specific elec-
trostatic interactions.

We started by determining how Ca?*-induced PI(4,5)P:
clustering could influence PH-YFP membrane affinity. Curi-
ously, we observed a biphasic response to Ca?* concentra-
tions. At Ca2* concentrations under 100 uM, we detected an
increase in PH-YFP affinity towards the membrane. How-
ever, over 100 uM Ca?*, membrane affinity seems to de-
crease once again to values slightly lower than those ob-
served in the absence of Ca?*. These results were consistent
across several techniques and also observed in molecular
dynamics simulations. This biphasic response is most likely
the result of a complex mixture of competing effects. At low
Ca?* concentrations (under 100 uM), PI(4,5)P2 headgroup
conformation changes, promoted by the formation of
PI(4,5)P2 clusters, might facilitate its interaction with the
PH domain. Simultaneously, the aggregation of PI(4,5)P: at
low Ca?* coordination (PI(4,5)P2>>Ca?*) might also provide
a larger electrostatic charge gradient or induce headgroup
conformation changes which could in turn increase PH-YFP
binding affinity. On the other hand, for higher Ca2* concen-
trations (over 100 pM Ca?*), the increased charge screening
of PI(4,5)P2 by coordination with Ca?* (PI(4,5)P2<<Ca?*)
could reach a threshold where electrostatic interactions be-
tween PI(4,5)P2 and PH domains are effectively cancelled
out. Another effect which could take place at higher Ca?*
concentrations is the increase in number of sequestered
PI(4,5)P: lipids by the PH domains, which would lead to an
exponential decrease in lipids available for protein binding.
The simultaneous contribution of all these processes is
likely to modulate the response of PI(4,5)P2 binding pro-
teins to Ca?*, and these effects will influence different pro-
teins in different ways. Each stereospecific PI(4,5)P2 bind-
ing protein will have its own most favourable headgroup
conformation, and the extent by which CaZ*-induced charge
shielding of P1(4,5)P: affects protein binding affinity will de-
pend on the electrostatic properties of each protein.

Ca?*-induced PI(4,5)P: clustering had also a significant
impact on PBP-10 partition to the membrane, where 100
uM Ca?* led to a two-fold decrease in partition coefficient.
These results contrast with the effect Ca?* had on PH-YFP
affinity. While at 100 pM, Ca?* induced an increase in PH-
YFP affinity, in the case of PBP-10 it leads to the opposite
effect. Since PBP-10 is a small peptide that interacts with
the membrane mostly via electrostatics and presents no
specific PI(4,5)P2 binding site, it stands to reason that it
could be more affected by Ca?*-induced charge shielding of
the negatively charged headgroup. By the same logic, any
influence on headgroup conformation should not contrib-
ute too much towards influencing PBP-10 interactions. Fur-
thermore, we directly analysed how Ca?* influenced PBP-10
interactions with the two individual membrane compo-
nents, in the presence and absence of Ca?* induced PI(4,5)P-
clustering. We observed a decrease in interaction between
PBP-10 and PI(4,5)P;, in the presence of Ca?*, which is in
agreement with the electrostatic charge shielding of
PI(4,5)P2 by Ca?*. On the other hand, the experiments also
showed a slight increase in interaction with POPC, and thus
these results can only be rationalized as reporting a de-
crease in the number of PI(4,5)P: lipids sequestered by the
peptide. In the presence of CaZ*, PBP-10 is now more in con-
tact with the bulk lipids. The highly negatively charged ino-
sitol headgroup acts like a membrane beacon for cationic

membrane binding proteins. Neutralizing this negative
charge through an increase in Ca%*, is expected to not only
reduce the affinity of cationic membrane binding proteins
for the plasma membrane but to also limit the extent of
PI(4,5)P: interactions with the same proteins. This much
was clear from our results, and can significantly influence
protein localization and activity, which, in turn, will have
regulatory effects on several signalling pathways.

Besides influencing membrane binding of proteins, it
makes sense that Ca%* could also influence membrane pro-
tein dynamics. We confirmed through FCS that PH-YFP
membrane diffusion rates are slower in the presence of
Ca?*, asserting that PH-YFP remains associated to PI(4,5)P2
clusters and is unable to sequester a lipid from these struc-
tures. This is also in agreement with what is seen in our MD
simulations. This information is a strong indicator that cat-
ion induced clusters might, indeed, be able to influence pro-
tein dynamics.

Since PH-YFP undergoes oligomerization in the mem-
brane, we could also quantify how cation induced PI(4,5)P2
clustering influenced protein-protein interactions for this
specific protein model. We observed that Ca%*, in general,
disrupted PH-YFP oligomerization in a reversible manner.
Furthermore, this disruption was seen to be dependent on
the concentration of Ca?*, which could be the result of in-
creasing PI(4,5)P: cluster sizes. In fact, an increase in clus-
ter size is expected to increase the probability of incorpo-
rating multiple PH-YFP within the same PI(4,5)P:
nanodomain. In case these changes in PI(4,5)P2 organiza-
tion occur within plasma membranes in response to Ca?*
stimulus, it is possible that a multitude of different protein-
protein interactions are dramatically impacted, as proteins
are included or excluded from interaction by an on - off Ca2*
switch. Such a regulatory mechanism could act as an im-
portant step in signalling pathways, especially in the vicin-
ity of Ca?* channels, where more steep fluctuations of local
Ca?* concentrations occur before buffering of the divalent
cation by Ca?* binding proteins.

An important fact, which is not directly addressed in this
article, is the influence of Mg?* on PI(4,5)P2-protein interac-
tions. While in vivo, intracellular Ca%* is maintained at very
low levels (around 100 nM), with transient spikes in con-
centration (up to hundreds of uM), Mg?* levels are kept at
much higher and stable concentrations. Free intracellular
Mg?* levels are typically around the 0.25-1 mM range. Alt-
hough Mg?* has a much weaker affinity for PI(4,5)P2 when
compared to Ca?*, at mM concentrations it is also able to in-
duce comparable PI(4,5)P2 clustering as observed in the
Ca?* range of concentrations studied here®l. This could
mean that PI(4,5)P2 is constitutively present in clusters and
crosslinked with divalent cations. One also needs to con-
sider, that Ca?* and Mg?* will have a combined influence
over PI(4,5)P2, which could buffer the effects caused by the
fluctuation of Ca?* levels. As the effect of Mg?* has been often
neglected, here included, it would be of interest for further
studies to also emphasize its contribution.

Given that our results unequivocally associate the pres-
ence of divalent cations with considerable changes in
PI(4,5)P2 - protein affinity and PI(4,5)P2-binding protein ol-
igomerization, critical re-evaluations of PI(4,5)P2 - protein
dynamics must be carried out for PI(4,5)P2 - binding pro-
teins that take these effects into account.
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CONCLUSION

In summary, our work clearly shows that Ca?* within its
physiological range of intracellular concentrations is able to
directly modulate PI(4,5)Pz-protein interactions, through a
complex combination of mechanisms. We found that after
interaction of PLC§1PH-YFP domains (here used as models
of high affinity PI(4,5)Pz-binding proteins) with PI(4,5)P2
presenting membranes in the presence of Ca?+, the diffusion
of the protein in the membrane is considerably lower than
the diffusion rates observed in the absence of Ca2*. That sug-
gests that the protein interacts with Ca?*-induced PI(4,5)P2
clusters and is not able to fully sequester the bound phos-
pholipid from these structures. This is of crucial relevance,
since it proves that Ca?*-induced PI(4,5)P: clusters, which
only recently have been characterized in physiological con-
centrations of both PI(4,5)P2 and Ca?* 32, have the potential
to compartmentalize PI(4,5)P2 proteins, inhibiting, or pos-
sibly promoting interactions between them through
changes in PI(4,5)P2 cluster size. Ca?* also led to significant
charge screening of PI(4,5) P, altering local membrane elec-
trostatics, and influencing protein binding and affinity.
These cation-induced effects modulated different protein
models in different ways, where the binding mechanism ap-
pears to play an important role. All of these factors, most
likely, act in coordination to regulate the dynamics of many
PI(4,5)P2 binding proteins, crucial to various signalling
pathways. In this way, the results of this study shed light on
a new and largely uncharacterized mechanism, through
which fluctuations in Ca?* levels can have an impact on the
membrane affinity and organization of PI(4,5)P2 binding
proteins.
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Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P,) plays a critical role in the regulation of
various plasma membrane processes and signaling pathways in eukaryotes. A significant
amount of cellular resources are spent on maintaining the dominant 1-stearoyl-2-arachidonyl
P1(4,5)P, acyl-chain composition, while less abundant and more saturated species become
more prevalent in response to specific stimuli, stress or aging. Here, we report the impact of
acyl-chain structure on the biophysical properties of cation-induced PI(4,5)P, nanodomains.
PI1(4,5)P, species with increasing levels of acyl-chain saturation cluster in progressively more
ordered nanodomains, culminating in the formation of gel-like nanodomains for fully satu-
rated species. The formation of these gel-like domains was largely abrogated in the presence
of 1-stearoyl-2-arachidonyl PI(4,5)P, This is, to the best of our knowledge, the first report of
the impact of PI(4,5)P, acyl-chain composition on cation-dependent nanodomain ordering,
and provides important clues to the motives behind the enrichment of PI(4,5)P, with poly-
unsaturated acyl-chains. We also show how Ca2*-induced PI(4,5)P, nanodomains are able
to generate local negative curvature, a phenomenon likely to play a role in membrane
remodeling events.
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spholipids, which play a variety of diverse and specific roles

across several eukaryotic membrane structures. Phosphati-
dylinositol 4,5-bisphosphate (PI(4,5)P,) is one of the most
abundant phosphoinositides, comprising ~1% of the total mem-
brane phospholipids in mammalian cells'. It is mostly localized in
the inner leaflet of the plasma membrane, where it plays a crucial
role in multiple pathways, especially those related with membrane
dynamics?. PI(4,5)P, has been associated with several membrane
processes, such as vesicle trafficking>?, cytoskeletal regulations®,
ion channel function®, viral assembly’, and budding?®.

It is remarkable that a single lipid class present at low and
constant steady-state levels can act as an important regulator in
so many different, yet simultaneous, signaling pathways’. Lateral
organization of PI(4,5)P, is critical to that end. It is thought that
PI(4,5)P, is heterogeneously dispersed across the membrane, in
localized PI(4,5)P,-enriched clusters at particular sites and
timings!0. These clusters are promoted not only through localized
depletion and synthesis of PI(4,5)P, but also by the formation of
PI(4,5)P, nanodomains, promoted by the interaction of its
negatively charged phosphorylated headgroup with divalent
cations (such as Ca’t and Mg?t) or positively charged
proteins! 12, It has been shown that divalent cations have the
ability to induce the dramatic segregation of PI(4,5)P, to form
highly enriched nanodomains, even at physiological concentra-
tions of both lipid and cation!®13. Interactions between the
anionic headgroup phosphates and divalent cations not only
screen the electrostatic repulsion between headgroups but can
also crosslink adjacent lipids. These PI(4,5)P, clusters have been
shown to have higher affinity for more ordered lipid phases than
the monomeric species!?.

The higher affinity of clustered PI(4,5)P, towards ordered
membrane domains is puzzling, given its bulky headgroup and
acyl-chain unsaturation profile, which are expected to strongly
favor incorporation into more disordered membrane phases.
Although most phospholipids show considerable acyl-chain
composition diversity, PI(4,5)P, molecules are highly enriched
in specific 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)16. This combination consists of up to 70% of the total
PI(4,5)P, pool in some cases, particularly in brain tissuel7-19,
This enrichment is likely the combined outcome of specific
substrate specificity for 1-stearoyl-2-arachidonyl-glycerol in sev-
eral enzymes in the phosphatidylinositol cycle and of phosphoi-
nositide acyl-chain remodeling via the Land’s cycle!”.

The biological functions that call for this specific enrichment
are still not clear. It has been shown that arachidonate (20:4) and
other polyunsaturated fatty acids such as docosahexaenoate
(22:6), when at the sn-2 position, facilitate membrane shaping
and fission activities??. In addition, asymmetric sn-1-saturated-
sn-2-polyunsaturated phospholipids have been shown to promote
efficient membrane vesiculation, while maintaining low mem-
brane permeability?0. PI(4,5)P, has been associated with several
stages of both endocytosis and exocytosis, being considered an
important mediator of synaptic vesicle trafficking, where this
composition might provide mechanical benefits’. Despite the
dominant presence of the canonical 18:0 20:4 species, PI(4,5)P,
acyl-chain composition is not fully uniform and includes a larger
range of acyl-chain lengths and unsaturation profiles!®. 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 stimuliZl,
stress19:21, aging19, or in cancer?2. In one of these cases, the levels
of PI(4,5)P, with this profile of acyl-chain composition even
surpassed the canonical 18:0 20:4 composition®!.

Phosphoinositides are an important class of glyceropho-

However, there is still hardly any research done on the impact of
these more saturated species in PI(4,5)P, organization. More satu-
rated acyl chains are expected to lead to a more ordered and less
fluid membrane landscape. PI(4,5)P, species exhibiting lower
unsaturation or even full saturation are likely to present significantly
different lateral distribution that that of the canonical 18:0 20:4
form. Considering the importance of PI(4,5)P, for sorting of
membrane proteins, such difference is likely to have profound
influence in many PI(4,5)P,-dependent cellular processes. In addi-
tion, interactions of proteins with specific PI(4,5)P, acyl chains have
already been reported. HIV-1 Gag polyprotein was found to
sequester unsaturated acyl chains from PI(4,5)P, and store them in
a hydrophobic pocket during the membrane-anchoring process?3.
Several enzymes, such as phosphatidylinositol-4-phosphate-5-
kinase, also show preference for some acyl-chain configurations
when using the lipid as either a substrate or as an activator!”.
Further insight on how the acyl-chain profile can influence PI(4,5)
P, biophysical properties may help in shedding some light on how
it can affect downstream PI(4,5)P,-dependent processes.

In this study, we investigated three different PI(4,5)P, acyl-
chain configurations, representative of the broad spectrum
observed in vivo, in order to better understand the extent of the
impact of acyl-chain saturation on PI(4,5)P, biophysical prop-
erties and on cation-induced PI(4,5)P, nanodomains. Through a
combination of atomic force microscopy (AFM), coarse-grained
(CG) molecular dynamics (MD) simulations and fluorescence
spectroscopy techniques, we show that different PI(4,5)P, acyl-
chain compositions lead to the formation of Ca2*-induced
nanodomains with distinct biophysical properties. Specifically, we
observed that as saturation increases, PI(4,5)P, forms more
ordered nanodomains, which can ultimately culminate in the
formation of gel-like nanodomains with the fully saturated acyl-
chain composition. These results provide an important biophy-
sical insight on the motives behind the conserved pattern of
enrichment of PI(4,5)P, with polyunsaturated acyl chains.

PI(4,5)P, is known to directly regulate several membrane-
remodeling events>*2425 Although PI(4,5)P, is essential for
membrane fusion processes, such as soluble NSF attachment
receptor (SNARE)-dependent membrane fusion, it has an intrinsic
positive curvature, which is expected to restrain the formation of
the negatively curved intermediates necessary for some of these
mechanisms>*?42>. Using CG MD simulations, we also show
here how PI(4,5)P, nanodomains associate with negatively curved
membranes. Generation of negative curvature by clustered PI(4,5)
P, is likely to play a major rule in membrane-remodeling events.

Results

Acyl-chain composition does not influence the formation of
PI(4,5)P, nanodomains. In order to study the influence of acyl-
chain composition on the properties of PI(4,5)P, nanodomains,
three compositions were chosen as representative of the broad
spectrum seen in vivo. (18:0 20:4) PI(4,5)P, was an obvious
choice, as it is the dominant species detected in mammalian cells.
To represent the less abundant, more saturated species, (18:1),
and (16:0), PI1(4,5)P, were chosen.

To characterize the lateral distribution of PI(4,5)P, in lipid
membranes, both in the presence and in the absence of divalent
cations, we employed the fluorescent analog TF-PI(4,5)P,. This
analog has already been successfully used in the detection of
PI(4,5)P, nanodomains in large unilamellar vesicles (LUVs)10:13,
TF-PI(4,5)P, is capable of undergoing homo Férster resonance
energy transfer (FRET) and, as a result, fluorescence depolariza-
tion takes place upon enrichment of the analog within
nanoclusters in the membrane. Thus, nanoclustering of PI(4,5)
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Fig. 1 Cation-induced clusters are formed independently of PI(4,5)P, acyl-chain composition as seen by homo-FRET of the TF-PI(4,5)P, analog.
PI(4,5)P, cluster formation was determined through the incorporation of 0.1 mol% of TF-PI(4,5)P, in LUVs containing POPC and increasing concentrations
of unlabeled PI(4,5)P,. The experiments were carried out for the three unlabeled PI(4,5)P, species, with different acyl-chain composition. TF-PI(4,5)P,
fluorescence anisotropy (<r>) values were measured in the presence (400 uM Ca2*, red) and absence (5 mM EDTA, blue) of calcium. Error bars represent
the SD from N = 3 independent experiments. A significant decrease in TF-PI(4,5)P, fluorescence anisotropy in the presence of calcium is observed for the
three PI(4,5)P, species ((16:0)2 PI(4,5)P,: F(1,12) =17.87, p = 0.0012; (18:1), PI(4,5)P,: F(1,12) = 96.84; p <0.0001; (18:0 20:4) PI(4,5)P,:

F(112)=107.7, p<0.0001).

P, can be followed through a decrease in fluorescence anisotropy
(<r>) of TF-PI(4,5)P,!0. During Ca?t-induced clustering, the
presence of higher concentrations of unlabeled PI(4,5)P,
contributes to the formation of larger clusters, promoting TF-
PI(4,5)P, sequestration, which is detectable through a decrease of
<r>10,

TF-PI(4,5)P, was incorporated in I1-palmitoyl-2-oleoyl-gly-
cero-3-phosphocholine (POPC):PI(4,5)P, LUVs at an analog to
lipid ratio of 0.1 mol%. At such low concentrations, only residual
FRET takes place in the absence of clustering!®. As expected, we
observed for all compositions that, in the absence of free calcium,
the recovered fluorescence anisotropy of the analog, <r>, was
0.125 (Fig. 1), a value consistent with monodispersed TF-PI(4,5)
P, with no aggregation!.

A concentration of 400 uM Ca?* was used for Ca?*-induced
PI(4,5)P, clustering experiments. This concentration is well within
the expected levels of the divalent cation on local Ca2* nanodomains
after opening of channels2®. Importantly, in the presence of 400 WM
Ca?*, the fluorescence anisotropy decreased for all compositions,
which is indicative of higher FRET and sequestration of the analog
into PI(4,5)P, clusters, confirming that aggregation occurs indepen-
dently of acyl-chain composition. Increasing concentrations of
unlabeled PI(4,5)P, were used to characterize the concentration
dependence of clustering. For the (18:1), and (18:0 20:4) PI(4,5)P,
species in the presence of calcium, a similar decrease in anisotropy
with increasing concentrations of unlabeled PI(4,5)P, is observed
(F(1,12) = 0.1445, p =0.7105). These results suggest that the extent
of PI(4,5)P, clustering obtained for (18:1), and (18:0 20:4) is
comparable. Surprisingly, the decrease in <r> for (16:0), PI(4,5)P, in
the presence of calcium is independent from the concentration of
unlabeled PI(4,5)P, (F(2,12) =1.023, p = 0.3887).

Fluorescence lifetime (7) of the analog is also decreased upon
insertion into PI(4,5)P, clusters!®. In the absence of calcium, 7 is
identical for all PI(4,5)P, species (Supplemantary Fig. 1),
reflecting the comparable local environment provided by the
bulk membrane, composed mostly of POPC. When 400 uM Ca?+
was included, the fluorescence lifetime of the analog decreased
similarly for all PI(4,5)P, species (Supplementary Fig. 1). The
data for fully saturated PI(4,5)P, were once again puzzling, as the
lifetime of the analog greatly increased when higher concentra-
tions of (16:0), PI(4,5)P, were used. Incorporation of the analog
into PI(4,5)P, nanodomains is confirmed by fluorescence
correlation spectroscopy (FCS) measurements (Supplementary
Fig. 2), which show a decrease in the TF-PI(4,5)P, diffusion
coefficient across the three acyl-chain compositions consistent
with the sequestration into Ca’*-induced clusters. Previous
results from our laboratory have already shown that although

Ca2* is able to induce a minor decrease in diffusion coefficient of
membranes enriched in other anionic lipids, the impact on
PI(4,5)P,-containing membranes is considerably larger, reflecting
the specificity of the process!?. It is noteworthy that the diffusion
coefficient measured here reflects the diffusion of the cluster and
the diffusion rates inside clusters fall quite below the resolution of
the confocal microscope and are not resolved by FCS.

The interpretation of these results is simple for the mono- and
polyunsaturated compositions, and clearly indicates the sequestration
of the analog within PI(4,5)P, nanodomains of similar properties.
However, the photophysical behavior of the analog in the presence of
Ca?*-induced (16:0), PI(4,5)P, clusters suggests that the properties
of these nanodomains differ dramatically from those obtained with
unsaturated species. Given the saturated acyl chains of (16:0), PI(4,5)
P,, it is possible that clustering of this lipid gives rise to highly
ordered domains, whereas unsaturated PI(4,5)P, species give rise to
more fluid nanodomains. This would be consistent with the
fluorescence anisotropy and lifetime of the analog within (16:0),
PI(4,5)P, domains. In fact, fluorescence anisotropy values of
membrane probes in ordered membrane phases are known to
increase due to limited rotational diffusion of the fluorophore, while
the fluorescence lifetime is often increased?’.

The nature of the different Ca?t-induced PI(4,5)P, clusters
was also analyzed by AFM on supported lipid bilayers (SLBs) of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC):PI(4,5)P, 95:5
(Fig. 2a). DOPC was used instead of POPC, as was done for all
other experiments, as it can undergo lipid interdigitation and
enhance contrast between the bulk membrane and other phases,
in this case, PI(4,5)P, nanodomains. All three PI(4,5)P, species
are confirmed to produce nanodomains. The properties of (16:0),
PI(4,5)P, clusters were once more distinguishable from the other
PI(4,5)P, species: although the height of nanodomains formed
from unsaturated PI(4,5)P, is found to be only slightly above that
of the bulk DOPC bilayer, the height of (16:0), PI(4,5)P, domains
was, on average, 2 nm thicker than the rest of the membrane. This
difference gives rise to a clear second peak in the histograms of
bilayer height (Fig. 2b). This large increase in bilayer thickness
suggests a dramatic reorganization of lipid structure for (16:0),
PI(4,5)P,. AFM studies of SLBs composed of DOPC and 1,2-
diplamitoyl-sn-glycero-3-phosphocholine (DPPC) have shown
DPPC gel domains to be roughly 2nm thicker than the bulk
membrane?$, whereas Martini CG MD simulations of fluid
DOPC:(16:0), PI(4,5)P, systems have shown differences in lipid
height of roughly 1 nm over a single lipid bilayer (Supplementary
Fig. 9). In the context of (16:0), PI(4,5)P, gel-like nanodomains, it
is likely that this difference in height would be slightly larger, in
the 2 nm range seen experimentally.
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Fig. 2 Cation-induced clusters are formed independently of PI(4,5)P, acyl-chain composition, as seen by AFM measurements of supported lipid
bilayers. PI(4,5)P cluster formation was detected through the AFM measurement of SLBs containing DOPC and 5% PI(4,5)P,. Experiments were carried
out for the three PI(4,5)P; species in study and figures are labeled according to the acyl-chain composition of the PI(4,5)P, species employed.
Topographical images were acquired (a) and analyzed with first- or second-level flattening, using the JPK data processing software, from which the
membrane heigh profiles (b) were obtained. Dark patches correspond to defects in the supported membrane. The height values of each pixel (higher than
0 nm) were transformed into log;o value, avoiding the influence of the height values of defects on the histograms. The frequency count axis represents the

number of data points grouped into each bin on the height histograms.

Although both (16:0), PI(4,5)P, and (18:1), PI(4,5)P, mostly
gave rise to nanodomains of 30-50 nm diameter, the polyunsa-
turated PI(4,5)P, promoted the formation of smaller clusters,
predominantly below these values (Supplementary Fig. 3). The
nanodomains observed for all PI(4,5)P, species were often
unstable in SLBs and substantial fractions were seen to cleave
off from the mica surface during the washing steps where unfused
vesicles are rinsed from the surface. This gave rise to the dark
patches observed in Fig. 2a. Given the large headgroup of PI(4,5)
P, it is likely that the curvature of these nanodomains differs
considerably from the bulk DOPC, which can justify the observed
instability.

Ca?t-induced clustering leads to an increase in local mem-
brane order, even for polyunsaturated acyl-chain compositions.
The fluorescent analog and AFM results strongly indicate dra-
matic differences in nanodomain order for the different PI(4,5)P,
species. To quantify these differences, we made use of 1-(4-Tri-
methylammoniumphenyl)-6-phenyl-1,3,5-hexatriene  p-toluene-
sulfonate (TMA-DPH), a membrane probe commonly used to
study membrane fluidity?. As in these experiments PI(4,5)P,
only comprises a small percentage of membrane lipids, measuring
the average membrane order is bound to underestimate any
change observed within the phosphoinositide-rich domains. The
cationic trimethylammonium moiety of TMA-DPH should be
anchored near the phosphate and carbonyl/ester region of the
membrane?® to maximize favorable interactions with electro-
negative oxygen atoms. Electrostatic attraction is expected to
cause TMA-DPH to prefer the vicinity of the anionic PI(4,5)P,
molecules and their nanodomains, thus providing a strategy to
probe the PI(4,5)P, local environment.

The fluorescence anisotropy of TMA-DPH was measured in
multilamellar vesicles (MLVs) composed of POPC and increasing

concentrations of the different species of PI(4,5)P, (Fig. 3a).
Although in the absence of calcium, a minor increase in <r>rya-
ppa is observed for higher concentrations of all PI(4,5)P,
variants, the increase is more evident in the presence of the
divalent cation. A similar behavior is observed for the
fluorescence lifetime of the probe (Supplementary Fig. 4).
Surprisingly, these results show that for all acyl-chain composi-
tions analyzed here, an increase in local membrane order takes
place upon Ca2*-induced PI(4,5)P, nanodomain formation. The
extent of the increase in membrane order correlates with the
degree of saturation in the acyl chains, with much higher
increases in <r>tpa-ppp for the fully saturated species and more
moderate changes observed for the polyunsaturated PI(4,5)P,.

Once more, the behavior of (16:0), PI(4,5)P, completely stands
out from that of the other compositions, showing a much larger
increase in <r>pya.ppy in the presence of calcium, whereas
presenting a similar behavior in the absence of the divalent
cation. As a comparison, a study on the impact of cholesterol on
POPC membrane order found a similar increase in <r>ryma-ppa
only upon adding 40% of the sterol®.

In order to evaluate the stability of these structures, we
measured <r>tpa-ppy in liposomes containing 5% PI(4,5)P, at
increasing temperatures (Fig. 3b). In the absence of calcium, the
behavior of all compositions was similar to that of pure POPC
control membranes. The <r>pya.ppy decreases due to increased
dynamics as the temperature increases. In the presence of
calcium, <r>1ya-ppu Was noticeably higher throughout the range
of tested temperatures and no clear inflection point is observed.
These results confirm that, within this temperature range, there is
no temperature dependence for the formation of PI(4,5)P,
nanodomains. Remarkably, unlike the solid-like gel phase domain
of saturated lipids such as (16:0), PC (DPPC), which exhibit
phase transition to fluid phase at a melting temperature of
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Fig. 3 TMA-DPH fluorescence spectroscopy shows that calcium-induced PI(4,5)P, nanodomains are more ordered than monodisperse PI(4,5)P,, even
for unsaturated acyl-chain compositions. PI(4,5)P, local membrane order was determined through the incorporation of TMA-DPH at a 1:300 lipid ratio in
MLVs containing POPC and increasing concentrations of unlabeled PI(4,5)P,. The experiments were done for the three acyl-chain compositions in study.
For all acyl-chain compositions analyzed here, an increase in local membrane order takes place upon CaZ+t-induced PI(4,5)P2 nanodomain formation
((16:0), PI(4,5)P,: F(1,16) =148.3, p = 0.0007; (18:1), PI(4,5)P,: F(1,16) =19.71, p = 0.0004; (18:0 20:4) PI(4,5)P,: F(1,16) =12.23, p<0.0030). TMA-
DPH fluorescence anisotropy (<r>) (a) was measured in the presence (400 uM Ca2*, red) and absence (5 mM EDTA, blue) of calcium. The TMA-DPH
response to a temperature gradient (b) was measured in samples composed of POPC:PI(4,5)P, 95:5. Pure POPC samples were measured as controls. All
samples were measured both in the presence and absence of calcium. Error bars for all measurements represent the SD from N =3 independent

experiments.

41°C31, the highly ordered phase created by (16:0), PI1(4,5)P, is
stable up to 70 °C.

Ca?t induces the formation of (16:0), PI(4,5)P, gel-like
nanodomains. As saturated phospholipids with (16:0), acyl
chains, such as DPPC, are prone to the formation of solid-like gel
phases at room temperature, we aimed to clarify whether that was
the case for Ca2*-induced (16:0), PI(4,5)P, nanodomains, as this
would explain both the dramatic increase in membrane order and
the increase in membrane thickness detected by AFM. To that
end, we performed experiments with the membrane probe trans-
parinaric acid (tPnA). tPnA is the ideal membrane probe for
detection of gel lipid domains, as it is one of a few known to
exhibit preferential partition to these phases32. Large increases in
both its anisotropy and fluorescence lifetime are typical hallmarks
of gel-phase-like behavior. These parameters were measured in
MLVs composed of POPC and increasing concentrations of the
different species of PI(4,5)P, (Fig. 4a).

In the absence of calcium, tPnA anisotropy did not respond to
increasing concentrations of PI(4,5)P,, for any of the studied acyl-
chain compositions. This was expected, as the previous experi-
ments indicated that in the absence of calcium, PI(4,5)P, is
homogenous and monodisperse. In the presence of calcium, we
observed no effect for both (18:1), PI(4,5)P, and (18:0 20:4)
PI(4,5)P,. Again, this was expected, as the previous experiments
did not hint at these nanodomains having gel-like properties.
However, for (16:0), PI(4,5)P, in the presence of calcium, we
observe a steep increase in both fluorescence anisotropy and
fluorescence lifetime (Fig. 4a, b), confirming that Ca?*-induced
(16:0), PI(4,5)P, nanodomains have a gel-phase-like behavior.

The formation of (16:0), PI(4,5)P, gel-like phase in the
presence of physiologically relevant concentrations of calcium is
reminiscent of the previously observed formation of gel-like
phosphatidylserine domains by Ca?*-induced crosslinking of the
anionic phosphoserine (PS) headgroups33. In the case of PS, gel

formation only occurs at considerably higher calcium concentra-
tions, which limits the biological relevance of this phenomena for
that phospholipid. On the other hand, the higher affinity of
PI(4,5)P, for the divalent cation promotes the occurrence of the
phenomena within the range seen here. Nevertheless, the
formation of a gel-like phase of PI(4,5)P, at low lipid
concentrations is particularly surprising given the much larger
headgroup, which poses greater steric hindrance in the organiza-
tion of the gel crystal. In addition, the charge density is much
higher for PI(4,5)P,, leading to greater repulsion between the
headgroups. The thermotropic behavior of (16:0), PI(4,5)P, in
the presence of calcium was also tested (Fig. 4c). Unlike the
observation made with TMA-DPH, in this case, an inflexion
point is clearly visible on the anisotropy data, reflecting a
transition from gel-like to fluid phase. Interestingly, the transition
temperature of (16:0), P1(4,5)P, to the fluid phase (T},) (obtained
from the midpoint of the <r>p,4 transition in Fig. 4c) occurs at
45°C, a temperature significantly higher than the one of the
corresponding phosphatidylcholine, DPPC (41 °C).

The differences between the data obtained from tPnA and
TMA-DPH reflect the absence of partition of TMA-DPH into gel
phases. Hence, although tPnA data reflects gel domains
specifically, TMA-DPH fails to incorporate into these and will
only probe PI(4,5)P, nanodomain environments that failed to
transition to the gel phase, possibly due to high local POPC
content.

Interestingly, the presence of (18:0 20:4) PI(4,5)P, has a clear
impact in the formation of (16:0), PI(4,5)P, gel-like domains, as
seen from Fig. 4d. When equal amounts of both PI(4,5)P, species
were present, the fluorescence anisotropy value of tPnA dropped
significantly, reflecting a decrease in the extent of gel-like phase
formation. In addition, when the canonical polyunsaturated
PI(4,5)P, is present at a higher concentration than (16:0), PI(4,5)
P,, the formation of PI(4,5)P, gel-like nanodomains is completely
abrogated. This result showcases the importance of (18:0 20:4)
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Fig. 4 (16:0), PI(4,5)P, forms gel-like nanodomains upon undergoing calcium-induced clustering. PI(4,5)P, gel-like properties were detected through
the incorporation of tPnA at a 1:300 lipid ratio in MLVs containing POPC and increasing concentrations of unlabeled PI(4,5)P,. Experiments were done for
the three acyl-chain compositions in study. tPnA fluorescence anisotropy (a) and fluorescence intensity weighed lifetime (7) (b) were measured in the
presence (400 uM Ca?*, red) and absence (5 mM EDTA, blue) of calcium. In the presence of calcium, we observed no effect on tPnA fluorescence lifetime
for both (18:1)2 PI(4,5)P, (F(1,12) =1.564, p = 0.2349) and (18:0 20:4) PI(4,5)P, (F(1,12) = 0.7426, p = 0.4057). For (16:0)2 PI(4,5)P, in the presence of
calcium, we observe a steep increase in both fluorescence anisotropy and fluorescence lifetime (F(1,12) = 708.1, p < 0.0001). The thermal profile of tPnA
anisotropy (€) was measured in samples composed of POPC:PI(4,5)P, 90:10. Controls were also carried out with samples of pure POPC. The impact of
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PI(4,5)P, as an essential modulator of PIP2 nanodomain order,
by decreasing the order within PI(4,5)P, nanodomains and thus
maintaining their fluidity.

In summary, the results strongly point to two levels of ordering
of the Ca%t-induced PI(4,5)P, nanodomains above that of the
bulk membrane. The formation of a gel-like phase reported by
tPnA is unique to saturated PI(4,5)P, species and the correspond-
ing T, is higher than that of DPPC, suggesting that the PI(4,5)P,
gel-like phase is even more stable than that of PC. On the other
hand, a general local ordering reported by TMA-DPH is detected
for all PI(4,5)P, species, including those polyunsaturated, and this
ordering is not disrupted by temperature in the range evaluated
here. The extent of this ordering is directly related to the level of
acyl-chain unsaturation of PI(4,5)P,.

These results are surprising given the large lipid headgroup in
play. Biophysical properties such as membrane hydration,
thickness, and flexibility within PI(4,5)P, nanodomains are
expected to differ considerably from the rest of the membrane.
Such changes are likely to have an impact in membrane events
associated to PI(4,5)P,. More ordered domains are expected to
influence  PI(4,5)P, headgroup  accessibility, affecting
lipid—protein interactions at the core of PI(4,5)P, role in the

inner leaflet. In addition, PI(4,5)P, clusters have already been
shown by us to prefer partitioning to more ordered domains!4. It
is likely that differences in acyl-chain saturation also regulate the
distribution of PI(4,5)P, nanodomains within the plasma
membrane.

CG MD simulations showcase the effects of the different
PI(4,5)P, nanodomains on lipid bilayer structure and
dynamics. To gather more structural information on the influ-
ence of the acyl-chain composition on the structure and dynamics
of these nanodomains, we performed CG MD simulations using
the Martini forcefield%. These CG MD simulations allow us to
study not only PI(4,5)P, and PI(4,5)P, nanodomain dynamics,
but also the effects of these nanodomains on the overall bio-
physical membrane properties. To this effect, large 50 x 50 nm?
membrane patches containing 10% PI(4,5)P, were simulated, in
the presence and absence of calcium, for at least 19 ps, for the
three acyl-chain compositions. These membrane systems were
built with 10% PI(4,5)P, to mimic the high concentrations of this
lipid in the local environment around cation-induced PI(4,5)P,
nanodomains. The last 2 ps of each simulation were considered
for analysis (Fig. 5).
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Fig. 5 CG MD simulations showcase the impact of acyl-chain composition on PI(4,5)P, and PI(4,5)P, nanodomain biophysical properties. a Average
PI(4,5)P; cluster size over the course of the simulation for the three acyl-chain compositions studied, both in the presence and absence of calcium. Final
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(red) and absence (blue) of calcium. ¢ Dependency of the S-value order of POPC's first acyl-chain bonds on the distance from the nearest PI(4,5)P,

molecule, in the presence and absence of calcium.

Analyzing the dynamics of Ca?*-induced nanodomain forma-
tion for each composition, through the average PI(4,5)P, cluster
size over the course of the simulation (Fig. 5a), we observed little
difference between acyl-chain compositions. Nanodomain for-
mation, at least at saturating divalent cation concentrations,
seems to depend only on the probability of PI(4,5)P, molecules
finding one another, while chelating a calcium ion. This is due to
the slow PI(4,5)P,-Ca?* and PI(4,5)P,-Ca?*-PI(4,5)P, unbinding
dynamics, caused by the extremely high affinity of the divalent
cation for the negatively charged lipid headgroup®. Thus, the
rate-limiting step of PI(4,5)P, aggregation, in saturating divalent
cation concentrations, is lipid diffusion. As all compositions show
similar diffusion coefficients (Supplementary Fig. 5D), they end
up yielding similarly sized clusters with similar formation
dynamics.

Looking at how nanodomain formation influences the biophysical
properties of each PI(4,5)P, species, we observed an increase in lipid
acyl-chain order (seen through the increase of the S-value parameter,

which is described in detail in Supplementary Information) for all
three compositions (Fig. 5b). This increase in order, however, is lower
for the polyunsaturated and monounsaturated compositions, whereas
the results for (16:0), PI(4,5)P, show a considerable increase in the
order parameter (~10%, at the first acyl-chain beads). For the (16:0),
and (18:1), species, the increase in membrane order is transmitted up
to the last acyl-chain bead, where an increase in order is still
observed. For the polyunsaturated composition, however, nanodo-
main formation results in only minor increases in acyl-chain order.
In fact, the stearoyl acyl-chain of this PI(4,5)P, species is barely
affected by the formation of these nanodomains (1% increase) and
the arachidoyl acyl chain only senses this increase in membrane
order in the first two beads before dissipating. These results appear to
suggest that the 18:0 20:4 composition can better disperse the
increase in membrane order, caused by the organization of the
PI(4,5)P, headgroups during nanodomain formation and, thus, can
better maintain membrane fluidity. Overall, these findings are in
excellent agreement with the previous fluorescence data that showed
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an increase in PI(4,5)P, local membrane order across all the acyl-
chain compositions studied, with a particularly high increase for the
fully saturated composition, and more moderate changes for the
polyunsaturated species.

In addition to the acyl-chain order, we also looked at the extent
of their organization. As lipids become tightly packed, they
become more structurally organized by extending and straighten-
ing their acyl chains in a geometric hexagonal disposition,
creating a tightly packed unit with increased van der Waals
interactions. These highly ordered hexagonal structures are
hallmarks of the formation of gel phases®®37. To this purpose,
we measured the average number of PI(4,5)P, acyl chains within
hexagonal acyl-chain lattices (Supplementary Fig. 5B). As
expected, in the absence of calcium, none of the PI(4,5)P,
conformations form hexagonal acyl-chain lattices. However, in
the presence of calcium, we observe an increase in acyl-chain
hexagonality for the monounsaturated composition and a
particularly drastic increase for the fully saturated composition.
This effect is minimal for the polyunsaturated acyl-chain
composition. These findings suggest that cation-induced PI(4,5)
P, nanodomains formed from more saturated acyl-chain
compositions exhibit not only higher order but also higher
organization and packing. For the (16:0), composition, one could
expect that these structures could eventually act as nucleation
points for the formation of gel or ripple phases.

The effects of these nanodomains are not merely confined to
the PI(4,5)P, lipids within. We found that the nanodomains also
affected the order of the surrounding lipids, especially those in the
immediate vicinity of the nanodomains. For the poly- and
monounsaturated compositions, the domains formed led to a
decrease in acyl-chain order of the POPC lipids within 10 A of
PI(4,5)P, (Fig. 5¢). This is likely the result of POPC having to
accommodate the increased density of unsaturated acyl chains at
the border of the PI(4,5)P, nanodomains. Interestingly, we
observed the opposite effect for the fully saturated composition.
The nanodomains formed with the fully saturated PI(4,5)P, led to
an increase in acyl-chain order for POPC lipids within 10 A of
PI(4,5)P,. For all compositions, this effect dissipates for POPC
lipids further away from the nanodomains.

Curiously, we have found that the PI(4,5)P, nanodomains were
strongly unregistered (decoupled) across the bilayer (Fig. 5a and
Supplementary Fig. 5A). This may be caused by local membrane
curvature/tension in the vicinity of Ca?*-induced nanodomains,
even though curvature was being restricted by an applied
potential. As such, we prepared new systems designed to study
membrane curvature during PI(4,5)P, nanodomain formation.
To this effect, 50 x 20 nm? asymmetric membrane patches,
containing 10 mol% PI(4,5)P, in the bottom leaflet only, were
simulated for up to 10 s, for the three acyl-chain compositions
(Fig. 6). In the absence of calcium, no PI(4,5)P, clustering occurs
and no noticeable membrane undulations are observed.

When calcium was added to the simulations, consolidating
PI(4,5)P, nanodomains quickly became associated with a
markedly negative curvature for all PI(4,5)P, species (Fig. 6).
There were no immediate apparent differences in the curvature
generated by the three PI(4,5)P, species. These results are of
particular importance, given the requirement of PI(4,5)P, for
membrane-remodeling events requiring the formation of highly
negatively curved intermediates>*242>. As PI(4,5)P, itself is
associated with positive curvature, as a result of the bulky
headgroup, the presence of PI(4,5)P, within nanodomains could
be responsible for alleviating tension on local curvature. Other
Martini CG studies have found that inducing membrane
curvature, by applying sufficient lateral pressure, could promote
the enrichment of PI(4,5)P, at negatively curved membrane areas
in the absence of Ca2t38. However, in our systems without

induced curvature, PI(4,5)P, alone was not sufficient to generate
curvature undulations, and required Ca?*-induced aggregation to
associate with negative curvature.

To get further structural insight on the formation of gel-like
nanodomains of (16:0), PI(4,5)P, in the presence of calcium, we
performed additional simulations in an attempt to detect the
formation of gel-like domains in smaller 500 lipid systems. Gel
phase-like nanodomains were obtained, albeit at higher PI(4,5)P, mol
% (50 mol%) and at lower temperatures (280 K or 6.85 °C) (Fig. 7a)
than the experimental conditions. These domains were PI(4,5)P,-
rich, but contained some POPC molecules incorporated in their
structure. The underestimation of the gel-fluid lipid phase transition
temperature is well known for Martini forcefield, as seen for the
canonical case of DPPC*. In addition, it is known that small
amounts of disorder-inducing membrane components (such as
POPC) are sufficient to disrupt gel-like phases in Martini systems*°.

To overcome the kinetic barrier posed by the formation of a
stable nucleation patch, which slows down the study of the
formation of gel phases in Martini, we applied a restrained crystal
seeding technique. Briefly, we placed a PI(4,5)P, gel crystal,
obtained from one of the previous gel-forming simulations
(Fig. 7b), and restrained it in the middle of a membrane system
(Fig. 7¢). This restrained crystal acts as a stable nucleation point,
which we can use to probe the gel growth phase for lower PI(4,5)
P, mol% and higher temperatures (Fig. 7c). Using this strategy,
the nucleation is shown to induce a consolidation of (16:0),
PI(4,5)P, gel phase formation for the lipid concentration range
employed in the experimental studies (10 mol%) (Fig. 7c). In
these systems, we followed the average first acyl-chain bead S-
value, which gave us an idea of the order of the gel, as well as the
hexagonality of the system, which hints at the number of lipids in
the gel lattice. The results were compared against a DPPC system
built in the same manner.

Looking at the S-value order parameter over a temperature
gradient, calculated exclusively from the gel-forming lipid (PI(4,5)
P, or DPPC) (Fig. 7f), no clear inflexion point is observed for any
of the systems. This is due to the restrained gel crystal in all
systems, which prevents the gel phase from completely disappear-
ing, by allowing for the transient incorporation of unrestrained
lipids in the crystal. Regardless, PI(4,5)P, in the presence of
calcium presents a higher S-value than that of DPPC in the same
conditions. This confirms the experimental evidence from tPnA
fluorescence, indicating that that the gel domains formed by
PI(4,5)P, are more ordered than the canonical gel-forming lipid
DPPC. From the slope of this curve, we can infer the thermal
stability of these gel domains and, once again, we observe that the
domains formed by PI(4,5)P, in the presence of calcium are more
stable than those formed by DPPC in the same conditions.

Analyzing the system-wide hexagonality (Fig. 7d), we observe
that both PI(4,5)P, systems lead to higher hexagonality values,
regardless of the presence of calcium, when compared to DPPC.
This result hints that PI(4,5)P, must have a higher propensity to
organize itself and the surrounding lipids into a hexagonal lattice.
This suggests that the interactions between PI(4,5)P, headgroups,
further stabilized by Ca2*, lead to a headgroup organization that
enhances gel formation.

Within the plasma membrane, an increase of (16:0), PI(4,5)P,
levels in a context of elevated calcium is likely to give rise to gel-
like domains in the inner leaflet, which would not only influence
PI(4,5)P, lateral organization and availability for interaction with
other molecular partners but also potentially impact local
membrane properties, such as curvature, thickness, and perme-
ability. Concentrations of Mg?* within mM levels have been
shown by us to induce PI(4,5)P, clustering as well'4, and
although not explored in this work, it is likely that high free Mg?+
levels, such as those observed intracellularly, might generate
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Fig. 6 Calcium-induced PI(4,5)P, clustering induces negative membrane curvature, as seen by CG MD simulations. Curvature analysis of snapshots
from asymmetric membrane simulations containing 10 mol% PI(4,5)P, in the inner leaflet. Snapshots are shown for the three acyl-chain compositions
studied, both in the presence and absence of calcium. For each system, a top and side view are presented, as well as a top view colored by local mean
curvature value. PI(4,5)P, phosphodiester (PO4) beads are represented by the black circles. In the molecular representations, PI(4,5)P, headgroups are
depicted in gray, with the phosphates discriminated in orange. PI(4,5)P, acyl chains are colored according to the corresponding color code. Ca?* ions are
represented in blue. The bulk POPC lipids are represented by the translucent gray surface.

similar saturated PI(4,5)P, gel-like domains. If that is the case,
then the formation of saturated PI(4,5)P, gel-like nanodomains
will be constitutive and independent of calcium levels, with
unforeseen consequences.

Discussion
By investigating representative acyl-chain compositions of the spec-
trum observed in vivo, we report the effect of acyl-chain saturation

on the calcium-dependent changes on the overall properties of
PI(4,5)P,-containing membranes. In the absence of divalent cations,
all acyl-chain compositions behave in the same manner. However,
for cation-induced PI(4,5)P, nanodomains, it is clear that the acyl-
chain compositions yield structures with significantly different bio-
physical properties. The key observation is that increasing saturation
yields more ordered and structured nanodomains, which can, in the
case of the fully saturated composition, culminate in the formation of
gel-like nanodomains. Although calcium-dependent gel-like (16:0),
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Fig. 7 CG MD study of (16:0), PI(4,5)P, gel-phase nanodomains. a Final snapshot of a gel-forming simulation containing 50% mol PI(4,5)P, at 280 K.
PI(4,5)P, gel crystals (b) were obtained from this simulation and used for the crystal scaffold simulations (¢), which were used to characterize gel-phase
properties. d Average system-wide acyl-chain hexagonality dependency with temperature for each of the gel-phase crystal scaffold systems studied.

e Average system-wide S-value order parameter, calculated on the first acyl-chain bead of every lipid acyl chain, for each of the gel-phase crystal scaffold
systems studied. f S-value order parameter for the first acyl-chain bead of every gel-forming lipid acyl chain for each of the systems studied. Error bars for
all measurements represent the SD from N = 3 independent simulation experiments.

PI(4,5)P, nanodomains are shown to have a melting temperature of
~45 °C, the increase in general local ordering reported for all PI(4,5)
P, acyl chains (in the presence of calcium) could not be disrupted by
the temperatures tested here (up to 70°C). The extent of this
ordering was directly related to the level of acyl-chain unsaturation of
PI(4,5)P..

The increased membrane order detected within calcium-
dependent PI(4,5)P, nanodomains is likely to have a profound
impact on PI(4,5)P, signaling and on the function and organi-
zation of effector proteins. Remarkably, the formation of this
phase was largely abrogated in the presence of 1-stearoyl-2-
arachidonyl PI(4,5)P,. Our findings thus provide an explanation
of why evolution strongly favored the 18:0 20:4 acyl-chain com-
position for PI(4,5)P, in mammalian cells. The presence of the
polyunsaturated acyl-chain is expected to guarantee not only low
bending rigidity, but also that the ordering within PI(4,5)P,
nanodomains remains low. On the other hand, the saturated acyl-
chain in the sn-1 position could be important to reduce mem-
brane permeability20.

Another possible outcome of the formation of ordered
calcium-induced PI(4,5)P, clusters is that interactions with pro-
teins exhibiting lower binding affinity for the phospholipid could
be switched-off, whereas proteins forming a tighter complex with
PI(4,5)P, remain bound. In fact, both the presence of calcium as
the modified membrane structure are expected to have an impact
on PI(4,5)P,-protein interactions. In this scenario, the triggering
of PI(4,5)P, clustering could offer an additional level of regulation
for PI(4,5)P, signaling.

The molecular simulations carried out here were in clear
agreement with the experimental data. Moreover, the simulations
identified that the more unsaturated PI(4,5)P, species were more
effective in dissipating the increase in order upon clustering over
the length of their acyl chains. In addition, simulations also

showed that the increase in membrane order was not limited to
PI(4,5)P, domains, but extended to the surrounding lipids as well.

We also report an association of calcium-dependent PI(4,5)P,
nanodomains with negative curvature, a phenomenon that is
likely to play a role in membrane-remodeling events, directly
regulated by the presence of PI(4,5)P,. These results suggest that
the monodisperse PI(4,5)P,-PI(4,5)P, nanodomain relation
might play a key role in controlling the formation of fusion
intermediates required for some of the membrane-remodeling
events associated with this phospholipid.

Methods

Materials. POPC, DOPC, 1,2-dioleoyl-sn-glycero-3-phospho-(1’-myo-inositol-
4,5 -bisphosphate) (dil8:1 PI(4,5)P,), 1-stearoyl-2-arachidonoyl-sn-glycero-3-
phospho-(1’-myo-inositol-4’,5-bisphosphate) (18:0 20:4 PI(4,5)P,), 1-oleoyl-2-{6-
[4-(dipyrrometheneboron difluoride)butanoyl]amino}hexanoyl-sn-glycero-3-
phosphoinositol-4,5-bisphosphate (TopFluor PI(4,5)P5), and 1,2-dioleoyl-sn-gly-
cero-3-phosphoethanolamine-N-(cap biotinyl) (biotinylated DOPE) were pur-
chased from Avanti Polar Lipids (Alabaster, AL, USA). 1,2-Dipalmitoyl-sn-glycero-
3-phospho-(1’-myo-inositol-4’,5"-bisphosphate) (di16:0 PI1(4,5)P2) was from
Echelon Biosciences (Salt Lake City, UT, USA). Lipid stock solutions were prepared
in chloroform, with the exception of the phosphoinositides, which were prepared in
chloroform:methanol (MeOH) 2:1 (v/v). Both solvents were obtained from Merck
(Darmstadt, Germany) and were of spectroscopic grade. 4-(2-Hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES), ethanol (EtOH), NaCl, Sucrose, EDTA,
glucose, and CaCl, were from Sigma-Aldrich (St. Louis, MO, USA). TMA-DPH,
tPnA, Rhodamine 110, and Fluo-5N were from Molecular Probes, Invitrogen
(Eugene, OR, USA).

Liposome preparation. MLVs were prepared by solubilization of lipid films. Briefly,
the lipid mixtures were prepared from phospholipid stock solutions, dried under a
nitrogen flux, and left in vacuum for 3 h to remove traces of solvent. MLV's were then
obtained through the solubilization of the lipid films in the appropriate experimental
buffer. Freeze-thaw cycles were performed, using liquid nitrogen and a water bath
typically set to 60 °C. The thawing temperature used was always above the melting
temperature of the lipid with the highest melting temperature in the mixture, to re-
equilibrate and homogenize the samples. LUV were prepared by extrusion of MLVs*!,
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at room temperature, using an Avanti Mini-Extruder (Alabaster, AL, USA) and 100 nm
pore-size polycarbonate membranes (Whatman, Little Chalfont, UK). Typically, at least
21 passages through the extruder were performed.

Giant unilamellar vesicles (GUVs) were obtained by gel-assisted formation,
based on a method previously described*2. The lipid mixtures were prepared, from
stock solutions, in chloroform to a final concentration of 1.5 mM. DOPE-Cap-
biotin was included in the mixture*3 at a biotinylated lipid/total lipid ratio of
1:750,000. A solution of 5% (w/w) polyvinyl alcohol (PVA) (Myy ~ 145,000 Da) and
280 mM of sucrose was spread in a p-slide chamber from Ibidi (Munich, Germany)
and left to dry for 15 min at 50 °C. The desired lipid mixture was then spread on
the PVA surface. The solvent was evaporated for 15 min under vacuum.
Afterwards, the appropriate buffer solution was added, allowing for GUV
formation for 60 min at room temperature. Then, GUVs were transferred to a p-
slide chamber with the appropriate coating and left to rest for 10 min, to allow for
GUYV deposition and immobilization. GUVs were immobilized in the p-slide
chamber through binding of the biotinylated lipid to surface avidin, which was
previously used to coat the chamber slide. Coating was carried out using a mixture
of bovine serum albumin (BSA), BSA-biotin (9:1 mol/mol), and avidin. Ibidi p-
slide chambers were coated with 300 pL of a 0.9 mgml~! BSA and 0.1 mgmL~!
BSA-biotin mixture for 1 h. Afterwards, the chambers were washed with Milli-Q
water and covered with a second layer of 300 uL of 0.01 mgmL~! avidin for 1h.
BSA, BSA-biotin, and avidin solutions were prepared with Milli-Q water. Before
adding the GUV suspension, the chambers were also washed with Milli-Q water.

Unless indicated otherwise, all liposome samples were suspended in a buffer
solution containing 10 mM HEPES, 140 mM NaCl, and either 400 uM CaCl, or
5mM EDTA. Buffer Ca?* concentrations in the micromolar range were
determined using the fluorescent calcium indicator Fluo-5N pentapotassium salt,
following the instructions of the manufacturer.

For samples containing TF-PI(4,5)P,, the fluorescent lipid probe was added to
the lipid film mixtures at a 0.1 mol% ratio. For TMA-DPH and tPnA samples, the
fluorescent lipid probe was added to the lipid film mixtures at a 1:300 lipid ratio
(0.33 mol% ratio). MLVs were used for fluorescence studies using TMA-DPH and
tPnA, where the probe’s anisotropy and fluorescence lifetime were followed. These
properties are not influenced by multilamellarity. For studies using TF-PI(4,5)P,,
however, LUVs were used in order to avoid possible energy transfer events between
bilayers, which would complicate the interpretation of homo-FRET results.

Steady-state fluorescence spectroscopy. Fluorescence measurements were car-
ried out with a SLM-Aminco 8100 Series 2 fluorescence spectrophotometer
(Rochester, NY, USA) with double excitation and emission monochromators (MC-
400), in right angle geometry. The light source was a 450 W Xe arc lamp and the
reference a Rhodamine B quantum counter solution. Quartz cuvettes (0.5 x 0.5 cm?)
from Hellma (Miillheim, Germany) were used and temperature set to 25 °C. Polar-
ization of excitation and emission light was obtained with Glan-Thompson polarizers.
Blank subtraction was taken into account in all measurements.

Steady-state fluorescence anisotropy, <r> is defined as?”:

Iyy — Gy

_tw=Ghyn o Iy
Iyy + 2*G¥Lyyy |

<r> =
Ty

where Iy; represents the steady-state vertical (parallel, Iyy) and horizontal

(perpendicular, Iyy) components of the fluorescence emission with vertically

polarized excitation. The G factor is measured using the vertical (Iyy) and

horizontal (Iyyy) components of the fluorescence emission with horizontaly

polarized excitation.

Time-resolved fluorescence spectroscopy. Fluorescence decay measurements were
carried out using the time-correlated single-photon timing technique, as described
elsewhere*%. The emission wavelength was selected by a Jobin Yvon HR320 mono-
chromator (Horiba Jobin Yvon, Kyoto, Japan). Then, 0.5 x 0.5 cm? quartz cuvettes from
Hellma were used. Blank decays were acquired, and photon counts were negligible. The
fluorescence intensity decays were described by a sum of exponentials:

t
i(t) = X, aexp <7 7>
i
where «; is the normalized amplitude and 7; is the ith lifetime component. The
amplitude-weighted average lifetime is defined as:

T=2,T;

Data analysis was performed with the TRFA software (Scientific Software
Technologies Center, Minsk, Belarus), based on Levenberg-Marquardt nonlinear
least-squares fitting. The goodness of the fit was judged from the experimental x?-
weighted residuals and autocorrelation plot. In every analysis, 2 was below 1.3, and
both the residuals and the autocorrelation were randomly distributed around zero.

Statistical analysis. Statistical analysis was performed for steady-state fluores-
cence anisotropy results using regular two-way analysis of variance tests. The two
factors accounted for were PI(4,5)P, concentration and whether the sample was in
the presence or absence of calcium. F-statistics, degrees of freedom, and p-values
are reported in the manuscript as called for. No post hoc comparisons were

performed. Statistical analysis was performed using GraphPad Prism, GraphPad
Software, La Jolla California USA.

SLB preparation. SLBs were formed by the vesicle fusion rupture method*>46.
Lipids were mixed at the appropriate molar proportions in a round-bottom flask,
dried under nitrogen stream, and left overnight in vacuum to remove any traces of
chloroform. Lipid mixtures were hydrated in citrate buffer, to neutralize PI(4,5)P,
negative charge and promote vesicle adsorption in the negatively charged mica
surface. The multilamellar lipid suspension was power sonicated using a Vibra-Cell
ultrasonicator (Sonics & Materials, Newtown, CT, USA) for three times, in cycles
of 3 min, with pulsed sonication and 3 min resting in ice. The clear lipid suspension
was centrifuged in a microcentrifuge Z 233 M-2 (HERMLE Labortechnik,
Wehingen, Germany), for 5 min at 16,500 x g to remove titanium particles, large
vesicles, and debris. After this, 500 pL of a 10x diluted lipid suspension was
pipetted onto freshly cleaved mica along with a 3 mM final concentration of CaCl,,
in a custom-built well. The sample was incubated in a humidity chamber at 60 °C,
above all lipids main transition temperature, for a maximum of 60 min. This
procedure allows small unilamellar vesicles to adsorb and rupture on the surface of
the mica, forming a flat continuous bilayer*>46, After incubation, the bilayer was
washed 10-25 times with 100 uL of 60 °C HEPES buffer, using a pipette. The
washing procedure was performed parallel to the bilayer surface. This ensures that
unfused vesicles, either in suspension or deposited on the bilayer surface, are
removed. In all samples, the hydrated bilayers were let to cool down at room
temperature, enabling phase separation to occur.

Atomic force microscopy. AFM was performed using a JPK Nanowizard IV (JPK
Instruments, Berlin, Germany). Bilayers were imaged in quantitative imaging (QI)
mode, a recent innovation in which the apparatus modulates the z-piezo to per-
form a fast force curve on each pixel of the image#”-48. This avoids lateral friction
and allows for better control of the tip force during measurements. QI mode allows
several mechanical properties to be calculated from the force applied and the tip-
sample separation. Throughout the imaging, the maximum applied force was
200 pN, in order not to affect the sample structure?®. Images were obtained with a
resolution of 256 x 256 pixels, at a scan rate of 1 Hz. AFM measurements were
performed at room temperature, which varied from 22 °C to 25 °C.

Before measurements, cantilever spring constants were quantified by the thermal
noise method®® and cantilever sensitivity was measured by performing a force curve
on a clean freshly cleaved mica surface, in HEPES buffer. For the used qpBioAC CB2
probes (NanoWorld AG, Neuchétel, Switzerland), the spring constants obtained were
on the 0.06-0.18 N m~! range and the sensitivity 7.6 + 1.2 nm V~L. Approximately
three to five separated areas, of 10 x 10 um? and 20 x 20 um?, from at least two
bilayers, prepared in different days, from different lipid stocks, were imaged to obtain
representative data and assure the reproducibility of the measurements.

Topographical images were analyzed with first or second-level flattening, using
the JPK data processing software. The sizes of the domains were evaluated by
several cross-sections on the SLB images. The number of cross-sections varied from
70 to ~300, to obtain representative data for the domains formed in each SLB.

MD simulations. The Martini 2.2 CG model for biomolecular simulations was
employed throughout this study*. The used PI(4,5)P, topologies were constructed
combining an in-house improved version of the existing PI(4,5)P, headgroup
parameters®! with the standard Martini lipid acyl-chain topologies for each of the
compositions studied. The rationale behind the improved PI(4,5)P, headgroup
parameters is described in detail in the Supplementary MMethods (Supplementary
Figs. 7-11). These topologies are provided, in the standard GROMACS format, in
Supporting Information (PIP2.itp) and are also available from the authors. All
other topologies were obtained directly from the Martini developers’ website>2. All
simulations were run using the GROMACS simulation package version 20183,
The membrane systems were built and solvated using the insane.py CG building
tool>4. Counterions were added to neutralize the system as necessary and 140 mM
NaCl was added on top of that to all systems. When required, Ca2t was added at
the appropriate Ca2+:PI(4,5)P, ratio by replacing water particles and maintaining
the system charge neutral by adding CI~ counterions.

Nonbonded interactions were cutoff at 1.1 nm and Coulombic interactions were
treated using reaction-field electrostatics®. The particle neighbor list was updated
using the Verlet list scheme. The v-rescale thermostat®® was used with a tau-t of
4.0 ps to maintain the temperature at 300 K. Constant pressure was semi-
isotropically coupled to 1.0 bar using a Parrinello-Rahman barostat®” with a
relaxation time of 16.0 ps. After initial energy minimization and pressure/
temperature equilibration runs, simulations were run at a 20 fs time step.

Three types of systems were simulated as follows:

— large systems consisting of ~8500 lipids at a 90:10 POPC:PI(4,5)P, molar
ratio in a 50 x 50 x 13 nm? box were simulated for at least 19 ps. Simulations were
ran for each composition both in the presence and absence of Ca2*. For these
systems only, membrane undulations were limited by applying a weak (200 k] mol
~1nm~2) flat-bottomed potential in z, restraining the glycerol beads of all lipids to
remain within a 2.0 nm vertical distance of the simulation box center.

— asymmetric membrane systems, consisting of ~3500 lipids, in a
50 x 20 x 13 nm?> box, which were simulated for at least 10 ps. Their top membrane

COMMUNICATIONS CHEMISTRY | (2021)4:164 | https://doi.org/10.1038/s42004-021-00603-1| www.nature.com/commschem 1



CHAPTER 3. ACYL-CHAIN SATURATION REGULATES THE ORDER OF PHOSPHATIDYLINOSITOL

4,5-BISPHOSPHATE NANODOMAINS

ARTICLE

COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/542004-021-00603-1

layer consists solely of POPC, whereas the bottom layer consists of a 90:10 12. Wang, J. et al. Lateral sequestration of phosphatidylinositol 4,5-bisphosphate by
POPC:PI(4,5)P, mixture. The total number of lipids in each lipid layer was the basic effector domain of myristoylated alanine-rich C kinase substrate is due to
adjusted, matching the top and bottom leaflet areas, thereby avoiding the nonspecific electrostatic interactions. J. Biol. Chem. 277, 34401-34412 (2002).
introduction of tension. To this end, the area per lipid of each layer’s composition ~ 13. Wen, Y., Vogt, V. M. & Feigenson, G. W. Multivalent cation-bridged PI(4,5)P2
was calculated from smaller symmetric simulations ran for each of the clusters form at very low concentrations. Biophys. J. 114, 2630-2639 (2018).
compositions, both in the presence and absence of Ca?+. 14. Sarmento, M. J., Coutinho, A., Fedorov, A., Prieto, M. & Fernandes, F.
— crystal seed systems, where gel-phase formation was probed by simulations of a Membrane order is a key regulator of divalent cation-induced clustering of
PI(4,5)P; gel crystal seed restrained in the middle of an initially fluid membrane. Gel- PI(3,5)P2 and PI(4,5)P2. Langmuir 33, 12463-12477 (2017).
phase crystals were obtained through regular simulations of POPC: PI(4,5)P, mixtures 15 Bogelli, J. C. & Epand, R. M. Specificity of acyl chain composition of
(~500 li'pids; 15 x 10 x 13 nm> boxes) with PI(4T5)P2 molar rat10§ ranging from 30% to phosphatidylinositols. Proteomics 19, 1900138 (2019).
50 2%’ simulated fqr up to 10 ps. These simulations were run with Ca?*, at a 5:1 16. De Craene, J.-O., Bertazzi, D., Bir, S. & Friant, S. Phosphoinositides, major
Ca?*:PI(4,5)P,, using the same general MD parameters, except for the temperature, actors in membrane trafficking and lipid signaling pathways. Int. J. Mol. Sci.
which was maintained at 280 K. From these initial simulations, PI(4,5)P,-rich gel phases 18, 634 (2017).
were forr_ned, from which small ~20 I_jpid crystals were excised. These crystal§ were 17. D’Souza, K. & Epand, R. M. Enrichment of phosphatidylinositols with specific
u?sened in membranes of the same size at a‘90:1(? POPC:PI(4,5)P, molar ratio, acyl chains. Biochim. Biophys. Acta 1838, 1501-1508 (2014).
simulated for at least 5 ps. These were run either in the absence or in the presence of 18. Hicks, A. M., DeLong, C. ., Thomas, M. J., Samuel, M. & Cui, Z. Unique
calcium, at a 5:1 Ca?*+:PI(4,5)P; ratio, and at temperatures ranging from 280 to 360 K. ’ 1 i la > g’f 1 " h ,h i c)l . ;i‘ff > & LI
Throughout all the simulation steps, the acyl chain and glycerol beads of the crystal molecular signatures of glycerophospholip 1 spectes I L erent rat tissues
- . . ! . analyzed by tandem mass spectrometry. Biochim. Biophys. Acta 1761,
seeds were position-restrained in all dimensions with a force constant of 10,000 k] mol 1022-1029 (2006)
~Inm~2. The headgroups were left unrestrained to better accommodate new lipids in 19. Travnor-Kapl A 1 . .
; . oy . ynor-Kaplan, A. et al. Fatty-acyl chain profiles of cellular
the growing crystal. Three replicates, with independent gel-phase crystals, were run for phosphoinositides. Biochim. Biophys. Acta 1862, 513-522 (2017).
each COljld.lthn}. . . 20. Manni, M. M. et al. Acyl chain asymmetry and polyunsaturation of brain
All simulations were analyzed making use of in-house developed Python3 programs hospholipids facilitate membrane vesiculation without leakage. Elife 7
using the MDAnalysis package>®. We also used the IPython®, numpy®, SciPy®!, scikit- P3403Sg " 2P ge: ’
learn®2, and matplotlib®3 packages for scientific computing in Python. The PyCurv®* €34394 (2018). . R o
package was used for curvature estimation. Visualization and renderization of the 21, Mujalli, A, etal. _Proﬁl.mg of p hosph91n951t1de _molecular Species In h\_Jman and
simulations was performed with the molecular graphics viewer VMD®®. The last 2 ps of mouse platleets identifies new species increasing following stimulation.
each simulation were used for analysis. See the “Methods” section of the Supporting quchlm: Biophys. Acta 1863, 1121-1131 (201,8)‘ .
Information for details on the analysis methods. 22. Koizumi, A. et al. Increased fatty acyl saturation of phosphatidylinositol
phosphates in prostate cancer progression. Sci. Rep. 9, 13257 (2019).
23. Saad,].S. et al. Structural basis for targeting HIV-1 Gag proteins to the plasma
Data availability membrane for virus assembly. Proc. Natl Acad. Sci. USA 103, 11364-9 (2006).
Extended Methods and Materials providing details on the rationale behind the 24. James, D. J., Khodthong, C., Kowalchyk, J. A. & Martin, T. F. J.
improvement of the Martini 2.2 PI(4,5)P2 model, details behind the simulation analysis, Phosphatidylinositol 4,5-bisphosphate regulates SNARE-dependent
additional time-resolved fluorescence spectroscopy results, fluorescence correlation membrane fusion. J. Cell Biol. 182, 355-366 (2008).
spectroscopy results on TF-PI(4,5)P2 incorporation in nanodomains, AFM analysis of 25. Mu, L. et al. A phosphatidylinositol 4,5-bisphosphate redistribution-based
nanodomain sizes, and further simulation analysis of PI(4,5)P2 biophysical properties are sensing mechanism initiates a phagocytosis programing. Nat. Commun. 9,
available within Supplementary Information. The molecule description file containing 4259 (2018).
the CG parameters for the Martini 2.2 PI(4,5)P, models used in this study in text format 26. Tadross, M. R., Tsien, R. W. & Yue, D. T. Ca2+ channel nanodomains boost
compatible with GROMACS software, as well as initial and final configurations for the local Ca?* amplitude. Proc. Natl Acad. Sci. USA 110, 15794-15799 (2013).
molecular dynamics simulation systems are available from https://github.com/MeloLab/  27. Lakowicz, J. R. Principles of Fluorescence Spectroscopy (Springer, 2006).
PhosphoinositideParameterization. Other data are available from the corresponding 28. Attwood, S., Choi, Y. & Leonenko, Z. Preparation of DOPC and DPPC
author upon reasonable request. supported planar lipid bilayers for atomic force microscopy and atomic force
spectroscopy. Int. J. Mol. Sci. 14, 3514-3539 (2013).
Received: 16 May 2021; Accepted: 10 November 2021; 2. CTl?\Aiargg’H“_\' M. T. M. et al Diphenylhexatrie.ne r.nembr‘ane probes DPH and
K ; - : a comparative molecular dynamics simulation study. Biochim.
Published online: 29 November 2021 Biﬂphy& Acta 1858, 2647-2661 (2016).
30. Shrivastava, S., Paila, Y. D., Dutta, A. & Chattopadhyay, A. Differential effects
of cholesterol and its immediate biosynthetic precursors on membrane
organization. Biochemistry 47, 5668-5677 (2008).
References 31. Marsh, D. Handbook of Lipid Bilayers (CRC, 2013).
1. Monteiro, M. E., Sarmento, M. J. & Fernandes, F. Role of calcium in 32. Sklar, L. A. The partition of cis-parinaric acid and trans-parinaric acid among
membrane interactions by PI(4,5)P2-binding proteins. Biochem. Soc. Trans. aqueous, fluid lipid, and solid lipid phases. Mol. Cell. Biochem. 32, 169-177
42, 1441-6 (2014). (1980).
2. Di Paolo, G. & De Camilli, P. Phosphoinositides in cell regulation and 33. Florine, K. I. & Feigenson, G. W. Influence of the calcium-induced gel phase
membrane dynamics. Nature 443, 651-657 (2006). on the behavior of small molecules in phosphatidylserine and
3. Koch, M. & Holt, M. Coupling exo- and endocytosis: an essential role for PIP2 phosphatidylserine-phosphatidylcholine multilamellar vesicles. Biochemistry
at the synapse. Biochim. Biophys. Acta 1821, 1114-1132 (2012). 26, 1757-1768 (1987).
4. Martin, T. F. J. in Subcellular Biochemistry Vol. 59, 111-130 (Springer New 34. Marrink, S. ], Risselada, H. J., Yefimov, S. & Tieleman, D. P. & De Vries, A. H.
York, 2012). The MARTINI force field: coarse grained model for biomolecular simulations.
5. dos Remedios, C. G. & Nosworthy, N. J. in Actin-Binding Proteins and Disease J. Phys. Chem. B 111, 7812-7824 (2007).
290-297, https://doi.org/10.1007/978-0-387-71749-4_12 (Springer New York, ~ 35. Alessandri, R. et al. Pitfalls of the Martini Model. J. Chem. Theory Comput. 15,
2008). 5448-5460 (2019).
6. Suh, B.-C. & Hille, B. PIP 2 is a necessary cofactor for ion channel function: =~ 36. Koynova, R. & Caffrey, M. Phases and phase transitions of the
how and why? Annu. Rev. Biophys. 37, 175-195 (2008). phosphatidylcholines. Biochim. Biophys. Acta 1376, 91-145 (1998).
7. Miicksch, F. et al. Quantification of phosphoinositides reveals strong enrichment of ~ 37- Nagle, J. F. & Tristram-Nagle, S. Structure of lipid bilayers. Biochim. Biophys.
PIP2 in HIV-1 compared to producer cell membranes. Sci. Rep. 9, 17661 (2019). Acta 1469, 159-95 (2000).
8. Bertin, A. et al. Phosphatidylinositol-4,5-bisphosphate promotes budding yeast 38. Lin, X. et al. Roles of PIP2 in the membrane binding of MIM I-BAR: insights
septin filament assembly and organization. J. Mol. Biol. 404, 711-731 (2010). from molecular dynamics simulations. FEBS Lett. 592, 2533-2542 (2018).
9. Mandal, K. Review of PIP2 in cellular signaling, functions and diseases. Int. . ~ 39. Marrink, S. ], Risselada, J. & Mark, A. E. Simulation of gel phase formation
Mol. Sci. 21, 8342 (2020). and melting in lipid bilayers using a coarse grained model. Chem. Phys. Lipids
10. Sarmento, M. J., Coutinho, A., Fedorov, A., Prieto, M. & Fernandes, F. Ca2+ 135, 223-244 (2005).
induces PI(4,5)P2 clusters on lipid bilayers at physiological PI(4,5)P2 and 40. Carpenter, T. S. et al. Capturing phase behavior of ternary lipid mixtures with
Ca2+ concentrations. Biochim. Biophys. Acta 1838, 822-830 (2014). a refined Martini coarse-grained force field. J. Chem. Theory Comput. 14,
11. Rauch, M. E,, Ferguson, C. G., Prestwich, G. D. & Cafiso, D. S. Myristoylated 6050-6062 (2018).
alanine-rich C kinase substrate (MARCKS) sequesters spin-labeled 41. Mayer, L. D., Hope, M. J. & Cullis, P. R. Vesicles of variable sizes produced by
phosphatidylinositol 4,5-bisphosphate in lipid bilayers. J. Biol. Chem. 277, a rapid extrusion procedure. Biochim. Biophys. Acta 858, 161-168 (1986).
14068-14076 (2002). 42. Weinberger, A. et al. Gel-assisted formation of giant unilamellar vesicles.
Biophys. J. 105, 154-164 (2013).
12 COMMUNICATIONS CHEMISTRY | (2021)4:164 | https://doi.org/10.1038/542004-021-00603-1 | www.nature.com/commschem



COMMUNICATIONS CHEMISTRY | https://doi.org/10.1038/s42004-021-00603-1

CHAPTER 3. ACYL-CHAIN SATURATION REGULATES THE ORDER OF

PHOSPHATIDYLINOSITOL 4,5-BISPHOSPHATE NANODOMAINS

ARTICLE

43.

44.

45.

46.

47.

48.

49.

50.

Sarmento, M. J., Prieto, M. & Fernandes, F. Reorganization of lipid domain
distribution in giant unilamellar vesicles upon immobilization with different
membrane tethers. Biochim. Biophys. Acta 1818, 2605-2615 (2012).

Loura, L. M. S, Fedorov, A. & Prieto, M. Partition of membrane probes in a
gel/fluid two-component lipid system: a fluorescence resonance energy
transfer study. Biochim. Biophys. Acta 1467, 101-112 (2000).

El Kirat, K., Morandat, S. & Dufréne, Y. F. Nanoscale analysis of supported
lipid bilayers using atomic force microscopy. Biochim. Biophys. Acta 1798,
750-765 (2010).

Franquelim, H. G., Gaspar, D., Veiga, A. S., Santos, N. C. & Castanho, M. A. R.
B. Decoding distinct membrane interactions of HIV-1 fusion inhibitors using
a combined atomic force and fluorescence microscopy approach. Biochim.
Biophys. Acta 1828, 1777-1785 (2013).

Chopinet, L., Formosa, C., Rols, M. P, Duval, R. E. & Dague, E. Imaging living
cells surface and quantifying its properties at high resolution using AFM in
QI™ mode. Micron 48, 26-33 (2013).

Smolyakov, G., Formosa-Dague, C., Severac, C., Duval, R. E. & Dague, E. High
speed indentation measures by FV, QI and QNM introduce a new
understanding of bionanomechanical experiments. Micron 85, 8-14 (2016).
Aufderhorst-Roberts, A., Chandra, U. & Connell, S. D. Three-phase
coexistence in lipid membranes. Biophys. J. 112, 313-324 (2017).

Hutter, J. L. & Bechhoefer, J. Calibration of atomic-force microscope tips. Rev.
Sci. Instrum. 64, 1868-1873 (1993).

Acknowledgements

We thank the group of S] Marrink’s, at the University of Groningen, for making available
atomistic simulation trajectories for PI(4,5)P, re-parameterization. L.B.A. thanks Fun-
dagio para a Ciéncia e a Tecnologia - Ministério da Ciéncia, Tecnologia e Ensino
Superior (FCT-MCTES, Portugal) for the PhD fellowship PD/BD/137492/2018. M.M.D
and M.N.M. thank FCT-MCTES for the “scientific employment stimulus” programs
CEECIND/02961/2017 and CEECIND/04124/2017, respectively. This work is financed
by national funds from FCT - Fundagdo para a Ciéncia e a Tecnologia, LP., in the scope
of the project UIDB/04565/2020 and UIDP/04565/2020 of the Research Unit Institute for
Bioengineering and Biosciences - iBB and the project LA/P/0140/2020 of the Associate
Laboratory Institute for Health and Bioeconomy - i4HB. We also acknowledge funding
by FCT-MCTES projects IF/00386/2015/CP1272/CT0010 and by the European Regional
Development Fund (FEDER), through the Regional Operational Programme of Lisbon
(PORLISBOA 2020) and the Competitiveness and Internationalization Operational
Programme (COMPETE 2020) of the Portugal 2020 framework (LISBOA-01-0145-
FEDER-031057 and PTDC/BTM-SAL/31057/2017).

Author contributions

L.B.A. and M.N.M. designed the simulation systems and L.B.A. performed them. LB.A.,
FF., MMM.D,, and N.C.S. designed the experimental measurements. L.B.A., M.M.D., and
AF. performed them. All authors contributed to manuscript writing and revision and
have given approval to the final version of the manuscript.

51. Lopez, C. A, Sovova, Z., van Eerden, F. J., de Vries, A. H. & Marrink, S. J.
Martini force field parameters for glycolipids. J. Chem. Theory Comput. 9, Competing interests
1694-1708 (2013). The authors declare no competing interests.
52. Martini Coarse Grain Forcefield for Biomolecules. http://cgmartini.nl/. (2021).
53. Abraham, M. J. et al. Gromacs: high performance molecular simulations e . .
through multi-level parallelism from laptops to supercomputers. SoftwareX Additional information
1-2, 19-25 (2015). Supplementary information The online version contains supplementary material
54, Wassenaar, T. A., Ingolfsson, H. L, Bockmann, R. A., Tieleman, D. P. & available at https://doi.org/10.1038/s42004-021-00603-1.
Marrink, S. J. Computational lipidomics with insane: a versatile tool for
generating custom membranes for molecular simulations. J. Chem. Theory Correspondence and requests for materials should be addressed to Fibio Fernandes.
Comput. 11, 2144_21?5 (2015). , . L. . Peer review information Communications Chemistry thanks Urzula Golebiewska and
55. De Jong, D. H., Baoukina, S., Ingélfsson, H. I. & Marrink, S. J. Martini straight: . . oL . .
boostine performance using a shorter cutoff and GPUs. Comput. Phys. the other, anonymous, reviewer(s) for their contribution to the peer review of this work.
g p 8 p 24
Commun. 199, 1-7 (2016). . L Lo . L
56. Bussi, G., Donadio, D. & Parrinello, M. Canonical sampling through velocity Reprints and permission information is available at http://www.nature.com/reprints
rescaling. J. Chem. Phys. 126, 014101 (2007). L X . . o L
57. Parrinello, M. & Rahman, A. Polymorphic transitions in single crystals: a new Publllsher s note Sprlflgelr Nlature remains neutral with regard to jurisdictional claims in
molecular dynamics method. J. Appl. Phys. 52, 7182-7190 (1981). published maps and institutional affiliations.
58. Michaud-Agrawal, N., Denning, E. J., Woolf, T. B. & Beckstein, O.
MDAnalysis: a toolkit for the analysis of molecular dynamics simulations. J.
Comput. Chem. 32, 2319-2327 (2011). Open Access This article is licensed under a Creative Commons
59. Pérez, F. & Granger, B. E. IPython: A System for Interactive Scientific 5Y Attribution 4.0 International License, which permits use, sharing,
Computing. www.python.org. (2007). adaptation, distribution and reproduction in any medium or format, as long as you give
60. Harris, C. R. et al. Array programming with NumPy. Nature 585, 357-362 (2020).  appropriate credit to the original author(s) and the source, provide a link to the Creative
61. Virtanen, P. et al. SciPy 1.0: fundamental algorithms for scientific computing  Commons license, and indicate if changes were made. The images or other third party
in Python. Nat. Methods 17, 261-272 (2020). material in this article are included in the article’s Creative Commons license, unless
62. Fabian, P. et al. Scikit-learn: machine learning in Python. J. Machine Learn. indicated otherwise in a credit line to the material. If material is not included in the
Res. 12 http://scikit-learn.sourceforge.net. (2011). article’s Creative Commons license and your intended use is not permitted by statutory
63. Hunter, J. D. Matplotlib: a 2D graphics environment. Comput. Sci. Eng. 9, regulation or exceeds the permitted use, you will need to obtain permission directly from
90-95 (2007). the copyright holder. To view a copy of this license, visit http://creativecommons.org/
64. Salfer, M., Collado, J. F., Baumeister, W., FernandezBusnadiego, R. & licenses/by/4.0/.
Martinez-Sédnchez, A. Reliable estimation of membrane curvature for cryo-
electron tomography. PLoS Comput. Biol. 16, 1007962 (2020).
65. Humphrey, W., Dalke, A. & Schulten, K. VMD: visual molecular dynamics. J. © The Author(s) 2021
Mol. Graph. 14, 33-38 (1996).
COMMUNICATIONS CHEMISTRY | (2021)4:164 | https://doi.org/10.1038/542004-021-00603-1 | www.nature.com/commschem 13




CHAPTER 3. ACYL-CHAIN SATURATION REGULATES THE ORDER OF PHOSPHATIDYLINOSITOL
4,5-BISPHOSPHATE NANODOMAINS




Development, validation and im-
plementation of a Pl(4,5)P, model
for the Martini 3 coarse grain force

field



CHAPTER 4. DEVELOPMENT, VALIDATION AND IMPLEMENTATION OF A PI(4,5)P, MODEL FOR
THE MARTINI 3 COARSE GRAIN FORCE FIELD




Article lll: Improved parameterization of
phosphatidylinositide lipid headgroups for the

Martini 3 coarse grain force field






CHAPTER 4. DEVELOPMENT, VALIDATION AND IMPLEMENTATION OF A PI(4,5)P> MODEL FOR
THE MARTINI 3 COARSE GRAIN FORCE FIELD

]‘ I ‘ Journal of Chemical Theory and Computation

pubs.acs.org/JCTC

Improved Parameterization of Phosphatidylinositide Lipid
Headgroups for the Martini 3 Coarse-Grain Force Field

Luis Borges-Araajo, Paulo C. T. Souza, Fibio Fernandes, and Manuel N. Melo*

I: I Read Online

Article Recommendations ‘

Cite This: https://doi.org/10.1021/acs.jctc.1c00615

ACCESS|

ABSTRACT: Phosphoinositides are a family of membrane
phospholipids that play crucial roles in membrane regulatory
events. As such, these lipids are often a key part of molecular
dynamics simulation studies of biological membranes, in particular
of those employing coarse-grain models because of the potential
long times and sizes of the involved membrane processes. Version
3 of the widely used Martini coarse-grain force field has been
recently published, greatly refining many aspects of biomolecular
interactions. In order to properly use it for lipid membrane

omistic
simulations with phosphoinositides, we put forth the Martini 3-
specific parameterization of inositol, phosphatidylinositol, and
seven physiologically relevant phosphorylated derivatives of phosphatidylinositol. Compared to parameterizations for earlier Martini
versions, focus was put on a more accurate reproduction of the behavior seen in both atomistic simulations and experimental studies,
including the signaling-relevant phosphoinositide interaction with divalent cations. The models that we develop improve upon the
conformational dynamics of phosphoinositides in the Martini force field and provide stable topologies at typical Martini time steps.
They are able to reproduce experimentally known protein-binding poses as well as phosphoinositide aggregation tendencies. The
latter was tested both in the presence and absence of calcium and included correct behavior of PI(4,5)P, calcium-induced clusters,
which can be of relevance for regulation.
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B INTRODUCTION

Phosphoinositides are a small group of glycerophospholipids,
derived from the reversible phosphorylation of phosphatidy-

group in the position 2 of the ring (Figure 1). In forming PI,
the hydroxyl group in position 1 of myo-inositol takes part in
the phosphodiester bond with the diacylglycerol backbone.

Downloaded via L u& #65533;& #65533;s Borges-Araujo on December 30, 2021 at 14:12:11 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

linositol (PI), that account for around 10 to 15% of the total
membrane phospholipid content of eukaryotic cells. While
these lipids are minor components of eukaryotic biomem-
branes, research over the last couple of decades has established
their role as major regulators of cell dynamics and signaling in
eukaryotic metabolism. Their impact extends far beyond the
cell membrane, where they take part in regulating several
processes such as endocytosis/exocytosis,’ > ion channel
regulation,6_8 cellular signaling,"* or cytoskeleton reorganiza-
tion,"”” impacting downstream processes such as cellular
proliferation, migration, survival, and differentiation.’® Addi-
tionally, as it often happens with ubiquitous signaling entities,
disorders affecting their metabolism are responsible for several
human conditions,” which can range from neurological
pathologies”"" (such as Charcot—Marie—Tooth neuropathy)
to cancer.'>"

The core structure of every phosphoinositide lipid is
inherited from PI. PI is composed of a diacylglycerol
connected to a distinctive myo-inositol ring by a phospho-
diester bond. While there are 9 possible isomers of inositol,
myo-inositol is the isomer most commonly found in eukaryotic
cells."* It assumes a chair conformation where every hydroxyl
substituent is at the equatorial position, except for the hydroxyl

© XXXX American Chemical Society

\ ACS Publications

The hydroxyl groups in positions 3, 4, and 5 of the PI ring can
be enzymatically phosphorylated in every possible combina-
tion, yielding the seven phosphorylated phosphoinositide
species found in mammalian cells (Figure 1): phosphatidyli-
nositol 3-phosphate (PI(3)P), phosphatidylinositol 4-phos-
phate (PI(4)P), phosphatidylinositol S-phosphate (PI(5)P),
phosphatidylinositol 3,4-bisphosphate (PI(3,4)P,), phosphati-
dylinositol 3,5-bisphosphate (PI(3,5)P,), phosphatidylinositol
4,5-bisphosphate (PI(4,5)P,), and phosphatidylinositol 3,4,5-
trisphosphate (PI(3,4,5)P;).

While PI is synthesized in the endoplasmic reticulum and
then distributed throughout the cell, each of the phosphory-
lated species has a distinct subcellular distribution within
subsets of membranes as a result of the localization of specific
PI kinases and phosphatases that catalyze their local formation
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PI(3,4)P,

PI(3,5)P,

PO4

PI(4,5)P, PI(3,4,5)P;

Figure 1. Chemical structures and coarse-grained mapping of the inositol/phosphoinositides parameterized in this work. The inositol ring carbon
numbering is overlaid on the myo-inositol structure. Atom-to-bead mappings are indicated by the colored shapes, with an extra bead assigned to the
center of the inositol ring (ring beads in blue, phosphate beads in orange). For the PI structure, the glycerol and acyl esters are also depicted (R,
and R, abbreviating the snl and sn2 chains, respectively), as well as their mapping (in green). Assigned Martini 3 bead types are indicated for each
bead as overlaid gray text. For the structure of PI(3,4,5)P;, in which all possible phosphoinositide beads are present, and for the glycerol/acyl ester
groups in PI, bead names are indicated as bold-italic colored text (following the convention in this text that bead names are typed in italics, to

distinguish from bead types).

from PI Apart from their distinct distributions, each
phosphoinositide species also establishes distinct interactions
with specific binding partners. Phosphoinositides achieve most
of their direct signaling effects through interactions between
their headgroup and protein partners. While many of them are
transient, low-affinity interactions with basic residues within
unstructured protein domains, high-affinity specific interac-
tions with specialized domains also occur, some of which are
able to distinguish between phosphoinositide isomers.” Their
distinct subcellular localization, combined with the distinct set
of interactions established with cellular binding partners, grants
each isomer specific roles and regulatory functions within the
cell.

Additionally, some phosphoinositides and PI(4,5)P,, in
particular, are able to establish strong electrostatic interactions
with divalent cations (Ca?* and Mg®"), culminating in the
cation-dependent aggregation into stable phosphoinositide
nanodomains.'>~'"” They are formed at physiological concen-
trations of both lipids and divalent cations, and it is likely that
some are found constitutively clustered in vivo. While these
nanodomains are often overlooked, they potentially impact
phosphoinositide—protein interactions.

The wide-range influence of the phosphoinositide family has
piqued research interest, Ieadin_; to numerous experimental
and theoretical research studies.” Theoretical studies, such as
molecular dynamics (MD) simulations, have the potential to
provide molecular-level structural and dynamic insight into
complex systems, such as biological membranes, that is
otherwise inaccessible through experiments. This gap in
knowledge is particularly evident in the case of phosphoinosi-
tides, where there is still a considerable lack of understanding
about many of the molecular mechanisms behind their

function, such as lateral organization, interactions with binding
partners, cation-induced nanodomain formation, or induction
of curvature.

While MD studies at an all-atom (AA) level of resolution of
lipid membrane systems can be performed, they are still limited
by current computational power in terms of attainable system
size and time scales. Coarse-grained (CG) MD models,
however, have allowed access to scales of tens to hundreds
of nm and into the millisecond—termed the mesoscale—at
which many of the phosphoinositide processes become of
relevance.'® The Martini CG model'” is the most widely used
CG force field for biomolecular simulations,””*" and it has
been successfully applied in the modeling of a variety of
molecular processes, especially in the modeling of biomem-
brane systems. The large-scale Martini simulation of an average
mammalian plasma membrane model'® stands out as one of
the most complex simulation to date. Neuronal plasma
membrane systems, where phosphoinositides are thought to
play an important role, have also been simulated.”” Martini
applications extend to phosphoinositide—protein interactions,
having been able to predict the location of PI(4,5)P, binding
sites on Kir channels,”® later confirmed by PI(4,5)P,-bound
protein crystal structures.”*

Martini is based on a four-to-one mapping scheme, meaning
that on average, four heavy (nonhydrogen) atoms, and
associated hydrogens, are represented as a single CG particle,
or a “bead”. Each bead is assigned a type dependent on its
underlying chemical nature in terms of polarity and charge.
Different interparticle nonbonded potentials are associated to
the interactions between each type, effectively encoding a
bead’s interaction preferences. Martini molecules are then
assembled from beads in a building-block fashion, employing

https://doi.org/10.1021/acs.jctc.1c00615
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2-, 3-, and 4-body bonded potentials (for bonds, angles, and
torsions, respectively) to define preferred configurations—
matching known behavior from either experiments or from
finer simulation sources—and delimiting the overall explorable
molecular configuration space.

Within the Martini philosophy, bead type nonbonded
potentials have been parameterized to reproduce thermody-
namic properties of the represented chemical moieties, in
particular the partitioning between polar and nonpolar phases.
It is an underlying assumption that, when bonded together, the
additive properties of the individual Martini beads can overall
represent the properties of the entire modeled molecule.
However, in Martini 2, this was found to not hold in specific
cases where mappings finer than 4-to-1 were employed, or
when intermolecular bead—bead distances were very short.
This led to a number of nonobvious pitfalls,”® the most
important being the observations that some molecules become
too hydrophobic or self-interact too strongly, in particular
proteins’>**~*” and carbohydrates,”>*® such as phosphoinosi-
tides. Indeed, phosphoinositides included in the pioneering
Martini plasma membrane study were found to form dimers
and trimers more frequently than expected."®

A new version of the Martini force field, Martini 3, has been
recently released.”” This new implementation of the force field
addresses the major limitations of Martini 2 by including bead
types specific for mappings finer than 4-to-1. The release of the
new force field version also greatly increases the discrimination
of chemical space by defining a larger number of bead types,
allowing for more flexibility and accuracy when creating new
models. In addition to expanding the nonbonded landscape,
the Martini 3 release also establishes new guidelines for the
bonded parameterization of molecules in tandem with the new
bead types. In this sense, the new Martini release provides a
good opportunity to revisit, update, and improve existing
models.

The Martini 2 parameters for phosphatidylinositol and two
of its phosphorylated forms were first parameterized by Lopez
et al.*® using the GROMOS53A6 atomistic force field as a
reference. In this initial effort, headgroup motion was left
mostly unrestrained, with only one torsion potential
controlling it, and even this potential ended up being routinely
ignored in production simulations®" as it led to numerical
instability at typical Martini time steps.”” Different improve-
ments on these Martini 2 parameters have been proposed,'®**
mostly focused on stabilizing bonded behavior. These
approaches are still limited by the Martini 2 nonbonded
insufficiencies and by an overall excessive freedom of the
inositol ring.

In this work, we parameterize inositol and 8 phosphoinosi-
tide lipids for Martini 3, using the CHARMMS36 atomistic
force field as a structural atomistic reference. In addition to
compatibility with the rest of the Martini 3 landscape, Martini
3 phosphoinositide models are expected to have more accurate
interaction propensities than their Martini 2 counterparts. This
parameterization effort is also an opportunity to expand the
covered species to include all relevant phosphorylations.
Finally, a new take on the parameterization of phosphoinosi-
tides can aim at better modeling (i) their complex structural
dynamics**—a result of large headgroups, networks of intra-/
intermolecular hydrogen bonds, and variable phosphate
protonations—and (ii) the often overlooked interaction of
phosphoinositides with divalent cations, which can drive

nanodomain formation of physiological relevance, especially
involving the PI(4,5)P, headgroup.'>"”

B METHODS

All simulations were run using the GROMACS simulation
package version 2019°* and analyzed making use of in-house
developed Python3 programs using the MDAnalysis package.>®
We also used the IPython,® numpy,”” SciPy,** scikit-learn,*
Voro++,"’ and matplotlib*' packages for scientific computing
in Python. Visualization and rendering of the simulations were
performed with the molecular graphics viewer VMD."
Octanol—water partition free energies were calculated from
the individual CG solvation free energies into each solvent, as
described elsewhere.*> See the Methods section of the
Supporting Information for details on specific analysis
methods.

Atomistic Models. All atomistic models used as the
parameterization targets were simulated using the
CHARMM36™*° force field, with the TIP3P water model.
All toépologies used are readily available in CHARMM-
GUL*** The topologies used for each of the parameterization
targets can be seen in Supporting Information Table SI.

To validate the parameterization of the inositol molecule,
simulations were performed of myo-inositol in water, either
singly or as a solution of eight molecules. For single myo-
inositol molecule systems, the sugar molecule was inserted in a
S X 5 X 5 nm simulation box, which was then fully solvated. As
for the multiple myo-inositol system, eight sugars were placed
in a cubic box and solvated at an 8.0 water/sugar (weight/
weight) concentration.

For the lipid membrane systems, initial structures were all
generated, using the CHARMM-GUI membrane builder
module,"®™*" by arranging the lipids on a regular array in the
bilayer (xy) plane. Membranes were built with roughly 240
lipids per leaflet, which were then solvated by ~11,000 water
molecules. Every system was neutralized and an additional 140
mM NaCl was added to better represent physiological
conditions.

After initial energy minimization and equilibration runs, all
atomistic simulations were run at a 2 fs time step. The
LINCS* algorithm was applied to constrain all bonded
hydrogens. Van der Waals forces were switched off smoothly
from 1.0 to 1.2 nm, and electrostatics were computed using
particle-mesh Ewald summation.”® The particle neighbor list
was updated using the Verlet list scheme. The system
temperature was maintained at 310 K by coupling to a
Nosé—Hoover thermostat™ with a 1 ps coupling constant,
while pressure was coupled to 1.0 bar using a Parrinello—
Rahman barostat® (isotropically for aqueous systems, semi-
isotropically for membrane systems) with a S ps coupling time.

All atomistic simulations were run for at least 2 us, and
unless otherwise stated, the last 1 ys was used for analysis.

Coarse-Grained Models. All coarse-grained simulations
were modeled using the Martini 3 CG model for biomolecular
simulations.”® All topologies, other than the ones para-
meterized here, are available alongside the force field.”®
Along this text, bead names will be typed in italics, to
distinguish from bead types.

To validate the inositol headgroup, CG simulations were
performed of a single myo-inositol sugar molecule in water as
well as of multiple sugars, as done with the atomistic models.

For the lipid membrane systems, initial structures were built
and solvated using the insane.py CG building tool*® by
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Figure 2. myo-Inositol Martini 3 CG model properties. SASA (A), inositol c.o.m. vs inositol c.o.m. RDF (C), B,, osmotic coefficient (D), and
inositol log(P) values (E) for several iterations of the inositol CG model as well as the appropriate references. Error bars for the B,, measurements
(D) represent the standard error of the mean determined from 16,200 ns measurements over the course of 3.5 s (Supporting Information Figure
S1). Otherwise, when applicable, error bars represent the standard deviation from 3 independent simulation experiments. Connolly surfaces (B) for
2 iterations of the CG inositol model (c.o.g.-mapped bead distance: red wireframe; 20% increased bead distance: orange wireframe) as well as the

atomistic reference (blue wireframe).

arranging the lipids on a regular array in the bilayer (xy) plane
to obtain roughly 180 lipids per leaflet, solvated by roughly
8000 water beads. All CG systems were solvated with regular
Martini water beads; while smaller water beads are available,
they are still not fully balanced to be used as solvents. Larger
systems containing up to 700 lipids per leaflet were also built
for characterization of inositide lipid properties and Ca®*-
induced inositide clustering. Counterions were added to
neutralize the systems as necessary, plus 140 mM NaCl ionic
strength. When testing divalent cation aggregation, Ca®" was
added to the systems at a 5:1 Ca®*-to-phosphoinositide ratio,
by replacing water particles and maintaining the system charge
neutral by adding CI™ counterions.

Two different proteins were also studied. Protein structures
were obtained from the Protein Data Bank®” (PDB) (PLCS1
PH domain PDB: 1MAI’® and the Kir2.2 channel PDB:
6M84°%). All CG protein models were constructed using
Martinize2,” with an applied elastic network with a bond force
constant of 700 kJ/mol and a cutoff distance of 0.8 nm. Side
chain corrections were also applied.’’ Both proteins were
placed in lipid membrane systems. The CG model of the PH
domain was placed in the corner of the simulation box with a
random initial orientation. The CG model of the Kir2.2
channel was positioned roughly as described in previous
simulation studies.”>%*

Nonbonded interactions were cut off at 1.1 nm, and
Coulombic interactions were treated using reaction-field
electrostatics™ with a dielectric constant of 15 and an infinite
reaction-field dielectric constant. The particle neighbor list was

updated using the Verlet list scheme. A v-rescale thermostat®*
was used with a coupling time of 4.0 ps to maintain the
temperature at 310 K (unless other temperatures are
specified). Constant pressure was isotropically or semi-
isotropically (in the case of membranes) coupled to 1.0 bar
using the Parrinello—Rahman barostat™ with a relaxation time
of 16.0 ps. After initial energy minimization and pressure/
temperature equilibration runs, simulations were run at a 20 fs
time step.

All CG systems were run for at least 10 us, and unless
otherwise stated, the last 2 us of each simulation was used for
subsequent analysis.

All developed models are provided as GROMACS-
compatible topology files, as Supporting Information asso-
ciated to this manuscript. Current and future parameter
iterations can be tracked in the associated GitHub repository at
https://github.com/MeloLab/PhosphoinositideParameters.

B RESULTS AND DISCUSSION

Our aim was to develop phosphoinositide parameters up to
date with the new Martini 3 framework, also taking into
account important phosphoinositide biophysical properties not
previously accounted for, such as protonation and interaction
with divalent cations. An overview of the mappings used in this
work is given in Figure 1. While previous work on Martini 2
phosphoinositides served as inspiration for some of our
parameterization strategies, the Martini 3 models in this
work were developed from independently tuned parameters,
following the parameterization guidelines for the new Martini 3

https://doi.org/10.1021/acs.jctc.1c00615
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force field.” These guidelines call for using center of geometry
(c.0.g.)-based mapping of atomistic structures, taking into
account the respective hydrogen atoms. CG parameters were
fit to corresponding atomistic simulations ran with the
CHARMM36 force field. In addition, CHARMM36 was
proven to be an excellent model for the simulation of
phospholipid biological membranes, outperforming competin%
force fields in terms of experimental data reproducibility.®>
Additionally, the parameterization of the phosphoinositide
models for CHARMM36 has been thoroughly described,*®”
and these parameters have been extensively used for
phosphoinositide atomistic simulation studies, both in the
presence and absence of divalent cations.®*™”’

With this in mind, we first revisited the parameterization of
the core molecule in all phosphoinositide headgroups, the myo-
inositol sugar.

myo-Inositol Sugar Core Parameterization. The bead
mapping behind the CG myo-inositol model followed the
Martini 3 rules for 4—1 cyclic/branched fragments, assigning
an S-bead for each 2 consecutive ring carbon atoms and their
respective hydroxyl groups (Figure 1, myo-inositol). In our
model, carbons 1 and 2, 6 and 5, and 4 and 3 correspond to the
CG beads CI, C2, and C3, respectively. This contrasts with the
inositol model developed for Martini 2,>° in which the ring was
rotated by 1 inositol carbon, meaning that carbons 6 and 1, 4
and 5, and 3 and 2 represented CG beads CI, C2 and C3,
respectively. While both mappings are valid within the Martini
guidelines, our mapping should perform better in PI(4,5)P,
calcium-induced aggregation experiments, as discussed ahead.

To model the bonded parameters for our CG representa-
tion, AA simulations of an inositol sugar molecule in water
were used as a reference (Supporting Information Figure S2),
with initial bonded parameters obtained from the c.0.g.-based
mapping of atomistic structures, as mentioned above. To
confirm that the c.o.g.-based mapping accurately reflects the
atomistic configurations, we compared CG and AA solvent
accessible surface areas (SASA). This indicates whether the
molecular volume and shape of the CG inositol molecule is
representative of the corresponding AA structure. The average
SASA values recovered for the single inositol in water systems
show a discrepancy of roughly 13% between the initial CG
model and the atomistic parameterization target (Figure 2A).
While the current version of Martini 3 systematically
underestimates the SASA,” a 13% discrepancy falls beyond a
target 10% error margin. Analyzing the Connolly surfaces
(Figure 2A), we can see that the CG model (red) is not
capturing the behavior of the AA model (blue) accurately
enough. This is in part because the hexagon-like inositol ring is
now modeled by a triangular arrangement of CG beads,
creating a molecular shape mismatch. Additionally, as the
hydroxyl groups on the myo-inositol ring are mostly equatorial,
they increase the surface area significantly. To improve the
model, the CG interparticle distances in the triangular
arrangement of inositol were lengthened by 20%. This reduced
the discrepancy between the atomistic and CG model to an
acceptable 5%, as seen by the recovered SASA values as well as
the corresponding Connolly surface (Figure 2A), and was the
bonded arrangement used in subsequent inositol parameter-
ization.

myo-Inositol Bead Type Assignment. To assist in our
selection of particle types for the myo-inositol model, we set up
its octanol/water partition as a target. As a starting point for
inositol, beads types ranging from SP4 to SP6 (from less to

more polar) were chosen from existing Martini 3 examples
representing ethylene glycol moieties. These beads types also
roughly correspond to those used by the original Martini 2
inositol model.>® We ran several octanol/water partition
simulations of inositols composed of each bead type and
compared the results against theoretical predictions by
XLOGP3-AA,”> ALOGPS,”””* and the ChemAxon Con-
sensus method’®’” (Figure 1E). Experimental values could not
be found for myo-inositol, possibly because of its strong
hydrophilicity, which hampers the use of standard log(P)
determination methods. It is worth noting that while these
computational predictions can be quite accurate, at extreme
hydrophilicities/hydrophobicities, there can often be large
disagreements between methods and between predictions and
experiments. The theoretical log(P) predictors, XLOGP3-AA
and ChemAxon, yielded log(P) values of —3.7 and —3.8,
respectively, reflecting the strongly hydrophilic character of the
myo-inositol ring. ALOGPS yielded a somewhat less hydro-
philic log(P) value of —2.6. The initially tested CG inositol
compositions (all SP4, all SPS, or all SP6 beads) yielded log(P)
values between —4 and -3, significantly more hydrophilic than
any of the predictions. The bead choice closest to the
predictions was SP4, the least polar tested type, at a log(P) of
—4.15. Use of Martini 3 types less polar than SP4, which do
not typically represent small diols, was avoided since it may
compromise the resulting transferability within the Martini 3
framework.

As a further characterization of the suitability of assigned
bead types, we probed inositol self-interaction in solution,
comparing CG systems to their atomistic CHARMM36
counterpart in terms of center-ofmass (c.o.m.) inositol—
inositol radial distribution functions (RDFs; Figure 2C). In
these RDFs, the position of the first CG neighbor matches that
of the AA reference. The CG behavior differs, however, in
having offset second-neighbor peaks, which was already a
feature of the Martini 2 version of the model.*® The Martini 3
models also differ from the AA reference in having a less
pronounced first-neighbor binding. In this aspect, the more
polar type (SP6) performs somewhat better.

Given concerns that atomistic models may overestimate self-
interaction in sugar molecules,”® the second osmotic virial
coefficient (B,,) was also determined and compared to
experimental values. The B,, coefficient can be used to
estimate the self-interaction of sugar molecules, where B,, < 0
indicates net attraction and B,, > 0 indicates repulsion between
molecules. A B,, value of 0.016 mol-L™" has been determined
for myo-inositol”’ (Figure 2D). CG inositol molecules (Figure
2D) composed of SP4 beads yielded a B,, value of 0.228 mol-
L7, indicating a more repulsive behavior than expected. The
more polar SP6 beads, however, yielded a value of —0.098 mol-
L7, indicating a slightly more attractive behavior than the
experimental one. Compared to previous Martini 2 models, all
Martini 3 models tested here yielded B,, values much closer to
the experimental range. Martini 2 models of similar sugars have
typically overestimated their aggregation propensity, recover-
ing values that differ from the experimental values by over one
order of magnitude (—1.2 to —2.0 mol-L™1).>*

Ring-Center Apolar Interaction Site. To improve our
model, we added an additional Martini 3 tiny-type (T) particle
to the center of the inositol ring—bead C4—representing the
hydrophobic sugar ring core. A TC4 particle was added as a
virtual interaction site, constructed in the plane as a linear
combination of the ring particle positions. With this strategy,
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the inositol model consisting of the SP4 ring particles and the
hydrophobic TC4 virtual site yielded the best matching of the
atomistic and experimental behavior in all our tests. While it
did not influence the SASA (as the additional particle is buried
in the middle of the ring), it led to log(P) values in much
better agreement with theoretical predictors (log(P) = —3.74),
drastically improved inositol self-interaction to near atomistic
levels (By, = —0.079 mol-L™"), and better approximated the
atomistic first-neighbor behavior in Figure 2C. This myo-
inositol model was chosen as the basis for subsequent
phosphoinositide parameterization.

In addition to improving the performance of our model, the
added T particle helps in avoiding underestimation of the
molecular interaction density. Although S particles are called
for when mapping 4—1 branched or cyclic fragments, they
must not be overused. As described in the Martini 3
parameterization guidelines,” the maximum mismatch should
be 1 nonhydrogen atom for each 10 nonhydrogen atoms
mapped by CG beads. myo-Inositol has a total of 12
nonhydrogen atoms. Given that a single S particle represents
3 CG-mapped nonhydrogen atoms, the 3 S particles used to
map the inositol ring only account for 9 nonhydrogen atoms.
The addition of a T bead in the center of the ring reduces this
mismatch and helps avoid interaction density issues.

Phosphoinositide Parameterization. Having finalized
the myo-inositol sugar parameterization, we moved on to the
phosphoinositide family. Phosphoinositides were parameter-
ized against reference AA counterparts modeled with
CHARMMS36. The atomistic parameterization target systems
for our lipid models were bilayers containing roughly 250 lipids
and composed of 95% POPC and 5% of the phosphoinositide
of interest. This system was chosen over the more common
bilayer system containing 100% of the lipid of interest as it
better replicates the phosphoinositide physiological and
experimental environments: all phosphoinositides are minority
membrane lipids, and most cannot even form stable bilayers at
high mole fractions. As a control for lipid overparameteriza-
tion, a test system composed by a single lipid of interest in a
water box is also used. The inclusion of this system reduces
parameterization bias for specific membrane-only behavior.

Phosphatidylinositol. The parameterization strategy for
PI (Supporting Information Figure $20) was (i) to bind the
inositol model to the phosphodiester phosphate bead from the
standard Martini 3 phosphoacylglycerol topology (using 1-
palmitoyl-2-oleoyl lipid tail parameters) and then (ii) to
control the headgroup tilt and rotation by means of
appropriate angle and dihedral potentials. All of the inositol
headgroup particle types were inherited from the standalone
topology, except for the CI bead, which was changed from SP4
to SP1 to reflect the loss of polarity because one of its
hydroxyls now takes part in the phosphodiester bond with the
phosphate in the PO4 bead.

It should be noted that the used phosphoacylglycerol
topological basis may be subject to optimization in the future,
as the full potential offered by Martini 3 is realized. Our
parameterization takes that into account and, for added
robustness, only involves headgroup bonded terms with the
phosphate and glycerol moieties. This also ensures optimal
transferability across Martini 3 phosphoglycerides, which differ
only in acyl chain composition.

Regarding the bonded parameters, distances between the
headgroup inositol ring beads were adjusted as necessary to
account for slight ring torsions originating from intramolecular

hydrogen bonds when inserted onto the lipid diacyl glycerol
moiety. To control the headgroup tilt, an angle potential and 2
bonds were used. The C2—CI—PO4 angle was used to control
headgroup tilt with respect to the PO4 bead, while PO4-GLI
and PO4-GL2 bonds were used to control the PO4 tilt with
respect to the glycerol backbone. This pair of bonds was used
in place of the more common PO4—GLI—GL2 angle potential
as it allowed us to avoid repulsion between the PO4 and GL2
particles, thus better representing the atomistic description.
With these parameters in place, we were able to control the
headgroup tilt and, importantly, the angle between the inositol
headgroup and the membrane surface. To control headgroup
rotation, the C3—C2—CI—P0O4 and C2-CIl1-P0O4-GLI
dihedral potentials were put in place. To avoid numerical
instabilities and thus allow for longer time steps, restricted
bending potentials were used in place of the typically used
cosine-harmonic angle potentials®> when angles that take part
in dihedral potentials had distributions close to 0 or 180
degrees. The remaining lipid parameters are acyl chain-
dependent and strictly follow the current Martini 3 lipid
parameters. Our approach closely represented the distributions
obtained from CG-mapped AA lipid bilayers and lipid-in-
solution systems (Supporting Information Figure S3).

Phosphatidylinositol Phosphates. With the core PI lipid
fully parameterized, we were able to use it as a building block
for the phosphorylated species. Our strategy to add
phosphorylations to the core PI lipid was to use a single
bond to the inositol ring, one angle potential and one dihedral
potential to control the phosphate position relative to the ring
plane. When necessary, a weak secondary bond to the ring was
employed, to overcome intramolecular repulsions. This was
especially useful when parameterizing the polyphosphorylated
inositides, where the phosphate beads lie closer to the inositol
rings than in the monophosphorylated inositides (this can be
seen for PI(3,5)P, through the smaller P3—C3—CI angle
compared to the same angle obtained for PI(3)P, Figures S4
and S8). For each phosphate, the main bond was set matching
the respective CG-mapped AA distance. When used, the weak
secondary bond could be adjusted slightly to allow for the
correct angle between ring—phosphate and ring—ring bonds.

In the case of polyphosphorylated inositides, there were
instances where two phosphates lay within the interaction
range of each other. This was often the result of transient
interactions between adjacent phosphate groups, mediated by
the last phosphate proton. To avoid repulsion and accurately
represent the target behavior, a weak bond was put in place
between them. This was relevant in lipids with adjacent
phosphorylations, such as PI(3,4)P,, PI1(4,5)P,, and PI(3,4,5)-
P,.

As was the case with the phosphodiester, the beads that took
part in the phosphomonoester bonds had their polarity
reduced from SP4 to SP1 (or from SP1 to SN4a in the case
of two phosphomonoester groups bonded to the same bead)
to reflect the loss of polarity from the hydroxyl group that is
now taking part in the bond.

The addition of phosphate groups induced significant ring
torsions and changes to the headgroup tilt angle due to the
formation of intramolecular hydrogen bonds with the ring
hydroxyls and phosphodiester oxygens.>> The bonds between
the inositol headgroup beads, as well as the angle and dihedral
potentials in place, were slightly adjusted for each lipid to
reflect these dynamics. Our approach correctly represented the
distributions obtained from the CG-mapped AA lipid bilayers
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Figure 3. Phosphoinositide lipid headgroup SASA, Connolly surfaces, and ApL. Comparison of phosphoinositide headgroup SASA values (A) and
ApL values (B) recovered for the Martini 3.0 and AA models. Colors indicate lipid phosphorylation (gray: no headgroup phosphates; yellow:
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determined from AA and CG-mapped structures, which were then overlayed on top of each other. The AA surface is represented in blue and the

CG surface in red.

and lipid-in-solution systems (Supporting Information Figures
$4-510).

Headgroup Phosphate Protonation State. The proto-
nation state of the phosphodiester group is well-defined, being
fully deprotonated at physiological pH (pK, between 1 and
3),°" and a —1 charge was assigned to it. For phosphatidy-
linositide monophosphates, such as PI(4)P (pK,(P4) = 6.2),
the monoprotonated form exists at physiological pH, but the
fully deprotonated form is still the dominant population.®’
Headgroup phosphate beads of the monophosphorylated lipids
were therefore assigned —2 charges.

The protonation behavior of phosphatidylinositol bis-
phosphates, however, is much more complex. It has been
shown that the ionization behavior of phosphoinositides with
adjacent phosphate groups cannot be accurately described by a
Henderson—Hasselbalch mechanism.*” Instead, at physiolog-
ical pH, one proton from the adjacent phosphate group
dissociates, while the remaining one is stabilized by bein
shared between the two vicinal phosphomonoester groups.®
To add to this complexity, it is likely that a small, fully
deprotonated population also exists.*” With this in mind, the
headgroup phosphate beads of the double-phosphorylated
lipids with adjacent phosphates (PI(4,5)P, and PI(3,4)P,)
were set at a charge of —1.5 each, reflecting the most common
charge state (1 phosphate group fully deprotonated with the
last proton group being mostly shared between the 2 groups)
when monodisperse and not interacting with other partners. As
for the only double-phosphorylated lipid that does not have
adjacent phosphates, PI(3,5)P,, each of its phosphates presents
a mostly well-behaved Henderson—Hasselbach mechanism.*”
At physiological pH, each of its phosphates is split almost
evenly into populations of monoprotonated and fully
deprotonated species. For this reason, each phosphate bead
was set at a charge of —1.5 as well, reflecting the most common
overall charge state.

PI(3,4,5)P;, where the three phosphorylations are adjacent,
is also a complex case. Its behavior is similar to that of the

phosphatidylinositol bisphosphate lipids, with protons being
shared between adjacent phosphates.”>® As such, the most
common charge state at physiological pH is to have 2
phosphate groups fully deprotonated, with the third phosphate
group monoprotonated and sharing its last proton with the
adjacent phosphate groups. With this in mind, the P3 and P$
phosphate beads of our CG model of PI(3,4,5)P; were set at a
charge of —1.3, and the P4 bead was set at —1.4 to reflect this
behavior. The slightly higher charge for the P4 phosphate is in
agreement with experimental observations.*>*?

Phosphate Particle Types. The —I-charged phospho-
diester phosphate was assigned the bead type QS, in line with
its charge and with the rest of Martini 3 phospholipid
headgroups. For the —2-charged phosphate particles, regular-
size D particles—added in Martini 3°” for divalent hard ions—
were used. The —1.5-charged phosphate particles, in PI(3,4)P,,
PI(3,5)P,, and PI(4,5)P,, were modeled as D particles as well,
as the last proton is very weakly bonded to the phosphates,
conferring significant divalent character. For PI(3,4,5)P;,
however, the P3 and PS phosphates were modeled as QS
beads, while the P4 phosphate was modeled as a D bead. It is
worth noting that beads with noninteger charges more anionic
than —1 are a parameterization edge case that was not
explicitly included in the Martini 3 model. However, Martini 3
was designed to allow the assignment of partial charges when
representing charge delocalization over several beads—a
situation somewhat analogous to proton sharing between
adjacent phosphates.

Apart from the particle types and charges in our CG model,
protonation was also taken into consideration when building
atomistic references. For the monophosphorylated lipids, we
opted to use fully deprotonated lipids as our target structural
reference. In the case of the bis- and tris-phosphorylated
species, however, atomistic systems contained semiprotonated
lipids, where one of the headgroup phosphates is monoproto-
nated and the other headgroup phosphates are fully
deprotonated, in all possible combinations. Our parameter-
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at 300 K. Systems in the presence of calcium were built at a 20:80 inositide:POPC ratio, mimicking high inositide concentrations in the local
vicinity of phosphoinositide domains, and Ca** was added at a 2.5:1 Ca**:inositide ratio. Systems in the absence of calcium were built at a 5:95
inositide ratio, mimicking monodisperse inositide conditions. The full RDFs are included in Supporting Information Figure S14. Final simulation
snapshots of the systems are also shown, viewing the top leaflet along the membrane normal, with phosphoinositide lipid headgroups depicted in

gray, phosphates in orange, and Ca*" ions in blue.

izations were then left as flexible as possible to allow the lipid
to visit all possible conformations, allowing for a better
representation of the flexibility and variety of conformations
that occur in vivo at physiological pH. While this falls outside
the scope of this work, a possible future enhancement would
be to leverage the multiple phosphate protonation states,
allowing for simulation of phosphoinositides under constant-
pH conditions, with methods such as those of Baptista et al.**
or Griinewald et al.** The phosphoinositide models developed
in this work would serve as a great starting point; however,
significantly more adaptation would be required before they
could be used with these methods.

B VALIDATION

Membrane Behavior. Having fully parameterized the
phosphatidylinositol lipid family, we then aimed at confirming
that the CG lipids accurately represent expected biophysical
properties. We started by assessing whether the c.o.g-mapping
correctly reflected the atomistic headgroup volumetry, SASA-
wise, as was done for myo-inositol. SASA comparisons for each
lipid headgroup (from, and including, the phosphodiester
phosphate) and their respective atomistic descriptions are
shown in Figure 3A. As phosphorylation increases, and with it
the headgroup size, there is a clear increase in SASA. This is
well-recovered by our CG models. Less phosphorylated
species, like PI, slightly underestimate the SASA in the inositol
ring rezgion (Martini 3 tends to underestimate atomistic SASA
values”). This is compensated for by each additional
phosphorylation, in that the added individual SASA is slightly
larger than that of atomistic phosphates (Figure 3C). As such,
the bis- and tris-phosphorylated inositides end up having a
slightly higher SASA than the atomistic model, well within the
10% accepted margin and all but PI(3,4,5)P; within 5%
(Figure 3A and Supporting Information Figure S11). For PI,

but not for the other phosphoinositides, ring distances were
increased to recover the correct SASA behavior, as had been
the case for the analogous myo-inositol.

To confirm lipid insertion depth and headgroup surface
protrusion when inserted into POPC bilayers, we compared
the membrane z axis densities between CG systems and AA
references (Supporting Information Figure S13). It can be seen
that all lipids’ phosphodiester group inserts at the same depth
as the POPC phosphodiester group. This not only matches the
atomistic reference but also experimental evidence that
indicates that this is the preferred depth for PI and
PI(4)P.**"* myo-Inositol rings are slightly more protruded
(up to 1 A) than in the AA reference, whereas individual
headgroup phosphates can protrude up to 2 A more. Since
phosphate—ring distances, as well as most of the bonded terms
influencing the inositol tilt relative to the glycerol backbone,
are well-reproduced by our models (Supporting Information
Figures $3—S10), the excessive protrusions may instead result
from an insufficient headgroup-glycerol tilt relative to the
lipids’ acyl tails (Supporting Information Figure $22). Because
we aim for our inositol models to be widely compatible with
different tails, in the general scope of Martini 3 lipids, we
refrained from introducing specific corrections in this regard.

To quantify the membrane density of each lipid, the area per
lipid (ApL) was determined (Figure 3B). Interestingly, unlike
the SASA, the ApL measured in atomistic references does not
show a clear dependency on headgroup size or phosphor-
ylation. This showcases how phosphoinositides, in general, are
able to maintain an ApL similar to that of POPC despite a
much larger headgroup. Our CG models were able to closely
reproduce the atomistic ApL values within a 5% discrepancy
(Supporting Information Figure S12). PI(3,5)P, shows the
highest discrepancy out of all the lipids. We hypothesize that
this is again due to insufficient headgroup tilt (Supporting
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Information Figure S$22), which plays an important role in the
inositide ApL. Although our work was done to maintain most
of the characteristic headgroup tilt through the bonded
parameters, we could not fully replicate this behavior. This is
likely caused by a decreased range of motion inherent to the
coarseness of the Martini force field, not only impacting the
inositide headgroup tilt but also stiffening the bulk POPC
headgroup environment, which hinders inositide headgroup
mobility. While this should impact all inositide lipids, it
appears to be particularly relevant for PI(3,5)P, and PI(3,4,5)-
P;, which show a clear bimodal headgroup tilt in the AA
reference (Supporting Information Figure S22). Nonetheless,
in the broader context of membrane lipids, the ~6%
discrepancy for PI(3,5)P, is still well within an acceptable
range. It is also worth noting that it is not fully clear how
accurate the ApL of the CHARMM inositide models actually
is. In this sense, the atomistic reference ApL provides guidance
and quality control but is not a parameterization target as strict
as the reproduction of SASA values or bonded distributions.

From a dynamic perspective, our phosphoinositide models
diffuse quite faster than the experimentally measured (a
PI(4,5)P, fluorescent analogue (TopFluor PI1(4,5)P,) diffusion
coefficient’® of ~ 8 X 107® cm?s™! and a Martini 3 PI(4,5)P,
diffusion coefficient of 2.7 X 107> cm®s™!, Supporting
Information Figure S25). Such a speedup is expected for the
Martini model, where the discrepancy has been seen to be
larger for charged molecules,”® which presumably face reduced
friction due to the simplified Martini electrostatic representa-
tion.

Altogether, our analyses show that the membrane properties
of the phosphoinositides parameterized in this work are
represented within the fidelity expected from the Martini 3
force field.

Phosphoinositide Aggregation in Response to
Divalent Cations. A significant portion of phosphoinositide
lateral organization is dependent on the interaction of these
lipids with divalent cations. Several phosphoinositides are
known to undergo cation-dependent aggregation, forming
stable lipid aggregates. They are formed at physiological
concentrations of lipids and cations for some of the lipids in
the phosphoinositide family, and it is likely that some of them
are found constitutively clustered in vivo.">™"” As such, it is of
importance that our models accurately represent this
aggregation behavior.

We tested the response of each phosphoinositide to the
presence of calcium at a 2.5:1 Ca®*:phosphoinositide ratio
(Figure 4). These systems were built at a 20:80 inositide:-
POPC ratio to mimic the exceptionally high inositide
concentrations in the local vicinity of phosphoinositide
domains. In the systems where calcium is included,
phosphoinositide headgroup phosphates are assigned a charge
of =2, and their bead type was changed to D, when applicable.
This mimics the displacement of the last phosphate proton
when calcium binds phosphoinositide headgroups. To test the
phosphoinositide aggregation in the absence of calcium, we
employed membranes at a 5:95 inositide:POPC ratio,
mimicking monodisperse phosphoinositide conditions.

The analysis of inositide vs inositide RDFs obtained from
the minimum distance between headgroups, combined with
the visual analysis of the structures obtained, proved useful in
characterizing and comparing the domains formed by each
inositide species. In general, the first-neighbor peak in these
RDFs represents direct inositide—inositide contacts. The

second-neighbor peaks represent inositide—inositide—inositide
contacts, but, in the case of systems with calcium, they mostly
represent calcium-linked inositide dimers (i.e., inositide—
Ca**—inositide contacts). Further peaks represent larger
contact chains.

In the absence of divalent cations, none of the parameterized
PI lipids self-aggregate (Figure 4). This is in agreement with
most of the experimental findings that point at PIs being
monodisperse in fluid bilayers.'>'””' The monophosphory-
lated inositides showed the most first-neighbor contacts
compared to the bis- and tris-phosphorylated lipids. This
hints that the additional bulky phosphates and associated
negative charge in polyphosphorylated inositides either
increase the repulsion between the monodisperse lipids or
lead to more inefficient stacking of the headgroups, or both.
Interestingly, the monophosphorylated inositides also showed
increased first-neighbor contacts when compared to PI,
showing that the added repulsion of the single headgroup
phosphate can be compensated for by the establishment of
additional interactions. Additionally, no considerable concen-
tration-dependent phosphoinositide aggregation was observed,
even at a 20% lipid concentration (Supporting Information
Figure S21), where no substantial structured lipid aggregation
takes place, despite some localized accumulation.

In the presence of calcium, however, all inositol lipids except
for PI quickly undergo very significant cation-induced
aggregation. This can be clearly seen, both through the final
simulation snapshots as well as through the integrated RDFs
(Figure 4). It is worth noting that running these systems with
PME electrostatic treatment did not impact the formation of
calcium-induced clusters (Supporting Information Figure
S24A,B). While PI did not form calcium-induced clusters, it
induced some adsorption of calcium at the phosphodiester
depth, which led to the formation of PI dense areas, with no
defined structure. This can be clearly seen in the simulation
snapshots and integrated RDF peaks (Figure 4).

We see no significant calcium-induced increase in the
density of the first neighbors among the phosphorylated lipids,
but we see a large increase in density of the second and third
neighbors, for all inositides. PI(4,5)P, formed the densest
calcium-induced nanodomains, with barely any POPC mixed
in with the inositide. This can be clearly seen in the increased
density of the second neighbors. These domains are irregularly
shaped, with a lobed morphology and a fairly organized
stacking of the inositol headgroups (Supporting Information
Figure S17).

The monophosphorylated inositides formed less dense,
irregular domains that contained a significant amount of POPC
lipids within. These domains also showed much more irregular
stacking of the headgroups (Supporting Information Figure
S17). The rough circular shape of these domains led to a
significant increase in density of the third neighbors when
compared to the other inositides. The reduced headgroup
charge, compared to the poly-phosphoryated inositides, likely
impacted the cross-linking of monophosphorylated inositides,
leading to less dense domains. For PI(3,4)P,, PI(3,5)P,, and
PI(3,4,5)P;, domains were formed with a density similar to the
monophosphorylated cases, although apparently less localized.
While PI(3,5)P, and PI(3,4,5)P; domains show very little
headgroup organization, PI(3,4)P, domains are slightly more
organized, as was the case with PI(4,5)P, (Supporting
Information Figure S17). PI(4,5)P2 stands out from the
other poly-phosphorylated inositides, by presenting a larger
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Figure 5. PI(4,5)P, calcium-induced cluster growth. System area per lipid (A), membrane thickness (B), and PI(4,5)P, (C) and POPC (D) order
parameters during the initial calcium-induced cluster growth stages. They were obtained from 20:80 PI(4,5)P,:POPC systems containing Ca** at a
2.5:1 Ca**:PI(4,5)P, ratio at 300 K. The values shown are the running average over the course of 50 frames, with the shaded areas representing the
running standard deviation. (E—H) Simulation snapshots at four time points are also shown, with the same viewpoint and coloring as in Figure 4.

favored contact area (Supporting Information Figure S23),
which likely assists in the assembly of larger, denser aggregates.

The observed CG-simulated behavior is roughly in agree-
ment with available experimental results. Calcium-induced
clusters of PI(4,5)P, and PI(3,5)P, have been observed in
model membranes at physiological concentrations of both
calcium and lipids, with PI(4,5)P, inducing larger and likely
more stable clusters than PI(3,5)P,'® (the behavior of
P1(4,5)P, is discussed and explored in greater detail below).
This agrees with the behavior of our Martini 3 bis-
phosphorylated inositides. On the other hand, when the
monophosphorylated PI(4)P was tested in the same
experimental conditions, no calcium-induced clusters were
observed.'® However, monophosphorylated PI species can
cocluster with bis-phosphorylated inositides such as P1(4,5)P,,
showing that they have some clustering propensity.'” We could
not find any experimental evidence on cation-induced
aggregation of PI(3,4,5)Ps; however, it is believed that it
likely does.” As for PI, there is no experimental evidence for
its cation-induced clustering in model membranes, and it has
been shown that it does not cocluster with other inositide
lipids."” This is in agreement with our observation of no
significant PI aggregation in the presence of calcium.

Phosphoinositide Aggregation and Choice of Map-
ping. In our models, the inositol sugar mapping is rotated by 1
atomistic carbon when compared to the Martini 2 inositol
mapping, i.e., carbons 1 and 2, 6 and S, and 4 and 3 correspond
to the CG beads CI, C2, and C3 respectively. This was done to
simplify the modeling of PI(4,5)P,, keeping it symmetric with
the headgroup phosphate beads bonded to separate inositol
beads. While both mappings are valid, this should slightly
improve PI(4,5)P, self-interactions, as well as headgroup
packing in cation-induced nanodomains.

In comparison to our Martini 3 models, the Martini 2
models lead to much more dramatic aggregation (Supporting
Information Figure S15), with every phosphoinositide under-

going significant calcium-induced clustering. This more intense
aggregation is likely to be the combined result of several
effects: overly loose phosphoinositide conformational dynam-
ics, less precise cation—phosphate interactions, and over-
estimated phosphoinositide self-interactions. The drastic
increase in first-neighbor density and the highly organized
headgroup structure of the domains formed with the Martini 2
models hint that overestimated self-interactions are likely the
main driver. Such an overestimation is one of the main aspects
that Martini 3 mitigates.zo’29

Characterization of PI(4,5)P, Calcium-Induced Clus-
ters. PI(4,5)P, has been shown to tightly bind both calcium
and magnesium through strong electrostatic interactions
between the negatively charged headgroup phosphates and
the
PI(4,5)P, lateral organization dramatically, inducing the
formation of nanodomains. Cation-induced nanodomains
have been observed in model membranes at physiological
concentrations of both lipids and cations using fluorescence
spectroscopy methods'>™"7 and AFM.”* PI(4,5)P, nano-
domains have also been observed in PC12 cells using single-
molecule imaging techniques.”*”® Additionally, it has been
shown in fluorescence correlation spectroscopy experiments
carried out in Ratl fibroblasts and HEK cells that the diffusion
of PI(4,5)P, is significantly slower than expected for free
phospholipids, concluding that approximately two-thirds of
PI(4,5)P, in the inner leaflet of the plasma membrane is
somehow sequestered.”®

Our Martini 3 PI(4,5)P, CG model can undergo the
formation of these cation-induced clusters in a qualitatively
accurate manner and, in contrast to the other lipids, form fairly
organized structures. There are no experimental studies on the
structural organization of P1(4,5)P, within these nanodomains,
and little available structural evidence comes from atomistic
MD studies that do not actually form fully assembled

divalent ions. These divalent cations can influence
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Figure 6. Effects of temperature and Ca®* concentration on calcium-induced PI(4,5)P, clusters. Final simulation snapshots obtained from 20:80
PI(4,5)P,:POPC systems containing Ca** at 1:1, 2.5:1, or 5:1 Ca**:PI(4,5)P, ratios and ran at 298, 310, or 333 K. Snapshots from control runs,
where the final conformations from the simulations running at 333 K were used to restart the simulation at 298 K, are also shown. The same

viewpoint and component colors as in Figure 4 were employed.

PI(4,5)P, nanodomains but rather smaller aggregates due to
either the system size, timescale, or force field limitations.”"”
Figure S depicts the formation dynamics of PI(4,5)P,
clusters. At t = 0, after minimization and relaxation, a fair
amount of calcium has already adsorbed onto the membrane
surface. A continued decrease in the ApL with increasing
calcium adsorption is observed over the simulation time. Also
at t = 0, we can already see the formation of the first
aggregates, with PI(4,5)P, assembling into small filaments.
After 25 ns, the filament-like clusters continue to grow, and
at 250 ns, large 10 lipid filament structures are observed
alongside a significant decrease in the ApL and an increase in
membrane thickness. At this point, these structures are in
qualitative agreement with those found by Han et al.”® who,
despite a significantly different setup (monolayers composed of
100% PI(4,5)P,), observed the formation of stringlike calcium-
induced clusters. Han et al. also detected a decrease in the
ApL, in agreement with our findings. Other authors have also
reported similar cluster structures and ApL responses, using
atomistic bilayer systems with low PI(4,5)P, concentrations.”"
After 1.5 us, the PI(4,5)P, filament-like structures begin to
coalesce and form the denser, lobed structures. With the
formation of these structures, we also begin to see a slight
increase in the acyl chain order of both PI(4,5)P, and POPC.
The ordering of PI(4,5)P, acyl chains is also in agreement with

experimental data.”” At longer timescales, the domains
continue to coalesce (Figure 4, PI(4,5)P,), and these effects
on the membrane properties are either maintained or further
magnified by the increase in cluster density (Supporting
Information Figure S18).

Finally, we tested how the formation of P1(4,5)P, domains
responds to varying temperature and Ca®*:PI(4,5)P, ratios
(Figure 6). The temperature, up to the tested 333 K, does not
appear to significantly impact lipid organization. While we
observe larger clusters at higher temperatures, it looks as if it is
simply the result of the speedup kinetics (i.e., a higher lipid
diffusion coefficient). To confirm this, the final conformations
from the systems ran at 333 K were used to restart the
simulations at 298 K. No significant changes to the clusters
were observed from lowering the temperature. Both PI(4,5)-
P,—PI1(4,5)P, and PI(4,5)P,—POPC RDFs confirm these
observations (Supporting Information Figure S19), which are
also in agreement with experimental results.”

The calcium concentration, however, influences the
formation of PI(4,5)P, domains in a more complex manner.
At a 1:1 Ca®*:PI(4,5)P, ratio, the clusters formed are not very
dense, with some room for other lipids to be incorporated.
When the Ca®":PI(4,5)P, ratio is increased to 2.5, clusters
become much denser and tighter packed. However, a further
increase in the Ca®*:PI(4,5)P, ratio to S causes clusters to
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Figure 7. PI(4,5)P, recognition and binding by PLC51 PH. PLCS1 PH domain bound to inositol 1,4,5-trisphosphate as determined by X-ray
diffraction (PDB: 1MAI*®) (A). Martini 3 CG PLCS1 PH domain bound to PI(4,5)P, (B). Snapshot of the CG membrane system showcasing PH
domain membrane recognition and PI(4,5)P, binding (C). PH domains are depicted in gray, with the PI(4,5)P, binding pocket amino acid
residues explicitly shown in blue. POPC is shown as the translucent surface.
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Figure 8. PI1(4,5)P, recognition and binding to the Kir2.2 channel. PI(4,5)P, binding site (A) and top view (C) of Kir2.2 bound to PI(4,5)P, as
determined by X-ray diffraction (PDB: 6M84°°). PI(4,5)P, binding site (B), top view (D), and PI(4,5)P, density map (E) of Martini 3 Kir2.2
bound to PI(4,5)P,. Kir2.2 channels are depicted in gray, with the PI1(4,5)P, binding pocket amino acid residues explicitly shown in blue. PI(4,5)P,
densities are shown in red volume maps, at an isovalue corresponding to at least a 3% occupancy.

become disrupted; while some PI(4,5)P, filament-like
structures are still formed, they are sparsely interconnected
and not very condensed, especially at temperatures below 333
K. At high calcium concentrations, PI1(4,5)P, headgroups no
longer gain from sharing cations, as there are enough ions to
fully screen the lipids without bridging lipids together.
Pl(4,5)P, Recognition and Binding by Proteins. A
crucial area of phosphoinositide research is the interaction with
proteins. Phosphoinositide—protein interactions are at the base
of their downstream cellular signaling, and as such, our models
must correctly replicate the experimental behavior. To test this,
we probed the recognition and binding of our Martini 3 model

of PI(4,5)P, by 2 canonical PI(4,5)P,-binding proteins, the
pleckstrin homology (PH) domain from phospholipase C&
(PLC6S1) and an inward rectifier potassium (Kir2.2) channel.

The isolated PLCS1 PH domain was found to bind to
PI1(4,5)P, with high affinity and specificity.'*>'®" In fact, these
studies provided the first demonstrations of specific PI
recognition by a PH domain and showed how binding
domains recognize specific phosphoinositides in mem-
192 PLCS1 PH domains are still to this day used as
excellent protein models to study PI(4,5)P,—protein inter-

branes.

actions and PI(4,5)P, organization.
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To test whether PI(4,5)P, recognition by the PH domain is
in agreement with previous findings, we built membrane
systems at a 5:95 PI(4,5)P,:POPC ratio and placed a PH
domain in the corner of the simulation box. Over the course of
the simulation, the PH domain correctly captured its binding
orientation and probed the surface of the membrane,
eventually recognizing and binding a PI(4,5)P, lipid in its
binding pocket (Figure 7C). The interactions established by
the Martini 3 model (Figure 7B) are in agreement with those
established by the X-ray structure of the PH domain bound to
the soluble headgroup of PI(4,5)P,** (Figure 7A), as well as
those observed in previous Martini 2 simulation studies.®”'%*
Most of the amino acid contacts that were observed in the X-
ray structure were also observed in our Martini 3 model (K30,
K32, W36, R40, S5S, and KS7), as well as a very similar
binding pose (Figure 7A,B). These findings point at a
successful PH domain recognition and binding of PI(4,5)P,.

Kir channels are tetrameric transmembrane potassium
channels composed of identical subunits. These channels
were found to be regulated by several lipid species, especially
PI(4,5)P,, which was found to activate mammalian Kir
channels.'®*'* Resolved crystal structures of Kir channels
with bound PI(4,5)P,* as well as previous Martini 2
simulation studies,”** show a binding pocket from which
the PI(4,5)P, headgroup may interact with both the
transmembrane and cytoplasmic domain, favoring the open
conformation.

To test the PI(4,5)P, binding to Kir channels, an
asymmetric membrane system was built, composed of full
POPC on the upper leaflet and of a 5:95 POPC:PI(4,5)P,
ratio on the lower leaflet. A Kir2.2 channel was positioned
roughly as described in previous simulation studies.”>** Over
the course of the simulation, PI(4,5)P, lipids diffused freely
and converged upon a site common to all subunits (Figure
8D,E), which overlaps with the PI(4,5)P, binding site detected
by X-ray crystallography™ (Figure 8C). Indeed, PI(4,5)P,
lipids were found bound to the described Kir binding site
(Figure 8B) and established amino acid contacts (K189, K186,
K188, K183, R78, R80, and W79), which are in agreement
with those observed in the resolved X-ray structure®® as well as
in previous Martini 2 studies.”

The recognition and binding behavior, observed with both
the PLC61 PH domain and the Kir2.2 channel, shows that the
Martini 3 PI(4,5)P, model is correctly interacting with
proteins and replicating experimental findings. While other
inositide species were not tested, by following the Martini
chemical building block approach, we expect a degree of
transferability that should lead to a representative behavior also
for those cases.

Bl CONCLUSIONS

In this work, we successfully develop and validate Martini 3
CG topologies for inositol and 8 phosphoinositides. More than
a simple version update from existing Martini 2 models, these
are models developed independently of their Martini 2
counterparts, with greater accuracy and expanded application
scope to include, among others, accurate reproduction of
cation-mediated phosphoinositide aggregation. This enabled a
thorough characterization of calcium-induced PI(4,5)P,
clusters, which showed biophysical and structural properties
in agreement with available AA and experimental evidence.
The models that we developed here were built and tested
atop the phosphoacylglycerol backbone initially put forth with

Martini 3. Should that model be refined, phosphoinositide
behavior could be affected. The parameterization strategy that
we lay out here can then be employed again to adjust the
phosphoinositide models. In fact, force field development is a
constantly ongoing effort, as attested to by the recent release of
the significantly improved Martini 3, even as Martini 2 enjoys
wide application as successfully used. Our phosphoinositide
models should be no exception, and we look forward to
revisiting their parameterization as CG methodologies evolve,
as more accurate atomistic models are developed, and as new
experimental data become available.
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Martini 3 phosphoinositide lipid models developed in this
study, linked to several acyl chain profiles and the soluble
inositol and phosphoinositide headgroup models derived from
the lipid topologies.
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ABSTRACT: Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) is a minority membrane lipid that plays a complex, critical
role in a large spectrum of membrane regulatory processes. The Martini coarse-grained (CG) model is the most widely used
CG force field for biomolecular molecular dynamics simulations, especially in the modelling of biomembrane systems where
PI(4,5)Pzhas been extensively included. Recently, version 3 of the Martini forcefield was released, greatly refining molecular
interactions and addressing many of the limitations of the previous model. We have since developed a new set of phospho-
inositide headgroup parameters specific to Martini 3, focused on more accurately reproducing phosphoinositide behavior
seen in both experimental studies and atomistic simulations. Here, we use the improved Martini 3 force field, as well as our
newly developed phosphoinositide parameters, to revisit our previous Martini CG MD work regarding the impact of acyl-
chain composition on the biophysical properties of PI(4,5)P2 and PI(4,5)P2 nanodomains. The key observation that increasing
saturation yields more ordered and structured nanodomains is well recovered in Martini 3, showcasing the importance of the
canonical (18:0 20:4) PI(4,5)P2 acyl-chain composition for the maintenance of membrane fluidity within PI(4,5)P2
nanodomains. Representativity is extended to the formation of gel-like PI(4,5)P2 nanodomains when using saturated acyl
chains, with which the Martini 2 model had struggled. This behavior was compared to that of Martini 3 phosphatidylcholine
lipids in binary mixtures of mixed acyl chain saturation. Finally, the Martini 3 models were shown to have almost no specificity
for negatively curved membrane regions, in contrast with Martini 2 results, which we discuss in terms of the newer models’
accuracy and impact on mechanistic views of PI1(4,5)P-.

lipid and cation 1112, Ca%*-induced PI(4,5)P: have been
shown to substantially impact membrane biophysical prop-

INTRODUCTION

Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P2) is a
minority membrane lipid in the inner leaflet of the eukary-
otic plasma membrane?, that plays a crucial role in the reg-
ulation of a multitude of plasma membrane processes and
signalling pathways?. Due to its impact in a large spectrum
of processes, ranging from endocytosis/exocytosis3-, to cy-
toskeleton reorganization’ and even cellular proliferations,
PI(4,5)P2has been the focus of numerous studies.

Lateral organization of PI(4,5)P2 has been the subject of
particular attention. PI(4,5)P2 nanodomains, can be pro-
moted by the interaction of its negatively charged phos-
phorylated headgroup with divalent cations (such as Ca2*
and Mg?*) or positively-charged proteins®0. It has been
shown that divalent cations have the ability to induce the
dramatic segregation of PI(4,5)P2 to form highly enriched
nanodomains, even at physiological concentrations of both

erties, the partition of PI(4,5)Pz2and are likely to also impact
PI(4,5)P2 - protein interactions.

The Martini 2 coarse-grained (CG) model'® is the most
widely used CG force field for biomolecular molecular dy-
namics (MD) simulations!415, having been successfully ap-
plied in the modelling of a variety of molecular processes —
especially, in the modelling of biomembrane systems?é.
Martini 2 CG MD simulations have been used to successfully
study the properties of binary and ternary lipid mixtures!7-
19, elastic properties of membranes?0-23, lipid-protein inter-
actions?* and even realistic models of mammalian plasma
membranes?>26, PI(4,5)P2z has been extensively included in
these CG MD studies with the Martini forcefield quickly be-
coming a cornerstone of PI(4,5)P2biophysical research.
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An example of this is our recent work on the impact of
acyl-chain saturation on PI(4,5)P2 biophysical properties,
which combined experimental biophysical techniques with
Martini 2 CG MD simulations?’. We observed that PI(4,5)P2
species with increasing levels of acyl-chain saturation clus-
tered in progressively more ordered nanodomains, culmi-
nating in the formation of gel-like nanodomains for fully sat-
urated species. This points at the importance of the canon-
ical 1-stearoyl-2-arachidonyl (18:0 20:4) acyl-composition
to guarantee, not only low bending rigidity and membrane
permeability?®, but also low membrane order within
PI(4,5)P2 nanodomains.

Recently Martini 3, a new and improved version of the
Martini force field, was released??. Martini 3 addresses the
major limitations of Martini 2 by not only including bead
types specific for mappings finer than 4-to-1, but also by ex-
panding the number of bead types, allowing for a larger dis-
crimination of the chemical space. These changes allow for
more accurate and flexible models. The new Martini release
also provided us with the opportunity to improve the exist-
ing phosphoinositide models, such as PI(4,5)P23% These im-
proved models were developed independently from the
previous martini 2 topologies, with a focus on more accu-
rately reproducing phosphoinositide behaviour seen in
both atomistic simulations and experimental studies, in-
cluding, among others, accurate reproduction of cation-me-
diated phosphoinositide aggregation.

In this work, we are revisiting our previous Martini CG
MD work regarding the impact of acyl-chain composition on
the biophysical properties of PI(4,5)P2 and PI(4,5)P
nanodomains, using the improved Martini 3 force field as
well as the newly developed phosphoinositide topologies.
Focus was given to the differences between the two
forcefields. Overall, the major findings observed with the
previous Martini 2 simulations were well preserved in the
new Martini 3 model, both in good agreement with experi-
mental findings.

The key observation that increasing saturation yields
more ordered and structured nanodomains is well recov-
ered in the Martini 3 model, showcasing the importance of
the canonical (18:0 20:4) PI(4,5)P2 composition for the
maintenance of membrane fluidity within PI(4,5)P:
nanodomains. This increase in order with acyl-chain satu-
ration, has been shown to culminate in the formation of gel-
like PI(4,5)P2 nanodomains for fully saturated composi-
tions, which Martini 2 has struggled in reproducing. With
Martini 3 this was improved, inducing the formation of sta-
ble gel-like domains at substantially higher temperatures,
in agreement with experimental results. Slight differences
are observed on the extent of association of PIP2
nanodomains with negatively curved membrane regions,
but they are still well within the experimental observations.
This work not also helps validate the new and improved
Martini 3 model for biophysical studies of PI(4,5)P2 and
PI(4,5)P2 nanodomains, but also shows that Martini 2 con-
tinues to be a very solid and accurate model within the CG
resolution.

METHODS

The Martini 3 CG model for biomolecular simulations was
employed throughout this study?. The parameterization
and development of the PI(4,5)P2 has been detailed by us

elsewhere?3?, and the parameters are freely available from
https://github.com/MeloLab/PhosphoinositideParame-
ters. All other topologies were obtained directly from the
http://cgmartini.nl website3!. All simulations were run us-
ing the GROMACS simulation package version 202032 The
membrane systems were built and solvated using the in-
sane.py CG building tool®3. Counterions were added to neu-
tralize the system as necessary and 140 mM NaCl was added
on top of that to all systems. When required, Ca2* was added
ata 2.5 Ca?*:PI(4,5)P2 ratio by replacing water particles and
maintaining the system charge neutral by adding Cl- coun-
terions.

Nonbonded interactions were cutoff at 1.1 nm and Cou-
lombic interactions were treated using reaction-field elec-
trostatics3* with a dielectric constant of 15 and an infinite
reaction-field dielectric constant. The particle neighbor list
was updated using the Verlet list scheme. The v-rescale
thermostat?> was used with a coupling time of 4.0 ps to
maintain the temperature at 310 K (unless other tempera-
ture is specified). Constant pressure was semi-isotropically
coupled to 1.0 bar using the Parrinello-Rahman barostat3¢
with a relaxation time of 16.0 ps. After initial energy mini-
mization and pressure/temperature equilibration runs,
simulations were run at a 20 fs time step.

Three types of systems were simulated:

— large systems consisting of approximately 7000 lipids
ata 90:10 POPC:PI(4,5)P2 molar ratio in a 45 x 45 x 13 nm3
box were simulated for at least 20 ps. Simulations were ran
for each composition both in the presence and absence of
Ca?*. For these systems only, membrane undulations were
limited by applying a weak (200 k] mol! nm2) flat-bot-
tomed potential in z, restraining the glycerol beads of all li-
pids to remain within a 2.0 nm vertical distance of the sim-
ulation box center.

— asymmetric membrane systems, consisting of either
approximately 7000 lipids at a 90:10 POPC:PI(4,5)P2 molar
ratio in a 45 x 45 x 13 nm3 box, or approximately 3500 li-
pids, in a 50 x 20 x 13 nm3 box, were simulated for at least
10 ps. Their top membrane layer consists solely of POPC
whilst the bottom layer consists of a 90:10 POPC:PI(4,5)P2
mixture. The total number of lipids in each lipid layer was
adjusted, matching the top and bottom leaflet areas, thereby
avoiding the introduction of tension. To this end, the area
per lipid of each layer’s composition was calculated from
smaller symmetric simulations ran for each of the composi-
tions, both in the presence and absence of Ca?*.

— gel-phase probing systems, consisting of approxi-
mately 750 lipids ina 15 x 15 x 13 nm?3. These systems were
run at multiple temperatures (280 K, 290 K, 300 K, 310 K)
and at multiple DPPC/PI(4,5)P2 molar ratios (10:90, 50:50,
90:10). PI(4,5)P2systems were run both in the presence and
absence of calcium. The systems ran at the highest temper-
ature were built using insane.py, like previously described.
The remaining lower temperature systems were started
from the last frame of the highest temperature simulation,
re-equilibrated and ran at the appropriate temperature.

All simulations were analyzed making use of in-house de-
veloped Python3 programs using the MDAnalysis pack-
age3’. We also used the [Python38, NumPy?3?, SciPy*?, scikit-
learn*! and matplotlib*? packages for scientific computing in
Python. Visualization and rendering of the simulations was

2
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Figure 1. Impact of acyl-chain composition on PI(4,5)Pz nanodomain biophysical properties. (a) Final snapshots of the large
membrane patches composed of 90:10 POPC:PI(4,5)Pz, for each of the four acyl-chain compositions studied in the presence and
absence of Caz+*. Inositol headgroup beads are depicted in gray, headgroup phosphate beads in orange, phosphodiester beads in red
and Ca?* jons in blue. Bulk POPC lipids are represented by the gray surface. (b) PI(4,5)P2 acyl-chain S-value order parameter recov-
ered for all acyl-chain bead pairs, for each studied composition in the presence (red) and absence (blue) of Ca2+. (c) POPC'’s first
acyl-chain bond S-Value dependence on the distance from the nearest PI(4,5)P: lipid, in the presence and absence of Ca2+. Distance
between lipids is calculated from the phosphodiester (PO4) bead positions.

performed with the molecular graphics viewer VMD*3. Un-
less otherwise stated, the last 2 ps of each simulation were
used for analysis. See the Supplementary Methods section
of the Supporting Information for details on the analysis
methods.

RESULTS AND DISCUSSION

Three compositions were chosen as representative of the
acyl chain spectrum seen in vivo: 1-stearoyl-2-arachidonyl
(18:0 20:4); 1,2-dioleoyl (18:1)2; and 1,2-dipalmitoyl
(16:1)2, which also match those employed in our previous
Martini 2 study?’. In the same work, experimental biophys-
ical methods showed that in the absence of Ca2*, no substan-
tial differences were observed between PI(4,5)P: lipids
with these acyl chain compositions. However, once
nanodomain formation was induced by Ca?* a significant in-
crease in membrane order was detected within them. This
was observed to impact all acyl chain compositions, with in-
creasing levels of acyl chain saturation yielding progres-
sively more ordered nanodomains, and where the fully sat-
urated species stood out by assembling into gel-like
nanodomains?’. Our Martini 2 CG MD simulations in that
work aimed at recovering greater structural information on

these phenomena, focusing on large 50 x 50 nm? membrane
patches containing 10% PI(4,5)P2, in the presence and ab-
sence of Ca?*. Analysis results largely agreed with experi-
mental biophysical measurements.

In this work, we revisit these simulations, by performing
them using the recently released Martini 3 forcefield??,
alongside phosphoinositide headgroup models we recently
adapted and improved specifically for Martini 33°. We also
expand on the previous work by including an additional
acyl-chain composition: 1-palmitoyl-2-oleoyl (16:0 18:1).
As before, large membrane patches containing 10%
PI(4,5)P2 were simulated for each of the four acyl chain
compositions, in the presence and absence of Ca?*, for at
least 20 ps.

Along this section, the parallels and differences between
the results obtained with the two Martini versions are de-
scribed. The last two sub-sections then puts these compari-
sons in the context of each model’s features, and of our un-
derstanding of PI(4,5)P2 domain formation and impact.

Acyl-chain impact on the morphology and order of
Ca?*-induced PI(4,5)P: nanodomains. We observed no

3
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substantial differences in size and shape of the Ca?*-induced
domains between the different compositions (Figure 1a).
All compositions formed similarly sized nanodomains with
an irregular lobed morphology. In the absence of Ca?*, no
composition aggregated in any significant manner. Both
size and shape are well in agreement with those recovered
from Martini 2 simulations. With Ca?*-induced clustering,
we also observe a decrease in area per lipid (ApL), and an
increase in membrane thickness (Supplementary Figure S1
A and B), in agreement with Martini 227 and atomistic simu-
lation results#445,

Regarding the impact of the acyl chain composition on the
biophysical properties of PI(4,5)P2 nanodomains, we ob-
serve a consistent increase in acyl chain order for the four
compositions tested, as seen by the increase in the S-value
parameter (Figure 1B). For the more saturated species
((16:0)2 and (16:0 18:1)), this increase in order is consist-
ently transmitted along both acyl-chains, while for the more
unsaturated species ((18:1)2 and (18:0 20:4)) ordering is
more significant for the beads closest to the headgroup.
These effects are in agreement with the Martini 2 results,
which were already in good agreement with the experi-
mental biophysical measurements?’.

It is worth noting that the Ca?*-induced increase in mem-
brane order for the mixed saturated-polyunsaturated
PI(4,5)P2 (18:0 20:4) is slightly larger with the Martini 3
model than with Martini 2. With Martini 2, the stearoyl
chain of this species was barely affected by aggregation, but
with Martini 3 the first beads of the chain become signifi-
cantly more ordered. The increase in order of the arachi-
donoyl chain is also slightly larger with Martini 3. As previ-
ously mentioned, this increase is still well dispersed along
the acyl chains, showcasing the role of the (18:0 20:4) com-
position as a fluidity buffer.

The effect of these nanodomains on the order of the sur-
rounding lipids was also probed. With the Martini 3 model,
all compositions yielded nanodomains that increased the
order of the surrounding POPC within 10 A (Figure 1C). This
result contrasts with that of Martini 2, where the poly- and
monounsaturated compositions led to a decrease in the or-
der of the surrounding POPC, and only the fully saturated
composition increased the order of the microenvironment
surrounding the nanodomains.

Impact of Ca?-induced PI(4,5)P: nanodomains on
membrane curvature and flexibility. With our previous
Martini 2 model simulations, we were surprised to observe
that the PI(4,5)P2 nanodomains were strongly unregistered
(decoupled) across the bilayer?”. This led us to hypothesize
that the decoupling could be the result of local membrane
curvature tension caused by Ca?*-induced nanodomains.
This was confirmed once we ran simulations without curva-
ture restrictions and observed the association of PI(4,5)P>
nanodomains with markedly negative curvature undula-
tions?7.

In the Martini 3 simulations performed in this work, we
do not observe any significant interleaflet decoupling be-
tween PI(4,5)P2 nanodomains in the presence of Ca%*(Sup-
plementary Figure S2). In fact, most of the acyl chain com-
positions ((18:0 20:4), (18:1)2 and (16:1)2) show very slight
registration across leaflets. This observation hinted that

PI(4,5)P2 curvature effects in Martini 3 may be substantially
weaker than those observed with Martini 2.

To characterize curvature effects, 45 x 45 nm? asymmet-
ric membrane patches, containing 10 mol% PI(4,5)P2 in the
bottom leaflet, were simulated for up to 10 ps, for all acyl-
chain compositions, both in the presence and absence of
Ca?*. Regardless of the presence of Ca?*, and contrary to
what had been observed with Martini 2, only minimal stabi-
lization of membrane buckling was observed, for all the sim-
ulated systems (Figure 2). In addition, Martini 3 PI(4,5)P:
associated only very weakly with regions of negative curva-
ture, independently of acyl-chain composition, with little
difference in behavior between Ca?*-induced nanodomains
and monodisperse PI(4,5)P; in the absence of Ca?*. The ob-
servation of little to no curvature preference is relevant be-
cause PI(4,5)P2, at least when monodisperse, is thought to
promote positive curvature, owing to its large, phosphory-
lated inositol headgroup. Other Martini 2 CG studies have
also observed that, when membrane curvature is induced,
monodisperse PI(4,5)P2 (in the absence of Ca?*) becomes
enriched in negatively curved regions*t. Analyses of curva-
ture preference were repeated with 20 x 50 nm? asymmet-
ric membrane patches, containing 10 mol% PI(4,5)P2 in the
bottom leaflet, to parallel simulations carried out with Mar-
tini 227, Also no PI(4,5)P: preference for negative curvature
was observed in these simulations (Supplementary Figure
S3), confirming that Martini 3 PI(4,5)P2 models are less sus-
ceptible to lipid sorting by curvature than Martini 2 ones.

Since a different curvature preference/sorting of Martini
3 PI(4,5)P2 could be a result of an increase in membrane
stiffness, we also determined the bending rigidity, K, of our
square membrane patch systems, for all acyl chain compo-
sitions, as well as for a system containing 100 % POPC, in
the presence and absence of Ca?* (Supplementary Figure
S4). Comparing the K:values recovered for our 100 % POPC
systems (17.5 + 2.4 ksT, Supplementary Figure S4) with
those obtained with Martini 2 (29.8 + 5.5 ksT23), we observe
a decrease in bending rigidity, hinting at a more flexible
membrane. However, both values are still well within the
range of experimentally determined values for pure POPC
(5.8 - 49 kgT23). The addition of 10% PI(4,5)P2 to the inner
leaflet, regardless of the acyl chain composition, did not sig-
nificantly impact the bending rigidity. Addition of Ca?*, and
the concomitant formation of PI(4,5)P2 nanodomains, led
only to minor increases in K.

Characterization of (16:0)z PI(4,5)P: gel-phase
nanodomains. As P1(4,5)P2 acyl chain saturation increases,
it clusters in progressively more ordered nanodomains, cul-
minating in the formation of gel-like P1(4,5)P2 nanodomains
when using the (16:0)2 acyl chain composition?’. Given the
necessary proximity of the large, negatively charged, phos-
phorylated inositol headgroups, the formation of these
structures is quite surprising and can greatly impact the bi-
ophysical properties within nanodomains. These changes
are likely to also affect membrane events associated with
PI(4,5)P2 as well as the PI1(4,5)Pz-protein interactions, espe-
cially in cases where more saturated PI(4,5)P2 acyl chain
compositions are more prevalent*7-49,
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Figure 2. Association of Ca2+-induced PI(4,5)P2 nanodomains with membrane curvature fluctuations. Histogram of mean
curvature associated with either PI(4,5)P2 (red) or POPC (grey), from asymmetric membrane simulations containing 10 mol%
PI(4,5)P2 in the inner leaflet, for each of the four studied acyl chain compositions in the presence (solid line) and absence (dashed
line) of Ca2+. For each system, top view snapshots are shown, colored by the local curvature value. PI(4,5)P2 phosphodiester beads
are represented by the black circles. Mann-Whitney U tests were used to determine the statistical significance between PI(4,5)P2
and POPC associated mean curvature.
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Using Martini 2, we struggled to observe the formation of
these gel-like nanodomains. Martini 2 gel-like (16:0)2
PI(4,5)P2 nanodomains did assemble, albeit at higher
PI(4,5)P2 concentrations (50 mol%) and at lower tempera-
tures (280 K) than what we observed experimentally (Tm =
45 °C or 318 K for 1-10 mol% PI(4,5)P227). Indeed, lipid gel
phases in Martini 2 are known not only to underestimate
gel-fluid lipid phase transition temperatures — as reported
for 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)'®
— butalso to be especially sensitive to small amounts of dis-
order-inducing membrane components, such as POPC5°.

Here, we revisit the formation of (16:0)2 PI(4,5)P2 gel-
phase nanodomains using Martini 3. We simulated 15 x 15
symmetric membrane patches containing multiple (16:0)2
PI(4,5)P2:POPC molar ratios, at temperatures ranging from
280 to 310 K. These systems were run both in the presence
and absence of Ca?*. For comparison, these systems were
also run with the canonical gel forming lipid, DPPC, instead
of PI(4,5)P2. The formation of gel phases was followed via
the system hexagonality, ApL, as well as the average acyl-
chain order (Figure 3).

We observe that DPPC gel-phase formation only occurs
for systems containing 90:10 DPPC:POPC molar ratio, at
temperatures under 290 K (Figure 3 and Supplementary
Figure S6). The Martini 3 DPPC gel-fluid phase transition
temperature at this molar ratio occurs between 290 and
300 K, which is in agreement with the experimental phase
transition temperature for 90:10 DPPC:POPC>! and already
a substantial improvement over the 270 - 280 K transition
temperature in Martini 2 simulations of pure DPPC!8. The
DPPC:POPC experimental phase diagram expects the coex-
istence of gel and fluid phases at 50:50 DPPC:POPC mol ra-
tio at temperatures under 300 K51, which is still not cor-
rectly recovered by Martini 3. Altogether, this quick charac-
terization of the DPPC gel forming behavior shows that the
Martini 3 forcefield has substantially improved the under-
estimation of the gel-fluid transition temperature but is still
sensitive to disorder inducing membrane components.

When using (16:0)2 PI(4,5)P2 as the gel-forming lipid we
do not observe the formation of a gel phase in the absence
of Ca2* (Figure 3 and Supplementary Figure S7). At 90 mol%
of PI(4,5)P2 we observe signs of bilayer instability, such as
abnormally low values of acyl chain order and high values
of ApL. This is in agreement with experimental findings that
show that, in the absence of other lipids, phosphoinositides
such as PI(4,5)Pz2are prone to form micellar structures>2.

In the presence of Ca?* (Figure 3 and Supplementary Fig-
ure S8), we observe the aggregation of PI(4,5)P: into
nanodomains, and at 90:10 PI(4,5)P2:POPC mol% ratio, gel
domains are formed across the temperature range tested,
covering almost the entire simulated membrane patch. At
50:50 PI(4,5)P2:POPC ratio, gel domains are observed
across the temperature range tested in coexistence with
fluid POPC-rich phases. (16:0)2 PI(4,5)P2 shows substantial
gel character, with most POPC lipids retaining a fair amount
of fluidity. At a 10:90 (16:0)2 PI(4,5)P2:POPC mol% ratio no
gel-phase behavior is observed.

Overall, while Martini 3 still does not reproduce the for-
mation of (16:0)2 PI(4,5)P2 gel phases at low PI(4,5)P2 con-
centrations (<10 mol%), the behavior at higher mol ratios
is much improved. Gel domains are stable in the range of
temperatures tested, at least up to 310 K, in agreement with

experimental results?’”. At lower mol ratios, (16:0)2
PI(4,5)P: gel-like nanodomains are observed in coexistence
with more fluid POPC-rich phases, demonstrating an in-
creased tolerance for disorder-inducing membrane compo-
nents when compared to DPPC. The Martini 3 model thus
shows promising indications that it can be successfully used
to study lipid bilayer phase change behavior with greater
accuracy than its predecessor.

Model properties behind Martini 2 and 3 differences.
One of the main aspects that may account for the change we
observed between Martini 2 and Martini 3 behavior is the
new PI(4,5)Pz headgroup parameterization: in the Martini 3
models we developed, the PI(4,5)P2 headgroup has a more
restricted conformational freedom, that better reproduces
behavior observed in atomistic references. This may result
in a lower ability of the inositol headgroup to undergo the
reorientation required for being more compacted in nega-
tive curvatures. This is likely more relevant in PI(4,5)P2 ag-
gregates, where PI(4,5)P2 headgroups must pack against
one another. At the same time, the Martini 3 PI(4,5)P2 repa-
rameterization has made use of the more detailed Martini 3
particle type landscape to better describe headgroup-head-
group interactions3?, to match the aggregation propensities
of different PI(4,5)P2 species in the presence of Ca?*. These
improved interactions result in larger headgroup packing
distances (Supplementary figure S9), which are likely less
conducive to negative curvatures.

Another factor likely relevant to the observed differences
is the new set of interactions affecting all glycerolipids —
not just the phosphoinositides — under Martini 32°: one of
the two beads of glycerol is now mapped to an S-type parti-
cle (with a smaller Lennard-Jones sigma parameter), sev-
eral alkyl interbead distances and force constants have been
adjusted and the bead types underlying the phosphodiester
(PO4) and phosphatidylcholine (NC3) beads have been ad-
justed. It is reasonable to expect the lateral pressure profile
of lipids to have changed, which could both account for dif-
ferent curvature behavior, as well as for the differences in
ordering of the acyl chains — also in line with the better
phase agreement of the binary PC mixtures. It will be inter-
esting to see how the continuous development of the stand-
ard Martini 3 lipid acyl chains, as well as of the lipid head-
groups refines this behavior moving forward.

Impact on the understanding of PI(4,5)P: behavior. CG
MD has previously been employed to characterize the
mechanisms of PI(4,5)P; curvature sensing and/or aggrega-
tion. It is therefore important to assess how the changes
brought about by new CG models affect our view of these
processes. Some of the differences we observe in this work,
using Martini 3, reflect PI(4,5)P: features more in line with
experimentally known behavior — for instance, the better
phase representation of (16:0)2 PI(4,5)P; aggregates. Such
improvements are very much welcome to have in a compu-
tational model, but are not very informative on their own,
since they merely match aspects that are already known. Af-
ter all, a model only becomes truly useful when predicting
behavior for which there’s no other authoritative source of
information. In this sense, the main behavior change we re-
port here is that PI(4,5)P2 seems to not have any strong
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Figure 3. (16:0)z PI(4,5)P2 / DPPC gel-phase formation study. (a) System wide hexagonality, (b) ApL and (c) system average
acyl-chain order recovered from gel-phase probing systems. These systems consisted of either DPPC or PI(4,5)P2 in POPC at multiple
mol% ratios (10:90, 50:50, 90:10), which were simulated at multiple temperatures (280 K, 290 K, 300 K, 310 K). PI(4,5)P2 systems

were run both in the presence and absence of Ca2+.

preference for negative curvature, when we and others had
observed otherwise with Martini 22746, On the one hand,
this is closer to an expectation of positive curvature prefer-
ence by PI(4,5)P2 due to the bulkiness of its headgroup; on
the other hand, curvature neutrality explains less readily
the purported participation of PI(4,5)P2 in endocytic mech-
anisms — for which negative curvature is a necessity>3-55.

Alongside curvature preference, our observations also in-
dicate a much lower membrane bending rigidity using Mar-
tini 3. This is not specific to PI(4,5)P2-containing mem-
branes and falls, together with Martini 2 K. values, within a
large range of reported experimental measurements. An-
other difference was also observed in how the increased or-
der of the PI(4,5)P2 nanodomains impacted their surround-
ing microenvironment. With Martini 3, PI(4,5)P:
nanodomains of any acyl-chain composition led to an in-
crease in order of the surrounding POPC, contrasting with
Martini 2 where the unsaturated compositions led to a de-
crease in order and only the fully saturated composition or-
dered its microenvironment. In this case, the Martini 3 ob-
servations are more consistent, in that an ordered domain
seems likely to also order its surroundings, rather than to
disorder them.

From the considerations over each individual discrep-
ancy above, and given the overall increase in accuracy from
Martini 2 to Martini 3, we are inclined to better trust the re-
sults obtained with the latter. However, force field develop-
ment is a continuous endeavor, and our views of PI(4,5)P:
behavior may again be updated as new models are put forth.
Likewise, our hope is that our results spur the undertaking
of specific experiments that test our conclusions by

producing data that better describes PI(4,5)P2 behavior,
which, in turn, can be used to further refine our CG models.

CONCLUSION

We revisited the impact of acyl-chain composition?’ on
the biophysical properties of PI(4,5)P. and PI(4,5)P
nanodomains, using the improved Martini 3 CG MD force
field2 as well as our recently developed Martini 3 phospho-
inositide topologies3°. We compared our results with those
of our previous Martini 2 work on the same topic. The find-
ing that increasing saturation results in more ordered and
structured nanodomains is well recovered in the Martini 3
model, highlighting the importance of the polyunsaturated
(18:0 20:4) PI(4,5)P2 composition for the maintenance of
membrane fluidity within PI(4,5)P2 nanodomains. Repre-
sentativity was extended to the formation of gel-like (16:0)2
PI(4,5)P2 nanodomains with which the Martini 2 model had
struggled. Moreso, the Martini 3 models were shown to
have almost no specificity for negatively curved membrane
regions, unlike the Martini 2 models. The key differences be-
tween the Martini 2 and Martini 3 models were discussed in
depth, considering both the newer models’ accuracy and pa-
rameterization strategy, as well as the known experimental
PI(4,5)P2 mechanistic behavior.

Overall, the major findings observed with the previous
Martini 2 simulations were well preserved in the new Mar-
tini 3 model, and both in agreement with experimental find-
ings. Not only does this help validate the new and improved
Martini 3 model for biophysical studies of PI(4,5)P2 and
PI(4,5)P2 nanodomains, but it also shows that Martini 2 con-
tinues to be a very solid and accurate model within the CG
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resolution. This serves as a reminder that one should not
immediately dismiss the thousands of existing Martini 2
simulation results based on the release of the new model.
Nonetheless, it will be interesting to see how the continuous
development of the Martini 3 model in the near future fur-
ther extends accuracy and applicability, especially with the
refinement of the lipid acyl-chains and glycerol backbone,
as well as the development of other membrane components,
such as cholesterol.

ASSOCIATED CONTENT
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5 | Tackling the SARS-CoV-2 pandemic

In early 2020, half way through my PhD studies, the coronavirus disease 2019 (COVID-19) pandemic
began. This pandemic, caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), began with an outbreak in Wuhan, China in December of 2019 and quickly spread across the
globe. By March 2020, the world health organization (WHO) had declared it a global pandemic. The
COVID-19 pandemic has led to a dramatic loss of human life worldwide, and presents a medical, social
and economic challenge unprecedented in modern history. As of mid December 2021, more than 277
million cases and 5.4 million deaths had been reported, making it one of the deadliest pandemics in

history.

While policymakers tried to contain and mitigate the pandemic and medical professionals fought to
prevent further loss of life, the scientific community worldwide united in an attempt to find solutions to the
virus. The response was exceptional, substantially mitigating the spread and impact of COVID-19: within
weeks the SARS-CoV-2 genome had been fully sequenced®; within a few months multiple COVID-19
diagnostic methods had been developed and deployed worldwide ®6; and, within a year, several vaccines
had been developed®’. It is worth noting that this effort took place despite the enormous burden that the
pandemic placed on academia. Lockdown measures limited access to research institutes and laboratories
impacting the work of researchers and post-grad students, cooperation between groups was hindered

and access to learning was compromised.

At the start of the pandemic, a COVID-19 taskforce was created at ITQB NOVA. Many labs redirected
part of their research efforts to the fight against SARS-CoV-2 and worked, often in collaboration, on
developing new diagnostics, vaccines, pharmaceuticals, and on unveiling molecular mechanisms of viral
action. A sense of responsibility led me to volunteer for the cause and join in on our lab’s contributions the

fight. This chapter is composed by two articles which describe the work | developed for this undertaking.

Initially, our contributions focused on the design and optimization of biopharmaceuticals against SARS-
CoV-2, which were performed using an in-house developed genetic algorithm (GA)-guided ROSETTA
approach. Article V describes in detail the development of this approach, as well as its application to the
design and optimization of an ACE2-based SARS-CoV-2 neutralizing biomolecule. With the appearance
of several SARS-CoV-2 variants we also aimed to study the impact of the alpha, beta and delta variants on
the conformational dynamics and ACE2 accessibility of the SARS-CoV-2 Spike (S) glycoprotein receptor
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binding domain (RBD). This work, which provides important clues as to how the variants might present a
substantial fithess advantage due to increased availability for ACE2 binding as well as antibody escape

through epitope occlusion, is reported in Article VI.



Article V: Genetic algorithm-guided

optimization of anti-SARS-CoV-2 biomolecules
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ABSTRACT: Coronavirus disease 2019 (COVID-19), which is caused by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), is a global pandemic which at the time of writing, has claimed approximately 3 million lives since its outbreak.
Containment of the SARS-CoV-2 infection requires reducing viral transmission and replication, and as such the S protein,
responsible for the interaction of SARS-CoV-2 with the host cells, via binding to the angiotensin-converting enzyme 2 (ACE2),
becomes an obvious target for pharmaceutical action as a potential neutralizing decoy receptor. In this work, we showcase
the design, optimization, and in silico characterization of an improved anti-SARS-CoV-2 ACE2 protein, using an in-house de-
veloped genetic-algorithm (GA) guided ROSETTA approach. The designed molecule proved to be a promising candidate for in
vitro testing after extensive in silico characterization, showing significantly increased binding affinity, whilst maintaining
promising indicators of fold stability. Additionally, the developed GA-guided approach proved to be a reliable and efficient

method to obtain computational protein designs.

INTRODUCTION

Coronavirus disease 2019 (COVID-19), which is caused
by the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2)'-3, is a global pandemic with mortality higher
than that of seasonal influenza*. At the time of writing, more
than 133 million cases have been reported and approxi-
mately 3 million lives have been claimed since its outbreak®.

Infection by SARS-CoV-2 requires the fusion of viral and
host cell membranes, at either the cell surface or the endo-
somal membrane. Like severe acute respiratory syndrome
coronavirus (SARS-CoV) and the Middle East respiratory
syndrome-related coronavirus (MERS-CoV), the fusion pro-
cess is mediated by the viral envelope spike glycoprotein, or
S protein. Upon viral attachment or uptake, host factors trig-
ger large-scale conformational rearrangements in S protein,
including a refolding step that leads directly to membrane
fusion and viral entry 6-11,

Containment of the SARS-CoV-2 infection requires reduc-
ing viral transmission and replication, and as such the S pro-
tein becomes an obvious target for pharmaceutical action.
Already a prime immune target, the S protein is targeted by
neutralizing antibody responses and protective immunity,
in contrast to most other viral proteins!?-15. The S protein is
responsible for the interaction of SARS-CoV-2 with the host
cells via binding to the angiotensin-converting enzyme 2
(ACE2)7216, It can be divided into two regions, S1 and S2,
where the extra-viral S1 region contains the receptor-

binding domain (RBD)'?. The RBD is responsible for medi-
ating the interactions between the S protein and ACE2.

ACE2 is an enzyme that is typically anchored to the cell
membrane and plays a key role in the cardiovascular system
by hydrolyzing angiotensin II into angiotensin (1-7)8. Due
to its complex role as the receptor for SARS-CoV-2, ACE2
presents itself as a promising therapeutic target for COVID-
1919, Apart from binding to ACE2, SARS-CoV-2 has also been
found to favor ACE2 cleavage from the membrane, causing
increased levels of soluble ACE2, reducing the cardioprotec-
tive effects of ACE2 and contributing to the increased in-
flammatory response’®.

Given that ACE2 binds to the S protein RBD, it is a prime
template candidate for the computational design of a neu-
tralizing anti-SARS-CoV-2 biomolecule. In this work, we
showcase the design, optimization and in silico characteri-
zation of an improved anti-SARS-CoV-2 ACE2 protein, using
an in-house developed genetic-algorithm (GA) guided
ROSETTA approach. The designed molecule proved to be a
promising candidate for in vitro testing after extensive in sil-
ico characterization, showing significantly increased bind-
ing affinity, whilst maintaining promising indicators of fold
stability. Additionally, we present a detailed outlook on pro-
tein design methods and on the use of genetic algorithms in
protein design, as well as a description of our developed al-
gorithm. Our GA-guided design method allowed us to
quickly and efficiently probe the optimization sequence
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Figure 1. Examples of computational protein designs. (A) Crystal structure of the TOP7 design?7 obtained by X-ray diffraction
(PDBID: 1QYS) and (B) the structure of a transmembrane Zn?* transporting four-helix bundle3? obtained by solution NMR (PDB

ID: 2MUZ).

space, whilst having full control over the process and ob-
taining results similar to that of the standard Rosetta design
methods.

A short outlook on computational protein design.
Computational protein design has been defined as the com-
puter-aided rational (or semi-rational) design of a protein (or
part thereof) to fold to a requested structure or to facilitate a
requested function or biophysical property?°. Rational pro-
tein design, as we know it today, dates back to the 1970’s
with Chris Anfinsen’s Nobel prize for the “connection be-
tween the amino acid sequence and the biologically active
conformation” of proteins?!, and thus, the start of the se-
quence-structure-function relationships that are at the core
of protein science. However, the original idea of it goes back
to 1902, when Emil Fischer emphasized, during his own No-
bel lecture, that molecules (such as proteins) can be eluci-
dated by the reverse method, namely, chemical design from
decomposition products (i.e. aminoacids)?2.

The first rational design of a protein is attributed to Gutte,
in 1975, who pioneered the field by designing a functioning,
half-length version of bovine ribonuclease in which the ami-
noacid excursions away from the active site were trun-
cated?324, The first computer-aided rational design would
come in 1985, when DeGrado designed, synthesized and
characterized a 17-residue helical peptide that was, at the
time, the tightest calmodulin-binding peptide produced?>26.
Today, while the field is still constantly evolving, the pleth-
ora of successfully computationally designed proteins high-
light the growth and potential of the field. Researchers have
not only designed completely new folds (such as TOP727)
but also new functions (such as the design of new enzymatic
functions?8). These success stories are not only the result of
increasing computational power, but also of the increasing
quality of computational tools, models, and methods availa-
ble, as well as a better understanding of protein structure
and function.

Protein design concepts. From a practical standpoint,
protein design is seen as “the inverse protein-folding prob-
lem”, a term defined by Yue and Dill in 19922°. While the
“protein folding problem” looks at searching for the lowest-
energy conformation for a given amino acid sequence, pro-
tein design aims at identifying the sequence that stabilizes
arequested and defined conformation. As such, protein de-
sign may also target aspects which are not a specific struc-
ture, per se, but rather a specific characteristic thereof, such
as interactions or stability. Due to this parallelism between
protein folding and protein design, the methods and tools
used often intersect and have common development paths.

De novo vs template-based design. In general, protein de-
sign can be split into two broad categories: de novo design,

and template-based design. In de novo design a totally new
fold and/or function are pursued, such as the TOP7 design
(Figure 1A) of Kuhlman and Baker?’, the transmembrane
Zn?* transporter of DeGrado3? (Figure 1B) or the more re-
cent enzyme designs of Baker3l. Once the desired
fold/structure is chosen, a model (or models) of the protein
backbone adopting the target fold is constructed and used
for subsequent steps. Much of the recent work in the field of
de novo protein design has been focused on developing im-
proved methods for constructing protein backbones that
are physically realizable3233. In template-based design,
however, the sequence and structure of naturally evolved
proteins are modified to achieve new functions or proper-
ties. Examples of template-based design are the solubiliza-
tion of membrane proteins3435 or the improvement of pro-
tein-protein interactions by modifying their specificity3637
and/or affinity38. In this case, the backbone of the template
protein is used for the subsequent design.

Having defined a starting model or set of models for the
protein backbone, the next step in the design process is to
identify an amino acid sequence that will stabilize the de-
sired conformation or property. This process can be divided
into two iterative steps: the evaluation of the favorability of

2



a particular sequence and the subsequent search for more
favorable sequences.

Evaluating a particular sequence. When analyzing the fa-
vorability of a particular sequence, optimization software
must first search for lower-energy side chain conformations,
which are evaluated according to a specific energy function.
In our work, this optimization was carried out using the Ro-
setta software for macromolecular modeling3°.

Rosetta originally started development in the mid-1990s,
aiming at tackling the protein structure prediction and pro-
tein folding problems. Since then, it has added an impres-
sive number of applications to tackle diverse modeling
tasks from protein design, to incorporating nuclear mag-
netic resonance data (NMR) or even incorporating interac-
tions with nucleic acids. Additionally, the core algorithms
and energy functions have been continuously improved and
refined over the last two decades. While over time, the user
and developer community’s main goals moved on to macro-
molecular design, performance in the critical assessment of
protein structure prediction - Round XIII (CASP13) blind
prediction challenge remains remarkably respectable®®.
Overall, Rosetta has enabled notable scientific progress in
the fields of computational biology, including protein and
enzyme design, ligand docking and protein structure pre-
diction*..

Energy Functions. Energy functions describe the total en-
ergy of a determined system as a functional of its state.
These are typically parameterized using a variety of bench-
marks that focus on reproducing the features of naturally
occurring proteins, emphasizing residue-pair interactions,
atomic packing, hydrogen bonding, solvation, protein tor-
sion angles, and rotamer conformation preferences.

The Rosetta energy function 2015 (REF15)*2 was used in
this work. REF15 approximates the energy of a biomolecule
conformation, AEy 4, as a linear combination of 19 energy
terms, E;, that are functions of geometric degrees of free-
dom, ©;, and chemical identities, aa;. These are scaled by a
specific weight, w;,on each term:

AErotar = Z w; E; (0;,aa;) (9]
i

From the 19 energy terms, 7 terms describe the energies
of interactions between nonbonded atom pairs, which are
important for atomic packing, electrostatics, and solvation,
5 terms are used to model hydrogen and disulfide bonds,
and the final 7 terms are statistical potentials used to de-
scribe the backbone and side-chain torsional preferences in
proteins. The specific weights, w;, have been adjusted to bal-
ance the contributions from the various terms. These are
crucial, as van der Waals solvation, and electrostatics ener-
gies partially capture some torsional behavior, overlapping
with the statistical torsional preference parameters. This
overlap can cause errors as a result of double counting of
atomic or residue-specific contributions*243. All these
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parameters have evolved over the years by optimization of
the performance of multiple scientific benchmark methods.

While REF15 can reproduce several thermodynamic ob-
servables, as well as structure-based tests, there are still
several limitations*!. The energy function still does not di-
rectly estimate entropy, although some terms implicitly
model this component accounting for more than half of the
entropy. Some knowledge-based terms are derived from
high-resolution crystal structures, which represent a single
state on the energy landscape, and thus do not account for
protein flexibility. Additionally, these same knowledge-
based terms are less interpretable and transferable than the
physics-based terms. The solvation model is treated implic-
itly, which speeds up the scoring process but hinders the ex-
plicit modeling of interactions with ions and water mole-
cules. These shortcomings of the energy function are im-
portant to take into consideration when analyzing optimi-
zation results.

Side chain conformation search. For the search for lower-
energy side chain conformations, a variety of methods have
been developed, which range from deterministic ap-
proaches, such as dead-end elimination, mean-field optimi-
zation or Markov random field solvers, to stochastic ap-
proaches, such as simulated annealing, Monte Carlo or ge-
netic algorithms3344, While deterministic methods have ac-
cess to the complete set of data, and, if they converge, are
bound to find the global minimum energy conformation,
stochastic search methods have an intrinsic random compo-
nent, which may give a slightly different solution each run.
While this solution is likely to be a good solution, it is not
guaranteed to be the best solution. However, this random-
ness, in general, can significantly accelerate the search pro-
gress and thus reduce computational cost. Additionally, it
can aid the method to escape local minima, eventually ap-
proaching the global optimum. Given the astronomical size
of the search space for a regularly sized protein, determin-
istic approaches are often unfeasible.

Regardless of the method used, most simplify the side-
chain optimization problem by restricting side-chain mo-
tion to a set of commonly observed conformations (or rota-
mers) observed in high-resolution structures from the
PDB3345, As each amino acid sidechain can only realistically
accept a discrete number of conformations (rotamers), ro-
tamer libraries can greatly reduce the conformational
search space, speeding up the process.

The Rosetta software’s primary algorithm for optimizing
sidechains is called the packer, which uses Monte Carlo sam-
pling with simulated annealing to identify the low energy
rotamers*®. Monte Carlo methods in Rosetta use the Me-
tropolis-Hastings algorithm#’. In summary, when iterating
steps where a random move is made, that alters the pose in
some way, the resulting change in energy, AE, is determined
and the move is then accepted or rejected based on the Me-
tropolis criterion. The Metropolis criterion states that if a
move results in a decrease in energy, then it is always ac-
cepted. However, if the move results in an increase in en-
ergy, then it will only be accepted with a probability, P,
equal to:




CHAPTER 5. TACKLING THE SARS-COV-2 PANDEMIC

P = e-BE/ksT)  (2)

Where the temperature factor, kzT, determines how the
probability of accepting/rejecting a move scales with the
change in energy, AE. This criterion means that the larger
the increase in energy, AE, the lower the probability of the
move being accepted. Simultaneously, larger values of kzT
allow moves that result in larger increases in energy to be
accepted more frequently, while smaller values only permit
moves that result in smaller increases in energy.

While searches can be carried out with fixed values of
kgT, it is often advantageous to vary this value over the
course of an optimization. For example, using a high kzT
value during early optimization stages can allow the struc-
ture to explore conformations with higher energy barriers
and escape local energy minima, while lowering the kzT
value at later stages might help the conformation reach the
bottom of the lowest energy well that it had previously
found. Monte Carlo methods that cycle the value of k3T over
the course of an optimization are broadly called simulated
annealing methods.

In general, when packer is called, it lists all possible rota-
mers at each position and then pre-computes all possible
pairs of interacting rotamers, calculating and storing their
interaction energies. Packer then carries out the simulated
annealing-based search of rotamer combinations, randomly
selecting an amino acid and replacing the rotamer at that
position with a randomly selected rotamer from the library
of allowed rotamers for that position.

As the overall conformation is often very sensitive to the
precise 3D structure of the protein, gradient-based minimi-
zation of backbone and sidechain torsion angles is also per-
formed. Very small atomic displacements (<1 A), often re-
sultant from small changes in backbone conformations, can
lead to very significant jumps in energy due to strong steric
repulsions or loss of favorable interactions. In Rosetta, the
minimizer algorithm takes on this task, finding the nearest
local minimum in the energy function by means of a line
search optimization.

Searching for more favorable sequences. Evaluating a par-
ticular sequence is only part of the process. The overall goal
is to identify the sequence that stabilizes a requested and
defined conformation and as such the software must search
through sequence space. To optimize the sequence, Rosetta
generally carries out the search with Monte Carlo sampling
with simulated annealing, much like when searching for low
energy rotamers. In our implementation, this part of the
process was replaced by a genetic algorithm implemented
in Python3, as described further ahead. This was done to
gain more control over the optimization process as well as
improve the computational performance of the sequence
search.

Protein Docking. When designing an interaction be-
tween two proteins, a docking step is often put in place.
Docking is a method which can search for the preferred ori-
entation of one molecule (ligand) in reference to a second
(target), binding each other to form a complex. Two types
of docking protocols can be used, local docking, where we
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Figure 2. General GA workflow diagram.

assume that we already have some information about the
binding of the two molecules/proteins (i.e. known binding
surface or known complex structure), or global docking,
where no information is available on the binding sites in the
proteins.

In Rosetta, when running local docking, a structure with
the two proteins within 10 A and with the binding pockets
roughly facing each other is used as the starting point. The
chain defined as the ligand is then randomly perturbed
(translation and rotation) before the start of every individ-
ual docking optimization. When running global docking, Ro-
setta assumes a general spherical structure for the proteins,
and rotates the ligand randomly around the target. Before
the start of every individual run the starting position of the
unbound proteins are completely randomized, so their ini-
tial position is not that significant.

Regardless of the type of docking, in Rosetta it always un-
dergoes a two-stage protocol. In the first stage, aggressive
sampling is done in centroid mode, where the two proteins
are pulled together and slid into contact. These translation
and rotation moves are randomly selected following a
Monte Carlo method. In the second stage, smaller move-
ments take place in full atom mode. In both steps, the pro-
tocol always assumes a fixed backbone and can only un-
dergo the translation and rotation moves as well as
sidechain packing. However, the docking protocol can often
originate small clashes, so the structures are often further
refined, with sidechain re-packing or backbone and
sidechain torsion angle minimization*.

Combining protein design and genetic algorithms. Ge-
netic algorithm fundamentals. Genetic algorithms (GAs) are
search heuristics inspired by the theory of natural evolu-
tion, which are particularly well suited for multicriteria op-
timization over solution spaces that are either categorical
or non-differentiable. The goal of a GA, like all metaheuris-
tics, is to find or select a sufficiently good solution to an op-
timization problem. A GA operates on a population of indi-
viduals, where those that are evaluated as the fittest are
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selected for reproduction, producing offspring for the next
generation. Each individual is characterized by a set of
properties, or chromosomes, which can be mutated and al-
tered during the process. These chromosomes are typically
sequences of variables and represent a solution to the prob-
lem in question. Individuals are judged based on their fit-
ness, which is a function of their chromosomes and used as
the measure of how good a solution it is to the problem. GAs
have their origins in the 1950s and with increasing compu-
tational power they have been successfully applied to solve
a wide range of real-world optimization problems in most
fields of study, from biology and medicine to physics, math-
ematics, economics, and even social sciences.

General GA algorithm. The typical steps in a GA workflow
can be seen in figure 2. In general, a genetic algorithm starts
with the generation of an initial population. This initial pop-
ulation may be generated at random, seeded by other heu-
ristics or through previous knowledge of the problem. The
choice of population is an important consideration. It
should not be too large, as it can significantly slow down the
optimization, however it should also not be too small, as it
might not provide a deep enough gene pool to obtain a rea-
sonable accurate solution. However, there is no rule of
thumb to determine population size. Optimal population
size depends on the nature of the optimization problem,
number of dimensions, mutation rates, number of genera-
tions and intended outcome. As such, this parameter should
be tested and optimized according to the constraints of the
problem.

At this point, the initial population is evaluated, and a fit-
ness value attributed to each individual. This is done
through a fitness function, which takes the individual solu-
tion to the problem and provides a numerical output of how
good the solution is. Obviously, fitness functions are heavily
dependent on the problem. However, they should always
have a couple of characteristics: they should accurately and
quantitatively measure how fit a given solution is, in a clear
and concise manner, and it should be sufficiently fast to
compute. Fitness functions are called several times per iter-
ation and as such they should be implemented as efficiently
as possible, otherwise they become a large bottleneck.

Once every individual has been evaluated, the mating
process starts. Mating begins with parent selection, which
is the process of selecting the individuals that, in turn, mate
and recombine to create the offspring for the next genera-
tion. In steady-state or incremental GA, only one or two off-
spring are generated per iteration, while in generational GA,
the entire population (or most of it) is replaced by the new
one at the end of the iteration.

Parent selection is crucial to the convergence rate of the
algorithm, as fitter parents drive better solutions. However,
care must be taken to prevent premature convergence, and
an effort must be made to maintain good population diver-
sity. Parent selection is typically carried out through one of
several strategies: Roulette wheel selection, rank selection
or tournament selection. K-way tournament selection is one
of the most popular selection methods. In this method, K in-
dividuals are selected from the population at random, and a
tournament is run among them, selecting the fittest candi-
date. This is repeated several times until there are enough
selected pairs to mate and produce the next generation. The
same individual can be chosen in multiple tournaments. If
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the tournament size is larger, weaker individuals have a
smaller chance of being selected for mating; as such, one can
control the selection pressure and rate of convergence
through the tournament size. Having selected a pair of par-
ents, their genetic information is now combined to generate
the offspring. In traditional genetic algorithms this is typi-
cally done through chromosome crossover. In k-point
crossover, k crossover points are picked randomly from the
parent chromosomes, originating k+1 segments. These seg-
ments are swapped between the parent chromosomes, orig-
inating two offspring individuals with genetic information
distinct from each other and their parents.

At this point, mutations might also be applied with a, usu-
ally low, probability. Random mutations are essential to the
exploration of the search space and the successful conver-
gence of the GA to a reasonable solution. Mutations involve
randomly altering a gene to another permitted value for the
corresponding variable. When constructing the new popu-
lation, elitist selection is often applied, where the best indi-
vidual — the champion — from the current generation car-
ries over to the next one unaltered. This guarantees that the
best solution obtained by the GA will not decrease from one
generation to the next. The new population is now, itera-
tively, re-evaluated, mated and mutated until termination
criteria are met. These are picked such that the solution is
close to optimal at the end of the optimization. Typically,
termination criteria are either: No fitness improvement for
X iterations; a certain absolute number of generations; or
the fitness value reaching a pre-defined value.

Applying GAs to protein design. GAs have also been suc-
cessfully applied to the field of protein design. Genetic algo-
rithms have been applied to search the sequence space in
multistate computational design of proteins, combining
both positive and negative designs*8-5. This overall method
is particularly useful when optimizing a design for specific-
ity and has since been implemented into Rosetta with the
purpose of optimizing a single sequence to perform differ-
ently in distinct contexts®!. They have also been successfully
combined with in vitro assays to quickly identify 44 highly
potent antimicrobial peptides>2. This method used the GA to
search the amino acid sequence space, starting with a 13-
mer natural AMP, and using the in vitro bacterial assay as
the fitness function. In this work, we implement a GA
method to search the sequence space for the optimization
of anti-SARS-CoV-2 biomolecules.

GA-guided ROSETTA protein design. In this work, we
showcase the design of an improved anti-SARS-CoV-2 bio-
molecule, using a GA guided ROSETTA approach. In our
method, a GA was used to search the sequence space for
each of the selected amino acid positions. This GA was im-
plemented by us in Python3 using the DEAP package. An
overview of our method can be seen in figure 3.

Like all GAs, our method starts with the generation of the
initial population. Each individual’s chromosome is defined
as a string of letters, each of which represents an amino acid
at a particular position (i.e. AAA represents Ala - Ala - Ala).
The initial population is randomly generated, from the 18
available amino acids. Glycine and Proline are not
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Figure 3. GA-Guided Rosetta Design algorithm workflow.

considered in our design, as mutations to either of these
amino acids are often disruptive. To this initial population,
the wild type sequence is added. The wt sequence is kept in
every population during our optimization, guaranteeing
that information about the wt sequence is propagated
through the iterations and assuring that the best result al-
ways performs at least as well as the wt sequence.

At this point the first fitness evaluation takes place. Fit-
ness of each individual is defined as the Interface energy
score (Isc) obtained for each sequence by Rosetta. Each indi-
vidual undergoes a docking and relaxation routine. In sum-
mary, the mutations are applied to a previously relaxed wt
structure of the biomolecule bound to the relevant target
(i.e. ACE2 bound to the SARS-COV-2 RBD), and the
sidechains are then re-packed in preparation for the local
docking runs. Local docking takes place, slightly refining the
relative orientation of each protein and then optimizing the
sidechain rotamers. Structure optimization is finalized by
minimizing the sidechain and backbone dihedrals. At this
point protein-protein interface analysis can take place and
a Isc is obtained. For each individual 5 replicas are run and
the best result is stored (with differences between replicas
expected due to the non-deterministic nature of the packing
procedure). If an individual has already been evaluated in a
previous iteration, the result is compared to the stored Isc
and the best one is considered.

In our GA, parent selection is done through a 3-way tour-
nament selection without reposition and mating through
two-point crossover. At this point, individuals can be
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selected for mutation with a 50% probability. If selected,
there is 1/length(chromosome) probability of mutation to
each gene, half of which will be random mutations, and the
other half conservative mutations. Conservative mutations
are mutations where the amino acid is changed to one of the
same type, i.e. a Glutamine to an Asparagine. When con-
structing the new population, the best individual, as well as
the wt sequence, are carried over unaltered to the new gen-
eration. This not only guarantees that the best solution does
not decrease over iterations, but also that it will never be
worse than the wt sequence.

In our model, a population is deemed converged when
there is not enough genetic diversity to assemble enough
unique pairs of individuals to generate the next iteration of
offspring. At this point, the population is “purged” by dis-
carding the entire population, with the exception of the fit-
test individual. This individual will be carried over to a new,
randomized population which will continue to be iterated
over. After 3 “purges” without fitness improvement, the op-
timization is terminated.

This GA-guided Rosetta approach allowed us to quickly
search the optimization sequence space, while having full
control over the optimization process. The approach
yielded similar results to the standard Rosetta design meth-
ods using less CPU time. Additionally, whilst we used the
straightforward Interface energy score (Isc) as our fitness,
more complex functions considering other parameters can
be easily implemented. This opens the door for multiple ob-
jective optimizations, such as optimizing for specificity, as
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has previously been done, or even simultaneously optimiz-
ing protein-protein interactions and protein solubility.

COMPUTATIONAL METHODS

GA-guided protein design. The original ACE2 bound to
RBD structure was obtained from PDB (PDB ID: 6M0J53).
Glycosilations were removed and the structure relaxed us-
ing Rosetta relax54-%7, to refine the conformational space
around the crystallographic structure.

Design target residues were determined from ACE2 sur-
face residues, using the distance between the 2 proteins as
the selection criterium. ACE2 surface residues were deter-
mined by calculating each residues’ solvent accessible sur-
face area (SASA), as determined by gmx SASA%859, and ex-
cluding those that had a SASA of less than 0.25 nm?. The 14
ACE2 surface residues that were within the 3 A cutoff were
selected. Glycine and Proline residues were not considered
in the selection. Hotspot residues (i.e. residues that contrib-
ute the most for wt ACE2 binding to SARS-CoV-2 RBD), were
determined by an Alanine scan, using Rosetta®. Residues
D30, D38 and Y41 were identified, as they contributed over
2 REU towards the binding energy. These residues were
also not considered in the selection of our Design target res-
idues. As such, the 11 design target residues are: Q24, T27,
K31, H34, Q42,L79, M82, Y83, N330, N330, K353 and R393
(Final list of residues to mutate: QTKHQLMYNKR).

A GA was used to control the optimization algorithm and
search the sequence space for each of the selected amino
acid positions. This GA was implemented in Python3 using
the DEAP package. An overview of our method can be seen
in figure 3. A population size of 36 individuals was used.
Parent selection and mating was carried out through a 3-
way tournament selection and 2-point crossover of unique
pairs of parent individuals. Once there is not enough genetic
diversity to assemble enough unique pairs of individuals to
generate the next iteration of offspring, the population is
purged, with the exception of the fittest individual. This in-
dividual will be carried over to a new randomized popula-
tion. After 3 purges without fitness improvement, the opti-
mization is terminated.

Fitness is defined as the Interface energy score (Isc) recov-
ered for each sequence by a Rosetta docking routine imple-
mented in RosettaScripts¢! which interfaces with the GA us-
ing bash. An overview of the routine can be seen in figure
2B. For each individual 5 replicas are run and the best result
is stored. If an individual has already been evaluated in a
previous iteration, the result is compared to the stored val-
ues and the best one is considered. Further refinement Ro-
setta runs, for specific sequences, used a similar docking
routine. At least 100 designs were generated for each re-
finement run.

Importance of each mutation was determined using the
rosetta revert_design_to_native application®2¢3. This appli-
cation determines the contribution of each aminoacid sub-
stitution at the interface of a design, by singly reverting
these residues back to their wildtype identities and compu-
ting the effects of the reversion on the Is..

Atomistic molecular dynamics simulation systems.
All atomistic simulations were performed with the
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GROMACS 2020.3585° package and modelled using the Am-
ber14sb¢*, forcefield alongside the TIP3P water model®®.
Simulations were performed of each ACE2 protein structure
in water as well as in a complex with the SARS-CoV-2 S-pro-
tein RBD in water. Each structure was inserted in a trun-
cated dodecahedron box filled with water molecules (mini-
mum of 1.2 nm between protein and box walls). The total
charge of the system was neutralized and additional Na+
and Cl- ions were added to the solution to reach an ionic
strength of 0.1 M.

The system was energy-minimized using the steepest de-
scent method for a maximum of 50000 steps with position
restraints on the heteroatom positions by restraining them
to the crystallographic coordinates using a force constant of
1000 kJ/mol in the X, Y and Z positions. Before performing
the production runs, an initialization process was carried
outin 5 stages of 100 ps each. Initially, all heavy-atoms were
restrained using a force constant of 1000 k] /mol/nm, and at
the final stage only the only C-a atoms were position-re-
strained using the same force constant. In the first stage, the
Berendsen temperature algorithm® was used to initialize
and maintain the simulation at 300 K, using a temperature
coupling constant of 0.01 ps, without pressure control. The
second stage continued to use the Berendsen temperature
algorithm but with a force constant of 0.1 ps. The third stage
kept the same temperature control settings, but introduced
pressure coupling with the Berendsen pressure algo-
rithm¢®® with a pressure coupling constant of 5.0 ps and ap-
plied isotropically. The fourth stage changed the tempera-
ture algorithm to V-rescale®’, with a temperature coupling
constant of 0.1 ps, and the pressure algorithm to Parrinello-
Rahman®® with a temperature coupling constant of 5.0 ps.
The fifth stage is equal to the fourth stage, but position re-
straints are only applied to Ca atoms.

During the simulation, the equations of motion were inte-
grated using a timestep of 2 fs. The temperature was main-
tained at 300 K, using the V-rescale®” algorithm with a time
constant of 0.1 ps, and the pressure was maintained at 1 bar
using the Parrinello-Rahman!! pressure coupling algo-
rithm, with a time constant of 5 ps; pressure coupling was
applied isotropically.

Long-range electrostatic interactions were treated with
the PME®®70 method, using a grid spacing of 0.12 nm, with
cubic interpolation. The neighbor list was updated every
twenty steps and the cutoff scheme used was Verlet with 0.8
nm as the cut-off radius. All bonds were constrained using
the LINCS algorithm”!. All systems were simulated for at
least 2 ps over 5 replicates. The last 1 ps of each replicate
was used for analysis.

RESULTS AND DISCUSSION

The goal for this work was to optimize and design a set of
proteins for the neutralization of the SARS-CoV-2 S-Protein
RBD, for potential therapeutic or prophylactic use. Here, the
design, refinement and in silico characterization of the An-
giotensin-converting enzyme 2 (ACE2) protein is described.

ACE2 (Figure 4) is an enzyme that is typically attached to

the outer cell membrane and plays a key role in the cardio-
vascular system by catalyzing the hydrolysis of angiotensin
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IT into angiotensin!®. Studies have shown that the ACE2 en-
zyme, previously identified as the cellular receptor for
SARS-CoV, also acts as the receptor for SARS-CoV-2 by me-
diating the interactions with the S glycoprotein on the sur-
face of the virion. This process is part of the concerted ac-
tion that culminates in viral entry to the target cells. Due to
its importance in the mechanism, ACE2 has been labelled as
a potential pharmaceutical target for the treatment of the
disease, with promising use as a neutralizing decoy receptor
for SARS-CoV-2. However, the human ACE2 sequence has
been found to be suboptimal for binding the SARS-CoV-2
RBD72 and, as such, efforts have been made to optimize it.

Design and refinement of the ACE2 protein. Structure
preparation and selection of design target residues. The core
structure from which we based our optimization on was a
crystal structure of wt ACE2 bound with SARS-CoV-2 spike
RBD, obtained by X-ray diffraction (PDB ID: 6M0J53). In
preparation for the optimization, glycosylations were re-
moved and the structure relaxed, to remove potential crys-
tallographic clashes and refine the conformation space
around the structure.

The target residues for optimization were selected from
the ACE2 surface residues that were within 3 A of the RBD.
Care was taken not to include Gly and Pro residues which
could destabilize the core structure. Hotspot residues were
also removed from the selection. This process resulted in
the selection of 11 potential design target residues: Q24,
T27, K31, H34, Q42, L79, M82, Y83, N330, K353 and R393
(Final wt sequence: QTKHQLMYNKR).

Other than mutations to the design target residues, 2
other mutations were applied to every design: H374N and
H378N. These mutations are designed to neutralize ACE2
enzymatic activity’3, by replacing the 2 Histidine residues
which are responsible for complexing the Zn?* ion in the ac-
tive center. This is an important step in using ACE2 as a po-
tential pharmaceutical, as it plays an important role in the
cardiovascular system which must be nullified before po-
tential administration.

Optimization and Refinement of potential designs. At this
point, the ACE2 structure was optimized for RBD binding by
GA guided mutation of the design target residues (figure
5A). After 140 generations and 4 purges the algorithm
reached termination criteria and yielded the following po-
tential design #4 VIFIYWLFAWN. This design showed a -
11.8 REU (roughly 30 %) improvement in interface score in
comparison to the wt sequence. It is worth noting however,
that the Total Score of the potential design is significantly
higher than that of the wt. The potential design showed an
increase of 28.9 REU (1.15 %) in comparison to the wt se-
quence. The total score takes into account not only the bind-
ing energy but also the stability of each protein confor-
mation and the solvation energies. As such this increase in
energy hints at a decrease in protein stability or solubility
of our design.

To confirm the performance of the GA, 4 sequences were
chosen from the course of the optimization. For each se-
quence, at least 200 docking runs were performed to con-
firm their interface scores and measure whether they are
suffering from undersampling (figure 5C). The interface
scores recovered were similar to those obtained during the

Figure 4. ACE2 bound to SARS-CoV-2 RBD. Crystal structure
of SARS-CoV-2 spike RBD (orange) bound with ACE2 (green),
acquired by X-ray diffractions3 (PDB ID: 6M0]J).

optimization and, most importantly, the order of improve-
ment was kept the same, proving the efficacy of the algo-
rithm.

To refine our design, and test each of our mutated resi-
dues, we individually reverted each mutation back to the
wild type aminoacid and determined the impact on the in-
terface score (figure 5B). From this reversion, two muta-
tions offered no significant benefit over the wt residues:
Q42Y and R393N. As such, these 2 mutations were reversed
and the new sequence, #5 VIFIQWLFAWR, was further
tested with at least 200 docking runs (figure 5C). This se-
quence yielded a -10.8 REU (27 %) improvement in inter-
face score in comparison to the wt sequence, 1 REU less than
the best sequence, #4. However, the new sequence per-
formed much better in terms of total score, showing an in-
crease of only 1 REU compared to 28.9 REU of sequence #4.
This hints at sequence #5 being much more stable than #4.

Having concluded the optimization, out of the 11 poten-
tial design target residues, 9 mutations were applied: Q24V,
T271, K31F, H341, L79W, M82L, Y83F, N330A and K353W.
Procko et al. has created a library of ACE2 mutants that in-
crease RBD binding and created an enrichment map of ami-
noacid substitutions for each ACE2 aminoacid position”2.
Out of the 9 mutations found by our model, 4 mutations
(Q24V, H34I, N330A and K353W) were depleted in this li-
brary, 4 were neither significantly enriched or depleted
(K31F, T271, M82L, Y83F) and 1 was highly enriched
(L79W).
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Figure 5. GA-Guided optimization and refinement of ACE2. (A) Optimization progress and best interface score (Isc) over the
course of the GA iterations. Champion total score, worst Isc and average Isc over the course of the optimization are also shown.
The red bars refer to iterations where a purge occurred. The best sequence, as well as 3 others used to confirm the performance
of the GA are shown. (B) Difference in interface score upon reversion of each design mutation back to the wt residue. The two
mutations which were eventually reverted are marked in red. (C) Best performing structures for each of the selected sequences,
as well as the final sequence obtained after the 2 reversions. At least 200 docking runs were performed for each sequence from
which the best structure was selected. RMSD and interface RMSD are calculated using the crystallographic structure as reference.

From the 4 mutations that were found depleted in the au-
thor’s model, we scanned all possible replacements for the
2 most aggressive mutations (N330A and K353W). K353W
was the best possible aminoacid replacement at this posi-
tion, yielding both the best Interface and total scores (figure
S1). For position 330, N330F resulted in a very slightly im-
proved interface score (>1 REU improvement), however,
this replacement resulted in a significant worsening of the

total energy, hinting at a more unstable structure (figure
S$2).N330A provided the best interface and total score com-
bination. Sequence #5 VIFIQWLFAWR was thus chosen for
further tests and characterization.

Characterization of the binding interface. Analyzing the
binding interface of the designed sequence and comparing
it to the wt sequence, one thing that stands out is the in-
creased hydrophobicity (figure 6 A, B, C, D). Interface
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hydrophobic solvent accessible surface area (SASA) in-
creased from 885 to 1236 A2, while polar SASA decreased
from 779 to 747 A2 Increased hydrophobicity can increase
binding affinity but can also induce unwanted effects such
as protein instability, misfolding or non-specific aggrega-
tion. It is worth noting, however, that most mutations to-
wards more hydrophobic residues are mostly restricted to
left sector (per the division in figure 6) of the 2 alpha helices
that make up most of the binding interface (figures 6 C & D).
The fact that this hydrophobic region is restricted reduces
the probability of issues, however further in vitro and MD
tests must be performed to be certain about the overall fold
stability.

The overall interface area also increased significantly
(from 1664 to 1984 A2), however, the number of predicted
hydrogen bonds between the two structures decreased
from 8 to 5. This hints at a slight loss in binding specificity.
With the simultaneous increase in surface area and de-
crease in the number of predicted hydrogen bonds we also
saw an increase in unsatisfied buried hydrogen bonds at the
interface from 1 to 11. This was a parameter that at the time
of optimization wasn’t taken into consideration for the op-
timization process, however, it clearly hints at more availa-
ble binding energy gains that could potentially be unlocked
by taking into account some of these parameters into the fit-
ness function.

Looking at specific amino acid interactions on the left sec-
tion of the binding interface, the wt ACE2 (Figure 6E) estab-
lishes binding via hydrophobic interactions mediated by
M82, L79 and the RBD F482. A pi-stacking interaction be-
tween ACE2 Y83 and RBD F482 was also in place. Y83 ap-
peared to be supported by T27 and Q24 who could also es-
tablish some interactions with the backbone of RBD G476
and the sidechain of Y473. On the designed ACE2 (Figure
6H), both L79W and Y83F now establish a potential double
pi-stacking interaction with RBD F486. These interactions
are supported by M82L, Q24V and T271 who establish non-
specific hydrophobic interactions with several RBD resi-
dues.

On the middle section of the binding interface, the wt
ACE2 (Figure 6F) establishes a significant salt bridge be-
tween D30 and RBD K417. D30 is one of the hotspot resi-
dues which was kept unaltered in our optimization. K31 es-
tablishes interactions with RBD Q493, and H34 with RBD
Y453. These 2 interactions appear to be quite non-specific.
On the designed interface (Figure 61), K31F now leads to the
establishment of a pi-stacking interaction with RBD Y489,
supported by H34I which establishes non-specific hydro-
phobic interactions with RBD L455.

On the right section of the binding interface, the wt ACE2
(Figure 6G) establishes mostly polar interactions, via Q24,
D38,Y41,N330 and K353. On the designed interface (Figure
6]), 2 mutations are in place. N330A and K353W. N330A
establishes a hydrophobic interaction with the methyl
group of the RBD T500 sidechain. It is less clear what
K353W interacts with, however. This residue is placed in a
tight pocket lined by the protein backbone of several resi-
dues but surrounded by several polar sidechains. Nonethe-
less, scanning of this residue with Rosetta reveals that
K353W is the best possible aminoacid replacement at this
position.

It is worth noting that this analysis, is based on the best
scoring function obtained by docking to both wt and de-
signed sequences. As such, it provides limited information
on the dynamics of these interactions and does not take into
account explicit solvent and ion effects as well as protein
conformational dynamics effects. To obtain more infor-
mation on these interactions, atomistic molecular dynamics
simulations were performed.

Atomistic simulation characterization of the opti-
mized structures. To better probe the interaction and con-
formational dynamics of these proteins, as well as the ef-
fects of solvation on these properties, atomistic molecular
dynamics simulations were carried out using the Am-
ber14sb¢* forcefield. In this study 3 ACE2 protein sequences
were tested in 2 different simulation systems. We simulated
the wt, wt + H374N and H378N (HH) and our designed se-
quence. These sequences were then either simulated by
themselves in water, to test protein stability and confor-
mation dynamics, or complexed with RBD to test binding in-
terface interactions.

ACE2 Conformational stability and dynamics. ACE2 con-
formational stability and dynamics were analyzed from sys-
tems containing the ACE2 protein in water. We started by
analyzing the root-mean-square deviation (RMSD) of
atomic positions of each of the systems from the X-ray struc-
ture. The three simulated variants yielded very similar, low
RMSD values, pointing at quite stable structures. This result
is quite promising for the overall stability of our design as
its fluctuations are similar to that of the wt variant in the
timescale here probed.

Nonetheless, some RMSD fluctuations were observed, es-
pecially on some replicas of the designed sequence. These
fluctuations were originated from the opening (Figure S3A)
and closing (Figure S3B) of the ACE2 active center pocket.
ACE2, like other metallopeptidases, undergoes a large
hinge-bending motion when binding a substrate or inhibi-
tor, locking it in the active center’+. To probe these dynam-
ics over the course of the simulations we looked at both the
volume of the active center (Figure S3D), as well was the an-
gle made by the opening and closing of the active center
pocket (Figure S3C).

Looking at the pocket dynamics of the free ACE2 variants,
we see that the wt and HH variants show similar pocket
open angles despite the wt variant showing a slightly larger
active center volume. The designed variant shows a slightly
wider distribution of opening angles with the peak skewed
to lower angle values than the wt and HH variants. It also
yields a much smaller active center pocket volume. The de-
signed ACE2 shows much higher variance between the rep-
licas in comparison to the wt and HH sequences.

When analyzing the simulations containing the ACE2
molecules complexed with the RBD, we observe a slight de-
crease in the population with larger interdomain angles for
the wt variant, although no significant decrease in active
center volume is observed. Similar behavior is observed for
the HH variant. This contrasts with other ACEZ simulation
studies, which have shown that the complexation with the
RBD locks the structure in the open conformation’s. The de-
signed variant shows a similar behavior, yielding a smaller

10



™

slﬁé—mm
& ~M

Left sector

F

Wild type
ACE2

Designed
ACE2

CHAPTER 5. TACKLING THE SARS-COV-2 PANDEMIC

B Designed ACE2

Figure 6. Interface analysis of both wild type and designed ACE2 proteins. (A and B) General look at both wt and designed
ACE2 (blue) RBD (white) interfaces. (C and D) Hydrophobicity profile of the 2 interface helixes from both wt and designed se-
quences. (E to ]) Close-up on the interactions established by both wt and designed ACE2 sequences. Aminoacid color code: non-

polar: white, basic: blue, acidic: red, polar: green.

interdomain angle and active center volumes. These dy-
namics are likely to play a role in the ACE2 binding affinity.
And while the extent of their influence is not yet clear it is
unlikely that these would influence molecule stability.

ACE2 - RBD binding characterization. To characterize
ACE2-RBD binding we deployed simulation systems con-
sisting of ACE2 complexed with RBD for each of the studied
sequences. We started by analyzing the contact matrix for

each simulated system. Each system yielded a very similar
contact matrix (figure S4 A, B & C), with a similar number of
average total contacts per frame (145, 145 and 143 for the
wt, HH and designed sequences, respectively) (table S1).

Looking at the contact matrix for the designed sequence
(figure S4 C), we can analyze whether the contacts present
in the rosetta design are kept during the MD simulations
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wt and designed sequences as well as the difference between the two. Mutated residues are marked by dashed lines.

and if any new contacts appear. Looking at the left section
of the binding interface, the interactions between L79W and
Y83F with RBD F486 are also quite prevalent in the atomis-
tic simulations. The support interactions established by
M82L, Q24V and T27I are also present, with M82L also in-
teracting with RBD F486 while Q24V and T27I interact non-
specifically with RBD residues 473 to 477 and 486 to 489.
On the middle section of the binding interface, K31F main-
tains its interaction with RBD Y489, however it seems to be
quite promiscuous also interacting with neighboring RBD
residues. H341 maintains its interaction with RBD L455 but
also interacts quite significantly with RBD Q493, S494 and
Y495. On the right section, the hydrophobic interaction be-
tween N330A and RBD T500 is maintained. K353W contin-
ues to establish quite complex interactions, being within in-
teraction range of RBD residues 495 to 498, 501, 502, 504
and 505. In all, it seems as if most of these interactions are
quite well maintained when simulating the Rosetta struc-
ture.

To compare the different binding interfaces, we can
simply subtract the contact matrices from one another. We
started by comparing the wt and HH sequences (Figure S5),
where we found no significant differences in contact fre-
quency between them. This result hints that the H374N and
H378N mutations do not influence ACE2-RBD binding sig-
nificantly. Experimental studies have also shown this to be
the case’3. Comparing the designed and wt sequences, how-
ever, we observe some significant differences (figure S6).
Some of these differences are simple to interpret, such as
the relative loss of contact between K31F with RBD P491
and subsequent increase in contact with RBD F486, in com-
parison with the wt contacts. Other more complex changes
are also observed, such as the loss of contacts between
N330A and RBD residues N501 and G502 with a possibly
correlated increase in contacts by the non-mutated neigh-
boring ACE2 residues T324,Q325,G236 and F327.In all, the

number of contacts was mostly maintained, however one
must consider that not all contacts have equal binding ener-
gies.

To attempt to quantify the binding energy of each simu-
lated sequence and their respective residue contribution we
employed the molecular mechanics Poisson-Boltzmann
surface area (MM-PBSA) method using the g mmpbsa
tool’677. MM-PBSA is an implicit solvent free energy method
which can be used to determine the free energy of molecu-
lar systems and predict binding affinities. While the method
has some weaknesses, the major being not predicting solute
entropy, which leads to unrealistic energy estimate values
for larger molecules, it has been successfully applied in drug
and protein design by being able to determine relative bind-
ing affinity of similar structures with fairly high accuracy?s.
As such, we employed it in this work to probe the binding
affinity of the wt and designed sequences and the specific
contribution of each amino acid residue towards it.

Looking at the MM-PBSA binding energy (figure 7A),
within the same tested sequence, all the 5 replicas behaved
similarly, for both the wt and designed systems. This hints
at quite a stable binding interaction during the timescale
probed. It is worth noting that the total binding energy val-
ues recovered for either sequence are very unrealistic in
scale, which is mostly a consequence of not accounting for
entropic contributions in such large molecules. One must
be careful to interpret the energy for these protein-protein
complexes and rather look at their relative differences. This
can be done in our case, as both proteins are overall quite
similar, and both are analyzed binding the same partner.

Comparing the 2 systems (figure 7A), the designed se-
quence yielded a 31% increase in binding energy when
compared to the wt (-1000.63 + 29.81 and -1316.36 + 32.50,
for the wt and designed systems respectively). This is very
similar to the relative increase of 27 % determined by
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Rosetta, which points at our Rosetta models being in good
agreement with the MD models.

Looking at the MM-PBSA binding energy per residue (fig-
ure 7B), one can compare the wt and designed binding in-
terfaces. The binding energy per residue landscape is quite
similar between the 2 sequences. Most mutations on the de-
signed sequence yield contribute only with smaller im-
provements to the binding, but 2 mutations stand out sig-
nificantly, K31F and K353W. Both these mutations also had
the biggest impact when testing their reversion back to the
native aminoacids with Rosetta (Figure 5B).

K31F is the substitution that now establishes a pi-stack-
ing interaction with RBD Y489, and while our Rosetta scans
showed that it greatly contributed towards binding, it was
neither enriched or depleted in the enrichment map of ami-
noacid substitutions for increased RBD binding by Procko
et al.72. K353W is the substitution that is placed in a tight
pocketlined by the protein backbone of several residues but
surrounded by several polar sidechains. This substitution
was depleted on the enrichment map of substitutions, but it
was found to be the best possible residue for that position
when scanning with Rosetta.

Most of the gains from these 2 positions, come from the
fact that the wt residues in place were quite unfavorable for
binding. With this in mind, a few other wt residues which
were not considered in this design stand out as they are
slightly unfavorable for binding: K26, K68, K74, K94, K341
and R357. K26 is found to be under heavy selection pres-
sure by Procko et al.”?, while the others were not. Some of
these might be potential future targets for further optimiza-
tion.

Summarizing these results, this designed sequence seems
to be a stable and high affinity promising candidate for fur-
ther in vitro testing. These tests may not only yield a prom-
ising therapeutic molecule for the neutralization of SARS-
CoV-2 but will also be crucial to validate our current in silico
protocol. Validation of our protocol and models will be cru-
cial to further refine and improve our methods which will
help in designing better molecules. Expression, purification,
and characterization of this design will be carried out by the
Protein Regulation in Plants laboratory at ITQB NOVA.

Future potential optimizations. Analyzing the outcome
of the optimization often reveals potential future optimiza-
tions, not only for the ACE2 protein but also for the GA
method. Obviously, some of these potential optimizations
are dependent on establishing correlation between our
computational and future experimental results.

Concerning the algorithm, further optimizations will
likely be focused on improving the fitness function. In our
current optimization the fitness function was merely the in-
terface score as calculated by the Rosetta. However, it is
likely that we can achieve better results with a more com-
plex fitness function that considers not only the interface
score, but also possibly the total complex score, the number
of inter-protein hydrogen bonds, number of unsatisfied
buried hydrogen bonds, etc. This can be done using a
weighed linear combination of all these terms, calibrating
the contribution of each specific term according to their im-
portance.

Concerning further optimizations to the ACEZ2 protein, we
found a few promising targets that were not explored in this

CHAPTER 5. TACKLING THE SARS-COV-2 PANDEMIC

work. Glycosilations, of either the ACE2 protein or the SARS-
CoV-2 S protein RBD, were not considered in our optimiza-
tions. While taking glycosilations into account is not trivial,
due to their immense conformational freedom, they can be
considered in our Rosetta protocol.

Procko et al.”? found that both ACE2 N90 and T92, which
form a consensus N-glycosylation motif, are significant hot
spots of enriched mutations that favor RBD binding. Any
substitutions on either position, with the exception of T92S,
prevents the N-glycosilation and as such it is likely that this
glycosylation somehow hinders binding. Including point
mutations to either of these residues in our designs is likely
to be very favorable.

With the emergence of several SARS-CoV-2 variants, with
several mutations to the spike protein and especially in the
RBD, some of which with increased transmission ratios,
there is now a need for therapeutical molecules which can
universally target these variants. These different variants
can be accounted for in our algorithm, by docking the design
sequences not only with the wt ACE2 RBD but also dock
them with the mutated variants and then use a weighed lin-
ear combination of the fitness value obtained for each vari-
ant as the overall fitness.

While some of these optimizations are specific to the
ACE2 molecule, others are more general and will allow for a
stronger algorithm which can be used for the fast and effi-
cient screening of neutralizing molecules to fight not only
SARS-CoV-2 but also other diseases.

CONCLUSIONS

By applying a GA-guided Rosetta docking protocol, we de-
signed an optimized ACE2 protein for the neutralization of
SARS-CoV-2 S-protein RBD. This approach allowed us to
quickly probe the optimization sequence space, whilst hav-
ing full control over the process. With this protocol we ob-
tained similar results to that of the standard Rosetta design
methods whilst being more computationally efficient.

The designed molecule proved to be a promising candi-
date for in vitro testing after extensive in silico characteriza-
tion, showing significantly increased binding affinity (~ 30
%), whilst maintaining promising indicators of fold stabil-
ity. This candidate molecule will now undergo in vitro test-
ing and characterization by the Proteome Regulation in
Plants lab at ITQB NOVA, which will provide definitive evi-
dence on the success of the protocol.
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ABSTRACT: The coronavirus disease 2019 (COVID-19) pandemic, caused by the severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), has killed over 5 million people and is causing a devastating social and economic impact all over the
world. The rise of new variants of concern (VOCs) represents a difficult challenge due to the loss vaccine and natural immun-
ity, and increased transmissibility. All circulating VOCs contain mutations in the spike glycoprotein, which mediates fusion
between the viral and host cell membranes, via its receptor binding domain (RBD) that binds to angiotensin-converting en-
zyme 2 (ACE2). In an attempt to understand the effect of RBD mutations in circulating VOCs, a lot of attention has been given
to the RBD-ACE2 interaction. However, this type of analysis is limited, since it ignores more indirect effects, such as the con-
formational dynamics of the RBD itself. Observing that some VOCs mutations occur in residues that are not in direct contact
with ACE2, we hypothesized that they could affect RBD conformational dynamics. To test this, we performed long atomistic
(AA) molecular dynamics (MD) simulations to investigate the structural dynamics of wt RBD, and that of three circulating
VOCs (alpha, beta, and delta). Our results show that in solution, wt RBD presents two distinct conformations: an “open” con-
formation where it is free to bind ACE2; and a “closed” conformation, where the RBM ridge blocks the binding surface. The
alpha and beta variants significantly impact the open/closed equilibrium, shifting it towards the open conformation by
roughly 20%. This shift likely increases ACE2 binding affinity. Simulations of the currently predominant delta variant RBD
were extreme in this regard, in that a closed conformation was never observed. Instead, the system alternated between the
before mentioned open conformation and an alternative “reversed” one, with a significantly changed orientation of the RBM
ridge flanking the RBD. This alternate conformation could potentially provide a fitness advantage not only due to increased
availability for ACE2 binding, but also by aiding antibody escape through epitope occlusion. These results support the hypoth-
esis that VOCs, and particularly the delta variant, impact RBD conformational dynamics in a direction that simultaneously
promotes efficient binding to ACE2 and antibody escape.

INTRODUCTION including a refolding step that leads directly to membrane
fusion and viral entry 7-12.

The SARS-CoV-2 S protein is composed of a signal peptide
located at the N-terminus (residues 1-13) and 2 subunits, S1
(residues 14-685) and S2 (residues 686-1273)!3. The S1
and S2 subunits are responsible for receptor binding and
membrane fusion, respectively!3. The S1 subunit consists of
a N-terminal domain (residues 14-305) and a receptor
binding domain, or RBD (residues 319-541). The RBD is re-
sponsible for the interaction of SARS-CoV-2 with host cells
via binding to the angiotensin-converting enzyme 2
(ACE2)8101314 3 regulator of the renin-angiotensin system.
Binding to ACE2 is one of the first steps in what is consid-
ered to be the main mode of SARS-CoV-2 viral entry, and as
such, a lot of attention has been given to the SARS-CoV-2

Coronavirus disease 2019 (COVID-19), caused by the se-
vere acute respiratory syndrome coronavirus 2 (SARS-CoV-
2)1-3,is a global pandemic with higher mortality than that of
seasonal influenza*. As of November 2021, Over 5 million
lives had been claimed by this disease®. Infection by SARS-
CoV-2 requires the fusion of viral and host cell membranes,
at either the cell surface or the endosomal membrane®. As
for the severe acute respiratory syndrome coronavirus
(SARS-CoV) and the Middle East respiratory syndrome-re-
lated coronavirus (MERS-CoV), the SARS-CoV-2 fusion pro-
cess is mediated by the viral envelope spike (S) glycopro-
tein®. Upon viral attachment or uptake, host factors trigger
large-scale conformational rearrangements in the S protein,
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Figure 1. SARS-CoV-2 receptor binding domain (RBD) structure. Structure of wt RBD in the open (A) and closed (B) confor-
mations. Snapshots obtained from the AA MD simulations. Disulfide bonds are represented in yellow sticks. Structure of wt RBD
bound to ACE2 is also shown (C). The RBM region is colored red and the ridge in dark red, with the rest of the protein being colored

in blue. ACE2 is in grey.

RBD - ACE2 complex due to both its mechanistic implica-
tions!5-20 and pharmaceutical potential?!-2’. However, not
much attention has been given to the dynamics of the RBD
by itself.

The RBD core structure when bound to ACE2 (Figure 1A)
consists of a twisted five stranded antiparallel B sheet (81,
B2, B3, P4 and B7), with short connecting helices and
loops?8. This core 3 sheet structure is further stabilized by 3
disulfide bonds. Between the core 4 and 7 strands (resi-
dues 438-506), there is an extended region containing 2
short 8 strands (85 and 6), the alpha 4 and alpha 5 helices
and loops. This region is the receptor-binding motif (RBM),
which contains most of the residues that are responsible for
interacting with ACE2282%. When complexed with ACE2, the
RBM folds into a concave surface, that accommodates the N-
terminal a-helix of ACE2, with a ridge (residues 471 to 491)
on one side, formed by a disulfide-bridge-stabilized loop
(Cys480-Cys488). It is in this surface that several RBM res-
idues establish specific and non-specific interaction with
ACE2 residues?s.

From the available experimental structural data the core
B-sheet structure is very stable, but the RBM seems to be
quite dynamic and not as structurally defined, unless bound
to other proteins, like ACE21430-33 or antibody fragments3*-
40, Molecular dynamics (MD) simulation studies have also
mostly focused on RBD complexed with these proteins, and
while there are MD simulation studies of free RBD, they
have either been short simulations#!-43 or not focused on
RBM dynamics*#4. As such, not much is known about the
conformational dynamics of this motif when unbound. This
is relevant because the conformational dynamics of the
SARS-CoV-2 RBD and RBM might not only play an important
role in receptor recognition and binding but also provide
important information for the development of newer im-
proved pharmaceuticals.

Recently, a significant number of naturally occurring mu-
tations to the SARS-CoV-2 S protein have also been re-
ported#>-48. Many of these mutations have been identified in
the RBD, some of which have rapidly become the dominant
viral variant in certain regions due to their significant fit-
ness advantage*>-*8, Many of these RBD mutations are

thought to increase fitness by increasing ACE2 binding af-
finity or by escaping neutralization by anti-SARS-CoV-2
monoclonal antibodies*. Still, the impact of these mutations
on the structural dynamics of RBD and the RBM have not yet
been investigated.

In this work, we use atomistic (AA) molecular dynamics
(MD) simulation methods to investigate the structural dy-
namics of SARS-CoV-2 RBD, and that of three naturally oc-
curring variants of concern (VOCs): B.1.1.7, or alpha, vari-
ant*” (N501Y); B.1.351, or beta, variant*s (K417N E484K
N501Y); and B.1.617.2, or delta, variant* (L452R T478K).
Our results show that the RBM dynamics of wt RBD are such
that it is not always in a conformation competent for ACE2
binding (Figure 1). Conversely, all variants, and delta in par-
ticular, stabilize binding-competent configurations. The
conformational space visited by the variants thus putatively
increases ACE2 binding efficiency and may further provide
fitness advantage by aiding in antibody escape.

METHODS

Molecular dynamics simulations. All atomistic simula-
tions were performed with the GROMACS 2020.3505! pack-
age and modelled using the Amber14sb>?, forcefield along-
side the TIP3P water model33. The initial wt RBD structure
was obtained from PDB ID: 6M0]39, which corresponds to an
ACE2 bound conformation of RBD; ACE2 was excluded from
this structure. The different RBD variants were generated
by mutating the appropriate residues in the wt RBD using
PyMOLS54 Simulations were performed on each RBD protein
structure in water. Each structure was inserted in a trun-
cated dodecahedron box filled with water molecules (con-
sidering a minimum distance of 1.2 nm between protein and
box walls). The total charge of the system was neutralized
with the required number of Na* ions, with additional Na*
and CI- ions added to the solution to reach an ionic strength
of 0.1 M.

The system was energy-minimized using the steepest de-
scent method for a maximum of 50000 steps with position
restraints on the heteroatom positions by restraining them
to the crystallographic coordinates using a force constant of
1000 kJ/mol in the X, Y and Z positions. Before performing



the production runs, an initialization process was carried
outin 5 stages of 100 ps each. Initially, all heavy-atoms were
restrained using a force constant of 1000 k] /mol/nm, and at
the final stage only the only Ca atoms were position-re-
strained using the same force constant. In the first stage, the
Berendsen thermostat>® was used to initialize and maintain
the simulation at 300 K, using a temperature coupling con-
stant of 0.01 ps, without pressure control. The second stage
continued to use the Berendsen thermostat but now with a
coupling constant of 0.1 ps. The third stage kept the same
temperature control, but introduced isotropic pressure
coupling with the Berendsen barostat®®, with a coupling
constant of 5.0 ps. The fourth stage changed the thermostat
to V-rescale®¢, with a temperature coupling constant of 0.1
ps, and the barostat to Parrinello-Rahman57 with a pressure
coupling constant of 5.0 ps. The fifth stage is equal to the
fourth stage, but position restraints are only applied on Ca
atoms. For production simulations, conditions were the
same as for the fifth stage, but without any restraints. In all
cases, 2 fs integration steps were used. Long-range electro-
static interactions were treated with the PMES859 scheme,
using a grid spacing of 0.12 nm, with cubic interpolation.
The neighbor list was updated every twenty steps with a
Verlet cutoff with a 0.8 nm radius. All bonds were con-
strained using the LINCS algorithm®°.

Simulations of each of the RBD proteins were performed
for at least 7 ps over 5 replicates (the wt was simulated for
15 ps, and the alpha, beta and delta variants for 7 ps each).
The first 3 ps of simulation were considered as equilibration
time and the remaining frames were used for analysis. Vis-
ualization and rendering of simulation snapshots was per-
formed with the molecular graphics viewers VMDe®l,
PyMOL5* and UCSF Chimera®2.

Principal Component Analysis. PCA is a standard di-
mensionality reduction method that we apply here to the
(3N-6)-dimensional space of possible RBD conformations
(in our case, N being the number of RBD residues). PCA con-
sists of a linear transformation that changes a set of possibly
correlated dimensions into a set of linearly uncorrelated,
mutually orthogonal ones, called principal components
(PCs). The first PC can be defined as the direction that ac-
counts for as much of the variance in the data as possible,
with each successive PC accounting for as much of the re-
maining variance as possible. Reduction of data dimension-
ality is achieved by retaining only a few of the first PCs —
which represent the strongest correlations in the data, in
our case, the most important conformational motions —,
thus sacrificing some information for simplicity. Discus-
sions of the mathematical and computational backgrounds
can be found elsewhere®3-66,

In this work, PCA was applied to sets of conformational
coordinates obtained from MD simulations. Prior to PCA,
each conformation was translationally and rotationally fit-
ted to the RBD core Ca carbons of the wt crystal structure
(hence the -6 in the dimensionality). PCs were determined
using MDAnalysis®’, from the entire pool of simulation tra-
jectories, considering only the coordinates of the RBD’s Ca
carbons. The dimensionality was reduced to the 2 mostrep-
resentative PCs, preserving a large part of the variance.
RBD structures for each simulation frame, for each variant,
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could then be projected as points in this two-dimensional
space, enabling a simplified visual representation of the
conformation space explored by the RBD in each case.

The probability density function for each trajectory pro-
jection was estimated using a gaussian kernel estimator®568
implemented in LandscapeTools’ get density software as
described elsewhere®9, This procedure defines a probabil-
ity density function P(r), with the values of P(r) being stored
for the position of each data point and for the nodes of a
two-dimensional uniform grid, with a mesh size of 0.5 A.
These values were used to define an energy surface, calcu-
lated as®s:

P(r)
P

max

E(r)= —RT In ( )

Where Pmax is the maximum of the probability density
function, P(r). The energy surface landscapes were ana-
lyzed by determining the energy minima and respective ba-
sins. The basins were defined as the set of all conformations
whose steepest descent path along the energy surface leads
to a particular minimum®s7071, Here, the steepest descent
paths for each grid cell were computed, with each confor-
mation inheriting the path of its corresponding grid cell.
Landscape regions with E > 6 keT were discarded, resulting
in the final set of basins for each data set.

Residue interaction network analysis. Residue inter-
action networks (RINs) are graph representations of pro-
tein structures, where the nodes represent amino acid resi-
dues and the edges represent interactions between resi-
dues. Pairwise residue interactions were analyzed for the
5000 lowest energy conformations obtained for the most
populated open, closed and reversed conformation basins
of the energy surface landscapes of each RBD variant, using
RIP-MD72, Several types of interactions between AAs were
probed: Ca contacts, hydrogen bonds, salt bridges, disulfide
bonds, cation-m, -, Arg-Arg, Coulomb and van der Waals.
The parameters defining each interaction, as well as their
mathematical formulation can be found elsewhere’2 Once
the interactions were determined, the interaction networks
were visualized using Cytoscape’s.

RESULTS AND DISCUSSION

Our aim was to study the conformational dynamics of the
SARS-CoV-2 RBD, as well as that of several other SARS-CoV-
2 variants in solution. To this effect, we simulated the wt,
alpha, beta and delta variants of the SARS-CoV-2 RBD. The
gamma variant was not studied due to its similarity to the
beta variant (in the RBD region, both variants share the
E484K and N501Y mutations; the beta variant also contains
the K417N mutation while the gamma variant has K417T).

wt RBD presents two distinct RBM conformations in
aqueous solution. Visual inspection of the trajectories ob-
tained in the simulation of wt RBD in water revealed that
large dynamic conformational changes occur in the RBM re-
gion (Figure 2A, Supplementary Video S1). The dynamics
observed appear to show an opening and closing of the
ACE2 binding surface of the RBM. To better characterize
these conformational dynamics, we performed principal
component analysis (PCA) on the coordinates recovered
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Figure 2. Two-dimension principal component analysis (PCA) of SARS-CoV-2 RBD conformational dynamics in water. Plots
of the first two principal components determined from the Ca backbone of the wt RBD (A) as well as the alpha (B), beta (C) and
delta (D) variants. Basins with KsT < 3 are numbered in each figure. Snapshots of the lowest energy structures for selected open
and closed basins are also shown. The ridge regions of the open and closed snapshots are colored in blue and red, respectively.

from these simulations, reducing them to 2 principal com-
ponents; this 2D configuration space sampling was ex-
pressed as free energy landscapes (Figure 2).

For wt RBD, we observe two deep basin clusters (Figure
2A), as well as several other lesser basins. Closer analysis on
the RBD conformations that make up each basin shows that
wt basins 1 and 3 correspond to conformations close to the
ACE2-bound one determined by X-ray crystallography?°
(Figure 1A and 2A). We named these “open” configurations.
The second basin cluster (basins 0 and 2), however, was
made up by quite distinct conformations. In these basins,
the loop that makes up the RBM has twisted, and collapsed
over the ACE2 binding surface, effectively hiding it from the
solvent (Figure 1B and 2A). We named these conformations
“closed”. Further analysis of the PCA results reveals that the
wt RBD is in a closed state for more than half of the simula-
tion time (~55.5%, Supplementary Table S1). Given that in
these conformations the RBM closes on itself, hiding the
ACE2 binding surface, we can speculate that RBD would be
unable to effectively bind to ACE2 and initiate the ACE2-
dependentinfection process. Moreover, the open and closed
states were visited reversibly (Supplementary Figure S1),
indicating that our simulations were not kinetically trapped
in either basin.

Residue interaction network (RIN) analysis was per-
formed for the 5000 lowest energy structures of basins 1
(open) and 0 (closed). From the identified interactions, we
selected those that were present in over 50% of the simula-
tion frames (Supplementary Figure S3). We also only con-
sidered interactions that are established by RBM residues,

or those in their immediate vicinity. These RINs were then
used to probe the different intramolecular interactions es-
tablished in each of the conformations.

In the open conformation, the RBD ridge is stabilized by a
triple m-stacking interaction between residues Y489-F456-
Y473 and a hydrogen bond between Y489-Y473. Addition-
ally, two hydrogen bonds are established between residues
Y453 and E493, which help stabilize the formation of a small
B-sheet (Figure 3A).

In the closed conformation, however, the m-stacking in-
teractions are broken, and new interactions with RBD core
residues are formed in their place. F456 forms a stable -
stacking with Y421, Y489 forms a transient m-stacking in-
teraction with F486 and Y473 forms a hydrogen bond with
the backbone of Y451. Moreover, E484 forms a salt bridge
with R403, that is found in the RBD core, and a hydrogen
bond with K417 (Figure 3E). This hydrogen bond does not
show up in the RIN, as K417 can establish a bond with each
of the two glutamate oxygens, each with ~40% prevalence
(each thus below our 50% selection cutoff). These two in-
teractions, together with the formation of three hydrogen
bonds (C480-S494-G482-Q493) are responsible for the
“closing” of the ridge and consequent shielding of the ACE2
binding surface. The importance of the E484-R403 and
E484-K417 interactions for the closing of the loop was con-
firmed by simulating the E484K and K417N mutants. Either
of these single mutations were enough to completely de-
plete the closed conformation (Supplementary Figure S2A
and B for E484K and K417N, respectively). This shows that
both these interactions are crucial for the stabilization of



the wt closed state. Still, several other transient hydrogen
bonds, formed between residues L492, G493 and S494 of
strand 6, and T478, C480, N481, G482 and E484 of the
RBM ridge, assist in stabilizing the structure.

The closed conformation does not seem to substantially
impact RBD secondary structure (Supplementary Figure
S7). The largest impact appears to be limited to residues
473-474 and 488-489, that in the open state display a slight
[-sheet character. However, upon closing, this $-sheet char-
acter disappears. This effect comes from residues 473 and
489 no longer participating in the triple m-stacking that was
likely stabilizing this region.

Apart from impacting ACE2 accessibility, the closing of
the RBM ridge also decreases the solvent accessible surface
area (SASA) of the RBD by slightly over 3 % (Supplementary
Table S2).

Although other studies have noted the high flexibility in
the RBM region of the RBD#!-43, this is, as far as we know,
the first report of this “hinge” mechanism which can effec-
tively hide the ACE2 binding surface of the RBD from bind-
ing partners. While it is likely that induced fit interactions
might assist in opening a closed conformation for binding to
ACE2, it is safe to assume that the closed conformation will
have its binding to ACE2 substantially hindered when com-
pared to an open conformation.

SARS-CoV-2 alpha and beta variants impact RBM con-
formational dynamics and exposure. The first SARS-CoV-
2 variant of concern to be identified was first detected in the
UK. Itis often referred to as B.1.1.7 or alpha variant and has
only one mutation in the RBD region — N501Y. A second
variant emerged soon after in South Africa, independently
of B.1.1.7, referred to as B.1.351 or beta variant. In the RBD
region, this variant shares the N501Y mutation with the al-
pha variant and includes two others: K417N and E484K*.

Like the wt variant, MD simulations of the RBDs from the
alpha and beta variants also showed the prevalence of two
sets of RBM conformations, corresponding to open and
closed conformations (Supplementary Videos S2 and S3).
PCA analysis of the alpha variant trajectory shows two deep
basin clusters (Figure 2B), basins 0 and 1, and basins 2 and
3, which correspond to open and closed conformations re-
spectively. However, unlike the wt variant, the alpha variant
remains most of the simulation time in an open confor-
mation (~72.64 %, Supplementary Table S1). The beta var-
iant (Figure 2C) also has two deep basin clusters (basins 0
and 1, and basins 2 and 3), corresponding to open and
closed conformations, respectively. Like the alpha variant,
beta remains in an open conformation for substantially
longer time than the wt (~69 %, Supplementary Table S1).
In both cases, and as for wt, our simulations were able to
reversibly visit either state (Supplementary Figure S1).

Both alpha and beta variants shift the open/closed equi-
librium towards more open conformations by roughly 20%.
A closing AAG was calculated from the ratio between time
spent in the open and closed states, where the time spent in
each individual open and closed basin was added together
(Supplementary Table S1). The equilibrium shift led to a
decrease in the closing AAG from 0.55 + 0.17 k] /mol, in the
case of wt RBD, to -2.44 + 0.22 and -2.09 * 0.14 k] /mo], for
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the alpha and beta variants, respectively. As mentioned pre-
viously, itis likely that only the open conformations are fully
available to bind to ACE2, meaning that these mutations
substantially increase the accessibility of RBD to ACE2, and
probably impact ACE2-RBD binding.

By analyzing the intramolecular residue interactions for
both variants we observe that the interactions which stabi-
lize the open conformation in the wt variant are conserved
in both alpha and beta variants, namely the triple n-stacking
between residues Y489-F456-Y473, as well as the hydro-
gen bond between Y489 and Y473. An additional hydrogen
bond between Q493 and Y453 assists in stabilizing the 6
strand (Figure 3B and 3C).

Interestingly, in both the open and closed conformations
of the alpha variant, the interactions established by residue
Y501 (alpha’s only mutation in the RBD) that were previ-
ously present in the wt variant are maintained in the alpha
variant (two hydrogen bonds established through the resi-
due backbones: Q458-Y501 and Y501-Q506). However, the
main interactions that stabilize the closed conformations
differ between the alpha variant and wt (although some
transient hydrogen bonds between strand 36 and the RBM
ridge do remain). Instead of the E484-R403 salt bridge seen
for wt, in the alpha variant the closed conformation is pro-
moted by the formation of hydrophobic interactions be-
tween the mutated Y501, V483 and F486 (Figure 3F). This
arrangement hinders the establishment of the E484-R403
salt-bridge (as can be seen in Supplementary Video 2) while
being itself less stable than the open conformations. This is
the likely cause for the decrease in percentage of closed
state observed for alpha. Progression to the E484-R403
salt-bridge may also be prevented in part by the establish-
ment of a short a-helix, discussed ahead.

In the beta variant, the closed conformation is notably im-
pacted by both the E484K and the N501Y mutations. The
E484K mutation prevents the formation of the E484-R403
salt bridge that was crucial for the stability of the closed
conformation in the wt variant. However, unlike the single
E484K mutant (Supplementary Figure S2), the beta variant
can still reach a closed conformation. This is because it can
establish the same hydrophobic interaction between Y501
and V483 as the alpha variant (Figure 3G). This closed state
is also stabilized by the same transient hydrogen bonds be-
tween strand 36 and the RBM ridge seen in the wt and alpha
variants

Concerning the secondary structure, there are no sub-
stantial differences between the alpha or beta open states
and the wt open state (Figure S7). However, upon closing,
both alpha and delta form a small a-helix between residues
475 and 490, for roughly 30% of the simulation time. This
helical character might be relevant for the alpha variant, as
it assists in facing the E484 sidechain away from R403 (Fig-
ure 3F and 3G), hindering the formation of the salt-bridge.
Additionally, the alpha variant also shows some helicity in
residues 482 to 489, which likely arises from contacts be-
tween residues in this helix and the mutated N501Y.

Curiously, while the alpha variant also shows a consider-

able decrease in SASA upon closing (~5%), the beta variant
shows no substantial change.
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Figure 3. Closeup snapshots of SARS-CoV-2 RBD intramolecular interactions that stabilize the various conformations. Snap-
shots from AA MD simulations showcasing crucial intramolecular interactions responsible for stabilizing the open, closed, and re-
versed conformations for the wt (A, E), alpha (B, F), beta (C, G) and delta (D, H) RBD variants. The ridge region of the RBD is colored
in red and residues of interest in green. Text labels indicate relevant residues, with shaded labels indicating mutations relative to
wt. All figures are rotated 180° relative to Figures 1 and 2, apart from snapshot H.

Overall, these results showcase a possible alternative
mechanism for how the alpha and beta variants might facil-
itate viral entry into the host cells. By shifting the
open/closed equilibrium towards the ACE2-accessible open
conformation, both of these variants are facilitating ACE2-
RBD binding, which will inevitably lead to an increase in
binding affinity and enhanced receptor-dependent infec-
tion.

SARS-CoV-2 delta variant shows conformational dy-
namics distinct from the other variants. As of November
2021 the global dominant SARS-CoV-2 variant is the
B.1.617.2 (or delta)*®. It contains two mutations in the RBD
region: L452R and T478K. Like the wt, alpha and beta vari-
ants, MD simulations of the delta RBD show the prevalence
of two sets of RBM conformations, one of which corre-
sponds to the wt open conformation (Supplementary Video
S4) and is stabilized by the same interactions observed for
the three other variants (Figure 3D). However, unlike those
variants, MD simulations of the delta RBD do not show the
occurrence of a closed conformation at all. Instead, an alter-
native open conformation is present, which we refer to as
reversed. PCA analysis of the delta variant trajectory, show
two deep basins, 0 and 2 in Figure 2D, which correspond to
the open and reversed conformations, respectively. As for

the other variants, simulations were able to reversibly visit
the two states (Supplementary Figure S1).

The reversed conformation showcases the incredible
flexibility of the RBM region, which not only opens and
closes over the ACE2 binding surface of the RBD but acts as
a two-way hinge that reverse-folds to the side of the RBD.
This alternative conformation might also prove significant
advantages over the wt open state: RBD-targeting antibod-
ies are known to bind via recognition of the RBM ridge re-
gion!774; the reversed state putatively hides this region
from antibody recognition, while still providing an open
ACE2 binding surface for infection.

A hydrogen bond between the mutated R452 on strand
85 and Y449 appears to be one of the main driving forces
folding the delta variant’s ridge region backwards. This in-
teraction destabilizes the 85 strand and enables the ridge to
move up and interact with the core. Transient interactions
between ridge residues G476, S477 as well as the mutated
K478 with residues R346, F347 and N354 of strand 31 sta-
bilize the contact between the ridge loop and the RBD core,
keeping it locked in place (Figure 3H).

Regarding the secondary structure, much like the other
variants, the delta open conformation is very similar to that
of the wt (Supplementary Table S3). However, as expected,



the reversed conformation shows substantial differences. In
this state, the two small beta strands formed by residues
473-474 and 488-489, present in the open conformation,
are completely lost. Additionally, the beta-sheet formed by
strands 5 and 6 becomes less prevalent, likely due to the
L452R mutation (one of the 35 strand residues that desta-
bilizes the B-sheet by establishing a new interaction with
Y449). Curiously, like in the alpha and beta variants, there
is also a significant alpha helical character between residues
490 and 475.

As for the closed conformations of the wt, alpha and beta
variants, the delta reversed conformation also leads to a de-
crease in SASA (~ 3%). Unlike the closed conformations,
however, this alternative open conformation still presents a
fully accessible ACE2 binding surface.

Impact of SARS-CoV-2 variants on ACE2 binding affin-
ity. To find experimental basis for our results, we compiled
ACE2-RBD binding kinetics data from recent studies’5-8!
(Supplementary Table S3). These results were obtained by
surface plasmon resonance (SPR) and biolayer interferom-
etry (BLI) and encompass data regarding both the wt and
studied variants. Additionally, we compiled results ob-
tained for just the RBD as well as for the entire S protein.
While the binding kinetics values recovered from these
studies are not fully consistent with each other, likely due to
differences in particular experimental setups, they are
mostly in the same range, and appear to follow similar
trends.

Regarding the equilibrium dissociation constant (Ka), all
variants have an increased binding affinity when compared
to the wt. With the currently available data, however, it is
hard to distinguish between the efficiency of the several
variants, with the alpha and beta variants showing a slightly
better affinity than delta.

To get more information, we analyzed both the associa-
tion (kon) and dissociation rate constants (ko). kog reflects
the lifetime of the protein-protein complex and as such, the
strength of the interaction. We observe a consistent de-
crease in ko for the variants in comparison to the wt. The
alpha and beta variants stand out from delta in this regard,
with substantially lower korvalues. These results hint at the
variants interacting more strongly with ACE2 than the wt,
with the alpha and beta complexes being substantially more
stable than those of delta. Several other MD studies have
studied the impact of these mutations on the contacts be-
tween RBD and ACE2 and have shown how the substantially
altered ACE2-RBD interaction network of the alpha and
beta variants might be outperforming that of the wt vari-
ant®2-86, The delta variant does not contain mutations to the
RBD ACE2 binding surface and, as such, the interactions es-
tablished are not substantially different from those of wt.
This is reflected in a closer, although still lower, ko value.

The variants also substantially impact kon. This rate con-
stant reflects the efficiency with which protein-protein col-
lisions lead to a bound state. While a couple of studies show
no significant impact’>7°, most show that the variants lead
to a substantial increase in kon , reflecting an increase in
ACE2 accessibility76-788081, We propose that this can be ex-
plained by the significant changes in RBM conformational
dynamics that we have here described, where mutations
lead to a decrease in prevalence of the closed state, favoring
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binding. As such, our results point to an alternative mecha-
nism for enhancing RBD-ACE2 binding, not by directly
strengthening ACE2-RBD interactions, but rather by boost-
ing, via modulation of ridge dynamics, the ACE2 binding
competence.

Emergent VOCs share relevant RBM mutations with
alpha beta and delta. Recently, a new VOC — B.1.1.529 or
omicron — has emerged which is overtaking delta as the
dominant variant in some world regions®”. The omicron
variant contains 15 mutations in the RBD region, 10 of
which are concentrated in the RBM. Some of those muta-
tions are also observed, or are similar to those, in the alpha,
beta and delta variants: K417N, T478K, E484A and N501Y.
From our work, we can expect this large number of muta-
tions to heavily impact the open/closed equilibrium we ob-
served for wt RBD. In particular, the presence of the T478K
mutation — shared with the delta variant — points towards
possible alternative conformations like delta’s reversed
state. Just as for delta, these conformations are likely to im-
prove antibody escape, providing omicron with a substan-
tial fitness advantage.

CONCLUSION

In this work we performed AA MD simulations of the
SARS-CoV-2 RBD, as well as that of the alpha, beta and delta
VOCs, to characterize the impact of the mutations on RBD
conformational dynamics in solution.

Our results show that the wt RBD adopts two distinct con-
formations in equilibrium: an open conformation where the
RBD is free to bind ACE2; and a closed conformation, where
the RBM ridge blocks the ACE2 binding surface and likely
hinders binding to ACE2. We characterized the two states
and showed that they originate from specific intramolecular
interactions between residues of the RBM ridge and those
of the ACE2 binding surface. As far as we know, this is the
first report of this “hinge-like” mechanism which can effec-
tively shield the ACE2 binding surface from the solvent and
binding partners. This mechanism is yet to be seen in exper-
imentally solved RBD structures, which have thus far strug-
gled to fully resolve the unbound RBM region?02988 The
RBM is found unresolved in most structures due to the large
flexibility of the region, and those that are fully resolved are
often structures of RBD complexed with either ACE21430-33,
antibodies34-40 or itself by dimerizing via the ACE2 binding
surface890,

The three variants tested in this work, significantly im-
pacted the open/closed equilibrium we observed for wt
RBD. Both alpha and beta variants shifted the equilibrium
towards more open conformations by roughly 20%, while
the delta variant did not show the presence of a closed con-
formation at all. This shift towards more open confor-
mations likely enhances ACE2 binding affinity by increasing
accessibility to the RBM and facilitating binding. Several ex-
perimental binding studies have shown that these variants
lead to a substantial increase in ACE2-RBD binding associa-
tion rate constant, reflecting an increased ACE2 accessibil-
ity, in agreement with our findings.

Additionally, the delta variant showed an alternative
open conformation, distinct from that of the other variants.
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This alternative conformation keeps the ACE2 binding sur-
face open and accessible for binding, but significantly alters
the conformation of the RBM ridge. This state presents a
substantially altered ridge region, which bends backwards
towards the RBD core, shielding some of it from exposure.
We hypothesize that this may provide a fitness advantage
by aiding in antibody escape: many RBD-targeting antibod-
ies are known to target the RBM ridge region3>749192, In the
alternative open conformation, the ridge may be not as eas-
ily recognized, while the ACE2 binding surface remains un-
obstructed for infection.

These results show that the mutations found in the three
VOCs (alpha, beta and delta) impact RBD conformational
dynamics in a direction that promotes efficient binding to
ACE2 and (in the case of the delta variant) antibody escape,
an effect which has thus far been disregarded. In this con-
text, our findings can also help explain some of the anti-
body-evading characteristics of the emergent omicron vari-
ant.
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